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Abstract: Based on the daily reanalysis data released by NCEP/NCAR and the daily

precipitation of 753 Chinese stations from May to August during the period of 1960 to 2012,

the statistical characteristics of the cold vortex in northeastern China were analyzed. In

addition, the strength index, which described the characteristics of the vortex consistently and
frequently, and the geographical distribution were given by continuous anomalies of circulation.

Based on this index, the activity routines of the cold vortex, characteristics of atmospheric

circulation, and their effects on precipitation in northeastern China were analyzed. The results

show that: the activities of the cold vortex exhibit remarkable features of annual and
interdecadal oscillation, and the vortex high frequency and its characteristics of atmospheric
circulation are described more accurately by the strength index of the cold vortex, which
shows a high correspondence with the vortex precipitation during early summer and
midsummer in the northeast. In strong (weak) vortex years, the general circulation in the
middle and high latitudes of Eurasia is to the advantage (disadvantage) of the formation,
development and maintenance of the cold vortex, thus it is easy (difficult) to form the
circulation which is beneficial to transmit vapor from south to north during the period of July to

August. Blocking over the Ural Mountains prevails (does not prevail) in early summer, and

blocking over the Sea of Okhotsk prevails (does not prevail) in midsummer. Areas where the

subtropical high is too small (large) and moves toward the north too late (early) are better

(worse) for the maintenance of the cold vortex in northeastern China.
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1 Introduction

The cold vortex in northeastern China which is a slow-moving and resident low pressure is a
type of low-frequency weather process, and is one of the cutoff lows. The cold vortex may
form in any season of the year, especially in summer, has a greater impact on the medium-
range weather in the northeastern region (Wang et al., 2007). Research on the cold vortex in
northeastern China mainly includes three stages: the first is the synoptic analysis stage, the
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second is diagnostic analysis and numerical modeling stage, and the final stage is the climatic
effect study stage.

Since the 1980s, the activity of the cold vortex in northeastern China have had an obvious
impact on the inter-annual variation of the summer climate of the northeastern region, which
has attracted the attention of Chinese scholars. Tao (1980) has pointed out that the cold vortex
is a circulation feature, which may cause thunder shower weather in northern and northeastern
China. Since the 1990s, Chinese scholars have made significant progress in studying the
weather process of the occurrence and development of the cold vortex, as well as its spatial-
temporal distribution climatological laws and interim dynamic process, etc. (Zhou et al., 2011;
Zhao et al., 2013; Ge et al., 2014). From the beginning of the 21st century, scholars have
linked the cold vortex with the climate state anomaly prediction in summer in eastern China
(Shun et al., 2000, 2002). This reveals the teleconnection fact of the continuous northeast cold
vortex activity with the North Pacific Oscillation (NPO) and seasonal transition of
atmospheric circulation in the Northern Hemisphere in summer.

Based on the study of the mutual relationship between the blocking high and cutoff low
(cold vortex) on its south side or east and west side (Liu ef al., 2014a), scholars have further
studied the link between northeast cold vortex activity and Eurasian blocking high through a
variety of low-frequency scale diagnoses, and have observed that the obvious anomaly of the
cold vortex activity corresponds with the blocking circulation pattern in the upstream of the
Ural Mountains, downstream anomalous circulation near Japan, and Western Pacific Ocean
persistent circulation anomaly at its east side (Liu et al., 2014b). In addition, research by He et
al., (2006) has shown that frequent northeast cold vortex activity has a significant “climatic
effect”, which not only affects the mean monthly temperature in the lower troposphere of
northeastern China, but also has an impact on the precipitation in the Meiyu period in the East
Asia region. In recent years, Yang et al., (2012) have systematically studied the cold vortex
process occurring in summer from 1981 to 2010, and objectively defined the cold vortex
deviation index, which can represent the cold vortex strength based on the probability method
of the Gauss distribution model. The studies described that the persistent impact of the cold
vortex actually reflects the impact of the persistent anomaly of atmospheric circulation on the
weather and climate in the eastern areas.

It is not difficult to see that the previous researches on the climatic effects of the cold
vortex began from the high-frequency scale characteristics to analyze the persistent activity
characteristics, then studied the impact of its low-frequency scale; or the study does not
involve the cold vortex weather process, instead of directly analyzing the cold vortex climatic
effects through the circulation evolution. Along with the synoptic scale process, the cold
vortex’s persistent activity will undergo the “climatic effect”, but how the synoptic scale
activity forces the high frequency to have an impact on the low frequency still requires further
study. Regarding this as the cutting point and combining the features of geographical
distribution in the frequent occurrence of the cold vortex, this study begins from the persistent
anomaly of atmospheric circulation to reflect the frequent occurrence characteristics of the
cold vortex by analyzing the persistent anomaly characteristics of circulation during the cold
vortex activity. On one hand, this will provide a good representation meaning for the
persistent activity of the cold vortex, and on the other hand it will also provide new ideas for
the selection of northeast cold vortex factors in short-term climate prediction.
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2 Data and method

We provided the daily 500 hPa geopotential height, temperature, relative humidity, wind field
and other reanalysis data to distinguish the cold vortex process, and analyze the atmospheric
circulation characteristics. The data were from NCEP/NCAR with a spatial resolution of
2.5°%2.5° from 1960 to 2012.

The precipitation data shown in this paper are the daily precipitation data from 753 stations
in China, provided by the National Meteorological Information Center. The study period is
from May to August. Method of using difference treatment to deal with the missing
precipitation data which is very seldom, so the treatment will not affect the final results.

The process of distinguishing the cold vortex adopts the definition standard provided by
Sun et al. (1994). The Western Pacific subtropical high (hereinafter referred to as the
subtropical high) area index and ridge line index adopt the definition standard provided by
Liu et al., (2012), and the first (second) northward jumping time of the subtropical high
adopts the definition standard provided by Ye et al. (2014).

3 Definition of the “cold vortex” process

We extracted the cold vortex weather process from May to August of 1960-2012 by means of
the cold vortex process distinguishing standard provided by Shun et al., (1994), while in
accordance with the automatic identification method of the cold vortex provided by Liu ef al.,
(2014b). There is a total of 811 northeast cold vortex processes, and about 15 occurrences
(3.8/month) each year. The cold vortex activity lasts 3501 days, and the average numbers of
days of such activity in each month are respectively 14, 19, 19 and 15. Particularly worth
noting is the cold vortex activity, which will last an average of 67 days from May to August
each year, accounting for 54% of the total number of days of the cold vortex. This signifies
that the cold vortex is an important synoptic system in Northeast Asia.

The cold vortex process mainly reflects the high-frequency characteristics, while the cold
vortex also has obvious persistent activity characteristics (Ge et al., 2014). Circulation
anomaly may result in the anomaly of weather, while the anomaly of weather may also reflect
the circulation anomaly. In addition, the magnitude of the circulation intensity is mainly
expressed by the size of the control scope and its own characteristic quantity, and in the
research of the cold vortex these two characteristic quantities are reflected as the low pressure
area and central geopotential height, thus it is necessary to determine the main areas of the
cold vortex activity at first. The cold vortex is a low-pressure system with a closed center in
accordance with the definition. In accordance with this characteristic and the daily cold vortex
state in the process of the cold vortex process, we selected the 9-point space on the grid, with
the cold vortex low-pressure center as the dot 7.5°x7.5° (resolution: 2.5°%2.5°, the dot is the
low-pressure center of the cold vortex, the height values of eight surrounding points are not
lower than the low-pressure center value to represent the closed curve), in order to represent
the cold vortex state of this day. The cold vortex state of each cold vortex day is then
projected into the space grid, in accordance with the actual longitude and latitude positions, to
obtain the geo-spatial frequency distribution of the cold vortex state. The fact shows that there
are different atmospheric circulation backgrounds under the abnormal activity of the cold
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vortex in the periods of May-June and July-August (Liu et al., 2014a), this paper makes
superposition in two periods (May-June and July-August), to obtain the repeated distribution
characteristics as shown in Figure 1. It can be observed from the figure that northeastern
China is located in the high-pressure central location in the frequent occurrence area of the
cold vortex. The cold vortex activities in May-June are concentrated in the central part of
northeastern China, while the cold vortex activities in July-August are concentrated in the
northwestern part of the northeastern region. The distribution characteristics of concentration
areas show that northeast of China in May-June enters the rainy season of the cold vortex, and
is controlled by the cold vortex; on the other hand, northeastern China enters the summer
monsoon rainy season in July-August, when the impact of the monsoon system becomes more
obvious. Therefore, the concentration area of the cold vortex activity is northwesterly in July-
August.
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Figure 1 The distribution of area of northeast cold vortex activity from 1960 to 2012.a. May-June; b. July-August

The main characteristics of the cold vortex are reflected as the low geopotential height on
the barometric surface. This paper analyzes the cold vortex activity characteristics through the
circulation evolution in the concentration area of cold vortex activity. Due to the fact that the
time scale of the cold vortex process is larger than or equivalent to three days, the new broad
concept of the “cold vortex” process (hereinafter referring to the broad meaning of “cold
vortex”) is provided by considering the atmospheric circulation evolution characteristics
during the process of occurrence, development and disappearance of the cold vortex, i.e. one
broad “cold vortex” process will be defined when the anomaly sum of the geopotential height
in the 500 hPa height field within the cold vortex activity concentration area has negative
definition for five days or more. In other words, the main characteristic of the broad “cold
vortex” process in the above areas is the negative anomaly synthetic field for five consecutive
days. In accordance with the definition, there are 144 broad “cold vortex” processes in May-
June during 1960-2012 (1244 days in total), and the average duration of each process is 8.6
days. There are 135 processes in July-August (1411 days in total), and the average duration of
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each process is 10.5 days.

The broad “cold vortex” process is obtained in accordance with the negative anomaly
synthetic duration in the height field of the cold vortex concentration area. In order to verify
whether this broad “cold vortex™ process can represent the frequent occurrence characteristics
of the cold vortex weather process more effectively, the top 14 broad “cold vortex” processes
according to the duration from the 144 processes were selected and then compared with the
cold vortex weather process (Table 1 is May-June, and July-August is omitted). It can be
observed from Table 1 that there are several northeast cold vortex weather processes during
the broad “cold vortex” period, and the cold vortex weather process activity will be more
apparent with the increased duration of the broad “cold vortex”. As shown in the table, the
broad “cold vortex” process duration in the third slot is 22 days (June 9th to June 30th, 1974),
and there is a total of five northeast cold vortex weather processes during this period
(accumulatively up to 19 days). In Table 1, the accumulative number of days of the cold
vortex weather process accounts for 62% of the total broad “cold vortex” duration days, and
there is also a similar correspondence relationship in July-August. These observations indicate
that the negative anomaly of persistent circulation reflected by the broad “cold vortex”
process is favorable to the formation of persistent northeast cold vortex activity, and can
reflect and represent the frequent occurrence characteristics of the cold vortex more effect-
tively. The broad “cold vortex” uses a new perspective to describe the several cold vortex

Table 1 The contrast between the generalized “cold vortex” and northeast cold vortex during 1960-2012

The generalized “cold vortex™ Northeast cold vortex

Num Year Day 1 Start time End time Day 2 Frequency
1 1969 40 May 10th June 18th 16

2 1972 24 June 7th June 30th 16 4

3 1974 22 June 9th June 30th 19 5

4 1964 19 June 10th June 28th 10 3

5 1983 19 May 31st June 18th 10 3

6 1986 19 May 7th May 25th 12 2

7 1961 18 May 7th May 24th 4 1

8 1976 18 May 20th June 6th 10 3

9 2009 18 June 9th June 26th 13 3

10 1999 16 May Ist May 16th 7 1

11 1992 15 June 3th June 17th 15 1

12 1995 15 May 19th June 2nd 8 2

13 1996 15 Jun Ist June 25th 15 2
14 2011 15 May 31st June 14th 13 2

Notes: Day 1 represents the lasting time of the generalized “cold vortex” process; Day 2 represents days (number) of
northeast cold vortex occurred during the generalized “cold vortex™ process (day)

processes occurring under the same persistent abnormal circulation background.

4 “Cold vortex” with precipitation in northeastern China

The cold vortex in northeastern China activity can cause strong convection weather processes
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such as the thunder wind, thunderstorms, etc. The long-term duration or frequent occurrence
of these weather processes may result in serious flood disasters in northeastern China (Meng
et al., 2012; Zhao et al., 2013). In order to further analyze the relationship between the broad
“cold vortex” process and the precipitation in May-August, Figure 2 shows the inter-annual
variation of precipitation during the broad “cold vortex” process period in May-June of 1960—
2012. It can be observed from the figure that the annual average ratio between the
precipitation in the broad “cold vortex” process period and total precipitation is 45.6%; the
annual average ratio between the number of days of the process and total number of days is
16.0%; and the annual average ratio between the number of precipitation days in the process
and total number of precipitation days is 46.0%. In other words, the precipitation occurring
during the broad “cold vortex” period only accounts for 16.0% of the total number of days,
accounts for 45.6% of the total precipitation in May-June, and for 46% of the total number of
precipitation days. The precipitation characteristics reflected by the broad “cold vortex”
process in July-August are similar to those in May-June (figure omitted). The precipitation
produced in the broad “cold vortex” process period accounts for 17.7% of the total number of
days in July-August of 1960-2012, accounts for 42.9% of the total precipitation in July-
August, and for 43% of the total number of precipitation days. Therefore, it can be seen that
the broad “cold vortex” process can very effectively reflect the persistent activity
characteristics of the cold vortex weather process, and can also more effectively represent the
precipitation characteristics within May-June and July-August.
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Figure 2 The contrast between the value and the rainy days of precipitation in the northeast during “cold vortex”
in May-June from 1960 to 2012  Note: the percentage of precipitation represents the ratio of precipitation leading
to the generalized “cold vortex” and total precipitation; ratio of the number of days 1 represents the ratio of rainy
days in “cold vortex” days and the total rainy days; ratio of the number of days 2 represents the ratio of days in the
process of the cold vortex and the total days; broken lines represent 3 years of moving average.

The above sections detail the correspondence relationship between the broad “cold vortex”
activity and the precipitation in northeastern China through the time evolution characteristics
of the annual average precipitation. This research begins from the spatial distribution
characteristics of precipitation to further analyze the precipitation characteristics in
northeastern China during the broad “cold vortex” period. Figure 3 shows the distribution of
percentage of the number of days of the national average process precipitation, as well as the
percentage of precipitation during the broad “cold vortex” activity periods of May-June and
July-August. As shown in the figure, the number of precipitation days and the precipitation in
the broad “cold vortex” process in the two periods have the highest percentages of distribution
in northeastern China, and this situation is most prominent in the east-central part of
northeastern China, with the highest percentage reaching up to 45% and more. In accordance
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with the annual average precipitation (number of precipitation days) distribution and regional
single-station precipitation (number of precipitation days) distribution in the periods of May-
June and July-August, it may be observed that the broad “cold vortex” process can also more
effectively reflect the precipitation characteristics in northeastern China.
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Figure 3 The distribution of percentage of precipitation days and precipitation during the generalized “cold
vortex” from 1960 to 2012 al and a2 represent May-June; bl and b2 represent July-August; al and bl represent
percentage of precipitation days; a2 and b2 represent percentage of precipitation

5 Broad “cold vortex” strength index

5.1 Definition

The broad “cold vortex™ activity describes the cold vortex activity characteristics from the
perspective of circulation, which can describe the precipitation characteristics in northeastern
China in the periods of May-June and July-August more effectively. In order to quantitatively
and qualitatively describe the characteristics of the broad “cold vortex™ activity, the broad
“cold vortex” strength index (abbreviated as NCVSI) was defined. The specific method is as
follows:

The negative anomaly synthetic values in the 500 hPa height field of the cold vortex
activity concentration area on each day during the broad “cold vortex” process in the period
(May-June or July-August) are accumulated. The synchronous correspondence relationship
between the cold vortex index and cold vortex strength is considered, but the anomaly
synthetic values are negative values, thus the accumulative values in the formula take the
absolute values of the negative anomaly synthetic values, to obtain the following:
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where m, represents the duration days of the broad “cold vortex” process, y=1, 2,...,Y (¥=66)
represents the year, and X; represents the absolute values of the average negative anomaly
values in the height fields of all grid points within the broad “cold vortex™ concentration area
on the ith day. It can be shown by the formula that the broad “cold vortex” strength index ¢, is
the accumulative value of the absolute negative anomaly synthetic value in the 500 hPa height
field of the cold vortex activity concentration area within the broad “cold vortex” during the
period (May-June or July-August). The broad “cold vortex™ activity will be strong during the
period (May-June or July-August) that the strength index value is positive, and be weak when
the strength index value is negative.

The broad “cold vortex” strength index first represents the persistence characteristic of the
broad “cold vortex” process. After performing a standardized treatment of the broad “cold
vortex” process days in the periods of May-June and July-August from 1960 to 2012, we
compared it with the broad “cold vortex” strength index. It can be observed from Figures 4 al
and bl that the NCVSI had consistent trend variation characteristics with the broad “cold
vortex” days, and their correlation coefficients in May-June and July-August respectively
reach 0.890 and 0.889, which exceed the 99.9% of reliability test, i.e. the broad “cold vortex”
process can more effectively reflect the persistence characteristic of the broad “cold vortex”
process. As far as the index strength evolution is concerned, the NCVSI is in the strong phase
of oscillation stage from the 1960s to the late 1970s, and most of the years are in the positive
phase, particularly in July-August, during which the oscillation amplitude is increased.

From the late 1980s to around 2000, the NCVSI has a small inter-annual oscillation
amplitude and undergoes positive and negative phase fluctuation change regarding the 0
phase as the center. Comparing with the above period, the NCVSI from the beginning of the
century to 2012 is weaker and almost shows consistent negative phase characteristics. In
accordance with the NCVSI wavelet analysis characteristics, as shown in Figures 4a2 and b2,
it can be seen that the NCVSI has obvious inter-annual and inter-decadal oscillation
characteristics in May-June (Figure 4a2). The NCVSI in 1963—1978 has an oscillation cycle
of 2-3 years, while the NCVSI from 1978 to the late 1990s has the oscillation cycle of about
5 years. The inter-decadal oscillation of the NCVSI has the characteristic of 30-35 years of
periodic oscillation, and it has an oscillation cycle of about 15 years before 1980. The periodic
characteristics of the NCVSI in July-August (Figure 4b2) have certain differences with those
in May-June; the NCVSI has about 10-15 years of periodic oscillation, and its inter-annual
change is similar to that in May-June. In addition, there are about six years of oscillation
period from 1960 to 1978.
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Figure 4 The contrast between NCVSI and days of the generalized “cold vortex” (standardization) (al and b1)
and wavelet analysis of NCVSI (a2 and b2) from 1960 to 2012 al and a2 represent May-June; b1 and b2 represent
July-August

5.2 Broad physical meaning of “cold vortex”

The “cold vortex” in northeastern China is an important component of the East Asian
atmospheric circulation, and the closed low vortex circulation (Sun, 1997) can still be
obtained by analyzing its persistent activities on the monthly average figure. The broad “cold
vortex” process may more effectively represent the abnormal circulation characteristics of the
cold vortex activity. In order to further analyze the broad representation meaning of “cold
vortex”, the contemporaneous correlation of NCVSI and meteorological element field is
calculated. Figure 5 shows that the NCVSI in May-June and July-August from 1960 to 2010
is correlated with the contemporaneous 500 hPa temperature field, height field, relative
humidity and wind field. As shown in the figure, for the temperature field, the area from the
north of northeastern China to the Yakutsk is a consistent negative correlation area; the
central values of correlation coefficient in May-June and July-August reach —0.7 and —0.5,
which exceed the 99.9% confidence level. The negative correlation area extends westward to
the Balkhash Lake region in July-August; the higher the index is, the lower the regional
temperature; and the lower the index is, the higher the temperature. As for the height field,
northeastern China is a consistent negative correlation area; the central value of negative
correlation area exceeds —0.8, which surpasses the 99.9% confidence level. The Northwest
Pacific Ocean region is the non-significant positive correlation area, which means that
northeastern China is prone to form the low pressure system and promotes the frequent
occurrence of the cold vortex when the index is higher. On the contrary, the lower the index is,
the higher the height value in the northeastern region, which will be not beneficial to the
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development and holding of the cold vortex. In addition, the Ural Mountain range in July-
August is a significant positive anomaly area, which means that the strong NCVSI
corresponds with the prevailing blocking situation in the Urals in midsummer, while the weak
index corresponds with the non-significant blocking situation in this mountain region. As for
the relative humidity, northeastern China is a consistent significant positive correlation area.
This means that the higher the index is, the higher the relative humidity in this area, which
will be conducive to the occurrence of precipitation, and vice versa. Meanwhile, it can be
observed that the scope in the Ural Mountains and to their east is a zonal significant negative
correlation area (Figure 5b), which means that the higher the index (weaker) is, the lower
(higher) the relative humidity in the zonal area. The airflow has branches, possibly due to the
blocking situation in this area when the index is higher, which then form the circulation
pattern against the arrival or collection of water vapor. This further describes the reasons for
the significant positive correlation area which appeared in the south of the zonal negative
correlation area. As for the wind field, a significant cyclonic circulation is shown in the center
of northeastern China. This means that a higher index stands more occurrences of the cyclonic
circulation and vortex activity, while a lower index shows that it is prone to cause the anti-
cyclonic circulation and go against the formation of the vortex. In addition, there are two
southern airflows conveying from the south to the north in July-August and entering the
cyclonic circulation in the northeastern region. One airflow originates from the Bay of Bengal,
passing through the Yunnan-Guizhou Plateau and Qinling Mountains in the northeast, then
conveying to the northeastern part of northeastern China. The other airflow is relatively weak,
conveying from the South China Sea to the north, thus converging with the first airflow near
the Qinling Mountains. The relationship between the broad “cold vortex” activity and
Western Pacific subtropical high will be described in the following sections.
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Figure 5 The correlation of NCVSI with meteorological elements field from 1960 to 2012 a. May-June; b. July-
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From the above descriptions, the higher (lower) NCVSI signifies easy occurrence of lower
(higher) temperature and higher (lower) humidity (anti-cyclonic) cyclonic activity in
northeastern China and its surrounding areas. This circulation background will be favorable
(unfavorable) to the occurrence, development and holding of the cold vortex, and form a
circulation pattern which will (will not) be prone to cause precipitation. If the NCVSI is
higher in the midsummer, it is prone to generate south-north water vapor conveying from the
Bay of Bengal and South China Sea. Therefore, the NCVSI activity intensity is likely linked
with the Indian monsoon and South China Sea monsoon.
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5.3 Characteristics of abnormal activity of the “cold vortex”

In order to further analyze the representation meaning of the broad “cold vortex™ activity
intensity and its reflected atmospheric circulation characteristics, we respectively select the
active and inactive years of the NCVSI in May-June and July-August (see Table 2). This
reveals the abnormal characteristics of the broad “cold vortex™ activity through the synthesis
of the meteorological element field. In order to highlight the synthetic effect, the first five
years of various types for synthesizing was selected, and the selected meteorological elements
include the 500 hPa geopotential height, temperature, relative humidity and wind distribution.

Table 2 The top ten of NCVSI active years, inactive years and normal years from 1960 to 2012

May and June July and August
Num
Active years Inactive years ~ Normal years Active years Inactive years Normal years
1 1969 2003 1973 1972 1998 1993
2 1976 2010 1992 1965 2008 1986
3 1965 2000 2011 1961 1974 1990
4 1972 2012 2005 1971 1980 1995
5 1960 1970 1998 1981 1996 1989
6 1974 1996 1964 1966 2002 1975
7 1995 1968 1986 1964 2001 2000
8 1961 1985 1993 1987 2006 1973
9 1963 2007 1987 1978 1999 2009
10 2009 1978 1997 1976 2005 1969

Figure 6 shows the synthesis of various meteorological elements in the broad “cold vortex”
activity anomaly years. It can be observed from the figure that the Northeast Asia region in
the synthesis of May-June (Figure 6al) in active years is under the control of cyclonic
circulation, and the temperature field and height field are negative anomaly areas showing
characteristics of high humidity. The Ural Mountain region at the upstream of the negative
anomaly area of the height field is a positive anomaly in the height field, i.e. the blocking
situation of the Ural Mountains is prevailing. The negative anomaly area in the temperature
field extends toward the northwest to the west of the Central Siberian Plateau. This situation
is favorable to the high-latitude cold air flowing southward along the blocking high of the
Ural Mountains, and provides steady cold air for the cold vortex circulation. Meanwhile, the
anti-cyclonic circulation at its south has a certain blocking effect on the eastward movement
of the cold vortex system, and is favorable to maintaining the cold vortex. In the synthesis in
May-June of the inactive years (Figure 6bl), the Northeast Asia region shows the anti-
cyclonic circulation situation, and the height field and temperature field are consistent positive
anomalies showing the characteristics of low humidity. The temperature field and height field
in the Baikal Lake and its western region in the upstream of this positive anomaly area show a
dipole distribution mode, which is positive in the north and negative in the south. The cold
vortex system is clearly westward, which is possibly due to the westward position and weak
strength of the cold vortex, resulting from the strong Okhotsk blocking situation extending to
the Northeast Asia region.
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Figure 6 The distribution of synthesize of meteorological elements anomaly during different NCVSI years (5
years respectively) from 1960 to 2012 1 represents May-June; 2 represents June-August; a represents week years;
b represents strong years; ¢ represents normal years; shadows represent relative humidity, vector arrows represent
wind speed, black contours represent geopotential height, red contours represent temperature)

Compared with the synthesis in May-June of the active years, the cyclonic circulation
position in the synthesis in July-August of the active years (Figure 6a2) is westward. The
height field and temperature field in the east of the Baikal Lake and north of northeastern
China have consistent negative anomalies and show characteristics of high humidity. The Sea
of Okhotsk in the downstream of the negative anomaly area of the height field is a positive
anomaly area where the Okhotsk blocking situation prevails. In the wind field synthesis, a
south-north wind speed belt occurs along the subtropical high edge in the South China Sea,
and this belt extends towards the north to enter the cyclonic circulation system. The existence
of this southwest jet stream is possibly one of the main reasons for the cyclonic circulation
position being westward. Therefore, northeast China is simultaneously impacted by the cold
vortex system and summer monsoon circulation in the midsummer. In the synthesis in July-
August of the inactive years (Figure 6b2), the locations of cyclonic circulation and synthesis
in July-August of the active years are clearly westward, and the cold vortex identification area
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is controlled by the significant anti-cyclonic circulation. However, the southwestern jet stream
from south to north is not significant, and is replaced by the zonal cyclonic circulation
characteristics at the low and middle latitudes of Asia, blocking the northward conveying of
the south water vapor. The negative anomaly areas in the height field and temperature field no
longer exist, in particular the Ural Mountain region has a low-pressure center of negative
anomaly, and the height field anomaly in the Okhotsk region shows the characteristics of a
“saddle type field”. On one hand, this type of circulation situation is unfavorable to the water
vapor supply to the north along China's southeastern coastal areas; on the other hand, it is
unfavorable to the maintenance and development of the cold vortex system.

From the above descriptions, it can be seen that the 500 hPa circulation situation in the
Northeast Asia region is the cyclonic circulation in the active years of the “cold vortex” in
May-June, showing low temperature characteristics and prevailing the blocking situation of
the Ural Mountains. In May-June of the inactive years, the Northeast Asia region is controlled
by the anti-cyclonic circulation, and shows the characteristics of high temperature and low
humidity. In July-August of the “cold vortex” active years, the eastern part of the Baikal
shows the characteristics of low-temperature and high-humidity cyclonic circulation, resulting
in a strong blocking situation in the Okhotsk region, and the prevailing East Asian summer
monsoon. In July-August of the inactive years, although the Northeast Asia region has
characteristics of anti-cyclonic circulation, the central features of positive anomaly in the
height field are significant and show the characteristics of high temperature and low humidity.
The East Asian summer monsoon is weak, and the blocking situation does not prevail in the
Ural Mountains or the Sea of Okhotsk.

5.4 Broad “cold vortex” and subtropical high

Many scholars have observed that the positive-negative-positive wave train formed in the
active years of cold vortex, by regarding the cold vortex as the center, not only shows in the
east-west direction, but also in the south-north direction. This signifies that the cold vortex
activity is also closely linked with the Western Pacific subtropical high (abbreviated as
subtropical high) (Zhou et al., 2011; Meng et al., 2012). Whether the characteristic index of
subtropical high has a certain link with the abnormal activity of the broad “cold vortex” has
been discussed. In accordance with the definition standards for the different characteristic
indexes of the subtropical high, we selected the first northward jumping time, second
northward jumping time, location of ridge axis, area, etc. as the characteristic indexes.
Through calculation, the average time of the first and second northward jumpings of the
subtropical high were respectively found to be 33 pentads (June 11th to June 15th) and 41
pentads (July 21st to July 25th). Therefore, in the comparative analysis the first (second)
northward jumping will be compared with the broad “cold vortex” activity in May-June (July-
August). Table 3 shows a comparison of the different characteristic indexes of subtropical
high in May-June and July-August with the strongest 10 years, weakest 10 years and most
typical 10 years of NCVSI.

Table 3 The contrast between NCVSI and subtropical high's characteristic features from 1960 to 2012

May and June Subtropical high’s characteristic ngy and Subtropical high’s characteristic
ugust
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Time of the Tlrsréi;)rf;he
first northward Ridge line Area Ridge line Area
. northward
Jump .
jump
5 years 6 years
The most active 7 years latc?r northerly 2 years Thg most 8 years later northerly 3 years
2 years earlier larger active 10 2 years larger
10 years 1 year normal > years 8 years less ears earlier 4 years 7 years less
¥ southerly y y southerly y
The most 2 years later 4 years 5 years The most 2 years later 4 years 8 years
Lo - northerly L - northerly
inactive S years earlier larger inactive 10 4 years earlier larger
10 years 3 year normal 6 years S years less years 4 year normal 6 years 2 years less
southerly southerly
3 years 6 years 7 years later 5 years 3 years
The normal 1 years later ~ northerly M The normal ¥ - northerly M
: larger 2 years earlier larger
10 years 9 years earlier 7 years 10 years 5 years
4 years less 1 year normal 7 years less
southerly southerly

It can be observed from the table that the northward jumping and area characteristics of
subtropical high have a high correspondence relationship with the active years of the broad
“cold vortex” activity, and the correspondence relationship between the location
characteristics of subtropical high ridge line and the broad “cold vortex” activity intensity is
not significant. Specifically, in May-June of the strongest 10 years, the subtropical high is
mainly dominated by the late first northward jumping time (accounting for 7 years) and small
area (8 years). In July-August of the strongest 10 years, the subtropical high is mainly
dominated by the late second northward jumping time (8 years) and small area (7 years).
There is no obvious correspondence relationship between May-June and July-August in the
weakest and strongest years and the characteristics of the subtropical high. Therefore, in May-
June and July-August of the active years of the broad “cold vortex™ activity, the location of
subtropical high is southward and has a small area, due to the effect of the low-pressure
system in the low and middle latitudes, which means that this state characteristic is the result
of the joint effect of the subtropical high and strong cold vortex activity. This further verifies
the conclusion obtained by Lang Hong ef al., (2009): the subtropical high is strengthened and
northward-jumping forms at the beginning of the cold vortex, then it reverts to the south with
the development and strengthening of the cold vortex, and will move northwards again when
the cold vortex is reduced. In this case, the broad “cold vortex” activity intensity is weaker,
and the subtropical high location and intensity may suffer more impact from the mutual effect
of other circulation systems, which cause the subtropical high in the different characteristic
states.

6 Conclusions and discussion

On the basis of the characteristics of the geographical distribution of the cold vortex activity
in May-August of 1960-2012, we provide the definition standard of the broad “cold vortex”,
more effectively formulate the strength index which can describe the broad “cold vortex”
activity, analyze the relationship between the broad “cold vortex” activity and the
precipitation in northeastern China, and then begin from the circulation to analyze the
atmospheric circulation evolution characteristics under the abnormal activity of the cold
vortex. The detailed conclusions are as follows:

(1) The average maintenance period of the broad “cold vortex™ process is 11 days; it can
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describe the frequent occurrence characteristics of the cold vortex process, and more
effectively reflect the circulation evolution characteristics under the background of the cold
vortex activity.

(2) The broad “cold vortex™ activity in May-June and July-August can more effectively
represent the contemporaneous precipitation characteristics in northeastern China. The “cold
vortex” days, accounting for 16% of the total number of days, will generate 45.6% of the
average precipitation and 46% of the precipitation days. According to the precipitation
distribution of all stations in China, the percentages of precipitation days and precipitation
amount are the highest in northeastern China.

(3) The NCVSI can more effectively represent the evolution characteristics of the broad
“cold vortex™ activity. The broad “cold vortex™ activity has obvious inter-annual and inter-
decadal oscillation characteristics, which are mainly divided into three stages: the high-phase
large oscillation stage in 1960—1976; positive and negative-phase small amplitude oscillation
stage in 1977-1996; and small amplitude oscillation stage in 1997-2012, with negative phase
as the principal.

(4) The middle and high latitudes show different circulation characteristics with the change
of the broad “cold vortex” activity intensity. When the NCVI is stronger (weaker),
northeastern China is prone to higher (lower) temperature and higher (lower) humidity (anti-
cyclonic) cyclonic activity, which will be (unfavorable) favorable to the formation,
development and maintenance of the cold vortex, and (not) prone to cause the circulation
situation of precipitation. When the “cold vortex” activity is stronger, then it will be easier to
form the south-north conveying channel for the water vapor originating from the Bay of
Bengal and South China Sea.

(5) The abnormal activity of the broad “cold vortex” shows different atmospheric
circulation characteristics. In May-June of the active years, the 500 hPa circulation situation
shows low-temperature cyclonic circulation in the Northeast Asia region, and the blocking
situation of the Ural Mountains prevails in this area. In May-June of the inactive years, the
Northeast Asia region is controlled by the anti-cyclonic circulation, and shows the
characteristics of high temperature and low humidity. In July-August of the active years, the
eastern part of the Baikal shows the cyclonic circulation characteristics of low temperature
and high humidity, with a higher blocking situation in Okhotsk and prevailed East Asian
summer monsoon in this region. In July-August of the inactive years, the Northeast Asia
region is controlled by the anti-cyclonic circulation, which has significant central
characteristics of high values in the height field, and shows the characteristics of high
temperature and low humidity. In addition, this region has a weak East Asian summer
monsoon, with the blocking situations in the Ural Mountains and the Sea of Okhotsk do not
prevail in this area.

(6) The subtropical high has an obvious modulation effect on the activity of the broad “cold
vortex” activity in the active years. The later northward jumping time and smaller area of the
subtropical high will be more beneficial to the occurrence of the broad “cold vortex™ activity,
and the modulation effect of the subtropical high on the broad “cold vortex™ in the non-active
years will be more complex in terms of impact and mechanism, which requires further study
in the future.
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