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Abstract. The role of decadal changes in ocean ther-Keywords. Meteorology and atmospheric dynamics (Cli-
mal structure in modulating ElI Rb/Southern Oscillation matology)

(ENSO) properties was examined using a hybrid coupled
model (HCM), consisting of a statistical atmospheric model
and an oceanic general circulation model (OGCM) with
an explicitly embedded empirical parameterization for thel Introduction

temperature of subsurface water entrained into the mixed

|ayer (Te), which was constructed via an EOF ana|ysis of A Striking decadal shift of ENSO behaviors was observed in
model-based historical data. Using the empiri€aimod- the tropical Pacific in the late 1970s, including its oscillation
els constructed from two subperiods, 1963-1978%(7%)  period and the way its SST anomalies propagate on the equa-
and 1980-19967(8%-%), the coupled system exhibits strik- tor. For example, its dominant period increased from 2—-3
ing different properties of interannual variability, including Years during 1960s/70s to 4-5 years during 1980s/90s (e.g.,
oscillation periods and the propagation characteristic of sed\n and Wang, 2000). In addition, before the late 1970s, the
surface temperature anomalies (SSTAs) along the equator. IRNSO-related SSTAs were initiated in the South American
the 78379 run, the model features a 2-3yr oscillation and coast and then propagated westward along the equator (Ras-

a westward propagation of SSTAs along the equator, whilenusson and Carpenter, 1982), while beginning with Eid\i

in the 7.89-% run, it is characterized by a 4-5yr oscillation in 1982, SSTAs propagated eastward from the central basin
and an eastward propagation. Furthermore, a Lag Covarior developed concurrently in the central and eastern Pacific
ance Analysis (LCOA) was utilized to illustrate the leading (Wallace et al., 1998).

physical processes responsible for decadal change in SST. It Many efforts have been devoted to understanding the
is shown that the change in the structurephcts to modu-  decadal changes in ENSO; some specific mechanisms have
late the relative strength of the zonal advective and thermobeen identified, including stochastic atmospheric wind forc-
cline feedbacks in the coupled system, leading to changeig (Kirtman and Schopf, 1998; &fel and Chang, 1999),

in ENSO properties. Two additional sensitive experimentsthe influences of extratropical processes in the atmosphere
were conducted to further illustrate the respective roles of theand/or in the ocean (Gu and Philander, 1997; Zhang et al.,
changes in ocean mean states anfkiim modulating ENSO  1998; Wang and Liu, 2000), the changes in mean state of the
behaviors. These decadal changes in the simulated ENS@opical climate system on which El Alb evolves (Fedorov
properties are consistent with the observed shift occurred irand Philander, 2000; Wang and An, 2001) and the nonlinear
the late 1970s and a previous simulation performed with arprocesses in the climate system (Timmermann and Jin, 2002;
intermediate coupled model (ICM) described in Zhang andDuan and Mu, 2006).

Busalacchi (2005), indicating a dominant rdfg plays in Zhang and Busalacchi (2005) identifigd (the tempera-
decadal ENSO changes. ture of subsurface water entrained into the mixed layer) as an
important factor in decadal ENSO variability as observed in
the late 1970s. Using an intermediate coupled model (ICM),

Correspondence tal. Zhu they demonstrated that the change in subsurface ocean ther-
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2 Model descriptions and experiments
SSTA SST anomaly

model 2.1 Model descriptions

T model

As illustrated in Fig. 1, we develop a HCM consisting of
a statistical atmospheric wind stress anomaly model, an
OGCM, and an embedded SST anomaly model with an em-
pirical parameterization fole. Informations between these
submodels are exchanged once a day (Zhu et al., 2009).
The atmospheric model is a statistical one constructed
IAP-TPOGCM from a SVD of the covariance matrix calculated from time
series of monthly mean SST and wind stress gnomaly
fields, as in Zhang and Zebiak (2004) and Zhang and
Fig. 1. A schematic diagram illustrating a hybrid coupled model Busalacchi (2005). The OGCM used here was firstly de-
consisting of an OGCM, an embedded SST anomaly model with anveloped by Zhang and Endoh (1992), and has been used for
empirical Te parameterization, and a statistical atmospheric wind ENSO prediction at the Institute of Atmospheric Physics, the
stress anomaly model. Informations between these submodels a€hinese Academy of Sciences (IAP/CAS) (Zhou and Zeng,
exchanged once a day. 2001). The dynamics of the model are governed by primitive
equations under hydrostatics and the Boussinesq approxima-
tion in o-coordinates with a free surface. The model do-
ain is confined within the tropical Pacific region {3®-
0° N, 121° E-69 W) with realistic land-sea boundaries and
flat bottom. There are 14 vertical levels with resolution of
20 m in the upper 60 m and of 30 m between 60 m and 240 m
depth. The model horizontal resolution was increased from
° x 2° in Zhang and Endoh (1992) to® x 0.5° (Fu et al.,
005; hereafter IAP-TPOGCM), allowing for a proper de-
%ictions of equatorial waves. Detailed descriptions of the
GCM can be found in Zeng et al. (1991), Zhang and En-
doh (1992) and Fu et al. (2005).
A SSTA model is embedded into the IAP-TPOGCM.
Mathematically, the governing equation determining the evo-
lution of interannual SST variability in the surface mixed

bedded. Then, we analyze the possible mechanisms of hoJ\?lyezrocoaSn he written as (Zebiak and Cane, 1987; Zhang et
decadalTe changes modulate ENSO properties. Two addi-&" )

tional sensitivity experiments are further conducted to exam-5 3T AT +T) _oT' AT +T)
ine the relative roles of the changes in the ocean backgroundg =—i——u — =V

and DeWitt (2006) and Zhang et al. (2008) further examined
the respective roles of stochastic wind forcing and decada
Te change in modulating ENSO properties, using a hybrid
coupled model (HCM®CM)  which consists of an atmo-
spheric general circulation model (AGCM) and an interme-
diate ocean model (IOM). However, some questions still re-
main unresolved. For example, by what mechanisms doe
the decadal change if modulate ENSO properties? Can
the background changes (especially in the ocean) overrid
the effect of7, on decadal ENSO changes?

In this paper we first examine the role &f in decadal
ENSO changes using a different hybrid coupled model
(HCMOGCM) " consisting of a statistical atmospheric model
and an OGCM with an empirical parameterizationTeem-

state andly in decadal ENSO variability. dx dx _ 8y_ 9y
The paper is arranged as follows. Section 2 briefly de- —[M(u‘)+w’)—M(u‘;)] Ir-Te
scribes a hybrid coupled model (HCM) and experiment de-
signs. The results from modeling experiments with the em- - WT' =T | kn ’
. . . -M —— 4+ —Vh-(HVKT
pirical Te models constructed from two different periods are w+w) H + H" (HVhT™)
shown in Sect. 3. Section 4 examines the mechanisms by 2y

/ / /
which decadal changes in ENSO properties can be modulated + H(H + H>) (Te—T)—aT, (1)

by those inTe. Section 5 presents results from two sensitiv- . . )
ity experiments, illustrating the relative roles of the changesWhere,T” andT; are anomalies of SST and the temperature
in the ocean background state vsZinin modulating ENSO of subsurface water entrained into the mixed layer, respec-

behaviors. The paper is concluded in Sect. 6. tively; T and T, are the prescribed seasonally varying mean
SST andTe, which are obtained from observations and the

OGCM run; iz andv are the prescribed seasonally varying
mean zonal and meridional currents in the mixed layer, and
w is the prescribed seasonally varying mean entrainment ve-
locity at the base of mixed layer, which are all obtained from
the OGCM run forced by prescribed winds from ERA40
(Uppala et al., 2005)1’, v andw’ are the corresponding
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Spatial structure of the 1st EOF of Te
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Fig. 2. Spatial patterns of the first EOF mode fty derived during the perioda) 1963-1979 andb) 1980-1996. The contour interval is
0.5°C.

anomaly fields;H is the depth of the mixed laye# + H, anomalies in the coupled ocean-atmosphere runs. Detailed

is a constant (125 m)M (8) is the Heaviside step function descriptions about th& model can be found in Zhang et

(i.e., M(8) =§ if § is positive andM (§) =0 if § is nega-  al. (2005) and Zhu et al. (2006).

tive); kn(2.5 x 103 m? s~ meridionally and B x 10* m?s~1 In addition, the coupled behaviors in our HCM depend on

zonally) andky (103 m?s1) are the horizontal and vertical the so-called relative coupling coefficieat.{, i.e., the wind

diffusion coefficients, respectivlyy is the thermal damping stress anomalies calculated from the statistical atmospheric

coefficient; and other variables are conventional. model are multiplied by a scalar parameter before being used
In the embedded SSTA model, an empirical relation be-to drive ocean models (Barnett et al., 1993). Different values

tweenTé and sea level (SL) anomalies has been Constructe@ave been tested to geta sustainable oscillation for the HCM.

to parameterizd} (Zhang et al., 2005), which acts to im- ltcan be shown that in the HCM we use, the valueptioes

prove ENSO simulations in the IAP-TPOGCM (Zhu et al., not change the coupled oscillation period and space structure

2006). The empirical parameterization scheme is developegignificantly, which is similar to an ICM simulation (Zhang

in two steps. First, an inverse modeling method is adoptecind Busalacchi, 2005). In all of the experiments shown be-

to estimatel, anomalies which are estimated from the SSTA low, the value ofx. has been chosen for the HCM to produce

Eq. (1) with the observed SST fields and the OGCM mod-ENSO oscillation with a reasonable amplitude.

eled currents. Secondly, an EOF technique is adopted to con-

struct a relationship between the inverdgdanomalies and

the modeled SL anomalies in the OGCM, from which an em-

pirical model forTe can be derived and used to calcul@te

www.ann-geophys.net/29/529/2011/ Ann. Geophys., 29, 5292011
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Anomalies along the equator

(b) Zonal wind stress (c) Sea level
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Fig. 3. Longitude-time sections of simulated anomalies along the equat()f&ST,(b) zonal wind stress, an@) sea level for th€e63’79

run. The contour interval is 0% in (a), 0.01 N nT2 in (b), and 5 cm in(c), respectively. The Y-axis is time (year).

2.2 Experiment design spectively. As discussed in Zhang and Busalacchi (2005) and
Zhang and DeWitt (2006). exhibits large decadal changes
To examine the Sensitivity of COUp|9d behavior to SUbSUffaC%efore and after the late 1970s. |In particu|ar, during the for-
temperature variability, twde models are constructed sep- mer period T anomalies are relatively weak both in the east-
arately from two different subperiods 1963-1979 and 1980-ern equatorial Pacific and in the off-equatorial tropical North
1996 (hereafter 9379 and7 %%, respectively). These two  pacific along 10N between 140E and the date line. After
Te models are then utilized to parameterize Tdields from  the late 1970s, th&. anomalies are significantly enhanced
a SL anomaly in the OGCM (Fig. 1), which is used for the in hoth regions. It is expected that there can be large dif-
SSTA calculations in the embedded coupled system, with thgerences in the amplitude G& anomalies calculated from a

other model settings being exactly the same. The time cutoffyiven SL anomaly usinge models constructed from these
chosen for the two subperiods (1963-1979 and 1980-1996jv0 subperiods.

used to construct the two empiric&l models corresponds to

pre- and post-decadal shift that occurred in the late 1970s.  Furthermore, to take oceanic background changes into
Figure 2 shows the spatial pattern of the first EOF mode ofconsideration, two additional sensitivity experiments are

T, derived from the periods 1963-1979 and 19801996, reconducted (hereafte® " °.7.53-7% and 0°* "°_7,80-9
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Anomalies along the equator

(a) SST (b) Zonal wind stress (c) Sea level
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Fig. 4. The same as in Fig. 3, but for 1%~ run.

respectively), in which the oceanic states are separatelyual variability is characterized by a pronounced westward
calculated from the two subperiod®$~7° and 08%-9),  propagation in SST and wind variations on the equator. That
whose detailed descriptions will be presented in Sect. 5. Allis, SST anomalies appear first in the eastern equatorial Pa-
experiments are run for 45 years and the analyses shown beific, and then migrate westward along the equator, which is
low are all from the last 20-year simulation. accompanied by wind anomalies which also show coherent
westward propagation. When SST anomalies arrive in the
central basin, large wind anomalies are induced in the central
3 Changes in ENSO properties in the Tgeﬂg and _region west of SST an(_)r_nalies. The corr_lmonly use_ﬁo_l\li
Tgmge runs index more clearly exhibits a phase lag in SST variations,
with SST anomalies in the Ro 1+2 regions leading those in
In the Te63—79 run, the relative coupling coefficient,, is Nifio 3,4 region. Evidently, the simulated ENSO prop_erties
set to 1.15 for the HCM to sustain an interannual variabil- (€-9- coherent westward propagation of SST anomalies and
ity. Figure 3 shows the simulated anomalies of SST, zonaPPout 3-year oscillation periods) in tg>~" run are con-
wind stress and sea level along the equator. The coupleﬁ'Stem with the development and evolution of Efibievents
model captures interannual oscillations with about 3-year pe2PServed before the late 1970s (Rassmusson and Carpenter,

riod. Another striking feature is that the simulated interan- 1982).

www.ann-geophys.net/29/529/2011/ Ann. Geophys., 29, 5292011
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Fig. 5. Time-longitude sections from thi§663_7Q run for LCOA between Nio3 SSTA and the SST budget terms(aj —u'%,

(b) —-M(w+ w’)%, averaged over2S—-2 N. Each LCOA indicates the lag covariance divided by the standard deviation of filo& Ni

SSTA. Units are 0.2C/month. The Y-axis is the lag time in months.

Figure 4 illustrates the results for t&%-% run. Here, 4 The mechanisms for decadal SST variations
the relative coupling coefficient;, is set to 1.2 for the HCM
to sustain an interannual oscillation. It is seen that dramaticto understand the decadal changes in ENSO from the two
changes emerge in ENSO properties simulated from the couuns, the tendency terms for SST evolution are analyzed
pled system, including the dominant period and the way EI(Ed. 1 shown above). As demonstrated by An and Wang
Nifio events evolve. The coupled system is now character{2000) and Capotondi et al. (2006), if a tendency term on
ized by interannual oscillations with a 4- to 5-year period, the right side of Eq. (1) is in phase with a SST anomaly,
with dramatic changes in the phase propagation of coupledhis term favours ENSO growth; if, on the other hand, it is
atmosphere-ocean anomalies. In particular, SST anomalie§ quadrature with a SST anomaly with leading by a quar-
first appear in the central basin near the date line and theier cycle, this tendency term tends to promote a phase tran-
propagate eastward. These SST anomalies are coupled wigition. As previous studies suggested (Jin and An, 1999;
wind anomalies which also progress eastward on the equatoAn and Wang, 2000; Wang and McPhaden, 2000; Kang et
These ENSO properties simulated in #8-°6run (e.g., the ~ al., 2001; Capotondi et al., 2006), among various budget
dominant period and the eastward propagation) are consigerms of the SST tendency equation, two terms are essen-
tent with those observed after the late 1970s. It is evident thatial for ENSO dynamics: (1) the zonal advection of sur-
the HCM with the twoTe models constructed before and af- face temperature by anomalous current (the second term on
ter the late 1970s qualitatively capture the changes in ENS@he right in Eq. (1); referred to as the zonal advective feed-
properties as seen in nature. back), and (2) the vertical advection of subsurface temper-
ature anomaly by mean upwelling (the sixth term on the
right side in Eq. 1; referred to as the thermocline feedback).

Ann. Geophys., 29, 52%40, 2011 www.ann-geophys.net/29/529/2011/
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Fig. 6. The same as in Fig. 5, but for me%o—ge run.

Furthermore, An (2005) explored the relative roles of these Figures 5 and 6 show the LCOAs between th&dd SST
two feedback terms in determining timescale of the tropicalanomalies and those two terms from &%~ and 78096
coupled ocean-atmosphere system using an eigen analysis.rliins. In theT§3‘79 run (Fig. 5), the vertical advection term
is shown that the zonal advective feedback favors a high fre{Fig. 5b) is more or less in phase with the SST anomaly,
guency coupled mode, while the thermocline feedback favorsvhereas the zonal advective term (Fig. 5a) is in a quardra-
a low frequency coupled mode. ture leading with SST. Following An and Wang (2000) and
In this section, we will analyze the two terms using a Capotondi et al. (2006), it is thus evident that the thermo-
LCOA method (Lau et al., 1992; Kang et al., 2001) to iden- cline feedback term (Fig. 5b) mostly favors the growth of
tify principle processes that cause differences in the sim-ENSO, while the zonal advective feedback (Fig. 5a) mostly
ulated ENSO properties with differefft, models. In this favors the transition of ENSO. These results in v@*?g
LCOA method, the evolutionary feature of a quantisy &s-  run (Fig. 5) are similar to those in An and Wang (2000).
sociated with ENSO is described by a lag covariance between
the Nifio3 SST anomalies argiwith a time lag. To measure  The results for thd8%-% run (Fig. 6) differ greatly from
an actual magnitude of the quantity)(related to a reference  those for ther,$3~79 run (Fig. 5). The thermocline feedback
time series, the lag covariance is divided by the standard determ (Fig. 6b) is generally positive during and before the ma-
viation of Nifilo3 SST anomalies. The LCOA can, therefore, ture phase of an El Kb over the central and eastern Pacific,
be calculated by the following equation (Kang et al., 2001): but becomes negative afterwards. This implies that the ther-
. mocline feedback favors both the growth and transition of
LCOA(NT, 5),Lag CovarianceNT, §)/o (NT), (2) ENSO. These results are basically similar to those in Kang et
whereNT indicates Nilo3 SST anomalies;(NT) is the stan-  al. (2001) who analyzed the NCEP ocean reanalysis data for
dard deviation oNT. The zero lag in the LCOA analysis is 16 years (from 1980 to 1995). Nevertheless, there are also
equivalent to the mature phase of ENSO. some differences between our analysis and that in Kang et
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al. (2001). For example, in Kang et al. (2001) the zonal ad—(580_96), which are referred to as two different background

vective feedback term shows small positive amplitude beforeocean states. Secondly, when derivifigfields from the
the mature phase of an EIf, which may favor the transi- “inverse” modeling, the ocean mean states(w, T ,...... )
tion of ENSO. In our analysis, the contribution of the zonal used in the SST anomaly Eq. (1) are specified differently
advective term is small and tends to be negative (Fig. 6a)for the two different subperiods for 1963-1970 ")
Thus the dominant thermocline feedback will contribute to a —=80-96

- . and 1980-1996 @ ), respectively. To examine the
lower frequency oscillation as demonstrated in An (2005). relative roles of the changes in the ocean mean states vs.
Comparing ther83-7° run and ther8%-% run (Figs. 5-6),

: « . - ie 099 163-79
there are significant differences in the roles the zonal advec!” Te_,ﬁgv_v% CROSS" experiments, I.e. O e

tion and vertical advection terms play in the transition pe-and O T899, are performed, in which & model
riod of ENSO cycles. In thg 8379 run, the zonal advec- constructed from the period 1963-1979 (1980-1996) is

tive feedback term plays a “transition” role (Fig. 5a), while Used with an ocean mean staie i, w,T,...... ) which
in the TESO_QG run, the thermoc”ne feedback p|ays the r0|e iS Obtained from the OGCM Simu|ati0n f0r the periOdS

(Fig. 6b). Furthermore, the durations when positive values1980-1996 (1963-1979) model run, respectively.

persist before the peak of an Elitdi are different. In the In the 58w96,T96~°f79 run, the relative coupling coeffi-
Te‘53‘79 run (Fig. 5a), the “transition” periods are seen in- cient, «,, is set to 1.05 for the HCM to sustain an interan-
tensely within~9 months before the mature phase of an El nual oscillation. Figure 7 shows the simulated anomalies of
Nifio, while in theT8%-%6 run (Fig. 6b), the “transition” pe-  SST, zonal wind stress, and sea level along the equator from
riods are seen to extend broadly to at least 18 months beforthis run. Similar to ther'83~"° run (Fig. 3), the coupled vari-
the mature phase of an EIf\d. This can explain why short  ability is characterized by interannual oscillations with a 2—
(about 2—-3 years) and long (4-5 years) oscillation periods ar8 year period. Moreover, the simulated SST variations are
seen in the two HCM runs which are correspondent to thoseharacterized by a westward propagation along the equator
observed before and after the late-1970s shift. (Fig. 7a). In contrast, simulations from t@63_79j~§0—96

run in which the relative coupling coefficienty) is set to

1.03 (Fig. 8) are very similar to those in tHef%9 run
5 The roles of oceanic background state ve'e: two (Fig. 4). The coupled variability is characterized by inter-

additional sensitivity experiments annual oscillations with a 4- to 5-year period; the coher-

ent atmospheric and oceanic anomalies originate from the
In the above experiments, the empiridg®>~"® and78°°®  central basin and then propagate eastward along the equa-
models are derived from two different periods, which aretor (Fig. 8). These two sensitivity experiments suggest that
then utilized to explicitly incorporate a decadal change indecadal ENSO variability in the embedded HCM is mostly
subsurface thermal structure into the coupled models. In deattributable to the alteration ifi. structure, while the role of

riving the two Te models, an “inverse” modeling approach the changes in the ocean mean states is less dominant.
is taken to gefy fields from the SST anomaly equation, us-

ing observed (SST fields and their tendency) and modeled

data (mean and anomaly currents). Note that the ocean me& Conclusion and discussion

states §,v,w,T,...... ) used for the inverse modeling are

the long-term mean climatology obtained from the OGCM In this paper, a hybrid coupled model (HE#M), consist-
simulation during the entire period 1963-19@8C °). As  Ing of a statistical atmospheric model and an OGCM with
some recent studies indicate that the decadal shift in ENSG émpirical parameterization f@g, is used to examine the

can be attributed to changes in background ocean state (e_qe_ffect of interdecadal changes. in t.he structqre of su.b.surface
Fedorov and Philander, 2000; Wang and An, 2001), it is in- emperature on ENSO properties in the tropical Pacific. The

teresting to see if the decadal changes in ENSO seen in offecadal changes in upper-ocean temperature observed in the

experiments can also be attributed to those in the backgrounkt€ 1970s are incorporated into the coupled model via an
ocean fields, instead ife. empirical T, parameterization which is constructed from two

subperiods corresponding to the pre- and post-climate shift.
It turns out that the modeled ENSO characteristics obtained

ine the relati | fthe ch i th using the two sets df, specifications are qualitatively con-
examine the relative roles of the changes in the ocean mealqiqn¢ ith those observed in nature. In particular, using the

states and ire in mod_lélg_tg%g ENSO. The_cég)jl%tructlons of Te model constructed from the period 1963-1979, the system
the two experimentsp— _78% 79 and 0™ 1%, s characterized by a 2-3yr oscillation and westward prop-
attempt to take into account the changes in the meamgation of SST anomalies along the equator; on the other
conditions in two steps as follows. Firstly, the ocean meanhand, the system features a 4-5 yr period oscillation and an
Climat0|ogical Statell,l_),lz),T, ...... ) is obtained diﬁerently eastward phase propagation a|0ng the equator when using
from the periods 1963—19795(3 3779) and 1980-1996 theT, model constructed from the 1980-1996 period. These

Thus, two additional sensitivity = experiments
0%%0. 18379 and 0% 7°.180-9% are conducted to

Ann. Geophys., 29, 52%40, 2011 www.ann-geophys.net/29/529/2011/
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Anomalies along the equator

(a) SST (b) Zonal wind stress (c) Sea level
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Fig. 7. The same as in Fig. 3, but for ti@ 7T663—79 run.

results suggest that the interdecadal chang&s may play  the transition of ENSO, thus contributing to lower frequency
an important role in decadal ENSO changes in nature. oscillation. Furthermore, the “transition” terms (the zonal

_ _ _ . advective feedback term in tHe53-79 run and the thermo-
The LCOA is further applied to analyze leading advective |ine feedback term in th@8%-% run) also behave differ-

processes in the SST tendency equation associated with tr@m,y_ In theT 6396 run. the “transition” is seen to be intense
ENSO variability. The analysis indicates the way the zonal\yithin very s?\ort time. while in th€e8(”9 run. the “transi-

advection and thermocline feedbacks contribute to ENSQign» periods are seen to extend broadly to at least 18 months
evolution is different when using the twi models con-  pafore the mature phase of an Elfidi These differences

_structed duri_ng the periods 1963-1979 and 1980—-1996. Tha&1ay explain why higher (lower) frequency oscillations are
is, when using ther#3-7® model (before the late-1970s), ,pserved before (after) the late-1970s shift.
the thermocline feedback term mostly favors the growth of

ENSO, while the zonal advective feedback term mostly fa- In order to confirm the importance dfe in decadal
vors the transition of ENSO. When using tfi€%° model =~ ENSO variability, two additional sensitivity experiments
(after the late-1970s), the thermocline feedback term favorsare conducted to isolate the relative effects of the changes
both the growth and transition of ENSO, while the zonal ad-in the background ocean state vs. 1g; these two fac-
vective feedback term shows a small negative contribution taors corresponding to the periods 1963-1979/1980-1996 are,
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Anomalies along the equator
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Fig. 8. The same as in Fig. 3, but for 1@6“9168‘”6 run.

respectively, taken into account in the coupled simulationsthe equatorial Pacific when using current observational stress
It is seen that the effect of the changes in the ocean backproducts (Wittenberg, 2004). Therefore, further experiments
ground is not essential to decadal changes in ENSO. Nevetaking hybrid coupled modeling approach are needed to ex-
theless, this result may partially come from the fact that theamine the sensitivities to different wind stress products, in-
HCM used here has some potential weakness. For examplejuding the Florida State University (FSU) subjective analy-
in our HCMPCGCM the mean state of the atmospheric model sis, the NCEP/NCAR reanalysis and others.

is prescribed to be seasonally varying, as well as some mean

fields in SST equation. The effects of ENSO-related inter- It is also desirable to apply the findings of this HCM-
annual coupling on the climatological fields are excluded inbased modeling study to CGCM simulations in order to un-
the HCM-based simulations. Thus the role that the changegerstand ENSO behaviors. For example, many CGCMs sim-

in the background ocean state play in the detected shift irtlate ENSO cycles with a 2-3 year oscillation period, which
ENSO properties may be underestimated. is shorter than that observed (e.g., referred to as the SST-

mode; Guilyardi, 2006). Some studies attributed it to the ex-
It should be pointed out that, as demonstrated by some prestence of biases in surface wind stress simulated in AGCMs
vious studies, the decadal changes in the surface winds an@\n and Wang, 2000; Capotondi et al., 2006). From the
the associated ocean surface layer dynamics are uncertain present studies, we can see that the biases in OGCM can
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also contribute to ENSO properties. In particular, vertical Guilyardi, E.: El Nino-mean state-seasonal cycle interactions
mixing schemes currently used in OGCMs likely underesti- in a multi-model ensemble, Clim. Dynam., 26, 329-348,
mate the connection between surface and sub-surface layers, doi:10.1007/s00382-005-0084-2006.

which likely lead to an underestimation of the thermocline Jin, F.-F. and An, S.-I.: Thermocline and zonal advective feedbacks

feedback in coupled simulations, and may result in a rela- within the equatorial ocean recharge oscillator model for ENSO,
tively short ENSO period ' Geophys. Res. Lett., 26, 2989-2992, 1999.

. ) . Kang, I.-S., An, S.-1., and Jin, F. F.: A systematic approximation of
In addition, some questions remain unknown. For exam- the SST anomaly equation for ENSO, J. Meteor. Soc. Japan., 79,
ple, what specific processes and mechanisms are involved 1_10, 2001.
with the changes in the entrainment temperature that can corkirtman, B. P. and Schopf, P. S.: Decadal variability in ENSO pre-
tribute to a selection of dominant feedbacks (i.e., zonal ad- dictability and prediction, J. Climate, 11, 2804—2822, 1998.
vection feedback vs. thermocline feedback)? More studied-au, N.-C., Philander, S. G. H., and Nath, M. J.: Simulation of
are needed to address them. ENSO-like phenomena with a low-resolution coupled GCM of
the global ocean and atmosphere, J. Climate, 5, 284—-307, 1992.
Rassmusson, E. M. and Carpenter, T. H.: Variations in tropical sea
AcknowledgementsThis research is supported by the National Ba-  surface temperature and surface wind fields associated with the
sic Research Program of China (2010CB951901), the Key Program  Southern Oscillation/El Nio, Mon. Weather Res., 110, 354384,
of Chinese Academy of Sciences (KZCX2-YW-218) and the Na- 1982.
tional Natural Science Foundation of China (40821092). Zhang isTimmermann, A. and Jin, F.-F.: A nonlinear mechanism for decadal
supported in part by NSF Grant (ATM-0727668 and AGS 1061998) E| Nifio amplitude changes, Geophys. Res. Lett., 29, 1003,
and NOAA Grant (NAOBOAR4310885). We would like to thank the doi:10.1029/2001GL013362002.
two anonymous reviewers for their constructive comments and suguppala, S. M., Rllberg, P. W., Simmons, A. J., Andrae, U., da

gestions. Costa Bechtold, V., Fiorino, M., Gibson, J. K., Haseler, J., Her-
Topical Editor P. M. Ruti thanks two anonymous referees for  nandez, A., Kelly, G. A., Li, X., Onogi, K., Saarinen, S., Sokka,
their help in evaluating this paper. N., Allan, R. P., Andersson, E., Arpe, K., Balmaseda, M. A.,

Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N.,
Caires, S., Chevallier, F., Dethof, A., Dragosavac, M., Fisher,
M., Fuentes, M., Hagemann, S.pkh, E., Hoskins, B. J., Isak-
References sen, L., Janssen, P. A. E. M., Jenne, R., McNally, A. P., Mahfouf,
J.-F., Morcrette, J.-J., Rayner, N. A, Saunders, R. W., Simon, P.,

An, S.-1.: Relative roles of the equatorial upper ocean zonal cur-  Sterl, A., Trenberth, K. E., Untch, A., Vasiljevic, D., Viterbo, P.,
rent and thermocline in determining the timescale of the tropical and Woollen, J.: The ERA-40 re-analyses, Q. J. Roy. Meteorol.
climate system, Theor. Appl. Climatol., 81, 121-132, 2005. Soc., 131, 2961-3012, Part B, 2005.

An, S.-I. and Wang, B.: Interdecadal change of the structure of thewallace, J. M., Rasmusson, E. M., Mitchell, T. P., Kousky, V. E.,
ENSO model and its impact on the ENSO frequency, J. Climate, Sarachik, E. S., and von Storch, H.: On the structure and evolu-
13, 2044-2055, 2000. tion of ENSO-related climate variability in the tropical Pacific:

Barnett, T. P, Latif, M., Graham, N., &el, M., Pazan, S., and Lessons, J. Geophys. Res., 103, 14241-14260, 1998.

White, W.: ENSO and ENSO related predictability. Part I: Pre- Wang, B. and An, S.-l.. Why the properties of EIfgi changed
diction of equatorial Pacific sea surface temperature with a hy-  during the late 1970s, Geophys. Res. Lett., 28, 3709-3712, 2001.
brid coupled ocean-atmosphere model, J. Climate, 6, 1545-1566)/ang, W. and McPhaden, M. J.: The surface-layer heat balance in
1993. the equatorial Pacific Ocean, Part II: Interannual variability, J.

Capotondi, A., Wittenberg, A., and Masina, S.: Spatial and tem- Phys. Oceanogr., 30, 2989-3008, 2000.
poral structure of tropical Pacific interannual variability in 20th- Wang, D. and Zhengyu, L.: The Pathway of the Interdecadal Vari-
century coupled simulations, Ocean Modell., 15, 274-298, 2006.  ability in the Pacific Ocean, Chinese Science Bulletin, 45, 1555~

Duan, W. S. and Mu, M.: Investigating decadal variability of 1561, 2000.

El Nino—Southern Oscillation asymmetry by conditional non- Wittenberg, A. T.: Extended wind stress analysis for ENSO, J. Cli-
linear optimal perturbation, J. Geophys. Res., 111, C07015, mate, 17, 2526—2540, 2004.

doi:10.1029/2005JC003453006. Zebiak, S. E. and Cane, M. A.: A model EliMi-Southern Oscilla-
Fedorov, A. V. and Philander, S. G. H.: Is Elfiéi changing?, Sci- tion, Mon. Weather Rev., 115, 2262—2278, 1987.
ence, 228, 1997-2002, 2000. Zeng, Q.-C., Zhang, X.-H., and Zhang, R.-H.: A design of an

Flugel, M. and Chang, P.: Stochastically induced climate shift of EI  oceanic GCM without the rigid-lid approximation and its appli-
Nifio-Southern Oscillation, Geophys. Res. Lett., 26, 2473-2476, cation to the numerical simulation of the circulation of the Pacific
1999. Ocean, J. Mar. Syst., 1, 271-292, 1991.

Fu, W., Zhu, J., Zhou, G., and Wang, H.. A comparison study of Zhang, R.-H. and Busalacchi, A. J.: Interdecadal changes in proper-
tropical pacific ocean state estimation: Low-resolution assimila-  ties of EI Nino-Southern Oscillation in an intermediate coupled
tion vs. High-resolution simulation, Adv. Atmos. Sci., 22, 212—  model, J. Climate, 18, 1369-1380, 2005.

219, 2005. Zhang, R.-H. and DeWitt, D. G.: Response of tropical Pacific in-
Gu, D.-F. and Philander, S. G. H.: Interdecadal climate fluctuations terannual variability to decadal entrainment temperature change
that depend on exchanges between the tropics and extratropicas, in a hybrid coupled model, Geophys. Res. Lett., 33, L08611,

Science, 275, 805-807, 1997.

www.ann-geophys.net/29/529/2011/ Ann. Geophys., 29, 5292011


http://dx.doi.org/10.1029/2005JC003458
http://dx.doi.org/10.1007/s00382-005-0084-6
http://dx.doi.org/10.1029/2001GL013369

540 J. Zhu et al.: Role of oceanic entrainment temperature in decadal changes of ENSO

doi:10.1029/2005GL02528&2006. Zhang, R.-H., Busalacchi, A. J., and DeWitt, D. G.: The roles of at-

Zhang, R.-H. and Endoh, M.: A free surface general circulation mospheric stochastic forcin@GF) and oceanic entrainment tem-
model for the tropical Pacific Ocean, J. Geophys. Res., 97(C7), perature {e) in decadal modulation of ENSO, J. Climate, 21(4),
11237-11255, 1992. 674—704, 2008.

Zhang, R.-H. and Zebiak, S. E.: An embedding method for improv-Zhou, G. and Zeng, Q.: Predictions of ENSO with a Coupled
ing interannual variability simulations in a hybrid coupled model  Atmosphere- Ocean General Circulation Model, Adv. Atmos.
of the tropical Pacific ocean-atmosphere system, J. Climate, 17, Sci., 18, 587-603, 2001.

2794-2812, 2004. Zhu, J., Zhou, G., Zhang, R.-H., and Sun, Z.: Improving ENSO

Zhang, R.-H., Rothstein, L. M., and Busalacchi, A. J.: Origin of  Simulation by Parameterizing the Subsurface Entrainment Tem-
upper ocean warming and El i change on decadal scale in perature, Chinese J. Atmos. Sci., 30, 939-951, 2006 (in Chinese).
the tropical Pacific Ocean, Nature, 391, 879-883, 1998. Zhu, J., Zhou, G., Zhang, R.-H., and Sun, Z.: An improved Hybrid

Zhang, R.-H., Kleeman, R., Zebiak, S. E., Keenlyside, N., and Ray- Coupled Model: ENSO Simulations, Chinese J. Atmos. Sci., 33,
naud, S.: An empeirical parameterization of subsurface entrain- 657-669, 2009 (in Chinese).
ment temperature for improved SST anomaly simulation in an
intermediate ocean model, J. Climate, 18, 350-371, 2005.

Ann. Geophys., 29, 52%40, 2011 www.ann-geophys.net/29/529/2011/


http://dx.doi.org/10.1029/2005GL025286

