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ABSTRACT

Based on the daily Japanese 55-yr reanalysis  data,  this  study analyzes the maintenance mechanism for  53 boreal
winter blocking highs around the Ural Mountains (UBHs) during 1958–2018 based on the atmospheric energy budget
equations.  After  decomposing  the  circulation  into  background  flow,  low-frequency  anomalies,  and  high-frequency
eddies, it was found that the interaction between the background flow and low-frequency anomalies is conducive to
the maintenance of the UBHs. Due to the southwestward gradient in the climatological mean air temperature over the
Eurasian continent, it is easy for the air temperature anomalies as well as the wind velocity anomalies in the middle
and lower troposphere induced by the UBHs to facilitate the positive conversion of baroclinic energy associated with
the background flow into the UBHs. Likewise, the conversion of barotropic energy associated with the background
flow is  also evident  in  the upper  troposphere,  in  which the climatological  mean westerlies  have evident  southward
gradient to the northwest of Lake Baikal and southwestward gradient over Barents Sea. Note that the conversion of
baroclinic energy associated with the background flow is dominant throughout the lifecycle of UBHs, acting as the
major contributor to the maintenance of the UBHs. Although transient eddies facilitate maintenance of the UBHs via
positive conversion of barotropic energy in the middle and upper troposphere, they hinder the maintenance of UBHs
via negative conversion of baroclinic energy in the lower troposphere. The diabatic heating anomalies tend to coun-
teract the local air temperature anomalies in the middle and lower troposphere, which damps the available potential
energy of UBHs and acts as a negative contributor to the UBHs.
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1.    Introduction

Blocking  high  is  a  planetary-scale  circulation  phe-
nomenon  over  the  middle  and  high  latitudes.  Due  to  its
longevity  and  stationarity,  a  blocking  high  usually  in-
duces  persistent  abnormal  weather  situations.  However,
due to the complexity of blocking high, its formation and
maintenance mechanisms pose a challenge to the medium-
range  weather  forecasts  (Matsueda  and  Palmer,  2018)
and  future  projections  (Woollings  et  al.,  2018).  It  has
been a primary interest of many synoptic and dynamical
meteorologists for decades.

In  the  Northern  Hemisphere,  winter  blocking  highs
preferentially  occur  over  Euro-Atlantic  region  and  cent-

ral  and  eastern  Pacific  (e.g., Dole  and  Gordon,  1983;
Tibaldi  and  Molteni,  1990; Pelly  and  Hoskins,  2003;
Schwierz  et  al.,  2004; Barriopedro  et  al.,  2006),  which
are  the  climatological  areas  of  planetary  ridge  and  the
exit  zones  of  two main  storm tracks  (Barriopedro  et  al.,
2010). The formation of the blocking highs over the two
regions  is  associated  with  the  interaction  between  the
planetary-scale  circulation  and  the  migratory  transient
eddies (Green,  1977; Illari  and Marshall,  1983; Colucci,
1985; Holopainen  and  Fortelius,  1987; Nakamura  et  al.,
1997). Transient eddies can systematically transport anti-
cyclonic  vorticity  into  blocking  highs  (Shutts,  1983;
Mullen,  1987),  induce  positive  height  tendency  (Holo-
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painen and Fortelius,  1987; Nakamura et  al.,  1997),  and
transfer their kinetic energy (KE) and/or available poten-
tial energy (APE) to the planetary-scale or time-mean cir-
culation which is associated with blocking highs (Hansen
and  Chen,  1982; Hansen  and  Sutera,  1984; Holopainen
and Fortelius, 1987; Lu and Huang, 1996; Ma and Liang,
2017). In addition to the diagnostic analyses, the theoret-
ical models also verified the important role of the interac-
tion  for  transient  eddies  with  the  planetary  waves  and
mean flow in forming the main features of blocking flow
(Luo, 2000, 2005; Luo et al., 2014, 2019).

Ural  Mountains  are  usually  considered  as  the  third
most  preferential  region  for  the  occurrence  of  blocking
highs over the Northern Hemisphere in winter (Dole and
Gordon,  1983; Lupo  and  Smith,  1995).  Blocking  highs
around the Ural Mountains (UBHs for simplicity) are re-
garded as an important upstream precursor of severe cold
surges  in  East  Asia  (Tao,  1957; Takaya  and  Nakamura,
2005; Wen  et  al.,  2009; Zhou  et  al.,  2009; Bueh  et  al.,
2011a, b; Luo et al., 2016a, b). Previous studies have re-
vealed  that  the  low-frequency  dynamics,  e.g.,  Rossby
wave propagation over the Eurasian continent, is evident
for the formation of the UBHs (Luo et al., 2016b; Shi et
al., 2020), which is also true for Europe blocking highs in
boreal  winter  (Nakamura,  1994; Nakamura  et  al.,  1997)
and  the  blocking  highs  around  the  Far  East  in  boreal
summer  (Nakamura  and  Fukamachi,  2004; Shi  et  al.,
2016).  The  Rossby  wave  propagation  is  emanated  from
the  North  Atlantic  (Li,  2004)  or  a  decaying  positive
North Atlantic Oscillation event (Luo et al., 2007, 2015).
As  for  the  high-frequency  dynamics,  the  feedback  for-
cing  of  high-frequency  eddies  does  not  exert  significant
influence  on  the  mid- and  upper  troposphere  during  the
evolution  of  UBHs  (Li,  2004; Luo  et  al.,  2016b; Shi  et
al.,  2020),  which  differentiates  UBHs  from  the  oceanic
blocking highs.

Note  that,  for  the  dynamical  features  of  UBHs in  the
sub-seasonal  timescales, Shi  et  al.  (2020) discussed  the
high-frequency  and  low-frequency  dynamics  separately
in  different  dynamical  contexts.  Specifically,  the  contri-
bution  from  high-frequency  migratory  eddies  is  evalu-
ated  through  the  potential  tendency  equation  (Lau  and
Holopainen, 1984),  while the contribution from low-fre-
quency  dynamics,  i.e.,  the  Rossby  wave  propagation,  is
represented  by  the  wave-activity  flux  which  is  derived
from  the  enstrophy  tendency  equation  and  the  energy
tendency equation (Takaya and Nakamura,  2001).  Thus,
it is difficult to evaluate the relative contributions of low-
frequency dynamics and high-frequency dynamics to the
maintenance of UBHs. Cheung et al. (2013) explored the
dynamical  features  of  UBHs  via  the  geostrophic  vorti-

city  tendency  equation,  and  the  thermodynamic  features
via  the  thermodynamic  equations.  They  found  that  the
horizontal  advections  of  both  air  temperature  and  abso-
lute vorticity are the important contributors to the main-
tenance  of  UBHs.  Likewise, Li  et  al.  (2020) found  that
the convergence/divergence of the stationary momentum
and heat fluxes are prior to the evolution of UBHs, indic-
ating  the  importance  of  both  dynamical  and  thermody-
namical processes in modulating the evolution of UBHs.
However, the relative importance of dynamical and ther-
modynamical  processes  is  not  obvious  since  different
equations (Cheung et al.,  2013) or only indices are used
(Li  et  al.,  2020).  Recently,  with  the  budget  equation  of
local  finite-amplitude  wave  activity  (Huang  and  Na-
kamura,  2016), Nakamura  and  Huang  (2018) emphas-
ized the important role of the convergence of zonal wave
activity flux in initiating the blocking. Wang et al. (2021)
further  pinpointed  that  the  eddy  heat  flux  assists  zonal
wave activity flux in UBHs initiation and stagnation. Al-
though  barotropic  and  baroclinic  processes,  wave
propagation and advection are well discussed by Wang et
al.  (2021) in  the  evolution  of  UBHs,  it  is  still  not  clear
what important role high-frequency eddies play, which is
generally  emphasized  by  previous  studies  on  blocking.
Therefore,  it  is  meaningful  to take into consideration all
the physical processes in one uniform context to deepen
our knowledge on the dynamics of UBHs. As elucidated
in Tanaka  et  al.  (2016) on  the  dynamics  of  the  western
Pacific atmospheric teleconnection pattern, the diagnostic
equation  of  energy  is  a  suitable  diagnostic  tool  for  ex-
ploring  the  relative  importance  of  the  dynamical  and
thermodynamical  processes,  and/or  the  high-frequency
dynamics  and  the  low-frequency  dynamics.  Inspired  by
their  study,  the present  study also utilizes the diagnostic
equation of energy to discuss the underlying mechanism
for the maintenance of UBHs.

v′2−u′2,−u′v′

f v′b′/N2

Simmons  et  al.  (1983) demonstrated  that  the  product
of  the  barotropic  component  of  the  extended  Eliassen–
Palm flux ( ) (Hoskins et al.,  1983) and the
horizontal gradient of the background velocity fields cor-
responds to the barotropic energy conversion between the
background  circulation  and  the  disturbance.  In  addition,
Kosaka  and  Nakamura  (2006) demonstrated  that  the
product  of  baroclinic  component  of  the  extended  Eli-
assen–Palm  flux  ( )  and  the  horizontal  gradient
of  the  background  air  temperature  field  corresponds  to
the baroclinic energy conversion. Therefore, the interfer-
ence  with  the  background flow can  facilitate  the  forma-
tion and maintenance of low-frequency circulation anom-
alies. In fact, some studies have pinpointed that low-fre-
quency  circulation  anomalies  can  maintain  themselves
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through  the  effective  conversion  of  the  barotropic  en-
ergy  and/or  baroclinic  energy  associated  with  the  back-
ground  circulation  (Simmons  et  al.,  1983; Nakamura  et
al., 1987; Kosaka and Nakamura, 2006, 2010; Cai et al.,
2007; Kosaka  et  al.,  2009; Jiang  et  al.,  2013; Tanaka  et
al.,  2016; Dai  et  al.,  2021).  These  low-frequency anom-
alies are generally close to or along the jet stream, indic-
ating the important  role  of  the jet  stream in forming the
low  frequency  anomalies.  For  example,  the  wintertime
Pacific/North American pattern and East Atlantic pattern
are located to the exit of jet stream, and they can effect-
ively extract  the barotropic energy from the background
flow (Simmons et al.,  1983; Nakamura et al.,  1987); the
summertime  Silk  Road  pattern,  which  is  along  the  sub-
tropical  jet  stream  over  the  Eurasian  continent,  can  ef-
fectively  extract  the  baroclinic  energy  from  the  back-
ground flow (Kosaka et  al.,  2009).  In  addition,  the  con-
version of  both  barotropic  and baroclinic  energy associ-
ated  with  background  flow  is  also  evident  during  the
evolution  of  the  blocking  highs  over  the  North  Atlantic
(Ma  and  Liang,  2017)  that  are  close  to  the  Atlantic  jet
stream.  Unlike  the  aforementioned  low-frequency  circu-
lation anomalies, UBHs are located in the region with re-
latively weak westerlies. It is natural to question whether
the  conversion  of  barotropic  and/or  baroclinic  energy  is
still  evident through the interaction between background
flow  and  low-frequency  anomalies  during  the  mainten-
ance of UBHs, and that is one of the motivations for the
present study.

In  the  framework  of  energy  conversion,  the  present
study  shows  that  the  interference  between  background
flow  and  low-frequency  anomalies  is  favorable  for  the
maintenance of UBHs by converting both baroclinic en-
ergy  and  barotropic  energy  to  UBHs.  In  addition,  the
contributions  from  transient  eddies  and  diabatic  heating
are  also  analyzed.  Section  2  introduces  the  data  and
methods  employed  to  detect  UBHs  and  diagnoses  the
contributions  from  different  circulation  parts  to  the  en-
ergy of the UBHs. Section 3 describes the overall circu-
lation  characteristics.  Sections  4  and  5  present  the  main
results on the energetics of UBHs. Section 6 provides the
main conclusions of this study and further discussion. 

2.    Data and methods
 

2.1    Datasets and data processing

The present study uses daily data from Japanese 55-yr
Reanalysis  (JRA-55; Kobayashi  et  al.,  2015).  We  ana-
lyzed  60  extended  winter  seasons  from  1958  to  2018.
The  extended  winter  season  refers  to  the  period  from
November to March of the following year. The horizontal

resolution of this dataset is 1.25° × 1.25°. The meteorolo-
gical  variables  used  in  this  study  include  geopotential
height, wind velocity, and air temperature. They are dis-
tributed on isobaric surfaces. The 2-m air temperature is
also  utilized  to  measure  the  influence  of  UBHs  on  the
surface weather. All of the abovementioned variables are
reanalysis  fields  based  on  the  assimilation  of  observa-
tional data.

In addition, the diabatic heating field in JRA-55 is also
used. It is composed of the large-scale condensation heat-
ing rate,  convective heating rate,  vertical  diffusion heat-
ing rate, solar radiative heating rate, and longwave radiat-
ive  heating  rate.  The  large-scale  condensation  heating
rate  represents  the  heating  effect  by  large-scale  forced
uplift,  and  the  convective  heating  rate  represents  the
heating effect by cumulus convection. The vertical diffu-
sion  heating  rate  represents  the  heating  effect  from  the
vertical  diffusion  process.  The  longwave  radiative  heat-
ing  rate  and  the  solar  heating  rate  are  the  two  diabatic
heating fields associated with radiation. The parameteriz-
ation methods for deriving the five diabatic heating rates
are  described  by Kobayashi  et  al.  (2015),  and  more  de-
tails  can  be  found  in  an  online  document  (https://www.
jma.go.jp/jma/jma-eng/jma-center/nwp/outline2013-nwp/
index.htm).

Blocking  highs  are  characterized  by  their  low-fre-
quency evolution. Accordingly, the present study mainly
discusses the energetics of the low-frequency circulation
anomalies  associated  with  UBHs.  Like Nakamura  et  al.
(1997), we apply the Lanczos filter (Duchon, 1979) with
a  cut-off  frequency  of  8  days  to  isolate  the  low-fre-
quency  circulation  from  the  high-frequency  fluctuation.
To circumvent the data loss that occurs at the beginning
and  end  of  a  data  sequence  when  applying  the  Lanczos
filtering procedure with 31 weights,  the extended boreal
winter period from mid-October to mid-April of the fol-
lowing year is subjected to digital filtering.

Following Nakamura  et  al.  (1997),  the  local  anomaly
of  a  given  variable  on  a  particular  day  is  defined  as  its
departure from the local value of the climatological mean
annual cycle for the corresponding calendar date. The cli-
matological  mean  annual  cycle  is  defined  as  the  60-yr
climatological mean daily fields. Note that the 60-yr cli-
matological mean daily fields are further subjected to the
31-day running mean to reduce the day-to-day variability. 

2.2    Detection of UBHs

The detection method of UBHs, based on the method
by Tibaldi and Molteni (1990), is almost the same as that
of Shi  et  al.  (2020),  with minor modifications.  First,  the
large-scale  meridional  gradient  of  daily  low-frequency
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geopotential  height  (Z)  at  500  hPa  is  detected  at  every
longitude, 

GHGN =
Z (φn)−Z (φ0)
φn−φ0

GHGS =
Z (φ0)−Z (φs)
φ0−φs

, (1)

φ0

φn = 80◦N+∆φ φ0 = 60◦N+∆φ
φs = 40◦N+∆φ ∆φ

∆φ

where  GHGN  and  GHGS  represent  the  gradients  to  the
north  and  south  of  a  chosen  reference  latitude ,  re-
spectively.  Here, , ,  and

, where  is set from −5° to +5° with an
interval of 1.25°. An instantaneous local blocking is con-
sidered to occur if GHGN < −10 m degree−1 and GHGS
> 0 for at least one value of . Then, a UBH candidate
is  picked  out  if  the  instantaneous  local  blocking  occurs
over at least 15 consecutive degrees in longitude and per-
sists for at least 5 days. In addition to the reversal of the
large-scale  meridional  gradient  as  measured  by  Eq.  (1),
the strong anticyclonic anomaly is also considered as an
important  feature  for  blocking (Dole  and Gordon,  1983;
Barriopedro  et  al.,  2010).  To  ensure  that  the  detected
UBHs are associated with strong anticyclonic height an-
omalies, a UBH event is finally identified if the maximum
amplitude  of  the  low-frequency  geopotential  height  an-
omalies at 500 hPa over the region 55°–80°N, 40°–80°E
exceeds  +200  gpm  at  the  peak  day.  The  region  55°–
80°N,  40°–80°E is  around  the  Ural  Mountains.  Accord-
ing to our calculation,  53 UBHs are picked out over the
60 winters from 1958 to 2018. The frequency is approx-
imately  0.88  UBHs  per  winter,  which  is  very  close  to
0.86  UBHs  per  winter  as  identified  by Li  et  al.  (2020).
Luo et al. (2016a) picked out many more UBHs, i.e., 54
UBHs, during 1979–2013, which might be related to the
fact that they do not apply the spatial constraint of 15 de-
grees for the instantaneous local blocking in the identific-
ation  of  the  UBHs.  The  day  with  the  maximum  height
anomalies  is  regarded  as  the  peak  day.  In  the  following
composite  analysis  and  energy  diagnostic  analysis,  the

peak day is regarded as the reference day and denoted as
day 0, and day N (−N) refers to N days after (before) the
peak day. 

2.3    Energy budget equations for low-frequency
anomalies

V

The conventional work on the atmospheric energtics is
conducted  on  a  global  and  integrated  sense  (Lorenz,
1955).  As  an  extention  of  Lorenz’s  work,  several  local
energy  budget  equations  are  proposed  (Mak  and  Cai,
1989; Jiang  et  al.,  2013; Liang,  2016; Dai  et  al.,  2021;
Zhuge  and  Tan,  2021a)  to  explore  the  dynamics  of  re-
gional eddies of different temporal and spatial scales (Cai
and  Mak,  1990; Deng  and  Mak,  2005; Cai  et  al.,  2007;
Jiang et al., 2013; Dai et al., 2021), the Atlantic blocking
highs  (Ma  and  Liang,  2017),  and  atmospheric  telecon-
nection  patterns  (Tanaka  et  al.,  2016; Zhuge  and  Tan,
2021a, b).  The  present  study  adopts  the  local  KE  and
APE budget  equations  for  the  low-frequency  circulation
anomalies  derived by Tanaka et  al.  (2016).  The detailed
derivation  is  shown  in  Appendix  B  of Tanaka  et  al.
(2016), and a brief description on the formulation of the
local KE budget equation is given here. It starts from the
quasigeostrophic  momentum  equation.  After  separating
the momentum (V) into high-frequency (V′′) and low-fre-
quency component, the low-frequency component is fur-
ther  decomposed  into  climatological  mean  ( )  and  an-
omaly  field  (V′).  The  tendency  equation  for V′  is  firstly
obtained  by  applying  low-frequency  filtering  to  the  ori-
ginal  momentum  equation  and  subtracting  the  terms  re-
garding  the  budget  of  the  climatological  mean  mo-
mentum. Finally, the local KE budget equation is readily
obtained by multiplying the tendency equation of V′ with
V′. The local APE budget equation is obtained in a similar
way  but  starts  from  the  thermodynamic  equation.  The
budget  equations  are  duplicated  in  the  following  with
some rearrangement:

∂(KE)
∂t

=
v′2−u′2

2
(
∂u
∂x
− ∂v
∂y

)−u′v′(
∂u
∂y
+
∂v
∂x

)︸                                         ︷︷                                         ︸
CKcli

−u′∇ · (u′′V′′)′− v′∇ · (v′′V′′)′︸                                 ︷︷                                 ︸
CKTE

−V · ∇(KE)−V′ · ∇(KE)︸                         ︷︷                         ︸
GKadv

−V′ · ∇Φ′︸     ︷︷     ︸
Φadv

+RK
,

(2)

∂(APE)
∂t

= −RT ′

pS p
V′ · ∇T︸           ︷︷           ︸

CPcli

−RT ′

pS p
∇ · (V′′T ′′)′︸                 ︷︷                 ︸
CPTE

+
Rω′T ′

p︸    ︷︷    ︸
CPK

−V · ∇(APE)−V′ · ∇(APE)︸                             ︷︷                             ︸
GPadv

+
RT ′Q′

pCpS p︸     ︷︷     ︸
GPQ

+RP
, (3)

KE = (u′2+ v′2)/2

where the single prime and double prime denote the com-
posite  low-frequency  anomalies  and  the  high-frequency
fluctuation, respectively, associated with the UBHs. The
bar  denotes  the  background  flow that  is  obtained  as  the
climatological mean fields. The variables 

APE = RT ′2/(2pS p)

S p = RT/pCp−dT/dp
V = (u,v) Φ

and  are  the  kinetic  energy  and  the
available  potential  energy,  respectively,  for  the  low-fre-
quency  circulation  anomalies  associated  with  UBHs;

 is  the  static  stability  parameter;
 is  the  horizontal  wind  velocity;  and  is  the
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geopotential. RK in Eq. (2) and RP in Eq. (3) are the re-
sidual  terms,  including  the  cubic  terms  associated  with
the low-frequency anomalies and the various errors in the
dataset  and  the  finite  differentiation.  In  the  KE  budget
equation,  the  term  RK  also  includes  the  damping  effect
due  to  friction  force.  Note  that  Eqs.  (2)  and  (3)  neglect
some terms that  are related to the cross-frequency inter-
action  between  high- and  low-frequency  eddies.  These
terms  are  assumed  to  be  small  which  can  be  inferred
from the studies by Dai et al. (2021) on the APE budget
analysis of low-frequency eddies. Future studies on other
energy  budget  equations  (e.g., Jiang  et  al.,  2013; Liang,
2016; Dai et al., 2021; Zhuge and Tan, 2021a) are needed
to obtain a better understanding on the role of cross-fre-
quency  eddy–eddy  interaction  in  the  maintenance  of
UBHs.

Φadv

Φadv

−∇3 · (V′aΦ′)
−Rω′T ′/p V′a = (u′a, v′a, ω

′)
∇3

−Rω′T ′/p
Φadv

Φadv

For  the  convenience  of  description  and  analysis,  the
terms on the right-hand side of both Eqs. (2) and (3) are
grouped.  The  CKcli and  CKTE in  Eq.  (2)  represent  the
local conversion of the barotropic energy associated with
the  climatological  mean  state  and  transient  eddies,  re-
spectively. The GKadv and  represent the local gener-
ation  of  barotropic  energy  due  to  the  advection  of  KE
and  geopotential  energy,  respectively.  As  indicated  by
Tanaka et al. (2016),  in the free atmosphere is com-
posed  of  the  convergence  of  anomalous  ageostrophic
geopotential  flux  and  the  conversion  from
APE  to  KE  ( ).  Here,  is  the
ageostrophic  wind  velocity  anomalies  and  the  three-
dimensional  nabla  operator.  Note  that  will  be
canceled by CPK = ω′RT′/p in Eq. (3). Thus,  + CPK
represent the contribution by the convergence of the an-
omalous ageostrophic geopotential flux. Because we con-
sider KE and APE as a whole, the sum of  and CPK
is considered accordingly. The CPcli, CPTE, and GPadv in
Eq.  (3)  are  analogous  to  CKcli,  CKTE,  and  GKadv in  Eq.
(2),  respectively,  but  for  the  conversions/generations  of
baroclinic energy. The term GPQ in Eq. (3) is the genera-
tion/dissipation of APE by diabatic heating anomalies. 

2.4    Significance test

p∗FDR
p

The statistical significance of the UBHs composite an-
omalies is  tested based on two-tailed Student’s t tests  at
each  grid  point.  To  prevent  overoptimistic  significance
results, as pinpointed by Wilks (2016), it is necessary to
control the false discovery rate (FDR) in multiple hypo-
thesis  tests.  The  threshold  value  for  the  significance
level, , is determined based on the distribution of as-
cending sorted  values:

p∗FDR = max
i=1,...,N

[
p(i) ⩽ (i/N)αFDR

]
, (4)

p(i) p pwhere  is the ith smallest  value of all  values evalu-

αFDR

ated at each grid point of composite map north of 20°N,
N is the total number of grid points, and the control level
for the FDR, , is set as 0.05. 

3.    Circulation characteristics of UBHs

To reveal the typical circulation features of UBHs and
their impacts on surface air temperature over the Eurasian
continent, Fig. 1 shows the composite results of the 500-
hPa  geopotential  height  (Z500)  anomalies  and  the  2-m
air  temperature  (T2m)  anomalies  from  day  −6  to  day  6.
The Z500 anomalies over the Eurasian continent are mar-
ginally  significant  beyond  the  period  (not  shown).  On
day −6 (Fig.  1a),  the significant  wave train Z500 anom-
aly  appears  over  the  Eurasian  continent  with  a  positive
Z500  anomaly  over  the  Ural  Mountains  and  a  negative
Z500  anomaly  over  western  Europe.  The  positive  Z500
anomaly  over  the  Ural  Mountains  is  elongated  zonally
and tilts in the northeast–southwest direction to some ex-
tent.  The  circulation  anomalies  are  not  significant  over
the  Atlantic  (not  shown),  indicating  a  large  case-to-case
variability and no consistent/strong upstream signals. On
day  −4,  the  wave  train  Z500  anomaly  is  enhanced  (Fig.
1b),  contributing  to  anomalous  northward  advection  of
warm  air  mass  to  its  north  flank  and  anomalous  south-
westward  advection  of  cold  air  mass  to  its  southeast.
Correspondingly,  a  dipole  pattern  of  significant T2m an-
omalies  appears  over  the  Eurasian  continent  (Fig.  1i).
The  significant  positive T2m anomaly  is  located  at  Bar-
ents  Sea,  while  the  negative T2m anomaly  is  anchored
over the region from Lake Balkhash to Lake Baikal. The
negative  Z500  anomaly  over  western  Europe  weakens
gradually thereafter (Figs. 1b, c) and disappears on day 0
(Fig.  1d).  Simultaneously,  the  positive  Z500  anomaly
over  the  Ural  Mountains  is  enhanced  and  new  negative
Z500 anomaly emerges and is  enhanced and maintained
to  the  southeast  of  Lake  Baikal  (Figs.  1c, d),  indicating
the propagation of a stationary Rossby wave packet over
the  Eurasian  continent.  On  day  0  (Fig.  1d),  the  positive
Z500 anomaly over Ural Mountains reaches its maximum
amplitude  of  approximately  +280  gpm.  Consistent  with
the  enhanced  Z500  anomalies  before  the  peak  day,  the
intensity  of  both  the  primary  positive  and  negative T2m
anomalies is enhanced from day −4 to day 0 (Figs. 1i–k).
The dipole pattern of T2m anomalies during the evolution
of  UBHs  bears  much  resemblance  to  the  “warm Arctic/
cold Eurasian” pattern (Overland et al., 2010; Luo et al.,
2016a).

After  the  peak day (Figs.  1e–g),  the  dipole  pattern  of
Z500 anomalies  weakens  gradually.  Note  that  the  signi-
ficant negative T2m anomaly in the midlatitude region of
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αFDR = 0.05 p∗FDR

Fig. 1.   Composite evolution of 53 UBHs: Z500 anomalies (left) and T2m anomalies (right). From top to bottom are day −6, −4, −2, 0, 2, 4, and 6.
Contour intervals are 40 gpm for Z500 anomalies and 1 K for T2m anomalies. Solid lines indicate the positive anomalies, and dashed lines the
negative anomalies. Zero lines are omitted. Bold contours in (a–g) represent +40 gpm of Z500 anomalies. Shading denotes the statistically signi-
ficant region at the  significance level based on the two-tailed Student’s t test.  Threshold values for the significance level  are
0.005 and 0.004 for the composites of Z500 anomalies and T2m anomalies.
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Asia  begins  to  move southeastward  along the  northeast-
ern side of the Tibetan Plateau, and eastern China is sub-
ject to the negative T2m anomaly after day 2 (Figs. 1l–n).
Such  a  southeastward  propagation  of  the T2m anomalies
along the Tibetan Plateau was noted by Joung and Hitch-
man (1982) and Takaya and Nakamura (2005) and it was
revealed that  it  is  generally accompanied by the station-
ary wave trains across the Eurasian continent in the mid-
and  upper  troposphere.  It  is  not  surprising  to  see  much
resemblance  of  the  UBHs  in  the  present  study  to  the
cold-type of Europe–Siberia blocking highs as identified
by Shi  et  al.  (2020) in  terms  of  composite  Z500  anom-
alies  and T2m anomalies.  After  all,  the  cold-type  of
Europe–Siberia  blocking  highs  identified  by Shi  et  al.
(2020) tends to occur around the Ural Mountains.

From Fig.  1d,  we  can  see  that  the  center  of  positive
Z500  anomaly  on  day  0  is  located  at  approximately
65°N,  60°E.  To  explore  the  vertical  structure, Figs.  2a
and 2c show the vertical cross-sections of the height an-
omalies on day 0 along 65°N and 60°E, respectively. The
UBHs  generally  exhibit  a  quasi-barotropic  structure
throughout  the  whole  troposphere  and  even  the  lower
stratosphere  (Fig.  2a)  but  tilts  slightly  northward  with
height in the middle and lower troposphere (Fig. 2c). The
center  of  the  positive  height  anomalies  is  located  at  ap-
proximately  250  hPa,  and  its  central  amplitude  is  more
than  +320  gpm. Figures  2b and 2d show  the  vertical
cross-sections for the air temperature anomalies. Satisfy-
ing  the  hydrostatic  balance,  the  air  temperature  anom-
alies  around  the  center  of  UBHs  are  positive  in  tropo-

sphere and negative in lower stratosphere, which is con-
sistent  with  the  findings  of Cheung  et  al.  (2013).  Note
that  the center of significant positive temperature anom-
aly  is  near  the  ground,  which  corresponds  to  the  local
large conversion of APE. We will discuss this in Section 4.2.

Figure  3 shows the evolution of  KE and APE for  the
composite UBHs. They are shown as the vertically aver-
aged from the surface to 100 hPa. Overall,  both KE and
APE  enhance  gradually  before  day  0  and  weaken  after
day  0.  Note  that  both  KE  and  ∆KE  generally  achieve
their maximum amplitude over the edge of UBHs during
their  lifecycle,  which  is  associated  with  the  velocity  of
relatively strong wind occurring over the edge of UBHs.
In contrast,  both APE and ∆APE are evident around the
center of UBHs, which is associated with the local strong
air temperature anomalies or large vertical gradient of an-
omalous  pressure  field.  Evidently,  the  spatial  distribu-
tion  of  KE  and  ∆KE  is  complementary  to  that  of  APE
and ∆APE. It inspires us to combine the KE and APE as
the total energy to facilitate the discussion on the overall
energetics of UBHs. 

4.    Energetics of UBHs

To demonstrate the energetic characteristics, each term
on the right-hand side of both Eqs. (2) and (3) is  gener-
ally averaged horizontally and vertically from surface to
100 hPa. The horizontal average is performed separately
over two regions for the sake of comparison. One is the
region where the positive height anomalies occur, which
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Fig. 2.   As in Fig. 1, but for vertical cross-sections of (a, c) height anomalies and (b, d) air temperature anomalies on day 0. (a) and (b) are along
65°N, and (c) and (d) are along 60°E.
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is  identified with the +40 gpm contour  (thick solid  con-
tour) shown in Figs.  1a–g. Thus,  this  horizontal  average
mainly considers the energetics of the anticyclonic anom-
alies  associated  with  UBHs,  which  is  the  same  as  the
method applied to the blocking highs over the Atlantic in
Ma and Liang (2017). Hereafter, this region is referred to
as UB region for simplicity. Although the area and posi-
tion  of  the  anticyclonic  height  anomalies  change  with
time,  they overall  demonstrate  a  quasi-stationary feature
as seen in Fig. 1. Another average region is broader, i.e.,
the Eurasian continent (20°–90°N, 0°–120°E). As seen in

Fig. 1, UBHs are accompanied by quasi-stationary wave
trains over the Eurasian continent. Thus, the average over
the  Eurasian  continent  can  facilitate  the  analysis  on  the
energetics  of  the  UBH-related  circulation  anomalies.  In
fact,  the  average  is  also  performed  over  a  fixed  region
around  Ural  Mountains  (45°–75°N,  40°–90°E),  and  the
final results are not changed qualitatively (omitted). 

4.1    Overall characteristics of energy budget

Figure  4 shows  the  daily  variation  of  the  primary
terms of the energy budget equations. The conversion of
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Fig. 3.   Evolution of KE (first column), change of KE (∆KE; second column), APE (third column), and change of APE (∆APE; fourth column)
for the 53 composite UBHs. All terms are averaged from surface ground to 100 hPa. The ∆KE and ∆APE are calculated through the centered dif-
ference. From top to bottom are day −6, −4, −2, 0, 2, 4, and 6. Contour intervals are 10 m2 s−2 for KE and APE, and 10 m2 s−2 day−1 for their
changes.
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Φadv −∇ · (V′aΦ′)

both  barotropic  energy  (CKcli)  and  baroclinic  energy
(CPcli)  associated  with  the  background  flow  is  obvious
during the evolution of the UBHs (Figs. 4a, b). The amp-
litude of CPcli is generally stronger than that of CKcli, in-
dicating  the  dominant  role  of  baroclinic  energy  conver-
sion  associated  with  background  flow.  The  contribution
of  the  convergence  of  the  anomalous  ageostrophic  geo-
potential flux  + CPK =  (Fig. 4a) is trivial.
Note that there are evident barotropic energy (CKTE) and
baroclinic  energy  (CPTE)  conversions  associated  with
transient eddies. However, CKTE generally has a positive
sign  while  CPTE has  a  negative  one  during  the  lifecycle
of UBHs. Therefore, transient eddies exert a two-faceted
influence on the maintenance of UBHs. First, they facilit-
ate the KE maintenance of UBHs through barotropic en-
ergy  conversion;  second,  they  dissipate  the  APE  of
UBHs through the baroclinic energy conversion. The dia-
batic  heating  is  unfavorable  for  the  maintenance  of
UBHs  since  it  damps  the  available  geopotential  energy
by  generating  negative  GPQ (Fig.  4b),  which  is  consist-
ent  with  the  finding  by Wang et  al.  (2021) that  the  dia-
batic heating dissipates the wave activity of UBHs.

From the  aspect  of  the  lead–lag  relationship  with  the
energy tendency of UBHs, it seems that the advection of
kinetic  energy (GKadv)  is  an important  term in  modulat-

ing  the  evolution  of  UBHs  (Fig.  4a).  Specifically,  al-
though  its  value  is  small  with  respect  to  ∆KE,  GKadv is
positive  mainly  from day  −6 to  day  −3 and  achieves  its
maximum value at  approximately  day −4 which is  prior
to  day  −3  when  the  change  of  kinetic  energy  ∆KE
achieves  its  maximum  positive  value.  In  addition,  after
day  −3,  the  value  of  GKadv gradually  decreases  and  be-
comes comparable to ∆KE. Note that  it  reaches its  min-
imum negative value at day 1 which is still prior to day 2
when  ∆KE  achieves  its  minimum  negative  value.  The
lead–lag  relationship  between  GKadv and  ∆KE seems  to
indicate that KE advection causes the variation of KE of
the  anticyclonic  circulation  anomalies  over  the  UB  re-
gion.  Compared  with  GKadv,  CKcli has  a  larger  positive
value after day −4, but lags behind ∆KE (Fig. 4a). Thus,
∆KE of the anticyclonic anomalies over the UB region at
the initial  stage might  be associated with the KE advec-
tion  GKadv and  the  conversion  of  barotropic  energy  re-
lated with the background flow CKcli. With the develop-
ment of UBHs, the conversion of barotropic energy asso-
ciated  with  the  background  flow  CKcli becomes  more
evident.  As  for  the  APE  budget,  although  there  is  no
variation preceding the variation of  ∆APE (Fig.  4b),  the
baroclinic  energy  conversion  associated  with  the  back-
ground  flow  CPcli into  the  low-frequency  flow  is  evid-
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Fig.  4.   Daily  change  (m2 s−2 day−1)  of  the  primary  terms  in  Eqs.  (2)  and  (3)  for  the  composite  UBHs.  All  terms  are  averaged  from surface
ground to 100 hPa and area-weighted averaged over (a–b) the UB region in which the amplitude of the height anomalies is larger than +40 gpm,
and (c–d) the region 20°–90°N, 0°–120°E.
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ently stronger than other terms including ∆APE, indicat-
ing its dominant role in the maintenance of UBHs. As for
transient eddies, no matter whether the conversion of KE
(CKTE)  or  APE  (CPTE)  associated  with  transient  eddies
into  the  UBHs,  they  generally  lag  behind  the  ∆KE  or
∆APE  for  the  UBHs,  indicating  that  the  low-frequency
blocking circulation modulates high-frequency circulation.

If  the  terms  are  averaged  over  the  Eurasian  region
(Figs.  4c, d),  the  results  are  basically  the  same  as  those
averaged over the UB region. However, the amplitude of
advection  of  KE  (GKadv)  has  decreased  obviously.  It
means that the KE is mainly redistributed among the cir-
culation anomalies over the Eurasian continent, while the
contribution of circulation anomalies outside the Eurasian
continent is not obvious.

Overall,  there  is  no  strong  term  prior  to  the  energy
variation  of  UBHs.  Thus,  the  onset  mechanism  is  un-
clear from our energetic analysis.  This study defines the
start day as the first day of the reversal of the large-scale
meridional  gradient  of  geopotential  height.  If  UBHs  are
stacked  and  averaged  with  respect  to  the  start  day,  we
can find that the strong circulation anomalies already ex-
ist  on  the  start  day  (not  shown)  and  the  evolution
strongly resembles that shown in Fig. 1 but with approx-
imately 2 days in advance. Thus, it can be expected that
the  main  characteristics  of  the  energy  conversion  for
UBHs based on the composition with respect to the start
day  are  similar  to  the  main  results  of  the  present  study
which  mainly  reflects  the  maintenance  mechanism  of
UBHs. To further explore the onset mechanism of UBHs
from  an  energetic  perspective,  it  may  require  a  proper
definition of the start day, which deserves future studies. 

4.2    Relative importance

To  further  measure  the  relative  importance  of  the
primary processes as revealed in the previous subsection,
each term in Eqs. (2) and (3) is averaged temporally (Fig.
5). As shown in Fig. 1, the significant large-scale height
anomalies  appear  approximately  from  day  −6  to  day  6.
Accordingly, the temporal average is applied over the 13-
day  period.  In  addition,  consistent  with  the  evolution  of
UBHs  (Fig.  1),  some  energy  budget  terms  change  their
signs during the 13-day period (Fig. 4). Thus, we further
divide  the  13-day period into  three  stages,  i.e.,  develop-
ing stage from day −6 to day −3, mature stage from day
−2  to  day  2,  and  decay  stage  from day  3  to  day  6.  The
terms are also averaged over the three sub-periods.

Obviously,  the  tendency  of  the  total  energy  (sum  of
∆KE and ∆APE) associated with UBHs is negligible over
the  13-day  period  (Fig.  5a).  Nevertheless,  both  the  con-
version  of  barotropic  energy  (CKcli)  and  baroclinic  en-

Φadv

Φadv

Φadv

ergy  (CPcli)  associated  with  the  background  flow  are
evidently  positive,  with  the  latter  being  the  dominant
term  over  all  other  terms.  The  positive  values  indicate
that they are the positive contributors to the maintenance
of UBHs. The positive CPcli as well as CKcli is counterac-
ted to a great extent by the consumptions of APE due to
diabatic  heating (negative GPQ)  and by the advection of
KE (GKadv).  The  negative  GKadv arises  from the  advec-
tion of KE from UBHs to their southeastern region from
Lake Balkhash to Lake Baikal (not shown). Note that the
primary  terms,  i.e.,  CKcli,  CPcli,  and  GPQ,  keep  their
signs  during  the  whole  lifecycle  of  UBHs,  while  their
amplitude  varies  with  the  evolution  of  UBHs  with  the
maximum value generally  observed in  the  mature  stage,
which can also be observed in Fig. 4. In contrast, GKadv
is slightly positive during the developing stage and turns
evidently negative during the decay stage. As for transi-
ent eddies, both KE conversion (CKTE) and APE conver-
sion (CPTE) have an amplitude comparable to CKcli (Figs.
5a, e), especially during the mature stage (Figs. 5c, g). It
indicates  that  transient  eddies  play  an  important  role  in
maintaining the energy budget balance of UBHs. Due to
the opposite signs between CKTE and CPTE, however, the
net  contribution  from  transient  eddies  is  marginal.  The
net  contribution from the advection of  APE (GPadv)  and
the term  + CPK is  trivial  to  the  maintenance of  the
whole circulation anomalies of UBHs. It should be poin-
ted out  that  as  is  seen in Wang et  al.  (2021),  if  we ana-
lyze  the  different  parts  of  UBHs  instead  of  considering
them as a whole, the effects of these two terms are obvi-
ous.  Specifically,  GPadv advects  APE  from  the  western
part  of  UBHs  to  the  eastern  part,  while  the  anomalous
ageostrophic  geopotential  flux  (  +  CPK)  becomes
convergent  over  the  western  and  eastern  parts  of  UBHs
and  divergent  over  the  central  to  northeast  part  (not
shown). Such energy transportation among different parts
of  UBHs  is  not  discussed  in  the  present  study.  Instead,
we put  more  emphasis  on the  energy conversion among
different  circulation  components  (i.e.,  climatological
mean  state,  low-frequency  anomalies,  and  high-fre-
quency  anomalies).  Accordingly,  both  GPadv and  +
CPK will not be discussed in the following text.

If horizontal average is performed over the broader re-
gion, i.e.,  the Eurasian continent (second row of Fig. 5),
the  relative  importance  of  each  term  is  not  changed
much,  except  for  the  advection  of  the  barotropic  energy
(GKadv) (Fig. 5e) that is reduced to a great extent. Thus,
the  maintenance  of  UBHs  is  characterized  by  the  bal-
ance to a great extent between the two positive contribut-
ors, i.e., conversions of baroclinic energy and barotropic
energy  associated  with  the  background,  energy  conver-
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sion  associated  with  transient  eddies,  and  the  negative
contributor, i.e., the diabatic heating.

Figure  6 shows  the  vertical  profiles  of  the  primary
terms which are averaged from day −6 to day 6 and area-
weighted averaged horizontally over the UB region (Fig.
6a)  and  Eurasian  continent  (Fig.  6b).  Obviously,  the
dominant  conversion  of  baroclinic  energy  associated
with  background  flow  (CPcli)  is  evident  mainly  in  the
middle  and  lower  troposphere  (Figs.  6a, b).  Note  that
CPcli decreases  linearly  with  height  below  850  hPa,
which is  associated with air  temperature anomalies  with
relatively large amplitude in the lower troposphere (Fig.
1) as well as large gradient of the background air temper-
ature  (shown  latter).  Likewise,  the  generation  of  APE
due to diabatic  heating (GPQ)  has its  minimum negative
values  in  the  middle  and lower  troposphere.  In  contrast,
the  conversion  of  barotropic  energy  associated  with
background flow (CKcli) contributes positively in the up-
per troposphere (Figs. 6a, b). Although the barotropic en-
ergy conversion associated  with  transient  eddies  (CKTE)
contributes positively in the upper troposphere, the baro-
clinic  energy  conversion  from  transient  eddies  (CPTE)
contributes  negatively  in  the  middle  and  lower  tropo-
sphere  (Figs.  6a, b),  consistent  with  the  results  revealed
by Jiang  et  al.  (2013) and Dai  et  al.  (2021) about  the

roles  of  high-frequency  eddies  in  the  energetics  of  low-
frequency circulation in the Northern Hemisphere.

The  relatively  large  negative  values  of  the  advection
term  of  barotropic  energy  (GKadv)  in  the  upper  tropo-
sphere  (Fig.  6a)  mean that  a  large  amount  of  barotropic
energy  is  transported  out  of  the  anticyclonic  anomalies
that  mainly  occur  during  mature  and  decay  stages  (not
shown).  If  the  horizontal  average  is  performed  over  the
Eurasian  continent  (Fig.  6b),  the  amplitude  of  GKadv is
reduced dramatically. 

5.    Reasons from circulation configurations

As  revealed  in  the  previous  section,  CPcli,  CKcli,  and
GPQ are  the  primary  terms  for  the  energy  budget  of
UBHs.  Section  2.3  shows  that  CKcli and  CPcli represent
the  energy  conversion  due  to  the  interference  between
the low-frequency circulation anomalies and background
flow, while GPQ is determined by low-frequency air tem-
perature anomalies and diabatic heating anomalies. Thus,
exploring the circulation configurations is helpful for un-
derstanding  the  energetic  characteristics  of  UBHs.  Note
that the three terms vary slowly and keep their signs dur-
ing the lifecycle of UBHs (not shown), which can be in-
ferred from Fig. 4. It is not surprising to see such a simil-
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Fig. 5.   Tendency (m2 s−2 day−1) of total energy (∆KE + ∆APE) and each term in Eqs. (2) and (3) for the composite UBHs. First column shows
the results averaged from day −6 to day 6, second column from day −6 to day −3, third column from day −2 to day 2, and last column from day 3
to day 6. All terms are averaged from surface ground to 100 hPa and area-weighted averaged over (a–d) the UB region in which the amplitude of
the height anomalies is larger than +40 gpm, and (e–h) the region 20°–90°N, 0°–120°E.
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arity  because  low-frequency  circulation  anomalies  (e.g.,

, , and ) are used in the evaluation of energy terms.
Accordingly,  this  section  averages  these  terms  over  the
13-day period from day −6 to day 6 to show the main en-
ergetics results. 

5.1    Barotropic energy conversion associated with
background flow (CKcli)

The  horizontal  structure  of  barotropic  energy  conver-
sion  (CKcli)  is  further  discussed  via  CKcli at  250  hPa
where CKcli is the most evident as revealed in Fig. 6. As
shown in Fig. 7, the large values of CKcli mainly appear
around  the  UB  region.  Positive  CKcli is  located  at  the
southeastern and northern parts of UBHs, while negative
CKcli at  the  eastern,  southern,  and  western  parts  of
UBHs.  Since  both  the  area  and  amplitude  of  positive
CKcli are larger than those of negative CKcli, net positive
CKcli is obtained over the UB region or the Eurasian con-
tinent  (20°–90°N,  0°–120°E)  (Fig.  6).  Then,  we need to
further  discuss  how  the  positive  CKcli is  formed,  espe-
cially  over  the  northern  and  southeastern  parts  of  the
UBHs.
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The term CKcli =  is the

scalar  product  of  and 

.  Note  that  is  not  identical  to  the  horizontal
component  of  the  extended  E–P  flux  proposed  by
Hoskins  et  al.  (1983) and Trenberth  (1986).  The  exten-
ded  E–P  flux  takes  a  time  mean  form,  i.e.,

,  and  thus  can  be  used  to  evaluate  the
feedback  of  eddies  onto  the  basic  (time  average)  flow
through  the  convergence  of  the  fluxes.  Without  the  cli-

matological  average,  herein  is  not
suitable for the evaluation of such feedback of eddies.

E DIn fact,  and  are associated with the configuration
of circulation anomalies and basic flow, respectively. Ac-
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cordingly,  CKcli can  be  further  explored  in  terms  of  the
configurations of both UBHs and basic flow. For the me-
ridionally/zonally  elongated  anomalies,  mainly  points

to the zonal direction ( ), while for the
tilted anomalies,  has an evident meridional component

( )  (Cai et  al.,  2007).  Like the zon-
ally  elongated  anomalies,  e.g.,  Pacific/Japan teleconnec-
tion  pattern  (Kosaka  and  Nakamura,  2006)  and  western
Pacific atmospheric teleconnection pattern (Tanaka et al.,
2016),  UBHs  also  exhibit  a  zonally  elongated  structure
with  a  dominant  zonal-pointing  (arrows  in  the  first
column of Fig. 7). The tilted circulation anomalies in the
southeastern and southwestern parts of the UBHs corres-
pond to the local  with an evident meridional compon-
ent.  As  for ,  its  two  components  depict  the  stretching
and shearing deformation of the basic flow, respectively.
To further discuss the formation of CKcli, CKcli is decom-

posed into CKcli_x =  and CKcli_y = 

. Here, only the climatological mean westerlies
are  discussed  since  the  influence  from the  southerlies  is
relatively negligible.

E

E

As shown in Fig. 7c, the positive CKcli mainly comes
from CKcli_y;  CKcli_y is  the strongest  over the southeast-
ern  part  of  UBHs.  First,  has  an  evident  southward-
pointing component over this region. Second, the clima-
tological  mean  isoline  of  16  m  s−1 extends  northward
over the longitudinal sector 70°–105°E, forming the local
large  southward  gradient  of  the  climatological  mean
westerlies around 60°N (Fig. 7a). The superimposition of
southward-pointing  onto the southward gradient of the
climatological  mean  westerlies  leads  to  the  relatively
large positive CKcli_y.  As for  the positive CKcli over  the
northern part of UBHs (Fig. 7a), both CKcli_x and CKcli_y
contribute  positively.  The  isolines  of  the  climatological
mean westerlies tilt in the northwest–southeast direction,
forming  its  southwestward  gradient  and  leading  to  its
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Fig. 6.   Vertical profile of the primary terms (10−5 m2 s−3) in Eqs. (2) and (3) for the composite UBHs. These terms are obtained by averaging
temporally from day −6 to day 6 and area-weighted averaging over (a) UB region (bounded by +40 gpm contours of height anomalies) and (b)
20°–90°N, 0°–120°E.
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local  confluence  ( )  and  southward  gradient
( ). Under such a circumstance, the westward-point-
ing  over  the  northern part  of  UBHs leads  to  the  local
positive CKcli_x (Fig. 7b),  while  with a slightly south-
ward-pointing  component  over  the  northwestern  part  of
UBHs leads to local positive CKcli_y (Fig. 7c).

To  sum  up,  the  interference  between  the  background
flow  and  low-frequency  anomalies  is  conducive  to  the
positive conversion of barotropic energy into UBHs. The
climatological  mean  westerlies  have  a  large  southward
gradient to the north of Lake Balkhash and a southwest-
ward  gradient  around  Barents  Sea.  Such  a  background
flow  can  facilitate  the  positive  conversion  of  barotropic
energy  over  the  Eurasian  continent  when  it  interferes
with UBHs. 

5.2    Baroclinic energy conversion associated with
background flow (CPcli)

Unlike the evident CKcli in the upper troposphere and
lower stratosphere, the baroclinic energy extraction from
background  flow  CPcli mainly  occurs  in  the  middle  and
lower troposphere.  Note that CPcli has a local maximum

at  500  and  1000  hPa  and  a  local  minimum  at  850  hPa
(Fig.  6),  implying the  difference  in  the  formation  of  the
positive  CPcli above  and  below  850  hPa.  Accordingly,
CPcli at 500 and 1000 hPa is analyzed separately.

As  seen  in Fig.  7d,  the  positive  and  negative  CPcli at
500 hPa are aligned from Kara Sea to the western North
Pacific  with  gradually  decreasing  amplitude.  Within  the
UB  region,  the  conversion  of  baroclinic  energy  associ-
ated with the background flow is  evident  over the west-
ern parts of UBHs while the reverse situation occurs over
the  eastern  parts.  The  former  is  stronger  than  the  latter,
leading to the net conversion of baroclinic energy associ-
ated with the background flow into the UBHs.
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As shown in Section 5.1,  CPcli is  further decomposed

into zonal component CPcli_x =  and meridional

component CPcli_y = . Hereafter, 
is  referred  to  as  the  anomalous  temperature  flux  al-
though there is a negative sign before the “real” anomal-
ous  temperature  flux.  Clearly,  the  anomalous  temperat-
ure flux exhibits a cyclonic feature within the UB region
(Figs. 7d, g). Note that the spatial distribution of the pos-
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Fig. 7.   (a) Extraction of barotropic energy from background flow (CKcli) at 250 hPa (shading) averaged from day −6 to day 6. (b) CKcli_x and (c)
CKcli_y are the zonal and meridional components of CKcli, respectively. (d) Extraction of the baroclinic energy from the background flow (CPcli)
at 500-hPa level (shading). (e) CPcli_x and (f) CPcli_y are the zonal and meridional components of CPcli, respectively. (g–i) As in (d–f), but at 1000
hPa. Shading interval is 2 × 10−4 m2 s−3. Black contours in (a) represent the climatological-mean zonal wind at 250 hPa (contoured every 4 m s−1,
beginning at 4 m s−1) in boreal winter, and in (d) and (g) represent the climatological-mean air temperature (contoured every 4 K, beginning at
234 and 250 K). Arrows in (a–c) are  (m2 s−2) at 250-hPa level, and (d–f) anomalous temperature flux  (K m s−1) at the corres-
ponding level. Red contours represent +40 gpm of composite height anomalies at the corresponding level to indicate the region where the strong
anticyclonic circulation anomalies anchor.
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itive height anomalies associated with UBHs is asymmet-
ric.  Specifically,  the  height  anomalies  extend more  zon-
ally  in  their  northern  part  than  its  southern  part  (thick
contour in Fig. 1 or 7), which could be also observed in
the  Ural–Siberia  blocking  high  (Cheung  et  al.,  2013)  or
the Europe–Siberia blocking high (Shi et al.,  2020). Ac-
cordingly, the anomalous westerlies and the related zonal
component  of  the  anomalous  temperature  flux  are  more
evident  in  the  northern  part  of  UBHs  than  those  in  the
southern part. Note that, like the southwestward gradient
of  the  climatological  mean  westerlies  (Fig.  7a),  the  cli-
matological  mean  air  temperature  also  has  a  southwest-
ward  gradient  from  the  northeastern  Atlantic  to  the
middle  latitude  of  East  Asia.  Interfering  with  the  south-
westward gradient of the background flow, the cyclonic-
ally  rotating  temperature  flux  produces  positive  CPcli_x
with stronger amplitude over the northern part  of  UBHs
than  the  negative  counterpart  over  the  southern  part  of
UBHs (Fig. 7e). Meanwhile, a zonal dipole CPcli_y within
the  UB region has  positive  values  over  the  western  part
of  UBHs  and  negative  ones  of  comparable  amplitude
over the eastern part of UBHs. Therefore, it is the strong
conversion of baroclinic energy over the northern part of
UBHs (CPcli_x)  that  contributes  to  the  net  conversion  of
baroclinic energy into UBHs. In addition, there is another
region with evident conversion of baroclinic energy asso-
ciated  with  background  flow,  i.e.,  the  region  from  Aral
Sea  to  Lake  Baikal.  It  is  associated  with  the  anomalous
northeasterlies  and  the  negative  air  temperature  anom-
alies to the southeast of the UBHs (not shown).

At  1000 hPa,  the  air  temperature  flux  is  evident  over
the  northern  flank  of  the  UB  region  with  a  westward
pointing  and  over  the  southern  flank  of  the  UB  region
with a southwestward pointing. Note that the gradient of
the climatological mean air temperature is much stronger
at  1000  hPa  (Fig.  7g)  than  that  at  middle  troposphere
(Fig.  7d),  especially  over  the  region  from the  northeast-
ern  Atlantic  to  Kara  Sea.  Under  such  a  circumstance,
there  are  strong positive  CPcli around the  northern  flank
of  UBHs and  modest  positive  CPcli around  the  southern
flank  of  UBHs  (Fig.  7g).  The  CPcli_x accounts  for  the
largest proportion of the CPcli around the Kara Sea (Fig.
7h), while CPcli_y contributes to the formation of positive
CPcli around the northwestern and southeastern flanks of
the UB region (Fig.  7i).  The negative CPcli is  negligible
over  the  whole  Eurasian  continent.  Accordingly,  the  net
CPcli over  the  UB  region  or  the  Eurasian  continent  at
1000 hPa is larger than that in the middle troposphere (as
seen in Fig. 6).

Note that  the spatial  distribution of  CPcli at  1000 hPa
strongly  resembles  that  of T2m anomalies  (Fig.  1h),  im-

plying  the  positive  contribution  of  surface  air  temperat-
ure  anomalies  to  the  maintenance  of  the  UBHs.  As  re-
vealed in Section 3, the formation of surface air temper-
ature anomalies is in turn associated with the circulation
anomalies  associated  with  UBHs.  Therefore,  the  main-
tenance  of  UBHs  and  that  of  the  air  temperature  anom-
alies in the lower troposphere are coupled, facilitating the
persistence  of  UBHs.  As  for  the  minimum  CPcli at  850
hPa (Fig. 6), it is associated with the fact that air temper-
ature  flux  gradually  enhances  with  height  while  the  cli-
matological mean air temperature gradient weakens with
height (not shown).

Analogous  to  the  climatological  mean  westerlies,  the
climatological  mean  air  temperature  has  evident  south-
westward  gradient  around  the  Kara  Sea  and  Lake
Balkhash in the mid- and lower troposphere. The conver-
sion of baroclinic energy becomes positive to the UBHs
when the anomalous temperature flux interferes with the
background flow. 

5.3    Baroclinic energy generation due to diabatic heating
(GPQ)

Previous  studies  revealed  that  the  diabatic  heating  is
important to the maintenance of blocking highs (Cheung
et al., 2013; Pfahl et al., 2015) and atmospheric telecon-
nection pattern (Kosaka and Nakamura, 2006; Kosaka et
al.,  2009; Tanaka et al.,  2016). Motivated by these stud-
ies, the influence of diabatic heating on the UBHs is dis-
cussed  in  the  energetics  framework,  i.e.,  the  generation
of APE by anomalous diabatic heating (GPQ).

According  to  the  vertical  profile  of  GPQ (Fig.  6),  the
negative  GPQ achieves  its  local  maximum  amplitude  at
approximately 700 and 1000 hPa. Figure 8 shows the ho-
rizontal  distribution of  GPQ at  these two isobaric  levels.
At  1000  hPa  (Fig.  8b),  the  evident  negative  GPQ is
mainly  located  at  the  region  from  Barents  Sea  to  Kara
Sea  and around Caspian  Sea.  These  regions  are  roughly
characterized by positive T2m anomalies (Figs. 1i–n) and
anomalous  diabatic  heating  with  an  opposite  sign  (Fig.
9f).  Specifically,  the  positive T2m anomalies  from  Bar-
ents Sea to Kara Sea (Figs. 1i–n) are accompanied by the
negative  diabatic  heating  anomalies  (Fig.  9f),  while  the
negative T2m anomalies  around  Caspian  Sea  are  accom-
panied by the positive diabatic heating anomalies, both of
which  lead  to  the  formation  of  negative  GPQ (Fig.  8b).
Although the positive GPQ is also discernable, its spatial
coverage  and  intensity  are  apparently  less  than  those  of
negative GPQ. Thus, the near-ground air temperature an-
omalies  overall  are  damped  by  the  anomalous  diabatic
heating, leading to the dissipation of APE of UBHs near
the ground.
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If the diabatic heating rate is decomposed, we can find
that  the anomalous longwave radiation heating (Fig.  9g)
and anomalous vertical diffusion heating (Fig. 9h) are the
two  main  contributors  to  the  diabatic  heating  anomalies
at  1000  hPa.  In  fact,  the  damping  effect  of  the  anomal-
ous  vertical  diffusion  heating  decreases  with  height.  At
950 hPa (Fig. 9e), the anomalous vertical diffusion heat-
ing rate becomes weaker but still has a negative sign over
Barents Sea. However, it  becomes positive over western
Siberia (Fig.  9e),  acting as a  contributor  to the mainten-
ance of the local positive air temperature anomalies (not
shown).  The negative longwave radiative heating anom-
alies  centered  at  Barents  Sea  at  1000  hPa  (Fig.  9g)  ex-
pand  to  Kara  Sea  and  western  Russia  at  950  hPa  (Fig.
9d). Thus, the combined effect of the longwave radiative
heating and vertical  diffusion heating has a  damping ef-
fect over the UB region or the Eurasian continent.

The evident negative GPQ anomalies at 700 hPa (Fig.
8a) are similar to those at 1000 hPa. They mainly appear
within the  UB region but  become weaker  than its  coun-
terpart at 1000 hPa (Fig. 8b). It can damp the positive air
temperature anomalies in situ (not shown). Note that the
significant  negative  large  scale  condensation  heating
(Fig.  9b)  becomes  the  main  contributor  to  the  diabatic
heating  anomalies.  In  fact,  UBHs  can  inhibit  the  large
scale  precipitation  within  the  UB  region  (not  shown),
which  induces  the  negative  diabatic  heating  anomalies
and  further  the  negative  diabatic  heating  anomalies.
Therefore, the formation of diabatic heating anomalies at
700  hPa  is  different  from  that  at  1000  hPa.  Above  700
hPa, the diabatic heating anomalies decrease with height
(Fig. 6). 

6.    Conclusions and discussion

Based  on  the  composite  analysis,  the  energy  budget
equations are  utilized to  analyze the maintenance mech-
anism of UBHs. The analysis is conducted not only over
the Ural Mountains where the strong anticyclonic anom-
alies  anchor  but  also  over  the  Eurasian  continent  where
the wave train anomalies are evident.  To summarize the
energetics of UBHs, Fig. 10 shows a schematic diagram
of the primary energy conversion processes that are evid-
ent  in  the  energy  budgets  of  UBHs.  It  is  found  that  the
conversions  of  barotropic  and  baroclinic  energy  associ-
ated  with  the  background  flow,  i.e.,  positive  CKcli and
positive  CPcli,  are  the  dominant  positive  contributors  to
the  maintenance  of  UBHs.  The  CKcli achieves  its
maximum amplitude in the upper troposphere,  and CPcli
in the middle and lower troposphere. In addition, the ad-
vection  of  KE is  prior  to  the  variation  of  KE of  UBHs,

indicating that the former is an important indicator of the
latter.  However,  the  contribution  of  the  KE  advection
term  to  the  energy  budget  balance  of  UBHs  will  be
greatly reduced if the wave train anomalies across the en-
tire  Eurasian  continent  associated  with  UBHs  are  con-
sidered as a whole.

E =

(
v′2−u′2

2
,−u′v′)

The  reason  for  positive  CPcli is  further  explored
through the configurations of background flow and low-
frequency  circulation  anomalies  associated  with  UBHs.
In  the  middle  and  lower  troposphere,  first,  the  back-
ground  air  temperature  has  an  overall  southwestward
gradient;  second,  UBHs  induce  strong  westward-point-
ing temperature flux over the northern part of strong anti-
cyclonic height anomalies of the UBHs, which is consist-
ent  with the asymmetry in structure of  the UBHs that  is
more  zonally  elongated  in  their  northern  part  than  their
southern part. It induces the local positive CPcli over the
northern part of the UBHs. Combined with another posit-
ive CPcli to the southeast of the strong anticyclonic height
anomalies,  the  positive  CPcli over  the  UB  region  or
Eurasian  continent  is  dominant  during  the  lifecycle  of
UBHs.  Note  that  the  surface  air  temperature  anomalies
induced by UBHs correspond to the large value of CPcli,
implying  a  self-sustained  mechanism  for  the  UBHs  via
the interference between background flow and UBHs. As
for CKcli, its positive value mainly occurs over the north-
west  of  Lake  Baikal  where  the  southward  pointing 

 of  UBHs  superimposes  onto  the south-
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Fig. 8.   As in Fig. 7, but for the generation of APE by anomalous dia-
batic heating (GPQ) at (a) 700 hPa and (b) 1000 hPa. Contour interval
is 2 × 10−4 m2 s−3.
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ward  gradient  of  the  background  westerlies.  Therefore,
the  interference  between  background  flow  and  low-fre-
quency  anomalies  is  conducive  to  the  maintenance  of
UBHs.

In  contrast,  the  diabatic  heating  anomalies  tend  to

damp the APE in the middle and lower troposphere dur-
ing  the  lifecycle  of  UBHs.  Due  to  longwave  radiation
and  vertical  diffusion  heating  anomalies,  the  negative
diabatic  heating  anomalies  appear  near  the  ground  over
the region from Barents Sea to western Russia. They tend
to  damp  local  positive  air  temperature  anomalies  and
form  negative  GPQ.  In  addition,  evident  negative  large
scale condensation heating anomalies appear around 700
hPa, which is associated with the reduction of precipita-
tion around the Ural Mountains. It is also unfavorable for
the  local  positive  air  temperature  anomalies  and  thus
forms  the  negative  GPQ.  Therefore,  the  diabatic  heating
anomalies  are  not  favorable  for  the  maintenance  of
UBHs,  which  is  consistent  with  the  finding  by Wang et
al.  (2021). Cheung  et  al.  (2013) stated  that  the  diabatic
heating is favorable for the maintenance of Ural–Siberia
blocking highs. It is not surprising to see the difference in
the  role  of  diabatic  heating  between  our  results  and
theirs. They emphasize the total fields while we emphas-
ize the anomaly fields associated with the UBHs.

It  can  be  inferred  from  the  lead–lag  relation  that  the
high-frequency  transient  eddies  are  modulated  by  the
low-frequency  blocking  circulation.  The  feedback  of
transient  eddies  has  dual  effects  on the UBHs (Fig.  10).
First,  they  facilitate  the  maintenance  of  UBHs  via  the
positive  conversion  of  KE  associated  with  the  transient
eddies  to  UBHs  (positive  CKTE)  mainly  in  the  middle
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Fig. 9.   (a) Anomalous diabatic heating at 700 hPa which is the sum of five anomalous diabatic heating rate terms. (b) Anomalous large-scale
condensation heating rate at 700 hPa. (c) Same as (a), but at 950 hPa. (d) Anomalous longwave radiation heating rate and (e) anomalous vertical
diffusion heating rate at 950 hPa. (f–h) Same as (c–e), but at 1000 hPa. Red solid lines represent positive anomalies, and blue dashed lines negat-
ive anomalies. Units: K day−1. Shading denotes the statistically significant region at  significance level based on the two-tailed Stu-
dent’s t test.
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Fig.  10.   Schematic  diagram  for  the  primary  energy  conversions
among different  circulation  components.  The directions  of  arrows in-
dicate  the  directions  of  the  energy conversion,  while  the  thickness  of
the  arrows  indicate  qualitatively  the  amplitude  of  the  energy  conver-
sion.  The  solid  and  dashed  arrows  represent  the  conversions  of  APE
and KE, respectively. The terms in the energy budget equations which
are  associated  with  the  primary  energy  conversions  are  shown  in  the
brackets.
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and  upper  troposphere.  On  the  other  hand,  the  conver-
sion of APE to transient eddies occurs in the lower tropo-
sphere  (negative  CPTE).  The  small  net  contribution  of
transient  eddies  due  to  their  two-faceted  role  is  consist-
ent with the net marginal contribution of transient eddies
in  the  maintenance  of  the  UBHs  (Li,  2004; Luo  et  al.,
2016b; Shi  et  al.,  2020).  However,  due  to  the  compar-
able  amplitude  of  either  CKTE or  CPTE to  that  of  CKcli,
transient  eddies  are  important  in  maintaining  the  energy
budget balance of UBHs.

For  the  sake  of  comparison,  the  same  method  is  also
applied  to  the  blocking  highs  over  the  North  Atlantic
(Fig.  11).  Similar  to  the  UBHs,  the  conversion  of  baro-
clinic energy associated with the background flow is also
the  primary  positive  contributor  to  the  maintenance  of
the  blocking  highs  over  the  North  Atlantic.  In  addition,
the diabatic heating also tends to damp the energy of the
blocking highs. Nevertheless, there are two differences in
the  energetics  between  UBHs  and  the  blocking  highs
over the North Atlantic. The first one is the contribution
from  transient  eddies.  Consistent  with  the  active  storm
tracks over the North Atlantic, the barotropic energy con-
version  from  transient  eddies  (CKTE)  becomes  more
evident.  Accordingly,  transient  eddies  contribute  relat-
ively  more  (CKTE +  CPTE)  to  the  maintenance  of  the
blocking  highs  over  the  North  Atlantic  than  they  do  to
UBHs.  Thus,  the  result  is  consistent  with  the  previous
studies that transient eddies facilitate the maintenance of
the  blocking  highs  over  the  North  Atlantic.  The  second
difference is the barotropic energy conversion associated
with  background  flow  (CKcli).  The  CKcli is  marginally

E

positive  for  the  circulation  anomalies  over  the  whole
North Atlantic (Fig. 11b) or even negative (Fig. 11a) for
the strong anticyclonic circulation anomalies. In fact, the

 vectors  are  similar  between  UBHs  and  the  blocking
highs  over  the  North  Atlantic,  while  the  climatological
mean  westerlies  have  a  southeastward  gradient  over  the
northeast  Atlantic  (not  shown)  which  is  different  from
the southwestward gradient around Barents Sea (Fig. 7a).
Therefore, such a difference in CKcli between UBHs and
the blocking highs over the North Atlantic is attributable
to  different  configurations  of  the  climatological  mean
westerlies.

Ma and Liang (2017) pinpointed that the local energy
of  low-frequency  circulation  (denoted  as  KElow and
APElow) is not equal to the energy derived from subtract-
ing  the  local  energy  of  high-frequency  circulation  from
that  of  the  total  circulation  (denoted  as  KEtotal-high and
APEtotal-high).  Applying  the  horizontal  average  onto  the
energy  might  mitigate  such  differences.  To  verify  this
speculation, Table  1 shows  the  KEtotal-high and
APEtotal-high,  the  percentage  of  KElow to  KEtotal-high,  and
the percentage of APElow to APEtotal-high, respectively, all
of which are derived from the corresponding anomalous
fields. These quantities are area-averaged separately over
the UB region and the Eurasian continent. It can be found
that  there  is  no  obvious  difference  between the  low-fre-
quency  energy  and  the  difference  energy.  The  low-fre-
quency  energy  accounts  for  approximately  100%  of  the
difference energy, which is especially true for KElow and
KEtotal-high.  Therefore,  the  energetics  of  UBHs  has  been
depicted, at least qualitatively, through the terms in Eqs.
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Fig. 11.   Tendency (m2 s−2) of total energy (∆KE + ∆APE) and each term in Eqs. (2) and (3) for the composite blocking highs over the North At-
lantic. All terms are averaged temporally from day −6 to day 6 and spatially from surface ground to 100 hPa and area-weighted averaged over (a)
the region with the amplitude of the height anomalies larger than +40 gpm, and (b) the North Atlantic (20°–90°N, 80°W–40°E).
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(2)  and (3)  that  are  spatially  averaged over  a  certain  re-
gion in this paper.

Under  the  background  of  global  warming,  there  has
been an increasing trend in the UBHs frequency since the
1990s (Barnes et al., 2014; Wang and Chen, 2014; Luo et
al.,  2016a),  which  is  associated  with  the  loss  of  sea  ice
over  Barents  and  Kara  seas  (Honda  et  al.,  2009; Liu  et
al.,  2012; Mori  et  al.,  2014, 2019).  Some  recent  studies
further explained that the sea ice loss can lead to the re-
duction  of  both  the  amplitude  and  vertical  shear  for  the
westerlies (Luo et al., 2016a, 2017; Yao et al., 2017) and
the meridional gradient of potential vorticity (Luo et al.,
2018) over the Eurasian continent, which is favorable for
the longer persistence of UBHs. In addition to the above-
mentioned  variations  in  the  long-term  mean  basic  flow,
has  the  shape  of  UBHs  changed  accordingly  since  the
1990s?  From  the  angle  of  energetics,  either  of  the
changes in the basic flow or the shape of UBHs can con-
tribute to the variation in the conversions of CPcli and/or
CKcli (Cai et al., 2007), which is also emphasized by our
study  on  the  maintenance  of  UBHs.  It  is  of  interest  to
quantify the relative changes of CPcli and/or CKcli during
the  recent  decades  with  respect  to  the  period  before  the
1990s. It can deepen our understanding on the variations
in  the  dynamics  of  the  UBHs  under  the  background  of
global warming, which deserves future studies.
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