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ABSTRACT

In this study, the mechanisms leading to the El Nifio peak and demise are explored through a coupled
general circulation model ensemble approach evaluated against observations. The results here suggest that
the timing of the peak and demise for intense El Nifo events is highly predictable as the evolution of the
coupled system is strongly driven by a southward shift of the intense equatorial Pacific westerly anomalies
during boreal winter. In fact, this systematic late-year shift drives an intense eastern Pacific thermocline
shallowing, constraining a rapid El Niflo demise in the following months. This wind shift results from a
southward displacement in winter of the central Pacific warmest SSTs in response to the seasonal evolution
of solar insolation.

In contrast, the intensity of this seasonal feedback mechanism and its impact on the coupled system are
significantly weaker in moderate El Nifio events, resulting in a less pronounced thermocline shallowing.
This shallowing transfers the coupled system into an unstable state in spring but is not sufficient to sys-
tematically constrain the equatorial Pacific evolution toward a rapid El Nifo termination. However, for
some moderate events, the occurrence of intense easterly wind anomalies in the eastern Pacific during that
period initiate a rapid surge of cold SSTs leading to La Nifia conditions. In other cases, weaker trade winds
combined with a slightly deeper thermocline allow the coupled system to maintain a broad warm phase
evolving through the entire spring and summer and a delayed El Nifilo demise, an evolution that is similar
to the prolonged 1986/87 El Nifio event. La Nifia events also show a similar tendency to peak in boreal
winter, with characteristics and mechanisms mainly symmetric to those described for moderate El Nifio
cases.

1. Introduction Pacific and has an irregular period ranging between 2
and 7 yr. A robust feature of the warm ENSO events is
the tendency for their peak to preferentially occur in
boreal winter, that is, from November to January (Ras-
musson and Carpenter 1982; Harrison and Larkin
1998). However, as stated by Neelin et al. (2000), the
* Current affiliation: Laboratoire d’Océanographie et de Cli- Wl,del}_/ believed statement that EI Nifio pe.ak and tel_‘_
matologie: Expérimentation et Analyse Numérique, Paris, mination are sharply locked to a preferential season is
France. oversimplified. In fact, they show that most individual
El Nifio events have a maximum or local maximum in

) . . winter, but some events have a peak or a local maxi-
Corresponding author address: Matthieu Lengaigne, LOCEAN in fall in th . F 1
(ex-LODYC), Université Pierre et Marie Curie, Tour 45-55, 4eme mum In fafl or even in the spring scason. ror €xampic,

Etage, Boite 100, 4 Place Jussien, 75252 Paris Cedex 05, France. the 1986/87 El Nifo develops during the summer of
E-mail: lengaign@lodyc.jussieu.fr 1986, has a broad warm phase evolving throughout the

The El Nifio-Southern Oscillation (ENSO) phenom-
enon is the most prominent interannual fluctuation of
the tropical climate system. It originates in the tropical
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entire 1987 spring season, reaching a peak in Septem-
ber 1987. As the El Nifo impacts strongly vary from
one event to another, depending on the characteristics
of the event (Trenberth 1997), it is essential to better
understand the mechanisms controlling its evolution,
especially its peak and termination timing.

The theoretical understanding of ENSO has signifi-
cantly increased over the past decades [see Neelin et al.
(1998) and Wang and Picaut (2004) for reviews]. The
oscillatory tendency of ENSO is now fairly well under-
stood. The rise of an El Nifio event requires a positive
ocean—atmosphere feedback, first described in a semi-
nal paper by Bjerknes (1969), while its termination re-
quires negative feedbacks. Since the 1980s, four major
negative feedbacks have been proposed: 1) westward-
propagating upwelling Rossby waves reflected at the
western boundary into equatorial upwelling Kelvin
waves, 2) a discharge process due to Sverdrup trans-
port, where warm water is transported toward higher
latitude, 3) western Pacific wind-forced upwelling
Kelvin waves generated through a large-scale atmo-
spheric response to increased SST, and 4) anomalous
zonal advection of the warm pool generated by wave
reflection at the western and eastern boundary. These
negative feedbacks correspond to four different ENSO
theories: the delayed oscillator (Suarez and Schopf
1988; Battisti and Hirst 1989), the discharge theory (Jin
1997), the western Pacific oscillator (Weisberg and
Wang 1997), and the advective reflective oscillator (Pi-
caut et al. 1996). A unified theory proposed by Wang
(2001) suggests that all of these four negative feedbacks
may work together to terminate El Niflo. However, if
all these paradigms may at least partially explain the
ENSO phase change, they do not account for the pref-
erential seasonal phase locking of the termination of El
Nifio warm events during boreal winter.

Indeed, the interaction of ENSO with the annual
cycle has been recognized as a fundamental cause of El
Nifio seasonal phase locking (Battisti and Hirst 1989;
Xie 1995; Chang et al. 1995; Tziperman et al. 1997,
1998; Neelin et al. 2000; An and Wang 2001). Although
effects of the seasonal cycle on ENSO are therefore
often discussed, the physical mechanism by which the
events peak time is forced to occur primarily toward the
end of the year is not yet well understood. Tziperman et
al. (1998) proposed a possible mechanism for this sea-
sonal phase locking by incorporating a seasonally vary-
ing coupled ocean—atmosphere instability strength into
the delayed oscillator mechanism. They suggested that
the locking may be explained by a seasonal amplifica-
tion of oceanic Kelvin and Rossby waves by wind stress
anomalies in the central Pacific basin that forces El
Nifio to mature when this amplification is at its mini-
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mum strength, that is, in boreal winter. Guilyardi et al.
(2003) emphasized the role of a negative large-scale
feedback loop developing in the western North Pacific
during boreal summer to explain El Nifio phase lock-
ing, in agreement with Weisberg and Wang (1997)
theory. They suggested that the Gill-type response of
the atmosphere to warm SSTs leads to low-level cy-
clonic anomalies in the western North Pacific in boreal
summer. The resulting positive wind stress curl anoma-
lies lead to thermocline upwelling and thus a negative
ocean heat content anomaly, then advected into the
equatorial waveguide in boreal winter, terminating El
Nifio. Aside from the contribution of the four negative
feedbacks arising from the main ENSO theories previ-
ously described, another recent mechanism involving
meridional changes in the coupled ocean—-atmosphere
wind system has been proposed by Harrison and Vecchi
(1999) and Vecchi and Harrison (2003) as a major nega-
tive feedback involved in the El Nifio phase locking.
Indeed, their scenario is motivated by the robustness of
a seasonally phase-locked southward shift of the Pacific
westerly anomalies near the end of El Nifo years. This
robust feature of the life cycle of El Nifo events acts to
reduce the equatorial zonal wind forcing and leads to
thermocline shallowing in the eastern Pacific, a charac-
teristic feature that preceded the demise of El Nifio
events (Harrison and Vecchi 2001). Using atmosphere-
only experiments, Spencer (2004) suggest that the
southward shift of the Pacific westerly zonal wind
anomalies in late El Nifio years could be at least par-
tially linked to the interaction between anomalous El
Nifio conditions and the meridional seasonal evolution
of the SST climatology.

Coupled GCMs are potentially powerful tools to in-
vestigate such interaction. However, it is generally rec-
ognized that coupled models have difficulty in simulat-
ing a sufficiently realistic basic state and variability over
the tropical Pacific (AchutaRao et al. 2002) and there-
fore present strong limitations for ENSO studies. How-
ever, a recent coupled ocean—atmosphere general cir-
culation model (HadOPA) in which the Hadley Center
atmosphere model (HadAM3) is coupled to the Institut
Pierre-Simon Laplace/Laboratoire d’Océanographie et
de Climatologie: Expérimentation et Analyse Numér-
ique (IPSL/LOCEAN) ocean model (OPA) has been
shown to reproduce the tropical Pacific mean state, its
mean seasonal cycle, and the El Nifio events with some
skill (Lengaigne et al. 2004). In this study, we therefore
aim at studying the mechanisms controlling the cou-
pling between the seasonal cycle of solar insolation and
warm ENSO conditions to better understand the pro-
cesses that occur at the end of El Nifio events in a fully
coupled context.
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The coupled model is briefly presented in section 2.
Section 3 examines the basic interaction between the
seasonal cycle and ENSO conditions and its influence
on the peak and termination of strong El Nifio events.
Section 4 focuses on the role of this mechanism on the
evolution of moderate El Nifio cases. Section 5 gives a
brief validation to the observations and discusses the
mechanism validity during La Nifia events. Concluding
remarks are given in section 6.

2. Model and data

a. The coupled model

The coupled GCM used for this study, called
HadOPA, combines the OPA ocean model with the
HadAM3 atmospheric model (see documentation on-
line at http://www.met.rdg.ac.uk/~ericg/hadopa_project.
html). A brief description of these models and the cou-
pling procedure is given below.

The ocean general circulation model (OGCM) used
in this study is the OPA model (Madec et al. 1998; see
documentation online at http://www.lodyc.jussieu.fr/
opa/) in its global configuration, known as ORCA2.
The horizontal mesh is based on a 2° by 2° Mercator
grid (i.e., the same zonal and meridional grid spacing).
However, a local transformation is applied to the model
grid in the Tropics to refine the meridional resolution
to up to 0.5° at the equator. The model has 31 vertical
levels with a spacing of 10 m in the upper 150 m, in-
creasing to 500 m in the deep ocean. The model uses a
free surface formulation (Roullet and Madec 2000).
Vertical eddy viscosity and diffusivity coefficients are
computed from a 1.5 turbulent closure scheme (Blanke
and Delecluse 1993), allowing an explicit formulation
of the mixed layer as well as minimum diffusion in the
thermocline. Lateral mixing is of Laplacian type and
acts along isopycnals (Lengaigne et al. 2003). There is
no interactive sea ice model in this configuration: sea
ice cover is relaxed toward observed monthly climatol-
ogy. This OGCM has been extensively validated in un-
coupled mode in the Tropics where it closely matches
the observations (e.g., Vialard et al. 2001; Lengaigne et
al. 2003). In particular, the model succeeds in reproduc-
ing the basin-wide structures of currents and sea level
and temperature, and accurately simulates the influ-
ence of equatorial waves (Boulanger et al. 2001; Len-
gaigne et al. 2002). This model is also widely used in
coupled mode (e.g., Braconnot et al. 1999; Inness et al.
2003).

The atmospheric component of HadOPA is the at-
mospheric version of the Met Office Unified Model
(UM), HadAM3. The model has a horizontal resolution
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F1G. 1. Time series of interannual Nifio-3 SST (°C) anomalies
for the HadOPA coupled model from year 15 to 55. The anoma-
lies are smoothed with a 5-month running mean. The arrows in-
dicate the initial state of STR, FIX, and MOD ensembles.

of 2.5° latitude X 3.75° longitude, with 19 levels in the
vertical, corresponding to a layer thickness of about 100
hPa in the midtroposphere but with higher resolution in
the boundary layer and around the tropopause. Con-
vection is parameterized using the mass-flux scheme of
Gregory and Rowntree (1990) with the addition of con-
vective momentum transport (Gregory et al. 1997). A
more detailed description of this model and its perfor-
mance in Atmospheric Model Intercomparison Project
(AMIP)-type integrations can be found in Pope et al.
(2000) and references therein. The quality of the
AGCM simulation of ENSO has been studied exten-
sively by Spencer and Slingo (2003) who showed that in
the Tropics, the UM reasonably captures the associated
precipitation and large-scale circulation anomalies.

The atmospheric and oceanic components have been
coupled through OASIS 2.4 (Valcke et al. 2000) using a
coupling strategy similar to that of Guilyardi et al.
(2001). No flux correction is applied. Air-sea fluxes and
SST are exchanged every day.

In this study, a 200-yr control integration of this
coupled model has been performed. The mean state,
and seasonal and interannual variability of the tropical
Pacific have been recently investigated in Lengaigne et
al. (2004) for this coupled model. They show that the
major features of the observed mean SST and zonal
wind stress (7,) are simulated, even if the common
warm bias in the southeastern Pacific Ocean is present.
This model is also shown to fairly well reproduce the
tropical variability in the Pacific Ocean. In particular,
the seasonal cycle of the equatorial SST is well captured
by the coupled GCM (CGCM) although the model
tends to produce a stronger interannual SST variability
than observations. This strong interannual variability is
evident from Fig. 1 that displays the coupled model
Nifno-3 (5°N-5°S, 150°-90°W) SST anomalies from year
15 to year 55. Despite this bias, the model simulates the
seasonal phase locking of the SST variability with most
of the modeled El Nifio events having a peak in winter
(Fig. 1), in agreement with observations and their tem-
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poral evolution has been shown to closely match the
observed events (Lengaigne et al. 2004).

b. Observations

In the following, the model results have been evalu-
ated against a range of observational data. These in-
clude National Centers for Environmental Prediction
(NCEP) reanalyses of monthly surface wind stress data,
monthly SST data from Reynolds and Smith (1994),
and Hadley Centre Sea Ice and SST dataset (HadISST;
Rayner et al. 2003) and monthly outgoing longwave
radiation (OLR) data from the National Oceanic and
Atmospheric Administration (NOAA) polar-orbiting
satellites (Liebmann and Smith 1996). OLR from the
model and observations have been used as a proxy for
deep tropical atmospheric convection. Observed
anomalies are calculated over the 1981-2001 common
period.

3. Termination of strong El Nifio events

a. The reference ensemble

To study the influence of the seasonal cycle in the
timing of the peak and termination of the El Nifio
events, a 10-member ensemble integration, starting
from slightly perturbed initial conditions, has been con-
ducted with the HadOPA CGCM [hereafter strong en-
semble (STR)]. The atmospheric initial conditions were
generated using the same time-lagged technique as
Lengaigne et al. (2004), that is, 10 successive model
days were taken for the atmospheric initial states of the
ensemble, while the ocean initial conditions remained
unchanged. Each member of this ensemble covered one
full year of integration, from 21 September of year 28.
At that time, the reference simulation is characterized
by a strong developing El Nifio event in the tropical
Pacific with SST anomalies reaching more than 2°C in
the Nifio-3 region (see arrow on Fig. 1).

The equatorial evolution of STR ensemble mean is
first documented on Figs. 2a,b. The modeled positive
zonal wind stress anomalies (hereafter 7.A) reach their
maximum amplitude in early November of year 28
around 170°W (Fig. 2a). From then on, the central-
western Pacific is characterized by a rapid decrease of
these positive westerlies that even reverse sign in spring
29, while weak positive 1, A persist in the eastern part of
the basin to the end of the simulation. Similarly, the
autumn of year 28 is characterized by an increase in
SST anomalies in the central-eastern Pacific with an
eastward expansion of the eastern edge of the warm
pool (hereafter EEWP; defined as the 30°C isotherm in
the coupled model). The convective activity, accompa-
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nying the warm waters, is coincidently displaced east-
ward (Fig. 2b). The SST anomaly reaches its maximum
in mid-December, about one and a half months after
the 7,A maximum, with values up to 4.5°C. In the early
part of year 29, the entire Pacific starts to cool rapidly
and the central Pacific SSTs decrease under the con-
vection threshold. Then, the coupled system swings into
a cold ENSO phase with strong negative SST anomalies
in the eastern Pacific after June. The evolution of the
modeled EI Nifio termination compares qualitatively
well with the observed 1997/98 El Nino event, the
strongest of the century (Figs. 2c,d). This event displays
a 7,A maximum in mid-October and a rapid eastward
displacement of the EEWP (defined as the 28.5°C in
the observations). The winter 1997 is then character-
ized by a rapid decrease of the central Pacific 7. A while
weak positive T,A persist in the eastern part of the
basin during most of the year 1998. In addition, SST
anomalies reach a maximum in the eastern Pacific in
December followed by a rapid decay of both SST and
convective anomalies in early 1998 as well as a shift
toward La Nifia conditions after mid 1998.

To evaluate the STR ensemble spread, the Nifio-3
SST and the central Pacific zonal wind stress seasonal
anomalies are displayed in Fig. 3 for the ensemble
mean and each individual member. The first striking
feature is that the ensemble shows a relatively small
ensemble spread with a standard deviation of SST
anomalies that does not exceed 0.5°C until May (Fig.
3a). All the ensemble members display an SST peak in
late December or January followed by a very rapid
cooling (~0.7°C month '), with positive SST anomalies
that fade in summer and reverse to cold ENSO condi-
tions. Then, the date and intensity of the reversal to-
ward La Nifia conditions are seen to vary slightly be-
tween the ensemble members leading to larger en-
semble spread in the last months of the simulation. This
result suggests that, at least in the model, the peak and
termination of the strong El Nifio events are highly
predictable. However, it should be kept in mind that
the ENSO predictability is strongly modulated by the
ENSO phase and the season from which ensembles are
initiated (Collins 2002). An ensemble initiated with
neutral El Nifio conditions in winter or early spring is
likely to exhibit a larger sensitivity to initial conditions,
as suggested by the experiments of Lengaigne et al.
(2004). As for the SST, the zonal wind stress evolution
in the central Pacific is also highly coherent between
the ensemble members (Fig. 3b). All the STR ensemble
members display a maximum equatorial zonal wind
stress anomaly between late October and mid-
November. From then on, these anomalies rapidly de-
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Fi1G. 2. Time-longitude evolution averaged between 2°N and 2°S for the (a) STR ensemble
mean and (c) 1997/98 observed zonal wind stress anomalies superimposed with the eastern
edge of the warm pool and for the (b) STR ensemble mean and (d) 1997/98 observed SST
anomalies (Reynolds and Smith 1994) superimposed on OLR anomalies lower than —15 W
m 2. Contour interval is 0.005 N m 2 for zonal wind stress, 15 W m 2 for OLR, and 0.5°C for

SST. Positive values are shaded.

crease and switch to negative values in April of the
following year.

To better understand this high predictability of the El
Nifio peak and termination, it is useful to examine the
mechanisms responsible for their evolution. As shown
on Fig. 4b, the eastern equatorial Pacific is character-
ized by a strong upwelling signal in the early part of the

year, depicted by the anomalous 20°C isotherm shal-
lowing from 50 m in December to —45 m in May. This
results in a very shallow thermocline during the spring
season (around 40 m depth). In situ Tropical Atmo-
sphere Ocean Project (TAO) observations show a very
similar thermocline shallowing at 110°W during winter
and early spring (http://www.pmel.noaa.gov/toga-tao).
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FI1G. 3. Modeled time series for STR ensemble members (black
thin lines) and STR ensemble mean (gray thick line) of (a) Nifio-3
SST anomalies and (b) zonal wind stress anomalies in the central
equatorial Pacific (2°N-2°S, 160°E-150°W).

This thermocline shallowing cannot be driven by local
wind variations, as the 7, around 110°W hardly relaxes
from October to February and remains almost steady
during spring and summer of year 29 (Figs. 2a and 4a).
In contrast, the rapid decrease of the equatorial T,A
from November in the central Pacific is strongly corre-
lated to the 20°C isotherm anomalies, leading the ther-
mocline shallowing by about a month (Fig. 4). This
lead, approximately the time it takes for an equatorial
Kelvin wave to travel from the central to the eastern
part of the basin, is coherent with the idea that the SST
evolution in the eastern Pacific is forced by the wind
stress perturbation over the central-western Pacific.
This abrupt thermocline shallowing causes an eastern
Pacific cooling starting in January. This cooling is even
intensified from May of year 29 because of an interac-
tion between the anomalous ENSO conditions and the
mean seasonal cycle. In fact, the seasonal reinforce-
ment of the trade winds in summer combined with a
very shallow thermocline acts to enhance the surface
cooling by an additional local upwelling process. Such
an intensification of the easterly trade winds over the
eastern equatorial Pacific Ocean observed in May 1998
has been suggested to be a triggering mechanism for the
observed accelerated ending of the 1997/98 El Nifio
event (Takayabu et al. 1999) and the switch to La Nifia.
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FI1G. 4. (a) Time series of STR ensemble mean zonal wind stress
anomalies in the central (2°N-2°S, 160°E-150°W; black line) and
eastern Pacific (2°N-2°S, 140°-110°W; gray line). (b) Time series
of STR ensemble mean for the 20°C isotherm depth anomalies
(black line) and the SST anomalies (gray line) in the eastern
Pacific (2°N-2°S, 140°-110°W).

Owing to its strong influence on the El Nifio peak
and termination, it is essential to understand the physi-
cal mechanisms involved in the decrease of the equa-
torial westerlies from November of year 28. Figure 5
shows that there is a clear southward migration of the
maximum zonal wind anomalies from the equator in
November to 5°S in February coincident with a south-
ward shift of the maximum SST and convective anoma-
lies in that region. This southward shift results in greatly
reduced equatorial westerly anomalies, while strong
westerly anomalies persist for few months south of the
equator. This 7, A decrease strongly influences the
equatorial Pacific. As described previously, it first re-
sults in an eastern Pacific thermocline shallowing
through the generation of upwelling Kelvin waves that
initiate cooling in the eastern Pacific SST. In addition, it
also causes a local upwelling in the central-western Pa-
cific responsible for a central Pacific cooling from Feb-
ruary of year 29, with SSTs rapidly decreasing below
the convective threshold (Figs. Sb and 2b). This cooling
consequently reduces the equatorial convective activity
that acts to further damp the equatorial 7, signal. This
equatorial central Pacific cooling therefore prevents the
equatorial 7, A from reintensifying when the solar heat-
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F1G. 5. Time-latitude evolution averaged between 160°E and 150°W for (a) STR ensemble mean and (c) 1997/98 observed zonal wind
stress anomalies and for (b) STR ensemble mean and (d) 1997/98 observed SST (Reynolds and Smith 1994) superimposed on OLR
anomalies lower than —15 W m 2. Contour interval is 0.005 N m 2 for zonal wind stress, 15 W m 2 for OLR, and 0.5°C for SST. Positive
zonal wind stress anomalies and SST higher than 28.5°C are shaded.

ing is brought back to the equator during spring, as the
relatively cold equatorial SSTs do not allow convection
and their associated 7,A to develop. This coupled
ocean—-atmosphere feedback could act to accelerate the
equatorial 7, A decrease during the spring season.

This simulated southward shift of SST, zonal wind
stress, and convection during late calendar year of an El
Nifio event is in agreement with the observed evolution
of the 1997/98 El Niiio (Figs. 5c,d). Late-1997 condi-
tions are indeed characterized by a rapid southward
shift of zonal wind anomalies, even more pronounced
than in the model (from the equator in October to 8°S
in January). As already observed by Harrison and Lar-
kin (1998), Harrison and Vecchi (1999), Vecchi and
Harrison (2003), this abrupt shift of zonal wind anoma-
lies appears to have been present in every El Nifio from
the 1950s. The modeled shift being also coincident with
a southward shift of the maximum SST and convective
activity thus gives us more confidence in analyzing the
coupled mechanisms involved in such a termination in
order to gain some insights of what may happen in
observations.

Numerous modeling (e.g., Tompkins and Craig 1999)
and observational (e.g., Graham and Barnett 1987; Wa-
liser and Graham 1993) studies have shown that tropi-
cal convective activity preferentially occurs over areas

of warmest waters. It is therefore likely that, in the
model as in the observations, the meridional displace-
ment of warmest near—date line SST to the south of the
equator brings the convective and westerly anomalies
associated with El Nifio from being centered on the
equator to being centered south of the equator in bo-
real winter as convective activity and their associated
westerly anomalies respond more strongly to an under-
lying warm SST. The role of the seasonal cycle in driv-
ing this southward shift of wind anomalies has recently
been investigated by Spencer (2004). In this study, ide-
alized atmosphere-only GCM experiments were carried
out with a seasonal cycle of SSTs and time- invariant El
Nifo-like SST anomaly imposed in the tropical Pacific.
With this experiment setup, a southward movement of
near—date line zonal wind and convective anomalies as-
sociated with warm El Niflo conditions during boreal
winter is simulated. This study therefore suggests that
this late-year southward shift is principally driven by
the atmospheric response to changes in the background
insolation and SST climatology in the presence of warm
SSTA, rather than by changes in the SSTA field. In
fact, as shown on Fig. 6 that displays the meridional
climatological evolution of SST, convection, and 7, in
the central Pacific, this meridional displacement of the
warmest water and convection during the boreal winter
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FIG. 6. Time-latitude seasonal cycle of the SST superimposed on OLR for (a) the model and (b) the observations and of the zonal
wind stress for (c) the model and (d) the observations. Contour interval is 0.005 N m~? for zonal wind stress, 10 W m~? for OLR, and
0.5°C for SST. Positive zonal wind stress anomalies and SST higher than 28.5°C are shaded.

season is a climatological feature for both model and
observations. In fact, whereas maximum climatological
SSTs, convective activity and reduced easterly 7, are
located north of the equator during summer and au-
tumn, they switch south of the equator in agreement
with the meridional displacement of the maximum
heating source in late winter and spring. It is likely that
the southward shift of the maximum SST that drives the
7.A evolution in STR ensemble is a direct response to
the meridional march of solar insolation displacing
south of the equator the heating source during the win-
ter period rather than a response to El Nifio SSTA
changes. This aspect of the El Nifio response to the
seasonal variation of solar insolation is further investi-
gated in the next section.

b. The perturbed ensemble

In the reference ensemble (STR ensemble), a sea-
sonal time-varying march of solar insolation is applied.
To assess the exact influence of the meridional evolu-
tion of solar insolation on the El Nifio peak and termi-
nation, a sensitivity experiment has been performed. In
this perturbed ensemble [fixed ensemble (FIX)], the
solar insolation will be kept constant in time along the
model integration, fixed to its initial value (21 Septem-
ber). This corresponds to a time when solar insolation is
maximum at the equator, that is, the fall equinox. As
shown on Fig. 7b, fixing the solar heating to its equa-
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Eq
10°S
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FiG. 7. Time-latitude evolution averaged between 160°E and
150°W of FIX ensemble mean for (a) the zonal wind stress
anomalies and (b) SST superimposed on OLR anomalies lower
than —15 W m~2. Contour interval is 0.005 N m~2 for zonal wind
stress, 15 W m 2 for OLR, and 0.5°C for SST. Positive zonal wind
stress anomalies and SST higher than 28.5°C are shaded.
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torial maximum during FIX integration prevents any
meridional displacement of the SST maximum as it was
the case in the STR experiment (Fig. 5b). The SST
structure therefore remains symmetric in relation to the
equator, close to the September conditions. This con-
firms that fixing the solar forcing modifies the SST sea-
sonal evolution in FIX experiment by fixing it to Sep-
tember conditions. All the anomalies displayed for the
FIX ensemble in the following figures are therefore
calculated from the climatological conditions in late
September. The comparison between these STR and
FIX ensembles will allow us to assess the exact influ-
ence of the interaction between El Nifio conditions and
the seasonal cycle on the characteristics of its peak and
termination.

Freezing the seasonal march of solar insolation in
FIX ensemble and thereby preventing any seasonal
southward shift of the SST maximum in the central
Pacific during the winter months during a warm event
strongly modifies the evolution of the zonal wind stress
and convective anomalies associated with El Nifio con-
ditions for the FIX ensemble compared to STR (Fig. 7).
In fact, keeping the maximum SST at the equator in
FIX ensemble prevents any southward shift of the zonal
wind stress and convective anomalies that remain lo-
cated along the equator contrary to what occurred in

Nino3 SSTA (°C)

vvvvv

iy S Ep—— -

(b) FIX

Oct Jan Agr
28 29 2 29

FiG. 8. Time series of the FIX ensemble members (black thin
lines) and FIX ensemble mean (gray thick line) for (a) Nifio-3 SST
anomalies and (b) zonal wind stress anomalies in the central equa-
torial Pacific (2°N-2°S, 160°E-150°W).
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FI1G. 9. (a) Time series of FIX ensemble mean zonal wind stress
anomalies in the central (2°N-2°S, 160°E-150°W; black line) and
eastern Pacific (2°N-2°S, 140°~110°W; gray line). (b) Time series
of FIX ensemble mean for the 20°C isotherm depth anomalies
(black line) and the SST anomalies (gray line) in the eastern
Pacific (2°N-2°S, 140°-110°W).

the STR ensemble (Fig. 5a). The persistence of strong
positive zonal wind stress anomalies at the equator dur-
ing boreal winter and spring (Fig. 8b) has important
consequences on the El Nifio evolution in the eastern
Pacific (Fig. 8a). In contrast to the STR ensemble mem-
bers, the El Nifio peak is now shifted by more than two
months in the FIX ensemble experiments, with an em-
semble mean Nifio-3 SST anomaly maximum occurring
around March. Moreover, this peak is significantly
broader and the date at which it is reached is more
variable, ranging from January to May. This modified
SST evolution in the eastern Pacific mainly results from
the modified evolution of the T, anomalies in the equa-
torial central Pacific, as the mean local 7,A in the east-
ern Pacific closely matches the one simulated in the
STR ensemble (Fig. 9a). The persistence of strong west-
erly anomalies over the central equatorial Pacific re-
lated to the absence of any shift south of the equator of
these anomalies (Fig. 9a versus Fig. 4a) acts to maintain
positive D20 anomalies for most of the year in FIX
ensemble in contrast to STR ensemble where the rapid
decrease of equatorial wind anomalies from November
in the STR ensemble acts to generate a very rapid ther-
mocline shallowing in the eastern Pacific (Fig. 9b versus

Unauthenticated | Downloaded 06/09/21 02:38 PM UTC



1 MAy 2006

Fig. 4b). This deep thermocline in the eastern Pacific
results in maintaining warm El Nifio conditions for sev-
eral months in FIX experiment compared to STR ex-
periment (Fig. 9b).

In this sensitivity experiment, fixing the solar forcing
to September conditions acts to freeze the seasonal
evolution of the meridional SST structure by prevent-
ing any southward shift of the maximum SSTs during
winter contrary to what occurs in the STR ensemble as
in the climatology. Freezing the seasonal climatology to
September conditions affects in turn the ENSO anoma-
lies by maintaining the maximum convective anomalies
and their associated strong westerly wind anomalies at
the equator, prolonging warm conditions and delaying
the timing of the peak and decay of the event. STR and
FIX experiments therefore demonstrate that it is the
interaction between warm ENSO conditions and the
seasonal meridional displacement of near—date line
warmest SST driven by the meridional march of solar
insolation that brought the convective and westerly
wind anomalies from being centered about the equator
to being centered south of the equator. This results in a
strong reduction of the equatorial westerly wind
anomalies in winter and consequently a decrease in the
intensity of the positive feedback that maintains EI
Nifo, favoring its termination in spring.

However, although the interaction between the sea-
sonal cycle and El Nifio conditions constrains the tim-
ing of the termination of strong El Nifio conditions in
the spring season, the absence of interaction between
El Nifio conditions and the seasonal cycle does not pre-
vent El Nifilo demise in the FIX ensemble (Fig. 7a).
Therefore, other coupled negative feedbacks are still at
work in the coupled model to allow an ENSO phase
change, such as reflected Kelvin waves at the ocean
western boundary (i.e., the delayed oscillator theory) or
a discharge process due to Sverdrup transport (i.e., the
recharge/discharge paradigm).

4. Termination of moderate El Nino events

The previous coupled experiments where conducted
during the development of a strong El Nifio event with
SST anomalies exceeding 2°C in the fall season and
characteristics comparable to the one of the strongest
observed events (e.g., 1982/83, 1997/98). While the in-
teraction between El Nifio and the seasonal cycle seems
to be robust during strong events, an unresolved ques-
tion is whether the negative feedbacks are at work dur-
ing weaker El Nifio events. In fact, if most of the ob-
served El Niflo events have a peak during winter sea-
son, some weak to moderate events have a peak or a
local maximum in fall or even in spring. For example,
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F1G. 10. Time series of the MOD ensemble members for Nino-3
SST anomalies. MOD ensemble is divided into two subensembles,

MOD-L subensemble (gray curves), and MOD-S subensemble
(black curves; see text for definition).

the 1986/87 El Nifio develops during the summer 1986,
has a broad warm phase evolving throughout the entire
1987 spring season, and peaks in September 1987. This
evolution does not match the picture drawn from the
previous experiments, which suggests that the strong
negative feedback that develops during winter through
the interaction with the seasonal cycle will lock the
peak of El Nifo during that season.

To investigate further the sensitivity of the coupled
system to this mechanism, another 10-member en-
semble experiment [hereafter moderate ensemble
(MOD)] has been conducted. This experiment is simi-
lar to the STR one except that the initial conditions are
now taken to be 21 September of year 49. At that time,
the coupled model is also characterized by a developing
El Nifio event, but of weaker amplitude, as the SST
anomalies reach about 1°C in the Nifio-3 region in Sep-
tember (arrow on Fig. 1). The evolution of the Nifio-3
SST anomalies is shown in Fig. 10 for this new en-
semble. The results of this experiment significantly dif-
fer from the one previously obtained in the strong El
Niflo case. First, the spread of the ensemble members is
stronger. Whereas some members display an El Nifio
peak in winter followed by a rapid transition to a cold
state during spring, others show a broad warm phase
evolving through the entire spring season with a second
peak in summer and a later transition to a cold state
during the fall season. To characterize the differences
between these two types of evolution, we divided MOD
ensemble into two subensembles. Every individual
member of MOD ensemble whose mean Nifio-3 SST
anomaly exceeds 0.8°C during summer will constitute
the MOD-L (referring to long) subensemble (gray
curves on Fig. 10), while the remaining six members will
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FI1G. 11. Time-longitude evolution averaged between 2°N and 2°S for (a) MOD-S, (c) MOD-L subensemble
mean, and (e) 1986/87 observed zonal wind stress anomalies superimposed with the eastern edge of the warm pool
and for (b) MOD-S, (d) MOD-L subensemble mean, and (f) 1986/87 observed SST anomalies (Reynolds and Smith
1994) superimposed on OLR anomalies lower than —15 W m~2. Contour interval is 0.005 N m~? for zonal wind
stress, 15 W m™~ 2 for OLR, and 0.5°C for SST. Positive values are shaded.

be considered as the MOD-S (referring to short) sub-
ensemble (black curves on Fig. 10).

The respective zonal and meridional evolution of
SST and 7, A are displayed for both subensembles on
Figs. 11 and 12. For both subensembles, the strongest
SST anomalies are located over the central Pacific and
the EEWP never reaches the eastern Pacific, in contrast
to what happened in the STR ensemble. The two sub-
ensemble SSTs start to diverge in spring (Figs. 11b,d).
In MOD-S subensemble, the convective and maximum
A rapidly decrease over the western Pacific, from
0.035 N m 2 in December to 0.015 N m ™2 in April,
whereas trade winds tend to intensify over the eastern
Pacific (Fig. 11a). This equatorial 7, A decrease results
from a southward shift of the maximum 7,A from the
equator in November to 4°S in February (Figs. 12a,b).

This significant western equatorial 7,A decrease is as-
sociated with a subsequent upwelling in the eastern
equatorial Pacific through the generation of upwelling
Kelvin waves, resulting in a rapid transition to a cold
ENSO phase in spring (Fig. 11b). This scenario re-
sembles the one previously described for STR en-
semble.

In contrast to STR and MOD-S ensembles, the me-
ridional evolution of MOD-L subensemble significantly
differs from this previous scenario. As for STR and
MOD-S ensembles, a southward shift of the maximum
7.A initiated by a southward displacement of the maxi-
mum SSTs occurs in the boreal winter season. How-
ever, this wind shift is less pronounced and the corre-
sponding equatorial maximum values are therefore
slightly less reduced, from 0.035 N m~2 in November to

Unauthenticated | Downloaded 06/09/21 02:38 PM UTC



1 MAy 2006

LENGAIGNE ET AL.

10°N > (a) MOD-S

Jul
50

Oct
49

Jan

ABr
49 50 5 50

Jah

Jul

5 2 8 & &Y

F1G. 12. Time-latitude evolution averaged between 160°E and 170°W for (a) MOD-S, (c) MOD-L subensemble mean, and (e) 1986/87
observed zonal wind stress anomalies and for (b) MOD-S, (d) MOD-L subensemble mean, and (f) 1986/87 observed SST superimposed
on OLR anomalies lower than —15 W m 2. Contour interval is 0.005 N m 2 for zonal wind stress, 15 W m 2 for OLR and 0.5°C for
SST. Positive zonal wind stress anomalies and SST higher than 28.5°C are shaded.

0.02 N m ?in April (Figs. 10b, 11c). Then, the MOD-L
ensemble members overcome the winter negative feed-
back as a reintensification of the equatorial westerlies is
modeled in late spring when the seasonal northward
shift of the solar insolation allows the maximum SSTs
and the corresponding 7, anomalies to be displaced
back northward to the equator. This allows warm
ENSO conditions to persist until the next fall season.
This scenario for MOD-L ensemble can be compared
to the evolution of the observed 1986/87 El Nifio event.
In November 1986, the equatorial climate state is char-
acterized by moderate El Nifio conditions, with maxi-
mum SST anomalies located over the central Pacific
(Fig. 11f). At that time, in accordance with the maxi-
mum observed SST, the maximum 7,A start to shift
southward (Figs. 12e.,f). The equatorial eastern SST
anomalies slightly weaken in spring 1987, but signifi-
cant 7,A and convective anomalies are maintained at
the equator (Figs. 11e,f). Then, the seasonal northward
shift of the warmest SST and their associated 7, A dur-
ing spring 1987 reinforce the positive equatorial wind
forcing, contributing to maintain warm El Nifio condi-
tions until the next fall. This observed evolution there-
fore closely matches the one simulated in the MOD-L
ensemble.

We aim now at understanding the physical mecha-

nisms responsible for the divergence of the MOD-S and
MOD-L subensembles. To that end, the evolution of
the anomalous 20°C isotherm depth, the 7, A, and the
SST anomalies in the eastern Pacific are displayed in
Fig. 13 for the two subensemble means (Figs. 13a,b) as
well as for one of the MOD-S individual members (Fig.
13c). Both subensembles are characterized by a 20°C
isotherm shallowing (dark gray curves on Fig. 13) from
December 49 partly generated by the decrease of equa-
torial westerly anomaly in the western Pacific (Figs.
11a,b). However, this upwelling signal is considerably
weaker than the one observed in STR ensemble, the
mean anomalous D20 shallowing reaching about —40 m
from December to June in MOD ensemble compared
to —90 m in STR ensemble. This is because the westerly
decrease in the central Pacific is particularly strong for
the intense STR El Nifio events, while it is less pro-
nounced in the moderate MOD-S El Nifio events and
even less for MOD-L. The SST divergence (black
curves on Fig. 13) in the eastern Pacific between the
two subensembles clearly occurs during the spring sea-
son, a time when the thermocline anomalies reach a
local minimum. The combination of two factors is likely
to play a key role in this divergence. First, as noted
previously, the weaker wind decrease in the western
Pacific observed in MOD-L results in a deeper 20°C
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F1G. 13. Time series in the eastern Pacific (2°N-2°S, 140°-
110°W) of SST anomalies (black curves), zonal wind stress
anomalies (light gray curves), and 20°C isotherm depth anomalies
(dark gray curves) for (a) MOD-S subensemble mean, (b)
MOD-L subensemble mean, and (c) an individual member of
MOD-S subensemble.

isotherm depth in spring compared to MOD-S. Thus,
MOD-L members will be less sensitive to wind stress
perturbations in the eastern Pacific. As stronger east-
erlies are present during the spring season, in the east-
ern Pacific in MOD-S members (light gray curves on
Fig. 13), the SST decrease in MOD-S is much greater
than in MOD-L from April on. In fact, while SST
anomalies reverse in April in MOD-S, they remain
positive in MOD-L. To further understand the interac-
tion between these easterlies and the El Nifio demise,
we now turn to the MOD-S individual member (Fig.
13c).

What is seen as a large-scale easterly signal in the
MOD-S ensemble mean actually corresponds to in-
traseasonal easterly wind intensifications lasting about
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a month in every MOD-S member from February to
June (cf. light gray curves in Figs. 13a,c). In that par-
ticular case, the El Nifio abrupt reversal is seen to occur
coherently from 140° to 100°W (Fig. 14a) in clear asso-
ciation with the easterly pulse (Fig. 14b). At the time
when the easterly burst occurs, the 20°C isotherm is
shallower than the climatology (around 50-m depth at
120°W; Fig. 13¢) and the occurrence of the burst pro-
duces abrupt upwelling and mixing of cold subsurface
waters. This initiates the rapid eastern Pacific cooling of
about 3°C in one month, in May. Then, a sudden west-
ward expansion of the cold tongue occurs in the follow-
ing months, with a reintensification of the easterlies to
the west of 110°W (Fig. 14b). This causes a westward
shift of the EEWP, which prevents westerlies and con-
vection from occurring in the central-western Pacific.
As the warm pool retreats, new easterly bursts of large
zonal fetch appear with a particularly intense event in
August 50 that creates a second and powerful SST
drop, leading to established La Nifia conditions. Thus
the occurrence of these easterly events on a very shal-
low thermocline (preconditioned by the 7, A southward
shift in the western Pacific) may explain the sudden El
Nifio termination during spring in MOD-S suben-
semble (a mechanism similar to that occurring in the
STR ensemble). In contrast, MOD-L individual mem-
bers show behavior very similar to their ensemble mean
with a deeper thermocline in spring and weaker east-
erlies in that season (Fig. 13b). The overall effect is to
maintain weak El Nifio conditions at that time. As the
seasonal equatorial insolation reinforces, the system is
able to further maintain El Nifio conditions during the
following months (Fig. 11d) with intensification of con-
vection and westerlies over the warm pool (Fig. 11c).

5. Validation and generalization

a. El Niio events

To generalize the previous results obtained through
the realization of ensemble experiments from two spe-
cific initial conditions (in the boreal fall of a strong and
a moderate El Nifio event), composites of the evolution
of the Nifio-3 SST (black lines) and central Pacific zonal
wind stress anomalies (gray lines) are displayed (Figs.
15a,b) for both moderate and strong El Nifio events for
the 200-yr reference simulation, respectively defined as
warm events with SST anomalies exceeding 0.8° and
2°C in the fall season of their development (year 0).
The 0.8°C threshold is higher than the one often used to
define El Nifio events in the observations (SST anoma-
lies exceeding 0.5°C), owing to the stronger-than-
observed interannual SST variability in the coupled
model. As seen on Fig. 15a, the 7, A composite in the
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Fi1G. 14. Time-longitude evolution averaged between 2°N and 2°S of an individual member
of MOD-S subensemble for (a) SST anomalies and (b) zonal wind stress anomalies super-
imposed on the eastern edge of the warm pool. Contour interval is 0.5°C for SST and 0.005
N m™? for zonal wind stress. Positive values are shaded.

central Pacific shows a sharp decrease of the positive
anomalies associated with El Nifio conditions from the
boreal fall of year 0, switching to negative in spring of
year +1. This decrease leads by 2 months the SST
anomaly peak in late year O that is followed by a rapid
demise during spring and summer and a switch toward
La Nifia conditions during the fall of year +1. The rela-
tively weak spread indicates that the evolution of each
of the strong simulated El Nifio events remains close to
the composite evolution, in agreement with STR en-
semble results (see Fig. 3). The evolution for the mod-
erate El Nifio composite also indicates a tendency for
the 7, and SST anomalies to decrease in boreal winter.
However, their corresponding spread during year +1 is
considerably larger than the one displayed for the
strong El Nifio case. These results indicate that, al-
though the overall mechanism is still at work for the
moderate El Nifio cases, its impact on the coupled sys-
tem is weaker. About half of the simulated moderate
events displays a rapid termination in the early part of
year +1 whereas the other half shows persisting warm
conditions during most of year +1, as it was for the case
in MOD ensemble (Fig. 10). Finally, Fig. 16a confirms
that the equatorial 7,A decrease in winter for both El
Nifio types results from a rapid southward shift of the
westerly anomalies, favoring the decay of the warm
events.

To validate the different types of El Nifio evolution

displayed in this coupled model, all the observed El
Nifio events displaying SST anomalies stronger than
0.5°C during the fall season are shown on Figs. 17a—c
for the period 1870-2001 (this criterion only excludes
the 1993 El Nifio event, which corresponds to a spring
warming). The El Nifio events have been selected fol-
lowing the method of Trenberth (1997). As displayed
on Fig. 17a, all the strong El Nifio events (defined as
events with a mean fall SST anomaly exceeding 1.25°C
in the Nifio-3 region) have a peak in winter, a very rapid
decay during spring and summer, followed by a shift
toward La Nina conditions. In contrast, the moderate
El Nifo events (defined as the events displaying an SST
anomaly below 1.25°C during winter time) can be di-
vided into two categories (Figs. 17b,c): the short mod-
erate events (with an SST anomaly below 0.5°C the
following summer) and the prolonged moderate events
(with an SST anomaly exceeding 0.5°C the following
summer).

The evolution of the modeled El Nifio events in the
reference simulation is in qualitative agreement with
the observed events, although with larger amplitudes.
As in the observations (Fig. 17a), the strong modeled El
Nifios (Fig. 17d) all display a peak in winter and a rapid
demise during the spring season. The model moderate
events also resemble those observed: short, moderate
events (defined as SST anomaly below 0.8°C the fol-
lowing summer) terminate in spring (Fig. 17e versus
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F1G. 15. Composite evolution of the Nifio-3 SST anomalies
(continuous black line) and 7, anomalies in the central equatorial
Pacific (2°N-2°S, 160°E-150°W) (continuous gray line) for (a)
strong El Nifo events, (b) moderate El Nifio events, and (c) La
Nifia events in the 200-yr reference simulation. Dotted lines show
the corresponding *1 standard deviation associated with each
composite.

Fig. 17b) while prolonged warming (with an SST
anomaly exceeding 0.8°C the following summer) per-
sists until the summer season (Figs. 17f,c). Thus, the
picture drawn by these historical SST data are therefore
in qualitative agreement with our numerical results,
suggesting that the mechanisms drawn in this study for
the El Nifio termination may be at work in nature.

b. La Nina events

To clarify what these results mean for the whole
ENSO cycle, the termination of La Nifa events is
briefly discussed in the following. La Nifia events, like
El Nifio events, are also known to have a tendency to

JOURNAL OF CLIMATE

VOLUME 19

10°N

Eq

\ A ]
10°S 0; ! -

| —r— n yaW AT —

10°NEF/

Oct Jan I-}ﬂr Jul
00 01
100N QJC) Observecﬂ!> La Ni nall

Eq

r007 i\

LQ% =

JuI

10°S

Oct Jan
88 89

F1G. 16. Time-latitude evolution averaged between 160°E and
150°W of the zonal wind stress anomalies for (a) all-El Nifio
composite, (b) all-La Nifia composite, and (c) the 1988/89 ob-
served La Nifia event. Contour interval is 0.005 N m 2. Positive
values are shaded.

peak in boreal winter. As shown on Fig. 15c, this be-
havior is well captured by the coupled model, with a
composite of La Nifia events [defined as events with
Nifio-3 SST anomalies colder than —0.8°C in the fall
season of their development (year 0)] that displays a
SST anomaly decay from late year 0. As for El Nifio
events, this decrease is led by an equatorial decay of the
easterly anomalies, resulting from a southward shift of
these anomalies in boreal winter (Fig. 16b). This shift is
also likely to result from a stronger sensitivity of con-
vective and wind anomalies to SST forcing south of the
equator in boreal winter, as solar insolation forces the
main center of convection to be displaced southward
during that season. This meridional wind displacement
during late La Nifia year also occurs in observations, as
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FiG. 17. Time series of observed Nifio-3 SST anomalies (HadISST) over the 1871-2002
period for (a) strong El Nifo events, (b) moderate El Nifio events with a fast transition to a
cold ENSO phase, and (c) moderate El Nifio events with persisting positive SST anomalies.
The anomalies are smoothed with a 5S-months running mean. (d)—(f) Same for the modeled EIl
Nifio events from the 200-yr reference simulation.

illustrated by Fig. 16¢ for the observed 1988/89 cold
event. Simulated La Nifia events show an evolution
similar (with opposite sign) to the moderate warm
events, with an SST anomaly minimum reaching 2°C
and a relatively slow SST decrease during year +1.
Moreover, the equatorial easterly anomalies decay
(Fig. 15c) is slow and the composite spread relatively
strong during year +1. As for moderate El Nifio events,
this spread illustrates the fact that, whereas part of La
Nifna events tend to terminate during spring and sum-
mer season of year +1, others show persisting negative
equatorial 7, and SST anomalies during most of year
+1. This simple analysis reveals that the termination of
La Nifla events and their associated mechanisms have
strong similarities with those found in moderate El
Nifio events.

6. Summary and discussion

In this paper, we explored the coupled mechanisms
leading to the El Nifio termination through a coupled

GCM approach evaluated against observations. As pre-
viously suggested by forced model studies (Harrison
and Vecchi 1999; Vecchi and Harrison 2003; Spencer
2004), the seasonal cycle strongly constrains the El
Nifio peak and demise through the boreal winter south-
ward shift of the central Pacific zonal westerlies. This
shift drives a subsequent eastern Pacific thermocline
shallowing, favoring El Nifio termination in the follow-
ing months.

Our results demonstrate that this southward shift of
wind anomalies is driven by the southward displace-
ment in winter of the central Pacific warmest SSTs,
controlling the meridional migration of the large-scale
atmospheric convection and the associated westerly
wind anomalies. This meridional migration of warm
SSTs is a direct response to the seasonal displacement
of solar insolation shifted south of the equator during
boreal winter. Indeed, fixing the solar insolation to its
equatorial value during the coupled model integration
prevents this southward shift of maximum SSTs and

Unauthenticated | Downloaded 06/09/21 02:38 PM UTC



1866

therefore maintains strong equatorial westerly wind
anomalies. This results in a strong modification of the
characteristics of the peak and termination. These re-
sults therefore demonstrate that the interaction be-
tween warm ENSO conditions and the meridional dis-
placement of solar insolation through the season is the
primary cause of the phase locking of the EI Nifio ter-
mination in boreal spring. However, even with a fixed
solar insolation, the modeled El Nifios eventually de-
cay, which shows that other mechanisms (e.g., delayed
action oscillator, recharge/discharge mechanism, etc.)
contribute to terminate the events.

The robustness of this negative feedback and the ex-
tent to which it constrains the El Nifio peak and demise
has been assessed in the coupled model using ensemble
experiments initiated from different warm conditions
(strong and moderate) in early autumn. Our results
suggest that the strength of this negative feedback and
therefore its impact on the coupled system strongly de-
pends on the magnitude of the El Nifio event.

The decrease of equatorial westerlies in the central
Pacific caused by their southward shift during boreal
winter is particularly strong and rapid for intense El
Niflo events. This results in a very intense subsequent
equatorial upwelling in the eastern Pacific that con-
strains the El Nifio demise in boreal winter. The abrupt
transition to La Nifia can then easily be initiated by any
easterly intensification that generates a cold subsurface
temperature surge acting on the very shallow ther-
mocline. Thus, the model strong events strongly re-
semble the 1997/98 El Nifio demise and transition to
strong La Nifa event.

In contrast, the intensity of this negative feedback
mechanism and its impact on the coupled system is sig-
nificantly weaker in moderate/weak El Nifio events. In-
deed, the equatorial westerly decrease over the western
Pacific is less pronounced in the moderate events and
the resulting thermocline shallowing in the eastern Pa-
cific is not sufficient to constrain the equatorial Pacific
evolution toward a rapid El Nifio demise. However, this
thermocline shallowing transfers the coupled system
into an unstable state in spring that becomes very sen-
sitive to eastern Pacific wind perturbations. Therefore,
for some moderate events, the occurrence of subsea-
sonal easterly bursts during that period allows a rapid
surge of cold SST in spring by upwellling of cold sub-
surface waters leading to La Nifia conditions in the fol-
lowing months, similarly to the strong El Nifio cases.
This behavior is close to what has been observed, for
example, during the 1994/95 warm event. In other
cases, weaker subseasonal easterly activity combined
with a slightly deeper thermocline allows the coupled
system to maintain warm conditions until the following
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summer. In these latter cases, the events are then char-
acterized by a broad warm phase evolving through the
entire spring, a second peak in summer, and a later El
Nifio demise, a behavior that resembles that of the pro-
longed 1.5-yr-long 1986/87 El Nifio. La Nifia events
also show a similar tendency to peak in boreal winter,
with characteristics and mechanisms mainly symmetric
to those described for moderate El Nifio cases.

Characteristics of moderate El Nifio events are ob-
served to diverge during the spring season, a period
when the coupled system is known to be very sensitive
to small atmospheric perturbations (the so-called spring
predictability barrier). Our results suggest that this di-
vergence in our moderate coupled El Nifio events is
mainly due either to a change in the westerly wind de-
crease in the western Pacific and/or to an intensification
of easterly intraseasonal activity in the east. However, it
is difficult to assess to what extent the evolution of this
wind variability is predictable. In fact, in the observa-
tions (Harrison and Vecchi 1997) as in our model, a
large part of westerly wind variability over the western
Pacific during boreal winter and spring in El Nifio years
are generated by the occurrence of strong westerly
wind events (WWEs) that develop over the western
and central Pacific warmest water. The occurrence and
characteristics (intensity, zonal, and meridional fetch,
etc.) of these WWEs, largely unpredictable even at
short time scale, partly determine the equatorial posi-
tive 7, anomalies and then to some extent contribute to
the ensemble divergence. As for easterly intraseasonal
variability, very few studies have yet described their
characteristics and their influence on the coupled sys-
tem despite a suggestion that they may be important
during the 1997/98 rapid demise (Takayabu et al.
1999). This study suggests that they play a key role in
such demise and in the shift to La Nifa. As for the
westerlies, it remains to be shown whether such vari-
ability can be predicted.
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