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Abstract Using the observed daily temperatures from
756 stations in China during the period from 1951 to 2009,
extensive and persistent extreme cold events (EPECEs)
were defined according to the following three steps: 1) a
station was defined as an extreme cold station (ECS) if
the observed temperature was lower than its 10th percen-
tile threshold; 2) an extensive extreme cold event was
determined to be present if the approximated area occu-
pied by the ECSs was more than 10% of the total area of
China (83rd percentile) on its starting day and the maxi-
mum area occupied by the ECSs was at least 20% of the
total area of China (96th percentile); and 3) an EPECE
was determined to be present if the extensive extreme
cold event lasted for at least for eight days. 52 EPECEs
were identified in this manner, and these identification
results were also verified using other reliable data. On the
basis of cluster analysis, five types of EPECEs were clas-
sified according to the spatial distribution of ECSs at their
most extensive time over the course of the EPECE.
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1 Introduction

Extensive and persistent low temperature events have
occurred frequently over the last several years in China,
resulting in devastating impacts on the social, economic,
and environmental sectors of China. In January 2008,
heavy freezing rains and snowstorms struck southern
China, leading to a once-in-50-year (once-in-100-year in
some areas) persistent extreme low temperature event
(Tao and Wei, 2008). During that period, certain large-
scale circulation patterns, such as blocking high over the
Ural Mountains, persisted or frequently recurred (Tao and
Wei, 2008). These persistent and recurrent circulation
patterns allow, to some degree, for the potential to predict
extensive and persistent extreme cold events (EPECEs)
on an extended range time scale.

Since the 1990’s, the frequencies and spatial distribu-
tions of extreme temperature and precipitation events in
China and in the rest of the world have been a topic of
significant interest, especially as scientists and decision
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makers pay increasing attention to the signs of both global
warming and interdecadal climate variations (Horton et al.,
2001; Klein Tank and Koénnen, 2003; Zhai and Pan, 2003;
Zhang et al., 2005; Qian and Zhang, 2007; Zhang and
Wei, 2009). The disastrous event in January 2008, repre-
sentative of a typical EPECE, aroused extensive scientific
interest (Wen et al., 2009; Zhou et al., 2009; Bueh et al.,
2011b). However, so far, EPECEs in China have not yet
been systematically studied.

This study has two objectives: 1) to objectively iden-
tify EPECEs, and 2) to classify all EPECEs according to
the spatial distributions of the extreme cold stations
(ECS).

2 Data and methods

The dataset consists of two sets of observed tempera-
tures: 1) the daily mean temperature (73,) records at 756
National Standard Stations in China, as obtained from the
Data and Information Center of the China Meteorological
Administration, from 1951 to 2009; and 2) the homoge-
nized daily mean temperature series at 549 National
Standard Stations in China during the period from 1960 to
2008 (Li and Yan, 2009). Daily T;, anomalies were com-
puted as the differences between the data and annual cy-
cle defined as the 59-year mean. Cluster analysis was
used to classify EPECEs.

3 Definition and validation
3.1 Definition

Two different terms have been used widely to desig-
nate extreme cold events: regional extreme cold events
and site extreme cold events. The former is based on the
daily surface air temperature (SAT) averaged over a re-
gion (Walsh et al., 2001), while the latter is based on SAT
at each station (Yan et al., 2002; Zhang and Qian, 2011).
In the literature, different lengths of time are also used to
define the duration of extreme events. Zhang and Qian
(2011), for example, adopted a criterion of five consecu-
tive days as the length of time associated with their defi-
nition of a regional extreme low temperature event in
China.

However, the definitions mentioned above are not ap-
propriate for EPECEs in China, either in terms of spatial
extent or duration length. As such, we need to introduce a
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new definition for EPECEs in China. For this purpose,
EPECEs were defined in the following three steps. 1) A
station was defined as an ECS if the observed T, at that
station was lower than its 10th percentile threshold. For a
calendar day, the percentile was calculated from five-day
windows centered on that calendar day for all years.
Therefore, the percentile for each calendar day was de-
termined from a total sample size of 290 days (58 years x
5 days). 2) Then, the area occupied by ECSs (S) for each
day was identified. We divided the 756 stations into 1° %
1° grid boxes, as shown in Fig. 1. S equals the number of
grid boxes that contain at least one ECS, as defined in
Step 1. The advantage of this method is that it better
represents the extent of ECS coverage because the 756
stations are nonuniformly distributed across China. This
method has been used previously to determine the extent
of snow cover for the Northern Hemisphere (Dewey and
Heim, 1981) and the index of regional warm winters
(Chen et al., 2009). An extensive extreme cold event was
determined to be present if (a) S was found to constitute
more than 10% of the total area of China (total number of
grid boxes = 1012), the 83rd percentile of all S values;
and (b) the maximum S was found to constitute at least
20% of the total area of China, the 96th percentile of all S
values. 3) An EPECE was determined to be present if the
extensive extreme cold event lasted for at least eight days.
Each event was allowed up to two days that did not sat-
isfy this criterion to still be classified as an event. From
1951/52 to 2008/09, eight days was about the 88th per-
centile of the duration of S that was larger than 10% of the
total area of China.

According to this definition, a total of 52 EPECEs
were identified during the period from 1951 to 2009, as
displayed in Table 1.

3.2 Validation

In order to examine the robustness of the identification
of EPECEs, we used the homogenized T, at 549 stations
(Li and Yan, 2009) to identify EPECEs again, following
the same steps outlined in Section 3.1. A total of 43 win-
ter EPECEs were identified during the period from 1960
to 2008 based on the homogenized data. As seen in Table
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Figure 1 Distribution of 756 observation stations over China (blue
dots), and 1° x 1° grid boxes (red lines).
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1, 43 winter EPECEs were also identified during the pe-
riod from 1960 to 2008 based on the inhomogenized data.
After a comparison between the two lists of EPECEs that
were identified with the two datasets, 31 pairs of events
(denoted by * in Table 1) were found to have identical
start and end dates. As seen in Table 2, four pairs of
events (denoted by ** in Table 1) have the same corre-
sponding dates of maximum S, with the corresponding
start and end dates only one day apart (see case numbers
1-4). Two pairs of events have the same corresponding
start date, with the end dates being only one day apart
(denoted by ** in Table 1, case numbers 5 and 7 in Table
2). One pair of events in March 1985 (denoted by ** in
Table 1, case number 6 in Table 2) has the same dates of
maximum S, with the start and end dates being one and
six days apart, respectively. As such, 38 out of the 43
EPECEs (88.4%) can be consistently identified using
these two different datasets.

However, five of the EPECEs (denoted by *** in Table
1) could be identified with the inhomogenized data but
not with the homogenized data. On the other hand, an
additional five EPECEs could only be identified with the
homogenized data. After careful examination, it was
found that the primary reason for this inconsistency was
the result of the strict criteria of the maximum S and the
eight-day persistence, which were difficult to satisfy si-
multaneously in the identification procedures used for the
two different datasets. Thus, the identification of EPECEs
detailed in Section 3.1 can be considered a robust and
reliable method.

4 Classification of EPECEs

EPECEs can be classified according to the spatial dis-
tributions of the ECSs at the time of maximum S, with
each class corresponding to a special pattern of anoma-
lous circulation. Cluster analysis is a flexible method that
allows for the classification of observations objectively by
comparing their similarities. All clustering algorithms
require two basic criteria: to determine membership in a
cluster and to determine separation between clusters. This
ensures that each event belongs to one and only one clus-
ter (Mo and Ghil, 1988). In other words, the inter-cluster
distance should be maximal and intra-cluster distance
should be minimal for optimal classification. Usually,
when there are fewer clusters, the similarity of the obser-
vations within one cluster decreases, the maximum intra-
cluster distance is larger and the minimum inter-cluster
distance is smaller. Thus, when the maximum intra-cluster
distance and the minimum inter-cluster distance are both
stable, the partition is regarded to be optimal.

The Euclidean distance (dist) between the i-th and j-th
EPECEs was defined as

diStg/ = Zqufl (5,

1, ECS . .
~, and m is the serial number
0, the otherwise
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where 6 = {

of the observation station.
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Table 1 The dates of the beginning, maximum S, and end of the 52 EPECEs using temperature observations from 756 stations in China. The maxi-
mum S, duration, and cluster of each EPECE are also shown. Asterisks * (**) denote the 31 (7) events which were identified by both homogenized
and inhomogenized data with identical (different) start and end dates. Asterisks *** denote the five events that could only be identified by the inho-

mogenized data and not by the homogenized data.

Number The start and end dates of EPECE Peak day S in the peak day Duration Pattern
1 1-9 December 1952 3 December 1952 216 9 1
2 3—14 March 1954 5 March 1954 251 12 1
3 1-16 December 1954 9 December 1954 272 16 1
4 26 December 195417 January 1955 6 January 1955 274 23 1
5 7-25 December 1956 15 December 1956 233 19 1
6 5-19 Feburary 1957 11 Feburary 1957 368 15 1
7 5-16 March 1957 14 March 1957 304 12 4
8 4-12 January 1959 10 January 1959 309 9 2
9 17-26 December 1959 25 December 1959 248 10 2

10* 22 November—1 December 1960 26 November 1960 338 10 4
11* 10-17 January 1961 11 January 1961 294 8 5
12* 21-29 March 1962 22 March 1962 259 9 2
13* 20 November 1962-3 December 1962 28 November 1962 297 14 2
14* 8-27 Feburary 1964 21 Feburary 1964 345 20 1
15% 20 December 1966—17 January 1967 27 December 1966 343 29 1
16* 26 November 196715 December 1967 30 November 1967 390 20 1
17* 30 January 1968-22 Feburary 1968 7 Feburary 1968 354 24 1
18* 27 January 1969—7 Feburary1969 4 Feburary 1969 381 12 1
19* 13 Feburary 1969—4 March 1969 21 Feburary 1969 354 20 4
20%* 25 Feburary 1970-25 March 1970 17 March 1970 353 29 1
21%* 21-30 November 1970 29 November 1970 235 10 5
22%%* 27 January 1971-7 Feburary 1971 29 January 1971 209 12 2
23% 27 Feburary 1971-14 March 1971 7 March 1971 265 16 4
24* 3-11 Feburary1972 8 Feburary 1972 319 9 3
25% 20-27 March 1974 26 March 1974 244 8 2
26%* 3-21 December 1974 14 December 1974 256 19 2
27* 7-23 December 1975 12 December 1975 399 17 1
28* 17-24 March 1976 19 March 1976 377 8 1
29%* 10-27 November 1976 14 November 1976 412 18 1
30* 25 December 1976-15 January 1977 28 December 1976 415 22 1
31%* 26 January 1977-10 Feburary 1977 30 January 1977 429 16 1
32% 9-18 Feburary 1978 15 Feburary 1978 337 10 1
33% 10-29 November 1979 18 November 1979 410 20 1
34%* 29 January 1980-9 Feburary 1980 5 Feburary 1980 408 12 1
35% 1-10 November 1981 7 November 1981 463 10 1
36* 19 January 1984—10 Feburary 1984 6 Feburary 1984 263 23 5
37* 16-30 December 1984 24 December 1984 402 15 1
38%* 16-24 Feburary 1985 18 Feburary 1985 219 9 4
39%* 4-21 March 1985 9 March 1985 357 18 4
40* 6—17 December 1985 11 December 1985 321 12 4
41* 26 November 1987—7 December 1987 30 November 1987 424 12 1
42% 27 Feburary1988—8 March 1988 3 March 1988 344 10 1
43%xx 26 December 1991-2 January 1992 28 December 1991 351 8 3
44 16-27 March 1992 17 March 1992 213 12 3
45% 14-24 January 1993 16 January 1993 343 11 3
46* 17-24 November 1993 21 November 1993 364 8 4
47* 14-22 December 1993 15 December 1993 218 9 3
48*** 9-16 March 1994 14 March 1994 256 8 2
49* 17-24 Feburary 1996 20 Feburary 1996 298 8 3
S50%** 18-25 December 1999 21 December 1999 294 8 3
S1** 24 January 2000-2 Feburary 2000 31 January 2000 276 10 3
52 14 January 2008—15 Feburary 2008 1 Feburary 2008 306 33 2
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Table 2 The dates of the beginning, maximum S, and end of the seven EPECE:s identified by both the homogenized and inhomogenized data, but
with different start and end dates. The numbers in brackets in columns 2—4 are the non-zero differences between the dates of the beginning, maximum

S, and end between the EPECEs, as determined by the two sets of data.

Via inhomogenized data

Via homogenized data

Number
Beginning Maximum S End Beginning Maximum S End

1 25 Feburary 1970 17 March 1970 25 March 1970 26 Feburary 1970 17 March 1970 25 March 1970
2 3 Decerglltzer 1974 14 December 1974 21 December 1974 3 December 1974 14 December 1974 20 December 1974
3 10 November 1976 14 November 1976 27 Nove(rilgoer 1976 10 November 1976 14 November 1976 26 November 1976
4 26 January 1977 30 January 1977 10 Febljrla)ry 1977 27 January 1977 30 January 1977 10 Feburary 1977
5 29 Jamgzlizy 1980 5 Feburary 1980 9 Feburary 1980 29 January 1980 10 Feburary 1980 10 Feburary 1980
6 4 March 1985 9 Mar(cslz 1985 21 Ma(rch 1985 3 March 1985 9 March 1985 15 March 1985
7 24 amgalu)'y 2000 31 January 2000 2F ebuSu)‘y 2000 24 January 2000 1 Feburary 2000 1 Feburary 2000

@® Q0]

We used hierarchical cluster analysis (or minimum
distance cluster analysis, Shi, 2002) to identify the seed
points for the K cluster means, and used K-means (cen-
troid) cluster analysis (Hartigan and Wong, 1979) to as-
sign each EPECE. The maximum intra-cluster distances
and minimum inter-cluster distances were calculated, and
the cluster number varied from 25 to 2 (Fig. 2). The
minimum inter-cluster distance remained unvaried as the
cluster number varied from 7 to 3, and the maximum in-
tra-cluster distance also remained unvaried as the cluster
number varied between 5 and 4. Therefore, we considered
it appropriate to classify 52 EPECEs into five clusters
after additional visual inspection of all EPECEs (see Ta-
ble 1).

The consistency in the distribution of the ECSs among
each EPECE for a cluster was measured by f°

i
f . (2)
where i denotes the serial number of a member in a clus-
ter, and k is the total number of members in the cluster.
Clearly, the distribution of f serves as the average distri-
bution of the ECSs for a cluster (Fig. 3, right column),

11.2 7

with = 1.0 indicating that the station is the ECS for each
member.

Cluster 1 is the largest of the five clusters, with 24
members, or approximately 46.2% of the total EPECEs. A
representative example is shown in Fig. 3 (left top row). It
is characterized by the nationwide distribution of ECSs at
the time of maximum S. Extreme low temperatures
dominated over most of China, except for northeastern
China and the Tibetan Plateau. The degree of similarity in
the extreme low temperature distribution among the 24
members of this cluster was high, which can be seen from
the map of consistency in the distribution of ECSs (right
top row).

Cluster 2 is the second largest cluster (nine members)
and its ECSs were distributed mainly over northwestern
China and to the south of the Yangtze River basin (Fig. 3,
second row). The well-known EPECE that occurred in
January 2008 belongs only to this cluster. In this cluster,
the surface air temperature over northeastern China was
apparently higher than normal.

Unlike Clusters 1 and 2, Cluster 3 is characterized by
extreme low temperatures over the regions to the south of

27 @ (®
10.8
20 A
1 10.4 -
18 .
1 10.0 -
16
9.60
14 T T T T T T T T T T T T 9.20 T T T T T T T T I I I J

24 20 16 12 8 4

Figure 2 Variation of (a) the maximum intra-cluster distance and (b) the minimum inter-cluster distance as the cluster numbers varied from 25 to 2.
The abscissa denotes the cluster number. The black dot represents the position of Cluster 5.
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Cluster 1

Cluster 2

1 February 2008

17 March 1992

7 March 1971
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-8 -6 4 2 0 2 025 0.5 0.75 0.99

Figure 3 The distribution of 7}, anomalies of the typical case (left column, Units: °C) and the consistency in distribution of ECSs f'(right column) of
the five clusters of EPECE:s at the date of maximum S (shaded as in the legend, blank for missing data). The red dots in the left column represent the ECSs.
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the Yellow River and to the east of the Tibetan Plateau
(Fig. 3, third row). This cluster is the third largest and
includes eight EPECE:s.

Cluster 4 also has eight members, and its ECSs were
distributed primarily over the eastern part of China, ex-
tending from northeastern China to southeastern China
(Fig. 3, fourth row).

Cluster 5 is the smallest cluster (Fig. 3, bottom row),
with only three members. The extreme low temperatures
associated with this cluster occurred only over northeast-
ern and northern China. Notably, the distributions of
ECSs in Clusters 2 and 5 seem nearly opposite.

We speculate that the maximum S, which occupies at
least 20% of the total area of China, was a tough criterion
to meet for the EPECEs in Cluster 5, as the combined area
of northeastern and northern China is finite; this is likely
why few EPECEs were clustered into Cluster 5.

5 Discussion

Based on the daily mean temperatures at the 756 sta-
tions in China during the period from 1951 to 2009, win-
tertime EPECEs were defined and identified. In addition,
all EPECEs were classified into five clusters according to
the distribution of ECSs at the time of their maximum S.

Importantly, EPECEs are distinct from the cold waves
that frequently affect East Asia (Ding and Krishnamurti,
1987; Takaya and Nakamura, 2005) in the following two
aspects: 1) the extreme low temperature in the former is
more persistent than the latter, and 2) the spatial extent of
the ECSs in the definition of the former has a strict crite-
rion, whereas it is not so strictly defined for the latter.
Despite these distinctions, it was found that most of the
EPECEs were recognized as cold waves at their start
dates. Therefore, it is necessary to clarify the relationship
between EPECEs and cold waves.

Though EPECEs have been identified in the present
study, the typical circulation features associated with
EPECEs and the key factors are still not clear. In fact,
Ural blocking, the tilting of the East Asian trough axis,
and the strength of stratospheric polar vortex have been
recognized as causes of extreme cold events over China
(Wang et al., 2009; Bueh et al., 2011a; Wei et al., 2011).
Therefore, these factors should be studied in future inves-
tigations.
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