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Abstract

The connection between Tropical Pacific and North Pacific variability is investi-

gated in a state of the art coupled ocean-atmosphere model, comparing two twentieth

century simulations at T30 and T106 atmospheric horizontalresolutions. Despite

a better simulation of the frequency and the spatial distribution of the Tropical Pa-

cific anomalies associated with the El Nino Southern Oscillation (ENSO) in the high-

resolution experiment, the response in the North Pacific is scarcely different from the

low-resolution experiment where the ENSO variability is weaker and at higher than

observed frequency. In the North Pacific, the response of surface atmospheric fields

to the variability in the Tropical Pacific appears to be affected by local coupling pro-

cesses significantly different in the two experiments. The coupling between sea level

pressure (SLP) and SST in the North Pacific as well as the influence of the Tropical Pa-

cific SST has been measured here by means of the “coupled manifold” technique. In

the low-resolution case the SLP variances linked to the fraction of North Pacific SST

not influenced by the Tropical Pacific are weak suggesting that the remote influence

is strong, consistently with the observations. On the contrary, in the high-resolution

experiment the fractions and the patterns of the SLP variances due to the Tropical

Pacific SST and those linked to the North Pacific SST are comparable. In the latter

case, model systematic errors in the northwestern Pacific influences the local coupling

processes thus triggering the remote response. We concludethat an increased atmo-

spheric horizontal resolution does not reduce the coupled model systematic errors in

the representation of the teleconnection between the Northand the Tropical Pacific

and that the validation of coupled models has to consider both remote and local pro-

cesses.

Key words: Tropical Pacific-North Pacific teleconnection, ENSO, coupled GCMs
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1 Introduction

Anomalous SST signals associated with El Niño Southern Oscillation (ENSO) occur in the Tropi-

cal Pacific, but also in other remote sites of the world ocean (Lau and Nath, 1996). Since the 70’s, it

was recognized that above (below) normal SST in the Equatorial Pacific were associated with cold

(warm) waters in the central North Pacific (Weare et al, 1976). Searching for linear relationship

between ENSO and its response in the extra tropics, the NorthPacific-Tropical Pacific connection

has been interpreted combining forced and local processes.In particular, tropical SST anomalies

associated with ENSO force the atmospheric circulation over the North Pacific, and in turn these

atmospheric anomalies produce SST changes over the extra-tropical North Pacific (Zhang et al,

1996). Heterogeneous atmospheric and oceanic processes occurring at many timescales are in-

volved, thus increasing the complexity of the teleconnection between Tropical and North Pacific

sectors (Liu and Alexander, 2007, and references therein).

Atmospheric model experiments have been widely used to demonstrate that imposed tropi-

cal SST anomalies are particularly effective in generatingwave-like atmospheric response in the

Northern Hemisphere during winter (e.g. Alexander, 1992; Lau and Nath, 1994; Graham et al.,

1994; Ferranti et al., 1994). The extension of that kind of studies to atmospheric models coupled

with mixed-layer ocean emphasized the complex nature of therole of air-sea feedback in the North

Pacific response (Lau and Nath, 1996; Alexander et al., 2002), and the importance of using cou-

pled ocean-atmosphere models to capture the impact of the ocean dynamics (Vimont et al., 2001;

Liu and Yang, 2003; Yeh and Kirtman, 2008). In recent years, coupled ocean-atmosphere models

have been used to perform sensitivity experiments aimed at the understanding of the explicit role

of the teleconnection and of the ocean-atmosphere feedbackinvolved (Liu et al., 2002; Wu et al.,

2003; Liu and Yang, 2003; Yeh and Kirtman, 2008). Nevertheless, the identification of the portion

and timescales of the extra-tropical variability modulated by ENSO or inherent to the extra-tropics

is still unresolved. Current coupled models capability to simulate realistic teleconnections is a key

issue, especially for implications related to the extended-range predictions of weather and climate.

In the present study, the performance of a state of the art coupled general circulation model to

simulate the North Pacific-Tropical Pacific teleconnectionis analyzed. A recent detailed analysis

of the tropical climate variability using the same model revealed that at higher atmospheric resolu-

tion the variability in the NINO3 region (210◦-270◦E, 5◦S-5◦N) has longer time scales, involving

wider latitudinal region and slower waves (Navarra et al., 2008). Building on the last result, we

investigate how the improvements in the ENSO performance may impact the simulation of the
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North Pacific variability and of its teleconnections with the tropics. The influence of ENSO on the

North Pacific anomalies is studied in terms of composite analysis. The co-variation between SLP

and SST in the North Pacific is measured by means of the coupledmanifold (Navarra and Tribbia,

2005), focusing on the differences due to the atmospheric horizontal resolutions. The technique

is able to separate the variance of a field into two parts, one that depends on the variability of the

other field, and one that does not, obtaining a distinction between “coupled” and “free” variabil-

ity (see also Cherchi et al., 2007). The coupled manifold is applied here to the SST and SLP in the

North Pacific versus the SST in the Tropical Pacific. The results are then discussed in light of the

differences between the model systematic errors at the two resolutions.

The study is organized as follows: section 2 describes the model, the experiments, and the

datasets used for comparison with the model outputs. It contains also a brief description of the

coupled manifold technique. Section 3 analyzes the model performance in simulating atmospheric

teleconnection by means of an ENSO composite analysis. Section 4 investigates the North Pacific

variability in winter (JFM) as co-varying with the tropics or related to local ocean-atmosphere

coupling. Finally, section 5 summarizes the main conclusions.

2 Data and methodology

2.1 Model, experiments and datasets

The experiments analyzed in this study are twentieth century simulations performed with the fully

coupled atmosphere-ocean general circulation model SINTEXG (Gualdi et al., 2008). The char-

acteristics of both atmospheric and oceanic model components are described in previous publica-

tions (Cherchi et al., 2008; Gualdi et al., 2008). The same oceanic component, spatially distributed

over a three-dimensional Arakawa-C-type grid (about 2◦
× 2◦ horizontal resolution, with a merid-

ional refinement of 0.5◦ at the Equator, and 31 prescribed vertical levels) has been coupled to an

atmosphere with T30 and T106 horizontal truncations, corresponding to a grid of about 3.75◦
×

3.75◦ and 1.1◦× 1.1◦, respectively, and 19 vertical levels.

One-member twentieth century simulations (1901-2000) at low and high atmospheric horizontal

resolution (XX-T30 and XX-T106, respectively) include prescribed concentration of greenhouse

gases (i.e. CO2, CH4 N2O and chloro-fluoro-carbons) and sulfate aerosols, as specified for the

20C3M experiment defined for the IPCC AR4 simulations (see http://www-pcmdi.llnl.gov/ipcc/aboutipcc.php

for more details).

The model outputs have been compared with observations and analysis data. In particular, the
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global distribution of sea surface temperature has been taken from the HadISST dataset (Rayner

et al., 2003) for the period 1901-2004, the sea level pressure and upper troposphere streamfunction

fields come from the NCEP reanalysis (Kalnay et al, 1996) for the period 1948-2004, and the

global precipitation is taken from the CMAP dataset (Xie andArkin, 1997) for the period 1979-

2004.

2.2 TheCoupled Manifold

The coupled manifold is a method to analyze co-variation between fields. It is described and

discussed in detail by Navarra and Tribbia (2005). In the following we report a summary of the

main concepts applied to our analysis.

In the coupled manifold approach two atmospheric/oceanic fields (Z and S) are represented

as data matrices. The main assumption of the statistical technique is that it is possible to find a

matrix A representing the relationship betweenZ andS, and the solution is found applying the

minimization problem, known as “Procrustes problem” (Richman and Vermette, 1993). In that

case, the solution is expressed as:

A = ZS
′

(SS
′

)−1 (1)

where

(SS
′

)−1 =
K∑

i=1

uiσ
−2

i u

′

i (2)

whereui andσi are the left singular vectors and the singular values of the matrix S, respectively,

and prime means transpose. The summation extends over all its non-zero singular values. The

modes that do not contribute to the variance ofS are excluded from the inverse.

Similarly, it is possible to find an operatorB for the problem in its “sister” form, being

B = SZ
′

(ZZ
′

)−1 (3)

A andB are then two operators that express the relation betweenZ andS, but they are not equiv-

alent. Applying the method described to the Empirical Orthogonal Functions (EOFs) coefficients

of Z andSfields reduces significantly the mathematical dimension of the problem.

Scaling the matricesZ and S with (ZZ
′

)−1/2 and (SS
′

)−1/2, the new solution obtained for

A (andB) contains correlation coefficients which can be checked with a significance test based,

for example, on the Student distribution. When the significance test is applied to the matrix con-

sidered, the coefficients that do not fit the confidence intervals are put equal to zero, hence only

4



the values that are significant according to the level chosen(in our case 5%) are considered in the

analysis. When considering the link between two climatic fields (say Z and S), and their reciprocal

influence, it is possible to interpret the minimum between the % of 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-way relations between fields. In the

first case we end up with “forced manifold”, in the second with“coupled manifold”. One of its

applications is the separation between forced and free components of the variability ofZ from the

influence of the variability ofS. In fact, using the “forced” and “free” manifold concepts (Navarra

and Tribbia, 2005),Z andSmay be separated as

S = Sfor + Sfree = BZ + Sfree (4)

Z = Zfor + Zfree = AS + Zfree (5)

Hence, using for exampleZ, bothZfor andZfree can be extracted and analyzed in terms of dom-

inant modes of variability (EOF) or in terms of fields anomalies. An example of this application

is used and described in Cherchi et al. (2007).

3 ENSO atmospheric teleconnection

ENSO is the dominant mode of variability of the Tropical Pacific sector. It is a coupled ocean-

atmosphere phenomenon and it can be viewed as an oscillationfrom a warm to a cold phase, iden-

tified as El Niño and La Niña events (Philander, 1990). At interannual time scales, ENSO is known

to influence the North Pacific variability (e.g. Alexander etal., 2002). A measure of the impact of

the ENSO oscillation to the patterns of atmospheric and oceanic fields in the North Pacific sector is

given in terms of composite analysis identifying warm (El Niño) and cold (La Niña) events. Here

warm and cold ENSO events have been classified using the NINO3index, following the metric

described by Trenberth (1997). NINO3 index corresponds to monthly mean SSTA averaged in the

Equatorial Eastern Tropical Pacific (210◦-270◦E, 5◦S-5◦N). A year is classified as a warm (cold)

ENSO event if the monthly mean standard SST anomaly in the NINO3 area is larger (lower) than

1 (-1) standard deviation for at least 3 months, starting from November. A non-parametric signifi-

cance test, based on the bootstrap procedure using a resampling technique (Wilks, 1995), has been

applied to the composite anomalies with a significance levelof 5%.

Sea surface temperature (SST) and sea level pressure (SLP) have been averaged for DJF(0/1), as

ENSO peak season, and for MAM(1) as the spring season just after the peak (fig. 1). At the surface,
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observed warm SST anomalies in the Equatorial Pacific Ocean are linked with cold anomalies in

the northeastern Pacific Ocean (fig. 1c,f). At the Equator themaxima of the anomalies cover the

equatorial Pacific from the South American coast to the middle of the basin and even farther during

the ENSO peak winter. In the following season the amplitude of the anomalies decreases more

in the eastern Pacific and the maxima remain localized in the centre of the basin. The negative

SST anomalies in the North Pacific sector tend to reduce and tomove east after the peak season

(fig. 1c,f).

In XX-T30 the warm SST anomalies in the equatorial Pacific Ocean extend up to the western

edge of the basin with a narrow meridional shape (fig. 1a,d). The excessive westward extension

occurs even at higher resolution (fig. 1b,e) and it is associated with the cold tongue bias of the

coupled model, possibly due to stronger than observed easterly equatorial winds (Guilyardi et al.,

2003). On the other hand, the shape of the anomalies in terms of its meridional width improves

in the XX-T106 experiment. For example, along the North American coast during both winter

and spring anomalies of±0.3◦C extend up to 35◦N in XX-T106 (fig. 1b,e), while in XX-T30 they

remain confined to 10◦N (fig. 1a,d).

The simulated SST signature in the North Pacific is weaker than observed in both experiments.

In the low resolution case it has a zonal orientation and it islocalized toward the west of the

basin (fig. 1a,d). Further, the intensity of the SST anomalies increases during the spring just after

the ENSO peak (fig. 1d), differently from the observations (fig. 1f). In XX-T106 DJF(0/1) and

MAM(1) SST anomalies in the North Pacific are drastically weaker than observed (fig. 1b,e).

The observed sea level pressure (SLP) signature in the NorthPacific is evident only during

the peak of the ENSO event, with large negative SLP anomalies(fig. 1c). The simulation in the

coupled model is realistic in the low-resolution experiment, even if the minima are weaker than

observed and they have a dominant zonal rather than meridional slope (fig. 1a). At T106 the

simulated SLP anomalies have the minimum located farther north and west (fig. 1b).

A recent study using the same model but different kind of experiments revealed that a higher

atmospheric resolution improves the width of the SST and upper ocean heat content anomalies in

the equatorial Pacific and the temporal evolution of the ENSOevents (Navarra et al., 2008). The

power spectrum density of the NINO3 index (fig. 2) identifies the frequency of ENSO events as

differently simulated in the low and high-resolution experiments. In XX-T30 the time series peaks

at about 2 years (fig. 2, green line), while in XX-T106 the maximum is localized between 4-5

years (fig. 2, dark-red line), and it is more in agreement withthe observations (fig. 2, blue line).

New processes, such as the coupling of tropical instabilitywaves and improved coastal forcing
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along the South American coast, coming into play when using an atmospheric component with

higher horizontal resolution, contribute to the improvements (Navarra et al., 2008).

The “atmospheric bridge”, defined by Lau and Nath (1994), linking tropics and extratropics is

dynamically based on the excitation of Rossby waves by tropical convection (Hoskins and Karoly,

1981), and eventually by the divergent outflow in regions of strong vorticity gradients (Sardesh-

mukh and Hoskins, 1988). In the observations positive precipitation anomalies computed as warm

minus cold ENSO events are localized just south of the equator with a peak in correspondence of

the dateline (fig. 3c). In the model the patterns simulated are different, as the maximum tends to

extend through the whole basin with a quite narrow width. Moreover, opposite sign anomalies are

found north of the equatorial maximum, at both resolutions (fig. 3a,b). In XX-T106 the precipita-

tion patterns related to ENSO have positive anomalies in thewestern equatorial Pacific which are

larger than in the low-resolution case, and positive precipitation anomalies are present also north

of the Equator between the dateline and 140◦W (fig. 3a,b).

The performance of the simulated precipitation anomalies in correspondence of ENSO events

is influenced by the model biases in reproducing the mean winter climate. In fact, in XX-T30

and XX-T106 over the tropical band DJF mean precipitation isweaker than observed around the

Equator with maximum toward the west, but stronger than observed just south of the Equator at

140◦W (fig. 4a,b). In XX-T106 a further difference exists also in anarrow band just north of the

equator with stronger precipitation (fig. 4b). The precipitation anomalies in XX-T106 compared to

those in XX-T30 indicate that the increased atmospheric resolution is not enough to induce a real

improvement in the model performance in terms of precipitation. We may speculate that a key to

gain strength in the model simulation of the mean precipitation patterns and its variability related

to ENSO could be to improve the parameterization of moist processes, as it has been recently

shown by Zhu et al. (2009) for the Madden-Julian Oscillation(MJO).

The atmospheric response to the tropical vorticity source is seen in terms of composite anoma-

lies of the atmospheric streamfunction in the upper troposphere (200 mb), as shown by the contours

in fig. 3. In the observations a pair of anticyclones is localized in the tropical sector just east of

the precipitation maximum (fig. 3c), similarly to what is expected by the atmospheric response to

diabatic heating at the Equator (Gill, 1980). In the northern extra-tropics, wavelike features with

centres visible in the northeastern Pacific, Canada and eastern United States (fig. 3c) characterize

the flow, as discussed in the literature (Alexander et al., 2002, and references therein). In the model

the origin and the wavelike propagation are less clear (fig. 3a,b). In XX-T106 a weak pair of an-

ticyclones appears east of the precipitation maximum, thatis localized too west, and the wavelike
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structure in the northern extra-tropics has centres in the North Pacific, Canada and in the eastern

United States coast (fig. 3b), similarly to the observations. At lower resolution the precipitation

anomalies are weak and mainly localized south of the Equatorextending from the western edge of

the basin and beyond 140◦W (fig. 3a). The anticyclones are weak and the southern one is confined

in the eastern basin. In the extra-tropics, a rather zonal shape characterizes the upper tropospheric

streamfunction anomalies with two main centres localized in the eastern United States coast and

in the central North Pacific (fig. 3a).

In the model, the weakness of the atmospheric teleconnection in the North Pacific can be related

to weaker than observed precipitation anomalies simulatedin the tropical Pacific (fig. 3), as they

may act as less effective vorticity sources. The computation of the Rossby wave source (RWS)

in terms of upper troposphere vorticity anomalies (Sardeshmukh and Hoskins, 1988) evidences

some differences in the simulation of the RWS pattern compared to the reanalysis (not shown),

but the approach is not fully adequate for the identificationof key differences between the model

experiments and, consequently, is not enough to explain thefailure of the model performance.

The mean circulation of the upper troposphere may interfereas well with the simulated atmo-

spheric teleconnection. Fig. 4 shows the DJF mean upper tropospheric zonal wind (contours)

differences between model and NCEP reanalysis. The bias at low resolution, with more intense

wind in the central North Pacific (fig. 4a), may explain the tendency to have a more zonal shape of

the upper tropospheric streamfunction. At higher resolution, this bias is corrected but the model

tends to have more intense than observed zonal wind toward the western part of the North Pacific

(fig. 4b), in correspondence of a positive bias of the precipitation pattern.

4 North Pacific variability: local coupling versus remote forcing

The differences found in the extratropical response of the SLP anomalies comparing the two ex-

periments (fig. 1) may be related to the different simulated ocean-atmosphere local coupling. The

coupled manifold technique, described in section 2.2, is used to compute the North Pacific (120◦E-

100◦W, 20◦-70◦N) SLP variability linked to the SST both in Tropical Pacific (20◦S-20◦N) and

North Pacific (20◦-60◦N) sectors during winter (JFM mean). All the variances computed from the

coupled manifold technique for SLP and SST are summarized inTable 1.

In the North Pacific, more than one third (about 35%) of the SLPvariance is associated with

SST in the North Pacific (fig. 5f and Table 1) and about 23% with SST in the tropical Pacific sector

(fig. 5c and Table 1), as computed in the NCEP reanalysis and HadISST datasets. In XX-T30, 37%
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of SLP variance is associated with the SST in the North Pacific(fig. 5d and Table 1), and a smaller

portion (29%) is linked with the Tropical Pacific (fig. 5a and Table 1). The areas of max variance

in fig. 5a correspond to the regions where the North Pacific SSTinfluences the North Pacific SLP

variability (fig. 5d), suggesting that in the North Pacific the regions where the coupling is stronger

are linked with the tropics. Considering North Pacific SLP and North Pacific SST, the coupling

(as defined in section 2.2) is about 34% and 23% in the case of NCEP/HadISST datasets and of

XX-T30 experiment, respectively (see Table 1). In XX-T106,the variance of SLP in the North

Pacific linked with SST in the Tropical Pacific is comparable to the low resolution case both in

terms of global quantity and of spatial distribution (fig. 5b). On the other hand, the amount of

variance of North Pacific SLP linked with the SST variance in the North Pacific itself is 46%,

larger than in the low resolution case but with the maxima mainly localized in the western part of

the basin (fig. 5e), and the coupling is about 27% (see Table 1).

The Tropical Pacific SST can influence the link between the North Pacific SLP variability and

the North Pacific SST variability because a significant fraction of the North Pacific SST variability

depends on the Tropical Pacific SST variability. In fact, from the coupled manifold applied to

SST in the North Pacific (120◦-260◦E, 20◦-60◦N) versus SST in the Tropical Pacific (120◦-280◦E,

20◦S-20◦N) the amount of the coupled variance is always more than one third (47%, 31% and 38%

in HadISST, XX-T30 and XX-T106 experiments, respectively;see Table 1). By using the coupled

manifold, the North Pacific SST is decomposed into a part thatis coupled to the SST in the Tropical

Pacific and a part that is independent of it. Once the North Pacific SST has been decomposed,

we computed the North Pacific SLP variance linked to the component of North Pacific SST free

from the influence of the Tropical Pacific SST (fig. 5g,h,i). InXX-T30 and in the reanalysis, the

variances are rather weak (fig. 5g,i), confirming the idea of aweaker influence of the free North

Pacific SST component on the SLP variability. On the other hand, in XX-T106 the SLP variances

linked to the free SST component are as large as the values computed for the Tropical Pacific SST

influence (fig. 5b and fig. 5h). Moreover, the maxima are positioned in the western part of the

basin in correspondence of the regions where the influence ofthe North Pacific SST on the North

Pacific SLP variances is larger (fig. 5e). This domain (between 40◦-50◦N and centered at 160◦E)

also corresponds to the unrealistic SST cooling associatedwith El Niño (fig. 1b,e), suggesting that

in XX-T106 other processes are acting in response to the changes in SST and SLP. In particular,

in XX-T106 the coupling between North Pacific SLP and SST variances may contribute to the

misrepresentation of the surface anomalies occurring in correspondence of ENSO events.

The influence of the Tropical Pacific and North Pacific SST ontothe northern extra-tropics
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SLP anomalies is shown in fig. 6. Using the coupled manifold technique the dominant modes

of variability of the northern extratropics (0◦-360◦, 20◦-90◦N) SLP anomalies in JFM have been

computed as coupled to the Tropical Pacific SST (120◦-290◦E, 20◦S-20◦N) and to the North Pa-

cific SST (120◦-260◦E, 20◦-60◦N). In the observations the dominant mode of variability of the

SLP anomalies co-varying with the Tropical Pacific SST is characterized by a distinct pattern

with centres localized in the northeastern Pacific, over Canada and in the western Atlantic/eastern

United States sector (fig. 6e). A pattern similar is found when the SLP are forced from the North

Pacific SST, even if the lobe over the Pacific Ocean has the max localized toward the centre of the

basin (fig. 6f). However the similarities between the two panels confirm that the influence of North

Pacific and Tropical Pacific SST are linked. In the model, the simulated SLP patterns are realistic

when coupled to the Tropical Pacific sector at both resolutions (fig. 6a,c), but some differences

are found when the coupling is computed with respect to the North Pacific SST (fig. 6b,d). In

XX-T30 the SLP EOF1 coupled to the North Pacific SST is comparable to the pattern linked with

the Tropical Pacific SST with the lobe over the Pacific Ocean slightly shifted toward the centre of

the basin, as in the observations, and the lobe over eastern American continent/western Atlantic

Ocean extending over the whole basin (fig. 6b). On the other hand in XX-T106 the SLP pattern

co-varying with the North Pacific SST has a main centre localized in the North Pacific (fig. 6d),

which differs from the pattern linked with the Tropical Pacific SST (fig. 6c). In XX-T106 the dif-

ferences described in both fig. 5 and fig. 6 seem to be associated with the local coupling between

SLP and SST in the North Pacific that interferes with the remote forcing from the tropics.

Local air-sea coupling in the extratropics may be also influenced by the simulated background

state. In the North Pacific during JFM the model biases differin the two resolutions considered. In

particular, in XX-T106 the errors tend to be larger in the western North Pacific, in correspondence

of the regions where the largest differences have been just discussed. In terms of SST, the model

tends to have a cold bias at the Equator and warm biases withinthe eastern tropics close to the north

and south American coasts (fig. 7). These biases are related to stronger and westward extended

cold tongue simulated by the model, as previously mentioned. In the higher resolution experiment

the cold biases of the tropical band are in general reduced (fig. 7b), as well as the warm biases in

the eastern part of the basin. On the contrary, north of 40◦N the warm bias in the northwestern

Pacific (near the Japanese coast) is larger in XX-T106 than inXX-T30. In XX-T106 a cold bias

(up to 1.5-2◦C) is located in the whole basin north of 50◦N (fig. 7b) and it may be related to the

formation of the sea-ice affecting both the mean state and the variability. The steeper SST gradient

north of 50◦N in XX-T106 implies a winter through movement toward north and may influence
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the response of the SLP anomalies to the tropical Pacific SST which in XX-T106 tend to be shifted

more northward than in XX-T30.

The warm bias in the north Western Pacific is associated with an excess of latent heat flux re-

leased from the ocean to the atmosphere compared to the reanalysis (not shown), and with stronger

than observed surface zonal wind stress (fig. 7, contours). In particular, in XX-T30 stronger than

observed surface zonal wind stress is simulated in the 30◦-40◦N band extending over the whole

basin (fig. 7a). At higher resolution, the bias is reduced at the center of the basin but it is larger

in correspondence of the warmer SST bias in the west (fig. 7b).The intensification of the biases

in the western North Pacific influences the air-sea coupling in that region, as evidenced by the

coupled manifold analysis and the derived results.

To investigate the simulated SST variability in the North Pacific region an EOF analysis is per-

formed. In the observations, the first mode of variability ofthe total SST field in the North Pacific

has a whale shape that explains 28% of the total variance (fig.8g), consistently with past anal-

ysis (e.g. Deser and Blackmon, 1995). When it is decomposed into a portion which variability

is linked with the Tropical Pacific (“Forced” component) anda portion free (“Free” component)

from that, the shapes of the first mode of variability remain similar to each other (fig. 8h,i). The

spatial correlations of the “free” and “forced” componentswith the total SST are very high, i.e.

0.93 and 0.89, respectively. However, the comparison of thepatterns shown in fig. 8 (g,h,i) sug-

gests that when the North Pacific SST is linked with the tropical Pacific sector the maximum of

the variability is located in the central-eastern part (around 160◦W) of the basin between 30◦ and

35◦N. On the other hand, when the North Pacific SST is free from theinfluence of the tropical

Pacific the first EOF has two maxima, one in the centre of the basin (near 160◦W, 35◦N) and

another near the Kuroshio extension at 40◦N (the “whale shape” is strengthen). Actually, the

distinction into different centres of action in the North Pacific dominant modes of variability has

been discussed in the past, identifying that the maximum in the central North Pacific acts mainly

at interannual timescale with a strong connection with the tropics, while the second one occurs at

decadal and longer timescales having a weaker connection with the tropics (Deser and Blackmon,

1995; Nakamura et al., 1997). Here the application of the coupled manifold allows us to identify

those features as distinct patterns in terms of connection with the tropical SST variability.

In the model experiments the “forced” and “free” patterns differ from each other both in terms

of shape and explained variances (fig. 8a-f). In the total field, the first modes explain 25% and

27% of the total North Pacific SST variance for XX-T30 and XX-T106, respectively. The values

are not far from the explained variance in the HadISST SST (28%), but even if the simulated first
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modes of variability have a maximum toward the central eastern basin, the spatial patterns are not

well correlated (fig. 8a,d). At both resolutions, the first mode of variability of the “forced” com-

ponent is better spatially correlated with the total field, while the “free” component has a pattern

significantly different. In particular, in XX-T30 the “forced” mode correlates with the total mode

by 0.88, while the “free” one only by 0.59. Further, the shapeof the first “free” mode with a max

localized around 40◦N and toward the western part of the basin recalls the biases in the shape of

the ENSO composites, suggesting the possibility that the response of the North Pacific variability

is wrongly influenced by local coupling processes simulatedin the model (fig. 8c). In XX-T106,

the disparity between “forced” and “free” component is evenmore accentuated (fig. 8e,f). In fact,

the pattern correlation between “forced” and total components is very high (0.98) compared to

that between “free” and total (0.39). In the high-resolution case, the free variability (fig. 8f) corre-

sponds to a dipole between the western and eastern bounds of the North Pacific, possibly related

to the simulated melting and growing of sea-ice. The differences in the “free” SST variability dis-

cussed between XX-T30 and XX-T106 is likely related to the biases described in the simulation

of the mean JFM SST and zonal wind stress patterns and their influence on the simulated air-sea

coupling.

Combining results from fig. 8 with previous discussions about fig. 5, the idea is that in the

low resolution experiment the variability of SLP and SST in the North Pacific is strongly linked

with the tropics, in agreement with the observations. On theother hand, in the high-resolution

experiment the fraction of variance of North Pacific SLP coupled to the SST in the North Pacific,

when free from the Tropics, is larger toward the western partof the basin (fig. 5h), in correspon-

dence of the region where the North Pacific SST variability, free from the influence of the Tropical

Pacific SST, dominates (fig. 8f). In summary, this suggests that in XX-T106 local coupling pro-

cesses, possibly induced by model biases, are more active than observed, thus interfering with the

tropical-extratropical teleconnection.

The time series of the North Pacific total, “free” and “forced” SST EOF1 (NPacPC1) have

been regressed on the winter mean sea level pressure anomalies (fig. 8, contours) to measure the

influence of the North Pacific SST variability on the atmospheric fields in the same region. In

the observations, the main difference between “forced” and“free” components is that the for-

mer (fig. 8h) has larger connections toward the eastern part of the North Pacific basin (near the

American coast), while in the free case the regression peakstoward the centre of the basin at

50◦N (fig. 8i). In general, the pattern reproduced by the first mode corresponds to the composite

anomalies previously discussed and have comparable intensities (fig. 1). In XX-T30 and XX-T106
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experiments the max of the “free” North Pacific SST principalcomponent regressed onto winter

SLP anomalies is localized rather in the North (at about 55◦N, fig. 8c,f). In the “forced” mode the

observed tendency to have higher regression toward the eastern side of the basin is reproduced in

both the experiments (fig. 8b,e) and represents the largest contribution to the total pattern.

The impact of the North Pacific variability at the global scale has been assessed by the correla-

tion between the NPacPC1 and the global SST (fig. 9). The observed NPacPC1 is strongly corre-

lated with SST in the tropical Pacific, Indian Ocean and Equatorial Atlantic (fig. 9g). The same

pattern is maintained taking the “forced” NPacPC1 (fig. 9h),as expected. The “free” NPacPC1 re-

mains negatively correlated with the Arabian Sea and with the tropical Atlantic Ocean (fig. 9i). In

XX-T30 the total PC1 is negatively correlated with TropicalPacific, Indian Ocean and equatorial

Atlantic Ocean (fig. 9a), as in the observations even if the negative correlation with the tropical

Pacific is weaker than observed (fig. 9a). The performance of XX-T106 is poor (fig. 9d-f). For

example, considering the total SST, the North Pacific is not linked with the Indian Ocean and the

correlation in the Tropical Pacific are confined north of the Equator and west of the dateline, even

for the “forced” component.

The above result suggests that in XX-T106 the North Pacific pattern linked with the tropics is

not actually linked to ENSO, or to the variability in the eastern Pacific sector, but it is associated

with the patterns of the western Pacific warm pool region. Forexample, the regression of NINO3

index versus SST and SLP confirms that in XX-T106 the SLP pattern in the North Pacific associ-

ated with ENSO is realistic but the SST is not (not shown), in agreement with the composite shown

in fig.1. The analysis performed reveals how local coupling processes likely induced by the differ-

ent horizontal resolutions and model systematic errors mayinfluence the North Pacific-Tropical

Pacific teleconnection.

5 Conclusions

A comparison of two twentieth century coupled model experiments with a low (T30) and a high

(T106) atmospheric horizontal resolution reveals that a better representation of ENSO does not

induce, by itself, an improved connection between tropicaland extra-tropical Pacific. This conclu-

sion does not imply that a better performance of ENSO in the model is not important to simulate

a more realistic connection between Tropical and North Pacific SST variations, but suggests that

other processes may be active and possibly interfere negatively with it.

Equatorial SST of warm minus cold ENSO events are more realistic in high atmospheric hori-
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zontal resolution experiment (XX-T106) than in low one (XX-T30), where the spatial extent of the

anomalies is generally narrower and the time evolution of the event is largely faster than observed.

On the other hand, in XX-T106 ENSO events have frequency peaks at about 4-5 years comparable

to the observations. However, the better performance of thehigh atmospheric resolution experi-

ment in terms of ENSO dynamics and frequency does not reflect into improved teleconnections

between tropics and extratropics. In fact, the SST anomalies of the opposite sign in the central

North Pacific and the associated SLP anomalies are poorly simulated by the model at both resolu-

tions. This model failure can be due to a large variety of factors. In the present study we focused

on the role of the mean state model biases and the coupling between sea level pressure and SST.

In the equatorial Pacific Ocean, the simulated convection incorrespondence of ENSO events

does not reflect the improvements described for the SST fields. In fact, in both XX-T30 and XX-

T106 the precipitation anomalies are weaker than observed and extend zonally over the whole

Pacific. The comparison between the two resolution results highlights some differences, but they

are not enough to explain the response in the teleconnection. In the central North Pacific the higher

resolution experiment improves the biases in the simulation of the mean winter upper tropospheric

zonal wind, that should be important as driver of the Rossby waves coming from the tropics, but

it also has a strengthening of the bias intensities in the western north Pacific, both in terms of SST

and of surface zonal wind stress that trigger strong local air-sea coupling, thus influencing the

remote teleconnection.

In the extra-tropics, the coupling between North Pacific SLPand North Pacific SST is measured

through the coupled manifold, a powerful statistical technique that allows to analyze co-variations

between climatic fields. More than one third of the variance of the sea level pressure in the North

Pacific is linked with the variability of the SST in the North Pacific itself. When the SST in the

North Pacific are decomposed into a part linked with the tropical Pacific SST variability and a part

free from it, the coupled manifold results reveal that in XX-T30 the influence of the free North

Pacific SST component is weak, suggesting that the tropics largely influence the regions where the

coupling is stronger, consistently with the observations.On the other hand, in XX-T106 the SLP

variances linked to the free North Pacific SST component are as large as the variances linked with

the Tropical Pacific SST and they are mainly concentrated in the western part of the basin. The

above results suggest that in the high resolution case in theNorth Pacific the coupling between

SLP and SST may interfere with the response of surface anomalies to ENSO events, in agreement

with the strengthening of the mean wind model biases in that region.

In summary, in the coupled model that we used a higher atmospheric horizontal resolution
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does not automatically induce smaller systematic errors, at least in terms of tropical-extratropical

teleconnections. In particular, a better representation of ENSO is not enough to ensure a better

performance of the web of its teleconnection because other local coupling processes may interfere

with them. The results of the present study are strictly model dependent, but suggest that the

validation of a coupled model needs to take into account separately 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 Extratropics(NExtraTr) SLP and North Pacific

(NPac) SST (columns) linked with North (NPac) and Tropical Pacific (TPac) SSTs (rows) as computed

from the “coupled manifold” technique (see section 4 for thedescription of the regions considered). “Free”

is intended as the component of the SST in the North Pacific that is not influenced by the variability of the

SST in the Tropical Pacific. For the link between SLP and SST inthe North Pacific the coupling (as defined

in section 2.2) is specified in parentheses. All the values are significant at 95%.
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Figure Captions

Fig. 1. Composite of sea surface temperature (SST, shaded) and sea level pressure (SLP, contour) anomalies

averaged in DJF(0/1) and MAM(1) of warm minus cold ENSO events for (a,d) XX-T30, (b,e) XX-T106

and (c,f) HadISST/NCEP datasets. Contour interval for SLP is 1 mb. SST is measured in◦C. SST and SLP

anomalies are masked if not significant at 95% level.

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

(green solid line) and XX-T106 (dark-red solid line). The PSD is computed by means of the Thomson

multitaper method. The dashed lines correspond to the PSD ofa first-order auto-regressive model fitted on

the data. For each spectrum, the peaks above the dashed line are indicative of a difference from a red-noise

process.

Fig. 3. Composite of precipitation (shaded) and 200 mb streamfunction anomalies (contours) averaged

in DJF(0/1) of warm minus cold ENSO events for (a) XX-T30, (b)XX-T106 and (c) XieArkin/NCEP

datasets. Contour interval is 1.e+6 m2/s, while precipitation are measured in mm/day. Precipitation and

streamfunction anomalies are masked if not significant at 95% level.

Fig. 4. DJF mean precipitation (mm/day, shaded) and 200 mb zonal wind (m/s, contours) differences from

Xie-Arkin and NCEP, respectively, for (a) XX-T30 and (b) XX-T106. A Student’s test is applied to the

differences, and they are masked if not significant at 95% level.

Fig. 5. Variance (%) of JFM North Pacific sea level pressure (SLP) associated with (a-c) JFM Tropical

Pacific SST, (d-f) JFM North Pacific SST and (g-i) JFM North Pacific SST (“free” from Tropical Pacific

SST influence) for XX-T30 (left), XX-T106 (middle) and NCEP/HadISST datasets (right). Contour interval

is 10%. All the values shown are significant at 95%.

Fig. 6. First EOF of northern extratropics (0-360◦, 20◦-90◦N) JFM SLP anomalies as linked with the

Tropical Pacific SST (120◦-290◦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 and (e,f) NCEP/HadISST datasets,

computed by means of the coupled manifold technique. Red solid (blue dashed) contours correspond to

positive (negative) values. All the patterns shown are significant at 95%.

Fig. 7. JFM mean SST (◦C, shaded) and surface zonal wind stress (N/m2, contours) differences from
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HadISST and ERA40 (Uppala et al., 2005), respectively, for (a) XX-T30 and (b) XX-T106. A Student’s

test is applied to the differences, and they are masked if notsignificant at 95% level.

Fig. 8. First EOF of North Pacific (120◦E-110◦W, 20◦-60◦N) JFM SST as total, “forced” and “free”

components for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadISSTdataset (g,h,i). “Forced” and “free” refer to

the link of North Pacific SST with the Tropical Pacific sector (120◦E-90◦W, 20◦S-20◦N), computed using

the coupled manifold technique (all the values shown are significant at 95% level). The PC1 is regressed

on the JFM SLP anomalies (mb) and shown as contours in each panel. A Student’s test is applied to the

regression coefficients to disprove the hypothesis of zero regression, and the values not significant at 95%

level are masked.

Fig. 9. Correlation coefficients between total, “forced” and “free” PC1 of North Pacific (120◦E-110◦W, 20◦-

60◦N) JFM SST and global JFM SST for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadISST dataset (g,h,i).

“Forced” and “free” refer to the link of North Pacific (120◦E-110◦W, 20◦-60◦N) SST with the Tropical

Pacific sector (120◦E-90◦W, 20◦S-20◦N), computed using the coupled manifold technique. A Student’s

test is applied to the correlation coefficients to disprove the hypothesis of zero correlation, and the values

not significant at 95% level are masked.
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Figures

Fig. 1. Composite of sea surface temperature (SST, shaded) and sea level pressure (SLP, contour) anomalies

averaged in DJF(0/1) and MAM(1) of warm minus cold ENSO events for (a,d) XX-T30, (b,e) XX-T106

and (c,f) HadISST/NCEP datasets. Contour interval for SLP is 1 mb. SST is measured in◦C. SST and SLP

anomalies are masked if not significant at 95% level.
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Fig. 2. Power spectrum density (PSD) of monthly NINO3 index for HadISST (blue solid line), XX-T30

(green solid line) and XX-T106 (dark-red solid line). The PSD is computed by means of the Thomson

multitaper method. The dashed lines correspond to the PSD ofa first-order auto-regressive model fitted on

the data. For each spectrum, the peaks above the dashed line are indicative of a difference from a red-noise

process.
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Fig. 3. Composite of precipitation (shaded) and 200 mb streamfunction anomalies (contours) averaged

in DJF(0/1) of warm minus cold ENSO events for (a) XX-T30, (b)XX-T106 and (c) XieArkin/NCEP

datasets. Contour interval is 1.e+6 m2/s, while precipitation are measured in mm/day. Precipitation and

streamfunction anomalies are masked if not significant at 95% level.
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Fig. 4. DJF mean precipitation (mm/day, shaded) and 200 mb zonal wind (m/s, contours) differences from

Xie-Arkin and NCEP, respectively, for (a) XX-T30 and (b) XX-T106. A Student’s test is applied to the

differences, and they are masked if not significant at 95% level.

24



Fig. 5. Variance (%) of JFM North Pacific sea level pressure (SLP) associated with (a-c) JFM Tropical

Pacific SST, (d-f) JFM North Pacific SST and (g-i) JFM North Pacific SST (“free” from Tropical Pacific

SST influence) for XX-T30 (left), XX-T106 (middle) and NCEP/HadISST datasets (right). Contour interval

is 10%. All the values shown are significant at 95%.
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Fig. 6. First EOF of northern extratropics (0-360◦, 20◦-90◦N) JFM SLP anomalies as linked with the

Tropical Pacific SST (120◦-290◦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 and (e,f) NCEP/HadISST datasets,

computed by means of the coupled manifold technique. Red solid (blue dashed) contours correspond to

positive (negative) values. All the patterns shown are significant at 95%.
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Fig. 7. JFM mean SST (◦C, shaded) and surface zonal wind stress (N/m2, contours) differences from

HadISST and ERA40 (Uppala et al., 2005), respectively, for (a) XX-T30 and (b) XX-T106. A Student’s

test is applied to the differences, and they are masked if notsignificant at 95% level.
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Fig. 8. First EOF of North Pacific (120◦E-110◦W, 20◦-60◦N) JFM SST as total, “forced” and “free”

components for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadISSTdataset (g,h,i). “Forced” and “free” refer to

the link of North Pacific SST with the Tropical Pacific sector (120◦E-90◦W, 20◦S-20◦N), computed using

the coupled manifold technique (all the values shown are significant at 95% level). The PC1 is regressed

on the JFM SLP anomalies (mb) and shown as contours in each panel. A Student’s test is applied to the

regression coefficients to disprove the hypothesis of zero regression, and the values not significant at 95%

level are masked.

28



Fig. 9. Correlation coefficients between total, “forced” and “free” PC1 of North Pacific (120◦E-110◦W, 20◦-

60◦N) JFM SST and global JFM SST for XX-T30 (a,b,c), XX-T106 (d,e,f) and HadISST dataset (g,h,i).

“Forced” and “free” refer to the link of North Pacific (120◦E-110◦W, 20◦-60◦N) SST with the Tropical

Pacific sector (120◦E-90◦W, 20◦S-20◦N), computed using the coupled manifold technique. A Student’s

test is applied to the correlation coefficients to disprove the hypothesis of zero correlation, and the values

not significant at 95% level are masked.
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