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ABSTRACT

The impact of snow cover in western and central China during late autumn on wintertime blocking oc-
currence is investigated using reanalysis data. The study results show that wintertime atmospheric circulations
affected by late autumn snow cover anomalies form favorable conditions for increased blocking frequency
(BF), especially in the North Pacific and North Atlantic. Evidence is also presented that the stratosphere—
troposphere interactions are the key mechanism of the lag response of wintertime North Pacific and North
Atlantic BFs to the late autumn snow cover. That is, positive anomalous snow cover can induce a dipole
anomaly in the geopotential height field over the lower stratosphere, due to the decrease of the 300-1000-hPa
thickness and the concurrent variation between the East Asian plateau jet and the polar front jet. The as-
sociated positive geopotential height anomalies are located over northwestern Eurasia. Meanwhile, western
and central China shows remarkably negative geopotential height anomalies. Also, the corresponding at-
mospheric circulation in the lower stratosphere increases the Eliassen—Palm flux that propagates into the
stratosphere through the constructive interference between the forced and climatological waves. The upward
wave activity fluxes collapse the polar vortex in the stratosphere, resulting in the downward propagation of the
geopotential and wind anomalies from the stratosphere. Consequently, the decreased zonal wind speed in the
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upper layer of the blocking region forms conditions favorable for wintertime blocking.

1. Introduction

Blocking is a large-scale atmospheric phenomenon
that frequently occurs in the midlatitude westerly wind
belt and is associated with the development of anticy-
clones in high latitudes, leading to stagnant movements
of atmospheric pressure fields (Lejends and @kland
1983; Tibaldi and Molteni 1990; Barriopedro et al. 2006;
You and Ahn 2012). The blocking phenomenon mainly
occurs over the northeastern boundaries of the Pacific
and Atlantic Oceans (Rex 1950b; Lejenis and @kland
1983; Dole and Gordon 1983; Park and Ahn 2014). In
particular, blocking exhibits high intensity and occurs
widely during winter due to the large temperature dif-
ference between land and ocean (Rex 1950a,b; Charney
et al. 1981; Colucci and Alberta 1996; He et al. 2014).
According to previous studies, Northern Hemisphere
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blocks are linked to the anomalous structures of atmo-
spheric variables such as temperature, geopotential
height, and zonal wind component. These blocks show a
highly concurrent relationship with local weather and
climate (You and Ahn 2012; Park and Ahn 2014). In
particular, blocking appearing in the Northern Hemi-
sphere is related to extreme events such as cold spells,
heat waves, heavy precipitation, and droughts (e.g.,
Hoskins and Sardeshmukh 1987; Black et al. 2004; Trigo
et al. 2005; Buehler et al. 2011).

However, the mechanisms of the formation and
maintenance of blocking are controversial because a
variety of factors are known to act on blocking, such as
nonlinear effects of atmospheric motion, orographic
effects, tropical forcing, and energy supply by baroclinic
transient eddies (Shutts 1983; Mullen 1987; Nakamura
and Wallace 1993). Kung et al. (1990) insisted that
global sea surface temperature anomalies are related to
blocking frequency (BF) based on model experiments.
Renwick and Wallace (1996) have shown that the phases
of El Nifio—Southern Oscillation are highly related with
North Pacific BF on the interannual time scale, and
Renwick (1998) has argued that southeast Pacific BF
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increases in El Nifio years but decreases in La Nifia
years. These studies have indicated that the evolution
mechanism of blocking can also be related to the prop-
agation of Rossby waves generated by anomalous
tropical heating (Hoskins and Ambrizzi 1993; Tyrrell
et al. 1996; Ambrizzi and Hoskins 1997; Kim and Ahn
2015). Also, several studies (Shabbar et al. 2001; Luo
2005; Barriopedro et al. 2006) have indicated that the
phases of the North Atlantic Oscillation (NAO), the
regional manifestation of Arctic Oscillation (AO; e.g.,
Sun and Ahn 2015), are closely related to the formation
and maintenance of North Atlantic blocking. Song and
Robinson (2004) and Woollings et al. (2010) have also
indicated that stratospheric sudden warming (SSW)
could affect the blocking occurrence by changing the
tropospheric circulations.

In addition, these wintertime atmospheric circula-
tions, such as AO and SSW, are closely associated with
autumn snow cover variation (Cohen and Entekhabi
1999, 2001; Cohen and Fletcher 2007; Cohen et al. 2002,
2007, 2014; Smith et al. 2011). These previous studies
suggested that the autumn snow cover anomaly over the
Eurasia continent may enhance the vertical propagation
of planetary waves through the expansion of the high
pressure system over the Siberian region, which results
in a weakened stratospheric polar vortex. The associated
stratospheric circulation plays an important role in
modulating the occurrence of the negative AO. Kryjov
(2015) has also shown that autumn snow cover anoma-
lies over northern Eurasia are closely associated with the
October circulation anomaly over the Taymyr Penin-
sula, which can impact the wintertime atmospheric cir-
culation. Similarly, Kim et al. (2014) have found that
stratospheric variability in response to reduced Arctic
sea ice is a vital element in modulating the wintertime
AO mode. In particular, the AO in January and Feb-
ruary modulated by the variation of stratospheric polar
vortex can result in a vertical linkage structure ranging
from the ground to the stratosphere (Kodera et al. 2000).
The above studies suggest that the blocking phenome-
non is related not only to the troposphere but also to the
stratospheric circulations in the Northern Hemisphere,
and that the autumn snow cover anomaly could act as a
forcing on wintertime BF via changing the planetary
wave activity in the boreal winter.

In this study, we focus on the role of boreal late au-
tumn snow cover, especially over western and central
China, in modulating the Northern Hemisphere win-
tertime BFs. This region includes the Tibetan Plateau
(TP) and the East Asian westerly jet. According to the
previous studies, the orographic forcing of the TP is
known to play an important role in the formation of
stationary planetary waves that propagate into the
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stratosphere in the Northern Hemisphere (Plumb 1985).
In addition, many studies have also emphasized the
thermal effects of the TP on atmospheric circulation (Li
and Yanai 1996; Duan and Wu 2005). In fact, thermal
forcing over the TP, such as changes in snow cover, has
been found to significantly affect the position and in-
tensity of the East Asian westerly jet by modulating the
tropospheric meridional temperature gradient (Kuang
and Zhang 2005; Kuang et al. 2007; Zhang et al. 2004).
This zonal wind distribution, induced by thermal forcing
over the TP, may enhance the vertical propagation of
planetary waves (Dickinson 1968; Matsuno 1970).

Based on these aforementioned studies, the autumn
snow cover over western and central China, centered in
the TP, may plausibly modulate the wintertime atmo-
spheric circulations. However, most existing studies
(Bamzai and Shukla 1999; Ao and Sun 2016) have
merely examined the relationship between climate var-
iations over Asia and snow cover over eastern Europe,
rather than snow cover over western and central China.
Therefore, it is necessary to analyze the snow cover over
western and central China as a precursor of Northern
Hemisphere wintertime BFs. The present study analyzes
the characteristics of the Northern Hemisphere winter-
time blocking phenomenon and examines the pre-
dictability of BFs using the relationship between the
Northern Hemisphere blocking and the autumn snow
cover anomaly in the western and central China regions.

The paper is organized as follows. In section 2, the
data used in this study are briefly introduced and the
blocking index is defined in detail. The relationship be-
tween the western and central China autumn snow cover
and the Northern Hemisphere BF for winter is ad-
dressed in section 3. The mechanism of this lag corre-
lation is explained in section 4. Finally, in section 5, the
study is summarized.

2. Data and method
a. Data

The present study utilizes daily- and monthly-mean
atmospheric variables provided by the National Centers
for Environmental Prediction (NCEP)-National Center
for Atmospheric Research (NCAR) reanalysis with a
horizontal resolution of 2.5° X 2.5° (Kalnay et al. 1996).
The monthly-mean snow cover data are derived from
the National Oceanic and Atmospheric Administration
(NOAA)/Cooperative Institute for Research in Envi-
ronmental Sciences (CIRES) Twentieth Century Re-
analysis (20CR, version 2; Compo et al. 2011), which
has a horizontal resolution of approximately 2.0° in both
latitudinal and longitudinal directions. The 20CR
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provides a continuous record of the global snow cover
data, which are widely used for climate analyses. By
comparing this snow data with a large number of in situ
observations, Peings et al. (2013) have proven that 20CR
snow cover data are reliable for assessing the snow-
atmosphere interaction over the entire twentieth cen-
tury. He and Wang (2016) have used 20CR snow cover
data to assess the role of Eurasian snow cover in linking
the East Asian January temperature and preceding
wintertime AO. The analysis period in this study is
confined to 1958-2012 because NCEP-NCAR re-
analysis data are more reliable since 1958 when the
modern rawinsonde network was established (Kistler
et al. 2001), and the 20CR data are available from Jan-
uvary 1871 through December 2012 on the NOAA
website at https://www.esrl.noaa.gov/psd/data/gridded/
data.20thC_ReanV2.html. To confirm our results de-
rived from 20CR snow data, we also used NOAA sat-
ellite snow cover product obtained from the Rutgers
University Global Snow Laboratory (http:/climate.
rutgers.edu/snowcover/) during overlapping periods
from 1967 to 2012.

Monthly indices of the AO (Thompson and Wallace
1998, 2000) and NAO (Barnston and Livezey 1987)
are obtained from the NOAA Climate Prediction
Center website (http://www.cpc.ncep.noaa.gov/) for
the same period. The vertical Eliassen—Palm fluxes
(EPF) defined by Plumb (1985) are calculated to an-
alyze the effect of upward propagating planetary
waves on the stratospheric polar vortex. To find the
active region of the East Asian westerly jet, we cal-
culated the number of jet core occurrences at each
grid point of 300 hPa during November for 1958-2012,
as defined by Ren et al. (2010) and Zhang and Chen
(2017). A jet core is identified if 1) the horizontal wind
speed is greater than 30ms ™! and 2) the wind speed at
the central point is larger than the surrounding eight
grid points.

b. Definition of the Eady growth rate

We define the Eady growth rate, which is widely
used to assess the baroclinic instability in the tropo-
sphere (Eady 1949; Lindzen and Farrell 1980;
Simmonds and Lim 2009). The rate is closely related
to vertical wind shear in the troposphere through the
thermal wind relationship. The Eady growth rate is
defined as follows:

Jv

az|’

o= 0.31£

" M

where f denotes the Coriolis parameter, N the buoyancy
frequency, v the wind velocity, and z the vertical height.
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The Eady growth rate is calculated from the layer be-
tween 1000 and 200 hPa because baroclinic instability
occurs predominantly in the troposphere.

c¢. Definition of the blocking index

Over the past several decades, many studies have
attempted to objectively identify the blocked atmo-
spheric flows in various ways. An objective blocking in-
dex was first introduced by Lejenis and @kland (1983).
Based on this index, Tibaldi and Molteni (1990) newly
defined a blocking index. Another form of this index,
which is modified and supplemented by Barriopedro
et al. (2006), is the most widely used currently (You
and Ahn 2012; Park and Ahn 2014). In the present
study, following Barriopedro et al. (2006) and You
and Ahn (2012), blocking is defined in terms of me-
ridional geopotential height gradients, using daily-
mean 500-hPa geopotential height data for 55 years
from 1958 to 2012.

The northern and southern 500-hPa geopotential
height gradients (GHGN and GHGS, respectively) are
simultaneously computed for each longitude and for
each day as follows:

Z()\’ qu) - Z(/\vd)o)

GHGN(\) = " and ()
N 0
GHGS(A):Z(A’¢(;):§(A’¢S), .
0 N

where Z(\, ¢) is the 500-hPa geopotential height at
longitude A and at a given latitude ¢ as follows:

dy =T7.5°N+A,
¢, =060.0°N+ A, and
¢, =40.0°N + A, (4)

where A = —5.0°, —2.5°, 0.0°, 2.5°, or 5.0°.

The five results for GHGN(A) and GHGS(A) are
computed by applying the five A. A given longitude is
considered to be blocked at a given time when both
GHGN and GHGS satisfy the condition expressed by
(5) for at least one of the five different latitudes:

GHGN < —10gpm (°lat)”" and GHGS >0gpm (°lat) .
®)

In addition, a blocking event is defined to have oc-
curred at that longitude if these conditions are satisfied
for at least five consecutive days. BF is represented as
the ratio of blocking days to the total number of days of
winter (Barriopedro et al. 2006).

Figure la shows climatological wintertime BF over
the Northern Hemisphere as a function of the longitude.
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FIG. 1. (a) Climatological wintertime blocking frequency (BF),
and (b) time series of North Pacific (red) and North Atlantic (blue)
BFs for 1958-2012. The dashed lines in (b) indicate the linear re-
gression lines as described by the equations in the figure.

The winter blocking occurs frequently in the North Pa-
cific (110°E-120°W) and North Atlantic (80°W-10°E),
but less in the vicinity of 90°E and 110°W. This result
is consistent with that of previous studies, indicating
that blocking events mainly occur at the exit zones
of the storm tracks in the Northern Hemisphere
(Rex 1950b; Dole and Gordon 1983; Knox and Hay
1985; Barriopedro et al. 2010, You and Ahn 2012;
Dunn-Sigouin and Son 2013). The two major block-
ing regions with high frequency (North Pacific
and North Atlantic) are analyzed in the present
study, although the frequency of European block-
ing (10°-60°E) is also high. The zonally averaged
BFs for two longitude bands (North Pacific and
North Atlantic) are defined as the North Pacific BF
index (NP_BFI) and the North Atlantic BF index
(NA_BFI), respectively. Figure 1b shows the time
series of NP_BFI and NA_BFI. The time-averaged
frequency of the occurrence of North Pacific blocking
(9.9%) is higher than that of North Atlantic blocking
(8.6%). Both NP_BFI and NA_BFI exhibit interan-
nual to interdecadal fluctuations embedded in the
long-term decreasing trend. In particular, the de-
creasing tendency of NP_BFI is slightly larger than
that of NA_BFI. Although an investigation of this
finding may be worthwhile, it is beyond the scope of
this study.
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*;‘wu_ f .

0 30E 60E 90E 120E 150E 180

I I | I
04 03 -024 018 -0.12 006 006 012 018 024 03 04

(b) CORR; DJF North Pacific BF vs Nov. snow cover
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FIG. 2. Correlations between the November snow cover anom-
alies and (a) DJF North Atlantic BF and (b) DJF North Pacific BF
for 1958-2012. The large (small) green dots in (a) and (b) indicate
the areas where correlation coefficients are significant at the 95%
(90%) confidence level. Areas at higher altitudes in the Tibetan
Plateau where the snow cover variability is small are excluded from
the analysis.

3. Basic statistical analyses

a. Linear relationships between the late autumn snow
cover anomaly and wintertime blocking frequency

In the present study, correlation analyses are con-
ducted to analyze the effects of the late autumn snow
cover anomaly on the wintertime blocking occurrence
over the North Atlantic and North Pacific. Figure 2a
(Fig. 2b) shows the correlation patterns between NA _
BFI (NP_BFI) and the November snow cover anomaly.
A dipole-type pattern between southeastern and
northwestern Eurasia is revealed in Fig. 2a. The signif-
icant positive snow cover anomalies associated with
both wintertime BFs (North Pacific and North Atlantic
BFs) are located over East Asia with the maximum
centered in western and central China (right black
rectangles in Figs. 2a and 2b), whereas the negative snow
cover anomalies related to NA_BFI are centered in
eastern Europe (left black rectangle in Fig. 2a). Simi-
larly, weak negative snow cover anomalies, associated
with NP_BFI, are located to the north of the Black and
Caspian Seas. That is, there is no strong covariability
between the series of eastern Europe snow cover and
NP_BFI, with the correlation coefficient being as neg-
ligible as —0.08, whereas the correlation coefficients
between November snow cover anomalies over western
and central China and both NA_BFI and NP_BFI ex-
ceed the 95% confidence threshold.
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FIG. 3. Lag correlation coefficients between monthly snow cover
indices (SCIs) over western and central China and wintertime
(DJF) North Pacific BF (solid blue) and North Atlantic BF (dashed
red). The values that are statistically significant at the 95% confi-
dence level are indicated by an asterisk.

To characterize the interannual variability of the ob-
tained pattern of snow cover anomalies, we have
constructed a monthly snow cover index (SCI) by area-
averaging the snow cover anomalies over western and
central China, a region where the correlation co-
efficients between November snow cover anomalies and
both NP_BFI and NA_BFI exceed the 95% confidence
level. However, the areas at higher altitudes in the TP
where the snow cover variability is small are excluded
from the averaging, since the statistical relationships
between November snow cover anomalies over this
confined region and both BFs are weak. Figure 3 shows
the lag correlation of the two Northern Hemisphere
wintertime BF indices (NP_BFI and NA_BFI) with
monthly SCIs. As can be seen from the figure, the win-
tertime BFs and SCI show high correlation coefficients
when there are 1- or 2-month time lags. In particular, the
linkages between wintertime NP_BFI and SCIs for
the preceding October and November are evident with
the correlation coefficients reaching 0.31 and 0.45, which
are significant at the 95% and 99% confidence levels,
respectively. In addition, the correlation coefficient be-
tween November SCI and NA_BFI is 0.42, which is
significant at the 99% confidence level. On the contrary,
SClIs for January through September show relatively low
correlations with NP_BFI and NA_BFI. These statisti-
cal results suggest that November snow cover anomalies
can potentially induce changes in Northern Hemisphere
wintertime BFs with time lags. In the present study,
November SCI is identified as a precursor to wintertime
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F1G. 4. Composite of DJF blocking frequencies (BFs) for
November SCI based on the upper quintile (MSC in western
and central China) and the lower quintile (LSC). Red (blue)
shading denotes that the values in solid line are greater (less)
than values in the dashed line. The green asterisks indicate the
areas where correlation coefficients are significant at the 90%
confidence level.

BFs by averaging the SCIs during the early snowy season
in western and central China.

b. Composite analysis for the wintertime blocking

To examine the effect of late autumn snow cover
variability over western and central China on the win-
tertime blocking occurrence in the Northern Hemi-
sphere, composite analysis is conducted (Fig. 4). We
base the composites on the quintile (20th percentile)
method. This method distributes a set of values into five
groups that contain an equal number of samples. The
upper and lower quintiles in the normalized November
SCI from 1958 to 2012 are defined as the cases of more
snow cover (MSC) and less snow cover (LSC) in western
and central China, respectively. The frequencies of the
blocking occurrence over the North Pacific and North
Atlantic are higher during the MSC years than during
the LSC years. The differences are significant at the 90%
confidence level, especially over the regions marked
with green asterisks. These results are consistent with
the correlation analyses in Figs. 2 and 3, indicating that
November snow cover anomalies over western and
central China may affect the blocking occurrence in the
North Pacific and North Atlantic regions.

To determine the effects of November snow cover
anomalies over western and central China on the dura-
tion of the blocking event over the two major blocking
regions (North Pacific and North Atlantic), the com-
posites of BFs as a function of duration are analyzed for
the MSC and LSC years separately. The blue and red
bars presented in Fig. 5 show the results of composite
analysis for NP_BFI and NA_BFI, respectively. The
results indicate that the frequencies of blocking occur-
rence are higher during MSC years than during LSC
years. That is, the positive anomalous snow cover in the



9032

(a) MSC
3.0 5

[ North Pacific BF [ North Adlantic BF

Blocking Frequency (%)

56 7 8 91011121314 1516 17 18 19 20
Days

(b) LSC

3.0
] I worth Pacific BF [ North Atlantic BF
2.5 -

2.0 o

Blocking Frequency (%)

56 7 8 91011121314 1516 17 18 19 20

Days
(c) Difference
2.0

§ I north Pacific BF [  North Adlantic BF
S
P
2
[
=
o
£
ah
g
-
[3]
=
m

— T T T T T T T T 11

10 11 12 13 14 15 16 17 18 19 20
Days

FI1G. 5. Frequency distribution of blocking duration longer than
five days in the North Pacific (blue) and North Atlantic (red) re-
gions for (a) the upper quintile (MSC), (b) the lower quintile
(LSC), and (c) their difference (MSC minus LSC). The green as-
terisks indicate the differences that are significant at the 90%
confidence level.

western and central China regions during late autumn
may increase the BF over the North Pacific, regardless of
duration. In particular, the largest increases in BF over
the North Pacific are revealed in the shorter duration
group (days 6-7), which is significant at the 90% confi-
dence level. Meanwhile, after the late autumn of the
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positive anomalous snowfall in western and central
China, short-lived (less than 10-day duration) blocking
events are mainly increased over the North Atlantic
with the largest increases in BF of 5-7-day and 9-day
durations. That is, the frequencies of North Atlantic
blocking having duration longer than 10 days are not
significantly correlated with November SCI. This con-
trast between responses of BFs may be due to differ-
ences in the blocking mechanisms at work in the North
Pacific and North Atlantic, although comprehensive
understanding will require future study. In line with this,
several previous studies proposed differences in block-
ing mechanisms between North Pacific and North At-
lantic blocks (e.g., Kim and Ha 2015).

The correlation analysis is performed to quantita-
tively investigate the relationships among November
SCI, wintertime BFs, and the dominant wintertime cli-
mate variability in the Northern Hemisphere such as
DJF AO and DJF NAO (Table 1). The correlation co-
efficient between NA_BFI and November SCI is 0.42,
which is significant at the 99% confidence level. In ad-
dition, the correlation coefficient between NA_BFI and
DJF AOis —0.58 and between NA_BFI and DJF NAO
is —0.79, which are both significant at the 99% confi-
dence level. Meanwhile, NP_BFI shows relatively low
correlations with wintertime AO and NAO, which is in
line with Shabbar et al. (2001). These results imply that a
number of autumn precursors of the wintertime AO,
such as the snow cover extent index (e.g., Cohen and
Fletcher 2007; Cohen et al. 2007), snow advance index
(Cohen and Jones 2011), and Taymyr circulation index
(Kryjov 2015; Kryjov and Min 2016), may be reason-
able predictors for North Atlantic blocking. Further-
more, the correlation coefficient between NP_BFI and
November SCI is 0.45, which is significant at the 99%
confidence level. The above results are confirmed by the
analysis of satellite-based snow cover data. The corre-
lation coefficient between November SCI derived from
Rutgers snow cover data and NP_BFI (NA_BFI) is 0.37
(0.30), which is significant at the 95% (95%) confidence
level. These correlations not only support the hypothesis
that November snow cover anomalies can potentially
induce changes in Northern Hemisphere wintertime
BFs, but also support the reliability of the 20CR snow
cover data.

4. Possible mechanisms

The correlation and composite analyses have shown
that the November snow cover anomalies over western
and central China may act as a precursor of Northern
Hemisphere wintertime BFs. When the November SCI
is positive (negative), blocking occurrence in the North
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TABLE 1. Correlation coefficients among November SCI, DJF AO, DJF NAO, NP_BFI, and NA_BFI for 1958-2012. The values in
parentheses indicate the correlation coefficients obtained from Rutgers snow cover data during the overlapping period from 1967 to 2012.
One asterisk indicates significance at the 95% confidence level and two asterisks indicate significance at the 99% confidence level.

NP_BFI NA_BFI DJF AO DJF NAO
November SCI 0.45%* (0.37%) 0.42+* (0.30%) —0.57%% (—0.48%*) —0.51%% (—0.32%)
NP_BFI 0.09 ~0.26 -0.13

NA_BFI —0.58%* —0.79%*

DJF AO 0.78%+

Pacific and North Atlantic regions increases (decreases)
during boreal wintertime. However, the mechanisms for
the lag relationship between wintertime BFs and No-
vember SCI have not been studied yet. We propose the
stratosphere—troposphere interactions excited by the
thermal forcing of snow cover as a possible mechanism
for the relationship. That is, thermal forcing, induced by
anomalous snow cover over the western and central
China regions, could affect the tropospheric circulation
during late autumn, resulting in favorable conditions
for wintertime blocking through the stratosphere—
troposphere interaction. Such a mechanism has al-
ready been proposed in several previous papers based
on observations and model experiments. Matsuno
(1971) has suggested that planetary waves, induced in
the troposphere, can trigger SSW through dynamical
processes. In addition, Baldwin and Dunkerton (1999,
2001) have presented observational evidence indicating
that SSW may affect tropospheric circulations through
stratosphere—troposphere interactions. Based on this,
Saito et al. (2001) have found that autumn (September—
November) Eurasian snow cover may enhance the ver-
tical propagation of Rossby waves, which may affect the
extratropical Northern Hemisphere climate variability.
Studies conducted by Garfinkel et al. (2010) and Smith
et al. (2011) have further suggested that wavenumber-1
and wavenumber-2 components of the height field,
produced by the orographic and thermal forcing of the
Northern Hemisphere, can affect EPF in the lower
stratosphere when they are in phase with climatological
height fields. This EPF in turn weakens the polar vortex.
These studies suggest that the constructive interference
between the climatological long planetary waves (e.g.,
Fig. 2 of Garfinkel et al. 2010) and the forced troughs
excited by the thermal forcing of snow cover over
western and central China (this thermal forcing is dis-
cussed in more detail below) may provide a favorable
condition to affect the wintertime BFs through the
stratosphere—troposphere interaction.

The correlation analysis is conducted to examine the
effects of November snow cover anomalies on atmo-
spheric circulations in the upper troposphere and lower
stratosphere (Fig. 6). The positive snow cover anomalies

in western and central China during late autumn reduce
the solar radiation absorbed at the surface, leading to
local cooling that can decrease the 300-1000-hPa
thickness (Fig. 6a). The associated thickness anomalies

(a) CORR, Nov. snow index vs Nov. Z300-Z1000
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FIG. 6. Correlations (shading) between November snow cover
index (SCI) and (a) the November 300-1000-hPa layer thickness,
(b) November Z100, and (c) November upward 100-hPa EPF for
1958-2012. The contour lines in (a) and (b) denote the climato-
logical wavenumber-1 height field at 300hPa (m) and those
shown in (c) indicate the climatology of vertical Plumb wave flux
(10° m*s~2) at 100 hPa. Positive and negative values are shown by
solid and dashed lines, respectively. The green dots exhibit the
areas where correlation coefficients are significant at the 95%
confidence level.
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FIG. 7. (a) The number of jet core occurrences at each grid
point of 300 hPa during November for 1958-2012, and (b) the
climatological-mean temperature (°C) in the upper tropospheric
layers (200-500 hPa; contour) and zonal wind (ms™ ') distribu-
tion at 200 hPa (shading).

in turn significantly decrease the geopotential height in
the lower stratosphere (Fig. 6b), which gives rise to the
constructive interference between the forced (shading
of Fig. 6b) and climatological (contour line of Fig. 6b)
waves. This interference enhances the upward propagat-
ing EPF to the stratosphere, especially over northeastern
Eurasia (Fig. 6¢) where the major planetary wave activity
center is located (contour line of Fig. 6¢). These results
are in line with previous studies (Smith et al. 2011; Kryjov
2015; Kryjov and Min 2016; Kim et al. 2014) and support
our hypothesis that the stratosphere—troposphere in-
teraction links the wintertime BFs and the boreal late
autumn snow cover over western and central China.

In addition to the change in atmospheric thickness
anomaly, we examine the relationship between No-
vember snow cover anomalies over western and central
China and East Asian westerly jets. Figure 7 shows that
the East Asian polar front jet is mainly located over the
poleward side of the TP, while the East Asian plateau jet
is situated at the southern side of the TP. The two jets
merge over southern Japan (Fig. 7a), resulting in strong
upper-level zonal wind centered at the southern part of
Japan (Fig. 7b). Although the major center of the East
Asian subtropical jet is located over the northern Pacific,
we focused on the polar front jet located over the north
of the TP and the plateau jet located over the southern
flank of the TP.

Figure 8a shows the regression map of November
200-hPa zonal wind anomalies on the November SCI.
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FIG. 8. Regression of the (a) November zonal wind anomaly at
200 hPa and (b) the November Eady growth rate anomaly on the
November SCI. The green dots indicate the areas where the cor-
relation coefficients are significant at the 95% confidence level. The
contour lines in (a) and (b) denote the November climatological
zonal wind at 200 hPa and the Eady growth rate between 1000 and
200 hPa, respectively.

The snow cover anomalies in the western and central
China regions may significantly affect the intensity of the
East Asian westerly jet (Fig. 8a). That is, positive snow
cover anomalies over western and central China can de-
crease (increase) the latitudinal temperature gradients over
the poleward (southern) side of the TP, weakening the East
Asian polar front jet in the vicinity of 50°N (strength-
ening the plateau jet over the southern side of the TP),
according to the thermal wind relationships. These
correspond to the increased (decreased) baroclinicity in
the vicinity of 25°N (50°N) (Fig. 8b). These results are in
line with Liao and Zhang (2013), who found a concur-
rent variation between the East Asian plateau jet and
the polar front jet during persistent snowstorm periods.
This concurrent variation between the East Asian pla-
teau jet and the polar front jet in turn generates the
cyclonic circulation anomaly (Fig. 6b) through the
changes in upper layer winds (Fig. 8a). This dynamical
mechanism is explained by previous studies (Wang et al.
2014; Huang et al. 2015; Choi et al. 2016). The associated
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FIG. 9. Time-height cross section of 35°-90°N averaged
(a) geopotential height and (b) zonal wind anomalies regressed
onto the November SCI. The green dots indicate the areas where
the correlation coefficients are significant at the 95%
confidence level.

cyclonic circulations in the lower stratosphere increase
the EPF (Fig. 6¢), which propagates into the strato-
sphere through the constructive interference between
the forced and climatological waves (Garfinkel et al.
2010; Smith et al. 2011). These upward-propagating
planetary waves, associated with the dipole anomaly in
the geopotential height field, can decelerate the strato-
spheric jet by collapsing of the polar vortex in the
stratosphere (Charney and Drazin 1961). These phe-
nomena are discussed in more detail below.

Thus far, it has been shown that the positive (nega-
tive) snow cover anomalies over western and central
China increase (decrease) the upward-propagating tro-
pospheric waves. To identify the coupling between the
stratosphere and the troposphere, regression analysis is
conducted. Figure 9 shows the time-height cross section
of the area-averaged geopotential height (Fig. 9a) and
zonal wind (Fig. 9b) anomalies in the Northern Hemi-
sphere (35°-90°N, all longitudes) regressed onto the
November SCI. The region is where the blocks are most
frequent climatologically and these two area-averaged
anomalies are closely related to the polar vortex vari-
ability. In particular, positive (negative) geopotential
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FIG. 10. Regression of the zonal wind anomalies at (a) 200 and
(b) 500 hPa on the November SCI. The green dots indicate the

areas where the correlation coefficients are significant at the 95%
confidence level.

height and negative (positive) zonal wind anomalies
correspond to a weakened (strengthened) polar vortex.
During early January, positive (negative) geopotential
height anomalies dominate the whole troposphere
with a maximum value in the lower troposphere. These
positive (negative) geopotential height anomalies ex-
tend to the upper stratosphere through stratosphere—
troposphere coupling, which in turn propagates back
into the troposphere in mid-January. In relation to this
result, the decreased (increased) zonal wind speed in the
upper layer of the BF region induces favorable synoptic
conditions that can easily develop (dissipate) wintertime
blocking (Fig. 9b). These results indicate that November
snow cover anomalies in the western and central China
regions may affect the formation of wintertime blocking
through the stratosphere-troposphere interactions.
Several studies have also suggested that the autumn
Eurasia snow cover is closely related to vertically
propagating planetary waves, which weaken the strato-
spheric polar vortex (Cohen and Entekhabi 1999, 2001;
Cohen and Fletcher 2007; Cohen et al. 2002, 2007, 2014).

Figure 10 shows the regression map of upper-layer
zonal wind anomalies on the November SCI. We found
that positive (negative) snow cover anomalies in the
western and central China regions weaken (strengthen)
the stratospheric polar vortex, which in turn affects
the tropospheric atmospheric variability. The weak-
ened (strengthened) stratospheric circulation anomaly,
propagating from the stratosphere to the troposphere,
significantly weakens (strengthens) upper-layer zonal
winds in the North Pacific and North Atlantic regions
where the wintertime blocking phenomenon is most
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FIG. 11. Regression of the geopotential height anomalies at
(a) 200 and (b) 500 hPa on the November SCI. The green dots in-
dicate the areas where the correlation coefficients are significant at
the 95% confidence level.

active (Fig. 10). Concurrently, the atmospheric pressure
field and weather system moving eastward becomes
stagnant, which increases BF.

The regression map of the geopotential height
anomalies on the November SCI yields a barotropic
structure, which bears some resemblance with the AO
(Fig. 11). Particularly, positive geopotential height
anomalies prevail over the polar cap region (north of
60°N), whereas negative anomalies occur south of 60°N
in the Northern Hemisphere, with the largest negative
anomalies being located over the North Pacific and
North Atlantic. That is, November SCI reduces the
meridional geopotential height gradient and thus in-
duces favorable conditions for blocking, especially over
the North Pacific and North Atlantic where the clima-
tological blocks are most frequent.

S. Summary

The present study has examined the effects of No-
vember snow cover anomalies over western and central
China on the formation of wintertime Northern Hemi-
sphere blocking. Our findings reveal that wintertime
atmospheric circulations induced by late autumn snow
cover anomalies form favorable conditions for increased
BF, especially in the North Pacific and North Atlantic.
We also found evidence that the stratosphere—
troposphere interactions, which are modulated by
snow cover, especially over western and central China
(centered in the TP), seem to be the key mechanism of
the lag response of wintertime North Pacific and North
Atlantic BFs to the late autumn snow cover.

JOURNAL OF CLIMATE

VOLUME 30

A set of statistical results demonstrate that the
positive (negative) November SCI tends to be fol-
lowed by increased (decreased) Northern Hemisphere
BFs. That is, NP_BFI, NA_BFI, and November SCI
significantly covariate over the entire period, with
correlation coefficients of 0.45 between November
SCI and NP_BFI and of 0.42 between November SCI
and NA_BFI, which are significant at the 99% con-
fidence level. To further verify that the Northern
Hemisphere BFs are associated with snow cover
variation over western and central China, composite
analysis based on the quintiles was conducted. The
frequencies of blocking occurrence are higher during
MSC years than during LSC years, especially over
the North Pacific and North Atlantic. In addition, the
positive anomalous snow cover in the western and
central China regions during late autumn increases BF
over the North Pacific, regardless of duration with the
largest increases in BF occurring in the shorter dura-
tions (days 6-7). Meanwhile, BF with duration less
than 10 days is increased over the North Atlantic with a
significant (90%) increase in BF for shorter durations
(days 5-7 and 9).

The key component for the mechanism of the lag re-
sponse of wintertime BFs to the late autumn snow cover
is the stratosphere—troposphere interactions, which are
modulated by snow cover, especially over western and
central China, centered in the TP. The positive (nega-
tive) anomalous snow cover in the western and central
China regions during late autumn can induce a dipole
anomaly in the geopotential height field over the lower
stratosphere, with a positive (negative) pole over
northwestern Eurasia and a negative (positive) pole
over western and central China, due to both the de-
crease (increase) of the 300-1000-hPa thickness over
western and central China and the concurrent variation
between the East Asian plateau jet and the polar front
jet. The corresponding atmospheric circulations below
the stratosphere, induced by snow cover anomalies, in-
crease (decrease) the upward propagating EPF to the
stratosphere through constructive (destructive) in-
terference between the forced and climatological waves.
This EPF weakens (strengthens) the polar vortex in the
stratosphere, which affects the tropospheric circulation
through the stratosphere—troposphere interactions.
That is, the weakened (strengthened) stratospheric po-
lar vortex may induce upper-level easterly (westerly)
wind anomalies in the North Pacific and North Atlantic
regions where the wintertime blocking phenomenon is
most active. In turn, the atmospheric pressure field and
weather system moving eastward become stagnant (ac-
tive) to form favorable (unfavorable) conditions for
blocking.
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These results reveal the linkages among the autumn
snow cover and wintertime stratospheric and tropo-
spheric circulations, and demonstrate that BF is proba-
bly predictable to some extent. In conclusion, the SCI
may be applied for skillful seasonal climate predictions,
despite the difficulty in detailed forecasting of individual
blocking events. Additional studies using climate
models may provide more explicit support for the
statistical relationship between snow cover and
wintertime BF.
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