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ABSTRACT

The mechanisms leading to El Niño onset and termination in the ECHAM4/OPA coupled GCM are assessed
and compared to observations and existing ENSO paradigms. At the equator as well as off equator, the patterns
and timing of modeled El Niño composites are in good agreement with those observed. Heat content of the
west Pacific is confirmed as a precursor to ENSO phase change, and the present work emphasizes the role of
its northern off-equator part [west North Pacific (WNP) region, 58–158N, 1208–1708E]. The associated heat
content changes appear to be dominated by a local Ekman pumping (or forced Rossby waves) rather than the
accumulation of remotely generated free Rossby waves, as proposed by many theories. The heat content decrease
in the WNP region, which triggers El Niño termination, is due to the negative feedback of the atmospheric
Gill’s response to the increased equatorial SST in the east Pacific, in agreement with most paradigms (delayed,
recharged, west Pacific oscillators). The present study introduces the advection of the off-equator signal to the
equatorial waveguide by the mean currents of the western Pacific as an additional process. A similar feedback
(with opposite sign) also seems to drive the modeled El Niño onset, favoring a too strong and regular biennial
ENSO in the model. This is due to the stronger-than-observed Walker circulation that isolates the WNP region
from other remote influences (like monsoons). The model also exhibits ‘‘aborted’’ ENSO events where the
warming peaks in late spring instead of late autumn and is quickly terminated by the Gill’s negative feedback.
The abort event occurs too frequently in the coupled model due to too strong and too zonal a convergence zone
south of the equator (‘‘double ITCZ’’). It bears some resemblance to the spring 1993 warming, when the southern
Tropics were also warm. The results of this paper provide additional insight into the El Niño seasonal phase
lock mechanisms.

1. Introduction

Since the work of Bjerknes (1969), the understanding
of El Niño–Southern Oscillation (ENSO) has signifi-
cantly increased [see the special issue of the Journal of
Geophysical Research (1998, vol. 103, no. CC7)]. Many
studies addressed ENSO phase change, a key issue for
ENSO prediction (Wyrtki 1975, 1985; White et al. 1985;
Zebiak and Cane 1987; Shopf and Suarez 1988, 1990;
Zebiak 1989; Weisberg and Wang 1997; Picaut et al.
1996; Jin 1997a; Li 1997; Perigaud et al. 2000). The
rise of an El Niño event requires a positive feedback
while its decay requires a negative feedback. While the
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former was more or less already described by Bjerknes
(1969), the negative feedback that would terminate an
event generated a large body of work. Based on either
observational analysis or theoretical models several par-
adigms have been proposed. The delayed oscillator
(Shopf and Suarez 1988; Battisti and Hirst 1989) de-
pends upon a delayed negative feedback involving the
reflection of ocean equatorial waves at the western
boundary, these waves being generated by the atmo-
sphere response to increased SST [the Gill’s response
described by Gill (1980)] in the east and central Pacific.
The recharged oscillator (Jin 1997a) involves a similar
process, but in the integral sense. The west Pacific os-
cillator (Weisberg and Wang 1997) involves a local neg-
ative feedback mechanism through the large-scale at-
mospheric response to increased SST. The advective–
reflective oscillator (Picaut et al. 1996) emphasizes the
importance of zonal advection and the reflection at both
eastern and western boundaries. Attempts to classify
(slow and fast modes; Neelin et al. 1998) and unify
(Wang 2001) these paradigms were conducted, sug-
gesting that depending on the process(es) neglected, a
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paradigm may or may not become dominant. Moreover,
the unequal skill of ENSO prediction models generated
a debate on the relative importance of the processes
included in these paradigms (e.g., the role of boundary
wave reflection). Likewise, other processes are being
considered as possibly important, while not explicitly
part of the accepted ENSO paradigms. For example,
studies stress the possible role of intraseasonal oscil-
lations (Zhang et al. 2001) or nonlinear processes (Bou-
langer et al. 2002, manuscript submitted to Geophys.
Res. Lett.).

If the diversity of events associated with a lack of
detailed observed data has so far prevented the descrip-
tion of a single robust mechanism for ENSO turnabout
(if existing), most theories emphasize the role of the
west Pacific heat content as a precursor to ENSO phase
change. This role was anticipated by several early works
(the ‘‘recharge’’ of Wyrtki 1975, 1985; White et al.
1985; Zebiak and Cane 1987) and theories (Shopf and
Suarez 1988; Battisti and Hirst 1989; Weisberg and
Wang 1997), and has since been demonstrated by several
studies (Jin 1997a; Li 1997; Vintzileos et al. 1999; Wang
et al. 1999; Cassou and Perigaud 2000; Meinen and
McPhaden 2001). The ENSO cycle is characterized by
large-scale three-dimensional changes in the distribution
of upper-ocean and atmospheric heat and mass in the
tropical Pacific. The exchanges between the equatorial
waveguide and off-equator1 regions therefore play a key
role in the behavior of ENSO. These studies broadly
showed that the mean zonal equatorial thermocline con-
tains the memory carried over between ENSO events
(Li 1997; Jin and An 1999; Collins 2000; Meinen and
McPhaden 2001), and the associated depth variations
are fed by changes in the off-equator heat content. From
recent ocean analysis [the National Centers for Envi-
ronmental Prediction (NCEP) ocean reanalysis—Ji et
al. 1995 and Levitus and Boyer 1994], Wang et al.
(1999) and Zhang and Levitus (1996) have shown that
during most ENSO cycles heat content anomalies in the
west Pacific had wide meridional structures and that
most were initiated off equator.

If this off-equatorial role is now well agreed upon,
the mechanisms that modify the heat content in the west
Pacific at these latitudes are still unclear. Several mech-
anisms have been proposed, keeping in mind that the
SST varies very little in this region and cannot explain
the magnitude of the local atmospheric response as in
the east and central Pacific. Based on the analysis of
the Zebiak and Cane (1987) model, Jin (1997b) and
Cassou and Perigaud (2000) describe a basinwide Sver-
drup balance adjustment; Schopf and Suarez (1990) and
Li (1997) put forward an accumulated effect of oceanic
waves and their reflection at the western boundary;
Zhang et al. (1998) propose the subduction of midlat-

1 In this study, ‘‘off-equator’’ refers to tropical regions outside the
equatorial waveguide, that is, unless otherwise specified, between 58
and 158N and between 58 and 158S.

itude waters to lower latitudes; Weisberg and Wang
(1997) and Wang et al. (1999) explain the change of
the off-equatorial heat content by the impact of local
wind forcing (through Ekman pumping) due to a mod-
ified large-scale atmospheric circulation; Zhang and
Rothstein (2000) emphasize equatorward Ekman con-
vergence in the central Pacific; and, based on recon-
structed datasets, Meinen and McPhaden (2001) em-
phasize net meridional transport south of the equator.

The transport of these off-equator heat content anom-
alies to the equatorial waveguide is briefly discussed in
these studies. Nevertheless, this transport most likely
involves a delay that is important for ENSO phase
change. More work is needed to describe the processes
involved (wave propagation or ocean advection).

Simplified anomaly models were instrumental in clar-
ifying basic ENSO dynamics. Nevertheless, they omit
important processes. For instance, their assessment of
off-equator processes and more remote effects is still
incomplete (Perigaud et al. 2000). Likewise, the role of
the annual cycle is briefly discussed in ENSO para-
digms, even though there is ample evidence that the
evolution of ENSO is strongly linked with the seasons
(Rasmusson and Carpenter 1982; Wang 1994), espe-
cially during El Niño onset and decay. This may be due
to the fact most of the simple coupled models specify
the annual cycle and forecast anomalies. They, thus,
essentially break the linkage between the annual cycle
and the interannual variability. The hypothesis drawn
from the analysis of these simplified models must there-
fore be confirmed with more comprehensive climate
models, that is, GCMs. Most present-day coupled
ocean–atmosphere GCMs claim ENSO-like variability.
The performance of these models has clearly improved
over the years (Mechoso et al. 1995; Delecluse et al.
1998; Covey et al. 2000; Latif et al. 2001; AchutaRao
and Sperber 2002), and the assessment can now go be-
yond the classic statistical and descriptive analysis and
involve more process-based assessments (Raynaud et al.
2000). The high-quality direct observations available for
the 1997/98 ENSO event [both in space and in time
thanks to the TOPEX/Poseidon and the European Re-
mote Sensing (ERS) satellites and the Tropical Atmo-
sphere Ocean (TAO) moored array] provide an unprec-
edented opportunity to assess in more detail the ENSO
mechanisms at work. It thus provides a useful bench-
mark for GCMs.

In this study, we compare a state-of-the-art coupled
ocean–atmosphere GCM, typical of those recently being
used for ENSO prediction, and observations in order to
analyze 1) which mechanisms lead to off-equator heat
content anomalies in the west Pacific, 2) how do these
anomalies reach the equatorial waveguide, 3) how this
feeds into large-scale ENSO phase change feedbacks,
and 4) how these compare with ENSO paradigms.

The coupled model is presented in section 2. Section
3 presents a tropical validation leading to the analysis
of the model ENSO composites. Section 4 examines in
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more detail the mechanisms for El Niño’s decay and
onset in the model. A summary and concluding remarks
follow in section 5.

2. The SINTEX coupled model

The model used for this study is the ECHAM–ORCA
coupled GCM developed within the Scale Interaction
Experiment (SINTEX) European Union project.

a. The ORCA model

ORCA is the global version of the Océan Parallélisé
(OPA) 8.1 ocean modeling system developed by the
Laboratoire d’Océanographic Dynamique et de Clima-
tologie (LODYC) team in Paris (Madec et al. 1998,
more information available online at http://www.
lodyc.jussieu.fr/opa/). It is a finite-difference OGCM
and solves the primitive equations with a nonlinear
equation of state on a C grid. The present configuration
uses a rigid lid. The horizontal mesh is orthogonal and
curvilinear on the sphere. It does not have a geograph-
ical configuration: to overcome the singularity at the
North Pole, the northern point of convergence has been
replaced by two poles located on Asia and North Amer-
ica. Its space resolution is roughly equivalent to a geo-
graphical mesh of 28 3 1.58 (with a meridional reso-
lution of 0.58 near the equator). Thirty-one vertical lev-
els are used with 10 levels in the top 100 m. Vertical
eddy diffusivity and viscosity coefficients are computed
from a 1.5 turbulent closure scheme that allows an ex-
plicit formulation of the mixed layer as well as minimum
diffusion in the thermocline (Blanke and Delecluse
1993). Horizontal mixing of momentum is of the Lapla-
cian type with an eddy viscosity coefficient of 40 000
m2 s21, reduced in the Tropics to reach 2000 m2 s21 at
the equator. The lateral mixing of tracers (temperature
and salinity) is ‘‘quasi-pure’’ isopycnal as described by
Guilyardi et al. (2001). This model has been extensively
validated in an uncoupled mode in the Tropics where
its close agreement with observations was shown by
Vialard et al. (2001). ORCA is also widely used in the
coupled mode for process studies (Guilyardi et al. 2001;
Raynaud et al. 2000; Inness et al. 2003), paleoclimate
simulations (Braconnot et al. 1999), and climate change
experiments (Barthelet et al. 1998; Friedlingstein et al.
2001). There is no interactive sea ice model in the con-
figuration used for the present tropical study: the sea
ice cover is relaxed toward observed monthly clima-
tology.

b. The ECHAM4 model

ECHAM4 is the fourth generation of the ECHAM
atmospheric general circulation model (AGCM) devel-
oped at the Max-Planck-Institut Für Meteorologie in
Hamburg, Germany. ECHAM is an evolution of the
spectral numerical weather prediction model developed

at the European Centre for Medium-Range Weather
Forecasts (ECMWF), but significantly modified to make
it suitable for climate studies. In the successive model
generations, several parameterization schemes were ei-
ther replaced or additionally implemented. An exhaus-
tive and detailed description of the dynamical and phys-
ical structure, and the simulated climatology of
ECHAM4 has been given by Roeckner et al. (1996).
Here we briefly summarize the main characteristics of
the model. The prognostic variables in ECHAM4 in-
clude vorticity, divergence, temperature, surface pres-
sure, water vapor, and cloud water. The model equations
are solved on 19 hybrid vertical levels (top at 10 hPa)
by using the spectral transform method with triangular
truncation at wavenumber 30 (T30). Nonlinear terms
and physical processes are computed on a Gaussian grid,
providing a resolution of approximately 3.758 in lon-
gitude and latitude. ECHAM4 uses a semi-Lagrangian
transport method for the advection of cloud water and
water vapor (Rasch and Williamson 1990). The param-
eterization of convection is based on the mass flux con-
cept, where cumulus clouds are represented by a bulk
model including the effects of entrainment and detrain-
ment on the updraft and downdraft convective mass
fluxes (Tiedtke 1989). According to Nordeng (1994),
the organized entrainment and detrainment are related
to buoyancy, and an adjusted-type closure based on con-
vective available potential energy (CAPE) is used. The
radiation code is the same as Morcrette (1991) with a
few modifications such as the inclusion of additional
greenhouse gases, revised parameterization for the water
vapor continuum and for the cloud optical properties.

c. Coupling procedure and initialization

ORCA and ECHAM4 are coupled through the Ocean
Atmosphere Sea Ice and Soil (OASIS) coupler version
2.4 (Valcke et al. 2000). The coupling strategy is similar
to that of Guilyardi et al. (2001). From Levitus (1982),
the model is integrated for 2 yr in ocean robust-diag-
nostic mode. Once the ocean currents are spun up, the
integration continues without any adjustment or restor-
ing (except in regions where sea ice cover does not agree
with climatology). Air–sea fluxes and SST are ex-
changed every 3 h. The simulation analyzed in this study
was integrated for 200 yr.

3. Tropical validation

The global validation of the coupled model is beyond
the scope of the present study. Other studies using the
same simulation to document other climatic features
help give a general overview (Gualdi et al. 2002a,b). It
is worthwhile to note the absence of any rapid (1–5 yr)
drift for most of the air–sea interface. The model is
balanced: the radiative budget at the top of the atmo-
sphere is close to zero and stays so for the 200 yr. Some
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FIG. 1. SST errors of the SINTEX ECHAM4–ORCA coupled sim-
ulation, [difference with Atmospheric Model Intercomparison Project
2 (AMIP2) climatology]. Contour interval is 18C. Light shading in-
dicates cooling, dark shading indicates warming.

FIG. 2. Zonal wind stress in the tropical Pacific: (a) Mar, (b) Sep. Solid line is the ERS climatology
corrected by observed TAO winds (Vialard et al. 2001). Dashed line is the SINTEX coupled model.

localized drifts appear at high latitude due to salinity
errors associated with the lack of interactive sea ice.

a. Mean state

In the Tropics, the SST does not fall into a warm or
a cold state (Fig. 1), as often seen in coupled GCMs
that are not flux-corrected (Mechoso et al. 1995; Covey
et al. 2000; Latif et al. 2001). The classic warming in
the subtropical eastern ocean basin is present (Fig. 1),

most likely due to the classic lack of low marine stra-
tocumulus clouds (Mechoso et al. 1995; Terray 1998).
A slight cooling appears around the equator in the cen-
tral Pacific, due to stronger-than-observed trade winds
(Fig. 2). These intensified trade winds are active all year-
round but the difference is the strongest in March, when
the model fails to reproduce the observed spring relax-
ation of the equatorial trades (Fig. 2a). This too active
Walker circulation reduces the eastern extent of the
equatorial warm pool by about 208 of longitude. In
northern spring, the model develops a southern con-
vergence zone (SCZ) centered at 108S (Fig. 2a). This
bias is the result of a too strong South Pacific conver-
gence zone (SPCZ), its eastern extent being shifted to-
ward the equator. This SCZ behaves like a southern
ITCZ and such a symmetrization of the circulation is
often seen in coupled GCMs using a spectral AGCM
(Guilyardi and Madec 1997; Meehl and Arblaster 1998).
In the present model, the northern ITCZ in autumn is
captured quite well (Fig. 2b).

The equatorial thermocline slope and structure, which
are important for ENSO dynamics, are well reproduced
by the coupled model (Fig. 3). The warm pool is eroded
and the thermocline is a bit too deep in the central
Pacific, both features due to the strong trades. Other
equatorial features (including zonal current and up-
welling) broadly agree with the ones validated by Vi-
alard et al. (2001) against Tropical Atmosphere Ocean
(TAO)/Triangle Trans-Ocean Buoy Network (TRITON)
array data (not shown).
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FIG. 3. Annual mean temperature section at the equator: (a) Kessler climatology (Kessler and McCreary 1993), (b)
SINTEX coupled model. Contour interval is 18C. Shading indicates temperatures above 208C.

b. Interannual variability

A detailed assessment of tropical variability statistics
is given by Gualdi et al. (2002b). Here, we use the
Niño-3 (58N–58S, 908–1508W) SST anomaly to select
individual events and build their composites. The mod-
eled Niño-3 SST anomaly exhibits a variability slightly
weaker than the Hadley Centre Global Sea Ice and Sea
Surface Temperature (HadISST) 1.1 SST dataset (N.
Rayner et al. 2002, personal communication; standard
deviation of 0.68 compared to 0.88C for observations;
Fig. 4). Most of the modeled variability is within 1.5
standard deviations, a feature also observed until the
1970s. The Niño-3 SST anomaly spectrum shows an
emphasized 2-yr peak and a weak variability at lower
frequency when compared to observations (Fig. 5). A
superimposition of all the modeled events warmer than
1.5 standard deviations (Fig. 6a) exhibits two types of
events: a regular ENSO type where the Niño-3 warming
starts in May, peaks in December, and terminates the
following May (Fig. 6b); and an aborted ENSO type
where the warming reaches a peak value in May and
then abruptly decreases to reach a cold state a year later
(Fig. 6c). The first type is reminiscent of the observed
ENSO and will be assessed in the following section.
The second type appears to be a model bias, as such a
behavior is not frequently seen in observations (except
for the unusual 1993 warming, as discussed later). Com-
posites of both types (regular ENSO: 25 cases, and
aborted ENSO: 10 cases) are made for the 3 yr encom-
passing the warming. In the following text, the ‘‘pre-
vious year’’ (year 21 for the model and 1996 for ob-
servations) is the onset year, the ‘‘warming year’’ (year
0 or 1997) is the year of mature events and the ‘‘year
after’’ (year 11 or 1998) is the decay year, as also
defined by Rasmusson and Carpenter (1982). Following

the method of Terray et al. (2003, manuscript submitted
to Climate Dyn.), the significance of the composites
were computed. Only the features that are significant at
the 95% level are discussed in this study.

c. Model ENSO composite versus 1997/98 El Niño

The 1997/98 El Niño event has the basic features of
most events since they have been observed with some
degree of accuracy (McPhaden 1999), but for its inten-
sity. Because of the unprecedented collection of high-
quality measurements of this event, especially off equa-
tor, we choose it to validate the coupled model ENSO
composite. The observed datasets are based on Had-
ISST1 for the SST, ERS satellite winds corrected by
TAO array local winds (Menkes et al. 1998), and TO-
PEX/Poseidon for the sea level.

The time–longitude sections of equatorial anomalies
of SST, zonal wind, and heat content (or sea level) are
presented in Fig. 7 for both the 1997/98 event and the
model ENSO composite. In 1996, the equatorial SST
in the western Pacific is slightly warmer than usual and
slightly colder in the east (Fig. 7a), due to the stronger
easterlies present there (Fig. 7b). The heat content, well
correlated with the sea level, is already high in the west-
ern Pacific (Fig. 7c). These warm waters eventually
cross the basin in successive Kelvin waves in early
1997, and, upon reaching the eastern boundary, trigger
the SST warming (Fig. 7a). Due to the well-described
ocean–atmosphere SST–wind feedback (Bjerknes 1969)
the warming is further amplified in the central and east-
ern Pacific with a peak value reached in December 1997,
as the westerly wind anomalies invade the central Pacific
(Figs. 7a,b). Concurrently, the heat content in the west-
ern Pacific is reduced (Fig. 7c) and the corresponding
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FIG. 4. Monthly Niño-3 SST anomaly time series. (a) HadISST1 observations for 1900–99.
(b) SINTEX model for years 01–100. The 61.5 std dev lines are indicated.

anomaly migrates eastward in early 1998, accompa-
nying the termination of the event and leading to cold
SST conditions in the central and eastern Pacific (Fig.
7a). These equatorial phases (and the elements specific
to this particular event) are described in greater details
by McPhaden (1999) and Vialard et al. (2001).

The model composite ENSO correctly exhibits many
of the observed features of the 1997/98 event, both in
spatial patterns and in timing (Figs. 7d–f). Together with
simulating the correct seasonal cycle and mean state,
this represent an important challenge for fully coupled
GCMs without flux correction (Latif et al. 2001;
AchutaRao and Sperber 2002). In particular, the sub-
surface anomalies also originate from the western Pa-

cific (Fig. 7f) and propagate to the east as Kelvin waves
in the beginning of the year (January–March), leading
to SST changes in the eastern Pacific (Fig. 7d) and to
the central Pacific invasion by westerly anomalies (Fig.
7e). Several differences can be seen. First, the amplitude
of the signal is weaker in the model and the patterns
are smoother, as expected from the averaging made to
build the composite and the exceptional intensity of the
1997/98 event. The SST anomalies extend farther west
in the model by 208–308 of longitude (Fig. 7d), consis-
tent with the stronger-than-observed Walker circulation.
The cold SSTs in the central-eastern Pacific in the year
prior to the event (and the associated increased east-
erlies) are relatively stronger than in observations. Apart
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FIG. 5. Niño-3 SST anomaly spectrum. Solid line is the HadISST1
observations, and dashed line is the SINTEX coupled model. The
time series were normalized by their respective std dev prior to spec-
trum computation.

FIG. 6. (a) Superposition of Niño-3 SST anomalies for El Niño
events warmer than 1.5 std dev, (b) regular ENSO-type subset (25
cases), (c) aborted ENSO-type subset (10 cases). The thick curves
represent the composite mean of each type.

from these differences, the agreement between the mod-
el and the observations is evidence for correct ocean–
atmosphere equatorial dynamics simulation in the SIN-
TEX coupled model.

One of the major breakthroughs in ENSO observation
was the launch of the TOPEX/Poseidon satellite, which
gave coherent space and time sea level patterns for the
1997/98 El Niño, the first large event since its launch.
The corresponding sequence of sea level anomalies is
given every 3 months in Fig. 8a. The zonal evolution
of heat content at the equator described in Fig. 7c is
also visible here. The transfer of heat content anomalies
from the west to the east occurs abruptly between Feb-
ruary and May. These anomalies originate from the west
of the basin, and in particular from the west North Pa-
cific region (WNP; 58–158N, 1208–1708E), as seen in
August and November of 1996 (warming) and of 1997
(cooling; note that the signal for the cooling in 1997 is
clearer). Wang et al. (1999) describe the same WNP
origin of heat content anomalies (for the 1982 and 1987
El Niño ‘‘long cycle’’ events, their Fig. 4) from the Ji
et al. (1995) ocean analysis based on in situ data. Based
on the annual average, Zhang and Levitus (1996) de-
scribe similar features. These patterns agree with many
other studies, which have suggested that a buildup of
warm waters in the western Pacific was a necessary
precondition to the development of El Niño. The pole-
ward heat discharge in observations is located in the
eastern Pacific during several months of peak warming
in the eastern Pacific (again similar to the Wang et al.
1999 long cycle composite).

The coupled model ENSO composite heat content
anomaly exhibits the same structures and timing as in
the observations (Fig. 8b). An off-equator recharge of
the WNP region is also occurring during the second part

of the year (August–December), both for the warming
stage (year 21) and for the cooling stage (year 0). The
anomalous heat content generated in the western Pacific
is then transferred to the east along the equator, between
February and May (as already seen in Fig. 7f). Finally,
the heat is removed poleward from the eastern Pacific
through both coastal Kelvin waves and interior transport
(Fig. 8b). These maps also show that the anomalous
zonal extent of the cold tongue in the model is confined
to the equator.

The zonal mean heat content of the equatorial Pacific
in the model composite leads the peak of ENSO by 8–
10 months (Fig. 9). This confirms that zonal mean ther-
mocline depth variation is a precursor to El Niño de-
velopment, as also shown by Zebiak (1989, his Fig. 2)
and Li (1997, his Fig. 3b). These depth variations are
mostly due to the western Pacific and further analysis
is needed to describe their origin.

4. Mechanisms for ENSO phase change
Both in the model and in observations, the heat con-

tent change of the western Pacific first appears in the
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FIG. 7. Time–longitude diagrams of monthly equatorial anomalies of (a),(d) SST; (b),(e) zonal wind; (c) sea-level, and (f ) heat content.
The 1997/98 observations (HadISST1, ERS 1 TAO, TOPEX/Poseidon) are shown in (a)–(c). Coupled model ENSO composite values are
shown in (d)–(f ). Note the different contour intervals: (a) 0.58C, (b),(e) 0.01 N m22, (c) m, (d) 0.18C, (f ) 0.2 GJ m22.

WNP region (Fig. 8). If the WNP area appears to be
the initial location for ENSO phase change, several
questions remain to fully describe the ENSO turnabout
in the model. First, how does heat accumulate or di-
minish in the WNP region? Second, how are the as-
sociated anomalies transferred to the equator? And third,
how do the mechanisms involved fit into the larger-scale
feedback loops proposed by theories?

Two types of mechanisms have been proposed to ex-
plain the WNP heat content change: 1) an accumulated
effect of off-equator remotely forced free Rossby waves
(Li 1997; Perigaud et al. 2000), or 2) a local Ekman
pumping via the local wind field (Weisberg and Wang
1997; Wang et al. 1999). This last process is also re-
ferred to as forced Rossby waves in several studies
(Schopf and Suarez 1990). In support of the second
mechanism, Wang et al. (1999) showed that the ten-
dency of thermocline displacement in the WNP region
and the local wind stress curl exhibit a coherent, broad
spectral peak on an 8–20-month timescale. In order to
estimate the contribution of local Ekman pumping to
the anomalous heat content, a time–longitude section of
heat content anomalies and a 6-month running time in-
tegral of the wind stress curl meridionally averaged be-

tween 58 and 158N was performed for both the model
and observations. The resulting figure (Fig. 10) suggests
that the local wind forcing is dominant in both the ob-
servations and the model and explains a large part of
the heat content/sea level signal. From spring to autumn
1997 (year 0), the positive wind stress curl in WNP
(Figs. 10b,d) contributes to a shallowing of the ther-
mocline through Ekman pumping: the heat content de-
creases and the sea level lowers (Figs. 10a,c). The re-
verse mechanism is seen in 1996 (year 21), although
the signal is weaker, especially in the observations. If
there is an influence of off-equatorial free Rossby waves
(which should appear as a westward-propagating sig-
nal), it seems to be of secondary importance in the onset
and termination of ENSO (Zebiak 1989; Graham and
White 1991). They probably influence the long-term
adjustment of the western Pacific, together with sub-
duction from higher latitudes (Zhang et al. 1998) and
other slow processes of low amplitude that contribute
to the preconditioning of this key region (Schneider et
al. 1999). Nevertheless, more detailed calculations in
the ocean would be needed to prove this point. More-
over, the relative importance of free and forced Rossby
waves could vary with each event. Finally, the west
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FIG. 8. (a) The 1997/98 El Niño cycle of sea level anomalies in the tropical Pacific from TOPEX/Poseidon. (b) Heat
content anomalies for ENSO composite cycle in SINTEX coupled model. Time interval is 3 months. Shading indicates
increased heat content. The dark (light) arrows represent the propagation of positive (negative) heat content anomalies.



1150 VOLUME 16J O U R N A L O F C L I M A T E

FIG. 9. Time series of (solid) Niño-3 SST anomaly and (dashed)
zonal mean thermocline depth (averaged between 28N and 28S) for the
3-yr model ENSO composite. Thermocline depth is divided by 10.

Pacific model errors (equatorial easterly bias) might im-
ply less obvious propagation of free Rossby waves (even
though the bias becomes small off equator).

a. El Niño termination

We first assess the ENSO turnabout from warm El
Niño conditions to normal/cold conditions, as the cor-
responding signal is strong both in the observations and
in the model (Figs. 8 and 10). A time–latitude section
of heat content anomalies zonally averaged over the
western Pacific (1208N–1708E) for observations and for
the model ENSO composite is presented in Figs. 11a,c.
The off-equatorial initiation of the anomalies (in the
north) and their subsequent equatorward propagation is
seen both in the observations and in the model (Figs.
11a,c). The 6-month running time integral of the wind
stress curl (Figs. 11b,d) is also well correlated with the
off-equatorial heat content anomalies, strengthening the
case of the local effect of the wind pumping as a dom-
inant mechanism. This is even clearer for the negative
heat content anomaly rising in the second half of the
warming year (1997, year 0) between 58 and 158N (Figs.
11a,c). In the Southern Hemisphere, the wind stress curl
changes sign, but as the Coriolis parameter also changes
sign, the Ekman pumping remains of the same sign, as
seen in the winter months (note that the amplitude is
weaker). These wind pattern changes are related to the
large-scale atmosphere anomalous circulation due to the
modified SST (Gill’s response). Based on the evolution
of the eastern Pacific SST (given by the normalized
Niño-3 SST anomalies curves in Figs. 11b,d), this sug-
gests the following negative feedback loop for El Niño
termination: accompanying the SST warming in the
eastern Pacific (during the warming year: 1997 or year
0), the atmospheric Gill’s response generates a cyclonic

wind stress anomaly between 58 and 158N (Figs. 11b,d).
The ocean integrates the corresponding anomalous Ek-
man pumping for several months (Figs. 11a,c). Near the
end of the warming year, the associated anomalous heat
content generated off equator is advected to the equator
by the low-latitude current system of the western Pacific
(see below). It is further transported to the eastern Pa-
cific at the beginning of following year by equatorial
Kelvin waves, as described previously, which cools the
equatorial eastern Pacific, eventually leading to colder-
than-normal SST in the second half of the following
year (Figs. 11b,d). The lag necessary to a full devel-
opment of the anomalous SSTs in the eastern Pacific is
due to the following: 1) the time needed for the ocean
to integrate the anomalous atmospheric forcing in WNP
(6–8 months), 2) the time necessary for the off-equator
ocean anomalies to be advected to the equator (;2
months), and 3) the time needed for the equatorial anom-
alies to propagate to the east (another 2 months), leading
to the observed total lag of about a year (spring to
spring).

This negative feedback loop evidenced in the model
and validated by observations is mostly coherent with
the several ENSO paradigms (delayed, recharged, or
west Pacific oscillators). It supports the mechanism of
west Pacific off-equator heat content change by local
wind stress rather than the accumulation of free Rossby
waves originating from the east Pacific. It also suggests
that the northern west Pacific has a stronger role than
the southern west Pacific. The time delay of one year
computed above is in line with the one proposed by
Suarez and Schopf (1988), except for the lag necessary
to transport the signal from off equator to the equator.

Once the WNP heat content is modified, a key point
is the displacement of heat content anomalies to the
equatorial waveguide, a phase that was not discussed in
previous studies. A first analysis suggests that the path
taken by WNP heat content anomalies to reach the equa-
torial waveguide follows the complex currents pattern
of the tropical northwest Pacific (Fig. 12). The WNP
anomalies are first advected to the west by the North
Equatorial Current (NEC; centered at 128N); upon
reaching the east coast of the Philippines, they are trans-
ported by the strong south-flowing western boundary
current (or Mindanao Current; see Lukas et al. 1991)
to about 58N where they veer to the east. The anomalies
are then advected by the North Equatorial Countercur-
rent (NECC) to the east and southeast to reach about
28N near 1408E (Yu et al. 2000) where the southern
edge of the NECC merges with the Equatorial Under-
current (EUC) between depths of 100 and 200 m, to
further feed the equatorial waveguide. This complex
pattern may represent a strong challenge to the coarse
global OGCM used here. However, the simulated pat-
terns bear some resemblance to the observed currents
and those modeled in higher-resolution GCMs (Mat-
sumoto et al. 2001). In particular, the modeled currents
and the associated transport reach their maximum in
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FIG. 10. Time–longitude diagram of (a),(c) heat content anomalies, and (b),(d) 6-month running time integral of
wind stress curl meridionally averaged between 58 and 158N. Observations (sea level anomaly from TOPEX/Poseidon
and wind stress curl from ERS 1 TAO) are shown in (a) and (b). Coupled model ENSO composite values are shown
in (c) and (d).

northern winter [between 0.5 and 1 m s21 and a cor-
responding 20–30 Sv (1 Sv [ 106 m3 s21) for both the
Mindanao Current and the NECC—Fig. 12] like in ob-
servations. The fact that both positive and negative heat
content anomalies are transported supports the fact that
the mean currents (rather than the transients) are re-
sponsible for this advection. They allow for a rapid and
efficient transit from the off-equatorial WNP region to
the equator, between November and January (Figs.
11b,d). Northern winter therefore appears as a key sea-
son for communication between the northern Tropics
and the equatorial waveguide.

b. El Niño onset

After describing the warm to cold ENSO turnabout,
Wang et al. (1999) (and several other studies including

Li 1997) argue that the warming is initiated by the same
series of processes but with the opposite anomalies. Ac-
cording to the negative feedback loop discussed above,
this would require cold SSTs in the eastern Pacific be-
fore every single El Niño event. An analysis of the
observed Niño-3 SST anomaly time series shows that
this happens often [composites of observed ENSO ex-
hibit such a behavior; see, e.g., Fig. 3 of Torrence and
Webster (1999)] but not always (as in 1981; Fig. 4).
Moreover, the intensity of the east Pacific cooling does
not seem to be directly related to the intensity of the
following El Niño event (Fig. 4). The feedback loop
discussed above (but with reverse patterns of sea level
and winds) is only faintly visible in the 1997/98 El Niño
onset (Fig. 11).

In the model composite, there is a clear systematic
cooling in the eastern Pacific in the year before (year
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FIG. 11. Time–latitude diagram of (a),(c) heat content anomalies and (b),(d) 6-month running time integral of wind
stress curl zonally averaged in the western Pacific between 1208 and 1708E. The curves in (b),(d) are the Niño-3 SST
anomalies (normalized by their respective maximum SSTs and multiplied by 20). Observations (sea level anomaly
from TOPEX/Poseidon and wind stress curl from ERS 1 TAO) are shown in (a) and (b). Coupled model ENSO
composite values are shown in (c) and (d).

21 in Figs. 7d and 11d), and the patterns for the warm
phase onset in the year before are very similar to the
ones described for the decay phase, but of opposite
signs. Here, the ENSO behavior seems to involve more
systematically the reverse negative feedback loop (for
El Niño onset) than in observations, the decay of a warm
event very often leading to cold conditions in the eastern
Pacific, which in turn trigger the onset of a new warm
event (as for model years 95–100 in Fig. 4). This most
likely explains the too strong 2-yr peak in modeled
ENSO variability (Fig. 5). This bias can therefore be
attributed to the too strong Walker circulation, which
isolates the WNP region from other remote influences.
Other studies using the same AGCM but different
OGCMs exhibit the same bias [like Bacher et al. (1998)
who found a 28-month peak variability and strong trade
winds]. A simulation identical to the one used in the

present study but using a T42 version of ECHAM4 both
exhibits a weaker Walker circulation and a lower-fre-
quency ENSO (2.8-yr instead of 2-yr peak; Gualdi et
al. 2002b). These studies strongly suggest that the stron-
ger-than-observed Walker circulation is responsible for
the higher-than-observed ENSO frequency in agreement
with the findings of Federov and Philander (2000). In
reality, the local WNP heat content changes, which are
forced by large-scale wind patterns, can have other re-
mote origins, as for instance an anomalous monsoon in
the year prior to a warm Pacific event (Krishnamurthy
and Goswami 2000; Kim and Lau 2001).

c. The model aborted ENSO composite

Besides exhibiting weaker equatorial SST anomalies
than the regular ENSO composite, the aborted ENSO
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FIG. 12. Mean barotropic streamfunction in the west Pacific in Dec
(shading) and associated modeled currents averaged in the first 200
m (arrows).

(ABORT) composite time structure is shifted by 6
months, the peak warming occurring in May (Fig. 13a).
Subsurface equatorial structures also show eastward
propagation, but they originate in the central Pacific
(between 1808 and 1408W) rather than in the western
Pacific (Fig. 13b). A time–latitude section of the heat
content anomaly in the central Pacific zonally averaged
between the date line and 1408W also exhibits off-equa-
tor initiation of anomalies and subsequent equatorward
propagation (Fig. 13a). This time though, the anomaly
is located in the Southern Hemisphere. As the SST
warms in the eastern Pacific, the atmospheric Gill’s re-
sponse (Fig. 13b) generates an anomalous cyclonic cir-
culation which drives a strong anomalous Ekman pump-
ing around 108S during the first months of year 0 (Fig.
13a). At the same time, the SCZ is strong (Southern
Hemisphere summer) and the associated westerlies
(Figs. 2 and 14) drive an Ekman drift toward the equator.
The off-equator cold anomalies are transferred to the
equator in a month or two. Upon reaching the equatorial
waveguide, the cooling propagates eastward during the
second part of year 0 and the first months of year 11
(Fig. 13b), leading to cold SSTs in the eastern Pacific
(Fig. 13a). A similar mechanism was proposed by Zhang
and Rothstein (2000) to explain an equatorward trans-
port of heat prior to the 1992 El Niño event, the se-
quence of events now occurring north of the equator
(but still in the central Pacific) and the associated heat
content anomalies being of the opposite sign.

In the ABORT case, the cooling of the east Pacific
is very rapid when compared to the regular ENSO case.
Indeed, the negative feedback loop does not involve a
transit through the western Pacific current system, and
does not allow for a full development of SST anomalies

(the negative feedback loop lasting less than 6–8 months
against one year for the regular ENSO). The initiation
of the warming in year 21 also seems to be due to
warm off-equator conditions (Fig. 13a) and equatorward
Ekman transport due to the spurious westerlies at 108S
in the central Pacific from December to March (Figs. 2
and 14). The southern off-equator region was also in a
warm state in 1992/93 when the unusual 1993 warming
occurred (Goddard and Graham 1997), also reaching its
peak value in spring (Fig. 4a). The persistent warm SST
in the western and central Pacific also led to westerly
anomalies in the south-central Pacific (Fig. 14). Goddard
and Graham (1997) discussed this puzzling 1993 ‘‘re-
warming’’ in the light of equatorial dynamics but could
not come with a mechanism to explain it. The common
features exhibited by the ABORT composite and the
1993 warming event suggest that off-equator processes
may have been dominant.

The negative feedback mechanism discussed for the
decay of the regular ENSO events in the Northern Hemi-
sphere also applies in the Southern Hemisphere for the
decay of the ABORT events, but with a 6-month shift.
This suggests a strong role for the annual cycle, as this
negative feedback favors the summer hemisphere, when
the Gill’s response is the strongest. The description of
the ABORT composite further suggests a coherent re-
lation of two model biases: the too strong and too zonal
southern convergence zone and the too frequent ABORT
events.

5. Summary and discussion

In this study, we explored the mechanisms leading to
El Niño onset and termination in the ECHAM4/OPA
(SINTEX) coupled ocean–atmosphere GCM. The mod-
eled El Niño composites are validated against the well-
observed 1997/98 El Niño event. They show quite good
agreement on the various space and time structures as-
sociated with El Niño evolution both in the Pacific equa-
torial waveguide and off equator. This performance of
the model is all the more important as very few fully
coupled GCMs correctly simulate the mean state, the
seasonal cycle, and the interannual variability in the
tropical Pacific all together and without flux corrections.
The analysis of the processes involved in ENSO phase
change suggests that the model supports the basic mech-
anisms proposed by the various ENSO paradigms, while
proposing additional features.

a. West Pacific role

The west Pacific heat content is confirmed as a pre-
cursor to ENSO phase change. Together with other stud-
ies (Wang et al. 1999), the present work emphasizes the
role of its northern off-equator part (WNP region; 58–
158N, 1208–1708E). The associated heat content changes
appear to be dominated by a local Ekman pumping (or
forced Rossby waves) rather than the accumulation of
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FIG. 13. Hovmoeller diagrams of monthly equatorial anomalies for the coupled model ABORT composite. (a),(b)
Time–longitude diagrams at the equator for SST and heat content, respectively. (c),(d) Time–latitude diagrams of heat
content anomalies and 6-month running time integral of wind stress curl zonally averaged in the central Pacific between
1808 and 1408W. The curve in (d) is the composite Niño-3 SST anomaly.

remotely generated free Rossby waves. The absence of
free Rossby waves propagating from the east has been
a feature of very few ENSO theories, and supports the
idea that the eastern boundary is not central to ENSO
phase change (Schopf and Suarez 1990; Weisberg and
Wang 1997).

b. ENSO phase change

El Niño termination in the model is due to a robust
negative large-scale feedback loop in agreement with
most paradigms (Fig. 15): as the SST rises in the eastern
Pacific, the atmospheric Gill’s response generates an
anomalous cyclonic circulation over the WNP; the time

integral of the corresponding upwelling over several
months (forced Rossby wave) generates a reduced ocean
heat content, which is then transported eastward by
Kelvin waves that eventually lead to SST cooling in the
eastern Pacific. This loop takes a year to be completed
(from spring to spring), in agreement with the observed
duration of most El Niño events. The time integral dis-
cussed here (from about June to December the year prior
to the change) is explicitly set as the ‘‘delay’’ of the
delayed oscillator paradigm, while it is implicit in the
west Pacific oscillator. El Niño onset involves a similar
mechanism, but with opposite signs, starting from an
anomalous anticyclonic circulation in the WNP. The as-
sociated atmospheric circulation anomalies can also re-
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FIG. 14. Time series of zonal wind stress averaged in the south-
central Pacific (58–158S, 1808–1408W). Thick solid line is the ERS
1 TAO climatology (repeated 3 times). Thin solid line is the coupled
model ABORT composite. Dashed line is the ERS 1 TAO from Jan
1992 to Dec 1994.

sult from a Gill’s response, requiring relatively cold
SSTs in the eastern Pacific during the last 6–8 months
of the year preceding the warming. Nevertheless, other
remote atmospheric influences can modify the ocean
heat content in the WNP (monsoon, intraseasonal os-
cillations, etc.). For instance, Torrence and Webster
(1999) and Kirtman and Shukla (2000) noted a relation
between the strong seasonal cycle in the tropical Pacific
and both low ENSO variability and weak monsoon–
ENSO relationships. Our results suggest that this rela-
tion is due to the change of influence of the Walker
circulation: a strong seasonal cycle will favor a strong
Walker circulation that will dominate over monsoon in-
fluences in the WNP region (Krishnamurthy and Gos-
wani 2000; Lau and Wu 2001). This asymmetry between
El Niño rise and El Niño decay, supported by the asym-
metry between ‘‘cold’’2 phases and warm phases of
ENSO, suggests that an event is not directly produced
by the previous extreme (and opposing) event as pro-
posed by several theories. In other words, if ENSO is
an oscillation, the physics of ‘‘oscillation’’ is probably
more complex than what has been proposed from con-
ceptual models, which only involve processes local to
the tropical Pacific (this ‘‘nonlinear’’ argument was al-
ready noted by Schopf and Suarez 1988).

c. Off-equator to equator transport

The present study introduces the advection of the off-
equator signal to the equatorial waveguide by the mean

2 These cold phases, often referred to as ‘‘La Niña,’’ are in fact
not statistically different from the normal state (J. Shukla 2002, per-
sonal communication).

currents of western Pacific as an additional process. The
associated delay is about 2 months. This point is in
keeping with Cane and Sarachick’s (1977) view of cre-
ating some western boundary current that has the net
effect of transferring mass to the equator. Nevertheless,
the off-equator to equator transport of heat content
anomalies can take other routes: Ekman transport due
to tropical westerlies (more likely to occur in winter,
when the zonal winds are strong), and meridional
‘‘draining’’ at depth due to the strength of the surface
convergence zones (Vintzileos et al. 1999); more likely
to occur in summer). Further studies are needed to assess
their relative roles in the mechanism proposed here.

d. Seasonality

Most of the processes described here seem to favor
a particular season, supporting Wang’s (1994) claim that
the annual cycle and the ENSO cycle and strongly cou-
pled (ENSO seasonal phase lock). The Gill’s response
to equatorial SST changes, central to ENSO phase
change, is stronger in the summer hemisphere. The sym-
metrization of the circulation on either side of the equa-
tor that occurs in the model therefore favors two pre-
ferred times for tropical warming/cooling during the
annual cycle (ENSO and ABORT events). In reality, the
asymmetry of the seasonal cycle (in particular in the
west, where the Australian continent occupies the
Southern Hemisphere) can only favor the boreal winter
warming, that is, what is known as El Niño. This can
explain the results of Li (1997) who found in a simple
model that his SST mode was destabilized from June
to December and stabilized earlier in the year. Accord-
ingly, when the southern Tropics are warm, the system
becomes more symmetric and this can generate an equa-
torial warming in the Niño-3 region, but with a 6-month
shift (like in the model ABORT events or in 1993).
Hence, the El Niño seasonal phase lock can be viewed
as a seasonal selection of processes. In an annual mean
sense, these processes can appear as competing. This is
the case in many theories, usually based on ENSO
anomaly models, where the seasonal cycle is imposed
and therefore not discussed. The west Pacific heat con-
tent buildup is stronger in northern summer/autumn,
when the Gill’s response is strongest. Northern winter
is the preferred season for communication between the
northern Tropics and the equatorial waveguide. The end
of northern winter and the beginning of spring, when
the trade winds/ocean surface currents relax, is the pre-
ferred season for Kelvin wave propagation to the east
and favors an increased warming in the east Pacific
(upwelling reduced). All these process occur during the
seasonal cycle (regardless of the phase of ENSO) and
their amplification (or damping) at the right moment
can either trigger an El Niño event or its decay. The
ENSO ‘‘spring predictability barrier’’ occurs when the
trade winds relax in the east and central Pacific, allowing
other processes, of secondary importance during the rest
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FIG. 15. Schematic diagram of the proposed negative feedback loop leading to ENSO
phase change.

of the year, to play a role (like intraseasonal variability).
In the model, the trade winds do not weaken in spring
favoring a very regular and predictable ENSO (biennial
oscillations).

e. Understanding model biases

The negative feedback loop described here suggests
coherent relations between model biases. First, the
stronger-than-observed modeled Walker circulation iso-
lates the WNP from other remote influences, and leads
to the strong biennial ENSO behavior (cold leading to
warm and warm leading to cold) seen in the model (Fig.

5). The model also develops a spurious aborted ENSO
composite: its structure resembles the regular ENSO
composite but with smaller amplitude, a 6-month shift
in timing (SST peak in May) and is restricted to the
central and eastern Pacific. This bias appears to be re-
lated to the spurious existence of a southern conver-
gence zone (SCZ) at 108S in the central and eastern
Pacific. Warm off-equator conditions permitting, the
spurious westerlies associated with this SCZ drive the
heat to the equatorial waveguide, triggering an east Pa-
cific warming. The negative feedback loop of Fig. 15
efficiently acts to terminate the event, also through off-
equator local Ekman pumping, this time located south
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of the equator (108S). This coherently links two biases
of the coupled model: the SCZ and frequent aborted
ENSO type. It is also shown that this aborted ENSO
has similarities with the unusual 1993 spring warming.
More generally, warm off-equator conditions associated
with westerlies (like in the early 1990s) can efficiently
drive heat toward the equatorial waveguide (Zhang and
Rothsein 2000).

The many ENSO features exhibited by the present
SINTEX model makes it a good tool to further inves-
tigate the mechanisms of tropical variability. For in-
stance, a more detailed analysis of ocean and atmo-
sphere transients could provide a clearer discrimination
between the different ENSO paradigms. An analysis of
the impact of intraseasonal variability (well reproduced
by the model) on ENSO can also shed light on the
irregularity and diversity of El Niño events. The link
with the monsoon and a possible two-way coupling with
ENSO is discussed in further detail in Gualdi et al.
(2002a). The model exhibits some ENSO decadal var-
iability. The possible relation with the variations of the
mean state, as proposed by several studies will be in-
vestigated in a future paper.
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