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Abstract: Spring snow cover variability over Northeast China (NEC) has a profound influence on
the local grain yield and even the food security of the country, but its drivers remain unclear. In the
present study, we investigated the spatiotemporal features and the underlying mechanisms of spring
snow cover variability over NEC during 1983–2018 based on the satellite-derived snow cover data
and atmospheric reanalysis products. The empirical orthogonal function (EOF) analysis showed that
the first EOF mode (EOF1) explains about 50% of the total variances and characterizes a coherent snow
cover variability pattern over NEC. Further analyses suggested that the formation of the EOF1 mode is
jointly affected by the atmospheric internal variability and the sea surface temperature (SST) anomaly
at the interannual timescale. Specifically, following a negative phase of the atmospheric teleconnection
of the Polar–Eurasian pattern, a prominent cyclonic circulation appears over NEC, which increases
the snowfall over the east of NEC by enhancing the water vapor transport and decreases the air
temperature through reducing the solar radiation and intensifying the cold advection. As a result,
the snow cover has increased over NEC. Additionally, the tripole structure of the North Atlantic
spring SST anomaly could excite a wave-train-type anomalous circulation propagating to NEC that
further regulates the snow cover variability by altering the atmospheric dynamic and thermodynamic
conditions and the resultant air temperature and snowfall. Our results have important implications
on the understanding of the spring snow cover anomaly over NEC and the formulation of the local
agricultural production plan.

Keywords: Northeast China; spring snow cover; interannual variability; Polar–Eurasian pattern;
North Atlantic SST

1. Introduction

Northeast China (NEC) is one of the most important commercial grain bases, where
the crop yield accounts for more than 20% of the total production of the country, thus
playing a crucial role in the local socioeconomic development and even the country’s food
security [1–3]. Owing to the long cold season over NEC, abundant snow cover accumulates
in winter and is preserved into spring, which has notable impacts on local agricultural
production. For example, the melting of snow cover during spring provides precious water
resources for crop sowing by regulating runoff and soil moisture [4,5]. In addition, by the
snow albedo and hydrological effect, spring snow cover can influence the air temperature
and precipitation during spring and summer [6–11], which are the key factors affecting
seedling emergence, crop growth, and final yield. Therefore, it is critical to advance the
understanding of the spring snow cover variability over NEC for the formulation of the
local agricultural production plan and the promotion of socioeconomic development.
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The snow cover variability over NEC has been a widely considered topic in the recent
global warming scenario [12–15]. Numerous studies explored the changes in various
snow cover parameters, such as the snow volume, phenology, and duration [16–19]. Some
studies found that the snow cover days have significantly increased in recent decades
and attributed this to the influence of the mean air temperature [16,17,19], while others
suggested that the snow depth has decreased over NEC [18]. These studies have improved
our understanding on the responses of snow cover over NEC to the warming climate, but
the spatiotemporal features of the snow cover variability on the interannual timescale have
not been well documented as yet.

Previous researches suggested that both the atmospheric internal variability and the
external forcings play important roles in the snow cover variability over Eurasia and its
sub-regions [20–26]. For example, the dominant modes of Eurasian snow cover variations
in spring and autumn were found to be influenced by multiple teleconnection patterns,
such as the Arctic Oscillation (AO), East Atlantic (EA), Polar–Eurasian pattern (POL), EA-
Western Russia (EAWR), West Pacific (WP), and Scandinavia (SCAND) pattern [24–26].
Moreover, North Atlantic Oscillation (NAO) could affect the snow cover variability over
Europe during winter through regulating the thermal advection [20–23]. Sun et al. [27] also
found that NAO is an important factor shaping the winter snowfall variability over North
China. Lu et al. [18] indicated that the snow depth over NEC during spring and autumn
is negatively correlated with the intensity of the East Asian Trough and the polar vortex,
while the winter snow depth has a close linkage with the Subtropical High intensity.

As for the lower boundary forcings, the sea surface temperature (SST) anomaly over
the North Atlantic has been recognized as a crucial driver that can affect the Eurasian snow
cover by exciting the eastward propagated wave-train-type anomalous circulations [25,26,28].
The transition of the North Atlantic SST anomaly from a cold phase to a warm phase
around the 1990s contributed to the decadal increase in heavy snowfall over NEC [29].
Recently, studies indicated that the Arctic sea ice variabilities also act as a considerable
factor responsible for the anomalies of temperature and precipitation over Eurasia, which
then could lead to the variations in snow cover [26,30–32]. However, it remains unclear
whether there is any influence of the above factors on the spring snow cover variability
over NEC.

Therefore, in this study, we aim to, firstly, clarify the characteristics of the interan-
nual variability in the spring snow cover over NEC, and, secondly, unravel the physical
mechanism responsible for the snow cover anomalies.

2. Study Area

In the present study, NEC denotes the region of China over 40◦–55◦N, 115◦–135◦E, in-
cluding the Heilongjiang, Jilin, and Liaoning Provinces and the east part of Inner Mongolia
(Figure 1). The Inner Mongolia Plateau lies in western NEC, which is mainly covered by
grassland and sparse vegetation. Forests are mainly distributed in the Greater and Lesser
Khingan Mountains and Changbai Mountain, which stretch from the north to the east and
south of NEC. There are wide range of croplands located in the central and east tip of NEC,
with flat terrain and low elevation.
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Figure 1. The location and land cover types [33] of Northeast China.

3. Materials and Methods

In the present study, the snow cover fraction (SCF) data were derived from the North-
ern Hemisphere EASE-Grid 2.0 Weekly Snow Cover and Sea Ice Extent, Version 4, which
was provided by the National Snow and Ice Data Center (NSIDC). The NSIDC snow data
are available from 1966 to the present with a spatial resolution of 0.25◦ × 0.25◦ [34]. We
also employed the SCF data from the Japan Aerospace Exploration Agency Satellite Moni-
toring for Environmental Studies (JASMES) to confirm the reliability of the results from
the NSIDC data. The JASMES data are available from 1978 to 2019 with a resolution of
5 km × 5 km [35]. For ease of analysis, we transformed both the NSIDC and JASMES snow
cover data to a monthly 1◦ × 1◦ grid based on the linear interpolation.

The monthly surface air temperature (SAT) and precipitation were from the Climate
Research Unit, University of East Anglia (CRU TS v4.03). This dataset is available from
1901 to 2020 and has a spatial resolution of 0.5◦ × 0.5◦ [36]. The SST data were obtained
from the National Oceanic and Atmospheric Administration Extended Reconstructed
Sea Surface Temperature (ERSST) v5 dataset. These monthly SST data are on a regular
2◦ × 2◦ grid and are available after 1854 [37]. The monthly sea ice concentration data,
with a resolution of 1◦ × 1◦ and covering 1870 to 2020, are provided by the Hadley Centre
Sea Ice and Sea Surface Temperature data set (HadISST1) [38]. The monthly atmospheric
variables, including air temperature, horizontal wind, geopotential height, and energy
fluxes, were extracted from the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) Reanalysis 1 product [39]. The indices of
atmospheric teleconnections were downloaded from the National Oceanic and Atmospheric
Administration Climate Prediction Center. These datasets have been widely used in
previous studies and confirmed to be suitable for climate investigations [34–39].

In order to analyze the variability in SAT, we diagnosed the horizontal thermal advec-
tion (Tadv), which is calculated according to the following formula [40]:

Tadv = −u
∂T

rcos ϕ∂λ
− v

∂T
r∂ϕ

(1)

where ϕ and λ represent the latitude and longitude, respectively. u, v, r, and T are the zonal
and meridional winds, radius of Earth, and air temperature, respectively.
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To detect the propagation of the Rossby wave train, we computed the wave activity
flux (WAF) following Takaya and Nakamura [41,42]. The horizontal components of WAF
can be written as follows:

WAF =
pcos ϕ

2|U|


U

α2cos2 ϕ

[(
∂ψ′

∂λ

)2
− ψ′ ∂
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]
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where |U| represents the climatological wind speed; p is the pressure scaled by 1000 hPa;
α means the radius of the Earth; ϕ and λ represent the latitude and longitude; V and U
indicate the climatological meridional and zonal wind, respectively; and ψ’ denotes the
perturbed geostrophic streamfunction.

The Eady growth rate (EGR) is employed to quantify the atmospheric baroclinicity [43,44].
The EGR can be calculated based on the following equation:

EGR = 0.31
| f Uz|

N
(3)

where the f is the Coriolis parameter, Uz denotes the vertical wind shear, and the N is the
Brunt–Väisälä frequency. Moreover, the variance in the 2–8-day bandpass-filtered daily
geopotential height at 300 hPa is used to indicate the storm track activity.

In light of the lack of part of snow cover data from JASMES and NSIDC in 1981 and
1982, the research period of this paper was set as 1983–2018. The spring snow cover means
the average snow cover in March, April, and May. This study aimed to investigate the
variations on the interannual timescale; all of the variables needed to be filtered by a 9-year
high-pass filter to avoid the potential contamination of the signals of decadal changes and
long-term trends. We employed the empirical orthogonal function (EOF) analysis to extract
the spatiotemporal features of the spring snow cover variability over NEC. The snow
cover anomalies in EOF analysis were weighted by the cosine of the latitudes to account
for the reduction in the area toward the higher latitudes [45]. In addition, we calculated
the linear correlations of the timeseries of the leading mode of snow cover variability
with teleconnections, SST, and sea ice to detect the potential relationships between them.
Moreover, the responses of the atmospheric dynamic and thermodynamic conditions to the
teleconnections and SST anomalies were examined through linear regression analyses to
explore the physical processes responsible for the snow cover variability. The statistical
significance was estimated on the basis of the two-tailed Student’s t-test.

4. Results
4.1. The Leading Mode of Spring Snow Cover Anomaly over NEC

Figure 2 presents the first EOF mode (EOF1) of the interannual variability in NEC
spring snow cover during 1983–2018. The EOF1 mode derived from the NSIDC SCF
data (Figure 2a) can explain about 50% of the total variances and can be separated from
other modes based on the method proposed by North et al. [46]. The spatial pattern of
EOF1 characterizes a coherent variation in the spring snow cover over most areas of NEC,
with large loading located in the east and north parts of NEC (Figure 2a). The principal
component of EOF1 (PC1) shows prominent interannual fluctuation, and the magnitude
has experienced an obvious increasing trend since the late 1990s (Figure 2b). This denotes
that the interannual variability in the spring snow cover over NEC has strengthened in
recent years.
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Figure 2. The EOF1 mode of NEC spring snow cover anomaly during 1983–2018. (a,c) illustrate
the spatial patterns of EOF1 mode derived from NSIDC and JASMES snow cover data, respectively.
(b,d) show the corresponding principal component (PC1) of two datasets. The spatial patterns of the
EOF1 mode are expressed as the regression of SCF against the respective PC1. The dots represent
areas significant at 95% confidence level.

In order to further corroborate the results from the NSIDC data, we also conducted
an EOF analysis on the JASMES SCF data. The spatial pattern of the EOF1 mode of the
snow cover variability from the JASMES bears a close resemblance to that from the NSIDC,
but with a relatively lower variance explanation rate of 38% (Figure 2c). In addition,
the correlation coefficient between the PC1 from the JASMES and that from the NSIDC
reaches 0.89, exceeding the 99% confidence level (Figure 2d). The consistencies of the EOF
results regarding both the spatial pattern and its temporal evolution between two SCF
datasets verify the robustness of the features of the EOF1 mode of NEC spring snow cover
variability. Although the spatiotemporal features of the snow cover variability from the
two datasets are consistent with each other, the EOF1 mode from the NSIDC can explain a
larger proportion of the total variances than that from JASMES. Therefore, in the following
sections, we mainly use the NSIDC data to investigate the mechanisms of the NEC spring
snow cover variability. The main results do not change when the JASMES snow cover data
are employed (See Supplementary Material).

4.2. Mechanisms of the Spring Snow Cover Variability over NEC

Variation in snow cover is mainly controlled by the anomalies of snowfall and air tem-
perature, which determine the processes of snow melt and accumulation. In theory, a lower
temperature and excessive snowfall in the cold season are conducive to the accumulation of
snow cover on the ground, and vice versa [25,26]. Furthermore, the variabilities in snowfall
and air temperature are the products of atmospheric circulation anomalies [27,47]. There-
fore, the first step is to analyze the EOF1-related simultaneous anomalous atmospheric
circulations to identify the potential influencing factors.

Figure 3 exhibits the anomalies of horizontal winds and geopotential height at 200 hPa,
500 hPa, and 850 hPa, which are obtained through regression with the PC1. It is apparent
that the anomalous atmospheric circulation patterns at different levels of the troposphere
are generally consistent with each other (Figure 3), indicating a quasi-barotropic structure.
Specifically, corresponding to the positive phase of PC1, NEC is dominated by a prominent
anomalous cyclonic circulation that may contribute to the excessive snow cover over NEC
by modulating the precipitation and temperature. From a wider view, there is a clear



Remote Sens. 2023, 15, 5330 6 of 16

meridional dipole pattern of geopotential height anomalies over the north polar region
and northeast Asia (Figure 3). This circulation pattern closely resembles that related
to the atmospheric teleconnection patterns of AO and POL [48–50], implying that they
could act as the potential drivers of the NEC snow cover variability. In addition, a zonal
wave-train-type circulation can be seen over the mid–high latitudes that stems from the
North Atlantic to NEC (Figure 3), indicating the possible impact of the North Atlantic SST
anomaly on the NEC snow cover variation. Therefore, in the following section, we explore
the physical mechanisms of the NEC spring snow cover anomaly by mainly considering
the contributions of the atmospheric teleconnections and the North Atlantic SST.

Remote Sens. 2023, 15, x FOR PEER REVIEW 6 of 16 
 

 

there is a clear meridional dipole pattern of geopotential height anomalies over the north 
polar region and northeast Asia (Figure 3). This circulation pattern closely resembles that 
related to the atmospheric teleconnection patterns of AO and POL [48–50], implying that 
they could act as the potential drivers of the NEC snow cover variability. In addition, a 
zonal wave-train-type circulation can be seen over the mid–high latitudes that stems from 
the North Atlantic to NEC (Figure 3), indicating the possible impact of the North Atlantic 
SST anomaly on the NEC snow cover variation. Therefore, in the following section, we 
explore the physical mechanisms of the NEC spring snow cover anomaly by mainly con-
sidering the contributions of the atmospheric teleconnections and the North Atlantic SST. 

 
Figure 3. Anomalies of geopotential height (shading; gpm) and wind (vectors; m s−1) at 200 hPa (a), 
500 hPa (b), and 850 hPa (c) obtained by regression onto PC1 during 1983–2018. Green vectors and 
black dots indicate the anomalies of wind and geopotential height reaching the 95% confidence 
level, respectively. The blue boxes represent the domain of NEC. 

4.2.1. Effect of the Polar–Eurasia Pattern 
Correlation analyses confirm that the AO and POL have a close connection with the 

PC1 of the leading mode of NEC snow cover variability, with correlation coefficients of -
0.35 (p < 0.05) and −0.45 (p < 0.01), respectively (Table 1). We also calculated the correla-
tions of PC1 with other major teleconnections that prevailed over Eurasia [48,49], but none 
of them have a significant correlation with PC1 (Table 1). These results are also robust 
when the JASMES snow data are used (Table S1). In addition, we note that there is a close 
connection between AO and POL, with a correlation coefficient of 0.43 (p < 0.01). This 
implies that the linkages of AO and POL with PC1 may not be independent of each other. 
To check this speculation, we calculated the partial correlations between PC1 and AO 

Figure 3. Anomalies of geopotential height (shading; gpm) and wind (vectors; m s−1) at 200 hPa (a),
500 hPa (b), and 850 hPa (c) obtained by regression onto PC1 during 1983–2018. Green vectors and
black dots indicate the anomalies of wind and geopotential height reaching the 95% confidence level,
respectively. The blue boxes represent the domain of NEC.

4.2.1. Effect of the Polar–Eurasia Pattern

Correlation analyses confirm that the AO and POL have a close connection with the
PC1 of the leading mode of NEC snow cover variability, with correlation coefficients of
−0.35 (p < 0.05) and −0.45 (p < 0.01), respectively (Table 1). We also calculated the corre-
lations of PC1 with other major teleconnections that prevailed over Eurasia [48,49], but
none of them have a significant correlation with PC1 (Table 1). These results are also robust
when the JASMES snow data are used (Table S1). In addition, we note that there is a close
connection between AO and POL, with a correlation coefficient of 0.43 (p < 0.01). This
implies that the linkages of AO and POL with PC1 may not be independent of each other.
To check this speculation, we calculated the partial correlations between PC1 and AO (POL)
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after removing the effect of POL (AO), respectively. The results show that the correlation
between PC1 and POL is still significant after excluding the signal of AO (Figure 4b),
suggesting that the influence of POL on the EOF1 mode of NEC snow cover variability
is independent of AO. In contrast, the relationship between PC1 and AO substantially
weakens when the signal of POL is excluded (Figure 4a). This denotes that the linkage
between PC1 and AO may be an artifact of the effect of POL. Therefore, we suggest that the
POL is the major factor responsible for the formation of the leading mode of NEC snow
cover variation.

Table 1. Correlation coefficients (R) between the PC1 of NEC snow cover variability with the contem-
porary atmospheric teleconnections. One asterisk and double asterisks indicate the R exceeding the
95% and 99% confidence levels, respectively.

Teleconnection Indices R

AO −0.35 *
NAO −0.11

EA −0.21
EAWR −0.04
POL −0.45 **

SCAND −0.17
WP −0.02
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removed. The correlation coefficients exceeding the 95% and 99% confidence levels are labeled by
one asterisk and double asterisks, respectively.

What are the physical processes involved in the effect of the POL on NEC snow cover
anomalies? To answer this question, we explored the POL-related anomalies of geopotential
height and horizontal winds. As shown in Figure 5a, in response to the negative phase of
POL, the anomalous circulations exhibit a tripole structure at 500 hPa, with two positive
anomalies centers of geopotential height over the north high latitudes and northwest Pacific,
and one negative anomaly centering around northeast Asia. Accordingly, two anomalous
anticyclones and one anomalous cyclone are observed over the corresponding regions
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(Figure 5a). The anomalous circulation pattern at the lower troposphere (Figure 5b) closely
resembles that at 500 hPa, implying a quasi-barotropic vertical structure of the circulation
anomalies related to the POL.
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induced by the moisture convergence contributes to the decreased downward shortwave 
radiation to the north and east boundaries of NEC (Figure 6c), which in turn causes the 
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creased snowfall jointly lead to the above normal snow cover over the north and east 
boundaries of NEC (Figure 6h). In addition, the anomalous northwesterly air flow on the 
west side of the cyclonic circulation could lead to the invasion of cold and dry air from 
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longwave radiation of the dry cold air. Therefore, the positive anomalies of snow cover 
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Figure 5. The anomalies of horizontal wind (vectors; m s−1) and geopotential height (shading; gpm)
at 500 hPa (a) and 850 hPa (b) obtained by regression onto the sign-reversed POL index during
1983–2018. The anomalies of wind and geopotential height exceeding the 95% confidence level are
labeled by green vectors and black dots, respectively. The blue boxes represent the domain of NEC.

Focusing on northeast Asia, the anomalous southeast flow on the east side of the
anomalous cyclone transports the warm and moist air flow northward from the Japan
Sea and then converges over the east and north sides of the NEC (Figure 6a), leading
to excessive snowfall over the region (Figure 6g). Moreover, the increased cloud cover
(Figure 6b) induced by the moisture convergence contributes to the decreased downward
shortwave radiation to the north and east boundaries of NEC (Figure 6c), which in turn
causes the negative anomalies of SAT there (Figure 6f). As a result, the reduced SAT and
the increased snowfall jointly lead to the above normal snow cover over the north and east
boundaries of NEC (Figure 6h). In addition, the anomalous northwesterly air flow on the
west side of the cyclonic circulation could lead to the invasion of cold and dry air from the
higher latitudes to the central part of NEC (Figure 5), which directly results in the negative
anomalies of SAT (Figure 6f) through cold advection (Figure 6e). On the other hand, the
intrusion of the northwest flow could further indirectly decrease the SAT by reducing the
downward longwave radiation (Figure 6d) owing to the lower emissivity of longwave
radiation of the dry cold air. Therefore, the positive anomalies of snow cover over central
NEC (Figure 6h) may mainly result from the decreased SAT because the snowfall has not
changed significantly over the region (Figure 6g). In general, the POL-induced snow cover
anomaly pattern is consistent with that related to the EOF1 mode, verifying the crucial role
of POL in shaping the spring snow cover variability over NEC.
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Figure 6. The anomalies of various variables obtained by regression against the sign-reversed POL in-
dex. (a) Vertical integrated moisture flux (vectors; kg m−1 s−1) and its divergence (10−5 kg m−2 s−1),
(b) total cloud cover (%), downward shortwave (c) and longwave (d) radiation flux (W m−2),
(e) temperature advection (◦C month−1), (f) SAT (◦C), (g) snowfall (mm), (h) SCF. Black dots imply
where the anomalies reach the 95% confidence level. The blue boxes represent the domain of NEC.

4.2.2. Impact of the North Atlantic SST Anomaly

In order to explore the relationship of the North Atlantic SST with the dominant mode
of the NEC snow cover anomaly, a regression between the anomalies of the spring SST
and PC1 were examined. As illustrated in Figure 7a, the North Atlantic SST anomalies
exhibit an apparent tripole pattern, with one negative anomaly centering over the east of
North America, and two positive anomalies centering over the subtropics and the south
of Greenland, respectively. We further constructed an SST index (SSTI) to quantitatively
depict the variability in the tripole SST anomalies. The SSTI is defined as the standardized
difference in the area-average SST over the two positive centers and the negative center.
There is an intimate connection between PC1 and SSTI, with the correlation coefficient
reaching 0.56, exceeding the 99% confidence level (Figure 7b), confirming the potential role
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of the North Atlantic tripole SST anomalies in the variability in NEC spring snow cover.
Note that these results are supported by the analyses based on the JASMES snow data
(Figure S1).
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regions, respectively.

Previous studies indicated that the North Atlantic SST anomalies’ tripole pattern
can regulate climate variations over Eurasia by exciting a wave-train-like anomalous
circulation [25,51,52]. Here, we find that following the positive phase of the SSTI, the
geopotential height anomalies at 300 hPa exhibit a clear wave train structure (Figure 8a).
According to the WAF, we can see that the wave-train-type circulation propagates from
the North Atlantic to east Asia, thus acting like a bridge spreading the influence of the
North Atlantic SST anomalies on the NEC climate (Figure 8a). How does the tripole SST
anomaly excite such a Rossby wave train? Previous studies suggested that the response
of the transient eddy activities to the low-level atmospheric baroclinicity is the crucial
process responsible for the forcing of the SST anomaly on the atmosphere [53–56]. To
unravel this mechanism, we investigated the SSTI-related meridional temperature gradient
and the atmospheric baroclinicity at 850 hPa, and anomalies of the storm track at 300 hPa
(Figure 8b–d). Following the positive polarity of the SSTI, the temperature gradient has
increased over the region between the areas with the negative SST anomalies over the
central North Atlantic and the positive SST anomalies over the subtropics (Figure 8b).
On the contrary, the decreased temperature gradient is seen over the area between the
positive SST anomalies centers over the south of Greenland and the central North Atlantic
(Figure 8b). Correspondingly, the strengthened (weakened) atmospheric baroclinicity
presents over the regions with an increased (decreased) temperature gradient (Figure 8c).
In response to the changes in the atmospheric baroclinicity, reduced and intensified storm
tracks are observed over the south of Greenland and the central North Atlantic, respectively
(Figure 8d). The enhanced (weakened) transient eddy activity tends to be accompanied
by cyclonic (anticyclonic) eddy forcing to its north [57,58]. As a result, the tripole SST
anomalies could lead to the positive and negative geopotential height anomalies over
southern Greenland and central North Atlantic, respectively, which further excite the wave
train propagating to east Asia (Figure 8a).
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Figure 8. Anomalies of (a) geopotential height (shading; gpm) and the related WAF (vectors) at
300 hPa, (b) meridional air temperature gradient (10−6 K m−1) and (c) Eady growth rate (day−1) at
850 hPa, (d) storm track at 300 hPa (gpm) obtained by regression onto SSTI. Stippling indicates the
95% confidence level. The blue box represents the domain of NEC.

The wave train type circulation has significantly negative height anomalies centering
around the NEC (Figures 8a and 9a). Controlled by this cyclonic circulation, the south and
southeast winds on the east side of the cyclonic circulation bring abundant water vapor
northward (Figure 9b) and lead to above-normal snowfall over the south NEC (Figure 9g).
In addition, the convergence of the water vapor results in the positive anomalies of cloud
cover over the north NEC (Figure 9c), which would further reduce the incoming solar
radiation and hence the decreased SAT over there (Figure 9d,f). On the west side of the
cyclone, the northwesterly air flow causes the decreased SAT over the south NEC through
cold advection (Figure 9e,f). The SSTI-related snow cover variability over NEC shows a
coherent positive anomalies pattern, with two prominent anomalies centering over the
south and north parts of NEC, respectively (Figure 9h). According to our above analyses,
the snowfall has no significant change over north NEC (Figure 9g), which would exert
limited influence on the snow cover anomaly over the region. Therefore, the increased
snow cover in the north center mainly results from the decreased SAT, while that in the
south center could be attributed to the combined effect of the reduced SAT and increased
snowfall (Figure 9f–h).
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Figure 9. The anomalies of various variables obtained by regression against the SSTI. (a) Geopotential
height and wind at 850 hPa, (b) vertical integrated moisture flux (vectors; kg m−1 s−1) and its
divergence (10−5 kg m−2 s−1), (c) total cloud cover (%), (d) downward shortwave radiation flux
(W m−2), (e) temperature advection (◦C month−1), (f) SAT (◦C), (g) snowfall (mm), and (h) SCF.
Dotted areas indicate where the anomalies are significant at the 95% confidence level. The blue boxes
represent the domain of NEC.

5. Conclusions and Discussion

This study successfully achieved both of its objectives by (1) clarifying the characteris-
tics of the interannual variability in NEC spring snow cover (1983–2018) and (2) identifying
the physical mechanisms responsible for the main drivers creating the variability in NEC
spring snow cover. This was accomplished by analyzing satellite-derived snow cover data
along with the analysis of the effects of atmospheric patterns and SST. The EOF analysis
was used to obtain the leading mode of the NEC snow cover anomaly. The EOF1 mode
can explain about half of the total variances and features a coherent snow cover variability
over NEC. Further analyses found that the atmospheric teleconnection pattern of POL and
the tripole SST anomalies over the North Atlantic play a major role in the formation of the
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EOF1 mode. Specifically, the POL-related anomalous circulations transport moisture to the
east and north sides of NEC, resulting in excessive snowfall over the region. In addition,
the circulation-induced cold advection and reduced solar radiation lead to the negative
anomalies of SAT dominating the whole NEC. The decreased air temperature and increased
snowfall contribute to the excessive snow cover over NEC. The North Atlantic tripole SST
anomalies can shape the NEC spring snow cover variability by exciting a wave-train-type
anomalous circulation that propagates from the North Atlantic to NEC. Controlled by the
SST-induced anomalous cyclone, the snowfall has increased over the south part of NEC,
while the SAT over the whole NEC has significantly decreased. These anomalies of SAT and
snowfall are conducive to the accumulation of snow cover. Our results can substantially
improve the understanding of the variability in spring snow cover over NEC and provide
scientific support for making local agricultural policies.

We note that although the POL and the tripole SST anomalies have profound impacts
on the dominant mode of the spring snow cover variability over NEC, they can jointly
account for about 50% of the variances. This implies that there should be other influencing
factors responsible for the NEC snow cover variability. Previous studies suggested that the
Arctic sea ice variation can exert important influence on the NEC climate variability [27,59].
Here, we additionally examined the possible relationship between Arctic sea ice and NEC
snow cover. As exhibited in Figure 10 (also in Figure S2), the correlations between PC1
and the spring sea ice are generally weak, suggesting the limited contribution of the Arctic
sea ice variation on the NEC spring snow cover variations. Therefore, in future studies,
we should investigate other potential drivers to further improve the understanding of
the mechanisms of the snow cover variability over NEC. Previous studies found that
the connections between some influencing factors and regional climate anomalies have
weakened [60–62] or strengthened [10,63,64] in recent years. It remains unknown if the
influences of the POL and the tripole SST anomalies on the NEC snow cover variability
would change in a future warming climate. In addition, this study only concentrates on
the interannual variability; the characters and the underlying physical mechanisms of
the decadal change and the long-term trend of the NEC snow cover have not been well
documented as yet. These issues should be explored in the following studies using longer
observational data and model simulation. Moreover, the extraction of snow cover data from
satellite images can be influenced by vegetation [65]. It is necessary to strengthen snow
monitoring over vegetation-covered areas, which is beneficial to improve the accuracy of
snow cover data.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15225330/s1, Figure S1: (a) SST anomalies over North Atlantic
obtained by regression against PC1 of JASMES data. (b) Timeseries of the SSTI and PC1. Black dots
in (a) denote the SST anomalies exceeding 95% confidence level. The regions enclosed by rectangles
are used to compute the SSTI. The domains of three key regions are 46◦–54◦N, 25◦–40◦W; 34◦–41◦N,
46◦–62◦W; and 20◦–28◦N, 32◦–50◦W for the north, central, and south regions, respectively; Figure
S2: Correlations between PC1 of NEC spring snow cover variability from the JASMES data and
simultaneous sea ice variations. Dots denote the correlations exceeding the 95% confidence level;
Table S1: Correlation coefficients (R) between the PC1 of NEC snow cover variability from the JASMES
data with the contemporary atmospheric teleconnections. One asterisk and double asterisks indicate
the R exceeding the 95% and 99% confidence levels, respectively.
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