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The influences of tropospheric blocking high on the stratospheric sudden warming (SSW) and the SSW-induced feedback on the
lower atmosphere are analyzed with NCEP (National Center for Environmental Prediction) 2 reanalysis data. Daily mean data
from 1979 to 2010 are used to perform statistical and dynamical analyses. According to different distribution features of polar
vortex, which can be ascribed to different activities of blocking highs, we have obtained two warming patterns in vortex splitting
and displacement patterns. For vortex splitting events, in the Eurasian-North American (ENA) paratype, with disturbances of At-
lantic and Aleutian blocking highs, polar vortex is split into two parts that locate at Eurasian and North American continents re-
spectively, while in the Atlantic-East Asian (AEA) paratype, two low-pressure centers derived from the split vortex are situated in
the Atlantic and East Asian regions, and two blocking systems occurring in the Urals and North American areas precede these
splitting processes. For vortex displacement events, in the Aleutian-Intrusion (AI) paratype, the polar vortex is displaced to the
west European and Atlantic areas by the intrusive Aleutian high and this pattern always corresponds to the blocking events occur-
ring in the Pacific basin only. Similarly, the vortex is pushed to the west Eurasian continent by the intrusive North American
high-pressure system in the North American-Intrusion (NAI) paratype, which is closely related to the blocking over these areas.
The second subject of the research is that whether the anomalous stratospheric signals can be propagated to the lower atmosphere,
which is depended on the intensity, duration and position of the disturbed vortex. According to our case studies, geopotential
height anomalies can be propagated to the troposphere in strong SSW years, taking about 10-15 d for the decrease from 10 to 500
hPa, leading to apparent variations in the geopotential height and temperature fields.
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Stratospheric Sudden Warming (SSW) events are the most
remarkable phenomenon in the extratropical stratosphere in
winter for the Northern Hemisphere [1,2]. Since 1971,
Matsuno [3] proposed the mechanism of SSW, in which he
assumed an impulsive intensification of planetary waves
(PWs) triggered wave-induced deceleration of the polar
westerly jet. A series of recent studies about SSW in terms
of both observations and model simulations further indicate
that SSW is a coupled dynamical process from the tropo-
sphere to stratosphere [4—6]. On the other hand, blocking
high events are also major atmospheric flow phenomenon
whose amplitude can disrupt the prevailing westerly cir-
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cumpolar circulation. They have a strong impact on the
weather patterns and climatological features. Andrews et al.
assumed that large-scale tropospheric disturbance, such as
blocking high, may contribute to the SSW events for its
long-lasting, strong and quasi-stationary disruptions to the
tropospheric flow [1].

However, relationships between SSW and blocking
events are yet to be firmly confirmed. The conventional idea
indicated that blocking events were potential agents for re-
inforcement of PWs in the troposphere which may induce
SSW events [1,2]. Lots of documented case studies on indi-
vidual events also confirmed this link: Julian and Labitzke
found that tropospheric blocking in high latitude preceded
the warming events which happened in January 1963 by
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5-10d [7]; Quiroz [8] compared blocking activity and SSW
events from 1981 to 1985, concluding that blocking events
mostly lead SSW by 3.5 d on average; Mukougawa et al. [9]
used operational weather forecasts results and analysis data
(observations) to discuss associations between the mean
zonal wind profiles and blocking high over the Atlantic ba-
sin in the December 2001 warming events, indicating that
their interaction is significant for enhancing upward and
poleward propagation of PWs before the SSW. On the other
hand, there are also some researches denoting that SSW
events precede blocking events. Kodera and Chiba [10] and
Mukougawa and Hirooka [11] pointed out that in December
1984/January 1985 and in December 1998, there was a
blocking formation after SSW events in relation to poleward
propagation of PWs in the troposphere. Thompson and
Wallace suggested that this tendency for blocking events to
follow the SSW may correspond to the negative phase of
AO, in which blocking days occurred more frequently [12].

The above mentioned different conclusions about the re-
lationship between SSW events and blocking high may arise
from two reasons: (1) Their analyses are limited to case
studies, therefore it is unclear that these results can repre-
sent all SSW events; and (2) the methods used to identify
blocking high are different in the above researches and still
under debate. In addition, SSW is an event and blocking
high is a synoptic system, thus it is unsuitable to associate
them directly. Therefore, our study chose the stratospheric
polar vortex as the representation of SSW, for its variations
are able to reflect the warming processes [13]. By compar-
ing the active characteristics of these two systems, it is
much easier and more direct to obtain the possible associa-
tions between them two. For a pre-SSW period, we focused
on the position and duration of blocking system that may
disturb the polar vortex to induce a sudden warming, while
for a post-SSW period, we mainly explored the downward
propagation of SSW-induced anomalies.

1 Data and analyses

Reanalysis data from the NCEP (National Centers for En-
vironmental Prediction) Reanalysis 2 Project are used to
analyze the influences of blocking high on SSW events and
the stratospheric feedback on the lower atmosphere. The
NCEP2 reanalysis has 17 levels vertically, with the top level
at 10 hPa and T159 spectral resolution. In this study, a
144°x73° (longitude vs. latitude) grid of daily mean data
from January 1, 1979 to December 31, 2010 were used. To
characterize the timing and intensity of a SSW event, the
warming criteria established by WMO was chosen. This
criteria is composed by two components, the meridional
temperature gradient (A7) and zonal mean zonal wind (i)
between 60°N and pole on the 10 hPa level. In this investi-
gation, we only focus on the major warming event, which
mean that the westerly winds reverse and become easterly
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(1<0). Based on these criteria, 21 sample cases occurred
during these 32 years.

The blocking high is a sustained, vertically coherent and
quasi-stationary large-scale high-pressure system in extra-
tropical areas, and there is no generally accepted objective
definition yet. Some early studies used the 500 hPa geopo-
tential height (GH) as the block indices, which were based
upon the determination of major positive height anomalies
[14,15], a localized positive latitudinal gradient of the geo-
potential field [16] and so on. Recently, based on the poten-
tial vorticity (PV) theory, Schwierz et al. [17] proposed a
new indicator which defined a block as a persisted and sig-
nificant quasi-isolated feature of low PV and/or a negative
PV anomaly. In this research, for every SSW event we ana-
lyzed the activity characteristics of blocking high using the
three indices mentioned above, and found that the blocking
high was closely connected to the disturbance of strato-
spheric polar vortex from all the three points of view. Be-
cause the target of this study is to expose more detailed re-
lationship between the block and SSW event, and obtain the
statistically significant results. We finally provided the
composite distribution of geopotential height and consid-
ered the Q-shaped distribution of GH as the atmospheric
blocking. For this method of composite analyses, using GH
or PV as the composite object has little differences.

During the 21 times of warming processes, the polar
vortex exhibits different distribution features, which can be
divided into vortex splitting (10 times) and displacement or
eccentric (11 times) events. Moreover, after some further
analyses, we found that different blocking activities would
lead to more concrete distribution characteristics of the po-
lar vortex, and SSW events can be classified further into
four paratypes accordingly. From vortex splitting events,
two patterns are obtained: Eurasian-North American (ENA),
which denotes that the two low-pressure centers came from
the split vortex locate at the Eurasian and North American
continents respectively (Figure 1(c)); Atlantic-East Asian
(AEA), meaning that the two centers occur in the Atlantic
basin and East Asian regions separately (Figure 1(f)). Simi-
larly, from vortex displacement events, we also found two
patterns: Aleutian-Intrusion (AI), which means the vortex is
displaced to the west European and Atlantic areas by the
intrusive Aleutian high; North American-Intrusion (NAI),
implying that the high-pressure system from west parts of
North America intrudes into polar regions and pushes the
vortex to the west Eurasian continent. Table 1 shows a list
of all events, which includes the central date of each SSW
event, the geographic location of tropospheric blocking and
the warming patterns. To perform composite analyses, we
defined the central date of every event, day O in all the
composites, as the date when the polar vortex starts to split
or the zonal wind (i) begins to be negative in vortex split-
ting or displacement events respectively. The composite
analysis is carried out for the time period —10 to 10 d and
the statistical significance of the composites with respect
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Figure 1 Composite distributions of geopotential height (color scale, unit: gpm) and its anomalies (black contour lines, unit: gpm) on 10 hPa before the
vortex splitting day. Areas within white contour lines indicate statistically significant anomalies at 95% confidence level.

Table 1 Geographic location of tropospheric blocking prior to the central date of the corresponding stratospheric sudden warming events

Vortex displacement events

Vortex splitting events

Central date Pattern Precursor blocking Central date Pattern Precursor blocking
1984-02-21 NAI West North America 1984-12-30 ENA Pacific/east Atlantic
1987-01-22 NAI West North America 1987-12-12 Special Pacific

1988-03-11 NAI West North America 1998-12-19 Special West North America
1991-02-03 Al Aleutian Island 1999-02-27 AEA North America/Urals
1992-03-19 NAI West North America 2001-02-16 AEA North America/Urals
1993-03-05 NAI West North America 2004-01-12 AEA North America/Urals
1995-02-02 NAI West North America 2005-03-12 AEA North America/Urals
2002-02-16 NAI West North America 2006-02-04 AEA North America/Urals
2003-01-17 Al Aleutian Island 2009-01-25 ENA Pacific/east Atlantic
2007-02-22 Al Aleutian Island 2010-02-04 AEA North America/Urals
2008-02-22 Al Aleutian Island

to a climatological state is examined using the Student #-test,
consistent with that used in the paper of Lu et al. [18].

2 Vortex splitting events

In light of the above analyses, we have found that different
warming patterns correspond to different locations and in-
tensities of tropospheric blockings, and may result in diver-
sified feedbacks on the lower atmosphere. First, for the
ENA pattern, Figure 1(a)-(c) shows the composite distribu-
tions of geopotential height (shaded parts) on 10 hPa before
the polar vortex split. The black contour lines indicate the
anomalies comparing with the climatology and statistically
significant anomalies at the 95% confident level, according
to Student’s #-test, are encircled by white dashed lines. As

shown in this figure, the polar vortex was disturbed by two
high-pressure systems, located at the Aleutian areas and east
Atlantic basin. These two centers developed and strength-
ened respectively after their appearing about one week be-
fore the vortex split. They expanded gradually to the polar
areas and when they were connected to each other, the polar
vortex was divided into two parts, which were situated at
the Eurasian and North American continents. Comparing
with the climatology, the major anomalies took place in
arctic regions, where the positive anomalies reached ap-
proximately 900 gpm on day O and most of the strong
anomalous regions exceeded the 95% confidence level. This
positive center grew up gradually from the early period of
stratospheric warming and corresponded closely to the two
high-pressure systems, denoting that during the entire
warming processes the polar vortex was disturbed and
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weakened step by step until collapsed on day 0. Based on
the above analyses, the variations of ENA sudden warming
pattern can be attributed to the activities of Aleutian and
east Atlantic high-pressure systems in the stratosphere.

To find out more relationship between the stratospheric
high-pressure system and the tropospheric blockings, com-
posite distribution of geopotential height at 500 and 100 hPa
levels on —4, =2 and O d are shown in Figure 2. The
grey-scale indicates the statistical significance of compo-
sites at the 90% and 95% confidence levels. As indicated on
the 500 hPa level, there were two apparent blocking highs
locating at the east Pacific basin (about 150°W) and the
Urals regions (about 60°E) on —4 d. With the development
of warming processes, these two blocks expanded north-
ward and westward strongly. On -2 d, the main blocking
areas have reached to the Aleutian Islands and east Atlantic
basin, with the significant intrusion into the Arctic regions.
To the 0 d, when the stratospheric vortex was splitting, a
closed high-pressure system can be observed in the areas
northwest to the Aleutian Islands, and meanwhile an obvi-
ous Q-shaped blocking pattern was occurring in the east
Atlantic basin. These two blocking patterns had a good cor-
respondence with the stratospheric high-pressure systems in
terms of both the locations and intensities. In addition, we
also found that the geographical extent of high statistical
confidence was mostly distributed in the regions where the
geopotential height fields have great deformation, such as
the blocking high and trough-line areas. This suggests that
there are apparent disturbances in the tropospheric circula-
tion before the stratospheric vortex splitting, and the block-
ing activity characteristics are of typical statistical signifi-
cance.
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On the other hand, as shown on the 100 hPa level (Figure
2(b), (d) and (f)), two evident blocking patterns were ob-
served in the Aleutian Islands and east Atlantic basin, con-
sistent with those in troposphere, denoting that blocking
systems were vertically coherent and can influence upward
to the lower stratosphere. Like the tropospheric ones, these
two blocking highs expanded westward and northward
along with time and most regions of blocking exceeded the
95% confidence level. These distribution characteristics
demonstrate that the ENA SSW event can be ascribed to the
disturbance of two stratospheric high-pressure systems,
which are nearly always preceded by the tropospheric
blockings over the Aleutian Islands (150°W-180°) and east
Atlantic basin (0°-30°E).

For the AEA sudden warming pattern, similar distribu-
tions of composite geopotential height on 10 hPa before the
vortex splitting are observed and displayed in Figure 1(d)—
(f). As shown in these figures, there were also two high-
pressure systems disturbing the polar vortex, which located
at the Urals and west parts of North American continent
respectively. These two high centers reinforced and devel-
oped poleward gradually, leading to vortex compressed and
stretched. When they joined together, the vortex collapsed
and broken into two low-pressure centers located at the At-
lantic basin and East Asian areas. During this period, the
North American high-pressure system, originated from the
Aleutian high, was more powerful and the Atlantic part of
the splitting vortex was more significant. This is different
from the ENA pattern and may bring diverse feedbacks on
the lower atmosphere. The distributions of GH anomalies
were similar to those of ENA pattern in terms of both the
regions where the major anomalies happened and
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Figure 2 In the ENA pattern, composite distributions of geopotential height (unit: gpm) on 500 hPa and 100 hPa before the vortex splitting day. (a) and (b)
Day=-4; (c) and (d) day=-2; (e) and (f) day=0. (a), (c) and (e) 500 hPa; (b), (d) and (f) 100 hPa. The greyscale indicates statistically significant anomalies at
the 90% (light grey) and 95% (dark grey) confidence levels.
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the values of the positive center. Moreover, all of the sig-
nificant anomalous areas exceeded the 95% statistical con-
fidence level. According to the analyses mentioned above,
we can conclude that the Urals and North American high-
pressure systems play an important role in the AEA pattern
of SSW events.

Composite distributions of geopotential height at 500 hPa
and 100 hPa levels on —4, -2 and O d, as shown in Figure 3,
illustrated the relationship between the blocking high and
the stratospheric high-pressure system, which is significant
in the AEA pattern. On the 500 hPa level, two evident
blocking patterns were found in the Urals (around 60°E)
and west parts of North America (150°-120°W) during a
period one week before the vortex split. The Urals blocking
occupied a wide longitudinal range from 30°E to 120°E
with the movement along latitude, and finally expanded
northward into the Arctic regions on O d, while the North
American blocking was relatively stationary and only de-
veloped northward to affect the high latitude areas. On the
other hand, on 100 hPa level the North American blocking
pattern was clearly observed in all the three days, indicating
its coherent vertical structure, while the Urals blocking was
not as apparent as that in troposphere, corresponding to the
weaker high-pressure center on 10 hPa. Above analyses
suggest that the influences of blocking high on the strato-
sphere depend on not only the intensity of the blocking it-
self, but also on the effective height the blocking can reach.
Thus, not every blocking event will affect the middle and
high atmosphere. In addition, there is another way of high-
pressure systems aroused by the tropospheric blocking to
disturb the vortex. For example, in winter of the 2005-2006,
unlike the above situations, the Aleutian high moved west-
ward instead of North American continent. Furthermore, the
Urals high shifted eastward to connect with the Aleutian

" 120°E  180°

" 60°E
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high, and then this new re-formative high-pressure center
expanded poleward, splitting the polar vortex. Consequently,
the above investigations indicate that the AEA warming
pattern can be attributed to the Urals and North American
highs, which are always preceded by blocking events occur-
ring in these two places.

3 Vortex displacement events

Composite distributions of geopotential height (shaded parts)
and its anomalies (black contours) on 10 hPa are shown in
Figure 4(a)—(c) to investigate the Aleutian-Intrusion pattern
of SSW events. As shown in this figure, polar vortex was
disturbed by only one high-pressure system located at the
Aleutian Islands, which is different from the vortex splitting
events. This is also the reason that the vortex is just dis-
placed rather than split in the whole warming processes.
The Aleutian high developed and reinforced gradually since
its emergence in the early period. To the O d, the vortex was
displaced to the west parts of Eurasian continent and Atlan-
tic basin by the high-pressure center. Most anomalous geo-
potential height took place in the high latitudes regions,
which is closely related to Aleutian high. The positive
anomalies can reach about 600 gpm before the major
warming (#<0) and most of the strong anomalous areas ex-
ceeded the 95% confidence level. According to the above
analyses, the Al pattern warming events can be ascribed as
the disturbances of the polar vortex caused by the Aleutian
high and this high-pressure system is the most significant
and only influencing factor during the warming processes.
Furthermore, Figure 5 illustrates the composite distribu-
tions of geopotential height on 500 and 100 hPa levels before
the central time (0 d) to show the connections between the
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Figure 3 Same as in Figure 2, but for the AEA pattern.
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Figure 4 Composite distributions of geopotential height (color scale, unit: gpm) and its anomalies (black contour lines, unit: gpm) on 10 hPa before the
warming central day. Areas within white contour lines indicate statistically significant anomalies at 95% confidence level.
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Figure 5 In the AI pattern, composite distributions of geopotential height (unit: gpm) on 500 hPa and 100 hPa before the vortex splitting day. (a) and (b)
Day=—4; (c) and (d) day=-2; (e) and (f) day=0. (a), (c) and (e) 500 hPa; (b), (d) and (f) 100 hPa. The greyscale indicates statistically significant anomalies at

the 90% (light grey) and 95% (dark grey) confidence levels.

tropospheric blocking and stratospheric Aleutian high, the
critical contributor in the AI pattern. First, on the 500 hPa
level, there was an evident blocking system located at the
west coast of North American continent, and along with the
increase of warming intensity the blocking expanded west-
ward and northward, intruding into the polar areas from
Aleutian Islands in the end. The major areas exceeding the
statistical confidence level also located at the Aleutian re-
gions, indicating the appearance of blocking anomalies. On
the 100 hPa level, the geopotential height filed had a similar

distribution to that on 500 hPa. Apparent blocking system
was observed at about 180° and its outstanding statistical
parts were found at the Aleutian Islands too. This coherent
vertical structure denotes that this blocking system, located
at the Aleutian areas, is the major contributor to the strato-
spheric high-pressure system that playing a significant role
in the Al warming pattern.

For the North American-Intrusion pattern of SSW events,
similar distributions of composite geopotential height and
its anomalies on 10 hPa before the central time are dis-
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played in Figure 4(d)—(f). As shown in these figures, there
was also only one high-pressure system disturbing the polar
vortex, which is located at the west parts of North American
continent. This high-pressure center, derived from the Aleu-
tian high, reinforced and developed eastward and poleward
gradually leading to the deviation of polar vortex that dis-
placed to the east Atlantic basin and west Eurasian conti-
nent. The distribution of GH anomalies was closely related
to the high-pressure system in terms of both the position of
major positive center and the regions where the significant
anomalies exceeded the 95% confidence level. Conse-
quently, above analyses suggest that the NAI warming pat-
tern can be ascribed to the activities of North American
high-pressure system and the system is the only effective
contributor during the whole period.

Composite distributions of geopotential height at 500 and
100 hPa levels on —4, =2 and O d, as shown in Figure 6,
demonstrate the connections between the tropospheric
blocking and the stratospheric high-pressure system, which
is critical in the NAI warming pattern. On the 500 hPa, an
apparent blocking pattern can be found in the west coast of
North America (around 120°W) in all the three days. This
blocking system occurred in the early period of warming
processes, about one week before the central time, and was
relatively stationary in the longitudinal direction. It finally
stretched poleward into the high latitude areas on O day to
disturb the polar atmosphere. On the other hand, on 100 hPa
level, the North American blocking pattern was clearly ob-
served in all the three days in terms of both the blocking
structure and the regions exceeding 90% and 95% statistical
confidence levels, proving that this blocking has a coherent
vertical structure and is able to affect the stratosphere. On
the basis of the above analyses, we can conclude that the
NALI pattern of SSW events can be attributed to the strato-
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Figure 6 Same as in figure 5, but for the NAI pattern.
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spheric North American high, which is preceded and sup-
ported by the tropospheric blocking occurred there (90°—
120°W).

4 Feedback on the lower atmosphere

Different influences of blocking high on the stratospheric
circulations in SSW events were discussed above, indicating
that variations of polar vortex always depended on the ac-
tivities of blocking systems located at different regions.
After these analyses we also investigated the feedback of
anomalous stratospheric circulations on the lower atmos-
phere after warming events, and found that whether the
stratospheric signals could propagate downward to the
troposphere, depending on the intensity and duration of the
disturbed vortex. If the vortex anomalies last more than one
week, these anomalous signals can be observed in the lower
levels, but if the disturbed vortex returns to normal shortly
or changes its position frequently, the anomalies will con-
centrate in the stratosphere only, denoting that influences of
the stratospheric anomalies on the troposphere were condi-
tional. Therefore, four typical warming examples corre-
sponding to the four paratypes of SSW events were selected
to investigate the warming feedback: 2008-2009 winter for
the ENA pattern, 2009-2010 winter for the AEA pattern,
2007-2008 winter for the Al pattern and 1986—1987 winter
for the NAI pattern.

First for the ENA pattern, Figure 7(a) exhibits the longi-
tude-vertical cross sections of GH anomalies along 60°N in
2008-2009 winter. In order to illustrate the downward
propagation of stratospheric anomalies easily, on different
vertical layers the anomalies occurring in different times
were displayed. On the 10 hPa level, anomalies on 0 day
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Figure 7 Height-longitude sections of geopotential height anomalies (unit: gpm) in (a) the ENA pattern (2008-2009 winter), (b) the AEA pattern (2009—
2010 winter), (c) the Al pattern (2007-2008 winter) and (d) the NAI pattern (1986—1987 pattern).

(January 25, 2009) were shown and along with the decline
of isobaric surface the time of chosen data were developed
step by step. The right coordinate of Figure 7(a) marks the
corresponding date of each layer. As shown in this figure,
there were two apparent negative centers at the Eurasian
and North American continents, consistent with the posi-
tions of the two stratospheric low-pressure centers derived
from the splitting vortex. The largest centers of the Eurasian
anomalies happened in the upper stratosphere (above 70
hPa), reaching about —600 gpm, and these negative anoma-
lies propagated downward to the troposphere as time goes
by. On February 5, evident anomalous GH was observed
from 60°-90°E on 500 hPa, implying the decrease of the
Urals blocking high. The North American major negative
centers occurred in the levels from 150 to 10 hPa, reaching
about —600 gpm too. The anomalies propagated downward
to the lower layers with some westward development from
the 200 hPa level, bringing some influences to the east Pa-
cific areas (120°W-180°) on 500 hPa. These two anomalous
regions denoted that cold low-pressure centers, derived
from the splitting vortex, expanded southward to the middle
and high latitudes, bringing cooling anomalies there in Eur-
asian and North American continents. In order to illustrate
this point clearly, Figure 8(a) shows the longitude-latitude
cross sections of temperature (shaded parts) and GH (black
contours) anomalies at 500 hPa on February 5, 2009, and
the areas encircled in thick dashed lines indicate the evident
negative GH anomalies (less than —100 gpm). As shown in
this figure, cooling regions mostly corresponded to the
strong negative GH anomalies, and were consistent with the

areas where the stratospheric GH signals propagated to
(Figure 7(a)). In the middle and high latitudes of Eurasian
continent, negative GH and temperature anomalies domi-
nated most of the areas west to 90°E with the largest GH
center reaching about —300 gpm, corresponding to 6-9 de-
grees cooling in the Urals and northwest parts of Europe.
There were also negative anomalies of temperature and GH
in the north Pacific, but with weaker intensity than those of
Eurasian parts. Anomalous signals propagated from the
stratosphere led to 3—6 degrees cooling in the North Ameri-
can Alaska areas, Aleutian Islands and east Siberia. Conse-
quently, during the ENA warming events, if the splitting
polar vortex can last more than one week, the cold
low-pressure centers were able to influence downward to
the tropospheric circulation and negative GH anomalies
came from the stratosphere will induce apparent cooling in
the Urals, northwest Europe and north Pacific regions.
Similar to Figure 7(a), longitude-vertical cross sections
of GH anomalies in 2009-2010 winter are shown in Figure
7(b) to reveal the propagation features of stratospheric sig-
nals in the AEA pattern. As shown in this figure two evident
negative centers were observed in the East Asian and Atlan-
tic regions above 100 hPa, corresponding to the two parts of
splitting vortex. The Atlantic anomalies were mainly con-
centrated in the stratospheric levels with largest center
reaching about —600 gpm, and only its west parts had some
downward and westward developments, being able to arrive
at the upper troposphere, 200-300 hPa. On the other hand,
the East Asian anomalies had two closed centers, which
were located at the upper stratosphere and troposphere
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Figure 8 Distributions of temperature (shaded parts, unit: K) and geopotential height (black contours, unit: gpm) anomalies at 500 hPa on (a) February 5,

2009 and (b) February 15, 2010. The thick dashed line indicates —100 gpm.

respectively, indicating the downward propagations of neg-
ative geopotential height signals. From the distributions of
temperature and GH anomalies at 500 hPa on February 15,
2010, as shown in Figure 8(b), we can find the evident neg-
ative GH anomalies in the middle and high latitudes of East
Asia. From 90°E east to the Pacific basin, apparent cooling
phenomena can be observed in these areas, and especially in
the middle China and north Japan, cooling ranges reached
about 6°-9°. In the north Atlantic regions, there were also
negative temperature anomalies, but with less cooling extent.
This is because in these areas major GH signals, originated
in the stratosphere, were concentrated in the upper layers
above the troposphere, and their influences on the 500 hPa
circulation were weaker. In conclusion, during the AEA
warming events, when the polar vortex split more than one
week, negative GH anomalies can be propagated downward
to the East Asia and Atlantic basin, where the two cold
low-pressure systems located. Moreover, the downward
influences were stronger in the East Asian regions, leading
to apparent cooling effects in the middle China and north
Japan. Comparing the above two patterns of vortex splitting
events, we can draw a conclusion that the downward prop-
agation regions and intensities of stratospheric anomalies
were determined by the position and duration of the polar
vortex splitting processes respectively. In 2008-2009 winter
(ENA pattern) the splitting time of vortex lasted about 20 d,
while in 2009-2010 winter (AEA pattern) the vortex has
been separated for approximately 10 d. Therefore, the
downward propagation signals were stronger in the ENA
pattern year in terms of both the longitudinal range of nega-
tive geopotential height and the tropospheric levels which
the signals can arrive at.

For the vortex displacement events, similar distributions
of GH anomalies in the Al and NAI patterns were displayed

in Figure 7(c) and (d) respectively. As shown in this figure,
there was only one negative GH center in the stratosphere,
and its position corresponded to the displaced polar vortex.
Like the vortex splitting events, the position and duration of
disturbed vortex determined the downward propagations of
stratospheric anomalies. Therefore, in the Al warming pat-
tern downward propagations mostly distributed in the
northeast parts of North America, north Atlantic and north-
west Europe, while in the NAI warming pattern, major neg-
ative GH anomalies were propagated down to the middle
and west parts of Eurasian continent, resulting in some as-
sociated changes in the related atmospheric circulations.

5 Discussions and conclusions

We have analyzed the impact of tropospheric blocking high
on the stratospheric sudden warming and its feedback on the
lower atmosphere using the NCEP2 reanalysis data. We
found that during SSW processes polar vortex had different
distribution features, which were closely related to the ac-
tivities of tropospheric blocking systems. Therefore, SSW
events were classified into two patterns with four paratypes,
based on the distributions of polar vortex and blocking high,
and then different variation characteristics of these two sys-
tems were diagnosed and analyzed. The main conclusions
are as follows.

During the SSW processes, the polar vortex was dis-
turbed by one or two high-pressure systems. If there was
only one high-pressure center, the vortex would be pushed
out of the polar areas, but if there were two high-pressure
centers, the vortex would be spitted as soon as the two high
systems connected to each other. Furthermore, the strato-
spheric high-pressure system was closely coupled with the
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tropospheric blocking high in different warming patterns.
From vortex splitting events, there were two warming pat-
terns: Eurasian-North American (ENA) pattern, which
meant the splitted two centers, derived from the split polar
vortex, located at the Eurasian and North American conti-
nents respectively; Atlantic-East Asian (AEA) pattern
meaning that the two vortex centers occurred in the Atlantic
basin and East Asian regions separately. Based on the
composite results, the ENA pattern was mostly always pre-
ceded by blocking high over the Pacific basin (150°W-180°)
and the east Atlantic areas (0°-30°E), whereas the AEA
pattern was preceded by blocking events occurred in the
Urals (60°-90°E) and North American regions (90°—
120°W). Similarly, from vortex displacement events we
also found two patterns: Aleutian-Intrusion (Al) pattern,
where the polar vortex was displaced to the west European
and Atlantic areas by the intrusive Aleutian high; North
American-Intrusion (NAI) pattern, where the vortex was
pushed to the west Eurasian continent by the intrusive
high-pressure system from west parts of North America.
The Al pattern always corresponded to blocking events oc-
curred in the Pacific basin only, while the NAI pattern was
closely related to the blocking over the North American
areas. The evidences presented here suggested that different
geographical blocking distributions prior to sudden warm-
ing events played a significant role in determining the onset
and type of the warmings.

Stratospheric anomalous signals were able to propagate
downward to the troposphere in strong SSW events, and
may spend about 10-15 d from 10 to 500 hPa level. If the
splitting or displacement polar vortex sustained more than
one week in a relatively fixed area, the negative geopoten-
tial height anomalies would be propagated to the lower lay-
ers in the regions corresponding to the location of strato-
spheric vortex. Therefore, in different warming patterns,
stratospheric signals were observed in different areas. Four
typical SSW examples for different warming patterns were
chosen in this study to investigate the SSW-induced feed-
back. In the ENA pattern, cold low-pressure centers, de-
rived from splitting vortex, were found in the middle and
high latitudes of Eurasian and North American continents,
and negative GH anomalies were propagated downward to
500 hPa level in these areas, leading to apparent cooling
effects in the Urals, northwest Europe and north Pacific. In
the AEA pattern, most of the stratospheric anomalies were
propagated down to the troposphere in the East Asia, re-
sulting in negative temperature anomalies in middle China
and north Japan. On the other hand, in the vortex displace-
ment events, most stratospheric signal propagations also
occurred in the polar vortex location, and major SSW-
induced influences were observed in the northwest Europe,
north Atlantic and northeast parts of North American in the
Al warming pattern, while in the NAI pattern, stratospheric
anomalies were propagated to the middle and west Eurasian
continent. Consequently, whether there were stratospheric
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feedbacks on the lower atmosphere after the sudden warm-
ing events depended on the intensity of disturbed polar vor-
tex, and the downward propagation regions were closely
related to its durations and positions.

Earlier studies have mostly focused on the separate
characteristics and processes of tropospheric blocking high
or SSW events, but have neglected the relationship between
the two. Taguchi proposed the possibility of statistical con-
nections between these two systems [19], and Martius et al.
[20] analyzed them by classifying the SSW into two types,
vortex splitting and vortex displacement events. Using sta-
tistical and dynamical analyses, we further investigated the
variation features of polar vortex and obtained four distribu-
tion patterns, which we can ascribe to different activities of
blocking high. The active regions of blocking not only oc-
curred in the Pacific and Atlantic basins, proposed by Mar-
tius et al. [20], but also in Urals and North American conti-
nent, where there were also blocking activities which were
going to disturb the stratospheric polar vortex, leading to
sudden warming events. According to the researches of
warming feedback on lower atmosphere, we found that po-
lar vortex was the critical element to establish the connec-
tions between the stratosphere and troposphere, and the
blocking high was a driving mechanism to induce the vortex
anomalies, thus more detailed and advanced studies should
be carried out in the future to investigate the coupled inter-
action of stratosphere and troposphere through the polar
vortex.
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