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Abstract Circulation patterns associated with cold events
over East Asia during the winter months of 1948-2014 are
classified into four regimes by applying a k-means clustering
method based on the area-weighted pattern correlation. The
earliest precursor signals for two regimes are anticyclonic
anomalies, which evolve into Ural and central Siberian
blocking-like circulation patterns. The earliest precursor sig-
nals for the other two regimes are cyclonic anomalies, both
of which evolve to amplify the East Asian trough (EAT).
Both the blocking-like circulation patterns and amplified
EAT favor the initialization of cold events. On average, the
blocking-related regimes tend to last longer. The lead time
of the earliest precursor signal for the central Siberian block-
ing-related regime is only 4 days, while those for the other
regimes range from 16 to 18 days. The North Atlantic Oscil-
lation plays essential roles both in triggering the precursor
for the Ural blocking-related regime and in amplifying the
precursors for all regimes. All regimes preferentially occur
during the positive phase of the Eurasian teleconnection pat-
tern and the negative phase of the El Nifio—Southern Oscil-
lation. For three regimes, surface cooling is primarily due
to reduced downward infrared radiation and enhanced cold
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advection. For the remaining regime, which is associated
with the southernmost cooling center, sensible and latent
heat release and horizontal cold advection dominate the East
Asian cooling.
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1 Introduction

Extreme cold events are one of the most frequent climate
disasters that occur over East Asia in boreal winter (Ding
and Krishnamurti 1987; Zhang et al. 1997; Chen et al. 2004).
These cold events often lead to sharp declines in surface
air temperature and may have significant widespread snow
accumulations. Either of these can have destructive impacts
on agriculture, transportation, and other social or economic
activities. Therefore, exploring the mechanisms behind the
extreme cold events and identifying effective precursor sig-
nals are of high importance.

The possible mechanisms for cold events over East Asia
and corresponding precursor signals have been explored in
some previous studies. Analysis of 16 severe East Asian
cold events that occurred during the winters of 1965-1975
revealed that the Rossby wave train propagating across the
Eurasian continent was the major cause (Joung and Hitch-
man 1982). Further, the onset of this wave train could be
traced back 6-7 days to geopotential height (HGT) anom-
alies over the North Atlantic Ocean. Zhang et al. (1997)
pointed out that, prior to the onset of cold events, a cyclonic
anomaly in the Rossby wave train, originating from the west
of the East Asian trough (EAT), moved eastward and gradu-
ally developed into a major trough that replaced the EAT.
They also showed that the lifetimes of East Asian cold events
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during 1979-1995 varied from 5 to 14 days, with an average
lifetime of about 7 days (around 9 days for severe events).
By studying 357 wintertime cold events over East Asia dur-
ing the time period 1958-2000, Jeong et al. (2006) found
that cold events were induced by large-scale negative poten-
tial vorticity (PV) anomalies in the lower stratosphere over
northern Eurasia. These PV anomalies could be observed
roughly 12 days prior to the outbreak of the cold events. Park
et al. (2014) identified 332 cold events during the 52 win-
ters from 1954 to 2005 and classified these events into two
types: wave-train type events and blocking type events, both
of which were associated with middle-tropospheric anticy-
clonic anomalies around the Ural Mountains. They further
found that the blocking-type cold events tended to be more
intense and had longer lifetimes than the wave-train type
ones. In addition, the precursor signals for the wave-train
and blocking type events could be observed in the lower
stratosphere about 2 weeks and 1 week prior to the outbreak
of the cold events, respectively. As reported by Wei et al.
(2011) and Nath et al. (2016), these precursor signals in the
lower stratosphere could propagate downward via planetary
wave activity, and subsequently affect the middle and lower-
level circulation, and the surface temperature.

Large-scale circulation modes such as the North Atlantic
Oscillation (NAO), the Eurasian (EU) teleconnection pat-
tern, and the El Nifio—Southern Oscillation (ENSO), are
crucial to the establishment and subsequent development of
the wintertime cold events over East Asia. Hurrell (1995)
demonstrated that the NAO is positively correlated with the
wintertime surface temperature over East Asia. Luo et al.
(20164, b) investigated the relationship between the circu-
lation pattern over the North Atlantic Ocean and the Ural
blocking centered at 60°E (Diao et al. 2006). They revealed
that Ural blocking, which usually leads to cold events over
East Asia, mainly occurs during the positive phase of the
NAO (NAO"), especially during the decay stage of the
NAO* events. As the NAO™ events decay, the Ural blocking
is excited due to the energy dispersion of Rossby waves (Luo
et al. 2007). The EU teleconnection pattern is negatively
correlated with the East Asian temperature (Wallace and
Gutzler 1981; Gong et al. 2001; Sung et al. 2009). During
the positive phase of the EU (EU"), there are three centers of
activity over the Eurasian continent: a cyclonic anomaly over
western Europe, an anticyclonic anomaly over Siberia, and
a cyclonic anomaly over Japan. Sung et al. (2009) found out
that three days after the appearance of the EU*-related cir-
culation pattern, a remarkable enhancement can be observed
in the northerly winds over the coastal areas of East Asia,
which lead to a sharp decrease in the surface temperature.
In addition, ENSO is positively correlated with East Asian
temperature (Zhang et al. 1997; Chen et al. 2000). Wang
et al. (2000) linked the East Asian wintertime conditions
to ENSO through the Pacific—East Asian teleconnection
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pattern in the lower troposphere. During the negative phase
of ENSO (ENSQO"), the Pacific—East Asian teleconnection
pattern generates a cyclonic anomaly over the western North
Pacific Ocean, which strengthens the northerly coastal winds
(upstream of the cyclonic anomaly), thereby increasing the
severity of the cold events.

Based on these previous studies, it can be concluded that
the different types of cold events may be associated with
diverse generation mechanisms with different precursor sig-
nals, and that the large-scale climate modes play important
roles in modulating cold events over East Asia. However,
there are several issues arising from these differences that
remain unresolved. First, although the anticyclonic anomaly
over the Ural Mountains is critical to East Asian winter-
time climate, the anticyclonic anomaly over central Siberia
(Lee and Jhun 2006; Huang et al. 2017a) and the cyclonic
anomaly over the Eurasian continent (Joung and Hitchman
1982; Zhang et al. 1997) also appear to play important roles.
Whether the mechanisms and precursor signals for the cold
events associated with these anticyclonic or cyclonic anoma-
lies are the same or not is an important unanswered ques-
tion. Second, whether the favorable large-scale circulation
modes (i.e., NAO, EU, and ENSO) for the different types
of cold events are the same or not is also unclear. Third,
the cold events over East Asia have often been attributed
to cold advection from high latitudes (Lau and Li 1984;
Takaya and Nakamura 2005a; Park et al. 2011; Woo et al.
2012; Nath et al. 2014). However, as pointed by Yao et al.
(2017), radiative cooling plays a more important role than
cold advection in the wintertime surface cooling over the
Eurasian continent. Therefore, when analyzing the surface
cooling in the different types of East Asian cold events, it is
essential to compare the relative contributions of advective
and radiative cooling as well as the contributions from any
other physical processes.

To address the above issues, the aims of this study are
threefold: (1) to obtain an accurate classification of cold
events over East Asia and identify the earliest precursor
signal and the associated lead time for each type of cold
event, (2) to elucidate the impacts of the large-scale circula-
tion modes (i.e. NAO, EU, and ENSO) on the generation
and evolution of each type of cold event, (3) to diagnose the
contributions of different physical processes to the surface
cooling during each type of cold event. This paper is organ-
ized as follows: Sect. 2 describes the data and methods used
for estimating climate indices, calculating the wave activity
flux, identifying cold events over East Asia, and classifying
these cold events into different regimes. Section 3 presents
a brief introduction to cold events, a sensitivity analysis of
the clustering method, and the circulation patterns and the
corresponding surface temperature anomalies under differ-
ent regimes. Section 4 analyzes the time evolutions of the
circulation and surface temperature anomalies of cold events
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belonging to the different regimes. Section 5 discusses the
relationships between the different regimes and the large-
scale circulation modes. Section 6 discusses the contribu-
tions of different physical processes to the surface tem-
perature variations for cold events under different regimes.
Section 7 summarizes the major findings of this study.

2 Data and methods
2.1 Data

The data used in this study is from the National Centers
for Environmental Prediction and the National Center for
Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay
et al. 1996) for the period from 1948 to 2015. Variables used
include the daily HGT and horizontal winds on the 500 hPa
pressure surface, air temperature and horizontal winds on the
850 hPa pressure surface, near-surface air temperature at 2 m
height, surface downward long wave radiation flux, surface
latent and sensible heat fluxes, and the monthly mean HGT
on the 500 hPa pressure surface. This study focuses on the
cold events during the winter months. Because Huang et al.
(2016a) demonstrated that March is an important month
for studying the East Asian winter monsoon and therefore
indispensable to the study of the cold events over East Asia,
we define winter to include December, January, February,
and March (DJFM). Note that the winter of a specific year
refers to December of that year and January, February, and
March of the following year. The analysis period runs from
December of 1948 to March of 2015 and includes 67 winters
with a total of 8123 days.

2.2 Climate indices and wave activity flux

Several indices are used to track the variations of the large-
scale circulation modes. The EAT index is defined as the
area-averaged HGT on the 500 hPa surface over the region
of 110-145°E, 25-45°N (Wang and He 2012). After Barn-
ston and Livezey (1987), the daily NAO index is calculated
as follows. First, the monthly and daily HGT anomalies at
500 hPa are obtained by removing their respective climato-
logical annual cycle during the period 1950-2000. Second,
the loading pattern of the NAO is obtained as the leading
mode of the monthly HGT anomalies at 500 hPa north
of 20°N during 1950-2000 based on Rotated Empirical
Orthogonal Function (REOF) analysis. Note that the base
period 1950-2000 is used to keep the loading pattern con-
sistent with that of the NAO available from the National
Weather Service Climate Prediction Center (http:/www.
cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao_load-
ing.html). Third, the daily NAO index during 1948-2015 is
estimated by projecting the daily HGT anomalies onto the

loading pattern of the NAO. Fourth, the daily NAO index
is normalized to have a mean of zero and a standard devia-
tion of one during the base period. The Nifio3 index, which
is defined as the area-averaged sea surface temperature
anomaly over the region of 150-90°W, 5°S—-5°N, is used for
tracking the variability of ENSO. In our study, the monthly
Nifio3 index is taken from http://www.esrl.noaa.gov/psd/
gcos_wgsp/Timeseries/, which is constructed based on the
Hadley Centre Sea Ice and Sea Surface Temperature analysis
version 1 (Rayner et al. 2003). For the present study, the
Nifio3 index for a specific day is taken from the associated
monthly value of the index. Following Wallace and Gutzler
(1981), the EU index is computed by:

EU = —iZ*(20°E,55°N) + %Z*(75°E,55°N) - %Z*(145°E, 40°N),

ey
where Z* denotes normalized HGT anomalies on the 500 hPa
surface.

In this study, the wave activity fluxes are used to track
the origin and propagation of wave energy for cold events.
According to Takaya and Nakamura (2001), the horizontal
wave activity fluxes W, are calculated by:

__ pcoso
W=
po 2|U|
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azcosz¢[( 0/1/) /W 012]7-4230541[0/} op 26//16(1;]
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2

where (4, ¢) are the longitude and latitude, p is the pressure,
Dy is the reference pressure (p, = 1000 hPa), a is the radius
of Earth, y is geostrophic streamfunction with the prime
denoting a perturbation from climatological mean, (u, v) are
the climatological mean zonal and meridional winds, and |U]|
is the magnitude of horizontal winds (= Vu? + v?).

2.3 Identification of cold events

The cold events over East Asia are identified as follows:
First, the daily surface temperature anomalies for each grid
point are estimated by removing the average annual cycle
for DJFM over the period 1948-2014. Second, the area-
averaged land surface temperature anomalies over East Asia
(90-150°E, 20-50°N; LSTA) are calculated. Third, a cold
event is identified as a period when the LSTA is less than
or equal to -2 K for at least five consecutive days. Using
this definition, 103 cold events are detected during DJFM
1948-2014.

2.4 Clustering method

A clustering method is used to classify the 103 cold events
into different types. Recently, to study the non-stationary
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relationship between the Siberian High and the Arctic Oscil-
lation, Huang et al. (2016b) proposed the following k-means
clustering method based on the area-weighted pattern cor-
relation (AWPC):

n m
Zizl Zj:l Wi,in,jYiJ

AWPC = - -
n m 2 \2 n m 2 )2
( Zi:l Zj:l WiJXiJ') ( Zi:l ijl ‘/VUYI,]>

)

3)
where (X, Y) are the samples with horizontal spatial distribu-
tions of a variable for two different times, (n, m) and (i, j)
are the numbers and corresponding indices of grid points
along the zonal and meridional directions, respectively,
and W, ; is the area weight for the grid cell (i, j). The major
advantages of the AWPC-based k-means clustering method
are that: (1) it classifies the samples based on the phase,
which is more suitable for climate analysis than the other
clustering methods based on the amplitude; (2) the use of
area weights can eliminate the “over-weighting” of the polar
cells in the regular longitude-latitude grids often used in
climate research; (3) it avoids the introduction of uncertain-
ties during the initialization process that some other cluster-
ing methods, such as distance-based k-means (Lloyd 1982)
and Self-Organizing Maps (Kohonen 1989) methods, tend
to introduce as a result of their random initialization of the
centroids. We also carry out additional analyses comparing
the classification results from the AWPC-based k-means and
distance-based k-means methods in the supplementary mate-
rial (See Sect. 1 and Figs. S1—4 in Supplementary Material),
and nearly all of the stated advantages of the AWPC-based
k-means method are confirmed.

Using the AWPC-based k-means clustering method,
we classify N samples into M clusters (M is a user-defined
parameter with the constraint that M < N). The algorithm
for the AWPC-based k-means clustering method includes
the following steps. First, the AWPC between each pair of
the N samples is calculated and used to define M initial cen-
troids, so that each sample is associated with N — 1 AWPCs.
A threshold value, AWPC _cr, is used to determine whether
two samples are numerically similar. Specifically, two sam-
ples are viewed as similar when their AWPC > AWPC_cr;
otherwise they are regarded as dissimilar. The first initial
centroid is estimated as the average of the sample with the
largest number of similar samples (LN) and its LN simi-
lar samples (a total of LN + 1 samples). The second initial
centroid is identified in the same way, but after removing
the LN + 1samples that define the first initial centroid. This
procedure is repeated until the M initial centroids, each cor-
responding to a data cluster, are determined. Second, each
sample is classified into the cluster with which the sam-
ple has the largest AWPC. We define a metric called the
within-group AWPC, which is estimated as the average of
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the AWPCs between all the samples and their correspond-
ing centroids. Third, the M initial centroids are updated by
averaging only the samples assigned to each cluster. Fourth,
the second and third steps are iterated until the difference in
the within-group AWPC between two consecutive iterations
is less than 1076,

3 Classification of cold events
3.1 Introduction to the cold events

In this section, we briefly present the basic characteristics
of the observed cold events. There are 103 cold events dur-
ing the analysis period, 75 of which have lifetimes ranging
from 5 to 10 days, 20 have lifetimes ranging from 11 to
20 days, and remaining 8 have lifetimes ranging from 21 to
29 days. The average lifetime of all 103 cold events is about
9.50 days.

Figure 1 illustrates the composite mean anomalies of sur-
face temperature, horizontal winds at 850 hPa, and HGT at
500 hPa during the 103 cold events. Note that the anoma-
lies of temperature are estimated with respect to the annual
cycle during 1948-2014, while those of the other variables
are estimated by removing the long-term mean over all the
winter months. For each spatial point, the significance of
the composite mean of the cold event days is tested against
the composite mean of the remaining days during DJFM
1948-2014 based on a two-tailed Student’s ¢ test. When cold
events are present, the cold anomalies can be observed over
large parts of East Asia (Fig. 1a). In addition, the cooling
amplitudes over Mongolia and eastern China exceed 5 K
with the maximum cooling amplitude exceeding 6 K over
northern China. These large temperature anomaly magni-
tudes can be explained by the significant intensification of
the northerlies which drive cold advection over the coastal
areas of East Asia and the surrounding oceans (Fig. 1a).
Concurrently, warming conditions are evident over the
coastal areas of the Kara Sea, which is closely related to
the intensification of the southerlies that drive warm advec-
tion near the Ural Mountains (around 60°E). It is clear that
the observed changes in surface temperature and horizon-
tal winds at 850 hPa are tightly coupled with the changes
in the HGT at 500 hPa. The composited map of the HGT
anomalies at 500 hPa exhibits a dipole structure over the
eastern parts of the Eurasian continent (Fig. 1b). Near the
Ural Mountains, a significant anticyclonic anomaly with
comparatively large amplitude is present, suggesting that the
probability of the development of Ural blocking (Diao et al.
20006) is increased. To the southeast, downstream of the Ural
blocking-like positive height anomaly, a cyclonic anomaly is
centered over northeastern parts of East Asia, indicating that
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Fig.1 Composite means of a
surface temperature anomalies
(shading; units: K) and hori-
zontal wind anomalies on the
850 hPa surface (vectors; units:
m s~ and b HGT anomalies
on the 500 hPa surface (contour
and shading; units: gpm) for
the 103 cold events in DJIFM
1948-2014. Shading indicates
that the composite value meets
the 95% confidence level based
on two-tailed Student’s 7 tests.
Wind anomalies are plotted if
they are significant in at least
one direction (zonal or meridi-
onal)
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the EAT is significantly intensified and displaced southward.
Both of these effects are conducive to cold air invasion and
the occurrence of the East Asian cold events.

3.2 Parameter selection in the AWPC-based k-means
clustering method

To classify the cold events, we apply the AWPC-based,
k-means clustering method described in Sect. 2.4 to the com-
posite HGT anomaly at 500 hPa associated with each cold
event, which is estimated as the time average of the daily
HGT anomaly during the cold event. The HGT anomaly for
each event is regarded as an independent sample, so that the
total number of samples (N) is 103. The region under con-
sideration by the AWPC-based k-means clustering method
is 0—180°E, 30-89.5°N, which covers the extratropical part
of the Eurasian continent and surrounding oceans. Note that
the region under consideration is much larger than the occur-
rence area of the 103 cold events. It was pointed by Luo
et al. (20164, b) that the cold events over East Asia are often
accompanied by Ural blocking. Therefore, regions east
of the 0° meridian are included in the clustering analysis.
Although the NAO* events usually precede the Ural block-
ing by 4-7 days (Luo et al. 2016a, b), the regions over the
North Atlantic Ocean are not wholly considered because
the lead times for different precursor signals are different (a
detailed discussion can be found in Sect. 4.1). In addition,
the time period used for clustering is when the cold events
are present, during which the precursor signals from the
North Atlantic Ocean have already propagated to the Eura-
sian continent and concurrent signals in the North Atlantic
Ocean are therefore unlikely to exert strong effects on East
Asian cold events. Further, cold events over East Asia are
also influenced by downstream pressure ridges (Takaya and

Nakamura 2005b; Cheung et al. 2015; Cheung and Zhou
2016). Therefore, the eastern boundary for the clustering
analysis is set to the 180° meridian.

As mentioned in Sect. 2.4, there are two user-defined
parameters in the AWPC-based k-means clustering method:
(1) the number of clusters (M) and (2) the threshold value
of the AWPC (AWPC_cr). To estimate the optimal com-
bination of these two parameters, we employ a grid search
method, wherein M ranges from 2 to 6 and AWPC_cr ranges
from 0.3 to 0.7 with an interval of 0.05. Table 1 lists the
computational results for the within-group AWPC as a func-
tion of M and AWPC_cr. A larger value of within-group
AWPC means a better classification performance, while a
large number of clusters can introduce redundancy among
the cluster centroids. The principle goal of the parameter
selection is to achieve the target classification accuracy
for the within-group AWPC using the smallest number of

Table 1 The within-group AWPC for all samples as a function of the
critical coefficient AWPC_cr and the number of clusters M

AWPC_cr M =2 M=3 M=4 M=5 M=6

0.3 0.490728 0.547644 0.585299 0.615550 0.646588
0.35 0.497918 0.557434 0.594701 0.628137 0.644917
0.4 0.497918 0.558413 0.589724 0.623988 0.648684
0.45 0.497191 0.556488 0.602946 0.623622 0.643956
0.5 0.493173 0.553068 0.589822 0.613632 0.647431
0.55 0.498215 0.550527 0.601100 0.630795 0.646914
0.6 0.498215 0.547533 0.600482 0.617792 0.642286
0.65 0.498215 0.560497 0.600573 0.623509 0.648232
0.7 0.498215 0.550071 0.603121 0.625926 0.649033

In order to conform with the convergence criterion (107°) in cluster-
ing method, the values are presented with six significant figures
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clusters. In this study, the target classification accuracy is
set to 0.6, a level where the similarity between each sam-
ple and the corresponding centroid can be considered to be
relatively high. The smallest number of clusters (M) that
achieves the target accuracy is four. However, there are five
different choices for the parameter AWPC_cr, namely 0.45,
0.55, 0.6, 0.65, and 0.7, that lead to a within-group AWPC
exceeding 0.6. To further constrain the optimal AWPC_cr,
a metric called the minimum-group AWPC (min-group
AWPC) is introduced and defined as the minimum value of
the within-group AWPC among the M clusters. Table 2 lists
the min-group AWPC as a function of M and AWPC_cr.
Since the optimal number of clusters (M) has been deter-
mined to be 4, the optimal value for AWPC_cr has to be
selected from the five possible choices (0.45, 0.55, 0.6, 0.65,
and 0.7). Since a larger min-group AWPC corresponds to a
more accurate classification, the optimal value for AWPC_cr
is 0.65 because it gives the largest value for the min-group
AWPC of 0.59. Under this optimal pair of parameter values,
the within-group AWPCs for the four clusters are 0.60, 0.59,
0.60, and 0.61, indicating that the classification accuracy is
uniform and relatively high.

3.3 Four circulation regimes for cold events over East
Asia

Figure 2a—d shows the composite mean HGT anomalies at
500 hPa for the four regimes identified by the AWPC-based
k-means clustering method. The numbers of cold events
belonging to regimes 1-4 are 43, 22, 19 and 19, respectively.

Regime 1, which has the largest number of cold events
and accounts for 41.7% of all cold events, has a circulation
pattern characterized by a dipole HGT anomaly structure
over the Eurasian continent. This dipole has an anticyclonic
anomaly near the Ural Mountains and a cyclonic anomaly
over East Asia and the surrounding oceans (Fig. 2a). The

Table 2 The min-group AWPC among all clusters as a function of
the critical coefficient AWPC_cr and the number of clusters M

AWPC_cr M =2 M=3 M=4 M=5 M=6

0.3 0.439749 0.500706 0.558654 0.584830 0.563046
0.35 0.468457 0.515734 0.513081 0.588877 0.596324
0.4 0.468457 0.529600 0.433180 0.508209 0.607890
0.45 0.456940 0.516984 0.562243 0.593262 0.597286
0.5 0.479369 0.504515 0.530736 0.556637 0.556637
0.55 0.460561 0.500041 0.546018 0.598145 0.615387
0.6 0.460561 0.517800 0.575239 0.594721 0.584583
0.65 0.460561 0.522003 0.591706 0.554602 0.608475
0.7 0.460561 0.523221 0.579154 0.571913 0.617921

In order to conform with the convergence criterion (107°) in cluster-
ing method, the values are presented with six significant figures
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area-weighted pattern correlation coefficient between the
horizontal distribution of the HGT anomalies for regime 1
and that for the composite mean of all the 103 cold events
(Fig. 1b) is 0.91, further indicating that regime 1 is the domi-
nant regime. The circulation pattern here is very similar to
the Ural blocking circulation pattern identified by Diao et al.
(2006). As pointed out by Luo et al. (2016a, b), the Ural
blocking circulation pattern is crucial for the occurrence of
cold events over East Asia.

Regime 2, which accounts for 21.4% of the cold events,
also features a dipole structure of HGT anomalies over the
eastern parts of the Eurasian continent (Fig. 2b). However,
when compared with regime 1, the center of the anticyclonic
anomaly for this regime is located farther to the southeast,
and the amplitudes of the negative HGT anomalies associ-
ated with the cyclonic anomaly over the northeastern parts of
East Asia are much smaller. Further, there are two additional
cyclonic anomalies centered over northern Europe and the
Chukchi Sea in this regime that are not present in regime 1.
The presence of the cyclonic anomaly over northern Europe
significantly intensifies the southerlies along 60°E upstream
of the anticyclonic anomaly near the Ural Mountains.

Regime 3, which accounts for 18.4% of the cold events,
has a structure similar to regime 1, in that it is also charac-
terized by a widespread cyclonic anomaly over East Asia
and the Sea of Okhotsk (Fig. 2c). However, unlike regime
1, the center of this cyclonic anomaly extends over the oce-
anic regions farther to the northeast. In addition, under this
regime, positive HGT anomalies associated with an anti-
cyclonic anomaly also can be observed west of the Ural
Mountains. Compared with regimes 1 and 2, the center of
the positive HGT anomalies is shifted to the Norwegian Sea
and their amplitudes are much smaller.

Regime 4, which has an occurrence frequency equal to
that of regime 3, has a distinctive widespread anticyclonic
anomaly anchored over the North Pacific Ocean (Fig. 2d).
Simultaneously, an anticyclonic anomaly located near the
Ural Mountains is also evident. Under this regime, signifi-
cant negative HGT anomalies are rarely observed over the
northeastern parts of East Asia, indicating that the EAT is
weaker during this regime than it is under the other regimes.
The weak EAT is closely related to the presence of the pow-
erful anticyclonic anomaly over the North Pacific Ocean,
which inhibits the southward extension of the EAT.

3.4 Long-term variations in the four circulation
regimes

Figure 3a shows interannual variations in the number of
cold events and the number of associated cold days during
1948-2014. As reported by many previous studies (Watan-
abe and Nitta 1999; Wang et al. 2009; Huang et al. 2016a),
there was a continuous weakening in the East Asian winter
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Fig. 2 Composite means of a—d
HGT anomalies on the 500 hPa
surface (contour and shading;
units: gpm) and e-h surface
temperature anomalies (shading;
units: K) and horizontal wind

(a) Regime 1

Num: 43
AWPC: 0.60

(e) Regime 1

2ms’

anomalies on the 850 hPa sur- 7
face (vectors; units: m s~') 150
for the four different regimes 6
identified by the AWPC-based
k-means clustering method dur- 120
ing DIFM 1948-2014. Shading 5
indicates that the composite
value meets the 95% confi-
dence level based on two-tailed — 90 4
Student’s ¢ tests. Wind anomalies
are plotted if they are significant I
in at least one direction (zonal or L 60
meridional). The number of cold
events belonging to each regime 2
and the associated within-group
AWPC are shown at the top right — 30
corner of the panels in the left % — 1 c
column = S
»n =
— 0 @ — 0w
i Num: 19 b
(C) Reglme 3 AWPC: 0.60 © PN
3 — -1
—1 -30
—-2
—1 -60
—-3
-90 -4
i Num: 19 -5
(d) Regime 4 B8 61 -120
-6
-150
-7

monsoon that began around 1987/1988. This weakening is
also reflected in the numbers of identified cold events and
cold days. Specifically, during the period preceding 1987
(1948-1987), the time-averaged numbers of cold events and
cold days were 1.75 and 17.58, respectively, while follow-
ing 1987 (1988-2014), these numbers were reduced to 1.22
and 10.22.

We further estimate the numbers of cold events and cold
days for the four different regimes, and the results are shown
in Fig. 3b. During 1948-1987, the time-averaged numbers
of cold events (cold days) for the four regimes were 0.70

(8.65), 0.38 (3.68), 0.35 (2.98), and 0.33 (2.28), while dur-
ing 1988-2014, these numbers decreased to 0.56 (4.85), 0.26
(2.15), 0.19 (1.85), and 0.22 (1.37), respectively. Therefore,
all four circulation regimes play roles in the reduction of the
numbers of cold events and the associated cold days around
1987/1988.

Additionally, the numbers of cold days associated with
the cold events for regimes 1-4 account for about 48.7, 20.9,
17.3, and 13.1%, respectively, of all the cold days associ-
ated with the 103 cold events (Fig. 3). The correlation coef-
ficient between the interannual variation in the number of
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Fig. 3 a Interannual varia-
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cold days associated with all events and that associated with
each regime is calculated. The corresponding correlation
coefficients for regimes 1-4 are 0.67, 0.38, 0.40, and 0.35,
respectively, all of which are statistically significant at the
99% confidence level based on two-tailed Student’s 7 tests.
Therefore, while regime 1 makes a relatively large contribu-
tion to variations in cold days associated with the identified
cold events, the contributions from the other three regimes
cannot be neglected.

3.5 Surface temperature anomalies of the four
circulation regimes

This section examines the structure of the surface tempera-
ture anomalies associated with each circulation regime. All
four cold event regimes are associated with significant cold
anomalies of comparably large amplitudes over East Asia
(Fig. 2e-h). However, the horizontal distributions of the
surface temperature anomalies and anomalous winds on the
850 hPa surface are quite different.

The distribution of surface temperature anomalies for
regime 1 (Fig. 2e) is similar to that for the composite mean
of all cold events, owing to its dominance of the occur-
rence frequency. The cooling center in regime 1 is located
over Mongolia and northern China, with cold temperature
anomaly amplitudes exceeding 5 K. The cooling process in

@ Springer

1970 1980 1990 2000 2010

this regime is dominated by the northerly anomalies over
East Asia, which transport cold air from higher latitudes
and help to maintain cold temperatures over East Asia. The
northerly anomalies over southern China under regime 1 are
relatively weaker than those under the other three regimes.
The cooling center in this regime is therefore the northern-
most among the four regimes (Fig. 2e—h). The mean lifetime
of cold events belonging to regime 1 is about 11.09 days
with a standard deviation of 6.74 days (Fig. 4a). Almost
half of the regime 1 cold events (44.2%; Fig. 4b) lasted for
more than 10 days. The quasi-stationary characteristic of the
Ural blocking can explain the longer average lifetime of the
cold events belonging to this regime (Yao et al. 2017). This
quasi-stationarity of the Ural blocking and the minimum
duration (5 days) used for identifying cold events over East
Asia partially explain why this regime had the highest occur-
rence frequency.

The cooling center for regime 2 is located over Inner
Mongolia and has an amplitude exceeding 7 K (Fig. 2f). The
amplitude of the cooling over southern China in this regime
is greater than 5 K, which exceeds that in regime 1 (Fig. 2e).
This southward extension of the cooling in regime 2 relative
to regime 1 is accompanied by stronger northerly anomalies
over East Asia. Like regime 1, there also are warm tempera-
ture anomalies over the Kara Sea and surrounding coastal
areas under regime 2, but their amplitudes are substantially
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Fig. 4 a Means and uncertainties of lifetimes for all cold events and
the four regimes. b Distributions in numbers of the cold events for all
events and the four regimes versus their lifetimes

larger. These relatively large warm anomalies near the Kara
Sea can be explained by the presence of strong southerly
anomalies along 60°E. The average lifetime of the cold
events in regime 2 is 9.32 days with a standard deviation
of 5.20 days (Fig. 4a). Note that this average lifetime is the
second longest among the four regimes, indicating the pos-
sible existence of blocking circulation over central Siberia
(Fig. 2b).

The cooling center of regime 3 is located primarily over
eastern China, with cooling amplitudes over both northern
and southern China exceeding 5 K (Fig. 2g). It should be
noted that the amplitude of the cooling over East Asia under
regime 3 is the smallest among the four regimes. Cooling
amplitudes larger than 4 K are also evident over land areas
east of the Caspian Sea. This cooling is mainly due to the
far westward placement of the positive HGT anomalies at
500 hPa (Fig. 2¢) that causes an enhancement of the cold
advection along 60°E. Compared to the other regimes,
regime 3 has no apparent warming near the Kara Sea,
which is also due to the westward placement of the positive
HGT anomalies (Fig. 2c). The cold events belonging to this
regime have an average lifetime of 8.89 days with a standard
deviation of 6.24 days (Fig. 4a).

Under regime 4, the most prominent feature of the
composite surface temperature anomalies is that the cool-
ing center is located over southern China (Fig. 2h) and its
amplitude exceeds 7 K. Corresponding to the anomalous
circulation pattern at the 500 hPa level (Fig. 2d), there is

also a powerful anticyclonic anomaly at the 850 hPa level
(Fig. 2h). As a consequence of the cold advection down-
stream of this surface anticyclonic anomaly, cold anoma-
lies with amplitudes that exceed 1 K can be observed over
the region east of 150°W. Due mainly to the warm advec-
tion upstream of the surface anticyclonic circulation, warm
anomalies with amplitudes larger than 1 K can be observed
over the region of 150-180°E, 30-45°N. The mean lifetime
of the cold events under this regime is the shortest among
the four regimes (6.74 days with a standard deviation of
1.41 days) and all cold events belonging to this regime have
lifetimes shorter than 10 days (Fig. 4). The short lifetime
of events in this regime is likely due to the presence of the
anticyclonic anomaly over the North Pacific Ocean, which
inhibits the southward movement of the EAT and cuts off
the supply of cold air.

4 Time evolution of circulation and temperature
anomalies

This section explores the characteristics of the circulation
patterns and surface temperature anomalies before and dur-
ing the cold events in each regime. The focus is on the period
prior to the onset of cold events in an attempt to better under-
stand their origins and causes.

4.1 Time evolution of middle-tropospheric geopotential
height anomalies

The composite time evolutions of the HGT anomalies and
associated wave activity fluxes on the 500 hPa surface at 2
day intervals from day —18 to day 4 for each regime type are
shown in Figs. 5, 6, 7 and 8. Note that the composite on day
0 represents the average over all start days for the cold events
belonging to each regime, while that on day —N or N is the
average over all the days N days before or after the onset
of cold events. The statistical significance of the compos-
ite fields is tested against the remaining winter days during
1948-2014 based on two-tailed Student’s 7 tests. To support
the analysis of the evolution of the circulation anomalies, we
also calculate the concurrent composite time evolutions of
the NAO and EAT indices for the four regimes (Fig. 9a, b).
The NAO index is used to explore whether upstream effect
in the North Atlantic Ocean has a role in the initialization
of the East Asian cold events, while the EAT index is used
to examine whether the EAT is enhanced, which is usually
favorable to the cold air invasion from higher latitudes to
East Asia.

Under regime 1, the anticyclonic anomaly near the Ural
Mountains during cold events (Fig. 2a) can be traced back
to an anticyclonic anomaly over the Laptev Sea on day —16
(Fig. 5b), while the cyclonic anomaly located in East Asia
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Fig. 5 Composite time evolu-
tions of HGT anomalies (con-
tour and shading; units: gpm)
and wave activity fluxes (vector;
units: m? s=2) on the 500 hPa
surface for regime 1 from day
—18 to day 4 (with an interval of
2 days) with respect to the onset
of cold events. Shading indi-
cates that the composite value
meets the 95% confidence level
based on two-tailed Student’s ¢
tests. Wave activity fluxes are
plotted if they are significant in
at least one direction (zonal or
meridional)

can be traced back to a cyclonic anomaly near Lake Baikal
on day —14 (Fig. 5c). On day —18, there is wave activity
flux that emanates from Greenland and propagates to the
Laptev Sea and the surrounding coastal areas (Fig. 5a),
which gives rise to the initialization of the anticyclonic
anomaly over the Laptev Sea on day —16. The downward
propagation of wave activity flux from the above anti-
cyclonic anomaly further leads to the generation of the
cyclonic anomaly near Lake Baikal on day —14. From the
timing of these two anomalies, the anticyclonic anomaly
originating from the Laptev Sea can be regarded as the
earliest precursor signal for the cold events belonging to
regime 1. Since the wave activity flux favorable to the
development of this anticyclonic anomaly primarily ema-
nates from Greenland (one of the centers of activity for
the NAOQ), it is inferred that the circulation anomalies over
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the North Atlantic Ocean are indispensable to the genera-
tion of the circulation patterns favorable to the regime 1
cold events. While the initial signals of these anticyclonic
(cyclonic) precursor anomalies are quite weak, due to the
continuous transport of wave activity flux from the North
Atlantic Ocean, these signals gradually strengthen. This
continuous wave activity flux also triggers the generation
of a cyclonic anomaly over Europe, which by day —12 is
located upstream of the anticyclonic anomaly over the
Laptev Sea (Fig. 5d). This cyclonic anomaly over Europe
and the downstream anticyclonic-cyclonic dipole together
constitute a Rossby wave train, which propagates slowly
toward the southeast after day —10. By the onset of cold
events, the cyclonic anomaly over Lake Baikal has moved
to the coastal areas of East Asia, which favors the south-
ward displacement and rapid enhancement of the EAT
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Fig. 6 Same as Fig. 5 but for
regime 2

(a) Day: -18

(Fig. 9a). It should be noted that on day —18, there is a
dipole structure of the HGT anomalies over the North
Atlantic Ocean, with a cyclonic anomaly around Green-
land and an anticyclonic anomaly to its south (Fig. 5a),
which resembles the NAO* circulation pattern. Moreover,
the composite NAO index ranges from 0.25 to 0.32 during
the time period between day —18 and day —15 (Fig. 9b).
Subsequently, the NAO™-like pattern gradually decays and
the NAO index becomes negative after day —13, when the
Ural blocking-like circulation pattern dominates over the
Eurasian continent. Therefore, the NAO*-like circulation
pattern clearly plays an important role in the formation of
the precursor anticyclonic anomaly, subsequent cyclonic
anomaly, and thus the Ural blocking circulation pattern
that triggers the subsequent cold events over East Asia.

(b) Day: -16
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This evolution is consistent with the conclusion drawn
by Luo et al. (2016a, b) that the Ural blocking events
always lag the NAO™ events by about 4-7 days.

Under regime 2, few precursor circulation signals are sig-
nificant before day —4 (Fig. 6). On day —4, two simultaneous
anomalies appear, one being an anticyclonic anomaly that
forms over the coastal areas of the Kara Sea and the other a
cyclonic anomaly centered over Mongolia (Fig. 6h). These
anomalies subsequently form a dipole structure after the
anticyclonic anomaly moves over central Siberia and the
cyclonic anomaly moves over East Asia and surrounding
oceans during the cold events (Fig. 2b). Further, the two
cyclonic anomalies over northern Europe and the Chukchi
Sea can also only be traced back to cyclonic anomalies near
the Arctic Ocean on day —4. The cyclonic anomaly over
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Fig.7 Same as Fig. 5 but for
regime 3

the Norwegian Sea, the anticyclonic anomaly around the
Kara Sea and the cyclonic anomaly near Mongolia on day
—4 constitute a Rossby wave train. Due to the presence of
the wave activity flux emanating from the North Atlantic
Ocean, the HGT anomalies associated with this wave train
get stronger, especially the anticyclonic anomaly over central
Siberia. Note that for regime 2 the center of the anticyclonic
anomaly in the dipole structure on day -2 is located more
than 10° east of the location of the analogous structure in
regime 1 (Figs. 5i, 61). Meanwhile, there is also a significant
dipole structure over the North Atlantic Ocean, with an anti-
cyclonic anomaly near the southern coast of Greenland and a
cyclonic anomaly to its south, which resembles the negative
phase of the NAO (NAQO"). The start of rapid enhancement
in the EAT can be observed on day -2 (Fig. 9a), primarily
because the cyclonic anomaly over Mongolia moves into
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the EAT region. Therefore, the lead time of the precursor
signals for regime 2 is only 4 days, considerably shorter
than the roughly 16 days for regime 1. Although an NAO™
-like pattern is present prior to the occurrence of the cold
events under this regime, the earliest circulation anomalies
that can be taken as precursor signals are present over the
Arctic Ocean and Eurasian continent, suggesting that the
NAO-related circulation pattern only plays a secondary role
in the initialization of circulation patterns favorable to the
cold events under regime 2.

Under regime 3, the cyclonic anomaly related to the
cold events (Fig. 2c¢) can be traced back to a cyclonic
anomaly that appears to the southeast of the Caspian Sea
on day —16 (Fig. 7b). However, from day —16 to day —10,
the wave activity flux to the cyclonic anomaly is relatively
weak, so that the amplitude and position of this cyclonic
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Fig. 8 Same as Fig. 5 but for
regime 4

anomaly remain nearly unchanged. In contrast, although
the anticyclonic anomaly centered over the Norwegian Sea
(Fig. 2¢) is a large distance from East Asia, its presence
is crucial for the generation of the cold events over East
Asia under this regime and it can be traced back to an anti-
cyclonic anomaly near the East Siberian Sea on day —12
(Fig. 7d). After its initialization, this anticyclonic anomaly
moves upstream along the Arctic coastline of northern
Russia until day —8 when it reaches 45°E (Fig. 7f). At that
time, there is another cyclonic anomaly located over west-
ern Europe, part of a Rossby wave train that also includes
the anticyclonic anomaly originating from the East Sibe-
rian Sea and the cyclonic anomaly originating from the
Caspian Sea. Note that on day —8, due mainly to the propa-
gation of this wave train, the cyclonic anomaly near the
Caspian Sea begins to move southeastward. Further, as a
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consequence of the flux of wave activity from the North
Atlantic Ocean, the cyclonic anomaly begins to amplify.
On day —4, there is a dipole structure consisting of an
anticyclonic anomaly to the southwest of Greenland and
a cyclonic anomaly over western North America, which
is similar to the NAO™ pattern (Fig. 7h). This NAO™ -like
pattern slowly propagates downstream and reaches its peak
on day O (Fig. 9b). In particular, there is additional wave
activity flux from the anticyclonic anomaly to the Rossby
wave train over the Eurasian continent, so that the dipole
structure over the North Atlantic Ocean plays a role in the
amplification of the circulation pattern favorable to the
initialization of cold events under this regime. On day O,
the cyclonic anomaly covers almost the entire East Asian
region (Fig. 7j), which significantly intensifies the EAT
and triggers the start of cold events under this regime.
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Fig. 9 Time evolutions of the composite a EAT index, b NAO index,
and ¢ LSTA for the four different regimes from day —18 to day 4 rela-
tive to the onset of cold events

Therefore, the precursor signal for regime 3 cold events is
a cyclonic anomaly originating from the Caspian Sea with
a lead time of about 16 days.

Regime 4 is characterized by two anticyclonic anoma-
lies, one centered to the east of the Ural Mountains and the
other over the North Pacific Ocean (Fig. 2d). The anticy-
clonic anomaly centered east of the Ural Mountains can be
traced back to an anticyclonic anomaly that appears over
the Barents Sea on day —8 (Fig. 8f), while the anticyclonic
anomaly over the North Pacific Ocean can be traced back
to an anticyclonic anomaly that appears over the coastal
areas of northern China on day —10 (Fig. 8e). It is worth
noting that there is also a persistent cyclonic anomaly cen-
tered at 90°E near Lake Balkhash, which lasts from day
—18 to day 0. On day —8, a wave train emanating from the
northeastern parts of North America to the Ural Mountains
appears. This wave train intensifies and transports wave
activity flux downstream between day —8 and day —6, sig-
nificantly intensifying the anticyclonic anomaly over the
coastal areas of northern China. The upstream wave activ-
ity flux from the North Atlantic Ocean is cut off around day
—4 (Fig. 8h). After this change, the dipole structure over
East Asia, comprised of an anticyclonic anomaly near the
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Ural Mountains and a cyclonic anomaly to its southeast,
propagates southeastward and carries wave energy to the
anticyclonic anomaly over the North Pacific Ocean, which
has shifted from its initial location over the coastal areas of
northern China. The presence of the anticyclonic anomaly
over the North Pacific Ocean weakens the intensity of the
EAT. As a consequence, the EAT index increases prior
to the onset of the cold events (Fig. 9a). After day 0, the
cyclonic anomaly near Lake Balkhash moves into the vicin-
ity of the EAT (Fig. 8j), significantly enhancing the inten-
sity of the EAT and effectively initiating the regime 4 cold
events. In addition, a dipole structure can be observed on
day 0 around Greenland which resembles the NAO* pat-
tern. However, unlike regimes 1-3, there is no significant
NAO-related circulation pattern before day 0, suggesting
that the NAO may not play a significant role in the initiali-
zation of the circulation pattern favorable to the generation
of cold events under regime 4. Therefore, the precursor
signal for regime 4 is the cyclonic anomaly centered over
Lake Balkhash, which has a lead time of 18 days.

Based on the above analyses of the evolutions of HGT
anomalies and wave activity fluxes, the earliest precursor
signals for the cold events belonging to regimes 1-4 are,
respectively, the anticyclonic anomaly over the Laptev
Sea, the anticyclonic anomaly near the Kara Sea and three
cyclonic anomalies (two located in the Arctic Ocean and the
other located in Mongolia), the cyclonic anomaly over the
Caspian Sea, and the cyclonic anomaly centered over Lake
Balkhash. The lead times of these precursor signals are 16,
4, 16, and 18 days, respectively. In particular, the earliest
precursor anticyclonic anomaly for regime 1 evolves into
a Ural blocking-like pattern, while that for regime 2 devel-
ops into a central Siberian blocking-like pattern. Therefore,
the first two regimes are closely related to blocking activi-
ties over the Eurasian continent, while the last two regimes
are associated with cyclonic anomalies over the Eurasian
continent.

In addition, the circulation anomalies over the North
Atlantic Ocean play important roles in the generation and/or
amplification of the precursor anomalies for the cold events
under all four regime types. In particular, under regime 1,
an NAO*-like circulation pattern precedes the occurrence
of cold events by 18 days and excites the Ural blocking-like
pattern, which favors cold air invasion from higher latitudes
to East Asia. However, the NAO-related circulation pat-
tern is not critical for the generation of the earliest precur-
sor circulation pattern favorable to the occurrence of cold
events belonging to regimes 2—4. Nevertheless, following the
appearance of the earliest precursor signals under regimes
2—-4, there is wave activity flux from the North Atlantic
Ocean that favors the amplification of the circulation pat-
tern over the Eurasian continent and leads to the occurrence
of the East Asian cold events.
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4.2 Time evolution of surface temperature anomalies

Following the same compositing method for estimating the
time evolutions of the EAT and NAO indices in Sect. 4.1,
we composite the time evolution of the LSTA. The time
evolutions of LSTAs for the four regimes have some simi-
lar characteristics. While they do not reach the temperature
criterion of a cold event (-2 K), rapid drops in LSTA occur
in all four regime types two or three days prior to the onset
of the subsequent cold event (Fig. 9c).

While there are similarities, the time evolutions of the
horizontal distributions of surface temperature anomalies
under the four regimes are different. Figure 10 illustrates the
composite time evolutions of surface temperature anomalies
in each regime from day —16 to day 4 at an interval of 4 days.

By day 0, cold anomalies with amplitudes exceeding
7 K can be observed over Mongolia and northern China
under all the four regimes. Further, the areas east of the
Caspian Sea also experience severe cooling effects under
regime 3, with surface temperature anomaly amplitudes
larger than 7 K. These Caspian Sea cold anomalies are
closely related to the northerly anomalies upstream of
the cyclonic anomalies there (Fig. 7j). By day —4, cold

anomalies also can be observed around central Siberia in
all the four regimes. Specifically, the maximum cooling
amplitude over these regions, which only exceeds 4 K
under regime 2, exceeds 7 K under regimes 1, 3, and 4. In
addition, the spatial extent of the significant cold anoma-
lies under regime 2 is smaller than the widespread cov-
erage seen under the other regimes. From the horizontal
distributions of the cold anomalies on day —4 and day 0
for all regimes, it is inferred that central Siberia is the
preferred transfer station for temperature anomalies prior
to the cold events over East Asia. Note that on day -8,
the cold anomalies under regimes 1, 3, and 4 cover the
western and central parts of Russia, although the cooling
center under regime 1 is shifted a bit northward relative
to the other two. Regime 2 is unique in that there are no
significant temperature anomalies over the Eurasian con-
tinent on day —8. This is consistent with the analysis in
Sect. 4.1 that found that regime 2 has the shortest lead
time for its earliest precursor signal. While on day —12
there are scattered temperature anomalies over the Eura-
sian continent for all the four regimes, they are not well
organized and not identifiable as a cold event precursor.
Therefore, the temperature anomalies before day —8 are
not further analyzed.
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5 Relationships with large-scale circulation modes

This section investigates the links that the four cold event
regimes have to the large-scale circulation modes includ-
ing the NAO, EU, and ENSO. Note that the role of the
atmospheric variability originating from Arctic areas is not
examined in this paper due to the fact that the relationship
between the Arctic circulation and the mid-latitude weather
is complex and controversial (Barnes and Screen 2015).
The composite NAO indices during regimes 1-4 cold
events are —0.34, —0.30, —0.50, and 0.33, respectively, all of
which are statistically significant at the 99% confidence level
(Table 3). Although the composite NAO indices in regimes

Table 3 Composite means of the large-scale circulation indices
(NAO, EU, and Nifio3) when the cold events are present for the dif-
ferent regimes

NAO EU Nifio3
Regime 1 —0.34%** 0.44%** -0.17
Regime 2 —0.307%** 0.45%*%* —0.347%**
Regime 3 —0.50%** 0.26%+* —0.24*
Regime 4 0.33#%* 0.21 %% —0.44%**

Bold text indicates statistical significance at the 90% (*), 95% (**),
or 99% (***) confidence level. Statistical significance is evaluated
based on two-tailed Student’s ¢ tests against the null hypothesis that
the composite mean for a given regime is the same as the composite
mean for the complementary set of days during DJFM 1948-2014

NAO
Regimle 1|

Fig. 11 Distributions in the

numbers of cold events for the
20

1-3 are negative, there are still 44 cold events (account-
ing for about 42.7% of the 103 cold events) that occurred
during NAO* (Fig. 11). In particular, the ratio of the cold
events associated with NAO™ under regime 1 is about 44.2%,
slightly larger than that of all the events. As discussed by Luo
et al. (2016b), Ural blocking can occur under multiple NAO
states (NAO™, NAO™, NAO*-to-NAO™, or neutral NAO).
The similar frequencies of NAO* and NAO™ under regime
1 are therefore unsurprising, since the cold events over East
Asia tend to emerge during the mature or decaying stages
of Ural blocking (Cheung et al. 2013; Luo et al. 2016a). By
comparison, the proportions of cold events associated with
NAO™ under regimes 2 and 3 are 68.2 and 68.4%, respec-
tively, which are relatively higher than that under regime 1
(55.8%). This is consistent with the observation that cold
events belonging to these two regimes closely follow the
NAOQ -like circulation patterns (Sect. 4.1). Under regime 4,
there are 63.2% cold events occurred during NAO™. This dif-
ference from the other three regimes is consistent with the
concurrence of the NAO*-like circulation pattern and cold
events under this regime (Sect. 4.1).

As revealed by many previous studies (Wallace and
Gutzler 1981; Gong et al. 2001; Liu et al. 2014; Park et al.
2014), the EU teleconnection pattern plays an important role
in East Asian winter climate. The composite EU indices for
regimes 1-4 are 0.44, 0.45, 0.26, and 0.21, respectively, all
of which are statistically significant at the 99% confidence
level (Table 3). In total, 87 of the cold events identified

four different regimes versus the

NAO, Nifo3 and EU indices
when the cold events are pre-

sent. The black line represents

the 5-point running mean
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occurred during EU* and only 16 cold events occurred dur-
ing EU™ (Fig. 11). This tendency for cold events over East
Asia to occur during EU" is consistent with previous studies
(Sung et al. 2009; Lim and Kim 2016). During the period
from day O to day 4, Rossby wave activity is evident over
the Eurasian continent under all regimes (Figs. 5, 6, 7, 8).
Howeyver, the distance between the centers of the individual
circulation anomalies within the wave train and those used
for defining the EU index varies from regime to regime.
These differences likely explain the different amplitudes of
the EU indices among the four regimes.

Considering the relationship of the cold events to ENSO,
the composite Nifio3 indices for the four regimes are —0.17
(not significant at the 90% confidence level), —0.34 (99%
confidence level), —0.24 (90% confidence level), and —0.44
(99% confidence level). In total, 74 cold events occurred
during ENSO™ and 29 cold events occurred during ENSO*
(Fig. 11). Therefore, cold events over East Asia preferen-
tially occur during ENSO™, which is consistent with results
from previous studies (Zhang et al. 1997; Chen et al. 2000;
Wu and Leung 2009). The linkage between ENSO  and
cold events over East Asia can likely be explained by the
Pacific—East Asian teleconnection pattern (Wang et al.
2000), which can induce a cyclonic anomaly over the west-
ern North Pacific Ocean during ENSO™. Northerly wind
anomalies along the northwest boundary of this cyclonic
anomaly can effectively intensify the wintertime northerly
over East Asia and surrounding oceans, favoring the devel-
opment of the cold surge. It should be noted that the largest
amplitude in the composite Nifio3 index under regime 4 is
closely related to the anticyclonic anomaly over the North
Pacific Ocean. This anticyclonic anomaly can be linked to
the negative sea surface temperature anomalies over the
tropical central Pacific Ocean through the Pacific/North
American (PNA) teleconnection pattern (Renwick and Wal-
lace 1996; Hoerling et al. 1997). Through its modulation
of the North Pacific anticyclonic anomaly, ENSO plays an
important role in the formation of the horizontal distribution
of the temperature anomalies over East Asia.

6 Contributions of different physical processes
to surface temperature variations

This section is devoted to estimating the contributions of
different physical processes to changes of the surface tem-
perature over East Asia and surrounding areas during cold
events for each regime type. Following Yao et al. (2017),
the surface temperature tendency can be divided into four
different components: horizontal temperature advection
(T gvecrion)» adiabatic warming/cooling by vertical motions
(T, giapasic)> surface downward infrared radiation (IR) flux,
and sensible and latent heat (SLH) flux. The contributions

of the downward IR flux and the SLH flux are estimated on
the surface, while the T, ,qi0n a0d T gicparic are calculated
approximately at the 850 hPa level according to Yanai et al.
(1973) and Yanai and Tomita (1998):

N
Tadvection = Vh :
Tadiabatic = —-w

where T LS temperature, 6 is potential temperature, p is
pressure, V, is the horizontal wind vector and w = % is the
velocity of vertical motion, and V,, is the gradient opera-
tor on an isobaric surface. In order to directly compare
the physical processes, the units of T4 ,.ion A0d T ginparic
processes are converted from K s~! to W m~2 based on the
method of Yao et al. (2017). Figure 12 shows the composite
anomalies of horizontal temperature advection, adiabatic
process, downward IR flux, and SLH flux (a positive value
means warming effect) during cold events belonging to dif-
ferent regimes.

T
50 “

=1~ <
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6.1 Contribution of horizontal temperature advection

Under all regimes, there are significant cold advection
anomalies over the coastal regions of East Asia and the sur-
rounding oceans (Fig. 12), which are closely related to the
intensified northerly anomalies over this region (Fig. 2e-h).
Comparing the two regions, the cold advection anomalies
are of much larger amplitude over the surrounding oceans
than over the coastal areas. It should be noted that in regime
4 cold events the surrounding ocean areas with cold advec-
tion anomaly amplitudes exceeding 60 W m~2 are much
smaller than those in the other three regimes. This is due
to the presence of the anticyclonic anomaly over the North
Pacific Ocean during regime 4 cold events that weakens the
northerly wind anomalies and reduces cold advection.

The horizontal distribution of cold advection anomalies
over East Asian land areas is closely related to the cool-
ing center of the cold events for each regime. Under regime
1, the maximum cold advection anomalies over land areas
are located in northern China with amplitudes larger than
40 W m~2, which is consistent with the geographical location
of the cooling center under this regime (Fig. 2e).

Under regime 2, the maximum cold advection anomalies
are also located in northern China, but cold advection anom-
alies with amplitudes of 20-40 W m~2 penetrate into south-
ern China. As a consequence, cold temperature anomalies
with amplitudes larger than 5 K also extend into southern
China under this regime (Fig. 2f).

Under regime 3, the significant cold advection anoma-
lies are confined to northern China, with amplitudes rang-
ing from 20 to 40 W m~2. The relatively smaller spatial
extent and amplitude of cold advection anomalies under
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Fig. 12 Composite mean anomalies of horizontal temperature advec-
tion (T4 0ci0n) at 850 hPa, adiabatic warming/cooling by vertical
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Fig. 13 Area-averaged composite anomalies of horizontal tempera-
ture advection (T,;..i0n) at 850 hPa, adiabatic warming/cooling by
vertical motions (T 4,puic) at 850 hPa, surface downward infrared
radiation (IR) flux, and surface sensible and latent heat (SLH) flux
over land areas of East Asia for the four different regimes
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(IR) flux, and surface sensible and latent heat (SLH) flux for the four
different regimes. Only composite values that meet the 95% confi-
dence level based on two-tailed Student’s ¢ tests are plotted

this regime result in the weakest cooling over East Asian
land areas among the four regimes (Fig. 13). This distri-
bution of the cold advection anomaly partially explains
why cold events in this regime have the smallest cooling
intensity (Fig. 2g).

Under regime 4, cold advection anomalies with ampli-
tudes larger than 40 W m~2 cover the coastal areas of east-
ern China between 30° and 40°N. These cold advection
anomalies are larger than those associated with the other
three regimes over the same region (Fig. 13). In addition, a
local maximum in cold advection anomalies is also evident
over the southwestern portion of East Asia with an ampli-
tude larger than 60 W m~2. This is evidence of the south-
ward advance of the cold advection anomaly, which induces
a southward shift in the cooling center under this regime
(Fig. 2h).
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6.2 Contribution of adiabatic process

In all four regimes, the contributions of the adiabatic pro-
cess to surface temperature anomalies are characterized by
a dipole structure over East Asian land areas. This dipole
features the positive anomalies (warming effects) over north-
eastern East Asia and negative anomalies (cooling effects)
over southwestern East Asia (Fig. 12). The warming effects
over the northeastern parts of East Asia are closely related
to the descending motion in the atmosphere (Fig. S5), due
mainly to an expansion of surface anticyclonic anomalies
associated with an enhanced Siberian High to East Asian
coast during cold events (Fig. S6). In contrast, the cooling
effects over the southwestern parts of East Asia are mainly
caused by the ascending motion in the atmosphere over this
region (Fig. S5). These ascending motions can be explained
by increased atmospheric instability related to the enhanced
vertical temperature contrast between the colder air aloft (in
the middle and lower troposphere) and the warmer air near
the land surface. The area-averaged values of the adiabatic
process over East Asian land areas for the four regimes are
0.98, 2.79, 0.93, and —3.40 W m2, respectively (Fig. 13).
The relatively small area-averaged contribution of the adi-
abatic process to the surface temperature variations over East
Asia is primarily attributable to compensation between the
positive anomalies and negative anomalies in the dipole
structure.

6.3 Contribution of downward IR flux

In all regimes, there are significant negative anomalies in the
downward IR flux over East Asian land areas (Fig. 12). In
particular, under regimes 1-3, areas with significant negative
IR flux anomalies cover nearly all of East Asian land areas,
considerably more widespread than the significant anomalies
contributed by other processes. However, under regime 4, the
region of significant negative downward IR flux anomalies
is confined to Mongolia and northern China. Since down-
ward IR flux has a warming effect on surface temperature,
the decreased downward IR flux is conducive to the cool-
ing process over land areas of East Asia. The area-averaged
values of the downward IR flux anomalies over East Asian
land areas for the four regimes are —19.10, —16.30, —21.22,
and —7.70 W m™2, respectively (Fig. 13). The reduced cover-
age and the small amplitude of the area-averaged negative
IR flux anomaly over East Asian land areas under regime 4
are closely related to the more widespread cloud coverage
relative to the other regimes. This more widespread cloud
coverage during regime 4 cold events, especially in southern
China, can be understood as follows: First, the cooling center
under regime 4 is located in southern China, where atmos-
pheric moisture is relatively more abundant. Second, as
described in Sect. 6.2, the increased atmospheric instability

in this region favors ascending air mass motions. Both of
these features are conducive to the development of more
extensive cloud cover under regime 4. It should be noted
that the dominant role of the downward IR flux on the sur-
face cooling during the first three regimes is consistent with
the results given by Yao et al. (2017), who pointed out that
radiative cooling is extremely important for the development
of Eurasian wintertime cold extremes.

6.4 Contribution of SLH flux

In all regimes, there are significant negative SLH flux anom-
alies (cooling effects) over the oceans surrounding East Asia,
with maximum amplitudes all exceeding 120 W m~2. These
extremely high heat fluxes from the sea surface to the lower
troposphere are caused by the sharp contrast between the
underlying warmer and moister ocean surface and the colder
and drier air masses advected over it from the high latitudes.

The SLH flux situation over land areas of East Asia is
rather different than that over the surrounding oceans. Spe-
cifically, the area-averaged values of the SLH flux anomalies
over East Asian land areas for the four regimes are 4.53,
2.82,5.42, and —13.12 W m™2, respectively (Fig. 13). A
further investigation reveals that the warming effects asso-
ciated with positive SLH flux anomalies in the first three
regimes can be attributed to the latent heat flux (Fig. S7).
These positive latent heat flux anomalies can be explained
by the fact that the underlying surface experiencing the most
severe cooling under these three regimes is drier than it is
under regime 4. Under regime 4, the negative anomalies in
SLH flux over the land areas can be attributed to the varia-
tions in both the latent heat flux over the coastal areas and
the sensible heat flux over the northern parts of East Asia
and coastal areas (Fig. S7).

6.5 A brief summary for the contributions
from different physical processes

Comparing the four different physical processes that modu-
late the variations in surface temperature over land areas of
East Asia (Figs. 12, 13), it can be concluded that: (1) Under
all the regimes, the downward IR flux and the horizontal
temperature advection always drive cooling effects over
land areas during the cold events. (2) Under all the regimes
except regime 4, the downward IR flux and horizontal tem-
perature advection play the dominant and secondary roles in
the energy budget, respectively. In addition, under regimes
1-3, the adiabatic process and the SLH flux act to warm the
land surface, but their contributions are less important. (3)
Under regime 4, all four physical processes act to cool the
land surface. However, the contributions of the SLH flux and
the horizontal temperature advection are dominant and com-
parable, while the contributions by the downward IR flux
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and the adiabatic cooling are of secondary importance. The
southernmost location of the cooling center distinguishes
regime 4 from all other regimes.

7 Summary and concluding remarks

In this study, 103 wintertime cold events over East Asia are
identified during the winters of 1948-2014. By applying
the AWPC-based k-means clustering method to the HGT
anomalies on the 500 hPa surface associated with these cold
events, four cold event regimes are recognized and the pos-
sible mechanisms and earliest precursor signals are explored.
Based on the earliest precursors, half of the regimes corre-
spond to anticyclonic anomalies that develop over the Eura-
sian continent, while the other half correspond to cyclonic
anomalies that develop over the Eurasian continent.

The two regimes with anticyclonic precursor are closely
related to blocking highs around the Ural Mountains (regime
1) and central Siberia (regime 2). These two regimes tend to
last for longer time periods due to the quasi-stationary nature
of the blocking high. However, the presence of a blocking
high does not necessarily mean a long lead time between the
earliest precursor signal and the onset of the cold event in
East Asia. The blocking-high precursor signal for regime 1
can be observed about 16 days prior to the onset of the cold
events, but the one for regime 2 only becomes significant
roughly 4 days prior to the onset of the cold event. This is the
shortest lead time among all four regimes and can be mainly
attributed to the close proximity of the blocking location that
leads to a short invasion path for the cold air downstream of
the blocking high.

The cyclonic precursor anomalies for regimes 3 and 4
trigger the East Asian cold events by intensifying the EAT.
The lifetimes of these two regimes are shorter than those
associated with the anticyclonic precursors. In particular,
cold events belonging to regime 4 have the shortest lifetimes
among all regimes, due mainly to the influence of an anti-
cyclonic anomaly over the North Pacific Ocean. However,
while their lifetimes are shorter, the lead times of the earli-
est precursor signals for these two regimes are relatively
long. Specifically, the appearances of the precursor sig-
nals for regimes 3 and 4 can be observed over the Caspian
Sea and Lake Balkhash with lead times of 16 and 18 days,
respectively.

All four cold event regimes are closely related to the
large-scale circulation modes. Although the cold events
seem to have no specific preference for the phase of the
NAO, the NAO plays an important role in the generation
and/or amplification of the circulation patterns favorable to
the generation of cold events in each regime. For regime
1, the NAO™ plays an essential role in initiating the earli-
est precursor signal, which gradually develops into a Ural

@ Springer

blocking-like circulation pattern that subsequently triggers
the cold events over East Asia. For regimes 2—4, the sig-
nificant NAO-related circulation patterns appear after the
appearance of the earliest precursor signals. However, the
NAO makes a significant contribution to the amplification
of the precursor signals for these three regimes. It should be
noted that many previous studies have reported that the Arc-
tic Oscillation (AO) plays an important role in the variability
of the East Asian winter monsoon, including temperature
anomalies over East Asia (Gong et al. 2001; Wu and Wang
2002; Chen et al. 2005, 2013; Jeong and Ho 2005; Chen
and Kang 2006; Suo et al. 2009; Huang et al. 2017b). Hur-
rell (2003), Vallis et al. (2004) and Wang et al. (2017) have
shown that the NAO can be viewed as the regional manifes-
tation of the AO over the North Atlantic Ocean. Therefore,
our finding that NAO variability contributes to the formation
of cold events partially reflects this relationship between the
AO and temperature anomalies over East Asia. In this study,
we emphasize the role of the NAO rather than that of the AO
because the wave activity fluxes that initiate or amplify the
earliest precursors of the four identified regimes emanate
from the North Atlantic region. All four regimes tend to
occur during EU* and ENSO™. In particular, the ENSO™
can induce an anticyclonic anomaly over the North Pacific
Ocean through the PNA teleconnection pattern, which leads
to the southward displacement of the cooling center and
inhibits the maintenance of the cold events over East Asia.

Under regimes 1-3, the downward IR flux and the hori-
zontal cold advection play the dominant and secondary roles
in surface cooling, respectively. By contrast, under regime
4, all physical processes are important in cooling East Asian
land surface. Due to the presence of the anticyclonic anom-
aly over the North Pacific Ocean during regime 4, the loss
of the sensible and latent heat from the land surface and
the horizontal cold advection primarily act to modulate the
cooling over East Asia.

As mentioned in Sect. 1, previous studies have examined
the circulation patterns related to the East Asian cold events.
These studies have emphasized the influences of Ural block-
ing (Park et al. 2014; Luo et al. 20164, b), central Siberian
blocking (Lee and Jhun 2006; Huang et al. 2017a), the NAO
(Luo et al. 20164, b), and the EAT (Joung and Hitchman
1982; Zhang et al. 1997). The following aspects distinguish
our work from these previous studies. First, we examine
four different types of cold events identified via a unified
framework that applies the AWPC-based k-means clustering
method to the geopotential height anomalies associated with
each cold event. Our use of this unified framework enables
a systematic and objective evaluation of characteristics that
may differ among different types of cold events, including
the earliest precursors, the lead times associated with these
earliest precursors, and the causes for surface cooling based
on heat budget analyses. By contrast, previous studies have
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only identified and examined one or at most two types of
East Asian cold events. Moreover, most of these studies
have focused on the role of a specific phenomenon (e.g.,
blocking highs, the NAO, or the EAT) on East Asian cold
events, whereas our approach facilitates a more comprehen-
sive analysis. Second, the remarkable reduction in lead time
(16 days to 4 days) for the earliest precursor associated with
central Siberian blocking-related cold events relative to Ural
blocking-related cold events has never been reported. This
finding benefits understanding of the relationships between
upstream blocking activities and East Asian wintertime cli-
mate. Third, while Luo et al. (2016a, b) have emphasized
the essential role played by the NAO during the formation
of Ural blocking-related cold events, our results reveal that
the NAO plays important roles in the development of cen-
tral Siberian blocking-related and cyclonic anomaly-related
cold events as well. Fourth, we have identified and ana-
lyzed a separate class of cold events centered over southern
China in this study, whereas previous studies have focused
almost exclusively on cold events centered over Mongolia or
northern China. The relative abundance of moisture in the
atmosphere above southern China means that cold surges in
this region are conducive to the occurrence of the extreme
rainfall or snowfall. Our explicit examination of this type of
cold event is thus helpful for understanding and potentially
predicting the occurrence of extreme wintertime precipita-
tion in this region.
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