
Multidecadal Mobility of the North Atlantic Oscillation

G. W. K. MOORE

Department of Physics, University of Toronto, Toronto, Ontario, Canada

I. A. RENFREW

School of Environmental Sciences, University of East Anglia, Norwich, United Kingdom

R. S. PICKART

Department of Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

(Manuscript received 29 December 2011, in final form 3 June 2012)

ABSTRACT

The NorthAtlantic Oscillation (NAO) is one of themost important modes of variability in the global climate

system and is characterized by a meridional dipole in the sea level pressure field, with centers of action near

Iceland and the Azores. It has a profound influence on the weather, climate, ecosystems, and economies of

Europe, Greenland, eastern North America, and North Africa. It has been proposed that around 1980, there

was an eastward secular shift in the NAO’s northern center of action that impacted sea ice export through Fram

Strait. Independently, it has also been suggested that the location of its southern center of action is tied to the

phase of the NAO. Both of these attributes of the NAO have been linked to anthropogenic climate change.

Here the authors use both the one-point correlation map technique as well as empirical orthogonal function

(EOF) analysis to show that themeridional dipole that is often seen in the sea level pressure field over theNorth

Atlantic is not purely the result of the NAO (as traditionally defined) but rather arises through an interplay

among theNAOand two other leadingmodes of variability in theNorthAtlantic region: theEastAtlantic (EA)

and the Scandinavian (SCA) patterns. This interplay has resulted in multidecadal mobility in the two centers of

action of the meridional dipole since the late nineteenth century. In particular, an eastward movement of the

dipole has occurred during the 1930s to 1950s as well as more recently. This mobility is not seen in the leading

EOF of the sea level pressure field in the region.

1. Introduction

Teleconnections—long-range, spatially coherent, and

time-varying regions of correlation or anticorrelation in

the sea level pressure and other atmospheric fields—are

extremely important manifestations of low-frequency

climate variability (Wallace and Gutzler 1981, hereafter

WG; Hurrell 1996). The North Atlantic Oscillation

(NAO), a meridional ‘‘seesaw’’ or dipole in atmo-

spheric pressure with centers of action near the Azores

and Iceland, is among the most significant of these tel-

econnections (Van Loon andRogers 1978; Hurrell 1995;

Visbeck et al. 2001; Hurrell et al. 2003b). The NAO’s

centers of action correspond to the Icelandic low and the

Azores high. Winters corresponding to the positive

phase of the NAO are characterized by anomalously

high (low) sea level pressure in the southern (northern)

center of action. During this phase, temperatures tend to

be colder in Greenland and North Africa but warmer

in Scandinavia and in the southeastern United States

(Hurrell et al. 2003b).Anumber of other phenomena have

also been tied to theNAO, including shifts in the location

of the North Atlantic storm track, precipitation over

Europe and North Africa, the frequency of Greenland

tip jets, sea ice transport through Fram Strait, deep

ocean convection in the subpolar North Atlantic, and

North Atlantic marine productivity (Dickson et al. 1996;

Rogers 1997; Hilmer and Jung 2000; Hurrell et al. 2003a;

Moore 2003; Våge et al. 2009; Hurrell and Deser 2009).

Although the NAO’s centers of action have well-

defined climatological locations, there exists consider-

able variability in their locations on a month-to-month
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basis. For example, Mächel et al. (1998) used the Com-

prehensive Ocean–Atmosphere Data Set (COADS)

sea level pressure data to show that the locations of

the Icelandic low and Azores high during a particular

month are usually delimited by the areas 408–708N, 558–
58W and 208–508N, 558–58W. In addition, it has been

shown that there is seasonal variability in the centers of

action of theNAO,with the centers being located off the

east coast of North America during the warm period of

the year (Portis et al. 2001).

Around 1980 there was an eastward shift in the NAO’s

northern center of action which had an impact on sea ice

export through Fram Strait (Hilmer and Jung 2000; Jung

et al. 2003). It has also been independently suggested

that there is mobility in the NAO’s southern center of

action related to its phase: it tends to be situated in the

vicinity of the Azores when the NAO is in its negative

phase and near the Iberian Peninsula during its positive

phase (Cassou et al. 2004). This observed mobility has

been hypothesized to be a consequence of anthropo-

genic climate change, which has, in some climate mod-

eling studies, led to more frequent positive NAO states

and thus an intrinsic eastward displacement (Ulbrich

and Christoph 1999; Hu and Wu 2004). However, this

effect is not present in all models, and, if present, it is

generally small in magnitude (Stephenson et al. 2006).

This is consistent with evidence of deficiencies in the

ability of the current generation of climate models to

simulate the NAO (Woollings et al. 2010b).

There is also evidence of longer-term variability in the

centers of action of the NAO. In particular, Vicente-

Serrano and Lopez-Moreno (2008) showed that there

was nonstationarity in the relationship between the

NAO and European precipitation that was associated

with multidecadal variability in the locations of the

NAO’s centers of action. The climate record in the

Greenland Ice Sheet Project (GISP2) ice core from

Greenland exhibits a complex relationship with the

NAO that has been proposed to be modulated by vari-

ability in the location of its northern center of action

(Dawson et al. 2007). Along similar lines, a recent mod-

eling study suggests that the transition between the Me-

dieval Climate Anomaly and the Little Ice Age was also

associated with a northeastward shift in the locations of

the centers of action of the NAO (Trouet et al. 2009).

Empirical orthogonal function (EOF) analysis of the

sea level pressure field over the North Atlantic region

indicates that a meridional dipole with centers of action

near Iceland and the Azores is the leading mode of

variability (Barnston and Livezey 1987). It has been

conventional in many studies to refer to this mode as

being synonymous with the NAO, although more re-

cently it has been pointed out that the NAO can by

diagnosed via nonlinear techniques such as cluster anal-

ysis (Cassou et al. 2004; Hurrell and Deser 2009). As we

shall discuss later, an EOF-based analysis in and of itself,

does not capture the mobility that is associated with the

meridional dipole in the regional sea level pressure field.

As a consequence, we argue that it may be necessary to

refine our teleconnection nomenclature with respect to

the North Atlantic to differentiate between the canonical

NAO, as captured in EOF analyses, and its actual mani-

festation as a meridional dipole in the sea level pressure

field, as captured using other techniques.

The second and third leading EOFs of the North

Atlantic region are structures with primary centers to

the west of Ireland, in the case of the second leading

mode, and near Bergen, Norway, in the case of the

third leading mode (Barnston and Livezey 1987). These

modes are commonly referred to as the East Atlantic

(EA) and Scandinavian (SCA) patterns, respectively

(although Barnston and Livezy called the latter the

Eurasian pattern). Neither of these modes is as well

studied as the NAO, but both play a role in the climate

of the North Atlantic region. For example, the EA

patternmodulates precipitation over southwest England

and the Iberian Peninsula (Rodriguez-Puebla et al.

1998) and influences the position of the primary North

Atlantic storm track and jet streams (Seierstad et al.

2007; Woollings et al. 2010a). Moore et al. (2011) showed

that EA pattern played a role in anomalous NAO posi-

tive conditions that occurred during the winter of 2007,

forcing more frequent barrier winds along the southeast

coast of Greenland (Renfrew et al. 2008; Petersen et al.

2009). In addition, it has been proposed that the EA

pattern, in conjunction with the NAO, was responsible

for the extremely cold temperatures over Europe during

December 2010 (Moore and Renfrew 2012). The SCA

pattern has been shown to influence precipitation, tem-

peratures, and cyclone activity across northern Europe

and Eurasia (Bueh and Nakamura 2007; Seierstad et al.

2007).

In this paper, we investigate the extent to which a full

characterization of the meridional dipole in sea level

pressure over the North Atlantic, in particular the

strength and location of its centers of action, requires

knowledge not contained in a conventional NAO index.

We show instead that it requires information embedded

within the indices used to define the EA and SCA. This

approach builds upon the work of Franzke and Feldstein

(2005), as well as that of Moore et al. (2011) and Moore

and Renfrew (2012). In particular, it assumes that the

dipole characteristic of the sea level pressure field over

the North Atlantic is not solely the result of what we

refer to as the NAO, but rather is a continuum formed

by the linear combination of the teleconnections that we
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refer to as theNAO, the EA, and the SCA. The approach

provides a simpler and arguably more heuristic alterna-

tive to nonlinear techniques such as cluster analysis or

self-organizing maps (e.g., Cassou et al. 2004).

We accomplish this by revisiting one of the earliest

studies to document the spatial structure of the NAO,

which used the so-called one-point correlation map

technique developed by WG. That study identified two

locations, situated near Iceland and the Azores, where

the magnitude of the spatial cross-correlation in the sea

level pressure field was highest. WG described these as

being the centers of action of the NAO. They focused

their attention on a 15-yr-long period extending from

December 1962 through February 1977. We show that

the same analysis technique on a longer time period

identifies multidecadal mobility in these centers of

action that was not identified by WG or captured by

an EOF analysis that identifies the NAO, EA, and

SCA as the leading modes of variability in the North

Atlantic region. Rather, it is only through the con-

sideration of the magnitude and phases of these three

teleconnections that it is possible to fully characterize

the variability in the sea level dipole. Furthermore, using

long-term indices of these three teleconnections, we

present evidence of multidecadal mobility in each of

their centers of action that extends back into the late

nineteenth century.

2. Methods and data

Twomain techniques, one-point correlation maps and

empirical orthogonal function analysis, have been pro-

posed to provide an objective characterization of the

spatial structure of atmospheric teleconnections. Both

have a common origin in the covariance matrix element

Ciji0j0 for a latitude–longitude gridded atmospheric field

Fij(t) defined as follows:

Ciji0j0 5 hFij,Fi0j0 i ,

where hA,Bi is the temporal covariance coefficient be-

tween A(t) and B(t).

The one-point correlation map technique calculates

the teleconnectivity matrix T by determining for each

grid point the minimum value of C (see WG). That is,

Tij 5 jmin(Ciji0j0)j"i0j0 .

The conventional interpretation (WG) is that local

maxima inT indicate centers of action of teleconnections.

Furthermore, dipolar teleconnections such as the NAO

have a symmetry between their two centers of action,

(in, jn) and (is, js), Tinjn 5Tisjs .

A more complete description is provided by the EOF

approach. With this technique one finds the eigenfunc-

tions of the covariance matrix Ciji0j0 (Monahan et al.

2009). These eigenfunctions represent a set of spatial

structures or basis functions that by definition explain

the maximum amount of spatial variability in the un-

derlying atmospheric field with the smallest number of

spatial patterns (Monahan et al. 2009). A reconstruction

of the field in question is then provided by

Fij(t)5 �
N

k51

ake
k
ij ,

where ekij is the kth eigenvector and ak is the kth prin-

cipal component (i.e., the projection of Fij onto ekij).

Both techniques have their advantages and disad-

vantages. The one-point correlation map approach is

only able to identify the leading correlation structure in

a given region and, as a result, does not provide any

information on the nonleading modes of variability. In

addition, we will argue that the one-point correlation

map technique does not capture the canonical leading

teleconnection but rather the dominant correlation field

that results from the combined influences of all the

leading teleconnections in that region. By definition, the

field identified with the one-point correlation map

technique can be interpreted locally and does not de-

pend on the shape of the domain used (Ambaum et al.

2001). On the other hand, EOFs are nonlocal in that

their values at two different points depend on the entire

covariance matrix (Monahan et al. 2009) As a result,

points with the same sign in an EOF are not necessarily

correlated (Ambaum et al. 2001). In addition, this non-

local nature of the EOF analysis implies that the shape

of the domain used impacts the spatial structure of the

EOFs (Richman 1986).

In our application of the one-point correlation map

technique and EOF analysis, we use the sea level pres-

sure field from the National Centers for Environmental

Research (NCEP) reanalysis for the 189 winter months

[December–February (DJF)] from December 1948 to

February 2011. The climatological monthly mean based

on this entire period was used to calculate the anomalies

from which the covariance matrix was calculated. For

a longer-term perspective, we repeated the analysis us-

ing the sea level pressure field from the Twentieth-

Century Reanalysis (20CR) Project (Compo et al. 2011).

This reanalysis dataset assimilates only surface pressure

observations and provides the first three-dimensional

representation of the state of the troposphere in the
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period prior to the establishment of the synoptic-scale

upper-air network in the late 1940s (Compo et al. 2006,

2011). We use the 414 winter months (DJF) of the 20CR

for its entire period from January 1871 to December

2008 with the climatological monthly mean again based

on the entire period.

With respect to the one-point correlation technique,

all other steps in the analysis procedure are the same as

those used in WG. Indeed as shown in the appendix, we

also calculated the sea level pressure teleconnectivity

matrix T for the two periods used by WG using both the

NCEP data (Kalnay et al. 1996; Kistler et al. 2001) and

the 40-yr European Centre forMedium-RangeWeather

Forecasts (ECMWF) Re-Analysis (ERA-40; Uppala

et al. 2005) and found excellent agreement with respect

to the centers of action and the magnitude of the tele-

connectivity matrix at these points.

With regard to the EOF analysis, we performed a

latitude-weighting of the data prior to the calculation of

the covariance matrix as recommended by Hannachi

et al. (2007). The domain used for the EOF analysis covers

the entire North Atlantic region and extends from 108 to
808N and from 1008W to 408E. No rotation of the ei-

genfunctions was applied.Althoughwe computed the full

spectrum of EOFs of the sea level pressure field, we focus

our attention on the three leading EOFs that represent

the NAO, EA, and SCA teleconnections. Indices of the

NAO, EA, and SCA were calculated from the principal

component time series of the three leading EOFs and, by

construction, these indices are uncorrelated (Monahan

et al. 2009).

3. Results

As discussed above, the teleconnectivity matrix T is

essentially a measure of the point-wise cross-correlation

in a given field. The calculation of T for the monthly

mean sea level pressure field from the NCEPReanalysis

for the winter months (DJF), from 1948 to 2011, reveals

two centers of action represented by broad regions of

elevated correlations that are oriented in a southwest to

northeast direction (Fig. 1). Embedded within each re-

gion are two localized maxima. For the northern center

of action, one maximum is located between Cape Fare-

well (southern tip of Greenland) and southwest Iceland,

while the other is located to the northeast of Iceland. For

the southern center of action, the twomaxima are located

to the southwest of the Azores and over the Iberian

Peninsula, respectively. As discussed in the appendix,

examination of T for the primary period used by WG,

winter of 1962/63 to the winter of 1976/77, shows only

the western maximum for each of the two centers

of action. For the other period used by WG, winter of

1949/50 to winter of 1961/62, again only the western

maxima were identified. There was, however, a west-

ward shift in their locations that was not commented

upon by WG.

Using the longer time series of the 20CR product, we

computed the teleconnectivity matrix T for the monthly

mean sea level pressure field for the winter months

(DJF) from 1871 to 2008, as well as for two equal-length

(180 month) subperiods from 1888 to 1948 and from

1948 to 2008 (Fig. 2). It should be noted the magnitude

of the teleconnectivity matrix for the full period, 1871–

2008, is smaller than that for the subperiods as a result

of the longer time series used in its calculation. For all

three periods, the teleconnectivity matrix retains the

doublemaxima in each of the centers of action identified

in Fig. 1. In particular, the presence of the double

maxima during the earlier subperiod (Fig. 2b) is strongly

suggestive that the eastward movement during the

1980s is not unique. It should be noted, however, that

there is some variability in the position: in particular,

during the later subperiod (Fig. 2c) the maxima in each

center of action are more widely separated than during

the earlier subperiod (Fig. 2b). In addition, the loca-

tions of the maxima during the later subperiod closely

match those for the NCEP teleconnectivity matrix for

the same period as well as the period 1948–2011 shown

in Fig. 1.

Next we present the three leading EOFs calculated

from the winter (DJF) monthly mean sea level pressure

field from both the NCEP reanalysis and the 20CR

(Fig. 3). The EOFs were calculated, in the case of the

NCEP reanalysis, over the period from 1948 to 2011 and

the three leading EOFs respectively describe 36%,

17.5%, and 15% of the variability in the sea level pres-

sure field over this time period. The 20CR EOFs were

FIG. 1. Teleconnectivity matrix of the NCEP sea level pressure

field for the winter months (DJF) from 1948 to 2011. The plus signs

(1) indicate maxima in the teleconnectivity matrix. The lighter,

medium, and darker shading represent teleconnectivity matrix

values .0.6, 0.65, and 0.7, respectively.
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calculated over the period 1871–2008 and the three

leading EOFs respectively describe 33%, 20%, and

15% of the variability. The three leading EOFs repre-

sent the canonical NAO (Figs. 3a,b), EA (Figs. 3c,d),

and SCA (Figs. 3e,f) teleconnections. Comparing the

structure of the EOFs for the two periods and datasets

indicates that there is good overall agreement as to the

structure and magnitude. The NAO is characterized by

a dipole structure with centers of action near Iceland

and the Azores. The EA is a monopole structure with

a center of action south of Iceland. Note that the center

of action of the EA lies along the nodal line of the NAO

(Moore and Renfrew 2012). The SCA is a monopole

structure with a center of action situated in western

Norway. There is evidence of a weak dipole associated

with the SCA with a center of action of opposing sign

situated over southern Greenland and the Labrador

Sea.

EOFs are dependent on the chosen domain over which

they are calculated (Ambaum et al. 2001; Monahan et al.

2009) and so one might wonder about the robustness

of the features that we have presented in Fig. 3. As

a check, we computed the spatial correlation fields of

the winter (DJF) monthly mean sea level pressure

field from the 20CR for the period 1871–2008 against

indices of the NAO, EA, and SCA derived from the

principal components of the correspondingEOF analysis.

We show these fields in Fig. 4. For the most part, the

spatial correlations are similar to the EOFs with respect

to the location and structure of the respective centers of

action. The EA and SCA spatial correlation fields exhibit

side-lobe behavior that result in a tripole and quadrupole

structures, respectively, that are also present, although in

a more muted form, in the EOFs. Similar results were

obtained with indices derived from the gridpoint sea level

pressure at the respective centers of action, as did the

corresponding analyses with the NCEP reanalysis.

Although the EOF analysis provides a bulk mea-

sure of the variability in the underlying field, it does

not give information as to the spatial distribution of

variability that is described. The spatial correlation

technique allows for this and in Fig. 5 we show the

percentage of the variability in the winter (DJF)

monthly mean sea level pressure field from the 20CR

for the period 1871–2008 that is described by the

NAO, EA, and SCA. This was computed by summing

the squares of the correlation coefficients shown in

Fig. 4. A similar solution was obtained from the simul-

taneous multiple linear correlation coefficient analysis

against indices of the NAO, EA, and SCA (Moore and

Renfrew 2012). As one can see, the three modes de-

scribe over 50% of the variability over much of the

North Atlantic, Greenland, northern Europe, and the

eastern Canadian Arctic, with a maximum of over 90%

in the vicinities of the centers of action of the EA and

SCA.

Given the structure of the EOF patterns over the

period 1871 to the present, it stands to reason that the

NAO teleconnection, as described by the leading EOF

of the sea level pressure field, in and of itself cannot be

solely responsible for the occurrence of the multiple

maxima in the teleconnectivity matrix identified in Figs.

1 and 2. In Fig. 6 we present linear combinations of the

two leading EOFs [i.e., the NAO and EA for the 20CR

winter (DJF) monthly mean sea level pressure field for

the period 1871–2008]:

FIG. 2. As in Fig. 1, but for the 20CR sea level pressure field for

the winter months (DJF) of (a) 1871–2008, (b) 1888–1948, and

(c) 1948–2008.
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slp5a3NAO1b3EA,

where a5 f21, 0, 1g and

b5 f21, 0, 1g .
The cases where a 5 61 and b 5 0 represent the two

phases of the NAO teleconnection, while the cases

where a 5 0 and b 5 61 represent the two phases of

the EA teleconnection. The remaining four cases where

a 561 and b 5 61 represent states associated with mix-

tures of the two teleconnections. Of course, other values of

a and b are possible; however, the combinations shown in

Fig. 6 are sufficient to document the impact that the EA

teleconnection has on the NAO. In all cases in which

a 6¼ 0, one can see that there exists a meridional dipole

in the sea level pressure field. The cases where a and b

are of the same sign (e.g., a5 1 and b5 1 or a521 and

b 5 21) result in a southwestward movement in the

centers of action of the dipole. On the other hand,

the cases where they are of opposing sign result in a

northeastward movement of the centers of action of

the dipole. Thus, linear combinations of these EOFs

result in southwest to northeast movement in the

FIG. 3. The three leading EOFs of the sea level pressure field for the winter months (DJF). (left) The NCEP reanalysis for the period

1948–2011 and (right) the 20CR for the period 1871–2008. (a),(b) The leading EOF represents the NAO teleconnection, while the (c),(d)

second and (e),(f) third represent the EA and SCA teleconnections, respectively.
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centers of action of the meridional dipole in sea level

pressure.

The analogous linear combinations of the first and

third leading EOFs (i.e., the NAO and SCA) are pre-

sented in Fig. 7:

slp5 d3NAO1 «3SCA,

where d5 f21, 0, 1g and

«5 f21, 0, 1g .

The interpretation is similar to that for the linear com-

binations of the two leading EOFs. Again, one has, in all

cases with d nonzero, a meridional dipole in the sea level

pressure field. The cases where d and « are of the same

sign result in a clockwise rotation in the centers of action

(e.g., an eastward movement in the northern center of

action and a westward movement in the southern center

of action). The cases where they are of opposing sign

result in a counterclockwise rotation in the centers of

action.

It is of course possible to consider linear combinations

of the three leading EOFs. However, given the results

presented in Figs. 6 and 7 it clear that one must distin-

guish between the ‘‘pure’’ NAO teleconnection, which

would exist only if the magnitude of the EA and SCA

were zero, and the ‘‘NAO-like’’ meridional dipole in the

sea level pressure field that exists when the magnitudes

of the EA and SCA are nonzero. Furthermore, the re-

sults presented in Figs. 6 and 7 indicate that the binary

interaction between the NAO and either the EA or the

SCA can result in mobility in the centers of action of

the meridional dipole in the sea level pressure field over

the North Atlantic that was identified in the telecon-

nectivity matrix. This implies that the observed mobility

in the two centers of action of the meridional dipole that

occurred in the 1980s (Hilmer and Jung 2000; Cassou

et al. 2004) can potentially be explained with reference to

these other climate modes.

To confirm this, we use indices of the NAO (NAOI),

EA (EAI), and SCA (SCAI) derived from the principal

components of the EOF expansion of the 20CR (see

section 2). We show these indices in Fig. 8, after the

application of a low-pass filter with a cutoff of 21 years.

The transition from NAO negative conditions during

the 1960s to NAO positive conditions in the 1990s is

apparent, as is the recent transition back to NAO neg-

ative conditions (Hurrell 1995; Moore and Renfrew

2012). The period from the late 1890s to the 1930s can be

seen as a period when the NAO was positive that was

preceded by a period when the NAO was negative.

From the 1930s to the 1960s the NAO was again pre-

dominately negative. The EA and SCA also exhibit

periodic transitions between their positive and negative

states with the EA undergoing a very recent transition

from negative to positive states with the opposite oc-

curring for the SCA. In addition, since the 1940s the

magnitude of the SCA has generally been larger than

that for the EA.

We focus on four 21-yr-long subperiods from this re-

cord to highlight the efficacy of using indices of the

NAOI, EAI, and SCAI to diagnose variability in the

centers of action of the meridional dipole in sea level

pressure over the North Atlantic. Specifically, we con-

sider the winters during 1910–30, 1930–50, 1950–70, and

1970–90. These periods are highlighted in Fig. 8. The

FIG. 4. Spatial correlation of the winter (DJF) monthly mean sea

level pressure field from the 20CR for the period 1871–2008 against

indices of the (a) NAO, (b) EA, and (c) SCA.
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teleconnectivity matrices from the sea level pressure

field from the 20CR for these four periods are shown

in Fig. 9. The first and third periods (Figs. 9a,c) have

a single maximum in each center of action in the

teleconnectivity matrix that is situated to the southwest

of that associated with the pure NAO teleconnection

(Figs. 3a,b). In contrast, the second and fourth periods

(Figs. 9b,d) have maxima in the teleconnectivity matrix

FIG. 5. Percentage of the variability in thewinter (DJF)monthlymean sea level pressure field from

the 20CR for the period 1871–2008 that is explained by the indices of the NAO, EA, and SCA.

FIG. 6. Impact of the phase of theNAOandEAon thewinter (DJF)monthlymean sea level pressure field (mb) over theNorthAtlantic.

The figures in the middle column represent the leading EOF (i.e., the NAO), while those in the middle row represent the second leading

EOF (i.e., the EA pattern). The corner figures represent the linear combinations of these two EOFS. The EOFs are from the 20CR for the

period 1871–2008. Please refer to the text for more information on how the linear combinations were calculated.
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that are translated toward the northeast; in the case

of the period 1930–50, there also exist (less extensive)

secondary maxima to the southwest of the primary

ones.

FromFig. 8, we note that during the first period (1910–

30) the NAOI and EAI were both positive while the

SCAI was predominately negative. The results from

Figs. 3 and 4 imply a southwestward movement in the

centers of action that is consistent with the tele-

connectivity matrix of this period (Fig. 9a). During

the second period (1930–50) the NAOI was for the

most part negative while both the EAI and SCAI

underwent changes in sign. In such a scenario, one

would expect multiple centers of action as seen in

the teleconnectivity matrix for this period (Fig. 9b).

For the two latter periods, 1950–70 and 1970–90, the

NAOI undergoes a change is sign with the EAI close

to zero and the SCAI positive. From Fig. 4, one would

thus expect the period 1950–70 to be one in which

there was a southwestward shift in the centers of ac-

tion, whereas the period 1970–90 should be one in

which there was a northeastward shift. This is consis-

tent with the teleconnectivity matrices for these two

periods (Figs. 9c,d).

During the most recent period (i.e., after 1990), the

NAO and the SCA were for the most part positive and

the EA was negative. In this situation, one would again

expect a northeastward shift in the centers of action, as is

observed to be the case in the teleconnectivity matrix

(not shown).

FIG. 7. As in Fig. 6, but for the SCA.

FIG. 8. Time series of the winter mean (DJF) indices of

the NAO (black curve), EA (red curve), and SCA (blue curve)

for the period 1871–2008. The indices are derived from the

principal components of the EOF decomposition of the monthly

mean winter (DJF) sea level pressure field from the 20CR.

A low-pass filter with a cutoff of 21 years was used. The verti-

cal lines delimit the periods investigated in further detail in

Fig. 9.
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To confirm the stability of the structure of the leading

EOF of the sea level pressure field over time, we show

in Fig. 10 this EOF from the 20CR for the winters used

in Fig. 9 (i.e., 1910–30, 1930–50, 1950–70, and 1970–90).

The structure of this EOF is similar over the various

subperiods and typically shows a well-defined dipole

with centers of action near Iceland and the Azores.

There are some minor differences in the orientation

and location of the centers of action with the largest

discrepancy occurring during the period from 1930 to

1950 when the southern center of action is shifted

eastward. Although this a period where the telecon-

nectivity matrix shows an eastward shift in this center of

action, the period from 1970 to 1990 during which the

teleconnectivity matrix showed a similar shift is one in

which the leading EOF shows no such shift. Figure 11

compares the structure of the leading EOF of the

sea level pressure from the 20CR as calculated over the

entire period 1871–2008 with the composite leading

EOF calculated from all 21-yr-long windows during

1871–2008. Again the structure of the composite lead-

ing EOF is very similar to that calculated over the entire

period, providing additional evidence as to the stability

of its structure.

4. Summary and discussion

We have used the one-point correlation technique to

revisit the analysis byWGwith regard to North Atlantic

teleconnection patterns in the sea level pressure field.

By using longer datasets than those available toWG, we

have shown that there exist multiple locations for the

two centers of action associated with the NAO, with the

dominance of one center of action over another chang-

ing with time. This behavior has been present since the

late nineteenth century. However, it is not apparent in

an EOF analysis of the sea level pressure field in the

region, which indicates that the NAO has more or less

fixed centers of action located near Iceland and the

Azores.

As we illustrate in this paper, a full description of the

meridional dipole in the sea level pressure field that we

conventionally refer to as the NAO requires knowledge

of two other teleconnections in the region that are

commonly referred to as the East Atlantic (EA) and

Scandinavian (SCA) patterns. These teleconnections

are, after the NAO, the second and third leading tele-

connections in the region. They each explain approxi-

mately 15%–20% of the variability in the winter sea

FIG. 9. Teleconnectivitymatrix of the 20CR sea level pressure field for thewintermonths (DJF) of (a) 1910–30, (b) 1930–50, (c) 1950–70,

and (d) 1970–90. The plus signs indicate maxima in the teleconnectivity matrix. The lighter, medium, and darker shading represent

teleconnectivity matrix values .0.6, 0.65, and 0.7, respectively.
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level pressure field and so are not inconsequential when

compared to the approximate 35%of the variability that

is explained by the NAO. Indeed, recent studies have

shown that they play an important role in the climate

of the region (Seierstad et al. 2007; Woollings 2010;

Woollings et al. 2010a; Moore et al. 2011; Moore and

Renfrew 2012). Variability in the structure of the me-

ridional dipole not captured by consideration of the

NAO in isolation may help explain climate variability in

the North Atlantic–western European–Greenland re-

gion that is uncorrelated or only weakly correlated with

the NAO (Dawson et al. 2002, 2007; Vicente-Serrano

and Lopez-Moreno 2008; Trouet et al. 2009; Holmes

et al. 2010).

Linear combinations of the NAO and either the EA

or SCA still result in a meridional dipole in the sea level

pressure field over the North Atlantic but with centers

of action that are displaced with respect to those as-

sociated with the ‘‘pure’’ NAO.When the phase of the

NAO and EA are of the same sign, the centers of action

are shifted to the southwest; when the phases are op-

posite, there is a shift to the northeast. When the phase

of the NAO and SCA are of the same sign, there is

a counterclockwise rotation in the centers of action,

whereas when the phases are opposite there is a clock-

wise rotation.

Our results are novel in several regards. Firstly, they

show that this mobility occurs simultaneously in both

centers of action and not, as has been suggested pre-

viously, in either the northern (Hilmer and Jung 2000;

Jung et al. 2003) or southern center of action only

(Cassou et al. 2004). Secondly, they suggest that this

mobility is not just a secular trend of the late twentieth

century, as has been previously proposed (Hilmer and

Jung 2000; Jung et al. 2003), but has occurred in the past

as well. In particular, we have identified the period

1930–50 as one, similar to the period after the 1980s, in

which the centers of action of the NAO were displaced

toward the northeast. Between these times (1950–70)

the centers of action were displaced toward the south-

west. It was for this period that WG performed their

analysis; as a result, they did not identify the multiple

centers of action of the meridional dipole.

We have also shown that, in addition to the NAO, the

EA and SCA both exhibit variability on multidecadal

time scales. Our analysis suggests that it is important

to consider this variability and its impact on the struc-

ture of the meridional dipole in sea level pressure in

FIG. 10. The leading EOF of the sea level pressure field for the winter months (DJF) from the 20CR during (a) 1910–30, (b) 1930–50, (c)

1950–70, and (d) 1970–90.
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diagnosing the climate signal associated with the NAO.

This suggests that the NAO’s mobility is an inherent

part of the coupled climate system of the North Atlantic

that, while affected by its phase (and thus anthropogenic

climate change), has other governing factors as well.

Finally, our work suggests a reinterpretation of the

teleconnectivity matrix and the one-point correlation

map technique. As we have shown, it does provide in-

formation on the spatial structure of teleconnections

that is fundamentally different from that provided by

EOF analyses. In particular, it sheds light on the ob-

served spatial correlations that are active in a given re-

gion over a given period of time. This is information

that is not the result of a single (usually the leading)

EOF, but rather is information that is the result of the

continuum of EOFs that are active at that time (Franzke

and Feldstein 2005). The fact that this technique can

capture such fundamental characteristics of observed

teleconnections as the mobility of their centers of ac-

tions suggests that its use in other applications may be

warranted.
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APPENDIX

Comparison with the Wallace and Gutzler (1981)
Analysis

The original WG study used fields from the National

Weather Service’s operational analysis for the 45 winter

months (DJF) from December 1962 to February 1977,

and as a test, their analysis was repeated with an in-

dependent sample of the 39 winter months (DJF) from

December 1949 to February 1962 (WG). In each case,

the climatological monthly means were subtracted from

the fields and the covariance matrix was calculated

using the resulting anomalies.

Figure A1 shows the NCEP reanalysis and ERA-40

sea level teleconnectivity matrix T for the period from

December 1962 to February 1977. The color scale used is

the same as in the original study (WG). Also shown are

the maxima in T as well as arrows connecting grid points

that have the largest anticorrelation on their respective

one-point correlation maps. Comparison of Fig. A1 with

the original figure fromWG shows very good agreement

with respect to the centers of action and the magnitude

of the teleconnectivity matrix at these points.

Figure A2 shows the NCEP reanalysis sea level tele-

connectivity matrix T for the period from December

1949 to February 1962. With regard to the North Atlantic,

there again exists a single maximum associated with

each center of action of the NAO. However, the loca-

tions of the maxima are shifted westward by approxi-

mately 208. Although it was not commented up at the

time, such a shift is also present in the original figure

(WG).

Over the North Pacific, there are also significant

changes between the two periods. In particular, the pe-

riod from December 1962 to February 1977 was char-

acterized by two separate dipolar patterns (Figs. A1 and

A2) that were originally attributed to the North Pacific

Oscillation and the Pacific–North American pattern

(WG). The easternmost of these patterns is absent

during the period from December 1949 to February

1962 and the westernmost pattern is shifted eastward

by approximately 408. These differences were attrib-

uted at the time to the fact that the time period used

FIG. 11. (a) The leading EOF of the sea level pressure field for

the winter months (DJF) from the 20CR for the period 1871–2008.

(b) The composite of leading EOF of the sea level pressure field for

the winter months (DJF) from the 20CR for all the 21-yr-long

moving windows that cover the period 1871–2008.
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was too short to capture the variability in the system

(WG). Given the results we have presented, it may be

that the Pacific–North American pattern has a degree

of variability with respect to the location of its centers

of action as well.
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