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Ural blocking high (hereafter UB) is one of the most important weather systems influencing
the weather and climate of China, with its onset and development closely connected with
transient eddies. Herein, we classified the wintertime UB events during 1979-2015 into
three types according to their lifetime, i.e., short, medium, and long lifetime UB events and
further analyzed the characteristics of momentum and heat fluxes transported by transient
eddies during the three types of UB events. The results show that the eddy momentum
and heat transport by transient eddies over the Ural regions is strong, while the westerly is
weak, favorable for the establishment and maintenance of the UB. Before the onset of all
the UB events there are enhanced lower-level temperature disturbances, decelerated
westerly and convergence of transient momentum and heat fluxes. After the onset of the
UB, the upper-level jet stream is accelerated and eddy flux convergence is enhanced.
Furthermore, it is found that the duration and position of convergence could be one of
important factors determining the lifetime of UB event. The long-time strong convergence
of transient eddies favors the maintenance of UB. During long UB events, the polar jet and
the convergence of eddy momentum fluxes have the strongest intensity and northward
shifted position. The convergence is further strengthened until Day +2 and weakened since
Day +7, favorable for the long-time maintenance of UB. There is convergence on Day -3 of
both short and medium UB events, which disappears on Day +4 during short events, while
strengthened after the onset of medium events, leading to a long-time maintenance of UB.
Furthermore, among the three types of UB events, the upward propagation of wave activity
and E-P flux divergence are the strongest and most long-lasting during long UB events,
while the weakest and shortest during short UB events, which can also verify strong
atmospheric baroclinicity and long-lasting strong convergence of transient eddies are
favorable for long duration of the UB.

Keywords: Ural blocking, transient eddy, transport of momentum and heat, E-P flux, lifetime of blocking high

1 INTRODUCTION

Blocking high is one of the weather systems with anomalous meridional development of mid-high
latitude atmospheric circulations, the onset and collapse of which can lead to meridional exchange of
large-scale air parcel and heat (e.g., Charney and Devore 1979; Mokhov et al., 2013). This can induce
drastic changes in the large-scale, or even hemispheric, atmospheric circulation and further lead to
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weather and climate extremes, or even severe weather disasters.
Ural region is one of the regions with the largest blocking
frequency over Northern Hemisphere in winter (e.g., Lupo
and Smith 1995; Masato et al, 2013). The Ural blocking
(hereafter UB) is important for the weather and climate in
China. The onset, development and collapse of UB are closely
linked to the Meiyu rainfall over the Jianghuai region in China
and the establishment of UB is also an important precursor for
the outbreak of cold spells over East Asia (Ding and Johnny 2005;
Takaya and Nakamura 2005; Bueh et al., 2011; Luo et al., 2016a).
Therefore, it is necessary to investigate the main factors
influencing the establishment of wintertime UB and the
dynamic and thermodynamic characteristics during the onset
of UB events, which can not only provide theoretic basis for
understanding the mechanism of the UB development, but also
help improve our understanding of the causes of the weather and
climate extremes associated with UB events.

Many previous studies have investigated the underlying
mechanism responsible for the development of blocking high:
Yeh (2010) studied the onset and decay of blocking high from a
perspective of energy dispersion. Huang and Zou (1989) found
that basic mean flow provides energy for eddies during the
establishment of blocking high, leading to a rapid
strengthening of eddies. Luo 2003; Luo et al.,, 2016b) and Shi
and Nakamura 2020 revealed the close connection between the
development and maintenance of UB and the propagation of
Rossby waves. Luo and Zhang (2020a) considered that the local
wave activity fluxes are favorable for the establishment of
blocking high during its growth phase. Many studies found
that the energy for the establishment and maintenance of
blocking high mainly comes from baroclinic energy conversion
of effective potential energy from basic zonal flow and non-linear
interaction between waves, with vorticity transport by transient
eddies as a manifestation of the latter (Luo et al., 2014; Ma and
Liang 2017; Li et al, 2020). Similarly, the convergence and
divergence of transient vorticity and heat flux play a major
role in the onset and maintenance of the wintertime blocking
high (Nakamura et al., 1997; Luo and Chen 2005; Athar and Lupo
2010). Xu and Jin (2011) diagnosed the influence of transient
eddy fluxes on anomalous blockings and found that anti-cyclonic
flow is strengthened due to wave-mean flow interaction. Shi and
Wang (2021) found that high-frequency transient eddies are
favorable for the maintenance of wintertime UB through
barotropic energy conversion.

As a large-scale weather system, the lifetime of blocking high
is 5-7 days on average, with the longest events up to 20 days
(Diao etal., 2006; Yao et al., 2017). Blocking highs with different
lifetimes have different influences on the weather and climate
(Ye etal., 2015). Some previous studies focused on the potential
factors influencing blocking lifetime. Kong and Hu (2014) also
declared that long-duration UB events could occur more
frequently during negative stratospheric northern annular
mode (hereafter NAM) events. Ye et al. (2015) found that
the stronger the blocking highs over Atlantic and Pacific, the
more possibly long UB events could occur. Furthermore, it is
found that the meridional gradient of potential vorticity can
significantly influence the lifetime and intensity of UB events
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(Luo etal., 2019; Luo and Zhang 2020b). In addition, Luo (2003)
demonstrated that the pre-existing synoptic-scale eddies are a
key driver of the spatio-temporal evolution of blocking. The
negative phase of North Atlantic Oscillation (NAO) can
enhance the planetary-scale split-jetflow prior to blocking
onset, through the interaction with upstream synoptic-scale
waves, favorable for the establishment and long duration of
blocking high (Luo and chen 2005; Wan and Luo 2009) and then
the enhanced Eurasian cold extremes (Feng et al, 2019).
However, so far, there are few studies on the influence of
transient waves on the life cycle of the UB events.

From the above-mentioned previous studies, it can be found
that transient eddy, as an important component of atmospheric
waves, is important for the maintenance of blocking high.
However, the potential influence of transient eddies on the
lifetime of UB event still remains unclear. In this study, we
attempted to address the following two questions: 1) what is
the role of transient eddies in the development of UB events in
boreal winter? 2) What are the characteristics and possible impact
of transient eddies on UB events with different lifetimes? The rest
of the paper is organized as follows: Section 2 describes the data
and methodologies. Section 3 describes the characteristics of
atmospheric circulation evolution during the UB events. Sections
4 and 5 analyze the characteristics of eddy momentum and heat
transported by transient eddies during the UB events with
different lifetimes, respectively. The conclusions and discussion
are presented in Section 6.

2 DATA AND METHODOLOGIES
2.1 Data

The reanalysis dataset used in this study is provided by Nation
Centers for Environmental Prediction (hereafter NCEP) from
Nation Centers for Atmospheric Research (NCAR). The daily
mean dataset is on a grid with a horizontal resolution of 2.5 x 2.5
and 17 vertical pressure levels (1,000, 925, 850, 700, 600, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa). The time
period from January 1979 to February 2016 of this dataset is
analyzed in this study, including geopotential height, air
temperature and horizontal wind.

3 METHODOLOGIES
3.1 Objective Blocking Detection Method

In this study, an objective analysis method of Zhu et al. (2007) to
select UB events and we choose the 5days as the minimum
duration of UB events referring to the definition of Davini et al.,
2012. The detailed criteria are shown as follows:

(1) There is a closed high-pressure center on 500 hPa over the
mid-high latitudes (north of 50°N);

(2) The warm high-pressure center lasts for at least 5 days and
during this period it is commonly quasi-stationary,
sometimes moving eastward or westward with a speed less
than 7-8 longitude degree/day;
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(3) Over the blocking region, the westerly jet is significantly
decelerated and splits into two branches west of the high-
pressure center. The two branches, ie., northern and
southern branches, merge in the east of it. The zonal
distance between split and merge points is larger than
40-50 longitude degrees.

One of the advantages of this detection method is avoiding the
mis-interpretation of the relatively high geopotential height
anomalies without anti-cyclonic structure as blocking high (Jin
et al., 2009). Though less simple than some other methods, such
as T&M method (Tibaldi and Molteni 1990), this detection
method satisfies our need for recognition of the lifetime of
blockings, especially for dates of establishment and collapse.

3.1.1 Momentum and Heat Transport of Transient
Eddies
In this study, we used a decomposition method for the
atmospheric variables. According to the principle of
physical decomposition (Qian and Jiang 2014), the temporal
anomalous fields, such as u', v/ and T, are defined on a
calendar date (t) in the year (y) at latitude (¢). The detailed
method is as follows:

An observational daily mean variable field F (A, ¢, t),,suchas
u, v or T, is defined on a calendar date (t) in a year (y) at a spatial
grid point of longitude (1) and latitude (¢). Then it can be
decomposed into a climatological field F(A, ¢, t), and
temporal anomalous field F' (4, ¢, t) y-

E(A, ¢, 1), =F(L, ¢, t) +F (X, 9, 1), (1)

The climatological fields are estimated by averaging 38 years
(1979-2016) of data based on the NCEP/NCAR reanalysis data
on the calendar date (t).

2016

F(L 9. £),= Y F(L o, ¢ / 38 @)

1979

The temporal anomalous fields can be derived after removing
the climatological fields from the original observations. One is the
zonal-averaged anomalous fields on calendar date (t) in year (y) at
latitude ().

2

Z[Ago,

A=h

[F(h, ¢, t ,—EQ, 9, f)y}/(h—lwl)

3)

This component is referred to as the zonal-averaged (or
planetary-scale) anomaly that is used in this paper. The zonal-
mean momentum and heat transport of transient eddies are
represented by [u'v'] and [V'T'], respectively. The square
brackets indicate zonal mean.

3.1.2 The Generalized E-P Flux

The generalized Eliassen-Palm flux defined by Andrews and
Mcintyre (1976) is used in this study to investigate the wave
activity during UB events. According to the transformed Eulerian
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mean formulation under the approximation of § plane, the E-P
flux is defined as follows:

F=JF, +kF, (4)
where F, and F, are the meridional and vertical components of
EP flux:

F, = —pu'V' (5)

F. =p,foRVT [ (N*H) (6)
where p, indicates air density, u’, v/ and T’ are the disturbance of
u, v and T, f, is the Coriolis parameter and R shows the gas
constant for dry air. N and H represent buoyancy frequency and

scale height, respectively.
Then the divergence of E-P flux is written as:

- OF, OF,
VeF = —+
Jy 0z

™)

4 THE CLASSIFICATION OF BLOCKING
EVENTS AND THE CHARACTERISTIC
ANALYSIS OF THE CIRCULATION
EVOLUTION

According to the blocking detection method described in the
Method section, 32 winter blocking events over the Ural region
are detected during 1979-2015 and the onset and collapse dates of
these events are shown in Table 1. Firstly, Figure 1 shows the
composited geopotential height and horizontal wind fields on 500
and 850 hPa pressure levels from 5 days prior (Day -5) to 3 days
after (Day +3) the onset of UB. On Day -5, the mid-latitudes are
dominated by westerly. There are negative geopotential height
anomalies west of Ural region, north of Europe, while the Ural
region is dominated by weak positive geopotential height
anomalies. 2days after, the negative geopotential height
anomalies west of the Ural region are strengthened, forming a
weak trough, which is more obvious on 850-hPa pressure level.
On Day -1, the positive geopotential height anomalies over the
Ural region are significantly strengthened, forming a weak ridge.
The trough west of the Ural region is also deepened. In addition,
there are negative geopotential height anomalies over the western
Siberian Plain, tilting towards northeast-southwest. On Day 0, the
Ural positive anomalies are further strengthened, with their
center value up to 140 gpm, forming an anti-cyclone anomaly
on 850-hPa pressure level. The negative Siberian anomalies are
also expanded. On Day +3, the Ural ridge shows a northwest-
southeast tilt. The trough west of the Ural region is significantly
weakened, indicating the weakening of the upstream energy and
the blocking tends to decay.

Generally, the circulation fields from Day -3 to Day +3 show
distinct evolution characteristics, but it is hard to reveal the
influences of the troughs and ridges on the lifetime of the
blocking high based on the above-mentioned composited
results. Therefore, in order to investigate the possible impact
of the transient eddies on the lifetime of blocking high,
according to the lifetime of the blocking high, the following
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TABLE 1 | Onset and collapse dates of the Ural blocking events during 1979-2015.

Onset date Collapse date Lasting days (d)
1 1979/12/28 1980/01/03 7
2 1980/01/27 1980/02/05 10
3 1981/01/17 1981/01/22 6
4 1981/02/20 1981/02/25 6
5 1982/12/19 1982/12/26 8
6 1984/01/13 1984/01/18 6
7 1984/01/23 1984/02/03 12
8 1984/02/07 1984/02/12 6
9 1984/02/15 1984/02/23 9
10 1984/12/14 1984/12/28 15
11 1985/01/05 1985/01/12 8
12 1985/02/20 1985/02/28 9
13 1986/01/28 1986/02/03 7
14 1988/01/22 1988/01/31 10
15 1990/02/15 1990/02/21 7
16 1995/01/17 1995/01/22 6

Transient Eddies During Ural Blocking

Onset date Collapse date Lasting days (d)
17 1995/02/15 1995/02/20 6
18 2000/01/09 2000/01/15 7
19 2001/02/03 2001/02/07 5
20 2003/01/19 2003/01/25 7
21 2003/02/06 2003/02/11 6
22 2003/12/27 2004/01/04 9
23 2004/01/31 2004/02/04 5
24 2005/01/23 2005/02/09 18
25 2007/12/08 2007/12/12 5
26 2007/12/26 2007/12/31 6
27 2009/02/15 2009/02/23 9
28 2010/02/02 2010/02/06 5
29 2011/01/07 2011/01/11 5
30 2012/01/17 2012/01/29 13
31 2012/12/10 2012/12/19 10
32 2016/02/10 2016/02/14 5
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FIGURE 1| Composited geopotential height (contours; units: gpm), its anomalies (shading; units: gpm) and horizontal wind (vectors; reference vectoris 5 m s™') on
(A1-A6) 500-hPa and (B1-B6) 850-hPa pressure levels. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s
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parts classify these blocking events into three types of events:
short (5-6 days), medium (7-9 days) and long (>10 days)
lifetime events. These events are sorted by their onset dates.
3,4,6,8, 16,17, 19, 21, 23, 25, 26, 28, 29 and 32 are sorted as
short events, 1, 5,9, 11, 12, 13, 15, 18, 20, 22 and 27 as medium
events and 2, 7, 10, 14, 24, 30 and 31 as long events. The Ural
region in this study is outlined as the region between 40°E-80°E.
In the following parts, the characteristics of the transient eddies
during different lifetime blocking events are analyzed according
to the composited results of transient eddy momentum flux and
heat transport.

5 CHARACTERISTIC ANALYSIS OF
TRANSIENT EDDY MOMENTUM
TRANSPORT

The onset of blocking high is often accompanied by the abrupt
collapse of westerly. The westerly jet could split into the northern
and southern branches. Strong transient transport is associated
with strong jet stream (Hoskin and Ambrizzi 1993; Ren et al.,

2011). Therefore, the characteristics of upper-level jet stream
during the blocking events are also analyzed, with positive [¢'v']
denoting the northward eddy momentum flux.

Firstly, the westerly jet stream and transient eddy
momentum transport from Day -3 to Day +3 of the short
UB events are shown in Figure 2 (al-a7). From Figure 2, it
can be found that during the blocking events westerly splits into
two branches, i.e., sub-tropic and polar jets, south and north of
the Ural blocking, respectively. Before the onset of UB, both the
two jet streams are relatively weak, with the positive [u'v']
dominating the mid-upper troposphere between 40°N-60°N
(Figures 3al,a2), indicating the poleward transport of eddy
momentum flux by transient eddies. On Day -3, the positive
[u'V'], up to 70 m*s ™2, centers around 65°N, 300 hPa, while
there is weak negative [u'v'] north of 80°N, forming the
convergence of eddy momentum flux around 80°N. Two days
after, the westerly jet stream splits up and the polar jet is shifted
northward to 70°N, forming the strong westerly belt between
50°N-70°N. The positive center of [u'v'] is strengthened and the
convergence center is shifted equatorward to 75°N. The
convergence of eddy momentum flux and the decelerated
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FIGURE 2| Latitude-height cross-section of composited zonal wind (units: m s™") during (A1-A6) short (B1-B6) medium and (C1-C6) long lifetime Ural blocking
events. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s t-test.
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FIGURE 3| Latitude-height cross-section of composited northward eddy momentum flux (units: m~2-s~%) during (A1-A6) short (B1-B6) medium and (C1-C6) long
lifetime Ural blocking events. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s t-test.

30°N 60°N 90°N 0 30°N 60°N 90°N 0 30°N 60°N 90°N

westerly are favorable for the establishment of the blocking high
(Xu and Jin 2011; Li et al., 2019). On Day 0, the sub-tropic jet
stream is accelerated, with its maximum up to 55 m s~ around
30°N, 200 hPa. The convergence center of eddy momentum flux
is shifted to 70°N, maintaining the UB. One day after, the two jet
streams are continuously strengthened, reaching their
maximum. The negative [u'v'] also reaches its maximum and

then [u'v'] is weakened, along with the weakening and poleward
shift of eddy momentum convergence. On Day +4, both the two
jet streams are significantly decelerated. The transport of eddy
momentum grows weaker over the blocking region and the
blocking high tends to collapse.

Then, the westerly jet stream and transient eddy momentum
transport from Day -3 to Day +3 of the medium lifetime UB
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events are also shown Figure 2 (bl-b7). Similar to the short
events, the westerly in the medium events also splits into the
northern and southern branches. On Day -3, the sub-tropic jet is
located around 30°N, 200 hPa, up to 45 m s, while the polar jet is
located between 50°N-70°N. [u’v] is positive (negative) south
(north) of 65°N (Figure 3bl). Then [u’] is continuously
strengthened. On Day -1, the positive [u’v] centers around
50°N, 400 hPa, up to 70 m?s™, while the negative [u’V’]
dominates the whole troposphere over the high latitudes, with
the convergence centering around 60°N. On Day 0, both the two
jet streams are enhanced, with the polar jet core located over the
upper troposphere at 60°N. The transient eddy momentum
transport is slightly weakened, but still converges around 60°N,
favorable for the maintenance of UB. After that, the sub-tropic jet
stream is continuously accelerated, while the polar jet is
strengthened and shifted northward. On Day +2 [uV’] over
the high latitudes is greatly reduced, with its center descending
to 500 hPa. The convergence center of eddy momentum fluxes is
also weakened and shifted southward to around 50°N. The
northward eddy momentum flux over the middle latitudes is
also greatly weakened, with its center descending to 500 hPa. The
convergence center at 70°N appears again and is strengthened
2 days after.

The results of the long lifetime UB events are also shown in
Figure 2 (c1-c7). The westerly still splits into two branches and
the sub-tropic jet is stronger, which is up to 55 ms™'. Polar jet
stream is located north of 75°N, indicating the strong
development of the Ural ridge. On Day -3, the westerly
already splits up. The northward transport of eddy
momentum converges in the lower troposphere around 75°N.
Then, the negative [1’v] is weakened. On Day -1, the westerly jet
between 55°N-75°N is decelerated and the transient eddies around
55°N transport energy for the blocking high. After the onset of the
blocking high, the westerly over the blocking region is
continuously weakened and the sub-tropic jet is significantly
strengthened. On Day +1, the positive [1’v] at 55'N is up to
80 m”>s™>. The eddy momentum fluxes converge around 65N
and are strengthened continuously, weakening after Day +7 (not
shown), which is favorable for the long-time maintenance of the
blocking high.

6 CHARACTERISTIC ANALYSIS OF
TRANSIENT EDDY HEAT TRANSPORT

The synoptic-scale transient eddies are closely linked to the
growth of atmospheric baroclinicity in the lower troposphere.
The transient eddies are due to the instability of temporal mean
flow, which is mainly produced in the strong baroclinic region
and moves towards the weak baroclinic region. The outlet of the
jet stream (weak baroclinicity) is where the blocking high
happens (Diao et al., 2004). Transient eddies usually propagate
along the gradient and play an important role in the development
of the mid-latitude baroclinic systems and establishment of
blocking high. Similar to the eddy momentum transport, the
positive/negative [v'T’] denotes the poleward/equatorward
transport of eddy heat flux.

Transient Eddies During Ural Blocking

Figure 4 (al-a7) and Figure 5 (al-a7) shows the latitude-
height cross-section of the temperature disturbance and [v'T’]
during the short lifetime UB events. During the short UB events,
the temperature disturbance anomalies are mainly distributed
over the middle and high latitudes and there is an “upper cold,
lower warm” pattern vertically over the high latitudes, with the
transition layer around 300 hPa. The low latitudes are dominated
by relatively weak warm anomalies. On Day -3, significant
negative temperature anomalies, upper to —4 K, appear in the
upper troposphere over the high latitudes, while the positive
anomalies mainly exist in the lower troposphere between
1,000-700 hPa. There are northward eddy heat fluxes
transported by transient eddies in the lower troposphere over
the mid-high latitudes, whereas in the upper troposphere between
70°N-80°N exists weak southward transport of eddy heat flux.
2 days after, the near-surface positive temperature anomalies are
enhanced and extend upward to 400 hPa. Then, the temperature
anomalies in the upper troposphere are reduced drastically,
leading to the weakening of the vertical temperature gradient
over the blocking region and growth of atmospheric baroclinicity
(Hu et al,, 2018). Consequently, the transient eddies transport
eddy heat flux along the temperature gradient. [vT7] is
significantly strengthened and there is weak convergence of
eddy heat flux on 300 hPa around 50°N. The transient eddies
in the lower troposphere at 50°N transport eddy heat fluxes
northward and provide energy for the establishment of the
blocking high. On Day 0, there is northward transport of eddy
heat flux over the blocking region and the convergence region is
located in the upper troposphere around 70°N, transporting heat
fluxes to the lower troposphere. The positive temperature
anomalies over the high latitudes reach the maximum 1 day
after, when the atmospheric baroclinicity also reaches its
maximum. There is northward eddy heat flux transport
throughout the whole troposphere and the heat transport in
the convergence zone is favorable for the establishment of
blocking high. On Day +4 [T’] throughout troposphere are
weakened a lot and the southward transport of eddy heat flux
by the transient eddies is reduced and diminished, leading to the
weakening and collapse of blocking high.

The transient eddy heat flux transport during medium lifetime
UB events is shown in Figure 5 (b1-b7). During these events,
positive [T’] appears in the lower latitudes and shows little
changes, which has negligible impact on the blocking events
and therefore will not be discussed in the following parts of this
study. There still exists an “upper cold, lower warm” vertical
pattern over the mid-high latitudes. However, the positive [T7] is
relatively weak and the negative [T’] in the upper troposphere
also appears very late. On Day -3, the positive center of [T7] is
located south of 60°N in the lower troposphere and is also
relatively weak. There is large-scale transient eddy heat
transport over the mid-high latitudes. There is northward/
southward transport of eddy heat flux south/north of 60°N in
the mid-lower troposphere, indicating the convergence of eddy
heat fluxes. 2days after, the lower-level positive [T7] is
strengthened and the atmospheric baroclinicity gradually
grows stronger. The convergence center is also shifted
northward to 60°N and negative [T’] in the lower troposphere
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FIGURE 4 | Latitude-height cross-section of temperature pertubation (units: K) during (A1-A6) short (B1-B6) medium and (C1-C6) long lifetime Ural blocking
events. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s t-test.
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FIGURE 5| Latitude-height cross-section of composited northward eddy heat flux (units: K m-s~3) during (A1-A6) short (B1-B6) medium and (C1-C6) long lifetime
Ural blocking events. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s t-test.
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reaches its maximum, with its center descending to 500 hPa. The
strong heat transport over the convergence zone provides energy
for the establishment of blocking high. After the onset of the
blocking events, the “upper cold, lower warm” pattern over the
high latitudes is more significant and the extent and intensity of
[T°] are also strengthened, weakening the temperature gradient in

the lower level. According to the thermal wind balance, the
thermal wind is weakened and the mid-latitude westerly is
decelerated, which is favorable for the enhancement of heat
transport and establishment of blocking high. On Day +4
[v'T’] in the mid-lower troposphere is weakened, leading to
the decay and collapse of the blocking high.
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FIGURE 6 | Latitude-height cross-section of composited E-P flux (vectors; scaled by square root of air pressure; the vertical and meridional components are scaled
by 10* and 108, respectively; units: m-s~; the reference vector denotes 10 m s72) and its divergence (shading; units: s72) during (A1-A6) short (B1-B6) medium and
(C1-C6) long lifetime Ural blocking events. The values over the dotted regions are statistically significant at the 90% confidence level according to Student’s t-test.
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FIGURE 7 | Comparison results of transient eddy characteristics among
different lifetime UB events. SUB, MUB and LUB denote short, medium and
long lifetime UB events.

Figure 4 (c1-c7) and Figure 5 (c1-c7) show the latitude-height
cross-section of the temperature disturbance and the transient
eddy heat flux during the long lifetime UB events. Different from
the short and medium blocking events, [T’] is significant
throughout the whole life cycle of the blocking events. There
is an “upper warm, lower cold” pattern over the middle latitudes,
contrast to that over the high latitudes. The negative [T’]
throughout the whole troposphere implies that the high-
pressure ridge during the blocking events induces the
southward intrusion of polar cold air mass and strengthens
the surface cold high pressure center, which is favorable for

cold extremes. On Day -3, the eddy heat flux converges
around 60°N in the mid-lower troposphere. After that [T7]
over the high latitudes is further enhanced and the meridional
heat transport splits on 400 hPa, with southward transport in the
upper troposphere and northward transport in the lower
troposphere, favorable for the establishment of blocking high.
After the onset of the blocking events, the lower-tropospheric [T’]
is significantly enhanced. According to the thermal wind balance,
the mid-latitude westerly is decelerated. On Day +2, the transient
eddy heat transport in the convergence zone around 65°N is
further enhanced, with negative [v’T”] up to 50 K m-s2, favorable
for the long-time maintenance of blocking high.

6 CONCLUSION AND DISCUSSION

In this study, the wintertime UB events are selected according to
objective analysis method and these events are further classified
into three types according to their lifetime, i.e., short, medium
and long lifetime UB events. Based on the analysis of the
characteristics of transient eddy momentum and heat
transport during UB events with different lifetime, we find the
convergence of transient eddy flux plays an important role in the
lifetime of UB and the transient eddy shows different
characteristics during UB events with different lifetimes. As an
important diagnostic, the E-P flux, which takes into account
thermal and momentum transport by transient eddies together,
can be applied in this study to diagnose the wave activities
associated with blocking high and verify the above conclusions.

This study further analyzes the E-P flux and its divergence
during the UB events, which are shown in Figure 6. The E-P flux
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divergence has an important influence on the evolution of basic
zonal wind in the upper-level jet stream region, namely wave-
mean flow interaction. The acceleration and deceleration of basic
zonal flow mainly result from the meridional transportation of
eddy momentum flux (Zhang and Ni 1991). It can be found from
Figure 6 that there is obvious E-P flux convergence in the middle
troposphere between 50°N-70°N during all the three types of UB,
consistent with the above-mentioned results. The westerly could
be decelerated, or even turn into easterly, where the E-P flux
converges. It can be noted from Figure 2 that the westerly over
the blocking region is significantly decelerated, providing
favorable background for the establishment of UB. On Day -3,
there already exists obvious E-P flux divergence in the middle
troposphere over the blocking region during all these blocking
events. However, the convergence in the medium UB events is
relatively weak, while the convergence in the long UB events is the
strongest. Then, the convergence grows stronger gradually and
the westerly over the blocking region is decelerated, favorable for
the establishment of the blocking high. The convergence of the
E-P flux after the onset of the blocking events is gradually
weakened during the short UB events, with only —8s™> on
Day +4, which could be one of the possible causes of its short
life cycle. The E-P flux convergence during the medium UB
events is significantly strengthened and can still maintain its
strength 2 days after, favorable for the maintenance of blocking
high. On Day +1 of the long UB events, the E-P flux convergence
reaches —20 s~2, with a northward shifted center and larger extent,
indicating the strong development of the Ural ridge. Consistent
with the results of transient eddy momentum and heat fluxes, the
strong E-P flux divergence persists throughout the whole long
blocking events, only showing a weakening trend on Day +4,
favorable for the long duration of blocking high.

In general, the E-P flux and transient eddy momentum and
heat transport show similar characteristics. Before the onset of
UB, westerly splits into two branches, and the lower-level [T7] is
strengthened in the middle and high latitudes, leading to a
weakened westerly over Ural. Meanwhile, the strong
convergence of transient eddies and E-P fluxes occur over the
Ural region. All of these are favorable for the establishment of UB.
After the onset of UB, both two jet streams and the convergence
of the transient eddy momentum and heat transport are
significantly enhanced, leading to the long-term maintenance
of UB. Therefore, our results are consistent with some previous
studies, i.e., the weakened westerly and the enhanced convergence
of transient eddy are favorable for the establishment of UB (e.g.,
Xu and Jin 2011; Li et al., 2019).

Further we find the transient eddy shows different
characteristics during UB events with different lifetimes. The
comparison results are shown in Figure 7. Some studies found
that the strong baroclinicity of the atmosphere and the enhanced
split-jet flow are favorable for the establishment and long
maintenance of UB (Luo 20055 Luo and Zhang 2020b).
Consistent with these studies, we found that the jet stream,
the [T°] and the baroclinicity of the atmosphere during long
events are the strongest among all the UB events. Also, we found
that the convergence of transient eddies is the strongest during
the long UB events. The convergence of transient eddy

Transient Eddies During Ural Blocking

momentum and heat flux appears early with a strong
intensity, further strengthened on Day +2 and weakened on
Day +7, favorable for the long-time maintenance of UB. The
jet stream and [T"] during short UB events are strengthened on
Day -1, with a strong convergence of eddy momentum flux,
which also decay fast, leading to an early collapse of UB. The
convergence of eddy momentum and heat flux during medium
UB events appears on Day -3 and further strengthens after the
onset of UB. Though weaker than those during long events, the
transient eddies can still maintain UB for a long time. In addition,
consistent with the result of Kong and Hu (2014) that the strong
upward propagation of wave fluxes over the Ural region favors
the long-time maintenance and development of UB events, the
upward propagating wave activity over Ural during long UB
events is also the strongest and most long-lasting in this study.

This study investigated the characteristics of transient eddies
during the evolution of wintertime UB events, which is consistent
with Athar and Lupo (2010) and Xu and Jin (2011). We also find
that strong baroclinicity and strong convergence of transient
eddies with long duration are closely linked to the long-time
maintenance of UB. However, in this study only the characteristics
of transient eddies are investigated around the onset of UB,
lacking the discussion on the results during the other stages of
UB (growth, mature, and decay). In addition, considering that
blocking high is a result of interaction between different large-
scale waves (Austin 1980), the possible role of stationary
momentum and heat fluxes should also be investigated.
Therefore, the dynamical mechanism of the momentum and
heat exchange between mean and eddy flow during the
blocking events will be further investigated in the future study.
Also, different blocking regions will be studied and model results
will be used to validate the findings from observation.
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