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ABSTRACT: Analyses of observation data from 1961 to 2014 by using the empirical orthogonal function (EOF) method
indicate that the primary mode (a monosign pattern) of heavy snowfall over northern China in winter shows evident
variations from a negative polarity to a positive polarity in the mid-1990s. Associated with this decadal change, the
southward displacement of the polar front jet stream and northward shift of the subtropical jet stream in the upper troposphere are apparent. Accordingly, a negative height anomaly dominates the region from Lake Balkhash to Lake Baikal
and a positive height anomaly occupies the midlatitudes of the North Pacific in the middle troposphere. Such anomalous
patterns in the middle and high troposphere correspond approximately to the northern mode of the East Asian winter
monsoon (EAWM) and may favor the interaction of cold air with moist airflows over northern China, which helps increase
local heavy snowfall. Further investigation shows that the shift in the Atlantic multidecadal oscillation (AMO) from a cold
phase to a warm phase in the 1990s may also play a role, through its linkage to the above atmospheric circulations with the
aid of a downstream propagation of wave train that emanates from the Atlantic Ocean.
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1. Introduction
Heavy snowfall events present severe disasters in China, as
they usually cause great damage to society and the economy
through their broad and profound effects on electric networks,
traffic transportation, pasturage, ecosystems, and human lives.
In recent decades, an increasing tendency has been observed
for heavy snowfall over parts of China (Sun et al. 2010; Zhou
et al. 2018). Given the severe impacts, it is of particular interest
and concern to understand the variability of heavy snowfall
over China and the physical mechanisms underlying this variability. This understanding is also of great value for disaster
prevention and mitigation.
During recent years, many studies have been devoted to the
formation, physical mechanism, and predictability of heavy
snowfall over China (e.g., Ding et al. 2008; Yang et al. 2008;
Gao 2009; Wen et al. 2009; Sun et al. 2009; Zhou et al. 2009;
Wang et al. 2011; Liu et al. 2012; Fan and Tian 2013; Sun and
Wang 2013; Wang et al. 2017; Wang and Zhou 2018; Sun et al.
2019). Through those studies, some meaningful results have
been obtained. For instance, Sun et al. (2009) investigated the
cause of a heavy snowstorm over northeastern China in 2007.
Their results indicated that anomalies of the Arctic Oscillation
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(AO), Antarctic Oscillation (AAO), North Pacific Oscillation
(NPO), and Eurasian teleconnection pattern (EU) that occurred approximately two weeks before the event provided a
favorable environment for its occurrence. Wang et al. (2011)
found that a great convergence of water vapor and enhanced
ascending motions over northeastern China were crucial for
the occurrence of an exceptional heavy snowfall event in April
2010. Wang and Zhou (2018) further revealed that the negative
phase of the AO, deepening of the Lake Baikal trough, and
intensification of westerly and southerly water vapor inflows
favored more heavy snowfalls in northern China at the interannual time scale. For the unprecedented cold event that occurred with a concurrent snowstorm and ice freezing in
southern China during the wintertime of 2008, a number of
influential factors such as the intensification of the western
Pacific subtropical high and the India–Burma trough (Yang
et al. 2008), enhancement of the polar vortex disturbance (Gao
2009), southeastward shift and intensification of the Middle
East jet stream (Wen et al. 2009), meridional dipole pattern of
the Eurasian mid- to high-latitude circulation (Wang et al.
2020), and the La Niña background (Ding et al. 2008) have
been documented.
Although these efforts have greatly enriched our knowledge
of the occurrence of heavy snowfall events in China, most have
concentrated on case studies or interannual variability. Less
attention has been paid to interdecadal variability. To understand and predict heavy snowfall, interdecadal variability
and related physical mechanisms are also a key issue. Several
recent studies have highlighted an interdecadal change in
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snowfall amounts and intensities over northeastern China
with a negative polarity before the mid-1980s and a change to a
positive polarity afterward (Wang and He 2013; Feng and Chen
2016; Zhou et al. 2017). Such an interdecadal increase may be
attributed to the weakening of the East Asian winter monsoon
(EAWM) (Wang and He 2013), warming of the North Pacific
sea surface temperature (SST) (Feng and Chen 2016), and
strengthening of the Hadley circulation (Zhou et al. 2017). Is
there also an interdecadal change for heavy snowfall over
northern China? If so, what are the background circulations
behind the interdecadal change? With these questions in mind,
in this study, we are motivated to address the interdecadal
variation of heavy snowfall over northern China and explore
the associated changes in background circulations with the aim
of providing a new understanding for the variability of snowfall
in China.
The remainder of this paper is arranged as follows. Section 2
describes the data and methods used in the present study.
Section 3 shows the features of the interdecadal variation of
heavy snowfall over northern China. In section 4, we investigate the underlying physical mechanisms for the interdecadal
variation of heavy snowfall by analyses of decadal changes in
atmospheric circulations and Atlantic SST. The major findings
are summarized in section 5.

2. Data and methods
Daily snowfall records (1961–2014) identified by the
weather phenomena from 836 meteorological stations in China
were used in this study. Quality control of this dataset was
performed by the China Meteorological Administration (CMA).
Due to missing records at some stations, we excluded those
stations with records less than 30 years in length, which left a
total of 610 stations for analysis. According to the criteria of the
CMA, snowfall events in China are classified into four categories based on daily snowfall amounts: light snowfall (0.1–
2.5 mm day21), moderate snowfall (2.5–5 mm day21), large
snowfall (5–10 mm day21), and snowstorm (.10 mm day21). In
this study, the large snowfall and snowstorm categories are
referred to as heavy snowfall. That is, heavy snowfall events are
defined as those for which the daily snowfall amount is no less
than 5 mm.
Atmospheric reanalysis data with a horizontal resolution of
2.58 3 2.58 from the National Centers for Environmental
Prediction (NCEP) and National Center for Atmospheric
Research (NCAR) (Kalnay et al. 1996) and SST data with a
horizontal resolution of 28 3 28 from the National Oceanic and
Atmospheric Administration (NOAA) (Smith and Reynolds
2004) were also used. The Atlantic multidecadal oscillation
(AMO) index (Enfield et al. 2001) was downloaded from the
website https://www.esrl.noaa.gov/psd/data/timeseries/AMO/.
To validate the influence of the AMO on atmospheric circulations, the twentieth-century reanalysis products with a
horizontal resolution of 28 3 28 (Compo et al. 2011) and simulations from the Community Atmosphere Model version
3.5 (CAM3.5) that has a horizontal T85 spectral resolution and
27 hybrid sigma levels (Neale et al. 2008; Oleson et al. 2008)
were employed. For the CAM3.5 simulations, two idealized
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experiments with the following SST boundary conditions were
performed: 1) the warm AMO run, in which the warm phase of
the AMO was added to the climatology of monthly mean SST
for the entire North Atlantic, and 2) the cold AMO run, in
which the cold phase of the AMO was added to the climatology
of monthly mean SST for the entire North Atlantic. The warm
(cold) phase of the AMO was derived from the SST data using
rotated EOF analysis. Readers can refer to Fig. 1 of Hao et al.
(2016) for details.
This study focuses on the winter season, which is the period
from December in a given year to the following February
(DJF). For example, the winter season of 1961 is defined as the
average of December 1961, January 1962, and February 1962.
The target region is confined to northern China (north of
358N in China). The methods adopted mainly include EOF
analysis, regression analysis, composite analysis, and correlation analysis. The Student’s t test was employed for statistical significance tests. As the variables may not be
independent from each other for the decadal component that
was obtained through Fourier harmonics by using periods
longer than 10 years in this study, the effective degree of
freedom calculated based on the following equation
(Bretherton et al. 1999) was applied for the significance tests
at the interdecadal time scale:
N* 5
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where N* is the effective degree of freedom and rx(t) and ry(t)
are the autocorrelation functions of the time series x(t) and
y(t), respectively.
The horizontal wave activity flux W was calculated in terms
of the following equation (Takaya and Nakamura 2001):
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in which c0 is the perturbation streamfunction, jUj is the horizontal wind speed, U (V) is the zonal (meridional) component
of the basic flow, and p is the pressure divided by 1000 hPa.
The wave source S was expressed by the formula (Sardeshmukh
and Hoskins 1988)
S 5 2=  [Vx (z 1 f )],
where Vx is the divergent part of the horizontal velocity, z is the
relative vorticity, and f is the planetary vorticity.
The Mann–Kendall test (Mann 1945; Kendall 1975) was
used to detect abrupt points in time series, which was calculated as follows:
1) Construct an order series Sk for the given time series xi
(i 5 1, 2, . . . , n):
k

Sk 5 å r, k 5 2, 3, . . . , n,
i51
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FIG. 2. Percentage (%) of heavy snowfall to total snowfall amounts
during the wintertime of 1961–2013.

FIG. 1. (a) EOF1 mode of winter heavy snowfall over northern China.
(b) Normalized time series (PC1; bar) of the EOF1 mode from 1961 to
2013, superimposed by its decadal component (black line).

where
(
ri 5

1, xi . xj
,
0, xi # xj

j 5 1, 2, . . . , i .

2) Define a statistical series UF using the assumption that the
distribution of the time series is random and independent:

Sk 2 E(Sk )
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
UFk 5 p
Var(Sk )

k 5 1, 2, . . . , n ,

where UF1 5 0 and E(Sk) and Var(Sk) represent the mean and
variance of Sk, respectively.
3) Calculate the statistical series UB by repeating the above
steps for the reversed time series xi (xn, xn21, . . . , x1) and
let UB1 5 0 and UBk 5 2UFk (k 5 n, n 2 1, . . ., 1).
If the curves for UF and UB are plotted in the same coordinate system
and a significance level is given, the intersection of UF and UB, which
falls within the significance interval, indicates the abrupt point.

3. Decadal change of heavy snowfall over northern China
Figure 1 shows the first leading EOF mode (EOF1) and
associated principal component (PC1) of heavy snowfall in

northern China during the winters from 1961 to 2013. The
EOF1 mode (Fig. 1a), which accounts for 36% of the total
variance, presents a consistent variation over most areas of
northern China. The positive value centers are located in the
southeastern part of Northeast China and the northwestern
part of Northwest China. Of interest is that the locations of
these extreme value centers correspond to those of great
snowfall shown by the climatology (Ding 2013; Sun et al. 2010;
Zhou et al. 2018). Over these regions, the percentage contribution of heavy snowfall to total snowfall exceeds 20% (Fig. 2).
PC1 is primarily characterized by a pronounced interdecadal
increasing tendency superimposed with interannual variations
(Fig. 1b). Before the mid-1990s, most years were in the negative phase. After the mid-1990s, in contrast, most years were in
the positive phase. Considering the consistent variation of
heavy snowfall in northern China, we further defined the areaaveraged heavy snowfall over northern China as an index
(NCSI) to measure its variations. Clearly, the change in NCSI
from 1961 to 2013 (Fig. 3a) is quite similar to that of PC1
(Fig. 1b). The correlation coefficient between the two time
series is 0.81, significant above the 99% level. Their correlation
coefficient at the decadal time scale reaches 0.87 (the effective
degree of freedom is 12) and is also higher than the 99%
significance level.
The Mann–Kendall test on the NCSI was performed to
check the significance of interdecadal shift. As shown in
Fig. 3b, an intersection of UF and UB (see section 2 for the
explanation of UF and UB) is detected approximately in 1996,
which is at the 95% significance interval. This result indicates
that the heavy snowfall in northern China did experience an
interdecadal shift in the mid-1990s. In the following, two subperiods with equal sample length (15 years), 1981–95 (P1) and
1999–2013 (P2), were defined to depict this decadal change in
heavy snowfall and were used for composite analyses.
Figure 4 presents the heavy snowfall anomalies during the
P1 and P2 periods. A general out-of-phase variation is clearly
visible between the two subperiods. During the former subperiod (1981–95), the negative anomalies are rather pronounced over northeastern China and northwestern China.
During the latter subperiod (1999–2013), the anomalies in
northern China generally shift to a positive phase. This pattern
bears an overall resemblance to the EOF1 mode.
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FIG. 4. Anomalies of winter heavy snowfall in northern China
during (a) 1981–95 (P1) and (b) 1999–2013 (P2).

FIG. 3. (a) Time series of the normalized NCSI from 1961
to 2013, superimposed by its decadal component (black line).
(b) Result of the Mann–Kendall test for the NCSI time series. The
red (blue) curve indicates the statistical series UF (UB) of the
Mann–Kendall test, and the dashed lines indicate the 95% significance interval.

In summary, heavy snowfall over northern China experienced an interdecadal change in the mid-1990s, after which the
local heavy snowfall has increased. This interdecadal change
also reflects an upward trend over the course of the entire time
period from 1961 to 2013.

4. Decadal changes in background circulations
a. Atmospheric circulations
Before exploring the changes in atmospheric circulations
underlying the interdecadal variation of heavy snowfall, we
first determined the planetary-scale three-dimensional structures that are associated with heavy snowfall over northern
China by regressing the winter atmospheric circulations with
the synchronous NCSI.
Figure 5a shows the NCSI-regressed anomalies in 200-hPa
zonal winds. Corresponding to the increase of heavy snowfall in
northern China, the westerly anomalies at midlatitudes (408–
608N) accompanied by the easterly anomalies at high latitudes
(north of 608N) are pronounced over the Eurasian continent in
the upper troposphere. Regarding the climatology, there are two
jet streams (i.e., the polar front jet stream and the subtropical

jet stream) that reside on either side of the Tibetan Plateau.
The cores of the polar front jet stream and the subtropical
jet stream are located at approximately 57.58 and 308N,
respectively (Hudson 2012; Luo and Zhang 2015; Xue and
Zhang 2017; Huang et al. 2017). Thus, the anomalous pattern with strengthening of zonal winds at midlatitudes and
weakening of zonal winds at high latitudes reflects a southward
displacement of the polar front jet stream and a northward shift
of the subtropical jet stream. As revealed by previous studies,
this pattern is conducive to the southward invasion of cold air
from polar regions (Eichelberger and Hartmann 2007; Zhang
et al. 2008; Luo and Zhang 2015; Lu et al. 2016; Huang et al.
2017; Xue and Zhang 2017). Moreover, the cyclonic vorticity
caused by the upper-tropospheric zonal wind shear could exert
an impact on the middle-tropospheric atmospheric circulations
by decreasing geopotential heights (Woollings et al. 2008, Luo
and Zhang 2015; Hao et al. 2016; Huang et al. 2017). As shown in
Fig. 5b, a salient negative height anomaly is clearly observed
around the region from Lake Balkhash to Lake Baikal (hereafter abbreviated as LBB for simplicity) at 500 hPa. In addition,
the midlatitudes of the North Pacific are dominated by positive
height anomalies (Fig. 5b). The anomalous northerlies to the
west of the cyclonic circulation may drive cold air from high
latitudes to break out southward, subsequently invading
northern China from the west side (Ding 2005). Because
anomalous southwesterlies over the East Asian coast abate
the climatologically prevalent northwesterlies (Chen et al.
1991), cold air is prevented from moving farther southward
and thus accumulates in northern Asia.
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FIG. 5. Regressions of (a) zonal wind (m s21) at 200 hPa,
(b) geopotential height (shadings; gpm) and horizontal winds (arrows; m s21) at 500 hPa, and (c) water vapor transport (kg m21 s21)
vertically integrated from surface to 300 hPa against the normalized NCSI during the wintertime of 1961–2013. Regions above the
95% significance level are shaded in (a) and (c) and dotted in (b).
The contours in (b) indicate the climatological geopotential height
(gpm) at 500 hPa.

On the other hand, the strong southerly anomalies along the
East Asian coast, which are associated with the anomalous
anticyclonic circulation in the North Pacific, could enhance
water vapor transport from the Pacific Ocean toward northeastern China. This may be confirmed in the regression of the
vertically integrated water vapor transport flux with the NCSI
(Fig. 5c), which shows northward transport of water vapor from
the Ocean to northeastern China. In addition, associated with
the cyclonic anomaly over LBB, there is a prevalence of
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anomalous westerly water vapor transport into northwestern
China. As a result, the moisture increases in northern China.
Recent studies have indicated that enhancement of water vapor transport plays a key role in triggering heavy snowfall in
northern China, since the northern China region is climatologically dominated by cold and dry airflows (Wang and Zhou
2018; Xie and Sun 2019).
Based on the above analysis, it is suggested that the southward displacement of the polar front jet stream and northward
shift of the subtropical jet stream in the upper troposphere, as
well as the cyclonic circulation anomaly over LBB and anticyclonic circulation anomaly over the North Pacific in the
middle troposphere, seem to be favorable large-scale atmospheric circulations for the occurrence of heavy snowfall over
northern China. Such a configuration could enable more cold
air and more moist airflow to interact in northern China. This
interaction has been widely recognized as an essential condition for the occurrence of heavy snowfall (e.g., Zhou et al. 2009;
Wang et al. 2011; Sun and Wang 2013; Wang and He 2013;
Zhou et al. 2017; Wang and Zhou 2018). Generally, when the
moist airflows meet cold air bodies, the moist airflows climb
along the cold air and reach saturation at the uplift condensation height. Above the condensation height, the moisture
turns into supercooled water droplets and ice crystals, which
develop gradually and eventually fall to the ground in the form
of snow due to the low temperatures.
As is known, the winter climate in China is affected by the
EAWM (Chen et al. 1991; Huang et al. 2014; W. Chen et al.
2019). One of the unique features of the EAWM is its large
meridional extent that stretches from the high latitudes to the
tropics and its distinct components at different levels from the
lower troposphere to the tropopause (Chen et al. 1991; Jhun
and Lee 2004; Wang et al. 2010; Wang and Chen 2010; Wang
and He 2012; Huang et al. 2014; W. Chen et al. 2019).
According to previous studies (Wang et al. 2010; Luo and
Zhang 2015), the aforementioned large-scale atmospheric
circulations that are associated with heavy snowfall over
northern China generally coincide with the northern mode of
the EAWM, which is defined as the first leading EOF mode of
East Asian air temperatures and features cold winters in
northern East Asia (Wang et al. 2010).
To examine the interdecadal change in atmospheric circulations, Fig. 6 plots the composite differences of 200-hPa
zonal winds, 500-hPa geopotential heights, and vertically integrated water vapor transport between the P2 and P1 periods.
Interestingly, the composite difference pattern (Fig. 6) shows a
general resemblance to the circulation pattern that favors an
increase of heavy snowfall over northern China (shown in
Fig. 5). With respect to the former period (1981–95), during the
latter period (1999–2013) the polar jet stream shifts equatorward and the subtropical jet stream shifts poleward in the upper troposphere (Fig. 6a). In the middle troposphere (Fig. 6b),
the LBB region is dominated by a negative height anomaly
(cyclonic circulation anomaly). This suggests a prevalence of
the EAWM northern mode (Wang et al. 2010; Luo and Zhang
2015). In terms of sea level pressure, Huang et al. (2014) revealed an interdecadal reamplification of the EAWM in the
1990s. This amplification was determined to be confined to
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FIG. 7. (a) Temporal evolution of the winter AMO index based
on Enfield et al. (2001). (b) Composite difference of detrended sea
surface temperature (1021 8C) in winter between 1999–2013 (P2)
and 1981–95 (P1). Regions above the 95% significance level are
dotted.

By comparing Figs. 6 and 5, some discrepancies are noted.
For instance, the locations of anomalous centers of the zonal
wind difference at 200 hPa (Fig. 6a) and the negative height
anomaly at 500 hPa (Fig. 6b) shift somewhat southward and
eastward when compared to their counterparts in the regression map. Figure 6c shows anomalous southeasterly water vapor transport in northeastern China while anomalous
southwesterly water vapor transport is shown in Fig. 5c.

b. Influence of the AMO
FIG. 6. Composite difference of (a) zonal wind (m s21) at
200 hPa, (b) geopotential height (shadings; gpm) and horizontal
winds (arrows; m s21) at 500 hPa, and (c) water vapor transport
(kg m21 s21) vertically integrated from surface to 300 hPa in winter
between 1999–2013 (P2) and 1981–95 (P1). Regions above the 95%
significance level are shaded in (a) and (c) and dotted in (b). The
contours indicate the climatological geopotential height (gpm) at
500 hPa.

northern East Asia and contributed to lower in situ temperatures. Additionally, southerly water vapor transport toward
northeastern China and westerly water vapor transport toward
northwestern China are remarkable (Fig. 6c). Anomalous
moisture convergence over northeastern and northwestern
China is also observed in the divergence field of the water
vapor flux (figure not shown). All of these factors may
provide a beneficial background for the increase of heavy
snowfall in northern China.

The Atlantic SST oscillation with a period of 65–80 years,
which is the so-called AMO (Kerr 2000), contributes to a wide
range of regional climate signals such as the decadal variations
in East Asian circulations and climate (e.g., Lu et al. 2006;
Dong et al. 2006; Li and Bates 2007; Wang et al. 2009; Chen
et al. 2010; Ding et al. 2014; Hao et al. 2016; Li et al. 2017).
Based on these studies, one may speculate that the AMO phase
change might also account for the increase in heavy snowfall
over northern China in recent two decades. In this section, the
possible influence of the AMO on the interdecadal variability
of heavy snowfall in northern China is discussed.
Figure 7a displays the time series of the winter AMO index
based on the definition of Enfield et al. (2001). From the beginning of the twentieth century, the winter AMO index has
exhibited four interdecadal fluctuations, with the most recent
decadal transition appearing in the 1990s, which was represented by a shift from a negative (cold) phase to a positive
(warm) phase. Changes in heavy snowfall toward an increase
over northern China occurred in the transition of the AMO to a
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FIG. 8. Regressions of the decadal component of (a) zonal wind
at 200 hPa and (b) geopotential height (gpm) at 500 hPa against the
AMO index during the wintertime of 1961–2013. Regions above
the 95% significance level (based on the effective degree of freedom) are dotted.

warm phase. As expected, the SST differences between the P2
period and P1 period are positive in the Atlantic Ocean in the
Northern Hemisphere (Fig. 7b). From 1961 to 2013, the correlation coefficient of the AMO index with the NCSI at the
decadal time scale is 0.62 (the effective degree of freedom is
13), significant at the 95% level. Thus, the phase change of the
AMO is speculated to be linked to the decadal change of heavy
snowfall over northern China.
Concurrent with the AMO phase shift in the 1990s, the
Pacific decadal oscillation (PDO), which is another important
decadal signal, switched from a warm phase to a cold phase
(Kosaka and Xie 2013). To identify the independent linkage of
the AMO and PDO to the heavy snowfall in northern China,
we calculated partial correlations of the NCSI with the AMO
and PDO at the decadal time scale. From 1961 to 2013, the
partial correlation coefficient is 0.54 for the decadal relationship between the NSCI and AMO and is 20.28 for that between the NSCI and PDO, suggesting a much closer linkage of
the AMO to the decadal changes of heavy snowfall over
northern China.
Thus, we focus on the possible influence of the AMO in this
study. Given that the shift of the polar front jet stream (subtropical jet stream) in the upper troposphere and the height
anomalies over LBB (the North Pacific) in the middle troposphere are atmospheric circulations influencing heavy snowfall
in northern China, the decadal changes in 200-hPa zonal winds
and 500-hPa geopotential heights associated with the AMO
were analyzed by regressing their decadal component against

FIG. 9. Composite difference of (a) zonal wind (m s21) at 200 hPa
and (b) geopotential height (gpm) at 500 hPa in winter calculated
from the twentieth-century reanalysis data between the positive
and negative AMO phases. Regions above the 95% significance
level are shaded.

the AMO index (Fig. 8). Of particular interest, as is shown in
Fig. 8, the dominant features of the atmospheric anomalies are
generally similar to their decadal changes from the P1 period to
P2 period. Corresponding to the warm phase of the AMO, the
zonal winds in the upper troposphere delineate a strengthening
of westerly airflows at midlatitudes and weakening of westerly
airflows on the north side (Fig. 8a). The negative and positive
height anomalies are observed to concurrently dominate the
LBB region and North Pacific in the middle troposphere, respectively (Fig. 8b). These anomalies are generally in agreement
with the circulation situation for increased heavy snowfall in
northern China.
To provide more solid evidence, we extended our analyses
by using the twentieth-century reanalysis data. Figure 9 displays the composite differences of 200-hPa zonal winds and
500-hPa geopotential heights from the twentieth-century reanalysis between the positive and negative AMO phases. The
selective positive AMO phases (1931–62 and 1999–2013) and
negative AMO phases (1902–22 and 1966–95) are based on
Fig. 7b. As shown in Fig. 9a, the meridional pattern with positive and negative anomalies alternating from the midlatitudes
to high latitudes is evident in the upper troposphere of the
Eurasian region, which indicates a southward shift of the polar
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FIG. 11. Streamfunction (shadings; 106 m2 s21) and horizontal
wave activity flux (arrows; m2 s22) at 300 hPa calculated from the
twentieth-century reanalysis data for the difference between the
warm and cold AMO phases.

FIG. 10. Wave source (10211 s22) at 300 hPa calculated from the
twentieth-century reanalysis data for the difference between the
warm and cold AMO phases.

front jet stream and a northward shift of the subtropical jet
stream. In the middle troposphere, negative height anomalies
are predominant around the LBB region while the North
Pacific is mainly dominated by positive height anomalies extending southwestward (Fig. 9b). Therefore, we hypothesize
that the AMO phase change from a cold phase to a warm phase
may contribute to the increase of heavy snowfall in northern
China through its impacts on the upper and middle tropospheric atmospheric circulations.
An emerging question is in what manner the phase transitions of the AMO are linked to the decadal change of above
atmospheric circulations. Owing to atmospheric Rossby waves,
the climate variability over a certain region generally shows a
teleconnection with upstream disturbances (e.g., Zhou and Cui
2014; Orsolini et al. 2015; Zhou and Wang 2015; Li et al. 2017;
Shi et al. 2019). Thus, the AMO-related wave train propagation was examined to explore the candidate mechanisms underlying the linkage between the AMO and downstream
atmospheric circulations. In accordance with wave source
theory (Sardeshmukh and Hoskins 1988), sea surface thermal
conditions in the North Atlantic Ocean could induce Rossby
wave sources by upper-tropospheric divergence anomalies
(Hoskins and Ambrizzi 1993; Branstator 2002; Manola et al.
2013; Hao et al. 2016). As is seen in Fig. 10, an anomalous wave
source located over the northwest Atlantic at approximately
408–508N is associated with the SST differences for the positive
and negative AMO phases. In this manner, a Rossby wave is
forced and propagates downstream along the waveguide of
zonal mean flow (Takaya and Nakamura 2001). Figure 11
shows that the anomalous wave, which emanates from the
northwest Atlantic, propagates eastward and splits into two
branches over western Europe. One branch moves toward the
south; the other branch first moves northeastward and then
shifts southeastward to northeastern Asia. The latter branch
could propagate the AMO signal downstream to northeastern

Asia and then exerts effects on local atmospheric circulations.
Therefore, the atmospheric teleconnection process in the upper troposphere from the North Atlantic to northeastern Asia
seems to bridge the AMO signal and large-scale atmospheric
circulations that affect heavy snowfall in northern China.

5. Conclusions and discussion
In this study, we examined the spatial and temporal characteristics of heavy snowfall in northern China. The results
show that the first leading mode of heavy snowfall, which explains 36% of the total variance, exhibits a monosign variation
over northern China. Moreover, a pronounced interdecadal
change occurred in the mid-1990s, which is characterized by a
general increase in heavy snowfall in northern China from the
former period to the latter period.
The possible physical process for this decadal change is
preliminarily addressed. It is indicated that the large-scale atmospheric circulations that are associated with the increased
heavy snowfall over northern China include the southward
displacement of the polar front jet stream and northward shift
of the subtropical jet stream in the upper troposphere, and the
cyclonic atmospheric circulation anomaly over LBB and anticyclonic circulation anomaly over the North Pacific in the
middle troposphere. The decadal changes in the above atmospheric circulations may generally support the increase of
heavy snowfall over northern China that has occurred since the
mid-1990s. Compared to the former period, during the latter
period the easterly and westerly anomalies in the upper troposphere have prevailed in the high and middle latitudes of
Eurasia, respectively. Meanwhile, negative height anomalies
occupy the LBB region and are accompanied by positive height
anomalies which control the midlatitudes of the North Pacific
in the middle troposphere. This anomalous pattern could enable more cold air and more moist airflow to interact in
northern China and may increase heavy snowfall. Further analyses reveal that the recent AMO transition from a cold phase
to a warm phase may also favor the increase of heavy snowfall
over northern China through its influence on the interdecadal
variation of aforementioned atmospheric circulations. The
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FIG. 12. (a) EOF1 mode of total snowfall over northern China in
winter. (b) Normalized time series (PC1; bar) of the EOF1 mode
from 1961 to 2013, superimposed by its decadal component
(black line).

AMO influence on the atmospheric circulation anomalies is
hypothesized to be achieved by a downstream propagation of
the Rossby wave train that emanates from the Atlantic.
Overall, the above changes in atmospheric circulations and
the warm phase of the AMO may be responsible for the
interdecadal increase of heavy snowfall over northern China
after the mid-1990s. This finding is encouraging for a better
understanding of the variability of heavy snowfall in China. It
may also be helpful for improving the seasonal prediction of
heavy snowfall due to the persistence of decadal signals. In
recent years, some studies have documented a decadal
change of Asian climate in the 1990s for different seasons
(e.g., Kwon et al. 2007; Wu et al. 2010; Huang et al. 2013, 2014;
Zhu et al. 2014; Zhang et al. 2018; Wang and Zhou 2019). This
decadal increase in heavy snowfall over northern China, as
revealed by our study, may be a reflection of the regime shift
in climate system.
As introduced in section 1, a decadal shift in the mid-1980s
was reported for total snowfall in northeastern China. Thus, we
performed EOF analysis of total snowfall in northern China.
The EOF1 mode, which explains 39.2% of the total variance,
also shows a consistent variation (Fig. 12a). However, the total
snowfall began to change from a negative polarity to a positive
one in the mid-1980s and further increased after 2000
(Fig. 12b). Recently, Zhou et al. (2018) indicated that the
changes in light snowfall and heavy snowfall in northern China

FIG. 13. As in Fig. 9, but for CAM3.5 simulations.

showed different behaviors; the ratio of heavy snowfall to total
snowfall has significantly increased in recent decades. Hence,
the interdecadal increase of heavy snowfall may provide a
dominant contribution to the increase in total snowfall over
northern China after the mid-1990s. Given the different changes
in heavy snowfall and total snowfall from the mid-1980s to mid1990s, the variation of light snowfall may play a predominant
role in the increase of total snowfall during that period.
Although several studies have examined the changes in atmospheric circulations and moisture conditions for the decadal
change of total snowfall in northeastern China in the mid-1980s,
it is difficult to directly compare their differences between the
mid-1980s and mid-1990s because the time period used in those
studies to analyze the decadal change in the mid-1980s covered
the latter period. Thus, further detailed investigations are
needed in future studies to address the similarities and differences of the two decade changes.
In addition, we also examined the response of the Eurasian
atmospheric circulations in the CAM3.5 simulation to AMO
forcing. As shown in Fig. 13, the CAM3.5 simulation produces
negative–positive–negative anomalies from low latitudes to
high latitudes in 200-hPa zonal winds as well as negative
anomalies north of the LBB region and positive anomalies
over the North Pacific that extend southwestward in 500-hPa
geopotential height. However, when comparing Figs. 13 and 9,
we notice that the simulated patterns are more northward than
the observations. A similar phenomenon was also documented
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by Wu et al. (2019), who found that the climate models, for
example MPI-ESM-LR, could reproduce the AMO-related
wave train–like pattern, but the positions of the wave train
nodes shifted from those in the observation. Zhang et al.
(2019) indicated in their review paper that the understanding of AMO-associated climate is hindered by substantial
biases in most climate models. Therefore, the process of
AMO influence on Eurasian atmospheric circulations as
proposed in our study needs further justification in the future. Furthermore, we focused on the possible role of the
AMO as an external forcing factor for the change in heavy
snowfall over northern China. Other external forcings such
as the decline in Arctic sea ice and global warming may also
have contributions. For instance, Liu et al. (2012) indicated
that the decrease in autumn Arctic sea ice favors the establishment of blocking and provides a favorable condition
for the increase of snowstorm. H. Chen et al. (2019) found
that a decrease in autumn Arctic sea ice could intensify
meridional activity and benefit the southward invasion of
polar cold air, which would lead to a convergence of cold air
and warm-moist air in northeastern China and hence increase heavy snowfall. Under the background of global
warming, a slowdown in surface warming occurred from
1998 to 2013, which is referred to as the ‘‘global warming
hiatus’’ (IPCC 2013). In this context, the Eurasian continent
experienced cooling winters (C. Li et al. 2015; Q. Li et al.
2015), which may provide cold advection for the occurrence
of heavy snowfall. However, the projection under the representative concentration pathway 4.5 (RCP4.5) showed
that there would be an increase of heavy snowfall in
northern China in a future warmer world, which would be
mainly due to the increase in atmospheric moisture (Zhou
et al. 2018).
Northeast and Northwest China are also regions with high
values of snow cover. In recent two decades, the winter snow
cover in the above regions showed a shift from a decrease to an
increase (Qin et al. 2006; Ke and Liu 2014; Tan et al. 2019;
Zhang et al. 2020). Naturally, low temperature and snowfall
are essential for the formation and maintenance of snow cover.
When the temperature is below the freezing point, the increased snowfall would result in an increase of snow cover
(Peng et al. 2010; Luce et al. 2014; Wu and Chen 2016; Xu et al.
2019). In this sense, the decadal increase of heavy snowfall in
northern China is expected to increase local snow cover during
the snowy winter period. In addition, an increasing trend in
snow depth was detected over western Eurasia (Popova 2007;
Xu et al. 2019) while a decreasing trend in snow water equivalent was found over northern Eurasia (Zuo et al. 2011; Yeo
et al. 2017; Xu et al. 2019), which have been documented to be
associated with multiple factors such as large-scale atmospheric circulations, air–sea interactions, and declines of Arctic
sea ice (Popova 2007; Liu et al. 2012; Kim et al. 2013; Ye et al.
2015; Wu and Chen 2016; Song and Liu 2017; Ye and Lau 2017;
Yeo et al. 2017; Xu et al. 2019). The issue of whether there is
intrinsic linkage of variations between the Eurasian snow
pattern and that discussed in our study deserves further investigations although it is beyond the scope of the present
discussion.
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