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ABSTRACT

The North Atlantic Oscillation (NAO) response to the northeast Pacific climate variability is examined

using the ERA-40 dataset. The main objective is to validate a mechanism involving downstream wave

propagation processes proposed in a recent idealized companion study: a low-frequency planetary-scale ridge

(trough) anomaly located in the eastern Pacific–North American sector induces more equatorward (pole-

ward) propagation of synoptic-scale wave packets on its downstream side, which favors the occurrence of

anticyclonic (cyclonic) wave breakings in the Atlantic sector and the positive (negative) NAO phase.

The mechanism first provides an interpretation of the canonical impact of the El Niño–Southern Oscillation on

the NAO in late winter. The wintertime relationship between the Pacific–North American oscillation (PNA) and

the NAO is also investigated. For out-of-phase fluctuations between the PNA and NAO indices (i.e., the most

recurrent situation in late winter), the eastern Pacific PNA ridge (trough) anomaly modifies the direction of

downstream wave propagation, triggering more anticyclonic (cyclonic) wave breakings over the North Atlantic.

For in-phase fluctuations, the effect of the eastern Pacific PNA anomalies is cancelled out by the North American

PNAanomalies. The latter anomalies being deeper andmore centered in the latitudinal bandof downstreamwave

propagation, they are able to reverse the direction of wave propagation just before waves enter the Atlantic

domain. The contrasting relationship between the PNA and NAO is similar to what occurs for the two leading

hemispheric EOFs of geopotential height: the northern annular mode (NAM) and the cold ocean–warm land

(COWL) pattern. The proposed mechanism provides a physical meaning for the NAM and COWL patterns.

1. Introduction

There are numerous evidences that the major modes

of climate variability in the North Pacific exert some

influence on the leadingmode of atmospheric variability

in the North Atlantic, the so-called North Atlantic Os-

cillation (NAO). The last decades weremarked bymany

studies on the influence of ENSO on the North Atlantic

atmospheric circulation (Van Loon and Madden 1981;

Fraedrich 1990; Fraedrich and Müller 1992; Dong et al.

2000; Pozo-Vázquez et al. 2001, 2005; Lin et al. 2005;

Brönnimann 2007; Li and Lau 2012a,b). Using re-

analysis datasets, Pozo-Vázquez et al. (2001, 2005)

showed that strong La Niña events were associated in
winter (December–January) with a significant positive

NAO-like phase sea level pressure (SLP) pattern. On

the contrary, no significant SLP pattern was found in the

North Atlantic during El Niño events. This stronger link
between La Niña and the positive NAO-like phase was
also observed by Fraedrich (1990) and Fraedrich and

Müller (1992). Moron and Gouirand (2003) studied the

seasonal modulation of ENSO in the North Atlantic

domain: the response to ENSO forcing in the North

Corresponding author address: Marie Drouard, CNRM-GAME/

GMAP/RECYF,Météo-France, 42 Ave. G. Coriolis, 31057 Toulouse
CEDEX 1, France.
E-mail: marie.drouard@meteo.fr

15 MAY 2015 DROUARD ET AL . 3957

DOI: 10.1175/JCLI-D-14-00552.1

� 2015 American Meteorological Society

mailto:marie.drouard@meteo.fr


Atlantic is opposite in November–December to that of

January–March and is stronger in late winter (February–

March). This could explain why Pozo-Vázquez et al.
(2001, 2005) did not find a significant response to El Niño
in their study. The result ofMoron andGouirand (2003) is

in good agreement with that of Dong et al. (2000), who

studied the impact of ENSO on the North Atlantic at-

mospheric circulation in an atmospheric general circula-

tion model by prescribing sea surface temperature (SST)

anomalies in the equatorial Pacific. They managed to

reproduce the negative NAO-like phase anomaly ob-

served in the North Atlantic during the strong 1997/98 El

Niño winter and the positive NAO-like phase anomaly
observed during the 1998/99 La Niña winter. Cassou and

Terray (2001) found similar results when forcing the

ARPEGE global circulation model with prescribed SSTs

over the 1948–97 period: the Azores anticyclone tends to

be intensified during El Niño events and lowered during
La Niña events; the reverse is true for the Icelandic low.
As Brönnimann (2007) concluded from all these obser-

vational and numerical studies, there exists a ‘‘canonical’’

late winter signal of the ENSO impact on the North At-

lantic sector, the negative (positive) NAO phase being

excited by El Niño (La Niña) events at this particular
period of the year. There are different competing mech-
anisms to explain this influence. First, the quasi-stationary
Rossby wave train excited by ENSO, which takes the
shape of the Pacific–North American (PNA) tele-

connection, usually extends in the northwestern Atlantic

and can be reinforced there by the transient eddy-mean

flow interaction (e.g., Cassou and Terray 2001; Pozo-

Vázquez et al. 2001). Second, the stratosphere could act

as a Pacific–Atlantic bridge to transmit the signal from

one basin to another (e.g., Castanheira and Graf 2003;

Ineson and Scaife 2009). Finally, a more important role

has been recently conferred on synoptic eddies by Li and

Lau (2012a,b) through the so-called downstream de-

velopment process (Chang and Orlanski 1993; Chang

2001), which corresponds to a downstream dispersion of

synoptic wave energy. ENSO modifies wave packets

propagation over North America, which has a more

downstream influence on the North Atlantic storm track

and can excite the NAO. El Niño events are character-
ized by a zonal low-latitude eastward-extended Pacific
jet, favoring more downstream development from the
North Pacific to the North Atlantic at low latitudes and
negative NAO conditions. On the contrary, La Niña
events are linked to a higher-latitude, less eastward-
extended storm track and less downstream development
over North America (Seager et al. 2010; Li and Lau

2012a,b). Beyond this difference in the latitude and in-

tensity of wave propagation between El Niño and La
Niña events, Li and Lau (2012b) also noticed a difference

in the orientation of synoptic waves. As synoptic waves

enter the Atlantic domain, they reach a more southwest–

northeast (northwest–southeast) tilt favoring anticyclonic

(cyclonic) wave breaking and the positive (negative)

NAO phase. The present paper will confirm this finding

and will more generally show how various North Pacific

low-frequency modes affect the direction of propagation

of synopticwave trains acrossNorthAmerica to influence

the NAO.

As mentioned above, the PNA teleconnection consti-

tutes one way of interpreting the remote influence of

ENSOon theNAO.According to Song et al. (2009), there

also exists a significant anticorrelation between the PNA

and NAO indices at daily time scales, regardless of the

ENSO cycle. Anomalous wave breakings over the North

Atlantic found by the authors in the northwestern At-

lantic in connection with PNA events support the above

findings. This anticorrelation between the two modes was

also observed in multicentury coupled general circulation

model runs, but only for some subperiods of reanalysis

datasets by Pinto et al. (2011). According to them, the

growth condition for baroclinic waves is modified by

the PNA in the northwestern Atlantic. Indeed, during

the negative PNAphase, advection of cold air fromNorth

America and warm air from the Gulf of Mexico amplifies

the baroclinicity near Newfoundland, leading to a more

intense Atlantic storm track in that region and the for-

mation of the positive NAO phase.

Other low-frequency patterns in the Pacific atmospheric

flow have been shown to be linked to the North Atlantic

circulation. For instance, the Aleutian and Icelandic lows

are significantly anticorrelated from February to mid-

March (Honda et al. 2001). The Aleutian low first de-

velops and is followedby the formation of aPNA-likewave

train that conveys wave activity over North America. This

downstream wave activity propagation triggers another

quasi-stationary Rossby wave train in the North Atlantic,

leading to the development of the Icelandic low. Storm-

track activities are shown to reinforce the quasi-stationary

Rossby wave trains, which supports the findings of Cassou

and Terray (2001) and Pozo-Vázquez et al. (2001).
At weekly time scales, there is also evidence of a

connection between the North Pacific low-frequency

variability and the NAO, which usually shows that the

positive NAO is more likely subject to a remote in-

fluence of the Pacific atmospheric flow than the negative

NAO (Feldstein 2003; Drouard et al. 2013, hereinafter

DRA13). By analyzing daily reanalysis datasets from

December to February, DRA13 showed that a north-

eastern Pacific ridge reaches its peak amplitude a few days

prior to the positive NAO phase. DRA13 proposed a new

mechanism to explain the influence of such a northeastern

Pacific low-frequency ridge on the NAO by performing
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short-term sensitivity numerical experiments with a qua-

sigeostrophic model. The large-scale ridge anomaly

creates a zonally asymmetric mean flow in the northeast-

ern Pacific, which deflects synoptic wave trains in such a

way that the waves get a southwest–northeast tilt down-

stream of the ridge, which is maintained until reaching the

North Atlantic domain. The more pronounced anticy-

clonic tilt and equatorward propagation favor anticyclonic

wave breaking in the Atlantic and so the positive NAO

phase. On the contrary, the presence of a large-scale low-

frequency trough in the northeastern Pacific creates a

more zonal mean flow leading to more zonal propagation

of synoptic waves, which prevents the dominance of anti-

cyclonic wave breaking in the Atlantic sector. This new

mechanism is corroborated by the El Niño and La Niña
composites of Li and Lau (2012b). The objective of the

present paper is to show that this mechanism is systemat-

ically active when looking at the influence of various low-

frequencymodes occurring in theNorth Pacific–American

sector on the NAO.

The previously mentioned studies show that the low-

frequency atmospheric circulations in the Pacific and At-

lantic domains are correlated and dynamically linked. This

suggests that low-frequency variability over the North Pa-

cific and the North Atlantic could be part of the same low-

frequency pattern, the so-called northern annular mode

(NAM). This mode has been the subject of several studies,

and its dynamicalmeaning is still discussed (Thompson and

Wallace 1998, 2000; Thompson et al. 2000; Wallace 2000;

Deser 2000; Ambaum et al. 2001; Wallace and Thompson

2002; Zhao andMoore 2009). The idea of a NAMwas first

introduced by Thompson and Wallace (1998) under the

name of theArctic Oscillation (AO), which corresponds to

the first empirical orthogonal function (EOF) of monthly

wintertime SLP anomalies north of 208N. The AO is a

zonally hemispheric pattern corresponding to a dipole

with a center of action located on the Arctic and a second

one in the midlatitudes. The NAO can be viewed as the

local manifestation of the AO in the North Atlantic do-

main and is highly correlatedwith theAO.The existence of

the AO is controversial mainly because of the lack of

correlation between the Pacific and Atlantic midlatitude

centers of action (Deser 2000; Ambaum et al. 2001), but

also because it is not systematically observed in other fields

than the SLP (Ambaum et al. 2001). Wallace and

Thompson (2002) argued that the lack of correlation be-

tween the Pacific and the Atlantic centers of action in

midlatitudes is due to the coexistence of theNAM, inwhich

the two centers of action fluctuate in phase, with the second

mode of variability (EOF 2) of the Northern Hemisphere,

in which the two centers of action have out-of-phase fluc-

tuations. Our study aims at participating in the NAM/AO

debate, as it provides a new dynamical link between

theNorthPacific andNorthAtlantic centers of action of the

NAM/AO and so gives a dynamical interpretation to the

NAM/AO in terms of downstream wave propagation.

The Pacific center of action of the NAM/AO is shown to

modify synoptic wave propagation downstream of it and to

influence the type of wave breaking in the North Atlantic

sector. As such, the proposed mechanism provides an in-

terpretation of the influence of the Pacific center of action

of the NAM/AO on the NAO.

Another major mode of variability in the Northern

Hemisphere is the cold ocean–warm land (COWL)pattern

introduced by Wallace et al. (1996), which is computed by

averaging land surface air temperatures over the whole

Northern Hemisphere. The positive (negative) COWL

phase corresponds to warm-air (cold air) anomalies and

large-scale upper-level ridge (trough) anomalies over land

during the winter season. Over the North Atlantic sector,

its structure has a south–north dipolar anomaly similar to

the NAO. Many studies have shown that the COWL

pattern strongly projects onto the second EOF of the mid-

to-upper-tropospheric geopotential height in the Northern

Hemisphere (Wu and Straus 2004; Quadrelli and Wallace

2004; Honda et al. 2007). In what follows, the key role

played by the North American COWL anomalies in trig-

gering the NAO-like anomalies will be illuminated by the

light of the DRA13 mechanism.

To summarize, the present paper addresses the fol-

lowing questions: How general is the mechanism in-

troduced by DRA13? Is this mechanism responsible for

the link between PNA/ENSO and the NAO?And can it

explain the existence of the NAM and COWL patterns?

The data and diagnostic tools are presented in section 2.

Section 3 presents different kinds of North Pacific and

North American large-scale anomalies influencing

the NAO through their impact on downstream wave

propagation. In section 4, the dynamical link between

ENSO/PNA and the NAO is investigated. A dynamical

interpretation of the NAM/AO is proposed in section 5.

Results are summarized and discussed in section 6.

2. Data and methods

a. Reanalysis

In this study, we use daily andmonthlymeans of ERA-

40 field datasets (Uppala et al. 2005) from the European

Center forMedium-RangeWeather Forecast (ECMWF)

on a 2.58 3 2.58 grid for the months from November to

March for the period 1957–2002. Several fields (geo-

potential, temperature, and zonal and meridional winds)

at 300hPa are used. The flow is decomposed into high-

and low-frequencyparts, with a cutoff period of 10 days to

separate the synoptic-scale signal from that of the low-

frequency variability patterns.
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b. Definition of various modes of variability

The daily NAO is defined as the first EOF of the

300-hPa low-frequency geopotential anomaly over the

North Atlantic (208–808N, 908W–408E). The daily geo-

potential anomaly corresponds to the daily geopotential

minus the seasonal cycle. The monthly NAO is similarly

defined as the first EOF of the 300-hPa monthly geo-

potential anomaly over the North Atlantic. ENSO and

PNA monthly indices were obtained from the Niño-3
and the PNA monthly indices provided by the NOAA
website.1 The monthly NAM and COWL patterns are

respectively defined as the first and second EOF of the

300-hPa monthly geopotential anomaly north of 208N.

The geopotential anomalies have been weighted by the

square root of the cosine of the latitude in the principal

component calculation.

c. Diagnostics on Rossby wave propagation

1) INTENSITY OF DOWNSTREAM ENERGY

PROPAGATION

The high-frequency eddy kinetic energy and available

potential energy per unit mass can be defined asK0 [ v02/2
and P0 [ (h2/s2)u02/2, respectively, where v denotes the

horizontal wind and u the potential temperature. The pa-

rameters s2 52h›uR/›p and h5 (R/p)(p/ps)
R/Cp depend

on pressure only. The variable uR is the averaged potential

temperature, R is the gas constant, ps is a reference pres-

sure, and Cp is the specific heat of the air at constant

pressure. Overbars and primes indicate the low-frequency

and high-frequency parts, respectively. Following Rivière
et al. (2014) and by neglecting diabatic terms, the evolution

of K0 and P0 can be written as follows:

›K0

›t
52$ � (vK01 v0aF

0)1v0›F
0

›p
2 v0 � (v03.$3v)

1 v0 � (v3 � $3v2 v3 � $3v)2
›

›p
(vK0)2

›

›p
(v0F0) ,

(1)

and

›P0

›t
52$ � (vP 0)2v0›F

0

›p
2

h2

s2
u0(v0 � $u)

1
h2

s2
u0[(v3 � $3u)2 v3 � $3u]2

h2

s2
›

›p
(vu02) , (2)

where v is the vertical wind velocity, and F is the geo-

potential height. The subscripts ‘‘3’’ and ‘‘a’’ represent a

three-dimensional vector (or operator) and the ageo-

strophic wind, respectively.

In the case where the low-frequency part is reduced

to a time mean, Eq.(1) is the same as those of Orlanski

and Katzfey (1991) and Chang (2001). The term on the

lhs of Eq.(1) represents the local tendency of the eddy

kinetic energy. The first term on the rhs corresponds to

the convergence of the kinetic energy flux (advective

flux plus ageostrophic geopotential flux). The ageo-

strophic geopotential fluxes F0u0a have been computed

as in Orlanski and Sheldon (1995):

v0aF
05 v0F02 k ^ $

F0

2f (y)
. (3)

The second term on the rhs of Eq. (1) represents the

baroclinic conversion from eddy available potential

energy to eddy kinetic energy; the third term is the

Reynolds stress term, which includes the barotropic

conversion; the fourth term is a kinetic energy transfer,

for which the time-mean component is zero (Orlanski

and Katzfey 1991), and is usually small compared to the

others (Rivière et al. 2014); the fifth term is the con-

vergence of vertical advective flux of eddy kinetic en-

ergy; and the sixth term is the convergence of the

vertical ageostrophic geopotential flux.

The term on the lhs of Eq. (2) represents the local

tendency of the eddy available potential energy. The

first term on the rhs corresponds to the convergence of

the horizontal advective fluxes of potential energy, the

second term to the baroclinic conversion from eddy ki-

netic energy to eddy available potential energy, the third

term to the baroclinic conversion from the mean avail-

able potential energy to the eddy available potential

energy, the fourth term to a potential energy transfer for

which the time mean is zero, and the fifth term to the

convergence of the vertical advective flux of potential

energy.

In what follows, our objective is to estimate the

downstream propagation of total energy. This can be

done by computing the total energy flux (TEF):

TEF[ v(K0 1P 0)1 v0aF
0 . (4)

The convergence of the total energy flux is the sum of the

first two terms of Eqs. (1) and (2). The total energy flux

allows the downstream transfer of eddy total energy from

the Pacific storm track to the Atlantic storm track and has

been shown to provide a good estimate of the group ve-

locity (Chang and Orlanski 1994). It should be recalled

that the total energy flux contains the advective flux of

eddy total energy plus the dispersive flux represented

by the ageostrophic geopotential flux. As downstream1 http://www.esrl.noaa.gov/psd/data/climateindices/list.
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development refers to the dispersive part only (Chang

1993), the expression ‘‘intensity of downstream wave

propagation’’ is rather used in the rest of the paper and

refers to the amplitude of the eastward component of TEF.

2) EDDY ELONGATION AND WAVE TRAIN

DIRECTION OF PROPAGATION

To analyze the shape of the eddies, theE vectors were

computed using the formula of Trenberth (1986):

E5
1

2
(y022 u02)i2 u0y0j , (5)

where u and y are the zonal and meridional winds, re-

spectively. Note that the x component of the present E

vector is half that of theE vector of Hoskins et al. (1983).

TheE vectors are classically used to give information on

wave propagation, as they point approximately in the

direction of wave energy propagation relative to the

time-mean flow. Moreover, their divergence and curl

show the eddy-induced acceleration of the zonal and

meridional winds, respectively. The E vectors are also

important in determining the barotropic conversion

from mean kinetic energy to eddy kinetic energy

(Rivière et al. 2003). In this study, we will mainly

use them to infer the tilt of the eddies and the orienta-

tion of their propagation. If we denote the angle of

the E vector with respect to x axis as �, one can write

E5K0(cos�i1 sin�j), and the angle of the eddy major

axis with respect to x axis, denoted as u, is equal to

u5p/21 �/2 (Rivière et al. 2003). The E vectors

pointing equatorward indicate southwest–northeast

elongated eddies and equatorward energy propagation

(Fig. 1b). On the contrary, E vectors pointing poleward

indicate northwest–southeast elongated eddies and

poleward energy propagation (Fig. 1d). To finish,

eastward- and westward-oriented E vectors indicate

meridional and zonal directions of elongation, respec-

tively (Figs. 1a,c).

3) WAVE BREAKING

To complete the analysis of synoptic Rossby wave

trains, the Rossby wave–breaking detection method of

Rivière (2009; see his appendix C for a more detailed

FIG. 1. Qualitative diagram showing the relation between the tilt of the eddies and the di-

rection of the E vectors for angles of the eddy major axis equal to (a) u5p/2, (b) u5p/4,

(c) u5 0, and (d) u52p/4.
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description) is used. This method detects wave-breaking

events, identifies their type (anticyclonic or cyclonic),

and computes their frequency of occurrence. Similarly

to the algorithm of Strong and Magnusdottir (2008b),

this method consists in detecting local overturnings of

circumglobal potential vorticity contours on isentropic

surfaces or absolute vorticity contours on isobaric sur-

faces. Each circumglobal contour is oriented from west

to east. A wave-breaking event occurs when, locally, a

segment of the circumglobal contours is oriented from

east to west instead of west to east. Segments oriented

from northeast to southwest and southeast to northwest

correspond to anticyclonic (AWB) and cyclonic (CWB)

wave-breaking events, respectively. Michel and Rivière
(2011) checked that the absolute vorticity field on iso-

baric levels gives qualitatively similar results to the po-

tential vorticity on isentropic surfaces. In the present

study, the algorithm is applied to all circumglobal con-

tours of absolute vorticity ranging from24.03 1024 s21

to 4.0 3 1024 s21.

3. The general character of the NAO

Figure 2 describes the low-frequency and synoptic

wave propagation anomalies associated with the daily

NAO from November to March. The regression of the

FIG. 2. Regressions on the daily NAO index of (a) the low-frequency geopotential (contours; interval: 200m2 s22) and E vectors

(arrows; units: m2 s22) and (b) the energy fluxes (arrows; units: m3 s23) and their magnitude (contours; interval: 200m3 s23). (c),(e) The

dailymean composites of the low-frequency geopotential anomaly (contours; interval: 100m2 s22) andE vectors (arrows; units: m2 s22) for

values of the normalized daily NAO index below21.3 and above 1.3, respectively. (d),(f) The daily mean composites of the energy fluxes

(arrows; units: m3 s23) and their magnitude (contours; units: 2000m3 s23) for values of the normalized daily NAO index below 21.3 and

above 1.3, respectively. Red (blue) arrows in (a), (c), and (e) indicate that the E vectors are significantly more equatorward (poleward)

than the climatological mean at 95% according to the Student’s t test. Dark (light) gray shadings in (b), (d), and (f) indicate that the

magnitude of the energy fluxes is significantly greater (lower) than its climatological mean at 95% according to the t test.
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low-frequency geopotential onto the daily NAO index

shows the classical dipolar geopotential anomaly of the

NAO, together with a slight ridge anomaly in the north-

eastern Pacific. From the downstream side of the ridge

anomaly to the eastern Atlantic, the regressed E vectors

are all significantly oriented equatorward. This means

that synoptic waves propagate more equatorward during

NAO1 than during NAO2 events over a very broad

region spanning from the northeastern Pacific to the

northeastern Atlantic. The composite of NAO1 events

shows a strong ridge anomaly in the Northeastern Pacific,

with waves propagating poleward and equatorward up-

stream and downstream of the North Pacific ridge

anomaly, respectively (Fig. 2c). This reflects the de-

flection undergone by a synoptic wave train when it

travels across a large-scale ridge and compares well with

the linear simulations of DRA13 (see their Fig. 6, right

column). The more equatorward propagation on the

downstream side of the North Pacific ridge anomaly is

maintained until it reaches the eastern Atlantic. On the

contrary, the composite of NAO2 events shows no sig-

nificant anomalies in the Northeastern Pacific, and there

is no unusual E vector orientation upstream of the east

coast of North America either (Fig. 2e). In the absence of

any large-scale ridge anomaly in the northeastern Pacific,

the mean flow is more zonal, E vectors tend to be mainly

eastward oriented over North America. The E vectors

are mainly poleward oriented in the Atlantic domain

during NAO2, but this feature is a local effect, which

cannot be attributed to any remote influence of upstream

large-scale anomalies. It is a confirmation that the nega-

tive NAO phase is more triggered by local processes,

whereas the positive NAO phase is more dependent on

the upstream flow (e.g., Benedict et al. 2004).

To conclude, the equatorward and poleward orienta-

tion of E vectors in the North Atlantic domain confirms

the well-established predominance of anticyclonic and

cyclonic wave-breaking events for the positive and

negative NAO phases, respectively (e.g., Benedict et al.

2004; Martius et al. 2007; Rivière and Orlanski 2007;
Strong and Magnusdottir 2008a; Woollings et al. 2008).

It confirms also the occurrence of anticyclonic wave-

breaking events in the subtropical eastern Pacific re-

gions during NAO1 events (Benedict et al. 2004; Strong

and Magnusdottir 2008b). The new point underlined

here is that the dominance of equatorward propagation

during NAO1 events precisely starts from the eastern

edge of the North Pacific ridge anomaly and is main-

tained until synoptic waves reach the North Atlantic. It

suggests that the large-scale ridge acts to reorient syn-

optic wave propagation, as in DRA13.

Let us now analyze the difference in the amount of

downstream eddy energy propagation between the two

NAO phases. No significant signal in the regression of

the energy fluxes’ magnitudes on the NAO is observed

over North America (Fig. 2b). Again, no major differ-

ence in the energy fluxes’ magnitudes is seen over North

America between the positive and negative NAO pha-

ses (Figs. 2d,f). The only significant feature outside the

North Atlantic domain is during NAO1 events, for

which there are more intense eastward energy fluxes

north of the large-scale North Pacific ridge than south of

it (Fig. 2d). But such a difference does not extend in the

North American sector. Therefore, the main difference

between the two NAO phases over North America lies

in the shape and direction of wave propagation rather

than in the amount of downstream wave propagation.

4. Influence of ENSO and the PNA on the NAO

The present section aims at showing how the large-

scale anomalies of ENSO and PNA in the northeast

Pacific and over North America modify the downstream

propagation of synoptic waves.

a. ENSO

Figure 3 shows how ENSO modifies the atmospheric

circulation from the northeast Pacific to Europe using

monthly mean reanalysis datasets. Composites and re-

gressions were computed using the December–February

(DJF)-mean Niño-3 index but looking at the late winter
(January–March): that is, the period where the influence

ofENSOon theNorthAtlantic atmospheric circulation is

the strongest. As shown by Li and Lau (2012a), it is only

during latewinter that the typical ENSOnortheast Pacific

atmospheric anomalies appear. This supports the idea

that the ENSO impact on the Atlantic is made through

atmospheric dynamics linking the Pacific and Atlantic

sectors. The DJF-mean Niño-3 index is used to compare
our results with the studies of Li and Lau (2012a,b).

Regressed E vectors are poleward oriented from the

downstream side of the northeast Pacific low-frequency

trough anomaly to the eastern North Atlantic (Fig. 3a),

which is opposite to the regressedE vectors on the NAO

index (Fig. 2a). Composites of El Niño months (Fig. 3c)
are associated with a low-frequency trough anomaly in

the northeast Pacific, and E vectors are zonally oriented

over NorthAmerica. This is consistent with Li and Lau’s

(2012b) results and the fact that the presence of the low-

frequency trough create a more zonally oriented Pacific

jet that tends to favor zonal propagation of synoptic

waves (Seager et al. 2010). Note that the ridge anomaly

located over North America is too far north of the re-

gion of downstream wave propagation to be able to

modify wave propagation. On the contrary, during La

Niña months, a low-frequency ridge anomaly is visible in
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the northeast Pacific at the latitude of the Pacific storm
track, and waves mainly propagate equatorward down-
stream of it (Fig. 3e).
The regressed energy flux magnitude exhibits a signifi-

cant dipolar anomaly over NorthAmerica (Fig. 3b), with a

negative center from 408 to 608N and a positive center

from 208 to 408N. ENSO corresponds to a latitudinal shift

of downstream wave propagation. There is more down-

stream wave propagation between 408 and 508N over the

northeast Pacific/North America (1408–908W) during La

Niña events when the ridge anomaly deflects the Pacific jet
and wave packets northward, whereas, downstream wave

propagation occurs at lower latitude (between 258 and

408N) over the same longitudes during El Niño events.
Therefore, major differences between the two phases ap-
pear in both the latitude and direction of propagation of
the waves, consistent with Seager et al. (2010) and Li and

Lau (2012b). However, no difference in the amplitude of

downstream wave propagation is seen. The latter point is

to be contrasted with the findings of Li and Lau (2012b),

who underlined a more important downstream propaga-

tion of energy during El Niños than during La Niñas.
Looking at the North Atlantic area, a dipolar geo-

potential anomaly is visible for the two cases (Figs. 3c,e).

FIG. 3. Regression on theDJF-meanNiño-3 index of (a) themonthly geopotential (contours; interval: 100m2 s22) andE vectors (arrows;

units: m2 s22) and (b) the energy fluxes (arrows; units: m3 s23) and their magnitude (contours; interval: 200m3 s23) from January toMarch.

(c),(e) The monthly mean composites of the geopotential anomaly (contours; interval: 200m2 s22), the magnitude of energy fluxes

(shadings; units: m3 s23), and E vectors (arrows; units: m2 s22) for a normalized DJF-mean Niño-3 index below 21.0 and above 1.0,

respectively. (d),(f) The monthly mean composites of the anticyclonic (red contours; interval: 0.05 days21 for values greater than

0.15 days21) and cyclonic (blue contours; interval: 0.05 days21 for values greater than 0.15 days21) wave-breaking frequencies and zonal

wind (shading; units: m s21) for a normalized DJF-mean Niño-3 index below21.0 and above 1.0, respectively. Only months from January

to March are considered. Red (light blue) arrows in (a), (c), and (e) indicate that the E vectors are significantly more equatorward

(poleward) than the climatological mean at 90% according to the Student’s t test. Dark (light) gray shadings in (b) indicate signals

exceeding the 90% confidence level based on the t test.
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A negative NAO-like phase dipole with a positive

anomaly to the north of a negative anomaly is present

during El Niño events when E vectors over North

America are zonal (Fig. 3c). On the contrary, a positive

NAO-like phase dipole with a negative anomaly to the

north of a positive anomaly is present during La Niña
events when E vectors are oriented equatorward

(Fig. 3e). Moreover, as expected, there are more cyclonic

and less anticyclonic wave breakings during El Niños
than during La Niñas (cf. Figs. 3d and 3f) in the Atlantic

sector, in agreement with the more northward position of

the Altantic jet for the latter than the former.

Thus, concluding on ENSO, we again observe a mod-

ification of the direction of wave propagation down-

stream of the northeast Pacific low-frequency anomalies.

The low-frequency trough anomaly of El Niño events
creates a zonal Pacific jet eastward extending across
North America that induces zonal propagation and pre-
vents anticyclonic wave-breaking events in the North
Atlantic. The low-frequency ridge anomaly of La Niña

events induces a deflected Pacific jet that reorients wave
propagation equatorward, downstream of it, to favor
anticyclonic wave-breaking events in the North Atlantic.

b. PNA

As for ENSO, the composites and regressions based on

the PNA index shown in Fig. 4 are made from January to

March. The reason for this choice is that the correlation

between the PNA and NAO indices for months between

January and March is near 20.21, which is statistically

significant at a 98% confidence level, while the correla-

tion for months between November and December is

near zero. The anticorrelation between the two indices in

late winter is consistent with Honda et al. (2001). Simi-

larly to ENSO, the anomalous E vectors are mostly sig-

nificantly oriented northwestward at midlatitudes over

the northeast Pacific/North America (Fig. 4a). This

anomalous orientation starts from the downstream side

of the trough, which is located farther westward com-

pared to the one in the regression on the Niño-3 index (cf.

FIG. 4. As for Fig. 3, but for the monthly PNA index from January to March.
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Fig. 4a with Fig. 3a). During the positive PNA phase

(Fig. 4c), downstream of the northeast Pacific trough

anomaly, the E vectors are mainly eastward oriented.

On the contrary, for the negative PNA phase, down-

stream of the northeast Pacific ridge anomaly, the E

vectors point more equatorward than usual. Low-

frequency anomalies of opposite sign to those located

in the northeast Pacific are present over North America

for the two phases. However, these North American

low-frequency anomalies do not impact wave propaga-

tion because they are located at a much higher latitude

than the mean position of the storm track (see the en-

ergy fluxes location in Figs. 4c,e).

The regressed energy flux magnitude has a dipolar

structure (Fig. 4b), with a much stronger northward

negative anomaly (between 358 and 608N) compared to

the southward positive anomaly (between 208 and

358N). This is to be contrasted with the Niño-3 re-
gression, for which the equivalent dipolar structure
(Fig. 3b) was much more symmetric. This asymmetric

behavior in downstream wave propagation intensity

between the PNA phases is confirmed by the compos-

ites of Figs. 4c and 4e. For the positive PNA phase,

downstream wave propagation intensity is significantly

weaker than for the negative PNA phase. It is in-

triguing to observe that less downstream propagation

occurs during the positive PNA phase when the Pacific

jet is more zonal and extends much more eastward.

To conclude, overNorthAmerica, the twoPNAphases

differ in the latitude and intensity of downstream wave

propagation, as well as the orientation of wave propaga-

tion. Similar to El Niño (La Niña), because of the pres-
ence of the northeast Pacific low-frequency anomalies,
waves propagate more zonally (equatorward) in the
southern (northern) regions of NorthAmerica. However,
in contrast with ENSO, for which El Niño and La Niña
show roughly the same intensity of downstream wave
propagation, there is significantly more downstreamwave
propagation during the negative PNA phase than during
the positive PNA phase. Part of this difference between
ENSO and PNA may rely on the difference in the Pacific
jet structure. El Niño events, as diagnosed from Niño-3
index, have a more eastward-extended Pacific jet than the
positive PNA phase.
There are also significant differences between the two

PNA phases over the North Atlantic. During the posi-

tive PNA phase, a positive geopotential anomaly is lo-

cated to the north of a negative one (Fig. 4c), whereas

during the negative PNA phase, the reverse happens

(Fig. 4e). These geopotential anomalies are related to a

more northward and southward Atlantic jet for the

negative and positive PNA phases, respectively. It is

accompanied by more anticyclonic and fewer cyclonic

wave-breaking events over the whole Atlantic during

the former than the latter phase, in good agreement with

the anomalous E vectors (Figs. 4c–f). All these distinct

features fit well with a more positive (negative) NAO

being triggered by a more negative (positive) PNA

phase in late winter.

To better understand the dynamical link between

the PNA and NAO and its seasonal variations, com-

posite maps of opposite-sign and same-sign PNA and

NAO anomalies are shown in Fig. 5 by taking into

account all the winter months from November to

March. A threshold of 60.7 standard deviation is here

used to get more months in the composites and more

statistical significance. There are many more months

with opposite-sign PNA and NAO anomalies than

same-sign anomalies in late winter (see Table 1), as

expected from the significant anticorrelation between

the two indices at that period of the year. This is not the

case in early winter.

For opposite-sign PNA and NAO composites (here-

inafter denoted as expected cases), the E vectors keep

the same anomalous orientation from the downstream

side of the northeast Pacific anomalies to the Atlantic.

They anomalously point equatorward for PNA2,

NAO1 (Fig. 5a) and poleward for PNA1, NAO2
(Fig. 5c), leading to moreAWB events in the former and

more CWB events in the latter.

For same-sign PNA and NAO composites (herein-

after denoted as unexpected cases),E vectors are not as

anomalously oriented on the immediate downstream

side of the northeast Pacific anomalies as for the pre-

vious composites (cf. Fig. 5a with Fig. 5d and Fig. 5b

with Fig. 5c). Part of the explanation relies on the fact

that the northeast Pacific anomalies have less ampli-

tude in same-sign than in opposite-sign PNA and NAO

composites. Another reason might come from our

statistical test, which is based on the y component of the

E vectors and not on the angle of the E vectors. For

instance, in the PNA1, NAO1 case (Fig. 5b), even

though the E vectors are poleward oriented over the

eastern North Pacific, the anomalies are less statisti-

cally significant because the E vectors have less am-

plitude in that area. Another major difference between

the expected and nonexpected cases is the change in E

vectors orientations over North America. Over eastern

Canada, their orientation is mainly the opposite to that

reached more upstream over western Canada. This can

be interpreted as resulting from the localized geo-

potential anomalies centered over North America. For

PNA1, NAO1, the presence of the North American

ridge changes the orientation of wave propagation

and allows the waves to reach a more equatorward

propagation on its downstream side (Fig. 5b). For
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PNA2, NAO2, the same observations can be made

with all the signs reversed (Fig. 5d). It is the presence of

the North American trough that favors the more

poleward-oriented E vectors on its downstream side.

One may argue that opposite-sign PNA and NAO

composites also present the same type of geopotential

anomalies over North America than the same-sign

PNA and NAO composites. However, in the latter

composites, the anomalies are localized, which is not

the case in the former composites. Such a difference

appears in zonal wind anomalies. The localized North

American trough in PNA2, NAO2 creates a stronger

cyclonic shear over Canada than the nonlocalized

trough in PNA2, NAO1. The same observation can be

made by comparing the PNA1, NAO2 and PNA1,

NAO1 cases.

To further illustrate the above idea of the contrasting

relationship between the PNA and NAO, a scatterplot of

the PNA index versus the NAO index is shown on Fig. 6.

As the difference between the expected and unexpected

cases seems to arise from the shape and location of the

North American anomalies, an average of the low-

frequency geopotential anomaly has been made over

this sector (358–558N, 1308–908W) which is represented

by the red box in Fig. 5d. Months during which a positive

(negative) low-frequency North American anomaly is

detected are represented by red (blue) crosses. TheNorth

American anomaly being usually negative (positive) for

negative (positive) PNA, most red and blue crosses are

located on the positive and negative PNA side, re-

spectively. However, the mean position of the red (blue)

crosses is on the upper-right (lower left) quadrant of the

scatterplot. This means that the nonexpected cases are

characterized by deeper North American anomalies than

the expected cases in the latitudinal band of downstream

wave propagation (typically between 358 and 558N). Such

deep anomalies in that region are able to reverse the ef-

fect of the northeast Pacific anomalies.

To better underline the role played by North

American anomalies in modifying the downstream

propagation of synoptic waves, composites of weak

PNA and strong North American anomalies have been

computed. More precisely, months for which the nor-

malized averaged geopotential anomaly over North

TABLE 1. Winter month distributions of opposite- and same-sign

PNA and NAO anomalies. The identified months are used to ob-

tain composites of Fig. 5.

N D J F M Total

PNA2, NAO1 0 4 6 5 5 20

PNA1, NAO2 1 4 4 6 2 17

PNA1, NAO1 1 1 2 1 2 7

PNA2, NAO2 1 5 5 4 0 15

FIG. 5. Monthly composites of the 300-hPa zonal wind (shading; units m s21), the geopotential anomaly (contours; interval: 200m2 s22),

andE vectors (arrows; units m2 s22) for (a) PNA2, NAO1, (b) PNA1, NAO1, (c) PNA1, NAO2, and (d) PNA2, NAO2. Red (blue)

arrows indicate that the E vectors are significantly more equatorward (poleward) than the climatological mean at 90% according to the

t test. Orange (green) arrows indicate that the E vectors are significantly more equatorward (poleward) than the climatological mean at

80%. The positive and negative PNA and NAO phases correspond to values of the normalized monthly index greater than10.7 and less

than 20.7, respectively. The red box in (d) corresponds to the area in which the geopotential anomaly is averaged in Fig. 6.
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America (NA) exceeds positively (negatively) the 0.7

standard deviation threshold and for which the abso-

lute values of the normalized monthly PNA index is

less than 0.7 are considered. The results are shown in

Fig. 7. In the case of the North American ridge

(Fig. 7a), there is a clear change in the E vectors ori-

entation from the upstream to downstream sides of the

ridge, leading to more equatorward wave propagation

in the North Atlantic, more AWB events (not shown)

and a clear positive NAO phase dipole. On the con-

trary, in the case of the North American trough

(Fig. 7b), E vectors are unusually zonally oriented over

the Great Lakes because of the downstream effect of

the trough. This leads to more CWB events than usual

in the Atlantic sector (not shown) and a clear negative

NAO phase dipole appears in the composite. There are

therefore several evidences of the role played by the

North American anomalies in modifying the down-

stream propagation of synoptic waves and their ability

to trigger one phase or another of the NAO depending

on their sign.

One conclusion of the present section is that, depend-

ing on the structure of the PNA anomalies, the result in

the North Atlantic sector may completely differ. In the

expected cases, typically occurring in late winter, the

northeast Pacific anomalies of the PNA are strong and

largely determine the wave propagation orientation over

North America and in the North Atlantic. In such cases,

the North American anomalies do not alter wave prop-

agation much. On the other hand, in early winter, there

are proportionally more PNA cases (the unexpected

cases), for which the northeast Pacific anomalies are less

intense and the North American anomalies play a role in

modifying the wave propagation orientation. One possi-

ble explanation of the seasonal modulation of the PNA

impact on the NAO could be thus related to fluctuations

in the shape and latitude of the PNA anomalies with the

season. These differences might be themselves due to

variations of the climatological background flow with the

season, as the propagation of low-frequencyRossby wave

trains is well known to depend on the background flow in

which they propagate (Ambrizzi and Hoskins 1997).

FIG. 6. Scatterplot of the monthly PNA index vs the monthly NAO index for each month

between November and March (crosses). Red (blue) crosses represent months for which the

normalized averaged geopotential anomaly over North America (358–558N, 1308–908W) ex-

ceeds positively (negatively) the 0.7 std dev threshold. Red and blue bold circles correspond to

the time mean of the red and blue crosses, respectively.
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5. Dynamical interpretation of the hemispheric
modes

a. NAM

Let us now interpret the structure of the first two

modes of the Northern Hemisphere following the same

diagnostics. The NAM regression of the geopotential

anomaly (contours on Fig. 8a) shows a large-scale ridge

anomaly in the northeast Pacific and the classical dipole

of the NAO. The regressed E vectors (Fig. 8a) are sig-

nificantly equatorward oriented from the downstream

edge of the northeastern Pacific anomaly to the eastern

North Atlantic. During the positive NAM phase, eddies

are significantly tilted along the southwest–northeast

direction from the downstream side of the northeast

Pacific ridge anomaly to the North Atlantic (Fig. 8c). On

the contrary, during the negative NAM phase, the

trough observed in the northeast Pacific creates a more

zonal jet, which tends to meridionally elongate the

eddies. Dipolar anomalies are visible in the regression of

the energy flux intensity (Fig. 8b) from the northeast

Pacific to the northwestern Atlantic. These anomalies

are statistically significant at 90%over the easternNorth

Pacific and North Atlantic and correspond to the lat-

itudinal shifts of the Pacific and Atlantic storm tracks

and jet exit regions associated with the NAM, as energy

fluxes involve both high-frequency quantities and mean

winds. Over North America, even though the statistical

significance is not as strong as in the storm-track regions,

there is a tendency for more downstream wave propa-

gation between 408 and 608N and less downstream wave

propagation between 208 and 408N, the former being

more pronounced than the latter. Even though it is less

marked than for the PNA, there is more downstream

wave propagation at a higher latitude for the positive

NAM phase over western North America than for the

negative NAM phase.

A visualization of synoptic wave trains during the

positive and negative NAMphases is provided in Fig. 9.

One-point lagged regression maps of 300-hPa meridi-

onal wind anomaly are plotted using the base point

458N, 1808W, which is located on the upstream side of

the northeast Pacific anomalies of the NAM. At lag 0,

parts of the wave packets lying on the upstream side of

the northeast Pacific anomalies are rather similar, some

slight differences appearing on the downstream side.

As lag increases, differences in the shape of the syn-

optic eddies increase, with those for the positive NAM

phase having a pronounced anticyclonic tilt, whereas

those for the negative NAM phase have a more me-

ridional tilt. This is consistent with the more equator-

ward and poleward-oriented E vectors for the positive

and negative NAM phases, respectively, as shown in

Figs. 8c and 8e. At lag 14 days, as waves enter the

Atlantic domain, the same differences in the tilt of the

eddies are still visible.

To conclude, NAM phases slightly differ in terms of

the intensity and latitude of downstream wave propa-

gation over North America, but the more statistically

significant difference relies on the orientation of wave

propagation. More southwest–northeast (meridional)

elongated eddies or, equivalently, more equatorward

(zonal) wave propagation, from the eastern part of

North America to the North Atlantic during the posi-

tive (negative) NAM phase, triggers more anticyclonic

(cyclonic) wave breakings over the North Atlantic

(Figs. 8d,f).

Thus, the mechanism highlighted by DRA13 is in play

in the NAM dynamics too and can explain part of the

link between the Pacific center of action of the NAM

(i.e., the high/low Pacific anomalies) and its Atlantic

center of action (i.e., the NAO dipolar anomalies). It is

the influence exerted by the northeast Pacific anomalies

over the NorthAtlantic atmospheric circulation through

FIG. 7. Monthly composites of the 300-hPa zonal wind (shading; units m s21), the geopotential anomaly (contours; interval: 200m2 s22),

and E vectors (arrows; units m2 s22) for (a) weak PNA and strong North American ridge anomaly (NA1) and (b) weak PNA and strong

North American trough anomaly (NA2). The colored arrows have the same definition as in Fig. 5. Cases NA1 and NA2 correspond to

a normalized averaged geopotential anomaly overNorthAmerica (358–558N, 1308–908W) exceeding positively (negatively) the 0.7 std dev

threshold. Weak PNA means absolute values of the normalized monthly PNA index less than 0.7.
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the modification of synoptic wave propagation that

provides a physical meaning for the NAM.

b. COWL

The regression of the geopotential anomaly on the

COWL index (Fig. 10a) shows a trough anomaly in the

northeast Pacific, a ridge anomaly centered over North

America, and the classical positive NAO dipolar struc-

ture. The regressed E vectors (Fig. 8a) are significantly

poleward oriented on the downstream edge of the

northeast Pacific anomaly, but this anomalous orienta-

tion is reversed while passing through the North Ameri-

can ridge anomaly. The E vectors reach an anomalously

equatorward orientation from the downstream edge of

the North American ridge anomaly to the eastern At-

lantic. For the positive COWL phase, the same general

comments on the E vectors’ orientation can be made

around the North American ridge anomaly. However,

there is no predominant equatorward orientation all

along the North Atlantic; it is only between the

longitudes 08 and 408E that the E vectors appear again to

be anomalously equatorward and that there are more

AWB events than usual (not shown). For the negative

COWL phase, from the downstream edge of the North

American trough anomaly to the eastern North Atlantic,

E vectors are predominantly poleward oriented (Fig. 10e)

and CWB events are more frequent than usual, leading

to a negative NAO phase (Fig. 10f). Concerning the

location of downstream wave propagation, the re-

gression on the energy flux shows that there is more

downstream propagation at a higher latitude than usual

over Canada due to the presence of the North American

ridge anomaly (Fig. 10b).

The change in wave propagation orientation due to the

presence of North American anomalies is well visible in

the one-point lagged regression maps of Fig. 11. At lag 0,

on the immediate downstream edge of the northeast

Pacific anomalies, the eddies are more anticyclonically

tilted in the negative COWL phase than in the positive

one. However, as wave trains propagate eastward, the

FIG. 8. As in Fig. 3, but for the monthly NAM index from November to March.
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tilts are reversed by the North American anomalies. For

negative COWL, the waves get a boomerang shape, and

the cyclonic tilt on the northward flank of the eddies

probably results from the cyclonic shear induced by the

North American trough (see in particular the positive

meridional wind anomaly). On the contrary, for positive

COWL, as waves propagate eastward, the tilt of the

eddies becomes more and more anticyclonic. These dif-

ferences in the tilt of the eddies corroborate the differ-

ences between the E vectors’ orientation for the positive

and negative NAM phases shown in Figs. 10c and 10e. It

is also relevant to compare the negative COWL with the

positive NAM and the positive COWL with the negative

NAM, because they exhibit similar northeast Pacific

anomalies but show drastic differences in terms of wave

propagation over North America. The localized trough

anomaly over North America of COWL2 (Fig. 11, left

column) does not have the same effect as the non-

localized trough anomaly over NorthAmerica of NAM1
(Fig. 9, right column) on the tilt of the eddies, because the

former increases the background cyclonic shear, which is

not the case for the latter.

To finish, there is a striking resemblance between the

opposite-sign PNA and NAO composites and the NAM

FIG. 9. Time-lag regressions of the 300-hPa unfilteredmeridional wind anomaly (contours; interval: 1 m s21) for (left) the positive NAM

phase and (right) the negative NAMphase. The reference time series is the 300-hPa unfiltered meridional wind anomaly on day 0 at 458N,

1808. Anomalies are constructed by subtracting the monthly mean.
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on the one hand and between the same-sign PNA and

NAO composites and the COWL on the other hand.

PNA2, NAO1 and PNA1, NAO2 resemble NAM1
andNAM2, respectively (cf. Figs. 5a,c with Figs. 8c,e); and

PNA1, NAO1 and PNA2, NAO2 resemble COWL1
and COWL2, respectively (cf. Figs. 5b,d with Figs. 10c,e).

This suggests that the two hemisperic modes represent two

different ways of PNA influencing NAO, because PNA

anomalies in the northeast Pacific and over NorthAmerica

potentially differ from case to case.

6. Summary and discussion

The dynamical link between the North Pacific vari-

ability and theNAO in terms of downstream propagation

of synoptic waves was investigated using daily and

monthly reanalysis datasets. It is not somuch the intensity

or latitude of downstream wave propagation that matters

the most to interpret this link but the direction of wave

propagation over North America. Indeed, the most

robust distinctive feature of the NAO in terms of down-

stream wave propagation, as revealed by regression and

composite maps, is the anomalous equatorward wave

propagation for the positive NAO phase and the more

zonal wave propagation for the negative phase. The

equatorward propagation during the positiveNAOphase

starts from the downstream edge of a low-frequency

eastern Pacific ridge anomaly to the Atlantic sector,

which is a first confirmation of the results of DRA13 on

the action of a planetary-scale ridge anomaly on synoptic

wave propagation downstream of it.

Then the results of DRA13 on the influence of low-

frequency anomalies over the northeast Pacific on the

NAO were validated by analyzing the effects of ENSO

and PNA during late winter. Both ENSO and the PNA

show a low-frequency ridge/trough anomaly over the

northeast Pacific, depending on their phase. The low-

frequency ridge (trough) anomaly over the northeast

Pacific during La Niña (El Niño) events or during the
negative (positive) PNA phase deflects the Pacific jet

FIG. 10. As in Fig. 3, but for the monthly COWL index from November to March.
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poleward (maintains the Pacific jet zonally oriented).
Such mean flow configurations give a southwest–
northeast (meridional) tilt to the eddies when they

enter the North Atlantic, favoring anticyclonic (anticy-

clonic and cyclonic) wave breakings and the positive

(negative) NAO-like phase. This mechanism is in good

agreement with the results of Li and Lau (2012a,b), who

also highlighted the importance of downstream wave

propagation and mentioned the difference in the tilt of

the eddies when they propagate over North America

between El Niño and La Niña. Our study aims at
showing that these are the low-frequency anomalies
over the northeast Pacific that are responsible for the
orientation of the eddies.

Some differences are noticeable between the com-

posites of the PNA and those of Niño-3. For Niño-3, the
eastern Pacific low-frequency anomalies are more east-
ward located than for the PNA, which leads to a more
eastward-extended zonal jet over North America during
El Niños than during the positive PNA phase. This dif-
ference may explain why the amplitude of downstream
wave propagation is more important for the former than
the latter. The consequence is that the amount of
downstream wave propagation is rather symmetric be-
tween La Niña and El Niño years, which is not the case
between the two PNA phases for which the negative
PNA phase exhibits much more downstream wave
propagation than the positive PNA phase. The common

FIG. 11. As in Fig. 9, but for the COWL.
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points in terms of downstream wave propagation over
NorthAmerica between the PNAandNiño-3 remain the
latitude of downstream wave propagation (lower for El
Niños and the positive PNA phase) and the orientation
of wave propagation (more equatorward for La Niñas
and the negative PNA phase).
As ENSO-induced atmospheric anomalies in the

eastern Pacific only appears in mid-to-late winter (Li

and Lau 2012a), it makes sense that the canonical re-

lationship between ENSO and the NAO only exists in

that particular period of the year. The fact that PNA and

NAO are anticorrelated in late winter but not much in

early winter is less obvious. Our composites of same-sign

and opposite-sign PNA and NAO indices provide some

possible explanation. Opposite-sign PNA and NAO

cases, which occur more frequently in late winter, have

more intense northeast Pacific anomalies than same-sign

PNA andNAO cases and thus have a stronger impact on

the downstream propagation of synoptic waves. An-

other major difference occurs over North America as

the same-sign PNA and NAO cases present large-scale

anomalies centered in the latitudinal band of down-

stream propagation of synoptic waves, which is not the

case for opposite-sign PNA and NAO cases. As these

NorthAmerican geopotential anomalies are localized in the

former cases, they alter the meridional shear of the zonal

wind, which significantly modifies the orientation of wave

propagation and acts to reverse the orientation initially set

up by the more usptream northeast Pacific anomalies. The

common point over NorthAmerica between PNA2 and

PNA1 triggering NAO1 is the presence of intense

high-latitude westerlies over Canada, which do not ap-

pear in the case of PNA2 and PNA1 triggering NAO2
(Fig. 5). These results suggest that there are subtle var-

iations in PNA anomalies that significantly affect the

way synoptic waves propagate over North America.

Therefore, the exact structure/position of the PNA

anomaly over both the northeast Pacific and North

America might be an important factor to explain its

downstream impact on the NAO and potentially the

seasonal modulation of this impact.

The present study also provides a physical meaning

for the NAM and COWL patterns. Characteristics of

downstream wave propagation in NAM composites re-

inforce the idea that the Pacific center of action of the

NAM (i.e., the low-frequency ridge/trough anomaly in

the northeastern Pacific) and the Atlantic center of ac-

tion (i.e., the NAO) are dynamically related. The Pacific

ridge anomaly of the positive NAM phase favors the

equatorward propagation of synoptic waves from the

North Pacific to the North Atlantic, whereas the Pacific

trough anomaly of the negative NAM phase favors

more a zonal propagation. In COWL composites, the

action of the northeast Pacific anomalies on synoptic

wave propagation is suppressed by that of the North

American anomalies, which reverse the initial orienta-

tion of the synoptic eddies coming from the North Pa-

cific. The contrasting relationship between the PNA and

NAO has been related to the NAM and COWL pat-

terns. The NAMpattern, which exhibits a ridge (trough)

northeast Pacific anomaly upstream of the positive

(negative) NAO dipolar structure, corresponds to

opposite-sign PNA and NAO composites. On the other

hand, the COWL pattern, which shows an eastern Pa-

cific large-scale trough (ridge) and a North American

large-scale ridge (trough) upstream of the positive

(negative) NAO dipolar anomaly, fits well with the

same-sign PNA andNAO composites. It is interesting to

note that this COWL variability also corresponds to in-

phase fluctuations of the amplitude of the Pacific and

Atlantic storm tracks, as shown by Chang and Fu (2002),

but the reasons for that are unclear.

The DRA13 mechanism provides a new way of in-

terpreting the two leading modes of variability of the

Northern Hemisphere. Honda and Nakamura (2001)

emphasized a downstream influence of the Pacific center

of action on theAtlantic one but in terms of theAleutian

low–Icelandic low seesaw. Their mechanism differs

from ours, as they have shown that the formation of an

Aleutian low (high) anomaly leads to the formation of

an Icelandic high (low) anomaly via quasi-stationary

Rossby wave propagation in mid-to-late winter. They

also underlined that synoptic wave activity tends to re-

inforce the previous quasi-stationary anomalies, as

many studies have shown in the past decades (e.g., Lau

1988; Branstator 1995). Our study and that of DRA13

show that synoptic waves do not simply maintain low-

frequency anomalies locally but have a remote effect.

Upstream low-frequency anomalies modify synoptic

wave propagation on their downstream side to trigger

new low-frequency anomalies more downstream via

wave-breaking processes. The two mechanisms are not

exclusive but do not probably act at the same time

scales. The propagation of low-frequency Rossby wave

trains usually involves greater time scales than 10 days,

while the propagation of synoptic waves involves sub-

weekly time scales. Future studies should investigate if

the present mechanism can explain rapid fluctuations of

the NAM and COWL index.

To conclude, it is not because the mean flow exhibits

strong zonal asymmetries, as in the COWL pattern or in

the same-sign PNA and NAO composites, that down-

stream wave propagation is not important. This is to be

contrasted with one conclusion of Li and Lau (2012a).

According to them, zonal asymmetry during their weak

cases (i.e., the positive ENSO phase associated with the
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positive NAO phase and the negative ENSO phase as-

sociated with the negative NAO phase) prevents

downstream wave propagation to occur between the

North Pacific and the North Atlantic. Our results rather

suggest that, even though zonal asymmetries tend to

attenuate synoptic wave amplitude, they alter the di-

rection of wave propagation downstream of them and

thus determine in large part the type of wave breaking in

the North Atlantic sector.

Acknowledgments. This study has benefited from

discussions with Pablo Zurita-Gotor, Christophe Cassou,

Nick Hall, Masa Kageyama, Francis Codron, and Fabio

D’Andrea. The authors would like to acknowledge the

two anonymous reviewers for their relevant suggestions,

which helped to improve the clarity and significance of

the paper.

REFERENCES

Ambaum, M. H., B. J. Hoskins, and D. B. Stephenson, 2001:

Arctic Oscillation or North Atlantic Oscillation? J. Climate,

14, 3495–3507, doi:10.1175/1520-0442(2001)014,3495:

AOONAO.2.0.CO;2.

Ambrizzi, T., and B. J. Hoskins, 1997: Stationary Rossby-wave

propagation in a baroclinic atmosphere.Quart. J. Roy.Meteor.

Soc., 123, 919–928, doi:10.1002/qj.49712354007.
Benedict, J. J., S. Lee, and S. B. Feldstein, 2004: Synoptic view of

the North Atlantic Oscillation. J. Atmos. Sci., 61, 121–144,

doi:10.1175/1520-0469(2004)061,0121:SVOTNA.2.0.CO;2.

Branstator, G., 1995: Organization of storm track anomalies by

recurring low-frequency circulation anomalies. J. Atmos.

Sci., 52, 207–226, doi:10.1175/1520-0469(1995)052,0207:

OOSTAB.2.0.CO;2.

Brönnimann, S., 2007: Impact of El Niño–Southern Oscillation

on European climate. Rev. Geophys., 45, RG3003,

doi:10.1029/2006RG000199.

Cassou, C., and L. Terray, 2001: Oceanic forcing of the wintertime

low-frequency atmospheric variability in the North Atlantic

European sector: A study with the ARPEGE model. J. Cli-

mate, 14, 4266–4291, doi:10.1175/1520-0442(2001)014,4266:

OFOTWL.2.0.CO;2.

Castanheira, J., andH.-F. Graf, 2003: North Pacific–North Atlantic

relationships under stratospheric control? J. Geophys. Res.,

108, 4036, doi:10.1029/2002JD002754.

Chang, E. K. M., 1993: Downstream development of baroclinic

waves as inferred from regression analysis. J. Atmos.

Sci., 50, 2038–2053, doi:10.1175/1520-0469(1993)050,2038:

DDOBWA.2.0.CO;2.

——, 2001: The structure of baroclinic wave packets. J. Atmos.

Sci., 58, 1694–1713, doi:10.1175/1520-0469(2001)058,1694:

TSOBWP.2.0.CO;2.

——, and I. Orlanski, 1993: On the dynamics of a storm track.

J.Atmos. Sci.,50,999–1015, doi:10.1175/1520-0469(1993)050,0999:

OTDOAS.2.0.CO;2.

——, and——, 1994: On energy flux and group velocity of waves in

baroclinic flows. J. Atmos. Sci., 51, 3823–3828, doi:10.1175/

1520-0469(1994)051,3823:OEFAGV.2.0.CO;2.

——, and Y. Fu, 2002: Interdecadal variations in Northern Hemi-

sphere winter storm track intensity. J. Climate, 15, 642–658,

doi:10.1175/1520-0442(2002)015,0642:IVINHW.2.0.CO;2.

Deser, C., 2000: On the teleconnectivity of the ‘‘Arctic Oscil-

lation.’’ Geophys. Res. Lett., 27, 779–782, doi:10.1029/

1999GL010945.

Dong, B.-W., R. Sutton, S. Jewson, A. O’Neill, and J. Slingo, 2000:

Predictable winter climate in the North Atlantic sector during

the 1997–1999 ENSO cycle. Geophys. Res. Lett., 27, 985–988,

doi:10.1029/1999GL010994.

Drouard, M., G. Rivière, and P. Arbogast, 2013: The North At-

lantic Oscillation response to large-scale atmospheric anom-

alies in the northeastern Pacific. J. Atmos. Sci., 70, 2854–2874,

doi:10.1175/JAS-D-12-0351.1.

Feldstein, S. B., 2003: The dynamics of NAO teleconnection pat-

tern growth and decay. Quart. J. Roy. Meteor. Soc., 129, 901–

924, doi:10.1256/qj.02.76.

Fraedrich, K., 1990: European grosswetter during the warm and

cold extremes of the El Niño/Southern Oscillation. Int.

J. Climatol., 10, 21–31, doi:10.1002/joc.3370100104.

——, and K.Müller, 1992: Climate anomalies in Europe associated

with ENSO extremes. Int. J. Climatol., 12, 25–31,

doi:10.1002/joc.3370120104.

Honda, M., and H. Nakamura, 2001: Interannual seesaw between the

Aleutian and Icelandic lows. Part II: Its significance in the in-

terannual variability over the wintertime Northern Hemisphere.

J. Climate, 14, 4512–4529, doi:10.1175/1520-0442(2001)014,4512:

ISBTAA.2.0.CO;2.

——,——, J. Ukita, I. Kousaka, and K. Takeuchi, 2001: Interannual

seesaw between the Aleutian and Icelandic lows. Part I: Sea-

sonal dependence and life cycle. J. Climate, 14, 1029–1042,

doi:10.1175/1520-0442(2001)014,1029:ISBTAA.2.0.CO;2.

——, S. Yamane, andH. Nakamura, 2007: Inter-basin link between

the North Pacific and North Atlantic in the upper tropospheric

circulation: Its dominance and seasonal dependence. J. Meteor.

Soc. Japan, 85, 899–908, doi:10.2151/jmsj.85.899.

Hoskins, B. J., I. N. James, and G. H. White, 1983: The shape,

propagation and mean-flow interaction of large-scale

weather systems. J. Atmos. Sci., 40, 1595–1612, doi:10.1175/

1520-0469(1983)040,1595:TSPAMF.2.0.CO;2.

Ineson, S., and A. Scaife, 2009: The role of the stratosphere in the

European climate response to El Niño. Nat. Geosci., 2, 32–36,

doi:10.1038/ngeo381.

Lau, N.-C., 1988: Variability of the observed midlatitude storm

tracks in relation to low-frequency changes in the circula-

tion pattern. J. Atmos. Sci., 45, 2718–2743, doi:10.1175/

1520-0469(1988)045,2718:VOTOMS.2.0.CO;2.

Li, Y., and N.-C. Lau, 2012a: Impact of ENSO on the atmospheric

variability over the North Atlantic in late winter—Role of

transient eddies. J. Climate, 25, 320–342, doi:10.1175/

JCLI-D-11-00037.1.

——, and ——, 2012b: Contributions of downstream eddy de-

velopment to the teleconnection between ENSO and the at-

mospheric circulation over the North Atlantic. J. Climate, 25,

4993–5010, doi:10.1175/JCLI-D-11-00377.1.

Lin, H., J. Derome, andG. Brunet, 2005: Tropical Pacific link to the

two dominant patterns of atmospheric variability. Geophys.

Res. Lett., 32, L03801, doi:10.1029/2004GL021495.

Martius, O., C. Schwierz, and H. C. Davies, 2007: Breaking waves

at the tropopause in the wintertime Northern Hemisphere:

Climatological analyses of the orientation and the theoretical

LC1/2 classification. J. Atmos. Sci., 64, 2576–2592,

doi:10.1175/JAS3977.1.

15 MAY 2015 DROUARD ET AL . 3975

http://dx.doi.org/10.1175/1520-0442(2001)014<3495:AOONAO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<3495:AOONAO>2.0.CO;2
http://dx.doi.org/10.1002/qj.49712354007
http://dx.doi.org/10.1175/1520-0469(2004)061<0121:SVOTNA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052<0207:OOSTAB>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052<0207:OOSTAB>2.0.CO;2
http://dx.doi.org/10.1029/2006RG000199
http://dx.doi.org/10.1175/1520-0442(2001)014<4266:OFOTWL>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<4266:OFOTWL>2.0.CO;2
http://dx.doi.org/10.1029/2002JD002754
http://dx.doi.org/10.1175/1520-0469(1993)050<2038:DDOBWA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1993)050<2038:DDOBWA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2001)058<1694:TSOBWP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2001)058<1694:TSOBWP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1993)050<0999:OTDOAS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1993)050<0999:OTDOAS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1994)051<3823:OEFAGV>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1994)051<3823:OEFAGV>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<0642:IVINHW>2.0.CO;2
http://dx.doi.org/10.1029/1999GL010945
http://dx.doi.org/10.1029/1999GL010945
http://dx.doi.org/10.1029/1999GL010994
http://dx.doi.org/10.1175/JAS-D-12-0351.1
http://dx.doi.org/10.1256/qj.02.76
http://dx.doi.org/10.1002/joc.3370100104
http://dx.doi.org/10.1002/joc.3370120104
http://dx.doi.org/10.1175/1520-0442(2001)014<4512:ISBTAA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<4512:ISBTAA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<1029:ISBTAA>2.0.CO;2
http://dx.doi.org/10.2151/jmsj.85.899
http://dx.doi.org/10.1175/1520-0469(1983)040<1595:TSPAMF>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1983)040<1595:TSPAMF>2.0.CO;2
http://dx.doi.org/10.1038/ngeo381
http://dx.doi.org/10.1175/1520-0469(1988)045<2718:VOTOMS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1988)045<2718:VOTOMS>2.0.CO;2
http://dx.doi.org/10.1175/JCLI-D-11-00037.1
http://dx.doi.org/10.1175/JCLI-D-11-00037.1
http://dx.doi.org/10.1175/JCLI-D-11-00377.1
http://dx.doi.org/10.1029/2004GL021495
http://dx.doi.org/10.1175/JAS3977.1


Michel, C., and G. Rivière, 2011: The link between Rossby wave

breakings and weather regime transitions. J. Atmos. Sci., 68,

1730–1748, doi:10.1175/2011JAS3635.1.

Moron, V., and I. Gouirand, 2003: Seasonal modulation of the El

Niño–southern oscillation relationship with sea level pressure

anomalies over the North Atlantic in October–March 1873–

1996. Int. J. Climatol., 23, 143–155, doi:10.1002/joc.868.

Orlanski, I., and J. Katzfey, 1991: The life cycle of a cyclone wave in

the SouthernHemisphere. Part I: Eddy energy budget. J. Atmos.

Sci., 48, 1972–1998, doi:10.1175/1520-0469(1991)048,1972:

TLCOAC.2.0.CO;2.

——, and J. P. Sheldon, 1995: Stages in the energetics of baro-

clinic systems. Tellus, 47A, 605–628, doi:10.1034/

j.1600-0870.1995.00108.x.

Pinto, J. G., M. Reyers, and U. Ulbrich, 2011: The variable

link between PNA and NAO in observations and in

multi-century CGCM simulations. Climate Dyn., 36, 337–354,

doi:10.1007/s00382-010-0770-x.

Pozo-Vázquez, D., M. Esteban-Parra, F. Rodrigo, and Y. Castro-

Diez, 2001: The association between ENSO and winter

atmospheric circulation and temperature in the North

Atlantic region. J. Climate, 14, 3408–3420, doi:10.1175/

1520-0442(2001)014,3408:TABEAW.2.0.CO;2.

——, S. Gámiz-Fortis, J. Tovar-Pescador, M. Esteban-Parra, and

Y. Castro-Díez, 2005: El Niño–southern oscillation events and

associated European winter precipitation anomalies. Int.

J. Climatol., 25, 17–31, doi:10.1002/joc.1097.

Quadrelli, R., and J. M. Wallace, 2004: A simplified linear frame-

work for interpreting patterns of Northern Hemisphere win-

tertime climate variability. J. Climate, 17, 3728–3744,

doi:10.1175/1520-0442(2004)017,3728:ASLFFI.2.0.CO;2.

Rivière, G., 2009: Effect of latitudinal variations in low-level

baroclinicity on eddy life cycles and upper-tropospheric

wave-breaking processes. J. Atmos. Sci., 66, 1569–1592,

doi:10.1175/2008JAS2919.1.

——, and I. Orlanski, 2007: Characteristics of the Atlantic storm-

track eddy activity and its relation with the North Atlantic

Oscillation. J. Atmos. Sci., 64, 241–266, doi:10.1175/JAS3850.1.

——, B. Hua, and P. Klein, 2003: Perturbation growth in terms of

barotropic alignment properties. Quart. J. Roy. Meteor. Soc.,

129, 2613–2635, doi:10.1256/qj.02.106.
——, P. Arbogast, and A. Joly, 2014: Eddy kinetic energy re-

distribution within idealized extratropical cyclones using a

two-layer quasi-geostrophic model. Quart. J. Roy. Meteor.

Soc., 141, 207–223, doi:10.1002/qj.2350.
Seager, R., N. Naik, M. Ting, M. A. Cane, N. Harnik, and

Y. Kushnir, 2010: Adjustment of the atmospheric circulation

to tropical Pacific SST anomalies: Variability of transient eddy

propagation in the Pacific–North America sector. Quart.

J. Roy. Meteor. Soc., 136, 277–296, doi:10.1002/qj.588.

Song, J., C. Li, W. Zhou, and J. Pan, 2009: The linkage between the

Pacific–NorthAmerican teleconnection pattern and theNorth

Atlantic Oscillation. Adv. Atmos. Sci., 26, 229–239,

doi:10.1007/s00376-009-0229-3.

Strong, C., andG.Magnusdottir, 2008a: Tropospheric Rossbywave

breaking and the NAO/NAM. J. Atmos. Sci., 65, 2861–2876,

doi:10.1175/2008JAS2632.1.

——, and——, 2008b: How Rossby wave breaking over the Pacific

forces the North Atlantic Oscillation. Geophys. Res. Lett., 35,

L10716, doi:10.1029/2008GL033578.

Thompson, D. W., and J. M. Wallace, 1998: The Arctic oscillation

signature in the wintertime geopotential height and tempera-

ture fields. Geophys. Res. Lett., 25, 1297–1300, doi:10.1029/

98GL00950.

——, and——, 2000:Annularmodes in the extratropical circulation.

Part I: Month-to-month variability. J. Climate, 13, 1000–1016,

doi:10.1175/1520-0442(2000)013,1000:AMITEC.2.0.CO;2.

——, ——, and G. C. Hegerl, 2000: Annular modes in the extra-

tropical circulation. Part II: Trends. J. Climate, 13, 1018–1036,

doi:10.1175/1520-0442(2000)013,1018:AMITEC.2.0.CO;2.

Trenberth, K., 1986: An assessment of the impact of transient

eddies on the zonal flow during a blocking episode using

localized Eliassen–Palm flux diagnostics. J. Atmos. Sci.,

43, 2070–2087, doi:10.1175/1520-0469(1986)043,2070:

AAOTIO.2.0.CO;2.

Uppala, S. M., and Coauthors, 2005: The Era-40 Re-Analysis.

Quart. J. Roy. Meteor. Soc., 131, 2961–3012, doi:10.1256/

qj.04.176.

Van Loon, H., and R. A. Madden, 1981: The Southern Oscillation.

Part I: Global associations with pressure and temperature in

northern winter.Mon.Wea. Rev., 109, 1150–1162, doi:10.1175/

1520-0493(1981)109,1150:TSOPIG.2.0.CO;2.

Wallace, J. M., 2000: North Atlantic Oscillation/annular mode:

Two paradigms—one phenomenon. Quart. J. Roy. Meteor.

Soc., 126, 791–805, doi:10.1002/qj.49712656402.

——, and D. W. Thompson, 2002: The Pacific center of action of

the Northern Hemisphere annular mode: Real or artifact?

J. Climate, 15, 1987–1991, doi:10.1175/1520-0442(2002)015,1987:

TPCOAO.2.0.CO;2.

——, Y. Zhang, and L. Bajuk, 1996: Interpretation of interdecadal

trends in Northern Hemisphere surface air temperature.

J. Climate, 9, 249–259, doi:10.1175/1520-0442(1996)009,0249:

IOITIN.2.0.CO;2.

Woollings, T., B. Hoskins, M. Blackburn, and P. Berrisford, 2008:

A new Rossby wave–breaking interpretation of the North

Atlantic Oscillation. J. Atmos. Sci., 65, 609–626,

doi:10.1175/2007JAS2347.1.

Wu, Q., and D. M. Straus, 2004: AO, COWL, and observed

climate trends. J. Climate, 17, 2139–2156, doi:10.1175/

1520-0442(2004)017,2139:ACAOCT.2.0.CO;2.

Zhao, H., and G. Moore, 2009: Temporal variability in the expres-

sion of theArctic Oscillation in theNorth Pacific. J. Climate, 22,

3110–3126, doi:10.1175/2008JCLI2611.1.

3976 JOURNAL OF CL IMATE VOLUME 28

http://dx.doi.org/10.1175/2011JAS3635.1
http://dx.doi.org/10.1002/joc.868
http://dx.doi.org/10.1175/1520-0469(1991)048<1972:TLCOAC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1991)048<1972:TLCOAC>2.0.CO;2
http://dx.doi.org/10.1034/j.1600-0870.1995.00108.x
http://dx.doi.org/10.1034/j.1600-0870.1995.00108.x
http://dx.doi.org/10.1007/s00382-010-0770-x
http://dx.doi.org/10.1175/1520-0442(2001)014<3408:TABEAW>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<3408:TABEAW>2.0.CO;2
http://dx.doi.org/10.1002/joc.1097
http://dx.doi.org/10.1175/1520-0442(2004)017<3728:ASLFFI>2.0.CO;2
http://dx.doi.org/10.1175/2008JAS2919.1
http://dx.doi.org/10.1175/JAS3850.1
http://dx.doi.org/10.1256/qj.02.106
http://dx.doi.org/10.1002/qj.2350
http://dx.doi.org/10.1002/qj.588
http://dx.doi.org/10.1007/s00376-009-0229-3
http://dx.doi.org/10.1175/2008JAS2632.1
http://dx.doi.org/10.1029/2008GL033578
http://dx.doi.org/10.1029/98GL00950
http://dx.doi.org/10.1029/98GL00950
http://dx.doi.org/10.1175/1520-0442(2000)013<1000:AMITEC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2000)013<1018:AMITEC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1986)043<2070:AAOTIO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1986)043<2070:AAOTIO>2.0.CO;2
http://dx.doi.org/10.1256/qj.04.176
http://dx.doi.org/10.1256/qj.04.176
http://dx.doi.org/10.1175/1520-0493(1981)109<1150:TSOPIG>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1981)109<1150:TSOPIG>2.0.CO;2
http://dx.doi.org/10.1002/qj.49712656402
http://dx.doi.org/10.1175/1520-0442(2002)015<1987:TPCOAO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<1987:TPCOAO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1996)009<0249:IOITIN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1996)009<0249:IOITIN>2.0.CO;2
http://dx.doi.org/10.1175/2007JAS2347.1
http://dx.doi.org/10.1175/1520-0442(2004)017<2139:ACAOCT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017<2139:ACAOCT>2.0.CO;2
http://dx.doi.org/10.1175/2008JCLI2611.1

