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ABSTRACT

A winter Eurasian cooling trend and a large decline of winter sea ice concentration (SIC) in the Barents–

Kara Seas (BKS) are striking features of recent climate changes. The question arises as to what extent these

phenomena are related. A mechanism is presented that establishes a link between recent winter SIC decline

and midlatitude cold extremes. Such potential weather linkages are mediated by whether there is a weak

north–south gradient of background tropospheric potential vorticity (PV). A strong background PV gradient,

which usually occurs in North Atlantic and Pacific Ocean midlatitudes, acts as a barrier that inhibits atmo-

spheric blocking and southward cold air intrusion. Conversely, atmospheric blocking is more persistent in

weakened PV gradient regions over Eurasia, Greenland, and northwestern North America because of

weakened energy dispersion and intensified nonlinearity. The small climatological PV gradients over mid- to

high-latitude Eurasia have become weaker in recent decades as BKS air temperatures show positive trends

due to SIC loss, and this has led to more persistent high-latitude Ural-region blocking. These factors con-

tribute to increased cold winter trend in East Asia. It is found, however, that in years when the winter PV

gradient is small the East Asian cold extremes can even occur in the absence of large negative SIC anomalies.

Thus, the magnitude of background PV gradient is an important controller of Arctic–midlatitude weather

linkages, but it plays no role if Ural blocking is not present. Thus, the ‘‘PV barrier’’ concept presents a critical

insight into the mechanism producing cold Eurasian extremes and is hypothesized to set up such Arctic–

midlatitude linkages in other locations.

1. Introduction

Over the last two decades, rapid Arctic warming has

been observed together with a large loss of sea ice concen-

tration (SIC) during boreal winter [December–February

(DJF)] (Screen and Simmonds 2010; Simmonds 2015).
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Accompanying this rapid Artic warming and sea ice

loss (Comiso 2006; Gillett et al. 2008; Steele et al. 2008;

Stroeve et al. 2011) have been frequent winter cold

events over Eurasia and North America (Petoukhov

and Semenov 2010; Outten and Esau 2012; Cohen et al.

2014;Mori et al. 2014; Kug et al. 2015; Luo et al. 2016a,b;

Yao et al. 2017; Yang et al. 2018; Overland and Wang

2018). However, physical linkage mechanisms between

the Arctic warming associated with SIC decline and

midlatitude weather have not been unambiguously

identified (Overland et al. 2015, 2016; Luo et al. 2018a;

Cohen et al. 2018; Meleshko et al. 2018; L. Chen et al.

2018; Ye et al. 2018; R. Zhang et al. 2018; Simmonds

2018; Sung et al. 2018; Gu et al. 2018).

Numerous studies have suggested that the recent cold

extremes are directly related to rapid Arctic warming,

although whether one can attribute most of the cold

extremes to intense Arctic warming or natural vari-

ability has prompted considerable discussion (Vihma

2014; Overland et al. 2015, 2016; Luo et al. 2016a,b;

Shepherd 2016; McCusker et al. 2016; Yao et al. 2017).

Modeling studies designed to assess the impact of sea ice

reduction on midlatitude atmospheric circulation and

weather patterns have produced conflicting results.

Some suggest that the winter Eurasian cooling may not

be directly related to the Arctic warming and SIC loss in

the Barents–Kara Seas (BKS), but rather, in part, to

changes in internally generated large-scale atmospheric

circulation patterns themselves (Sato et al. 2014;

Simmonds andGovekar 2014;McCusker et al. 2016; Sun

et al. 2016) and Ural blocking (Luo et al. 2016a,b). Sato

et al. (2014) emphasized the one-way effect of early

winter atmospheric wave train excited by sea surface

temperature (SST) anomalies over the Gulf Stream re-

gion (Li 2004) on cold winter conditions over Eurasia.

However, Luo et al. (2016a,b) emphasized the two-way

relationship betweenwinter atmospheric teleconnection

wave trains including the roles of Ural blocking

(blocking high or anticyclonic anomaly over the Ural

region) and Arctic warming/sea ice decline in the BKS.

They found that while Ural blocking is an internal low-

frequency mode with a 10–20-day time scale that arises

mainly from the wave train propagation from the North

Atlantic Ocean in the absence of stratospheric pro-

cesses, it may be also affected by background Arctic

warming in BKS. This Ural blocking becomes more

persistent and quasi-stationary in higher latitudes, and

thus leads to more intense Eurasian cooling (or more

severe midlatitude Eurasian cold extremes), while en-

hanced BKS warming is linked to weakened westerlies

over Eurasian midlatitudes (Luo et al. 2016a) and in-

tensified North Atlantic westerlies (Yao et al. 2017). In

this case, the midlatitude cold extremes are naturally

influenced by background Arctic warming or sea ice

loss. This result is different from the viewpoint of

McCusker et al. (2016) and Sun et al. (2016) that recent

Eurasian cold winters are unrelated to BKS SIC decline

or warming. Thus, any connection between Arctic

warming and continental cold extremes likely depends

on the regional wind regime and how that may be

changing as a response to Arctic sea ice decline and

warming. Overall, however, a comprehensive explana-

tion as to whether and how the Arctic warming affects

midlatitude atmospheric circulation and cold extremes

is still lacking (Cohen et al. 2014; Overland et al. 2015,

2016; Meleshko et al. 2018).

Warming (cooling) corresponds to reduced (en-

hanced) potential vorticity (PV) within the warm (cold)

temperature region in the troposphere (Hoskins et al.

1985, p. 909), and thus Arctic warming can modify the

subarctic-to-midlatitudemeridional PV gradient. Hence

PV dynamics offers the potential to explain how mid-

latitude atmospheric circulation and associated weather

patterns are linked to the Arctic SIC loss and air tem-

perature increases. Based on a theoretical model, Luo

et al. (2018a) recently examined the roles of the PV

gradient and zonal wind reductions in influencing the

change in Ural blocking (UB) and found that a reduced

PV gradient is more influential for lengthening of the

UB duration than is the weakened zonal wind, while

other studies emphasized the role of themean zonal wind

reduction in the lengthening of the blocking duration

(Yao et al. 2017). However, how and to what extent

the midlatitude cold extremes depend on the BKS SIC

decline or warming were not clarified in previous studies.

Building on the work of Luo et al. (2018a), we address

the following two questions: 1) Under what conditions is

the PV gradient a barrier or a bridge between mid-

latitude cold extremes and Arctic SIC decline or warm-

ing? 2) Can the Arctic SIC decline significantly affect

midlatitude cold extremes? Answering these ques-

tions can deepen the understanding of the physics that

dominates Arctic–midlatitude weather linkages. We

propose a new viewpoint that the weakened PV barrier

(i.e., reduced PV gradient) in Eurasian mid- to high lat-

itudes, linked to recent BKS SIC decline, plays a crucial

role in the increased frequency of cold extremes in East

Asia and may have a role in other Arctic regions. The

magnitude of background PV gradient is assessed as a

key controller of Arctic–midlatitude weather linkages.

This paper is organized as follows: In section 2, we

describe the data, method, PV barrier concept, and

experimental design of the numerical model. The ob-

servational results are presented in section 3. The cause-

and-effect relationship between the PV gradient and

Ural blocking changes is discussed in section 4. We
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present the results of the numerical experiments in

section 5, and the main findings are summarized in

section 6.

2. Data, method, theory, and model experiment

design

a. Data and the identification of blocking events

We used daily ERA-Interim reanalysis data (http://

apps.ecmwf.int/datasets/data/interim-full-daily/levtype5

sfc/) with a horizontal resolution of 18 3 18 for the

500-hPa geopotential height (Z500) and zonal wind

(U500), surface air temperature (SAT), and SIC (Dee

et al. 2011). We are concerned here with the cooling

trend in East Asia during 1990–2013 (Cohen et al. 2014)

and hence use the ERA-Interim data for the 1979–2013

period. We take the daily data of PV, as defined by the

Ertel’s PV (Hoskins et al. 1985), on the 315-K isentropic

surface (between 300 and 200hPa in the latitudes north

of 408N) at a horizontal resolution of 2.58 3 2.58. The

specific level chosen here is not particularly important

because blocking in the mid- to high latitudes shows an

equivalent barotropic structure and is relatively strong

between 500 and 200hPa below the tropopause. The

daily anomalies at each grid point are detrended and

nonseasonalized by subtracting their seasonal cycle and

linear trend when the detrended data are used.

The one-dimensional (1D) and two-dimensional (2D)

blocking indices developed by Tibaldi and Molteni

(1990, hereinafter TM) and Davini et al. (2012), re-

spectively, are used to identify blocking events over

Eurasia (Luo et al. 2016a,b) and in the Northern

Hemisphere (NH). The 1D TM index is used to identify

the number of blocking events in the Ural region (308–

908E) (Luo et al. 2016a), while the 2D index identifies

blocking frequency defined as a percentage of in-

stantaneous blocking days with respect to the total days

of a winter.

In this study, Monte Carlo testing is performed to

examine the statistical significances of composite field

patterns and their domain-averaged time series in dif-

ferent states. A Student’s t test is also used to examine

the significance of the linear trend of the time series.

These methods are fully described in Wilks (2011).

b. Linear energy dispersion theory

The pioneer work of Yeh (1949) indicated that the

blocking maintenance is due to weak energy dispersion

in high latitudes. Because the meridional wind strength

related to BKS warming prior to the blocking onset is

small and not important for the UB energy dispersion or

duration (Luo et al. 2018a), we can consider a slowly

varying zonal flow as a background of blocking. We first

describe a linear Rossby wave theory to emphasize

whether the energy dispersion of linear Rossby waves is

determined by themagnitude of themeridional gradient

of the background tropospheric PV related to background

westerly winds. For this we use the linearized PV equation

(Luo 2005), superimposed on a slowly varying mean

zonal flow,U [U52(›c/›y), where c is the background

streamfunction]. The nondimensional linear equation

of Rossby wave for a barotropic disturbance c0, scaled

by the characteristic length ~L (;1000 km) and wind

speed ~U (;10m s21), can be expressed as

�

›

›t
1U

›

›x

�

(=2c0
2Fc0)1 (Q

y
1FU)

›c0

›x
5 0, (1)

where c0 is the disturbance streamfunction, Qy 5 b 2

Uyy (Uyy 5 ›2U/›y2) is the meridional gradient of the

absolute vorticityQ5 f01 by2Uy (Uy5 ›U/›y) of the

background flow U, where f0 is a constant non-

dimensional Coriolis parameter, and F5 ( ~L/Rd)
2. Also

here Rd is the radius of Rossby deformation and

b5 ~L2b0/ ~U is the nondimensional form of the meridi-

onal gradient b0 of the Coriolis parameter.

Using the Wentzel–Kramers–Brillouin method (Luo

2005), the dispersion relation of the linear Rossby wave

for a solution exp[i(kx 1 my 2 vt)] can be obtained as

v5Uk2
(Q

y
1FU)k

k2 1m2 1F
, (2)

where v is the frequency and k and m are the zonal and

meridional wavenumbers, respectively.

In the barotropic case, we have PV5=
2c2Fc1

by 1 f0 for the background streamfunction c and

hencePVy 5 ›PV/›y 5 Qy 1 FU. The group velocity

and phase speed of the Rossby waves are obtained as

C
g
5 ›v/›k5U2

PV
y
(m2

1F2 k2)

(k2 1m2 1F)2
(3a)

C
p
5

v

k
5U2

PV
y

k2 1m2 1F
. (3b)

The energy dispersion of the linear Rossby wave can

be characterized by the difference between its group

velocity and phase speed, namely,

C
gp
5C

g
2C

p
5

2k2PV
y

(k2 1m2 1F)2
. (4)

It is found that Cgp will be small if PVy is small. In the

limiting case of PVy / 0, the group velocity and the

phase speed approach U. As a result, the wave packet

and carrier wave are moving with speedU, but with little
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energy dispersion. Hence in this case the linear Rossby

wave is expected to have a weak energy dispersion and a

long lifetime, but may not be quasi-stationary. Thus, our

results differ from what Yao et al. (2017) found re-

garding the importance of U in inducing UB episodes.

For a givenPVy the energy dispersion from the packet

will be smaller (i.e., longer-lived pattern) for the longer-

scale zonal waves becauseCgp/ 0 as k/ 0. That is, the

longer waves will be favored for longer lifetimes. In fact,

the magnitude of PVy depends on the values of U and

Uyy becausePVy5 b2Uyy1 FU. While Eq. (4) reveals

what determines the energy dispersion of linear Rossby

waves, this linear theory is more likely suitable for the

beginning stage of the blocking onset when the ampli-

tudes are small. In the next section, we will demonstrate

that the magnitude of PVy is also important for the be-

havior of blocking system in a nonlinear framework.

c. A nonlinear theory of blocking events and

definition of the PV barrier

In a more general case, we can make use of the non-

linear multiscale interaction (NMI) model of blocking

events proposed and developed by Luo and his collabo-

rators (Luo 2000, 2005; Luo and Li 2000; Luo et al. 2014,

2018a). Here, we briefly describe this NMI model and

show how it allows us to introduce the PV barrier concept.

For a slowly varying zonal wind U, the analytical so-

lution of the nondimensional planetary-scale barotropic

streamfunction field cP of an eddy-driven blocking from

the barotropic NMImodel, scaled by characteristic scale
~L (;1000km) and velocity ~U (;10ms21), in a b-plane

channel with a width of Ly can be obtained as

c
P
52

ðy

0

U(y0) dy0 1c’2

ðy

0

U(y0) dy0 1c
B
1c

m
,

(5a)

c
B
5B

ffiffiffiffiffiffi

2

L
y

s

exp[i(kx2vt)] sin(my)1 cc, (5b)

c
m
52jBj2 �

‘

n51

q
n
g
n
cos(n1 1/2)my , (5c)

i

�

›B

›t
1C

g

›B

›x

�

1 l
›2B

›x2
1 djBj2B

1Gf 20 exp[2i(Dkx1Dvt)]5 0,

(5d)

where v 5 Uk 2 PVyk/(k
2
1 m2

1 F), Cg 5 U 2

[PVy(m
2
1 F2 k2)/(k21m2

1 F)2], gn5 8/fm[42 (n1

1/2)2]Lyg, qn5 qNn/PVy, l5 l0PVy, l05 [3(m2
1 F)2 k2]

k/(k2 1 m2
1 F)3, d 5 dN/PVy, l0 . 0, dN . 0, and

jBj2 5BB*, with B* being the complex conjugate of B;

B denotes the complex envelope amplitude of the

blocking streamfunction anomaly cB having zonal

and meridional wavenumbers k and m 5 22p/Ly,

respectively. Note that in Eq. (5d) f0 represents the

amplitude distribution of the preexisting incident

synoptic-scale eddies having two modes with the wave-

number (~kj,m/2) and frequency ~vj 5U ~kj 2PVy
~kj/( ~k

2
j 1

m2/41F) (j 5 1, 2) (Luo 2000, 2005; Luo et al. 2014),

and cc denotes the complex conjugate of its preceding

term. Note that G, Dk5 k2 ( ~k2 2
~k1), and Dv5 ~v2 2

~v1 2v in Eq. (5d) are the same as those in Luo et al.

(2018b), and qNn and dN can be found in Luo et al.

(2018a). Here, G, Dk, qNn, and dN are fixed constants

that are independent of U or PVy.

Also, in the above cm is the streamfunction anomaly

of the mean zonal wind change in the presence of the

blocking anomaly cB, which reflects the feedback of the

blocking formation on the mean westerly wind and PV

gradient prior to the blocking onset. Equation (5d)

shows that the spatiotemporal evolution of the blocking

amplitude can be described by a nonlinear Schrödinger

equation with an eddy forcing. Thus, one can use this

NMI model to examine how a blocking event with a 10–

20-day time scale occurs for a given initial condition and

eddy parameters. The most important aspect of the

NMI model is that it emphasizes the role of preexisting

synoptic-scale eddies in the blocking life cycle rather

than the role of eddy straining or wave breaking. Thus, it

can consider the effect of background condition changes

on blocking. This model also reveals that the eddy

straining or wave breaking is a result of the blocking

formation rather than a cause. In the NMI model, l is

the linear dispersion effect term and proportional to the

backgroundPVy or Cgp because Cgp }PVy, whose

magnitude reflects whether the blocking anomaly has

strong energy dispersion.We also find that d5 dN/PVy is

the nonlinearity strength and proportional to the inverse

of PVy. Obviously, it is inferred that the blocking has

weak dispersion and strong nonlinearity as PVy is small,

especially in high latitudes. Thus, the blocking can main-

tain its longer lifetime in the smaller backgroundPVy re-

gion. To some extent, the smaller backgroundPVy region

may be considered as a nearly nondispersion (Cgp ’ 0)

media that favors the maintenance of blocking. However,

it may play a suppressive role if the amplitude of UB is too

large, which will be discussed in another paper.

On the other hand, the zonal extent of the blocking

energy distribution reflects whether the blocking can be

maintained or not. When the blocking energy is dis-

tributed in a narrower zonal region, it can have a longer

persistence (Luo 2000), and this energy is represented

by the magnitude and zonal distribution of jBj. Some
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UB events arise from the propagation of wave trains

coming from the North Atlantic (Luo et al. 2016b) and

the NMI model can describe the processes relevant to

this (Luo et al. 2018b). Thus, we may use the solution of

Eq. (5d) without eddy forcing to indicate how the zonal

distribution of the blocking energy is related to the

magnitude of the backgroundPVy.

Similar to Luo (2000), the wave packet amplitude jBj
of blocking derived from Eq. (5d) without forcing is

jBj5M
0
sech[(

ffiffiffiffiffiffiffiffiffi

d/2l
p

)M
0
(x2C

g
t)]

5M
0
sech[(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d
N
/2l

0

q

)(M
0
/jPV

y
j)(x2C

g
t)]

(whereM0 denotes themaximum amplitude at x5 0 and

t 5 0) (Luo et al. 2018b). Note that M0 becomes time-

dependent once the blocking is amplified by preexisting

synoptic-scale eddies (Luo 2000). Although Cg repre-

sents the zonal propagation speed of the blocking energy

or wave packet, whether the blocking energy is con-

centrated in a narrow zonal region is mainly determined

by its difference with the phase speed (the value of Cgp)

or the magnitude of PVy if the blocking amplitudeM0 is

fixed. WhenPVy is small, M0/jPVyj is large. The energy

of the blocking wave packet is more easily concentrated

in a smaller zonal region in this case, even though the

blocking amplitude M0 varies with time during the

blocking life cycle, and thus, it is likely that blocking

with a longer lifetime would be found in the smaller PVy

region. The suggestion thus presents itself that small PVy

represents a favorable environment for longer blocking

duration. The numerical solution ofEq. (5) for given eddy

parameters and initial amplitudes also indicates this point

(not shown). It should be pointed out that the small zonal

scale of jBj does not correspond to the blocking anomaly

having small zonal scales because the zonal scale of the

blocking anomaly cB depends not only on the zonal scale

of the blocking wave packet jBj, but also on the zonal

scales of the blocking carrier wave and initial blocking

anomaly. Thus, we are unable to use the zonal scale of the

blocking wave packet to represent the zonal scale of the

observed blocking anomaly (Luo 2000). The nonlinear

phase speed CNP of blocking in the form of

C
NP

5v=k2 dM2
0/(2k)

5U2PV
y
/(k2

1m2
1F)2 d

N
M2

0/(2kPVy
)

can be obtained as in Luo (2000) when the eddy forcing

is not too strong. This formula may be used to explain

how the Arctic warming influences the movement of

blocking through changing the background westerly

wind U and associatedPVy. When the NMI model is

applied to a specific region, the domain-averaged value

of the height anomaly over the blocking region is chosen

as the value of M0.

Because the long-lived blocking corresponds to a

persistent westerly jet meander (Luo 2000) and a per-

sistent southward intrusion of cold air on its downstream

side, such cold air can easily cross the small PVy region.

Put another way, the small PV gradient region is much

less likely to obstruct the southward intrusion of cold

Arctic air. Based on the theoretical discussion above,

the region with a small meridional gradient of the

background PV can be referred to as a weak PV barrier

region.

d. Model experiment design

To further illustrate the causal relationships between

the BKS SIC loss/warming, PV gradient reduction, and

blocking persistency increase, we have performed both

comprehensive and dry dynamical core numerical

model experiments. The comprehensive model experi-

ments analyzed here are the same as in P. Zhang et al.

(2018a), who employed the Specified Chemistry Whole

Atmosphere Community Climate Model, version 4.0

(SC-WACCM4), which is a stratosphere-resolving at-

mospheric general circulation model that is a compo-

nent of the National Center for Atmospheric Research

(NCAR) Community Earth System Model version 1.2

(Hurrell et al. 2013; Marsh et al. 2013). SC-WACCM4

has specified, rather than full interactive, chemistry as in

WACCM4. The removal of interactive chemistry has

little impact on the climatology and variability of the

atmospheric circulation below 55km and greatly de-

creases the computational cost (Smith et al. 2014). The

SC-WACCM4 is integrated with a horizontal resolution

of 1.98 latitude 3 2.58 longitude and 66 vertical levels

with a model lid at about 140km. The control experi-

ment (CTRL run) uses a repeating seasonal cycle of SIC

and SST, averaged over the period from 1980 to 1999

from CMIP5 CESM-WACCM4 historical runs. The

perturbation experiment (BKS run) is similar but the

SIC over the BKS region is replaced by the future pro-

jected SIC averaged from 2080 to 2099, which is taken

from CMIP5 CESM-WACCM representative concen-

tration pathway 8.5 (RCP8.5) runs. The SST in the BKS

run is also replaced with RCP-8.5 SST in the open water

areas that used to be covered by sea ice in theCTRL run.

Although the BKS run is prescribed with RCP8.5 SIC,

the amount of SIC decline in the BKS run is actually

comparable to that in observations in recent decades

[see the discussion of sea ice forcing in the supplemen-

tary information of P. Zhang et al. (2018a)]. Both the

CTRL and BKS experiments are integrated for 60 yr,

and the last 50 yr are extracted for analysis. Details of

experiment design can be found in P. Zhang et al.
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(2018a), but note that our BKS run was referred to as

BKS_FL there. Since there is no isentropic PV output in

these experiments, we simply calculate the meridional

gradient of the 500-hPa PV in the form of PVy 5 b 2

Uyy 1 FU (F ’ 1) as an approximation of PVy. Such a

treatment is acceptable because the blocking has an

equivalent barotropic structure.

In addition, to explore the robustness of the model

results and to demonstrate whether the complex physi-

cal processes includingmoist feedbacks are influential in

UB development, the numerical experiments about

these problems are performed using the newest version

of Geophysical Fluid Dynamics Laboratory (GFDL)

spectral dry dynamical core model described byWu and

Reichler (2018). A brief description of the idealized

GFDL dry model and its experiment design are pre-

sented in the online supplemental material. For the

CTRL and BKS experiments, the GFDL dry model is

integrated for 20 000 days (;55 yr) and the analyses are

based on 50 winter years, with the first 1000 days of

spinup discarded here.

3. Roles of SIC decline and meridional PV

gradients in the Eurasian cold extremes

In this section, we examine the roles of BKS SIC de-

cline and associated PV gradient in winter Eurasian cold

extremes. The effect of the SIC decline on the cold ex-

tremes may be by means of the PV gradient and UB

changes. To some extent, the UB is an important bridge

of their linkages because the quasi-stationary blocking

(Berggren et al. 1949; Rex 1950) plays a key role in

midlatitude cold extremes (Yang et al. 2018) via the

radiative cooling (Yao et al. 2017) and cold temperature

advection processes (Iwasaki et al. 2014; Shoji et al.

2014) and it is significantly influenced by the background

PV gradient as noted below.

a. Regions of Northern Hemisphere blocking and

their link with meridional PV gradient

In this subsection, we first explore whether the re-

gion of climatological blocking frequency in winter is

related to the spatial distribution of the winter PV

gradient in observations before examining the roles of

the SIC decline and meridional PV gradients in the

Eurasian cold extremes. We use the daily PV data on

the 315-K isentropic surface to calculate the meridi-

onal gradient of DJF-mean PV as the winter PV gra-

dient. Figure 1a shows that the winter PV gradient has

maxima regions over the North Atlantic Ocean (from

908 to 308W) and North Pacific Ocean (from 1008 to

1808W) midlatitudes where strong North Atlantic and

Pacific jets prevail (Fig. 1c).

Here, we can use the strength of the DJF-mean PV

gradient or the change of the PV barrier as an indicator

of blocking frequency or duration and the severity of

associated cold extremes because the change in the

blocking duration is linked to the magnitude of PVy

(Luo et al. 2018a) and long-lived blocking leads to in-

tense cold extremes or cold anomalies in winter (Luo

et al. 2016a; Yao et al. 2017). It is found that there are

small PV gradients in two main regions: the domain

extending from Europe to the Ural region and that from

the northeastern Pacific to the western part of North

America. There is a further weak PV gradient region

over Greenland. The small PV gradient is also seen in

high latitudes of the western North Pacific. It is further

noted that the blocking frequency in the region from

North Atlantic to Eurasia has three main peak (or

center) regions, namely Greenland, the European con-

tinent, and theUralMountains. This blocking frequency

distribution was first found byDiao et al. (2006) [see also

Davini et al. (2012) and Cheung et al. (2013)], and is also

modulated by the phase of NAO and the strength of

North Atlantic westerly winds (Luo et al. 2015a,b). The

continental blocking tends to occur in the downstream

side of European continent near the Ural Mountains

when the North Atlantic westerly wind is stronger (Luo

et al. 2015a). We further see that weak PV barrier (or

small PV gradient) regions (Fig. 1a) correspond to re-

gions of high blocking frequency (as defined by the

percentage of blocking days with respect to the total

number of winter days) (Fig. 1b), and this frequency is

smaller in the strong PV barrier region. Thus, it can be

inferred, based on the earlier considerations, that in a

climatological sense a high blocking frequency only ap-

pears in the weak PV barrier region. The location of

blocking events is dominated by the collocation of the

weak magnitude of the PV gradient. The spatial distri-

bution of blocking frequency better matches the shape of

the weak PV barrier region (Figs. 1a,b). Below, we ex-

amine the linkages among Eurasian cold extremes, UB,

SIC decline, and PV gradient from linear trend and in-

terannual time scales using a daily evolution perspective.

b. Trends in PV gradient, blocking frequency, cold

extremes, atmospheric circulation pattern, SIC and

zonal winds, and their linkages

Observations reveal that the pronounced Arctic

warming or SIC trend observed since the 1980s is related

to the Arctic ocean surface warming trend (Steele et al.

2008), human influence (Gillett et al. 2008), and atmo-

spheric circulation changes (Stroeve et al. 2011; Luo

et al. 2016a, 2017; Woods and Caballero 2016; Kelleher

and Screen 2018; Screen et al. 2018). Thus, it is useful to

examine whether the linear trends of the atmospheric
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circulation pattern and cold extremes are related to the

SIC decline trend through the trend of the PV gradient.

We calculate linear trends of PV gradient, blocking

frequency, cold extremes, SIC, Z500, U500, and SAT

during 1979–2013. The DJF-mean meridional PV gra-

dient shows a declining trend in a wide region of Eurasia

south of theBKS and in a relatively small region south of

Greenland (Fig. 2a). At the same time, the blocking

frequency shows increasing trends in the Ural region, in

the BKS, and over Greenland and the mid- to high-

latitude North Atlantic (Fig. 2b). We also note that the

reduction of Atlantic PVy is not statistically significant,

and hence a physical argument cannot be based on that.

Thus, these results suggest that the increased trend of

the UB frequency over Eurasia (red shading region in

Fig. 2b) might be related to the decreased trend of the

meridional PV gradient (blue shading region in Fig. 2a).

Increases in the high-latitude blocking frequency are

particularly evident in theUral high latitudes and its east

side probably due to BKS warming, which are located

over the north side of a weak PV gradient region (blue

shading region of Fig. 2a).

The SIC shows a large decline in BKS and a small

decline in the BaffinBay, Davis Strait, and Labrador Sea

(BDL) (blue-shaded region in Fig. 2d). The Z500

anomaly exhibits a negative Arctic Oscillation (AO2)

pattern concomitant with the SIC decline (contour line

in Fig. 2c). Such a pattern is mainly related to the Arctic

warming due to sea ice loss in the region from BKS to

Labrador Sea (Luo et al. 2016a). Because the sea ice

decline is stronger in the BKS than in the BDL, theAO2

exhibits an asymmetric pattern with a large positive

FIG. 1. (a) DJF-mean Z500 [contour interval (CI) 5 100 gpm] and meridional potential vorticity gradient PVy (color shading; 10
26

PVUm21, where 1 PVU 5 1026m2 s21Kkg21) on the 315-K isentropic surface; the thick black contour line represents 5500 gpm.

(b) Horizontal distribution of DJF-mean blocking frequency (%; color shading), as represented by the percentage of instantaneous

blocking days with respect to the total days of a winter based on the two-dimensional TM index. (c) DJF-mean 500-hPa zonal winds

(U500) during 1979–2013 winters.
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height anomaly extending towardmidlatitudes along the

upstream side of theUralMountains andhas been referred

to as a negative Arctic response oscillation (ARO2) (Luo

et al. 2016a). For thisAO2 pattern, a cold temperature

anomaly is seen over midlatitude Eurasia or Siberia (Fig.

2c) and locatedmainly in the occurrence region of extreme

cold days (ECDs; these are defined to be the coldest 5%of

all winter days during the 1979–2013 period) (Fig. 2e).

FIG. 2. Linear trends of DJF-mean (a) meridional PV gradient anomaly on the 315-K isentropic surface, (b)

blocking frequency (%), (c) Z500 (CI5 5 gpm) and SAT (color shading) anomalies, (d) SIC anomaly in BKS (308–

908E, 658–858N), (e) extreme cold days (ECDs) over East Asia (608–1208E, 408–608N), and (f) 500-hPa zonal wind

anomaly during 1979–2013. The stippling indicates regions over which the trend is statistically significant (p, 0.05;

Student’s t test). The ECDs are defined as the 5% of all winter cold days that are most extreme during 1979–2013.
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Although the increased UB frequency is located on the

downstream side of theAO2 (Fig. 2b), it probably

constitutes a part of theAO2 pattern and is influenced by

theAO2 as a background circulation. Thus, it is likely

that a portion of the trend of ECDs is not only linked

to theAO2 pattern trend, but also the trend of UB

(Fig. 2b). Moreover, because the trend of the winter U500

(Fig. 2f) shows a pattern similar to that of the PV gradient

(Fig. 2a), the latter trend is mainly related to the trend

change of zonal winds in strength and spatial structure

related to BKS warming through reduced meridional

temperature gradient. It is also found that the BKS

warming andAO2 pattern trends are more intense during

1990–2013 than their 1979–2013 trends in that the BKS sea

ice declining trend is more distinct during 1990–2013 win-

ters (not shown).

We further show the time series of domain-averaged

DJF-meanPVy, ECDs, SIC, SAT, and UB frequency

over Eurasia and BKS in Fig. 3. WhilePVy and SIC

(ECDs and SAT) exhibit significant downward (upward)

trends during 1979–2013 (Figs. 3a,b), the UB frequency

shows only a weak positive trend. However, during

1990–2013 the UB frequency exhibits a modest upward

trend (significant at the 90% confidence level). It could be

argued that the increased trend of ECDs is related to the

upward trend of the UB frequency. Similarly, the in-

creased trend of cold extremes in East Asia or East Asian

cooling could be seen as being connected to the declining

trend of the BKS SIC possibly through a decreasedPVy

trend associated with the upward trend of BKS warming.

Below, we will address these issues by performing com-

posite analyses to examine why the reduction of meridi-

onal PV gradient in winter can be due to BKS warming.

c. Is the reduced PV gradient attributed to BKS

warming?

Here, we provide evidence to support the view that

the reduction of winter-mean PV gradient is due to BKS

warming. To examine the effect of BKS warming on the

winter PV gradient, we remove individual UB events to

calculate the DJF-mean PV,PVy, Z500, and SAT

anomalies. In winter the blocking days for each blocking

event from lag 210 to 10 days are removed because the

blocking duration is generally less than 20 days, where

lag 0 denotes the peak day of the UB. Such a removal of

UB events can, in a simple way, eliminate the effect of

UB on the BKS SIC decline and PV gradient in winter.

The BKSwarm (cold) winters are 1980, 1982, 1983, 1994,

1999, 2004, 2005, 2007, and 2011 (1981, 1986, 1993, 1996,

1997, 1998, 2000, 2002, 2003, 2009, and 2010) based on

the 0.5 (20.5) standard deviations (STDs) of the nor-

malized detrended BKS SAT time series in Fig. 3b. It is

seen that the PV shows a negative anomaly around the

BKS (Fig. 4a) when there are positive SAT and Z500

anomalies in the BKS and its adjacent region (Fig. 4e).

In contrast, one can find a positive PV anomaly in the

BKS and its south and east sides (Fig. 4b) when a cold

SAT anomaly dominates the BKS where the Z500

anomaly is negative (Fig. 4f).

Because there are a negative PV anomaly in the high

latitudes near BKS and a positive PV anomaly in Eur-

asian midlatitudes, a reduced meridional PV gradient is

inevitably seen to the south of BKS (Fig. 4c). By con-

trast, there is a large PV gradient over the Eurasian

continent (Fig. 4d) because of the PV increase in BKS

due to the BKS cooling. This suggests that PVy tends to

become small as the BKS warms up, even when the UB

is absent. Thus, the BKS warming can lead to reduced

meridional PV gradient in winter. While the positive

Z500 anomaly around BKS is mainly produced by win-

ter BKS warming related to the sea ice melting through

the surface heat fluxes (mainly sensible heat flux)

(Screen and Simmonds 2010), it is not the blocking

anomaly because it does not meet the blocking crite-

ria (large amplitude and duration of 10–20 days). The

FIG. 3. Time series of normalized DJF-mean domain-averaged

PV gradient anomaly over the region 308–908E, 508–708N [in both

(a) and (b)]; (a) UB frequency (blocking days) over the region 608–

758N, 308–908E; and ECDs over the region 608–1208E, 408–608N

and (b) SAT and SIC anomalies over the BKS (308–908E, 658–

858N) during 1979–2013. The 95% (99%) confidence level of the

slope of the straight line for the Student’s t test is indicated by two

(three) asterisks.
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positive height anomaly and small PV gradient over

Eurasia may be considered as a favorable background of

UB events. In brief, a reducedPVy over Eurasia can be

established by the BKS SIC decline via the following

sequence: the winter sea ice melting in BKS / BKS

warming and associated positive Z500 anomaly / a

negative PV anomaly near BKS/ reduced meridional

PV gradient over midlatitude Eurasia. The study by X.

Chen et al. (2018) found that the long-lived and quasi-

stationary UB requires a large SIC decline prior to the

UB onset, while the subsequent subseasonal SIC change

is related to changes in atmospheric circulation patterns

over Eurasia due to associated infrared radiation and

surface heat flux changes over BKS (Luo et al. 2017).

Thus, it is thought that the small prior PV gradient is

mainly generated by the prior sea ice loss in BKS because

the amplitude of the UB prior to the blocking onset is

weak and a strong prior BKS warming without Eurasian

blocking must require a large prior SIC decline.

Although there are negative U500 anomalies in Eur-

asian midlatitudes and positive U500 anomalies north of

658N for the BKS warming (Fig. 4c), the weakening of

mean zonal winds in Eurasian midlatitudes is small (2–

3m s21). A similar small intensification of U500 is also

seen for BKS cooling (Fig. 4d). Because there is a pos-

itive zonal wind anomaly in the EastAsia subtropics east

of 1208E and south of 408N (Fig. 4c), an intensified

subtropical jet occurs in East Asia under the BKS

warming (not shown). In fact, no midlatitude westerly

jet streams are seen in the midlatitude Eurasia from

Europe to East Asia (Fig. 1c). Thus, we cannot use the

meridional displacement of the westerly jet to examine

FIG. 4. DJF-mean (a),(b) PV anomaly on the 315-K isentropic surface (color shading), (c),(d) PVy (color shading)

and U500 anomalies (CI5 1.0m s21), and (e),(f) Z500 (CI5 10 gpm) and SAT (color shading) anomalies for UB

events excluded (days from lag210 to 10 days are removed; lag 0 denotes the peak day of UB) in BKS (left) warm

and (right) cold winters during 1979–2013. The solid or dashed line denotes a positive or negative anomaly, re-

spectively. The stippling represents the area above the 95% confidence level for a Monte Carlo test conducted with

5000 simulations.
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how the BKS SIC or warming change affects the UB

through inspecting the jet position change, even if the

BKSwarming can alter the spatial structure and strength

of the mean zonal wind in Eurasian midlatitudes near

the Ural Mountains and its adjacent region. Although

the change in the midlatitude mean zonal wind strength

is modest, it seems that there is a large change of its

meridional shear from midlatitudes to BKS as the BKS

warms (Fig. 4c). Thus, the meridional variation of the

mean zonal wind over Eurasia is a main feature of BKS

warming. BecausePVy 5 b 2 Uyy 1 FU in the baro-

tropic limit, thePVy is an insightful metric because it

combines the strength of the mean zonal wind and its

nonuniform meridional shear into a single index.

d. Effects of winter-mean zonal wind and PV gradient

changes on the Ural blocking frequency

distribution

As noted above, the BKS warming can produce nega-

tiveDJF-meanU500 andPVy anomalies inEurasianmid-

to high latitudes south and east of BKS. Thus, it is useful

to examine how the blocking frequency distribution over

Eurasia is related to the mean zonal wind andPVy

changes. We define the winter with a small (large) value

at least having 20.5 (0.5) STDs of DJF-meanPVy aver-

aged over the Eurasian region (308–908E, 508–708N) as a

low (high)PVy winter. Here, strong (weak) DJF-mean

U500 winters are also defined as winters with $0.5

(#20.5) STDs of the time series of normalized non-

detrended DJF-mean U500 anomaly averaged over the

same Eurasian region, which are 1981, 1982, 1986, 1988,

1989, 1992, 1996, 1997, 1998, 1999, 2001, 2003, and 2006

(1979, 1983, 1984, 2004, 2005, 2007, 2009, 2010, 2011, and

2012) (an informative presentation of these high and low

PVy years can be found in Fig. 6 below). We show the

two-dimensional blocking frequency distributions in

Fig. 5 for strong (weak)DJF-meanU500 and PVywinters

(Fig. 6a). The blocking frequency is higher over the Ural

Mountains for a weak mean zonal wind winter (Fig. 5b)

than for a strong mean zonal wind winter (Fig. 5a). This

indicates that the weak mean zonal wind over Eurasia

favors UB. The result is consistent with previous theo-

retical (Luo 2000) and observational findings (Luo et al.

2016a; Yao et al. 2017), but opposite to the result of the

simplified model experiment by Hassanzadeh et al.

(2014) where they found lower blocking frequency with

reduced equator-to-pole temperature gradient and re-

sulting stronger jet stream. In addition, a higher UB fre-

quency is found for a small PV gradient (Fig. 5d) than

for a large PV gradient (Fig. 5c). A notable difference

other than the result of the mean zonal wind change is

that there is more frequent high-latitude blocking fre-

quency north of 608N between 608E and 1208E as the PV

gradient is smaller over Eurasia (Fig. 5d). However, we

can still see higher high-latitude Ural blocking frequency

in the low mean zonal wind winters for detrended data

FIG. 5. Horizontal distributions of DJF-mean blocking frequency (%; color shading) for (a) strong and (b) weak

DJF-mean 500-hPa zonal wind (U500) winters averaged over the region 308–908E, 508–708N and (c) high and

(d) low PVy winters for raw data. The strong (weak) DJF-mean zonal wind winters with$0.5 (#20.5) STDs of the

normalized domain-averaged DJF-mean U500 time series are 1981, 1982, 1986, 1988, 1989, 1992, 1996, 1997, 1998,

1999, 2001, 2003, and 2006 (1979, 1983, 1984, 2004, 2005, 2007, 2009, 2010, 2011, and 2012). The visual display of

these PVy winters can be found in Fig. 6.
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(not shown). This means that the mean zonal wind

strength index cannot better reflect the trend of high-

latitude blocking frequency. This may lead one to con-

clude that the magnitude of the PV gradient may be used

as a better indicator to identify the trend of high-latitude

Ural blocking frequency than the mean zonal wind

strength. As we can see in Fig. 2b, only the high-latitude

blocking frequency shows a linear upward trend during

1979–2013. This trend is more distinct during 1990–2013

than during 1979–89 (not shown). As we will indicate be-

low, the increased trend of the high-latitude Ural blocking

frequency or associated Eurasian cold extremes (or Eur-

asian cooling) is likely related to the downward trend of

the winter PVy over Eurasia.

e. Linkages of midlatitude cold extremes with SIC

decline, PV gradient, and UB persistence

An important issue is whether the midlatitude cold

extremes require a large negative SIC anomaly in BKS

(i.e., whether such an ice anomaly is a necessary condi-

tion for the cold extreme). It is useful to calculate the

winter-averaged correlations among ECDs, UB fre-

quency, PV gradient, SIC, and SAT anomalies to es-

tablish their linkages. The domain-average PVy has

significant (p , 0.05) negative correlations of 20.49,

20.70, and 20.81 with the ECDs, BKS SAT, and UB,

respectively, and a strong positive correlation of 0.64

with BKS SIC (Table 1). However, we note that the

ECDs in East Asia have no significant correlation with

the BKS SAT or SIC (Table 1). This could lead to the

conclusion that the ECDs in East Asia are not directly

linked to the BKS warming and SIC decline, but rather

to the decreased PV gradient and hence increased UB

frequency. We found similar correlations when the

analysis period was restricted to 1990–2013 (Table 2).

Conversely, PVy has no direct correlation with ECDs

when the blocking days (from lag210 to 10 days and lag

0 denotes the peak day) are excluded, while it does

correlate with UB frequency, SIC, and SAT (Table 3).

This, then, indicates that the PV gradient does not di-

rectly influence midlatitude cold extremes or cooling if

the UB is absent. In other words, the UB is a bridge of

the PV gradient influencing midlatitude cold extremes.

Thus, one can deduce that the influence of the BKS SIC

decline on winter midlatitude cold extremes is by means

of reduced PV gradient and associated blocking change,

though the persistence of UB is related to less prior SIC

in BKS (Luo et al. 2016a; X. Chen et al. 2018). As

FIG. 6. Numbers of low (blue) and high (red) PVy and SIC winters, low PVy winters with low

SIC (black), low PVy winters with nonlow SIC (green), and low SIC winters with nonlow PVy

(yellow) during 1979–2013 for (a) nondetrended and (b) detrended data.
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demonstrated by Luo et al. (2018a), prior to the blocking

onset the decrease in PVy is directly linked to BKS

warming related to the SIC decline. Hence, PVy is seen

as an insightful index for determining the nature of the

link between midlatitude cold extremes or continental

cooling events and Arctic warming or sea ice decline.

To clarify the key role of the DJF-mean PV gradient

inmidlatitude cold extremes we classify the SIC and PVy

winters in terms of the time series of normalized

domain-averaged winter-mean SIC and PVy. Before the

composites of SIC, PVy and associated atmospheric

fields are made, we use the criteria of20.5 (0.5) STDs of

the normalized winter-mean PVy averaged over the re-

gion (308–908E, 508–708N, as above) and SIC anomaly

averaged over the BKS (308–908E, 658–858N) to cate-

gorize low (high) PVy and SIC winters and show their

classifications in Fig. 6 for nondetrended (Fig. 6a) and

detrended (Fig. 6b) cases. It is found that for raw

(nondetrended) data there are 13 (12) high PVy (SIC)

winters during 1979–2013 (red color in Fig. 6a) and there

are 9 (6) low PVy (SIC) winters (blue color in Fig. 6a).

We further found 5 low SIC winters (below 20.5 STD)

with low PVy (black color in Fig. 6a), 4 low PVy winters

with nonlow SIC (above 20.5 STD) (green color in

Fig. 6a), and 1 low SIC winter with nonlow PVy (2013)

(yellow color in Fig. 6a). For detrended data, we found

10 (7) high PVy (SIC) winters (red color in Fig. 6b) and

10 (9) low PVy (SIC) winters (blue color in Fig. 6b)

during 1979–2013. For this case, there are also 4 low SIC

winters with low PV gradient (below20.5 STDs) (black

color in Fig. 6b), 6 low PV gradient winters (below20.5

STD) with nonlow SIC (above 20.5 STD) (green color

in Fig. 6b), and 5 low SICwinters (below20.5 STD)with

nonlow PV gradient (above 20.5 STD) (yellow color in

Fig. 6b) during 1979–2013. A comparison between de-

trended and nondetrended statistical results reveals that

the low PVy does not require that the SICmust be low in

BKS on an interannual time scale (detrended case), but

the low SIC dominates low PVy for the case with trend.

This means that while the SIC trend mainly determines

the trend of PVy, the interannual (year to year) change

of PVy is related not only to the interannual variability

of the BKS SIC, but also to other factors, including in-

ternal atmospheric variability.

The composites show that midlatitude Eurasian cold

extremes are more intense and cover a larger domain for

low PVywinters with low SIC (Fig. 7c) than those for low

PVy winters with nonlow SIC (Fig. 7d) because of much

stronger BKS warming (Fig. 7e). Correspondingly, the

height anomaly shows a UB with a positive NAO

(NAO1) (Fig. 7a) related to smaller PVy (see Fig. S1a in

the online supplemental material) and larger SIC de-

cline (Fig. S1c), but for a composite in low PVy winters

with nonlow SIC (Fig. 7b) a UB with NAO2 or an

eastward-displaced NAO2 is seen and related to weak

negative SIC anomaly (Fig. S1d) and low PVy (Fig. S1b).

While the large BKS SIC decline favors cold extremes

over Eurasia, intense cold extremes (Fig. 7d) are still

observed in the absence of large negative SIC anomaly

(Fig. S1d). The cause and effect linkage between the

atmospheric circulation pattern, BKS warming, and SIC

changes has been examined in Luo et al. (2017) using

daily composites and in Zhong et al. (2018). They found

that under NAO2 (or AO2) conditions the intrusion of

warm moist air to the BKS is suppressed and one does

not observe a large BKS SIC decline (Fig. S1d). While

UBwith anNAO1 (Fig. 7a) favors a large SIC decline in

BKS (Fig. S1c), it must require a large negative SIC

anomaly prior to the blocking onset. Below, we further

examine the interannual variabilities of PVy, SIC, at-

mospheric circulation pattern and cold extremes and

their possible linkages.

TABLE 1. Correlation coefficients of domain-averaged PVy anomaly, extreme cold days, BKS SAT, BKS SIC, andUB frequency during

1979–2013 for nondetrended and detrended (the values in parentheses) data by considering the effective degree of freedom. The 95% and

99% confidence levels for a Student’s t test are denoted by two and three asterisks, respectively.

Extreme cold days BKS SAT BKS SIC UB frequency

PVy 20.49** (20.41**) 20.70*** (20.63***) 0.64** (0.54***) 20.81*** (20.82***)

Extreme cold days 0.24 (0.09) 20.34 (20.16) 0.65*** (0.64***)

BKS SAT 20.86*** (20.82***) 0.51*** (0.50**)

BKS SIC 20.43 (20.45**)

TABLE 2. As in Table 1, but during 1990–2013 and the 90% confidence level for a Student’s t test is denoted by one asterisk.

Extreme cold days BKS SAT BKS SIC Blocking frequency

PVy 20.51** (20.34) 20.74*** (20.66***) 0.73** (0.64***) 20.88*** (20.86***)

Extreme cold days 0.27 (20.07) 20.42 (20.11) 0.61*** (0.52**)

BKS SAT 20.88*** (20.83***) 0.56** (0.47**)

BKS SIC 20.56* (20.45*)
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For the above cases, the composites of Z500 and SAT

anomalies, cold extreme days, and air temperature

anomaly averaged over 308–908E are shown in Fig. 8

for detrended data. Intense widespread cold extremes

occur in the Eurasian continent (Fig. 8e) if PVy is

small and when the continental cooling shifts toward

high latitudes, even if the negative SIC anomaly and

associated warming are less strong (Fig. 8h). An

eastward-displaced NAO2-like pattern (Fig. 8b) is also

instrumental in the generation of the cold East Asian

extremes. For low PVy winters with low SIC, the out-

break of Eurasian cold extremes is associated with a UB

with NAO1 (Fig. 8a). It is of central importance that

there are no intense cold extremes inmidlatitudeEurasia

(Fig. 8f) in the presence of large negative SIC anomaly,

if PVy is large. This case corresponds to a widespread

warming over Eurasian continent (Figs. 8c,i) and an

eastward-displaced NAO1 (Fig. 8c). It appears that the

magnitude of the DJF-mean PV gradient may play the

central role in the generation of midlatitude cold ex-

tremes. Large SIC decline can influence the occurrence

of midlatitude cold extremes, but only when the PV

gradient is small.

We now examine the difference of the UB and SAT

extreme between low and high PVy winters. For de-

trended data there are 21 (12) UB events in low (high)

PVy winters during 1979–2013. To understand how the

UB changes between the high and low PVy, we show the

time–longitude evolution of composite daily Z500

anomalies averaged over the region (508–708N) based on

UB events in the high and low PVy winters shown in

Figs. 9a and 9b, respectively. For low PVy, the UB is

immobile during its life cycle and can last long time

(Fig. 9b), but has a short lifetime and moves rapidly

westward after its peak for high PVy (Fig. 9a). This

suggests that the UB is more stationary and has a longer

duration in low PVy winters than in high PVy winters

because it easily satisfies CNP ’ 0 and is in a nearly non-

dispersion (Cgp ’ 0) region in the low PVy winters. The

mean durations of composite UB events in high and low

PVywinters are 9.5 and 15.5 days, respectively (Figs. 9a,b)

as the duration of the UB is defined as the number of

consecutive days for which the daily domain-averaged

Z500 anomaly exceeds 100 gpm. These differences

are statistically significant (p , 0.05; Monte Carlo test).

Thus, a significant increase in the UB duration is linked

to the reduction of the PV gradient over Eurasia. A

similar result is also found for the nondetrended data

(not shown).

It is useful to investigate the frequency distribution of

daily SAT anomalies averaged over the region 608–

1208E, 408–608N and the blocking frequency (%) aver-

aged over the latitudes 408–758N along the longitude in

Figs. 9c and 9d in low and high PVy winters for the de-

trended data. The distribution of daily SAT anomalies in

Eurasian midlatitudes shows a shift to the cold side for

low values of PVy (Fig. 9c), a result consistent with the

significant increase in UB frequency (blocking days)

over Eurasian continent near the Ural Mountains

(Fig. 9d). Obviously, the increased UB frequency in a

low PVy winter (Fig. 9d) is related to the increased

persistence of UB (Fig. 9b). Similar results are also

found for raw data (not shown). Hence, the reduction of

PVy favors cold extremes over Eurasia due to increased

UB frequency by increased UB persistence (Fig. 9b).

Thus, we conclude that the small PV gradient or weak-

ened PV barrier is a key transmission factor for the

generation of midlatitude cold extremes through in-

creasing the persistence of UB.

4. Causal linkage between Ural blocking and PV

gradient changes

Because the PV gradient, UB, and SIC changes are

coupled together and related to each other during the

blocking life cycle, the above trend and composite an-

alyses cannot unambiguously identify the causal relation

between these parameters. To verify whether a small PV

gradient causes a long-lived UB, it is useful to calculate

the magnitude and spatial distribution of PVy during the

mature and prior periods of UB and its relationship with

the BKS SIC and warming from a daily composite.

Such a treatment has a theoretical basis, as described

below.

From Eqs. (5a)–(5c), we can obtain the time-dependent

PV gradient (PVy)life 5 PVy 1 PVy(Um) during the

blocking life cycle, where PVy represents the back-

ground or prior PV gradient and PVy(Um)52(Um)yy1

TABLE 3. Correlation coefficients of domain-averaged PVy anomaly for the blocking days excluded with domain-averaged PVy

anomaly with blocking days, extreme cold days, BKS SAT, BKS SIC, and UB frequency during 1979–2013 and 1990–2013 for non-

detrended and detrended (the values in parentheses) data by considering the effective degree of freedom. The 90%, 95%, and 99%

confidence levels for a Student’s t test are respectively denoted by one, two, and three asterisks.

PVy Extreme cold days BKS SAT BKS SIC Blocking frequency

1979–2013 0.75*** (0.70***) 20.29 (20.12) 20.62*** (20.49***) 0.64*** (0.43**) 20.41* (20.40**)

1990–2013 0.83*** (0.78***) 20.43* (20.16) 20.68*** (20.54***) 0.67*** (0.51**) 20.65*** (20.58***)
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FUm (Um 5 2›cm/›y) is the PV gradient change due to

themean zonal wind (Um) change during the blocking life

cycle. There is (PVy)life5 PVy 1 PVy(Um)’ PVy during

the prior period of blocking (prior to the blocking onset)

because of the blocking amplitude being small and

PVy(Um) ’ 0. Thus, the background PV gradient PVy

can be obtained approximately by calculating the time

mean of (PVy)life over the prior period of blocking. The

FIG. 7. Composites of DJF-mean (a),(b) Z500 (contours) and SAT anomalies, (c),(d) ECDs, and

(e),(f) temperature (labeled temp.) anomaly averaged over 308–908E for (left) both low SIC and low PV gradient

winters below20.5 STDs (2004, 2005, 2007, 2011, 2012) and (right) low PV gradient winters below20.5 STD with

nonlow SIC above20.5 STD (1983, 1984, 2008, 2010) for nondetrended data. The stippling indicates regions over

which the differences are significantly different from zero (p, 0.05) based on a 5000-simulation Monte Carlo test.
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result of the NMI model shows that when PVy is small,

the blocking is both strong and long-lived and then leads

to a smaller PVy within the blocking region during the

blocking episode (not shown). In contrast, the blocking is

weak and short-lived as PVy is large (not shown). Thus,

the small prior PV gradient is a prerequisite for long-lived

blocking, even if this blocking leads to a smaller PV

gradient within the blocking region (not shown). This

theoretical result is not presented here, which will be

reported in another paper. Thus, it is useful to calculate

the time-mean PVy anomalies and associated Z500, SAT,

and SIC anomaly fields over themature and prior periods

of UB. We first show the time-mean composite daily

Z500 and SAT, PVy, and SIC anomalies averaged over

the blockingmature period (from lag25 to 5 days) of UB

events in low and high PVy winters in Fig. 10. In low PVy

winters the Z500 anomaly shows a high-latitude wave

train that consists of theUB andNAO1 (Luo et al. 2016a;

Kelleher and Screen 2018) and a strong widespread

cooling over Eurasia from West Asia to East Asia

(Fig. 10b). But in a high PVy winter one can observe a

midlatitude wave train from North Atlantic to BKS

through Europe as noted in Zhong et al. (2018) and a

weak eastward-displaced cold anomaly over Eurasia

(Fig. 10a). Clearly, the generation of the strong wide-

spread Eurasian cooling (Fig. 10b) is associated with a

strong negative PVy anomaly over Eurasia (Fig. 10d)

and a large negative SIC anomaly in BKS (Fig. 10f).

FIG. 8. Composites of (a)–(c) Z500 (contours) and SAT anomalies, (d)–(f) extreme cold days, and (g)–(i) temperature anomaly av-

eraged over 308–908E for (left) both low SIC and low PV gradient winters below 20.5 STD (1983, 1991, 2005, 2011), (center) low PV

gradient winters below20.5 STDwith nonlowSIC above20.5 STD (1979, 1984, 1995, 2004, 2007, 2008), and (right) low SICwinters below

20.5 STD with nonlow PV gradient above 20.5 STD (1982, 1989, 1992, 1994, 2012) for the detrended data. The stippling is as in Fig. 7.
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However, in the high PVy winter the UB is short-lived

and the East Asian cooling is relatively weak (Fig. 10a),

which requires that the negative PVy anomaly is weak

over Eurasia (Fig. 10c) with the negative SIC anomaly

being small in BKS (Fig. 10e). Because the UB is long-

lived in the low PVywinter and vice versa (Figs. 9a,b), we

see that the long-lived UB corresponds to a smaller PV

gradient within the blocking region (Fig. 10d) than the

short-lived UB (Fig. 10c).

Here, we demonstrate that the duration or persistence

of UB depends strongly on the magnitude of prior (or

background) PV gradient over Eurasian mid- to high

latitudes. We show time-mean Z500, SAT, SIC, and PVy

anomaly fields averaged over the prior period (from

lag 230 to 220 days) of UB in Fig. 11. It is seen that

prior to blocking onset (from lag 230 to 220 days), a

large negative SIC anomaly still appears in BKS

(Fig. 11f), even if theUB is absent (Fig. 11b). An evident

wave train occurring together with a NAO1 coming

from the North Atlantic is still seen in Fig. 11b. For this

case, a positive Z500 anomaly appears in high-latitude

Siberia, which is intensified by the prior BKS SIC de-

cline (Fig. 11f) through warming. Moreover, there is a

weak cooling over Siberia (Fig. 11b) and a negative prior

PVy anomaly appears in East Asia (Fig. 11d). The prior

PVy anomaly has a spatial structure with a tripolar

structure similar to Fig. 4c. In contrast, when the prior

SIC anomaly in BKS is positive (Fig. 11e), the prior PV

gradient is slightly intensified in the region from theUral

Mountains to East Asia (Fig. 11c) through Eurasian

FIG. 9. Time–longitude evolution of composite daily Z500 anomalies averaged over 508–708N for UB events

based on the 1D blocking index for (a) high and (b) low PVy winters; the frequency distribution of (c) daily SAT

anomalies averaged over the region 608–1208E, 408–608N and (d) latitude-averaged blocking frequency (%) in the

latitude band 408–758N along the longitude for high (red line) and low (blue line) PVy winters for the detrended

data. The thick red and blue lines in (c) represent the probability density function, and the gray shading in

(d) denotes the low-minus-high PVy difference being significant at the 95% confidence level for a Monte Carlo test

conducted with 5000 simulations.
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continental warming (Fig. 11a). Thus, the presence of a

positive prior temperature or height anomaly in the

high-latitude Ural–Siberia region due to a prior BKS

SIC decline can lead to a reduced prior PVy over

Eurasia. The PVy is smaller for long-lived UB (Fig. 11d)

than for short-lived UB (Fig. 11c). To some extent,

the large prior SIC decline or associated PV gradient

reduction may be thought of as being a precursor of

FIG. 10. Time-mean composite daily (a),(b) Z500 (CI 5 20 gpm) and SAT (color shading), (c),(d) PV gradient,

and (e),(f) SIC anomalies averaged from lag25 to 5 days for UB events in (left) high- and (right) low-detrended-

PVy winters. The stippling is as in Fig. 7.
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long-lived UB events, though there is a positive feed-

back between the BKS SIC decline and UB persistence

in winter as the UB occurs.

To further substantiate our assertion that a small PV

gradient has existed before a long-livedUB occurs and it

is linked to a prior SIC decline, it is useful to examine the

time variations of domain-averaged composite daily

Z500 anomaly over (308–908E, 508–758N) (the UB in-

tensity), BKS SIC and SAT anomalies over the BKS,

SAT anomaly over Siberia or East Asia (608–1208E, 408–

608N) and PVy anomaly over the region (308–908E, 508–

708N) during the UB life cycle in low and high PVy

FIG. 11. As in Fig. 10, but for the time mean from lag 230 to 220 days.
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winters. Figure 12 shows that the UB has larger ampli-

tude and a longer lifetime in the low PVy winter than in

the high PVy winter (Fig. 12a), in agreement with the

result in Figs. 9a and 9b. This blocking decays rapidly

in a high PVy winter (red line in Fig. 12a), but persists

for a longer time in a low PVy winter (blue line in

Fig. 12a). During the prior period (from lag 230

to210 days) of UB, the blocking amplitude is small and

does not show a significant time variation (Fig. 12a).

Even so, the prior amplitude of the long-lived UB in

the low PVy winter is also larger than that of short-lived

UB in the high PVy winter. We conclude that the large

prior amplitude of the long-lived UB is due to a

large prior SIC decline in BKS (Fig. 12b) because the

large prior SIC decline can cause strong prior BKS

warming and associated positive height anomaly in

BKS. This can be seen from the time variation of the

BKS SAT anomaly shown in Fig. 12c (blue line). How-

ever, the prior BKS warming is less strong in the high

PVy winter (red line in Fig. 12c) on account of the prior

SIC decline being weak (red line in Fig. 12b).We further

see that there is a cold anomaly over Siberia or East Asia

prior to the blocking onset in the low PVy winter

(Fig. 12d). Along with the establishment of UB the cold

anomaly over Siberia or East Asia is further intensified

to produce severe cold extremes, which is more intense

and persistent for the long-lived UB than for the short-

lived UB.While the long-lived UB leads to a smaller PV

gradient within the blocking region (blue line in

Fig. 12e), the long-lived UB requires the prior PV gra-

dient being smaller than that of the short-lived UB.

The above results suggest that the small prior PV

gradient over Eurasia is related not only to prior BKS

warming (and SIC decline), but also to a weak prior cold

FIG. 12. Time series of composite daily (a) domain-averaged UB intensity over 308–908E and 558–758N; (b) BKS

SIC and (c) BKS SAT anomalies over the region 308–908E, 658–858N, (d) Siberian SAT anomaly in the region 608–

1208E, 408–608N, and (e) PVy anomaly over the region 308–908E, 508–708N for 12 and 21UB events in high (red line)

and low (blue line) PVy winters for the detrended data during 1979–2013. The gray shading denotes the 95%

confidence level for a Monte Carlo test conducted with 5000 simulations.
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anomaly in the East Asia. A small prior PV gradient is

also seen as a prior cold anomaly emerges over Eurasian

midlatitudes because the magnitude of the meridional

PV gradient is mainly determined by the difference of

the PV between high-latitude Arctic and midlatitude

continent. When the PV gradient is smaller, a more in-

tense and long-lived UB is easily formed once a large-

scale anticyclone appears in the small PV gradient region

via the wave train propagation or eddy forcing (Luo et al.

2016b). This intense and long-livedUB can further reduce

this PV gradient to generate a smaller PV gradient during

the blocking episode. This allows us to infer such a causal

linkage: A small prior PV gradient over Eurasia / a

long-lived UB due to weakened energy dispersion and

intensified nonlinearity/ a smaller PV gradient within

the blocking region during the blocking episode. In this

causal chain, the small prior PV gradient is a favorable

background condition for long-lived UB. Of course, the

small PV gradient can also be generated by the internal

variability, a problemwe investigate in another paper. On

the other hand, because a long-lived UB in winter can

generally correspond to a small DJF-mean PVy, the

magnitude of the winter-mean PV gradient is also con-

sidered as an indicator as defined above, which is crucial

for the lifetime of UB and associated cold extremes.

While some of cold extremes do not necessarily

require a large negative SIC anomaly in BKS, the above

result suggests that a large negative BKS SIC anomaly

indeed favors the generation of cold extremes in East

Asia. To design the model experiment presented below,

here we investigate whether the large negative SIC

anomaly in BKS corresponds to a weakened PV gradi-

ent over Eurasia in the absence of UB events. It is found

that the linear reduction trend of the DJF-mean PVy

anomaly corresponds to a downward (upward) trend of

the BKS SIC (warming) (Fig. S2 in the online supple-

mental material). In the following numerical experi-

ments, we prescribe a negative SIC anomaly or awarming

anomaly in BKS to examine whether the BKS SIC de-

cline orwarming leads to the reduction of the PVgradient

and the increase of the UB duration.

5. Results of numerical experiments

While the above analyses allow us to speculate on the

causal links between PVy, SIC decline, and UB, it is

useful to use model experiments to fully establish such a

causal linkage. We conducted targeted numerical model

experiments wherewe prescribe a negative SIC anomaly

or a warming anomaly in the BKS region. We used the

comprehensive SC-WACCM4 and the idealized GFDL

dry dynamical core model to perform CTRL and BKS

runs respectively. For SC-WACCM4 and dynamical

core CTRL runs, the modeled DJF-mean blocking fre-

quency distributions are shown in Fig. S3 of the online

supplemental material. It is found that the two models

are able to capture the NH climatological blocking fre-

quency distribution, although the modeled blocking

frequencies are somewhat lower than those revealed in

the reanalysis data (Fig. 1b). In the GFDL CTRL run,

the blocking frequency over the Ural Mountains is

somewhat lower than that over Europe (Fig. S3b) and is

somewhat different from that shown in Fig. 1b. Overall,

the general consistency between the two model results

reveals that the UB occurs even in the absence of

moisture feedback or other complex physical parame-

terizations. However, we find that theWACCM4model

with complex physics processes including moistures

(Fig. S3a) is more consistent with the reanalysis result

(Fig. 1b) than the GFDL dry model.

In the SC-WACCM4 results, the difference between

the BKS and CTRL runs isolates the role of the BKS

SIC decline (shown in Fig. 13a) and shows a warming in

BKS, an induced cooling over Siberia, and an AO2-like

pattern with an intensified Ural ridge and East Asian

trough (Fig. 13c). This simulated anomalous AO2 pat-

tern is similar to our ERA-Interim reanalysis result (Fig.

2c), while the negative height anomaly is located farther

east and Eurasian westerly wind anomalies are some-

what stronger. An increase of the blocking frequency is

seen over the Ural Mountains and its adjacent region

(Fig. 13d). It is found that PVy in the Eurasian mid- to

high latitudes prior to the blocking onset (a period from

lag230 to220 days) is weakened (Fig. 13b) due to prior

BKSwarming related to prior SIC decline (Fig. 13a).We

also show the time–longitude evolution of daily Z500

anomalies averaged over 508–708N for blocking events

of the SC-WACCM4 model in Figs. 13e and 13f for the

CTRL and BKS run experiments, respectively. The

comparison between the CTRL and BKS experiments

shows that the duration of UB becomes longer (Fig. 13f)

as a result of SIC decline. Thus, a significant increase in

UB frequency in the mid- to high latitudes from 308 to

1208E (Fig. 13d) is due to the presence of long-lasting

high-latitude UB events (Fig. 13f).

We further explore the results in response to imposed

BKS warming using the GFDL spectral dry dynamical

core model as in Zhang et al. (2018b). The imposed

heating in BKS is shown and described in Fig. S4 of the

online supplemental material. In this paper, a pertur-

bation experiment with a heating that has a maximum of

20K in November is presented. It is found that there is a

significant increase in the high-latitude blocking fre-

quency over Eurasia around the Ural Mountains (Fig. 14a).

The increased UB frequency is related to the reduction

of the PV gradient due to BKS warming because the
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BKS-minus-CTRL PV gradient difference prior to the

blocking onset shows a negative anomaly over Eurasia

near the Ural Mountains (Fig. 14b). We further found

that the duration of UB is longer for the case with BKS

warming than that without BKS warming (not shown),

consistent with the result of the SC-WACCM model

(Fig. 13d). Namely, the long lifetime of UB is related to

SIC decline or warming in BKS. This increase in the

blocking frequency is at variance with the results found

in Hassanzadeh et al., who found a decrease in the

FIG. 13. The BKS-minus-CTRL-SIC differences of (a) prescribed SIC anomaly in winter, (b) time-mean non-

dimensional 500-hPa PVy anomalies averaged over a time from lag 230 to 220 days prior to the blocking peak

(lag 0), (c) 500-hPa streamfunction (CI5 106m2 s21) and 850-hPa air temperature (T850) anomalies, and (d)model

blocking frequency (%) for the SC-WACCM4 experiment results. Also shown are time–longitude evolution of

Z500 anomalies (gpm) averaged over 508–708N for the model UB events based on the 1D blocking index for

(e) CTRL-run and (f) BKS-run experiments. The BKS run is performed with a low SIC prescribed in the BKS

region [as depicted by the black-outlined area in (a)]. The stippling is as in Fig. 7.
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blocking frequency as a result of decrease in equator-

to-pole temperature gradient. Although the detailed

mechanism warrants further analysis, the idealized

model version used here better simulates the climato-

logical winds and blocking than the zonally symmetric

model version used in Hassanzadeh et al. (2014), which

provides more confidence in the modeled change of

blocking. While moist processes can affect the blocking

(Ji and Tibaldi 1983; Pfahl et al. 2015), our model results

here indicate that the BKS warming alone is able to

increase the duration or persistence of UB event in the

absence of moisture feedback and such an effect be-

comes more evident with more realistic representation

of physics processes including moistures. The result that

the BKS warming favors the increased duration of UB

can also be explained by the theoretical result of Luo

(2000), who found that the weak vertical shear of

background westerly winds (reduced meridional tem-

perature gradient) can weaken the energy dispersion of

blocking to result in long-lived blocking. Thus, it is in-

ferred that the increased UB frequency (Fig. 14b) is

related to increased persistence of UB due to BKS

warming or SIC decline.

6. Conclusions and discussion

Using both reanalysis data and atmospheric general

circulationmodel experiments, we have established that a

declining PVy trend related to BKSwarming and SIC loss

is important for the increasing trend of cold extremes in

East Asia in recent decades (Outten and Esau 2012;

Cohen et al. 2014; Mori et al. 2014; Kug et al. 2015). This

represents a new mechanism for linking midlatitude cold

extremes toArctic amplification and sea ice loss. Previous

studies found that a weakening of zonal winds in strength,

attributed to Arctic warming, is important for winter

midlatitude cold extremes (Newson 1973; Petoukhov and

Semenov 2010; Francis and Vavrus 2012; Walsh 2014;

Luo et al. 2016a; Yao et al. 2017). Our investigation re-

vealed that both the negative AO with a relatively large

positive anomaly over the Ural region and a wave train

with UB and NAO1 contribute to the warmArctic–cold

Eurasia trend pattern and midlatitude Eurasian cold ex-

treme trend, especially during 1990–2013, although they

are influenced by the BKS SIC decline. Here, we further

found that whether the recent Arctic SIC decline signif-

icantly affects midlatitude cold extremes depends

strongly on the magnitude of the background PV gradi-

ent. Our result highlights the pivotal role of PVy re-

duction to midlatitude cold extremes, and how this

reduction can be reinforced by SIC decline. The declining

trend of recent winter SIC in BKS may lead to increased

high-latitude Ural blocking frequency and then increased

cold extremes in midlatitude Eurasia through weakening

the PV barrier. In this linkage, the weakened PVy plays a

central role for extending the UB lifetime when UB oc-

curs. However, PVy cannot directly influence midlatitude

cold extremes when UB is absent. Thus, whether the

magnitude of PVy can significantly affectmidlatitude cold

extremes depends on whether the blocking occurs. It is

further noted that while a small PVy condition can be

established by a large negative SIC anomaly or Arctic

warming, it can also be generated by midlatitude cold

anomalies over Eurasia even in the absence of large

negative BKS SIC anomalies. The combination of Arctic

warming and midlatitude cooling backgrounds can lead

to a smaller background PVy over Eurasia before mid-

latitude cold extremes take place.

FIG. 14. Horizontal distributions ofDJF-meanBKS-minus-CTRLdifferences of (a) blocking frequency and (b) time-

mean nondimensional 500-hPa PVy anomalies averaged over a time from lag 230 to 220 days prior to the blocking

peak (lag 0) for the model blocking events over the Ural region for the 20-K heating experiment of the GFDL spectral

dry dynamical core model as described in the online supplemental material (Fig. S4). The stippling is as in Fig. 7.
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Our study reveals the conditions when the cold ex-

tremes over Eurasia depend on the BKS SIC decline

and when these cold extremes are independent of the

BKS SIC decline. The frequency of cold extremes over

midlatitude Eurasia is more sensitive to the magnitude

of the meridional PV gradient anomaly than to the

magnitude of the SIC anomaly in BKS. In fact, the

magnitude of the meridional PV gradient is mainly

determined by the relative values of the PV in mid-

latitude continents and high-latitude Arctic. Because

the warm anomaly corresponds to a reduced PV and

the cold anomaly corresponds to an enhanced PV, the

magnitude of PVy depends not only on the BKS SIC or

SAT anomaly in the high-latitude Arctic, but also on

whether there is a midlatitude warming or cooling, as

described in Fig. 15. The negative BKS SIC anomaly

must be large and the BKS temperature anomalies

must be high so that the meridional PV gradient is

small (Fig. 15a) when the midlatitude Eurasian conti-

nent is warm. Under such small PVy conditions, in-

creased persistence of UB is observed, which leads to

increased midlatitude cold extremes. In contrast, PVy

may be small when the Eurasian midlatitude continent

is cold, even though the negative BKS SIC anomaly or

BKSwarming is weak (Fig. 15b). In this case, long-lived

UB and increased cold extremes are still seen in the

Eurasian continent. Thus, midlatitude cold extremes

over Eurasia do not require a large negative SIC

anomaly in BKS if the midlatitude Eurasian continent

itself is cold. This means that a small PVy in Eurasian

mid–high latitudes, rather than BKS SIC decline or

warming, is a necessary condition for intense mid-

latitude cold extremes.

While the BKS SIC trend mainly determines the

positive trend of East Asia cold extremes through

reduced PV gradient trend in the recent decades (since

1979), cold extremes on interannual time scales are not

only related to the winter SIC decline, but also related to

cold midlatitude Eurasia probably due to internal at-

mospheric variability. This allows us to establish a causal

linkage pathway: SIC loss/warming in BKS or cold

midlatitude Eurasia / reduced PV gradient / long-

lived UB/ strong Eurasian cold extremes. For a short-

time trend there is a preferred pathway of ‘‘SIC loss/

warming in BKS/ reduced PV gradient/ long-lived

UB / strong Eurasian cold extremes’’ in the re-

cent decades during 1979–2013, but another preferred

pathway of ‘‘cold midlatitude Eurasia / reduced PV

gradient / long-lived UB / strong cold extremes

over Eurasia’’ during a nondeclining SIC period (e.g.,

1955–75). During 1955–75 a small PV gradient can be

generated by the cold midlatitude Eurasia and fre-

quently winter Eurasian cold extremes are still ob-

served. The cold midlatitude Eurasia as a decadal

background is more likely related to decadal or in-

terdecadal atmospheric variability modulated by oce-

anic processes (Dai et al. 2015). The investigation of

this issue will be reported in another paper. We must

bear in mind that the magnitude of background PV

gradient is a key controller of Arctic–midlatitude

weather linkages. Whether the BKS SIC decline/

warming in the recent decades affects midlatitude

weather patterns depends mainly on the magnitude of

background PV gradient and if blocking is present.

Another important problem we should examine is to

evaluate the different contributions of the recent BKS

warming/SIC decline and internal variability to the

background PV gradient change. This problem is be-

yond the scope of the present paper, which deserves a

further investigation.

FIG. 15. A schematic diagram of the conditions of meridional PV gradient reduction or weakened PV barrier

leading to increased cold extremes: (a) Arctic warming (SIC decline) must be stronger (larger) in the BKS when

there is a warming background over themidlatitude continent, and (b) Arctic warmingmay be weakwhen there is a

cooling background over the midlatitude continent.
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Midlatitude cold extremes are weak even in the

presence of large SIC decline when the PV gradient is

not small. Thus, this would explain why some model

experiments with SIC reductions have large responses

while others do not. We hypothesize that the PV

barrier theory of the Arctic–midlatitude linkage pro-

posed here may be valid in other Arctic regions and

seasons.
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