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Abstract

Analysis of 17 years (1980-1996) of tropical Pacific thermocline variations indicates that short period
(about 18 months) cycles in the early 1990s exhibit a relatively small meridional scale. The long period
(4-5 year) cycles in the 1980s, associated with major basic-wide warming/cooling events, have much wider

meridional scales. The dominant mode of interannual variation of thermocline depth can be approximately -

described by a basin-scale east-west seesaw oscillation, with an eastward propagation of thermocline depth
anomalies occuri‘ing in the equatorial waveguide during the transition phases.

The long-period ENSO cycles associated with the major basic-wide warming/cooling events involve a
substantial change of heat storage in the western North Pacific (WNP) (5-15°N, 130-170°E). The tendency
of thermocline displacement and local wind stress curl in the WNP exhibit a coherent, broad spectral peak

" on a 8-20 month time scale. The deepening (rising) of the thermocline occurs in phase with the local
anticyclonic (cyclonic) wind stress forcing, suggesting the essential roles of the in situ wind forcing in
thermocline adjustment. _ , \

The surface wind variation in the western Pacific is found to play a critical role in the phase transition
of ENSO cycles. During the mature phases of major warm episodes, there is a rapid establishment of an
anomalous anticyclonic wind stress curl over the WNP. The anticyclonic wind stress deepens the WNP
thermocline and starts a recharge of heat content in the warm pool. Meanwhile, the easterly anomalies to
the south of the anticyclonic center elevate the thermocline in the equatorial western Pacific, and trigger
an eastward migration of the rising thermocline along the equator, leading to cooling in the east. The
transition from cooling to warming during the mature phases of cold episodes involves a similar process,

but with opposite anomalies.

1. Introduction

Thermocline variations play a critical role in El
Nifio-Southern Oscillation (ENSO) evolution. They
not only “memorize” the effects of Sea Surface Tem-
perature (SST) on winds, but also convey the feed-
back of the winds to SST in a later time. Due to
the paucity of the subsurface observations, however,
studies of ENSO have been mostly confined to air-
sea interface variables. Among the key parameters
describing ENSO, the basin-wide thermocline ad-
justment during ENSO cycles is not well known.

Irrespective of the observational limitations,
tremendous efforts have been made to describe
and understand the subsurface variability associ-
ated with ENSO using either the output gen-
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erated from the ocean general circulation model
(Chao and Philander, 1993) or the observed 20°C
isotherm depth, sea-level height, and upper ocean
heat storage (Firing et al., 1983; Lukas et al., 1984;
White et al., 1985, 1989; Kessler, 1990; McPhaden
et al, 1990; Tourre and White, 1995; Kessler
and McPhaden, 1995; Chelton and Schlax, 1996;
Boulanger and Fu, 1996; Zhang and Levitus, 1997).
These analyses have demonstrated important roles
of oceanic waves in thermocline adjustment and the
roles of thermocline variation in affecting ENSO cy-
cles: Some of these analyses, however, had limita-
tions arising from: insufficient basin-wide data cov-
erage; the coarse temporal resolution (yearly mean);
the spatial unevenly distributed observations; and
the insufficient length of data records. These lim-
itations sometimes posed serious problems in a de-
scription of detailed evolution of basin-wide thermo-
cline adjustment during ENSO cycles with variable
periodicity. '
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The latest version (RA 6) of the subsurface data
produced by the NCEP (National Center for En-
vironmental Prediction) Ocean Data Assimilation
System (ODAS) provides an unprecedented oppor-

tunity for examination of the thermocline variability .

for the period 1980 to 1996. Although the.length
of the assimilated data record remains limited, the
data contains two relatively long ENSO cycles in the
1980s and three short cycles in the first part of the
1990s. The latter appear to evolve in a background
which has experienced decadal variation (Wallace et
al., 1997). As such, the later portion of the pe-
riod distinguishes from the first decade of the data
by a broadening of the spectrum. It is interesting
to find out whether the thermocline variation dif-

fers between the long and short ENSO cycles. The

purpose of addressing this question is to identify
possible decadal variation in ENSO evolution and
the factors which determine. the oscillation period
in subsurface “memory” of the ocean.

A major thrust driving this study is to investigate
the roles of the thermocline adjustment in the tran-
sition from warming to cooling trends, or vice versa
of the ENSO cycles. The cause of the turnabout,
or the cause of the irregular cyclic nature, has been
a controversial issue in the past three decades since
Bjerknes (1969). Thermocline variations associated
with equatorial Kelvin waves were suggested to play
important roles in the onset of the El Nifio (e.g.,
Wyrtkl, 1975; Harrison and Schop, 1984; Lukas et

, 1984), while the equatorially trapped and off-

equatorial Rossby waves have been suggested by

numerous studies to play critical roles in the turn-
about of the ENSO cycles, but with notable debates
(e.g., White et al., 1985, 1989; Kessler, 1991; Li and
Clarke, 1994; Mantua and Battisti, 1994; Kessler
and McPhaden, 1995). These debates concern the
validity of the delayed oscillator theory put forward
by Schopf and Suarez (1988), Suarez and Schopf
(1988), and Battisti and Hirst (1989) in explain-
ing the mechanism of the quasi-regular oscillation
of ENSO. ' "

The existing coupled models have produced a va-
riety of behaviors of interannual oscillations with
period ranging from two years (Ineson and Davey,
1997) to five years (Philander et al, 1992) or

longer. All these numerical model-produced oscil-

lations were claimed to bear some degree of simi-
larity to the observed ENSO. It is necessary to ask
what are the fundamental characteristics of ENSO
evolution in terms of thermochne displacement, or

heat storage redistribution, which can be used to )
validate numerical model simulation. The analys1s'

of the ODAS subsurface temperature varxatlon may
provide useful guidance.

Section 2 discusses the definition of thermoclme
depth followed by a description of fundamental

characterlstlcs of the basin-scale thermochne adjust-
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ment during ENSO cycles (Section 3). ‘The compos-

ite evolutions of ENSO cycles in the 1980s and 1990s

are then compared in Section 4: Section 5 focuses on
key processes determining the thermocline variation

. in the western North Pacific — one of the key regions

in the interannual thermocline variation. Section 6
discusses the processes which are possibly respon-
sible for ENSO phase transitions. The last section

- presents a summary and alternative hypothesis re-

garding the turnabout mechanism, and discusses re-
maining issues and implications of the results.

2. Data and deﬁnition‘ of the thermocline
depth

The ocean temperature data used in the present
study were derived from the latest version (RA6)
of the data set assimilated at the NCEP (Ji et
al., 1995), from January 1980 to December 1996.
The ocean data assimilation system uses nearly all
the available temperature observations throughout
the basin and the GFDL (Geophysical Fluid Dy-
namics Laboratory) ocean general circulation model
physics, to provide a three-dimensional description
of dynamically and thermodynamically consistent
ocean fields. The observations used include SST
measured from ships, buoys, and satellites, and sub-
surface temperature measured. from moored buoys
and expendable bathythermographs.

Monthly mean time series are first computed for
each of 1° latitude by 3° longitude grid to eliminate
small scale noise and to increase computational ef-
ficiency. To describe vertical displacement of the
thermocline, we computed two variables. One is the
upper ocean heat storage (HS), which is defined by
the vertical integi‘ation of temperature from surface
to 400 m depths. The other is the “thermocline
depth” defined by the depth of a specific tempera-
ture representing the central location of a local ther-
mocline layer, Tc. The temperature Tc is the aver-
age of the local long-term mean SST and 12°C (the
mean temperature at 350 m over the tropical region
between 20°N and 20°S) (Wang et al.; 1998). Be-
tween 20°N and 20°S, Tc varies from about 20°C
in the warm pools to-16°C in the cold tongue near

-the Peru coasts. The depth of Tc is a reasonable
representation -of the depth of the interface in an

equivalent two-layer system and of the upper ocean
dynamical response to -surface wind forcing. The
monthly mean thermocline depth anomaly (TDA)
defined by the above definition, and the monthly
mean heat storage anomaly (HSA), are highly corre-
lated with a correlation coefficient exceeding 0.8 all
over the tropical Pacific between 20°N and 20°S ex--

' cept the southeastern Pacific- (Fig. 1a). In the areas

where the thermocline displacement has the largest
vanablhty, ‘4.e., the equatorial eastern Pacific and
off-equatorial western Pacific warm pool (Fig. 1b),
the correlation coefficient is higher than 0.95. Paral-
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(a)correlation coefficient between thermocline depth and heat storage
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Fig. 1. (a) Correlation map showing the correlation coefficient between the thermocline depth and heat

storage anomalies; (b) Standard deviation of the thermocline depth anomalies (m).

The data are

monthly mean anomalies derived from NCEP reanalysis (Ji et al., 1995).

lel analyses of TDA and HSA have been carried out
and the differences are qualitatively insignificant.

Monthly mean anomalies (MMAs) are obtained
by subtracting the climatological annual cycle from
the original monthly means. The MMAs are used to
depict the Rossby wave propagation (Fig. 6). We
also apply a 5-month running mean to the MMAs
in order to isolate interannual variations. This fil-
ter retains more than 50% variances for the oscil-
lation with periods longer than 10 months, while
sub-annual variations are largely removed. To fo-
cus on the variation associated with ENSO, the 5-
month running means are further decomposed into
an ENSO component and a decadal component.
The decadal component is defined by the sum of the
Fourier harmonics with periods longer than seven
years, while the ENSO component is the difference
between the 5-month running mean anomalies and
the decadal component.

3. Characteristics of the tropical Pacific
basin-wide thermocline adjustment

The most important variables describing key pro-
cesses of the ocean-atmosphere interaction are sea

surface temperature (SST), surface zonal and merid-
ional winds, and thermocline depth. An analysis of
their joint variations is performed using the ENSO
components of the monthly mean anomalies. Figure
2 displays the spatial patterns and corresponding
principal components of the first two multi-variate
empirical orthogonal function (MV-EOF) modes.
The first two modes are well separated from the
other modes according to the North et al. (1982) cri-
terion and they represent, respectively, 31.9% and
12.5% of the total variance of the monthly mean
anomalies of all four fields. The large difference be-

tween the percent variances explained by the first

two modes implies that the coupled interannual vari-
ation of SST, wind stress and thermocline, exhibits a
prominent standing component. The fractional vari-
ances (Wang, 1992) explained by MVEQF1 for SST,
surface zonal and meridional wind, and thermocline
depths are 56.1%, 26.7%, 18.8%, and 26.0%, respec-
tively. This suggests that the largest contribution
to the standing component is SST variation.

The first EOF mode (Fig. 2a) depicts the peak
warming/cooling phase of ENSO as indicated by
its associated temporal coeflicient, shown in Fig.
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Fig. 2. (a) The spatial structure of the first Multi-Variate EOF mode: the anomalous SST (°C) and
surface wind stress (the upper panel) and the anomalous thermocline depth (m) and surface wind
stress (the lower panel); (b) the same as in (a) except for the second EOF mode; (c) the corresponding
time coefficients for the first (solid) and second (dashed) EOF mode. The data used are the ENSO
component of monthly mean anomalous SST, surface wind stress, and thermocline depth derived
from the NCEP reanalysis. The definition of ENSO component is referred to the text.

2c. The peak warming is characterized by (a) not
only the pronounced positive SST anomalies in the
equatorial eastern-central basin, but also the moder-
ate negative anomalies centered in the off-equatorial
western North and South Pacific, and (b) positive
TDAs in the equatorial eastern Pacific and nega-
tive TDAs in the off-equatorial western Pacific. The
triple action centers in the thermocline anomaly
are dynamically consistent with the equatorial cen-
tral Pacific westerly anomalies and associated cy-
clonic wind stress curl on each side of the equa-
tor. These stimulate westward propagating up-

welling Rossby waves, and eastward propagating
downwelling Kelvin waves. The equatorial westerly
anomalies are consistent with eastward anomalous
equatorial SST gradients.

The second EOF mode leads the first by a frac-
tion (about a quarter) of the cycle (Fig. 2c). It ap- ‘
proximately depicts the transient phases from cold
to warm states for the significant warm episodes
(1982/83, 1986/87, 1991/92 and 1994). The tran-
sient phase features a meridional contrast in TDAs
between the equatorial belt (5°N-5°S) and the off-
equatorial latitude band between 5°N and 15°N.



*

February 1999

(a) TDA (25-2N)

B. Wang, R. Wu and R. Lukas

(b) TDA (155-15N)

199642
1994 1
19921
1990
1988 4=

........

1986
\M

1984 1

o N~

-

eravenassed

-8
> .::) f’s ,/,"
P
%B = ﬁ
D -

1988 15,

N
RNy —

el

1986 +

1984 1=

ST

19824

So) T~

m?zoz 140E 160E 180 160W 140W 120W 100W 8

0 °®920F 140F 160E 160 160W 140W 120W 100W 8

Fig. 3. Hovemoller diagrams of the 5-month running mean thermocline depth anomalies (m) along

2°5-2°N (a) and 15°S-15°N (b).

This meridional thermocline slope is associated with
an unusually strong North Equatorial Counter Cur-
rent (Wyrtki, 1974).

The deepening of the zonal mean thermocline
along the equator leads the mature phase of warm-
ing by about a quarter of a cycle. This feature was
first noticed by Zebiak and Cane (1987) in their cou-
pled model. This characteristic of the ENSO cycle
may be used as a precursor for eastern Pacific warm-
ing. Monitoring the equatorial zonal mean thermo-
cline depth variation appears to be critical for ENSO
prediction (Wyrtki, 1984).

During the transient phases of the ENSO cycle,
the thermocline anomalies propagate eastward in
the equatorial waveguide (Fig. 3a). The propa-
gation speed is much slower than that of oceanic
Kelvin waves. It is a manifestation of the basin-wide
thermocline adjustment associated with the coupled
ENSO mode. The eastward propagation tends to
be narrowly trapped to the equator within 4°N and

4°S. When TDAs are averaged over a broad band
between 15°N and 15°S (about one atmospheric
Rossby radius of deformation on each side of the
equator), the eastward propagation occurs only in
the central Pacific from the dateline to 140°W, and
during the long cycles in the 1980s. In the west-
ern (120°E-180°E) and the eastern (140°W-80°W)
basins the thermocline varies nearly in phase (sta-
tionary), but the thermocline variations between the
east and western basins are almost precisely out,
of phase (Fig. 3b). Therefore, to the lowest order
approximation, the basin-wide thermocline adjust-
ment between 15°S and 15°N can be viewed as a
standing oscillation.(Wang and Fang, 1996)..

4. Differences in ENSO thermocline adjust-
ment between 1980s and early 1990s

The decade of the 1980s was donﬁna.téd by two
large-amplitude ENSO. cycles with 4-5 year peri-
odicity, while the early part of the 1990s features
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three small-amplitude cycles with periods of about
18 months (Fig; 2c). If lag correlation maps are

used, the derived results will be dominated by the

two long cycles. For this reason, we examine thermo-
cline evolution during each 1nd1v1dual cycle accord-
ing to their phases For convenience, eight phases
are defined in terms of the time coefficient of the
first MVEOF mode, Cy(t) (Fig. 2¢c). The maxi-
mum and minimum of C, (t) define, respectively, the
peak warm and peak cold phases, while the zeros of
Ci(t) mark the transient phases. The other four
phases can be linearly interpolated between the cor-
responding transient and extreme phases and, for
convenience, are s:mply referred to as the onset and
decay of warm (cold) as appropriate. The time in-
tervals between two defined adjacent phases are not
equal, because the evolution is not sinusoidal and
the oscillation period may change from cycle to cy-
cle. Note also that the MVEOF modes in Fig, 2
are derived -from the. ENSO component (time scale
longer than one year, but less than seven years).
The time coefficient Ci(t) is thus not affected by
the decadal variation. Consequently, the warming
and cooling are nearly symmetric around the mean
in the 1990s. If the decadal variation is added to
the ENSO component the short cycles in the early
1990s may be viewed. as fluctuations. within a pro-
longed warm phase from 1991-1994, because the
weak cooling around October 1992 and February
1994 was offset by the decadal warm phase in the
1990s.

The evolution of each ENSO cycle was examined

using eight-phase diagrams. It was found that the

two long cycles in the 1980s share many common
features. "So do'the tliree short cycles. "To com-
pare the features associated with the long and short
cycles, two composite cycles were constructed from
the ENSO component (not the first two MV-EOF's),
one for the long cycles (Flg 4a) and the other for
the shott cycles (Fig. 4b). -

Notable différences exist between the composite
long and short cycles. First, for short cycles, not

only is the amplitude substantially smaller, but the

locations of major anomalies also tend to be more

tightly trapped near the equator, i.e.; the short cy- -

cle has a significantly smaller memdzonal scale, es-

pecially in the western Pacific. Another difference_

lies in'the thermocline variation in the off-equatorial
regions: For'the short cycle, the off-equatorial TDA
tends to amplify and anchor in the central North
Pacific around 10°N, 140-170°W during non-peak
phases (Fig. 4b). The TDA in'that region tends to
be out-of-phase with that.in the equatorial eastern
Pacific, suggesting that short cycles involve a signif-
icant component of half-basin scale. For long cycles,
the TDA' tends to develop in-the western North Pa-
c1ﬁc, and’ involves a substantial change of heat stor-
age in ‘the off-equatorial warm pool regions. Last, for

5. Thermocline variations

‘height at Truk (7.4°N ‘
. eastern Pacific SST. As shown i Fig. 5, this rela-

-

Vol. 77, No. 1

the long cycles, there is a poleward spread of TDA

in the far eastern basin during the decay phases of

warming or cooling, Wthh was absent during the
short cycles.

‘Regardless of the dxfferences common features
are seen in Figs. 4a and 4b: the eastward propaga-

tion of TDA along the equator during the transient
* phases; and, (ii) the east-west dipole during the ma-

ture. warm and cold phase. In addition, during the
transient and onset phases, the off-equatorial TDAs
are primarily formed in the Northern Hemisphere.
The last feature may be subject to interdecadal vari-

" ation. Before 1980, the thermocline variation in the

Southern Hemisphere was as large as in the North-
ern ‘Hemisphere, as shown in Chao and Philander’s

" (1993) analysis of the model simulated thermocline
- evolution for the period 196971978.

‘ in the western
North Pacific

The most prominent interannual variations in
thermocline displacement are found in the equato-
rial eastern Pacific and off-equatorial western Pacific
warm pool (Fig. 1b). The WNP warm pool is one
of the key regions in thermocline evolution. Based

‘on observations taken before 1981, Meyers (1982)

noticed a negatlve correlation between the sea level
, 151. 8°E) and the equatorial

tionship remains valid after 1980. The thermocline

. rising (deepening) in the WNP (5-15°N, 130-170°E)
. tends to be in phase with equatorial eastern Pacific
~warming (cooling). This section discusses the possi-

ble cause of the thermocline variability in the WNP
warm pool, and the next section discusses the po-
tential roles of this variability in maintaining ENSO

.cycles.

5.1 What controls the thermocline variation in the
WNP? , . ,

Previous studies have suggested that the TDAs.
in the WNP result from the anomalies generated
in the central-eastern North Pacific through Rossby
wave propagation (e.g., Graham and White, 1988;
Kessler, 1990; Zhang and Levitus, 1997). The com--
posite thermocline evolution (Fig. 4) shows some
evidence of westward propagation of thermocline.
anomalies from the central North Pacific (CNP) to
the WNP. However, Fig. 4 also.shows evidence of
in sity development of thermocline anomalies in the
WNP which must be attributed to local wind stress
curl forcing.

-To examine westward propagating Rossby waves,
we present longitude-time diagrams of TDA along
different- latitude bands across the North Pacific
basin (Fig. 6). The data used are monthly mean.
TDA anomalies, which are adequate to resolve prop-
agation of Rossby waves. Along 4°N, the Rossby
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(a)Long cycle composite (b)Short cycle composite
tronsition to warm phase(1982.5,1986.6) transition to warm phase(1991.5,1993.3,1994.8)

20N : — 20N

20N

Y

N . T D i e o )
o -~ ' -
Y
v ~eaean f.o-4 ~
Svecoapeest — Q
EN — Lo nomre, 255

decay of warm phase(1992 5,1993. 8 1995, 2)

______

20S 1 - 20S+
120E 140E 160E 180 160W 140W 120W 100W 8OW 120E 140E 160E 180 160W 140W 1208 100# 80w

Fig. 4. Composite life cycle of thermocline depth anomalies (m) for (a) the two long cycles from June
1982 to February 1990, and (b) the three short cycles from July 1991 to May 1995. The data used
are the same as in Fig. 2. Note the different contour intervals used in (a) and (b).
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Fig..5. Thermocline depth anomaly (m) averaged over the area 130°E-170°E, 5° 15°N (solid) and Nino
3 SST anomaly (0.1°C) (dashed). The data used are the same as in Fig. 2.

wave propagatlon is "evident on the annual time

scale (cf Chelton and Schlax, 1996), but not on
the interannual time scale (Fig. 6). The westward
propagation. of TDA is also not seen in the latitude
band along 5-6°N (F1g 6). Sporadic episodes of the

westward propagation of TDA can be seen along 7-

8°N, but the propagation rarely reaches the western
ocean boundary.  This raises a question regarding
the critical roles of the equatorial Rossby wave re-
flection at the western boundary in the ENSO turn-
abouts. Along the latitude bands between 9°N and
15°N, however, westward propagation of TDA as-
soc1ated with major ENSO" cycles can be identified
(Fig. 6). The propagation speed decreases with lat-
itude as expected from the theory. Figure 6, there-
fore, indicates that the contribution to WNP TDA
of Rossby wave propagation from the central Pacific
increases with. latitude, primarily beyond 8°N.
While the ocean Rossby wave can play certain
roles in the thermocline adjustment in the WNP,

there is substantial in situ development of TDA as-

sociated with local wind stress forcing. The WNP
(5-15°N, 130-170°E) surface wind stress curl dis-
plays a statistically significant broad spectral peak
on a time scale between 8 and 20 months (Fig. 7a).
This broad ‘energy peak in the surface winds ap-

pears to be consistant with the finding of Yanai '
and Li (1994) Although thie thermocline variation -
in the WNP.is overshadowed by ENSO cycle (Fig.

5), the thermocline depth tendency shows a similar
broad spectral peak with concentration of variances
on time:scales about 9 and 15 months, (Fig. 7b)

This is coherent with-the variations in the local sur-

face wind stress curl (Fig. 7c). The coherency in the
wind and thermocline depth tendency suggests that
the thermocline depth variations are responding to

the surface wind variations. The important roles of _
the local wind stress curl in controlling thermocline

displacement should be emphasized.
Figure 7 implies that the local wind stress forc-

ing is potentially a major contnbutor to changes in
thermocline (or heat storage) in the WNP. The im-
portance of the local wind forcing can be further
substantiated by the negative correlation between
the tendency of thermocline depth, and local wind
stress curl (Fig. 8a). The correlation coefficient be-
tween the tendency of thermocline depth and local
wind stress curl is —0.63 for the period January 1980
to December 1996. Our estimations show a decor-
relation time scale of about 4 months and a degree
of freedom of 50 (Livezey and Chen, 1983) indicat-
ing that the correlation is significant at a confidence
level more than 99.9%. Figure 8a indicates that
deepening (rising) of thermocline tends to be in-
phase with local anticyclonic (cyclonic) wind stress
curl in the WNP. This is a result of baroclinic ad-

- justment of the thermocline to wind stress forcing

through Ekman pumping. Anticyclonic (cyclonic)
wind stress curl induces downward (upward) mo-
tion in the Ekman layer which deepens :(elevates)
the thermocline. In addition to the baroclinic ad-
justment, anticyclonic wind stress may also favor
heat storage by affecting thermodynamlc processes
and horizontal advection of heat. The low cloudiness
associated with the anticyclonic circulation would
increase solar radiation at the surface, while the low
wind speed associated with the anticyclonic c1rcula—
tion would reduce the heat loss at the surface, both
favoring the accumulation of heat in the WNP. The
anticyclonic wind stress curl may also change the
strength of the subtropical and equatorial gyre cir-
culation. The latter, especially the Mindanao -Cur-
rent and the North Equatorlal Countercurrent may
affect heat storage in the WNP (Lukas, 11988; Qiu
and Lukas, 1996).

The results showed in Figs. 7 and 8a indicate that
local wind stress forcing is likely a magor contributor
to changes in the heat storage in the western North
Pacific.
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Fig. 6. Hovemoller diagrams of monthly mean thermocline depth anomaly (m)-along 3°N-4°N, 5°N-6°N,
7°N-8°N, 9°N-10°N, 11°N-12°N, and 13°N-14°N. . .

5.2 How is the WNP warm pool “recharged”?

The process of accumulating heat in the WNP
consists of two stages: a relatively rapid restoration
from a minimum to normal heat content, and a con-
tinuing but slower build up from normal to a maxi-

mum. The rapid restoration often: oc¢curs following
a major peak warming (e.g., January 1983, Decem-
ber 1987, January 1992, and December 1994) (Fig:
5a). This rapid restoration is largely caused by an :
anticyclonic wind stress curl developed locally over
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Fig. 7. Spectrum of (a) the surface wind stress curl and (b) the tendency of the thermocline depth
~anomalies averaged over the western North Pacific (130°E~170°E, 5°N-15°N) and (c) their coherence
spectrum. The solid and the dashed curves are the red-noise spectrum and 95% confidence level

The data used are 5-month runmng means.

the WNP concurrent or followmg each magor peak
warming (Fig. 8a solid curve).

The continuing build up .of heat storage. does nof

necessarily follow the rapid restoration. An exam-

ple is found in 1992. After the 1991-92 warm event, .

there was a short period of restoring heat in the

WNP, but no continuing build up (deepening of the:

thermocline) followed (Fig. 5a). This is, to a large
extent, due to influence from a rapid decadal phase
change around 4990 in the western and central Pa-
cific (Wallace et al., 1997). In the 1990s, a weak, per-

sistent cyclonic wind stress curl was observed in the.
WNP: (in association with the westerly anomalies
persmtmg in the equatorial western Pacific), which

prevented the build up of heat.

The build up of heat in the WNP is also not nec-
essarily preceded by a rapid restoration. An example
can be found in 1981 during which the deepening of
the thermocline started from a near normal condi-
tion. ,This implies that the 1982/83 warm episode

occurred without being preceded by significant cool--

ing. The break of the linkages between the rapid
restoration -and continuing build up of heat storage
in the WNP results in irregularities in the ENSO
cycles and difficulties for ENSO prediction.

Note also that the build up of heat in the WNP
does not.depend on anomalous equatorial easterlies.
In fact, the correlation between anomalous equato-
rial easterlies in the central-eastern Pacific, and the
anticyclonic wingd stress curl over the WNP is rather
low-(figure not shown),

6.. ENSO transition from peak warm to cold

phases

What causes the turn about from a peak warm

phase .to the subsequent cold phase? This is the
. question which Bjerknes (1969) raised in his influen-
- tial paper, and it has remained an unresolved issue.
The delayed oscillator theory (Schopf and Suarez,

1988; Suarez and Schopf, 1988; Battlstl and Hirst,

* 1989; Cane et al., 1990) explains the transition from

warming to coohng as a result of equatonal thermo-

- cline adjustment due to wavé propagatlon During

the warming, the anomalous equatorial westerlies in

the equatorial central Pacific create cyclonic wind
* stress curl in each side of the equator. This in turn
- generates westward propagating, upwelling Rossby
- Waves.

- These Rossby _waves; upon reflecting from
the western boundary, project on to equatonal up-
welling Kelvin waves propagating eastward, raising
the eastern Pacific thermocline and eventually lead-
ing to reversal of the wari state. This explanation
implicates equatorial trapped Rossby wave reflec-
tion as the trigger of the tramsition from a warm
to a cold phase “While in the simple type of coupled
ocean-atmosphere models, the motion in the WNP
corresponds primarily to free oceanic waves. This
may not be the case in the reana1y51s data, as shown -
in the previous section (Figs. 7 and 8a). From the
observed thermocline varlatlon the westward prop-
agating Rossby waves are not evident equatorward
of 7°N (Fig. 6). In theory, _eﬂ'ectlve generation of
Kelvin waves due to Rossby wave reflection against
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Fig. 8. (a) Monthly mean of surface wind stress curl anomalies (solid, in units of 10~° dyn/cm?®) and
the tendency of the TDA (dashed, in units of m/month) averaged in the western North Pacific
(120°E-150°E, 5°N-15°N). (b) Monthly mean surface wind stress curl anomalies (solid) averaged
over the western North Pacific and the zonal wind stress (0.1 dyn/cm?). averaged over the equatorial
western Pacific (120°E-150°E, 2°S-2°N). The data used are 5-month running means.

a western ocean boundary comes primarily from the
Rossby waves within 7° latitudes from the equator
(Battisti, 1989). The results shown by Fig. 6 im-
ply that the Rossby wave reflection at the western
boundary, as seen from the reanalysis data, may not

provide a sufficient negative feedback to turn the

coupled system from a warm to a cold phase.

Based on the present analysis of the observed sub-
surface temperature variations, we found that an al-
ternative mechanism may be at work. The transi-
tion from peak warming (cooling) to a cold (warm)
phase is triggered by the anomalous anticyclonic
(cyclonic) wind stress curl developed locally over the
WNP. We describe a scenario of transition from a
peak warm to a cold phase, for convenience of the
discussion.

During the peak phase of a major warm event (for
instance, those that occurred around January 1983,
late 1987, January 1992, and December 1994 in Fig.
5a), the wind stress curl over the WNP rapidly
changes from cyclonic to anticyclonic. A few months
later, strong anticyclonic wind stress curl was estab-

lished over the WNP in spring 1983, spring 1988,

spring 1992, and spring 1995 (Fig. 8a solid curve).

The anomalous anticyclonic wind stress cuirliinduces
Ekman downwelling and thermocline deepening in
the WNP, which terminates- the discharge of heat
content in the WNP warm pool (correspondmg to
the rapid restoration of heat -content described in
Section 5). Associated with-the anomalous anticy-
clonic winds are anomalous éasterlies to the south
of the anticyclone center in the equatorial western
Pacific (EWP) (Fig. 8b). The equatorial easterly
anomalies (occurred in spring 1983, summer 1988,
early 1992, and spring 1995) raise the thermochne'
in the EWP. An eastward propagatlon of elevated‘
thermocline along the equator then follows (Flg 3a).
and leads to the decay of the equatorlal eastern Pa-
cific warming. ‘ §
Concurrent with the restoratlon of heat content “
in the WNP and the maximum rising in the EWP
there is. a meridional redistribution of heat in the_,
eastern Pacific which can be seen from the poIeward _
propagation of the pos1t1ve TDAs along 90—110°W'
during the decay of the warming (Fig. 9). This’ con-
firms the result of Chao and Philander (1993) who-
found a SImllar poleward propagatxon durmg the] pe- "
riod 1969—1978 from anaLysxs of the 31mulat10n us—
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Fig. 9. Tlme-latltude diagram of the ther-
mocline depth anomalies (m) averaged
:between 110°W and 90°W. The data
used are the same as in Fig. 2.

ing the GFDL (Geophysical Fluid Dynamics Labo-
ratory) ocean general circulation model. This redis-
tribution of heat is primarily due to poleward down-
welling coastal Kelvin waves and associated Rossby
waves reflected from the eastern boundary, which
can efficiently remove heat content from the equa-
torial eastern Pacific as indicated in Fig. 4.

The rise of thermocline in the east favors decay of
warming which in turn increases zonal SST gradi-
ents and restores equatorial easterlies. As a result,
the westward wind stress over the central equatorial
Pacifi¢ strengthens Thus, the elevated thermocline
(negatrve thermocline depth anomalies) in the EWP
starts to- mlgrate eastward slowly along the equa-
tor (Fig. 4) and eventually turns the eastern Pa-

“
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cific Ocean into a cold state. We note that the pro-

gressive rising of the thermocline from west to east

reflects the recovery of the flattened thermocline,
which is associated with the recovery of the equa-
torial trade winds. The latter are demonstrated by
the eastward propagation of the equatorial easterly
anomalies (e.g., Wang, 1995a). This indicates that
the slow eastward propagation of TDA is a mani-
festation of a coupled atmosphere-ocean mode (Gill
and Rasmusson, 1983; Philander et al., 1992). Tran-
sient Kelvin waves excited by intraseasonal wind
fluctuations in the western Pacific are superposed
on this low-frequency coupled mode. The possi-
ble influence of the high-frequency Kelvin waves
on the low-frequency evolution was speculated by
Lukas et al. (1984), and demonstrated by Kessler
and McPhaden (1995) using a simple model, which
plays a significant role in the transition of ENSO.

Similarly, the establishment of a cyclonic wind
stress curl in the WNP right after the cooling (e.g.,
1982, 1986, and 1989) (Fig. 8a) is critical to trig-
ger the discharge of heat content in the WNP. The
anomalous westerly wind stress south of the cyclonic
center deepens the thermocline in the EWP (Fig. 4,
decay-of the cold event), triggering. the eastward mi-
gration of the heat content (deepening of the ther-
mocline) along the equator. Thls eventually leads
to the subsequent warming.

7. Summary

7.1 Primary results

The dominant mode of the interannual varia-
tion of thermocline depth can be approximately de-
scribed by a basin-scale east-west _standing oscilla-
tion. The transition from a cold to a warm phase}
in the seesaw oscillation features an eastward phase
propagation of the thermocline depth anomalies .in’
the equatorial waveguide. The two complementary
components manifest the evolution of a coupled low-
frequency basin mode. The formation of the basin
mode was elucidated by the theoretical model. of
Cane and Moore (1981), and the numerical model
by Wakata and Sarachik (1991). ;

Short-period and small-amplitude oscillations in
the early 1990s exhibited a relatively small merid-
ional scale in the thermocline variation. The long-
period and large-amplitude cycles associated with,
major warmings exhibit a wider meridional scale,
and involve a substantial change of heat storage
in the off-equatorial regions of the western Pacific
warm pool (5-15°N, 130-170°E). This region is one
of the action centers in the interannual thermocline’
variation (Fig. 1b and Fig. 2a). The linkage be--
tween the oscillation period and the mendlonal scale
was found as one of the characteristic features of
the nonlinear oscillation in the standing osc1llator,
model of Wang and Fang (1996), and in the cou-
pled statistical atmosphere and Cane-Zebiak ocean
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Fig. 10. Schematic diagram showing the mechanism of ENSO transition from a peak warm to a cold
phase. Abbreviations WNP, EEP, and EWP stand for, respectively, the western North Pacific, the
. equatorial eastern Pacific, and the equatorial western Pacific.

model of Kirtman (1997). Wang and Fang (1996)
showed, by scale analysis, that the meridional scale
of the coupled mode reflects the magnitude of the
ocean-atmosphere coupling. When the meridional
scale is smaller, the lower-meridional mode equa-
torial Rossby waves (which propagate faster) play
more active roles in adjusting the thermocline, lead-
ing to a shorter basin-wide thermocline adjustment
time scale and*a shorter period of oscillation. This
is consistent with the idea of McCreary (1983). The
dependence of the oscillation period on the merid-
ional scale of the coupled mode suggests the criti-
cal role of the basin-wide thermocline adjustment in
ENSO evolution.

The thermocline variation in the WNP plays an
active role during the large amplitude long ENSO
cycles. Major warm (cold) episodes appear to be
preconditioned by a build up (depletion) of heat in
the WNP during the preceding cold (warm) phase
(Fig. 5). Both the thermocline depth tendency and
the local wind stress curl show a coherent double

oscillation peak with periods of 9 months and 15

months (Fig. 7). The deepening (rising) of the ther-
mocline in that region is nearly concurrent with lo-
cal anticyclonic (cyclonic) wind stress forcing (Fig.
8a). While the remotely forced Rossby wave prop-
agation may contribute in some extent to the ther-
mocline variation in the WNP, the local wind stress
forcing appears to be a major contributor. The rela-
tive importance of the local wind stress forcing ver-

sus the remotely forced Rossby wave propagation in
the thermocline variation in the WNP, as well as
in other regions of the Pacific, remains a target of
further investigation. '

7.2 Hypothesis concerning ENSO transitions
Figure 10 summarizes:the hypothesis regarding
the mechanism of ENSQ transition from a warm to a
cold phase. During ENSO warm phases, the thermo-
cline rises (discharging heat) in the WNP whereas
it deepens in the equatorial eastern Pacific. During
each major warm peak in the eastern-central Pacific,
there is a rapid establishment of anticyclonic wind
stress curl over the WNP. The anticyclonic wind
stress curl, through Ekman motion-induced baro-
clinic adjustment, depresses the local thermocline
and starts heat recharge in the WNP. The easterly
anomalies to the south of the anticyclonic circulation
extend to the equatorial western Pacific, forcing the
thermocline in that region to reach the minimum
depth and trigger the eastward propagation of the
elevated thermocline. Concurrent with the thermo-
cline rising in the west, there is a poleward transport
of heat content in the far eastern Pacific (Fig. 9)
due mainly to the propagation of the coastal Kelvin-
waves.and associated reflected Rossby waves. This
suppresses warming in the east, restoring equatorial:
zonal SST gradients and:thus reinforcing equatorial
easterlies. The enhancement of the equatorial trades
supports the slow eastward propagation of the ele- .
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vated thermocline which eventually leads to an east-

ern Pacific cooling. The transition from cooling to.

warming follows a similar process, but with opposite
anomalies.

7.3 Discussion ‘

The proposed turnabout mechanism is indepen-
dent of Rossby wave reflections at the western
boundary postulated in the delayed oscillator mech-
anism. However, the two mechanisms may work
together, rather than against each other, to deter-
mine the transition from warming to cooling or vice
versa. As pointed out in Sections 4 and 5, this
mechanism is relevant to relatively long period os-
cillation cycles and major warm events, rather than
those mini-warm events with short periods. For the
latter, ocean wave dynamics may play a more im-

portant role in thermocline adjustment and ENSO -

transition.

The key process involved in the new mechanism
presented in Fig. 10 is the role of the WNP wind
stress curl and associated equatorial western Pacific
wind anomalies in ENSO phase transition. In a pre-
vious effort searching for precursors for the transi-
tion of ENSO, Wang (1995a) found that the anoma-
lous sea-level pressure in the off-equatorial regions
of the western Pacific reaches minimum (maximum)
about 3-5 months after the peak cooling (warm-
ing). Based on analysis of sea-level pressure anoma-
lies from 1950-1992, he showed that the 11-month
running mean sea-level pressure anomalies in these
regions negatively correlate with the equatorial cen-
tral Pacific SST anomalies. The correlation coeffi-

cient is 0.7 at a four-month lag. The results shown -

in Fig. 8a are consistent with the finding of Wang
(1995a) and thus are supported by a much longer
observation record.

It is important to notice that the anticyclonic
wind stress over the WNP is not directly associated
with the equatorial central Pacific westerly anoma-
lies during the warm peak. The anomalous west-

erlies and associated off-equatorial cyclonic wind
stress curl is a direct response to equatorial central

Pacific enhanced convective heating and can be ex-
plained by the Gill (1980) model. They generate
equatorially trapped upwelling Rossby waves, prob-
ably within 5° latitudes on each side of the equator.

Over the WNP, the establishment of the anticyclonic

wind stress after a peak warming is indirectly tele-
connected with the enhanced convection in the equa-
torial central Pacific. ' The enhanced convection in

the equatorial central Pacific generates anomalous

upward motion and associated anomalous Hadley
and Walker circulations. The corresponding sink-
ing branch appears to preferably occur in the WNP,

because the ocean there is in an anomalously cold

state. Lower SST also tends to produce higher sur-

face pressure, favoring formation of an anticyclonic -

“w -
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circulation (Lindzen and Nigam, 1987). The precise
cause of this tropical Pacific teleconnection deserves
further investigation.

The wind stress curl over the WNP is not always
linked to.the equatorial thermal conditions. The
high-frequency nature (7-20 month broad spectral
peak) of the wind stress curl is coherent with the
thermocline depth tendency in the WNP (Fig. 7).
The rapid restoration of the heat content is not
always followed by a continuing build-up, nor is a
build-up of heat from normal conditions always pre-
ceded by a rapid restoration. This induces a degree
of irregularity in ENSO cycles. Situated in between
the energetic monsoon system and trade wind sys-
tem, the WNP surface circulation is considerably
influenced by East Asian monsoon (especially the
mighty winter monsoon) and midlatitude variations.
That can in turn influence the build-up of heat stor-
age in the WNP and indirectly affect ENSO evolu-
tion. The factors external to the coupled tropical
ocean-atmosphere system act as stochastic forcing.
This can be an important mechanism for oscilla-
tion and a source of the irregularities for ENSO as
demonstrated by a coupled numerical model (Chang
et al., 1996) and Wang et al. (1998). In a coupled nu-
merical model, if the wind stress is fully controlled
by SST variations in the tropics, the thermocline
variation over the off-equatorial warm pool region
would not be likely to capture the observed com-
plexity, and the simulated (predicted) ENSO cycles
are likely more regular than observed.

It is worthwhile to mention that the évolution of
the thermocline associated with ENSO cycles ap-
pears to have experienced an interdecadal change
in the late 1970’s in accordance with the change in
their onset characteristics as documented by Wang
(1995b). Comparison of the present results with
Chao and Philander’s (1993) shows that during the
period prior to the 1980s (1967-1979) the thermo-
cline variation in the Southern Hemisphere is closely
associated with — whereas after 1980 it does not
appear to be actively linked to — the basin-wide
thermocline adjustment and the equatorial eastward
propagation of thermocline depth anomalies. What
causes this interdecadal variation is a subject of fu-
ture investigation.
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