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The variations of tropospheric blockings and their connections with the stratospheric polar
vortex during different stages of the life cycle of extreme stratospheric polar vortex events
(i.e. strong vortex (SV) events and weak vortex (WV) events) are investigated. The blocking
frequency decreases over the Euro-Atlantic sector and increases over the western North
Pacific during the onset and maturation stages of SV events. There are more blocking
days over the western North Pacific and weakened upward planetary wave fluxes in the
stratosphere during the maturation stage of shorter time-scale SV events than during longer
time-scale SV events and the weakening of the upward planetary wave fluxes mainly results
from the linear wave interference effect. The blocking frequency is increased over the Euro-
Atlantic sector during the decline stage of SV events. This increase is found to be related to
the descending stratospheric zonal wind anomalies and the poleward displacement of the
eddy-driven jet stream, which lasts for about 10 days and is associated with the descending
positive stratospheric Northern Annular Mode (NAM) anomalies. The increased blocking
frequency leads to an enhancement of the planetary wave fluxes in the stratosphere via
both the linear wave interference (for shorter time-scale SV events) and nonlinear wave
interference (for longer time-scale SV events) effect.

The changes of the blocking frequency during the growth stage of WV events are
almost opposite to those observed during the onset and maturation stages of SV events.
The blocking frequency decreases over the Euro-Atlantic sector after the central dates of
WYV events, which are related to the descending stratospheric zonal wind anomalies and
the equatorward displacement of the eddy-driven jet stream preceded by the descending
negative stratospheric NAM anomalies about 10 days. We found that the nonlinear wave
interference begins to make a considerable contribution to the weakening of the upward
wave fluxes in the stratosphere after the central date of WV events and this is not emphasized
in previous literature.
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1. Introduction shuffling method to examine possible connections between major

stratospheric sudden warming (SSW) and tropospheric blocking

The dynamical linkage between the stratospheric polar vortex and
tropospheric blockings is a debated topic that has been widely
discussed for many years. Several authors have demonstrated
an interaction between the stratospheric polar vortex and
tropospheric blockings (Quiroz, 1986; Mukougawa et al., 2005;
Kuroda, 2008; Martius et al., 2009; Castanheira and Barriopedro,
2010; Nishii etal., 2010, 2011; Woollings et al., 2010; Vial etal.,
2013; Davini etal., 2014a). However, it is not easy to determine
an obvious connection between the stratospheric polar vortex
and tropospheric blockings. Taguchi (2008) used a random
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events and he found no evident variations in preference of
blocking events in the pre-SSW period and in the occurrence
and duration of blocking events in the post-SSW period. Part
of the less obvious relationship between them is due to strong
variability in blocking activity during extreme stratospheric polar
vortex events. Thus, it is worthwhile to re-examine the connection
between the stratospheric polar vortex and tropospheric blockings
in more detail.

The stratospheric polar vortex, which is a belt of strong
circumpolar westerly winds over the polar region, plays a critical
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role in the dynamical coupling between the stratosphere and
troposphere (Hartley et al., 1998; Baldwin and Dunkerton, 1999,
2001; Thompson etal., 2002; Black, 2002; Black and McDaniel,
2004; Limpasuvan et al., 2004, 2005; Charlton and Polvani, 2007;
Kolstad etal., 2010; Mitchell etal., 2013; Xie etal., 2016; Zhang
etal,, 2016). Significant stratospheric anomalies in the polar
stratosphere (e.g. temperature anomalies, zonal wind anomalies)
are often followed by corresponding tropospheric anomalies
and there are significant variations in the upward propagation of
planetary waves from the troposphere when the wind strength and
wind direction of the stratospheric polar vortex undergo strong
variations (Andrews et al., 1987; Baldwin and Dunkerton, 2001;
Polvani and Kushner, 2002; Wang and Chen, 2010; Hitchcock
and Simpson, 2014). Strong variations in the stratospheric polar
vortex are usually referred to as extreme stratospheric polar
vortex events, which can be divided into two types based on
the index of the Northern Annular Mode (NAM) or Arctic
Oscillation (AO) (Thompson and Wallace, 1998; Baldwin and
Dunkerton, 2001) or the zonal-mean zonal wind (Limpasuvan
etal., 2004), polar cap geopotential height anomalies (Kolstad
etal., 2010), polar cap temperature anomalies (Nakagawa and
Yamazaki, 2006) and so on. The weak vortex and strong vortex
(WV and SV) events can be determined based on the anomalous
values in the aforementioned variables, most commonly, negative
values of NAM or AO correspond to WV events, and positive
values correspond to SV events (Baldwin and Dunkerton, 2001).
WYV events are characterized by a weakening of the polar vortex,
with a warming stratospheric temperature and an increase in
geopotential height over the polar region, vice versa for SV events
(Limpasuvan et al., 2004, 2005; Kuroda, 2008). Some WV events
are also referred to as SSW events (Matsuno, 1971) in which the
10 hPazonal-mean westerlies at 60°N undergo a reversal, followed
by a remarkable increase in the polar stratospheric temperature
over a short period of time (Mcintyre, 1982). WV and SV events
are associated with variations in upward fluxes of planetary waves
consisting primarily of zonal wave-numbers 1 and 2 from the
troposphere (Charney and Drazin, 1961; Matsuno, 1971; Perlwitz
and Graf, 2001; Limpasuvan et al., 2004, 2005; Chen et al., 2005).

Many previous studies have noted that the anomalous upward
fluxes of planetary waves from the troposphere to the stratosphere
are closely related to tropospheric blockings (Quiroz, 1986;
Mukougawa and Hirooka, 2004; Kuroda, 2008; Martius etal.,
2009; Castanheira and Barriopedro, 2010; Nishii etal., 2010,
2011; Woollings etal., 2010; Vial et al., 2013; Ayarzaguena et al.,
2015). On the other hand, Marshall and Scaife (2010) found
that the predictability of stratospheric warmings and Atlantic
blocking signatures can be improved when the stratosphere was
better represented in a numerical model, implying a role of
the stratosphere in the evolution of tropospheric blockings. In
addition, the geographic location of tropospheric blockings is
important in the occurrence of WV and SV events because
the influence of tropospheric blockings on the upward fluxes
of planetary waves exhibits regional differences. For instance,
Martius etal. (2009) showed that the blocking tends to be
detected over the Atlantic basin and enhances the upward
fluxes of planetary waves before SSW events. Castanheira and
Barriopedro (2010) detected an enhancement of the amplitude
of planetary wave-1 at 100 hPa during Euro-Atlantic blocking
events accompanied by a decrease in NAM index at 50 hPa and
an enhancement of the amplitude of planetary wave-2 at 100 hPa
during Pacific blocking events accompanied by an increase in
NAM index at 50 hPa. Nishii etal. (2011) revealed the influence
of the Euro-Atlantic blocking events and western Pacific blocking
events on the upward fluxes of planetary waves by applying
the linear interference between climatological and anomalous
planetary waves related to blocking. The linear wave interference
includes the reduced or enhanced amplitude of planetary waves
due to the anti-phase or in-phase superposition of climatological
and anomalous waves. Many of the abovementioned studies
analysed the effects of tropospheric blockings on planetary waves
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prior to WV or SV events based on composites of blocking
events. However, the details of the evolution of tropospheric
blockings during different stages of the life cycle of WV and
SV events remain unclear. In addition, the mechanisms through
which tropospheric blockings affect the stratospheric polar vortex
during different stages of the life cycle of WV and SV events are
also not fully understood.

Conversely, WV and SV events may also influence tropospheric
blockings at a later stage, which has been established by some
authors (i.e. Woollings etal, 2010; Kodera etal., 2013; Lu
and Ding, 2013; Vial etal., 2013; Davini etal., 2014a). Several
mechanisms have been proposed to explain how WV and SV
events affect tropospheric blockings, for example, by modulating
the tropospheric eddy-driven jet displacements (Davini efal.,
2014a), by affecting the North Atlantic Oscillation (NAO) (e.g.
Shabbar et al., 2001; Barriopedro et al., 2006; Croci-Maspoli et al.,
2007; Vial et al., 2013), and by reflecting the upward propagating
planetary waves following the weakening of the stratospheric
polar vortex (Kodera etal., 2013). Some other studies found
that the upward fluxes of planetary waves are weakened and
enhanced during the later stage of WV and SV events, respectively
(Limpasuvan et al., 2004, 2005; Kuroda, 2008). It is apparent from
these abovementioned studies that there is an interaction between
extreme stratospheric polar vortex events and tropospheric
blockings. However, the coupling mechanisms between them
are not straightforward and some questions remain, e.g. is it
possible that the tropospheric blockings that are altered due to
descending anomalies from the stratosphere affect the variation
in the upward fluxes of planetary waves during the later periods
of WV and SV events? If so, are the vertical wave activity flux
anomalies in the later periods of the two types of events still
dominated by the linear interference between climatological and
anomalous waves related to the blockings?

In this study, we attempt to show more details of the evolution
of the tropospheric blockings at each stage of WV and SV events.
We also attempt to clarify the role of wave interference effects in
the process of the dynamical coupling between the tropospheric
blockings and the stratospheric polar vortex in different stages
of the life cycle of WV and SV events. This article is structured
as follows: section 2 presents the data and methodology; sections
3—5 present the main results; and section 6 provides a summary
of this work.

2. Dataand methods

The National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
datasetis used in this study. The dataset has a horizontal resolution
of 2.5° x 2.5° and 17 pressure levels from 1000 to 10 hPa. Sixty-
five extended winters (November to March) are analysed from
1948 to 2013. The anomalies presented in this study are computed
as deviations from the daily climatological annual cycle. A 31-day
running-mean is performed on daily climatology to obtain a
smoothed annual cycle.

The variability of the stratospheric polar vortex is evaluated
using the NAM index (Baldwin and Dunkerton, 2009).Variability
in the strength of the stratospheric polar vortex is defined on the
basis of the leading principal component (PC) time series of the
daily zonal mean geopotential height anomalies at 10 hPa during
the extended wintertime (November—March). We define SV and
WYV events by requiring the 10 hPa NAM index to be above 1
and below —1 standard deviation, respectively, for at least 15
consecutive days. The choice of 1 standard deviation represents a
reasonable trade-off between event strength and sample size. The
persistence criterion ensures that the NAM anomalies associated
with the SV and WV events have enough time to extend toward
the troposphere. Based on this approach, 29 SV events and 41 WV
events are identified (as shown in Table 1). The central date of a
SV or WV event (referred to as day 0) is the day with a maximal
absolute value of the 10 hPa NAM index. The composite average
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Table 1. Central date of SV events and WV events at 10 hPa. event is identified when the following condition is fulfilled:

Central date, strong vortex events Central date, weak vortex events Aeqw <0, Aplw > —10m/ °lat. (3)

12 January 1951
10 February 1954
16 February 1956
15 March 1960

30 December 1961
10 February 1964
27 February 1967
27 March 1968

09 February 1974
11 January 1976
16 January 1979
26 December 1979
09 January 1981
10 January 1983
28 January 1984
12 February 1988
19 January 1989
28 December 1989
18 January 1993
12 March 1995

30 December 1995
19 March 1997

13 January 2000
18 January 2005
10 December 2006
10 January 2009
10 January 2010
16 March 2011

26 February 1952
20 March 1954

08 February 1957
07 February 1958
04 December 1958
19 March 1959

19 January 1960
22 December 1960
16 March 1961

30 January 1963
20 March 1964

20 December 1965
11 January 1968
04 December 1968
05 January 1970
20 January 1971
04 February 1973
25 December 1976
11 January 1977
01 March 1980

03 March 1984

31 December 1984
26 January 1987
12 December 1987
14 March 1988

23 February 1989
05 February 1995
08 January 1998

12 December 2011 18 December 1998
08 March 1999

20 December 2000
30 December 2001
18 February 2002
18 January 2003
09 January 2004
16 March 2005

26 January 2006
29 January 2009
30 January 2010
23 January 2012
17 January 2013

of these 29 and 41 events is used to represent the life cycle of the
SV and WV events, respectively. As in Limpasuvan et al. (2004),
we present the life cycle by dividing it into five 15-day average
intervals that reflect the onset (days —37 to —23), growth (days
—22 to —8), maturation (days —7 to +7), decline (days +8 to
+22), and decay (days 423 to +37) of a typical SV or WV event.
The negative and positive signs indicate days prior to and after
the central date, respectively. It should be pointed out that we
also identified the SV and WV events based on the method in
Limpasuvan etal. (2004, 2005) and found that the composited
results are not sensitive to the methods for identifying SV and
WYV events.

The definition of the blocking index combines the traditional
approaches used by Tibaldi and Molteni (1990) and the modified
approaches of Scherrer etal. (2006) which can be applied in
both latitude and longitude. The bi-dimensional index is based
on the 500 hPa geopotential height gradient. The equatorward
and poleward meridional gradients of geopotential height are
estimated as follows, respectively.

_ Z500(1o, $0) — Z500(, 5)

AEW_ b 1

d ¢O_¢s ( )
Z500(Ag, ¢n) — Z500( Ao,

Ap = (Ao ¢¢3 — (Ao ¢0)) 2)

where ¢ ranges from 30°N to 75°N, Ay ranges from 0° to 360°.
¢s=¢o—15° and ¢, =¢+ 15°. An instantaneous blocking
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The instantaneous blocking index is defined as a value of
1 on days when condition (3) is fulfilled and 0 otherwise. A
comparison for different atmospheric blocking indexes can be
found in Scherrer etal. (2006). To ensure that the blocking has
sufficient spatial and temporal scales, as in Davini etal. (2012,
2014a), we apply the same constraints to the aforementioned
instantaneous blocking index.

To analyse the effect of tropospheric blockings on the
variation in upward fluxes of planetary waves, following Nishii
etal. (2009), we treat the meridional heat flux anomalies at
100 hPa, averaged between 45°N and 75°N, as the variability
of upward planetary wave fluxes. The anomalous meridional
heat flux [v*T*], associated with tropospheric blockings from
the 5-day low-pass-filtered fields of meridional wind velocity (v)
and temperature (T) is estimated by retaining fluctuations with
periods longer than 5 days to fulfil the constraints of blocking
persistence (Nishii etal., 2011; Ayarzaguena et al., 2015). In the
anomalous meridional heat flux [v*T*],, the subscript ‘a’ denotes
an anomaly from the climatology, the asterisks denote departures
from their zonal means, and the brackets represent the zonal
mean. According to Nishii et al. (2009, 2010), we decompose the
anomalous meridional heat flux [v*T*], at 100 hPa into three
contribution terms:

VT e = WET; 1 4+ VT + Vi TS . (4)

Here, the subscript ‘¢’ stands for the daily climatological mean.
The first two terms on the right-hand side of Eq. (4) represent
contributions from the interference between the climatological
mean planetary waves and the wave anomalies associated with
blocking and are usually referred to as the linear wave interference
terms. The schematic of linear interference can also be found in
Fig. 1 of Smith and Kushner (2012). The term [v T ], represents
the contribution from anomalous waves themselves and is usually
called a nonlinear wave interference term.

A two-sided Student’s t-test is used to assess statistical
significance in this study. The number of independent samples is
estimated using equation (31) in Bretherton etal. (1999). In the
following, only the anomalies which are statistically significant at
the 95% level are discussed unless otherwise stated.

3. Features of the SV (WV) events and tropospheric blockings

Figure 1 shows the composite evolution of the anomalous
zonal-mean zonal wind (contours) and zonal-mean temperature
(shaded) during the life cycle of SV (a—e) and WV (f—j) events.
During the onset stage of SV events (Figure 1(a)), the zonal-
mean zonal wind in the extratropical stratosphere is anomalously
strong poleward of 50°N. Compared with the onset stage, there are
intensified zonal-mean easterly wind anomalies at approximately
35°N and the zonal-mean westerly wind anomalies approximately
at 60°N during the growth stage (Figure 1(b)) of SV events.
In the maturation stage (Figure 1(c)), the zonal-mean zonal
wind anomalies and temperature anomalies reach maxima in
the polar stratosphere. The strong cold zonal-mean temperature
anomalies also descend to near the tropopause. In the decline stage
(Figure 1(d)), the westerly wind anomalies weaken considerably
over the polar stratosphere. However, the easterly wind anomalies
at approximately 35°N strengthen in the troposphere. The zonal-
mean zonal wind anomalies that had reached the surface now
recede upwards in the decay stage (Figure 1(e)). In addition, the
diminishing centre of the cold temperature anomalies continues
to descend over the polar region near 200 hPa with an anomalous
temperature dipole structure. These essential features of these SV
events are consistent with the results of Limpasuvan et al. (2005).

During the onset stage in WV events (Figure 1(f)), the zonal-
mean zonal wind is anomalously strong poleward of 60°N, with
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Figure 1. Latitude—pressure sections of anomalous zonal-mean zonal wind (in ms~
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contours; contour interval of 0.5ms™"; positive and negative contours are

represented by solid and dashed lines, respectively; zero contours are omitted) and zonal-mean temperature (in K with filled contours; contour interval is 1 K) for SV
(a—e) and WV (f—j) events. [Colour figure can be viewed at wileyonlinelibrary.com].

weak cold zonal-mean temperature anomalies over the polar
stratosphere. This pattern is consistent with the findings of Limpa-
suvan ef al. (2004). A transition from westerly wind anomalies to
easterly wind anomalies is observed during the growth stage (Fig-
ure 1(g)). In the maturation and decline stages (Figures 1(h) and
(1)), westerly wind anomalies at approximately 35°N and easterly
wind anomalies at approximately 60°N descend gradually towards
the troposphere. In the decay stage (Figure 1(j)), warm tempera-
ture anomalies descend in altitude, with maxima near 100 hPa. A
temperature dipole pattern, which is opposite to that in the decay
stage of SV events, can be observed over the polar region.

To show the details of anomalous blocking pattern during SV
and WYV events, the pattern of blocking frequency anomalies at
each stage of the life cycle of SV and WV events are shown in
Figure 2. The blocking frequency anomalies are calculated by
subtracting the daily multiannual mean, smoothed with a 31-day
running mean, from the index of blocking and then multiplying
by 100%.

During the onset stage of SV events (Figure 2(a)), a decreased
blocking frequency occurs predominantly over Greenland,
Iceland and northern Europe, with greatest decrease over northern
Europe. Inaddition, increased blocking frequency can be observed
over parts of the northwestern Pacific, especially eastern Siberia.
The pattern of blocking frequency anomalies in the growth stage
(Figure 1(b)) is significantly different from that observed in the
onset stage. There is a slightly increased blocking frequency over
the Euro-Atlantic sector, while significantly increased blocking
frequency can be found in the lower latitudes of the North
Atlantic. The increased blocking frequency may not be associated
with the increased blocking activity in this region (Davini etal.,
2012). Davini et al. (2012) noted a negligible impact on circulation
of blocking detected south of 40°N. Thus, low-latitude blockings
will not be included in the subsequent analysis. An interesting
feature is that the anomalous blocking frequency pattern observed
in the onset stage is significantly strengthened again when the
SV events enter into the maturation stage (Figure 2(c)). Relative
to the maturation stage, the blocking frequency anomalies over
the eastern North Atlantic and western Europe change their signs
from negative to positive during the decline stage (Figure 1(d))
and maintain the positive blocking frequency anomalies until the
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decay stage. There are increased blocking days around the Ural
Mountains and decreased blocking days over the Bering Strait
during the decline stage (Figure 1(d)).

For WV events, there are no significant changes in the frequency
of the blocking events during the onset stage (Figure 2(f)).
However, evident changes in blocking frequency can be found in
the growth stage (Figure 2(g)) and the changes are opposite to
those observed in the onset and maturation stages of SV events.
Compared with SV events, an earlier change in the sign of the
blocking frequency anomalies over Europe can be found during
the maturation stage (Figure 1(h)) of WV events. The blocking
frequency anomalies over Europe remain negative until the end
of WV events. A westward shift of positive blocking frequency
anomalies from northern Europe to Baffin Bay can be observed
as WV events evolve and then decline. Although there are no
significant changes in the blocking frequency anomalies over the
western North Pacific until the end of WV events, the amplitude
of negative anomalies gradually weakens.

Apart from blocking frequency changes, it is worthwhile to
examine variations of the blocking intensity during the life
cycle of SV and WV events. Figure 3 shows the 500hPa
geopotential height anomalies for SV and WV events. The
height anomalies in Figure 3 are from the 5-day low-pass
filtered fields of the 500hPa geopotential height, which can
be regarded as the blocking intensity. During the onset stage
of SV events (Figure 3(a)), the negative height anomalies are
found over northwestern Europe with significantly decreased
blocking frequency anomalies. Positive height anomalies, which
are related to the increased blocking frequency anomalies, are
found over the northern North Pacific. An interesting feature
is that a positive phase of NAO can be found over the North
Atlantic during the decline stage. The positive NAO pattern may
be related to the positive NAM anomalies extending from the
stratosphere (Figure 11(a)). The increased frequency of blocking
over western Europe and the decreased frequency of blocking over
Iceland may be related to the positive phase of NAO. During the
onset stage of WV events (Figure 3(f)), there are negative height
anomalies with weak negative blocking frequency anomalies over
the northern North Pacific. Positive height anomalies can be
found over northwestern Eurasia. A significant negative phase of
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NAO pattern, which is related to the negative NAM anomalies
extending downward from the stratosphere (Figure 11(b)), can
be found during the maturation and decay stages of WV events
(Figures 3(h) and (j)). Previous studies also showed that the
negative NAO pattern can lead to increased blocking days over
Baffin Bay and decreased blocking days over the Euro-Atlantic
sector (Vial et al., 2013; Davini et al., 2014a).

Figure 4 shows the patterns of zonal wind anomalies averaged
between 925 and 700 hPa during the different stages of SV and
WYV events. Zonal wind speeds decrease over the upstream region
of the western North Pacific during the onset and growth stages
of SV events. According to Kaas and Branstator (1993), weak
zonal winds are favourable for the enhanced blocking activity,
thus there are increased blocking days over the western North
Pacific. The positive zonal wind anomalies over the Euro-Atlantic
sector are related to weakened blocking activity upstream of the
Euro-Atlantic sector during the onset stage of SV events. There
are positive zonal wind anomalies over the upstream region of the
western North Pacific during the onset and growth stages of WV
events, which tend to decrease blocking days over the western
North Pacific. The increased blocking days over the Euro-Atlantic
sector lead to decreases in zonal wind over the downstream region
of Europe during the onset and growth stages of WV events. A
significant change in the patterns of zonal wind anomalies can
be found in the later stages of SV and WV events. This change
may be related to the zonal wind anomalies extending from the
stratosphere (Figure 1). The more detailed discussions on the
impact of the changed zonal wind patterns on the distribution of
blocking are presented in section 5.

4. The wave interference during the life cycle of SV and WV
events

Previous studies have indicated that tropospheric blockings can
affect the stratospheric polar vortex by modifying the upward
fluxes of planetary waves entering the stratosphere (i.e. Quiroz,
1986; Martius etal., 2009; Nishii etal., 2009, 2011; Castanheira
and Barriopedro, 2010). The upward fluxes of planetary waves
from the troposphere to the stratosphere tend to be enhanced
by the blockings over the Euro-Atlantic sector and to be weak-
ened by the blockings over the western North Pacific. This
relationship is mainly based on the phase matches between the
anomalous waves forced by the tropospheric blockings and the
climatological-mean planetary waves (Martius et al., 2009; Nishii
etal., 2011). A question arises here as to whether this wave inter-
ference process is different at different stages of the life cycle of
SV and WV events. To clarify this question, Figure 5 first shows
the temporal—longitudinal distribution of the blocking frequency
anomalies (shaded) averaged between 45°N and 75°N and also
displays the climatological-mean planetary waves (wave-1 and
wave-2, contours) averaged between 45°N and 75°N for SV and
WYV events. For SV events, from lag=—35 to —25days, the
blocking frequency is decreased over the Euro-Atlantic sector
(45°W—-60°E), where a climatological ridge is located. The block-
ing frequency is increased over the North Pacific (120-210°E),
especially the northwestern North Pacific, where a climatological
trough is located. There is a slight increase in the frequency
of blocking over the Euro-Atlantic sector from lag=—20 to
—10 days, followed by a significant decrease in the blocking fre-
quency fromlag = —10to 0 days. Inaddition, a significantincrease
can be observed over the North Pacific from —15 to 0 days. Pre-
vious studies also pointed out that the planetary wave forcing is
reduced when a blocking ridge corresponds to a climatological
trough, and vice versa (Nishii et al., 2011; Vial et al., 2013).

The planetary wave disturbance patterns, which are decom-
posed by wave number using a Fourier transformation along the
latitudinal circle, in the lower stratosphere are shown in Figure 6,
which shows the anomalous planetary waves (contours) defined in
100 hPa geopotential height and the climatology (shaded) for SV
and WV events. For SV events, the anomalies in planetary waves
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are almost out-of-phase with the climatological planetary waves
during the onset stage (Figure 6(a)). Thus, the anomalies destruc-
tively interfere with the climatological planetary waves, leading
to planetary waves with weakened amplitudes. The anomalies
of planetary waves have the same signs as their climatology at
most grid points during the growth stage (Figure 6(b)), which
is mainly related to a slight increase in frequency of blocking
over the Euro-Atlantic sector. This increase leads to a weakened
destructive linear interference pattern. Although there is an in-
phase superposition between the anomalies and climatology of
planetary waves over Greenland, the anti-phase superposition
is more evident during the maturation stage (Figure 6(c)). The
results here suggest that the evolution of planetary wave distur-
bance patterns in the lower stratosphere is closely related to the
evolution of tropospheric blockings.

Liberato etal. (2007) noted that negative anomalies in the
meridional heat flux tend to occur when the amplitude of
planetary waves is weakened. Figure 7 shows the latitude—pressure
sections of the anomalous Eliassen—Palm (E-P) flux (Andrews
and Mclntyre, 1976) and its divergence (contours) of planetary
waves (wave-1 and wave-2) for SV and WV events. During the
onset and maturation stages (Figures 6(a) and (c)) of the SV
events, the upward E-P fluxes are significantly reduced, and
the anomalous divergences of the E-P flux occur in the high
latitudes from the lower stratosphere to mid-stratosphere. As the
meridional heat fluxes in the high-latitude lower stratosphere
are proportional to the vertical component of E-P flux (Polvani
and Waugh, 2004), the destructive interference between the
climatological and anomalous waves primarily contributes to the
reduced upward E-P fluxes.

For WV events (Figure 5(b)), from lag=—20 to —5 days,
there are positive blocking frequency anomalies over the Euro-
Atlantic sector, in which a climatological ridge is located,
and negative blocking frequency anomalies over the western
North Pacific, where a climatological trough is located. The
anomalies of planetary waves related to tropospheric blockings
in the troposphere (not shown) and stratosphere are almost in-
phase with their climatology. Thus, the constructive interference
between planetary wave anomalies and climatological waves
strengthens the amplitude of planetary waves in the incipient
stages of WV events (Figure 6(g)). As shown in Figure 7(g),
the upward E-P fluxes into the stratosphere exceed their
climatological values.

Based on the above analysis, tropospheric blockings can change
the E-P fluxes in the stratosphere via linear wave interference.
The result is consistent with the relevant results in previous
studies (e.g. Orsolini efal., 2009; Nishii etal., 2010, 2011; Kim
etal., 2014). However, we can see from the above analysis that
the linear interference effect in different stages of SV and WV
events are not significant all the time. To examine the role of the
nonlinear wave interference in the process of blockings impacting
on the stratospheric polar vortex, we decompose the anomalous
meridional heat flux into linear and nonlinear wave interference
terms, as described in section 2. Figure 8 shows the spatial
distributions of nonlinear (shaded) and linear (contours) wave
interference during the different stages of SV and WV events.
Note that there are statistically significant negative and positive
values of the linear wave interference term at most grid points in
the incipient SV (Figures 8(b) and (c)) and WV (Figures 8(g) and
(h)) events, respectively. Besides, there is also a contribution from
nonlinear wave interference to the anomalous upward E-P fluxes
in the incipient SV and WV events. However, the positive and
negative values of nonlinear wave interference term are almost
comparable during the onset and growth stages of SV events.

To better understand the relative importance of linear and
nonlinear wave interference during the life cycle of SV and WV
events, Figure 9(a) shows the daily time series of 100 hPa eddy
heat flux anomalies ([v*T*],, black line) averaged over 45°N
and 75°N and the contributions to the 100 hPa eddy heat flux
from [viT}] 4 [viT?] (red line) and [viT}], (blue line) for SV
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Figure 5. Temporal—longitudinal Hovmiiller representation of the blocking
frequency anomalies (shaded) averaged over 45-75°N for (a) SV and (b) WV
events, spanning lag = —40 days to lag = +40 days (relative to the central dates;
see section 2); the contour interval is 1%. Dotting indicates areas with a 95%
confidence level (based on a two-sided Student’s ¢-test). Black contours represent
the composite of the climatological mean of planetary waves (planetary wave-1
and wave-2) at the 500 hPa geopotential height, averaged over 45—75°N (solid
contours are positive; dashed contours are negative). [Colour figure can be viewed
at wileyonlinelibrary.com].

events. The linear wave interference contributes mainly to the
negative anomalies of heat flux in the onset and maturation stages
of SV events, as is also evident in Figure 5(a) which indicates
that the climatological ridge is overlaid by negative blocking
frequency anomalies and the climatological trough is overlaid
by positive blocking frequency anomalies. The nonlinear wave
interference is almost equal to zero, when averaged between 45°N
and 75°N, and there are no statistically significant contributions
from nonlinear wave interference to heat flux anomalies in the
incipient SV events. Figure 9(b) is the same as Figure 9(a)
except for WV events. Figure 9(b) indicates that the linear wave
interference makes a larger contribution to the positive heat flux
anomalies in the growth stage of WV events than the nonlinear
wave interference, as is also evident in Figure 8(g). There are no
evident contributions from both the linear and nonlinear wave
interference during the onset stage of WV events due to the less
intense anomalous blocking pattern.

During the later stages of SV events, the amplitude of
blocking frequency anomalies over the western North Pacific
is weakened compared to that observed during the incipient
stages of SV events. The upward fluxes of planetary waves are also
significantly enhanced, accompanied by the increased blocking
frequency over the Euro-Atlantic sector and the Ural Mountains,
as shown in Figures 7(d) and (e). The area-averaged meridional
heat fluxes present positive anomalies in the troposphere and
stratosphere from lag=45 to 430 days. There is a in-phase
superposition between climatological waves and anomalous waves
(Figure 6(d)); the constructive interference is mainly related to
the negative blocking frequency anomalies over the western
North Pacific and positive blocking frequency anomalies over
the Euro-Atlantic sector and the Ural Mountains from lag=+-5
to +40 days (Figure 5(a)). Figures 8(d) and (e) show that there
are also statistically significant positive values in nonlinear wave
interference at most grids during the decline and decays of SV
events. Figure 9(a) further indicates that the nonlinear wave
interference also makes a contribution to the enhanced upward
fluxes of planetary waves.

For WV events, there are anomalous downward fluxes of
planetary waves in the high latitudes from the troposphere to

(© 2017 Royal Meteorological Society

the mid-stratosphere in the decline and decay stages (Figures 7(i)
and (j)) of WV events. The anomalous heat fluxes averaged
between 45°N and 75°N experience significant reductions, as
presented by the negative heat flux anomalies, in the troposphere
and stratosphere from lag=0 to +30days (Figure 9(b)). The
amplitude of anomalous planetary waves is weak due to less
blocking days over the region north of 45°N (Figures 2(i) and
(j)). But there is still weak out-of-phase superposition between
climatological waves and anomalous waves (Figures 6(i) and (j)).
As shown in Figures 8(i) and (j), although there are negative and
positive values of linear wave interference term over the western
North Pacific and Alaska, respectively, the net effect of linear
interference on the heat flux anomalies is almost equal to zero
when averaged over 45—75°N. There are evident contributions
from the nonlinear wave interference to the negative heat flux
anomalies (Figures 8(i) and (j)). Figure 9(b) indicates that the
weakened upward fluxes of planetary waves are mainly related
to the negative anomalies in nonlinear wave interference in the
decline stage of WV events.

Considering that the SV and WV events have different time-
scales, we divide SV and WV events into longer and shorter
time-scale events and examine the evolution of upward heat
flux in the stratosphere and the distribution of the tropospheric
blockings. A WV event is regarded as a longer (shorter) time-
scale event, when its duration is above (below) the 60th (40th)
percentile of the duration for all WV events. A longer (shorter) SV
event is identified in like manner. We find that the time evolution
of the upward heat flux in the stratosphere during shorter time-
scale events is overall similar to that during longer time-scale
events (Figure 9). However, there are statistically significant
negative heat flux anomalies in the onset stage of longer SV
events but not in shorter SV events. Meanwhile, the amplitude
of negative heat flux anomalies during shorter SV events is larger
than that during longer SV events between lag= —10 days and
lag = 0 days. After the central date, there are larger positive heat
flux anomalies during shorter SV events than during longer SV
events. Compared to shorter WV events, the positive heat flux
anomalies before the central date are larger and negative heat
flux anomalies are more persistent during longer WV events
(Figures 9(d) and (f)).

Figure 10 shows the distribution of blocking frequency
anomalies during shorter and longer SV and WV events
averaged over growth and pre-maturation stage (lag=—22 to
—1days) and averaged over post-maturation and decline stage
(lag=1-22 days). Note that before the central date, the amplitude
of blocking frequency anomalies over the western North Pacific
during shorter SV events (Figure 10(a)) are overall larger than
those during longer SV events (Figure 10(b)). On the other hand,
there are fewer blocking days over western Europe during shorter
SV events than those during longer SV events. After the central
date, there are more blocking days during shorter SV events over
the Ural Mountains and fewer blocking days over Baffin Bay
(Figure 10(c)). During longer SV events (Figure 10(d)), there are
more blocking days over western Europe and fewer blocking days
over Baffin Bay. However, there are no differences in the patterns
of blocking frequency anomalies over the North Pacific between
shorter and longer SV events.

Before the central date, the amplitude of negative blocking
frequency anomalies over the western North Pacific during
shorter WV events (Figure 10(e)) is larger than that during
longer WV events (Figure 10(f)). Accordingly, there are positive
blocking frequency anomalies over the Ural Mountains during
shorter WV events, while there are positive blocking frequency
anomalies over the northeastern North Atlantic and northern
Europe during longer WV events. After the central date, there
are negative blocking frequency anomalies over the Euro-
Atlantic sector during both shorter and longer WV events,
but there are more blocking days over Greenland during
longer WV events. There are no differences in the blocking
frequency over the North Pacific between shorter and longer WV
events.
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Figure 9. (a) Composited daily time series of 100 hPa anomalous meridional heat flux, which is calculated from the 5-day low-pass filtered fields of meridional velocity
(v) and temperature (T) ([v*T*],, black line), averaged between 45°N and 75°N, and the contributions to the 100 hPa anomalous heat flux from [vi T} 4+ viT¥]
(red line) and [v} T} ], (blue line) for SV events, averaged between 45°N and 75°N. (b) As in (a) but for WV events. (c) and (e) as in (a) but for shorter and longer
SV events, respectively. (d) and (f) as in (b) but for shorter and longer WV events, respectively. Day zero refers to the central date of SV or WV events. Thick line
segments indicate anomalies significantly different from zero at the 95% confidence level (based on a two-sided Student’s ¢-test). [Colour figure can be viewed at

wileyonlinelibrary.com].

5. The potential influences of extreme vortex events on
tropospheric blockings

We can see from the analysis in section 3 that both blocking
frequency and intensity change during different stage of SV
and WV events while previous studies have found that SV
and WV events may have an influence on the tropospheric
blockings (Woollings efal., 2010; Vial etal., 2013; Davini et al.,
2014a). However, the detailed linkage between the evolution of
extreme vortex events and blocking changes has not been well
established so far. Here we examine the effect of zonal wind
anomalies extending from the stratosphere on the tropospheric
blockings. The zonal wind speed intensifies over Iceland especially
during the decline stage of SV events (Figure 4(d)). At the same
time, the frequency of blocking days decreases over Iceland
(Figure 2(d)). The zonal wind between 30°N and 45°N over
the Euro-Atlantic sector decreases, and correspondingly, there
are increased blocking days over southern Europe. There is a
decrease in zonal wind speed over southern Greenland after the
central date of WV events (Figures 4(i) and (j)). Consequently, the
blocking frequency is increased over Greenland (Figures 2(i) and
(j))- In addition, the decreased blocking frequency anomalies over
the Euro-Atlantic sector may be related to the positive zonal wind
anomalies over upstream of the North Atlantic. There are no
statistically significant blocking frequency anomalies, although
negative zonal wind anomalies can be found over the eastern
North Pacific during the maturation and decline stages of WV
events (Figures 4(h) and (i)).

Figure 11 further shows the time—height variations in the
standardized NAM index for SV and WV events. Baldwin and
Dunkerton (2001) found that the NAM anomalies extending
downward from the stratosphere can lead to a displacement in
the tropospheric storm track, while Davini et al. (2014b) showed
that there are increased and decreased blocking frequencies over
the Euro-Atlantic sector when the eddy-driven jet stream is

(© 2017 Royal Meteorological Society

displaced poleward and equatorward, respectively. A poleward
and equatorward displaced jet stream can lead to an increase
and a decrease in anticyclonic Rossby wave breaking (Strong and
Magnusdottir, 2008), respectively. The anticyclonic Rossby wave
breaking can push subtropical air with low potential vorticity
moving northeastward, which is favourable for the maintenance
of the blocking over the Euro-Atlantic sector.

The displacements of the eddy-driven jet stream over the
Atlantic sector (60°W—-0°) and the Pacific sector (150—210°E)
during the evolution of SV and WV events are shown in
Figure 12. According to Davini etal. (2014b), the position of
the eddy-driven jet in each sector is defined as the latitude
where the zonally mean zonal winds averaged between 925 and
700 hPa reach a maximum over the Atlantic sector and the Pacific
sector. We can see from Figure 12(a) that there is a poleward
displacement of the eddy-driven jet stream over the Atlantic
from lag =410 to lag = +20 days accompanied by positive NAM
anomalies extending from the stratosphere into the troposphere
from lag=0days (Figure 11(a)). The results here suggest that
the effect of stratospheric anomalies on the eddy-driven jet lasts
for 10 days. Consequently, the blocking frequency is increased
over the Euro-Atlantic sector after the central date of SV events
(Figure 5(a)). There is no statistically significant displacement
of the eddy-driven jet stream over the Pacific when the positive
NAM anomalies extend downward from the stratosphere into the
troposphere for SV events.

An equatorward displacement of the eddy-driven jet stream
over the Atlantic can be found at approximately lag=0 days
for WV events (Figure 12(b), black line), which is preceded by
the stratospheric negative NAM anomalies (Figure 11(b)) about
10 days. In addition, another statistically significant equatorward
displacement of the eddy-driven jet stream over the Atlantic can
also be found from lag=+25 to +35 days, which is related to
the descending negative NAM anomalies before lag = +20 days.
As depicted in Figure 4(b), there is decreased blocking frequency
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Figure 11. Composited time—height variations of the standardized NAM index for (a) SV events and (b) WV events. Dotting indicates areas with a 95% confidence
level (based on a two-sided Student’s t-test). [Colour figure can be viewed at wileyonlinelibrary.com].
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95% confidence level (based on a two-sided Student’s t-test). See text for the details of the position of the eddy-driven jet stream. [Colour figure can be viewed at

wileyonlinelibrary.com].

during the decline and decay stages of WV events and this decrease
should be due to decreased anticyclonic Rossby wave breaking.
A weak equatorward displacement of the eddy-driven jet stream
over the Pacific can also be found around lag =420 days and
does not occur at the same time as that over the Atlantic. Note
that various factors, such as the climatological position of the jet
stream (Garfinkel et al., 2013), eddy phase speed (Chen and Held,
2007) and planetary waves (Perlwitz and Harnik, 2003) may affect
the timing of the displacements of the jet stream. Although there
is an equatorward displacement of the eddy-driven jet stream over
the North Pacific, the negative blocking frequency anomalies are
not statistically significant. It is apparent from the above analysis
that connections among stratospheric polar vortex, tropospheric
blockings and eddy-driven jet stream over the North Pacific
are more complex than those over the North Atlantic. Previous
studies also pointed out that the response of the jet stream to
stratospheric NAM anomalies is not easy to establish over the
North Pacific (e.g. Garfinkel et al., 2013).

6. Conclusions

The connection between extreme stratospheric polar vortex
events and tropospheric blockings is analysed using a composite
approach. The variations of tropospheric blockings are shown in
detail at each stage of the life cycle of SV and WV events. The
anomalous blocking pattern has decreased blocking days over

(© 2017 Royal Meteorological Society

the Euro-Atlantic sector and increased blocking days over the
northern North Pacific during the onset and maturation stages of
SV events. There are more blocking days over the western North
Pacific during shorter time-scale SV events than during longer
time-scale SV events at their maturation stage. The blocking
frequency increases over the Ural Mountains and western Europe
during the decline stage of SV events. The changes of the blocking
frequency during the growth stage of WV events are opposite
to those observed during the onset and maturation stages of SV
events. There are fewer blocking days over the western North
Pacific during shorter time-scale WV events, whereas there are
blocking days over northern Europe during longer time-scale WV
events. The blocking frequency decreases over the Euro-Atlantic
sector and increases over Baffin Bay after the central date of WV
events. There are no persistent changes in the anomalous blocking
pattern over the North Pacific for both SV and WV events.

Our analysis reveals that the anomalous planetary waves
related to tropospheric blocking constructively interfere with
the climatological waves and lead to negative planetary wave flux
anomalies in the stratosphere during the onset and maturation
stages of SV events. This result has also been reported in the
previous literature. However, our analysis further reveals that
both the linear wave interference and the nonlinear interference
between anomalous waves forced by the tropospheric blockings
contribute to the enhanced upward fluxes of planetary waves
before the central date of WV events with greater contribution
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from linear wave interference, and that only the nonlinear wave
interference contributes to the negative planetary wave flux
anomalies after the central date of WV events. During the decline
and decay stage of SV events, the enhanced upward planetary
wave fluxes mainly result from enhanced linear wave interference
during shorter time-scale SV events and from enhanced nonlinear
wave interference during longer time-scale SV events.

The NAM anomalies extending from the stratosphere can lead
to a change in the tropospheric blocking frequency by modulating
the position of the eddy-driven jet stream. A statistically significant
poleward displaced jet stream over the Atlantic lasts for 10 days
during the decline stage of SV events which is related to the
descending positive NAM anomalies from lag= —10 days. For
WV events, the descending negative NAM anomalies from
lag = —10 to +20 days may cause an equatorward displacement of
the eddy-driven jet stream at approximately lag =0 and 25 days
and then the decreased blocking frequency can be found over
the Euro-Atlantic sector during the same period. In addition,
the changes in the patterns of blocking frequency anomalies
are closely related to the descending stratospheric zonal wind
anomalies.
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