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1  Introduction

The variability of the stratospheric polar vortex dominates 
the intraseasonal variability of the stratospheric circula-
tion in the Northern Hemisphere winter (Andrews et  al. 
1987). In particular, the breakdown or abrupt weakening 
of the polar vortex, which is often referred to as the strat-
ospheric sudden warming (SSW; Matsuno 1971) or weak 
stratospheric vortex (WSV; Baldwin and Dunkerton 2001) 
event (see Butler et al. 2015 for various definitions of such 
events), accompanies the rise of stratospheric tempera-
tures and geopotential heights (Z) over the polar region. 
The impact of the event is not confined to the stratosphere 
but extends to the surface on a time scale of a few weeks. 
The resulting surface anomalies often resemble the nega-
tive phase of the Arctic Oscillation (Hartley et  al. 1998; 
Baldwin and Dunkerton 1999, 2001; Thompson et al. 2002; 
Limpasuvan et al. 2004; Perlwitz and Harnik 2004; Black 
2002; Charlton et  al. 2007; Mitchell et  al. 2013), which 
majorly influences the regional weather and climate sys-
tems (Thompson et al. 2002; Yun et al. 2014).

This coupling between the stratosphere and troposphere 
suggests that the stratospheric variability has the potential 
to improve extended weather and seasonal predictions. 
This possibility has been actively explored in the most 
recent decade (e.g., Stan and Straus 2009; Sigmond et  al. 
2013), and most operational models now have a model top 
at or above the stratopause (e.g., Charron et  al. 2012; see 
also the recent reviews by Gerber et  al. (2012) and Trip-
athi et al. (2014)). Therefore, a better understanding of the 
polar vortex variability and related dynamics, particularly 
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those associated with WSV events, is valuable for advanc-
ing our scientific knowledge and for improving operational 
forecasts.

WSV events are mainly driven by zonal wavenumber-
one or wavenumber-two (hereafter W1 and W2, respec-
tively) waves that propagate from the upper troposphere to 
the stratosphere (Matsuno 1970; Andrews et al. 1987; Kim 
et  al. 2014). As a simple approach to identify the tropo-
spheric precursors of WSV events, a linear framework has 
been recently proposed (Nishii et al. 2009; Garfinkel et al. 
2010; Smith et al. 2010). It is suggested that tropospheric 
anomalies that influence the stratospheric polar vortex can 
be partly understood by considering the linear interference 
between the climatological waves and the regional circu-
lation anomalies. For example, a positive Z anomaly over 
Northern Europe tends to constructively interfere with the 
climatological W2 component in the troposphere, resulting 
in enhanced W2-wave propagation into the stratosphere. 
Likewise, a negative Z anomaly over the North Pacific 
tends to strengthen the upward propagation of W1 waves 
(Garfinkel et al. 2010). In addition, the authors noted that 
a positive Z anomaly over the northeastern Pacific can 
strengthen W2 waves. This difference in wave forcings 
can result in different types of WSV events, such as dis-
placement or split types (e.g., Charlton et  al. 2007; Mar-
tius et  al. 2009). Mitchell et  al. (2013) suggested that the 
different types of WSV events may have different surface 
impacts; they showed that a vortex-split event is more 
robustly related to surface anomalies than a displacement 
event. Although this result is subject to the definition and 
detection algorithm of WSV events (for instance, Charlton 
et  al. (2007) found insensitive differences in the surface 
responses to the two types of SSW events), it is important 
to understand the sources of tropospheric precursors that 
determine the characteristics of WSV events.

A number of studies have been conducted on the pos-
sible sources of tropospheric wave activity that affects the 
polar vortex. As a remote boundary forcing, tropical sea 
surface temperature (SST) anomalies, particularly those 
associated with the El Niño-Southern Oscillation (ENSO), 
have been proposed to modulate the seasonal-mean state of 
the winter stratosphere through the Pacific/North Ameri-
can teleconnection (PNA) pattern and the resulting verti-
cal propagation of planetary-scale waves in the extratrop-
ics (Manzini et  al. 2006; Taguchi and Hartmann 2006; 
Garfinkel and Hartmann 2007). In particular, during an 
El Niño winter, the seasonal-mean polar vortex tends to 
be weaker (and warmer) than normal (Bronnimann 2007; 
Garfinkel and Hartmann 2007; Bell et al. 2009). Opposite 
stratospheric anomalies are observed during La Niña win-
ters, but the signal is weaker than that during the El Niño 
state (Sassi et al. 2004; Manzini et al. 2006; Garfinkel and 
Hartmann 2007; Free and Seidel 2009). Butler and Polvani 

(2011), however, found no evidence of a frequency change 
of SSW events during the two phases of the ENSO. As a 
possible culprit, Garfinkel et  al. (2012) suggested that the 
extreme negative Z anomaly in the northwest region of the 
Bering Sea, which is reported as one of the WSV precursor 
regions, shows similar frequency between both phases of 
the ENSO.

In addition to the tropical SST forcing, recent studies 
have documented a potential impact of extratropical SST 
anomalies in the North Pacific on stratospheric circulation 
changes. Taguchi et al. (2012) noted that the seasonal evo-
lution of PNA-like Z anomalies may develop as a response 
to the persistent SST anomalies over the North Pacific 
frontal zone. Likewise, Lee et al. (2012) suggested that the 
PDO can contribute to Pacific storm-track changes by alter-
ing the lower-tropospheric temperature field. These anoma-
lies are able to generate vertically propagating planetary-
scale waves in the stratosphere, potentially affecting the 
characteristics of WSV events. In fact, Jadin et  al. (2010) 
showed that the vertical propagation of planetary-scale 
waves is somewhat modulated by the PDO-related SST 
anomalies over the North Pacific in early winter. By inte-
grating AGCM with prescribed North Pacific SST anoma-
lies, Hurwitz et  al. (2012) further confirmed this finding. 
The authors showed that North Pacific SST anomalies can 
modify planetary-scale wave activity in the stratosphere, 
affecting the frequency of SSW events. The frequency of 
SSW events substantially increases when cold SSTs are 
prescribed in the North Pacific in model simulations.

These studies suggest that not only tropical but also 
extratropical SST anomalies are able to modulate plane-
tary-scale wave activity in the wintertime stratosphere. The 
latter anomalies can be directly related to PDO, as reported 
by Jadin et al. (2010). However, a dynamical link between 
the PDO and stratospheric circulation anomalies has not 
been well established in the observations. For instance, it 
remains unclear how the PDO affects the frequency and 
morphology of WSV events. By analyzing long-term rea-
nalysis data, the present study documents the observed 
relationship between the PDO and WSV events. The pos-
sible dynamical processes are also briefly discussed.

After describing the data in the next section, the WSV 
events are defined and general features of the detected 
events are introduced. Then, tropospheric precursors of 
WSV events during the two PDO phases and the related 
dynamical processes are discussed. Finally, the overall 
findings are briefly summarized.

2 � Data and method

The National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) 
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reanalysis data, which provides long-term daily data up 
to 10  hPa (Kalnay et  al. 1996), are used in this study to 
increase the sample size of the WSV events. Specifically, 
a total of 63 winters (December to March) from 1948/1949 
to 2010/2011 are analyzed in a standard resolution of 
2.5° longitude by 2.5° latitude. The daily anomaly field is 
obtained by removing the smoothed (21-day running mean) 
daily climatology from the raw data. In addition, to exam-
ine the precondition features of WSV events according to 
PDO phases, composite analysis is mainly used. The sta-
tistical significance is computed based on a two-tailed Stu-
dent’s t test.

2.1 � Pacific Decadal Oscillation (PDO) index

The seasonal-mean PDO index, which is defined as the 
leading principal component of the sea surface tempera-
ture (SST) anomalies over the Pacific Ocean, north of 20°N 
(available at http://jisao.washington.edu/pdo/PDO.latest), 
is used in this study. The resulting time series, normalized 
by its standard deviation, is presented in Fig. 1. As docu-
mented in the literature, the PDO index has changed its 
sign from the negative in the 1950s and 1960s to the posi-
tive in the 1980s, and negative again in the late 2000s. In 
addition to this decadal variability, there is significant year-
to-year variability.

2.2 � Weak stratospheric vortex (WSV) events

The variability of the stratospheric polar vortex has often 
been evaluated using the Northern Annular Mode (NAM) 
index (e.g., Baldwin and Dunkerton 2001) or polar-cap 
geopotential height anomaly integrated over 65°–90°N 
(e.g., Cohen et  al. 2002; Kolstad et  al. 2010; Martineau 

and Son 2013). The latter measure is essentially the same 
as the canonical NAM index, with a significant negative 
correlation (e.g., Baldwin and Thompson 2009). Follow-
ing Kolstad et al. (2010), the latter measure, the polar-cap 
geopotential height anomalies (hereafter “Zp anomaly” 
for brevity), is used to detect WSV events. Specifically, 
the onset of the event is defined as the 1st day when the 
−Zp anomaly at 50 hPa is lower than the 10th percentile 
(−292.4  m). Here, the negative sign reflects the nega-
tive correlation between the zonal wind and polar-cap Z 
anomalies during WSV events. The last day is defined as 
the end of a continuous period of −Zp anomalies lower 
than the −0.5 standard deviation at 100  hPa. If there is 
another onset day during the life cycle of individual WSV 
events, then we consider the two events a single WSV 
event. Based on this approach, a total of 48 WSV events 
are identified. This number corresponds to about 0.78 
events per winter, which is a slightly higher frequency 
than that of major SSW events identified by the WMO 
definition (Andrews et  al. 1987; see also Fig.  2 of But-
ler et al. 2015). Not surprisingly, more than 70 % of the 
WSV events analyzed in this study are classified as major 
SSW events, and the overall results are not sensitive to the 
definition.

The WSV events are grouped into two categories accord-
ing to the PDO phase, i.e., WSV events during the positive 
PDO phase (+PWSV events) and those during the negative 
phase (−PWSV events); these events are selected when 
the PDO index is larger than its 0.5 standard deviation or 
smaller than its −0.5 standard deviation, respectively. A 
total of 19 +PWSV (0.83 events per positive PDO winter) 
and 13 −PWSV events (0.62 events per negative PDO win-
ter) are detected, with 16 WSV events during the neutral 
PDO state (0.80 events per neutral PDO winter). The fre-
quency of −PWSV events is lower than that of +PWSV 
events. To examine whether the frequency of +PWSV 
events is significantly different from it of −PWSV events, 
the significance test based on bootstrap method is per-
formed. Firstly, we randomly select 19 (13) years for 23 
positive (21 negative) PDO years, and calculate frequency 
of WSV events during the selected years in each PDO 
phase. These processes are repeated in 10,000 times. Then, 
we obtain a probability density function of frequency for 
WSV events in two PDO phases. Based on these statistics, 
we found that the difference in the frequencies of WSV 
events between both PDO phases is statistically signifi-
cant. More importantly, this result is qualitatively consist-
ent with the modeling study of Hurwitz et al. (2012), which 
showed a more frequent occurrence of WSV events when 
cold SSTs are prescribed over the North Pacific. Because 
of the decadal nature of the PDO, −PWSV events primar-
ily occurred before the 1980s, whereas +PWSV events 
occurred afterward, as indicated in Fig. 1.

Fig. 1   The monthly PDO index time series and WSV events. The 
red, blue and gray circles indicate that the WSV event occurred dur-
ing positive, negative and neutral PDO phases, respectively. The 
markers for the WSV events are arbitrarily placed at +2, 0 and −2 
for positive, negative and neutral PDO phases, respectively

http://jisao.washington.edu/pdo/PDO.latest
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3 � Results

To verify the detection of WSV events, we first investigate 
the temporal evolution of polar-cap Z anomalies during the 
WSV events. Figure 2a shows the lead-lag composite of the 
Zp anomalies as a function of pressure and time. The posi-
tive anomalies are prominent in the stratosphere for more 
than a month; they start to develop at a lag of −10  days 
and reach the maximum value at a lag of 3 days. After the 
peak, the positive anomalies slowly decay over time. Most 
of these anomalies are statistically significant at the 95 % 
confidence level. Figure 2a further shows significant anom-
alies near the surface around lags of 0 and 20 days, which 
are coupled to the stratospheric anomalies. These features, 
the persistence of stratospheric anomalies and the down-
ward coupling to the troposphere, are well documented in 
the literature (e.g., Baldwin and Dunkerton 2001; Charlton 
et al. 2007).

Figure 2b illustrates the evolution of the poleward eddy 
heat flux anomaly at 100  hPa integrated over 40°–70°N. 
This quantity, which is proportional to the vertical compo-
nent of the Eliassen-Palm flux in quasi-geostrophic linear-
wave dynamics (e.g., Andrews et al. 1987), is widely used 
in the literature to evaluate upward propagating waves 
from the upper troposphere to the stratosphere (e.g., Pol-
vani and Waugh 2004). A positive anomaly appears in the 
negative time lags, indicating the growth of upward-prop-
agating waves before the onset of the WSV events. The 

waves gradually strengthen from a lag of −20 to −1 days 
and then rapidly decay in a few days. This upward-prop-
agating wave change is consistent with previous studies 
(e.g., see Fig.  4 of Polvani and Waugh 2004). Because 
Fig. 2b shows a statistically significant eddy heat flux from 
a lag of −11 to −1 days, in the next section, we examine 
precursor patterns of the WSV events during this precondi-
tioning period.

3.1 � Tropospheric preconditioning of WSV events

As mentioned earlier, the variability of the stratospheric 
polar vortex is largely determined by upward-propagating 
planetary-scale waves. Such waves are significantly modu-
lated by the anomalous circulation over northern Europe 
and the North Pacific (Garfinkel et  al. 2010; Kolstad and 
Charlton-Perez 2011; Cohen and Jones 2011). Figure 3a, b 
show the seasonal-mean Z anomaly at 500 hPa during the 
two PDO phases. Only strong PDO years with a PDO index 
larger than 0.5 or smaller than −0.5 standard deviations 
are used. Significant anomalies of the opposite sign are 
observed over the North Pacific and northwestern Canada. 
Thus, PDO-related SST anomalies modify the tropospheric 
circulation downstream of the maximum SST anomalies. 
As shown later, these circulation anomalies influence ver-
tically propagating planetary-scale waves during +PWSV 
and −PWSV events.

Figure  3c, d show the 500  hPa Z anomalies integrated 
over a lag of −11 to −1 days before the onset of +PWSV 
and −PWSV events, respectively. A large positive anomaly 
appears over northern Europe in both cases, which is some-
what expected because the positive Z anomaly over the 
Ural Mountains and northern Europe is a well-known pre-
cursor to WSV events (Garfinkel et al. 2010; Kolstad and 
Charlton-Perez 2011; Nishii et al. 2010; Cohen and Jones 
2011). A comparison of the two cases, however, reveals a 
remarkable difference over the North Pacific. The negative 
anomaly appears during +PWSV events while the positive 
anomaly is evident during the opposite cases. The central 
location of these anomalies is close to that of seasonal-
mean anomalies as shown in Fig. 3a, b, indicating that they 
partly reflect the mean flow response to the PDO.

Another notable difference between Fig.  3c, d is the 
spatial scale of the anomalies. During +PWSV events, the 
negative Z anomaly over the North Pacific is elongated in 
a broad region from East Asia to the west coast of the US. 
This contrasts to the pattern of −PWSV events, during 
which a negative anomaly is confined over East Asia and 
Northeast Russia, with a significant positive anomaly from 
Japan to Alaska. Thus, the zonal scale of the Z anomalies 
during +PWSV events is larger than that during −PWSV 
events. As discussed later, this scale has an important 
implication for the W1 and W2 activities in the course of 

Fig. 2   a Lag composite of the normalized Z anomalies averaged over 
65°N northward and b the zonal-mean meridional heat flux averaged 
over 40°–70°N at 100  hPa before and after the onset of the WSV 
event (lag 0). The area inside the thick black line in a and the thick 
black lines in b satisfies the 95 % confidence level
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WSV events. Notably, the spatial pattern of the Z anoma-
lies shown in Fig. 3c, d are likely to be qualitatively simi-
lar to the model results of Hurwitz et  al. (2012; see their 
Fig.  8), where PDO-like SST anomalies chosen from the 
strongest events are prescribed in the AGCM. In fact, the 
authors noted that the SSWs in cold (warm) SSTs experi-
ment have W1 (W2)-like structures. Therefore, the different 
preconditioning of WSV events during the two PDO phases 
is a robust dynamical feature that implies PDO-related 
SST anomalies are one of the key factors that influence the 
occurrence of WSV events.

3.2 � Wave drivings during +PWSV and −PWSV events

To examine the planetary-scale wave activities that influ-
ence the occurrence of +PWSV and −PWSV events in the 
context of linear interference, we first examine the clima-
tological W1 and W2 patterns in the 500-hPa geopotential 
height field. It is evident from Fig. 4a, b that the W1 com-
ponent exhibits a negative anomaly from East Asia to the 
Northeast Pacific and a positive anomaly from North Amer-
ica to eastern Europe. By contrast, the W2 component has 

two positive anomaly centers: one over eastern Europe and 
the other along the west coast of North America, includ-
ing Alaska. These wave patterns are compared with the 
W1 and W2 components of the preconditioning anoma-
lies of the +PWSV and −PWSV events (Fig. 4c–f). In the 
case of +PWSV events (Fig. 4c, d), both the W1 and W2 
components are in phase with the climatological patterns 
(comparing the top and middle rows). Therefore, both the 
W1 and W2 waves are enhanced during the onset of the 
+PWSV events, possibly strengthening wave forcing in the 
stratosphere. Note that the amplitude of the W1 component 
is slightly stronger than that of W2 component, indicating a 
stronger contribution of W1 than of W2 waves. In the case 
of −PWSV events (Fig. 4e, f), the W1 component tends to 
be out of phase with the climatological wave, whereas the 
W2 component is significantly strong and nearly in phase 
with the climatological wave (comparing the top and bot-
tom rows). This result may suggest that −PWSV events 
are driven by the W2 wave driving despite the slight sup-
pression of the W1 wave amplitude. Although not shown, 
similar results are found at 500  hPa and in the upper 
troposphere.

Fig. 3   Mean Z anomaly at 
500 hPa for positive (a) and 
negative (b) PDO years. The Z 
anomalies at 500 hPa averaged 
from −11 to −1 days before the 
occurrence of +PWSV (c) and 
−PWSV (d). The area inside 
the thick black lines satisfies the 
95 % confidence level
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The above relationship is robustly observed in individ-
ual +PWSV and −PWSV events, as illustrated in Fig. 5, 
which shows the coefficients of the preconditioning anom-
alies projected onto the climatological wave pattern at 

500 hPa. The positive values indicate that preconditioning 
anomalies of WSV events are in phase with the climato-
logical pattern. During +PWSV events, W1 anomalies are 
positively projected onto the climatological W1 pattern. As 

Fig. 4   Climatological planetary 
wavenumber-one (a) and 
wavenumber-two (b) patterns of 
the Northern Hemispheric cir-
culation at 500-hPa during the 
boreal winter. Wavenumber-one 
(c) and wavenumber-two (d) 
patterns during preconditioning 
of the WSV occurrence in the 
positive PDO winter. e, f are the 
same as (c) and (d), respec-
tively, except in the negative 
PDO winter



3487Connection between WSV events and the PDO

1 3

expected from Fig. 4d, the majority of such events are also 
positively projected onto the climatological W2 pattern 
(Fig. 5a). During −PWSV events, all but two cases are pos-
itively projected onto the climatological W2 pattern. The 
W1 anomalies, however, are either positively or negatively 
projected onto the climatological waves.

It is important to note that linear interference does not 
necessarily represent wave activity in the upper troposphere 
and lower stratosphere. Therefore, we calculated the zonal-
mean eddy heat flux averaged over 40°–70°N at 100 hPa, 
which is often used to quantify wave activity in the lower 
stratosphere (Polvani and Waugh 2004). Figure  6a shows 
the lag composites of the total eddy heat flux anomaly 
according to the PDO phases. There is essentially no dif-
ference in the evolution of the total eddy heat flux between 
+PWSV and −PWSV events. The same quantity, but for 
the sum of only the W1 and W2 components, is illustrated 
in Fig.  6b. The values are remarkably similar to those in 
Fig. 6a, indicating that the upward wave propagation in the 
lower stratosphere is predominantly controlled by the W1 
and W2 components.

We next examine the relative importance of the W1 and 
W2 components during the +PWSV and −PWSV events 
(Fig. 7a, b). In the +PWSV events, the W1 component is 
most important (Fig.  7a). About 80  % of total eddy heat 
flux anomaly is explained by the W1 component during the 
preconditioning phase (lag of −11 to −1 days). Although 
the W2 component is also positive, its contribution to the 
total heat flux anomaly is much smaller than that of the W1 
component. This result is consistent with the tropospheric 
preconditioning patterns shown in Fig. 4c, d. However, in 

the case of the −PWSV events, there is almost no contri-
bution from the W1 component (Fig.  7b), indicating that 
W1 does not contribute to the occurrence of WSV events 

Fig. 5   Coefficients of the wave components of the preconditioning 
pattern of individual WSV events during positive (a) and negative (b) 
PDO winters projected onto the climatological patterns. The filled cir-

cles in a, b represent the ensemble mean of the projection coefficients 
in +PWSV and −PWSV events, respectively

Fig. 6   a Lag composite of the meridional heat flux averaged over 
40°–70°N at 100  hPa during WSV events in positive and negative 
PDO winters. b Same as (a) but for the sum of the wavenumber-one 
and wavenumber-two meridional heat fluxes. The thick red and blue 
lines represent the periods that satisfied the 95 % confidence level in 
each PDO phase
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to a large extent; wave driving is instead controlled by the 
W2 component. These results clearly indicate that the wave 
drivings of WSV events are highly sensitive to the PDO 
phases. The +PWSV events are, to the first order, driven 
by W1 disturbances. By contrast, the −PWSV events are 
largely driven by W2 perturbations.

3.3 � Contribution of PDO‑induced mean circulation 
change to +PWSV and −PWSV events

What causes the difference in upward-propagating plan-
etary-scale waves between the +PWSV and −PWSV 
events? To address this issue, comprehensive dynamical 
analyses are needed. In this section, we only examine the 
possible role of the mean flow change in response to the 
PDO. Figure  8 presents the total eddy heat flux anomaly 
integrated over a lag of −11 to −1 days from Fig. 7 (gray 
bars). The heat flux anomaly is further decomposed into 
the PDO-related mean component and into W1 and W2 
components. Here, the PDO-related mean component 
(black bars in Fig.  8) is quantified by averaging the heat 
flux anomaly during the positive and negative PDO win-
ters, regardless of WSV events. It is evident that the total 
eddy heat flux anomaly is not directly controlled by the 
mean flow change. During the positive PDO phase, the W1 

component of the PDO-related mean circulation change 
contributes positively to the total eddy heat flux anomaly, 
implying that the PDO-related mean circulation change 
plays a non-negligible role in driving upward-propagating 
waves. However, the W1 contributes negatively during the 
negative PDO phase, potentially suppressing the occur-
rence of WSV events. As such, the PDO-related mean cir-
culation change can partly explain the difference in the W1 
anomalies between +PWSV and −PWSV events (see also 
Fig. 4c, e).

The W2 components of the PDO-related mean circula-
tion changes project positively onto the total eddy heat flux 
anomaly in both events (Fig. 8). However, the W2 magni-
tudes are much weaker than those of the W1 components. 
This indicates a minimal role of the mean flow change in 
driving WSV events. Here, the weak-amplitude W2 com-
ponent is caused by the geographical location of the W2 
anomaly. The maximum W2 anomaly is located in high lat-
itudes compared with the center of the PDO-related mean 
circulation over the North Pacific, as found in a comparison 
between Figs. 3b and 4f.

To further examine the impact of the PDO-related mean 
circulation change in driving WSV events, we removed 
the mean circulation anomaly from the preconditioning 
anomalies of +PWSV and −PWSV events. The resulting 
anomaly, which is basically the difference between the bot-
tom and top panels of Fig. 3, is demonstrated in Fig. 9. A 
comparison of Fig. 9a with Fig. 3c reveals that the negative 
Z anomaly over the North Pacific, implying the enhance-
ment of W1 component, is significantly reduced in the 
case of +PWSV events, whereas it does not change much 
in the case of −PWSV events, compared between Figs. 3d 
and 9b. These features also indicate that the PDO-related 
mean circulation changes mainly contribute to the +PWSV 
events.

It is important to state that the negligible contribution 
of the mean-flow anomaly to W2 driving in triggering the  
−PWSV events (e.g., Fig. 8b) does not imply that −PWSV 

Fig. 7   a Lag composite of the wavenumber-one component of zonal-
mean meridional heat flux averaged over 40°–70°N at 100 hPa dur-
ing WSV events in positive and negative PDO winters. b Same as (a) 
but for the wavenumber-two component. The thick red and blue lines 
represent the periods that satisfied the 95 % confidence level in each 
PDO phase

Fig. 8   Contributions of the mean circulation to the total and wave-
number components of the anomalous heat flux during the precondi-
tioning of WSV events in positive and negative PDO winters
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events occur independently of the PDO phase. Instead, it 
should be interpreted that −PWSV events are driven by 
low-frequency eddies, which are modulated by the PDO 
rather than direct mean flow change. Likewise, although 
the mean flow change contribute partly to enhancement of 
W1 driving, +PWSV events are not simply driven by the 
mean flow change related to the PDO. Figure 8a suggests 
that the difference between the gray and black bars may be 
more important than the black bar itself.

3.4 � Possible cause of predominant W2 driving  
in −PWSV events

In this section, we attempt to explain how the −PWSV 
events are triggered by the W2 component of planetary-
scale waves. One of the main differences between Fig. 9a, 
b is the significant positive Z anomaly at high latitudes 
(50°–70°N) of the North Pacific centered over Alaska and 
the negative Z anomaly over the North Atlantic during  
−PWSV events (Fig.  9b). In terms of linear interference, 
this positive anomaly over Alaska and a negative anomaly 
over the North Atlantic play a crucial role in the enhance-
ment of W2 activity during the −PWSV events (Fig.  4f). 
Therefore those nature need to be better understood. At 
first, the negative Z anomaly over the North Atlantic in the 
−PWSV events, which is not directly related to the PDO-
induced mean circulation change, may result from Atlantic 
SST variability. Recent studies have shown the out-of-phase 
relationship between the PDO and Atlantic Multi-decadal 
Oscillation (AMO) in recent decades (McCabe et al. 2004). 
However, no evidence has been found (not shown).

To examine the possible cause of strong positive Z 
anomalies over Alaska during the −PWSV events, we 
investigated the low-frequency variability between the two 
PDO phases (not shown). Here, low-frequency variabil-
ity is defined as the variance of the 500 hPa Z anomalies 
that are filtered with 11-day moving average. Similar to 

the mean flow response (Fig. 3a, b), significant differences 
are observed over the Bering Sea and Alaska. Specifically, 
the local variability over the Alaska is stronger during the 
negative PDO winters (103.4  m) than during the positive 
winters (85.6  m). The difference between variabilities in 
two PDO winters is statistically significant. Although this 
difference may indicate that both the positive and negative 
anomalies are enhanced during the negative PDO winters 
(i.e., broadening of the probability density function), the 
probability density function of the Z anomalies over Alaska 
(averaged over the red box in Fig.  9a), one of precursor 
regions of WSV events (Garfinkel et  al. 2010), shows a 
slight shift toward positive Z anomalies; extremely posi-
tive Z anomalies substantially increase (Fig. 10a). A more 
frequent occurrence of strong positive Z anomalies likely 
provides preferable conditions that increase the chance of 
upward-propagating W2, as discussed in the context of lin-
ear interference.

How is the low-frequency variability over Alaska 
enhanced during negative PDO winters? The variability 
is likely related to the mean flow changes associated with 
the PDO. Figure 10b shows the difference in the seasonal-
mean zonal wind at 300 hPa between the positive and neg-
ative PDO winters. A dipole pattern is observed over the 
North Pacific. This feature indicates a northeastward shift 
and slight weakening of the Pacific jet during the nega-
tive PDO phase compared with the climatological mean. 
This feature results in diffluent flow in the high latitudes 
of the Northeast Pacific (Shutts 1983; Colucci 2001), pro-
viding preferable conditions for low-frequency eddy activi-
ties, such as blocking. Several studies noted more frequent 
blocking over the North Pacific, including the northeastern 
Pacific, when the Pacific jet shifts poleward during cold 
ENSO winters (Renwick and Wallace 1996; Chen and Dool 
1997; Compo et  al. 2001; Dunn-Sigouin and Son 2013; 
Barrippedro and Calvo 2014). Strong low-frequency eddy 
activity can also be related to the enhanced transient eddy 

Fig. 9   Z anomaly patterns at 
500 hPa that are removed from 
the mean circulation related to 
positive (a) and negative (b) 
PDO winters during precondi-
tioning of the WSV occurrence. 
The red box in b represents the 
region defined as Alaska. The 
area inside the thick black lines 
satisfies the 95 % confidence 
level
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feedback. In general, the poleward shift of the Pacific jet 
accompanies the poleward shift of storm-track (Renwick 
and Wallace 1996; Chen and Dool 1997). The changes in 
storm-track eddies can enhance low-frequency eddy activi-
ties in high latitudes, as discussed in Lau (1988), Jin et al. 
(2006a, b), and Kug and Jin (2009). Although more quan-
titative analyses are needed, the predominant contribution 
of W2 in driving −PWSV events likely results from the 
northeastward shift of the Pacific jet and from the associ-
ated synoptic eddy feedback to low-frequency eddies over 
the Northeast Pacific, including Alaska.

4 � Conclusions and discussion

This study explores the possible impacts of the PDO on the 
frequency and morphology of WSV events in the North-
ern Hemisphere winter. WSV events during positive PDO 
years (+PWSV events) are more frequent than those dur-
ing negative PDO years (−PWSV events). This difference 
in frequency is statistically significant, although the exact 
reason remains to be determined. Additionally, the tropo-
spheric wave drivings of +PWSV events are very different 

from those of −PWSV events. In general, the former wave 
drivings are dominated by W1 disturbances, whereas the 
latter are controlled by W2 disturbances. These features are 
robustly found in the eddy heat flux anomalies at 100 hPa. 
In terms of dynamical processes, the main contribution of 
W1 to +PWSV events is partly caused by the PDO-induced 
mean-flow change, and the contribution of W2 to −PWSV 
events is not directly related to the mean flow change. The 
enhancement of W2 wave driving in −PWSV events is 
likely to be indirectly affected by the PDO through anoma-
lous low-frequency eddy activities.

Recent studies have shown that North Pacific SST anom-
alies can influence both the tropospheric (Frankignoul and 
Sennechael 2007; Taguchi et al. 2012; Lee et al. 2012) and 
stratospheric circulations (Jadin et  al. 2010; Hurwitz et  al. 
2012) on interannual to decadal timescales. By integrating 
AGCM with North Pacific SST anomalies, Hurwitz et  al. 
(2012) found that North Pacific SSTs can modulate the fre-
quency of WVS (SSW in their definition) events in a major 
way. Specifically, more frequent WVS events occur in the 
presence of anomalously cold North Pacific SSTs. More 
importantly, such events are typically preceded by W1 dis-
turbances in the troposphere. Given that North Pacific SSTs 
are anomalously cold during positive PDO phases, these 
results are very consistent with the main conclusions of the 
present study. In this regards, this study provides observa-
tional evidence of the PDO-related stratospheric variability, 
complementing the modeling study of Hurwitz et al. (2012). 
Although Hurwitz et al. (2012) prescribed chosen from the 
strongest events strong SST anomalies in their model simu-
lations to identify extratropical SST-induced WSV events, it 
is noteworthy that SST-induced circulation over the North 
Pacific can modulate the planetary-scale waves that poten-
tially influence the occurrences of WSV events.

The PDO has a strong inter-annual variability, in addi-
tion to long-term decadal fluctuations. Such variability on 
an interannual time scale is somewhat related to the El 
Nino-Southern Oscillation (ENSO). To separate the PDO 
(or extratropical SST anomalies) from the ENSO (or tropi-
cal SST anomalies), the same analyses are repeated by 
excluding strong ENSO years. Although composite fields 
are less significant due to the reduced sample size, qualita-
tively similar results are found.

In this study, the nature of low-frequency eddies that 
drive W1 and W2 disturbances during the precondition of 
WSV events (the difference between the gray and black 
bars in Fig.  8) is not examined in detail. Such eddies 
are particularly important in driving −PWSV events, 
as shown in Fig.  8. The low-frequency eddies could be 
related to blocking, as discussed by Barrippedro and 
Calvo (2014) that note differences in the blocking precur-
sor of SSW according to ENSO phases, but require further 
investigation.

Fig. 10   a Probability density functions of the Z anomaly at 500 hPa, 
stratified by the PDO phases. b Difference map of the zonal wind at 
300  hPa between the positive and negative PDO winters. The gray 
shading in b represents the area that satisfied the 95  % confidence 
level
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Nevertheless, because factors such as the PDO are 
slowly varying components of the climate system beyond 
the intra-seasonal time scale, the results of the connection 
between WSV occurrence and PDO-related circulations 
will be useful for seasonal predictions based on the vari-
ability of the stratospheric polar vortex.
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