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Abstract

Previous studies have suggested the importance of blocking high (BH) development

for the occurrence of stratospheric sudden warming (SSW), while there is a recent study

that failed to identify their statistical linkage. Through composite analysis applied to

high-amplitude anticyclonic anomaly events observed around every grid point over the

extratropical Northern Hemisphere, the present study reveals distinct geographical de-

pendence of BH influence on upward propagation of planetary waves (PWs) into the

stratosphere. Tropospheric BHs that develop over the Euro-Atlantic sector tend to en-

hance upward PW propagation, leading to the warming in the polar stratosphere and, in

some occasions, to major SSW events. In contrast, the upward PW propagation tends to

be suppressed by BHs developing over the western Pacific and the Far East, resulting in

the polar stratospheric cooling. This dependence is found to arise mainly from the sensi-

tivity of the interference between the climatological PWs and upward-propagating

Rossby wave packets emanating from BHs to their geographical locations. This study

also reveals that whether a BH over the eastern Pacific and Alaska can enhance or re-

duce the upward PW propagation is case-dependent. It is suggested that BHs that induce

the stratospheric cooling can weaken statistical relationship between BHs and SSWs.



1. Introduction

It is well established that a stratospheric sudden warming (SSW), which is character-
ized by abrupt warming in the polar stratosphere, is induced by enhanced upward prop-
agation of planetary waves (PWs) from the troposphere (Matsuno 1971). Many previous
case studies on SSWs have pointed out that a tropospheric blocking high (BH), which
gives rise to persistent anomalous meander of a tropospheric jet and abnormal weather
conditions, can contribute to the enhancement of upward PW propagation that leads to
the occurrence of an SSW event (e.g., Nishii et al. 2009). Quiroz (1986) found a statis-
tical tendency of BHs to precede SSWs based on observational data for four winters.
For a longer data period, this tendency has recently been confirmed by Martius et al.
(2009), who demonstrated that BH frequency before SSWs tends to increase over ridges
of the tropospheric climatological-mean PWs. Meanwhile, a few studies found BH de-
velopment following SSW events (Labitzke 1965; Kodera and Chiba 1995; Mukougawa
and Hirooka 2004). Taguchi (2008), however, could not find statistically significant
changes in the frequency of BHs either before or after SSWs'.

Recently, Orsolini et al. (2009) and Nishii et al. (2010), hereafter referred to as

OKNO09 and NNO10, respectively, observed a cooling tendency in the polar stratosphere

1 Note that he used only BHs that induce amplification of tropospheric PWs. This will
be discussed in section 6e.
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following the BH development associated with the Western Pacific teleconnection pat-

tern (Wallace and Gutzler 1981). They concluded that the cooling is contributed to by

the suppression of upward PW propagation from the troposphere into the stratosphere,

which is caused by the interference between the climatological-mean PWs and qua-

si-stationary circulation anomalies associated with an upward-propagating Rossby wave

packet induced by the BH. Woollings et al. (2010) examined statistical relationships

between dominant patterns of stratospheric variability, including the two types of SSWs

(Charlton and Polvani 2007), and regional BH frequency. They suggested several dif-

ferent linkages between the stratospheric variability and BHs. They speculated that this

diversity in the linkage may have made the SSW-BH issue controversial. As an example,

they showed that stratospheric cooling can be induced through modulations of the strat-

ospheric PWs by disturbances associated with BHs over the western North Pacific.

Castanheira and Barriopedro (2010) also found a reduction in baroclinic energy of the

zonal wavenumber 1 component (WN1) and the subsequent stratospheric vortex inten-

sification in association with BHs over the North Pacific. This suppression of upward

PW propagation has an implication that those BHs that induce stratospheric cooling, if

included in the statistics, could involve some ambiguities into the statistical relationship

between SSW events and BHs.



Before SSW events, BHs tends to be observed over permanent pressure ridges asso-

ciated with the tropospheric climatological-mean PW (e.g., Martius et al. 2009), while

BHs over the permanent troughs tend to suppress upward PW propagation (e.g.,

NNOI10). This implies the importance of relative locations of BHs to the phase of the

climatological-mean PW for the variability of upward PW propagation. The main aim

of this study is to clarify the dependence of enhancement/suppression of upward PW

propagation on the geographical position of BH development based on compositing of

prominent BH events observed at every location over the extratropical Northern Hemi-

sphere. The modulations of the upward PW propagations are studied quantitatively

through the particular method formulated by Nishii et al. (2009) for analyzing the inter-

ference between the climatological-mean PWs and low-frequency circulation anomalies.

The concept of the quasi-linear interference has recently regained attention in the stud-

ies of tropospheric influence on the stratospheric variability. Tropospheric circulation

anomalies focused on in these studies include those associated with seesaw-like varia-

bility between Aleutian and Icelandic lows (Nakamura and Honda 2002), Rossby wave

trains over Siberia (Takaya and Nakamura 2008; Kolstad and Charlton-Perez 2010;

Smith et al. 2010), the Western Pacific teleconnection pattern (OKNO09; NNO10), BHs

(Martius et al. 2009; Nishii et al. 2009, 2010; Castanheira and Barriopedro 2010;



Woollings et al. 2010) and teleconnection from the tropics (Fletcher and Kushner 2011).

We also identify preferred geographical locations of BH development that leads to ex-

treme anomalies of the stratospheric polar vortex.

2. Data and analysis method

The Japanese 25-year Reanalysis (JRA-25; Onogi et al. 2007) is used for the period

1979-2008, available on a 2.5° x 2.5° latitude-longitudinal grid. In recognition of per-

sistency of BHs, we focus on quasi-stationary circulation anomalies that have been ex-

tracted with a digital filter by retaining fluctuations with periods longer than 8 days in

the original time series. Daily climatological-mean fields have been constructed for the

period 1980-2007 based on 31-day running mean fields. Anomalies are defined locally

as departures of the 8-day low-pass-filtered daily fields from the daily climatology for

the corresponding calendar days.

Following Nakamura et al. (1997), we identified the 30 strongest BH events in win-

ters (NDJFM) from 1979/1980 to 2007/2008, whose centers of the primary 250-hPa an-

ticyclonic anomalies are within 500 km of a given reanalysis grid point. This identifica-

tion of BHs was repeated for all other reanalysis grid points poleward of 30°N. See Ap-

pendix A for details. The particular number of events (30) has been chosen so that

nearly one BH event is observed, on average, per season. The results shown below are
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found qualitatively the same as those based on the 20 or 40 strongest BH events (not

shown). For each of the grid points, the amplitude of the primary anticyclonic anomalies

averaged over the 30 strongest BH events is substituted into the corresponding grid

point in Fig. la. This map indicates that anticyclonic anomalies associated with BHs

thus identified over the subpolar North Pacific tend to have largest amplitudes and sec-

ondarily over the subpolar North Atlantic. Anticyclonic anomalies are also strong over

the Arctic region. The former two regions correspond well with the strongest variance

and positive skewness of the 250-hPa height anomalies in winter (White 1980; Naka-

mura and Wallace 1991), which suggests that the high-amplitude anomalies over the

two regions are largely contributed to by BHs.

Several different methods have been proposed for identifying BHs in instantaneous

flow configurations with focus on potential vorticity or geopotential height (e.g., Bar-

riopedro et al. 2006 and references therein). We nevertheless adopt our own method as

described above, in recognition of the fact that circulation anomalies are more closely

related to the activity of Rossby waves and their interference with the climatologi-

cal-mean PWs. We have verified in Appendix B whether the anomaly events identified

through our method are indeed BH events.

Circulation anomalies in the extratropical troposphere often develop in association



with Rossby wave-packet propagation. A typical example is wintertime BH develop-

ment over Europe (Nakamura et al. 1997) or over Siberia (Takaya and Nakamura

2005ab), which is significantly contributed to by incoming horizontal Rossby wave

packets. A wave-activity flux formulated by Takaya and Nakamura (2001) is suited for

diagnosing three-dimensional propagation of localized Rossby wave packets through

zonally-varying westerlies. In our evaluation of the flux, composited anomalies are re-

garded as fluctuations associated with Rossby waves, while the wintertime climatology

(NDJFM) is used as the basic state. Hereafter, we simply call this flux a wave-activity

flux.

Variability of upward PW propagation can be recognized as fluctuations in poleward

eddy heat flux at the 100-hPa level averaged poleward of 45°N (Polvani and Waugh

2004; Nishii et al., 2009, 2010). From the 8-day low-pass-filtered fields of meridional

wind velocity (V) and temperature (7), we estimated anomalous eddy heat flux [V*T*],,

where the subscript a denotes an anomaly, the asterisks represent the zonally asymmet-

ric component defined as deviations from their zonal means, and the square brackets

signify the zonal and meridional averaging. Following Nishii et al. (2009), we then de-

composed the 100-hPa [V*T*], into individual contributions from [V, *T.* + V. *T,*]

and [V,*T,*].. Here, the subscript ¢ denotes the daily climatological mean. The term



[V *T.* + V.*T,*] represents contributions from the interference between the climato-

logical-mean PWs and anomalies, latter of which are often observed in association with

upward-propagating Rossby wave packets (Nishii and Nakamura 2004, 2005; Nishii et

al. 2009, 2010). The term [V,*T,*], represents an anomalous instantaneous contribution

from the anomalous wave packet propagation. If zonally averaged, the vertical compo-

nent of the wave-activity flux formulated by Takaya and Nakamura (2001) is virtually

equivalent to [V,*7,*]. Note that even if upward component of the wave-activity flux is

observed, it does not necessarily contribute positively to [V, *T,*], unless it is stronger

than the climatology [V,*T,*].. Also note that even if [V,*T,*], is small, Rossby wave

packets may still cause significant stratospheric variability by modulating the climato-

logical PWs through [V, *T.* + V.*T,*]. Similar diagnostic frameworks have been also

adopted by Smith et al. (2010) and by Fletcher and Kushner (2011).

As discussed in Nishii et al. (2009) and Fletcher and Kushner (2011), part of the PW

modulations can be discussed in terms of the interference, which is "linear" in a sense

that it is a product of the climatological-mean PWs and quasi-stationary circulation

anomalies. As elucidated in the evolution of potential vorticity (e.g., Takaya and

Nakamura 2005b; OKNO09; NNO10), amplification of BHs and their interaction with the

climatological PW in the troposphere involve non-linear processes. Specifically, BHs



are often associated with potential vorticity breaking in the upper troposphere (Naka-

mura et al. 1997; Pelly and Hoskins 2003; see Appendix B for details). Feedback forc-

ing from synoptic-scale eddies is also an essential factor for BH development around an

oceanic stormtrack (e.g., Shutts 1983; Nakamura and Wallace 1993), which is another

non-linear process.

Identification of 20 major SSW events by Tomikawa (2010) for winters from

1979/1980 to 2007/2008 based on the JRA-25 reanalysis data is utilized in this study.

Those 20 events have been classified subjectively into the vortex displacement type (11

events) and vortex split type (9 event), in referring to the corresponding classification

by Charlton and Polvani (2007) through an objective algorithm. The central dates of

those events on which the 10-hPa zonal-mean zonal wind at 60°N turns into easterly are

shown in Table 1. We have also identified extreme events of the Northern Annular

mode (NAM), following Baldwin and Dunkerton (2001) but with a slightly modified

definition. Specifically, the NAM pattern was identified as the first Empirical Orthogo-

nal Function (EOF) of monthly-mean 10-hPa height anomalies in winter (NDJFM) over

the domain poleward of 20°N. The daily NAM index was then calculated by projecting

the low-pass-filtered daily 10-hPa height anomalies onto the NAM pattern. Fifteen

events of the extremely strong polar vortex are listed in Table 1 for which the NAM in-
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dex exceeds +2 standard deviations positively. The extremely strong vortex events are

almost equivalent to the vortex intensification (VI) events identified by Limpasuvan et

al. (2005).

3. Examples of composited BH evolution

In this section, results of our composite analysis are presented for distinctive BHs

over the Barents Sea and the subpolar Far East (Fig. 1a). As shown later in Fig. 5a, the

BHs in the former region are associated with enhanced upward PW propagation result-

ing in warming tendency of the polar stratosphere. In contrast, the BHs in the latter re-

gion lead to the suppression of the PW propagation giving rise to the anomalous cooling

of the polar stratosphere.

a. BH over the Barents Sea (75 °N, 42.5°E)

Composited evolution of temperature and geopotential height anomalies associated

with BHs over the Barents Sea is shown in Fig. 2 (with the reference grid point indicat-

ed by a green dot). Five days before the peak time of the tropospheric BH (Fig. 2g), a

Rossby wave train is observed across the Atlantic, which consists of anticyclonic anom-

alies over the U.S. east coast and the Barents Sea and of a cyclonic anomaly centered at

the Labrador Strait. This wave train accompanies a well-defined northeastward
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wave-activity flux. With this incoming wave-activity flux, the anticyclonic anomaly

over the Barents Sea amplifies into a BH by the peak time (Fig. 2h). As the BH rapidly

decays, another cyclonic anomaly develops over Siberia and Mongolia with an incom-

ing wave-activity flux emanating from the BH upstream (Fig. 2i). The overall evolution

is consistent with that for a BH over Europe as analyzed by Nakamura et al. (1997).

In the stratosphere, five days prior to the peak time of the BH (Fig. 2d), a pair of a

cyclonic anomaly over the Labrador Strait and an anticyclonic anomaly over northern

Eurasia appears to form a wave train with a well-defined eastward wave-activity flux.

The flux diverges out of the cyclonic anomaly into which an upward wave-activity flux

(blue contour in Fig. 2d) emanates from its tropospheric counterpart as a component of

the tropospheric wave train across the Atlantic (Fig. 2g). The development of the strat-

ospheric anticyclonic anomaly over Europe is also contributed to by an upward

wave-activity flux over northern Europe (Fig. 2e). This stratospheric anomaly develops

rapidly and persists over the Arctic region (Figs. 2e-f), giving rise to significant strato-

spheric warming through wave-mean flow interaction (Figs. 2b-c). The anomalous

warm condition that prevails in the polar stratosphere persists even after the peak time

of the BH (Fig. 2c¢) is evident in a composited time series of 50-hPa temperature anom-

aly averaged north of 70°N (purple line in Fig. 3a). This persistent warmth is associated
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with enhanced upward PW propagation (positive [V*T*],; black), mainly through the

interference terms ([V,*T.* + V.*T,*]; blue), but only slightly through the wave packet

term ([V,*T,*],; red).

b. BH over the subpolar Far East (65°N, 167.5°E)

The next example shown in Fig. 4 highlights a BH over the subpolar Far East, which

contributes to the cooling of the polar stratosphere by weakening the PWs. The evolu-

tion is quite similar to that of a blocking phase of the Western Pacific pattern shown by

OKNO09 and NNO10. In fact, an anticyclonic anomaly associated with the BH and a cy-

clonic anomaly to its south form a meridional dipole pattern in the troposphere that re-

sembles the Western Pacific pattern (Fig. 4h). The anticyclonic anomaly develops in

retrogressing from the central Pacific for several days before the peak time (Fig. 4g).

The BH over the Far East develops under the strong feedback forcing from synop-

tic-scale eddies along the stormtrack (not shown). As it matures and then decays, the

anticyclonic anomaly emits wave-activity flux downstream while forming a wave train

over the North America (Figs. 4h-1). The wave train also emits the flux upward into the

stratosphere (blue contours in Figs. 4e-f), which contributes to the development of a

stratospheric wave train that consists of an anticyclonic anomaly over the Far East and a

cyclonic anomaly over the North America (Figs. 4e-f). The cyclonic anomaly, which
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accompanies a cool anomaly in the polar stratosphere five days after the peak time of

the BH (Figs. 4c, 4f), persists for more than 10 days while gradually shifting poleward

(not shown). This is consistent with a significant negative anomaly of the area-averaged

polar stratospheric temperature after the peak time of the BH (purple line in Fig. 3b).

This cooling can be explained by a significant reduction of [V*7T*], around the peak

time, which is due solely to negative interference terms [V, *7T.* + V. *T,*] (blue line).

The wave-packet term [V, *T,*], (red line) is significantly positive, but not large enough

to compensate the negative [V, *T,.* + V.*T,*].

4. Geographical dependence of the influence of BHs on the stratosphere

In this section, dependence is assessed of the anomalous upward PW propagation

induced by BHs on their geographical locations over the Northern Hemisphere. We first

constructed the composited time series similar to those shown in Fig. 3 for the 30

strongest anticyclonic anomaly events observed at each of the grid points over the ex-

tratropical Northern Hemisphere. As shown in Appendix B, most of these events are

associated with BHs. For each of the variables, individual averages were then taken

from lag +1 day to lag +10 day (labeled as period B in Fig. 3a), and finally the averaged

value was assigned to the particular grid point where the BH events had been identified.
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Figure 5a shows geographical distributions of the anomalous poleward heat flux as-

sociated with the entire PWs [V7*T%*], that tends to be induced by BHs at individual ge-

ographical locations. Upward PW propagation tends to be enhanced with the maturity of

BHs over North America, the North Atlantic, northern Europe and western Russia (yel-

low shading in Fig. 5a), while it tends to be suppressed with BHs that develop over the

western Pacific and Far East (blue shading). Comparison between Figs. 5b and 5c re-

veals that the geographical dependency shown in Fig. 5a arises mainly from the contri-

bution from WNI1. Obviously, BHs developing over the climatological pressure ridge

over the Euro-Atlantic sector and the trough over the western Pacific both associated

with WNI1 of the climatological-mean tropospheric PW tend to enhance and suppress

upward propagation of WN1, respectively. Specifically, BH anomalies originating over

the North Pacific tend to retrograde slowly over the zonally-elongated climatologi-

cal-mean trough over the North Pacific and eastern Eurasia (Branstator 1987; Kushnir

1987; Takaya and Nakamura 2005b), yielding prolonged weakening of WN1 and asso-

ciated upward PW propagation.

Decomposition of [V*T*], as in Nishii et al. (2009) reveals that the anomalous

[V*T*], caused by BHs (Fig. 5a) over most of the regions over the Northern Hemi-

sphere tends to be dominated by contributions from interference terms ([V,*T.* +
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V.*T,*]; Fig. 5g) that represent modulations of the climatological-mean PWs by the

BHs and associated anomalies. The dominant contribution from the interference terms

is observed also in the anomalous upward propagation of WN1 and WN2 (Figs. 5b-c

and 5h-i). These suggest that an upward-propagating wave packet from a BH, which is

not necessarily one of the strongest, can effectively modulate the total PW fields and

their propagation into the stratosphere.

In contrast, BH anomalies that develop over the eastern North Pacific and Alaska can

induce no significant changes in the upward PW propagation (i.e., [V*T*], = 0 in Fig.

5a), as a consequence of the cancellation between a positive contribution from the

wave-packet term (Fig. 5d) and a negative contribution from the interference terms (Fig.

5g). For those BHs, the interference term itself also includes partial cancellation be-

tween a dominant negative contribution from WNI and a smaller positive contribution

from WN2 (Figs. 5h-i). As will be discussed in section 6c¢, it is case-dependent for BHs

over those two regions which contribution is dominant and thus whether the upward PW

propagation is enhanced or suppressed.

In Fig. 6a, anomalous time tendency in the polar stratospheric temperature is assigned

to a given location as an impact of the BH formation around that location that has been

obtained from our composite analysis. The horizontal pattern of the temperature ten-

16



dency is quite similar to that of [*7T*], shown in Fig. 5a. This similarity is understand-

able from a dynamical viewpoint where the intensity of stratospheric polar vortex can

be changed by the modulated activity of the upward propagating PWs. At the same time,

the similarity also confirms the substantial dependence of the modulations of the up-

ward PW propagation and their influence on the stratospheric polar vortex upon the ge-

ographical location of a BH relative to the geographical phase of the climatologi-

cal-mean PWs (Fig. 5a). Figure 6b indicates that a warm anomaly in the stratosphere

tends to follow the maturity of BHs over northern or eastern Canada or over the Barents

Sea, while the cool anomaly tends to be observed after the peak time of BHs over the

western North Pacific or the Far East (OKNO09; NNO10). In contrast to Fig. 6a, which

shows anomalous temperature fendency, however, the signature of the polar strato-

spheric temperature anomaly itself (Fig. 6b) is less significant, especially over the Eu-

ro-Atlantic sector. This is because significant negative anomalies are observed in the

polar stratospheric temperature even before the peak times of BHs over the subpolar

Euro-Atlantic sector (not shown). It remains unclear, however, whether the stratospheric

cool anomalies are favorable for triggering the tropospheric BH development over the

Euro-Atlantic Sector and central Canada in any significant manner.

5. Geographical distribution of BHs as precursors of extreme stratospheric anom-
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alies

Thus far, the sensitivity of stratospheric variability to BH locations has been investi-

gated through composite analysis of BH events. Table 1 indicates, however, that occur-

rence of SSW events is much less frequent than that of tropospheric BHs, which sug-

gests that some other factors should be involved in triggering the occurrence of those

stratospheric events. It is thus instructive to identify preferred geographical locations of

BHs that precede stratospheric extreme events. Red crosses in Fig. 7a and blue circles in

Fig. 7b correspond to the anticyclonic anomaly centers of BHs observed in the periods

prior to the major SSW events and the strong vortex events (Table 1), respectively. Ob-

viously, the major SSW events tend to follow the maturity of BHs almost exclusively

over North America, the North Atlantic and northern Europe, where [V*T%*], is positive

associated with the BHs (yellow shading). The only exception is the eastern North Pa-

cific, where [V*T*], is nearly zero but with strongly positive [V,*T,*], (Fig. 5d). In

contrast, SSWs are quite unlikely to follow the maturity of BHs over the western North

Pacific and Far East, which tend to yield negative [V*T*], (blue shading).

The BH distribution associated with the SSWs shown in Fig. 7a is overall consistent

with a map of composited 250-hPa height anomalies (Fig. 7e) prior to all the SSW

events listed in Table 1. In the composite, anticyclonic anomalies are significant over
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northwestern Canada and the North Atlantic. In those regions, the climatological-mean

PW ridges are situated, and the PWs and their upward propagation can be intensified by

the development of a BH (Fig. 5a). In contrast, the composited upper-tropospheric

anomalies are cyclonic and collocated with the climatological-mean PW trough over the

western North Pacific and Far East, which is consistent with the absence of BHs that

lead to any of the major SSW events listed in Table 1. Rather, the strong vortex events

listed in Table 1 follow the development of the BHs over the Far East, where [V*T%*],

tends to be negative associated with the maturity of BHs (blue circles over light blue

shading in Fig. 7a). This is again consistent with a composite map of 250-hPa anomalies

prior to the strong vortex events in Table 1 (Fig. 7f), where a pronounced positive

anomaly is found over the Far East. Over central Canada and the subpolar North Atlan-

tic, BHs are not observed before the strong vortex events (Fig. 7b), where composited

anomalies are cyclonic prior to the strong vortex events (Fig. 7f).

Martius et al. (2009) found that prior to SSWs of the vortex displacement type ac-

companied by the amplification of the stratospheric WN1, BH frequency tends to in-

crease over the Euro-Atlantic sector. They also found that BH formation tends to be

more frequent than in climatology over the central and eastern North Pacific and eastern

North America prior to SSWs of the vortex split type that accompany the amplification
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of both WN1 and WN2. Figures 7c and 7d indicate geographical locations at which BHs
tend to be followed by SSW events of the vortex displacement type (green crosses) and
split vortex type (purple circles), respectively. In good agreement with Fig. 1 of Martius
et al. (2009), the displacement-type SSWs are likely to follow BH development mainly
over the Euro-Atlantic sector, where BHs act to enhance WN1 propagation into the
stratosphere (yellow shading) in Figs. 5b and 7c¢, but unlikely over the western Pacific
and the Far East, where BHs act to suppress the upward WN1 propagation (blue shading
in Fig 7c). In contrast, the split type of SSWs tends to follow BH formation over Alaska
and northern Europe, which acts to amplify the upward WN2 propagation (yellow
shading in Figs 5c and 7d)*. Some of these distinctions in the tropospheric precursors
between the two types of SSWs are also seen in the composite anomaly fields of
250-hPa height in Figs. 7g-h. Even in the composite over all the major SSW events, for
example, anticyclonic anomalies are significant over the North Atlantic for the vortex
displacement type (Fig. 7g) and over North America for split vortex type (Fig. 7h). An-
other distinction is that the composited cyclonic anomalies over the North Pacific are
shifted southeastward for the vortex displacement type compared to the split vortex type,

which is consistent with more zonally-elongated PW trough over the Pacific with the

2 The case dependency of BHs over Alaska in amplifying PWs will be discussed in sec-
tion 6b.
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stronger WN1 component.

6. Discussions

a. Connections of our findings to previous studies

Tropospheric circulation anomalies that are related to extreme stratospheric events

have been identified in previous studies, and those anomalies are overall consistent with

our findings. BHs over the Barents Sea discussed in section 3a may be related to an up-

per-tropospheric anticyclonic anomaly observed during the onset and growing stages of

SSWs, as pointed out by Limpasuvan et al. (2004). Our composite analysis of tropo-

spheric anomalies associated with the major SSW events (Fig. 7e) is consistent with that

of Taguchi (2003), who found a tendency for tropospheric WN1 to amplify just before

SSW events in an atmospheric model. Similar anomaly structures have been found by

Garfinkel et al. (2010) in their composites for observed events of anomalously enhanced

upward PW propagation and by Kolstad and Charlton-Perez (2010) in their composites

for weak stratospheric polar vortex events in observations and climate models. The par-

ticular linkage of tropospheric circulation anomalies over the western North Pacific and

Far East with strong vortex events as revealed in this study (e.g., Figs. 7b and 7f) is in

good agreement with OKN09 and NNO10, and was already hinted in Limpasuvan et al.
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(2005), Kolstad and Charlton-Perez (2010) and Orsolini et al. (2011).

In section 5, we have presented distribution of BHs that occur prior to the major SSW

events (Fig. 7). A similar analysis was recently performed by Woollings et al. (2010;

their Fig. 13). Comparison of their analysis with ours is, however, not necessarily

straightforward, presumably because they focused on changes in the BH frequency as-

sociated with stratospheric variability.

b. Relative position of BHs to vertical waveguides for Rossby wave trains

Most of the BHs that modulate PW propagation, especially of the WNI, into the

stratosphere, are located poleward of the latitude of the largest amplitude of the clima-

tological-mean PWs (around 50°N; Fig. 5b), which may reflect the fact that the vertical

waveguide for PWs into the stratosphere is located around 60°N (Karoly and Hoskins

1982). A particularly strong positive contribution to [V,*7,*], from BHs over the east-

ern North Pacific (Fig. 5d) may arise from the tendency for anticyclonic anomalies as-

sociated with those BHs to attain the largest amplitudes (Fig. 1a), with their potential to

act as strong sources of upward-propagating Rossby wave packets. It may also arise

from the tendency for those wave packets to propagate upward effectively through a

zonally-confined vertical waveguide that reflects the three-dimensional structure of the

climatological-mean PWs (Nishii and Nakamura 2004; Nathan and Hodyss 2010).
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c. Case sensitivity of BHs over Alaska (62.5°N, 215 °E)

The composite analysis shown in Fig. 5a suggests that BHs over Alaska and the eastern

Pacific, as an ensemble, do not modify upward PW propagation significantly. This is

due to the cancelation between negative [V*7T*], by WN1 and positive [ V*T*], by WN2

both based on the composite analysis (Figs. 5b-c). Development of BHs over those two

regions nevertheless tends to precede split-type SSW events (Fig. 7d). In fact, Harada et

al. (2009) and Woollings et al. (2010) pointed out the importance of a BH signature

over Alaska before a split-type SSW event in January 2009, to which the stratospheric

WN2 contributed the most. Moreover, two events of Alaskan BH were consequently

observed before a split-type SSW event in February 1989 (Table 1). An Alaskan BH

developed, however, prior to a strong vortex event in late January 1984, suggesting that

the influence of BHs on the stratosphere can vary qualitatively depending on individual

BH events.

Out of the 30 strongest BH events observed around [62.5N, 215E] over Alaska,

which are used for our composite analysis, we chose 10 events with the strongest posi-

tive [V*T*], over the period (B) shown in Fig. 3a and another 10 events with the

strongest negative [ V*T*],. As shown in Figs. 8a-b, the composited BH anomaly for the

10 positive [V*T*], events tends to remain over Alaska during the 5-day period after its
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peak time. Staying over the climatological WN2 ridge, the BH can yield positive

[V *T.* + V.*T,*] through WN2. This contribution is strong enough to dominate over

the negative contribution from WN1 (Table 2), although the positive [V, *T.* + V. *T,*],

as a net, is not statistically significant over this period (blue line in Fig. 9a). In contrast,

the composited BH anomaly for the 10 negative [V*T*], events gradually retrogresses

into the climatological-mean PW trough over the Far East (Fig. 8d). As exemplified in

section 3b (Fig. 5b), a BH over this region tends to suppress the upward PW propaga-

tion. In addition, the BHs that yield negative [V*7*], tend to accompany a cyclonic

anomaly over the North Atlantic around its peak time, which also acts to weaken the

climatological-mean tropospheric WN1 ridge (Fig. 8c). Reducing the positive [V, *T.* +

V.*T,*] by WN2, the retrogressive BH anomaly thus contributes strongly to the nega-

tive interference term by weakening WN1 (Table 2). This negative term retains its sig-

nificance for about 15 days after the peak time (blue in Fig. 9b).

Another distinction between the two categories of the Alaskan BHs is found in the

anomalous wave packet term [V, *T,*],. While nearly zero for those BHs with negative

[V*T*],, this term is positive and even greater than the interference term [V,*7T.* +

V.*T,*] for the BHs with positive [V*T*],, particularly after two or three days after the

peak time (red in Fig. 9a), leading to the polar stratospheric warming (purple in Fig. 9a).
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The enhanced upward wave-packet propagation that yields positive [V, *T,*], tends to

be observed over western Canada and the North Atlantic (not shown) along a local

waveguide that connects the troposphere and stratosphere (Nakamura and Honda 2002).

Due to the weak geographical coherency of the tropospheric anomalies downstream of

those BHs, however, virtually no significant signature arises if composited (Fig. 8a).

A comparison between Figs. 8a and 8c reveals that the retrogressive BH anomaly

tends to have somewhat greater zonal extent than the stationary BH anomaly. Further

investigation is required on the causes of the two different types of time evolution of the

Alaskan BH.

d. Modulations in vertical structure of PW by BHs

Upward-propagating Rossby waves accompany poleward eddy heat flux, exhibiting a

westward phase tilt with height. Comparison of Figs. 4e and 4h, where the stratospheric

anticyclonic anomaly is to the west of the tropospheric BH anomaly over the Far East,

suggests that vertical phase lines of height anomalies tilt westward with height. This

structure is similar to Fig. 21 of NNO10 and consistent with positive [V,*T,*],. Though

less distinct, westward-tilting phase lines are observed in the composited height anoma-

lies for the BHs over the Barents Sea (Figs. 2e and 2h). Nevertheless, vertical tilting of

phase lines of the entire PW field (i.e., zonally asymmetric height field) differs qualita-
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tively between those BHs. They are tilting westward with height for the BH over the

Barents Sea, while virtually no tilting is observed in association with the BH over the

Far East (not shown). These phase structures are consistent with the enhanced or sup-

pressed [ V*T*], respectively.

The phase tilting can be inferred also from horizontal pattern correlation between me-

ridional wind and temperature fields. The same composite maps as in Fig. 5a, but con-

structed for the pattern correlations between V* and 7* (Fig. 10a) and between V,* and

T,* (Fig. 10b) both over the domain poleward of 45°N at the 100-hPa level exhibit quite

similar patterns to those of Figs. 5a and 5d, respectively. The positive V*-T* correlation

tends to be enhanced by BHs over Canada and the Euro-Atlantic sector but reduced by

BHs over the western North Pacific and Far East (Fig. 10a), whereas the positive

V,*T,* correlation tends to be increased only by BHs over the eastern North Pacific

and Alaska (Fig. 10b). These results indicate that the enhancement or suppression of the

entire PW and wave-packet propagation is largely a manifestation of changes in vertical

phase structures of the PW and BH anomalies, respectively. They also indicate that the

enhancement of the westward tilting of BH anomalies is not necessarily reflected in the

entire PW structures.

e. SSWs and BHs
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Taguchi (2008) could not find statistically significant relationship between SSWs and

BHs. In his analysis, BHs that amplify the WNI1 and/or 2 components of the tropo-

spheric PWs by more than 25 m were taken into account. The BHs identified in our

analysis either enhance or suppress the WN1 and 2 components of the tropospheric PWs,

on average, by more than 50 m (not shown). One may wonder whether the inclusion of

BHs that enhance PWs only modestly might reduce the statistical significance of the

BH-SSW linkage as in the analysis by Taguchi (2008). However, BH events at each

grid point analyzed in this study are observed, if any, at most only 2~3 times before the

20 SSW events listed in Table 1. The situation is qualitatively the same for the events of

extremely strong vortex in Table 1. Our results suggest that most of BHs do not precede

those extreme events, which may weaken the BH-SSW linkage in a statistical analysis.

Nevertheless, as consistent with Martius et al. (2009), every major SSW event is pre-

ceded by the occurrence of BH(s) anywhere in the extratropical Northern Hemisphere,

and so are most of the strong vortex events. Further investigation is required on the suf-

ficient condition for the occurrence of extreme stratospheric events.

7. Conclusions

In the present study, a particular framework developed by Nishii et al. (2009) is ap-
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plied to BH events observed all over the extratropical Northern Hemisphere, in order to

quantify the contribution from the interference between Rossby wave packets propa-

gating upward from BHs and the climatological-mean PWs to the anomalous upward

PW propagation into the stratosphere. We also have assessed the relative importance

between the particular interference and the wave-packet propagation in modulations of

the upward PW propagation into the stratosphere. The importance of this interference

has been pointed out and discussed qualitatively in some of the recent studies on BH

influence on stratospheric variability (e.g., Martius et al. 2009; Woollings et al. 2010).

Our analysis indicates that modulations of the three-dimensional structure of the PWs

and the stratospheric polar vortex are sensitive to the BH location relative to the geo-

graphical phase of the climatological-mean tropospheric PW. We have revealed that

tropospheric BHs around the pressure ridges of the tropospheric climatological-mean

PWs over North America, the North Atlantic, Europe and western Russia tend to en-

hance upward PW propagation and thereby warm the polar stratosphere (Figs. 5 and 6).

We have also revealed that BHs developing around a prominent PW trough over the

western Pacific and the Far East tend to suppress the upward PW propagation and

thereby cool the polar stratosphere. Weaker influence on the stratospheric temperature

tends to be exerted, on average, by BHs developing over Alaska and the eastern North
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Pacific, as their influence is case-sensitive. Specifically, a BH that is almost stationary

tends to cause warming in the polar stratosphere, whereas a BH that slowly retrogresses

towards the climatological-mean PW trough tends to cause the stratospheric cooling.

We have also demonstrated that BHs over the western North Pacific and Far East are

unlikely to give rise to SSWs but more likely to the intensification of the stratospheric

polar vortex. We argue that the inclusion of those BHs that tend to induce stratospheric

cooling may be one of the reasons for weak or no statistical linkage between SSWs and

BHs analyzed in the previous studies. It should be pointed out that most of the BHs that

enhance PW propagation into the stratosphere do not nevertheless precede any major

SSWs. There must be some factors other than BH development for the occurrence of a

major SSW event. The present study suggests that better representation of both the cli-

matological-mean PWs and BH development at every geographical location in a fore-

cast model may be necessary for the further improvement in the prediction of the strat-

ospheric variability and its subsequent influence on the troposphere.
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Appendix A. Identifying BH events

Our definition of a BH event is following Nakamura et al. (1997). For each of the re-

analysis grid points ("a reference grid point"), the anticyclonic anomaly center in

250-hPa geopotential height observed within 500 km of that grid point was recorded

every day over the 29 winter seasons (NDJFM). The 30 strongest events of the positive

anomalies were then identified as BH events for the particular grid point. The peak time

of a given BH event was defined as the day when the 250-hPa height anomaly at the BH

center reached its minimum. This manipulation was repeated for all the grid points

north of 30°N.

To construct Fig. 2 and Figs. 4-7, we composited the fields relative to the peak times

of the 30 strongest anomaly events for a given reference grid point. First, the 250-hPa

height anomaly fields at the peak times of the 30 events were composited without any

other manipulations. The center of the composited anomaly was regarded as a “target”

anomaly center. The entire fields for the individual events were then shifted slightly

before being composited. The shifting was performed in such a manner that the

strongest anticyclonic anomaly in 250-hPa height for each of the events coincided with

the “target” anomaly center. This shifting was performed by rotating each of the fields

along a great circle that connects the prescribed “target” anomaly center and the primary
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250-hPa anomaly center at the peak time of a particular event. This translation should

not lead to any serious loss of geographical identities of the composited signatures,

since the shifting was less than 500 km, i.e., substantially less than the horizontal scale

of a BH. This translation was applied in order to retain the sharpness of the composited

signatures. For each of the BH events observed around a given reference grid point, the

same translation was applied to all variables for all time-lags relative to the peak time of

the event. As can be seen in the composited maps, the composited 250-hPa height

anomaly center at the peak time does not necessarily coincide with the reference grid

point. For constructing the composited time series plotted in Fig. 3, a time series of a

given variable had been obtained for each of the BH events, which was then composited

relative to the peak time.
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Appendix B. Comparison with other definitions of BHs

As explained in Appendix A, our identification of a BH event is based on amplitudes

of low-pass-filtered height anomalies, and therefore our events may have to be called

"high-amplitude persistent anomaly events” (cf., Dole and Gordon 1983). In this appen-

dix, those events identified in this study are checked whether they really have charac-

teristics of BHs. A distinctive characteristic of a BH is local weakening and splitting of

the westerlies. Sumner (1954) focused on a cutoff anticyclonic flow configuration in

500-hPa height and sea-level pressure fields as characteristics of a BH. The particular

flow configuration is associated with a local maximum in the total height (or pressure)

field surrounded by closed contours, with the local easterlies to the south of the maxi-

mum. In this study, we only use 500-hPa height fields for identifying cutoff anticy-

clones. For each of the high-amplitude anomaly events identified around a given refer-

ence grid point, we checked whether the anomaly accompanies a positive local maxi-

mum in the 8-day low-pass-filtered 500-hPa total height field within 1500 km of the

reference grid point in the three-day period centered at the peak time of a particular

event (lags of 0 and =1 days). Figure 1b shows the percentages of our high-amplitude

anticyclonic anomaly events that accompany a cutoff-high configuration for the indi-

vidual reference grid points. Most of our events over the North Atlantic, northern Eu-
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rope, the subpolar Far East and the eastern North Pacific are found to accompany cutoff

anticyclones. In contrast, cutoff anticyclones are less likely to be observed in associa-

tion with anomaly events over the mid-latitude regions from the Mediterranean to the

western North Pacific and over the eastern portion of North America, where the anticy-

clonic anomalies are unlikely to attain particularly large amplitudes (Fig. 1a).

Persistent large-scale Rossby wave breaking at the tropopause level is another essen-

tial aspect of BHs (Nakamura et al 1997; Pelly and Hoskins 2003; Woollings et al.

2008). In our analysis, the breaking was identified as the reversal of the local meridional

gradient of a potential temperature on the surface of 2 potential vorticity (PV) unit by

comparing area-averaged potential temperature between a pair of meridionally adjacent

boxes in size of 5° in longitude and 15° in latitude (see Fig. 2 of Pelly and Hoskins 2003

for a schematic diagram). For a given anomaly event, the breaking signature was

searched within 2000 km of the primary anticyclonic anomaly center at the peak day,

and we recorded persistent breaking events that had been observed consecutively over 5

days or longer around the peak time. For a technical reason, the occurrence of breaking

was checked only for anomaly events observed between 40°N and 75°N. As shown in

Fig. 1c, most of the anomaly events (over 90%) in mid- and high latitudes accompany

wave breaking. Figures 1b and 1c suggest that in most of the polar and subpolar regions

34



over the Northern Hemisphere, the large-amplitude anticyclonic anomaly events identi-

fied in our analysis exhibit the characteristics of BHs. The only exception is central and

eastern Canada. Nevertheless, the majority of the events still exhibit the characteristics

of BHs.
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Table 1. Central dates of major SSW events of the vortex displacement type and vortex

split type and of the events of the extremely strong vortex for the Northern Hemi-

sphere.

Vortex  displacement

SSW (11 events)

Vortex split type SSW (9

events)

Extremely strong vortex

(15 events)

29 February 1980
6 February 1981
4 December 1981
24 February 1984
23 January 1987
20 March 2000
31 December 2001
21 January 2006
24 February 2007
22 February 2008
14 March 2008

1 January 1985

8 December 1987
14 March 1988

21 February 1989
15 December 1998
26 February 1999
11 February 2001
18 January 2003

7 January 2004

29 December 1980
8 February 1980
11 January 1983
31 January 1984
26 February 1986
13 February 1988
19 January 1989
7 January 1990
28 January 1993
2 March 1994

12 March 1995

7 February 1996
25 March 1997
10 January 2000
11 February 2005
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Table 2. Poleward eddy heat fluxes composited separately for the two categories of BH

events over Alaska (62.5N, 215E), 10 events with strongest positive [V*T*], (upper)

averaged over the period (B) in Fig. 3a, and another 10 events with strongest negative

[V*T*],. (lower).

Tl | Walala | VTt VeTa] | [VaTet VT J(WNL) | [VoI AV T, J(WN2)

Positive [V'T], 7.8 5.4 2.4 3.5 5.8

Negative [V'T], -7.1 0.9 -8.1 -9.8 1.0
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Figure captions

Figure 1. (a) Distribution of the mean amplitude of the primary anomaly in 250-hPa

height for the 30 strongest anticyclonic events (“BH” events) observed around a given

grid point (shading: m), superimposed on the zonally asymmetric component of the

250-hPa climatological-mean height in winter (contour; unit: m). (b) Fraction (%) of

BH events that accompany cutoff anticyclones out of the 30 events observed around a

given location. See Appendix B for details. (c) As in (b) but for the fraction of BH

events that accompany Rossby wave breaking. The occurrence of the breaking was not

checked where shading is not applied.

Figure 2. (a) Anomaly fields (black lines for every 2K; dashed for negative; no zero

lines) of 50-hPa temperature composited for 5 days before the peak time of the 30 BH

events observed around the Barents Sea (75°N, 42.5°E; denoted by a green dot). Signif-

icant positive and negative anomalies in 50-hPa temperature at the 95% confidence lev-

el based on the t-statistic are indicated with yellow and light blue shading, respectively.

(b-c) Same as in (a), but for (b) the peak times of the BH events and (c) 5 days after the

peak times. (d-f) Same as in (a-c), respectively, but for the composited 30-hPa height

anomaly of 30-hPa height (black lines for every 50 m; dashed for negative; zero lines
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omitted). Horizontal component of the wave-activity flux based on the composited
anomalies at the 30-hPa level is indicated by red arrows (with the reference magnitude
(m” s?) at the bottom of (f). Upward component of the corresponding flux across the
100-hPa level exceeds 0.001 m”s™ in the region surrounded by heavy blue lines. (g-i)
Same as in (d-f), respectively, but for 250-hPa height anomaly.. The reference magni-

tude of the horizontal component of 250-hPa wave-activity flux is at the bottom of (i).

Figure 3. (a) Composited time series for the 30 BH events over the Barents Sea (75°N,
42.5°E). Black, red and blue lines indicate [V*T*], , [V,*T,*], and [V, *T.* + V. *T,*] at
the 100-hPa level averaged poleward of 45°N (left axis: K m s™), respectively, and a
purple line represents 50-hPa temperature anomaly averaged poleward of 70°N (right
axis: K). Anomalies that are significant at the 95% confidence level are highlighted with
dots. Arrows and labels show periods for (A) lag -10 to -1 days, (B) lag +1 to +10 days,
(C) lag +11 to +20 days of the peak time. (b) Same as (a), but for the subpolar Fat East

(65°N, 167.5°E).

Figure 4. Same as in Fig. 2, but for 30 BH events over the subpolar Far East (65°N,

167.5°E).
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Figure 5. (a) Area-averaged [V*T*], poleward of 45°N averaged over the period (B)
(shown in Fig. 3a) composited for the 30 BH events observed around a given location.
Contour interval is 2 K m s™ (black lines; dashed for negative; zero lines omitted). Sig-
nificant positive (negative) values of [V*T*], at the 95 % confidence level based on the
t-statistic are indicated by yellow (blue) shading. See text for details. Red contours are
for deviations of climatological-mean 250-hPa geopotential height from its zonal mean
(solid for 100 m; dashed for -100 m). (b-c) Same as in (a), but for [V*T*], associated
only with (b) WN1 and (c) WN2, respectively. Red contours indicate the climatologi-
cal-mean 250-hPa geopotential height (solid for 100 m; dashed for -100 m) associated
only with (b) WNI1 and (c) WN2. (d) Same as in (a), but for the interference term
([V*T.* + V. *T,*]). (e-f) Same as in (d), but for the wave-packet term [V, *T,*], asso-
ciated only with (¢) WNI and (f) WN2. In each of panels, dots denote the centers of

BHs exemplified in section 3.

Figure 6. (a) Same as in Fig. 3a, but for anomalous time tendency in composited
50-hPa temperature (contoured for every 2K) poleward of 70°N, as inferred as the dif-

ference between the two periods (C) and (A) shown in Fig. 3a. Dark (light) shading de-
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notes significant positive (negative) tendency at the 95 % confidence level based on the

t-statistic. (b) Same as in (a), but for the composited 50-hPa temperature anomaly aver-

aged over the period (C) as shown in Fig. 3a.

Figure 7. (a) Red crosses denote grid points where BHs are observed within the period

between lags -10 and -1 days relative to the central days of the major SSW events. The

shading is the same as in Fig. 5a, but positive and negative anomalies are represented

with yellow and blue shading, respectively. (b) Blue circles denote BHs detected within

the period between lags -10 and -1 days relative to the peak days of the strong vortex

events. (c) Green crosses are for BHs detected within the period between lags -10 and -1

days relative to the central days of the displacement type SSWs. The shading is the

same as in Fig. 5b. (d) As in (c), but for the split type SSWs (purple circles). The shad-

ing is the same as in Fig. 5c. (¢) Map of 250-hPa geopotential height anomaly composed

for the all the major SSW events listed in Table 1, based on averages over the period

-10 days to -1 day relative to the the central dates of the SSWs. Contour interval is 50 m

(dashed for negative; zero lines omitted). Heavy contours represent total 250-hPa height

(9800 and 10200 m). (f-h) Same as in (e), but for the (f) strong vortex events, (g) dis-

placement-type SSWs and (h) split-type SSWs, respectively, as listed in Table 1.
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Figure 8. (a) Same as in Fig. 2h, but for 10 BH events over Alaska (62.5°N, 215°E) that

accompany strongest positive [V*7T*],. (b) Same as in (a), but for the lag of +5 day. (c)

Same as in (a), but for another 10 BH events that accompanies strongest negative

[V*T*],. (d) Same as in (c), but for the lag +5 day.

Figure 9. (a) As in Fig. 3a, but for 10 BH events over Alaska (62.5°N, 215°E) that ac-

company strongest positive [V*T*],. (b) As in (a), but for another 10 BH events that

accompany strongest negative [ V*7%*],,.

Figure 10. (a) As in Fig. 5a, but for composited anomalies for the pattern correlation

between V* and T* over the domain poleward of 45°N at the 100-hPa level. (b) As in

(a), but for pattern correlation between V,* and T,*.
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(a) amplitude & variance (b) cutoff high (%) (c) breaking (%)
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Figure 1. (a) Distribution of the mean amplitude of the primary anomaly in 250-hPa
height for the 30 strongest anticyclonic events (“BH” events) observed around a given
grid point (shading: m), superimposed on the zonally asymmetric component of the

250-hPa climatological-mean height in winter (contour; unit: m). (b) Fraction (%) of

50



BH events that accompany cutoff anticyclones out of the 30 events observed around a

given location. See Appendix B for details. (¢c) As in (b) but for the fraction of BH

events that accompany Rossby wave breaking. The occurrence of the breaking was not

checked where shading is not applied.

(a) T50 lag -5 (b) T50 lag O (c) T50 lag +5

Figure 2. (a) Anomaly fields (black lines for every 2K; dashed for negative; no zero

lines) of 50-hPa temperature composited for 5 days before the peak time of the 30 BH
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events observed around the Barents Sea (75°N, 42.5°E; denoted by a green dot). Signif-
icant positive and negative anomalies in 50-hPa temperature at the 95% confidence lev-
el based on the t-statistic are indicated with yellow and light blue shading, respectively.
(b-c) Same as in (a), but for (b) the peak times of the BH events and (c) 5 days after the
peak times. (d-f) Same as in (a-c), respectively, but for the composited 30-hPa height
anomaly of 30-hPa height (black lines for every 50 m; dashed for negative; zero lines
omitted). Horizontal component of the wave-activity flux based on the composited
anomalies at the 30-hPa level is indicated by red arrows (with the reference magnitude
(m” s?) at the bottom of (f). Upward component of the corresponding flux across the
100-hPa level exceeds 0.001 m*s™ in the region surrounded by heavy blue lines. (g-i)
Same as in (d-f), respectively, but for 250-hPa height anomaly.. The reference magni-

tude of the horizontal component of 250-hPa wave-activity flux is at the bottom of (i).
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Figure 3. (a) Composited time series for the 30 BH events over the Barents Sea (75°N,
42.5°E). Black, red and blue lines indicate [V*T*], , [V, *T,*], and [V, *T.* + V.*T,*] at
the 100-hPa level averaged poleward of 45°N (left axis: K m s™), respectively, and a
purple line represents 50-hPa temperature anomaly averaged poleward of 70°N (right
axis: K). Anomalies that are significant at the 95% confidence level are highlighted with
dots. Arrows and labels show periods for (A) lag -10 to -1 days, (B) lag +1 to +10 days,
(C) lag +11 to +20 days of the peak time. (b) Same as (a), but for the subpolar Fat East

(65°N, 167.5°E).
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(a) T50 lag -5 (b) T50 lag O (c) T50 lag +5

Figure 4. Same as in Fig. 2, but for 30 BH events over the subpolar Far East (65°N,

167.5°E).
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(b) [VT]a WN1
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(c) [VT]a WN2

Figure 5. (a) Area-averaged [V*T*], poleward of 45°N averaged over the period (B)
(shown in Fig. 3a) composited for the 30 BH events observed around a given location.
Contour interval is 2 K m s (black lines; dashed for negative; zero lines omitted). Sig-
nificant positive (negative) values of [V*T*], at the 95 % confidence level based on the
t-statistic are indicated by yellow (blue) shading. See text for details. Red contours are

for deviations of climatological-mean 250-hPa geopotential height from its zonal mean
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(solid for 100 m; dashed for -100 m). (b-c) Same as in (a), but for [V*T*], associated

only with (b) WN1 and (c) WN2, respectively. Red contours indicate the climatologi-

cal-mean 250-hPa geopotential height (solid for 100 m; dashed for -100 m) associated

only with (b) WNI1 and (c) WN2. (d) Same as in (a), but for the interference term

([V*T.* + V. *T,*]). (e-f) Same as in (d), but for the wave-packet term [V, *T,*], asso-

ciated only with (¢) WNI and (f) WN2. In each of panels, dots denote the centers of

BHs exemplified in section 3.
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(a) Ta50 tendency (b) Ta50 after BH peak
. >

Figure 6. (a) Same as in Fig. 3a, but for anomalous time tendency in composited

50-hPa temperature (contoured for every 2K) poleward of 70°N, as inferred as the dif-

ference between the two periods (C) and (A) shown in Fig. 3a. Dark (light) shading de-

notes significant positive (negative) tendency at the 95 % confidence level based on the

t-statistic. (b) Same as in (a), but for the composited 50-hPa temperature anomaly aver-

aged over the period (C) as shown in Fig. 3a.
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(b) strong vortex (c) displacement (d) split

= ; .,-;M Rt ,/ o
¢ £ J /

Figure 7. (a) Red crosses denote grid points where BHs are observed within the period

between lags -10 and -1 days relative to the central days of the major SSW events. The

shading is the same as in Fig. 5a, but positive and negative anomalies are represented

with yellow and blue shading, respectively. (b) Blue circles denote BHs detected within

the period between lags -10 and -1 days relative to the peak days of the strong vortex

events. (c) Green crosses are for BHs detected within the period between lags -10 and -1

days relative to the central days of the displacement type SSWs. The shading is the

same as in Fig. 5b. (d) As in (c), but for the split type SSWs (purple circles). The shad-

ing is the same as in Fig. 5c. (¢) Map of 250-hPa geopotential height anomaly composed

for the all the major SSW events listed in Table 1, based on averages over the period

-10 days to -1 day relative to the the central dates of the SSWs. Contour interval is 50 m

(dashed for negative; zero lines omitted). Heavy contours represent total 250-hPa height
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(9800 and 10200 m). (f-h) Same as in (e), but for the (f) strong vortex events, (g) dis-

placement-type SSWs and (h) split-type SSWs, respectively, as listed in Table 1.
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(a) Z250 lag 0 pos (b) Z250 lag +5 pos

<

Figure 8. (a) Same as in Fig. 2h, but for 10 BH events over Alaska (62.5°N, 215°E) that

accompany strongest positive [V*7T*],. (b) Same as in (a), but for the lag of +5 day. (c)

Same as in (a), but for another 10 BH events that accompanies strongest negative

[V*T*],. (d) Same as in (c), but for the lag +5 day.
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(a) With positive [V*T*]a (b) With negative [V*T*]a
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Figure 9. (a) As in Fig. 3a, but for 10 BH events over Alaska (62.5°N, 215°E) that ac-
company strongest positive [V*T*],. (b) As in (a), but for another 10 BH events that

accompany strongest negative [ V*T*],.

61



(a) V*-T* correlation (b) Va*-Ta* correlation

Figure 10. (a) As in Fig. 5a, but for composited anomalies for the pattern correlation
between V* and T* over the domain poleward of 45°N at the 100-hPa level. (b) As in

(a), but for pattern correlation between V,* and T,*.
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