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Abstract—Upper ocean thermal data and surface mar-
ine observations are used to describe the three-
dimensional, basinwide co-evolution of interannual
variability in the tropical Pacific climate system. The
phase propagation behavior differs greatly from atmo-
sphere to ocean, and from equatorial to off-equatorial
and from sea surface to subsurface depths in the ocean.
Variations in surface zonal winds and sea surface tem-
peratures (SSTs) exhibit a standing pattern without
obvious zonal phase propagation. A nonequilibrium
ocean response at subsurface depths is evident, charac-
terized by coherent zonal and meridional propagating
anomalies around the tropical North Pacific: eastward
on the equator but westward off the equator. Depend-
ing on geographic location, there are clear phase rela-
tions among various anomaly fields. Surface zonal
winds and SSTs in the equatorial region fluctuate ap-
proximately in-phase in time, but have phase differences
in space. Along the equator, zonal mean thermocline
depth (or heat content) anomalies are in nonequilibrium
with the zonal wind stress forcing. Variations in SSTs
are not in equilibrium either with subsurface thermoc-
line changes in the central and western equatorial Paci-
fic, with the former lagging the latter and displaced to
the east. Due to its phase relations to SST and winds, the
basinwide temperature anomaly evolution at thermoc-
line depths on an interannual time scale may determine
the slow physics of ENSO, and play a central role in
initiating and terminating coupled air-sea interaction.
This observed basinwide phase propagation of subsur-
face anomaly patterns can be understood partially as
water discharge processes from the western Pacific to the
east and further to high latitudes, and partially by the
modified delayed oscillator physics.
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1 Introduction

The El Nino/Southern Oscillation (ENSO) phenom-
enon is the most prominent interannual variability in
the tropical Pacific atmosphere-ocean system. One
striking characteristic is a self-sustaining oscillation
continually switching between a warm phase (El Nino)
and a cold phase (La Nina). Such a continual oscilla-
tion implies the existence of both negative and positive
feedback processes, and of anomaly propagation and
phase lags between certain variables in the system. It is
of central importance to determine what the phase
propagation and lags are to explain and understand the
physical mechanism responsible for the self-sustaining
oscillation.

Bjerknes (1969) first proposed the basic air-sea coup-
ling processes involving local positive feedbacks and
phase differences between atmospheric and oceanic
anomalies at the sea surface. In past decades, extensive
observational analyses have illustrated certain key ele-
ments among the various atmosphere and ocean anom-
aly fields during an ENSO cycle, such as phase propa-
gation and phase lag/lead relations (e.g., Wyrtki 1975,
Rasmusson and Carpenter 1982). The possibility of
low-frequency oscillations in the coupled system has
been demonstrated in several ad hoc conceptual models
(McWilliams and Gent 1978; McCreary and Anderson
1984). The corresponding unstable coupled modes can
be identified in simplified tropical ocean-atmosphere
systems (Philander et al. 1984; Yamagata 1985; Hirst
1986). Based on more realistic models, interannual
variability corresponding to the observed ENSO phe-
nomenon has been realized (e.g., Zebiak and Cane
1987; Schopf and Suarez 1988; Battisti and Hirst 1989;
Zebiak 1989; and many others). General circulation
model simulations have also reproduced ENSO-
like phenomenon in more detail (e.g., Neelin 1990; Lau
et al. 1992; Philander et al. 1992; Latif et al., 1993).
Various oscillatory mechanisms have been proposed to



interpret simulated interannual variability, such as the
delayed oscillator mode (Schopf and Suarez 1988; Bat-
tisti and Hirst 1989), the slow SST mode (Hirst 1986;
Neelin 1990), and the recharge-discharge of equatorial
heat content (Wyrtki 1986; Zebiak and Cane 1987;
Zebiak 1989; Schneider et al. 1995).

Although current coupled models are able to simu-
late ENSO events realistically to some extent, there are
significant intermodel differences (Neelin and Latif
1992; Philander et al. 1992). Detailed investigation of
model tropical ocean-atmosphere interactions indi-
cates that there are various types of coupled modes of
relevance to interannual variability (e.g., Jin and Neelin
1993); several competing prototype models for ENSO
have been proposed, with significant differences in
phase propagation and relationship between anomalies
in the ocean and atmosphere. One is a westward-
propagating mode characterized by phase differences
between equatorial SST and surface zonal winds (Hirst
1986; Neelin 1990). Another is known as the delayed
oscillator mode, involving explicit equatorial wave
propagation and reflection at the western boundary
(Schopf and Suarez 1988; Battisti and Hirst 1989). Re-
cent observations show a significant inconsistency be-
tween explicit single equatorial wave activity and El
Nino evolution (e.g., Kessler and McPhaden 1995;
Zhang and Levitus 1996, 1997). Philander et al. (1992),
and Chao and Philander (1993) have further modified
the delayed oscillator mechanism to explain their
model interannual variability, interpreted as subsurface
ocean phase propagation and its phase differences with
SST. Indeed it has been demonstrated that subsurface
ocean thermal anomalies behave very differently from
those at the sea surface and may provide a possible
memory mechanism responsible for the low-frequency
oscillation in the coupled atmosphere-ocean system
(e.g., White et al. 1989; Kessler 1990). Picaut et al. (1997)
emphasize the important role of zonal displacement of
the Pacific warm pool associated with advective pro-
cesses and water-mass convergence in the oscillatory
nature of ENSO. More recently, Jin (1996, 1997) pres-
ents a new conceptual recharge-discharge oscillator
as a phase transition mechanism for ENSO, with
nonequilibrium between zonal mean equatorial ther-
mocline depth and wind stress, but without explicit
zonal phase propagation. Observational analyses, in-
cluding basin subsurface ocean thermal data, are neces-
sary to determine which of the coupled modes is the
most realistic. Based on decade-long observations, we
will describe in this study subsurface phase propaga-
tion and its space-time relationship to some key anom-
aly fields.

2 Data and analysis procedures

The observed data include yearly atmospheric and oceanic
anomalies in the tropical Pacific: surface zonal and meridional

winds, sea level pressure (SLP), 20 °C isotherm depth, temperature at
the upper ocean standard levels of sea surface, 10, 20, 30, 50, 75, 100,
125, 150, 200, 250, 300, and 400 m depths, and heat content (verti-
cally averaged temperature anomalies in the upper 300 meter). The
atmospheric variables are obtained from new analyses of surface
marine anomalies which are derived from individual COADS obser-
vations from January 1945 to December 1989 (Da Silva et al. 1994).
The oceanic data are based on the yearly in situ temperature anom-
aly fields analyzed by Levitus et al. (1994). In the present work, we
prepare data sets on a 5° latitude-longitude grid by averaging the
anomalies on a 1° latitude-longitude grid. The grid points are
centered at 2.5 °N, 7.5 °N, 12.5 °N, etc., in latitude, and at 122.5 °E,
127.5 °E, 132.5 °E, etc., in longitude. The atmospheric anomalies are
departures from the 1961—89 mean values and the oceanic anomalies
are those from the 1961—90 mean values. In the eigenvalue problem,
the observed data at a given grid point are actually anomaly data so
that the elements of the matrix are covariance (Zhang and Levitus
1997).

Figure 1 shows variations in heat content, SST and surface zonal
winds along the equator. There are structural and phase differences
among these anomaly fields. Warm SST anomalies in the east are
usually associated with westerly wind anomalies in the west. Both
zonal wind and SST variations have a strong standing component
centered respectively in the west and in the east. Heat content, on the
other hand, shows a coherent phase propagation along the equator.
Furthermore, there are clear phase relations both in time and in
space between variations in SST, surface winds and heat content.
This is further illustrated in Fig. 2, the regionally averaged anomalies
on and off the equator. Surface zonal winds and SSTs along the
equator fluctuate approximately in-phase in time, but have clear
phase differences in space (Fig. 2a). Heat content anomalies in
the west lead temporally SST variations in the east (or spatially
showing westward displacements of the anomaly extremes). In par-
ticular, heat content anomalies appear to originate and intensify in
magnitude in the western Pacific, and then propagate eastward
along the equator. The time needed for the signals to move across
the basin is about two years. Their arrival in the central and eastern
equatorial Pacific results in a phase transition of SST anomalies,
which in turn influences surface winds in the west, setting the stage
for coupled air-sea interaction in the tropics. Thus, subsurface ther-
mal anomalies can play an important role in initiating tropical
Pacific air-sea interactions and ENSO cycling on interannual time
scale. Furthermore, there are clear phase differences between heat
content and winds along the equator (Fig. 2a), indicating that they
are not in equilibrium. This suggests that the subsurface ocean has
a memory of early wind forcing. Off the equator, heat content
anomalies are approximately out-of-phase with surface wind stress
curl (Fig. 2b).

To demonstrate coherent space-time variations in the tropical
thermocline, Fig. 3 shows interannual fluctuations of the 20 °C
isotherm depth on a circuit around the northern tropical Pacific. As
is the case for heat content, the thermocline variability is also
characterized by coherent phase propagation on and off the equator,
and by phase differences in zonal structure from west to east. There
is a hint of continual phase movement of anomaly patterns in
succession, eastward along the equator (Fig. 3c), northward along
the eastern boundary (Fig. 3d), westward off the equator of the
tropical North Pacific (Fig. 3a), and equatorward along the western
boundary (Fig. 3b). In some years associated with the El Nino
and La Nina evolution, signals can be traced throughout such
a complete circuit of the tropical North Pacific basin. This pat-
tern can be explained as zonal and meridional exchanges of water
mass from the western Pacific toward the east and further to higher
latitudes during ENSO evolution (Wyrtki 1986; Zebiak 1989).
This is further illustrated in Fig. 4a presenting variations in the
20 °C isotherm depth in the western and eastern equatorial Pacific
and in the off-equatorial northeastern regions. The maximum and
minimum thermocline depth anomalies are found at progressively
later years along the equator from the west to east and to high
latitude.
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Fig. 1a–c Interannual variations in a heat content b SST and c surface zonal winds along the equator from 1966 to 1990. The contour
interval is 0.2 °C in a, 0.5 °C in b and 0.5 m/s in c, with the dotted line being cold temperature anomalies in a, b and easterly wind anomalies
in c

Finally, Fig. 4b shows zonal mean 20 °C isotherm depth
anomalies along the equator and wind stress in the equatorial
central Pacific. Zonal mean thermocline depth anomalies are not in
equilibrium with zonal wind stress forcing along the equator. Before
El Nino, there is a peak of positive thermocline depth anomaly (i.e.,
a depression of the thermocline); after El Nino, there is sharp
shoaling of the thermocline along the entire equatorial Pacific, while
there is a corresponding deepening off the equator (not shown). In
addition, variations in SSTs are not in equilibrium either with the
thermocline changes either (compare Fig. 2a with Fig. 4b).

3 Regression pattern

Zhang and Levitus (1997) have shown time variations
of the first EOF mode for some atmospheric and
oceanic variables. It is clearly evident from that study
that different parameters in the coupled system vary
coherently with time so that interannual fluctua-
tions involve active interaction between the ocean and
atmosphere. These relations can be investigated by

computing linear regression between some reference
time series and various anomaly fields.

Since the time variations of the first EOF mode for
SLP and the spatial pattern represent the Southern
Oscillation well, they are chosen as the reference time
series upon which atmospheric and oceanic anomaly
fields are linearly regressed. Following the analysis
technique used by Lau et al. (1992), regression coeffi-
cients, referred to as regression pattern, can be cal-
culated between gridpoint values and this reference
time series at different time lags. We have performed
this regression computation on atmospheric surface
variables (SLP, zonal and meridional components of
surface winds), and ocean thermal fields (the 20 °C
isotherm depth, ocean temperature at the standard
oceanographic analysis levels). Figures 5—8 show, with a
one-year interval, the horizontal distributions of regres-
sion patterns for surface winds, SST and the 20 °C
isotherm depth, and the zonal-depth sections of upper
ocean temperature anomalies along the equator, thus
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Fig. 2a Anomaly time series of heat content (solid line; scale unit:
°C) averaged in regions (120 °E—160 °E, 2.5 °N—2.5 °S), zonal wind
stress (dashed line; unit: N m~2) averaged in regions (160 °E—160°W,
2.5 °N—2.5 °S), and of SST (dotted line; unit: °C) averaged in regions
(160 °W—70°W, 2.5 °N—2.5 °S), respectively. Anomalies have been
scaled by multiplying by 0.5 for SST and by 80 for wind stress.
b Anomaly time series of heat content (solid line; scale unit: °C)
averaged in regions (120 °E—160 °E, 12.5 °N—17.5 °N), minus wind
stress curl (dashed line; unit: N m~3) averaged in regions
(160 °E—160 °W, 12.5 °N—17.5 °N), respectively. Anomaly has been
scaled by multiplying by 0.8]108 for wind stress curl

providing a three-dimensional, basinwide picture of the
space-time co-evolution. For example, since the posit-
ive amplitudes of the first SLP EOF mode coincide
with positive anomalies in the western Pacific and
negative anomalies to the east, the derived regression
patterns at zero lag correspond to El Nino conditions
(Fig. 7).

Figure 5 shows atmospheric and oceanic anomalies
approximately two years before the warm phase, i.e.,
corresponding approximately to La Nina anomalies.
Negative SST anomalies cover the eastern equatorial
Pacific and South American coast regions, whereas
positive SST anomalies are found in the central and
western Pacific (Fig. 5b). Easterly wind anomalies are
observed in the equatorial regions, accompanied by
significant off-equatorward (divergent) wind anomalies
over the eastern and central Pacific, i.e., an intensifica-
tion of trade winds (Fig. 5a). Note that there is an

enhanced anticyclonic surface circulation over the
western tropical North Pacific near the date line
(Fig. 5a). Correspondingly, the 20 °C isotherm depth
anomalies are negative in the far eastern tropics but
positive in the west, with maxima in the off-equatorial
tropical North Pacific near the date line. The vertical
displacement of the equatorial thermocline can be seen
in the vertical-zonal section of temperature anomalies
along the equator (Fig. 5d). A negative temperature
anomaly is found in the eastern upper ocean, whereas
there is a large positive anomaly at thermocline depths
in the west.

One year prior to the warm phase (at lag —1 year;
Fig. 6), the easterly wind anomalies become weaker in
the central equatorial Pacific and westerly wind
anomalies have developed in the tropics west of the
date line. In the South Pacific, surface winds show
a general pattern of westerly to northwesterly anomal-
ous flow across most of the Pacific south of 10 °S,
reflecting a diminution of the southeast trade winds.
From lag —2 years to lag —1 year, the subsurface tem-
perature anomalies in the west appear to propagate
along the equator; cold conditions decay in the east.
There are positive temperature anomalies in the central
and eastern upper ocean but negative anomalies in the
far western Pacific. As a result, the positive SST
anomalies disappear west of the date line but develop
to the east.

During the warm phase near zero lag (Fig. 7), warm
conditions prevail in the tropical Pacific. The positive
subsurface temperature anomaly has propagated
across the equatorial basin. The structure of thermo-
cline displacement is strikingly different in the west and
in the east. Subsurface temperature anomalies in the
west have opposite sign to those in the east. Large
positive SST anomalies now cover a huge region of the
central and eastern Pacific Ocean. Correspondingly,
westerly anomalies have strengthened and spread east-
ward to prevail over a vast area of the western and
central equatorial Pacific, accompanied by an anomal-
ous equatorward flow in both hemispheres. In addition,
there is an anomalous northerly flow across the normal
position of the ITCZ in the tropical North Pacific,
reflecting its southward shift.

One year after the warm phase (Fig. 8), cold waters,
which appear first at subsurface depths in the west
(Fig. 7d), have expanded and propagated eastward
across the equatorial basin (Fig. 8d). Their arrival in
the east results in a cooling in the eastern equatorial
upper ocean. A striking feature is an opposite temper-
ature changes on, and north of the equator. The ther-
mocline shoals in the entire equatorial region whereas
it deepens off the equator to the north (Fig. 8c). Nega-
tive SST anomalies reappear in the eastern equatorial
Pacific and along the South and central American
coasts (Fig. 8b). Easterly wind anomalies are located
west of the date line, with an anomalous anticyclonic
flow in the northwestern Pacific regions (Fig. 8a). There
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Fig. 3a–d Interannual variations in the 20 °C isotherm depth on
a circuit around the northern tropical Pacific. a Zonal section along
15 °N; b meridional section along 152.5 °E; c zonal section along the
equator; d meridional section along 92.5 °W. Note the east to west
reversal in plotting the longitude for the two zonal sections a, c and

the north to south reversal in plotting the latitude for the two
meridional sections b, d in order to emphasize better a continuous
circuit at their intersections. The contour interval is 4 m in a and c,
and is 2 m in b and d, respectively. The solid and dotted lines indicate
respectively deepening and shoaling of the thermocline

are enhanced southwest trade winds over the South
Pacific Ocean. Two years after the warm phase, La
Nina reappears. The spatial patterns are similar to
those at lag —2 (Fig. 5).

Figure 9 shows the zonal-depth sections of the re-
gression patterns for upper ocean temperature
anomalies along 12.5 °N at lag 0 and lag #1 years,
respectively. There are coherent variations in ocean
temperature on and off the equator, with a phase con-
nection between anomaly patterns in the eastern
boundary regions. During an El Nino year, anomalies
are negative in the west but positive in the east on
the equator (Fig. 7d). One year after El Nino, the
positive anomaly has moved into the off-equatorial

North Pacific (Fig. 9b). We can see a striking phase
contrast of upper ocean temperature anomalies on and
off the equator (Figs. 8d and 9b). Further, the off-
equatorial positive anomaly from the equator appears
to propagate westward from the eastern boundary.
Since westerly wind anomalies associated with the pre-
vious El Nino (Fig. 7a) would lift the off-equatorial
thermocline in the central and western Pacific and
correspondingly result in cold subsurface temperature
anomalies off the equator (e.g., Chao and Philander
1993), the observed warm anomalies in the central
and western Pacific (Fig. 9b) should be considered
as a continually propagating signal from the east (Fig.
9a). From lag 0 year (Fig. 9a) through lag #1 year
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Fig. 4 a Anomaly time series of 20 °C isotherm depth (scale unit: m)
averaged in regions (120 °E—160 °E, 2.5 °N—2.5 °S) (solid line),
(140 °W—70 °W, 2.5 °N—2.5 °S) (dashed line), and (120 °W—70 °W,
12.5 °N—17.5 °N) (dotted line), respectively. b Anomaly time series of
zonal mean 20 °C isotherm depth (scale unit: m) along the equator
(solid line), and zonal wind stress (dashed line) averaged in the central
equatorial Pacific regions (160 °E—160 °W, 2.5 °N—2.5 °S), respective-
ly. The anomaly has been scaled by multiplying by 103 for wind
stress

(Fig. 9b), the off-equatorial positive anomaly has in-
deed propagated westward across the basin to the west
and will continue to move toward the equator in the
western boundary regions and may serve as the origin
of the next warm event as demonstrated in Fig. 3b. This
interesting feature of observed El Nino evolution has
not been reasonably simulated in previous modeling
studies.

4 Phase propagation

To present the phase propagation behavior of atmo-
spheric and oceanic anomalies more clearly, we display
longitude-time lag distributions of the regression coeffi-
cients for various anomalies on and off the equator.
This can show that the phase propagation differs great-
ly from atmosphere to ocean, and from on the equator
to off the equator and from sea surface to subsurface

Fig. 5a–d The linear regression patterns of horizontal distribution
with the reference time lagging the gridpoint data by two years for
a surface winds (arrow) and the zonal component (contour; interval:
0.1 m s~1), b SST (interval: 0.1 °C) and c the 20 °C isotherm depth
(interval: 1 m), and d zonal-depth section for upper ocean temper-
atures along the equator (interval: 0.1 °C), respectively

depths in the ocean. Variations in surface zonal winds
do not show distinct phase propagation but are largely
dominated by a standing pattern. Similarly, SST
changes also exhibit a standing component with the
largest variability in the central and eastern equatorial
Pacific.

The space-time variations in temperature at, for
example, 125 m depth tell quite a different story. Al-
though equatorial SST anomalies are small in the west,
subsurface temperature anomalies are significantly
large in the western Pacific, and possess a consistent
pattern which is opposite in phase to those in the
eastern equatorial Pacific. Unlike variations in surface
zonal winds and SST, subsurface temperature
anomalies show coherent phase propagation both on
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Fig. 6a–d The same as in Fig. 5 but for the reference time lagging
gridpoint data by one year

and off the equator. Figure 10 presents the 20 °C iso-
therm depth anomalies in time-longitude and time-
latitude sections consisting of the equatorial wave
guide, off-equatorial tropical North Pacific, and tropi-
cal eastern and western boundary regions. As demon-
strated in Fig. 3, the anomalies appear as a continuous
band running from west to east on the equator
(Fig. 10c) and then from east to west off the equator
(Fig. 10a), with apparent phase continuity in the
western (Fig. 10b) and eastern (Fig. 10d) Pacific regions.

5 Phase relationships

Figures 11—12 display the amplitude of the regres-
sion coefficients in two typical equatorial regions.
The data fields displayed here include SLP, SST, zonal
wind component, the 20 °C isotherm depth, and ocean

Fig. 7a–d The same as in Fig. 5 but for the reference time in phase
with the gridpoint data

temperatures at 50 m and 125 m depths, respectively.
Some of these values have been multiplied by a time-
invariant factor so that they can be easily discerned.
Note that when interpreting the results in these figures,
it is useful to bear in mind that an eastward phase
propagation of a given variable is characterized by
a westward shift of the extreme at different locations in
longitude with time lag, and that temporal phase differ-
ences between variables at a given location are manifes-
ted by a spatial displacement of the extreme. For
example, for the eastward-propagating phenomena
analyzed here, a lead in the temporal phase of one
variable x relative to another variable y at a given
location is equivalent to a westward shift of the extreme
in x relative to those in y at a given time. Conversely,
a lag in the temporal phase of one variable relative to
another implies an eastward displacement in the spatial
phase. Thus, temporal lags and spatial displacements
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Fig. 8a–d The same as in Fig. 5 but for the reference time leading
gridpoint data by one year

can be used interchangeably for describing the phase
relationships among different variables (Lau et al.
1992).

In the eastern equatorial Pacific (Fig. 11), El Nino
conditions can be clearly seen at zero time lag: negative
SLP and westward zonal wind anomalies, positive tem-
perature anomalies in the upper ocean and a deepening
of the 20 °C isotherm. The regression curves also indi-
cate that fluctuations in SLP and the zonal surface
winds are almost out-of-phase with those in SST,
i.e., warm SST near zero lag is accompanied by
large negative anomalies of SLP and zonal winds.
Within the ocean, temperature variations at different
depths and the 20 °C isotherm depth are approximately
in-phase.

In the central equatorial Pacific (Fig. 12), El Nino
conditions (near zero time lag) are characterized by
negative SLP, eastward zonal wind, and positive SST

Fig. 9a, b Zonal-depth sections of the linear regression patterns
along 12.5 °N with the reference time lagging temperature anomaly
data by a 0 year, and b #1 year, respectively. The contour interval
is 0.1 °C

anomaly extremes, but by positive anomaly extremes of
temperature at 125 m depth and the 20 °C isotherm at
—1 y time lag. Thus, variations in zonal wind, SST and
temperature at 50 m depth are approximately in-phase,
but have temporal phase differences with temperature
at 125 m depth and the 20 °C isotherm depth; relative
to a positive SST signal, the maximum subsurface
anomalies exhibit a lead of one year (i.e., westward shift
at this location). Inspection of regression curves in
longitude along the equator reveals that such phase
differences (or westward displacement of subsurface
anomaly extreme relative to SST anomalies) prevail
throughout the central equatorial Pacific. Thus, the
thermocline is not in equilibrium with SST and surface
winds in the central equatorial regions. In the western
equatorial Pacific (figures not given), El Nino condi-
tions with the extreme at zero time lag are manifested
by eastward zonal wind, positive SLP and negative
temperature anomalies in the ocean. Variations in SLP
and surface zonal winds are almost in-phase; so are
temperature variations in the upper ocean and the
20 °C isotherm depth. But variations in the ocean are
out-of-phase with those in the atmosphere.

Examination of the regression curves indicates
a phase reversal of anomaly patterns from west to east
along the equator (Figs. 11—12). During an El Nino
year at zero time lag, SST is warm in the central and
eastern equatorial Pacific but is cold to the west; zonal
surface winds are eastward in the western and central
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Fig. 10a–d Temporal variations in the regression coefficients of the
20 °C isotherm depth on a circuit around the northern tropical
Pacific. a Zonal section along 15 °N; b meridional section along

147.5 °E; c zonal section along the equator; d Meridional section
along 102.5 °W. Note the same plotting strategy as in Fig. 3. The
contour interval is 1 m, with negative contours dotted

equatorial Pacific but westward to the east. In the
subsurface ocean, the out-of-phase relationship is much
more pronounced between fluctuations in temperature
in the west and in the east. Further, these anomalies
show a coherent phase relationship to one another. In
the western and eastern equatorial Pacific, variations
in SST are positively correlated with thermocline
anomalies but are negatively correlated with zonal
surface winds. In the central equatorial Pacific
(Fig. 12), variations in SST and zonal surface winds are
positively correlated, but have phase lags with subsur-
face temperature anomalies. Thus, surface conditions in
the eastern equatorial Pacific can be interpreted as
manifesting a delayed effect of the subsurface anomaly
conditions to the west.

6 Conclusion and discussion

There are considerable differences in the characteristic
phase propagation among atmospheric and oceanic

anomalies on and off the equator in the tropical Pacific
climate system. Variations in surface zonal winds and
SSTs exhibit a standing pattern without obvious phase
propagation in time. Phase propagation is, however,
clearly evident at subsurface ocean depths: eastward
along the equator and westward off the equator. De-
pending on geographic locations, there are coherent
phase relations among some key anomaly fields. Sur-
face zonal winds and SSTs fluctuate approximately
in-phase in time, but have spatial phase differences.
Along the equator, zonal mean thermocline depth
anomalies are not in equilibrium with zonal wind stress
forcing. Subsurface thermocline fluctuations are not in
equilibrium with SST anomalies either. Significant spa-
tial and temporal phase differences can be found be-
tween variations in SSTs and subsurface temperatures,
with the former lagging the latter and displaced to the
east along the equator. The thermocline temperature
variations in the western Pacific are shown to precede
those in the central and eastern equatorial upper ocean.
Further, large off-equatorial anomalies are observed at
subsurface depths during the El Nino evolution and
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Fig. 11a, b Temporal variations in the linear regression coefficients
at (112.5 °W, equator) between the reference time and SLP (solid line)
and zonal winds (dashed line) in the upper-panel, and the 20 °C
isotherm depth (dash-dotted line), temperature at 50 m depth (solid
line) and 125 m depth (dashed line) in the lower panel. As an indicator
of the ENSO evolution, and to serve as a common frame of reference
for discussing the phase relationships, temporal variations of the
SST regression coefficients are plotted both in the upper and lower
panels (stippling). The anomalies have been scaled to about 1

Fig. 12a, b The same as in Fig. 11 but for results at (167.5 °W, equator)

can be traced to the eastern boundary regions and
further to the equator, and, thus, are not simply forced
by local wind forcing alone.

The basinwide phase propagation pattern observed
at subsurface depth can be understood partially as
water discharge processes from the western Pacific to
the east and further to high latitudes (Wyrtki 1986;
Zebiak and Cane 1987; Zebiak 1989; Jin 1996, 1997),
and partially by the modified delayed oscillator physics
(Philander et al. 1992; Chao and Philander 1993). The
apparent westward propagation signal off the equator
is likely due to the oceanic Rossby wave that originates
from the eastern boundaries as well as a forced re-
sponse by local winds. In addition, the zonal transfer of
water mass from the west to east along the equator
during an El Nino development appears to involve
advective processes as well (Picaut et al. 1997).

These observational results have a number of im-
plications. The striking phase differences at the sea
surface and at depth are indicative of a nonequilibrium
behavior of ocean response to surface winds. If the
surface winds were kept invariant in time, the ocean
will continue to adjust to earlier changes in the winds.
Ocean anomalies are expected to be excited by wind
anomalies that prevail during periods of well-
developed SST anomalies, but will freely propagate
through the region or during the periods of weak wind
anomalies. Further, the slow phase propagation
around the basin indicates an adjustment in the subsur-
face ocean due to its nonequilibrium with winds on the
interannual time scale. On one hand, the phase propa-
gation of subsurface thermal anomalies can initiate
SST variations in the central and eastern equatorial
Pacific, which, in turn, induce wind anomalies: an un-
stable air-sea interaction mechanism operates in the
tropics and produces large anomalies characteristic of
El Nino conditions. After an El Nino event, on the
other hand, the equatorial thermocline is anomalously
shallow due to an off-equatorward discharge of equato-
rial warm water. This leaves a nonequilibrium between
the zonal mean thermocline anomalies and wind stress
along the equator. To achieve a new balance, ocean
dynamical adjustment is in order (e.g., Zebiak and
Cane 1987; Jin 1997). On the equator, eastward move-
ment of cold subsurface anomaly initiates cold SST
anomalies in the central and eastern equatorial Pacific
and triggers coupled air-sea interactions, leading to La
Nina development. Off the equator, the discharged
warm anomalies appear to propagate westward from
the eastern boundary region. This propagating warm
anomaly, together with a directly forced signal by east-
erly wind anomalies associated with the La Nina event,
may serve as the origin of the next warm event. This
coherent subsurface phase propagation and its rela-
tions with variations in SSTs and surface winds (i.e.,
phase lag and noneqilibrium response) would permit
a continual oscillation in the tropical Pacific climate
system. The basinwide subsurface phase propagation
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appears to intermittently initiate and terminate SST
anomalies in the central and eastern equatorial Pacific
on an interannual scale, thus providing a phase
transition mechanism and determining the slow time
scale of ENSO.

Different prototype models have been suggested for
ENSO cycles. The central differences are physical pro-
cesses that determine the slow time scales of ENSO and
its phase transition mechanism. Based on observa-
tional analyses, Zhang and Levitus (1997) present an
evaluation of current ENSO theories and model simu-
lations, indicating that there are considerable discrep-
ancies as compared to the corresponding observations.
It appears that no single theory can currently explain
all aspects of the observed ENSO evolution. More
recently, Jin (1996, 1997) proposes a new conceptual
model for ENSO based on the positive feedback of
tropical air-sea interaction and the recharge-discharge
of the equatorial heat content. Some identified key
elements and processes in this new recharge oscillation
mechanism are present and are more relevant to our
data analyses, such as nonequilibrium between the
zonal mean equatorial thermocline depth anomalies
and wind stress.
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