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Abstract

The connection between Tropical Pacific and North Pacifi@abdity is investi-
gated in a state of the art coupled ocean-atmosphere madeharing two twentieth
century simulations at T30 and T106 atmospheric horizorgablutions. Despite
a better simulation of the frequency and the spatial distidim of the Tropical Pa-
cific anomalies associated with the El Nino Southern Ogiila(ENSO) in the T106
experiment, the response in the North Pacific is scarcefgréifit from the T30 ex-
periment, where the ENSO variability is weaker and moreufesy than observed. In
both experiments, the weakness of the atmospheric telection in the North Pa-
cific can be related with the weaker than observed precipitatnomalies simulated
in the tropical Pacific that act as a less effective vortisipwirce. The teleconnection
as a response to the Rosshy waves originating from the g@gipears to be affected
by local coupling processes, likely induced by differemb@spheric resolutions. The
coupling occurring between sea level pressure (SLP) andi8$#¥ North Pacific,
as well as the influence of the Tropical Pacific SST, is me@sbyemeans of the
“coupled manifold”. In the high-resolution experimentetfiaction of the SLP vari-
ances linked with the North Pacific SST “free” from the Trapis comparable to the
fraction due to the tropical Pacific SST. On the other hanthénow-resolution case
the SLP variances linked with the “free” North Pacific SSTwaemak and the regions
where the coupling is stronger are somehow driven by thadspgonsistently with
the observations. The results show that increasing thesghsoic horizontal reso-
lution does not reduce the coupled model systematic erotlse representation of
the teleconnection between the North and the Tropical adifiis suggests that the

validation of coupled models have to consider separatehote and local processes.
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1 Introduction

Anomalous SST signals associated with EI Nifilo Southernll@son (ENSO) occur in the Tropi-
cal Pacific, but also in other remote sites of the world océamn @nd Nath, 1996). Since the 70's, it
was recognized that above (below) normal SST in the Eq@dtesacific were associated with cold
(warm) waters in the central North Pacific (Weare et al, 1985arching for linear relationship
between ENSO and its response in the extra tropics, the Watific-Tropical Pacific connection
has been interpreted combining forced and local proces$sgxarticular, tropical SST anomalies
associated with ENSO force the atmospheric circulatiornr twe North Pacific, and in turn these
atmospheric anomalies produce SST changes over the eoiaal North Pacific (Zhang et al,
1996). Heterogeneous atmospheric and oceanic processesing at many timescales are in-
volved, thus increasing the complexity of the teleconmecbetween Tropical and North Pacific
sectors (Liu and Alexander, 2007, and references therein).

Atmospheric model experiments have been widely used to dstraie that imposed tropi-
cal SST anomalies are particularly effective in generatimye-like atmospheric response in the
Northern Hemisphere during winter (e.g. Alexander, 1992y land Nath, 1994; Graham et al.,
1994; Ferranti et al., 1994). The extension of that kind ofi&s to atmospheric models coupled
with mixed-layer ocean emphasized the complex nature ablleeof air-sea feedback in the North
Pacific response (Lau and Nath, 1996; Alexander et al., 2@0®) the importance of using cou-
pled ocean-atmosphere models to capture the impact of #enatynamics (Vimont et al., 2001;
Liu and Yang, 2003; Yeh and Kirtman, 2008). In recent yeavapted ocean-atmosphere models
have been used to perform sensitivity experiments aimeaeatinderstanding of the explicit role
of the teleconnection and of the ocean-atmosphere feedbvaalked (Liu et al., 2002; Wu et al.,
2003; Liu and Yang, 2003; Yeh and Kirtman, 2008). Nevertsgl¢he identification of the portion
and timescales of the extra-tropical variability modutbley ENSO or inherent to the extra-tropics
is still unresolved. Current coupled models capabilityitoudate realistic teleconnections is a key
issue, especially for implications related to the extergadje predictions of weather and climate.

In the present study, the performance of a state of the agledwgeneral circulation model to
simulate the North Pacific-Tropical Pacific teleconneci®manalyzed. A recent detailed analysis
of the tropical climate variability using the same modeleaed that at higher atmospheric resolu-
tion the variability in the NINO3 region (2X0270°E, 5°S-5°N) has longer time scales, involving
wider latitudinal region and slower waves (Navarra et 2008). Building on the last result, we

investigate how the improvements in the ENSO performance imaact the simulation of the



North Pacific variability and of its teleconnections wittettnopics. The influence of ENSO on the
North Pacific anomalies is studied in terms of compositeyaigto verify the existence of Rossby
wave propagation from the tropics to the extra-tropics en¢bupled model. As a further step the
co-variation between SLP and SST in the North Pacific is nreddoy means of the coupled man-
ifold (Navarra and Tribbia, 2005), focusing on the diffeten due to the atmospheric horizontal
resolutions considered. The technique is able to sepdrateariance of a field into two parts,

one that depends on the variability of the other field, andtbaedoes not, obtaining a distinction

between “coupled” and “free” variability (see also Cherehal., 2007). The coupled manifold is
applied here to the SST and SLP in the North Pacific versus $ieiisthe Tropical Pacific.

The study is organized as follows: section 2 describes thdeindhe experiments, and the
datasets used for comparison with the model outputs. Iltagetalso a brief description of the
coupled manifold technique. Section 3 analyzes the modtsipeance in simulating atmospheric
teleconnection and Rossby wave sources by means of an EN8Qbsites analysis. Section 4
investigates the North Pacific variability in winter (JFMy eo-varying with the tropics or related
to local ocean-atmosphere coupling. Finally, section Smmanzes the main conclusions of the

study.

2 Data and methodology
2.1 Model, experiments and datasets

The experiments analyzed in this study are twentieth cgsionulations performed with the fully
coupled atmosphere-ocean general circulation model SWI EGualdi et al., 2008). The char-
acteristics of both atmospheric and oceanic model compsrsga described in previous publica-
tions (Cherchi et al., 2008; Gualdi et al., 2008). The sansapit component, spatially distributed
over a three-dimensional Arakawa-C-type grid (abdut 2° horizontal resolution, with a merid-
ional refinement of 0.5at the Equator, and 31 prescribed vertical levels) has beepled to an
atmosphere with T30 and T106 horizontal truncations, spoeding to a grid of about 3.7%
3.75 and 1.2 x 1.1°, respectively, and 19 vertical levels.

One-member twentieth century simulations (1901-200@)watdnd high atmospheric horizontal
resolution (XX-T30 and XX-T106, respectively) include pceibed concentration of greenhouse
gases (i.e. CQ CH; N,O and chloro-fluoro-carbons) and sulfate aerosols, as figedor the
20C3M experiment defined for the IPCC AR4 simulations (sge/Mvww-pcmdi.linl.gov/ipcc/aboutpcc.php

for more details).



The model outputs have been compared with observationsraaigsés data. In particular, the
global distribution of sea surface temperature has beemtfilom the HadISST dataset (Rayner
et al., 2003) for the period 1901-2004, the sea level pressod upper troposphere streamfunction
fields come from the NCEP reanalysis (Kalnay et al, 1996) lfier geriod 1948-2004, and the
global precipitation is taken from the CMAP dataset (Xie #in, 1997) for the period 1979-
2004.

2.2 TheCoupled Manifold

The coupled manifold is a method to analyze co-variationwbenh fields. It is described and
discussed in detail by Navarra and Tribbia (2005). In théofaihg we report a summary of the
main concepts applied to our analysis.

In the coupled manifold approach two atmospheric/oceamiddi¢Z and S) are represented
as data matrices. The main assumption of the statisticahigae is that it is possible to find a
matrix A representing the relationship betwegrand S, and the solution is found applying the
minimization problem, known as “Procrustes problem” (Rin and Vermette, 1993). In that

case, the solution is expressed as:

A =17S'(SS)! 1)
where
! K !
(SS)! = Zuiai_Qui 2)
=1

whereu; ando; are the left singular vectors and the singular values of th&imS, respectively,
and prime means transpose. The summation extends oves albri-zero singular values. The
modes that do not contribute to the varianc&aire excluded from the inverse.

Similarly, it is possible to find an operat@for the problem in its “sister” form, being
B=SZ(2Z)" (3)

A andB are then two operators that express the relation betwemndS, but they are not equiv-
alent. Applying the method described to the Empirical Ogitreal Functions (EOFs) coefficients
of Z andSfields reduces significantly the mathematical dimensiomefdroblem.

Scaling the matriceg and S with (ZZ')~1/2 and (SS')~1/2, the new solution obtained for
A (andB) contains correlation coefficients which can be checketh wisignificance test based,
for example, on the Student distribution. When the signifogatest is applied to the matrix con-

sidered, the coefficients that do not fit the confidence iaferdare put equal to zero, hence only
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the values that are significant according to the level ch@iseour case 5%) are considered in the
analysis. When considering the link between two climatidfi¢say Z and S), and their reciprocal
influence, it is possible to interpret the minimum betweaen%hof variance of Z influencing S and

that of S influencing Z as the “coupling” between Z and S.

The method described may identify both one-way and two-vg&ations between fields. In the
first case we end up with “forced manifold”, in the second witbupled manifold”. One of its
applications is the separation between forced and free onemis of the variability o from the
influence of the variability o&. In fact, using the “forced” and “free” manifold conceptsaidirra

and Tribbia, 2005)Z andS may be separated as
S:Sfm“"'sfree :BZ+Sfree (4)
7= Zfor + Zfree =AS + Zfree (5)

Hence, using for example, bothZ,, andZ,.. can be extracted and analyzed in terms of dom-
inant modes of variability (EOF) or in terms of fields anoreali An example of this application
is used and described in Cherchi et al. (2007).

3 ENSO atmospheric teleconnection

ENSO (El Niflo Southern Oscillation) is the dominant modeardability of the Tropical Pacific
sector. Itis a coupled ocean-atmosphere phenomenon aawl fitecviewed as an oscillation from
awarm to a cold phase, identified as El Nifio and La Nifa ev@ttilander, 1990). At interannual
time scales, ENSO is known to influence the North Pacific tdiig (e.g. Alexander et al., 2002).
A measure of the impact of the ENSO oscillation to the pastefratmospheric and oceanic fields
in the North Pacific sector is given in terms of composite wsialidentifying warm (El Nifio) and
cold (La Nifa) events. Here warm and cold ENSO events haga bkassified using the NINO3
index, following the metric described by Trenberth (199¥)NO3 index corresponds to monthly
mean SSTA averaged in the Equatorial Eastern Tropical B42fi0-270F°E, 5°S-5°N). A year is
classified as a warm (cold) ENSO event if the monthly meardstahSST anomaly in the NINO3
area is larger (lower) than 1 (-1) standard deviation foeast 3 months, starting from November.
Sea surface temperature (SST) and sea level pressure (Stéhben averaged for DJF(0/1), as
ENSO peak season, and for MAM(1) as the spring season jesth# peak (fig. 1). Atthe surface,
observed warm SST anomalies in the Equatorial Pacific Ocealinked with cold anomalies in

the northeastern Pacific Ocean (fig. 1c,f). At the Equatonmi&ima of the anomalies cover the
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equatorial Pacific from the South American coast to the neiddithe basin and even farther during
the ENSO peak winter. In the subsequent season the amptifutie anomalies decreases more
in the eastern Pacific and the maxima remain localized in ¢mtre of the basin. The negative
SST anomalies in the North Pacific sector tend to reduce amibt@ east after the peak season
(fig. 1c,f).

In XX-T30 the warm SST anomalies in the equatorial Pacificabcextend up to the western
edge of the basin with a narrow meridional shape (fig. 1a,dile 8xcessive westward extension
occurs even at higher resolution (fig. 1b,e) and it is assediavith the cold tongue bias of the
coupled model, possibly due to stronger than observedrgastpiatorial winds (Guilyardi et al.,
2003). On the other hand, the shape of the anomalies in tefritss meridional width improves
in the XX-T106 experiment. For example, along the North Aicer coast during both winter
and spring anomalies af0.3°C extend up to 38N in XX-T106 (fig. 1b,e), while in XX-T30 they
remain confined to 1N (fig. 1a,d).

The simulated SST signature in the North Pacific is weakar tiserved in both the experi-
ments considered. In the low resolution case it has a zomattation and it is localized toward
the west of the basin (fig. 1a,d). Further, the intensity & 85T anomalies increases during
the spring just after the ENSO peak (fig. 1d), differentlynfrthe observations (fig. 1f). In XX-
T106 in DJF(0/1) and MAM(1) the SST anomalies in the NorthifRaare drastically weaker than
observed (fig. 1b,e).

The observed sea level pressure (SLP) signature in the NRatific is evident only during
the peak of the ENSO event, with large negative SLP anomglgslc). The simulation in the
coupled model is realistic in the low-resolution experitaven if the minima are weaker than
observed and they have a dominant zonal rather than meaidgiope (fig. 1a). At T106 the
simulated SLP anomalies have the minimum located farthehmmd west (fig. 1b).

A recent study using the same model but different kind of @rpents revealed that a higher
atmospheric resolution improves the width of the SST anceuppean heat content anomalies in
the equatorial Pacific and the temporal evolution of the EN8énts (Navarra et al., 2008). In the
XX-T30 experiment during the summer just after the ENSO pbakSST anomaly is already of
the opposite sign (not shown). The power spectrum densitlyeoNINO3 index (fig. 2) identifies
the frequency of ENSO events as differently simulated indlheand high-resolution experiments.
In XX-T30 the time series peaks at about 2 years (fig. 2, griee), lwhile in XX-T106 the max-
imum is localized between 4-5 years (fig. 2, dark-red liney @ is more in agreement with the

observations (fig. 2, blue line). New processes, such asaigliog of tropical instability waves



and improved coastal forcing along the South American ¢aasting into play when using an at-
mospheric component with higher horizontal resolutiomtdbute to the improvements (Navarra
et al., 2008).

The “atmospheric bridge”, defined by Lau and Nath (1994kitig tropics and extratropics is
dynamically based on the excitation of Rossby waves byctebgionvection (Hoskins and Karoly,
1981), and eventually by the divergent outflow in regionstadrgy vorticity gradients (Sardesh-
mukh and Hoskins, 1988). Fig. 3 shows the composite pretipit anomalies taking warm minus
cold ENSO events, computed following the method previodsigcribed. In the observations pos-
itive precipitation anomalies are localized just southhaf €quator with a peak in correspondence
of the dateline (fig. 3c). In the model the patterns simulaedifferent from observed, as the
maximum tends to extend in the whole basin with a quite namgdth, moreover anomalies
of the opposite sign are found north of the equatorial maxinat both resolutions (fig. 3a,b).
The precipitation patterns related to ENSO have largertipesanomalies toward west in the
high-resolution experiment than in the low-resolutiong;amd in XX-T106 positive precipitation
anomalies are present just north of the Equator betweendtadirte and 140V, differently from
XX-T30 (fig. 3a,b). Even if the precipitation anomalies in XX.06 differ from XX-T30, it is
difficult to identify those differences as a real improveminthe model performance. We may
speculate that a key to gain strength in the model simulaifahe precipitation patterns and its
variability related to ENSO could be to improve the parametdion of moist processes, as it has
been recently shown by Zhu et al. (2009) for the Madden-duDacillation (MJO).

The atmospheric response to the tropical vorticity souscgeen in terms of composite anoma-
lies of the atmospheric streamfunction in the upper tropesp (200 mb), as shown by the contours
in fig. 3. In the observations a pair of anticyclones is lagdi in the tropical sector just east of
the precipitation maximum (fig. 3c), similarly to what is eqgbed by the atmospheric response to
diabatic heating at the Equator (Gill, 1980). In the nonthextra-tropics, wavelike features with
centres visible in the northeastern Pacific, Canada andreddnited States (fig. 3c) characterize
the flow, as discussed in the literature (Alexander et ab22@nd references therein). In the model
the origin and the wavelike propagation are less clear (gh)3 In XX-T106 a weak pair of an-
ticyclones appears east of the precipitation maximum,ighlatcalized too west, and the wavelike
structure in the northern extra-tropics has centres in thgti\Pacific, Canada and in the eastern
United States coast (fig. 3b), similarly to the observatioAslower resolution the precipitation
anomalies are weak and mainly localized south of the Eqeatending from the western edge of

the basin and beyond 12 (fig. 3a). The anticyclones are weak and the southern orenitned



in the eastern basin. In the extra-tropics, a rather zoredelcharacterizes the upper tropospheric
streamfunction anomalies with two main centres localizethe eastern United States coast and
in the central North Pacific (fig. 3a).

The differences between the simulated and observed tlopicaection anomalies may arise
the question whether the model anomalies are really efeati generating a response in the ex-
tratropics. The Rossby wave sources may be computed in tEfrrsticity sources, and follow-
ing Sardeshmukh and Hoskins (1988) the vorticity equatiothé upper troposphere, neglecting

friction, may be written as:

o v V(e f) = —(E+ V- ©

where¢ is the vertical component of the relative vorticityjs the horizontal velocity vector and
f is the Coriolis parameter. Partitioning the flow into norayent and irrotational components

(v = vy +vy), and usingD = V -v as the divergence, the anomalous vorticity equation besbme

49y VE 4V VE = @4 D =D v, €+ 1)~y VE £ Vv~ V(D)

where the overbar indicates the time mean and the primedtetiche departure from the mean (Liu
and Alexander, 2007). From the literature (Hoskins and Kad®981; Sardeshmukh and Hoskins,
1988; Ting and Held, 1990; Liu and Alexander, 2007, amongtrsthit can be established that,
among the terms in the right-hand side of equation 7, thes@ontaining anomalous divergence
and anomalous irrotational and non-divergent wind comptné.e., the ¥, 34, 5 and é"
terms) provide effective Rossby wave sources. Adding the&ses using vorticity and wind fields
in the upper troposphere (200 mb) averaged in DJF(0/1), angpating the mean and the de-
parture from it in terms of ENSO events, we obtained the Rpg&ve sources (RWS) shown in
fig. 4. In the model as well as in the reanalysis, the intessitif the RWS are larger in the high
latitudes than in the tropics (fig. 4), with a strong positRessby wave source anomaly associated
with ENSO evident in the northwest Pacific, in agreement wettently published studies using a
similar approach (Dawson et al., 2010; Shimizu and Cavélcad10). The terms in equation 7
provide anomalies that can be a sighature not only of the Byossve source, but also of its
propagation. According to that, the extratropical sigmafig. 4 contains contributions from both
the source and the propagation of the Rossby waves, anddlipis to explain intensities larger in
the extra-tropics than in the tropics. Comparing XX-T30 a8 T106 results, the anomalies are
of similar intensity both in the tropics and in the extragias, but in the low resolution case the

patterns in the extratropics are better defined and seeer begiroduced (fig. 4a,b). Overall, even



if the Rossby wave sources in the model are less longituglicahfined and seem therefore less

effective than observed, they are active at both resolstion

4 North Pacific variability: local coupling versus remote facing

The differences found in the extratropical response of the &homalies comparing the two ex-
periments may be related to the different simulated océarosphere local coupling. The coupled
manifold technique, described in section 2.2, is used toprdenthe North Pacific (12E&-100W,
20°-70°N) SLP variability linked to the SST both in Tropical Pacif@XS-20°N) and North Pa-
cific (20°-60°N) sectors during winter (JFM mean). All the variances cotaddrom the coupled
manifold technique for SLP and SST are summarized in Table 1.

In the North Pacific, more than one third (about 35%) of the SaRance is associated with
SST in the North Pacific and about 23% with SST in the tropicadifit sector (fig. 5¢ and Ta-
ble 1), as computed in the NCEP reanalysis and HadISST databe XX-T30, 37% of SLP
variance is associated with the SST in the North Pacific, aadhaller portion (29%) is linked
with the Tropical Pacific (fig. 5a and Table 1). The areas of werkance in fig. 5a correspond
to the regions where the North Pacific SST influences the Neettific SLP variability (fig. 5d),
suggesting that in the North Pacific the regions where theloayis stronger are somehow driven
by the tropics. Considering North Pacific SLP and North Pa8f% T, the coupling (as defined in
section 2.2) is about 34% and 23% in the case of NCEP/Hadl&&Eets and of XX-T30 exper-
iment, respectively (see Table 1). In XX-T106, the varian€&SLP in the North Pacific linked
with SST in the Tropical Pacific is comparable to the low ratoh case both in terms of global
guantity and of spatial distribution (fig. 5b). On the othantl, the amount of variance of North
Pacific SLP linked with the SST variance in the North Pacigelitis 46%, larger than in the low
resolution case but with the maxima mainly localized in trestern part of the basin (fig. 5e), and
the coupling is about 27% (see Table 1).

The Tropical Pacific SST can influence the link between theiNBacific SLP variability and
the North Pacific SST variability, because a significanttfaacof the North Pacific SST variability
depends on the Tropical Pacific SST variability. In factpirthe coupled manifold applied to SST
in the North Pacific (120260°E, 20°-60°N) versus SST in the Tropical Pacific (228C°E,
20°S-20°'N) the amount of the coupled variance is always more than loing (47%, 31% and
38% in HadISST, XX-T30 and XX-T106 experiments, respetyiveee Table 1). By using the
coupled manifold, the North Pacific SST is decomposed intaraithat is coupled to the SST in



the Tropical Pacific and a part that is independent of it. CtheeNorth Pacific SST has been
decomposed, we computed the North Pacific SLP variancedibtéiehe component of North
Pacific SST free from the influence of the Tropical Pacific S83. 6g,h,i). In XX-T30, the
variances are rather weak (fig. 5g), confirming the idea of akerinfluence of the free North
Pacific SST component on the SLP variability. On the othedhamXX-T106 the SLP variances
linked to the free SST component are as large as the valuegutethfor the Tropical Pacific SST
influence (fig. 5b and fig. 5h). Moreover, the maxima are pos&d in the western part of the
basin in correspondence of the regions where the influentieedflorth Pacific SST on the North
Pacific SLP variances is larger (fig. 5e). This domain alseesponds to the unrealistic SST
cooling associated with EI Nifio (fig. 1b,e), suggesting thaXX-T106 other processes are acting
in response to the changes in SST and SLP. In particular, #¥TX86 the coupling between North
Pacific SLP and SST variances may contribute to the misreptation of the surface anomalies
occurring in correspondence of ENSO events.

The influence of the Tropical Pacific and North Pacific SST dh# northern extra-tropics
SLP anomalies is shown in fig. 6. Using the coupled manifotthtéque the dominant modes
of variability of the northern extratropics {8860°, 20°-90°N) SLP anomalies in JFM have been
computed as coupled to the Tropical Pacific SST {1280°E, 20°S-20°N) and to the North Pa-
cific SST (120-26C°E, 20-60°N). In the observations the dominant mode of variability foé t
SLP anomalies co-varying with the Tropical Pacific SST israbterized by a distinct pattern
with centres localized in the northeastern Pacific, overad@arand in the western Atlantic/eastern
United States sector (fig. 6e). A pattern similar is found wihee SLP are forced from the North
Pacific SST, even if the lobe over the Pacific Ocean has the ocakized toward the centre of the
basin (fig. 6f). However the similarities between the twogdarwonfirm that the influence of North
Pacific and Tropical Pacific SST are linked. In the model, theulated SLP patterns are realistic
when coupled to the Tropical Pacific sector at both resatstifiig. 6a,c), but some differences
are found when the coupling is computed with respect to theghN®acific SST (fig. 6b,d). In
XX-T30 the SLP EOF1 coupled to the North Pacific SST is coniglarto the pattern linked with
the Tropical Pacific SST with the lobe over the Pacific Ocemyh#y shifted toward the centre of
the basin, as in the observations, and the lobe over eastasriéan continent/western Atlantic
Ocean extending for the whole basin (fig. 6b). On the othed iaXX-T106 the SLP pattern co-
varying with the North Pacific SST has a main centre localindgtie North Pacific (fig. 6d), which
differs from the pattern linked with the Tropical Pacific S@ig. 6¢). In XX-T106 the differences

described, both in fig. 5 and fig. 6, seems to be associatedtihétiocal coupling between SLP
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and SST in the North Pacific that interfere with the remoteifag.

In the observations, the first mode of variability of the t@S&T field in the North Pacific has a
whale shape that explains 28% of the total variance (fig. d)sistently with past analysis (e.qg.
Deser and Blackmon, 1995). When it is decomposed into agwowtihich variability is linked
with the Tropical Pacific (“Forced” component) and a portfoee (“Free” component) from that,
the shapes of the first mode of variability remain similar szte other (fig. 7h,i). The spatial
correlations of the “free” and “forced” components with ttwgal SST are very high, i.e. 0.93
and 0.89, respectively. However, the comparison of theepadtshown in fig. 7 (g,h,i) suggests
that when the North Pacific SST is linked with the tropical iRasector the maximum of the
variability is located in the central-eastern part (arod&f’W) of the basin between 30and
35°N. On the other hand, when the North Pacific SST is free fromirifleence of the tropical
Pacific the first EOF has two maxima, one in the centre of thinb@ear 160W, 35°N) and
another near the Kuroshio extension atMQthe “whale shape” is strengthen). Actually, the
distinction into different centres of action in the Northclig dominant modes of variability has
been discussed in the past, identifying that the maximurharcentral North Pacific acts mainly
at interannual timescale with a strong connection with thpits, while the second one occurs at
decadal and longer timescales having a weaker connectibrtiva tropics (Deser and Blackmon,
1995; Nakamura et al., 1997). Here the application of thelsmlimanifold allows us to identify
those features as distinct patterns in terms of connectitntiane tropical SST variability.

In the model the behaviour of the dominant modes of varighilf SST in the North Pacific as
“free” or “forced” from the Tropical Pacific is slightly difirent than observed. In particular, in
both experiments the “forced” and “free” patterns diffeprfr each other both in terms of shape
and of explained variances (fig. 7a-f). In the total field, finet modes explain 25% and 27% of
the total North Pacific SST variance for XX-T30 and XX-T10éspectively. The values are not
far from the explained variance in the HadISST SST (28%) glvan if the simulated first modes
of variability have a maximum toward the central easterrirhabe spatial patterns are not well
correlated (fig. 7a,d). At both resolutions, the first modeaofability of the “forced” component is
better spatially correlated with the total field, while thieee” component has a pattern significantly
different. In particular, in XX-T30 the “forced” mode cote¢es with the total mode by 0.88,
while the “free” one only by 0.59. Further, the shape of thstfifree” mode with a max localized
around 40N and toward the western part of the basin recalls the biasteishape of the ENSO
composites, suggesting the possibility that the respofidedNorth Pacific variability is wrongly
influenced by local coupling processes simulated in the in@ige7c). In XX-T106, the disparity
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between “forced” and “free” component is even more accaatu#fig. 7e,f). In fact, the pattern
correlation between “forced” and total components is vaghi{0.98) compared to that between
“free” and total (0.39). In the high-resolution case, theeftvariability (fig. 7f) corresponds to
a dipole between the western and eastern bounds of the Nadifid? possibly related to the
simulated melting and growing of sea-ice.

Combining results from fig. 7 with previous discussions dlfigu 5, the idea is that in the low
resolution experiment the variability of SLP and SST in thertN Pacific is largely driven by the
tropics, in agreement with the observations. On the othedhia the high-resolution experiment
the fraction of variance of North Pacific SLP coupled to thd $&the North Pacific, when free
from the Tropics, is larger toward the western part of tharbfgy. 5h), in correspondence of the
region where the North Pacific SST variability, free from thiguence of the Tropical Pacific SST,
dominates (fig. 7f). In summary, this suggests that in XX-@ ldzal coupling processes are more
active than observed, thus interfering with the tropicelagropical teleconnection.

The time series of the North Pacific total, “free” and “forte8iST EOF1 (NPacPC1) have
been regressed on the winter mean sea level pressure aesrtfagi 7, contours) to measure the
influence of the North Pacific SST variability on the atmosjhéelds in the same region. In
the observations, the main difference between “forced” ‘drek” components is that the for-
mer (fig. 7h) has larger connections toward the eastern pditeoNorth Pacific basin (near the
American coast), while in the free case the regression paakard the centre of the basin at
50°N (fig. 7i). In particular, the pattern reproduced by the firgide corresponds to the composite
anomalies previously discussed and have comparable itsn$ig. 1). In XX-T30 and XX-T106
experiments the max of the “free” North Pacific SST principainponent regressed onto winter
SLP anomalies is localized rather in the North (at aboGt\g3ig. 7c,f). In the “forced” mode the
observed tendency to have higher regression toward theraastle of the basin is reproduced in
both the experiments (fig. 7b,e) and represents the largestloution to the total pattern.

From the analysis we performed, we may not exclude that psaseother than the effect of
resolution and the associated local air-sea coupling nflyeince the SLP variance related to the
SST variability. For example, the simulated atmospherickbeound state may influence as well
the ill-simulated structure in the extra-tropics and copustly it can cause unrealistic distribution
of the local air-sea interaction in the model (e.g. figs. 5h, 7).

The impact of the North Pacific variability at the global schhs been assessed by the correla-
tion between the NPacPC1 and the global SST (fig. 8). The eedé&tPacPC1 is strongly corre-
lated with SST in the tropical Pacific, Indian Ocean and Eaqyigdt Atlantic (fig. 8g). The same
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pattern is maintained taking the “forced” NPacPC1 (fig. &is)expected. The “free” NPacPC1 re-
mains negatively correlated with the Arabian Sea and wighttbpical Atlantic Ocean (fig. 8i). In
XX-T30 the total PC1 is negatively correlated with Tropi€&cific, Indian Ocean and equatorial
Atlantic Ocean (fig. 8a), as in the observations. The negatirrelation with the tropical Pacific
does not show a realistic pattern (fig. 8b). The performaric€eT106 is poor (fig. 8d-f). For
example, considering the total SST, the North Pacific isiné&ed with the Indian Ocean and the
correlation in the Tropical Pacific are confined north of tlggi&tor and west of the dateline, even
for the “forced” component.

The above result suggests that in XX-T106 the North Pacifitepalinked with the tropics is
not actually linked to ENSO, or to the variability in the esxst Pacific sector, but it is associated
with the patterns of the western Pacific warm pool region. éx@mple, the regression of NINO3
index versus SST and SLP confirms that in XX-T106 the SLP patiesociated with ENSO is
realistic but the SST is not (not shown), in agreement with cbmposite shown in fig.1. The
analysis performed reveals how local coupling procesge$ylinduced by the different horizontal
resolutions may influence the teleconnection as a respdribe &ossby waves originating from

the tropics.

5 Conclusions

A comparison of two twentieth century coupled model expernits with a low (T30) and a high
(T106) atmospheric horizontal resolution reveals thag fitst approximation, a better represen-
tation of ENSO does not induce, by itself, an improved cotioedetween tropical and extra-
tropical Pacific. This conclusion does not imply that a brgterformance of ENSO in the model
is not important for the correct simulation of the connectimetween Tropical and North Pacific
SST variations, but it suggests that other processes mdyawat possibly interfere with it.
Equatorial SST of warm minus cold ENSO events are more teaiishigh atmospheric hori-
zontal resolution experiment (XX-T106) than in low one (80), where the spatial extent of the
anomalies is generally narrower and the time evolution efevent is largely faster than observed.
On the other hand, in XX-T106 ENSO events have frequency aakabout 4-5 years compa-
rable to the observations. However, the better performaridee high atmospheric resolution
experiment in terms of ENSO dynamics and frequency doeseflct into improved telecon-
nections between tropics and extratropics. In fact, the &®¥malies of the opposite sign in the

central North Pacific and the associated SLP anomalies arymimulated by the model at both
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resolutions. This model failure may be associated with gelarariety of factors. In the present
analysis we focused on the role of the convection in the ¢t®mcting as vorticity source, and of
the coupling between sea level pressure and sea surfacerome occurring in the North Pacific.

In the model the Equatorial Pacific precipitation anomatieszarm minus cold ENSO events
are weaker than observed and extend over the whole Pacificldes. As a consequence, even
if the simulated Rossby wave sources in the tropics areaatiboth model resolutions, they are
less localized and less efficient than in the observationlcating an inadequate simulation of the
tropical vorticity sources in the model.

Moving to the extra-tropics, the coupling between Northif@SLP and North Pacific SST is
measured through the results of a powerful statisticalrtiggte, i.e. the coupled manifold, that
permits to analyze co-variations between climatic fieldsrédthan one third of the variance of the
sea level pressure in the North Pacific is linked with thealaitity of the SST in the North Pacific
itself. When the SST in the North Pacific are decomposed inparalinked with the tropical
Pacific SST variability and a part free from it, the coupledhifad results reveal that in XX-T30
the influence of the free North Pacific SST component is weakthat the regions where the
coupling is stronger are somehow driven by the tropics, isterstly with the observations. On the
other hand, in XX-T106 the SLP variances linked to the freetiNBacific SST component are as
large as the variances linked with the Tropical Pacific SSTthay are mainly concentrated in the
western part of the basin. The above results suggest thaeihigh resolution case in the North
Pacific the coupling between SLP and SST may interfere wilrésponse of surface anomalies
to ENSO events.

In summary, in the coupled model that we used a higher atneosgphorizontal resolution
does not automatically produce smaller systematic erabteast in terms of tropical-extratropical
teleconnections. In particular, a better representatiopBENSO is not enough to ensure a better
performance of the web of its teleconnection because ableat toupling processes may interfere
with them. The results of the present study are strictly nod@endent, but suggest that the

validation of a coupled model needs to take into accountraéglg local and remote processes.
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Tables

% of linked variances (“coupled manifold” outputs)

NPac SLP (coupling] NExtraTr SLP| NPac SST
XX-T30 37 (23) 57
NPac SST XX-T106 46 (27) 40
HadISST/NCEP 35(34) 38
XX-T30 9
NPac SST “Free” XX-T106 26
HadISST/NCEP 17
XX-T30 29 59 31
TPac SST XX-T106 31 36 38
HadISST/NCEP 23 44 47

Table 1. % of variance of North Pacific (NPac) SLP, North Extratrogid&xtraTr) SLP and North Pacific
(NPac) SST (columns) linked with North (NPac) and Tropicatific (TPac) SSTs (rows) as computed
from the “coupled manifold” technique (see section 4 fordlescription of the regions considered). “Free”
is intended as the component of the SST in the North Pacificishaot influenced by the variability of
the SST in the Tropical Pacific. For the link between SLP an@l BShe North Pacific the coupling (as

discussed in section 4) is specified in parentheses. Allaheeg are significant at 95%.
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Figure Captions

Fig. 1. Composite of sea surface temperature (SST, shaded) arevsépressure (SLP, contour) anomalies
averaged in DJF(0/1) and MAM(1) of warm minus cold ENSO esdat (a,d) XX-T30, (b,e) XX-T106
and (c,f) HadISST/NCEP datasets. Contour interval for &L Prnb. SST is measured i¢.

Fig. 2. Power spectrum density (PSD) of monthly NINO3 index for F&8IT (blue solid line), XX-T30

(green solid line) and XX-T106 (dark-red solid line). TheDP& computed by means of the Thomson
multitaper method. The dashed lines correspond to the P0irst-order auto-regressive model fitted on
the data. For each spectrum, the peaks above the dasheddiimel@ative of a difference from a red-noise

process.

Fig. 3. Composite of precipitation (shaded) and 200 mb streamimmeinomalies (contours) averaged in
DJF(0/1) of warm minus cold ENSO events for (a) XX-T30, (b) X406 and (c) XieArkin/NCEP datasets.
Contour interval is 1.€5 m?/s, while precipitation are measured in mm/day.

Fig. 4. Composite of Rossby wave sources (1.e1/s?) averaged in DJF(0/1) of warm minus cold ENSO
events in (a) XX-T30, (b) XX-T106 and (c) NCEP dataset. Rgssave sources have been computed from
the terms in the right-hand side of equation 7 (see text ftaild¢, using vorticity and wind fields at 200

mb.

Fig. 5. Variance (%) of JFM North Pacific sea level pressure (SLPyd@Eated with (a-c) JFM Tropical
Pacific SST, (d-f) JFM North Pacific SST and (g-i) JFM North iRaSST (“free” from Tropical Pacific
SST influence) for XX-T30 (left), XX-T106 (middle) and NCERAdISST datasets (right). Contour interval
is 10%. All the values shown are significant at 95%.

Fig. 6. First EOF of northern extratropics (0-36020°-90°N) JFM SLP anomalies as linked with the
Tropical Pacific SST (12029C0°E, 20°S-20°N) in the left panels and with the North Pacific SST (120
260C°E, 20°-60°N) in the right panels for (a,b) XX-T30, (c,d) XX-T106 andfil@NCEP/HadISST datasets,
computed by means of the coupled manifold technique. Red @ulie dashed) contours correspond to
positive (negative) values. All the patterns shown areifigant at 95%.

Fig. 7. First EOF of North Pacific (12E-110W, 20°-60°N) JFM SST as total, “forced” and “free”
components for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadlS&ifaset (g,h,i). “Forced” and “free” refer to

18



the link of North Pacific SST with the Tropical Pacific sectd2(°E-90C°W, 20°S-20°N), computed using
the coupled manifold technique. The PC1 is regressed onRNeSLP anomalies (mb) and shown as
contours in each panel.

Fig. 8. Correlation coefficients between total, “forced” and “ff&&1 of North Pacific (120E-110W, 20°-
60°N) JFM SST and global JFM SST for XX-T30 (a,b,c), XX-T106 (f),end HadISST dataset (g,h,i).
“Forced” and “free” refer to the link of North Pacific (12B8-110W, 20°-60°N) SST with the Tropical
Pacific sector (12TE-90°W, 20°S-20°N), computed using the coupled manifold technique.
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Figures
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Fig. 1. Composite of sea surface temperature (SST, shaded) arevsépressure (SLP, contour) anomalies
averaged in DJF(0/1) and MAM(1) of warm minus cold ENSO esdat (a,d) XX-T30, (b,e) XX-T106
and (c,f) HadISST/NCEP datasets. Contour interval for &L Prnb. SST is measured i€.
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FIG 2
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Fig. 2. Power spectrum density (PSD) of monthly NINO3 index for H&ET (blue solid line), XX-T30
(green solid line) and XX-T106 (dark-red solid line). TheDP& computed by means of the Thomson
multitaper method. The dashed lines correspond to the P$0irdt-order auto-regressive model fitted on

the data. For each spectrum, the peaks above the dasheddiimel@ative of a difference from a red-noise
process.
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FIG 3
Cherchi—IntJClim
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Fig. 3. Composite of precipitation (shaded) and 200 mb streamimmeinomalies (contours) averaged in
DJF(0/1) of warm minus cold ENSO events for (a) XX-T30, (b) X406 and (c) XieArkin/NCEP datasets.
Contour interval is 1.€% m?/s, while precipitation are measured in mm/day.
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FIG 4
Cherchi—IntJClim
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Fig. 4. Composite of Rossby wave sources (1.e1/s?) averaged in DJF(0/1) of warm minus cold ENSO
events in (a) XX-T30, (b) XX-T106 and (c) NCEP dataset. Rgsgave sources have been computed from
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FIG 5/Cherchi—IntJClim
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Fig. 5. Variance (%) of JFM North Pacific sea level pressure (SLPyd@Eated with (a-c) JFM Tropical
Pacific SST, (d-f) JFM North Pacific SST and (g-i) JFM NorthiRaSST (“free” from Tropical Pacific
SST influence) for XX-T30 (left), XX-T106 (middle) and NCERAdISST datasets (right). Contour interval
is 10%. All the values shown are significant at 95%.
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FIG 6/Cherchi—IntJClim
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Fig. 6. First EOF of northern extratropics (0-36020°-90°N) JFM SLP anomalies as linked with the
Tropical Pacific SST (12029C°E, 20°S-20°N) in the left panels and with the North Pacific SST (120
260°E, 20°-60°N) in the right panels for (a,b) XX-T30, (c,d) XX-T106 andfl@NCEP/HadISST datasets,
computed by means of the coupled manifold technique. Rad @alie dashed) contours correspond to
positive (negative) values. All the patterns shown areifigant at 95%.
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FIG 7/Cherchi—IntJClim
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Fig. 7. First EOF of North Pacific (12E-110W, 20°-60°N) JFM
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components for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadIS&ifaset (g,h,i). “Forced” and “free” refer to

the link of North Pacific SST with the Tropical Pacific sectb2(°E-9

CW, 20°S-2CN), computed using

the coupled manifold technique. The PC1 is regressed onRheSLP anomalies (mb) and shown as

contours in each panel.
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FIG 8/Cherchi—IntJClim
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Fig. 8. Correlation coefficients between total, “forced” and “ff&€1 of North Pacific (120E-110W, 20°-
60°N) JFM SST and global JFM SST for XX-T30 (a,b,c), XX-T106 (f),end HadISST dataset (g,h,i).
“Forced” and “free” refer to the link of North Pacific (12B8-110W, 20°-60°N) SST with the Tropical
Pacific sector (12GE-9C°W, 20°S-20°N), computed using the coupled manifold technique.

27



