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Abstract Recent changes in the Earth's climate have led to renewed interest in extreme cold wave
(ECW) events. This study identifies the ECW patterns over the Chinese mainland, their corresponding
large-scale meteorological patterns (LMPs) and their favorable planetary wave patterns over 1961-2015.
A self-organizing map classifies ECWs into northeast, nationwide, northwest-south and Qinghai-
Tibetan Plateau clusters. The cold anomalies are primarily contributed by the anomalous wind advecting
climatological mean temperature for the leading three clusters, but diabaitic heating for the Qinghai-
Tibetan Plateau cluster. The associated LMPs are primarily characterized by a dipole with a positive height
anomaly over Siberia and a negative height anomaly extending from Japan to the Iranian Plateau, which
displaces southwestward among the four ECW clusters. The LMPs induce anomalous northerly flows
extending from the upper troposphere to the near-surface, which deepen the negative height anomaly
southwestward from the East Asian trough and accumulate cold air masses over the key regions within
the dipole that are phase-locked with the LMPs (i.e., baroclinic growth). Such baroclinic growth of the
LMP is larger during periods of a planetary wave (wavenumbers 1-5) resembling the Northern Annular
Mode (NAM). Meanwhile, the negative (positive) phase of the NAM provides more direct contribution to
the LMP of the northeast and nationwide (Qinghai-Tibetan Plateau) ECW clusters and thus are likely to
favor the occurrence of ECWs. The negative phase of NAM-like planetary waves exhibit a positive trend
after the transition year of 1987, and could potentially increase the occurrence frequency of nationwide
ECWs.

1. Introduction

Extreme cold wave (ECW) events can impose serious damage to both human society and natural ecosys-
tems (Ding et al., 2016; Hou et al., 2018). Recent anomalous warming of the Arctic region with global
climate change has reduced winter surface air temperatures (SATs) over mid latitudes and stimulated a
renewed interest in ECW events (Liang et al., 2014; Ma & Zhu, 2019; Qian et al., 2018; Tajie et al., 2020;
Wang & Chen, 2014; Wang et al., 2017; Wu et al., 2017; Yu & Zhang, 2015), especially their distinct clusters
and the associated circulations (Deng et al., 2020; Wu & Ren, 2021; Xie et al., 2017a). Two sequential ECW
events engulfed the Chinese mainland during the periods December 29, 2020-January 1, 2021 and January
6-8, 2021, delivering extreme, record-setting winter weather to 58 cities, and were tied to the warm Arctic
and the cold tropical Pacific (Bueh et al., 2021).

Extreme cold wave (ECW) events over the Chinese mainland show diverse patterns (Liu et al., 2020, 2021;
Wang et al., 2013; Zhang & Qian, 2011). Using observational data from ground-based stations, Peng and
Bueh (2011) identified five long-lived ECW groups by applying a K-mean clustering analysis to the SATs
on the ECW peak days over the Chinese mainland. According to their geographical distributions, these five
ECW clusters are named as the nationwide cluster, the eastern cluster, the northeast-north cluster, central-
eastern cluster and northwest-south cluster. A parallel analysis applying empirical orthogonal function
decomposition to the long-lived ECWs further confirmed these ECW groups (Wu & Ren, 2021). Similar
ECW patterns and more clusters with regional features have been identified based on the geographical dis-
tribution of long-lived ECW events (Qian, 2012; Wang & Chen, 2014). These studies of ECW clustering have
been based on observational data from ground-based stations, which are primarily distributed over eastern
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Cina. Since the clustering analysis is mainly based on the Euclidian distance of the SAT at each station, the
ECW clusters tend to be seen over eastern China. Although ECW events have been explored using gridded
SAT data (Liu et al., 2020; Song & Wu, 2017), they are defined based on the mean SAT over fixed regions and
the typical ECW patterns remain unclear. Compared to prior studies using irregular ground-based data, the
advantage of this study is its use of gridded data to capture the ECW patterns.

The large-scale meteorological pattern (LMP) refers to the daily scale circulation anomaly that is directly
associated with extreme ECW events (Grotjahn et al., 2016). The spatial scale of LMP is between that of
synoptic systems and planetary-scale climate modes. It has been well recognized that ECW events over
the Chinese mainland are closely related to blocking over Eurasia, particularly over the Ural Mountains
(Cheung et al., 2012, Cheung, Zhou, Shao, et al., 2013; Ji et al., 2008; Luo et al., 2016; Ma & Zhu, 2019;
Tao, 1959; Ye et al., 1962). However, not all ECW events are related to blocking, and the LMP includes a
portion that superficially resembles blocking (Grotjahn et al., 2016; Xie & Bueh, 2017). Some studies have
tied ECW events with the East Asian trough (Leung & Zhou, 2015; Wang et al., 2009) or a wave train pattern
over the Eurasian continent (Park et al., 2011; Song & Wu, 2017; Takaya & Nakamura, 2005). Given an un-
precedented persistent ECW event in January 2008, researchers noted that such persistent ECW events are
attributable to a pair of large-scale tilted ridges and troughs over the Eurasian continent rather than a single
block or trough (Bueh & Xie, 2015; Bueh et al., 2011; Wu & Ren, 2021). The configuration of the large-scale
tilted ridges and troughs also varies among the ECW groups (Bueh et al., 2015; Song & Wu, 2017). Although
previous studies have identified LMPs for ECW events over the Chinese mainland, they have primarily been
top-down analyses from a preferred circulation or bottom-up analyses from rare ECW events. We aim to
isolate the LMPs for the ECW clusters over the Chinese mainland in this study.

The Observing System Research and Predictability Experiment: a World Weather Research Program (THOR-
PEX) project noted that planetary waves with zonal wavenumbers within 1-5 can improve the predictability
of high-impact weather as they bridge remote forcing and regional synoptic-scale disturbances (Shapiro &
Thorpe, 2004). Much of the current literature on the relationship between the ECW events over the Chinese
mainland and planetary waves pays particular attention to the Arctic Oscillation/Northern Annular Mode (AO/
NAM; Chen & Kang, 2006; Park et al., 2010, 2011; Yuan & Li, 2019). The NAM is the mid- and upper trop-
ospheric manifestation of the near-surface AO, which is the leading climate mode in winter in the Northern
Hemisphere (Thompson & Wallace, 1998). ECW events over northern China are likely to occur during negative
phase of the NAM (Chen & Kang, 2006; Gong et al., 2001; Jeong & Ho, 2005; Liu et al., 2012). The negative NAM
phase induces ECW events via blocking or a dipole circulation and an amplified Siberian high (He, 2015; Park
etal., 2010, 2011; Yuan & Li, 2019). By contrast, Liang et al. (2019) showed that the positive NAM phase increases
the occurrence of ECW events over southern China by deepening the southern branch trough. The monthly and
daily AO/NAM indices used in these studies represent the index of total anomalies projecting onto the AO/NAM
pattern and thus are not isolated from the LMP. Based on the truncated daily 500-hPa geopotential height (Z500)
field with wavenumbers 1-5, Xie et al. (2017b) identified six daily planetary wave patterns during the boreal cold
season. Xie, Black, and Deng (2019) demonstrated that these daily planetary waves provide direct and indirect
contributions, which promotes both barotropic and baroclinic growth of synoptic waves to the LMP enacting
ECWs over the United States. Therefore, there is a need to investigate what daily planetary waves are favorable
for ECW clusters over the Chinese mainland and their contributions to LMPs.

‘We note that earlier studies have identified LMPs mainly on the basis of ECW events defined using ground-
based stations data. However, the spatial heterogeneity of ground-based stations data leads to a bias toward
ECW patterns over Eastern China. We aim to systematically identify the ECW clusters by applying a self-or-
ganizing map (SOM; Kohonen, 2001) approach to gridded SAT data over the Chinese mainland during ECWs.
‘We then use this classification to define their associated LMPs in terms of the composite Z500 anomaly and
their potential linkages to daily planetary waves, which are wavenumbers 1-5 of Z500. The contributions of
daily planetary waves to the LMP are assessed using a pattern amplitude projection (Deng et al., 2012) and a
baroclinic energy conversion during periods associated with different planetary waves. Based on the relation-
ship between planetary waves and the LMP, the long-term variabilities of planetary waves are used to interpret
the trend of ECW occurrence number. We describe our data and methods in Section 2. Section 3 presents the
ECW patterns, associated heat budget analysis and circulation features. Section 4 discusses the relationships
between LMPs and daily planetary waves. The final section gives our summary and discussion.
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60N Analysis domain 2. Data and Methods
i / é 2.1. Data
50N — : We use the daily mean SAT on a (0.5° x 0.5°) latitude-longitude grid provid-
] ed by the Asian Precipitation-High Resolved Observational Data Integration
40N Toward Evaluation of Water Resources (APHRODITE) project (Yasutomi
] et al., 2011) to identify ECW events. This gridded SAT dataset is interpolat-
] ed from station observations collected from the Global Telecommunication
30N System datasets, pre-compiled datasets from other organizations or groups,
] : ) and individual collections. The raw SATs are applied to an automated quality
20N ' ‘ /% control system and then interpolated onto grids using a distance-weighting
] % o ﬁ L function based on Spheremap. This APHRODITE SAT product covers the
T | ‘
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We also use several different meteorological fields from the fifth generation
European Center for Medium-range Weather Forecasts (ECMWF) reanalysis

Figure 1. Analysis domain of the Chinese mainland (black line) and dataset (ERAS5; Hersbach et al., 2020). The air temperature at 2 m above the
distribution of the 3816 grid points (dots) used in our analysis. Shading surface and the horizontal wind at 10 m above the surface on a (0.5° x 0.5°)

indicates topography (unit: m).

longitude-latitude grid are used to compare these datasets with APHRO-

DITE. The other variables used in this study are sea level pressure (SLP), the
geopotential height, horizontal winds, and potential vorticity at different pressure levels on a (2.5° x 2.5°) longi-
tude-latitude grid. The pressure levels adopted here are equally spaced every 50 hPa between 1,000 and 100 hPa.
The potential temperature and horizontal winds at the dynamic tropopause (2 PVU, 1 PVU = 10~° m?s~! K kg1)
from ERA40 during 1961-1978 and ERAS during 1979-2015 are used to explore dynamic aspects of the LMP.
The boreal cold season refers to the period from November 1 to March 31 of the following year (151 days).

2.2. Definition of an ECW Event

We consider 3816 APHRODITE grid points within the Chinese mainland (Figure 1). An ECW event is iden-
tified using the APHRODITE SAT based on the following three criteria. Unlike prior studies focusing on
relatively long-duration ECW events, we identify more ECW events to isolate robust ECW patterns.

1. Anextreme cold grid point. An extreme cold grid point is recorded when the SAT is lower than the thresh-
old value of the fifth percentile. For each calendar day, the percentile-based threshold value is calculated
from a moving window of 5 consecutive days centered on that calendar day for the 30 base years using
the quantile definition proposed by Hyndman and Fan (1996). The 30-year data are constructed with a
simple bootstrap method using the 29-year base period data for 1974-2002, with 1 year repeated from
this base period (Zhang et al., 2005). The average of the threshold values for the fifth percentile over the
Chinese mainland corresponds to an overall standard deviation of —1.63.

2. An extreme cold day. An extreme cold day is recorded if the total number of extreme cold grid points is
>10% of the total number of grid points (i.e., 382 grid points; Bueh et al., 2011; Xie et al., 2017a).

3. An ECW event. An ECW event is defined when there are at least three consecutive extreme cold days.
Since there is a spatial coverage criterion of extreme grid points, there could be one day between two
adjacent ECW events when the total number of extreme grid points is below the criterion. Therefore, the
two adjacent ECW periods that are separated by one day are combined to form a single ECW event (Peng
& Bueh, 2011; Takaya & Nakamura, 2005).

Accordingly, 192 ECW events are identified with a total of 1286 days, including 50 extensive and persistent
ECW events (52 events in total) defined by Peng and Bueh (2011). The occurrence frequency of ECW events
over the 54 boreal cold seasons is mainly distributed over Northwest and East China (Figure 2).

2.3. Clustering ECWs With the SOM

The SOM is an unsupervised learning-based artificial neural network (Kohonen, 2001). It maps high-dimen-
sional data to a low-dimensional representative space with a neuronal structure, in which the neighboring
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60N SOM patterns have a geometric similarity. A batch SOM is applied to nor-
] malized SAT anomalies on 1286 ECW days by implementing MATLAB
50N — software with SOM Toolbox version 2.0 (www.cis.hut.fi/projects/somtool-
] box/about). The SAT anomalies of 3816 grid points within the Chinese
40N — mainland on each ECW day are normalized by the climatological mean
] and standard deviation and then converted to a row vector. A specified
30N - number of random nodes/neurons are initialized with a weight vector and
a position in the 2D map space. In each training step, 1286 vectors are par-
20N 4 titioned according to the Voronoi region of the map weight vectors.
CoT ! ' T ' The next step is to update the nodes by averaging the data samples in the
70E 80E 90E 100E 110E 120E 130E 140E

Figure 2. Distribution of the occurrence frequency of extreme cold wave
(ECW) events over the 54 boreal cold seasons (unit: %).

neighborhood of the best-matching unit. The best-matching unit is the node/
neuron with the closest weight vector (in Euclidian space) to the partitioned
input vectors. The output is an SOM with a prescribed number of nodes that
represent the spatial patterns of the input SAT anomalies. An SOM with a
larger number of nodes, therefore, provides a better description of the in-
put SAT patterns. The optimum number of SOM patterns should be large
enough to accurately capture the SAT patterns but small enough to be suf-
ficiently different from each other. To determine the optimum number of SOM nodes, we repeat the SOM with
grid numbers from (1 X 2) to (1 X 20) and compute the average pattern correlations between each row vector
of normalized SAT anomalies and their corresponding centroids (Lee & Feldstein, 2013). The mean distance
between each cluster pair is calculated in a slight adaptation of Wards’ distance (Lee et al., 2017; Ward, 1963).

The SOM clustering indices are used to composite the meteorological anomaly fields to isolate the spatial
structure and synoptic patterns for each ECW cluster. The Student's ¢-test is adopted to assess the statistical
significance of the composite anomalies (Wilks, 2006).

2.4. Heat Budget Analysis

To explore relative contributions by physical processes to the near-surface cold air temperature anomalies, we
apply an isobaric thermodynamic equation to two days before and to the ECW days, which are conducive to the
cold SAT anomaly on the ECW days. The heat budget equation given by He and Black (2016) is as follows:

‘i:—V’-VT—V-VT'—(V’-VT'—V’-VT’)+S,,a)'+g o)
ot C,

where T is the air temperature, V is the horizontal velocity, Sp is the static stability parameter, w is the ver-
tical velocity, Q is the diabatic heating, and C,is the specific heat of air at constant pressure. The primes
represent anomalies relative to the climatology-mean values (the overbar). The local temperature anomaly
tendency is contributed by an anomalous horizontal wind advecting climatological-mean air temperature
(- V'-VT), the climatological wind advecting air temperature anomalies (— V - VT"), nonlinear process

- (V’ -VT'-V'- VT'), anomalous adiabatic heating (Spa)'), and anomalous diabatic heating (Q'/ Cp).

2.5. Rossby Wave Activity Flux

We adopt the Rossby wave activity flux defined by Takaya & Nakamura (2001) to depict the horizontal en-
ergy propagation of atmospheric circulation anomalies relative to the climatological mean associated with
the ECW events. The Rossby wave flux in the spherical coordinate is expressed as:

U (al//’ ]2 ~ ,62'//' . 1% ay/! 5!//' ~ l//' azwr
peosg |a*cos? g|\ 04 or? a’cosg| 04 0¢ 0109
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Table 1

The Zonal and Meridional Wavenumbers for the Triangular Truncation of

Spherical Harmonic Analysis

where U = (U, V) is the climatological mean flow velocity, which is taken
to be the cold season average of the climatological mean (the long-term
daily climatology of the period 1961-2015); ¥’ is the quasi geostrophic

Meridional wavenumber

stream function perturbations relative to the climatological mean; a, ¢

Zonal wavenumber (0, 0)
0,1)

0,2)

(17 0)

(€Y

(17 2)

and A are the Earth's radius and the latitude and longitude, respectively;
and p is the air pressure normalized by 1,000 hPa.

(2,0

(3,0) 2.6. Planetary Wave Patterns

21 (4,0) We adopt six planetary wave patterns from Xie et al. (2017b), which

(3,1) (5,0)  were derived by applying agglomerative hierarchical clustering to the

1400 -

truncated daily Z500 with wavenumbers 1-5. To focus on the North-

ern Hemisphere, the daily Z500 is assumed to have a symmetrical dis-

tribution about the equator and spherical harmonic decomposition is
performed. A triangular truncation with wavenumber 5 without the wavenumber (0, 0) is applied to
derive the daily planetary wave (Table 1). The wavenumber (0, 0) refers to wavenumber 0 in both the
zonal and meridional components and represents the areal mean of the Northern Hemisphere. This
wavenumber is removed to compare planetary waves on different calendar days. Six daily planetary
wave patterns over 1950-2005 are identified based on the largest sequential jump in cluster distance.
Daily planetary waves are categorized into six clusters according to the nearest Euclidian distance be-
tween each daily planetary wave (1961-2015) and the pre-defined cluster-mean composite planetary
wave patterns.

3. Circulation Features of ECW Events
3.1. ECW Clusters

We repeated the SOM with grid numbers varying from (1 X 2) to (1 X 20) to identify the optimum
separation of the ECW patterns. Figure 3 shows the mean correlation between the SAT anomalies
on each ECW day and the corresponding cluster centroid as well as the mean distance between each
pair of cluster centroids. The correlation increases greatly from (1 X 2) to (1 X 4) and then increases
more smoothly, whereas the distance clearly decreases from (1 x 2) to (1 X 3) and then decreases only
slightly. The combination of these two objective measures suggests that the (1 x 4) SOM grid has the
optimum number of ECW clusters. Because our aim is to isolate the patterns of ECW events, we choose
the (1 x 4) SOM grid rather than the (2 x 2) grid. To further test the robustness of the ECW clusters, we
carried out sensitivity experiments by perturbing the extreme threshold value in the ECW definition
criterion from the tenth to twentieth percentiles in five percentile steps without any qualitative change

in the results. Taking the twentieth percentile for example, the spatial

correlations between the obtained ECW patterns and counterparts of

1200 4

1000 1 \

Distance

800 { /

600

400

0.75 the fifth percentile are 0.96, 0.92, 0.87, and 0.75, respectively.

0.70 Figure 4 shows the composite SAT anomaly patterns for four ECW

clusters obtained from the APHRODITE and ERA reanalysis datasets.
The near-surface winds are only shown for the ERA reanalysis data be-
cause they are unavailable in the APHRODITE data set. The four ECW
patterns are characterized by cold SAT anomalies dominating over the
Chinese mainland, with a southwestward displacement from Northeast
China to West China and SAT magnitude decreasing among clusters
1-4, which is highly consistent between the APHRODITE and ERA da-

—e- distance 0.65

—e- correlation 0.60

Correlation

0.55

0.50

234567 891011121314151617181920
Figure 3. Mean correlation between the surface air temperature (SAT)

anomalies on each extreme cold wave (ECW) day and the corresponding
cluster centroid (closed circles) and the mean distance between each pair

of cluster centroids (open circles).

0.45 tasets. The most common ECW pattern, which appears for 389 days,

features a predominant cold SAT anomaly over the whole of China, ex-
cept for the Tibetan Plateau (Figures 4a and 4e). The cold core, with a
temperature of less than —8°C, occurs over Northeast China. This pat-
tern is associated with northerly wind anomalies extending from Lake
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Figure 4. Composite APHRODITE SAT anomalies (shading; unit: °C) for (a) cluster 1, (b) cluster 2, (c) cluster 3 and (d) cluster 4. Composite ERA 2-m SAT
anomalies (shading; unit: °C) for (e) cluster 1, (f) cluster 2, (g) cluster 3 and (h) cluster 4 overlain with the 10-m surface horizontal wind anomalies (arrows;
units: m s~!). The black boxes are the cold anomaly centers for each cluster. Only composite anomalies that are statistically significant at the 95% confidence

level are shown.

Baikal to southern China, which transport cold air into Northeast and South China. In contrast with
the first pattern, the cold SAT anomalies of the second cluster (308 days) shift southwestward, with two
cold centers over Northwest and South China (Figures 4b and 4f). This feature is linked to anomalous
northwesterly flows from Mongolia to Northwest China and northerly flows to South China. The warm
anomaly over the Tibetan Plateau is more evident and is advected by a southwesterly wind anomaly.
The third ECW pattern (229 days) resembles the second ECW pattern but with smaller amplitudes and
a displacement slightly southwestward (Figures 4c and 4g). The cold anomaly center over the Junggar
Basin extends southward to the Tarim Basin and is conveyed by northerly wind anomalies, and the warm
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Figure 5. Time series of the occurrence numbers (dashed line with closed circles) for (a) the northeast extreme cold wave (ECW) cluster, (b) the nationwide
ECW cluster, (c) the northwest-south ECW cluster and (d) the Qinghai-Tibetan Plateau ECW cluster. The gray dashed lines represent the linear regressions and

It}

the black solid lines are the Theil-Sen estimates of the linear trend. “p” is the significance level and “trend” is the trend of the Theil-Sen estimate.

anomaly over the Tibetan Plateau is weaker than that in the second cluster. The fourth pattern (342 days)
contrasts with the first pattern, with the negative SAT anomaly concentrated over the Qinghai-Tibetan
Plateau (Figures 4d and 4h). Unlike clusters 1-3, northerly wind anomalies are not seen over the cold
anomaly center. This suggests that the cold anomaly of the fourth pattern may result from diabatic heat-
ing rather than cold SAT advection.

A parallel K-mean clustering (Wilks, 2006) with K = 4 shows that the ECW patterns are entirely con-
sistent with our SOM clustering results, in which the pattern correlation coefficients are 0.95, 0.99,
0.80, and 0.98, respectively. The relatively low correlation in cluster 3 is because the cold anomaly
center over South China is absent in the K-mean result, in which the ECW pattern is more isolated.
Given the respective distributions of the cold SAT anomalies, the first three patterns are in good agree-
ment with the patterns derived in previous studies using observational data from monitoring stations
(Peng Bueh, 2011; Qian, 2012; Wang et al., 2013), which are referred to as northeast, nationwide, and
northwest-south clusters. Our new fourth pattern suggests that, as expected, the spatial distribution
of the ground-based meteorological stations has a strong impact on the classification of ECW events.
Following the ECW definition of these studies, the ECW clusters 1-4 are denoted as northeast, nation-
wide, northwest-south, and Qinghai-Tibetan Plateau ECWs, according to the respective distributions
of the cold SAT anomaly centers.

Figure 5 shows the time series of the annual occurrence frequency of the four clusters and derived trend
lines. Noting the effect of climate change in previous studies (Zhang & Qian, 2011; Zhou & Ren, 2010),
we use the Mann-Kendall test (Fu & Wang, 1992) to detect abrupt change in the annual ECW occur-
rence number. There are significant transitions in clusters 1-3 for the transition years of 1990, 1987, and
1992, respectively, while not in cluster 4 (Figure S1 in the supplement). We therefore separate the study
period into two subperiods based on the transition year and calculate the trend during each subperiod
for clusters 1-3. There are decreasing trends prior to the transition years for the northeast and north-
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Figure 6. The composite air temperature tendency (units: °C d=!) and the air temperature tendency due to— V' - VT,-V-VT',—-|V'-VT'=V'.VT'), S pa)', and
«Q'/c p) forcings based on the heat budget analysis at 950 hPa averaged during days 2-0 and within each cold anomaly center in Figure 4 for (a) the northeast
extreme cold wave (ECW) cluster, (b) the nationwide ECW cluster, (c) the northwest-south ECW cluster and (d) the Qinghai-Tibetan Plateau ECW cluster.

west-south ECWs, with the latter cluster significant at the 90% confidence level (Figures 5a and 5c). By
contrast, a significant increasing trend is seen in the nationwide ECW cluster after the transition year
of 1987 (Figure 5b). The Qinghai-Tibetan Plateau ECW events decrease significantly during the study
period with an overall trend of —0.21 per year (Figure 5d). From the perspective of the entire study
period, decreasing trends are perceptible for all four clusters, which agrees with previous studies (Qian
et al., 2019; Wang & Ding, 2006; Zhang & Qian, 2011; Zhou & Ren, 2010). However, the separation of the
study period by years with an abrupt transition reveals an increasing trend in the occurrence number of
nationwide ECWs since 1987.

3.2. Heat Budget Analysis

As speculated from the preceding section, diabatic heating may contribute to the cold SAT anomaly of
the Qinghai-Tibetan Plateau ECW cluster. To illustrate this speculation, the heat budget is calculated at
the near-surface 950 hPa level averaged during days -2-0 and within each cold anomaly center of the four
clusters in Figure 4, which is conducive to the air temperature anomaly on the ECW day. Figure 6 displays
the averaged 950 hPa air temperature anomaly tendency and relative contributions from different physical
processes for the four ECW clusters. The cold temperature anomaly center is characterized by cold temper-
ature anomaly tendency.

Considering the northeast ECW cluster (Figure 6a), the cold temperature tendency is contributed by most
physical processes except adiabatic heating. The major contribution is by anomalous wind advecting clima-
tological mean air temperature, and the second contribution is by the climatological mean flow advecting
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Figure 7. Composite SLP anomalies (contours; unit: hPa) for (a) the northeast extreme cold wave (ECW) cluster, (b) the nationwide ECW cluster, (c) the
northwest-south ECW cluster and (d) the Qinghai-Tibetan Plateau ECW cluster. The contours are plotted for every 2 hPa and the shading represents the
anomalies exceeding the 95% confidence level.

cold temperature anomaly. Unlike the other ECW clusters, the contributions by physical processes are larg-
er than those of other ECW clusters and thus may result in the largest temperature anomaly tendency.
In contrast, the nationwide and northeast-south ECW clusters are contributed by most physical process-
es except diabatic heating (Figures 6b and 6c). In addition, the nonlinear process provides a secondary
contribution to the cold air temperature tendency. In comparison with the nationwide ECW cluster, the
northeast-south ECW cluster receives minor contributions from climatological mean flow advecting cold
temperature anomaly and adiabatic heating and stronger offsetting from diabatic heating. Considering the
Qinghai-Tibetan Plateau ECW cluster (Figure 6d), as anticipated, the cold anomaly tendency is mainly
contributed by the diabatic heating with secondary contribution from the anomalous horizontal wind ad-
vecting climatological-mean air temperature. The nonlinear processes provide a minor contribution to the
cold air temperature tendency.

3.3. Circulation Features

Figure 7 shows the composite SLP anomalies that intimately regulate the SAT and wind anomalies for the
four ECW clusters. Clusters 1-3 are characterized by an amplified Siberian high dominating over the Eura-
sian continent, with a southeastward extension along the lee side of Tibet to southern China, whereas clus-
ter 4 features a dipole structure. The northeast ECWs are linked to a broad high SLP anomaly pattern that
extends from the Arctic Ocean to eastern China, with a center over the north of Lake Baikal, which favors
the incursion of robust cold SAT anomalies into Northeast China (Figures 4e and 7a). Compared with the
northeast ECWs, the positive SLP anomaly of the nationwide ECWs shifts southwestward in a northwest-
southeast orientation, with a center over the Sayan Mountains (Figure 7b). The positive SLP anomaly over
China intensifies and extends southward along the lee side of Tibet to South China, inducing a more wide-
spread cold SAT anomalies over China. The northwest-south ECWs are similar to the nationwide ECWs,
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Figure 8. Composite Z500 anomalies (shading; unit: gpm) and wave activity fluxes (arrows; units: m? s=2) for (a) the northeast extreme cold wave (ECW)
cluster, (b) the nationwide ECW cluster, (c) the northwest-south ECW cluster and (d) the Qinghai-Tibetan Plateau ECW cluster. Only composite anomalies
that are statistically significant at the 95% confidence are shaded. Arrow magnitudes smaller than 2 and 0.5 m? s~ are omitted in parts (a)-(c) and part (d),
respectively, for clarity. The purple lines link anomalous centers (*) of the LMP for each cluster.

but with a smaller magnitude and a more regional distribution (Figure 7c). Therefore, the cold SAT is weak-
er than that of clusters 1-2. By contrast, the positive SLP anomaly for the Qinghai-Tibetan Plateau ECWs
(Figure 7d) is confined to the region from Northwest China to Southeast China. Such a regional circulation
is not capable of conveying cold air from higher latitudes (Figure 4h). To the north, a negative SLP anomaly
dominates over the mid- and high-latitude Eurasian continent centered over the Scandinavian Peninsula.

The maintenance of near-surface circulations is coupled with the tropospheric circulations (Takaya & Na-
kamura, 2005; Xie, Black, & Deng, 2019), and thus, we show the composite Z500 anomalies and the cor-
responding Rossby wave activity flux for the four ECW groups in Figure 8. Similar to Xie et al. (2017a), we
define the LMP as a composite Z500 anomaly pattern over the region (20°-90°N, 0°-180°E), which regulates
the ECW events. The LMP is generally a dipole pattern over the Eurasian continent, with a positive height
anomaly on the poleward side of a negative height anomaly, which is referred to as a pair of large-scale
tilted ridges and troughs (Bueh et al., 2011; Bueh & Xie, 2015). The northeast ECWs feature a wave train
from Europe to the North Pacific that encapsulates the dipole pattern, in which a significant positive height
anomaly resides over Siberia with a center over the Yenisei river, and a negative height anomaly is zonally
elongated from East Mongolia to Japan with a center over Northeast China. Rossby wave energy originating
from Europe propagates southeastward through the positive anomaly over Siberia to the negative anomaly
(Figure 8a). The dipole extends southwestward for the nationwide ECWs, particularly the negative height
anomaly (Figure 8b). The positive height anomaly is tilted southwest-northeast and extends from the north-
ern Arabian Peninsula to the Laptev Sea, with a center over the Ob river, whereas the negative height anom-
aly spans from the southern Arabian Peninsula to the Sea of Okhotsk with a center over the Bohai Sea. This
agrees with the more southwestward extension of negative SAT anomalies in the nationwide ECWs than
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the northeast ECWs. Meanwhile, broader Rossby wave energy is exported from the positive anomaly to the
negative anomaly. Considering the northwest-south ECWs, the LMP migrates southward with a weaker
magnitude (Figure 8c). Rossby wave energy propagation is more regional and confined to the region from
the Ural Mountains to Northwest China. In contrast with the dipole pattern of clusters 1-3, the Qinghai-
Tibetan Plateau ECWs are characterized by a weak positive height anomaly extending from Lake Balkhash
to Northeast China, sandwiched between two negative anomalies over the Arctic Ocean and South China
(Figure 8d). The propagation of Rossby wave energy is weaker than in clusters 1-3. This LMP is linked to the
propagation of two different sources of Rossby wave energy from the Barents Sea and Europe, suggesting
that the downstream components of the LMP are remotely forced.

Comparing the mid-tropospheric circulation with the SLP field shows that the positive anomaly of the LMP
has an equivalent barotropic structure, whereas the negative anomaly has a baroclinic property. To combine
the foregoing three circulation fields, Figure 9 shows cross-sections of the geopotential height anomaly and
air temperature anomaly along the centers (maximum or minimum) of the Z500 anomalies for the four
ECW clusters. The LMP is a deep system extending from the troposphere to the stratosphere, with centers
around 300 hPa or the dynamic tropopause. The cold temperature anomalies extend from the surface to
the dynamic tropopause and reside at the southeastern flank of the positive height anomaly. Considering
clusters 1-3 (Figures 9a-9c¢), the positive height anomaly shows a barotropic structure with a southward
extension in the lower troposphere, whereas the negative height anomaly shows a barotropic feature above
the mid troposphere and a baroclinic signature in the lower troposphere. The baroclinic regions coincide
with the cold temperature anomalies that are advected by the northerlies between the dipole. The cold
cores are in concert with the Siberian high anomaly centers. In contrast with clusters 1-3, both the posi-
tive and negative anomalies of the Qinghai-Tibetan Plateau ECW cluster are characterized by a barotropic
structure above the mid troposphere, with a baroclinic structure in the lower troposphere (Figure 9d). The
cold anomaly between the dipole is the key region where the mid- and upper-tropospheric circulation and
the near-surface circulation mutually intensify each other, resulting in ECWs (i.e., the baroclinic growth).

To illustrate the more dynamic aspects of the LMP, we adopted the potential temperature and horizontal
winds on the 2-PVU surface (Figure 10). The propagation of Rossby wave energy in the mid and upper
troposphere can be interpreted using the advection of potential vorticity associated with anomalous flows in
the mid and upper troposphere (Evans & Black, 2003). The dynamic tropopause map retains the advantages
of isentropic potential vorticity maps; in that, the potential temperature on the 2-PVU surface is also con-
served following adiabatic and frictionless flow (Morgan & Nielsen-Gammon, 1998). The tropopause map
condenses the 3D potential vorticity distribution onto a 2D map—that is, the potential vorticity on several
isentropic surfaces can be seen simultaneously. Figure 9 shows that the dynamic tropopause is low (high)
within the negative (positive) height anomaly and very steep in the jet stream, in agreement with the results
of Morgan and Nielsen-Gammon (1998).

Compared with the composite Z500 anomaly field, the anomalous potential temperature on the 2-PVU
surface features an additional zonally elongated positive anomaly band in the East Asian jet, and the neg-
ative anomaly confined to the north of the East Asian jet (Figure 10). The cold trough deepens toward the
southwest from the semi-permanent East Asian cold trough via an anomalous westward cold advection. A
moderate warm ridge and a closed low are seen over North Asia in the northeast ECWs (Figure 10a). The
anomalous southerly and northeasterly winds to the west and southeast of the warm ridge induce the ridge
to migrate westward, indicating that Rossby wave energy propagates southeastward to the closed low. The
wind anomalies are mainly parallel with the potential temperature contours in the upper and middle reach-
es of the East Asian jet, suggesting an intensification of the jet. In contrast with the northeast ECWs, the
nationwide ECWs feature a more pronounced warm ridge associated with more evident potential tempera-
ture advection, consisting with a stronger Rossby wave propagation (Figure 10b). Anomalous northeasterly
winds prevail from the Laptev Sea via Mongolia to the Iranian Plateau, conveying the cold anomalies south-
westward to form a broader cold trough. The broader cold advection corresponds to broader Rossby wave
energy being exported from the warm ridge to the cold trough. The northwest-south ECWs resemble the
nationwide ECWs, but the warm ridge is confined to western Siberia and the associated cold advection ex-
tends from the Sayan Mountains to the Aral Sea, where Rossby wave propagation is seen (Figure 10c). Sim-
ilarly, the cold advection for the cold trough becomes more regional zonally from Japan to Lake Balkhash.

ZHANG ET AL.

11 of 23



A7t |
e\
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035005

(a) Northeast

(b) Nationwide
\

100 100
! \
|
|
150 150 - }
|
200 200 - i
250 250 -
300 300 -
400 400 -
500 500 -
700 700 - -
850 850 - NN
1000 1000 - - - —
60 68.2 67.5 558 425 325 225 525 599 625 53.3 40 312 225
20 507 925 1123 1225 119.7 1175 20 413 70 984 115 115 115
100 (c) Northwest-south 100 (d) Qinghai-Tibetan Plateau
[ |
| |
| |
|
150 y \ 150
/ |
200 - ' 200
250 - 250
300 - 300
400 - 400
| /l \\ \
500 - - Ty 500
[ N AN
| Ny \\\\ Ned
/1 DN
700 - RN 700
[ \\\\\\
850 - u TR 850
1000 : S RIS SR S R S S\ 1000
50 578 60 51.1 375 30 225 575 56.3 525 414 30 306 30
20 427 725 101.9 120 117.3 115 475 66.1 825 898 95 107.5 120
[ I N B [ Y I B [
-120 -105 90 -75 -60 -45 -30 -15 15 30 45 60 75 90 105 120

Figure 9. Composite cross-sections of geopotential height anomalies (shading; unit: gpm) and air temperature anomalies (contours; unit: °C) along the
anomalous centers of the LMP for (a) the northeast extreme cold wave (ECW) cluster, (b) the nationwide ECW cluster, (c) the northwest-south ECW cluster

and (d) the Qinghai-Tibetan Plateau ECW cluster. The labels on the x-axis are the latitudes and longitudes of the anomalous centers. The contours are plotted
every 1°C and the zero lines are omitted. Only composite geopotential height anomalies that are statistically significant at the 95% confidence are shaded and
the thick black contour is the 2-PVU contour of the composite potential vorticity.
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Figure 10. Composite 2-PVU potential temperature (contours; unit: K), potential temperature anomalies (shading; unit: K) and horizontal wind anomalies
(arrows; units: m s~1) for (a) the northeast extreme cold wave (ECW) cluster, (b) the nationwide ECW cluster, (c) the northwest-south ECW cluster and (d) the
Qinghai-Tibetan Plateau ECW cluster. The contours are plotted every 5K Only composite anomalies that are statistically significant at the 95% confidence are

shaded.

By contrast, the Qinghai-Tibetan ECWs are characterized by cold and warm advection that is distributed
from Europe via Siberia to South China, suggesting remotely forced anomalies (Figure 10d). A moderate
intensification of the East Asian jet is confined to the region from the coast of China to the North Pacific.

From the perspective of potential vorticity inversion, the circulation of the upper-tropospheric anomaly
contributes greatly to the near-surface cold SAT advection (Takaya & Nakamura, 2005; Xie, Liu, et al., 2019).
In turn, the cold SAT anomaly over the key region within the pair of warm ridges and troughs induces
an anomalous anticyclonic flow that extends upward to the upper troposphere and advects low potential
vorticity to the warm ridge and high potential vorticity to the cold trough (Bueh et al., 2018; Takaya & Na-
kamura, 2005; Xie, Liu, et al., 2019). This phase-locking between the upper-tropospheric LMP and the key
lower-tropospheric region of the anomalous cold centers, also known as baroclinic instability, is an impor-
tant contributor to ECWs.

4. Association With Planetary Waves

As mentioned above, studies have shown that the NAM modulates ECWs via synoptic weather systems
(He, 2015; Park et al., 2011; Yuan & Li, 2019). Since the NAM index represents the total of anomalies, in-
cluding the synoptic component, projecting onto the NAM pattern, the NAM pattern and synoptic weather
system are not separated from each other in these studies. The preceding section emphasizes on the impor-
tance of baroclinic growth for the ECWs, which represents an interaction between anomalies and the mean
flow. In this section, we separate the LMP into planetary- and synoptic-wave components to investigate the
relationship between planetary wave patterns and LMPs for the ECWs.

ZHANG ET AL.

13 of 23



At ,
M\I Journal of Geophysical Research: Atmospheres 10.1029/2021JD035005

ADVANCING EARTH
AND SPACE SCIENCE

(a) Climatological mean (b) First
P T

(f) Fifth

7 T

Figure 11. (a) Climatological mean Z500 of wave numbers 1-5 (contours; unit: gpm) and the corresponding latitudinal deviation field (shading; replotted from
Xie et al. (2017b)). The composite Z500 of wave numbers 1-5 (contours) and the corresponding anomalies relative to the climatological mean (shading) for the
(b) first, (c) second, (d) third, (e) fourth, (f) fifth and (g) sixth planetary wave patterns. The contours are drawn every 100 gpm, the solid (dashed) lines represent
the positive (negative) Z500 of wave numbers 1-5 and the thin lines indicate zero. Only composite anomalies that are statistically significant at 95% confidence
interval are shaded. The lowest point in each panel is drawn at (90°E, 10°N).

In concert with Figure 2 of Xie et al. (2017b), Figure 11 shows composite Z500 of wavenumbers 1-5 and the
corresponding anomalies relative to the climatological mean for six planetary wave patterns from the ERA
reanalysis during the period 1961-2015. Climatologically, the stationary wave ridges and troughs alternately
reside over the eastern portions of the oceans and continents (Figures 11a). The six planetary wave patterns
are identical to those of Xie et al. (2017b). The first (sixth) pattern combines the positive (negative) phase
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Figure 12. (a) Frequency of days of each planetary wave pattern with each extreme cold wave (ECW) cluster occupied on the total number days of the
corresponding planetary waves. Probability density function (PDF) of the LMP index of each planetary wave for (b) the northeast ECW cluster, (c) the
nationwide ECW cluster, (d) the northwest-south ECW cluster and (e) the Qinghai-Tibetan Plateau ECW cluster.

of the Pacific/North American teleconnection pattern and the negative (positive) phase of the West Pacific
pattern (Figures 11b and 11g; Xie, Black, & Deng, 2019). The second pattern represents an amplification of
the climatological mean planetary waves (Figures 11c). The fourth and fifth patterns are antisymmetric to
each other and resemble the negative and positive phases of the NAM, respectively (Figures 11e and 11f).
The third planetary wave pattern is similar to the fifth pattern, but with a negative height anomaly over the
Greenland Sea.

To explore the relationship between ECWs and the planetary wave patterns, we construct an LMP index
and calculate the ECW occurrence frequencies and corresponding LMP index probability density function
(PDF) stratified by the six planetary wave patterns. Following the approach of Xie et al. (2017a), a daily LMP
index is constructed by projecting each daily Z500 anomaly pattern (Z') on each LMP (Z,,,,) using a pattern
amplitude projection (Deng et al., 2012):

A, a’Z'Z; \p cos pdAdd

LMP index = 3 ,
A, a? (Z'LMP) cos pdAdg

3

where A represents the area of the LMP (10°-85°N, 0°-180°E), a is the mean radius of the Earth, and A and
¢ are the longitude and latitude, respectively. This LMP index measures both the LMP phase and amplitude
at the same time (Xie at al., 2017a).

Figure 12 shows the occurrence frequency of ECWs (Figure 12a) together with the PDFs of the correspond-
ing ECW LMP indices (Figures 12b-12e), all stratified in terms of the six planetary wave patterns. The
frequency is defined as a fraction of the total number of days in which a specific planetary wave pattern
occurs, that is, f(i,j) = n(i,j)N(j), where N(j) is the total number of days associated with the jth planetary
wave pattern and n(i,j) is the number of days that the ith ECW cluster is concurrent with the jth planetary
wave pattern. As expected, clusters 1 and 2 tend to be more frequent during episodes of the second and
fourth planetary wave patterns, particularly the fourth planetary wave pattern (Figure 12a), whereas the
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northwest-south ECWs are most frequent during the second planetary wave period. This is consistent with
Xie et al. (2017b), which noted that the second and fourth planetary wave patterns favor cold SAT anoma-
lies over the Chinese mainland. These two planetary wave patterns overlap with the LMPs of clusters 1-3,
particularly the negative height anomalies over China (Figures 8a-8c). By contrast, the Qinghai-Tibetan
Plateaus ECWs are preferentially favored during the third and fifth planetary wave episodes.

The presence of planetary wave patterns also strongly affects the probability distributions of the ECW
LMPs, which provide the organizing regional large-scale circulation for ECWs. The northeast- and nation-
wide ECW LMPs are more frequent (right-shifted PDFs) in association with the second and fourth patterns,
suggesting that both of these planetary wave patterns favor the occurrence of the LMPs responsible for
northeast- and nationwide ECW clusters (Figures 12b and 12c). By contrast, the LMPs are less frequent
(left-shifted PDFs) in association with the first, third and fifth planetary wave patterns, which are out of
phase with the LMP. For the northwest-south ECWs, the LMP distribution is most strongly affected by
the second planetary wave pattern, which corresponds well with the impact of the second planetary wave
pattern on the occurrence frequency of ECWs (Figures 12a and 12d). Comparing the structures of the
LMPs (Figure 8c) with the second planetary wave pattern (Figures 11c), the anomalies are in phase with
each other. In contrast with the ECW clusters 1-3, the PDF for the Qinghai-Tibetan Plateau ECW LMPs is
right-shifted during days with the third and fifth planetary wave patterns, indicating that the positive phase
of the NAM favors the occurrence of the Qinghai-Tibetan Plateau ECW cluster. The LMP structure of the
Qinghai-Tibetan Plateau ECW cluster overlaps with the third and fifth planetary wave patterns over mid
and high latitudes (Figures 8d, 11d and 11f).

Because both the planetary and synoptic waves constitute the daily LMP of ECWs, we decompose the daily
LMP into planetary and synoptic components to evaluate each separate contribution to the daily LMP.
The contributions of planetary and synoptic components to the daily LMP are quantified using a pattern
amplitude projection (Deng et al., 2012). The calculation is same as Equation 3, except that Z’ is replaced
by the planetary and synoptic components of daily Z'LMP, which indicates the contributions from planetary
and synoptic to the daily LMP, respectively. The planetary component of Z, ,, is derived as wavenumbers
1-5 using the spherical harmonic decomposition, while the remainder of Z, ,,, is considered as the synoptic
component. The sum of the planetary and synoptic projection indices is equal to 1 and therefore Figure 13
only shows the PDFs of the planetary projection indices stratified in terms of the favorable planetary wave
patterns for the four ECW clusters. The average planetary projection indices are about 0.33, 0.32, 0.35, and
0.32 for the four ECW clusters, respectively.

The fourth planetary wave contributes more (right-skewed PDF) to the LMP than the other planetary waves
for the northeast and nationwide ECWs (Figures 13a and 13b), which agrees with the resemblance between
their LMPs and the fourth planetary wave pattern, particularly the negative height anomaly extending from
the North Pacific to central Asia. The right-skewed PDF of the second planetary wave is only seen in the na-
tionwide ECWs among ECW clusters 1-3 (Figures 13a-13c), in which the nationwide ECW LMP is more in
phase with the second planetary wave pattern (Figures 8b and 11c) than the northeast and northwest-south
ECW LMPs. Unlike the fourth planetary wave, the contribution of the second planetary wave pattern relies
more heavily on the positive height anomaly over the northern Eurasian continent. Such a positive height
anomaly overlaps with the negative height anomalies of the northeast ECW LMP (Figures 8a and 11c),
resulting in a smaller contribution than that from other planetary waves (Figure 13a). The northwest-south
ECW LMP displaces southward with respect to the second planetary wave pattern and thus receives a small-
er contribution from this planetary wave pattern. Considering the Qinghai-Tibetan Plateau ECWs, the PDF
is right-skewed during days influenced by the third planetary wave pattern and bimodal with a new peak
around 0.65 during the days influenced by the fifth planetary wave pattern (Figure 13d). Inspection of Fig-
ures 11d and 11f shows that the regional circulation of the third planetary wave pattern over Eurasia and
the Arctic is displaced further west than that of the fifth planetary wave, which yields a greater contribution
to the Qinghai-Tibet Plateau ECW LMP.

The planetary waves not only contribute directly to the ECW LMP but also provide a favorable background
for the baroclinic growth of synoptic waves. Here, we choose the typical nationwide ECWs, which are most
influential over the Chinese mainland and intimately associated with the second and fourth planetary wave
patterns, to investigate the baroclinic growth during periods associated with different planetary wave patterns.
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Figure 13. Probability density function (PDF) of the contributions of planetary waves to the LMP for (a) the northeast extreme cold wave (ECW) cluster, (b)
the nationwide ECW cluster, (c) the northwest-south ECW cluster and (d) the Qinghai-Tibetan Plateau ECW cluster.

We adopt the baroclinic conversion given by Robinson and Black (2005):—u't’ * (HT / ax) -Vt ¥ (6T/ 6y). The
prime denotes the synoptic waves, while the overbar denotes the planetary waves. The positive value of the
baroclinic conversion indicates that the energy is converted from the planetary waves to the synoptic waves,
which suggests that the planetary waves act as background circulation sustain the baroclinic growth of syn-
optic waves. The vertical profile of composite baroclinic energy conversion between the dipole of the LMP
shows the largest value at 700 hPa (Figure S2 in supplement). Therefore, we choose 700 hPa level to display the
composite baroclinic energy conversion during periods associated with the second, fourth, and other planetary
wave patterns in Figure 14.

As anticipated, there are evident baroclinic energy conversions from background fields to LMPs over the
region extending from southwestern Siberia to Northeast China (Figure 14). In comparison with other plan-
etary wave patterns (Figure 14c), the LMPs during the periods of the second and fourth planetary wave pat-
terns are associated with more apparent baroclinic energy conversion (Figures 14a and 14b). Similarly, the
northeast- and northwest-south ECW LMPs receive a larger baroclinic energy conversion during the periods
associated with the second planetary waves (Figures S3 and S4).

Since the second and fourth planetary wave patterns not only contribute more to the nationwide ECW
LMP but also increase the baroclinic energy conversion to sustain the LMP, the decadal variability of the
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Figure 14. Composite 700 hPa baroclinic energy conversion (shading, units: 10~* K2 s7!) of the nationwide extreme
cold wave (ECW) cluster during periods associated with the (a) second, (b) fourth and (c) other planetary wave patterns.

nationwide ECWs may be modulated by these two planetary waves. Figure 15 displays time series of the
annual occurrence number for the second and fourth planetary wave patterns and the derived trend lines
during two subperiods separated by 1987. There are increasing trends for two planetary waves during the
period over 1987-2015, particularly for the fourth planetary wave pattern. The trend of the fourth planetary
wave pattern is 0.67 days y~! and is significant at the 91% confidence level. Thus, the increasing trend of the
nationwide ECWs during the period 1987-2015 is possibly associated with the positive trends of the second
and fourth planetary wave patterns, particularly the latter.
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Figure 15. Same as Figure 5, but for (a) the second planetary wave pattern and (b) the fourth planetary wave pattern.

5. Summary and Discussion

We systematically investigated different ECW patterns over the Chinese mainland and their associated in-
traseasonal circulation features during the boreal cold season (November to March) for the period 1961-
2015. The LMP for each ECW cluster was defined in terms of the composite daily Z500 anomalies, and the
associated dynamics were tentatively interpreted from a potential vorticity advection perspective. We also
examined the linkages between ECW LMPs and daily planetary wave patterns.

The ECW events were grouped into four distinct ECW patterns with cold SAT anomalies displacing south-
westward from Northeast China to West China. According to the geographical distributions of the cold SAT
anomalies, four ECW clusters were identified: northeast ECWs, nationwide ECWs, northwest-south ECWs,
and Qinghai-Tibetan Plateau ECWs. The annual occurrence numbers of the ECW clusters 1-3 are charac-
terized by significant transitions in the years 1990, 1987, and 1992, respectively. There are decreasing trends
for the northeast and northwest-south ECWs prior to the transition years, whereas a significant increasing
trend is seen for the nationwide ECWs after the transition year. By contrast, the Qinghai-Tibetan Plateau
ECW events show a pronounced decreasing trend over the entire period. The cold anomalies of the leading
three ECW clusters are mainly contributed by the anomalous wind advecting climatological mean flow,
while that of the Qinghai-Tibetan Plateau ECW is contributed by the diabatic heating.

The LMPs are primarily characterized by a dipole with a southwest-northeast tilt, which favors their baro-
clinic growth. The ECW clusters 1-3 feature a positive height anomaly over Siberia and a negative height
anomaly elongated zonally from Japan to the Iranian Plateau, whereas the Qinghai-Tibetan Plateau ECW
cluster shows a wave train over the Eurasian continent. The LMP has an equivalent barotropic structure,
with the largest amplitude around 300 hPa or the dynamic tropopause, in which the negative height anom-
aly has a baroclinic signature in the lower troposphere. Such a baroclinic region between the anomalies of
the dipole is the key region to maintain the LMP. The LMPs induce anomalous northerly flows extending
from the upper troposphere to the near-surface. The northerly flows deepen the negative height anomaly
southwestward from the semi-permanent East Asian trough and accumulates cold air masses over the key
region between the anomalies of the dipole, which are phase-locked with the tropospheric LMPs (i.e., ba-
roclinic growth). It could be concluded that Rossby wave energy triggers the LMP over the key region and
then favors baroclinic growth of the LMP that produces extremes.

The ECW events tend to occur during the periods associated with a favorable planetary background circu-
lation with more contributions to the LMPs than other planetary waves. The fourth planetary wave, which
resembles the negative phase of the NAM, increases the probability of the northeast- and nationwide ECW
LMPs and thus the occurrence of ECW events via more direct contributions to the LMPs. The second plan-
etary wave pattern, representing an amplification of the climatological mean, favors the occurrence of the
ECW clusters 1-3 via increasing the baroclinic growth of their LMPs. In addition, the second planetary
wave also provides more direct contribution to the nationwide ECW LMP. After the transition year of 1987,
these two planetary waves, particularly the fourth planetary wave, exhibit a positive trend and thus are
likely to increase the occurrence of the nationwide ECWs. The Qinghai-Tibetan Plateau ECW cluster is
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more frequent during the periods associated with the third and fifth plan-
etary waves, which increase the probability of the LMP by contributing
more directly to the LMP than the other planetary waves. Compared with
earlier studies, which used a daily teleconnections index including both
planetary and synoptic waves, we decomposed the daily LMP into plane-
tary and synoptic components and isolated the contribution of planetary
waves to the LMP.

The consecutive spatial structure of the four ECW clusters suggests a po-
tential connection among them. We simply counted the number of each
cluster followed by its subsequent cluster during an ECW event to ad-
dress this concern. Most ECW events remain in the same cluster with
81.2%, 71.4%, 62.0%, and 88.9% of the total number of ECW days for clus-
ters 1-4. There are 13.4%, 18.5%, and 23.2% of ECW days followed by the
subsequent clusters for clusters 1-3. The result indicates that these three
clusters have some associations with different stages of a developing
ECW that starts over the northeast and then eventually expands south-

Figure 16. The spatial distribution of linear trend (contour, units: gpm ward and southwestward.
yr~!) of Z500 during the boreal season over 1961-2014. Shading represents
the trend exceeding the 95% confidence level and the thin lines indicate To illustrate whether there is a significant difference between the nation-

Zero.

wide and northwest-south ECW clusters, we calculated the differences

of circulations between them (Figure S5). As seen from Figure S5, the

differences of SAT, SLP, and Z500 fields are significant between these two
ECW clusters. Compared to the northwest-south ECW clusters, the nationwide ECW cluster features more
conspicuous cold SAT anomaly over eastern China, particularly northeastern China. The SLP also shows
more extensive and intensive over Siberia for the nationwide ECW cluster. Similarly, the wave train of Z500
for the nationwide ECW cluster is more pronounced than the northwest-south ECW cluster. Therefore,
circulations of the northwest-south ECW cluster exhibit a more regional feature than the nationwide ECW
cluster. Therefore, the northwest-south ECW cluster possibly outbreaks from northwest China southeast-
ward to south China. In comparison, the nationwide ECW cluster engulfs the Chinese mainland that is
maintained by more extensive and intensive circulations. Therefore, we consider that they could not be
merged together.

The temperature warming trend is increased with altitude and is strongest during the boreal cold season
in the Qinghai-Tibetan Plateau (Liu et al., 2006), which may lead to an increase of Z500 in situ (Duan &
Wu, 2009) and a reduced occurrence frequency of ECW. Gong et al. (2021) noted that the decline of au-
tumn Arctic sea ice associated with the global warming can induce a positive SAT trend over the Tibetan
Plateau. Thus, we speculated that the warming pattern in the Northern Hemisphere could lead to a signif-
icant decrease in the occurrence number of Qinghai-Tibetan Plateau ECW cluster since 1961. Figure 16
shows the linear trend of Z500 during the boreal cold season from 1961-2014 in the Northern Hemisphere,
which could be attributable to the global warming via an optimal fingerprinting regression (Christidis &
Stott, 2015). The linear trend of Z500 features an overall positive trend in the Northern Hemisphere with
significant positive anomalies in the Arctic and the low-mid latitudes. Such positive trends are antisym-
metric with the LMP of the Qinghai-Tibetan Plateau ECW cluster, which shows negative height anomalies
in the Arctic and China (Figure 8). Therefore, the significant decrease in the occurrence number of Qing-
hai-Tibetan Plateau ECW events since 1961 could be attributable to the Northern Hemisphere warming
pattern. However, the physical mechanism in detail needs a further investigation. Considering the planetary
wave defined in current paper, we removed the total wavenumber 0, which represent the areal mean of Z500
in the Northern Hemisphere. Therefore, the overall warming is subtracted from the daily planetary wave,
and no significant trend is seen in the third and fifth planetary waves.

We investigated the dynamic aspect of LMPs from a potential vorticity advection perspective; more detailed
dynamic processes, including barotropic and nonlinear processes, will be quantified in future studies based
on the lifecycle features. Although there is a direct contribution of planetary waves favoring ECWs to the
LMPs, the majority of the contribution is from the synoptic wave (Cheung, Zhou, Mok, et al., 2013; Zhou
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et al., 2009). The question of how planetary waves change the background circulation that promotes the
growth of synoptic LMPs will be addressed in future studies.
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