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The Northeastern China Cold Vortex (NCCV) processes during the early summer periods (June) from 1979 to 2018 were objectively identified in this study by using the daily precipitation data in Northeastern China (NEC), along with the six-hourly atmospheric circulation fields of ERA Interim/ECMWF, and the temperature field data and monthly mean sea surface temperature field data reconstructed by NOAA. Then, the NCCV processes from the objective identifications were divided into the Southern Cold Vortex (SCV) and the Northern Cold Vortex (NCV) according to the positions of their activity trajectories in the NEC geographical range. Next, an index was defined which could better represent the frequencies and intensities of the SCV and NCV. Relationships between the indices of the SCV and NCV and atmospheric circulation fields during the early summer months and the early Sea surface temperature (SST) fields were analyzed. Finally, the results of the sensitivity test of the AM2.1 model were used to verify the statistical analysis results. It was found that the SST factor impacting the intensity of the SCV was the North Atlantic Tripole in early April. The anomalies of the North Atlantic Tripole in April forced the formation of the “high-low pressure cooperation types” in early summer, which resulted in the intensity anomalies of the SCV. The SST factors impacting the intensity of the NCV were the south-north inverse SSTs of the Northwest Pacific (March) and the SSTs of the tropical Southeast Pacific (May). During the two examined periods of 1979–1999 and 2000–2018, the south-north inverse SST anomalies in the Northwest Pacific in March, as well as the SST anomalies in the tropical Southeast Pacific in May, were observed to have forced the formations of “double blocking low vortex types” and East Asia-Pacific teleconnection types during the early summer months, which resulted in anomalies in the NCV intensities. The AM2.1 model was found to have good simulation effects regarding the observed impact results of the SSTs on the early circulation types during the early summer months, which further supported the conclusions achieved from the statistical analysis results.
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INTRODUCTION
The Northeastern China (NEC) region is the largest commodity grain base in China, and early summer is the growing season of the crops. Therefore, climatic anomalies which occur during the early summer months have very important impacts on the grain yields in the NEC region. During early summer seasons, the northeastern cold vortex occurs frequently. These occurrences often produce strong convective instability in the region and may cause such disastrous weather conditions as heavy rain events, low temperatures, and so on, which have potentially significant impacts on the climate anomalies of NEC. In the past, meteorologists have carried out a large number of meaningful research investigations into such aspects as identifications of the Northeastern China Cold Vortex (NCCV), climatological characteristics, influencing factors, and climate effects, and so on.
In regard to the NCCV identifications, Sun et al. (1994) put forward identification standards for the NCCV. Then using those indemnification standards, researchers designed computer objective identification methods for the NCCV processes (Wang et al., 2012; Liu et al., 2015). In addition, Gong et al. (2015) and Fang et al. (2016) carried out objective identification research which focused on the precipitation concentration periods of the NCCV. In other related studies, researchers have adopted methods which identified the maximum potential vorticity of isentropic surfaces, as well as constructing conceptual models of the physical parameters of the cutoff low pressure values, in order to identify the cutoffs of the low pressure zones in the NEC region (Wernli and Sprenger, 2007).
In addition, using different definition methods of the cold vortexes, statistical analyses of the climatological characteristics of cold vortexes have been carried out which involved examining the number of cold vortex occurrence days, variation trends, cycles, and spatial distributions, in accordance with the available data (Hu et al., 2011; Xie and Bu, 2012; Liu et al., 2015). Li et al. (2014) confirmed that the main reason for the unusually high precipitation during the early summer months of 2012 in Liaoning was the active NCCV. Liu et al. (2017) pointed out that cold vortex precipitation has significant “cumulative effects.” Gao and Gao (2018) also theorized that the NCCV played a major role in the unusually high precipitation which occurred during the early summer of 2013 in the NEC region. Liu et al. (2018) and Ding et al. (2019), respectively, analyzed the close relationships between the NCCV and the precipitation and air temperature values. In addition, many studies have also determined that the NCCV has significant impacts on the plum rains in the East Asian region, precipitation in Southern China, and precipitation in the Huai River Basin (He et al., 2007; Miao et al., 2006b; Li et al., 2015).
In terms of the influencing factors of the NCCV, many relevant research investigations have been carried out from the aspects of atmospheric circulation characteristics and SSTs. Liu et al. (2002), Miao et al. (2006a), and He et al. (2006), respectively, observed that the early North Pacific Oscillations, along with the northern annular module and the early North Pacific SSTs, were closely related to the NCCV. Lian et al. (2010) pointed out that the significant anomalies of the NCCV activities during the early summer months in the NEC region corresponded to the persistent abnormal circulation activities near the upper Ural Mountain and the lower regions of Japan. Bu and Xie (2013) summarized the deep dynamic reasons for the formations and maintenance of various NCC. Their research revealed that the Western Pacific teleconnection types were the downstream background circulation types of the NCCV activities, and the Western Pacific negative phases were conducive to the generation and maintenance of cold vortexes. Xie and Bueh (2016) analyzed the dynamic characteristics on the climate conditions of the impacts of the coordination between the NCCV and the high blocking pressure. In addition, the effects at seasonal time scales of the relationship of the aforementioned factors and the background fields of climate circulations were studied in-depth. Wang et al. (2018) and Chen et al. (2018), respectively, revealed the relationships between the surface thermal factors of Western Asia during the spring months and the downstream atmospheric circulation activities, and then investigated their impacts on the NCCV activities and precipitation values in the NEC region in early summer. Fang et al. (2018) carried out diagnostic analyses and numerical simulations of the causes of precipitation anomalies in the NEC region in early summer. It was pointed out in the aforementioned study that the anomalies of the North Atlantic Tripole (NAT) and the SSTs of the Kuroshio area were the possible factors causing the anomalies of circulation systems, such as the NCCV activities during the early summer months, as well as the high blocking pressure in the upper and lower reaches, and so on. Lu et al. (2020) analyzed the spring precipitation levels in the NEC region, and revealed the physical mechanism in which the SSTs of the tropical North Atlantic and the northwestern Pacific Ocean influenced the low value systems over the NEC region during the spring seasons with the characteristics of interannual variability. In addition, other meaningful research investigations have carried out from other relevant aspects (Fang et al., 2017a; Fang et al., 2017b; Zhao et al., 2018; Zhao et al., 2019).
In the present study, it was concluded that previous research regarding the NCCV had achieved fruitful results. However, the research experience of the climate predictions during the early summers of 2018 and 2019 indicated that only the predictions of the overall trends of the NCCV were successfully achieved. However, the more detailed research investigations regarding the precipitation characteristics in the NEC region were found to be inadequate. For example, it was observed that in 2018 and 2019, the more active trends of the NCCV than usual had been successfully predicted. However, since the actual positions were further northward during both years, this had resulted in climate prediction failures in the south sections of the NEC region. Due to the differences in the generation origins and activity paths, the positions of the NCCV in the north and south will be different. For example, such differences will be reflected in the atmospheric circulation fields, and the corresponding external forcing signals may also be different. Therefore, it has been necessary to carry out diagnoses and analyses of the causes of the position anomalies of the NCCV. From the perspective of the research progress, most of the research investigations have analyzed the anomalies of the NCCV as a whole, and none of the current research has focused on distinguishing the causes of the anomalies of the NCCV at different locations. Therefore, in the present study, by referring to the identification standards of NCCV proposed by Sun et al. (1994) and the concept of “Northern Cold Vortex (NCV), middle vortex, and Southern Cold Vortex (SCV),” a set of objective identification design methods of the NCCV were proposed. The processes of the NCCV obtained through the identification processes were divided into the SCV and NCV. Then, the influence mechanisms of the SSTs and atmospheric circulation activities on the SCV and NCV were studied, respectively, by combined statistical analysis and numerical simulation methods. The goal was to provide new information for the detailed predictions of early summer climate conditions in the NEC region.
DATA ACQUISITION AND METHODOLOGY
Data
The data used in this paper included the daily precipitation observation data of 208 meteorological stations in the NEC region from June of 1979 to June of 2018, which were provided by the National Meteorological Information Center. In addition, the 6-h ECMWF re-analyzed EAR Interim data (1°*1°) for the period ranging from 1979 to 2018, and the NOAA reconstructed monthly average SST data from 1979 to 2018, were analyzed. The geographical location of the NEC region is indicated by the circle in Figure 1A, and the spatial distribution of the 208 meteorological stations in the NEC region is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | (A) Location of the Northeastern China region; and (B) distribution of the 208 meteorological stations in the Northeastern China region.
Research Methods
In this study, an objective identification method for the NCCV, along with a division method for the SCV and NCV, were successfully designed. The relationships between the SCV and NCV during the early summer months and the early SSTs and atmospheric circulation activities during the early summer months, were mainly analyzed using statistical methods, such as correlation and running correlation methods. Furthermore, based on the AM2.1 global atmospheric model, sensitivity tests were designed for the purpose of verifying this study’s statistical analysis conclusions of the relationships between the early SSTs and atmospheric circulation characteristics during the early summer months in the study area.
Objective Identification Method for the Northeastern China Cold Vortex
Step 1: The fires step in the identification process was tracing of the equipotential height line. The equipotential height line was traced within the scope of 500–600 dgpm on the 500 hPa isobaric surface at an interval of 4 dgpm using the 6-h EC re-analyzed EAR Interim data for the period ranging from June of 1979 to June of 2018. Then, its longitude and latitude values were output.
Step 2: Next, the equipotential height line was screened. The closed equipotential height line was screen out in the range of 30°–80°N and 85°–150°E using the results obtained in Step 1.
Step 3: The next step was the identification of the NCCV centers. The center of the innermost circle of isopotential height line in the same system was defined as the NCCV center. The average value of all the longitudes and latitudes of the innermost circle of the isopotential height line was determined to be the center longitude and center latitude. This study only examined the NCCV systems with centers within the range of 30°–60°N and 95°–140°E. If there was a low-pressure center on the 500 hPa isobaric surface, the center corresponding to the low-pressure center with a spatial temperature anomaly less than 0 was selected as the NCCV center. Then, the time, latitude, and longitude values of the NCCV centers were output.
Step 4: This step mainly included the identifications of the NCCV duration times. This study assumed that if two adjacent time levels had NCCV centers, and the distance between the two NCCV centers were less than 800 km, they were regarded as the same NCCV system. The duration times of NCCV centers screened in Step 3 were counted out. In addition, the NCCV systems with duration times greater than or equal to 72 h were screened out, and then the NCCV processes and related variables were output.
Division Method for the Southern Cold Vortex and Northern Cold Vortex
In accordance with the locations of the trajectory lines of the NCCV processes in the NEC region, all of the NCCV processes were divided into SCV and NCV categories, with the 45°N latitude as the threshold.
Special Case Description
In order to ensure a sufficient number of samples, if the trajectory of a cold vortex process included not only the part to the north of 45°N, but also the part to south of 45°N, then it was temporarily regarded as one NCV process and one SCV process, respectively. In those cases, such divisions could also show the influencing effects of a single cold vortex process on different locations within the NEC region.
Calculation Method of the Indexes of the Southern Cold Vortex and Northern Cold Vortex
The absolute values of the field anomaly calculations of the lowest potential height fields in the inner circles of the cold vortexes in all the SCV and NCV occurrence days from June of 1979 to June of 2018 were determined in order to obtain the SCV and NCV indexes. The adopted index calculation method was not only able to accurately reflect the number of cold vortex days, but also represented the intensities of cold vortex centers. At the same time, the cold vortex weather processes within the NEC region were transformed into a climate time scale. Among those, the spatial ranges of the SCV and NCV were: 36°–45°N, 110°–143°E and 45°–58°N, 110°–143°E, respectively.
Model Introduction and Sensitivity Test Design Method
The AM2.1 global atmospheric model [Geological Fluid Dynamics Laboratory (GFDL) Global Atmospheric Model Development Team, 2004] is an atmospheric circulation model of the Earth System model developed by GFDL, which is used for climate research and prediction processes. The model integrates the models which were previously used by GFDL, including the new grid atmospheric dynamic nucleus (GFDL Global Atmospheric Model Development Team, 2004). This model has been adopted in many studies regarding air-sea interaction processes (Stuecker et al., 2013; Li et al., 2016).
In order to confirm the correlations between the early SSTs and the 500 hPa height fields during the early summer months in the study area, three groups of tests were designed. Each group consisted of one group of control tests and one group of sensitivity tests which includes 12 ensemble members. The differences between the sensitivity tests and the control tests were that only the SST anomalies in the key areas were added to the sensitivity tests during the early stage. Otherwise, the tests were consistent in all other aspects. The results of the sensitivity tests minus the results of the control tests were considered as the influence effects of the SST anomalies in the key areas during the early stage on the 500 hPa height field in the early summer seasons. Table 1 details this study’s test design scheme.
TABLE 1 | Test design scheme.
[image: Table 1]Definition Indexes Used in This Study
The SST indices of the key areas were defined according to the regions where the correlation coefficient between the SCV and NCV indices during the early summer months in the NEC region and the SSTs in early March, April, and May passed the significance tests (see below).
North Atlantic Tripole Index
The differences between the SSTs of the North Atlantic Ocean in middle latitude areas in April (28°–38°N, 64°–36°W) and the average SST in the high latitude areas (42°–56°N, 62°–30°W) and lower latitude areas (6°S–26°N, 66°–12°W).
South-North Inverse SST Index of the Northwest Pacific Ocean
The differences in the average SSTs of the Northwest Pacific Ocean in March between the area range of 126°–152°E and 22°–38°N and the area range of 144°–164°E and 4°S–10°N.
SST Index of Southeast Pacific Ocean
The average value of the SSTs in the Southeast Pacific Ocean in May in the area range of 28°–6°S and 112°–70°W.
RELATIONSHIPS BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX AND THE TEMPERATURE VALUES OF THE NEC REGION
In accordance with the objective identification and rationality test methods for the NCCV introduced in the research method section of this study, combined with the divisions of the SCV and NCV and the index definition methods, the SCV index and NCV index were calculated, respectively. In Figure 2, the time series of the SCV and NCV indexes for the period ranging from 1979 to 2018 are shown. The following conclusions were drawn from the data shown in Figure 2. First of all, the NCV index was observed to be generally larger than the SCV index, which indicated that the NCCV system had a greater influence on the northern sections of the NEC region than on the southern sections. Secondly, the correlation coefficients of the two indexes had not passed the significance tests according to the calculation results, which indicated that they were mutually independent. In addition, it was further indicated that it was reasonable to divide the NCCV into the SCV and NCV. Finally, a trend was evident that both the SCV and NCV had failed to pass the significance tests.
[image: Figure 2]FIGURE 2 | Time series of the Southern Cold Vortex (SCV) and Northern Cold Vortex (NCV) indices for the period ranging from 1979 to 2018.
Figures 3A,B show the distribution of the correlation coefficients between the SCV and NCV, respectively, and the temperature values during the early summer months in the NEC region from 1979 to 2018. It can be seen in the figures that the negative correlations between the SCV indexes and the temperature values in the middle and southern sections of the NEC region during the early summer months had passed the significance tests. Meanwhile, those in the northern sections of the NEC region had not passed the significance tests. Among those, it was determined that the failure to pass the significance test in a small part of the southern end of the region was related to the lower activities of the cold vortex in the south sections of the NEC region. The negative correlations between the NCV indexes and the temperature values in the middle and northern part of the NEC region during the early summer months passed the significance tests. These findings indicated that that the SCV and NCV indexes could significantly affect the temperature anomalies in the southern and northern parts of the NEC region in early summer, and that the definitions of the SCV and NCV indices were basically reasonable.
[image: Figure 3]FIGURE 3 | Distribution of the correlation coefficients of the (A) Southern Cold Vortex; and (B) Northern Cold Vortex with the temperature values during the early summer months in the Northeastern China region from 1979 to 2018. Shading indicates the correlation coefficients at the 90% confidence level.
RELATIONSHIP BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX INDEXES AND THE EARLY STAGES OF THE GLOBAL SSTS
As one of the external forcing signals of atmospheric conditions, SSTs will affect the climate through air-sea interactions. In this section of the study, the focus was determining whether or not the early SST factors were related to the SCV and NCV indexes during the early summer seasons in the study area. In addition, the relationships between the SSTs and the SCV and NCV indexes in early summer were analyzed.
Relationships Between the Southern Cold Vortex Indexes and the SST Fields
Figures 4A,B show the distributions of the correlation coefficients of the SCV indexes and the SSTs in March and April, respectively, for the period ranging from 1979 to 2018. It can be seen in the figures that the most significant and sustained signals of the Global SSTs were located in the North Atlantic region, and the signals in April were slightly stronger than those in March. In March and April, there was observed to be a correlation distribution of “− + −” from north to south, and the negative correlations between the south and north had passed the significance tests. This correlation distribution pattern reflected the continuous influences of the NAT anomalies which occurred during March and April on the NCCV in the early summer months. That is to say, the positive (negative) phases of the NAT in early March and April had a strong (weak) correspondence to the SCV. Therefore, it was preliminarily considered in this study that the NAT anomalies in March and April were the SST factors causing the intensity anomalies of the SCV.
[image: Figure 4]FIGURE 4 | Distribution of the correlation coefficients between the Southern Cold Vortex index and the SSTs in (A) March; and (B) April for the period ranging from 1979 to 2018. Note: the point areas represent the locations where the correlation coefficients passed the significance tests.
Relationships Between the Northern Cold Vortex Indexes and the SSTs
Figures 5A–E show the distributions of correlations between the NCV indexes and the SSTs from January to May in the years 1979–2018. It can be seen in the figures that there were two very significant and persistent signals in global SSTs. For example, the south-north inverse SSTs of the northwest Pacific Ocean from January to March, and the SSTs of the tropical Southeast Pacific Ocean from April to May. Among those, the NCV indexes displayed significant positive correlations (positive in the north and negative in the south) with the northwest Pacific Ocean SSTs from January to March, and displayed significant positive correlations with the tropical Southeast Pacific Ocean SSTs from April to May. When the Northwest Pacific presented the trends of positive in the north and negative in the south for the SST anomalies from January to March, these were considered to be favorable conditions for the higher intensities of the NCV. They were otherwise were favorable for the lower intensities of the NCV. In addition, when the SSTs of the tropical Southeast Pacific Ocean were higher (lower) from April to May, the conditions were considered favorable for the higher (lower) intensities of the NCV. Therefore, this study preliminarily considered that the anomalies in the south-north inverse SSTs of the Northwest Pacific from January to March, and the SSTs in the tropical Southeast Pacific from April to May, were the SST factors causing the intensity anomalies of the NCV.
[image: Figure 5]FIGURE 5 | (A–E) Distributions of correlation coefficients between the Northern Cold Vortex indexes and SSTs from January to May during the period ranging from 1979 to 2018. Note: the point areas represent the areas where the correlation coefficients passed the significance tests.
In order to further verify the correlation between the intensities of the NCV during the different examined years and the key areas of SSTs in the early stages, the 21-years running correlation coefficients of the intensity indexes of the NCV from 1979 to 2018 with the south-north inverse SST indexes of the Northwest Pacific (March) and SST indexes of the tropical Southeast Pacific (May) are shown in Figures 6A,B respectively. It can be seen in Figure 6A that, roughly before the year of 2000, the coefficients of running correlations between the NCV intensity indexes and the south-north inverse SST indexes of the Northwest Pacific in March had stably passed the significance tests of 0.05 reliability. Meanwhile, after 2000, the coefficients of running correlations had failed to pass the significance tests. In addition, it can be seen in Figure 6B that, roughly after 1999, the coefficients of running correlations between the NCV intensity indexes and the SST indexes of the tropical Southeast Pacific in May had successfully passed the significance tests of 0.05 reliability. Therefore, it was observed in this study that the SST indices of the two key areas were significantly correlated with the intensity indexes of the NCV before and after 2000. Therefore, it was preliminarily assumed that the intensities of the NCV during the period ranging from 1979 to 1999 were mainly affected by the south-north inverse SSTs of the Northwest Pacific in March. Meanwhile, the intensities of the NCV from 2000 to 2018 were mainly affected by the SSTs of the tropical Southeast Pacific in May. The phase of Pacific Decadal Oscillation (PDO) exhibited an interdecadal reversed around 2000, and the influence of south-north inverse SST of the Northwest Pacific on the NCV may have been ondulated by PDO. However, the specific physical mechanism requires further study.
[image: Figure 6]FIGURE 6 | Coefficients of the 21-years running correlations of the Northern Cold Vortex intensity indexes with the (A) South-north inverse SST indexes of the Northwest Pacific in March; and (B) SST indexes of the tropical Southeast Pacific in May (1979–2018).
RELATIONSHIPS BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX INDEXES AND THE ATMOSPHERIC CIRCULATION FIELDS DURING THE EARLY SUMMER PERIODS
This section of the study focuses on revealing the relationships between the intensity indexes of the SCV and NCV and the atmospheric circulation fields within the same timeframes. The NCCV is known to be the most significant in the 500 hPa potential height field. Therefore, this study focused on the relationships between the 500 hPa potential height fields and the NCCV.
Figures 7A,B show the distributions of correlation coefficients of the intensity indexes of the SCV and NCV and the 500 hPa potential height field in the month of June during the investigated period. It can be seen in the figures that positive-negative alternating significant correlation areas existed along the latitude circle from the North Atlantic to the downstream near 60°N, which reflected the Rossby wave propagation characteristics. It can be seen in Figure 7A that the SCV intensity indexes had significant negative correlations with the height field of 500 hPa in June in the offshore area of China. However, there were significant positive correlations observed in the eastern Siberia areas. That is to say, the circulation types corresponding to the SCV intensity index anomalies during the same periods were the coordination types of the eastern Siberian high pressure and the offshore low pressure types (referred to as “high and low pressure coordination types”).
[image: Figure 7]FIGURE 7 | Distributions of the correlation coefficients between the (A) Southern Cold Vortex indexes; and (B) Northern Cold Vortex indexes, and the 500 hPa potential height fields in June. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
It can be seen from Figure 7B that the NCV intensity indexes displayed significant negative correlations with the height field of 500 hPa in June from Baikal Lake to the NEC region, while they displayed significant positive correlations with the areas west to the Ural Mountains, as well as the Okhotsk Sea and its northern areas. In other words, the circulation types corresponding to the NCV intensity index anomalies during the same time periods were the NEC Low Vortex types of the double-blocking high-pressure coordination of the Ural Mountains and the Okhotsk Sea (referred to as the “double-blocking low vortex types”). In addition, the results revealed a “+ − +” significant correlation distribution from the north to the south near 150°E. For example, the intensity of the NCV in the early summer months was also closely related to the East Asia-Pacific (EAP) teleconnection type during the same period.
Therefore, from this study’s comparison and analysis results of the data detailed in Figures 7A,B, it was determined that the main differences in the circulation types corresponding to the SCV and the NCV were reflected in the south-north positions of the circulation centers. In addition, the significant positive correlation centers of the high- and low-pressure coordination types corresponding to the SCV were determined to be roughly located at 55°N. The significant negative correlation centers were roughly located at 30°N; and the significant positive and negative correlation centers of the double-blocking low vortex types corresponding to the NCV were located at 60°N and 45°N, respectively.
Relationships Between the Early SSTs and the Atmospheric Circulation Fields During the Early Summer Periods
In the previous two sections, the contemporaneous circulation factors and the early SST factors related to the intensities of the SCV and NCV were determined, respectively. This section explores whether or not the correlation distribution patterns of the early SST factors and circulation fields in the early summer months were consistent with the contemporaneous circulation patterns of the SCV and NCV. It was believed that if they were found to be consistent, it could preliminarily be determined from the statistical relationships that the anomalies of SST factors in the early stage caused the anomalies in the circulation factors during the early summer months in the NEC region, which then led to the anomalies observed in the SCV and NCV.
Relationships Between the Key Areas of the SSTs of the Southern Cold Vortex and the Atmospheric Circulation Fields During the Early Summer Months
The distributions of the correlation coefficients between the NAT index in early April, and 500 hPa potential height fields in early summer are illustrated in Figure 8. It can be seen in the figure that there was also a positive-negative alternating correlation distribution near 60°N. However, the positive correlation area failed to pass the significance test. It was found that the significant negative correlation areas were located between northern China and Japan, and the eastern Siberia areas were the positive correlation areas. The distribution types and the intensity indexes of the SCV were found to be basically similar to the correlation distribution types (high- and low-pressure coordination types) of the 500 hPa height fields during the early summer months. Therefore, it was preliminarily considered that the abnormal forces of the NAT in early April formed the “high- and low-pressure coordination types” in early summer, which subsequently resulted in the abnormal intensities of the SCV. The wave activity fluxes in early summer regress from the previous NAT index show that the wave activity flux began from the North Atlantic and propagated downstream along the westerly belt of the northern hemisphere to East Asia (figure omitted), which further confirms that NAT may have had an effect on the NCCV. The specific mechanism will be studied in another paper. This conclusion was also determined to be similar to those reached by Fang et al. (2018) and Lu et al. (2020). It was indicated that the Atlantic SST anomalies can induce atmospheric diabatic heating, which stimulates quasi-barotropic mid- to high-latitude Rossby wave trains to the downstream along a parallel circle through the sea-air interactions. In addition, a cyclonic anomaly may have been caused in the NEC, which resulted in the abnormal intensities of the SCV. In addition, the distributions of the correlation coefficients between the NAT indexes in March and the 500 hPa potential height fields in early summer were similar to the results detailed in Figure 8. Therefore, since the significant correlation areas between the NAT and the intensity indexes of the SCV were more obvious in April than in March, the NAT in April was used in this study as the SST factor of the SCV.
[image: Figure 8]FIGURE 8 | Distributions of the correlation coefficients between the North Atlantic Tripole indexes in early April and 500 hPa potential height fields in early summer. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
Relationships Between the Key Areas of the SSTs in the Northern Cold Vortex and the Atmospheric Circulation Fields During the Early Summer Periods
Figures 9A,B illustrate the distributions of the correlation coefficients of the south-north inverse SST indexes of the Northwest Pacific in March (1979–1999), and the SST indexes of the tropical Southeast Pacific in May (2000–2018), with the 500 hPa potential height fields in the early summer during the same periods. It can be seen in the figure that, with the exception of the differences in the locations of the significant correlation areas in some of the areas, both display the positive-negative alternating wave patterns near 60°N, and reflect the contemporaneous circulation types corresponding to the intensity indexes of NCV, that is, the “double-blocking low vortex types” and EAP teleconnection types. Therefore, it was preliminarily considered in this study that during the two periods (1979–1999 and 2000–2018), the south-north inverse SST anomalies in the Northwest Pacific Ocean in March and the SST anomalies in the tropical Southeast Pacific in May, had potentially forced the formations of double-blocking low vortex types and EAP teleconnection types during the early summer months, which subsequently led to the intensity anomalies of the NCV. The SST anomalies in the Northwest Pacific Ocean in early March may have stimulated an abnormal blockade situation in the downstream, and the blocking effect on the circulation system of the westerly belt may in turn have affected the northeastern cold vortex in early summer. Previous studies have also indicated that the subtropical southeast Pacific SST anomaly can excite an cyclone-anticyclone alternating wave train from the key area to the NEC across the northern and southern hemispheres, which can cause the anomalous atmospheric circulation anomalies in the mid-high latitudes of the northern hemisphere, thus affecting the intensity anomalies of the NCV (Gao and Gao, 2015).
[image: Figure 9]FIGURE 9 | Distributions of the correlation coefficients between the (A) South-north inverse SST indexes of the Northwest Pacific in March (1979–1999); and (B) SST indexes of the tropical Southeast Pacific in May (2000–2018), and the 500 hPa potential height fields during the early summer months of the same time periods. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
SENSITIVITY TESTS OF THE NUMERICAL MODEL
The above-mentioned analysis results based on the observational data revealed the possible forcing effects of early SSTs on the atmospheric circulation fields during early summer seasons in the study area. In this section, the aforementioned observation results obtained using statistical methods were verified based on the sensitivity test results of AM2.1 global atmospheric model.
Testing of Sensitivity of the SST Factors of the Southern Cold Vortex Forces on the 500 hPa Height Fields During the Early Summer Months in the Study Area
The results of the first set of tests (NAT-Apr) are detailed in Figure 10. For example, the differences in the test results of the potential height fields between the sensitivity tests and the control tests. It can be seen in the figure that the overall distribution pattern of sensitivity test results were similar to those of observational results. The “high- and low-pressure coordination types” were also reflected. However, the overall positions were located north of the observational results. This indicated that NAT in early April had a certain physical significance in the forcing effects of high- and low-pressure coordination during the early summer periods. As previously mentioned, the Atlantic SST anomalies in early April can induce Rossby wave trains to the downstream through the sea-air interactions, which may result in the abnormal intensities of the SCV during the early summer.
[image: Figure 10]FIGURE 10 | Simulated 500 hPa potential height fields during the early summer months in the first set of tests (NAT-Apr). Note: the shaded areas represent the areas where the differences between the sensitivity tests and the control tests passed the significance tests.
Testing of Sensitivity of the SST Factors of the Northern Cold Vortex Forces on the 500 hPa Height Fields During the Early Summer Periods in the Study Area
Figures 11A,B display the results of the second set of test (south-north inverse SST of the Northwest Pacific-Mar) and the third set of test (SST of the tropical Southeast Pacific-May), respectively. It can be seen in the figures that the overall distribution patterns of the two sets of sensitivity test results were very similar to the observational results (Figure 7B). Moreover, the “double-blocking low vortex types” and the EAP teleconnection types were also reflected. However, the overall positions, as well as the significance levels of the differences, had varied from the observational results. These results indicated that the south-north inverse SSTs of the Northwest Pacific in March, and SSTs of the tropical Southeast Pacific in May, had displayed physical significance in relation to the forcing effects of the “double-blocking low vortex types” and the EAP teleconnection types, respectively, during the early summer months in the study area. As previously analyzed, during the period 1979–1999, the intensity anomalies of the NCV in early summer may be mainly caused by the abnormal blockade situation in the downstream of NEC that stimulated by the SST anomalies in the Northwest Pacific Ocean in March. Additionally, during the period 2000–2018, the subtropical southeast Pacific SST anomalies in May play a major role in intensity anomalies of the NCV during the early summer. It excited an cyclone-anticyclone alternating wave train to the NEC across the northern and southern hemispheres, which can cause the anomalous atmospheric circulation anomalies in the mid-high latitudes of the northern hemisphere, thus inducing the intensity anomalies of the NCV. The above conclusion is based on sensitivity test and preliminary analysis of possible causes, the specific mechanism of which requires further analysis.
[image: Figure 11]FIGURE 11 | Simulated 500 hPa potential height fields during early summer in the (A) second set; and (B) third set of tests. Note: the shaded areas represent the areas where the differences between the sensitivity tests and the control tests had passed the significance tests.
CONCLUSIONS AND DISCUSSION
In this study, the NCCV processes were objectively identified by an improved objective identification method, and then divided into SCV and NCV. This study adopted statistical analysis and numerical simulation methods in order to examine the mechanisms of the influences of the SSTs in the early stage, as well as the atmospheric circulation fields during the early summer months, on the intensities of the SCV and NCV. The following conclusions were obtained from this study’s analysis:
(1) During the period ranging from 1979 to 2018, there were no significant variation trends in the SCV and NCV indices. The NCV indexes were found to be generally larger than the SCV indexes, indicating that the impacts of the NCCV systems on the north areas of the NEC region were stronger than on the southern areas. The correlation coefficients of the SCV and NCV indices failed to pass the significance tests, which suggested that it was reasonable to divide the NCCV into the SCV and NCV for individual analysis purposes.
(2) The intensity indexes of SCV and NCV were negatively correlated with the air temperature in the south-central sections of NEC and the north-central sections of NEC, respectively. It was confirmed that the definitions of the intensity indexes of the SCV and NCV were reasonable, as the low air temperature were corresponding to the strong cold vortex.
(3) In April of the previous years during the investigated periods, the unusual force of the NAT formed “high- and low-pressure coordination types” during early summer, which resulted in abnormal intensities of the SCV. The south-north inverse SST anomalies in the Northwest Pacific in March and the SST anomalies in the tropical Southeast Pacific in May forced the formations of “double-blocking low vortex types” and EAP teleconnection types in the early summer months during the periods ranging from 1979 to 1999 and 2000 to 2018, respectively, which subsequently resulted in anomalies in the intensities of the NCV.
(4) The AM2.1 model had the ability to most effectively simulate the forces of the SSTs in the observation results on the circulation patterns in the early summer during the preliminary stage. However, the results had varied from the observational results in positions and significance degrees. These findings further verified the reliability of the statistical analysis results, and confirmed that the statistical analysis results had a certain physical significance.
Due to the fact the NCCV weather processes were dominated by east-west moving paths, this study focused on the difference in the south-north positions of the NCCV. Therefore, some differences existed between the east and west positions of the NCCV, and relevant research investigations will be carried out accordingly. In addition, the observational results and numerical simulation results of the relationships between the SCV and the influencing factors were not as good as those of the NCV. This may have been due to the relatively small number of available samples for the SCV, and the fact that it was not a typical type of cold vortex in the NCCV. Therefore, in future studies, other methods will be used to conduct classified examinations of the NCCV processes. Moreover, the influence mechanisms of the SSTA over different key areas on the SCV and NCV in early summer were only discussed based on sensitivity testing and preliminary analysis, and the factors involved will be examined in future studies. Finally, in what way does the PDO modulates the influence of South-north inverse SST of the Northwest Pacific on the NCV is a matter that will also be explored.
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