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ABSTRACT

Ingredients in the North Pacific flow influencing Rossby wave breakings in the North Atlantic and the

intraseasonal variations of the North Atlantic Oscillation (NAO) are investigated using both reanalysis data

and a three-level quasigeostrophic model on the sphere. First, a long-term run is shown to reproduce the

observed relationship between the nature of the synoptic wave breaking and the phase of the NAO. Further-

more, a large-scale, low-frequency ridge anomaly is identified in the northeastern Pacific in the days prior to the

maximumof the positive NAOphase both in the reanalysis and in themodel. A large-scale northeastern Pacific

trough anomaly is observed during the negative NAO phase but does not systematically precede it.

Then, short-term linear and nonlinear simulations are performed to understand how the large-scale ridge

anomaly can act as a precursor of the positive NAO phase. The numerical setup allows for analysis of the

propagation of synoptic waves in the eastern Pacific in the presence of a large-scale ridge or trough anomaly

and their downstream impact onto the Atlantic jet when they break. The ridge acts in two ways. First, it tends

to prevent the downstream propagation of small waves compared to long waves. Second, it deflects the

propagation of the wave trains in such a way that theymainly propagate equatorward in the Atlantic. The two

modes of action favor the anticyclonic wave breaking and, therefore, the positive NAO phase. With the

trough, the wave train propagation is more zonal, disturbances are moremeridionally elongated, and cyclonic

wave breaking is more frequent in the Atlantic than in the ridge case.

1. Introduction

Wintertime atmospheric circulation variability over

the North Atlantic is mainly described by the North

Atlantic Oscillation (NAO). The NAO corresponds to

a mass balance between two pressure centers: during the

positive (negative) phase, the intensities of the Icelandic

low pressure center and the Azores anticyclone are si-

multaneously enhanced (lowered), leading to a stronger

(weaker) eddy-driven jet shifted to the north (south).

The latitudinal position of the jet in the NorthAtlantic is

closely linked to the phase of the NAO (Vallis and

Gerber 2008). Even though the typical time scale of the

NAO is about 1 week (Feldstein 2000), it varies over

a wide range of time scales and is well known for its

interdecadal variations (Hurrell 1995). The focus of the

present study is mainly on the intraseasonal fluctuations

of the NAO and the role played by synoptic waves and

their breaking.

The last decade was marked by several studies on the

link between upper-tropospheric, synoptic-scale Rossby

wave breaking and the NAO (Benedict et al. 2004;

Franzke et al. 2004; Rivi�ere and Orlanski 2007; Martius

et al. 2007; Strong and Magnusdottir 2008a; Woollings

et al. 2008; Kunz et al. 2009). Rossby wave breaking

occurs when waves reach large amplitudes and is usually

detected by a local reversal of the potential vorticity

(PV) gradient on isentropic surfaces. According to the

direction of the PV contour, Rossby wave breaking is

either anticyclonic (AWB) or cyclonic (CWB), as shown

by Thorncroft et al. (1993). Benedict et al. (2004) and

Franzke et al. (2004) showed with observational and

model data, respectively, that the two centers of action

of the NAO are the remnants of Rossby wave breakings

in the Atlantic basin. Moreover, they showed that the

type of the Rossby wave breaking is linked to the phase

of the NAO: AWB (CWB) events at midlatitudes trig-

ger the positive (negative) phase and maintain it. This

relationship can be viewed in terms of the latitudinal
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fluctuations of the Atlantic jet (Rivi�ere and Orlanski

2007): during AWB, eddies are oriented in the southwest–

northeast direction, leading to positive momentum

flux and an acceleration of the jet to the north, which

better favors the occurrence of the positive phase of

the NAO. The converse occurs with CWB. Strong and

Magnusdottir (2008a) confirmed these results but also

showed that, outside the midlatitudes of the Atlantic

basin (at 308 and 708N), AWB (CWB) forces the nega-

tive (positive) NAO phase. Therefore, both the sense

and the latitude of the breaking in the North Atlantic

influence the NAO. The sense of breaking depends in

large part on the properties of the waves entering the

Atlantic and coming from the eastern Pacific, as shown

by Franzke et al. (2004) and Rivi�ere and Orlanski

(2007). Despite these preliminary studies, the key dy-

namical ingredients in the eastern Pacific flow that de-

termine the different types of wave breaking in the

Atlantic have not been well identified yet. To identify

these ingredients is the main goal of the present paper.

The interaction between the North Pacific and North

Atlantic storm tracks was the subject of several studies.

It is clear that the Atlantic storm track activity depends

in large part on the seeding by the Pacific storm track

and the so-called downstream development (Chang

1993; Chang and Yu 1999; Hakim 2003). Using both

reanalysis data and direct observations (radiosonde

and aircraft observations), Chang and Fu (2002) and

Chang (2004) showed that the two winter storm tracks

were particularly well correlated during some decades

(between 1975/76 and 1998/99) but much less for other

decades (before the mid-1970s). Furthermore, Chang

and Fu (2002) demonstrated that part of the storm-

track variations could be related to the Arctic Oscil-

lation and to the interdecadal ENSO-like variability.

Benedict et al. (2004), Franzke et al. (2004), and

Strong and Magnusdottir (2008a) more directly pointed

out the link between wave-breaking events occurring

in the eastern Pacific and others in the Atlantic. They

showed that the positive phase is associated with two

AWB events: the first event occurs in the northeastern

Pacific, and the second one occurs several days later in

the North Atlantic. On the contrary, the negative phase

originates from in situ CWB events over the Atlantic.

Strong and Magnusdottir (2008b) more deeply inves-

tigated the link between the twoAWB events during the

positive NAO phase. They showed an accumulation of

pseudomomentum density after the first AWB in the

eastern Pacific, which is then eastward advected to build

up the second AWB in the Atlantic. In their numerical

study, Franzke et al. (2004) pointed out another link

between the Pacific storm track and the phase of the

NAO: low (high)-latitude synoptic disturbances in the

Pacific trigger AWB (CWB) events in the Atlantic and

the development of the positive (negative) phase of the

NAO.

The previously mentioned studies highlighted a possi-

ble direct influence of the Pacific storm track on Rossby

wave breakings in the Atlantic. Other studies suggested

that low-frequency (period greater than 10 days) anom-

alies in the eastern Pacific and North America may also

contribute to the development of theNAOandpotentially

favor the link between the two storm tracks. Feldstein

(2003) observed a low-frequency wave train originating in

the North Pacific sector 4 days prior to the maximum of

the NAO, and that initiates the positive NAO phase.

Branstator (2002) showed that low-frequency vari-

ability patterns in the Northern Hemisphere located in

the vicinity of strong mean jets tend to be meridionally

trapped and longitudinally elongated, corresponding to

a ‘‘string’’ of low-frequency anomalies (located longi-

tudinally far from each other) that covariate. Although

the NAO pattern is meridionally oriented, he showed

that low-frequency anomalies belonging to the cir-

cumglobal waveguide are highly correlated with the

NAO and may contribute to its dynamics. Pinto et al.

(2011), with observational and model data, showed

that the Pacific–North America oscillation (PNA) and

NAO are significantly anticorrelated. During the nega-

tive phase of the PNA pattern, they show that there is an

enhancement of the storm-track activity and eddy in-

tensity over Newfoundland, whereas the contrary occurs

during positive phases of the PNA pattern. According to

them, this enhancement of the storm-track activity over

Newfoundland would then lead to a stronger Atlantic

storm track and to a lower sea level pressure (SLP) in-

tensity to the north and a higher one to the south. The

various phases of the NAO can also be linked to the El

Ni~no–Southern Oscillation: negative (positive) NAO

phase events aremore frequent during ElNi~no (LaNi~na)

winters. Li and Lau (2012a,b) showed that during ElNi~no

winters there is a strong downstream development of

wave packets from the North Pacific storm track to the

North Atlantic storm track, favoring the formation of

the negative NAO phase. This strong downstream de-

velopment is favored by the more southward-located and

eastward-elongated Pacific storm track and by an en-

hanced Pacific subtropical jet during El Ni~no winters.

Moreover, they showed that during El Ni~no (La Ni~na)

winters, eddies entering the North Atlantic have a more

southwest–northeast (southeast–northwest) orientation,

which would promote more CWB (AWB) events and,

therefore, the negative (positive) phase of the NAO.

The previous studies corroborate each other in the

sense that they all suggest the presence of an anomalous

ridge (trough) in the northeastern Pacific during the
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positive (negative) NAO phase. Since the Pacific storm

track terminates near a stationary ridge (e.g., Orlanski

1998), it is closely linked to the following statement.

When the ridge is stronger than usual, the northeastern

Pacific flow is rapidly northeastward deflected, and the

positive NAO phase is more likely to occur. On the

contrary, when the ridge is weaker than usual, the Pa-

cific flow is more zonal and the negative NAO phase

dominates.

In the present study, the role of anomalous large-

scale northeastern Pacific ridge and trough in the

NAO dynamics is investigated using the Marshall

andMolteni (1993) three-level quasigeostrophic (QG)

model and observations. More precisely, we want to

address the following questions: Is an anomalous ridge

(trough) a precursor of the positive (negative) NAO

phase? How does a reinforced or reduced northeast-

ern Pacific ridge interfere in the interaction between

the two storm tracks? How is it dynamically related

to the NAO? The data, model, and diagnostics are

presented in section 2. Section 3 will be devoted to the

study of some properties of the NAO in reanalysis data

and in a long-term simulation of the model. In section

4, the role of the anomalous northeastern Pacific ridge

is more systematically analyzed by performing short-

term (20 days) linear and nonlinear simulations by

including an anomalous ridge or an anomalous trough

to the climatological flow. Results are summarized and

discussed in section 5.

2. Data and methods

a. Reanalysis

Our observational data are four times daily (at 0000,

0600, 1200, and 1800 UTC) from the 40-yr European

Centre for Medium-RangeWeather Forecasts (ECMWF)

Re-Analysis (ERA-40) on a 2.58 3 2.58 grid. We only

consider winter months from December to February

(DJF), when the variability of the NAO is the stron-

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

potential, zonal and meridional winds, streamfunction,

and relative vorticity) at 200 hPa were used. Daily av-

erages were computed for all of the data.

b. Model

The model used for this study is the three-level QG

model of Marshall and Molteni (1993). This spectral

model integrates the PV equation on the sphere as

follows:

›qi
›t

52J(ci, qi)2Di(c1,c2,c3)1 Si , (1)

where the subscript i represents the level where the

calculation is performed. The first (i5 1), second (i5 2),

and third (i 5 3) levels correspond, respectively, to the

pressure levels 200, 500, and 800 hPa. The values qi and

ci represent the PV and the streamfunction, J is the

Jacobian determinant, and Di and Si are the dissipation

and forcing terms. PV is defined as

q15 f 1=2c12R22
1 (c1 2c2) , (2)

q25 f 1=2c21R22
1 (c1 2c2)2R22

2 (c22c3) , (3)

q35 f (12 h/H0)1=2c31R22
2 (c22c3) , (4)

where f 5 2V sinu is the Coriolis parameter and R1 5
700 km and R2 5 450 km are Rossby radii of deforma-

tion for the 200–500- and 500–800-hPa layers, respec-

tively [same values as in Marshall and Molteni (1993)].

The variable h is the realistic orographic height, and H0

is a scaling parameter for topography equal to 9 km. The

term Di(c1, c2, c3) is the sum of linear operators, in-

cluding a Newtonian relaxation of temperature, a linear

drag at the surface (for i5 3), and a horizontal diffusion.

In this study, long-term and short-term simulations were

both performedwith a T42 truncation but with distinct Si
forcings, whose setups and results are detailed in sec-

tions 3 and 4 respectively.

c. Wave-breaking detection method

To investigate the role of Rossby wave breaking on the

development of the NAO, the Rossby wave–breaking

detection method of Rivi�ere (2009) was used (see his

appendix C for a more detailed description). Rossby

wave–breaking frequencies can be computed with PV

fields on isentropic surfaces as classically done by other

algorithms (Strong and Magnusdottir 2008a,b; Martius

et al. 2007) or with absolute vorticity fields on isobaric

surfaces. Michel and Rivi�ere (2011) checked that the two

fields lead to qualitative similar results. Since the QG

model provides atmospheric fields on isobaric surfaces,

the wave-breaking detection algorithm was applied in the

present study to the absolute vorticity on a pressure level.

More precisely, the method detects local inversions of the

absolute vorticity gradient on a pressure level. To do that,

all circumglobal contours of absolute vorticity ranging

from 24.0 3 1024 to 4.0 3 1024 s21 with an interval of

2.0 3 1025 s21 are detected and oriented from west to

east. Awave-breaking region is defined as a local segment

belonging to a circumglobal contour, which is oriented

from east to west. If the segment is mainly northeast–

southwest (southeast–northwest) oriented, the wave

breaking is of anticyclonic (cyclonic) type.
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3. Some properties of the NAO in ERA-40 data
and long-term simulations

a. Setup of the long-term simulation

The long-term simulations are forced by ERA-40 data

for the winter months (DJF) between 1957 and 2002 at

three levels following the same procedure as inMarshall

andMolteni (1993). In that case, Si is computed from the

ERA-40 streamfunction and is expressed as

Si 5 J(cERA40
i , qERA40

i )1Di(c
ERA40
1 ,cERA40

2 ,cERA40
3 ) .

(5)

The overbar denotes the wintertimemean, and Si is such

that the averaged sum of the PV tendencies due to the

Jacobian and dissipation terms [first and second terms

on the rhs of Eq. (1)] is, in the model, equal to that of the

ERA-40 data. This forcing has the advantage to take

into account the contribution of the observed transient

terms as explained by Marshall and Molteni (1993), but

it does not mean that the observed climatology is a sta-

tionary solution of the model equations. The long-term

simulation corresponds to a perpetual-winter run. It

lasts 4425 days, the first 365 days being not considered to

be sure that the model has reached an equilibrium state.

Thus, 4060 days are used for this study, which is close to

the number of winter days in the reanalysis data.

b. Results

1) NORTHERN HEMISPHERE CLIMATOLOGIES

Figures 1a and 1b show the climatologies of the 200-hPa

zonal wind (gray shading) and high-frequency (period less

than 10 days) kinetic energy (contours) for the reanalysis

and the QG model, respectively. The jet is shifted farther

northward in themodel compared to the reanalysis in both

the Pacific and the Atlantic. In the North Pacific, the jet

intensity peak is stronger in the model than in the re-

analysis, whereas the opposite occurs in theNorthAtlantic.

The separation between the Pacific and Atlantic jets is less

clear in the model simulation than in the reanalysis. In the

North Atlantic, the double jet pattern (eddy-driven jet to

the north and subtropical jet to the south) is observed both

in the reanalysis and in the model.

Generally speaking, the Pacific and Atlantic storm

tracks are more meridionally confined in the model than

in the reanalysis. The Pacific storm-trackmaximum is well

located in the model (Fig. 1b), but its intensity is signifi-

cantly stronger than in the reanalysis (about 40% stron-

ger). The amplitude of the Atlantic storm track in the

model is only slightly weaker than in the reanalysis, but its

location is not well reproduced in the sense that there is no

local peak of eddy kinetic energy in the Atlantic.

Climatologies of Rossby wave–breaking frequencies

are shown in Figs. 1c and 1d. Two peaks of wave-breaking

frequencies are observed for each type of wave breaking

FIG. 1. (top) Climatologies at 200 hPa of the high-frequency kinetic energy (contours; interval of 20m2 s22) and zonal wind (gray

shading; m s21) for the (a) reanalysis and (b) QGmodel. (bottom) Climatologies of the AWB (black contours) and CWB (gray contours)

frequencies averaged between 200 and 500 hPa and the zonal wind at 200 hPa (gray shading; m s21) for the (c) reanalysis and (d) QG

model. The contour interval is 0.05 day21, and thick contours represent a frequency of 0.1 day21. Note that the first frequency contoured is

0.1 day21 in (c) and 0.05 day21 in (d).
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(AWB and CWB), one in the Pacific and another one in

the Atlantic, both in the reanalysis and in the QGmodel.

For CWB, the peaks are located in the northeastern Pa-

cific and to the south of Greenland. For AWB, peaks are

located in the southeastern parts of the Pacific and At-

lantic. As in the zonal wind climatology, AWB are too

zonally homogeneous in the model, and a less clear sep-

aration appears between the Pacific and Atlantic regions.

In the Atlantic, AWB frequencies are quite similar be-

tween the model and reanalysis, with peaks located more

to the north in the model. It can be noticed that there is

clearly less CWB in the model than in reanalysis. This

deficit in CWB occurrence was already noticed by

Rivi�ere (2009) and Lâın�e et al. (2011) with the same

model. Two ingredients may explain this behavior. First,

on an f plane, QG models exhibit symmetric waves,

whereas primitive equation models favor the occurrence

of the cyclonic tilt (Nakamura 1993). Second, on the

sphere, as shown by Rivi�ere (2009), the variations of the

Coriolis parameter in the stretching term of the PV favor

the cyclonic tilt of the waves and, thus, CWB. Since these

variations are not taken into account in the QG model

[the stretching term contains a constant Rossby radius of

deformation in Eqs. (2)–(4)], it provides another reason

for the deficit of CWBevents. This bias can be diminished

by including moist processes in the model, as shown by

Lâın�e et al. (2011).

To conclude on the Northern Hemisphere climatol-

ogies, the model exhibits more zonally homogeneous

fields than the reanalysis. In particular, the separation

between theAtlantic and Pacific storm tracks in terms of

eddy kinetic energy is not visible in themodel. However,

recurrent regions where AWB and CWB events occur

are rather well reproduced, and the separation between

the Pacific and Atlantic eddy activity is much clearer in

terms of wave-breaking statistics.

2) NAO

Corti et al. (1997) and Jiang et al. (2013) already used

the Marshall and Molteni (1993) model for the study of

the NAO and other low-frequency atmospheric pat-

terns. The spatial pattern of the NAO is here found by

the first empirical orthogonal function (EOF) of the

200-hPa geopotential (weighted by the square root of

the cosine of the latitude) in the Atlantic (208–808N,

908W–408E). The classical dipole pattern of the NAO is

observed in the reanalysis with its low pressure center

located over the southern part of Greenland and its high

pressure center located over the North Atlantic mid-

latitudes (Fig. 2a). In the model, the first EOF, com-

puted with the 200-hPa geostrophic geopotential (the

streamfunction multiplied by the Coriolis parameter at

458N), is a dipole that resembles that of the NAO in the

reanalysis (Fig. 2b). In the QG model, the low pressure

center is shifted to the southeast, and its high pressure

center has two peaks instead of one. Despite these dis-

crepancies with the reanalysis, this mode of variability is

hereafter called NAO.

(i) Link between the type of Rossby wave breakings
and the phase of the NAO

The aim of the present subsection is to check that the

link highlighted in previous observational studies

(Benedict et al. 2004; Franzke et al. 2004; Rivi�ere and

Orlanski 2007; Strong and Magnusdottir 2008a,b) be-

tween the type of wave breaking (AWB or CWB) and

the phase of the NAO is also observed in the model.

Figures 2c–f show the composites of AWB and

CWB frequencies vertically averaged between 200 and

500 hPa, of the 200-hPa zonal wind, and of the 200-hPa

extended Eliassen–Palm vectors (or E vectors) for the

positive and negativeNAOphases for the reanalysis and

the QG model. The horizontal components of E vec-

tors were computed with the following formula

(Trenberth 1986):

E5
1

2
(y 022 u02)i2u0y0j , (6)

where u and y are the zonal and meridional winds,

respectively. The prime and overbar represent high-

frequency (period less than 10 days) and time-mean

quantities, respectively. The E vectors indicate the

direction of wave-energy propagation relative to the

time-mean flow and their divergence indicates the eddy-

induced acceleration of the zonal wind.

In the reanalysis, the relationship between the type of

wave breaking and the phase of the NAO is clearly seen:

the CWB frequency (see gray contours in Fig. 2c) is

greater during the negative phase than during the posi-

tive phase (Fig. 2e), and the reverse is true for the AWB

frequency (cf. the black contours in Figs. 2c and 2e).

The link between the latitude of the jet and the type of

wave breaking is also seen in the reanalysis: during the

negative phase, when more CWB occur compared to

AWB, the jet is located more to the south than the cli-

matological jet (cf. the jet in this Fig. 2c and the clima-

tological jet in Fig. 1a). On the contrary, during the

positive phase, the jet is shifted to the north compared to

the climatological jet, and this coincides with a greater

(weaker) occurrence of AWB (CWB) on the southern

(northern) flank of the jet. The model shows the same

properties (Figs. 2d,f), with more CWB during the

negative phase than during the positive phase, and the

reverse for AWB. The latitudinal shift of the jet in re-

lation with the type of wave breaking is also rather well
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FIG. 2. (top) First EOF in the Atlantic (208–808N, 908W–408E) at 200 hPa of the (a) ERA-40 geopotential and (b) QG model

streamfunction multiplied by the Coriolis parameter at 458. (middle),(bottom) Composites of the AWB (black contours) and CWB (gray

contours) frequencies, zonal wind (gray shading; m s21) at 200 hPa, and extended Eliassen–Palm E vectors (arrows; see scale at bottom)

for the (c),(d) negative and (e),(f) positive NAOphases for (left) the reanalysis and (right) theQGmodel. The contour interval for (a) and

(b) is 200m2 s22. For (c)–(f), the contour definition is as in Figs. 1c and 1d. The positive and negative NAO phases correspond to values of

the normalized daily NAO index greater than 11.5 and less than 21.5, respectively.
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reproduced by the QG model. But again, some differ-

ences are observed, in particular, on the intensity of the

wave-breaking frequencies. During the negative NAO

phase, there is a strong peak of AWB frequency in the

eastern North Atlantic located on the northern side of

the jet in the model, which is much weaker in the re-

analysis. These wave-breaking statistics characterized

by CWB and AWB events occurring at the same lati-

tudes but distinct longitudes reflect the formation of

V-shaped contours in vorticity. This kind of breaking

structure was found to be associated with blocking

events in observational studies (Altenhoff et al. 2008).

Both in the reanalysis and in the QG model, the

composites of the E vectors are divergent over the jet,

revealing a classical feature of the positive eddy feed-

back onto the mean flow. More importantly, both in the

reanalysis and in the QG model, E vectors point toward

the equator during the positive NAO phase, meaning

that most of the energy is refracted equatorward,

whereas during negative NAO phase, E vectors point

both poleward and equatorward, meaning that wave

energy propagates both to the equatorward and pole-

ward sides of the jet. These differences are in good

agreement with the wave-breaking statistics.

To conclude, the model reproduces rather well a key

property of the NAO: more (less) AWB during the

positive (negative) phase of theNAOwhen the jet ismore

to the north and more (less) CWB during the negative

(positive) phase of the NAO when the jet is more to the

south.However, somediscrepancies exist, in particular for

the negative NAO phase whereV-shaped wave-breaking

events occur more often than pure CWB events.

(ii) Link between the wavelength and the phase of
the NAO

Another characteristic of the observed NAO is re-

lated to the spatial scale of the synoptic waves (Rivi�ere

andOrlanski 2007). They observed that wavelengths are

larger during positive NAO events and smaller during

negative NAO events. This is consistent with the idea

that long (short) waves tend to break anticyclonically

(cyclonically), which favors the development of the

positive (negative) phase (Balasubramanian andGarner

1997; Orlanski 2003; Rivi�ere 2009; Rivi�ere 2011).

This property is checked in Fig. 3. Figures 3a and 3b

show the NAO composites of the high-frequency kinetic

energy spectrum over all Northern Hemisphere mid-

latitudes as a function of the zonal wavelength for the

reanalysis and the model, respectively. Consistent with

Fig. 1, Fig. 3 first shows that the high-frequency kinetic

energy spectrum reaches larger amplitudes in the model

than in the reanalysis because of a stronger Pacific storm

track in the model. Second, in both datasets, the

amplitude of the high-frequency kinetic energy spec-

trum is higher for the positive NAO phase (red curve)

than for the negative NAO phase (blue curve), meaning

that storm tracks atmidlatitudes over thewholeNorthern

Hemisphere are more intense during the positive NAO

phase. The two curves cross at about L 5 4.3 3 106m in

the reanalysis (Fig. 3a) and at L 5 4.0 3 106m in the

model, even though it is less obvious (Fig. 3b). This in-

dicates that the high-frequency kinetic energy spectrum

differs over themidlatitudes of theNorthernHemisphere

between the positive and negative phases. The increase in

eddy amplitude for the positive NAO phase mainly oc-

curs for long waves, and there is even a slight decrease for

very short waves.

Let us now look at the Atlantic domain. To separate

the long wavelengths from the short wavelengths, a

31-point Lanczos high-pass zonal wavelength filter was

used with a wavelength cutoff Lc, which is taken around

the peaks of the curves shown in Figs. 3a and 3b: Lc 5
4.1 3 106m for the reanalysis and Lc 5 4.7 3 106m for

themodel. Figures 3c and 3d show, for the reanalysis and

the model, respectively, the high-frequency, small-scale

kinetic energy versus the high-frequency, large-scale

kinetic energy for the positive and negative NAO pha-

ses. First, there is more high-frequency kinetic energy in

the North Atlantic basin in the reanalysis than in the

model because of a stronger Atlantic storm track in the

former. Second, both in the model and in the reanalysis,

synoptic waves are mainly shorter than Lc during neg-

ative phase events (blue circles) and are mainly longer

than Lc during positive phase events (red squares).

Thus, the Marshall and Molteni (1993) model re-

produces quite well the spatial-scale separation between

the two phases of the NAO even though the wavelength

cutoff is not the same in the model and reanalysis.

(iii) Large-scale low-frequency anomalies in the
northeastern Pacific domain

Time-lag composites of the 200-hPa streamfunction

anomaly are shown in Figs. 4 and 5 for the positive and

negative NAO phases, respectively. Both in the reanalysis

and in the model there is a significant positive stream-

function anomaly—a large-scale, low-frequency ridge—

that forms in the northeastern Pacific during the growth of

the positive NAO phase. This implies that the climatologi-

cal easternPacific ridge is amplifiedduring the growthof the

positiveNAOphase. Its amplitude reaches a maximum 4

days before the maximum of the positive phase and then

slowly decreases (Fig. 4). Similar NAO time-lag com-

posites were obtained by Feldstein (2003) in his obser-

vational study (see his Fig. 2). However, some differences

are observed in the amplitude of the anomalous ridge,

which is less intense in the model than in the reanalysis.
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The negative NAO phase is more characterized by

the presence of a negative streamfunction anomaly—

a large-scale trough—in both the reanalysis and the

model. This implies that the climatological eastern Pa-

cific ridge is weakened during the growth of the negative

phase, leading to a more zonal circulation. However, in

the reanalysis, the trough does not precede the peak of

the negative NAO phase. Indeed, it reaches a maximum

of amplitude at the same time as the negative NAO

phase in theAtlantic and does not decrease in amplitude

in the 4 days following the maximum of the negative

phase (Figs. 5a,c,e,g). Moreover, the trough is signifi-

cantly different from zero at the 95% confidence level

only at lag 0 and lag 14 days. We conclude that this

trough does not precede the negative NAO phase in the

same way as the anomalous ridge does for the positive

phase. In contrast, in the model the trough reaches

a maximum of amplitude 4 days before the maximum

of the negative NAO phase and has already started to

decrease from lag 22 days.

The fact that the maximum amplitude of the anoma-

lous ridge precedes that of the positive phase by 4 days

suggests that the anomalous ridge is a precursor of the

positive phase both in the model and in the reanalysis.

This result does not seem to be entirely symmetric as

the negative NAO phase does not systematically show

the presence of a large-scale trough anomaly before

its maximum amplitude. A few questions rise from the

FIG. 3. (top) High-frequency kinetic energy spectrum at 200 hPa for the Northern Hemisphere (between 358 and
558N) for the positive (red curve) and negative (blue curve) NAO phases, for (a) the reanalysis and (b) the QG

model. (bottom) Large-scale, high-frequency kinetic energy vs small-scale, high-frequency kinetic energy at 200 hPa

in the Atlantic (358–558N, 608W–08) for positive (red squares) and negative (blue circles) phase events for (c) the

reanalysis and (d) the QG model. NAO phases are defined as in Fig. 2.
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FIG. 4. Time-lag composites of the streamfunction anomaly (contours; interval of 2 3 106m2 s21) at

200 hPa for values of the normalized daily NAO index above 1.5, for (a),(c),(e),(g) the reanalysis and

(b),(d),(f),(h) theQGmodel. Data used are daily values. Gray shading indicates t values that exceed 95%

confidence level for the Student’s t test.
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FIG. 5. As in Fig. 4, but for values of the normalized daily NAO index below 21.5.
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previous results. Does the low-frequency anomalous

ridge influence the positive phase of the NAO? What is

the dynamical link between these two low-frequency

phenomena? These questions are hereafter investigated

by performing short-term linear and nonlinear simula-

tions in the presence of a large-scale anomalous ridge or

trough in the northeastern Pacific.

4. Influence of the northeastern Pacific ridge on the
NAO

a. Setup of the short-term simulations

The idea behind the short-term simulations is to

trigger a synoptic wave packet originating in the central

Pacific and to analyze its propagation through a large-scale

ridge anomaly or large-scale trough anomaly, both located

in the northeastern Pacific, toward theNorthAtlantic. The

purpose of these simulations is more precisely to study

how large-scale Pacific flow anomalies affect the organi-

zation of the Pacific storm track and the downstream de-

velopment of synoptic waves over North America and the

westernAtlantic. To do that, simulations of theQGmodel

lasting 20 days were performed with the following ex-

pression for the forcing term [see Eq. (1)]:

Si5 J(ci,qi)1Di(c1,c2,c3) , (7)

where c and q denote, respectively, the streamfunction

and PV of a basic state. Such a forcing makes the basic

state an exact stationary solution of Eq. (1). Two basic

states were constructed: one is the sum of the ERA-40

wintertime climatology and a northeastern Pacific ridge

anomaly (458N, 1308W), and the other is the ERA-40

wintertime climatology from which the same northeast-

ern Pacific ridge anomaly (458N, 1308W) is subtracted.

The ridge anomaly is defined as twice the regression of

the low-frequency ERA-40 streamfunction on the time

series of the 200-hPa, low-frequency ERA-40 stream-

function at 458N, 1308W (close to the region where the

anomalous high geopotential was found in the composites

of Fig. 4). A mask is applied to the regression in order to

make it zero outside the ridge area: 08–908N, 1608–1008W.

The basic state is maintained stationary by Si to be sure

that the ridge anomaly does not move and that the

anomalies formed in the Atlantic are only due to the

propagating synoptic disturbances. At the initial time,

a synoptic disturbance is added to the basic flow in the

Pacific upstream to the ridge/trough. The disturbance is

defined as the regression of the high-frequency ERA-40

streamfunction on the time series of the 200-hPa, high-

frequency ERA-40 streamfunction at a given point lo-

cated at 1808, upstream of the ridge/trough. The latitudes

of the reference point vary between 258 and 648N,

depending on the simulations. A mask, covering the area

108–808N, 1408E–1408W, is also applied to this regression

of the high-frequency streamfunction to be sure to insert

disturbances only upstream of the ridge/trough. Several

simulations were performed by initializing themodel with

disturbances having various locations and amplitudes.

In the present section, results from the short-term

linear and nonlinear simulations with a large-scale ridge

or trough anomaly are shown. First, results from the

linear simulations provide information on the propaga-

tion of a wave train originating in the North Pacific.

Second, results from nonlinear simulations are analyzed

in order to get the feedback of the synoptic waves onto

the basic flow when they reach the North Atlantic.

b. Results of the linear short-term simulations

Figures 6a and 6b show an example of the initial dis-

turbances (black contours) set in the North Pacific (at

398N, 1808) and the basic-state streamfunction (gray

shading) for the cases with the trough and the ridge,

respectively. The perturbation meridional wind speed

maximum is initially equal to about 1m s21, making the

simulation quasi linear. Note that the ridge has a large

amplitude and can be clearly seen in the northeastern

Pacific in Fig. 6b. In contrast, the addition of a trough

anomaly to the eastern Pacific climatological ridge leads,

as expected, to a more zonally oriented basic flow (Fig.

6a). By day 4 (see Figs. 6c,d), the disturbances have

propagated toward the North Atlantic. With the trough,

the wave train zonally propagates toward the North

Atlantic and the disturbances are mainly meridionally

stretched, with a slight southwest–northeast tilt. But,

with a ridge (Fig. 6d), the wave train is first deflected

poleward by the ridge and then deflected equatorward

downstream of the ridge. This second deflection of the

wave train direction leads to an equatorward propaga-

tion of the disturbances overNorthAmerica, where they

get a more pronounced southwest–northeast tilt be-

tween 308 and 508N (Fig. 6d). By day 6, disturbances

have propagated farther in theNorthAtlantic (Figs. 6e,f).

In the presence of the trough, disturbances exhibit

two tilts in the mid-Atlantic: a southeast–northwest

orientation on the poleward side and a southwest–

northeast orientation on the equatorward side. In the

presence of the ridge, disturbances aremainly southwest–

northeast elongated when they reach the North At-

lantic. By day 8, wave trains have propagated farther

eastward, but there are no longer tilt differences be-

tween the two cases (Figs. 6g,h). This might be due to

the fact that disturbances of both cases have evolved

along the same Atlantic jet for a while and have lost

their initial tilt when entering in theAtlantic domain few

days before.
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The difference in tilt between the two cases also ap-

pears by time averaging the eddy momentum flux con-

vergence and the E vectors between t 5 0 and t 5 10

days, as shown in Fig. 7. For the linear trough case (Fig. 7a),

the momentum flux convergence forms a tripole in the

North Atlantic, which is consistent with the southeast–

northwest tilt of the disturbances on the northern flank

of the wave train and their southwest–northeast tilt on

the southern flank, seen in Fig. 6e,g. This is corroborated

by the E vectors, which point both equatorward and

poleward on both sides of the jet. This would lead to an

acceleration of the jet if the disturbances had finite

amplitude, because the positive center of the momen-

tum flux convergence tripole lies on the basic-state jet

and because E vectors mostly diverge in the same area

(gray shading on Fig. 7a). The intensity of the momen-

tum flux convergence in the linear ridge case is weaker

than in the linear trough case. This is consistent with Li

and Lau (2012b), who observed in their one-point re-

gression maps that downstream development is weaker

during La Ni~na–related events, when eddies propagate

across a northern route in the Pacific, than during El

Ni~no–related events, when eddies propagate across a

southern route. This could be due to the stronger difflu-

ence associated with the ridge case that induces a decay

of the eddies (Orlanski 1998). More importantly, in

the linear ridge case (Fig. 7b), the momentum flux

convergence has a dipolar structure in the Atlantic

FIG. 6. Time evolution of the streamfunction disturbance set at 398N, 1808 (contours; interval of 13 105m2 s21) upstream of (a),(c),(e),(g)

a trough anomaly and (b),(d),(f),(h) a ridge anomaly in the Pacific. The simulations are linear since the maximum of the perturbation

meridional velocity is 1m s21. Gray shading corresponds to the basic-state streamfunction (m2 s21).

SEPTEMBER 2013 DROUARD ET AL . 2865



with a positive center to the north of a negative center. It

is consistent with the southwest–northeast tilted distur-

bances shown on Figs. 6d and 6f. This is also in good

agreement with E vectors that point equatorward. If the

disturbances had large amplitude, it could have led to

an acceleration of the westerlies on the poleward side of

the jet for the longitudes comprised between 808 and
608W. The comparison with Fig. 2 shows that the ridge

case is similar to the positive NAO phase, with mainly

equatorward-oriented E vectors, while the trough case

comes closer to the negative NAO phase, with both

equatorward- and poleward-oriented E vectors, even

though the poleward orientation is much less marked

than in the negative NAO phase.

Figure 8 shows the difference of eddy spatial scale in

the entire Northern Hemisphere between the linear

simulations with a ridge and with a trough as a function of

the wavelength. The storm track in the trough case (gray

shading) is maximum at midlatitudes, between 358 and
508N, and reaches high amplitudes for wavelength com-

prised between 3 3 106 and 6 3 106m. At midlatitudes,

where the eddy amplitude for the trough case is maxi-

mum, the difference of eddy spatial scale (black contours)

is positive for long wavelengths and negative for shorter

wavelengths. Therefore, waves are longer in the simula-

tion with a ridge than in the simulation with a trough.

Furthermore, note that this difference is positive at high

latitudes (between 408 and 708N) and negative at lower

latitudes (208–408N), meaning that the Northern Hemi-

sphere storm track is located more to the north in the

linear ridge case than in the linear trough case.

To infer how the ridge acts on the wave train, the baro-

clinic refractive index n2 at 200hPa was computed with

the following formula (Palmer 1982; Lee and Feldstein

1996):

n2 5

�
›q/›y

u2 ca cosu
2

f 2

4H2N2
2

m2

a2 cos2u

��
sin2u , (8)

where u and q are the basic-state zonal wind and PV.

Earth’s radius, the latitude, the Coriolis parameter, the

scale height, and the Brunt–V€ais€al€a frequency are rep-

resented by a, u, f, H, and N, respectively. The angular

phase velocity is defined as c5 v/m, withm and v being

the zonal wavenumber and frequency, respectively. The

refractive index is a classical tool to identify regions

where waves are able to propagate. It depends on the

properties of the medium (u and q) and on the proper-

ties of the wave (c andm). When it is positive, waves can

propagate, and when it is negative, waves are evanescent

and cannot propagate.

Figures 9a–d show the refractive index for the linear

cases with a trough and with a ridge and for two wave-

numbers. For the long wave (Figs. 9a,b), the refractive

index is positive continuously from the North Pacific to

FIG. 7. Momentum flux convergence (black contours; interval of 5 3 1028 m s22) and extended Eliassen–Palm E vectors (arrows; see

scale at bottom) both averaged over the first 10 days of the short-term linear simulations for the same linear simulations as in Fig. 6 and

basic-state zonal wind (gray shading; m s21) at 200 hPa for (a) the case with a trough anomaly and (b) the case with a ridge anomaly. The

eddy momentum fluxes and the E vectors were computed by defining the eddy as the difference between the total flow and the basic flow.

FIG. 8. Difference in high-frequency meridional wind amplitude

(black contours; interval of 0.01m s21) between the ridge and

trough cases and high-frequencymeridional wind amplitude for the

trough case (gray shading; m s21) as a function of the wavelength

for the entire Northern Hemisphere at 200 hPa for the same linear

simulations as in Fig. 6. They are both time averaged over the first 10

days of the short-term simulations.
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the North Atlantic in both cases (with a ridge and with

a trough). This indicates that the long wave originating

in the Pacific can propagate through the northeastern

Pacific and North America and can enter the North

Atlantic. For the short wave, with the ridge (Fig. 9d), the

refractive index is only positive for very few grid points

over the ridge area and is almost entirely negative at

longitude 1308W, whereas with the trough (Fig. 9c), it is

continuously positive on a larger band of latitudes from

the North Pacific to the North Atlantic. This indicates

that with a ridge, the short wave cannot propagate

through the northeastern Pacific and North America

and probably cannot reach the North Atlantic.

Figure 9e generalizes the above results by showing the

range of frequencies and zonal wavenumbers for which

the waves are able to propagate for the two cases. To do

FIG. 9. Positive values of the baroclinic refractive index defined as ajnjsign(n2) (gray shading) and basic-state streamfunction (black

contours; interval of 1 3 105 m2 s21) at 200 hPa for (a),(c) the trough case and (b),(d) the ridge case. The black box in (b) represents the

ridge area. Thick gray and black contours correspond to values of the refractive index equal to 0 and 60, respectively. For (a) and (b),m5 5

and v/2p 5 0.18 day21. For (c) and (d), m 5 7 and v/2p 5 0.20 day21. (e) High-frequency kinetic energy spectrum of the reanalysis for

midlatitudes (308–608N) at 200hPa (thin black contours every 0.002m2 s22) as a function of the wave frequency and zonal wavenumber. The

shaded area and the zone delimited by the thick black contours correspond to the frequency–wavenumber domain, where waves are able to

propagate through the black box displayed in (b) in the trough and ridge case, respectively. The small black circle and black square correspond to

the waves used to compute the refraction index for (a),(b) and (c),(d), respectively. All n2 are computed for H 5 7000m and N 5 0.01 s21.
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that, the refractive index was computed in the north-

eastern Pacific, more precisely in the area delimited by

the black box in Fig. 9b. If it is positive continuously

from the west to the east in the black box region over

a band of latitude of 58 at least, waves are considered to

be able to propagate through the northeastern Pacific.

Such diagnoses are represented in Fig. 9e, where the

gray shading and the area delimited by the thick black

contours represent wave propagation areas for the

trough and ridge cases, respectively. To have an idea of

the wave amplitudes in this wavenumber–frequency

plot, the high-frequency kinetic energy spectrum [same

formulation as in Pratt (1977)] for ERA-40 midlatitude

synoptic waves at 200 hPa is represented by the thin

black contours. For a zonal wavenumber less than 5,

most of the energy is located in the low- to intermediate-

frequency range (between 0.10 and 0.30 day21), where

both cases exhibit the ability to wave propagation (i.e.,

the refractive index is continuously positive in the

northeastern Pacific). It is only for high frequencies

where the wave energy is much smaller that differences

appear between the two cases, the trough case allowing

more propagation than the ridge case. In contrast, dif-

ferences between the two cases are more drastic for

a zonal wavenumber greater than 6, the trough case

presenting a band of positive refractive index in a region

where the ridge case does not. This band is important

since it corresponds to a wavenumber–frequency range

with strong eddy energy (e.g., see wavenumbers 6 and

7 for frequencies less than 0.30–0.40 day21). This means

that short synoptic waves with a zonal wavenumber

comprised between m 5 6 and m 5 9 are more able to

propagate through the eastern Pacific in the trough case

than in the ridge case. To conclude, this figure shows that

the presence of the northeastern Pacific ridge may

prevent synoptic waves from propagating toward the

Atlantic, more particularly short waves. This implies

that there would be more long waves than short waves

entering theNorthAtlantic. This is consistent with Fig. 8

showing that waves are longer in the ridge case than in

the trough case. This is also in agreement with the ar-

gument of Orlanski (1998), who says that the eastern

Pacific ridge could possibly ‘‘block’’ the propagation of

eddies, which explains the observation that eddies are

weaker and more stationary in the vicinity of the ridge.

c. Results of the nonlinear short-term simulations

Nonlinear simulations were performed by increasing

the amplitude of the disturbances. The meridional wind

speed maximum of the disturbances is now on the order

of 40–50m s21 at 200 hPa, which corresponds to typical

values of the high-frequency wintertime meridional

maxima at 200 hPa in the North Pacific in the reanalysis.

1) SNAPSHOTS

Figure 10 shows the evolution of the absolute vorticity

for the same initial location of the disturbance (398N,

1808) as in the previous linear simulations for the cases

with a large-scale ridge (right column) and a large-scale

trough (left column).With a trough, a major CWB event

occurs in theNorthAtlantic between t5 6 and t5 8 days

(Figs. 10c,e) with a clear cyclonic reversal of the absolute

vorticity gradient between 408W and 08. Anticyclonic

reversals of the same gradient occur more to the south

but cover a much smaller area, suggesting they have less

impact onto the jet. In contrast, a major AWB event

occurs in the ridge case between t 5 4 and t 5 8 days,

with anticyclonic reversals of the absolute vorticity

gradient located in the western Atlantic at t 5 4 days

(Fig. 10b), in the mid-Atlantic at t 5 6 days (Fig. 10d),

and over western Europe at t 5 8 days (Fig. 10f).

Therefore, CWB (AWB) events tend to dominate in the

Atlantic in the presence of a large-scale trough (ridge) in

the eastern Pacific.

2) DIFFERENCES IN WAVE BREAKING AND JET

LATITUDE BETWEEN THE RIDGE AND TROUGH

CASES

A series of simulations with the disturbances initial-

ized at different latitudes in the Pacific, ranging from 258
to 678N, were performed to test the robustness of the

previous results. A latitude separation of 38 was im-

plemented between each initialization, leading to a total

of 15 simulations. Results are divided into three groups

(each composed of five simulations): a low-latitude dis-

turbances group, in which disturbances are located in

a latitude band ranging from 228 to 348N; a midlatitude

disturbances group, in which disturbances are located

between 378 and 498N; and a high-latitude disturbances

group, in which the latitude of the disturbances ranges

from 528 to 648N.

Figure 11 shows profiles of the composites of the zonal

wind in the North Atlantic for the cases with the trough

(gray curves) and the ridge (black curves) at 800 hPa.

The eddy-driven jet is more easily identified at 800 hPa

because of the absence of the subtropical jet at this

pressure level (Woollings et al. 2010). Each profile cor-

responds to the composite of the zonal wind belonging

to one latitude group (low-latitude group, midlatitude

group, or high-latitude group) and is therefore made

over five simulations. The latitude of the jet is higher in

the ridge case than in the trough case for all of the

groups. There is a poleward shift of the jet in the ridge

case, as shown by comparing the time-averaged zonal

winds (thick black curves) with the zonal wind at the

initial time (black curve with crosses). For the trough
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case (thick gray curves), the jet is mainly amplified (i.e.,

there is an increase in its maximum wind speed) and

there is no significant latitudinal shift. Furthermore, the

zonal wind is decelerated to the north and accelerated to

the south for the low- and midlatitude disturbances

group while it is decelerated on both flanks of the jet

for the high-latitude group.Another observation concerns

the impact of the latitude of the disturbances whatever

the sign of the large-scale anomaly is. The low-latitude

disturbances in the northeastern Pacific induce, for both

cases (with a ridge and with a trough), an Atlantic jet

located at a lower latitude than the high-latitude distur-

bances (cf. the dash–dotted and dashed curves in Fig. 11).

Thus, a high (low)-latitude storm track in the Pacific fa-

vors more a high (low)-latitude Atlantic jet.

Composites of frequencies of occurrence of Rossby

wave–breaking events are shown in Fig. 12 for the same

groups of simulations. Major differences in wave

breakings are observed between the trough (left col-

umn) and ridge (right column) cases. In the Atlantic,

both CWB and AWB events frequently occur in the

trough case, while AWB events are much more fre-

quent than CWB events in the ridge case. Furthermore,

AWB events do not occur in the same region in the two

cases. With the ridge, they mainly occur in the eastern

Atlantic close to the Iberian Peninsula on the equa-

torward flank of the basic-state jet, whereas with the

trough, their peaks of density are located in the mid-

Atlantic, far from the basic-state jet core. On the con-

trary, with the trough, CWB events occur closer to the

basic-state jet core than AWB events, suggesting that

CWB has a stronger impact onto the mean jet than

AWB. These observations are consistent with the abso-

lute vorticity contour reversals seen on Fig. 10. Note also

that, with the ridge, two AWB events occur, one in the

northeastern Pacific and one in the Atlantic (Figs. 12b,d).

Even though the ridge case represents quite well the sit-

uation of the observed positive NAO phase with major

AWB events, it should be noted that the trough case does

not project so well onto the observed negative NAO

phase, probably because of the lack of CWB events in

the model.

FIG. 10. Time evolution of the 500-hPa absolute vorticity (black contours; interval of 2 3 1025 s21) and the 200-hPa zonal wind (gray

shading; m s21) for a disturbance set at 398N, 1808 (same latitude and longitude as in Figs. 6–8) and a maximummeridional velocity of 40–

50m s21 for (a),(c),(d) the case with a trough and (b),(d),(e) the case with a ridge.
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With the ridge, for both the mid- and high-latitude

disturbances group, the jet is shifted to the north com-

pared to the basic-state jet (Figs. 12d,f), whereas it is not

much displaced for the low-latitude disturbances group

(Fig. 12b). It is consistent with the more frequent

AWB events and less frequent CWB events in the North

Atlantic when disturbances are set at mid- and high

latitudes. The low-latitude disturbances have probably

no impact because they are not able to propagate on the

equatorward side of the large-scale Pacific ridge, as

shown by the negative values of the refractive index in

that region (Figs. 9b,d). This may also explain the strong

AWB events occurring in the eastern Pacific for the low-

latitude group (Fig. 12b). Thus, wave propagation and

the anticyclonic tilt are better triggered by the associa-

tion of a strong ridge and high-latitude disturbances in

the North Pacific. This is consistent with the one-point

lagged regression maps from Li and Lau (2012b), made

for the study of the influence of ENSO on the North

Atlantic variability. On the contrary, with the trough,

the jet axis is shifted to the south for the low-latitude

group in the eastern Atlantic (Fig. 12a) and shifted

slightly for themidlatitude group (Fig. 12c), whereas it is

not much displaced for the high-latitude group (Fig.

12e). The high-latitude disturbances have no impact

because they are probably set too far to the north in

a region where the zonal wind speed is low and are

therefore not able to propagate toward the Atlantic.

Figure 12 also shows that the intensity of the Atlantic

jet is lower in the ridge case than with a trough for the

three bands of latitudes. This is consistent with the less

intense momentum flux convergence in the ridge case. It

is probably due to less downstream development from

the Pacific to the Atlantic in the case where the basic

flow is strongly deflected (with the ridge) than in the case

where it is more zonal (with the trough), consistent with

the refractive index diagnosis of the previous section.

These simulations demonstrate that the presence of

large-scale anomalies in the eastern Pacific modify the

propagation of the synoptic waves over North America

and determine in large part the eddy feedback onto the

Atlantic jet. Figure 12 showed that the ridge may not be

the only ingredient required to shift the jet northward

since high-latitude synoptic eddies are also needed to

make this shift stronger. Simulations with the trough

show that low-latitude disturbances and amore zonal jet

seem to be required to obtain a more southward shift of

the Atlantic jet. Thus, the shift of the Atlantic jet is

determined by the presence of the North Pacific ridge/

trough anomaly and, to a lesser degree, by the latitude of

the North Pacific disturbances.

The streamfunction anomaly was also computed for

the ridge and trough cases (Fig. 13). For the trough

(ridge) case, only disturbances belonging to the low

(high)-latitude group were used in order to see if the

most favorable setups look like the negative and positive

phases of NAO in terms of streamfunction. In both ca-

ses, dipolar structures, made of a negative anomaly to

the north of a positive anomaly, are observed in the

Atlantic. The meridional streamfunction gradient in-

dicates a zonal wind acceleration at a higher latitude in

the ridge case (about 608N) than in the trough case

(about 408N). This is consistent with the previous results.

However, the streamfunction anomaly of the trough

case does not correspond to that of the negative NAO

phase. The streamfunction anomaly of the ridge case is

much closer to the dipolar anomaly of the positive NAO

phase (Fig. 2a) with a node close to 508N. Zonal wind

composites reveal stronger similarities with the NAO

patterns. The trough case reproduces a zonally oriented

and more southward Atlantic jet similar to the negative

NAO phase (Figs. 2c and 13a) whereas the ridge case

creates a southwest–northeast tilted Atlantic jet similar

to the positive NAO phase (see Figs. 2e and 13b). Thus,

it confirms the hypothesis that the ridge case leads to the

positive NAO phase, whereas the trough case is not able

to produce a clear negative NAO phase even though it

gets closer to it for the low-latitude group.

FIG. 11. Zonal wind profiles at 800 hPa averaged between t 5 5

and t5 15 days in theNorthAtlantic for nonlinear simulations with

a trough (thick gray curves) and a ridge (thick black curves). The

corresponding average for the initial basic flow is represented by

the thin black curve with crosses. Dash–dotted curves represent

composites of the low-latitude disturbances group; solid curves

represent simulations of the midlatitude disturbances group, and

dashed curves represent simulations of the high-latitude distur-

bances group.
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3) SENSITIVITY TO VARIOUS PARAMETERS

A series of simulations in which the only modified pa-

rameter is the longitude of the disturbances in the Pacific

were performed. In terms of jet intensity, simulations

with disturbances set upstream of 1808 lead to a less in-

tense Atlantic jet than simulations with disturbances set

at 1808. On the contrary, in simulations with disturbances

set downstream of 1808, the jet intensity in the Atlantic is

greater than that of the disturbances set at 1808 (not

FIG. 12. Zonal wind and wave-breaking composites for the nonlinear simulations with (left) a trough and (right) a ridge for (a),(b) low-

latitude disturbances group; (c),(d)midlatitude disturbances group; and (e),(f) high-latitude disturbances group. The time-averaged zonal wind

between t5 5 and t5 10 days at 800hPa is represented in thin black contours (interval of 4ms21) and the basic-state zonal wind at 800hPa in

gray shadings (ms21). Composites of AWB and CWB frequencies, time averaged between t 5 5 and t 5 10 days and vertically averaged

between 200 and 500hPa, are shown in black and gray contours, respectively (interval of 0.05day21 for values greater than 0.1day21).

FIG. 13. Anomalous streamfunction (black contours; interval of 1 3 106m2 s21) and zonal wind (gray shading; m s21) composites at

200 hPa for the nonlinear simulations with (a) a trough and the low-latitude disturbances group and (b) a ridge and the high-latitude

disturbances group. The time average is done between t5 5 and t5 15 days. The anomaly is defined as the timemeanminus the basic state.
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shown). This could be explained by the fact that distur-

bances set too far upstream have lost more energy before

reaching the Atlantic. In terms of latitudinal shift of the

Atlantic jet, simulations with disturbances set too close to

the ridge (e.g., 1408W) are less efficient in shifting the jet

northward than disturbances set farther upstream (not

shown). This is mainly due to the fact that disturbances

set too close to the ridge are less impacted by the ridge

and exhibit a more zonal propagation. In conclusion,

simulations with disturbances set between 1608E and

1608W give qualitatively similar results to those with dis-

turbances set at 1808 (not shown), while simulations set

farther downstream (e.g., 1408W) show much less dif-

ference between the trough and ridge cases.

Sensitivity to the amplitude of the disturbances was

also made. When they have small amplitudes, the wave

propagation toward theAtlantic is very visible, as shown

in the linear simulations, but their impact onto the At-

lantic jet is small. For very strong amplitudes (meridio-

nal wind greater than 50m s21, which is stronger than

the estimated values in the reanalysis), wave packets are

much less coherent and the results are less clear. It is

only in the case of intermediate amplitudes (meridional

amplitude comprised between 20 and 50m s21) that

wave packets stay coherent enough and, at the same

time, have a significant impact onto the Atlantic jet.

In the previous sections, disturbances were defined as

the regression of the high-frequency ERA-40 stream-

function at a given grid point. Other tests were made by

initializing the disturbancewith a correlation rather than

a regression to introduce the same amplitude of eddies

at different latitudes. Results were found qualitatively

similar.

Finally, sensitivity tests to the amplitude of the large-

scale ridge and trough were also performed. In the above

results, their amplitude is twice that of the regression of

the low-frequency streamfunction. When the amplitude

is equal to that of the regression, results are similar in the

sense that the Atlantic jet moves poleward in the ridge

case, but this displacement is less than when the ampli-

tude is twice that of the regression.

5. Summary and discussion

In the present paper, ingredients in the North Pacific

flow that influence Rossby wave breaking in the North

Atlantic and the NAO are investigated by performing

numerical experiments with the Marshall and Molteni

(1993) three-level quasigeostrophic model and by com-

paring our results with ECMWF data reanalysis. This

study confirms that the Pacific flow plays an important

role in the development of the positive and negative

NAO phases, consistent with previous studies (Benedict

et al. 2004; Franzke et al. 2004; Rivi�ere and Orlanski

2007; Strong and Magnusdottir 2008a), and provides

a better understanding of the dynamical links between

the Pacific flow and wave breakings in the Atlantic.

The long-term simulation was able to capture some

key properties of the NAO previously observed in the

reanalysis, like the predominance of large-scale waves

and AWB in the Atlantic and the northward shift of the

Atlantic jet for the positive NAO phase, as well as the

predominance of short waves and CWB in the Atlantic

and the southward shift of the Atlantic jet for the neg-

ative NAO phase. Daily composites of the positive

NAO phase for the reanalysis and QG model showed

that the maximum of the positive NAO phase was pre-

ceded by about 4 days by the maximum amplitude of

a low-frequency, large-scale northeastern Pacific ridge

anomaly. Even though a large-scale, low-frequency

northeastern Pacific trough anomaly was also identified

during the negative NAO phase, its peak does not sys-

tematically precede that of the negative NAO. These

nonsymmetric results between the two phases may

probably be due to the fact that a trough leads to a more

zonal Pacific jet, while a ridge leads to a strong deflection

of the flow. Following this long-term simulation, we

hypothesize that the ridge anomaly is a precursor of the

positive NAO phase and a key ingredient in the Pacific

flow that influence the NAO. This is then confirmed by

the short-term simulations.

The short-term linear and nonlinear simulations with

a ridge/trough anomaly in the northeastern Pacific pro-

vide a dynamical interpretation of the influence of these

large-scale atmospheric anomalies on the NAO. Two

modes of actions of the ridge anomaly were highlighted

in these simulations. Short-term linear simulations

showed that there are more large-scale waves entering

the Atlantic during simulations with a ridge than during

simulations with a trough. The ridge acts as a synoptic-

scale filter. The refractive index n2 showed that the ridge

filters all synoptic waves in the northeastern Pacific, but

it is more efficient to filter short waves than long waves.

So, in presence of the ridge, short waves are less able to

enter the Atlantic. This predominance of long waves in

the Atlantic favors the occurrence of AWB that will

trigger the positive NAO phase. This is a first potential

mode of action. The second one is related to the orien-

tation of the wave train propagation. Short-term linear

simulations with a northeastern Pacific ridge anomaly

also showed that wave trains are first deflected north-

ward upstream of the ridge and then deflected south-

ward toward the equator downstream of the ridge, over

North America. During this second deflection, eddies

entering the Atlantic acquire a southwest–northeast tilt.

The ridge is shown to favor the equatorward propagation
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of wave trains over North America and the western

North Atlantic and, thus, the southwest–northeast tilt

of the eddies. This again favors AWB in the Atlantic,

which triggers the positive NAO phase. On the con-

trary, in the trough case, the propagation of the wave

train is more zonally oriented and the eddies are me-

ridionally elongated.

Our study corroborates the results of Li and Lau

(2012a,b) on the impact of ENSO on the NAO. During

ElNi~nowinters, there is a strengthening of the subtropical

Pacific jet, wave packets belonging to the equatorward-

shifted Pacific storm track have amore zonal propagation

toward the Atlantic, synoptic eddies are meridionally

tilted, and the negative NAO phase is more likely to

occur. During La Ni~na winters, the northeastern Pacific

ridge is intensified; synoptic wave trains belonging to the

northward-deflected Pacific storm track are refracted

toward the equator over North America, which favors

AWB in the Atlantic sector and the occurrence of the

positiveNAOphase.Note that the same reasoning can be

applied to understand the impact of the PNA onto the

NAO. The present study could also provide a more

physical meaning to the Arctic Oscillation, which is

characterized by the covariability between the latitudes

of the Pacific and Atlantic jets.

Short-term simulations with the ridge anomaly in the

Pacific manage to reproduce key properties of the pos-

itive NAO phase seen in section 2. On the contrary,

short-term simulations with a trough anomaly in the Pa-

cific do not fully reproduce the properties of the negative

NAO phase. Even though the energy of the waves en-

tering the Atlantic is smaller in the ridge case than in the

trough case, the pronounced anticyclonic tilt in the ridge

case is quite efficient in triggering the positive NAO

phase. On the contrary, the trough case, which presents

more downstream development, has difficulties in pro-

ducing the cyclonic tilt and strongCWBevents. As shown

in Rivi�ere and Orlanski (2007), explosive CWB events in

the western Atlantic are accompanied by strong surface

moisture fluxes coming from the Caribbean region, which

are not reproduced in the present dry model. Future

studies should probably investigate within a more re-

alistic framework the ability of a straight Pacific jet (as

during El Ni~no events) to trigger the negative NAO

phase, as emphasized in Li and Lau (2012a,b).

The present study also shows that, whatever the large-

scale anomaly in the northeastern Pacific, a higher-

latitude Pacific storm track is more able to trigger AWB

events in the Atlantic and a poleward shift of the At-

lantic jet, whereas a lower-latitude Pacific storm track is

more likely to induce CWB events in theAtlantic and an

equatorward shift of the Atlantic jet. This is in sharp

contrast with the numerical study of Franzke et al.

(2004). Using a similar initial-value approach with

a primitive equation model, their results show that a low-

latitude Pacific storm track induces the development of

the positive NAO phase and that a high-latitude storm

track induces the negative NAO phase. These drastic

differences may potentially arise from differences in the

model approximation (quasigeostrophic versus primitive

equations) or from differences in the reanalysis datasets

used to build the basic flow and the disturbances. It would

be therefore important in future studies to clarify this

aspect.
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