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The dynamics of the ENSO phenomenon are driven by the combina-
tion of coupled ocean-atmosphere feedbacks that either amplify or damp
the associated oceanic and atmospheric anomalies. Here we focus on two
main feedbacks that contribute to the growth or decay of SST anomalies
in the equatorial Pacific: the zonal advective feedback that favours short
surface-driven ENSO cycles, and the thermocline feedback that induces
long recharge oscillator-like ENSO cycles. Whereas several studies relied
on statistical approaches to derive the dominant feedback process in
IPCC-class climate models, a new methodology is proposed which is
based on the use of a simple dynamical model of the tropical Pacific. Re-
sults suggest that biases in the representation of the zonal advective and
thermocline feedbacks in coupled models are caused by errors in the
mean circulation characteristics. Consistently with theory, it is shown
that models dominated by the zonal advective feedback (respectively the
thermocline feedback) are associated with shorter (respectively longer)
oscillations. Differences with previous studies are assessed, and implica-
tions for the study of the impact of global warming on ENSO are dis-
cussed.

1. INTRODUCTION

The El Nifio-Southern Oscillation (ENSO) is the dominant mode of
climate variability at interannual time scales, known for its large impacts
on the regional climate in many parts of the world. The name «EIl Nifio»
(which means child Jesus) was originally given by fishermen from Peru
and Ecuador to episodes of anomalously warm surface waters affecting
the West coast of South America and occurring from time to time around
Christmas (hence the name). Today, it is known as a large-scale warming
of the tropical Pacific Ocean occurring every 2 to 7 years and alternating
with a cold phase called «LLa Nifia». Thanks to the early observational and
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theoretical works by Bjerknes (1966, 1969), it is also known that such
fluctuations of the sea surface temperature of the Pacific Ocean are ac-
companied by dramatic basin-wide changes in sea level pressure, called
«the Southern Oscillation». Since then, these events have been under-
stood as a coupled ocean-atmosphere phenomenon called ENSO. Under-
standing the physical mechanisms driving the ENSO cycle is of great im-
portance for most societies because of its worldwide impacts. Surround-
ing countries of the Pacific Ocean are the most vulnerable: during the
strong 1997-98 El Nifio event for instance, the arid western South
American coastline was experiencing heavy rainfall and dramatic flood-
ings, as well as a sudden drop of anchovy catches, whereas drought and
forest fires were spreading over the normally humid regions of Indonesia
and northern Australia. Such natural catastrophes strongly perturb marine
and terrestrial ecosystems as well as human activities including agricul-
ture and fisheries (Barber and Chavez, 1983), highlighting the need for
efficient tools to predict EI Nifio and La Nifia events on time scales going
from seasonal to decadal and multi-decadal. Because of the existence of
large-scale atmospheric teleconnections between the tropical Pacific and
many other regions of the world, ENSO is also able to affect climate at
the global scale. Possible changes in the structure and behaviour of ENSO
under global warming are thus likely to induce changes in the world cli-
mate and possibly sustain additional positive/negative feedbacks to the
global warming trend induced by radiative forcing that remain unpre-
dicted so far.

In order to address these issues, Coupled General Circulation Models
(CGCMs) have made much progress during the recent years in the repre-
sentation of ENSO (AchutaRao and Sperber, 2002; 2006; Joseph and Ni-
gam, 2006). The CMIP3 multi-model dataset, which was collected for the
needs of the Intergovernmental Panel on Climate Change Fourth Assess-
ment Report (IPCC-AR4), gathers the latest generation of CGCMs
(Meehl et al., 2007a). Most CMIP3 models are able to represent ENSO-
like variability (van Oldenborgh et al., 2005; Capotondi et al., 2006;
Guilyardi, 2006; Belmadani et al., 2009), with frequencies within the ob-
served 2-7 years range and a reasonable representation of Sea Surface
Temperature (SST) anomalies over the eastern tropical Pacific (Achuta-
Rao and Sperber, 2006). However, they are still subject to many errors in
both the simulated ENSO variability (amplitude, frequency, regularity,
asymmetry, spatial distribution) and the simulated background climate
(see Guilyardi et al., 2009 for a review on these topics). The latter was
shown to have a strong influence on characteristics of the ENSO mode
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including its amplitude and frequency (An and Jin, 2001; Fedorov and
Philander, 2001; Wang and An, 2001), through its contribution to the dif-
ferent feedbacks that control the ENSO cycle.

Indeed, thanks to extensive theoretical work conducted since the 1960s,
it is now commonly admitted that ENSO results from the combination of
different positive and negative feedback mechanisms that contribute to the
amplification or damping of associated anomalies. The main positive feed-
back is the so-called ‘Bjerknes feedback’ (Bjerknes, 1969): positive (resp.
negative) SST anomalies in the cold tongue region tend to reduce (resp. in-
crease) the zonal SST gradient which in turn lead to weaker (resp. stronger)
trade winds that induce positive (resp. negative) thermocline anomalies
propagating eastward as downwelling (resp. upwelling) equatorial Kelvin
waves towards the eastern tropical Pacific where they contribute to the
positive (resp. negative) anomalies via upwelling. Four main theories for
ENSO have then been proposed to identify the negative feedbacks respon-
sible for the transition from a warm phase (EI Nifio) to a cold phase (La
Nifia) and back: the delayed oscillator involving the reflection of equatorial
Rossby waves of the opposite sign at the western boundary (Suarez and
Schopf, 1988; Schopf and Suarez, 1988; Battisti and Hirst, 1989), the west-
ern Pacific oscillator in which the trade winds force equatorial Kelvin
waves of the opposite sign, as a result of anticyclonic circulation off the
equator due to off-equatorial cold SST anomalies induced by Rossby waves
(Weisberg and Wang, 1997), the advective-reflective oscillator whereby
fluctuations of the edge of the warm pool are driven by anomalous zonal
advection (Picaut et al., 1997) and the recharge oscillator which emphasizes
the equatorial recharge/discharge processes due to Sverdrup transport (Jin,
1996; 1997a,b). These theories are complementary in the sense that they
may be combined in different ways to understand the observed diversity of
ENSO events (Jin and An, 1999; Fedorov and Philander, 2000; An and Jin,
2001). Several studies have focused on the respective role of two main
positive feedbacks — that contribute to the Bjerknes feedback — on ENSO as
simulated by simple and intermediate coupled models of the tropical Pa-
cific: the zonal advective feedback and the thermocline feedback (Hirst,
1986; Jin and An, 1999; An and Jin, 2001; Fedorov and Philander, 2001).

Indeed, surface wind stress has an effect on both zonal advection of
mean SST by anomalous zonal currents in the central Pacific (the zonal
advective feedback), and the vertical advection of subsurface temperature
by the mean upwelling in the eastern Pacific (the thermocline feedback).
Both feedbacks are important terms of the heat budget of the mixed layer
in the tropical Pacific (Hirst, 1986). Depending on the longitudinal posi-
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tion of wind anomalies, the zonal advective feedback favors the transition
or the growth of the ENSO cycle and consequently sustains short 2—4
years or long 4—6 years oscillations with low or high amplitude (An and
Wang, 2000; Wang and An, 2001). On the other hand, the thermocline
feedback is controlled by vertical displacements of the thermocline as a
result of the basin-wide adjustment of the ocean to wind variations. It is
responsible for high amplitudes and long ENSO timescales (4—6 years)
because of an increased time of recharge/discharge of the equatorial heat
content, accordingly to the recharge oscillator paradigm (Jin, 1996;
1997a,b). In fact, both feedbacks coexist in nature, which makes ENSO a
hybrid coupled mode (Fedorov and Philander, 2000). The balance be-
tween the two is therefore a key parameter in the determination of the
structure and dynamics of ENSO and the period of the ENSO cycle. An
and Jin (2001) and Fedorov and Philander (2001) further showed that the
combined effect of both mechanisms on ENSO dynamics is sensitive to
the mean state (particularly the intensity of the trade winds, the thermo-
cline depth, the temperature difference across the thermocline, and the
mean upwelling), consistently with the observed change in ENSO fre-
quency and amplitude after the late 1970s climate shift (An and Wang,
2000; Wang and An, 2001).

Here we review the main studies that have assessed the strength of
these feedbacks in the CMIP3 models and propose a new diagnostic based
on dynamical approaches. The paper is organized as follows: section 2 is a
review of the existing literature, whereas section 3 is a presentation of the
models and datasets as well as the methodologies used to diagnose ENSO
feedbacks. Section 4 presents the results obtained with the new methodol-
ogy. Section 5 is a discussion followed by concluding remarks.

THE ZONAL ADVECTIVE AND THERMOCLINE FEEDBACKS
IN CLIMATE MODELS

In an attempt to assess possible changes in ENSO under global warm-
ing, van Oldenborgh et al. (2005) diagnosed the strength of coupled
ENSO feedbacks in 20™ century climate simulations performed with the
CMIP3 models, in order to identify those that best reproduce the real
world, and then use the obtained model subset to make climate projec-
tions. The theoretical background they used is based on the works by Fe-
dorov and Philander (2001) and by Burgers and van Oldenborgh (2003).
Two main feedbacks are considered: the thermocline feedback, in which
zonal wind stress anomalies force thermocline anomalies that propagate



158 Part 2. Modeling of tropical variability and ENSO

as equatorial Kelvin and Rossby waves and eventually induce SST
anomalies via upwelling and mixing; and the zonal advective feedback,
where wind anomalies directly induce SST anomalies through zonal ad-
vection, local anomalous upwelling, evaporation and mixed-layer depth
anomalies. The SST anomalies caused by the combination of both
mechanisms are then able to feedback on the wind forcing, according to
Bjerknes (1969)’s mechanism. Note that an extension of the study by van
Oldenborgh et al. (2005) was proposed by Philip and van Oldenborgh
(2009) so as to include external atmospheric noise and non-linearities. In
order to diagnose the effect of thermocline and wind variations on SST,
van Oldenborgh et al. (2005) fitted CGCM outputs to a linearized SST
equation (Burgers and van Oldenborgh, 2003):

dT
— () =0Ux, ) dyy(x, .t —8)+P(x,y)
dt (1)

Tx(xayst)_Y(x’y) T(xayat)

where T is the local SST (°C), a (°C.m'1.month'1) parametrizes upwelling
and mixing of thermocline depth anomalies dyy (m), & is the upwelling
time (month), B (°C.Pa'1.m0nth'1) parametrizes zonal advection, upwell-
ing, evaporation and mixed-layer depth variations induced by wind stress
anomalies 1, (Pa), and y (month™) is a damping term including the effect
of cloud and radiative feedbacks.

Values obtained for a and P thereby provide a quantification for re-
spectively the thermocline feedback and the zonal advective feedback,
which are intercompared for the CMIP3 multi-model ensemble and as-
sessed against observations from the Tropical Atmosphere-Ocean (TAO)
array of moored buoys (McPhaden et al., 1998) covering the 1983-2004
period. The authors find that most models over-estimate the zonal advec-
tive feedback () whereas they show a thermocline feedback (o) that is
comparable to the observations.

On the other hand, Guilyardi (2006) diagnoses the ENSO mode in the
CMIP3 models in terms of S-mode (SST mode) and T-mode (thermocline
mode), already described by several authors (Hirst, 1986; Neelin et al.,
1998; Fedorov and Philander, 2001). To do so, lag-correlation analyses
between an index of the zonal SST gradient] and an index of SST vari-

' The Trans Nifio Index (TNI), equal to the difference between the normalized SST
anomalies in the Niflo1+2 region (90°W-80°W, 10°S-0°N) and the normalized SST
anomalies in the Nifio4 region (160°E-150°W, 5°S-5°N).
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abili‘[y2 (Trenberth and Stepaniak, 2001) allow separating westward and
eastward propagations of SST anomalies. Indeed, the direction of propa-
gation is the result of the influence of ocean-atmosphere coupling on
equatorial Kelvin and Rossby waves (Hirst, 1986): whereas the zonal ad-
vective feedback-related S-mode tends to destabilize the westward propa-
gating Rossby waves and to damp the eastward propagating Kelvin
waves, thereby favouring westward propagating SST anomalies, the
thermocline feedback-related T-mode destabilizes Kelvin waves and
damps Rossby waves, favouring eastward propagating SST anomalies.
Consistently with van Oldenborgh et al. (2005), Guilyardi (2006) found
that most CGCMs simulate an S-mode or a hybrid mode regime, with few
models exhibiting a T-mode.

These statistical approaches propose original diagnostics that appear
to be very useful for the community of climate modellers and users, be-
cause of the guidance they provide in the identification and interpretation
of biases in the simulated mean state and ENSO variability. Yet, they do
not explicitly provide any clear physical explanation for the tendency of a
model to favour one ENSO regime over the other. Moreover, they neglect
non-linearities associated to zonal and vertical advection, though these
are known to have a large influence on ENSO variability (Timmermann
and Jin, 2002). In order to complement and test the relevance of the stud-
ies by van Oldenborgh et al. (2005) and Guilyardi (2006), a different
methodology is proposed here: it relies on a simple dynamical ocean
model parametrized from the CGCM outputs so as to infer the strength of
the ENSO feedbacks and track the mean state biases responsible for the
over— or under-estimation of these feedbacks.

3. DATA AND METHODS
3.1. Data

The CMIP3 multi-model ensemble used in this study is presented in
table 1. Monthly outputs from the pre-industrial control experiment (con-
centration of greenhouse gases fixed to 1850 estimates) are used to evalu-
ate the modelled ENSO under past/present climate. Model outputs are
compared to monthly outputs from the SODA 1.4.2 global ocean reanaly-
sis over 1958-2001 (Carton and Giese, 2008). It consists in the Parallel

% The Nifio3-SST index, equal to the normalized SST anomalies in the Nifio3 region
(150°W-90°W, 5°S-5°N).
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Ocean Program (POP — Smith et al., 1992) Ocean General Circulation
Model (OGCM) with 0.25°x0.4° horizontal resolution and 40 vertical
levels, constrained by data assimilation and forced by surface winds and
heat fluxes from the European Center for Medium Range Weather Fore-
casts (ECMWF) ERA-40 atmospheric reanalysis (Uppala et al., 2005).
See Carton et al. (2000) and Carton and Giese (2008) for details.

Table 1

Description of the CGCMs considered in this study.
The run number is specified if there is more than one ensemble member
(different initial conditions). Resolutions are given along the equator.
Due to gaps in the data some models show variables with different time spans

Model Modelling | Atmosphere Ocean L.ength .Of
Num- | Model Name . . Simulation
Group Resolution | Resolution
ber (yrs)
BCCR/NERSC/
1 BCCR- GFI 1°x1°L31 1°x1°L33 155
BCM2.0
(Norway)
) CCCMA- CCCMA 3.75°x3.71°| 1.88°x1.86° 155
CGCM3.1 (Canada) L31 L29
3 CCCMA- CCCMA 2.81°x2.79°| 1.41°x0.93° 155
CGCM3.1-t63 (Canada) L31 L29
Météo o o
4 CNRM-CM3 | France/CNRM 2.81x2.79 2°x1°L33 150
L45
(France)
5 CSIRO-MK3.0 CSIRO 1.88°x1.86° | 1.88°x0.93° 134
(runl) (Australia) L18 L31
CSIRO 1.88°x1.86° | 1.88°x0.93°
6 | CSIRO-MK3.5 (Australia) L18 L31 134
129 (U)
7 | GFDL-CM2.0 NO(AUASS;:DL 2.5°x2°L.24 | 1°x0.33°L50 150
(T,S,SST,1)
NOAA GFDL | 2.5°x2.02° | o
8 | GFDL-CM2.1 (USA) L4 1°x0.33°L50 150
GISS-AOM | NASA/GISS 0uno 0uno
9a (ron) (USA) 4°x3°L12 | 4°x3°L31 155
GISS-AOM | NASA/GISS 0uno 0uno
9b (run2) (USA) 4°x3°L12 | 4°x3°L31 155
GISS- NASA/GISS ouso 010
10 MODEL-E-H (USA) 5°x4°L20 | 1°x1°L33 125
GISS- NASA/GISS 0 ro 0 ro
11 MODEL-E-R (USA) 5°x4°1L.20 | 5°x4°L33 104
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Continued tabl. 1

Model Modelling | Atmosphere Ocean L.ength.of
Num- | Model Name . . Simulation
Group Resolution | Resolution
ber (yrs)
IAP- LASG/IAP |2.81°x2.79°
12 | FGOALSI1.0-g . oL XS 1°x1°L33 155
(China) L26
(runl)
INGV- 1.125°x1.12| o .o
13 ECHAM4 INGV (Italy) °L19 1°x1°L33 100
14 | INM-CM3.0 | INM (Russia) | 5°x4°L21 | 2.5°x2°L33 134
15 IPSL-CM4 | IPSL (France) 3-75L)1%54 2°x1°L31 147
16 MIROC3.2- | CCSR/NIES/F |1.125°x1.12|1.125°x0.56° 100
HIRES RCGC (Japan) °L56 L33
17 MIROC3.2- | CCSR/NIES/F |2.81°x2.79°| 1.41°x0.56° 150
MEDRES | RCGC (Japan) L20 L33
8 MIUB- MIUB 3.75°x3.71°| 2.81°x0.5° 147
ECHO-G (Germany) L19 L20
MPI 1.88°x1.87° ., .o
19 |MPI-ECHAMS (Germany) L32 1°x1°L40 123
MRI- 2.81°x2.79° |, o co
20 CGCM2.32A MRI (Japan) L30 2.5°x0.5°L23 154
NCAR- o o o o
. CCSM30 | NCAR (USA) 1.41°x1.40°|1.125°%0.27 150
L26 L40
(run2)
2 I[{J;fil\c/ll\(/)lé Met Office |3.75°x2.5°L| 1.25°x1.25° 148
(UK) 19 L20
(runl)
UKMO- Met Office | 1.875°x1.25] o 78 (U,T,S)
23 | HadGEMI (UK) op3g || XO34LA0N 4y g
3.2. Methods

The spatial and temporal structure of ENSO was diagnosed from the
results of the Singular Value Decomposition (SVD; Bretherton et al.,
1992) between the SST and wind stress anomalies in the tropical Pacific
Ocean (11°S—11°N) over the whole available time span (table 1). Anoma-
lies are relatively to monthly model climatology. The period of ENSO is
defined as the period associated to the dominant significant peak in the
[1-10] years frequency band of the Fast Fourrier Transform (FFT) power
spectrum of the first SVD mode time serie associated to SST anomalies.
The significance of the detected peaks was assessed against red noise
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level with the same lag-1 autocorrelation. Note that the lag-1 autocorrela-
tion values obtained within the model ensemble were not high enough to
approximate red noise spectra within the low-frequency band with
squared power laws. Confidence levels were assessed against a chi-square
distribution with two degrees of freedom (Torrence and Compo, 1998).
The spectrum was computed by ensemble-averaging the spectra obtained
from a 20-year running window (15 years for SODA that spans a shorter
period) with a 50% overlapping factor and hann filtering, in order to
achieve statistical significance. Results are presented for some models in
figure 1, whereas the ENSO period estimates (and the associated confi-
dence levels) are specified for the whole dataset in table 2. Consistently
with previous studies (van Oldenborgh et al., 2005; Capotondi et al.,
2006; Guilyardi, 2006), although most CGCMs are able to capture
ENSO-like variability, the spatial patterns for wind stress and SST
anomalies as well as the associated frequencies are heterogeneous among
the dataset: from 2.0 years (CSIRO-MK3.0, MIUB-ECHO-G, MRI-
CGCM2.3.2A) to 5.0 years (CSIRO-MK3.5, GFDL-CM2.1), SODA
showing a typical ENSO period of 3.7 years. The spectra exhibit a variety
of shapes, from a narrow band centered around the main peak of interan-
nual variability (CNRM-CM3, MIUB-ECHO-G) to a wide multi-peak
spectrum (UKMO-HadCM3). Consistently with van Oldenborgh et al.
(2005) and Guilyardi (2006), seven models do not exhibit any significant
peak in the interannual frequency band: CCCMA-CGCM3.1 (T47),
CCCMA-CGCM3.1 (T63), GISS-AOM (run 1 & 2), GISS-MODEL-E-H,
GISS-MODEL-E-R, MIROC3.2-HIRES, MIROC3.2-MEDRES. For this
reason, only the 16 CGCMs listed in bold fonts in table 2 were considered
in the rest of the study.

Table 2
ENSO Periods of the models
ENSO Confi- ENSO Confi-
Model Name | Period dence Model Name Period dence
(yrs) |Level (%) (yrs) |Level (%)
SODA 1.4.2 3.7 80 GISS'MEDEL'E' - -
IAP-FGOALSI1.0-g 33 95
(runl)
BCCR-
BCM2.0 4.0 63 INGV-ECHAM4 4.0 85
CCCMA-
CGCM3.1 - - INM-CM3.0 3.3 85
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Continued tabl. 2

ENSO Confi- ENSO | Confi-
Model Name | Period dence Model Name Period dence
(yrs) |Level (%) (yrs) |Level (%)
CCCMA-
CGCM3.1-163 - - IPSL-CM4 2.5 95
CNRM-CM3 3.3 95 MIROC3.2-HIRES — —

CSIRO- 20 95 MIROCS3.2- B B
MK3.0 (runl) ) MEDRES

CSIRO- MIUB-ECHO-G-

MK3.5 5.0 90 ECHO-G 2.0 95
GFDL-CM2.0| 3.3 80 MPI-ECHAMS 4.0 85
GFDL-CM2.1 5.0 95 MRI-CGCM2.3.2A| 2.0 95

GISS-AOM NCAR-CCSM3.0
- - 2.2 95
(runl) (run2)
GISS-AOM UKMO-HadCM3
- - 2.9 95

(run2) (runl)

M OGDIESS-E-H - - UKMO-HadGEM1| 4.0 75

A simple dynamical model of the tropical Pacific is used with pre-
scribed wind forcing and a linearization of the ocean dynamics around a
mean oceanic state derived from the CGCMs, in order to compute explic-
itly the contribution of the advection terms of the SST equation, including
non-linearities, and thereby quantify objectively the strength of the zonal
advective and thermocline feedbacks. The main advantages include:

— to provide a simple way to perform a heat budget for the CMIP3
models, which would require the manipulation of large datasets (3D tem-
perature and currents) if based on the direct CGCM outputs;

— to get estimates of vertical velocities, which remain difficult to ob-
tain from the direct model outputs because of the low signal-to-noise ratio
for this field in most CGCMs;

— to provide a method for comparing models with different character-
istics (resolution and mixing scheme among others);

— to evaluate for each CGCM to which degree its tropical ocean vari-
ability can be considered a ‘linear’ response to the wind forcing.

The tropical Pacific model is the oceanic component of an Intermedi-
ate Coupled Model (ICM) named LODCA (Linear Ocean Dynamically
Coupled to Atmosphere — Dewitte, 2000). For clarity we will simply refer
to the model as ‘LODCA’. It is an extension of the oceanic component of
the CZ model (Zebiak and Cane, 1987) with three baroclinic modes
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Fig. 1. First SVD mode between wind stress anomalies and SST anomalies
(11°S-11°N, 135°E-80°W):
(a) SODA 1.4.2, (b) CCCMA-CGCM3.1 (T47), (¢) CNRM-CM3, (d) GISS-AOM (run2),
(¢) GISS-MODEL-E-R, (f) MIUB-ECHO-G, (g) MPI-ECHAMS, (h) UKMO-HadCM3. For
each model, from left to right and top to bottom: spatial patterns for the anomalies of respec-
tively zonal wind stress and SST, associated adimensionalized time series (full line for SST
anomalies, dashed line for wind stress anomalies), and the corresponding frequency spectra adi-
mensionalized by the energy integrated over the whole frequency domain (full line for SST,
dashed line for confidence levels). CI = 0.2 units. Spatial patterns are adimensionalized by their
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instead of one. The circulation is driven by adiabatic, linear shallow-
water wave dynamics. It includes three baroclinic modes characterized by
their respective phase speeds c,, wind projection coefficients P,, friction
coefficients r,, and thermocline coefficients sc/,(z) that weight the differ-
ent sea level baroclinic contributions to thermocline displacements — see
Dewitte (2000) for details. Values for these parameters are prescribed to
those obtained from a baroclinic mode decomposition of the mean strati-
fication performed for each of the IPCC models at the location (along the
equator) of the maximum variability of the zonal wind stress anomaly
pattern associated to the first SVD mode between SST and wind stress
anomalies (see above), where the impact of the wind forcing on the ocean
dynamics is the strongest at interannual timescales. Climatological veloc-
ity and SST fields are also prescribed to those from the CGCMs, in order
to complete the procedure that allows fitting the mean oceanic state of
LODCA to that of each of the CGCMs.

Like in Zebiak and Cane (1987), SST anomalies are computed from a
non-linear mixed layer temperature equation that considers mostly large
scale zonal and vertical advections (Dewitte, 2000):

oT"' e ey e —pry
§=—u T+7", —u(l"), —~v'T+T"), (T,

T'_T'mb(h"h_) _

YV AM W+ W)~ M),  —y.M@G+w") ol ' (2)

nix

M(x) is a step function: M(x)=x if x> 0 ; M(x)=0 if x<0. 7", (u’, v’,
w’) and &’ stand for the anomalies for SST, surface currents and thermo-
cline displacements respectively. Barred quantities represent climatologi-
cal fields. Ty is for subsurface temperature at the base of the mixed layer
and is parameterized as in Dewitte and Périgaud (1996). x, y and z indices
stand for the partial derivatives according to the respective spatial coordi-
nates. v is an efficiency factor relating entrainment to upwelling, and var-
ies from west to east between the values of 0.5 and 1.0 in order to take the
effect of a zonally varying mixed-layer depth into account (see Dewitte,

respective variance over the domain and multiplied by 10. The location of maximum variance in
wind stress anomalies is indicated by a cross on the map of the associated SVD mode. Percent-
age of explained variance for SST and zonal wind stress are indicated on the corresponding
panels. Percentage of explained covariance is also provided. Correlation value between time se-
ries is indicated above the corresponding panel and the dominant ENSO period is mentioned on
the spectrum plot if significant. Confidence levels for each model are specified in table 2. The
95% confidence level is plotted in (b), (d) and (e)
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2000). o is a damping coefficient equal to (115 days)'l. ~u'(T+T"), is
for zonal advection of temperature by the zonal current anomalies, and
—u(T"), is for zonal advection of temperature anomalies by the mean

zonal currents. —v'(T + T "), and —v(T'"), are for the meridional counter-

parts. —y.{M(w+w")—M (v_v)}Y_"z is for vertical entrainment of mean tem-
perature across the thermocline by the vertical current anomalies and is
-1, (hh)
Hmix

trainment of temperature anomalies across the thermocline by the total
upwelling. For simplicity the latter two terms will be respectively referred

only for upwelling. —y.M(w+w") is for vertical en-

to as —w'.(f)z and —w.(T""). in the rest of the paper. —o7"' is a Newto-
nian damping term which includes the contribution of surface heat flux
anomalies.

Table 3
Comparison between CGCM and LODCA outputs
Model Name Nifio3-SST (LODCA & CGCM)
Correlation RMS difference (°C)
SODA 1.4.2 0.85 0.76
BCCR-BCM2.0 0.89 0.57
CNRM-CM3 0.96 0.84
CSIRO-MK3.0 (runl) 0.86 0.57
CSIRO-MK3.5 0.89 0.40
GFDL-CM2.0 0.87 0.44
GFDL-CM2.1 0.85 0.78
IAP-FGOALS1.0-g (runl) 0.96 0.57
INGV-ECHAM4 0.94 0.34
INM-CM3.0 0.90 0.51
IPSL-CM4 0.94 0.41
MIUB-ECHO-G 0.89 0.62
MPI-ECHAMS 0.77 0.78
MRI-CGCM2.3.2A 0.82 0.48
NCAR-CCSM3.0 (run2) 0.90 0.40
UKMO-HadCM3 (runl) 0.93 0.58
UKMO-HadGEM1 0.86 0.42

The linear model is forced with wind stress anomalies from the IPCC
models, in order to fit its dynamics to the equatorial dynamics of the
CGCMs and derive SST anomalies together with the tendency terms of
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the SST equation. The main advantage in comparison to a model using
only one baroclinic mode like the CZ model is that it better represents
equatorial Kelvin and Rossby wave dynamics. In particular, wave dissipa-
tion is not only taken into account through a Rayleigh-type friction but
through vertical propagation of energy (Dewitte and Reverdin, 2000).
Hence we expect to better represent with LODCA the contribution of the
ENSO feedbacks on the rate of SST change. The simulated SST anoma-
lies from LODCA are compared to the direct CGCM outputs. The Nifio3-
SST index shows a good agreement between LODCA and the CGCMs
(table 3). The differences between the anomalies simulated by LODCA
and those simulated by the CGCMs may be due to a number of processes:
these include some non-linearities present in the CGCMs but not in
LODCA (the latter only accounts for non-linear advection associated to
long equatorial waves), the reflection of equatorial waves (LODCA hav-
ing an idealized meridional coastline with no through-flow), the disper-
sion and dissipation processes associated to thermocline variability
(LODCA having a steady homogeneous thermocline), or the surface heat
fluxes which are very simply parameterized in LODCA. Nevertheless, re-
sults from table 3 indicate that the variability of most models can be ac-
counted for to a large extent by linear ocean dynamics. In the following
section, results based on the LODCA simulations are used to classify the
models according to the main ENSO regime.

4. RESULTS
4.1. Model errors in the advection terms

In the rest of the study, the variability of the tendency terms are as-
sumed to provide estimates of the strength of the different ENSO feed-
backs, and deviations from the results obtained with LODCA fitted to
SODA are expected to reflect the tendency of the CGCMs towards one
feedback regime or the other. Figure 2 presents the deviation of the vari-
ability (RMS) for the zonal and vertical advection terms respectively in
the western/central Pacific and in the eastern Pacific, relatively to SODA
for the 16 CGCMs. For simplicity, we will refer as «departure» the devia-
tion from SODA hereafter, unless specified. A detailed examination al-
lows quantifying which terms account the most for the departures in total
zonal/vertical advection. In particular, mean zonal advection of anoma-

lous temperature (—;.(T ), -dark bars) can be significantly larger or
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Fig. 2. Histogram of the deviation in the variability (RMS) of the advection
terms (relatively to SODA) for the CMIP3 models: (top panel) zonal
advection terms averaged in the Nifio4eq region and (bottom panel) vertical
advection terms averaged in the Nifio3eq region. Units are °C/month
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smaller for the CMIP3 models than for SODA, with a tendency towards a
similar deviation from SODA to that of total zonal advection (grey bars).
Similarly, the departure in mean vertical advection of anomalous tem-
perature is comparable to the departure in total vertical advection. Table 4
presents for each advection term the number of models that have a depar-
ture (relatively to different references) of the same sign/order of magni-
tude (/- 50% of the value) as that of the sum of the zonal/vertical advec-
tion terms: whatever the chosen reference, zonal/vertical advection by the
mean currents are the most representative terms to account for the depar-
tures in total zonal/vertical advection, and thus can be considered «prox-
ies» of the tendencies of the CGCMs to favour one feedback over the

other.
Table 4

Number of CGCMs with departures in tendency terms representative
of the departure for total zonal/vertical advection

Departures Same sign as departure for Same order of magnitude
. have the: . . as departure for total
in total zonal/vertical advection . .
zonal/vertical advection
tendency |relatively SODA Ensemble SODA Ensemble
terms to: Mean Mean
—u(T), 15 13 10 11
—u'(T), 11 12 3 8
-u'(T"), 13 13 7 5
—w(T). 14 15 1 10
—w.(T). 10 14 9 6

4.2. ENSO feedbacks in CGCMs

In order to assess the balance between the zonal advective feedback

and the thermocline feedback in the CGCMs, the variability of — wAT"),
averaged in the Nifio3eq region (150°W-90°W, Eq.) is represented in fig-
ure 3 as a function of the variability of —L_l.(T ), averaged in the Nifiodeq
region (160°E-150°W, Eq.). Interestingly, there is no clear linear relation-
ship between the two advection terms among the models, illustrating the
diversity of behaviour in the model ensemble in terms of the privileged
ENSO regime. The CGCMs are gathered around the ensemble mean with
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models overestimating mean zonal advection (star group) and models
overestimating mean vertical advection (circle group). In between, a few
models exhibit a balance between advection terms that is comparable to
the ensemble mean (square group). SODA also belongs to this category,
though having larger zonal advection than the ensemble mean. In order to

Main Zonal/Vertical Advection Terms
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Fig. 3. Scatterplot of the RMS of vertical advection of anomalous
temperature by the total vertical currents —w.(T‘)Z vs. the RMS of zonal

advection of anomalous temperature by the mean zonal currents —;.(T ')x

for the CMIP3 models. —w.(T')Z (resp. —;.(T')x) is averaged in the Nifio3eq
(resp. Nifio4eq) region.
The dotted line has a slope equal to the mean value of —w.(T"), /;.(T')x , and the

dashed lines have slopes equal to +/-25% of the slope of the dotted line. Model
symbols correspond to their positions relative to the dashed lines: squares be-
tween them, stars on their right hand side and filled circles on their left hand side.
Unfilled circles are for the references: S stands for SODA and M stands for the
multi-model ensemble mean. Model names are referenced in table 1. Note that
CSIRO-MK3.0 and NCAR-CCSM3.0 have the same position. Units are
°C/month
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assess to which extent the ratio between —w.(7"), and —;.(T ), is con-

trolled by the mean state and more specifically by the mean circulation, a
similar figure is presented, considering only the mean zonal and vertical
currents (figure 4). Interestingly, the scatter plot exhibits a distribution of
the balance between zonal and vertical movements among the models that
is similar to figure 3 but emphasizes the differences between models.

Again three groups of models can be distinguished: the models lo-
cated on the left of the flattest dashed line have strong mean equatorial
zonal currents relatively to mean equatorial upwelling, in comparison to
SODA. Thus these CGCMs can be considered as dominated by the zonal
advective feedback (group 1). Similarly, the models located on the right

Mean Zonal/Vertical Currents

‘@"13“ 1

L ‘_1 14 [ | 21 J

120 - 18 B 2{/{3 4 8 B

L ) S 7 i

_— fele) 6 ' ]

100~ % ‘ b 19

= - p

> I Rk ]

SAF S \ -

= )
= 60 N

< L \ 4

O i . ,

20— |

Ol Lov v v \r\\\‘\!\\ ]

40 30 20 -10 0

Umean (cm/s)
Fig. 4. Scatterplot of the mean vertical currents W (averaged over Nifio3eq)

vs. the mean surface zonal currents # (averaged over Nifio4eq)
for the CMIP3 models.
The dotted line has a slope corresponding to the multi-model ensemble mean and
the dashed lines have slopes corresponding to +/-45% of the slope of the dotted
line. Symbols are from fig. 3. Model names are referenced in table 1. Units for
zonal (resp. vertical) currents are cm.s™ (resp. cm.day ™).
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of the steepest dashed line can be considered as dominated by the ther-
mocline feedback (group 3). The models located between the dashed lines
have a fairly reasonable balance between zonal advective and thermocline

feedbacks (group 2), with a w/u ratio comprised in the arbitrarily chosen

range of the multi-model mean w/u ratio +/— 45%. Only four models are
classified differently by figure 3 and figure 4: CSIRO-MK3.0, IAP-
FGOALS1.0-g, UKMO-HadCM3 and UKMO-HadGEM1. Moreover, the
latter two exhibit a stronger relative importance of vertical movements
than the other models from the hybrid group and the reference (figure 4),
which is consistent with the results of figure 3. It was checked that con-
sidering SODA as the reference instead of the mean value over the multi-
model ensemble leads to the same classification for all models, as it ex-
hibits a dynamical regime very similar to that of the ensemble mean.
Noteworthy, the choice of the reference only determines the limits be-
tween the different groups of models, and does not affect the differences
among the CGCMs in regard to the relative importance of zonal and ver-
tical advection terms in the heat budget.

To summarize, we have identified from the heat budget of each

CGCM that biases in the simulated mean surface circulation (;,E) can

be used to classify the CGCMs in groups relevant to their dominant
ENSO regime.

4.3. Impact on the ENSO timescale

In the following, we investigate to which extent characteristics of the
ENSO mode can be related to the biases in the mean state identified
above: as detailed in the introduction, according to several studies (e.g.
Wang and An, 2001; Fedorov and Philander, 2001), it is expected that
models with a dominant zonal advective feedback (resp. thermocline
feedback) have a short (resp. long) ENSO period.

Figure 5 presents the ENSO periods (table 2) for the CGCMs classi-
fied according to the dominant feedback. Consistently with earlier studies
(Fedorov and Philander, 2001; van Oldenborgh et al., 2005; Guilyardi,
2006), models dominated by the zonal advective feedback have a ten-
dency to simulate a shorter ENSO cycle (2.7 years on average) than those
dominated by the thermocline feedback (4.3 years). The mean ENSO pe-
riod for group 2 lies in between (2.9 years), but is closer to the value for
group 1. One possible explanation is the arbitrary definition of the limits
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between groups (see previous section). However, the fact that the hybrid
group follows the general tendency relating the length of the ENSO cycle
to the relative strength of the thermocline feedback tends to confirm our
results. Note that the period derived from SODA (3.7 years) is higher
than that of group 2, but smaller than that of group 3. Considering that the
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Fig. S. Histogram of the ENSO period of the CMIP3 models.
Hatched bars are for models with a dominant zonal advective feedback, dark bars
are for models with a hybrid feedback and light grey bars are for models with a
dominant thermocline feedback. For each group, the black-circled dot represents
the mean ENSO period, with value indicated above it. The mean was calculated
excluding the models deviating from the mean by more than the standard devia-
tion of the considered group. Error bars are provided that correspond to the high-
est and lowest values of the models retained for the calculation of the mean value.
Units are years.
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44-year SODA period comprises a slightly longer record after the 1976
climate shift than before, it might partly explain — together with the ten-
dency of hybrid models towards the higher frequencies — the length of the
ENSO timescale. Despite these discrepancies, the results suggest that a
realistic representation of ENSO feedbacks leads to realistic timescales of
ENSO variability.

Note that other biases might contribute to the heterogeneous periods
found within each group. For instance, Yu et al. (2009) showed that the
biennial ENSO in NCAR-CCSM3.0 is partly due to biases in the mean
Indian Ocean SST and in the Indian and Australian monsoon variability.

5. DISCUSSION AND CONCLUSIONS

As mentioned in section 2., this study is meant to complement those
by van Oldenborgh et al. (2005) and Guilyardi (2006). The former study
did not explicitly make any model classification, but provided a more
qualitative interpretation of model behaviour. In the absence of a clear
classification, no relation could be inferred between ENSO feedbacks and
periodicity. However, they identified a group of wind-driven models,
mainly involving zonal advection, which tend to have a short ENSO cy-
cle. Among them, three models are analyzed by both van Oldenborgh et
al. (2005) and the present study (CSIRO-MK3.0, INM-CM3.0, NCAR-
CCSM3.0): none of them are classified here as zonal advective feedback-
dominated. That is because the feedback loops characterized by van
Oldenborgh et al. (2005) do not account for the same processes as the
ones identified here, as discussed below.

The main difference between the two studies comes from the formula-
tion of the SST equation: the dynamical model used here explicitly resolves
the contributions of the advection terms to SST tendencies (equation (2)),
whereas the analysis by van Oldenborgh et al. (2005) is based on the results
of a linear statistical model (equation (1)). Wind stress actually induces
both horizontal advection in the mixed layer and upwelling across the
thermocline, whereas thermocline depth anomalies are subject to upwelling
and mixing and are influenced by the wind stress. Hence an enhanced SST
sensitivity to wind anomalies for instance (p from equation (1)) does not
necessarily lead to a short or to a long ENSO period, as it involves both
zonal advective and thermocline feedbacks. In addition, their study neglects
non-linearities, which are known to be responsible for El Nifio-La Nifia
asymmetry, extreme El Nifio events, low-frequency changes of the mean
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state (Timmermann and Jin, 2002; An and Jin, 2004) and interactions be-
tween time scales of tropical variability (Dewitte et al., 2007).

On the other hand, seven out of twelve CGCMs that both Guilyardi
(2006) and the present study analyze are found to exhibit coherent dy-
namical regimes, assuming that the separation between S— and T-modes
based on the direction of propagation of SST anomalies can provide an
estimate of the dominant feedback process. Among these models four are
hybrid (INM-CM3.0, IPSL-CM4, UKMO-HadCM3 and UKMO-
HadGEMI), that interestingly are among the most realistic models in
terms of spatial and temporal ENSO properties (see fig.1 for UKMO-
HadCM3). However, no clear relationship is found by Guilyardi (2006)
between ENSO frequency and El Nifio mode, and only a slight tendency
towards lower ENSO frequency for models exhibiting a T-mode is ob-
served. The main differences with the present study are that no subsurface
data were considered in Guilyardi (2006) and that the dominant feedback
is diagnosed from the direction of propagation of SST anomalies. Most
models exhibit an S-mode or a hybrid mode, and even the observations
after the 1976 climate shift feature a moderate T-mode, consistently with
the observed tendency towards westward propagations before the shift
and mixed eastward propagations and standing oscillations after the shift
(An and Jin, 2000; Wang and An, 2001). Hence the diagnostic proposed
to separate models with an S-mode and models with a T-mode does not
allow very marked categories, conversely to the present study (fig.4). In
particular, few models exhibit a T-mode, as in theory a dominant thermo-
cline feedback may still be associated to mixed eastward and westward
propagation.

Overall this study provides a detailed methodology based on the use
of a simplified tropical Pacific model in order to diagnose the dominant
mode of interannual variability in complex climate models. It reveals that
the main source of error in the CMIP3 model ensemble in regard to the
dominant ENSO feedback (zonal advective versus thermocline feed-
backs) can be inferred from mean zonal and vertical advection of anoma-
lous temperature. A simple diagnostic based on the mean velocity fields
in the surface layer is therefore proposed to classify the models according
to the dominant feedback. Consistently with previous studies (Fedorov
and Philander, 2001; van Oldenborgh et al., 2005; Guilyardi, 2006), mod-
els dominated by the zonal advective (resp. thermocline) feedback have a
short (resp. long) ENSO period. Climate models in which ENSO is con-
trolled by a combination of both feedbacks (CSIRO-MK3.0, INGV-
ECHAM4, INM-CM3.0, IPSL-CM4, UKMO-HadCM3 and UKMO-
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HadGeml) like in the real world are considered the most reliable for cli-
mate projections under increasing concentrations of greenhouse gases.
The study confirms the need of improving the background climate simu-
lated by IPCC-class models, in order to improve characteristics of simu-
lated interannual variability under past/present climate, and thereby our
confidence in climate projections for the 21 century.

The proposed dynamical approach could yield valuable information
to study the impact of climate change on ENSO. Indeed, though most
CGCMs predict similar changes in the mean state of the tropical Pacific
(Liu et al., 2005; van Oldenborgh et al., 2005; Fedorov et al., 2006; Han-
sen et al., 2006; Vecchi et al., 2006, 2008), including a stronger SST
warming at the equator, a reduced zonal SST gradient and a weakened
Walker circulation and associated trade winds, no clear changes were re-
ported with regard to ENSO amplitude, frequency or skewness due to the
lack of consistency among the different models (van Oldenborgh et al.,
2005; Guilyardi, 2006; Merryfield, 2006; Meehl et al., 2007b). However,
Guilyardi et al. (2009) point out that process-oriented studies focusing on
the feedbacks of the ENSO cycle might allow identifying subsets of more
reliable models and possibly clearer changes under a warmer climate. For
instance, Guilyardi (2006) showed that the most realistic models in terms
of tropical Pacific climatology exhibit an increase of El Nifio amplitude
under climate change. On the other hand, models identified by van
Oldenborgh et al. (2005) as the best with regard to the processes they
considered as important for ENSO did not provide any statistically sig-
nificant result. Because of the similarity of the feedbacks analyzed by the
present study and by Guilyardi (2006), and the explicit diagnostic of the
ENSO feedbacks which is proposed here, a complete analysis of possible
changes in the ENSO feedbacks and the associated mean state character-
istics could help understanding changes in ENSO in the model ensemble
and possibly identify some consistency among models from the different
categories, hybrid models in particular.
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