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ABSTRACT

Winter atmospheric blocking circulations such as Ural blocking (UB) have been recognized to play an
important role in recent winter Eurasian cooling. Observational analyses performed here reveal that the
winter warming in the Barents—Kara Seas (BKS) related to the recent decline of sea ice concentration (SIC)
has been accompanied by a large increase in the mean duration of the UB events. A new energy dispersion
index (EDI) is designed to help reveal the physics behind this association and show how the BKS warming can
influence the mean duration of UB events. This EDI mainly reflects the role of the meridional potential
vorticity (PV) gradient in the blocking persistence and it characterizes the changes in energy dispersion and
nonlinearity strength of blocking. The meridional PV gradient combines the relative vorticity gradient (re-
lated to the nonuniform meridional shear of the mean zonal wind) and the mean zonal wind strength. It is
revealed that the BKS warming leads to a significant lengthening of the UB duration because of weakened
energy dispersion and intensified nonlinearity of the UB through reduced meridional PV gradient. Fur-
thermore, the duration of the UB is found to depend more strongly on the meridional PV gradient than the
mean westerly wind strength, although the meridional PV gradient includes the effect of mean westerly wind
strength. Thus, the meridional PV gradient is a better indicator of the change in the blocking duration related
to Arctic warming than the zonal wind strength index.

1. Introduction warming through changes in atmospheric circulations
(Overland et al. 2011; Outten and Esau 2012; Screen and
Simmonds 2013; Cohen et al. 2014; Mori et al. 2014;
Vihma 2014; Simmonds and Govekar 2014; Kug et al.
2015; Luo et al. 2016a,b; Shepherd 2016; Yao et al. 2017).

Atmospheric blocking is a quasi-stationary midlatitude
large-scale circulation pattern with a lifetime of 10-20 days
(Diao et al. 2006). It has been recognized to play a key role
in transporting cold air from high to middle latitudes,
thus affecting short-term weather and climate in the mid-
to-high latitudes (Rex 1950; Scherrer et al. 2006; Tyrlis and
Hoskins 2008). Thus, establishing a link between northern
midlatitude blocking and Arctic warming is key for un-
derstanding how the Arctic warming and SIC decline
Corresponding author: Dr. Dehai Luo, ldh@mail.iap.ac.cn affect midlatitude cold extremes (Cohen et al. 2014).

In the past three decades, the winter sea ice concen-
tration (SIC) in the Arctic, especially in the Barents—Kara
Seas (BKS), has undergone a rapid decline (Stroeve et al.
2005; Comiso 2006; Francis and Hunter 2007; Serreze
et al. 2007; Simmonds 2015), which often corresponds to
a large Arctic warming (Graversen et al. 2008; Overland
et al. 2008; Screen and Simmonds 2010). In recent years,
the impact of the SIC decline and Arctic warming on
midlatitude atmospheric circulations has become an im-
portant research topic because continental cold anomalies
are often linked to the winter Arctic sea ice loss or Arctic
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Previously, numerous one-dimensional (1D) and two-
dimensional (2D) blocking indices have been used
to examine climatological features of atmospheric blocking
activities (Dole and Gordon 1983; Tibaldi and Molteni
1990; Diao et al. 2006; Scherrer et al. 2006; Anderson et al.
2017). However, how the midlatitude blocking is linked to
Arctic warming during the recent decades is still an open
question, although the enhanced Arctic warming is ex-
pected to weaken meridional temperature gradients, which
may weaken midlatitude westerlies (Yao et al. 2017) and
midlatitude jet streams (Newson 1973; Francis and
Vavrus 2012, 2015; Barnes and Screen 2015; Hassanzadeh
and Kuang 2015). These changes are expected to have
substantial impacts on midlatitude blocking.

Newson (1973) was the first to use a numerical model
experiment to suggest that the ice-free Arctic can in-
crease the incidence of blocking events due to the re-
duced westerly winds caused by weakened temperature
gradients associated with enhanced Arctic warming.
More recently, a series of studies indicated that winter
Artic warming can influence the planetary waves and
the Arctic Oscillation (AO) through changes in the
westerlies (Murray and Simmonds 1995; Francis and
Vavrus 2012, 2015; Walsh 2014; Semenov and Latif 2015;
Hassanzadeh and Kuang 2015). In particular Francis
and Vavrus (2012, 2015) and Walsh (2014) suggested
that the recent Arctic warming tends to slow down the
zonal winds and promote the meandering of a westerly
jet and thus enhance meridional winds. In essence, the
meandering westerly jet corresponds to a blocking flow
and thus the previous work on blocking can be applied to
this case (Luo 2000, 2005; Luo and Li 2000; Luo et al.
2014). In fact, the Arctic warming changes not only the
strength of the mid-tohigh-latitude mean zonal wind
(Francis and Vavrus 2015) but also its spatial structure
(Luo et al. 2016a; Yao et al. 2017). However, it is unclear
whether the change in the spatial structure (e.g., non-
uniform meridional shear) of mean westerly winds re-
lated to Arctic warming is important for changes in the
blocking duration and frequency, although the weak-
ening of the midlatitude zonal wind strength appears to
be an important element for blocking maintenance
(Newson 1973; Francis and Vavrus 2015; Yao et al.
2017). Thus, evaluating the relative contributions of the
strength and nonuniform meridional shear of the mean
westerly wind associated with Arctic warming to the
blocking duration change can improve understanding of
the impact of Arctic warming on midlatitude weather.
Recently, Luo et al. (2016a) found that an atmospheric
response to the winter BKS SIC decline or warming is
manifested as a large-scale wave train that is comprised
of Ural blocking (UB) and the positive phase of the
North Atlantic Oscillation (NAO™). This suggests that
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the BKS warming likely favors persistent and quasi-
stationary UB events (Yao et al. 2017). However, how
the winter BKS warming changes the mean duration of
the UB events has not been quantified to date. Specifi-
cally, it is unclear which physical processes dominate the
influence of the BKS warming on the duration of the
UB. In this paper we present a new approach aimed at
revealing why the BKS warming associated with the sea
ice decline can prolong the lifetime of UB events via the
construction and analysis of a new circulation index.

This paper is organized as follows: In section 2, we
describe the data, index, and method. We also describe a
nonlinear multiscale interaction model to motivate us to
put forward an energy dispersion perspective. In section 3,
the energy dispersion of the blocking in a slowly varying
nonzonal flow is described using the linear potential vor-
ticity (PV) equation. The results on the roles of reduced
meridional PV gradient and mid-to-high-latitude zonal
wind strength in the lengthening of the UB duration are
presented in section 4. The conclusion and discussions
are summarized in the final section.

2. Data, index, and method
a. Data and identification method of blocking events

Winter [December—February (DJF)] daily atmospheric
and sea ice data were taken from the ERA-Interim on a
2.5° X 2.5° grid (Dee et al. 2011). The variables we used
include SIC, surface air temperature (SAT), 500-hPa ge-
opotential height (Z500), and horizontal winds for the
period from December 1979-February 1980 to December
2016-February 2017 (1979-2016). The anomaly of each
variable at each grid point is defined as its deviation from
the 1979-2016 mean for each calendar day.

We used the one-dimensional blocking index developed
by Tibaldi and Molteni (1990) (TM) to identify blocking
events. The TM index is based on the reversal of the Z500
gradients: GHGS = [Z500(¢) — Z500(dg))/(dy — ¢s)
and GHGN = [Z500(¢y) — Z500(¢y))/(dy — by) at
three specific latitudes: ¢g = 60°N + A, ¢ = 80°N + A,
and ¢5 = 40°N + A for A = —5°, 0° and 5° latitude. A
large-scale blocking is defined if there are GHGS > 0 and
GHGN < —10gpm (°lat)"! for any one of the three
values of A, and they persist for at least three consecutive
days (a 3-day threshold). The same blocking definition
can also be made for at least five consecutive days or a
5-day threshold. A blocking event is identified as an UB
if it occurs within the 30°-90°E longitudinal sector. In this
paper, the 3- and 5-day thresholds are used to identify
UB events to make a comparison, though the frequency
of blocking events is lower for the 5-day threshold, as
mentioned in Scherrer et al. (2006). Moreover, because
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the TM index cannot better reflect the length of blocking
duration (10-20 days), we will quantify the duration
of a blocking event using its domain-averaged height
anomaly. Specifically, we define the duration of an UB
event as the number of days when the daily Z500
anomaly averaged over the region 55°-75°N, 30°-90°E
exceeds 80 gpm during its life cycle. In addition, we used
the 2D blocking index, the absolute geopotential height
(AGP) index suggested by Scherrer et al. (2006), to
examine the sensitivity of our results to different
blocking indices. For comparison, the UB events are
also identified using the 5-day threshold of the AGP
index in the region of 50°-75°N, 30°-90°E.

b. A nonlinear multiscale interaction model of
blocking events

Many previous studies have indicated that the forcing of
transient synoptic-scale eddies plays an important role in
the blocking maintenance (Berggren et al. 1949; Shutts
1983; Illari and Marshall 1983; Hoskins et al. 1983; Vautard
and Legras 1988). Because earlier theoretical models
(Charney and DeVore 1979; McWilliams 1980) could only
describe the time-mean structure of blocking patterns and
failed to depict the life cycle of a blocking event, it is difficult
to use these models to examine how Arctic warming may
change blocking duration, strength, and movement. Luo
(2000, 2005), Luo and Li (2000), and Luo et al. (2014)
proposed and developed a nonlinear multiscale interaction
(NMI) model to describe the life cycle of a blocking dipole
with a 10-20-day time scale by considering the blocking—
eddy interaction. Although this NMI model is highly ide-
alized and only considers a uniform westerly wind prior to
the block onset, it still provides an efficient tool for further
examining how Arctic warming may affect the blocking. In
this NMI model, the blocking is mainly driven by preex-
isting incident synoptic-scale eddies upstream, even though
some of the blocking events arise from the propagation of
upstream planetary wave trains (Luo et al. 2016b). Actually,
this NMI model can also describe the formation of wave
train—induced blocking even in the absence of preexisting
synoptic eddies. Because the blocking has an approximate
barotropic structure, the barotropic PV equation, which has
been also widely used to explore the blocking dynamics
(Charney and DeVore 1979; McWilliams 1980), may be
used to examine our problem. In this paper, we use the
barotropic NMI model and neglect the effect of vertical
shear of mean zonal winds or baroclinicity on blocking.
Thus, it is useful to briefly describe the analytical solution of
this NMI model to motivate our new perspective on how
Arctic warming may change blocking. Under a prior uni-
form westerly wind u, the analytical solution of the non-
dimensional planetary-scale field i), (i.e., barotropic
streamfunction) of an eddy-driven blocking from the
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barotropic PV equation of the NMI model, scaled by
the characteristic wind speed U = 10ms™' and length
L = 1000 km, in a B-plane channel can be obtained as (Luo
and Li 2000; Luo 2005; Luo et al. 2014, 2018)

d’P:_uoy—i_dj%_u()y—i_lJlB—i_dfm» (13)
v, =B /% expli(kx — of)] sin(my) + cc,  (1b)
y
W, = —|B|2 Z q,8, cos(n + 1/2)my, and (1c)
n=1
2
i(By %8 +AQ+6|B|ZB
ot 8ox ox?
+ Gf} exp[—i(Akx + Awt)] =0, (1d)

where o = kC,, C, = uy — (B + Fup)/(k* + m*> + F),
|B* = BB*, and C, = dwlok = uy — (B + Fuo)(m?® +
F — K)I(K> + m* + F)*, X = [3(m?® + F) — k*)(B +
Fuo)k/(k* + m* + F)? is the linear dispersion term;
8 = 6n/(B + Fug) is the nonlinearity strength of the
blocking with 8 > 0 (see the appendix); i is the stream-
function anomaly of the blocking; i, is the streamfunction
of the mean westerly wind change; B is the blocking
amplitude with a complex conjugate B*; 3 is the nondi-
mensional meridional gradient of the Coriolis parame-
ter; cc denotes the conjugate of its preceding term;
F = (L/R,)*, where R, is the radius of Rossby deforma-
tion; k and m are the zonal and meridional wavenumbers
of the blocking anomaly, respectively; f; is the amplitude
distribution of preexisting incident synoptic-scale eddies;
and L, is the width of the 8-plane channel. Note that 6 of
o is given in the appendix and the mathematical expres-
sions of G, Aw, and Ak can be found in Luo et al. (2018).

While the blocking is generated by the forcing of
synoptic-scale eddies (Berggren et al. 1949; Shutts 1983), the
blocking anomaly ¢/ can be described by a linear barotropic
PV equation to the first-order approximation (Luo and Li
2000; Luo 2005), and its amplitude B satisfies the nonlinear
Schrodinger equation [Eq. (1d)]. Although the numerical
solution of Eq. (1d) can give the time evolution of a blocking
pattern for a given initial condition and parameters (Luo
2005; Luo et al. 2014), here we do not seek the evolution
solution of a blocking, instead we only use Egs. (1a)-(1d) to
construct our energy dispersion perspective.

c. The energy dispersion and nonlinearity of blocking
and their link to the north—south PV gradient

We see in Eq. (1) that C, = w/k is the phase speed, and
C, is the group velocity of the blocking if the wave am-
plitude represents the energy of blocking. We also note that
the linear dispersion term A is proportional to 8 + Fuy, but
the nonlinearity strength 6 is proportional to 1/(8 + Fu).
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It is easy to show that A9?B/ax* and §|B|B are
small, and i(8B/dt + C,dB/dx) ~ 0 in the absence of eddy
forcing when B and its higher-order variation are small.
Under such a condition, which is satisfied in a linear
framework or during the early period prior to blocking
onset, the blocking anomaly has a solution of 5z =
B(x — C,t)\/2/L, explik(x — Cyt)]sin(my) + cc.  This
allows us to examine whether the blocking system
will have a strong or weak dispersion if the magnitude of
C,— C, can be known. The blocking is nearly non-
dispersive and long-lived if there is C, = C,, even when it
is amplified by the eddy forcing (Luo 2000). Thus, it is
concluded that whether the blocking system has a weak
dispersion or a long lifetime is mainly determined by the
difference between its C, and C, (Cyp = C, — C,). We
obtain Cy, = C, — C, = 2k*(B + Fup)/(k* + m* + F)* for
a uniform background westerly wind u.

In the real atmosphere, the mean westerly wind is
usually slowly varying in the meridional direction. Thus,
here we extend our NMI model to the case of a slowly
varying zonal flow. For a given slowly varying zonal flow
U, the B term is modified as 8 — 9>U/dy* by the non-
uniform meridional shear 9? U/dy? of the basic zonal flow
U. In this case, B + Fuy in the coefficients of Eq. (1d)
should be replaced by 8 — 9>U/dy* + FU and u, should
be replaced by U. Because the meridional PV gradient
PV, = dPV/ay = B — 9*U/ay* + FU for a slowly varying
zonal flow U, then C,, C,, A, and 8 in Egs. (1a)-(1d)
should be C,=U-PV,/(K>+m’>+F), C,=U-~-
PV, (m> + F — I2)/(k* + m> + F)*, A = PV, [3(m> + F) —
K*k/(k* + m* + F)’, and 6 = 8y/PV,. For this case, one
can also obtain Cy, = 2k*PV,/(k? + m* + F) under such a
condition.

It is further found that A and C,, are proportional to
PV,, but é is proportional to 1/PV, for PV, # 0 in a
nonlinear framework. On this basis, we can understand
whether the blocking system has a weak dispersion
and a strong nonlinearity or a long lifetime if PV, can
be known for a given slowly varying zonal flow prior to
the blocking onset. Thus, the magnitude of PV, de-
termined by the background flow prior to the blocking
onset may be used as a measure of the blocking dura-
tion, as it determines C,,, which in turn controls the
energy dispersion rate and the lifetime of a blocking
event as stated above.

It should be pointed out that because PV, = 8 + Fu,
for a uniform background westerly wind uy, PV, is
small and the blocking can maintain its long lifetime in
higher latitudes or in weaker westerly wind regions
because of B or uj being small. This may explain why
blocking events tend to occur in higher latitudes (Yeh
1949) or in the regions with weak zonal winds such as
Eurasia. However, under some conditions, the decrease
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in the nonuniform meridional shear — a2 U/dy? of the zonal
wind seems to be more important for the weakening of
PV, than the reduction in mean westerly wind strength, as
noted below. This suggests that the nonuniform meridi-
onal shear of the zonal wind is important for the energy
dispersion of blocking and its lifetime. In particular, the
blocking will have weak dispersion and strong non-
linearity, and hence a long lifetime when PV, is small. To
some extent, the small PV gradient may be considered as
a weak PV barrier that favors cold-air intrusion from the
Arctic to midlatitudes through increasing the blocking
persistence.

Previously, Francis and Vavrus (2012) and Walsh (2014)
argued that the Arctic warming could slow down the plan-
etary waves because of the weakening of mean westerly wind
strength through reduced meridional temperature gradi-
ent based on the phase speed of linear Rossby waves like
C, = U — B/(k* + m?), although a clear slowdown of the
midlatitude jet stream and westerlies is not evident in
observations or future model projections (Barnes and
Polvani 2015; Barnes and Screen 2015). However, the
slowing down of the planetary wave or blocking does
not imply that it has a long lifetime. In this paper, we
emphasize that the magnitude of PV, is crucial for the
lifetime of blocking. Below, we will indicate that the
Arctic warming can change the duration of blocking
through changing the magnitude of PV, associated
with the strength and horizontal structure of mean
westerly winds.

3. Effects of Arctic warming on blocking: An
energy dispersion perspective

It is suggested (e.g., Francis and Vavrus 2012; Walsh 2014)
that mid-to-high-latitude winds may become less zonal with
more meridional flows as the Arctic warming occurs under
rising greenhouse gases (GHGs). Here, we will evaluate the
effect of meridional flows on the blocking duration by in-
cluding meridional winds in the PV equation. As revealed
above, because Cgp, A, and nonlinearity 6 show opposite
variations with PV, it is sufficient to calculate C,, only (in-
stead of both A and §) in a slowly varying nonzonal flow to
reflect the changes in the nonlinearity and dispersion of a
blocking system. As demonstrated by Luo (2005), the
blocking anomaly satisfies a linear PV equation to the first-
order approximation, while the amplitude of the blocking
anomaly is shown to satisfy a nonlinear Schrodinger equation
that is derived from high-order approximation equations.
Thus, here we may still use a linear PV equation to derive the
mathematical expression of Cy, in a slowly varying nonzonal
flow. For a blocking perturbation superimposed on a slowly
varying nonzonal flow (U, V), the nondimensional linear
barotropic vorticity equation is expressed as
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9 d d 2
( +U—+V@)(V¢ Fy')

ot ax

oy oy
+(§y+FU)5+(VF §x)@—0, (2)
where ¢/ is the perturbation streamfunction, F is the
same as defined above, {, =B + O, is the meridional
gradient of the nondimensional absolute vorticity { =
By + O withrespect to y,and {, = Q is its zonal gradient
with respect tox. Here Q = 9V/ox — dU/dy is the relative
vorticity, and the mean streamfunction ¢ satisfies U =
—adyl/dy and V = d/ox, where U and V are the mean

zonal and meridional winds, respectively.

Using the Wentzel-Kramers-Brillouin (WKB) method
(Nayfeh 2000), from Eq. (2) it is easy to obtain the dis-
persion relation of a blocking perturbation with a wave-
form of exp[i(kx + my — wt)] for an infinite B-plane
approximation as

(&, + FUk+ (FV = )m

= + —
©=kU+mV K+m2+F

)

In a barotropic atmosphere without forcing, because
the PV can be expressed as PV = ¢ — Fiy =By + O — Fy,
we can have PV, =8+ Q, + FU and PV, =Q, — FV.
Thus, it is found that the PV gradients are not only related
to the absolute or relative vorticity gradients, but also
horizontal winds. As noted above, whether the blocking
strongly disperses its energy depends on the difference
between its group velocity C, = dw/dk and phase speed
C, = w/k. Thus, the energy dispersion of the blocking can
be characterized by

m 2K°PV
(k> +m? + F)’
2 2
_Mpy (Bk*+m +F2).
k= “(k*+m?+F)
It is found that the mathematical expression of C,,
reduces to the case of a slowly varying zonal flow U as

presented above when both V and PV, are small. Given
this form, it is helpful to define

2
<V> + Lz
(k2 +m? +F)
Bk2+m?+F)
(k? + m2 + F)’ PV

(Cp) =~ (PV)

mn
k

_m
k

as a measure of domain-averaged energy dispersion to
characterize the change of the blocking duration related
to Arctic warming, where the angle brackets denote a
domain average over a region within the blocking and its

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/01/21 04:45 PM UTC

LUO ET AL.

7665

adjacent region. Because the magnitude of (C,,) reflects
the energy dispersion of blocking and thus the length of
the blocking duration, (C,,) suggests that the blocking
duration is related to not only the meridional and zonal
gradients of the PV, but also the meridional wind.
However, because (V)~0 and (PV,)~0, as we shall
establish below, (C,,) can be further approximated as
(Cgp) = 2K2(PV )/(K> + m? + F)*. Correspondingly, we
can also have (C,) ~ (U) — (PV,)/(k* + m* + F). These
expressions show that the energy dispersion of the
blocking is proportional to (PV,), whereas its movement
depends on both the zonal wind strength and (PV,). In
this case, we can define a simplified domain-averaged
energy dispersion index (EDI), EDI = (PV,). Hence,
the simple model results suggest that the blocking du-
ration is mainly determined by (PV,).

In fact, the meridional PV gradient reflects the com-
bination of the meridional relative vorticity gradient and
the zonal wind strength because PV, =g+ 0O, + FU.
Thus, the Arctic warming influences the meridional PV
gradient likely through changing the zonal winds in
strength and horizontal structure (or meridional in-
homogeneity). But previous studies only considered the
effect of the mean zonal wind strength change (Newson
1973; Francis and Vavrus 2015; Yao et al. 2017). Because
there is PV, ~ B — d*U/dy* + FU for a slowly varying
zonal flow U, we conclude that 9>U/dy? can play a more
important role in the blocking duration change when
U is weaker. This condition is easily satisfied in the
Eurasian mid-to-high latitudes where the zonal winds
are often weak (Yao et al. 2017). In fact, the occurrence
of blocking requires a weak background westerly wind
(Luo et al. 2014). It is also found that the PV, is mainly
determined by the strength of zonal winds only when
|0>U/ay*| < |FU|. This case corresponds to a strong PV,
and hence a strong energy dispersion, which occurs in
the strong westerly wind regions of North Pacific and
North Atlantic midlatitudes and suppresses atmospheric
blocking as a barrier. However, over Eurasia, the mean
zonal wind (U) is relatively weak and the 8> U/dy? term
cannot be neglected. Thus, the physical meaning of this
EDI is different from the previous index of Francis and
Vavrus (2012, 2015), who only emphasized the role of
the wind strength change. In contrast, our EDI = (PV,)
considers the combined effect of the mean zonal wind
strength and the nonuniform meridional shear of the
mean zonal wind that may be altered by Arctic warming.

4. Results
a. Impact of warming in BKS on the duration of UB

Because the strongest warming in winter occurs in the
BKS as a result of large SIC loss (Luo et al. 2016a), in
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FIG. 1. Time series of the normalized winter-mean SIC (blue) and SAT (red) anomalies
averaged over the BKS (65°-85°N, 30°-90°E) for (a) nondetrended and (b) detrended data,
where the circles and asterisks denote +5 STD. (c¢) Regressed Z500 [contour interval (CI) =
5 gpm STD '] and SAT (color shading; K STD ') anomalies against the detrended BKS SIC
time series during 1979-2016; and (d) regressed Z500 (CI = 5 gpm STD ') and SIC (color
shading; % STD ') anomalies against the time series of the detrended SAT anomaly aver-

aged over the BKS.

this study we focus on examining the link between the
BKS warming and UB. Here, we first establish a con-
nection between the BKS SIC decline and warming and
show in Figs. 1a and 1b the time series of the winter-
mean SIC and SAT anomalies averaged over the BKS
region (65°-85°N, 30°-90°E) for nondetrended (Fig. 1a)
and detrended (Fig. 1b) data. While the domain-averaged
SIC in the BKS region has strong negative correlations
of —0.80 and —0.85 (p = 0.01) with the domain-averaged
SAT for detrended (Fig. 1b) and nondetrended (Fig. 1a)
data, the decreased trend of the BKS SIC is followed by
an increased trend of the BKS SAT (Fig. 1a). Some
studies indicated that the SIC loss can enhance the BKS
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warming through increased surface heat fluxes (Screen
and Simmonds 2010) even though the atmospheric cir-
culation pattern is absent. In Fig. 1c we show the re-
gressed fields of the DJF Z500 and SAT anomalies
against the DJF domain-averaged BKS SIC time series,
whereas Fig. 1d shows the regressed fields of DJF Z500
and SIC anomalies against the BKS SAT time series.
Figure 1 reveals that the BKS warming can correspond
to a SIC decline and an UB together witha NAO™ (Luo
etal. 2016a,b). Thus, the BKS warming related to the SIC
decline is accompanied by UB. However, it is unknown
whether and by how much the BKS warming changes the
duration of the UB.
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FIG. 2. Time-longitude evolution of composite daily Z500 anomalies averaged over the region 50°-75°N of UB
eventsin (a) cold and (b) warm BKS winters for the detrended data, where the thick black solid contour denotes the
value of 80 gpm. (c) Time series of the duration of UB events in winter during 1979-2016 identified with the 3- (blue
circle) and 5-day (red triangle) threshold TM indices and 5-day threshold AGP index (yellow dot).

While the UB and BKS warming are often coupled
together, we can investigate this further by looking at
the difference of the UB between warm and cold BKS
winters and changes in background conditions for
nonblocking events. The winters when the normalized
domain-averaged BKS SAT anomaly has a value equal
to or larger than 0.5 standard deviation (STD) are de-
fined as warm BKS winters, which include the 1979
(i.e., for December 1979-February 1980), 1980, 1982,
1983, 1994, 1999, 2004, 2005, 2007, 2011, and 2015
winters in Fig. 1b. Analogously, the cold BKS winters
are defined as SAT = —0.5 STD, and include the 1981,
1986, 1993, 1996, 1997, 1998, 2000, 2002, 2003, 2009,
2010, and 2014 winters.

During 1979-2016 winters, there are 58 (42) UB
events identified by the TM index with a 3-day (5 day)
duration threshold. But 35 UB events are identified
when the 5-day threshold AGP index of Scherrer et al.
(2006) is used. Below, we mainly use these UB events
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identified with a 3-day threshold TM index because the
5-day threshold easily leaves out short-lived blocking
events (Scherrer et al. 2006). We further find that there
are 20 (15) UB events in warm (cold) BKS winters for
the 3-day threshold TM index. But a comparison be-
tween the TM and AGP indices is based on a 5-day
duration threshold. Such a treatment has two advan-
tages: One is that we can compare the results of the TM
index between 3- and 5-day thresholds; and the other is
that we can compare the difference of the result between
1D and 2D blocking indices with the same duration
threshold.

We show the time-longitude evolution of the com-
posite Z500 anomalies averaged over 50°-75°N for the
15 and 20 UB events in cold (Fig. 2a) and warm (Fig. 2b)
BKS winters. The UB is less mobile and longer lasting in
the warm BKS winters (Fig. 2b) than in the cold winters
(Fig. 2a). Especially, the UB moves eastward during its
growing phase and westward during its decay phase and
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has a short lifetime during the cold BKS winter (Fig. 2a).
The calculation shows that the UB has a mean duration
of about 9 days in the cold BKS winters (Fig. 2a), com-
pared with 18 days in the warm winters (Fig. 2b). Thus,
an increase of about 100% in UB duration is a notable
characteristic associated with the BKS warming. This
result is also held even for nondetrended data (not
shown). On the other hand, it is seen that the duration of
UB was lower during the late 1980s and early 1990s than
in preceding and subsequent years (Fig. 2c). The low
duration of UB events in early 1990s sets the starting
point for a subsequent upward trend in UB duration
over a period that corresponds to BKS warming and SIC
decline after the 1990s (Figs. 1a,b). This strongly sug-
gests that the duration of UB depends on the BKS
warming related to SIC decline. However, how Arctic
warming may affect the duration of blocking is still un-
clear in previous studies (Luo et al. 2016a; Yao et al.
2017). Below we will demonstrate that a large increase in
the UB duration is mainly related to the reduction of the
meridional PV gradient induced by the BKS warming
prior to the block onset, although the prior zonal wind
strength can also influence the UB duration.

b. Role of BKS warming in the meridional PV
gradient and zonal wind changes

Although the BKS warming is associated with pro-
longed UB, we cannot infer a causal relationship. Re-
cent research (e.g., Luo et al. 2017; Lee et al. 2017) has
highlighted the role of the BKS moisture intrusion and
downward infrared radiation in these intricate connec-
tions. However, it is still unclear whether the BKS
warming leads to changes in the UB or the opposite.
This issue may be approached by examining if there are
warming and positive height anomalies in BKS when
the UB events are absent. Because the composite UB
mainly occurs during a life cycle from lag —10 to 10 days
around its peak (day 0; lag —10 or 10 day denotes the
10th day before or after the UB peak), the mean state
for nonblocking events can be obtained by excluding
blocking days from lag —10 to 10 days and calculating its
time mean. We show the winter-mean Z500 and SAT
anomalies in Figs. 3a and 3b for cold (Fig. 3a) and warm
(Fig. 3b) BKS winters for nonblocking events. Figures 3¢
and 3d show the corresponding DJF-mean SIC anoma-
lies in cold (Fig. 3c) and warm (Fig. 3d) BKS winters. Itis
found that positive temperature and height anomalies
are still apparent in the BKS region in the warm BKS
winters as a result of low SIC (Fig. 3d), even when the
blocking days are excluded. But for the cold BKS
winters only a negative height anomaly and cooling are
seen in the BKS (Fig. 3a) as a result of high SIC
(Fig. 3¢) for nonblocking events. This suggests that the
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BKS warming exists because of the SIC decline in the
absence of UB.

To some extent, the positive height anomaly and
warming in BKS can be considered as a prior back-
ground condition under which the UB is developed and
maintained. According to the PV theory of Hoskins et al.
(1985), the warm (cold) temperature anomaly corresponds
to a low (high) PV. Thus, it is speculated that the BKS
warming cannot only weaken the zonal winds through
reduced meridional temperature gradient (Newson
1973; Francis and Vavrus 2015; Yao et al. 2017), but
also reduce the meridional PV gradient as the PV de-
creases in high latitudes because of high-latitude
warming. Francis and Vavrus (2012, 2015) suggested
that the reduction of midlatitude zonal winds can slow
down the planetary waves. Here we further indicate
that while the decline in meridional PV gradient and
zonal winds can increase the UB duration, the reduced
meridional PV gradient seems more important for the
lengthening of the UB duration than the reduction of
the mean zonal wind strength.

To quantify how the BKS warming related to SIC
decline affects the UB through the change in the winter
background state, we calculate the DJF-mean PV gra-
dient and large-scale winds without blocking days for
cold and warm BKS winters and compare their differ-
ence. For a blocking flow, we take L~ R, (Luo et al.
2014), thus F = (L/R,)* ~ 1 in Eq. (1). We also calculate
the DJF mean U, V, Q,, PV,, and PV, while the geo-
strophic wind is used to compute the relative vorticity
g~radient 0, in §~y =B+0, of PV,={ +FU and
U =10ms ' and L = 1000km are used. Because there
is {,=B+Q,~B— U, prior to the blocking onset
where U,, = 9*U/dy?, it is useful to compare U and — U,
changes related to the BKS warming, while —U,, and U
are closely related to the meridional temperature gradi-
ent change. On the other hand, because U, represents the
meridional shear of the mean zonal wind, — Uy, reflects
the nonuniform distribution of the meridional shear and
is referred to as the nonuniform meridional shear of the
mean zonal wind hereafter. As a result, the meridional
PV gradient (PV, ~ B — U,, + FU) can reflect the com-
bined effect of the mean zonal wind strength and its
nonuniform meridional shear.

Figure 4 shows the DJF-mean U, V, —-U,,, Q,, PV,,
and PV, for the cold and warm BKS winters excluding
blocking days and also the warm minus cold winter
difference. It is noted that between 50° and 70°N, U,
—U,,, O,, and PV, are weaker east of 40°E in the warm
BKS winters (Figs. 4b,h,k,q) than in the cold winters
(Figs. 4a,g,j,p). This can be further seen from their dif-
ference fields (Figs. 4c,i,l,r). We also see that the me-
ridional wind V (Figs. 4d,e) and PV, (Figs. 4m,n) in the
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FIG. 3. Winter-mean detrended Z500 (CI = 10 gpm) and SAT (color shading) in (a) cold and (b) warm winters for
nonblocking events (blocking days from lag —10 to 10 days are excluded and lag 0 denotes the blocking peak day).
Winter-mean SIC anomaly in (c) cold and (d) warm winters for nonblocking events. The color shading represents
the region above the 95% confidence level for the two-sided Student’s ¢ test.

region from 40° to 100°E and from 50° to 70°N are much
smaller than the zonal wind U and PV, while V (PV,)
is increased (decreased) in the Eurasian high latitudes
for warm BKS winters (Figs. 4e,n). Such a feature can
clearly be seen from their warm minus cold winter dif-
ference (Figs. 4f,0). Because the UB originates from the
east of 60°E in warm BKS winters, the choice of the
average domain 55°-70°N, 40°-100°E is reasonable.
Furthermore, we can show that their regional mean
values of (V) and (PV,) averaged over the UB region
(55°=70°N, 40°-100°E) are —0.13 and 0.01 (0.01 and —0.14)
for the UB composite in cold (warm) BKS winters, re-
spectively, which are much smaller than (U) and (PV,)
with the values of 1.17 and 1.92 (0.99 and 1.38), and thus
they can be neglected in (Cyp) for k ~ m.

The domain-averaged O, (—U,,) over 55°-70°N, 40°—
100°E is 0.75 (0.54) in the cold BKS winters and
0.39 (0.31) for the warm BKS winters. Thus, the BKS
warming corresponds to a decrease of about 48% (43%) in
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Qy (—U,,) in the Eurasian high latitudes. Such a O, decline
corresponds to a decrease of 28% for (PV,) from 1.92 in
the cold BKS winter to 1.38 in the warm BKS winter. The
nondimensional U decreases by a more modest 15%,
changing from 1.17 in cold BKS winters to 0.99 in warm
BKS winters. The results above show that the decrease in
the meridional PV gradient is significant because of BKS
warming, and it is induced mainly by change in the —U,,
term of relative vorticity, while the zonal wind strength
reduction is also evident.

We also see that the decrease of —U,, is nearly 3 times
that of the U reduction. But the decrease of (PV,) is
about 2 times that due to the U reduction because
PV,~pB — U,, + FU considers the joint effect of —U,,
and U. Thus, the role of Arctic warming tends to weaken
the nonuniform meridional shear of the mean zonal wind
besides reducing the mean zonal wind strength. In other
words, the Arctic (or BKS) warming tends to cause a
trend toward the PV homogenization (PV,~0) over
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where lag 0 denotes the peak day of blocking and the green line denotes the cold minus warm winter difference. The dot represents their
difference being significant at the 95% confidence level for a Monte Carlo test with 5000-times simulation.

Eurasia. In this case, we have a tendency toward C,, ~ 0
so that the blocking tends to have a weak dispersion or a
strong nonlinearity and hence a long-lasting persistence.

The warm minus cold winter difference fields of PV,
(Fig. 4r) and Q, (Fig. 41) show a structure similar to that
of —U,, (Fig. 4i). This suggests that Q,, or more spe-
cifically —U,,, change contributes significantly to the
variation of the PV, field since PV,=8+0Q,+
FU~pB —U,, + FU. We also calculated the latitudinal
cross sections of U, V, PV,, PV, — B, Q,, and —U,, av-
eraged over 40°-100°E and from lag —20 to —10 days
prior to the UB peak (lag 0 day) and show the results in
Figs. 5Sa—f for the warm and cold BKS winters. It is clear
that the change of Q, (Fig. 5¢) or —U,, (Fig. 5d) is larger
than the U change, especially at higher latitudes as the
BKS warms up (Fig. 5a), whereas V (Fig. 5b) and PV,
(Fig. 5¢) differences are very small in mid-to-high lati-
tudes even V in the Arctic. Thus, the —U,, or O, change
plays a more important role for the PV, change (Fig. 5f)
and thus UB duration than the U change (Fig. 5a).

To further examine how U, —U,,, Oy, and PV, are
linked to BKS warming through changing the meridio-
nal temperature gradient, it is useful to show the time
series of DJF-mean U, —U,,, Q,, PV,, BKS SAT, and
meridional SAT gradient 7}, during 1979-2016 winters in
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Fig. 6. Here, T, is the SAT gradient between BKS and
Eurasian midlatitudes and averaged over the region 50°-
80°N, 40°-100°E as the meridional SAT gradient to re-
flect the role of BKS warming, while the values of U,
—-U,y, Oy, and PV, are averaged over the region 55°-
70°N, 40°-100°E. In our calculation we also exclude
blocking events or blocking days to reflect the winter-
mean state without the effect of blocking events. The
correlation calculation (Table 1) shows that the merid-
ional temperature gradient 7, and U in the UB region
have correlation coefficients of 0.81 and —0.78 (0.72
and —0.54) with the BKS SAT, respectively, for raw
(detrended) data (Fig. 6b), whereas T, and U exhibit a
negative correlation of —0.79 (—0.75). Such correlation
coefficients, which are statistically significant (p < 0.01),
imply that the BKS warming weakens the meridional
temperature gradient to reduce mid-to-high-latitude
zonal winds because there is T, >0 for a nonblocking
case. We also see that while —U,,, Q,, and PV, them-
selves have highly positive correlations (Fig. 6a), they
show positive correlations with the BKS SAT and the
meridional temperature gradient 7, but significant
negative correlations with the zonal wind strength U
(Table 1). Thus, these results suggest that the BKS
warming can weaken both the zonal wind strength U
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FIG. 6. Time series of normalized DJF-mean (a) Qy, — Uy, and PV,;
(b) U and T, averaged over the UB region (55°-70°N, 40°~100°E) and
SAT averaged over the BKS region; and (c) —U,, and U for non-
blocking events (blocking days from lag —10 to 10 days are excluded)
during 1979-2016, and their correlation coefficients are shown in Table 1.
The dot (triangle) represents the value above (below) 1.0 (—1.0) STD.

and —U,, likely through the reduction of 7), and thus
the meridional relative vorticity gradient or meridional
PV gradient. We also conclude that the decreases in
—-U,,, Oy, and PV, are mainly attributed to the zonal
wind changes in strength and spatial structure attributed
to the reduced meridional temperature gradient.
Although — Uy, is dependent on U and they have a
correlation coefficient of 0.79 (0.80) (p < 0.01) for
nondetrended (detrended) data, they reflect two
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different aspects of the mean westerly wind change. This
is because —U,, is mainly linked to the nonuniform
meridional shear of the mean westerly wind as noted
above. The calculation (Fig. 6¢) shows that for non-
detrended raw data, the winters of the normalized DJF-
mean —U,, (U) above 1.0 STD are 1983, 1987, 2001,
2002, 2003, 2007, and 2014 (1983, 1985, 1987, 2001, 2003,
and 2014), but the winters of its value below —1.0 STD are
1982, 1991, 2000, 2004, and 2005 (2000, 2004, 2005, 2010,
2011, 2013, and 2015). Obviously, the winters of large or
small —U,, are not identical to those of large or small U.
In other words, some winters of large — U, and U are not
overlapped. Thus, —U,, and U are two different variables
that represent the impact of BKS warming. This indicates
that the EDI proposed here has a merit that the strength
and nonuniform meridional shear of the mean zonal wind
can be unified into a meridional PV gradient to describe
how the BKS warming affects the blocking duration.

Of course, U, V, PV,, -U,,, PV, — 8, and Q, vary
with the blocking change because the mean winds are
changed with the blocking evolution. For each blocking
event, we can approximate the time-mean values of these
variables prior to blocking onset as a background state of the
blocking event. The calculation reveals that time-mean U,
-U,,, PV, — B, and O, during the time period from lag
—20 to —10 days prior to the UB onset are smaller in warm
BKS winters than those in cold BKS winters (not shown).
This suggests that a large decrease in the meridional PV
gradient or westerly wind during the prior period of blocking
is crucial for the long lifetime of the UB, while the prior
meridional PV gradient reduction is likely more significant.

c. Effects of reduced meridional PV gradient and
zonal wind on the duration of UB

To examine the impact of the prior horizontal wind
and PV gradient strengths on the blocking duration,
here we define the time mean of zonal and meridional
winds averaged from lag —20 to —10 days as U and V.
Correspondingly, —U,,, PV,, PV, — B, and O, are used
to represent the time-mean values of —U,,, PV,, PV, — B,
and Q, averaged from lag —20 to —10 days.

Figures 7a—f show the scatter diagrams of the UB
duration against domain-averaged (U), (V), (=U,,),
(PV,), (PV, —B), and (Q,) over the region 55°~70°N,
40°-100°E for the 58 UB events diagnosed with a 3-day
threshold TM index during all the winters from 1979 to
2016. It is found that the UB duration depends on the
magnitudes of (PV, —B), (Q,), (~U,,), and (U) prior
to the UB onset, whereas the meridional wind (V)
(Fig. 7b) and zonal PV gradient (PV,) (Fig. 7c) have
little effect on the UB duration because the slope be-
tween (PV,) or (V) and the UB duration is small and not
significant. We also see in Fig. 7 that some of the UB
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TABLE 1. Correlation coefficients among DJF-mean —U,,, Q,, PV, and U averaged over the blocking region 55°-70°N, 40°-100°E, T,
averaged over the region 50°-80°N, 40°~100°E, and SAT and SIC averaged over the BKS region for nonblocking events. Here, the 95%
(99%) confidence level with p < 0.05 (p < 0.01) for the ¢ test is denoted by one asterisk (two asterisks).

Nondetrended
(detrended) 0, PV, SAT T, U SIC

-U,, 097+ (0.97%)  0.96%* (096%%)  —0.34* (—0.32%)  —0.46%* (—0.48%%)  0.79%% (0.80%*) 0.36% (0.36*)
0o, 0.98%* (0.99%*)  —0.46%* (—0.45%*%)  —0.50%* (—0.52%%*) 0.81%#% (0.83%*%) 0.41%% (0.42%%)
PV, —0.53%% (—0.49%%)  —0.61% (—0.60%%)  0.90%* (0.91%%) 0.50%% (0.48%%)
SAT 0.81%% (0.72%%*) —0.78%# (—=0.54%%)  —0.82%* (—=0.71**)
T, —0.79% (—=0.75%%)  —0.78** (—0.59%*)
U 0.65%* (0.56%%*)

events have durations less than 3 days. This is because a  define a blocking event based on the reversal of the Z500
weakness of the TM and AGP indices is that they can meridional gradient. Thus, some of the blocking events
identify a strong large-scale low pressure trough south inevitably have durations less than the threshold re-
of a weak high ridge as a blocking in that these indices quired by the TM or AGP index if the persistence time
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FIG. 7. Scatter diagrams of the UB duration against normalized (a) (U), (b) (V), (c) (PV,),
(d) (=T,y), (¢) (Q,), and (f) (PV, — B) for 58 UB events during the 1979-2016 winters, where
Sp (blue line) represents the slope of least squares fitting straight line and Sk (red line) de-
notes that of the robust fitting straight line. The fitting lines in (a) and (d)—(f) are statistically
significant at the 95% confidence level for the F test.
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(d) (=U,y), (e) <§y>, and (f) (PV, — B) for 42 (35) UB events during the 1979-2016 winters
identified with a 5-day threshold TM (AGP) index, where Sy (blue line) represents the slope
of robust fitting straight line for the 5-day threshold TM index and Sk (red line) denotes the
result of the 5-day threshold AGP index. The fitting lines in (a) and (d)—(f) are statistically

significant at the 95% confidence level for the F test.

over which the domain-averaged positive height anom-
aly north of the blocking pattern exceeds 80 gpm is de-
fined as the duration of a blocking.

While the reduction of the mean zonal wind favors the
increased UB duration (Fig. 7a), the decrease in the
meridional PV gradient (Fig. 7f) or (—U,,) (Fig. 7d)
or relative vorticity gradient (§y) (Fig. 7e) seems to
be more important for the lengthening of the UB than
the westerly wind strength reduction (Fig. 7a), as the
(PV, — B)-duration diagram shows a larger slope than that
of the (U)-duration diagram. Especially, we find that the
slope of the (Q, ) or (—U,,) and the UB duration is about 2
times that of (U), but the slope between (PV, — 8) and UB

duration is about 3 times that of (U). This means that while
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(PV, — B), (= U,,), and (U) changes work in the same di-
rection, the contribution of the meridional PV gradient is
about three times that of the westerly wind strength. Thus,
the reduced meridional PV gradient has a dominant effect.
We also test the sensitivity of the obtained results to
the different blocking indices with a 5-day duration
threshold. Similar results are found in Fig. 8 if both the 5-
day threshold TM and AGP indices are used. In other
words, our results are not sensitive to the different block-
ing indices and different duration thresholds. These results
indicate that the increase in the UB duration depends
more strongly on the reduction of the meridional PV
gradient than the reduction of the mean westerly wind
strength. Thus, the BKS warming related to the SIC loss
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FIG. 9. Schematic diagram of the Arctic warming in BKS affecting the lifetime of UB, where the M-latitude
(H-latitude) denotes the middle (high) latitude region, and the PV gradient represents PV,,.

can weaken the energy dispersion of the UB and enhance
its nonlinearity and therefore prolong its lifetime mainly
through the meridional PV gradient reduction. As noted
above, the reduction of PV, is not only related to the
decrease in the mean westerly wind strength (U), but also
the reduction of the relative vorticity gradient related to
the nonuniform meridional shear (—U,,) of the mean
westerly wind. Thus, we present a new finding that the re-
duction of the meridional relative vorticity gradient related to
the nonuniform meridional shear reduction of the mean
zonal winds due to Arctic warming is likely more important
for the increased persistence of blocking than the mean
westerly wind strength reduction. This new finding differs
from conclusions reached by previous studies, including
Newson (1973), Outten and Esau (2012), Francis and Vavrus
(2012,2015), Walsh (2014), Luo et al. (2016a), and Yao et al.
(2017), that focused on the role of reduced westerly
wind strength related to Arctic warming in the slowing down
of planetary waves and the increased duration of blocking.

5. Discussion and conclusions

The energy dispersion index proposed here provides a
useful mathematical description of the links between the
blocking duration and the meridional PV gradient that
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combines the meridional relative vorticity gradient (the
nonuniform meridional shear of the mean zonal wind) and
the mean zonal wind strength, which is related to the BKS
warming associated with sea ice loss. It is revealed that
the Arctic warming can significantly influence blocking
mainly through the meridional PV gradient change rather
than through the zonal PV gradient and meridional wind
changes. In addition, we find that the EDI is mainly pro-
portional to the meridional PV gradient PV,,. Because the
energy dispersion and nonlinearity are two important
processes intimately involved in the maintenance (dura-
tion) of the blocking, the EDI perspective, by means of the
link between the BKS warming and meridional PV gra-
dient, provides a clear understanding of how Arctic
warming affects the blocking duration. It is found that
the energy dispersion (nonlinearity) of blocking is pro-
portional to PV, (1/PV, for PV,# 0). When the meridi-
onal PV gradient is weak because of BKS warming, the
EDI is small. This means that the blocking is weakly dis-
persive and has a strong nonlinearity. In this case, the
blocking can maintain itself for a longer period and have
large amplitude because of the suppression of its energy
dispersion. We can schematize our theoretical explanation
of why BKS warming favors the long-lived UB in Fig. 9. It
illustrates that the midlatitude Eurasian region has a low
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PV and the high latitude has a high PV when the BKS in
the Arctic is cold and the midlatitude continent is warm
(Fig. 9, left). Correspondingly, the meridional PV gradi-
ent is large and the westerly wind is strong. For this case,
the energy dispersion (nonlinearity) of the UB is strong
(weak). Thus, the UB rapidly disperses its energy so that
its lifetime is short under the cold Arctic condition. In this
case, the strong PV gradient is a PV barrier that inhibits
blocking and southward intrusion of associated cold air. In
contrast, both the meridional PV gradient and midlatitude
westerly winds are small when the BKS in the Arctic is
warm as a result of the SIC loss (Fig. 9, right). The Arctic
warming tends to produce a trend toward the PV ho-
mogenization (PV, ~0) over Eurasia. As a result, the
energy dispersion (nonlinearity) of the UB tends to be
weak (strong), and the UB does not readily disperse its
energy and hence can maintain its long life under the warm
Aurctic condition. Our results provide new thinking of how
the midlatitude atmospheric circulations such as blocking
are linked to Arctic warming associated with sea ice loss.

On the other hand, we have quantified the change in the
duration of UB as the BKS warms up and the SIC de-
creases in winter. Because the meridional PV gradient is
proportional to the meridional relative vorticity gradient
and mean zonal wind strength, the recent BKS warming
can weaken the meridional PV gradient because of reduced
zonal winds through the reduced meridional temperature
gradient. It is also found that the BKS warming can lead
to alarge increase in the UB mean duration. Moreover, our
investigation has revealed that the reduction of the me-
ridional PV gradient in the Eurasian midlatitudes due to
BKS warming is more pronounced than the decrease in
midlatitude westerly wind strength over Eurasia, though
the meridional PV gradient includes the effect of the zonal
wind strength change. Thus, the reduced meridional PV
gradient is more important for the large increase in UB
duration than the weakening of the westerly wind strength,
whereas the westerly wind strength reduction plays a sec-
ondary role in the lengthening of UB. The effects of the
reduced meridional PV gradient and zonal wind strength
on the UB duration are about 3:1, as revealed in Figs. 7a
and 7f. In short, the above results are new findings that
differ from previous studies and provide a new perspective
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on how the Arctic warming and associated sea ice loss af-
fect midlatitude atmospheric circulations. Of course, our
new mechanism summarized in Fig. 9 may apply to sum-
mer blocking variability if the summer warming or sea
ice decline is intense in the Arctic region (Hassanzadeh
and Kuang 2015). This warrants further exploration.

It should be pointed out that the impact of the vertical
shear of the mean zonal wind on the UB duration has been
neglected in our model here, which focused on the different
contributions of the mean zonal wind strength and the
nonuniform meridional shear of the mean zonal wind to the
blocking change. The effect of the vertical shear of the mean
zonal wind on blocking has been examined in our previous
study (Yao et al. 2017). Further investigations are needed to
determine whether the meridional PV gradient is influ-
enced by other factors and how the UB with strong or weak
PV gradient affects the winter Eurasian temperatures or
cold extremes. On the basis of this thinking about the PV
gradient, the PV-barrier theory of the Arctic-midlatitude
weather linkage will be presented in another paper.
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APPENDIX

The Nonlinearity Strength Coefficient of the
Nonlinear Multiscale Interaction Model

The mathematical expression of 8 in the nonlinearity
strength § in Eq. (1d) is

km Y, Gn,&alk? +m? —m*(n + 1/2)%]
n=1
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