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Abstract This study investigates the climatological
aspects and temporal characteristics of wintertime Ural-
Siberian blocking (USB, centered over 30°~100°E), for the
period 1980/1981-2009/2010. Sixty-eight events are iden-
tified and their physical structure is diagnosed using ther-
modynamic and geostrophic vorticity tendency equations.
In climatology, horizontal advections play a fundamental
role in constructing a USB event, in which the anticyclonic
center is a warm core in the troposphere and a cold core in
the lower stratosphere. The decay of the thermal structure
is related to diabatic cooling along the vertical structure
and warm advection in the lower stratosphere. Meanwhile,
the collapse of the height structure is caused primarily by
cyclonic vorticity advection. A strong interrelationship
exists between the intensity and extension of USB events.
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The temporal characteristics of USB events are analyzed
by examining strong and weak events, which are of high
and low intensity. The strong events are probably preceded
by an open ridge over Europe and a cyclogenesis over the
Mediterranean Sea, and their formation is followed by the
stronger amplification of a Rossby wave packet across
Eurasia. On the other hand, the weak events are likely to be
triggered by surface cold anomalies over Siberia. Overall,
the evolution of a USB event forms a dynamic linkage with
the Siberian high, in which the decay stage of the USB
event is accompanied by a southeastward migration of the
Siberian high and a subsequent cold air outbreak in East
Asia. These results advance our understanding of USB and
its relationship with East Asian winter monsoon activities.
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1 Introduction

Atmospheric blocking describes a large-scale anticyclone
that remains quasi-stationary over the extratropics longer
than synoptic timescales. The persistence of blocking often
exerts a high impact upstream and downstream, and
therefore blocking is a critical challenge in short-term and
medium-range weather forecasts (e.g., Shabbar et al. 2001;
Trigo et al. 2004). Over the Northern Hemisphere, the
climatology of blocking frequency reaches two peaks over
the Euro-Atlantic region and the Pacific Ocean (e.g.,
Tibaldi and Molteni 1990; Barriopedro et al. 2006). In
addition, blocking sometimes occurs independently in the
vicinity of the Ural Mountains (~ 60°E; Diao et al. 2006);
this is called Ural-Siberian blocking (USB, 30°~100°E) in
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this study (Cheung et al. 2012a). While previous studies
have thoroughly documented the climatology of blocking
frequency in different seasons (e.g., Barriopedro et al.
2006; Diao et al. 2006; Croci-Maspoli et al. 2007; Tyrlis
and Hoskins 2008a; Cheung et al. 2012b), there are few
climatological studies on the energetics and dynamics of
blocking events (Nakamura et al. 1997; Takaya and
Nakamura 2005b; Tyrlis and Hoskins 2008b).

During boreal winter, blocking is generally more active,
more intense, and more extensive (Lupo and Smith 1995a;
Barriopedro et al. 2006; Cheung et al. 2012b). In particular,
USB has been found to exert a considerable impact on East
Asian winter monsoon (EAWM) activities (Wu and Leung
2009; Wang et al. 2010; Cheung et al. 2012a, b; Chang and
Lu 2012). Because the persistence of USB enhances the
cold advection downstream that reinforces the Siberian
high, USB has been identified as an important precursor of
severe cold surges in East Asia (Tao 1957; Joung and
Hitchman 1982; Takaya and Nakamura 2005a, b; Lu and
Chang 2009). In January 2008, the recurrence of USB
helped maintain a cold downstream background that
allowed an unusually long-lasting and severe snowstorm to
take place in southern China (Tao and Wei 2008; Zhou
et al. 2009; Li and Gu 2010). However, Wang et al. (2010)
noticed that wintertime USB activity has undergone a
remarkable decline in the past few decades. In association
with weaker USB activity, more planetary waves were
found to propagate equatorward in the troposphere instead
of propagating upward toward the stratosphere, which is
similar to the wave activities in weak EAWM years as
described by Chen et al. (2005) and Chen and Li (2007).
Thus, the weakened USB activity is likely responsible for
the weakening intensity of the winter-mean Siberian high
and the EAWM in recent decades. Although substantial
evidence has shown how USB may be dynamically linked
to the East Asian winter climate on seasonal timescales, the
climatology of USB frequency is only around 5 days [see
Fig. 1 in Cheung et al. (2012b)]. Accordingly, we are of
great concern for analyzing the impact, as well as the
energetics and dynamics, of USB events of differing
intensity and extension.

Blocking formation is often preceded by an explosive
surface cyclogenesis (e.g., Colucci 1985; Tsou and Smith
1990). This precursor explains why the two peaks of
climatological blocking frequency are located in the exit
region of the climatological storm track over the two
ocean basins. The cyclone advects warm and anticyclonic
vorticity eddies poleward. Diagnostic studies have shown
that anticyclonic vorticity advection plays a crucial role in
blocking formation (Tracton 1990; Alberta et al. 1991) as
well as its maintenance (Mullen 1987). During the early
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stage of blocking development, the anticyclonic eddy flux
leads the developing blocking high by nearly one-quarter
of a wavelength (Illari 1984; Mullen 1987). Then, the
blocking high develops rapidly as its anticyclonic vor-
ticity is increased by the incoming high-frequency eddies
(Holopainen and Fortelius 1987). Its maintenance is
supported by barotropic forcing, whereas the baroclinic
eddy flux decays (Alberta et al. 1991; Nakamura and
Wallace 1993). Nakamura et al. (1997) analyzed strong
blocking events over Europe and the Pacific and found
that the interaction with quasi-stationary Rossby waves
plays a more important role in the blocking formation
over Europe. Meanwhile, the transient eddy forcing is
crucial over the Pacific, but it also determines the inten-
sity of blocking in Europe.

Recently, Takaya and Nakamura (2005b) suggested that
the blocking formation over Eurasia can be attributed pri-
marily to the interaction between the Siberian high and the
eastward-propagating Rossby wavetrain. While blocking
moves eastward over western Siberia, it enhances the sur-
face northerly cold advection on the northwestern flank of
the Tibetan Plateau. This is crucial for amplifying the
Siberian high before a cold air outbreak. Indeed, such an
eastward-propagating wavetrain has been regarded as a
major teleconnection pathway (Joung and Hitchman 1982;
Blackmon et al. 1984; Pan 1987; Chan and Li 2004). It
exhibits a barotropic structure over Europe, but it slows
down and moves southeastward over central and western
Siberia with increasing baroclinicity. The difference in
blocking is due to the modest feedback exerted by the
surface. If there are preexisting surface cold anomalies, the
cold air also induces a cyclonic anomaly over Ural-Siberia
and an anticyclonic anomaly upstream in the upper tropo-
sphere. Consequently, this sector blocking stays quasi-
stationary and interacts with the Siberian high (Takaya and
Nakamura 2005a).

Even though considerable effort has been made to study
the energetics and dynamics of blocking using case studies,
there is still not a complete climatology of this issue
regarding the evolution of USB. In addition, there are no
analyses of the physical mechanisms of USB events with
different temporal characteristics, such as intensity and
extension. These two aspects are vital for understanding
the relationship between USB and EAWM activities and
are therefore the focus of this study. Throughout this study,
we attempt to address the following questions: (1) What are
the major physical mechanisms for the development and
decay of USB from the climatological point of view? (2)
Are there any differences in the energetics and dynamics of
characteristic USB events? (3) What are the consequences
of these characteristic events on EAWM activities?
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This paper is organized as follows: Sect. 2 describes the
data and methods. Then, Sect. 3 presents the climatology of
wintertime USB, including its 3-dimensional structures and
its linkage with the Siberian high. Section 4 further ana-
lyzes the characteristics of blocking events, including both
strong and weak events. The results are summarized and
discussed in Sect. 5.

2 Data and methods
2.1 Data

We use daily fields of the NCEP-NCAR reanalysis datasets
with a spatial resolution of 2.5° latitude x 2.5° longitude at
the Gy 5 level (surface) and 17 pressure levels (1,000, 925,
850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50,
30, 20 and 10 hPa) for the period 1980/1981-2009/2010
(Kalnay et al. 1996). The surface parameters include air
temperature (T; i.e., surface air temperature, SAT), sea
level pressure (SLP), and the zonal and meridional
components of vector wind (U and V). In addition to T, U,
and V, the multiple-level parameters include omega
(W; available from 1,000 to 100 hPa) and geopotential
height (Z).

The winter of each year includes the five consecutive
months from November through March (NDJFM), where
the year denotes the beginning month of that winter.
Moreover, an anomaly on a given calendar day, unless
specified otherwise, is defined as a departure from its daily
climatology, which is obtained from the 11-day running
mean over the 30-year study period. The significance level
for comparing two samples is determined by the two-tailed
Student’s ¢ test.

2.2 Detection of atmospheric blocking

The detection of blocking events and the definition of their
characteristics principally follows the procedures outlined in
Barriopedro et al. (2006). A brief description of the algo-
rithm is provided here. All blocking regions are defined by
the daily field of the 500 hPa geopotential height (Z500).
Each region is composed of at least five consecutive longi-
tude grid points (i.e., extension >12.5° longitude) that sat-
isfy the three sets of equations in (1) for at least 1 of 5
latitude grid point pairs (¢, Gg, ¢s). The first two equations
are to measure the meridional gradients of Z500 over the
extratropical regions (ZGN, ZGS) to determine whether a
longitude grid point (A) belongs to the blocking-type
circulation. Meanwhile, the third criterion is to ensure that
the central part of the region is an anticyclone, where a bar
over Z500 denotes the daily climatology.

Z(}w ¢N) — Z(;Lv ¢0)

ZGN(1) = p— < — 10m/deglat
M Z()H ¢0) B Z(l’ ¢S)
ZGS(A) = b0 s >0
Z500(4, ¢g) — Z500(4, ¢py) > 0 (1)

where 4 € [0,357.5]°E, ¢y = 80°N + A, ¢, = 60°N + A,
¢g =40°N + A, A = —5°,-2.5°,0°,2.5°, or 5° latitude.

The extension of a blocking region is taken as the
distance between the easternmost and westernmost lon-
gitude grid point. The center (Acy, $¢y) corresponds to
the grid point of the largest zonally averaged and merid-
ionally averaged Z500 within a reference region. This
reference region is extended 5° longitude eastward and
westward from the easternmost and westernmost grid
point, respectively, concerning the tilting of some
blocking ridges. After identifying the center, the intensity
of a blocking region is determined by Eq. (2), in which
Ap and Agown represent the upstream and downstream
longitude grid points at the half extension from A, of that
blocking region.

BI = 100.0[Z(Zetrs Pogy) / Zeet — 1.0],

where Zer = [Z(Zup, #) + Z(Zdowns ¢)] /2 )

2.3 Diagnostic equations

The thermal and height structures of USB are diagnosed
by the thermodynamic energy equation and the vorticity
tendency equation, respectively, in isobaric coordinates
(A, ¢, p; Holton 1979; Lupo et al. 1992). First, at a
given pressure level (p), the thermodynamic energy
equation, or the temperature tendency equation, is
written as

or or _ar T30 Q
5 = —(Ua—i— v@) W+ = (3)

b c d

where the terms on the R.H.S. are (b) the horizontal tem-
perature advection, (c) an adiabatic heating term due to
vertical motion and (d) diabatic heating. For the diabatic
heating term, Q is the diabatic heating rate per unit mass,
and ¢, is the specific heat at constant pressure
(=1,004 J K" kg™'). In this study, this term is approxi-
mated as the residual of the other three terms in the
equation. T, U, V, and W are extracted from the NCEP-
NCAR reanalysis datasets, whereas 0, the potential
temperature, is derived from T using Poisson’s equation.

Second, the geostrophic vorticity tendency equation at a
specific pressure level is expressed as:
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where the terms on the R.H.S. are (f) the horizontal vor-
ticity advection, (g) the divergent effect, (h) the tilting
effect, (i) the vertical vorticity advection, (j) the frictional
effect, and (k) the ageostrophic vorticity tendency. & indi-
cates the vorticity, and the subscripts a, g, and ag attached
to this quantity denote absolute, geostrophic, and ageos-
trophic vorticity, respectively. The quantity a in the reci-
procal of terms f, g, h, and j denotes the earth’s radius.

In the above equations, the partial derivatives in the A, ¢
, and p directions are determined by the 2nd-order centered
finite difference method, except that the boundaries of ¢
(90°N and 90°S) and p (1,000 and 10, or 100 hPa for W)
use the one-sided finite difference method. Note that the
effect of frictional force (term j) is generally small and is
not taken into consideration in our analyses.

3 A climatology of wintertime Ural-Siberian blocking
(USB)

All USB events in this study are centered between 30° and
100°E longitude when they are established (Cheung et al.
2012a). For a wintertime event, the establishment date falls
between 1 November and 31 March and the duration is at
least 4 days. During the period 1980-2009, 68 USB events
are identified and their mean center is located at 64.3°N,
58.3°E. The statistics of the temporal characteristics of
these events, including duration, intensity, and extension,
are summarized in Table 1. Among these events, however,
the duration varies from 4 to 16 days and the center spreads
across a considerable distance between 30° and 100°E. In
order to acquire coherent signals for studying their physical
structures during the development and decay stages, day 0
of each event is defined as the date that the event attained a

maximum intensity. In addition, all physical parameters at
the center on day O of each event are first translated to a
reference grid (65.0°N, 57.5°E), which is the closest grid to
the mean location under the 2.5° x 2.5° resolution of
reanalysis datasets. Such a translation is then applied to
other days of the same event. The center of a USB event is
defined as spanning 5° across the reference grid (60°-70°N,
52.5°-62.5°E).

3.1 Physical structure

Figure 1 shows the climatology of thermal and height
structures across the USB center. The vertical profiles in
Fig. la—b illustrate the structure of a typical blocking high.
The thermal structure is composed of a warm core in the
troposphere and a cold core in the lower stratosphere
(Fig. 1a). During the development stage, the high center
acquires instability due to an increase in the vertical tem-
perature gradient, and it is most pronounced near the tro-
popause (Fig. 1b). Moreover, Fig. 1c depicts the horizontal
structure on day 0 by compositing Z500 and the thickness
air temperature anomalies in the 1,000-300 hPa layer. On
one hand, the height structure shows an omega-like pattern
with a closed isopleth at 5,580 m, indicating the mature
phase of the blocking high. On the other hand, the thermal
structure is made up of a dipole anomaly pattern oriented in
the NW-SE direction in the troposphere. As deduced by
the mean extension from Table 1, the western and eastern
ends of the USB are located near 40°E and 75°E, respec-
tively. Accordingly, these results suggest that wintertime
USB generally exerts a high impact downstream (i.e.,
western Siberia), which involves interaction between the
quasi-stationary Rossby wave packet and the Siberian high,
according to the findings of Takaya and Nakamura (2005a).

Table 1 Statistics of the

. . . Percentile (-th) Mean SD

intensity, extension, and

duration of wintertime USB 0 25 50 75 100

events
Intensity (no unit) 0.9 3.0 4.3 5.6 10.1 4.3 1.8
Extension (km) 844 1,200 1,660 2,060 5,140 1,730 833
Duration (days) 4 4 5 7 16 6 3
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The vertical structures across the USB center are ana-
lyzed using diagnostic equations (Eqgs. 2-3), as mentioned
in Sect. 2.3 (Figs. 2, 3). In climatology, USB develops
between day —3 and O and it decays between day 1 and 4.
In comparison, the decay rate is slower than the develop-
ment rate (Figs. 2a, 3a), which may in turn indicate that
intensification is a more abrupt procedure. Among all
thermodynamic terms, the horizontal advection acts as the
primary factor for USB formation, which is positive
(negative) in sign in the troposphere (lower stratosphere;
Fig. 2b). Furthermore, diabatic heating may play a sec-
ondary role in the warm-core structure in the midtropo-
sphere (Fig. 2d). After development, the high stability in
the middle and upper troposphere acquired by the blocking
center gives rise to strong adiabatic warming (Fig. 2c).
However, this is compensated by strong diabatic cooling in
the troposphere (Fig. 2d). Meanwhile, the horizontal
advection term is negligibly small in the troposphere but it
is considerably positive in the lower stratosphere (Fig. 2a).
Hence, the warm advection in the lower stratosphere and
the diabatic cooling in the troposphere are two weakening
processes that destroy the thermal structure.

On the other hand, the development and decay of the
vorticity structure is attributable mainly to the horizontal
advection of absolute vorticity, where the forcing is
strongest near 300 hPa (Fig. 3a—b). During the develop-
ment stage, part of the incoming anticyclonic vorticity
advection counteracts the ageostrophic tendency and the
divergence effect (Fig. 3d—e). The vertical advection of

absolute vorticity seems to be negligibly small throughout
the entire air column (Fig. 3f). The tilting term is generally
small, but it may make a positive contribution to the
development of blocking in the midtroposphere (Fig. 3c).
The sign of each term obtained in the vorticity tendency
equation is consistent with the findings of Lupo and Smith
(1995b), who performed a diagnostic analysis on Atlantic
blocking using the geopotential height tendency equation.
During the decay stage, the horizontal vorticity advection
is opposite in sign to most of the other terms, but it is the
dominant factor.

3.2 Life cycle

The life cycle of a USB event is further investigated by the
composites on day —2, day 0, and day 2 at three pressure
levels (200, 500 hPa, and near-surface). The composites
are given in Figs. 4, 5, 6, which illustrate thermodynamic
and dynamic forcing, as well as thermal and height struc-
tures, across a USB event.

On day —2, the Icelandic low weakens substantially
associated with a southeastward extension (Fig. 4f). There
is an anomalous low over the Mediterranean Sea that is
subject to intensification, which can be deduced by the
negative SLP tendency over 20°E, 40°N (Fig. 4f). Down-
stream of this low anomaly is a thermal ridge extending
northeastward to advect warm air toward the northwestern
flank of the Siberian high (Fig. 4c). An upper-tropospheric
height ridge lags behind the surface ridge (Fig. 4b—c),
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which resembles the typical structure of a developing
baroclinic wave (Holton 1979). Accordingly, both the
thermal and height ridges amplify and move slowly east-
ward. In addition, there is a thermal trough downstream of
the warm ridge (Fig. 4b—c). Such a trough over the upper
troposphere was found to increase the mass convergence
and enhance the surface divergence over western Siberia
prior to a cold air outbreak (Ding 1990; Wu and Chan
1997). The development of the Siberian high is signified by
a sharp increase in the SLP and a substantial decrease in the
SAT to the west of Lake Baikal (~50°N, 110°E; Fig. 4f).
These results suggest that the Siberian high undergoes
intensification during the development of USB.

The mature phase of a USB event is characterized by an
omega-like height pattern over the upper troposphere on day
0 (Figs. 1b, 5b), although both thermodynamic and dynamic
forcing are weaker than on day —2 (Figs. 4, 5). On day —2,
the USB is centered at 60°N, 45°E (Fig. 4b), which almost
coincides with the local maximum of height and SLP ten-
dencies (Fig. 4d—f). This position also shows the greatest
magnitude in temperature tendency in the upper air
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(Fig. 4d—e). Such baroclinic forcing favors substantial
intensification of the USB. Comparatively, the tendencies
lessen on day O (Fig. 5d—f), especially the positive SLP
tendency over western Siberia (Fig. 5f). Moreover, the local
maximum of these terms is located to the east of the USB
center (65°N, 57.5°E), where the thermodynamic term is
moved farther east than the dynamic term (Fig. 5d—f). The
amplified thermal ridge extends farther northeastward,
which enhances the pronounced warming across the north-
ern flank of the USB (Fig. 5Sb—). Consequently, the trough
above the Siberian high intensifies the cooling near the
surface. On the other hand, the SLP over the Icelandic low
continues to increase, while the low anomaly over the
Mediterranean Sea remains unchanged (Fig. 5f). Mean-
while, the zero-degree isotherm along the anomalous low
remains quasi-stationary between day —2 and day O
(Figs. 4c, 5c). Apparently, the upstream environment over
the Euro-Atlantic region on day 0 does not exert a strong
enough physical forcing to further intensify the USB.

On day 2, the USB weakens substantially and its center
at 500 hPa loses the identity of the closed isopleth at
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Fig. 3 Vertical profiles of individual terms in the geostrophic
vorticity equation: a tendency of geostrophic vorticity, b horizontal
advection of absolute vorticity, ¢ tilting, d tendency of ageostrophic
vorticity, e divergence term, and f vertical advection of absolute
vorticity. The contour interval is shown at the botfom right, where the
zero contours are omitted, positive values are shaded, and negative
values are represented by dashed lines. Note that the contour interval
ranges between 0.1 x 107 s 2 and 1 x 107'° s72 in (a—e) and it is
setat 0.2 x 107 s72 in (f)

5,580 m in the mature phase (Fig. 6b). The pressure and
temperature tendencies coincide with the USB center
again, but they are opposite in sign to those on day —2,
suggesting that the weakening force is baroclinic. In the
meantime the weakening signal transmits across East Asia,
where the upper-tropospheric trough above the Siberian
high exhibits positive pressure and temperature tendencies
(Fig. 6e). This is associated with the breakdown of the
Siberian high, which migrates southeastward by bringing
cold air masses toward the East Asian continent. The
positive SLP tendency, together with the negative
temperature tendency to the southwest of Lake Baikal,
indicates such a cold air outbreak (Fig. 6f). This is what
previous studies have described as the occurrence of a

severe cold surge following the collapse of a blocking ridge
in the vicinity of the Ural Mountains (e.g., Tao 1957;
Takaya and Nakamura 2005b). Overall, it appears that the
evolution of a winter USB event is related to that of the
Siberian high in climatology.

3.3 Relationship with the Siberian high

To further study the climatological linkage between USB
and the Siberian high, the temporal variation of the two
systems during the evolution of USB is analyzed by the
geopotential height spanning 5° across the USB center, as
well as the SLP and SAT over the Siberian high region.
The Siberian high region is defined as 45°-55°N, 70°-90°E
on the transformed grid, where the cold dome can be
identified on day O (Fig. 1c). This region is located to the
west of the climatological Siberian high region for studying
cold surges [e.g., 40°-60°N, 77.5°-122.5°E in Ding (1994);
45°-55°N, 90°~105°E in Wu and Chan (1997)]. As shown
in Fig. 7, both USB and the Siberian high intensify before
day O and weaken after day 2. When the Siberian high
intensifies, the SAT over it drops, and vice versa. In
addition, the pressure gradient force over the midlatitudes
in East Asia is enhanced during the development of USB.
The central SLP of the Siberian high increases from
1,036 hPa on day —2 (Fig. 4c) to over 1,040 hPa on day 0
(Fig. 5c). Apart from substantial cooling over the southeast
quadrant of the cold high, the zonal pressure gradient
tightens due to a drop in pressure over the Far East (i.e.,
downstream of the USB). As suggested by Takaya and
Nakamura (2005a), the cold SAT anomalies over western
Siberia induce upper-level cyclonic vorticities and low-
level anticyclonic anomalies, which tend to maintain the
upstream blocking and to construct quasi-stationary
cyclonic anomalies over East Asia (see their Fig. 8b).
Therefore, USB is believed to exert an impact on EAWM
activities, which will be discussed in Sect. 5.3.

4 Characteristics of strong and weak USB events

In Sect. 3, the physical structure of a USB event throughout
its life cycle and the impact of USB on EAWM activities
were studied from the climatological point of view. How-
ever, each blocking event is unique, with different inten-
sities, extensions, and durations. We are curious about the
physical mechanisms responsible for these different USB
characteristics. A recent study by Cheung et al. (2012b)
sampled all Northern Hemisphere blocking events and
showed that these characteristics are positively correlated
with each other at the 95 % confidence level. Table 2
summarizes the linear correlation coefficients among these
characteristics for 68 wintertime USB events. Findings are
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Fig. 4 (Left panel) a-b:
Composite maps of geopotential
height and air temperature at
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Fig. 5 Same as Fig. 4, but for
day 0
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similar to those of Cheung et al. (2012b) in that the cor-
relation is particularly strong between the intensity and
extension, with an explained variance of nearly 45 %. In
comparison, the correlations between the duration and the
other two characteristics account for less than 10 % of the
total variance, despite the fact that the two correlation

coefficients exceed the 90 % confidence level. Therefore, it

@ Springer

90°E  120°E 30W  0° 30°E 60°E 90°E  120°E

is reasonable to assume that blocking events of high
intensity and large extension share common features, and
vice versa. The following analysis will focus only on the
intensity of USB events. Due to the high interrelationship
of intensity with extension, we classify the 68 events into
three categories: strong, normal, and weak. Strong (weak)

events are those with intensities greater (smaller) than the



Observational climatology and characteristics of wintertime atmospheric blocking 71

Fig. 6 Same as Fig. 4, but for
day 2
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75th (25th) percentile of intensity listed in Table 1, and the
others are designated as normal events. The means of
intensity, extension, and duration for strong/weak events
are 7.01/2.07 (dimensionless), 2,440/1,200 km, and
7/4 days, respectively.

In Sect. 3.2, it was suggested that horizontal advection
plays a dominant role in the development and decay of USB
events (Figs. 4, 6). In addition, Sect. 3.1 illustrated that the
height structure is pronounced throughout the entire air
column and the warm-core structure is confined to the tro-
posphere. In order to identify the precursor and impact of
USB of different intensities, the intensity of 68 USB events
is first regressed onto the thickness height tendencies and
height anomalies in the 1,000-100 hPa layer, as well as the
thickness air temperature anomalies in the 1,000-300 hPa
layer, with different time lags. These regression maps are
shown in Fig. 8, and the following describes the results for
the characteristics of strong and weak events.

4.1 Physical forcing across the USB center

As mentioned in Sect. 3.1, a USB event is characterized by
a mature omega-like spatial structure on day 0, with warm
and high anomalies spreading across the Ural-Siberian
region. Accordingly, the regression map on day O implies
that a strong USB event is composed of a center of warmer
and higher anomalies (Fig. 8h, m). It is questionable
whether the development of such a structure is related to
stronger physical forcing.

Table 3 (Table 4) summarizes the magnitude of the
terms in the 1,000-300 hPa (1,000-100 hPa) layer in
the temperature (vorticity) tendency equation (Egs. 3—4)
for the strong and weak events from day —2 to day O.
Generally, horizontal advections make the most significant
contribution to the development of the two groups. In
comparison, the thickness temperature and height anoma-
lies between the two groups are remarkably different, that
is, well above the 99 % confidence level. However, the
difference is not as great for most of the other terms. For
the temperature tendency equation, the confidence level is
close to 90 % for the thickness temperature tendency and
horizontal temperature advection. Furthermore, the mag-
nitude of the adiabatic and diabatic terms diverges among
the events of each group, whereas the difference in the two
terms between the two groups is insignificantly small. For
the vorticity tendency equation, even though the horizontal
vorticity advection of the strong events is stronger than the
weak events near the 95 % confidence level, this group is
subject to a much stronger ageostrophic vorticity tendency.
As a consequence, the Laplacian of geopotential height is
significant only at the 90 % confidence level. In the decay
stage, the differences in temperature and height anomalies
between the two groups are still significant at the 99 %
level, which is higher than the other terms (not shown). It
appears that the difference in both dynamic and thermo-
dynamic forcing cannot fully explain the discrepancy in the
USB structures with different intensities. Thus, we attempt
to identify the precursors for the strong and weak events.
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Fig. 7 a Z500 spanning 5° across the USB center; b SLP and ¢ SAT
over the Siberian high region (45°-55°N, 70°-90°E) from day —7 to
day 7 (black line), where the climatological mean is represented by
the gray line and the standard error of each quantity on each day is
represented by the error bar

4.2 Amplified ridge over Europe

Nakamura et al. (1997) and Takaya and Nakamura (2005b)
pinpointed that blocking over Eurasia is manifested mainly
by an eastward-propagating quasi-stationary Rossby
wavetrain from the Euro-Atlantic region. Both studies also
concluded that transient eddy forcing associated with storm
activities is of secondary importance in the development of
blocking over this sector. As depicted in Fig. 9, a trough
deepens over the North Atlantic and a ridge extends
northeastward from Europe at the 500-hPa level on day —4
and day —3 for the strong events (Fig. 9a, c), but this is not
apparent for the weak events (Fig. 9b, d). Correspondingly,
there was already a sharp contrast in height and tempera-
ture anomalies between the two groups before the USB
development between day —3 and day 0. This partly
explains the marked difference in these two quantities
compared to other physical forcing terms in Tables 3 and 4.
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This also suggests that the strong events are characterized
by stronger amplification of a Rossby wavetrain. Indeed,
Tyrlis and Hoskins (2008b) found the preexisting ridge
over Europe to be a characteristic of wintertime Asian
blocking.

4.3 Cyclogenesis over the Mediterranean Sea

From day —3 to day —1, a region with negative regression
coefficients of thickness height tendencies moves south-
eastward from the European continent toward the Medi-
terranean Sea (Fig. 8a—b), where the coefficients are of the
same sign at different levels (not shown). Meanwhile,
another region with positive coefficients of this tendency
term is expanding over Ural-Siberia. By comparing the
magnitude of this tendency term to that in Fig. 4f, it can be
deduced that the regression pattern indicates a cyclogenesis
is taking place upstream of a developing USB event.
Indeed, an explosive surface cyclogenesis was mentioned
in earlier literature as being important for the formation of
blocking (Colucci 1985; Tsou and Smith 1990). Specifi-
cally, Lupo and Smith (1995a) found that its occurrence
frequency is highest in winter and lowest in summer.
Furthermore, they obtained a statistically significant rela-
tionship between the deepening rate of a cyclone and the
intensity of blocking over Atlantic and Pacific regions. The
effect of cyclogenesis on the intensity of USB is
noteworthy.

The composite maps shown in Fig. 10 compare strong
and weak USB events. On day —1, the developing USB of
both groups is observed to undergo the strongest intensi-
fication near the high anomaly center (Fig. 10a—d). Obvi-
ously, the positive temperature and height tendencies of the
strong events are much higher than those of the weak
events (Fig. 10e—f). Moreover, the cyclogenesis for the
strong events is likely to occur over the Mediterranean Sea
(Fig. 10a), while that for the weak events is not clear
(Fig. 10b). In addition to a negative regression coefficient
over this region of the thickness height anomalies on day 0
(Fig. 8g), it is suspected that the strength of cyclogenesis
upstream of a USB event can potentially contribute to its
intensity.

4.4 Surface cold anomalies over western Siberia

Apart from surface cyclogenesis, surface cold anomalies over
the Siberian high can also induce surface anticyclonic vor-
ticity anomalies over Ural-Siberia (Takaya and Nakamura
2005a). On day —3, positive regression coefficients of the
thickness temperature anomaly in the 1,000-300 hPa layer
can be identified over Siberia (60°-70°N, 60°-100°E;
Fig. 8k). This is reflected by above-normal (below-normal)
SATs over this region for the strong (weak) events, as implied
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Regression onto the intensity of USB events
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Fig. 8 Regression of the intensity of USB events onto the thickness
height tendencies in the 1,000-100 hPa layer (left panel), height
anomalies in the 1,000-100 hPa layer (middle panel) and temperature
anomalies in the 1,000-300 hPa layer (right panel) on day —2, —1, 0,

Table 2 Pearson’s correlation matrix for the temporal characteristics
of wintertime USB events, where the level of confidence is shown
inside the brackets

Correlation  Intensity Extension Duration
Intensity 0.670 (>99.9 %) 0.262 (96.9 %)
Extension  0.670 (>99.9 %) 0.233 (94.4 %)

Duration 0262 (96.9 %)  0.233 (94.4 %)

by Fig. 11a-b. In addition, the two groups consist of a dipole
temperature anomaly pattern during their development, in
which the axis along the warm—cold anomaly center for
the strong (weak) events is oriented in an N-S (NW-SE)
direction (Fig. 11a-b). On one hand, a warm anomaly
region spreading over the high latitudes during the strong
events favors their large extension (Fig. 11a). On the other
hand, the preexisting cold anomalies over the high

30°W  0° 30°E 60°E 90°E 120°E

To2x
30°W  0°  30°E 60°E 90°E 120°E

2, and 4. The contour interval is indicated at the bottom left of the
bottom panel. The zero values are omitted and negative values are

dashed. The shading indicates that the regression coefficients are
statistically significant at the 95 % confidence level

latitudes of Siberia may play a key role in the development
of the weak events (Fig. 11b). That is, this precursor
indirectly enhances anticyclonic and warm eddies imported
from upstream, which may be favorable for USB forma-
tion without upstream cyclogenesis. The next section dis-
cusses the impact of strong and weak events on EAWM
activities.

4.5 Evolution of the Siberian high

Over the Siberian high region (45°-55°N, 70°-90°E on the
transformed grid), both the SLP and SAT anomalies are
comparable between the strong and weak events before
USB formation (Fig. 12b—c). After USB formation, the
SLP anomaly of strong events is slightly higher than that of
weak events (Fig. 12b), but the SAT anomaly of weak
events is lower than that of strong events around day 2
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Table 3 Mean and standard error of temperature anomalies and each of the terms in the temperature equation for strong and weak USB events,
as well as the difference between the two groups, in the 1,000-300 hPa layer averaged from day —2 to day O

Term Strong Weak Strong—weak (confidence level)
Day —2-0
Temperature anomaly (°C) 7.25 £ 0.19 4.00 £ 0.51 3.25 (>99.9 %)
Temperature tendency (°C day ") 1.93 £ 0.38 1.00 £ 0.36 0.924 91.3 %)
Horizontal temperature advection (°C dayfl) 3.13 £ 0.49 1.95 £ 0.52 1.18 (89.3 %)
Adiabatic heating (°C day ") 0.603 & 1.242 0.599 + 1.001 0.00440 (0.22 %)
Diabatic heating (°C day ) 0.435 + 0.961 0.197 & 0.962 0.238 (13.8 %)

The confidence level for the difference in each term is determined by the 2-tailed Student’s 7 test and is shown inside the brackets

Table 4 Mean and standard error of geopotential height anomalies and each of the terms in the vorticity equation for strong and weak USB
events, as well as the difference between the two groups, in the 1,000-100 hPa layer averaged from day —2 to day 0

Term Strong Weak Strong—weak (confidence level)
Day —2-0

Height anomaly (m) 275 £ 14 187 £ 17 87.6 (>99.9 %)

Laplacian of height tendency (10710572 —0.802 £ 0.100 —0.459 + 0.165 —0.342 91.4 %)

Horizontal vorticity advection (10~ 105-2) —1.39 £ 0.19 —0.82 £ 0.21 —0.571 (94.6 %)

Ageostrophic vorticity tendency (10710 s72) 0.200 =+ 0.034 0.0335 + 0.0318 0.1663 (99.9 %)

Vorticity divergence (107'° 572 0.245 + 0.082 0.109 =+ 0.068 0.209 (79.2 %)

The confidence level for the difference in each term is determined by the 2-tailed Student’s 7 test and is shown inside the brackets

Fig. 9 Lagged composites of Zsyo and Zsy, anomalies
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(Fig. 12c). The contrast between these two quantities of the  intensity of cold air over the Siberian high region. From
strong and weak events may arise from their different  day O to day 4, USB tends to moves eastward slowly and a

precursors. The upstream environment of the strong events,  low is likely to develop over northeastern China and in the
which includes a cyclogenesis and a preexisting ridge, is  vicinity of Japan (Fig. 8h—j). As mentioned previously, a
essential for stronger amplification of the Siberian high.  stronger USB event is associated with a stronger amplifi-

For the weak events, the preexisting cold anomalies over  cation of the Rossby wavetrain. Even though the cold
the high-latitude region of Siberia potentially enhance the = anomalies over the Siberian high during the strong events
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Fig. 10 Upper and middle
panels show the thickness
structure and forcing of

a-b height in the

1,000-100 hPa layer and d—e
air temperature in the
1,000-300 hPa layer for strong
and weak USB events on day
—1, where the tendencies and
anomalies are represented by
the black and gray contours,
respectively. The bottom panel
shows the difference in

(c) thickness height tendencies
and f thickness air temperature
tendencies between strong and
weak events, where the shading
exceeds the 95 % confidence
level based on the two-tailed
Student’s ¢ test. The contour
interval for black (gray)
contours is shown at bottom
right (left), where the zero
contours are omitted and the
negative contours are dashed

Fig. 11 Upper and middle
panels show the surface air
temperature anomalies for
strong and weak USB events,
whereas the bottom panel
indicates the difference between
the two groups on day —3 (left
panel) and day —1 (right panel).
The contour interval is 1.0 °C,
where the zero contours are
omitted and the negative
contours are dashed. Negative
values in the upper and middle
panels and the differences
exceeding the 95 % confidence
level in the bottom panel are
shaded

may be smaller in magnitude than during the weak events,
an intense cooling is evident from day 4 to day 6, as
inferred from Fig. 13a, c. This may be related to physical
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processes involved in the intensification of the Siberian
high associated with the strong events, such as stronger
northerly cold advection in the low levels. However, the
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Fig. 12 a Z500 anomalies spanning 5° across the USB center; b SLP
anomalies and ¢ SAT anomalies over the Siberian high region (45°—
55°N, 70°-90°E) for strong (black lines) and weak (gray lines) USB
events from day —7 to day 7, where the standard error of each
quantity on each day is represented by the error bar

detailed analyses of cold surges are beyond the scope of the
present study. In short, the impact of both strong and weak
USB events on EAWM activities is apparent.

5 Summary and discussion
5.1 Physical mechanisms of USB

The physical mechanisms and characteristics of Ural-
Siberian blocking (USB) are investigated for the period
1980/1981-2009/2010. The climatological structure of a
USB event is an omega-like spatial pattern in the upper
levels. Its center is a warm core in the troposphere and a
cold core in the lower stratosphere. Its development is
attributed mainly to horizontal temperature and vorticity
advections, which can be achieved by two pathways. The
first one is initiated by an upstream cyclogenesis over the
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Mediterranean Sea, together with a ridge extending
northeastward and undergoing amplification from Europe.
This mechanism is similar to what was proposed by Lupo
(1997), where blocking was observed to form in a high-
amplitude planetary-scale flow regime due to advections of
synoptic-scale eddies from a surface cyclone. This pathway
is favored by an eastward shift of the climatological storm
track over the North Atlantic toward the Mediterranean
Sea, which is related to the North Atlantic Oscillation
(Shabbar et al. 2001; Scherrer et al. 2006; Luo et al. 2010).

The second pathway is induced by cold SAT anomalies
over Siberia. As suggested by Takaya and Nakamura
(2005a), the cold Siberian high would interact with an
upper-tropospheric Rossby wave. Specifically, it induces
anomalous southwesterly and anticyclonic vorticity
advections upstream, which allows an upstream ridge to
form and remain quasi-stationary over Ural-Siberia.
According to the postulation of Shabbar et al. (2001), the
strong thermal contrast over the Euro-Atlantic region
arising from a warm ocean—cold continent would echo the
topographic forcing that favors blocking development over
that region. In an analogous situation, warm SAT anoma-
lies upstream of cold SAT anomalies over Siberia can
trigger a USB event via the topographic forcing of the Ural
Mountains. Therefore, the development of USB is initiated
mainly by surface forcing.

Without the support of the above forcing, a USB event
tends to weaken. We found that the adiabatic and diabatic
terms become strong along the vertical structure after the
mature stage of USB, but they tend to counteract each
other. The diabatic cooling and the horizontal warm
advection in the lower stratosphere tend to destroy the
thermal structure of a USB event. In addition, cyclonic
vorticity advection destroys the anticyclonic structure of a
USB event. Overall, the baroclinic processes of horizontal
advections are of utmost importance in the climatological
life cycle of a USB event. Other terms, such as adiabatic
warming and tilting, seem to play an insignificant role.

5.2 Relationship between intensity and extension

There is a strong statistical linkage between the intensity
and extension of USB events, which can be explained by
the physical mechanisms discussed above. By studying
USB events of high and low intensity (which are called
strong and weak), we noticed that the former (latter) group
is likely to develop via the first (second) pathway. In
comparison, the strong events are supported by the stronger
physical forcing associated with cyclogenesis, which sup-
plies plentiful warm subtropical air along the high latitudes
over Siberia. Due to the absence of cyclogenesis, the warm
anomalies of the weak events are more localized upstream
of the developing USB. This emphasizes the role of
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Fig. 13 SAT anomalies (shading) and tendency of SLP (contour) for strong and weak USB events on a-b day 4 and c—d day 6. The contour
interval is 1 hPa, where the zero contours are omitted and the negative contours are dashed

cyclogenesis in the intensity and extension of a USB event.
Indeed, Lupo and Smith (1995a) also mentioned this factor
as the cause of the difference in these temporal features
between summertime and wintertime blocking.

5.3 The impact of USB on EAWM activities

The physical mechanisms of USB events with different
characteristics are important for understanding the rela-
tionship between USB and EAWM activities. Since the
formation of weak USB events is preceded by cold SAT
anomalies over western Siberia, these have an implicit
linkage with the Siberian high. On the other hand, in strong
events the upstream cyclogenesis over the Mediterranean
Sea advects warm eddies poleward via a warm ridge.
Meanwhile, the warm ridge also amplifies a thermal trough
to advect cold polar air equatorward and downstream.
Because the downstream side is usually the climatological
Siberian high region, a dynamic linkage is established
between strong USB events and the Siberian high.

In this study, we also found that the life cycle of a USB
event is closely related to the evolution of the Siberian
high. Recall that the Siberian high is a semipermanent
feature of the EAWM. The anticyclonic flow diverging
equatorward from the Siberian high consists of two bran-
ches, one traveling eastward toward the central Pacific and

the other traveling southward and crossing the Maritime
continent (Lau and Li 1984; Ding and Krishnamurti 1987,
Ding 1994; Zhang et al. 1997; Chang et al. 2006). Zhou
et al. (2007a, b) identified north-south and east-west SLP
gradients as two leading spatial patterns over the EAWM.
Particularly, they used the second mode as a measure of
EAWM activities. During the formation of USB, cold SAT
anomalies over the Siberian high interact with the quasi-
stationary Rossby wave aloft (Takaya and Nakamura
2005a). Cyclonic anomalies are induced over East Asia,
such that the pressure drops and the zonal pressure gradient
tightens. Hence, USB is able to enhance EAWM activities.

Indeed, the circulation pattern associated with USB
shares some common features with a typical cold surge.
The Siberian high is developed under radiative cooling and
the subsidence of cold air masses converging toward an
approaching upper tropospheric trough (Ding 1990; Wu
and Chan 1997). When the cold high touches the north-
eastern tip of the Tibetan Plateau, a cold surge is initiated
(Hsu 1987). During a cold surge period, a ridge often
occurs upstream of the trough (Chu 1978), such that an
inverse phase relationship can be identified between Cen-
tral Asia and East Asia (Chang and Lau 1980). Such a
phase relationship is also present for the omega-like pattern
of USB, but this can be long-lasting due to the persistence
of USB. The persistence of USB maintains the cyclonic
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vorticity downstream, which favors the accumulation of
cold air over the Siberian high. Once the cold dome moves
toward the lee side of the Tibetan Plateau, a cold air out-
break takes place and spreads across East Asia. Therefore,
the recurrence of USB can lead to a long-lasting cold
period in the EAWM, such as that of January 2008
(e.g., Zhou et al. 2009). Moreover, when the quasi-
stationary trough propagates eastward in the decay stage of
USB, a severe cold surge is likely to occur.

6 Concluding remarks

We have revealed that horizontal advections of temperature
and vorticity are crucial for the development and decay of
USB. There are two triggering mechanisms, which are (1)
an upstream cyclogenesis over the Mediterranean Sea, and
(2) surface cold anomalies over western Siberia. When
only the former (latter) factor exists, USB is likely to be
more (less) intense and extensive. Nevertheless, both
pathways enhance EAWM activities. This highlights the
importance of studying the physical linkage between
blocking and EAWM activities on subseasonal timescales.
A recent study by Chang and Lu (2012) demonstrated the
possible impact of Pacific blocking on intraseasonal
variations in the EAWM during the positive phase of
Arctic Oscillation. On the other hand, Cheung et al.
(2012a) proposed a combined effect of the Arctic Oscil-
lation and El Nifio/Southern Oscillation on the relationship
between USB and the EAWM. We may consider how the
intraseasonal oscillations of large-scale teleconnection
patterns may impact USB and its temporal characteristics.
The prediction limit of daily 500-hPa geopotential height
(which is used for identifying blocking in this study) is
around 6-11 days over the extratropics (Li and Ding 2011),
which is shorter than the predictability over the tropics
(Ding et al. 2011). Therefore, an advanced understanding
of blocking can also improve the skill of extended-range
weather forecasts.
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