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Abstract

:

Co-occurring extreme heat, drought, and moisture events are increasing under global warming and pose serious threats to ecosystem and food security. However, how to effectively link compound agrometeorological disasters (CADs) with climate change has not been well assessed. In this study, we focus on the comprehensive influence of large-scale climate factors on CADs rather than extreme meteorological elements. The results indicate that there are two main CADs of spring maize in Shenyang, Northeast China (NEC), including concurrent drought and cold damage (DC) and drought in multiple growth periods (MD). The related circulation anomalies at mid–high latitudes are identified as four patterns, namely, the Northeast Asia Low (NEAL) and Ural High (UH) patterns affecting DC, the Baikal High and Okhotsk Low (BHOL), and the Northeast Asia High (NEAH) patterns leading to MD. The vertical profile and water vapor transport anomalies further demonstrate the influence mechanism of large-scale circulation on compound heat–moisture stresses. This study highlights the role of atmospheric circulation, which can provide effective predictors for these synergistic agrometeorological disasters.
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1. Introduction


Weather and climate extremes have been increasing globally in intensity, duration, and frequency with climate change [1,2,3]. Under this background, crops can be consequently affected by compound agrometeorological disasters (CADs), namely, heat and moisture stress co-occurring or occurring successively during growing seasons, which has more severe damage on crop yield than a single species [4,5,6,7]. Northeast China (NEC) is an important maize production base in China, and maize here often is affected by agrometeorological disasters such as heat stress (e.g., delayed cold damage and frost damage) and moisture stress (e.g., drought and waterlogging) [8,9]. The aggravation of extreme climate events in NEC has increase the frequency of CADs [6,10]. Therefore, it is necessary to critically understand the atmospheric mechanisms of CADs and provide early hints to reduce potential impacts on the society and ecosystem.



The growing season of maize in NEC spans from May to September, and each period is quite sensitive to changes in temperature and moisture conditions. In spring and summer, the temperature and precipitation in NEC have inhomogeneous spatial–temporal distribution and seasonal variations [11]. Abnormal atmospheric circulation is the direct cause of CADs. NEC is located at mid–high latitudes, and weather and climate anomalies are mainly affected by circulation factors such as westerlies, subtropical highs, northeast cold vortexes (NECVs), and atmospheric teleconnections [12,13,14]. Low-temperature events are usually accompanied by a strengthening Siberian High and fast-moving height ridge [15]. The occurrence of high temperature in NEC is closely related to local abnormal deep anti-cyclones, which also inhibit precipitation [16]. An NECV is an important system that causes severe convective weather in NEC, such as cold spells, continuous rain, and floods [15,17,18,19]. Blocking high is another important system at mid–high latitudes that interacts with other circulation anomalies, leading to abnormal weather and climate in East Asia [20]. In recent years, the coupling of precipitation and temperature extremes in NEC have been more and more frequent [6,21]. There are many studies that have analyzed the circulation features of compound extreme weather and climate events. For example, sea surface temperature (SST) anomalies in the North Atlantic can affect the local circulation through the Eurasian teleconnection and the Silk Road pattern, thus triggering interdecadal changes of drought and high-temperature events in NEC [22]. However, less attention has been paid to the atmospheric background of CADs, which tend to differ in intensity and duration.



It was found that the occurrence range of CADs in Liaoning was more frequent than that of individual agrometeorological disasters in most years in recent decades [23,24]. Furthermore, the combined effect of CADs is greater than the sum of the effects on crops when the disasters occur alone [9]. Agrometeorological disasters can occur at different growing stages, such as cold damage in spring and drought in summer, and the mutual damage to crop physiological processes can be superimposed [25,26,27,28]. The combination of drought and high temperature is more general [6,9,29]. During drought, the sensible heat is greater than the latent heat, which leads to an increase in surface temperature and in turn reduces the soil moisture and exacerbates drought [30,31]. This annual variation in hydro-thermal conditions may be related to the internal variability of the atmosphere, such as El Nino–Southern Oscillation (ENSO), resulting in yield losses and agrometeorological disasters in many parts of the world [11,29]. Nonetheless, the above studies are mostly based on statistical models indicating the robustness of these results. In addition, climate variability can be modulated by several factors, but the corresponding circulation pattern is relatively certain. Therefore, this paper tries to skip the influence of meteorological elements such as temperature and precipitation and focus on the role of atmospheric circulation factors, which can also be linked to internal climate variability (such as ENSO) and provide more credible evidence.



The objective of this study is to provide a detailed large-scale circulation analysis for CADs on spring maize in NEC and improve understanding of CAD predictability. The rest of paper is organized as follows. Section 2 introduces the data sets and methods used in this study. In Section 3, the characteristics of the CADs in the study area and the related large-scale circulations are presented. The associated atmospheric circulation patterns are discussed. Conclusions appear in Section 4.




2. Materials and Methods


2.1. Data


Due to the large area in NEC, the spatial–temporal distribution of temperature and precipitation is particularly uneven. Moreover, precipitation can vary greatly between seasons, with less precipitation in spring and a considerable drought risk throughout the spring maize growing season [32,33]. Therefore, this study is based on Liaoning province (Lat: 38°43′ N–43°26′ N, Lon: 118°53′ E–125°46′ E) (Figure 1), where the climate characteristics are relatively consistent and the risk of drought is larger, making it representative for NEC under global warming. The annual average temperature and rainfall here are 8.5 °C and 656 mm, respectively. Liaoning grows rain-fed spring maize, which covered an area of 2,724,190 ha in 2021 (https://data.stats.gov.cn, accessed on 15 January 2023). The growth periods of spring maize are divided into 5 stages: May (seedling—three-leaf stage), June (three-leaf—jointing stage), July (jointing—silking stage), August (silking—milk stage), September (milk—mature stage). Considering the seasonal consistency and for the convenience of research, the study period was divided into 4 phases, which are May–June, July–August, and September.



The daily temperature and precipitation observation data of 50 meteorological stations in NEC from April to September for 1961–2021 were provided by the National Climate Center of the China Meteorological Administration. The data of maize yield were derived from the Liaoning Provincial Bureau and the Liaoning Provincial Statistical Yearbook (https://data.stats.gov.cn, accessed on 15 January 2023).



The circulation analysis was based on the monthly atmospheric reanalysis data, with a horizontal resolution of 2.5° × 2.5°, released by the National Centers for Environmental Prediction (NCEP)–National Center for Atmospheric Research (NCAR) reanalysis dataset [34]. Variables including geopotential height, meridional and zonal wind, air temperature, specific humidity, daily precipitation, vertical velocity, and surface-level pressure were used, covering the period of 1961–2021 (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 15 January 2023).




2.2. Method


In this paper, composite analysis, correlation analysis, and a logistic regression model are carried out. All observed anomalies are computed relative to the climatology of 1961–2021. In order to eliminate the influence of global warming, the linear trend is removed from all data.



Agrometeorological disasters are identified on basis of the recommended national standards, which can be referred to in Yu et al. (2021) [23]. Compound agrometeorological disasters (CADs) are defined as two or more types of agrometeorological disasters occurring concurrently or alternately during the growing season of spring maize in the same area or the same type of agrometeorological disasters being encountered in two or more different growing periods, with priority given to the situation of more complex disasters. The occurrence range is characterized as the ratio of the affected station. The annual reduction in agrometeorological yield of maize (  ∆ Y  ) is calculated using a quadratic polynomial method as follows:


    Y   t   = 0.139   x   2   + 13.713 x + 73.467 ,  



(1)






     Y   w   =   Y   a   −   Y   t   ,   



(2)






   ∆ Y =     Y   w       Y   t     .   



(3)




where,     Y   t     is the trend yield,   x   is the time series,     Y   w     is the agrometeorological yield,     Y   a     is the actual yield, and   ∆ Y   is the yield reduction rate.



According to the definition of CADs and observations, there mainly are five types of CADs of spring maize in NEC resulting in seriously reduced yield (  ∆ Y   is higher than 10%). They are drought in multiple periods (MD), drought + frost, drought + cold damage (DC), cold damage + frost, and drought + frost + cold damage. Among them, the occurrence frequency of MD is the highest, followed by DC. In recent decades, DC mainly occurred before the 1990s, with the occurrence range of MD expanding after the 1990s. Therefore, this paper mainly analyzes DC and MD.



Water vapor transport is calculated as follows [35]:


    Q   λ   =   1   g     ∫    P   t       P   s      u q     d P ,  



(4)






     Q   φ   =   1   g     ∫    P   t       P   s      v q     d P ,       



(5)






   Q =   1   g     ∫    P   t       P   s      V q     d P =   Q   λ   i +   Q   φ   j .     



(6)




where,    u   a n d   v   represent zonal wind and meridional wind components, respectively, and     Q   λ     a n d     Q   φ     represent zonal and meridional water vapor flux, respectively.   g   is the acceleration of gravity, taking 9.8 m/s−2.     P   s     is the lower boundary pressure, and     P   t     is the upper boundary pressure, which is above 300 hPa in the real atmosphere. The water vapor content is pretty small, so     P   t     is taken as 300 hPa when calculating the integrated water vapor flux of the whole layer. The   V   vector represents the atmospheric wind speed of each isobaric surface, and   q   is for specific humidity.



Liaoning Province is located at the mid-high latitudes. Therefore, the circulation classification in this study mainly identifies the mid-high-latitudes circulation systems that play a leading role in disasters. We emphatically focus on the anomalous circulation over the areas the blocking high and the NECV are frequently active at mid-high latitudes (Figure 1). The climatic locations where blocking highs occur include Ural Mountain (45°–75° N, 50°–70° E), Lake Baikal (45°–75° N, 100°–130° E) and Sea of Okhotsk (45°–75° N, 131°–150° E) [36]. The active area of NECV is mainly concentrated in Northeast Asia (35°–60° N, 105°–145° E) [37]. In addition, since this paper studies the interannual variation of agrometeorological disasters and related circulation, the number of research samples is small, so we adopt the method of objective identification. Firstly, the years of CAD in maize growth process were obtained and the large-scale circulation characteristics with significant influence were identified. Then, according to the height anomalies of the key areas, the dominant circulation patterns were classified.





3. Results and Discussion


3.1. Classification of CADs of Spring Maize in Liaoning Province


Based on Yu et al.’s (2021) [23] research, we further analyzed agricultural data from 2018–2021 and obtained severe MD that happened in 2018. The results show that the frequency and range of CADs in most years in Liaoning Province were larger than those of single agrometeorological disasters from 1961 to 2021. The CAD with the largest frequency was MD, followed by DC, and our research mainly analyzes these two. During the study period, the occurrence range of MD showed an expanding trend, whereas other types showed a decreasing trend. The related atmospheric circulation anomaly over key areas during the five growth stages are shown in Table 1. The dominant circulation patterns corresponding to different CADs are as follows.




3.2. Related Atmospheric Circulation Patterns of DC


3.2.1. Northeast Asia Low (NEAL) Pattern


The composite atmospheric circulation anomalies in a NEAL-type year of DC are shown as Figure 2. The results show that when DC occurs, the seasonal transformation of circulation is not obvious and the vortex anomalies in NEC are maintained in spring and summer. From May to August there are no obvious positive anomalies in the height field over NEC, whereas the negative anomalies are solid. The northeastern airflow of the vortex anomalies is enhanced with poor water vapor condition. In summer, there is a jet core over NEC and the westerly jet is southerly. The position of the jet stream is consistent with the southern edge of the negative anomaly, which is also in good consistency with this abnormal circulation situation once the NECV is formed. Liaoning is affected by abnormal northwesterly airflow, causing cold air to move further south. Meanwhile, the anomalous subtropical high over the Pacific is weak, resulting in a cooling process and less precipitation in Liaoning.




3.2.2. Ural High (UH) Pattern


The blocking systems at mid–high latitudes occur frequently in spring and summer, with a long duration, and rarely in autumn, with a short duration. There is a significant negative correlation between the blocking activities near the Ural Mountains (40°–70° N, 30°–80° E) and the summer precipitation in NEC, as shown in Figure 3. The blocking anomalies corresponding to DC mainly occur over the Ural Mountains area, which is beneficial to the formation of blocking high. There are obvious seasonal changes in the activities of blocking in UH-type years. The high-pressure anomalies over the Ural Mountains are maintained in Europe for a long time after the male stage (July). The blocking situation downstream is gradually strengthened, which is beneficial for the formation a two−blocking situation, which is maintained until the milking stage (September). Due to the influence of high pressure, the cold air in Liaoning is intense, and the northerly airflow leads to less precipitation.





3.3. Related Atmospheric Circulation Patterns of MD


Under the background of climate warming, NEC is becoming warmer and drier. As a result, maize yield in this area is projected to decrease with increasing vapor pressure deficits, flash droughts, and hot events exceeding the optimum temperature for spring maize (28–32 °C). Therefore, the risk of MD in Liaoning is multiplied. The circulation classification of multi-developmental drought years is beneficial to improving the prediction ability of CADs, and the results are as follows:



3.3.1. Baikal High and Okhotsk Low (BHOL) Pattern


An NECV is not an isolated weather system; its activities are influenced by and interact with upstream and downstream systems [18,38]. Under the blocking situation, anti-cyclones and cyclones in westerlies can coexist for a long time. As shown in Figure 4, there is an obvious abnormal anticyclone in the south of Lake Baikal in spring and the cyclonic anomalies over eastern NEC are relatively strong. The location of the cyclonic anomalies is beneficial to the eastward movement of the East Asian trough and the precipitation area. NEC is mainly controlled by the northwestern airflow in front of the ridge, with less water vapor transport to Liaoning, which results in drought. In spring and summer, the West Pacific subtropical high in the middle troposphere is southeastward and the intensity is weak. In midsummer, there are anticyclonic anomalies over NEC and cyclonic anomalies near Lake Baikal; however, the intensity is relatively modest. The meridional circulation is more evident in May–June, which is conducive to the southward movement of cold air and the development of cyclone anomalies in NEC. Meanwhile, it is beneficial to maintain and strengthen the downstream anomalous cold vortex over the Sea of Okhotsk, cooperating with the high-pressure anomalies over Lake Baikal upstream [39].




3.3.2. Northeast Asia High (NEAH) Pattern


The composite circulation for NEAH-type years shows that the drought in NEC lasts for a long time in spring and summer, which could be mainly caused by the long-lasting abnormal anticyclonic circulation over the sea in Okhotsk. As shown in Figure 5, the anomaly center is located at 130°–150° E, which is beneficial to the formation of Okhotsk Sea blocking. The East Asia summer monsoon is weaker than the climatology state and the West Pacific subtropical high is persistently southeastward. Consequently, the water vapor from the Pacific Ocean is blocked. NEC is controlled by ridges for the entire growth periods. The strong sinking movement and insufficient water vapor result in decreased precipitation. Moreover, the abnormal blocking in Eurasia is constantly weak after the seeding stage (May). The strong zonal circulation and infrequent cold air activities leads to higher temperatures and less precipitation in Liaoning, which trigger the MD.





3.4. Roles of Atmospheric Low-Frequency Oscillations


The above analysis shows that the circulation anomalies in middle and high latitudes, especially anticyclonic anomalies, may not directly influence the weather and climate in NEC but rather through its interaction with other weather systems (such as subtropical high and NECV). Therefore, to further discuss the influence of key atmospheric circulation factors on CADs, based on the key areas that maintain atmospheric low-frequency oscillations at mid–high latitude and significantly correlate with CADs (please refer to Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5), we defined several climate indices (for NEAL, BHOL, UH, and NEAH, respectively) to facilitate the analysis as follows:


      H 500  ¯        40 ° – 65 °   N ,   110 ° – 130 °   E     × − 1  



(7)






      H 500  ¯        35 ° – 50 °   N ,   90 ° – 110 °   E     −       H 500  ¯      ( 35 ° – 50 °   N ,   140 ° – 180 °   E )    



(8)






      H 500  ¯        40 ° – 60 ° N ,   70 ° – 80 °   E      



(9)






      H 500  ¯        40 ° – 60 °   N ,   135 ° – 160 °   E      



(10)




where H500 represents the geopotential height at 500 hPa and the overbars denote the area average. All indexes are standardized.



3.4.1. Influence of Anomalous Cyclone


An NECV is an essential weather system triggering precipitation in Northeast Asia. NEAL-type circulation is beneficial to the formation of NECVs (Figure 6a). The northward movement of circulation anomalies may also lead to the northward movement of cold vortexes or troughs. As a result, NEC is controlled by anomalous northwest airflow, along with the stable southward WPSH, leads to a lack of sufficient water vapor there. The distribution of regressed precipitation in the spring shows that the drought in the jointing period (July–August) is more severe (Figure 6b). Meanwhile, the 2 m temperature for the entire growth period is low (Figure 6c). Therefore, the CAD caused by the NEAL circulation is drought in spring combined with low-temperature chilling injury.



The BHOL circulation corresponds to the eastward movement of the cyclonic anomaly center, which is located over the North Pacific Ocean and accompanied by strong blocking near Lake Baikal. The characteristics of the wave train circulation in this area are notably significant. There is a low-pressure center in the Ural Mountains and the WPSH is eastward (Figure 7a), which is inconducive to the development of the East Asian summer monsoon. It is warmer in the northwest area of NEC, with less rainfall (Liaoning), whereas it is cooler in the eastern area of NEC (Figure 7b,c). Compared with the NEAL type, this circulation pattern has a longer duration of decreased precipitation, and the temperature is high in the west and low in the east.




3.4.2. Influence of Abnormal Anticyclone


Based on the atmospheric oscillations with superior influence at mid–high latitudes and the circulation patterns analyzed above, the effect of abnormal anticyclones over the Ural Mountains (UH type) and Northeast Asia (NEAH type) on the temperature and precipitation in NEC are studied. Figure 8a shows the circulation in the whole growing season (May–September) regressed on the UH index. The upstream anticyclonic anomaly over the Ural Mountains is strong, corresponding to a continuous quasi-stationary wave pattern. There is a low-pressure anomaly around Lake Baikal and a weak high-pressure anomaly over NEC. Liaoning is regulated by the anomalous easterly airflow. As a result, precipitation is decreased in the southeastern area of NEC (Figure 8b), whereas the temperature is low in the western area and high in the eastern area of NEC (Figure 8c). The low temperature in Liaoning exceeds the 90% confidence level. Therefore, the anticyclonic anomalies over the Ural Mountains are beneficial to the DC in the southern part of NEC.



The anomalous anticyclone over the Okhotsk Sea is also an important system that affects the weather and climate in NEC. The variations in its position and intensity are closely related to the seasonal alterations of atmospheric circulation over East Asia. As can be seen from Figure 9a, NEC is mainly controlled by anticyclonic anomalies, which is beneficial to the formation of Okhotsk Sea blocking. The anomalous easterlies at the bottom of high pressure can cause the southward movement of westerly jets, which also facilitates droughts in NEC (Figure 9b). With the development of geopotential height ridge over the Okhotsk Sea, a wide range of positive temperature anomalies have also appeared in NEC (Figure 9c).




3.4.3. Analysis of Physical Mechanisms


In the above discussion, we address the linear relationship between CADs and the anomalous atmospheric circulation characterized by westerly wave train patterns. The question arises as to how these atmospheric circulation anomalies affect CADs. Figure 10 presents the geopotential height and temperature profiles for different circulation patterns. For cyclonic oscillation, there are cold centers over the cyclonic anomalies (Figure 10a,b,e,f) and the height trough is followed by a temperature trough. The isotherm around 35° N is dense, with a steep temperature gradient (Figure 10a,b). The cold core structure is one of the main characteristics of the NECV. The vertical profiles of the temperature and geopotential height field show that the circulation pattern is beneficial to the occurrence of the NECV. The isotherm around 200 hPa is the densest, indicating the development of the cold vortex is more obvious in the upper layer. The zonal profile shows that the low value is centered near 300 hPa, and the whole layer is almost controlled by negative anomalies, indicating that the system of the NEAL type is deep (Figure 10a,e). However, the periphery of the negative anomaly center (40°–50° N, 120°–130° E) is controlled by sinking airflow. The meridional range of the colonic anomalies corresponding to the BHOL type is large, inclining from west to east. The downward flow on the west side is enhanced (Figure 10b). On the other hand, the vertical profiles corresponding to high-pressure anomalies are quite different. There are negative anomalies to the east and north of 50° N for the UH type, and there is weak subsidence movement over NEC with a cold center at the lower level (Figure 10c,g), leading to DC events. However, NEC in the NEAH type is controlled by an anomalous high-pressure system. There are robust positive temperature anomalies and convergence near the surface, which is beneficial to the occurrence of drought and high-temperature events (Figure 10d,h).



Anomalous water vapor transport can better demonstrate the influence of different circulation patterns on precipitation in Liaoning Province. The results show that, under the influence of NEAL-type circulation, water vapor enters Shandong Peninsula from the east but does not reach NEC despite there being anomalous anticyclone and water vapor divergence over Liaoning Province (Figure 11a). The BHOL circulation corresponds to NEC being in front of the anomalous trough and at the back of the ridge, and the robust anticyclonic anomalies in Inner Mongolia lead to the strong divergence of water vapor over NEC, whereas strong cyclonic anomalies exist near the Okhotsk Sea, which leads to the water vapor convergence and increased precipitation there (Figure 11b). Therefore, these two circulation patterns are not conducive to precipitation in Liaoning. The composite water vapor transport flux anomaly for two kinds of abnormal anticyclone years shows that there is obvious water vapor divergence in NEC (Figure 11c,d). In addition, NEC is controlled by the northwest airflow in front of the ridge, which is not conducive to the transport of warm and humid air from the south. The water vapor mainly converges on the Korean peninsula, leading to an increase in precipitation there.



Using the maize yield and several meteorological datasets, we show that co-occurring hot and dry events have consistent negative effects on spring maize yield in Liaoning Province. There have been growing discussions on the relationship between large-scale meteorological factors and crop yield [40,41]. For example, Ribeiro et al. (2020) [5] found that the likelihood of crop loss increases with the severity of the compound dry and hot conditions based on the copula method. Shuai et al. (2015) [42] analyzed the maize yield variability and ENSO. To further overcome drawbacks related to assessing climate indicators of CADs, our study takes into account the complicated interaction of climate factors by analyzing the circulation features and provides reliable indicators of CADs.



We also acknowledge some limitations of the CAD identification method in our study. Although the results all passed the significance test, the sample size was small. Therefore, numerical experiments are needed to verify this relationship in future studies. When selecting the composite year, one of the indicators is that the meteorological yield reduction rate (  ∆ Y )   is higher than 5%. Furthermore, the multiple regression of two circulation indexes corresponding to two CADs on   ∆ Y   from 1961 to 2019 were calculated. We found significant relationships between NEAL, UH, and maize yield (r = 0.23, p < 0.05). However, the relationship between MD and yield is not significant. This may be attributed to the fact that crop yield is a combined outcome, manual intervention on drought can be carried out, and the factors influencing yield are complex. To verify the reliability of the results, we present the results of circulation patterns, precipitation, and accumulated temperature for the growing season for the years 1972 and 2000. The   ∆ Y   was 23% and 35.7% and the circulation patterns were NEAL and NEAH, respectively. The results show that the circulation patterns directly effect precipitation and temperature, which leads to yield loss. In addition, this study presents the effect of large-scale climate factors on CADs on an interannual timescale. Although under the background of climate warming, the main factors affecting the production of spring maize have shifted from heat limited to water limited [30,43], and there is a significant increase in the frequency and spatial extent [44,45]. Therefore, the interdecadal shift of CADs needs further research.






4. Conclusions


In this study, the variability characteristics of CADs on maize in Liaoning Province are analyzed and the impacts of atmospheric circulation are investigated. The study extracts “simple” large-scale circulation factors that have significant impact on “complex” CADs. The results show that there are two high-impact CADs, DC (mainly occurring before 1995) and MD (mainly occurring after 1995), on spring maize in Liaoning. We found that the two main CADs contribute to four atmospheric circulation patterns in the growing season (May–September). For the DC, the NEAL pattern manifested as anomalous cyclones that are mainly active in spring, with spring–summer low temperature and decreased summer precipitation in NEC. On the other hand, for the UH pattern, the upstream high-pressure system triggers an anomalous trough over East Asia, leading to modest precipitation and decreased temperature over Liaoning. For the MD, the low-pressure anomalies in the BHOL pattern are beneficial to the maintenance of anticyclonic anomalies over Lake Baikal. The seasonal variations in weather systems are not obvious. The NEAH pattern corresponds to persistent anomalous high pressure over NEC. Both circulation patterns show that the anomalous height ridge over Liaoning is the main influencing system. Furthermore, the vertical profile and the abnormal results of water vapor transport verify the influence of atmospheric circulations on CADs. This research can contribute to the design of a CAD warning system to minimize maize yield losses related to synergistic climate hazards.
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Figure 1. Regions of low-frequency oscillations at mid–high latitudes (a), red rectangles for blocking high and blue rectangle for NECV and (b) distribution of 50 meteorological stations in the study area, Liaoning Province. 
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Figure 2. Composite anomalies of 500 hPa geopotential height (shading, unit: gpm) and wind field (vector, unit: m/s) in May–June, July–August, and September (a–c, respectively) with respect to the 1961–2021 climatology for NEAL years of DC, the zonal wind (20, 25 m/s) of the climate state (solid red line), and abnormal years (solid blue line), represented by the contours. The green rectangles represent the regions low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 3. Composite anomalies of 500 hPa geopotential height (shading, unit: gpm) and wind field (vector, unit: m/s) in May–June, July–August, and September (a–c, respectively) with respect to the 1961–2021 climatology UH years of DC, the zonal wind (20, 25 m/s) of the climate state (solid red line), and abnormal years (solid blue line), represented by the contours. The green rectangles represent the regions low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 4. Composite anomalies of 500 hPa geopotential height (shading, unit: gpm) and wind field (vector, unit: m/s) in May–June, July–August, and September (a–c, respectively) with respect to the 1961–2021 climatology BHOL years of MD, the zonal wind (20, 25 m/s) of the climate state (solid red line), and abnormal years (solid blue line), represented by the contours. The green rectangles represent the regions low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 5. Composite anomalies of 500 hPa geopotential height (shading, unit: gpm) and wind field (vector, unit: m/s) in May–June, July–August, and September (a–c, respectively) with respect to the 1961–2021 climatology NEAH years of MD, the zonal wind (20, 25 m/s) of the climate state (solid red line), and abnormal years (solid blue line), represented by the contours. The green rectangles represent the regions low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 6. The distributions of anomalous geopotential height (shading, gpm) and wind field (vector, unit: m/s) at 500 hPa (a), precipitation in July–August (shading, unit: mm) (b), and 2 m temperature (shading, unit: °C) (c) regressed onto the NEAL index. The purple rectangle represents the region low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 7. The distributions of anomalous geopotential height (shading, gpm) and wind field (vector, unit: m/s) at 500 hPa (a), precipitation in May–September (shading, unit: mm) (b), and 2 m temperature (shading, unit: °C) (c) regressed onto the BHOL index. The purple rectangle represents the region low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 8. The distributions of anomalous geopotential height (shading, gpm) and wind field (vector, unit: m/s) at 500 hPa (a), precipitation in May–September (shading, unit: mm) (b), and 2 m temperature (shading, unit: °C) (c) regressed onto the UH index. The purple rectangle represents the region low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence level. 
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Figure 9. The distributions of anomalous geopotential height (shading, gpm) and wind field (vector, unit: m/s) at 500 hPa (a), precipitation in May–September (shading, unit: mm) (b), and 2 m temperature (shading, unit: °C) (c) regressed onto the NEAH index. The purple rectangle represents the region low-frequency oscillations significantly occur. The black dots indicate that the anomalies are significant at the 90% confidence. 
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Figure 10. Profile of geopotential height (shading, gpm), temperature (contour, solid red lines for positive and dashed blue lines for negative, unit: °C), and vertical velocity (vector, unit: Pa/h) along 110°–140° E (a–d) and 30°–50° N (e–h) at 500 hpa regressed onto the indexes of NEAL (a,e), BHOL (b,f), UH (c,g), and NEAH (d,h). 






Figure 10. Profile of geopotential height (shading, gpm), temperature (contour, solid red lines for positive and dashed blue lines for negative, unit: °C), and vertical velocity (vector, unit: Pa/h) along 110°–140° E (a–d) and 30°–50° N (e–h) at 500 hpa regressed onto the indexes of NEAL (a,e), BHOL (b,f), UH (c,g), and NEAH (d,h).



[image: Atmosphere 14 01414 g010]







[image: Atmosphere 14 01414 g011] 





Figure 11. The vertically integrated water vapor flux (vector, unit: kg·m−1·s−1) and its divergence (shading, unit: 10−4 kg·m−2·s−1) regressed onto the indexes of NEAL (a), BHOL (b), UH (c), and NEAH (d). 
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Table 1. Classification of dominant circulation patterns for the CAD years.






Table 1. Classification of dominant circulation patterns for the CAD years.





	CAD
	Anomalous Cyclone Dominant
	Anomalous Anticyclone Dominant





	DC
	1969, 1971, 1972, 1995
	1973, 1977, 1985, 1989



	MD
	1989, 1997, 2009
	1968, 1994, 2000, 2014, 2018
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