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A blizzard struck Northeast China in November 2020, and the maximum daily snowfall broke
its record since 1961. The synoptic and climatic conditions and the predictability of this
extreme snowstorm event are examined by using the daily National Centers for Environmental
Prediction (NCEP) reanalysis and the second version of the NCEP Climate Forecast System
(CFSv2). The results show that an anomalous anticyclone over Japan and an anomalous
cyclone in South China supplied abundant moisture and the rapidly enhanced Siberian high
triggered the snowstorm. Before the snowstorm, the positive North Pacific Oscillation (NPO)
and North Atlantic Oscillation (NAO) were essential for the accumulated water vapor. In
addition, we find that the monthly NPO index and NAQO index in November 2020 are both
extremely strong compared to 1979-2019, and their combination converges to create the
extreme snowstorm-related atmospheric circulation. The positive NPO and NAO together
induce an anomalous anticyclone in Japan, which provides southerly water vapor transport
to Northeast China. The midlatitude North Pacific warm sea surface temperature (SST)
contributes to the positive NPO, and the Atlantic SST anomalies impact the positive NAO.
However, the La Nifia condition in 2020 might not be a key factor influencing the snowstorm.
Finally, the subseasonal-seasonal skillful prediction of the snowfall can be made up to 3 daysin
advance. The CFSv2 had limited skill in forecasting the snowfall, NAO and NPO in November
2020. Improved predictability of extreme snowfall events is still needed.

Keywords: extreme snowstorm event, northeast China, synoptic and climate condition, NPO, NAO, subseasonal-
seasonal climate predictability

INTRODUCTION

Snowstorms pose risks to human activities and agricultural productivity and can greatly disrupt
transportation, resulting in widespread energy supply outages. An extreme snowstorm struck
Northeast China on 19 November 2020 and reached the maximum daily snowfall in November
since 1961 (Figures 1C, 2B). 'The related synoptic and climatic conditions are still unknown.

"Natural disasters over China in November (2020) This event affected a population of 288,000 in Northeast China, and the area
of crop damage exceeded 800 ha, and caused heavy destruction of buildings around 3 million square meters, with direct
economic losses of RMB 700 million.
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FIGURE 1 | Observed daily snowfall (unit: mm) over Northeast China on

(A) 17 November, (B) 18 November, (C) 19 November, and (D) 20 November
2020. (E) the climatology of the November-mean snowfall (unit: mm). (F) the
standard deviations of the November-mean snowfall (unit: mm). Black
rectangles indicate the averaging area for the snowfall index. (G) the spatial
pattern of the leading EOF mode of November snowfall in 40°N-47°N, east of
115°E in China; (H) corresponding time series of the leading EOF mode.

According to the IPCC, (2021) AR6 Report (2021), snowfall has
increased in mean intensity in Northeast China since the 1960s. In
addition, snowstorms have occurred more frequently in November
in this region during recent decades (Bai et al., 2019). As the major
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corn-producing region of the country, Northeast China will be
more vulnerable to a higher frequency of snowstorms. Therefore,
accurately predicting the time and amount of extreme snowstorms
is needed to minimize the damage.

Research studies of the synoptic and climatic conditions
associated with heavy snowfall in Northeast China have
focused mainly on spatiotemporal analysis (Dong et al., 2010;
Liu et al., 2010; Chen et al., 2012) or case studies (Sun et al., 2009;
Wangetal., 2011; Xin et al., 2011; Jiang et al., 2014). For instance,
early work indicated that cold-air outbreaks, warm and moist air
mass, convective instability, the right entrance region of an
upper-level jet stream, diabatic processes, cyclogenetic lift, and
upward motion are essential synoptic conditions of snowstorms
(Uccellini and Johnson, 1979; Mote et al., 1997). Cold air
outbreaks over East Asia are closely related to the Siberian
high (Ding and Krishnamurti, 1987). In addition, an
intensified and southeastward-shifted Siberian high can cause
large water vapor convergence over eastern Northeast China,
resulting in snowstorms (Wang et al., 2011). Warmer regional air
temperatures, an increased water vapor budget, and increased
instability of atmospheric layers are conducive to an increased
frequency of heavy snowfall events in Northeast China, as
compared with colder regional air temperatures and less water
vapor in light snowfall events (Wang et al., 2020). The release of
conditional instability and inertial instability within a weak
responsible for snowband
maintenance (Li N. et al, 2021). A low-level jet provides the
necessary water vapor and release of unstable convective energy
(Hu and Zhou, 2005).

The North Atlantic oscillation (NAQO) and the North Pacific
Oscillation (NPO) are the dominant modes of atmospheric
variability over the Northern Hemisphere (Rogers, 1981).
Recent studies have paid attention to the remote influence of
the NAO on East Asia. For example, Watanabe (2004) argued
that the NAO signal might extend towards East Asia and the
North Pacific along the Asian jet waveguide. The NAO has been
linked to subseasonal, interannual, and multidecadal changes in
atmospheric circulation and precipitation over East Asia. The
NAO generates a significant climate response over East Asia at
subseasonal timescales via eastward-propagating quasi-stationary
Rossby waves instigating over the Atlantic and terminating in the
northeastern Pacific region (Bollasina and Messori, 2018). The
negative phase of the NAO leads to less wintertime precipitation
in North China owing to the enhanced pressure gradient and
anomalous westerly winds (Huang et al., 2013). The winter NAO
leads to a decreasing trend in winter East Asian surface air
temperature on the multidecadal variability with the greatest
significant positive correlation at the lead time of 15 years (Li
J. etal., 2021). Meanwhile, the link between the NAO and the East
Asian climate might be unstable. The NAO signal moves
eastwards via a zonally oriented wave train, where it
modulates the atmospheric circulation structure and thus
results in a nonstationary relationship between the NAO and
midlatitude East Asian precipitation (Xu et al., 2016). Despite
significant progress in the understanding of the influence of
NAO, there is still a large gap in our knowledge about the
impact of NAO on extreme snowfall in Northeast China.

convection environment is
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FIGURE 2 | (A) Time series of mean daily snowfall in Northeast China in November 2020 and its corresponding climatology. (B) the maximus daily snowfall in
November during 1961-2020. (C) Average ratios of monthly snowfall to total snowfall in Northeast China for each month. (D-G) Normalized time series of (D) mean
snowfallindex averaged in Northeast China, (E) western Pacific subtropical high (WPSH) index, (F) North Atlantic Oscillation (NAQO) index, and (G) North Pacific Oscillation
(NPO) index during November 1970-2020. The black line in (D) represents the linear line. The black line in (F,G) represents the snowfall index averaged over
Northeast China.

Many studies have investigated the possible influence of the
NPO on the East Asian climate. For instance, Wang et al. (2007)
showed that the NPO has a close relationship with the East Asian
climate when anomalous stationary waves propagate from the
subtropical-central Pacific to the northern Pacific. The impact of
the winter NPO on the surface air temperature variations over
Eurasia is significant when the anticyclonic anomaly associated
with the NPO index over the North Pacific midlatitudes shifts

westward and pronounced northerly wind anomalies appear
around Lake Baikal (Chen and Song, 2018). Lian et al. (2013)
revealed the configuration of the Pacific polar vortex, NPO, North
Pacific westerly drifts, and El Nino-Southern Oscillation (ENSO)
insofar as the combined effect of these factors determines the size
of the Pacific polar vortex in spring, which in turn determines the
phase of the NPO anomaly. However, these studies rarely discuss
the influence of the NPO on East Asian extreme snowfall.
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Heavy snowfalls are highly sensitive to heat and moisture fluxes
over the ocean when an air mass moves from the ocean into the land
(Kim et al, 2020). Sea surface temperature (SST) modulates the
intensity of the moisture and turbulent heat (sum of the sensible and
latent heat) fluxes and the consequent convection, thereby acting as
the source of energy for the formation of heavy snowfall (Kim and Jin,
2016). However, these studies focus on heavy snowfall in eastern
Korea. As the warming SST over the North Pacific can invoke an
anticyclonic anomaly over large parts of East Asia associated with the
anomalous southeasterly over Northeast China, the surface is
subsequently warmed, the water vapor content increases, and
snowfall events intensify (Feng and Chen, 2016). ENSO exhibits
the greatest influence on the interannual variability of global- and
regional-scale precipitation (Ropelewski and Halpert, 1987). ENSO
can affect the East Asian climate through an anomalous lower-
tropospheric anticyclone or cyclone located in the western North
Pacific (Wang et al., 2000). The ENSO cycle has been shown to have
significant impacts on winter precipitation over southern China
(Zhou and Wu, 2010; Jia and Ge, 2017). Negative Nifo3.4 SST is
linked to increased precipitation over northern China owing to the
western Pacific subtropical high (WPSH) being situated farther north
than normal in La Nifia winter (Wen et al., 2009). To the best of our
knowledge, there are limited results in the literature regarding how
the oceanic conditions impact the extreme snowfall in Northeast
China.

It is challenging to improve the subseasonal prediction skill for
extreme snowstorms. Combining regional snowfall data with an
ever-improving ability to forecast the warm and cold phases of
ENSO is one way to improve seasonal snowfall forecasts (Smith
and O’Brien, 2001). More recently, the year-to-year increment
approach was employed to enhance the skill for the seasonal
prediction of heavy snow (Fan and Tian, 2013). Meanwhile, the
World Weather Research Program/World Climate Research
Program has established the Subseasonal to Seasonal
Prediction project (S2S) towards better understanding the
forecast skills of current dynamic models and improving them
at the subseasonal-to-seasonal timescale (Vitart et al., 2017).
However, the predictability of intense snowstorms in
Northeast China on subseasonal-to-seasonal timescales
remains an open question.

The aim of this study was to document the causes and
predictability of an intense snowstorm that occurred in
Northeast China in November 2020. Following this
introduction, Section 2 introduces the datasets and methods
employed in the study. Section 3 outlines the large-scale
atmospheric anomalies and the physical mechanisms related to
the positive-phase NAO and NPO. Section 4 discusses the
predictability of the snowstorm and its climatic and synoptic
conditions. Section 5 provides conclusions and some further
discussions.

DATA AND METHODS
Data

Daily snowfall data were obtained from the China Meteorological
Administration during 1961-2020. This study classified snowfall

Causes and Predictability of Snowstorm

into four levels according to the China Meteorological
Administration: light snow with less than 2.5mm in 24h,
moderate with 2.5-5mm in 24h, heavy snowstorms with
5-10 mm in 24 h, and snowstorms with exceeding 10 mm in
24 h. The reanalysis data were from the daily National Centers for
Environmental Prediction (NCEP) at a 2.5° x 2.5° resolution
(Kalnay et al.,, 1996) and the Hadley Centre Global Sea Ice and
SST dataset at a 0.5 x 0.5° resolution from 1979 to 2020 (Rayner
et al., 2003). The forecasts from the version 2 of the NCEP
Climate Forecast System (CFSv2) were utilized in this study.
The model output was downloaded to examine the ability to
predict the atmospheric circulations and SST in November.
The atmospheric component of the model is NCEP Global
Forecast System at T126 resolution (about 100 km) with 64
vertical levels, which is coupled to the ocean model, land
surface model, and sea ice model (Saha et al., 2014). For its
ocean component, the CFSv2 uses the GFDL Modular Ocean
Model version 4p0d (Griffies et al., 2004). In the present study,
we used real-time CFSv2 from 16 member ensembles starting
from 1 October to 30 November at daily intervals for the year
2020. The real-time operational forecasts obtain their initial
conditions from the real-time operational Climate Data
Assimilation System, version 2. The real-time S2S product
released by NCEP was applied to investigate the forecast skill
for snowfall and its related atmospheric circulations during
this event.

The detailed definitions of the climate indices used in this
study are as follows. The NAO index was provided by the
NOAA Climate Prediction Center, which was defined by
applying the rotated principal component analysis
technique to monthly mean standardized 500-hPa
geopotential height (HGT) anomalies in the analysis region
(20°-90°N). The NPO index was defined by the principal
component time series corresponding to the second
empirical orthogonal function (EOF) mode of monthly
mean sea surface pressure (SLP) anomalies over (20°-60°N,
120°E-80°W). The Siberian high index was computed by SLP
averaged over (40°-60°N, 70°-120°E). The western Pacific
subtropical high (WPSH) index was calculated by the
standardized area of the 5,880 gpm contour at 500-hPa over
East Asia and the western Pacific (10°-90°N, 110°~180°E). The
Nifo 3.4 index was calculated by sea surface temperature (SST)
averaged over East Central Tropical Pacific (5°S-5'N,
170°-120°W). The North Pacific SST index was defined by
SST averaged over mid-high latitude North Pacific (20°-70°N,
120°-160°E). The North Atlantic SST index was defined by the
principal component time series corresponding to the first EOF
mode of monthly mean SST anomalies over (10°-70°N, 0°-80°W).

Methods

The climatology was defined by the arithmetic mean of each
variable from 1979 to 2019.

The vertically integrated moisture flux vector Q can be
expressed as

Q=Qi+Qyj 1)

In which the zonal component is
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n
Q= JV(qV)dp 3)
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where g is the gravitational acceleration (with a value of 9.80665
in this study), ps is the surface pressure, p; is the 300-hPa
pressure, g is the specific humidity, and u and v are the zonal
and meridional winds, respectively.

The wave activity flux for diagnosing the propagation of
Rossby waves is calculated using the following formula
(Takaya and Nakamura, 2001)

) )l

a’cos’ ¢ | \ oA A’ | a*cos¢ | 0L op ' OrOS
_pcos¢ U alal_ Oy +K oy 2_ oY
2|U] a’cos¢| OA 0¢ "’aAa(p a’ |\ 0¢ "’a¢2
U fova ov) vieor oy
N |acos¢|or 9z ¥ onoz 3 oz " 9oz
+CyM

4

in which p = (pressure/1000 hPa) and z=-HInp (H is a
constant scale height); ¢ and A are the latitude and longitude; U

and V represents the basic flow; a is Earth’s radius; y represents the
geostrophic stream function; N? is the buoyancy frequency
squared; Cy is a vector that indicates the phase propagation in
the zonal direction; and M is the wave-activity pseudomomentum.

Regression analysis, composite analysis, and correlation
analysis were the main methods employed. The Student’s
t-test was used for testing the statistical significance.

RESULTS

Spatiotemporal Features of the Extreme
Snowfall Event

Figure 1 shows the spatial changes of snowfall over Northeast
China during 17-20 November 2020. Light and moderate snow
fell over the north of Northeast China on 17 November
(Figure 1A), and then the snowfall enhanced and shifted
southwards on 18 November (Figure 1B). Following this, the
snowstorm burst through Northeast China on 19 November, with
maximum accumulated amounts in excess of 50 mm (Figure 1C).
Finally, the snowstorm eased on 20 November (Figure 1D). Note
that Figure 1C shows that the snowstorm clustered in 40°N-47°N,
east of 115°E in China. Meanwhile, the November-mean snowfall
has a large climatology and the maximum standard deviation in
this region (Figures 1E,F). Furthermore, the spatial pattern of
November snowfall has similar signals in this region by applying
empirical orthogonal function (EOF) analysis (Figure 1G).
Therefore, we chose the exact range of Northeast China as the
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research region (Figure 1C). Figure 2A shows the time series of daily
snowfall over Northeast China in November 2020 and its
corresponding climatology. Compared with the climatological
daily-mean snowfall on 19 November near 0.68 mm, the amount
of snowfall in this snowstorm event is extraordinary, which is
13.17 mm (Figure 2A). Notably, the result shows the snowfall on
19 November 2020 was the maximum daily snowfall in November
since 1961. Climatologically, November snowfall accounted for 24%
during 1979-2019, while it grew drastically to 40.5% in 2020
(Figure 2C). The November-mean snowfall in 2020 was in the
top 3years during 1979-2020 (Figure 2D). Thus, two questions
arise: Why did this snowstorm happen on 19 November 2020? And
what were the climatic conditions in November 2020? To answer
these questions, Figure 3 presents the synoptic evolution of the
atmospheric circulation.

Synoptic Evolution
On 11-13 November 2020 (Figure 3A), the anomalous large-scale
features represented the typical characteristics of a weak East Asian

Causes and Predictability of Snowstorm

winter monsoon. A negative SLP in Siberia indicated a relatively
weaker Siberian high. The anomalous southerly wind prevailed along
the eastern flank of the weakened Siberian high. A positive NAO-like
pattern was presented in the North Atlantic, with negative SLP
anomalies occurring over Greenland and positive SLP anomalies
residing over Europe. There is an anti-phase relationship between the
NAO and the Siberian high (Wu and Huang, 1999). In addition, a
strong anomalous high crossed over the midlatitude North Pacific to
Japan, which was associated with a positive NPO pattern.
Climatologically, cold and dry airflow and northwesterly water
vapor transport (WVT) are situated over Northeast China during
the cold season. However, in this case, the anomalous high over the
midlatitude North Pacific and anomalous low over Siberia reduced
the pressure difference between the ocean and Eurasia, resulting in
anomalous southerly winds in East Asia. Therefore, abundant
moisture was transported from the ocean to Northeast China, and
the positive WVT budgets dominated the entire troposphere in the
region a week before the snowstorm (Figure 3B). On 14-16
November 2020 (Figure 3C), the atmospheric circulation changed
from a zonal to a meridional pattern. The positive NAO pattern
moved southeastwards, and negative SLP anomalies were apparent in
northwestern China. Downstream, the anomalous high over the
midlatitude North Pacific enhanced, and the anticyclonic anomaly
over Japan intensified. Therefore, the anomalous southerly winds and
southerly WVT continued (Figure 3D), resulting in a warm
temperature advection anomaly and increased precipitable
water for the entire atmosphere over Northeast China
(Figures 4A,E).

On 17-19 November 2020 (Figure 3E), the atmospheric
meridional pattern intensified. Firstly, the NAO-like pattern
disappeared and the tropospheric polar vortex moved to the
Eurasian continent. Then, the Siberian high was enhanced. Thus,
the cold air invaded Northeast China. Hence, negative temperature
advection and cold surface temperature anomalies presented in
Northeast China (Figures 4F,G). Furthermore, an anomalous low
developed in the south of China, resulting in anomalous southerly
winds and strong ascending motion anomalies. Also, the positive-
phase NPO intensified and there were enhanced anticyclone
anomalies over Japan, favoring anomalous southerly winds and
southerly WVT (Figure 3F). Hence, the amount of precipitable
water in the entire atmosphere increased (Figure 4J). The
atmospheric boundary layer was in relatively unstable because of
the warm and moist conditions (Figure 4H), which produced
ascending motion anomalies over Northeast China (Figure 4I).

Climate Condition: Large-Scale

Atmospheric Anomalies

From the above analysis, the warm conditions related to the weak
Siberian high and the midlatitude North Pacific anticyclone were
essential for the accumulation of moisture and enhancing the
instability of atmospheric layers over Northeast China. But what
were the climatic conditions in November 2020? Figure 5 shows
that a positive-phase of NAO pattern presented over the North
Atlantic, with negative anomalies of SLP and 500-hPa
geopotential height (HGT) over Greenland, and positive
anomalies over the midlatitude Northwest Atlantic Ocean and
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Europe (Figures 5A,B). In addition, a positive-phase NPO was
clear, which involved a north-south dipole pattern in the North
Pacific with a negative SLP and 500-hPa HGT center over the
Chukchi Highlands and a positive center spanning the central
latitudes of the North Pacific between 30°N and 45°N (Figures
5A,B). The low-level horizontal wind anomaly pattern showed an
anomalous cyclone covering East Siberia, resulting in northerly
anomalies prevailing in the north of Northeast China
(Figure 5C). A strong anomalous anticyclone controlled the
eastern North Pacific and extended to Japan, corresponding to
the anomalous southerly winds and WVT in the south of
Northeast China (Figure 5D). Thus, more warm air and
moisture were transported from the central latitudes of the
North Pacific to Northeast China.

The synchronous NAO index was the second largest
positive anomaly since the year 1979 and even ranked in
the top 3 after detrending (Figure 2F). The change in the NAO
from 1979 to 2020 was quite like that of the snowfall index in
Northeast China (Figure 2F). The correlation coefficient
between the NAO and snowfall index was 0.28 (Table 1),
significant at the 90% level. The synchronous NPO index

TABLE 1 | Correlation coefficients between the snowfall index (SI) and climate

indices.

NAO NPO WPSH Nifo3.4
Sl 0.278% 0.238 0.092 -0.029
NAO 1.000 0.439% 0.099 0.260
NPO 0.439? 1.000 0.247 0.182
WPSH 0.099 0.247 1.000 0.3512

ASignificant at the 90% confidence level.

was the largest positive anomaly since the year 1979 and
even ranked in the top 2 after detrending (Figure 2G).
The correlation coefficient between the NPO and snowfall
index was 0.24 (Table 1), though it was not significant at
the 90% level. Note that the correlation coefficient between the
NPO and NAO was 0.44 (Table 1), significant at the 90% level.

Impact of Positive-phase NAO and NPO

This section investigates the connection between the climate in
Northeast China and the positive-phase NAO and NPO
patterns. Two key processes were important: the
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downstream extension of the NAO and the upstream effect of
the NPO.

Figure 6 demonstrates that the positive-phase NAO was
responsible for the warm and moist conditions in Northeast
China by means of the Rossby wave activity flux and linear
regression analysis of the observed monthly anomalies. The NAO
signal can extend towards East Asia and the North Pacific, chiefly
via quasi-stationary wave propagation of upper-tropospheric
anomalies along the Asian jet (Watanabe, 2004). From the
Rossby wave activity shown in Figure 6A, a Rossby wave train

propagated from the North Atlantic to East Asia. An anomalous
high of 500-hPa HGT was clear over Japan (Figure 6B).
Corresponding to this anomalous high, the significantly
anomalous 850-hPa southerly over the eastern coast of East
Asia transported moisture northwards (Figure 6C). Hence,
there were increased precipitable water contents in Northeast
China (Figure 6D), corresponding to the region being wetter in
2020 (Figure 6E).

The NPO is characterized by a north-south seesaw pattern
of SLP between the high latitudes and subtropics of the North
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Pacific (Rogers, 1981). The NPO has a pronounced influence
on East Asian winter monsoon activity and surface air
temperature variations over East Asia (Wang et al., 2007).
The positive phase of NPO is associated with a weaker East
Asian winter monsoon, inducing southerly winds anomalies
in China. Significant and positive SLP and 500-hPa HCT

Causes and Predictability of Snowstorm

signals appeared in East Asia (Figures 7A,B). The
anomalous anticyclone confined to East Asia induced
southerly WVT in Northeast China
(Figure 7C), leading to increased precipitation in this region.

anomalous

Role of SST in the North Pacific and North
Atlantic

This section focuses on the ocean’s role in forcing atmospheric
circulation. Firstly, the role of warm SST in forcing North Pacific
atmospheric circulation is demonstrated.

Figures 5E,F show that there are remarkable positive SSTA in
the midlatitude North Pacific in October and November 2020.
The regression of November SLP and 500-hPa geopotential
height onto the North Pacific SST index in October shows
that an anomalous equivalent barotropic meridional seesaw
pattern over North Pacific (Figures 8B,D). This pattern
strongly resembles the NPO pattern. Previous observational
analysis has demonstrated that warm SSTAs in the midlatitude
North Pacific tend to induce an equivalent barotropic high, and
this process might be attributable to the air-sea coupling feedback
(Révelard et al., 2018). Atmospheric general circulation model
experiments have proven that local SSTAs can affect the
midlatitude atmospheric variability through transient eddy
vorticity forcing (Tao et al, 2020). Climatologicall, the
midlatitude North Pacific features large SST meridional
gradients in winter. The effect of such a large SST gradient in
the oceanic front zone can propagate from the lower to the upper
troposphere, bringing an indirect influence on atmospheric
circulation (Feliks et al, 2004). Fang and Yang (2016)
investigated the dynamical processes of atmospheric response
to the midlatitude SST anomalies (SSTA) where the meridional
SST gradient and the atmospheric transient eddy are the
indispensable ingredients. This theory can be interpreted as
follows (Fang and Yang, 2016). The SST warming in
midlatitude North Pacific tends to increase the meridional SST
gradient in mid-high latitude, thus enhancing the low-level
atmospheric meridional temperature gradient and thus the
low-level atmospheric baroclinicity tend to be strengthened,
inducing more active transient eddy activities that increase
transient eddy vorticity forcing. The vorticity forcing that
dominates the total atmospheric forcing tends to produce an
equivalent barotropic atmospheric high pressure in midlatitude
North Pacific. In the present work, we calculate the meridional
SST gradient and atmospheric transient eddy. It shows that the
meridional SST gradient and transient eddy vorticity forcing are
significantly increased around the 45°N (Figures 8A,C).
Therefore, the atmospheric anomalies are further modified to
the NPO-like diploe due to the eddy vorticity feedback, which
illustrate the atmospheric response to the midlatitude SSTA in the
view of dynamic coupling.

Secondly, we investigate the ENSO’s relo in this snowstorm.
The intensity of La Nifia in November 2020 was moderately
ranked fifth among the eleven strongest La Nifia years from 1979
to 2020 (Figure 9C). We performed a composite analysis to
illustrate the WVT and atmospheric anomalies related to La Nifa
years (Figure 9). Figure 9A shows that during strong La Nina
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years, an obvious positive SSTA could be detected in the western ~ findings also revealed that the correlation coefficient between
and subtropical North Pacific, with a negative SSTA in the eastern ~ the WPSH and Nifo3.4 was 0.35, significant at the 95%
Pacific. Meanwhile, clear negative 500-hPa HGT and SLP confidence level (Table 1). The WPSH in November 2020
anomalies occupied Japan (Figures 9E,F), and an anomalous was the second strongest during 1970-2020 (Figure 2E). But
cyclone was centered over Japan (Figure 9D). This environment ~ why were the warm conditions over Northeast China
was favorable for anomalous northerlies and northerly WVT to  operating under a La Nifa condition in November 20207
penetrate Northeast China (Figure 9B), which was opposite to ~ One explanation is that the effects of La Nifia and the
the southerly anomalies in this region in November 2020.  positive-phase NPO on the East Asian trough were offset,
Previous research has also revealed that La Nifa accompanied  leading to a weak response of the East Asian trough to La
a strong East Asian winter monsoon (Wang et al.,, 2000). Our Nina events (Ao and Sun, 2016). Hence, the La Nifa
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condition alone could hardly have resulted in the moist
conditions over Northeast China.

Furthermore, the North Atlantic Ocean’s role in forcing
NAO is investigated. Rodwell et al. (1999) have demonstrated
that North Atlantic SSTA can lead to local changes in surface
evaporation, precipitation, and atmospheric heating that tend to
reinforce the thermal and geopotential structure of the NAO via
using a general circulation model. Watanabe and Kimoto (2000)
have addressed that the positive SSTA in the midlatitude band
around 40°N effectively excites the positive phase of the NAO. A
dipolar anomaly, with warm SST southeast of Newfoundland
and cold SST to the northeast and southeast, precedes a positive
phase of the NAO (Czaja and Frankignoul, 2002). Here we
defined a North Atlantic SSTA index according to the time
series of the first EOF mode of October SSTA at 10°N-70°N and
0-80°W. The regression map of SLP and 500-hPa geopotential
height on the North Atlantic SSTA index show a near-

equivalent barotropic vertical structure with negative
anomalies near Iceland and positive anomalies around the
Azores, which strongly resembles the positive phase of NAO
(Figures 8E,F).

To identify the independent linkage of the different ocean,
we plot the partial correlations of the SSTA index with the
500-hPa HGT anomalies. When the possible liner influences
of the North Pacific SSTA and La Nifia were removed, a
positive NAO pattern was clear from the partial
correlations of the North Atlantic SSTA index with the
500-hPa HGT anomalies (Figure 10D). In addition, the
mid-tropospheric anomalous anticyclone extending over
the midlatitude North Pacific to Northeast China existed
after removing the contribution from the North Atlantic
SSTA and La Nifa (Figure 10B). This indicates that the
effect of North Pacific SSTA and North Atlantic on
atmospheric anomalies are independent.
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FORECAST SKILL OF THE CFSV2 S2S
MODEL

This section assesses the forecast skill for this extreme snowstorm
event and its related circulations. Figure 11 shows snowfall in the
Northeast China from the observation and ensemble mean
forecast of CFSv2 S2S model. The maximum snowfall was
located in the east of Northeast China on 19 November 2020
(Figure 11A). The CFSv2 S2S model was able to capture the main
features of the snowfall over Northeast China at a 1-2-days lead
time (Figures 11B,C), whereas the snowfall was largely
underestimated in this model at the lead time of 3 days
(Figure 11D). Beyond that, the CFSv2 S2S model showed
insufficient predictive ability at longer lead times of one to
2 weeks ahead (Figures 11E,F). A common benchmark to
measure the precipitation prediction skill has been scalar

metrics, such as the spatial anomaly correlation coefficient
(ACC) between observations and predictions as a function of
forecast lead time (Liu et al, 2020). Taking ACC = 0.2 (90%
confidence level) as the threshold of useful skill, the useful
forecast was limited to a lead time of about 1-3 days in the
CFSv2 S2S model (Figure 11G). The ACC decreased from 0.5 to
below —0.3 with increasing lead time (Figure 11G), indicating
that the skill of the CFSv2 S2S model for extreme snowfall over
Northeast China is deficient.

To understand why the skill forecast of the snowstorm is low at
the lead of a week and 2 weeks (Figures 11E,F), we investigated the
predictability of the lower-tropospheric synoptic circulation and
WVT related to snowstorm using the CESv2 S2S model.
The CFSv2 S2S model was able to forecast the NAO and
NPO patterns at lead time of 3 days (Figures 12B-D) but
failed at lead times of a week and 2 weeks (Figures 12E,F). Due

Frontiers in Earth Science | www.frontiersin.org

12 February 2022 | Volume 10 | Article 835061


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang and Fan

Causes and Predictability of Snowstorm

A B

Obs_Snow on Nov.19 S2S_LD1 S2S_LD2
55°N - — 55°N - 55°N - —
s ST SN
on 7\ on 4 \ on \
50°N o 50°N =y 50°N - ~
45°N ;ﬂ 45°N 45°N+ -
40°N- % 40°N- 40°N+
359N +———— 35°N +——+——————— 359N +————— L
110°E__120°E_ 130°E__ 140°E 110°E__120°E_ 130°E__ 140°E 110°E_ 120°E 130°E__ 140°E
0.125 5 10 30 50 0.125 5 10 30 50 0.125 5 10 30 50
D S2S_LD3 E S2S_LD7 F S2S_LD14
55°N 55°N — 55°N
~ = P
50°N [j I 50°N1 y (. 50°N{ ¢ \
pa =, S - e 4
45°N] i 45°N] d 45°N{ i
sy s
40°N 40°N (/‘?z,i; 40°N %
35N +———— L= 4 35°N +———— = 35°N+—— 45— L= 4
110°E__120°E_ 130°E__ 140°E 110°E___120°E_ 130°E__ 140°E 110°E__120°E_ 130°E__ 140°E
0.125 5 10 30 50 0.125 5 10 30 50 0.125 5 10 30 50
G Spatial anomaly correlation coefficients
0.60
0.30
Q 0.00
-0.30
-0.60 TTTTTTT T T T T T T T T T T T T T T T T T I T T T I I T T T I T T T I T T
1 7 14 21 28 35 42
leadtime(day)

FIGURE 11 | The (A) observed snowfall (unit: mm) on 19 November 2020 and (B-F) forecast ensemble mean snowfall (unit: mm) of 16 members for lead times of (B) 1 day,
(C) 2 days, (D) 3 days, (E) 7 days, and (F) 14 days (G) Spatial ACC between observed and predicted snowfall of the ensemble mean from the CFSv2 S2S model over Northeast
China on 19 November 2020 as a function of forecast lead in days. The dotted line indicates the spatial correlation coefficients significant at the 90% confidence level.

to the suddenly enhanced Siberian high being a trigger for this
event (Figure 12A), we compare the observation and the
forecast of the Siberian high index in November
(Figure 12M). The prediction result of the Siberian high
index at different lead times shows that it is closer to the
observation at 1-3 days of lead, while the biases become larger
at the lead time of 7 and 14 days. In addition, the forecast of
vertically integrated WVT can capture the anomalous
southerly WVT in the Northeast China at lead time of
3 days (Figures 12H-J) but was limited for the anomalous
anticyclone over midlatitude North Pacific at lead of a week
and 2 weeks (Figures 12K,L). Hence, the prediction skill of the
extreme snow event may be on the 1-3 days weather forecast
rather than climate prediction for CFSv2.

Due to the monthly NPO and NAO together playing an
important role in providing a supportive atmospheric
background, we evaluated the 1-month-lead prediction using
CFSv2. From the spatial ACCs between the observation and
the ensemble prediction from 1982 to 2020 (Figure 13A),

CESv2 showed a very limited predictive skill for SLP over the
mid-high-latitude Northern Hemisphere. The positive-phase NPO
and NAO were the strongest and most crucial climatic systems for
the snowstorm in November 2020 (Figure 13B). However, CFSv2
underestimated the SLP anomalies over the midlatitude North
Pacific and Europe and overestimated the SLP over the Arctic in
November 2020 (Figures 13C,D). Figure 14 shows the time series
of the November NAO and NPO index derived from the
observation and one-month-lead CFSv2 ensemble mean. The
correlation coefficient between the observed and predicted NAO
(NPO) index was only 0.19 (0.16) during 1982-2020, below the
90% significance level. In particular, in 2020, the predictions of the
NAO index and NPO index were both opposed to the observation.
The limited prediction skill for the NAO and NPO in CFSv2
suggests that the sources of NAO and NPO predictability may not
be well represented in the model. Moreover, although CFSv2
predicted the tropical SSTA from 1982 to 2020 (Figure 13E), it
underestimated the SSTA over the midlatitude North Pacific and
North Atlantic in November 2020 (Figures 13G,H).
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FIGURE 12| The (A) observed SLP (unit: hPa) during 19 November 2020 and (B—F) forecast ensemble mean SLP of 16 members for lead times of (B) 1 day, (C)
2 days, (D) 3 days, (E) 7 days, and (F) 14 days. Black rectangles indicate the averaging area for the Siberian high index. (G-L) As in (A-F) but for the anomalous WVT.
(M) temporal evolution of the Siberian high index in November 2020 (black solid curve) and the predicted results with different leads.

CONCLUSION AND DISCUSSION in the accumulated water vapor prior to the snowstorm, and then
the rapidly intensified Siberian high triggered this snowstorm. On

This paper has revealed that the positive NAO and NPO were  the climatic scale (monthly averaged), the positive-phase NAO was
important patterns for the extreme snowstorm that occurred over  significantly positively correlated with the warm conditions over
Northeast China on 19 November 2020. On the synoptic scale ~ Northeast China through a wave-train downstream extension, and
(daily evolution), the anticyclonic anomalies over Japan  the positive-phase NPO was responsible for the southerly WVT
associated with the positive-phase NPO played a crucial role  from the ocean to Northeast China. The phase-locked climatic and
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synoptic conditions strengthened the atmospheric anomalies.
Next, we discussed the role of SST, revealing that the warm
midlatitude North Pacific SSTA favored the maintenance of
anticyclonic anomalies over Japan. The warm midlatitude North
Pacific SSTA favored the positive phase of the NAO, while the La
Nifia event might not have been a key factor influencing the
snowstorm. Another important conclusion is that CFSv2
showed limited predictive ability for the SLP and SST
anomalies, and extreme snowfall in November 2020.

Finally, it is important to discuss the limitations of the
present results. Since the NAO and the NPO were significantly
correlated. We have computed the partial correlations

between SI and NAO (exclusion of NPO effect) and
between SI and NPO (exclusion of NAO effect). The result
showed that the partial correlation between the NPO and
snowfall index is reduced and insignificant (r = 0.13) with the
influence of the NAO excluded. Moreover, the partial correlation
between the NAO and snowfall index is reduced and becomes
insignificant (r = 0.20) with the influence of the NPO excluded. It
implied that the collaboration of the positive NAO and the positive
NPO is important for the extreme snowstorm. The November
snowstorm cases in other years, such as 2012 and 2013, maybe
induced by the synoptic anomalies. Several snowfall cases were
occurring in 2012 and 2013 with relatively moderate amounts of
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snowfall, and their related atmospheric anomalies are either the
negative NAO and NPO or the postive NAO and the negative NPO
(figures not shown). This implied that the climatic conditions of
normal snowstorm events differ from the extreme snowstorms.
The factors are worth further research.

The diminishing sea-ice cover in autumn has been linked to
snowy winters in Eurasia (Liu et al., 2012; Li and Wang, 2013).
However, the response of the extreme snowfall events and
related dynamics are still unclear. The reduced sea-ice cover
has the potential to contribute to a shift to a negative AO/
NAO phase (Jaiser et al., 2012). Increased Eurasian snow
cover in autumn dynamically forces negative AO
conditions the following winter (Cohen et al, 2012).
Therefore, further investigation into the impacts of sea ice
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