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ABSTRACT

In this paper, an extended nonlinear multiscale interaction model of blocking events in the equivalent

barotropic atmosphere is used to investigate the effect of a slowly varying zonal wind in the meridional

direction on dipole blocking that is regarded as a nonlinear Rossby wave packet. It is shown that the

meridional gradient of potential vorticity (PVy 5 ›PV/›y) prior to the blocking onset, which is related to the

background zonal wind and its nonuniform meridional shear, can significantly affect the lifetime, intensity,

and north–south asymmetry of dipole blocking, while the blocking dipole itself is driven by preexisting

incident synoptic-scale eddies. The magnitude of the background PVy determines the energy dispersion

and nonlinearity of blocking. It is revealed that a small backgroundPVy is a prerequisite for strong and long-lived

eddy-driven blocking that behaves as a persistent meandering westerly jet stream, while the blocking

establishment further reduces the PVy within the blocking region, resulting in a positive feedback between

blocking and PVy. When the core of the background westerly jet shifts from higher to lower latitudes, the

blocking shows a northwest–southeast-oriented dipole with a strong anticyclonic anomaly to the

northwest and a weak cyclonic anomaly to the southeast as its northern pole moves westward more rapidly

and has weaker energy dispersion and stronger nonlinearity than its southern pole because of the smaller PVy

in higher latitudes. The opposite is true when the background jet shifts toward higher latitudes. The asym-

metry of dipole blocking vanishes when the background jet shows a symmetric double-peak structure. Thus,

a small prior PVy is a favorable precursor for the occurrence of long-lived and large-amplitude blocking.

1. Introduction

Atmospheric blocking is a quasi-stationary large-scale

dipole structure in the geopotential height anomaly field

that usually occurs over mid- to high latitudes and lasts

for 10–20 days (Yeh 1949; Berggren et al. 1949; Rex

1950; Dole and Gordon 1983; Shukla and Mo 1983; Luo

2000, 2005; Diao et al. 2006; Yao et al. 2017). Such a

blocking flow often behaves as a large meandering of

midlatitude westerly jet streams in the unfiltered geo-

potential height field (Berggren et al. 1949). The time

evolution structure of this kind of blocking was first

obtained theoretically by Luo (2000, 2005), Luo and Li

(2000), and Luo et al. (2014). The study on the formation

of blocking and its variability has been an important

topic since the 1950s (Yeh 1949; Charney and DeVore

1979; McWilliams 1980; Lejenäs and Økland 1983;

Shutts 1983; Haines and Marshall 1987: Luo 2000, 2005;

Luo et al. 2014; Nakamura and Huang 2018), because it

can significantly affect local weather and climates in

mid- to high latitudes, for example, often leading to cold

extremes in winter and heat waves in summer (Dole

et al. 2011; Kitano and Yamada 2016).

Earlier studies have suggested that traveling synoptic-

scale eddies and large-scale topography play important

roles in the formation and maintenance of atmospheric
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blocking (Berggren et al. 1949; Egger 1978; Charney

and DeVore 1979; Tung and Lindzen 1979; Shutts 1983;

Illari and Marshall 1983; Holopainen and Fortelius

1987;Mullen 1987). However, the numerical experiment

of Ji and Tibaldi (1983) indicated that the forcing of

large-scale topography appears to play a secondary

role in the formation of blocking compared to traveling

synoptic-scale eddies. It has been recognized that the

dipole blocking mainly occurs downstream of the storm

track in the Pacific or Atlantic basin (Colucci 1985;

Holopainen and Fortelius 1987; Mullen 1987), which also

suggests that synoptic-scale eddies likely contribute to the

formation and maintenance of the dipole blocking down-

stream of the storm tracks (Illari andMarshall 1983; Shutts

1983; Colucci 1985; Nakamura and Wallace 1993).

While many theoretical models have been proposed

to explain how atmospheric blocking is maintained

(Charney and DeVore 1979; McWilliams 1980; Haines

and Marshall 1987; Haines and Holland 1998), they are

unable to depict the life cycle of a blocking event as

observed in the North Atlantic (Fig. 1) and tell us

how synoptic-scale eddies drive the blocking evolu-

tion (growth and decay), as well as how the blocking

and synoptic-scale eddies interact to produce the eddy

deformation such as eddy straining, eddy merging, and

cyclonic wave breaking (CWB). The pronounced fea-

tures of the blocking evolution in the instantaneous

unfiltered height field (Fig. 1) are that the synoptic-scale

ridges (troughs) over the blocking region and its two

sides are intensified (deepened) and shifted northward

(southward) so that the Arctic cold air intrudes into

lower latitudes on the eastern side and subtropical warm

air enter higher latitudes on the western side. Such a

behavior is the so-called CWB. During the intensifica-

tion process of this North Atlantic blocking event, a

large meandering of westerly jet streams can be seen

in the daily unfiltered height field (thick black line in

Fig. 1). These features cannot be explained using the

theoretical models of Charney and DeVore (1979),

McWilliams (1980), and Shutts (1983). In the previous

diagnostic and theoretical models, the role of traveling

synoptic-scale eddies in the blocking maintenance was

considered as a time-mean effect (Shutts 1983; Hoskins

et al. 1983; Haines and Marshall 1987; Haines and

Holland 1998). Such a treatment excludes the instanta-

neous contribution of traveling synoptic-scale eddies to

the blocking evolution and the feedback of an intensified

blocking on the eddy evolution. It also makes it difficult

FIG. 1. Time sequences of instantaneous daily 500-hPa geopotential height fields [contour interval (CI)5 50 gpm]

of a blocking event occurring in the North Atlantic from 16 Feb to 26 Feb 2004 from the European Centre of

Medium-RangeWeather Forecasts interim reanalysis (ERA-Interim) data on a 2.58 3 2.58 grid. The thick black line
represents the contour line of 5550 gpm and characterizes the large meandering of a westerly jet stream comprising

several anticyclones and cyclones within the blocking region.
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to examine what role the synoptic-scale eddies play in the

growth and decay of a dipole blocking and to explain why

the blocking flow behaves as a large westerly jet meander-

ing. Thus, the instantaneous effect of synoptic-scale eddies

should be included in any theoretical model intended to

study how synoptic-scale eddies reinforce and maintain a

blocking dipole and how synoptic-scale eddies deform as a

result of the feedback of the intensified blocking.

In recent decades, Luo and his collaborators have

established a nonlinear multiscale interaction (NMI)

model to elucidate how preexisting synoptic-scale eddies

contribute to the evolution (growth and decay) of a

downstream dipole blocking based on a zonal scale sep-

aration assumption (Luo 2000, 2005; Luo and Li 2000;

Luo et al. 2001, 2014).Different fromprevious theoretical

models, themost important advantage of this NMImodel

is that it shows how the life cycle of a dipole blocking

with a 10–20-day time scale as a nonlinear evolution of a

large-scale Rossby wave packet is generated by preex-

isting synoptic-scale eddies and how preexisting synoptic-

scale eddies undergo a deformation due to the feedback

of the intensified blocking (Luo 2000, 2005; Luo et al.

2014). In particular, this model can show that the in-

tensification of blocking is followed by the northward

(southward) migration of amplified small-scale ridges

(troughs) and characterized by an enhanced westerly jet

meandering. These features also reflect the appearance of

both the eddy straining and CBW and are consistent with

reanalysis data (Fig. 1). Another advantage of this theo-

reticalmodel is that the preexisting incoming synoptic-scale

eddies need to ‘‘match’’ the preexisting small block in order

for it to grow, whereas the eddy straining and CWB are

only a concomitant phenomenon of the blocking occur-

rence and secondary or not important for the blocking in-

tensification anddecay (Luoet al. 2014). This is at oddswith

the previous viewpoint that the eddy straining or CWB

related to deformed eddies was understood as leading to

the blocking onset, formation, and maintenance. In this

model, the preexisting incoming synoptic-scale eddies have

been shown to play a pivotal role in the life cycle (intensi-

fication, maintenance, and decay) of downstream blocking.

Atmospheric reanalysis data further revealed that

the composite daily 500-hPa geopotential height

anomaly field of blocking events over the North

Atlantic shows a strong north–south asymmetry with

a strong anticyclonic anomaly to the northwest and a

weak cyclonic anomaly to the southeast, with the

blocking dipole moving westward (i.e., retrogression;

Fig. 2a). Such asymmetry was also seen in blocking oc-

curring over Eurasia (Luo et al. 2016; Yao et al. 2017).

Because the winter-mean zonal wind is generally

stronger in midlatitudes than in high latitudes (Fig. 2b),

the meridional asymmetry and the northwest–southeast

(NW–SE) orientation of the blocking dipole may be

related to the meridional distribution of background

westerly winds in the mid- to high latitudes. However, it

is unclear what physical mechanism causes this meridi-

onal asymmetry of blocking, or how themeridional wind

shear leads to this blocking asymmetry. Previous theo-

retical studies, including Luo et al. (2014), have not at-

tempted to address what determines the duration and

spatial shape of a blocking event, which have major

implications for its impact on local weather. In particular,

no theoretical studies have investigated how a changing

climate, such as fast warming high latitudes, may affect

the duration, intensity, location, and spatial shape of at-

mospheric blocking. This has become a concern because

weakened zonal winds in mid- to high latitudes can occur

as result of reduced meridional temperature gradients

under enhancedArcticwarming (Luo et al. 2016;Yao et al.

2017; Dai et al. 2019). While the extended NMImodel of

Luo et al. (2018) has this ability, this model was not

applied to study the above problems. The main purpose

of this study is to use the extended nonlinear theoretical

model of Luo et al. (2014, 2018) to address these issues.

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

describe an extended nonlinear multiscale interaction

(or extended NMI) model by including a slowly varying

background zonal wind. The impact of meridionally

varying background zonal winds on the persistence and

meridional asymmetry of an eddy-driven dipole block-

ing is examined in sections 3 and 4, respectively. In

section 5, we discuss the impacts of the strength of the

background zonal wind and its nonuniform meridional

shear on the blocking dipole. The conclusions and dis-

cussion are given in section 6.

2. Extended nonlinear multiscale interaction
model with a slowly varying zonal flow

In our previous NMI model, the basic zonal flow is

assumed to be uniform (Luo 2000, 2005; Luo and Li

2000; Luo et al. 2014). However, reanalysis data show

that the basic zonal wind is slowly varying in the me-

ridional direction (Fig. 2b). In this case, the NMI model

cannot be used to examine how the slowly varying basic

zonal flow affects the blocking evolution and its spatial

structure as observed in Fig. 2a. Thus, the previous NMI

model needs to be further extended to include the effect of

slowly varying basic flow as shown in Fig. 2b. The extended

NMI model of Luo et al. (2018) provides such a possibility,

but the effect of background zonal wind distributions on

the blocking was not examined in Luo et al. (2018).

The appearance of atmospheric blocking often leads

to the most pronounced low-frequency variability in

mid- to high latitudes (Dole and Gordon 1983; Shukla
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FIG. 2. (a) Time sequences of composite daily 500-hPa geopotential height (Z500) anomalies

(lag 0 denotes the blocking peak day) of North Atlantic blocking events (44 cases) in winter (DJF)

fromDecember 1979–February 1980 toDecember 2017–February 2018 (1979–2017) identifiedwith

the Tibaldi–Molteni index with a duration threshold of 5 days (Tibaldi and Molteni 1990) and

(b) DJF-mean zonal wind based on ERA-Interim data with 2.58 3 2.58 resolution.
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and Mo 1983). The planetary-scale field of blocking

can generally be separated into two parts: a basic flow

and a planetary-scale blocking anomaly. The planetary-

scale blocking anomaly is often associated with synoptic-

scale eddies (Berggren et al. 1949; Ji and Tibaldi 1983;

Shutts 1983; Holopainen and Fortelius 1987). Thus, it is

reasonable that the instantaneous total blocking stream-

function field cT is decomposed into three parts of

cT 5c(y)1c1c0: a basic flow c(y), a planetary-scale

blocking anomaly c, and a synoptic-scale component

c0 as in our previous studies (Luo 2000, 2005; Luo and

Li 2000; Luo et al. 2014). Here, we assume that the

prior basic flow is purely zonal and c(y)52
Ð y
0
U(y0) dy0

(the overbar is for the averaging along the latitude, U is

the background zonal wind prior to the blocking onset

and the meridional mean wind V ’ 0). We further as-

sume that the planetary-scale streamfunction anomaly

c has a single zonal wavenumber k typically corre-

sponding to wavenumber 2 in northern midlatitudes

and the synoptic-scale eddies c0 have large zonal wave-

numbers ~kj (j5 1, 2, 3, . . .). As in Luo (2000, 2005),

Luo and Li (2000), and Luo et al. (2014), when there is a

scale separation assumption k � ~kj, the nondimen-

sional planetary- and synoptic-scale PV equations of

the extended NMI (ENMI) model, scaled by charac-

teristic length ~L (’1000km) and velocity ~U (’10ms21),

are obtained as�
›

›t
1U

›

›x

�
(=2c2Fc)1 J(c,=2c)1PV

y

›c

›x

52= � (v0q0)
P
, (1a)�

›

›t
1U

›

›x

�
(=2c0 2Fc0)1PV

y

›c0

›x

52J(c0,=2c)2 J(c,=2c0)1=2c
S
*, (1b)

where = � (v0q0)P 5 J(c0,=2c0)P denotes the planetary-

scale component of the eddy vorticity flux divergence

= � (v0q0) induced by synoptic eddies c0 with its relative

vorticity q0 5=2c0, which has a zonal wavenumber close

or identical to that of the planetary-scale blocking

anomaly c, v0 5 (u0, y0)5 (2›c0/›y, ›c0/›x), PV5 f0 1
by2Uy 2Fc is the barotropic PV (Charney andDeVore

1979; McWilliams 1980) under equivalent barotropic and

V ’ 0 conditions, Uy 5 ›U/›y, PVy 5 ›PV/›y5b2
Uyy 1FU is the meridional background PV gradient,

Uyy 5 ›2U/›y2, F5 ( ~L/Rd)
2, Rd is the radius of Rossby

deformation, b5b0
~L2/ ~U, b0 is the meridional gradient

of the Coriolis parameter at a given latitude u0. We

assume Rd ’ ~L in Eq. (1). Note that =2cS
* is the

synoptic-scale vorticity source term as a synoptic-scale

wavemaker that excites preexisting synoptic-scale eddies

prior to the blocking onset (Luo 2005).

Because = � (v0q0)P is time dependent, Eq. (1) can depict

the life cycle of a blocking flow. In many previous studies

(Shutts 1983;Haines andMarshall 1987;Haines andHolland

1998), the time-mean = � (v0q0) with some large parts that

mismatch the blocking component was often used, and the

resulting solution could only describe the time-mean

state. Thus, these earlier models overestimate the time-

mean effect of synoptic eddies on blocking and are not

suitable for examining how a change in the background

zonal wind affects the temporal evolution of blocking.

Here, we briefly describe the physical processes im-

plied by the ENMI model regarding the generation

of blocking under some simplified assumptions be-

low. We can rewrite Eq. (1a) as ›q/›t1 J(c1c; q1
PV)52= � (v0q0)P, where q5=2c2Fc. One can have

›q/›t’2= � (v0q0)P when the assumption J(c1c; q1
PV)’ 0 is used as done in Luo et al. (2014). This means

that the growth, maintenance, and decay of blocking

is driven by the planetary-scale (blocking scale) eddy

vorticity flux divergence = � (v0q0)P induced by synoptic-

scale eddies c0, when this vorticity flux divergence

[= � (v0q0)P] matches the PV (i.e., q) structure of the

blocking field (Luo et al. 2014). The analytical solution

of the time evolution of eddy-driven blocking can be

obtained from Eq. (1) by assuming c0 ’c0
1 1c0

2, where

c0
1 denotes the given preexisting incident synoptic-scale

eddies upstream prior to the blocking onset and c0
2

represents the deformed synoptic-scale eddies due

to the feedback of intensified blocking on preexisting

synoptic eddies (Luo 2000, 2005; Luo et al. 2014). In this

theoretical model, deformed eddies reflect the meridi-

onal displacement of intensified synoptic-scale ridge and

trough systems or eddy straining or CWB and do not

play any role in the blocking growth or decay.

We can also have ›q/›t’2= � (v01q0
1)P because of

c0
2 ’ 0, v0 ’ v01 5 (2›c0

1/›y, ›c
0
1/›x), and q0 ’ q0

1 5=2c0
1

FIG. 2. (Continued)
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during the initial stage (t; 0) of the blocking onset, where

2= � (v01q0
1)P denotes the blocking-scale eddy vorticity flux

divergence induced by preexisting synoptic-scale eddies c0
1

or referred to as ‘‘preexisting eddy forcing’’ due to preex-

isting eddy–eddy interaction hereafter. The relation

›q/›t’2= � (v01q0
1)P reveals that the initiation of blocking

is caused by the preexisting eddy forcing 2= � (v01q0
1)P.

While intense deformed synoptic eddies c0
2 can be pro-

duced by the intensified blocking, 2= � (v01q0
1)P is still im-

portant for the formation, maintenance, and decay of

blocking (Luo 2000, 2005; Luo et al. 2014), which is also

demonstrated by Mu and Jiang (2008) from a conditional

nonlinear optimal perturbation view. This theory empha-

sizes that it does not need the eddy straining and CWB as

the formation and maintenance mechanisms of blocking.

Instead, this theoretical model also indicates that the eddy

straining and CWB aremore likely a result of the blocking

formation andmaintenance caused by preexisting synoptic

eddies. This is different from the previous numerical re-

sults (Shutts 1983). It is further revealed that the move-

ment, intensity, and lifetime of blocking depends not

only on the duration of 2=� (v01q0
1)P, but also on the

strength of the background westerly wind that determines

the energy dispersion and nonlinearity of blocking system.

Below, we will use the analytical solution of the ENMI

model to further demonstrate that the change of

background westerly winds in strength and meridional

distribution can significantly affect the persistence

and meridional asymmetry of dipole blocking through

changing energy dispersion and nonlinearity of the

blocking system and the duration of 2= � (v01q0
1)P.

To obtain the analytical solution of Eq. (1), we make

two important assumptions: 1) the basic zonal flow is

so slowly varying in the meridional direction that Uy,

Uyy, and PVy are small compared to the wavy structure

of the blocking when the Wentzel–Kramers–Brillouin

(WKB) method (Nayfeh 2000) is used to derive the ana-

lytical solution of Eq. (1); and 2) preexisting synoptic-scale

eddies c0
1 are composed of two zonal modes having a

meridional monopole structure and zonal wavenumbers

~k1 and ~k2 with two frequencies ~v1 and ~v2 as a maximum

simplification of preexisting incident synoptic eddies

(Luo 2000, 2005; Luo et al. 2014).

We further assume that the blocking wavy anomaly

has a meridional dipole structure with meridional and

zonal wavenumbersm and k, respectively. In this case, one

can obtain the time-dependent solution of the eddy-driven

blocking dipole in a slowly varying basic zonal flow if the

envelope amplitude of the blocking wavy anomaly is

also assumed to be slowly varying in the north–south

direction and has slower variations compared to those

in the zonal direction. These assumptions seem to be

reasonable for our purpose to study the role of the

meridional asymmetry of the background westerly

wind in producing the meridional asymmetry of the

blocking dipole because the spatial variation of ob-

served blocking is often faster in the zonal direction

than that in the meridional direction.

Similar to Luo (2000, 2005), Luo and Li (2000), and

Luo et al. (2014), the asymptotic solution of the total

atmospheric streamfunction of an eddy-driven blocking

event derived fromEq. (1) in a slowly varying zonal flow

U(y) can be obtained using the WKB method. The an-

alytical solution of Eq. (1) in a first variable form can be

expressed as

c
T
52

ðy
0

U(y0) dy0 1c1c0 5c
P
1c0, (2a)

c
P
52

ðy
0

U(y0) dy0 1c’2

ðy
0

U(y0) dy0 1c
B
1c

m
,

(2b)

c
B
5B

ffiffiffiffiffiffi
2

L
y

s
exp[i(kx2vt)] sin(my)1 cc, (2c)

c
m
52jBj2 �

‘

n51

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

c0 ’c0
1 1c0

2 , (2e)

c0
1 5 f

0
(x)fexp[i( ~k

1
x2 ~v

1
t)]

1a exp[i( ~k
2
x2 ~v

2
t)]g sin

�m
2
y
�
1 cc, (2f)

c0
2 52

m

4

ffiffiffiffiffiffi
2

L
y

s
Bf

0
(x)�

2

j51

Q
j
a
j
expfi[( ~k

j
1k)x2 (~v

j
1v)t]g

�
p
j
sin

�
3m

2
y

�
1 r

j
sin

�m
2
y
��

1
m

4

ffiffiffiffiffiffi
2

L
y

s
B*f

0
(x)�

2

j51

Q
j
a
j
expfi[( ~k

j
2 k)x2 (~v

j
2v)t]g

�
s
j
sin

�
3m

2
y

�
1 h

j
sin

�m
2
y
��

1 cc, (2g)

i

�
›B

›t
1C

g

›B

›x

�
1 l

›2B

›x2
1 djBj2B1Gf

0
(x)2 exp[2i(Dkx1Dvt)]5 0, (2h)
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where Dk5 k2 ( ~k2 2 ~k1) denotes the difference of

the zonal wavenumber between the blocking wavy

anomaly cB and preexisting eddy forcing 2= � (v01q0
1)P

induced by preexisting synoptic eddies c0
1, Dv5 ~v2 2

~v1 2v, v5Uk2PVyk/(k
2 1m2 1F), Cg 5 ›v/›k5

U2PVy(m
2 1F2 k2)/[(k2 1m2 1F)2] is the group

velocity, ~vj 5U ~kj 2PVy
~kj/( ~k

2
j 1m2/41F) (j 5 1, 2),

jBj2 5BB*, k5 2k0, k0 5 1/(6:371 cosu0), l5 [3(m2 1
F)2 k2]3 PVyk/[(k

2 1m2 1F)3] is the linear disper-

sion term, qn 5qNn/PVy, d5 dN /PVy (dN . 0) is the

nonlinearity strength, m522p/Ly, a1 5 1, a2 5a,
~kj 5 nk0 1 (21)jDnk0 (j5 1, 2), n is the positive integer,

Dn is the difference between ~k1 and ~k2, and ‘‘cc’’ denotes

the complex conjugate of its preceding term. Note that

c’cB 1cm has been used in Eq. (2b), and it includes

two parts: the blocking wavy anomaly streamfunctioncB

and the associated mean zonal-wind anomaly stream-

function cm (the subscript m of cm denotes a zonal

mean). Here, we can allow n5 10, Dn5 1:0, and

a521:0. For this case, the spatial structure of 2= �
(v01q

0
1)P can match the PV of the incipient block so that

the preexisting incipient synoptic-scale eddies can am-

plify this incipient block into a typical dipole blocking.

In Eq. (2h), Gf 20 exp[2i(Dkx1Dvt)] has a duration of

2p/(2Dv) and represents the role of the preexisting eddy

forcing 2= � (v01q0
1)P in the establishment, maintenance,

and decay of dipole blocking. The term Qj is the co-

efficient of the interaction between the blocking wavy

anomaly and preexisting synoptic-scale eddies, v is

the frequency of the blocking wavy anomaly cB, u0

is the reference latitude, Ly is the width of the non-

dimensional beta plane channel, f0(x)5 a0 exp[2
m«2(x1 xT)

2] is the spatial distribution of the amplitude

of the preexisting synoptic-scale eddies with two fre-

quencies ~vj (j 5 1, 2) that is maintained by the up-

stream synoptic-scale wavemaker (Luo 2005), m. 0,

« � 1:0 is a small parameter, and xT is the zonal location

of the maximum eddy amplitude. In Eq. (2h), f0(x) is a

slowly varying function of x because of f0(x)5 f0(«x) («

is defined as above), which means that its x derivative

is a higher-order small term so that the zonal variation of

f0(x) cannot produce a lower-order meridional ve-

locity at the boundaries. Such an assumption can

avoid the boundary-generated oscillating mean flows.

The terms Qj, pj, rj, sj, and hj are defined in appendix A

and dN , gn, andG are defined in appendix B. The details

of the derivation of solution (2) can be found in Luo and

Li (2000) and Luo (2005).

Equation (2h) can be derived after the first- and

second-order solutions of Eq. (1a) are substituted

into its third-order solution equation when using

the WKB method. In Luo (2005), we have described

how the preexisting incoming synoptic-scale eddies

in the upstream side of an incipient dipole block

are produced and maintained by a synoptic-scale

wavemaker =2cS
* and how an incipient dipole block

evolves into a typical dipole blocking under the

forcing of preexisting upstream synoptic-scale eddies

for xT . 0.

Equation (2d) describes the splitting of a westerly

jet anomaly due to the presence of intensified dipole

blocking. We also see that B represents the complex

envelope amplitude of the blocking wavy anomaly cB

and has a complex conjugate of B*, whose variation in

time and in the zonal direction can be described by a

forced nonlinear Schrödinger (NLS) Eq. (2h). Note that

the blocking amplitude Eq. (2h) as a nonlinear wave

packet equation includes the parameters Cg, l, d,G, Dk,
and Dv in addition to the eddy amplitude distribution

f0(x). Among these parameters, G and Dk are fixed

constants and independent of U or PVy. Thus, the

blocking amplitude B is dependent on the latitude be-

cause Cg, l, d, and Dv include U(y) and PVy, which are

the functions of y. To some extent, Eq. (2h) is a one-

dimensional equation, but essentially two-dimensional.

Such an assumption may greatly simplify the complexity

of the solution of our model equations. In the previous

studies, because PVy 5b1 Fu0 for a uniform westerly

wind u0, Cg, l, d, and Dv are only related to the strength

of the uniform background westerly wind u0. But in

the extended NMI model, Cg, l, d, and Dv are not only

related to the strength of the background westerly

wind U(y), but also related to Uyy because of PVy 5
b2Uyy1FU. Naturally, it is concluded that the change

of the background westerly wind in its strength and me-

ridional distribution can probably influence eddy-driven

dipole blocking through changing PVy. Thus, the ENMI

model here is a generalization of our previous NMI

model derived by Luo and Li (2000), Luo (2005), and

Luo et al. (2014) for PVy 5b1Fu0.

In Eq. (2c), the phase speed of the blocking carrier

wave is Cp 5v/k, which represents the movement speed

of the blocking only in a linear framework that re-

quires the blocking amplitude to be small. However, the

movement speed of a large-amplitude blocking in a

nonlinear framework depends not only on the value

of Cp, but also on the magnitude of the blocking am-

plitude. According to Luo (2000), the soliton solution

of Eq. (2h) without eddy forcing term is B5M0 sech

[
ffiffiffiffiffiffiffiffiffi
d/2l

p
M0(x2Cgt)] exp(2idM2

0t/2), where M0 5 jBjmax

denotes the maximum amplitude. It is also easy to ob-

tain the nonlinear phase speed of the blocking dipole

as CNP 5Cp 1CN 5U2PVy/(k
2 1m2 1F)2 dNM

2
0/

(2kPVy) [where CN 52dNM
2
0/(2kPVy) is the blocking-

induced phase speed and represents a westward speed if

CN , 0]. This result also holds and can be obtained when
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the eddy forcing is considered as a small perturbation

of blocking. The same nonlinear phase speed formula

can also be derived for a nonzonal basic flow (U, V)

that satisfies PVy 5 zy 1b1FU, where zy 5 ›z/›y and

z5 ›V/›x2 ›U/›y is the relative vorticity of the non-

zonal background wind. In this nonlinear phase speed

formula, M0 and Cg are time dependent as the blocking

intensifies and decays because of the eddy forcing (Luo

2000). The above nonlinear phase speed formula con-

siders the effect of blocking amplitude on the blocking

movement. Thus, the zonal movement of an observed

blocking can be reflected by the magnitude of the non-

linear phase speed CNP.

It is supposed that Eq. (2h) has a soliton solution. Thus,

the blocking wavy anomaly also has the soliton solution

of cB 5
ffiffiffiffiffiffiffiffiffiffi
2/Ly

p
M0 sech[

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d/(2l)

p
M0(x2Cgt)] exp[ik(x2

CNPt)] sin(my)1 cc if the group velocity Cg of

the blocking wave packet jBj is not changed with the

change of the blocking amplitudeM0. In this case, the

nonlinear energy dispersion of the blocking wavy anom-

aly can be characterized by CND 5Cg 2CNP 5Cgp 2
CN 5 2k2PVy/[(k

2 1m2 1F)2]1 dNM
2
0/(2kPVy), where

Cgp 5Cg 2Cp is the linear energy dispersion and Cgp 5
2k2PVy/[(k

2 1m2 1F)2]. This means that the nonlinear

energy dispersion of observed blocking depends

not only on the magnitude of background meridio-

nal PV gradient, but also on the blocking amplitude.

When M0 ; 0, the nonlinear energy dispersion CND

reduces to the linear energy dispersion Cgp. Thus,

the nonlinear energy dispersion of small-amplitude

blocking can be approximately characterized by the

linear energy dispersion Cgp. The lifetime or dura-

tion of observed blocking can be better reflected

by the magnitude of the nonlinear energy disper-

sion CND. The nonlinear energy dispersion of the

blocking is enhanced when the blocking ampli-

tude becomes large. In other words, larger amplitude

blocking can more rapidly disperse its energy, which

has been confirmed by the results of Luo (2000) and

Yao et al. (2017), who found that a very large-

amplitude blocking has strong energy dispersion to

produce a short-lived blocking. Moreover, we see

that the first term of the nonlinear energy dispersion

CND is proportional to PVy and its second term is

proportional to 1/PVy. It is also seen from the math-

ematical expression of CND that the extent of the

effect of 1/PVy depends on the blocking amplitude

M0. But M2
0/PVy becomes very large once when the

blocking amplitude M0 is very large. In other words,

for a fixed PVy, the blocking is more easily main-

tained for a small-amplitude blocking case than for

a large-amplitude case. This explains why the North

Pacific blocking often has larger amplitude but shorter

lifetime than the North Atlantic blocking (Diao

et al. 2006).

It is also easy to obtain ›CND/›PVy 5 2k2/[(k2 1
m2 1F)2]2 dNM

2
0/[2k(PVy)

2]. From this expression,

one can obtain a critical value of PVy as (PVy)C5ffiffiffiffiffiffiffiffiffiffi
dN/k

p
[M0(k

2 1m2 1F)/(2k)]. Thus, when PVy , (PVy)C
for ›CND/›PVy , 0, the nonlinear energy dispersion

CND increases with the decreased PVy. But when

PVy . (PVy)C for ›CND/›PVy . 0, the nonlinear en-

ergy dispersion CND decreases with the decreased

PVy. The above results reveal that while the reduced

strength of PVy favors the weakened energy disper-

sion of blocking, it must be larger than a critical value

(PVy)C. When the blocking amplitude M0 is larger,

PVy . (PVy)C is not easily satisfied because of (PVy)C
being larger, but PVy , (PVy)C is easily satisfied. This

means that the eddy-driven dipole blocking with a lon-

ger lifetimes or weaker energy dispersion must require

that the blocking amplitude cannot be too large or

the background PVy cannot be too small. Of course, this

result is obtained based on an important assumption that

the group velocity of the blocking is not changed with

the blocking evolution.

It is further found that the nonlinear phase speed

CNP of the eddy-driven dipole blocking depends not

only on the magnitudes of U and PVy, but also on the

blocking amplitude M0. When PVy . 0, the amplifica-

tion of the blocking amplitude can induce a westward

movement of blocking. The blocking amplitude–induced

westward movement speed may be understood as the

effect of weakened mean zonal wind induced by the

amplified blocking amplitude jBj. This can also be ex-

plained in terms of the mean westerly wind anomaly

change within the blocking region. In fact, the westward

speed CN 52dNM
2
0/(2kPVy) is proportional to 2jBj2

and equivalent to the effect of weakened mean zonal

wind within the blocking region described by Um 5
2›cm/›y52jBj2�‘

n51qngn(n11/2)m sin(n11/2)my du-

ring the blocking episode.As noted below,Um is weakened

within the blocking region because of the effect of

2jBj2 as the blocking intensifies. In this case, the blocking
moves westward. Also, there is CNP ’Cp when the

blocking amplitude is smaller (M0 ; 0). This case cor-

responds to a linear blocking theory as noted above.

This linear theory has some limitations because it cannot

explain why the intensified blocking dipole shows a

strong westward movement (Fig. 2a). We further find

that the meridional structure of the dipole blocking is

dominated by the meridional distributions of the lin-

ear dispersion l and nonlinearity d terms, even though

the amplitudeM0 and group velocityCg of the blocking

wave packet are varied with time under the eddy forcing

(Luo 2000).
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While Cg represents the propagation speed of the

blocking wave packet, the behavior (movement,

strength, and duration) of eddy-driven dipole blocking

is mainly influenced by the background parameters

l, d, and Dv associated with the background westerly

wind distribution. It is also noted that in Eq. (2h) the

linear dispersion term l is proportional to PVy and

the nonlinearity strength d is proportional to 1/PVy.

The blocking system satisfies a linear energy dispersion–

nonlinearity strength inverse relation rule and has

weak dispersion and strong nonlinearity when PVy is

small especially in high latitudes. Thus, the small PVy

is conducive to strong and long-lived dipole blocking

for a given preexisting eddy strength. We can further

obtain2Dv5PVy[ ~k2/( ~k
2
2 1m2/41F)2 ~k1/( ~k

2
1 1m2/41

F)2 k/(k2 1m2 1F)] for k5 ~k2 2 ~k1. Obviously, the

duration of the eddy forcing term in Eq. (2h) is mainly

determined by the magnitude of PVy for fixed zonal

wavenumbers k and ~kj (j 5 1, 2). The preexisting eddy

forcing term has a long duration when PVy is small.

In our ENMI model, because l}PVy, d} 1/PVy, and

2Dv}PVy, the strength and duration of eddy-driven di-

pole blocking are mainly related to the magnitude of PVy,

whereas the movement of dipole blocking is related to U,

PVy, and the blocking amplitude as noted above.

The above analysis leads us to conclude that an intense

and long-lived dipole blocking is easily formed when PVy

is small, because l and Dv are small and d is large. The

eddy-driven blocking dipolewill have a strongmeridional

asymmetry in strength, persistence, movement, and me-

ridional structure because of strong meridional asym-

metries in the energy dispersion, nonlinearity, and the

duration of the preexisting eddy forcing if U or PVy has

a strong asymmetry in the meridional direction. This

problem will be further investigated to explain why the

North Atlantic blocking has the observed spatial struc-

ture and westward movement as shown in Fig. 2a.

The evolutions of planetary- and synoptic-scale stream-

function fields and their total streamfunction field dur-

ing the blocking life cycle can be obtained once the

solution of the blocking amplitude B is obtained. Here,

a high-order split-step Fourier scheme (Muslu and

Erbay 2005) is used to solve Eq. (2h) to obtain the

spatiotemporal solution of the blocking amplitude B

for prescribed initial values and parameter conditions.

Here, the periodic boundaries with Lx 5611:48 are

used to compute Eq. (2h). The assumption of f0(x)5
a0 exp[2m«2(x1 xT)

2] used to represent the slowly vary-

ing amplitude distribution of preexisting synoptic-scale

eddies in this paper does not destroy the periodic boundary

condition of the calculation. In this paper, we only plot

the streamfunction fields in the zonal region from

x525. 74 to x5 5. 74.

3. Role of PVy in determining the lifetime and
intensity of a blocking event

a. Effect of different PVy with constant background
zonal wind

In this section, we first examine the effect of constant

PVy on the blocking dipole. For the parameters shown

in Table 1, we consider two cases: 1) U5u0 5 0:7 and

PVy ’ 2:0 and 2) U5 0:7 and PVy ’ 2:5. Note that all

values are in units of their characteristic scales as all

variables are nondimensional (i.e., normalized by the

characteristic scales). The choice of U5 0:7 can allow a

given initial blocking dipole to be stationary. Here

PVy ’ 2:0 is the value of PVy at 558N for U5 0:7, but

PVy ’ 2:5 at 388N for U5 0:7. To clearly see the impact

of the PV gradient, we fix U, but change PVy.

For the initial amplitude B(x, 0)5 0:4, background

westerly wind U5 0:7, and other parameters listed in

Table 1, we show the time sequences of instantaneous

planetary-scale streamfunction cP, blocking wavy

anomaly cB, synoptic-scale streamfunction c0, and

total streamfunction cT fields during the life cycle of

an eddy-driven dipole blocking event in Figs. 3 and 4

for PVy 5 2:0 (Fig. 3) and PVy 5 2:5 (Fig. 4) cases. As

seen in the cP and cB fields in Fig. 3a, the prespecified

initial blocking can be amplified into a typical dipole

blocking, which has a lifetime of 10–20 days under the

dipole eddy forcing 2= � (v01q0
1)P induced by preexist-

ing synoptic-scale eddies upstream. During the ma-

ture phase (from days 6 to 9), the blocking dipole in

the planetary-scale field cP (Fig. 3a) resembles the

modon solution of the blocking (McWilliams 1980),

while the modon solution cannot reflect the life cycle

TABLE 1. Values of given parameters used to calculate the ENMI

model solution.

Parameters Value

Nondimensional zonal wavenumber k

of the blocking dipole

k5 2/(6:371 cosu0)

Nondimensional zonal wavenumber ~k1

of preexisting synoptic-scale eddies

~k15 9/(6:371 cosu0)

Nondimensional zonal wavenumber ~k2

of preexisting synoptic-scale eddies

~k2 5 11/(6:371 cosu0)

Reference latitude u0 558N
Nondimensional width Ly of the b

channel

5

Characteristic horizontal length ~L 106m

Characteristic horizontal wind speed ~U 10m s21

m 1.2

« 0.24

Zonal location xT of preexisting synoptic-

scale eddies

2.87/2

Amplitude a0 of preexisting synoptic-scale

eddies

0.17
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of observed dipole blocking and associated westerly

jet meandering (Fig. 1).

The total streamfunction field of the dipole

blocking also shows a large meandering of mid-

latitude westerly jet streams (the cT fields in Figs. 3d

and 4d) because of eddy deformation (the c0 fields in
Figs. 3c and 4c), first observed by Berggren et al.

(1949) and then by Luo (2000) from a theoretical

model. In other words, the meandering westerly

jet stream reflects the synoptic time-scale evolution

of a blocking flow and the northward (southward)

intrusion of associated warm subtropical (cold Arctic)

air (Luo 2000, 2005; Pelly and Hoskins 2003; Luo et al.

2014). We also note that the basic features of the

modeled blocking are not sensitive to the initial con-

ditions of the blocking (not shown). A comparison

between Figs. 3 and 4 indicates that the meandering

westerly jet stream is more persistent or stationary for a

small PV gradient (PVy 5 2:0; Fig. 3d) than for a large

PV gradient (PVy 5 2:5; Fig. 4d) because the blocking

dipole moves westward slower (see the cB panels in

Figs. 3b and 4b) and has a longer lifetime (see the cP

FIG. 3. Instantaneous fields of (a) planetary-scale streamfunction cP (CI5 0.15), (b) blocking wavy anomaly cB (CI5 0.2), (c) synoptic-

scale streamfunction c0 (CI5 0.3), and (d) total streamfunction cT (CI5 0.3) fields during the life cycle of an eddy-driven dipole blocking

for PVy 5 2:0 with the initial amplitude of B(x, 0)5 0:4 and U5 0:7; other parameters are listed in Table 1. The nondimensional y (x)

coordinate is marked by the ordinate (abscissa).
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panels in Figs. 3a and 4a) for PVy 5 2.0 than for PVy 5
2.5. This implies that as a background condition the

reduced PV gradient can lengthen the lifetimes of

dipole blocking and associated meandering westerly

jet stream.

To examine the sensitivity of our results to the initial

amplitude of the dipole blocking and to quantify the

changes in amplitude and duration of the intensified

blocking event, here we further examine a case with

B(x, 0)5 0:45. We also define cD 5 (cB)Max2 (cB)Min

as the daily amplitude of dipole blocking during

its life cycle, where (cB)Max and (cB)Min denote the

maximum and minimum values of the streamfunction

anomaly within the blocking region of the blocking

dipole, respectively. For the same condition as in Fig. 3,

we show the instantaneous fields of planetary-scale

streamfunction cP of an eddy-driven dipole blocking

event in Figs. 5a and 5b for PVy 5 2:0 and PVy 5 2:5.

It is seen that the eddy-driven dipole blocking has

a shorter lifetime for a larger PVy (Fig. 5b) than that

for a smaller PVy (Fig. 5a), even when the initial

blocking amplitude is large. The temporal variations

of the daily amplitude cD of the dipole blocking are

shown in Fig. 5c (Fig. 5d) for B(x, 0)5 0:4 [B(x, 0)5
0:45] with PVy 5 2:0 (solid line) and PVy 5 2:5 (dashed

line). It is clearly seen that the eddy-driven dipole

FIG. 4. As in Fig. 3, but for PVy 5 2:5.
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blocking has a larger amplitude and a longer life-

time in an environment with a small PV gradient than

in an environment with a large PV gradient for

both B(x, 0)5 0:4 and B(x, 0)5 0:45. The above re-

sults suggest that a small meridional PV gradient

is a favorable environment for strong and long-lived

dipole blocking. Further calculations showed that

within the blocking region the kinetic energy is nearly

conserved and the enstrophy increases as the blocking

grows (not shown). This implies that the potential

vorticity gradient affects the blocking may be through

a cascade of enstrophy from waves with large wave-

numbers (small scales) to waves with small wave-

numbers (large scales).

FIG. 5. (top) Temporal evolution of instantaneous planetary-scale streamfunction cP fields (CI 5 0.15) of a dipole blocking event for

(a) PVy 5 2:0 and (b) PVy 5 2:5 with the initial amplitude of B(x, 0)5 0:45 and the same parameters as in Fig. 3. (bottom) Temporal

variations of the daily blocking dipole amplitude cD 5 (cB)Max2 (cB)Min for (c) B(x, 0)5 0:4 and (d) B(x, 0)5 0:45 with PVy 5 2:0 (solid

line) and PVy 5 2:5 (dashed line), where (cB)Max and (cB)Min denotes the maximum andminimum values of the blocking dipole within the

blocking region, respectively.
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b. Causal linkage between the background PV
gradient and the lifetime of blocking

It is easy to find from Eq. (2) that the mean zonal

wind anomaly Um 52›cm/›y changes with time as

a response to the blocking evolution because of

the inclusion of the blocking amplitude B. This can

cause the PV to vary during the life cycle of blocking,

which represents a feedback of the blocking on the

PV gradient. The time-dependent zonally averaged

PV gradient can be obtained as (PVy)life5PVy 1
PVy(Um) during the blocking life cycle from Eq. (2),

where PVy is the background PV gradient and

PVy(Um)52(Um)yy1FUm [(Um)yy5 ›2Um/›y
2] is the

time-dependent PV gradient anomaly due to the

mean zonal wind change Um. As shown in Figs. 3 and

4, the dipole blocking is strong and long lived as

the background PVy prior to the blocking onset is

small (Fig. 3a). Accompanied by the intensifying of

blocking, the mean zonal windUm is weakened within

the blocking region (Figs. 6a,b) because of the effect

of the blocking amplitude jBj2, which favors the

westward movement of blocking. We see that the

mean zonal wind is split into two branches around

the blocking region and the presence of long-lived

blocking causes a larger weakening of the mean zonal

wind within the blocking region (Fig. 6a) than the

short-lived one (Fig. 6b). It also corresponds to a

smaller PV gradient within the blocking region

(Fig. 6c) because of stronger weakening of mean

zonal winds than for the short-lived case (Fig. 6d).

We show the time variations of domain-averaged

PVy(Um) (Fig. 7a) and (PVy)life (Fig. 7b) over 23:0#

x# 2:0 and 2:0# y# 3:0 during the blocking life

cycle in for PVy 5 2:0 and PVy 5 2:5. It is further found

that the PVy(Um) anomaly decreases with the growth

of blocking, and the decrease is larger for the long-

lived blocking (solid line in Fig. 7a) than for the short-

lived blocking (dashed line in Fig. 7a). As a result,

the total PV gradient (PVy)life is smaller during the

blocking episode for a long-lived blocking (solid line

in Fig. 7b) than for a short-lived blocking (dashed

line in Fig. 7b), which is also smaller during the

blocking mature period than during the prior or latter

period of the blocking. This indicates that the long-lived

blocking requires a smaller prior background PV gra-

dient than the short-lived blocking. These results suggest

the following causal relationship between the PV gra-

dient and blocking: a small background PV gradient /

long-lived blocking dipole / strong reduction and

splitting of mean zonal wind / a smaller PV gradient

within the blocking region. In other words, the small

background PV gradient is a prerequisite of long-lived

blocking, which further reduces the PV gradient within

the blocking region.

c. Effect of PVy associated with weakened
background zonal wind

While some studies have noted that the double jets

tend to favor atmospheric blocking (Ogi et al. 2004;

Tachibana et al. 2010), how they favor blocking is not

addressed in these previous studies. Here, we use the

ENMI model to address this issue. To understand

the impact of the spatial structure of the background

zonal wind on atmospheric blocking in persistence, in-

tensity, and spatial shape, we fist consider a symmetric

double-jet structure in the form ofU5 u0 1Du cos(my),

where Du is a constant. For B(x, y, 0)5 0:4 and the

same parameters as in Fig. 3a, the instantaneous

planetary-scale streamfunction cP, anomaly stream-

function cB, synoptic-scale streamfunction c0, and total

streamfunction cT fields are shown in Fig. 8 for u0 5 0:7

and Du5 0:2. Because l and d are two more important

parameters for determining the energy dispersion and

nonlinearity of the dipole blocking, it is useful to show

the variations of U, Dv, PVy, Cg, l, and d with the lati-

tude and the time evolution of the blocking amplitude

cD in Fig. 9. It is worth noting that in our ENMI model,

the nonlinear behavior of blocking is mainly influenced

by the parameters l and d of the NLS equation

[Eq. (2h)], whereas the duration of the blocking is de-

termined by the value of Dv. When PVy / 0 (PV ho-

mogenization), one can have Cp /U, Cg /U, l/ 0,

Dv/ 0, and d/‘. In this case, the dipole blocking

can maintain itself for a long lifetime because of the

small energy dispersion and strong nonlinearity, even

though it propagates eastward with U, which may affect

the duration observed at a fixed location. The lifetime

discussed here is for the whole duration of the blocking

system over a moving path, while the duration of the

blocking at a fixed location (which is important for local

weather) is also affected by its moving speed.

On the other hand, because the background zonal

wind changes with the latitude, the synoptic-scale eddies

(Fig. 8c) are further distorted by the varying back-

ground zonal winds in the meridional direction in ad-

dition to the blocking-induced eddy deformation (Luo

et al. 2014). Such an effect is more evident during the

blocking decay phase. While the total streamfunction

field (Fig. 8d) shows an intensely meandering jet

stream, it has different spatial structures after day 9,

unlike those found in the cT field in Fig. 3d. It seems that

the nonuniform meridional shear of background zonal

winds can break up synoptic-scale anticyclones or cy-

clones, as suggested by Thorncroft et al. (1993). But

such a wave breaking is not the cause of the blocking
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maintenance (Luo et al. 2014). It is noted that the

meridional average value of U is U5 (1/Ly)
Ð Ly

0
[u0 1

Du cos(my)] dy5u0 (Fig. 9a). Also, the meridional av-

erage values of Dv, PVy, Cg, l, and d are independent

of Du (Figs. 9b–f), but dependent on u0. Although the

strength of the domain-averaged double jet (Fig. 9a) is

the same as that of the uniform westerly wind in Fig. 3a,

we find that the eddy-driven dipole blocking under

such a background double jet becomes slightly more

persistent (solid line in Fig. 9g) than that in the uniform

FIG. 6. Time sequences of (a),(b) mean zonal wind Um 52›cm/›y (CI 5 0.05) and (c),(d) PV gradient PVy(Um)52(Um)yy1FUm

(F 5 1, CI 5 0.5) during the blocking life cycle due to the feedback of intensified blocking for (a),(c) PVy 5 2:0 and (b),(d) PVy 5 2:5

under U5 0:7.
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background westerly wind (dot–dashed line in Fig. 9g),

while the blocking amplitude is almost independent of the

value of Du. Thus, although the meridionally aver-

aged PVy

h
PVy 5 (1/Ly)

Ð Ly

0 PVy(y
0) dy0 5b1Fu0

i
is the

same as the uniform zonal wind case, the decreasing extent

of the background zonal wind in the middle channel can

somewhat increase the duration of the blocking.

It is seen from Fig. 9 that in the weakened region of the

prescribed double jet U, l and Dv are weakened (Figs. 9e

and 9b) and d is intensified (Fig. 9f) because of reducedPVy

(Fig. 9c) so that the dipole blocking has weak energy dis-

persion, strong nonlinearity, and long duration in the mid-

dle part of the blocking region. Such weakened energy

dispersion, reduced Dv, and intensified nonlinearity

distributions can increase the persistence of dipole

blocking but cannot produce a meridional asymmetry.

Thus, the meridional distribution of the background

zonal wind prior to the blocking onset can significantly

affect the dipole blocking in spatial shape and duration.

To show the sensitivity of the results to the value of

u0, Fig. 10b compares the temporal variations of the

blocking amplitude cD for Du5 0:2, a case with u0 5 0:5

and another with u0 5 0:9 (and Du5 0:2 for both cases). It

is seen that while the duration of the blocking depends

slightly on the value of Du (Fig. 10a), the value of u0 can

strongly influence on the duration and amplitude of the

blocking (Fig. 10b). Because the magnitude of the meridi-

onally averaged PVy (PVy 5b1 Fu0) depends mainly on

the strength of background zonal wind u0, it appears that

the change in the background zonal wind strength can

strongly affect the duration and amplitude of dipole

blocking. Thus, while the meridional distribution of the

background zonal wind can affect the asymmetry of the

blocking dipole in the meridional direction, the duration

and strength of the blocking seem to be mainly de-

termined by themagnitude of themeridionally averaged

background zonal wind (or PV gradient).

4. North–south asymmetry of dipole blocking and
its physical cause

In this section, we define cA 5 j(cB)Maxj2 j(cB)Minj
as a parameter reflecting the meridional asymmetry of

the eddy-driven blocking dipole in different westerly

wind environments. As shown in Fig. 2b, because the

background zonal wind over the North Atlantic is gen-

erally weaker in high latitudes and stronger in mid-

latitudes, this allows us to infer that the meridional

asymmetry of the North Atlantic blocking dipole is likely

related to the asymmetric distribution of the background

zonal wind or the associated PV gradient in the meridional

direction. In the following discussions, we further consider

three cases and compare their differences to help un-

derstand why blocking dipole patterns with a strong anti-

cyclonic anomaly and weak cyclonic anomaly can often

occur in the North Atlantic (Fig. 2a).

a. Physical cause of dipole blocking with a strong
anticyclonic anomaly and a weak cyclonic
anomaly

Here, we considerU5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1
y1)]yg to represent a southward-shifted jet similar to that

in Fig. 2b, where u0 5 0:7, g5 0:1, y0 5 1:5, and y1 5 3:0.

For Du5 0:2 and other parameters listed in Table 1,

we show the instantaneous planetary-scale stream-

function cP, anomaly streamfunction cB, synoptic-scale

FIG. 7. Time series of the daily domain-averaged (a) PVy(Um) anomaly and (b) (PVy)life [where (PVy)life5
PVy 1PVy(Um)] averaged over23:0# x# 2:0 and 2:0# y# 3:0 during the blocking life cycle for PVy 5 2:0 (solid

line) and PVy 5 2:5 (dashed line).
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streamfunction c0, and total streamfunction cT fields in

Fig. 11. It is found that the northern pole of the eddy-

driven blocking is more intense than its southern pole

(Fig. 11a). Thus, this blocking wavy anomaly behaves

as an asymmetric dipole (Fig. 11b). This dipole also

shows a NW–SE-oriented structure with a strong anti-

cyclonic anomaly to the north and a weak cyclonic

anomaly to the south (Figs. 11a,b) consistent with re-

analysis data (Fig. 2a), which can also be explained by

the latitudinal distributions of l and d in the blocking

system [Eq. (2)] as shown in Fig. 12. Such a meridional

asymmetry is more distinct for Du5 0:4 (not shown)

because the background westerly wind is much weaker

in high latitudes than in midlatitudes.

We see that the linear dispersion l is weaker in higher

latitudes than that in lower latitudes for the given

background zonal wind (Fig. 12e), whereas the blocking

nonlinearity d shows an opposite distribution (Fig. 12f).

Thus, more energy can be accumulated in the north

side of the blocking dipole than over its south side be-

cause of this difference in energy dispersion (Fig. 12e)

or nonlinearity (Fig. 12f). Such a distribution of en-

ergy accumulation helps explain why the northern

pole of the blocking is stronger than the southern pole

FIG. 8. Temporal evolutions of instantaneous (a) planetary-scale streamfunction cP (CI5 0.15), (b) blocking wavy anomaly cB (CI5 0.2),

(c) synoptic-scale streamfunction c0 (CI5 0.3), and (d) total streamfunction cT (CI5 0.3) fields during the life cycle of an eddy-driven dipole

blocking for the initial amplitude of B(x, 0)5 0:4 with PVy 5b2Uyy 1FU, U5u0 1Du cos(my), u0 5 0:7, and Du5 0:2.
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FIG. 9. Meridional distributions of (a) U, (b) Dv, (c) PVy, (d) Cg, (e) l, and (f) d for three cases: Du 5 0 (dot–

dashed line), 0.1 (long-dashed line), and 0.2 (solid line) of U5u0 1Du cos(my) and u0 5 0:7. (g) Time series of

daily blocking amplitudecD during the blocking life cycle forDu5 0 (dot–dashed line), 0.1 (long-dashed line) and

0.2 (solid line). The dotted line in (a)–(f) denotes the central latitude of y 5 2.5.
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(Figs. 11a,b). Figures 12g and 12h show that while the

strength and duration of the dipole blocking do not

change with the value of Du, its meridional asymmetry

is intensified with the growth of the blocking and also

more distinct for larger values of Du (Fig. 12h). Such

an asymmetry is more distinct during the blocking

decay phase than during its growth phase. This may be

because the meridional asymmetry of the blocking am-

plitude is enhanced after the blocking peak because

of enhanced energy dispersion of the southern pole of the

blocking dipole. However, the observed blocking asym-

metry is also related to many other factors such as the

meridional asymmetry of the incipient blocking dipole,

baroclinicity, and the barotropic decay of upstream trav-

eling synoptic-scale eddies. A strong meridional asym-

metry of blocking dipole can also be seen during the

blocking growing phase if the initial blocking dipole

has a large meridional asymmetry. For example, we con-

sider an initial value as B(x, y, 0)5 0:4 exp[2s«2(y2
y0)

2], where y0 5 3:75 and s is a constant. Here, s5 0

corresponds to the case of Fig. 11, but s5 2:0 repre-

sents an initial blocking dipole having a large meridi-

onal asymmetry. For s5 2:0 and the other parameters

same as in Fig. 11, we show the instantaneous fields

of the blocking wavy anomaly cB and total stream-

function cT of eddy-driven dipole blocking and the

time series of the blocking intensity cD and meridi-

onal asymmetry cA in Fig. 13. It is found that while

the total streamfunction field (Fig. 13b) of blocking

still resembles that in Fig. 11d, their details are

slightly different. For an initial blocking dipole

with a large meridional asymmetry, the meridional

asymmetry of eddy-driven blocking dipole is further

intensified with the blocking growth (Fig. 13a). In particu-

lar, the blocking asymmetry (Fig. 13d) becomes more

intense during the blocking growing phase than during the

blocking decaying phase and is more consistent with

the reanalysis data result (Fig. 2a), even though the

blocking intensity is slightly weaker for s5 2:0 than

for s5 0 (Fig. 13c). This indicates that the meridional

asymmetry of the initial blocking is important for the

asymmetry of the subsequent blocking dipole.

To account for the NW–SE orientation, it is useful to

examine the meridional variations of linear phase speed

Cp, blocking-induced speed CN , and nonlinear phase

speed CNP during the blocking life cycle (Fig. 14). In the

Cp, CN , and CNP expressions, the meridional distribu-

tion ofCNP can reflect whether the blocking dipole shows a

horizontal orientation or not. It is found that the linear

phase speed Cp of the blocking dipole is more negative in

the north side of the central latitude y 5 2.5 than in the

south side (Fig. 14a). Since the blocking dipolemoves with

the nonlinear phase speed CNP 5Cp 1CN , it would move

more westward over its north side than over its south side

when CNP has a larger negative value over the north side

than over the south side. The zonal movement of the

blocking dipole depends mainly on the background

westerly wind if the blocking amplitude M0 is small and

thus CN 52dNM
2
0/(2kPVy)’ 0. However, CN becomes

more important as the blocking amplitude increases to a

larger value (Fig. 14b), but the net result is that there is a

tendency of larger negative CNP (CNP , 0) in higher

latitudes such that the dipole blocking moves westward

faster in the high latitudes than in the low latitudes

(Fig. 14c). This leads to a horizontal orientation along

the NW–SE direction. Of course, such a blocking

structure also depends on the spatial distribution of

the blocking wave packet amplitude jBj (Fig. 15).
For a background symmetric double jet of U5

u0 1Du cos(my), the blocking amplitude is always

FIG. 10. (a) Time series of daily blocking amplitude cD of an eddy-driven blocking with U5u0 1Du cos(my) and

u0 5 0:5 during the blocking life cycle for Du5 0 (dot–dashed line), 0.1 (long-dashed line) and 0.2 (solid line). (b) Daily

time variations of the blocking amplitude cD with Du5 0:2 for u0 5 0:5 (solid line) and u0 5 0:9 (dashed line).
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symmetric with respect to y 5 2.5 during the blocking

life cycle (Fig. 15a). Thus, it is inevitable that the

dipole blocking does not show a horizontal tilting

in the meridional direction (Figs. 8a,b) because the

nonlinear phase speed of the dipole blocking pos-

sesses a symmetric distribution in the meridional di-

rection (not shown) as the background westerly wind

shows a symmetric distribution in the meridional

direction. However, for an asymmetric double jet of

U5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg, the intensi-

fication of the blocking amplitude is mainly concen-

trated in the north side of the blocking region (Fig. 15b)

where the weakened energy dispersion and intensi-

fied nonlinearity can take place (Figs. 12e,f). Moreover,

because the blocking amplitude is larger over the north

side of the channel than over its south side (Fig. 15b),

the blocking-induced westward speed is stronger in

the north side of blocking region than its south side

(Fig. 14c). The combination of Cp and CN leads to a

large negative value of CNP in the north side of the

blocking dipole and a small negative or positive value

over its south side (Fig. 14c). Such a nonlinear phase

speed distribution leads to the NW–SE orientation of

blocking dipole (Figs. 11a,b). This can explain why

the observed North Atlantic blocking dipole shows a

strong meridional asymmetry and a NW–SE orien-

tation (Fig. 2a). To test the sensitivity of our results to

different background zonal winds, we also calculated

FIG. 11. As in Fig. 8, but for U5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg, u0 5 0:7, Du5 0:2, g5 0:1, y0 5 1:5, and y1 5 3.
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the case of U5 u0 1Due2g(y2y0)
2

for g. 0. A similar

result is found (not shown).

The above results clearly reveal that the north–

south asymmetry of the eddy-driven dipole blocking

is significantly influenced by the meridional distri-

bution of the background zonal wind. More specifi-

cally, weak (strong) background westerly winds in

the higher (lower) latitudes favor a NW–SE-oriented

dipole blocking with a strong anticyclonic anomaly to

the northwest and a weak cyclonic anomaly to the

southeast of the central latitude of the blocking re-

gion because of reduced (enhanced) energy disper-

sion and increased (decreased) nonlinearity in the

higher (lower) latitudes.

b. The physical cause of dipole blocking with a
weak anticyclonic anomaly and a strong cyclonic
anomaly

Here, we still assume that the mathematical form of back-

ground zonal wind is same as U5 u0 1Due2g(y2y0)
2

3

cosf[2p/(Ly 1 y1)]yg, but allow the background zonal

winds to be strong in higher latitudes. For Du520:2

of U5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg with the

other parameters described in Fig. 11a, the instanta-

neous cP, cB, c
0, and cT fields of an eddy-driven dipole

blocking event and the variations of correspondingU, Dv,

PVy, Cg, l, and d with the latitude are shown in Figs. 16

and 17, respectively. It is seen that the eddy-driven blocking

FIG. 12. (top)Meridional distributions of (a)U, (b) Dv, (c) PVy, (d)Cg, (e) l, and (f) d for three cases: Du5 0 (dot–

dashed line), 0.1 (long-dashed line), and 0.2 (solid line) of U5u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg, u0 5 0:7,

g5 0:1, y0 5 1:5, and y1 5 3. (bottom) Time series of (g) daily blocking dipole amplitude cD and (h) asymmetry

cA [cA 5 j(cB)Maxj2 j(cB)Minj] during the blocking life cycle for Du 5 0 (dot–dashed line), 0.1 (long-dashed line),

and 0.2 (solid line). The dotted line in (a)–(f) denotes the central latitude of y 5 2.5.
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shows a southwest–northeast (SW–NE)-oriented dipole

pattern with a weak anticyclonic anomaly and a strong

cyclonic anomaly (Figs. 16a,b), because the energy disper-

sion of the blocking is intensified and its nonlinearity is

weakened in higher latitudes (Figs. 17e,f) as the

westerly jet is shifted to higher latitudes (Fig. 17a).

Obviously, the north–south asymmetry of blocking

dipole is attributed to the meridional asymmetries of

its energy dispersion and nonlinearity (Figs. 17e,f)

because of the meridional asymmetry of U and PVy

(Figs. 17a,c).

It is also noted that the synoptic-scale eddies are split

into two branches, in which the northern branch moves

eastward faster than the southern one (Fig. 16c). For

this case, a SW–NE-oriented meandering westerly jet

stream is seen in the total field (Fig. 16d). The SW–NE

orientation of the blocking dipole (Fig. 16b) can be ex-

plained by its rapid (slow) eastward movement in higher

(lower) latitudes in terms of CNP (not shown).

While the blocking asymmetry for Du520:2

(Fig. 17h) has the same amplitude as that for Du5
0:2 (Fig. 12h), they have opposite signs. Here we find

that the persistence and strength of dipole blocking is

not strongly influenced by the magnitude of Du from

Du5 0:2 to Du520:2, even though the amplitude of

the northern pole is different. A possible cause of it is

that the change of the meridionally averaged PVy is

small between Du5 0:2 and Du520:2.

The above results reveal that while the magnitude of

the meridionally averaged PVy is important for the

persistence and strength of dipole blocking, the merid-

ional distribution of the background zonal winds can

FIG. 13. (top) Instantaneous (a) blocking wavy anomaly cB (CI5 0.2) and (b) total streamfunction cT (CI5 0.3)

fields of an eddy-driven dipole blocking. (bottom) Time series of (c) blocking intensity cD and (d) meridional

asymmetry cA for the initial amplitude of B(x, y, 0)5 0:4 exp[2s«2(y2 y0)
2] with y0 5 3:75 and the same pa-

rameters as in Fig. 11 for two cases with s5 2:0 (solid line) and s5 0 (dashed line).

AUGUST 2019 LUO ET AL . 2419

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 03/07/22 07:32 PM UTC



significantly affect the north–south asymmetry of the

eddy-driven dipole blocking through different meridio-

nal distributions of the movement speed, energy dis-

persion, and nonlinearity related to the meridional

distribution of PVy. The blocking asymmetry becomes

more evident when the background zonal winds have

a stronger asymmetric jetlike structure shifting from

higher to lower latitudes or conversely.

5. Impacts of background zonal wind and its
nonuniform meridional shear on the blocking
dipole

As we have noted above, the change of PVy 5b2
Uyy 1FU is mainly influenced by U and Uyy for a fixed

b. Thus, to examine the different effects of the background

zonal wind U and its nonuniform shear Uyy on the eddy-

driven dipole blocking, we consider two cases: one is

PVy 5b1FU without Uyy and another is PVy 5 b2Uyy

without the background zonal wind strength U.

ForU5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]ygwith the
same parameters as in Fig. 11, we show the planetary-

scale streamfunction (cP) field of the eddy-driven dipole

blocking and its intensity cD and asymmetry cA in

Fig. 18. It is seen that the blocking dipole has larger

amplitude and longer lifetimes for PVy 5b2Uyy

(Fig. 18b) than for PVy 5b1FU (Fig. 18a). The

blocking moves eastward for PVy 5b2Uyy (Fig. 18b),

but westward for PVy 5b1FU (Fig. 18a). Because

the presence ofU (Uyy) tends to enhance (reduce) the PV

gradient for Uyy . 0, the role of Uyy . 0 can increase the

FIG. 14. (a) Meridional distribution of the linear phase speed Cp of the dipole blocking. (b),(c) Time–latitude

evolution of (b) blocking-induced westward speed CN and (c) nonlinear phase speed CNP of eddy-driven dipole

blocking in a given background zonal wind U shown in Fig. 11, where CNP 5Cp 1CN . The blocking dipole moves

with the speed of CNP and the dotted line denotes the central latitude of y 5 2.5.
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FIG. 15. Time sequences of the blocking wave packet amplitude jB(x, y, t)j of an
eddy-driven dipole blocking for givenbackground zonalwinds: (a)U5u0 1Du cos(my)

with u0 5 0:7 and Du5 0:2 and (b) U5u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg with

u0 5 0:7, Du5 0:2, g5 0:1, y0 5 1:5, and y1 5 3.
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lifetime and eastward movement of dipole blocking com-

pared to the effect of weakened U. In other words, the

nonuniform meridional shear of the background zonal

wind is more important for the intensity, movement and

persistence time of dipole blocking than under this U dis-

tribution (Fig. 12a). This can be further seen from the time

variation of the strength of dipole blocking as shown in

Fig. 18c, while the difference of the meridional asymmetry

of blocking dipole between the two cases is less distinct

before the blocking decay (Fig. 18d). The above result also

holds for other types of background zonal winds and is

insensitive to the different choice of F (not shown). It

is worth pointing out that when the Barents–Kara Seas

experience a large warming, the change of Uyy may be

much larger than the change in the strength of U in some

regions (Luo et al. 2018). Thus, the magnitude of PVy is a

more appropriate indicator of the blocking change, espe-

cially for detecting omega-type blocking events, than U

because PVy combines Uyy and U into a single index.

6. Conclusions and discussion

In this paper, an extended the nonlinear multiscale

interaction (NMI) or ENMI model of blocking events

including slowly varying background zonal winds is used

to examine how the meridional distribution of the

FIG. 16. As in Fig. 11, but for U5u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg with u0 5 0:7, Du520:2, g5 0:1, y0 5 1:5, and y1 5 3.
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background zonal winds affect the lifetime, strength and

north–south asymmetry of the subsequent eddy-driven

dipole blocking. In this ENMI model, the atmospheric

blocking may be understood as a nonlinear evolution of

a large-scale Rossby wave packet described by a forced

NLS equation under the forcing of preexisting synoptic-

scale eddies.Results of this study show that themeridional

distribution of the background zonal winds can signifi-

cantly influence the north–south asymmetry, persistence,

and amplitude of the eddy-driven dipole blocking through

changing the meridional distributions of its movement

speed, energy dispersion, and nonlinearity. It is shown that

the meridional gradient of the potential vorticity (PVy ’
b2Uyy1 FU), which combines the effects of background

zonal wind and its nonuniform meridional shear, is a

better metric than the zonal wind U itself for quantifying

the influence of the background zonal wind on an eddy-

driven dipole blocking. Moreover, the blocking system

satisfies the linear energy dispersion–nonlinearity strength

inverse relation rule. A low-PVy environment has low

energy dispersion, strong nonlinearity, and long-lived

eddy forcing especially in high latitudes and in weak

background westerly wind regions, which leads to a long

lifetime and a large amplitude for the eddy-driven dipole

blocking. In this extended NMI model, the energy dis-

persion and nonlinearity strength of the blocking system is

mainly associated with PVy, while its movement speed is

influenced by the background zonal wind, PVy, and the

blocking amplitude. Under some certain assumptions,

dipole blocking with a longer lifetime or weaker energy

FIG. 17. (top) Variations of (a)U, (b) Dv, (c) PVy, (d) Cg, (e) l, and (f) d with y. (bottom) Time variations of the

(g) blocking amplitude cD and (h) asymmetry cA during the blocking cycle for three cases: Du 5 0 (dot–dashed

line), 20.1 (long-dashed line) and 20.2 (solid line) of U5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg with u0 5 0:7,

g5 0:1, y0 5 1:5, and y1 5 3. The dotted line in (a)–(f) denotes the central latitude of y 5 2.5.
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dispersion requires that the blocking amplitude cannot be

too large or the background PVy cannot be too small.

When the background jet has a double-branch structure,

the lifetime of blocking is lengthened compared to the ef-

fect of uniformwesterly winds. Especially, when the core of

the background jet shifts from higher to lower latitudes, the

energy dispersion (nonlinearity) of the blocking dipole is

weakened (intensified) because of reduced PV gradient in

higher latitudes. In this case, the northern pole of the dipole

blocking can be maintained and undergo an accelerated

westward movement because of its large amplitude and

the weak westerly wind. In contrast, the energy dispersion

(nonlinearity) of the lower-latitude part of the blocking

system is intensified (reduced) because of increased PVy, so

that the southern pole disperses its energy rapidly and has

small amplitude. As a result, the blocking dipole inevita-

bly shows a strong NW–SE-oriented asymmetric dipole

with a strong anticyclonic anomaly to the northwest

and a weak cyclonic anomaly to the southeast. However,

a strong NE–SW-oriented asymmetric dipole blocking

with a weak anticyclonic anomaly to the northeast and a

strong cyclonic anomaly to the southwest is seen when

the background jet shifts from lower to higher latitudes.

The NW–SE (NE–SW) orientation of this asymmetric

FIG. 18. (top) Instantaneous fields of planetary-scale streamfunction cP (CI 5 0.15) during the life cycle of an eddy-driven dipole

blocking for (a) PVy 5b1FU and (b) PVy 5b2Uyy withU5 u0 1Due2g(y2y0)
2

cosf[2p/(Ly 1 y1)]yg, u0 5 0:7,Du5 0:2, g5 0:1, y0 5 1:5,

and y1 5 3. (bottom) Temporal variations of the (c) amplitude cD and (d) asymmetry cA of an eddy-driven dipole blocking during its life

cycle for PVy 5b1FU (dashed line) and PVy 5b2Uyy (solid line).
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blocking dipole can be explained in terms of the meridio-

nal profile of the nonlinear phase speed (the moving

speed) of the dipole blocking, since the nonlinear phase

speed is related to the meridional distributions of the

background zonal wind, PVy and the blocking amplitude.

While themeridional distribution of the background zonal

wind can significantly influence the meridional asymmetry

of the blocking dipole, the magnitude of the meridionally

averaged PVy, which is related to the background zonal

winds, is crucial for the lifetime and strength of the dipole

blocking. We also found that in PVy ’ b2 Uyy 1 FU the

nonuniform meridional shear of the background zonal

windsUyy is more important for the intensity, movement,

and lifetime of the dipole blocking than the weakened

background zonal wind strengthU. These are new findings

not shown by previous studies, including Luo et al. (2014).

Of course, based on the magnitude and spatial distribution

of PVy, we may design an index to describe how the back-

ground condition affects the duration and movement of

blocking. This provides a useful tool for examining how

Arctic warming influences atmospheric blocking and mid-

latitude cold extremes through changing the background

westerly wind and PVy in the mid- to high latitudes.

It must be pointed out that in this extended NMI

model, we have neglected the nonuniform distribution

of the background zonal winds in the zonal direction and

the role of background meridional wind. If the zonal non-

uniformity of the PV gradient is considered, the extended

NMI model may be used to explain why teleconnection

wave trains such as the Pacific–North American (PNA)

pattern are often formed in the North Pacific and North

America, but a localized dipole mode such as the North

Atlantic Oscillation (NAO) is usually generated in the

NorthAtlantic. This problemwill be further investigated in

the future study.
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APPENDIX A

Coefficients of Deformed Eddies in Eq. (2g)

The following equations define the coefficients of

deformed eddies in Eq. (2g).
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APPENDIX B

Coefficients of the Nonlinearity Strength and
Preexisting Eddy Forcing in Eq. (2h)

The following equations define the coefficients of the

nonlinearity strength and preexisting eddy forcing in

Eq. (2h).
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There is an incorrect writing in the equation ofG in appendix B in Luo et al. (2019) and also in Luo

et al. (2018) because of a typographic error, although the results are not affected. The equation of G
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The authors regret any inconvenience this error may have caused.
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