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ABSTRACT

A 260-yr-long coupled general circulation model (CGCM) simulation is used to investigate the interac-
tion between ENSO mode and near-annual variability and its sensitivity to the equatorial background mean
stratification and seasonal cycles. Although the thermocline mean vertical structure of the model favors the
high-order baroclinic modes that are associated with the slow time scales of the coupled variability, the
simulated ENSO oscillates at a dominant quasi-biennial frequency. Biases of the climatological velocity
field are favorable to the dominance of the zonal advective feedback over the thermocline feedback, the
model exhibiting an overenergetic westward seasonal zonal current in the central-western equatorial Pacific,
and an upwelling rate that is about half the observations. This sets the conditions for the enhancement of
a near-annual mode that is observed to oscillate at an 8-month period in the model. Using an intermediate
coupled model of the tropical Pacific where the climatological fields are prescribed to the ones derived from
the CGCM, it is demonstrated that the quasi-biennial ENSO variability simulated by the CGCM is mostly
due to the biases in the climatological currents of the CGCM. These biases favor the dominance of the fast
“zonal advective feedback” over the slow “thermocline feedback” in the coupled system and enhance a fast
coupled basin mode. This fast mode differs from the theoretical Pacific Ocean basin mode in that, besides
mean temperature advection by the zonal current anomalies, it is also driven by anomalous temperature
advection by the total current. Results suggest that the near-annual mode destabilizes the ENSO mode to
produce overenergetic quasi-biennial oscillations in the model. It also contributes to the ENSO asymmetry
and the cold bias of the CGCM mean state by nonlinear accumulation of temperature zonal advection,
which works toward the cold in the western Pacific more than the warm in the east. It is suggested that the
model equilibrium results from the interaction between the ENSO mode, the near-annual mode, and the
mean state.

1. Introduction

Although the El Niño–Southern Oscillation (ENSO)
is one of the most important sources of interannual

variability in the natural climate system (Philander
1990), the frequency spectrum of the interannual vari-
ability in the equatorial Pacific is rather broad and not
restrained to the 3–5-yr ENSO cycle. The equatorial
coupled system is first forced by uncoupled atmo-
spheric “noise” on monthly or seasonal mean time
scales that has the effect of significantly broadening the
spectral peak of ENSO (Kirtman and Schopf 1998;
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Blanke et al. 1997). In addition, coherent ocean–atmo-
sphere coupled modes can exist at a variety of time
scales, going from near-annual (Jin et al. 2003), quasi-
biennial (Ropelewski et al. 1992), to decadal to inter-
decadal (Tourre et al. 1999; Zhang et al. 1999).

It is then striking that the variability in most coupled
models does not display such a rich spectrum (Achuta-
Rao and Sperber 2002). In addition, despite differences
in subgrid parameterizations and resolution, most glob-
al coupled general circulation models (CGCMs) pro-
duce ENSO occurring at a higher frequency than ob-
served with usually a dominant peak for sea surface
temperature anomalies (SSTAs) in the central-eastern
equatorial Pacific in the quasi-biennial band (Achuta-
Rao et al. 2004; Guilyardi et al. 2004; Rodgers et al.
2004).

Why then is the quasi-biennial band favored in most
CGCMs?

Given the argument that the OGCM usually cor-
rectly resolves the equatorial wave dynamics, which are
associated with fixed time scales associated to the trav-
eling of Kelvin and Rossby waves back and forth across
the Pacific, the atmospheric component may have a
role for setting the periodicity of ENSO (Guilyardi et
al. 2004). For instance, changes in the longitudinal lo-
cation of the maximum variability for equatorial wind
stress may explain the change of the ENSO frequency
at decadal time scales (An and Wang 2000). However,
from the early theoretical work by Hirst (1986), it is
known that ENSO time scales is to a large extent set by
the coupled instabilities that are themselves highly de-
pendent of the background oceanic state (Federov and
Philander 2001). Thus, the simpler models in which the
climatology is prescribed from observations (or from
the derived product), although usually with a less-rich
power spectrum for SSTAs, usually exhibit a more re-
alistic dominant frequency of the simulated ENSO vari-
ability, suggesting that biases of the simulated tropical
Pacific mean state or the seasonal cycle in the CGCM
may be responsible for the unrealistic ENSO frequency
in most CGCMs.

In theory, modes of variability from near-annual to
interannual time scales can be sustained in the tropical
Pacific (Jin 1997; An and Jin 2001). Kang et al. (2004)
recently demonstrated that the background state deter-
mines the prevalence of the “slow” ENSO mode over a
“fast” near-annual mode, the latter being related to the
theoretical coupled Pacific Ocean basin (POB) mode
controlled by the zonal advective feedback (Neelin and
Jin 1993). Because the stability of the POB is sensitive
to the basic state (see Kang et al. 2004 for details), it is
difficult to characterize in the observations. In rela-
tively cold mean conditions, the fast mode leads to

nearly annual La Niña events (such as in the past few
years), whereas when the background in the equatorial
central to eastern Pacific is warm (such as in the early
1990s) this fast mode variability may surface as minor in
nearly annual El Niño events (see Jin et al. 2003). Be-
cause most CGCMs tend to produce a colder state than
observed, it is expected that such a mode is enhanced in
these model simulations and that, through air–sea feed-
backs and nonlinearities, it interacts with the ENSO
mode. The investigation of these processes could pro-
vide further insight on how to resolve the model drifts.

In this study, we investigate such processes in a global
CGCM. The simulation used for this study is presented
in Cibot et al. (2005, hereafter CMTD) in which the
focus is on the sources of the decadal variability and its
relationship with the ENSO modulation. In the present
paper, we would rather concentrate on the interannual
time scales and near-annual variability. Figure 1 dis-
plays the spectrum of the time series for zonal current
associated to the first singular value decomposition
(SVD) mode between the zonal current and wind stress
full anomalies. Two main frequency bands emerge: one
centered around the 2-yr period that represent the
ENSO mode and the other one centered around the
8-month period that corresponds to the model fast
near-annual mode. The main questions addressed in
this paper are as follows: Do these two modes interact?
What are the processes involved? Does the mean state
relate to the characteristics of the interactions?

To investigate these questions and as a support for
the interpretation, we will use an anomaly intermediate
coupled model similar to Dewitte (2000, hereafter D00)
prescribing the background mean state and parameters

FIG. 1. Spectrum of the time series for zonal current associated
with the SVD mode 1 between surface zonal current anomalies
and wind stress anomalies for ARPA. The spectrum was adimen-
sionalized by the energy integrated over the whole frequency do-
main. The percentage of explained variance of the mode is 26%.
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to the ones derived from the CGCM simulation. The
paper is organized as follow. Section 2 is devoted to the
description of the coupled models used in this paper.
Section 3 provides a description of the CGCM vertical
structure variability in order to infer the privileged time
scales of variability allowed by the equatorial wave dy-
namics. In section 4, the characteristics of the CGCM
climatology is presented and used in the intermediate
coupled model for sensitivity tests. Section 5 describes
the model near-annual variability and examines the
coupled mechanisms associated to this fast basin mode
in the light of the POB mode theory and results of the
intermediate coupled experiments. Interaction between
time scales is analyzed focusing on the asymmetry of
the advection terms and SST. Section 6 is a discussion
followed by concluding remarks.

2. Coupled models and data descriptions

a. ARPEGE–OPA (hereafter ARPA)

The ocean component ORCA2 is the global configu-
ration of the Océan Parallélisé (OPA) 8 ocean general
circulation model (OGCM), an hydrostatic primitive
equation model with a free surface formulation (Roul-
let and Madec 2000). The model includes a sea ice com-
ponent, the Hibler-type dynamic–thermodynamic Lou-
vain-La-Neuve (LLN) sea ice model, developed at the
Université Catholique de Louvain (UCL) by Fichefet
and Morales Maqueda (1997). The atmospheric com-
ponent is the third version of the Action de Recherche
Petite Echelle Grande Echelle (ARPEGE) climate at-
mospheric general circulation model (AGCM) devel-
oped at Météo-France (Déqué et al. 1994). The stan-
dard configuration of the climate version employs a T63
triangular horizontal truncation.

The ARPEGE and ORCA–Louvain Ice Model
(ORCALIM) models are coupled through the (Ocean
Atmosphere Sea Ice Soil) OASIS-2.5 coupler devel-
oped at Centre Européen de Recherche et de Forma-
tion Avancée en Calcul Scientifique (CERFACS; Ter-
ray et al. 1995), which ensures the time synchronization
between the GCMs and does the spatial interpolation
from one grid to another.

The atmospheric initial state is in January of an un-
coupled integration of ARPEGE. The initial ocean
state is taken from Levitus (Antonov et al. 1998) for
temperature and salinity, and is zero for the velocity
field. The initial sea ice state is also from Levitus.

From this initial state, the coupled model is inte-
grated for a spinup of 60 yr described in CMTD. At the
end of this spinup, the system has reached a quasi-
equilibrium state in the upper layers of the ocean. We
then integrate the coupled model for 200 yr. We only

consider the latest 200-yr period for the subsequent
analyses. 1900 is chosen as an arbitrary initial date of
this 200-yr record. More details on the model configu-
ration and variability can be found in CMTD. This
simulation will be referred as ARPA in the rest of the
paper.

b. LODCA

LODCA is a tropical Pacific ocean–atmosphere
model of intermediate complexity. It is an extension of
the Zebiak and Cane (1987)’s model in that it is based
on similar physics (i.e., shallow water for both compo-
nents). The ocean component comprehends three baro-
clinic modes with characteristics of phase speed cn, pro-
jection coefficient Pn and “thermocline coefficient” scln
(used to derive the thermocline fluctuations in a mul-
timode context and that depends directly on N2 and the
vertical derivative of the baroclinic mode vertical struc-
tures; see D00 for details) derived from Levitus. A
mixed layer model is embedded in the ocean model that
consists in a thermodynamical budget in a 50-m-thick
surface layer. The surface heat flux is parameterized as
being negatively proportional to local SST anomalies.
Subsurface entrainment temperature into the surface
mixed layer is parameterized as a function of ther-
mocline depth anomalies and mean thermocline depth
(cf. Dewitte and Périgaud 1996). The atmospheric com-
ponent is similar to Gill (1980). The reader is invited to
refer to D00 for more details about the model. We will
use this model as a tool for interpreting the ARPA
variability, prescribing parameters and mean climato-
logical states derived from ARPA and/or observations.

3. Interannual variability and vertical mode
characteristics

The time scale of the interannual variability in the
tropical Pacific is critically dependent on the back-
ground mean state (e.g., An and Jin 2000; Federov and
Philander 2001; Wang and An 2001), itself constrained
by the thermocline vertical structure. The latter deter-
mines the “memory” of the tropical Pacific system. The
high-order baroclinic modes of the equatorial Pacific
with a slower wave speed than the gravest mode tend to
impose the slower mode of variability whereas the first
baroclinic mode is associated to a relatively fast vari-
ability adjustment (D00; Yeh et al. 2001)

As a preliminary diagnostic of the ARPA variability,
we wish to estimate the energy distribution on the baro-
clinic modes in order to infer how the equatorial wave
dynamics impact the SST variability in the model. Note
that this information will be also used later for tuning
the Intermediate Coupled Model (ICM) and carring
out sensitivity experiments.
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Figure 2 represents the projection of the simulated
zonal current anomalies onto the vertical mode struc-
ture of the baroclinic modes. The vertical modes were
calculated in a similar way than in Dewitte et al. (1999).
The reader is invited to refer to this work for more
technical details about the method. Inspection of Fig. 2
first indicates a zone of large variability in the far west-
ern Pacific for the total surface current anomaly (Fig.
2a), the summed-up contribution of mode 4–10 (Fig.
2e) that accounts for the Ekman component of the vari-
ability, and the first baroclinic mode contribution (Fig.
2b). It is suggestive of a dominant forcing of Rossby
waves considering the large variability of zonal wind
stress in the far off-equatorial western Pacific (see
CMTD). This is significantly different from results of
the same OGCM forced with realistic winds and heat
flux (Dewitte et al. 1999) or assimilation products
(Moon et al. 2004). In the latter, the variability of the
winds and associated zonal currents is located more in
the equatorial central Pacific. Also in contrast with the
forced OGCM results, the strength of the baroclinic
mode 3 in ARPA is almost as energetic as mode 2 in the
eastern Pacific.

To confirm the fact that the wave dynamics in ARPA
is associated with higher baroclinic modes than in ob-
servations, classical parameters of a shallow-water

ocean model are calculated: 1) the projection coeffi-
cient of the wind, Pn; 2) the thermocline coefficient,
scln(z) introduced in D00 and used to derive the ther-
mocline fluctuations from the baroclinic mode contri-
butions to pressure anomalies; and 3) the phase speed
associated with the baroclinic modes, cn. The value of
the first two coefficients, (Pn, scln), can have a large
impact on simple coupled model variability as shown in
D00, Yeh et al. (2001), and Moon et al. (2004). The
sensitivity to values of cn is much weaker within a range
of variation of 20%–30%. For this reason, we will not
pay too much attention to cn in this study considering
that values derived from ARPA are close to the ones
derived from Levitus along the equator (difference less
than 15% for the first three baroclinic modes). The
peak variability for wind stress being in the central Pa-
cific, the values for thermocline coefficient, scln, and
projection coefficient, Pn, are given in Table 1 at 180°
for the first three baroclinic modes, along with the val-
ues used in D00. Longitudinal variability is comparable
to what could be obtained from an OGCM simulation
forced with realistic winds (Dewitte et al. 1999) with a
dominant first (second) baroclinic mode in the western
(eastern) Pacific that decreases eastward (westward)
(not shown). In the far eastern Pacific, the value of Pn

for a mode order higher than 3 is large consistently with

FIG. 2. Maps of variability (rms) of (a) the ARPA
surface currents estimated as the average of the top
four model levels, the contributions (b) of the first
baroclinic mode, (c) of the second baroclinic mode, (d)
of the third mode, and (e) of the sum of contributions
of the fourth to the tenth mode [cm s�1 and contour
interval (CI) � 4 cm s�1]. Shading is for values above
16 cm�1.
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a shallower thermocline in this region. In the central
Pacific, P1 equals P2 similar to what is used in D00.
However, the P3 in ARPA is 150% larger than in D00.
The large value of P3 should favor the low periods of
variability in a shallow-water coupled system similar to
the one used in this study.

At 180°, the mean thermocline depth is 128 m. This is
the depth where the scln are used for deriving the ther-
mocline displacements associated to wave dynamics.
Value of scln at 128 m are rather realistic, comparable
to what is obtained from Levitus data for instance, al-
though slightly larger for modes 1 and 2. Note, how-
ever, that a thermocline depth in the western Pacific is
shallower in ARPA (�128 m) than in the observation
(�170 m; see the next section).

To summarize, high-order baroclinic contributions in
ARPA are significantly larger than in the real world as
suggested by modeling studies using OGCM forced
with realistic winds and heat flux (Dewitte et al. 1999)
or assimilation products (Moon et al. 2004). According
to D00 or Yeh et al. (2001), with such values for the Pn,
the time scale of the variability should be in the 3–5-yr
period range, the higher baroclinic modes favoring the
Kelvin type, which is an unstable mode (Hirst 1986)
that propagates slowly eastward. As a consistency
check with this latter statement, the LODCA model is
run using the mean (Pn, scln, cn) parameters derived
from ARPA, everything else being the same as in D00.

This experiment is called Exp0 (see Table 2 for the
experiments settings and characteristics). Results are
displayed in Fig. 3 for the Niño-3 SST index. LODCA
“tuned” from the ARPA outputs exhibits quasi-regular
oscillations at a �4.9-yr period larger than D00. As-
suming that the time scale of the interannual variability
is controlled by the ocean wave dynamics, results of
Exp0 suggest that the quasi-biennial ENSO mode simu-
lated by ARPA is due to some other model peculiari-
ties than its baroclinic mean structure, possibly its mean
state and seasonal cycle.

4. Impact of the climatology on the model
variability

In this section, we first describe the characteristics of
the climatological fields simulated by ARPA and then
use LODCA relative to different climatologies in order
to examine why ARPA simulates a quasi-biennial
mode for ENSO.

a. Climatology simulated in ARPA

As shown in CMTD, there is a cold bias in the west-
ern equatorial Pacific resulting from a cold bias in the
regions of ITCZ and the South Pacific convergence
zone (SPCZ; by 1°–2°C) due to stronger off-equatorial
branches of the trade winds. This in particular also
contributes to the too weak mean SST zonal gradient
along the equator in the central Pacific as compared
to the observations. At 160°W, it is twice as low as
for the observations, which leads to weaker equato-
rial trade winds than observed (see Fig. 4, bottom).
The associated thermocline slopes and the ones de-
rived from forced simulations with LODCA are also
plotted in Fig. 4, which shows that 1) the thermocline
is shallower in ARPA than in the observations in the
central and western Pacific and 2) the mean equatorial
trade winds do constrain its longitudinal structure

TABLE 2. Experiments with LODCA.

(Pn, cn, scln) (u, �, w) Climatology SST climatology (�T/�z) Forcing
ENSO dominant

frequency (T )

D00 Levitus Obs Obs Obs Coupled 3.6 yr
Exp0 ARPA (cD � 1.8) Obs Obs Obs Coupled 4.9 yr
Exp1 ARPA (cD � 2.3) ARPA ARPA ARPA ARPA wind

stress anomalies
2.5 yr

Exp2 ARPA (cD � 2.3) ARPA ARPA ARPA Coupled 2.5 yr
Exp2.mean ARPA (cD � 2.3) ARPA � annual

mean
ARPA � annual

mean
ARPA Coupled 2.6 yr

Exp0-Warpa ARPA (cD � 1.8) Obs for (u, �) Obs Obs Coupled 2.9 yr
ARPA for w

Exp0-HCarpa ARPA (cD � 1.8) ARPA for (u, �) Obs Obs Coupled 1 yr
Obs for w

TABLE 1. The baroclinic mode parameters for the first three
baroclinic modes at 180° as derived from ARPA and as in D00: Pn

and scln are adimensionalized by 150 m and (c2
n/g.150), respec-

tively. The cn is in m s�1.

Baroclinic
mode order

ARPA D00

Pn scln cn (m s�1) Pn scln cn (m s�1)

n � 1 0.55 0.85 2.87 0.60 0.70 2.70
n � 2 0.55 0.77 1.73 0.60 0.60 1.60
n � 3 0.23 0.53 1.01 0.10 0.55 1.10

15 MARCH 2007 D E W I T T E E T A L . 1039

Unauthenticated | Downloaded 06/10/21 03:22 PM UTC



since the ARPA mean thermocline (approximated by
the 20°C isotherm) agrees well with the linear model
simulation.

These characteristics of the year mean and seasonal
wind stress imprint biases to the equatorial surface cir-
culation. To visualize the differences in climatological
cycle for horizontal currents and upwelling, the oceanic
component of LODCA calibrated with the (Pn, scln, cn)
parameters derived from ARPA is forced with the
ARPA climatological wind stress calculated over 200
yr. Results are compared to the standard climatology of
LODCA [obtained from Florida State University
(FSU) wind stress]. This method allows us to get a di-
rect estimate of climatological upwelling from ARPA,
which remains difficult to obtain for the direct modeled
vertical velocities that are comparable to estimate from
a different wind product. This estimate of climatologi-
cal velocity circulation will be also used later for the
simple coupled model experiments.

Figure 5 presents the results for zonal current. An
estimate of the seasonal surface zonal current obtained
from the average of the top four model (ARPA) levels
is also presented (Fig. 5c). Interestingly, the LODCA
model is able to reproduce most of the characteristics of
the ARPA seasonal cycle, with large currents to the
west from March to May in the western Pacific, and a
relatively weak westward (eastward) current of the or-
der of �30–40 (�10) cm s�1 in the eastern (western)
Pacific around October. However, a direct estimate
from ARPA outputs presents less westward-propa-
gating features than the LODCA estimate and no west-
ward currents in the central Pacific as compared to the
LODCA estimate from the ARPA seasonal wind
stress. As an indication of the realism of these currents,
the estimate from the LODCA model forced with the
FSU seasonal wind stress is presented. The most strik-
ing discrepancy is for the westward currents that are
overestimated (underestimated) in the west (east) by
ARPA by a factor of �2. Comparison with in situ mea-

surements can be found in appendix A of D00. This has
to be related to the climatological mean wind forcing,
which is too strong in the off-equatorial region and too
weak along the equator. This, in particular, leads to an
equatorial upwelling that is too weak in the eastern
Pacific as confirmed by the estimate of vertical velocity
from LODCA forced with the ARPA climatological
wind stress (see Fig. 6). The LODCA model exhibits an

FIG. 4. Year-mean climatology of (a) SST zonal gradient, (b)
zonal wind stress and thermocline depths as a function of longi-
tude along the equator for (black full lines) ARPA and (gray full
lines) the observations (10�3 °C km�1 for SST zonal gradient, dyn
cm�2 for zonal wind stress, and m for thermocline depth). Obser-
vations are from Reynolds for SST, Levitus for thermocline depth,
and FSU for zonal wind stress. Results of LODCA forced with
climatological wind stress as derived from ARPA and observa-
tions (FSU) are plotted in black dashed and dotted lines, respec-
tively, for the mean thermocline depth. For both simulations, pa-
rameters for LODCA (Pn, scln, cn) are derived from ARPA and
observations, respectively.

FIG. 3. (a) Niño-3 SST for (full line) LODCA tuned with the ARPA (Pn, scln, cn) parameters and for
(dotted line) LODCA configured as in D00. A total of 100 yr are displayed (°C). (b) The associated
Niño-3 SST frequency spectrum for the entire period (200 yr) and adimensionalized by the energy
integrated over the whole frequency domain.
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upwelling rate that is more reduced (factor of �2) when
compared to the estimate forced with FSU winds.

b. Experiments with LODCA

The ability of the LODCA intermediate model to
reproduce the ARPA SST anomalies is first examined
in a forced mode (i.e., when LODCA is forced with the
ARPA wind stress anomalies). This experiment is
called Exp1 (see Table 2 for experiment description).
In LODCA standard experiments (D00), the climatol-
ogy corresponds to the one originally derived from ob-
servations and simulations forced by FSU winds. Here,
we prescribe the climatologies for currents and SST to
the ones simulated by the ARPA climatological wind
stress. The mean temperature vertical gradient between

the surface and the base of the mixed layer (50 m),
(�T/�z), is also prescribed to the one estimated from
ARPA, but this gradient does not differ much from the
observed climatology prescribed in LODCA standard
experiments (D00) and it was checked that the coupled
LODCA experiments further carried out in this study
do not show significant sensitivity to the (�T/�z) we
prescribe. LODCA is more sensitive to the coefficients
of thermal dissipation and drag. To match the ampli-
tude of the SST anomalies simulated by ARPA and
LODCA Exp1, we increase the “standard” values in
LODCA (D00) by 25% for the drag coefficient and
from 100 to 115 days for the thermal dissipation (��T).
The Niño-3 SST index thus simulated by LODCA Exp1
is presented in Fig. 7b and can be compared to the

FIG. 5. Time–longitude plots of equatorial climatological
zonal currents for (a), (b) LODCA forced with FSU or
ARPA wind climatologies, and for (c) the average of the
four uppermost levels of ARPA. The model parameters
(Pn, cn, scln) are derived from (a) Levitus and from (b)
ARPA (s�1, CI � 10 cm s�1). The shaded zone corre-
sponds to westward currents. Rms (full line) and mean
(dotted line) values in time are plotted as a function of
longitude on top of each diagram.
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equivalent ARPA indices (Fig. 8a). Exp1 simulates El
Niño events and ENSO modulation [quantified by the
interannual (2–7 yr) wavelet variance of the Niño-3 SST
(N3VAR) index] in good agreement with ARPA. The
two model Niño-3 SST indices are correlated by 0.87
with a root-mean-square (rms) difference equal to
0.69°C only. The two model N3VAR indices are corre-
lated by 0.90, the variance of the N3VAR index is
0.48°C2 for ARPA, 0.35°C2 for Exp1, and their differ-
ence is 0.22°C2.

As long as LODCA is forced by the ARPA wind
stress anomalies, we find similar levels of agreement
regardless of the climatology prescribed in LODCA;
with the D00 standard climatologies and parameters,
the correlation between LODCA and ARPA is 0.90
and 0.95 for the Niño-3 SST and N3VAR indices, re-
spectively. Prescribing the ARPA climatology slightly
affects the amplitude only, the Niño-3 SST and the
N3VAR index variability being decreased by 1% and
increased by 3%, respectively. The role of the pre-
scribed climatology in LODCA is negligible in Exp1
where the ocean is forced by ARPA winds, but when
air–sea feedbacks are explicitly taken into account in
LODCA (coupled mode), the sensitivity of the model
to the prescribed climatology is modified as shown be-
low.

The LODCA model is integrated in a coupled ex-
periment (Exp2) like D00, except that the ARPA cli-
matologies and the parameters are the ones defined in
Exp1. Results for Exp2, presented in Fig. 8c, show os-
cillations at a period significantly shorter than for
LODCA Exp0 (Fig. 3) and a broader spectrum. Exp2
simulates an irregular ENSO cycle, the (rms) variability
of the N3VAR index reaches 0.15°C instead of 0.08 for
Exp0. The most striking result is that by contrast to D00
and Exp0 that simulate an ENSO period longer than 3
yr (3.6 and 4.9 yr, respectively), Exp2 fluctuates at a

quasi-biennial period like ARPA. These results dem-
onstrate that the climatological background is indeed
responsible for the energetic quasi-biennial oscillations
simulated by ARPA.

To differentiate the role of the year mean climatol-
ogy versus the seasonal cycle, and as a sensitivity ex-
periment, LODCA is also run with the year mean val-
ues for (u, �, w) and SST instead of the monthly varying
climatologies (everything else being as in Exp2). This
experiment, called Exp2.mean, simulates time series of
the Niño-3 SST (Fig. 7d), which also oscillates at a
quasi-biennial period (see Table 2). Compared to Exp2,
the oscillations in Exp2.mean are much more regular
and the N3VAR variability has a smaller amplitude
(see Table 2), suggesting that the seasonal cycle partici-
pates to destabilizing the ENSO mode and to widening
the spectrum of simulated variability. In section 5 of
this paper, we come back on the issue of how seasonal
and near-annual changes participate to the structure of
the model mean state and interact with the interannual-
to-decadal changes.

To summarize this section, the results of these ex-
periments demonstrate that, although the ARPA ther-
mocline vertical structure favors the slow time scales,
biases in the climatological mean of SST, horizontal
surface circulation, and/or upwelling are associated to
the fast ENSO mode in the model. Through advection,
the climatologies modify the coupled variability toward
more energy in the high frequencies. Interestingly, the
interaction between near-annual variability and ENSO
mode is also altered as illustrated by the Fig. 8, which is
equivalent to Fig. 1 for Exp0 and Exp2. In Exp2, the
ratio of the high-frequency band centered around the
8-month period and the one centered around the dom-
inant ENSO period is increased compared to Exp0.
This shows up even more on the second principal com-
ponent of Exp2 for the zonal current, which exhibits

FIG. 6. Time–longitude plots of equatorial climatological vertical velocity for LODCA forced with (a) FSU winds and the
(b) ARPA seasonal winds (m day�1, CI � 0.5 m day�1). The shading is for velocity lower than 1.0 m day�1.
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two prominent peaks at 2.5 yr and 8 months in its spec-
trum. It also explains more variance in Exp2 than in
Exp0 (18% in Exp2 versus 7% in Exp0).

5. Impact of the near-annual mode and time-scale
interactions

The following section is devoted to the description of
the fast near-annual mode in ARPA and to the study of
the nature and dynamics of the interaction between the
ENSO, the mean state, and the near-annual time scales.

a. Near-annual mode characteristics in ARPA

Following Kang et al. (2004), we apply a high-pass
filter with a cutoff period at 12 months on the ARPA
outputs. An SVD is then performed on the filtered SST
and wind stress anomalies. The two dominant modes of
this decomposition are both clearly associated to the
8-month period and explain 38% and 20% of covari-
ance, respectively (not shown). Results are rather pre-
sented for the SVD between wind stress and zonal cur-
rent anomalies for which the first mode by itself ex-

FIG. 7. (thin full line) Niño-3 SST and (thick line) N3VAR indices for (a) ARPA; (b) LODCA forced with the
zonal and meridional wind stress anomalies derived from ARPA (Exp1); (c), (d) for LODCA run in a coupled
mode (Exp2) with prescribed seasonally varying climatologies (Exp2) and year mean climatologies (Exp2.mean)
derived from ARPA. The N3VAR index is defined by the interannual (2–7 yr) wavelet variance of the Niño-3 SST
index. All three LODCA experiments have the ARPA climatologies and (Pn, scln, cn) parameters (°C for Niño-3
SST, °C2 for N3VAR). (right) The associated Niño-3 SST frequency spectrum adimensionalized by the energy
integrated over the whole frequency domain.
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plains as much as 83% of the covariance (Fig. 9). The
associated time series are dominated by �8-month os-
cillations, correlated by 0.76. The zonal current SVD
mode has a maximum variability in the western equa-
torial Pacific with a symmetric horseshoe pattern char-
acteristic of Rossby waves. The SVD was also per-
formed on the first or second baroclinic zonal current
anomalies instead of the full surface current anomalies.
Results give patterns for wind stress and currents that
are similar to the ones presented in Figs. 9a,b, in which
the explained covariances are 59% and 68% with the
time series correlated by 0.73 and 0.67 for the first and
second baroclinic modes, respectively. The zonal wind
stress pattern is characterized by a strong signal near
the equator in the far western Pacific, easterlies being
associated with large westward equatorial zonal cur-
rents. By projecting zonal wind stress anomaly (TXA)
mode 1 on the Kelvin and first Rossby meridional struc-
tures of the three baroclinic modes present in ARPA, it
was verified that the TXA maximum at (10°S, 160°W)
has a negligible impact on the equatorial wave dynam-
ics of LODCA.

To diagnose the propagating nature of this fast mode,
a bivariate space–time spectral analysis (Hayashi 1977)
is applied on the high-pass-filtered ARPA outputs
(zonal wind stress, SST, D20, and zonal current) along
the equator. Results are displayed in Fig. 10. Except for
D20, this figure shows that eastward and westward
propagations are found for all fields during an 8–10-
month period. Note that none of these propagations
have the speed of free Kelvin or Rossby equatorial
waves: they rather correspond to basin-wide standing
oscillations. This is clearly the case for the zonal cur-
rents, which are equally distributed in eastward and
westward periods at 8.5 months at the basin scale.
Westward propagation is not visible for D20 since
Rossby wave contribution is weak along the equator for
this field.

b. Near-annual mode in LODCA: Sensitivity to the
climatological state

To further understand the link between climatology
and the fast near-annual modes of ARPA, Exp0 and
Exp2 are analyzed as above. The 12-month high-pass-

FIG. 8. Spectrum of the time series for zonal current associated to the SVD mode (top) 1 and (bottom) 2 between
surface zonal current anomalies and wind stress anomalies for (left) Exp0 and (right) Exp2. The spectrum was
adimensionalized by the energy integrated over the whole frequency domain. The percentage of explained variance
of the modes is indicated at the top of each panel.
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filtered wind stress and zonal current anomalies are
decomposed in SVD, and results are presented for the
two experiments (Fig. 11). First, note that zonal current
anomaly patterns are similar to ARPA with a symmet-
ric horseshoe meridional structure and a maximum of
amplitude in the western equatorial Pacific. Relative to
the wind, the magnitude of current anomalies is twice
larger than in ARPA (cf. Figs. 9a,b), which results from
equatorial wave dynamics stronger in LODCA than in
ARPA. The percentage of covariance for both Exp0
and Exp2 is 64%, but because the total SSTA variabil-
ity in Exp0 is about 1.5 times larger than in Exp2, the
near-annual mode has a role that is relatively larger in
Exp2 than in Exp0. The striking difference between
Exp0 and Exp2 is clearly illustrated in the energy spec-
tra of the time series: whereas the Exp0 spectrum con-
sists in prominent frequencies at 10, 8, and 7 months,
the Exp2 spectrum is much wider, centered on frequen-
cies close to (7.5 months)�1 and overall resembles
ARPA spectrum (Fig. 9d). The difference in character-
istics of the spectrum of Exp0 and Exp2 can be ex-
plained by the difference in longitude of the center of
action for the equatorial wind, itself due to the differ-

ences in climatological states between the two experi-
ments. As a matter of fact, extrema in Exp2 patterns
are �15° to the east of those in Exp0. Because the
coupled POB mode is controlled by the zonal advective
feedback, which takes place in the western Pacific, the
closer the wind center is to the western boundary the
longer the period of oscillations. Note that similar rea-
soning for the ENSO mode has led to the conclusion
that it is when the wind center expands more to the east
that the ENSO period is the longest (Périgaud et al.
2000; An and Wang 2000) because the ENSO mode is
more controlled by a thermocline feedback that is most
active in the east (Kang et al. 2004). The presence of
several distinct peaks in Exp0 is due to the westernmost
location of the center of action that allows for the reso-
nance of the baroclinic modes and their asynchronous
interaction through air–sea coupling. For instance, the
difference in time for the traveling back and forth
across the Pacific for the equatorial waves of the first
and second baroclinic modes is �7 months so that air–
sea coupling associated to the near-annual mode can
take place every �7 months. For Exp2, the center of
action of the near-annual mode is displaced eastward,

FIG. 9. First SVD mode between the 12-month high-pass-filtered wind stress and surface zonal current anomalies:
spatial pattern for (a) zonal wind stress and (b) zonal current anomalies, (c) associated time series (gray thick line
for zonal wind stress and thin black line for zonal current), and (d) spectrum adimensionalized by the energy
integrated over the whole frequency domain. CI � 0.1 units. Shading is for anomalies smaller than �0.2 units.
Spatial patterns are normalized by their respective variance over the domain and multiplied by 10. Units for the
time series are dyn cm�2 for zonal wind stress and m s�1 for zonal current. Percentage of explained variance for
current and zonal wind stress is indicated above the top panels.
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which disfavors the resonance because forced and free-
propagating waves interact more and air–sea feedbacks
are stronger.

Thus, the fast mode being controlled by zonal advec-
tion of temperature, at 165°E and 180° (the longitudes
of the zonal current anomaly (ZCA) extrema for Exp0
and Exp2, respectively), (�T/�x) and u are the critical
climatological parameters that determines its character-
istics. At these longitudes, the mean upwelling pre-
scribed in LODCA does not differ much from Exp0
and Exp2 (see Fig. 6). Interestingly at 165°E, (�T/�x)
derived from Reynolds SST is equal to (�T/�x) at 180°
of ARPA, meaning that u�(�T/�x) have a similar weight
in both LODCA experiments at the location of maxi-
mum variability. On the other hand, in Exp0, u is �20
cm s�1 at 165°E, meaning �40% weaker than u at 180°
for Exp2 (cf. Fig. 5). Thus, in Exp2, zonal advection by
the mean current has a relatively stronger role than
u�(�T/�x) compared to Exp0. In addition, the nonlinear
dynamical heating associated to anomalous zonal cur-
rent, u�(�T�/�x), along the equator is also relatively
larger for Exp2 as explained above. Besides affecting
the near-annual mode, the climatological state simu-
lated by ARPA favors the nonlinear interaction of the
near-annual mode with ENSO as examined below.

To confirm the privileged role of the climatological
mean state in setting the conditions for the interaction
between the near-annual mode and the ENSO mode,
we carried out the experiment that consists in artifi-
cially favoring the zonal advective feedback versus the
thermocline feedback in LODCA. To do so, LODCA is
configured as in Exp0 but the climatological upwelling
as derived from observations is replaced by the one
derived from ARPA that is weaker (by a factor of �2
on average). This experiment is called Exp0-Warpa.
The results of this experiment are presented in Fig. 12.
It shows that LODCA then sustains oscillations at a
�2.9-yr period instead of 4.9 yr like in Exp0. In addi-
tion, the interaction between the ENSO mode and the
near-annual mode as diagnosed by the spectrum of the
first two principal components for the current of the
SVD between wind stress and zonal current anomalies
is enhanced as compared to Exp0 (cf. Fig. 8). Note that
the mirror experiment consisting in prescribing the
ARPA horizontal current climatology instead of the
one derived from observation in a configuration similar
to the Exp0 (experiment referred as Exp0-HCarpa, cf.
Table 2) results in an annual ENSO (not shown). The
interpretation is that the enhanced fast mode destabi-
lizes the model ENSO mode, which is mostly driven by

FIG. 10. The space–time power spectral density of the (a) ARPA 12-month high-pass-filtered SST, (b) zonal
wind stress, (c) zonal current, and (d) 20°C isotherm anomalies along the equator.
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thermocline feedback in that configuration. In that
sense, the impact of the seasonal cycle is such that an El
Niño event is triggered every year in the model. At that
stage it becomes difficult to infer any additional con-
clusion from this experiment because the stability of the
system has changed dramatically due to an overener-
getic seasonal cycle.

c. Nonlinearities associated with the near-annual
mode: Impact on the mean state

Interactions between time scales take place through
the nonlineraties of the coupled system. To further in-
vestigate the interactions of the near-annual mode,
ENSO, and mean state in ARPA, we examine the

FIG. 11. Same as in Fig. 9 but for the experiments with LODCA: (top) Exp0 and (bottom) Exp2 (see Table 2
for the description of the experiments).
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skewness of ENSO and of the near-annual mode. The
skewness (White 1980) can yield physically meaningful
patterns for the interpretation of the coupling between
time scales. The skewness is a normalized third statis-
tical moment. To avoid the large skewness created in
case of small standard deviation, following An (2004),
we compute the weighted skewness rather than the nor-
malized skewness. The weighted skewness is defined as
m3/m2 where mk � �N

i�1(xi � x)k/N; xi is the ith obser-
vations, x is the mean, and N is the number of obser-
vations. The skewness of the full SSTAs (Fig. 13a) in-
dicates the regions where the model ENSO variability
has asymmetric features. It can be viewed as a measure
of the nonlinearity of ENSO (An and Jin 2004). Con-
sistent with the results of CMTD (their Fig. 18), the
pattern for SSTA is similar to the sum of the El Niño
and La Niña composites of the model. The central and
eastern equatorial Pacific is dominated by positive
skewness, the western Pacific by negative skewness.
This seesaw pattern reflects the fact that on average the
cold events extend farther west than the warm events.
The meridional structure also suggests an energy distri-
bution on the baroclinic mode that depends on the
phase of ENSO. The gravest (higher order) baroclinic
mode(s) is associated to larger (finer) meridional scale
being favored during the warm (cold) phases. Similar
characteristics can be seen on the skewness map for the

observed SSTAs (Fig. 13e) although observed SSTA
skewness has a larger meridional scale and a larger
(smaller) positive (negative) amplitude in the eastern
(western) Pacific. These discrepancies are consistent
with the differences between ARPA and observed cli-
matologies (see section 4).

Interestingly the regions along the equator of nega-
tive SSTA skewness correspond to a maximum variabil-
ity for the near-annual mode (Fig. 9). We now examine
how the latter contributes to the ENSO asymmetry. To
investigate this possibility, the skewness of the 12-
month high-pass-filtered zonal advection terms for
ARPA is displayed in Figs. 13c–e. Results indicate that
�u�(�T�/�x) and �u(�T�/�x) contribute more to SST
cooling than warming in the western equatorial Pacific.
By contrast, the skewness for 	�u�(�T/�x)] is mostly
positive along the equator, but even in the central Pa-
cific where it reaches its maximum, it is smaller (by
�30%) than the skewness of the other two terms. Ac-
cording to Kang et al. (2004), the advection of the cli-
matological mean SST gradient by the anomalous cur-
rent is the driving term for the pure theoretical POB
mode. The near-annual mode present in ARPA devi-
ates from the POB mode by the contribution of
�u�(�T�/�x) and �u(�T�/�x), which have a larger con-
tribution than 	�u�(�T/�x)]. Their negative skewness
on average along the equator indicates that they con-

FIG. 12. Results for LODCA (Exp0-Warpa) (see Table 2). (top left) Time series of (thin full line) Niño-3 SST
and (thick line) N3VAR indices, units are in °C for Niño-3 SST and in °C2 for N3VAR. (right) Associated Niño-3
SST frequency spectrum adimensionalized by the energy integrated over the whole frequency domain. (bottom)
Spectra of zonal current time series for SVD mode (left) 1 and (right) 2 between the surface zonal current and wind
stress anomalies. Spectra are adimensionalized by the energy integrated over the whole frequency domain. The
percentage of explained variance of the modes is indicated at the top of each panel.
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tribute more to SST cooling than warming. This is con-
sistent with the cooler SST simulated in ARPA than in
observations along the equator (see Fig. 13f).

Because in the LODCA experiments, the model vari-
ability does not feedback on the mean state (since it is
prescribed), it is not possible to diagnose the mean state
drift of the anomaly coupled model. However, the dif-
ference in skewness of the high-frequency SST anoma-
lies between Exp2 and Exp0 (Fig. 14) indicates that in
LODCA referring to the ARPA climatologies (Exp2),
the fast mode contributes much more to the cooling in
the western Pacific than in LODCA referring to the
observed climatologies (Exp0), which supports the

FIG. 13. (a) Skewness of full ARPA SSTAs, (b) 12-month high-pass-filtered advection of climatological tem-
perature by anomalous zonal current, (c) 12-month high-pass-filtered nonlinear dynamical heating associated with
the zonal current, (d) 12-month high-pass-filtered advection of anomalous temperature by climatological zonal
current, (e) full observed SSTAs [Climate Analysis Center (CAC), 1970–2000], and (f) difference between mean
ARPA SST and mean observed SST. Units are in °C for (a), (e), and (f) and 2 
 106 °C s�1 for the advection terms.

FIG. 14. The map of the difference in skewness of the 12-month
high-pass-filtered SST anomalies between Exp2 and Exp0 (°C).
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above interpretation of the role of the near-annual
mode in ARPA.

6. Conclusions and perspectives

The equatorial variability of a 260-yr full-physic
CGCM simulation was investigated with a focus on the
interaction between the ENSO mode and the near-
annual mode. The model simulates an ENSO mode
that oscillates at a dominant quasi-biennial frequency
and an energetic near-annual mode that has an 8-month
period. The vertical structure variability is first investi-
gated. It shows that the model has more contribu-
tions of the high-order baroclinic mode than in reality.
The presence of these slow high-order modes in the
CGCM does not explain the period of the simulated
ENSO, which is shorter than in reality. The climato-
logical state of the CGCM is then analyzed in order to
point out the biases that are most likely to explain why
the model ENSO peaks at �2 yr. The CGCM simulates
equatorial trade winds that are too weakly responsible
for the shallow thermocline in the western and central
Pacific, which favors the contribution of the higher-
order baroclinic modes. On the other hand, the off-
equatorial variability of the winds is associated with
overenergetic westward climatological currents that
tend to enhance the near-annual mode in the model
consistent with the theory (Kang et al. 2004). The char-
acteristics of the near-annual mode in the CGCM are
described: it exhibits clear propagating characteristics
in the 8-month period both in the zonal current and
thermocline anomalies. The dominant pattern is best
extracted from the principal component analysis of the
zonal wind stress and the zonal current anomalies. The
near-annual mode has maximum amplitude in the west-
ern Pacific and projects on the first three baroclinic
modes.

Results of sensitivity experiments with an intermedi-
ate coupled model of the tropical Pacific demonstrate
that the background climatology do set the observed
time scales in the CGCM and determine the nature of
the interaction between the ENSO mode and the near-
annual mode. In particular, the climatological zonal
currents and the reduced upwelling rate in the model
are favorable to the development of the near-annual
mode, which in turn destabilize the ENSO mode to-
ward more activity in the biennial frequency band. The
hypothesis of interaction between time scales (near-
annual mode versus ENSO mode) through the impact
of the mean state on the equatorial dynamics is consis-
tent with the patterns of skewness for SST and high-
frequency zonal advection of temperature. In particu-
lar, the negative skewness in the central-western Pacific

for SST anomalies is associated to both the negative
skewness of nonlinear zonal advection and the cold bias
in the model. We suggest that the near-annual mode,
ENSO mode, and mean climatological state interact in
a constructive manner to produce the cold bias in the
model: the near-annual mode destabilizes the ENSO
mode, which leads to more frequent El Niño and La
Niña events (dominant biennial variability). The asym-
metry of the ENSO mode (as measured by the SST
skewness) is modified due to both the enhanced cooling
in the west through nonlinearities associated to the
near-annual mode and to the inherent asymmetry of
ENSO (An and Jin 2004). This reduces the zonal gra-
dient of temperature across the equatorial Pacific and
consequently the equatorial trade winds, which in turn
produces the shallower thermocline than observed. The
shallower thermocline is associated to an increased con-
tribution of the higher-order baroclinic mode, which
results in a specific response of the equatorial ocean to
the wind forcing. In particular, the meridional scale of
variability for SST is finer than in the observations (see
Figs. 13a,e), as well as the wind response to these SST
anomalies characterized by overenergetic anticyclonic
atmospheric circulation off the equator [typical of a Gill
(1980)’s type response to equatorially confined SST
patch]. The latter are associated to the overenergetic
westward climatological zonal current in the model that
enhanced the zonal advective feedback and favors the
near-annual mode activity.

Overall, our study points out to the need of improv-
ing the simulated mean state and seasonal cycle from
CGCM. It confirms that the latter can have a large
impact on the coupled modes of variability (Fedorov
and Philander 2001). It is interesting to note that among
the Intergovernmental Panel on Climate Change
(IPCC) simulations, the ones that present the higher-
frequency ENSO cycle than observed are the ones that
have a weak east Pacific thermocline feedback loop
(van Oldenborgh et al. 2005). It would be worth inves-
tigating the near-annual variability in these simulations
and see if it is related to similar model biases. The paper
proposes a simple way to diagnose the activity of this
mode from the statistical relationship between wind
stress and zonal current anomalies from the high-pass-
filtered outputs (see Fig. 9) but other techniques need
to be used to better analyze the nonlinearities of the
signals involved considering that its signature is much
weaker than the ENSO mode. For instance, the fast
mode activity is hardly detectable from Fourier analysis
of the total SST. Because it is tightly linked to the zonal
advective feedback, diagnostics from zonal current
anomalies should provide better insights and allow for
the isolation of the pure ENSO cycle from the near-

1050 J O U R N A L O F C L I M A T E VOLUME 20

Unauthenticated | Downloaded 06/10/21 03:22 PM UTC



annual signal. Regarding this topic, further studies need
to be pursued with the difficult task of clarifying the
specific role of the various component of the intrasea-
onal variability on the ENSO cycle. For instance, the
coupling between western wind bursts (WWB) and
ENSO as suggested by Yu et al. (2003) suggests that the
ENSO cycle inherently has an ability to trigger itself.
The near-annual mode superimposes to this stochastic
system, which renders the coupled system even more
complex.

At this stage, it is interesting to note that the pres-
ence of this fast mode depends on the mean state con-
ditions, which are themselves influenced by the ENSO
modulation (Rodgers et al. 2004; CMTD). This may
explain why the near-annual activity has been so diffi-
cult to observe in nature (Jin et al. 2003). In addition to
its period that is close to one year and its SST signature,
which is weak, it is likely that the near-annual activity is
subject to low-frequency modulations like ENSO that
may impact its characteristics (dominant period, ampli-
tude, etc.). This will have to be elucidated in other
model simulations and/or observations.
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