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Abstract The present study investigates the two contrasting winters of 2010 and 2014 during which
the North Atlantic Oscillation (NAO) was mainly negative and positive, respectively. In the North Pacific,
contrasting anomalies were also present, with a straight zonal Pacific jet in 2010 and a strong poleward
deviation of the Pacific jet in its exit region in 2014. Using reanalysis data sets and adopting a nonlinear
initial-value approach with a quasi-geostrophic model, we show that the Pacific-North American anomalies
are responsible for shaping synoptic wave trains propagating across North America. This in turn largely
determines the nature of wave breaking and the synoptic eddy feedback onto the mean flow in the North
Atlantic and finally the NAO phase. In such a proposed mechanism, synoptic wave activity forms the
cornerstone of the dynamical relationship between the North Pacific and North Atlantic large-scale
anomalies during the contrasting winters of 2010 and 2014.

1. Introduction

Recent boreal winters exhibited extreme opposite phases of the North Atlantic Oscillation (NAO). The winter
of 2009/2010 (hereafter referred to as 2010) was marked by a strong negative NAO leading to extreme cold
episodes over Europe [Ouzeau et al., 2011; Harnik et al., 2014]. On the contrary, the winters of 2011/2012 and
2013/2014 (hereafter referred to as 2012 and 2014, respectively) were dominated by positive NAO, with many
strong storms hitting northwestern Europe in 2014 [Santos et al., 2013; Kendon and McCarthy, 2015]. The North
Pacific also experienced very different circulations during these winters. Because of a strong El Niño year in
2010, the Pacific jet was anomalously zonal and equatorward shifted [Li and Lau, 2012; Harnik et al., 2014].
On the contrary, the winters of 2012 and 2014 were both characterized by an anomalous large-scale ridge in
the Gulf of Alaska. In 2012, the ridge emerges as the response to a La Niña event [Santos et al., 2013; Seager
et al., 2014], while in 2014 the ridge is found to originate from warm sea surface temperature anomalies in the
tropical western Pacific [Wang et al., 2014; Seager et al., 2014; Hartmann, 2015]. Note that the coexistence of
a trough (ridge) anomaly in the northeast Pacific and a negative (positive) NAO phase is typical of a negative
(positive) Northern Annular Mode/Arctic Oscillation (NAM/AO) phase [Thompson and Wallace, 2000].

The linkage between North Pacific and North Atlantic low-frequency atmospheric anomalies are often
described in terms of quasi-stationary-propagating Rossby waves in the troposphere [Jin and Hoskins, 1995;
Honda et al., 2001]. Another potential pathway between the two regions is via the stratosphere [Castanheira
and Graf , 2003]. A more recent view has been provided in terms of synoptic waves propagating from the North
Pacific storm track to the North Atlantic storm track [Li and Lau, 2012; Drouard et al., 2013]. More precisely,
using a three-level quasi-geostrophic model, Drouard et al. [2013, hereafter denoted as DRA13] showed that
a ridge anomaly in the eastern Pacific, which induces a poleward deflection of the Pacific jet in its exit region,
affects the propagation of synoptic waves in such a way that they anomalously propagate equatorward down-
stream of the ridge over North America. This leads to anticyclonic Rossby wave breakings in the North Atlantic
that push the Atlantic jet poleward and trigger the positive NAO. In contrast, a trough anomaly in the eastern
Pacific induces a more zonal orientation and a more equatorward position of the Pacific jet than usual. In such
large-scale conditions, synoptic waves zonally propagate over North America, which is more likely to induce
more cyclonic wave-breaking events than usual in the North Atlantic and the negative NAO. Drouard et al.
[2015, hereafter denoted as DRA15] have shown some subtle ramifications of the previous mechanism and
how it may provide a dynamical interpretation for the existence of the NAM. Note that there are also other
studies that have investigated the role played by synoptic waves coming from the Pacific in triggering the
NAO [Franzke et al., 2004; Rivière and Orlanski, 2007; Strong and Magnusdottir, 2008; Li and Lau, 2012].
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Figure 1. (a, b) Stream function anomalies (shadings; units: m2 s−1) and zonal wind at 500 hPa (contours; interval 4 m s−1). (c, d) High-frequency eddy kinetic
energy (shadings; units: m2 s−2), zonal wind (contours; interval 10 m s−1) and E vectors at 300 hPa (black arrows; units: m2 s−2). (left) The 2009–2010 and (right)
2013–2014 winters. In Figure 1c, the blue arrows correspond to the same E vectors shown in black in Figure 1d over North America.

The main goal of the present study is to show that the NAO anomalies of the 2010 and 2014 winters can
be solely formed by the DRA13 mechanism, that is, by synoptic Rossby wave-breaking events whose nature
is largely determined by the large-scale North Pacific–North American anomalies of the respective winters.
While the mechanism was already shown to be active in reanalysis data sets by DRA15, there is always an
ambiguity when using reanalysis data sets about the relative importance of other processes. So the main
originality of the present paper is to adopt a numerical approach which discards all the other competitive
processes (stratospheric control, quasi-stationary propagating Rossby waves) and keeps the key ingredients
of the tested mechanism only.

2. Analysis of the Contrasting Winters Using ERA-Interim Data Set

We use daily means of ERA-Interim reanalysis field data sets [Dee et al., 2011] from the European Center for
Medium-Range Weather Forecast (ECMWF) on a 1.5∘ × 1.5∘grid from December to March. The anomalous
field of each winter is obtained by removing the seasonal climatological cycle. A high-pass filter with a 10 day
period is used to have some insight on storm track eddy activity.

The anomalous stream function of the winter of 2010 exhibits the typical dipolar anomaly of the negative
NAO and a large-scale trough anomaly in the eastern Pacific (Figure 1a). These anomalies correspond to a
more zonal orientation and a more equatorward position of the Pacific and Atlantic jets. On the contrary, the
winter of 2014 presents a more positive NAO-like pattern in the North Atlantic, a large-scale trough anomaly
centered over eastern Canada, and a large-scale ridge anomaly extending from Alaska to subtropics along
the western coast of North America (Figure 1b). The latter two anomalies create a strong northerly flow over
North America, bringing cold Arctic air into central North America and creating very unusual cold conditions
there [Wang et al., 2014; Hartmann, 2015]. Hence, there is a strong poleward deflection of the Pacific jet in its
exit region and a southwest-northeast tilted Atlantic jet, which is well separated from the African subtropical
jet as typical during positive NAO.

The high-frequency eddy kinetic energy (EKE) and the so-called E vectors [Trenberth, 1986; Rivière et al., 2003]
are shown in Figures 1c and 1d. In the North Pacific, there is not much difference in the amount of EKE between
the two winters. The spatial distribution of EKE is different with a Pacific storm track extending farther east in
2010 compared to 2014. Over North America, no difference in EKE can be noticed suggesting that downstream
development (i.e., the amount of downstream propagation of synoptic wave energy [Chang, 1993]) is similar
in 2010 and 2014. However, the E vectors of the two winters exhibit different orientations over North America
(compare the blue and black arrows in Figure 1c). In 2010, the E vectors are mainly eastward oriented, suggest-
ing a zonal propagation of synoptic waves. In 2014, the E vectors are southeastward oriented downstream of
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Figure 2. (a, b) Basic-state stream function anomalies relative to the climatology from the North Pacific to 100∘W (shadings; units: m2 s−1) and basic-state zonal
wind at 500 hPa (contours; interval 4 m s−1) for the 2009–2010 and 2013–2014 cases, respectively. The initial perturbation meridional wind at 500 hPa centered
at 180∘W, 42∘N (green triangle) is shown in red contours (dashed and solid contours for negative and positive values, respectively; interval: 4 m s−1).

the ridge anomaly suggesting that the waves start propagating equatorward from that region. It confirms the
effect of a large-scale ridge anomaly on synoptic wave propagation analyzed in DRA13. In the North Atlantic,
EKE is stronger and extends much more northeastward in 2014 than in 2010, consistent with the contrasting
NAO phases. The E vectors have mainly poleward and equatorward orientation during 2010 and 2014, respec-
tively, which reflects the dominance of cyclonic and anticyclonic wave-breaking events during negative and
positive NAO [Benedict et al., 2004; Rivière and Orlanski, 2007].

3. Model and Setup of the Numerical Experiments

We use the three-level quasi-geostrophic model on the sphere of Marshall and Molteni [1993] which integrates
the following potential vorticity (PV) equation at each vertical level i:

𝜕qi

𝜕t
= −J(𝜓i, qi) − Di(𝜓1, 𝜓2, 𝜓3) + J(𝜓 i, qi) + Di(𝜓1, 𝜓2, 𝜓3), (1)

where qi and 𝜓i denote the PV and stream function, respectively. Each variable is the sum of a perturbation
and a basic flow denoted with primes and bars, respectively (qi = qi + q′

i , 𝜓i = 𝜓 i + 𝜓 ′
i ). Levels 1–3 corre-

spond to 200, 500, and 800 hPa, respectively. J denotes the Jacobian and Di a dissipation term including a
Newtonian cooling in temperature, a low-level Ekman dissipation, and a diffusion term. The topography is
included through the formulation of the PV and dissipation term at the lowest level. The parameters are set
as in DRA13 and a T42 truncation is used.

In the North Pacific and over North America (200∘W–100∘W; 20∘N–80∘N), the basic flow is composed of the
winter climatological flow plus the large-scale anomalies of each individual winter (i.e., one of those shown
in Figure 1). Elsewhere and, in particular, in the North Atlantic, the basic flow is only composed of the cli-
matological flow. A smooth mask with the use of a Gaussian function is applied outside the Pacific-North
American domain so that the large-scale anomalies smoothly decrease to zero outside the domain. The results
of this mask is shown by comparing Figure 2a with Figure 1a and Figure 2b with Figure 1b. Therefore, the two
basic flows shown in Figure 2 (black contours) only differ in the Pacific-North American sector, where they
correspond to the contrasting averaged circulations of the 2010 and 2014 winters. In the Atlantic sector, east
of 80∘W, the two basic flows are identical.

At the initial time the flow is composed of the sum of the basic flow and a synoptic-scale disturbance. The latter
is defined by regressing the high-pass stream function against the high-pass stream function at a particular
base point inside the Pacific storm track. The initial disturbance is 4 times the regression to initialize the model
with a realistic-amplitude wave (around 40 m−1 for the 200 hPa perturbation meridional wind). An example
of such a perturbation is shown in Figure 2 for a base point located at 180∘W, 42∘N. The idea is to introduce a
synoptic-scale wave train slightly upstream of the large-scale anomalies of the Pacific-North American sector,
to let it propagate through these anomalies and investigate its impact in the Atlantic sector.

The forcing terms (i.e., the two last terms on the right-hand side (RHS) of equation (1)) are such that the basic
flow is maintained stationary with time. The purpose of such a forcing is to prevent the large-scale anomalies
from propagating downstream and to be sure that the flow modification in the Atlantic sector is solely due
to the synoptic wave train. The setup of the numerical experiments is similar to section 4 of DRA13. However,
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Figure 3. Time evolution of the 500 hPa perturbation meridional wind (shadings; units: m s−1) for (a, c, and e) the 2009–2010 case and (b, d, and f ) the
2013–2014 case. In Figures 3a and 3b, the black contours correspond to the 500 hPa basic-state zonal wind (interval: 4 m s−1). In Figures 3c–3f, the contours
represent the 500 hPa potential vorticity (interval: 4 × 10−5 s−1) with black contours corresponding to the 1.2 and 1.6 × 10−4 s−1 values.

we here consider real anomalies whereas in DRA13 they were artificially built up. Furthermore, additional
sensitivity experiments are also performed which were not considered in DRA13.

4. Results of the Numerical Experiments

Figure 3 shows the time evolution of the simulation initialized with the synoptic disturbance centered at
180∘W, 42∘N shown in Figure 2. At t = 2 days, the synoptic wave packet propagates across the eastern Pacific
and North America. Since the westerly jet is more equatorward (poleward) located for the 2010 (2014) case,
the waves propagate more equatorward (poleward). Note, in particular, the more southern route of synoptic
eddies over North America which is a systematic feature of El Niño events [Seager et al., 2010; Basu et al., 2013].
Eddies’ tilts located upstream of the wave packet envelope (i.e., west of 140∘W) are mostly the same for the
two cases, but they significantly differ more downstream. Over North America, the eddies are meridionally
tilted for the 2010 case whereas they are anticyclonically tilted for the 2014 case. Such a difference increases
with time. At t = 4 days, for the 2010 case (Figure 3c), the cyclonic tilt dominates over North America lead-
ing to a major cyclonic wave-breaking event characterized by cyclonic overturnings of the PV contours. In the
same region, for the 2014 case (Figure 3d), two anticyclonic wave-breaking events (i.e., two regions of anticy-
clonic overturnings of PV contours) appear, one at 140∘W and another at 100∘W. Even though there are no
wave-breaking events in the Atlantic sector at t = 4 days, differences in eddies’ tilts between the two cases
are already visible there. At t = 6 days, a major cyclonic wave-breaking event occurs in the mid-Atlantic for the
2010 case (Figure 3e) and two anticyclonic wave-breaking events of smaller amplitude appear in the Atlantic
sector for the 2014 case, with the stronger one being over Western Europe (Figure 3f ).

The cyclonic and anticyclonic tilt of the waves during their breaking correspond to equatorward and poleward
eddy momentum fluxes, respectively. As such, during cyclonic wave breaking there is a deposit of westward
momentum on the poleward flank of the jet and eastward momentum in the jet core and on the equa-
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Figure 4. Zonal wind averaged between t = 8 days and t = 14 days (black contours; interval: 4 m s−1 for values greater than 12 m s−1), basic-state zonal wind
(shadings; units: m s−1) and basic-state stream function anomalies at 500 hPa (blue contours; interval: 2 × 106 m2 s−1). (a, b) correspond to one simulation with
an initial perturbation centered at 180∘W, 42∘N (green triangle). (c)–(f ) Ensemble means of 81 simulations with initial perturbations centered over a grid point
inside the green box. In Figures 4a–4d the basic-state stream function anomalies extend to 100∘W and in Figures 4e and 4f they extend to 80∘W. Left and right
columms correspond to the 2009–2010 and 2013–2014 winters, respectively.

torward flank. The converse occurs for anticyclonic wave breaking. This general picture may fluctuate from
case to case depending on the position of the breaking event relative to the mean jet. But generally speak-
ing, eddy momentum flux convergence anomalies associated with anticyclonic and cyclonic wave-breaking
events induce poleward and equatorward shifts of the jet, respectively [Rivière and Orlanski, 2007; Vallis and
Gerber, 2008]. Alternative arguments to explain the dynamical link between wave breaking and the NAO are
provided in Benedict et al. [2004].

Figure 4 shows the mean flow modification after the migration of the synoptic wave and its breaking in the
North Atlantic, which occurs mainly after 1 week. The cyclonic and anticyclonic wave-breaking events of
the 2010 and 2014 runs are accompanied by an equatorward and a poleward shifted Atlantic jet, consistent
with the reasoning of the previous paragraph (Figures 4a and 4b). Furthermore, the jet is more zonal for the
2010 case and more southwest-northeast tilted for the 2014 case, similarly to the negative and positive NAO,
respectively. The result is robust when considering an ensemble mean of simulations initialized with distur-
bances centered at different location within the Pacific storm track (Figures 4c and 4d). The ensemble mean
for the 2014 case shows a northeastward acceleration of the Atlantic jet while that of the 2010 case shows a
southward—albeit limited—shift of the jet.

To further investigate if the western Atlantic baroclinicity can influence the downstream part of the Atlantic
jet, additional experiments were made by extending the anomalies farther east. In Figures 4e and 4f the mask
was applied west of 80∘W allowing the basic flow to be modified in the western Atlantic until 60∘W. Such
an extension leads to a more southward and weaker basic jet maximum for the 2010 case than for the 2014
case (compare the shadings in Figures 4e and 4f in the longitudinal band 80∘W–60∘W). For the 2014 case, the
Atlantic eddy-driven jet is not impacted by the eastward extension of the large-scale anomalies (the contours
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Figure 5. Stream function anomalies (shadings; units: m2 s−1) and zonal wind at 500 hPa (contours; interval: 4 m s−1 for values greater than 12 m s−1) averaged
between t = 8 days and 14 days. (a, b) The same ensemble mean shown in Figures 4e and 4f, respectively. (c, d) Same as Figures 5a and 5b, respectively, except
that the forcing is set to a spatially homogeneous constant by spatially averaging the forcing terms on the RHS of equation (1) in the Atlantic sector (60∘W–0∘W;
20∘N–60∘N). Left and right columns correspond to the 2009–2010 and 2013–2014 winters, respectively.

of Figures 4d and 4f are similar). However, for the 2010 case, the Atlantic jet is located farther south between
40∘W and 10∘E and is now connected to the African subtropical jet when the baroclinicity has been modified
at the entrance of the Atlantic domain (compare the contours of Figures 4c and 4e). It is consistent with Rivière
[2009] showing that a more southward baroclinicity at the entrance of a storm track favors more cyclonic
wave breaking farther downstream and a more southward shifted jet at the end of the storm track. Therefore,
differences between the 2010 and 2014 cases amplify when the western Atlantic baroclinicity is modified.

The jet obtained in the previous 2010 runs is not really zonal, and the large-scale anomalies obtained in the
Atlantic sector do not correspond to a negative NAO pattern as the anticyclonic anomaly over Greenland
is rather weak and the cyclonic anomaly is located too far north (compare Figure 5a with Figure 1a). The
positive NAO pattern of Figure 5b is clearer even though the anomalies are not located at the same place
as in 2014. One may argue that the forcing in the Atlantic sector which tends to restore the climatological
flow prevents strong latitudinal fluctuations of the Atlantic jet. To further investigate this hypothesis, simu-
lations were performed by reducing the forcing terms on the RHS of equation (1) in the Atlantic sector to a
spatially homogeneous constant. More precisely, the forcing term is replaced by its spatial average over the
domain (60∘W–0∘W; 20∘N–60∘N) to suppress any restoration of the climatological flow there. However, the
initial flow is still the climatological flow in that sector. For such runs, much larger fluctuations of the Atlantic
jet and much stronger stream function anomalies are obtained. In particular, there is the formation of strongly
negative and positive NAO phases for the 2010 and 2014 cases, respectively (Figures 5c and 5d). Therefore,
from the sole knowledge of the large-scale anomalies in the Pacific-North American sector, we successfully
reproduced extreme NAO phases, similarly to what happened during the two contrasting winters (compare
the shadings of Figures 5c and 5d with Figures 1a and 1b).

5. Conclusion

The present study aimed at showing that synoptic eddy activity have probably played a key role in the
formation and maintenance of the NAO anomalies during the contrasting winters of 2010 and 2014. Our
view is that the large-scale anomalies in the North Pacific and over North America, which originate from sea
surface temperature anomalies in the tropical Pacific [Wang et al., 2014; Seager et al., 2014; Hartmann, 2015],
are responsible for the shaping of synoptic wave trains propagation across North America. This in turn largely
determines the nature of wave breaking, the synoptic eddy feedback onto the mean flow in the North Atlantic
and thus the NAO phase. Such a view was first confirmed using reanalysis data sets by showing the difference
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in wave propagation and horizontal tilts over North America. This was further demonstrated by adopting a
nonlinear initial-value problem using a quasi-geostrophic model. Finite-amplitude synoptic disturbances are
initialized in the North Pacific upstream of the large-scale Pacific-North American anomalies of interest. The
short-term simulations show the propagation of the synoptic waves across North America, their breaking in
the North Atlantic, and finally their feedback onto the Atlantic jet. For the 2014 case, the presence of a ridge
anomaly in the northeastern Pacific creates a strong deviation of the Pacific jet. This induces an equatorward
propagation of the synoptic wave trains in the North Atlantic and so more anticyclonic breaking, together with
a poleward shifted Atlantic jet. On the contrary, for the 2010 case, the presence of the zonally oriented Pacific
jet favors a more zonal propagation of the wave trains, a more meridional elongation of the disturbances.
This leads to more cyclonic wave breaking than usual in the Atlantic and an equatorward displacement of the
Atlantic jet. As such, the contrasting NAO phases of 2010 and 2014 can be reproduced from the sole knowl-
edge of the Pacific-North American anomalies of the considered winters and keeping the effect of synoptic
waves only.

The setup of our numerical approach discarded the influence of the stratosphere and the quasi-stationary
Rossby waves on purpose. Indeed, our objective was to adopt a strategy to test the ability of synoptic
waves to form NAO-like anomalies. The proposed mechanism is not exclusive. The stratosphere may have
played a role during the winter of 2010 as suggested by Ouzeau et al. [2011]. For instance, a major sudden
stratospheric warming occurred in late January [Dörnbrack et al., 2012] just before an abrupt decrease in
the NAO index (not shown), suggesting a possible downward propagation of NAM anomalies [Baldwin and
Dunkerton, 1999]. The downstream propagation of quasi-stationary Rossby waves was shown to explain the
ridge trough anomaly of 2014 in the Pacific-North American sector by Wang et al. [2014], but such a paradigm
was not invoked to explain the NAO anomalies. Future studies would be necessary to investigate the likelihood
of these competitive processes.
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