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Previous studies have pointed out that persistent abnormal precipitation is closely related to atmospheric low-frequency oscillation, and Southwest China can be affected by low-frequency oscillation in different latitudes and altitudes. Therefore, it is necessary to study the relationship between persistent abnormal precipitation in Southwest China and low-frequency oscillation. In this study, the characteristics of atmospheric low-frequency oscillation in different latitudes and altitudes affecting persistent extreme precipitation in Southwest China were discussed by synthetic analysis and Butterworth filtering with precipitation data from meteorological stations and NCEP/NCAR reanalysis data, and the configuration relationship of low-frequency systems in three-dimensional space was shown. The results showed the following: 1) in the low-frequency circulation field, the Ural Mountains, east of Lake Baikal, the Sea of Okhotsk (Japan), the Western Pacific subtropical high control area, the South China Sea, the Indian Peninsula, and the Bay of Bengal were the key areas affecting precipitation; 2) oscillation could better reflect the original circulation characteristics at all latitudes of each layer, and on a period of oscillation of 15–30 days, it will affect precipitation at all altitudes and latitudes; and 3) at the lower level, different low-frequency cyclones and anticyclones moved to the mid-latitude and converged in different forms in the precipitation area. In the middle layer, the low-frequency high-pressure and low-pressure centers in the middle and high latitudes moved southward, finally forming a circulation situation of the high west and low east. At the upper level, the rainy area was controlled by low-frequency anticyclones and divergence centers from different regions, forming a high-altitude divergence field. The results can provide a theoretical basis for forecasting the extended period of persistent heavy rain in Southwest China.
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1 INTRODUCTION
Persistent abnormal precipitation is the main cause of floods. Ding (2005) proposed that the generation of torrential rain is mainly affected by three large-scale circulation factors. Liao Qinghai and Tao Shiyan (2004) clarified that the circulation process of the East Asian summer atmospheric circulation is related to the abnormal disturbance of the quasi-stationary waves of the subtropical westerly jet. Sometimes low-latitude circulation can also cause persistent anomalous precipitation. For example, Zhou and Cheng (1987) reported that the low-level jet in Somalia may be one of the reasons for the persistent heavy rainfall in the upper reaches of the Yangtze River. He Min (2005) proposed that the interaction between the cross-equatorial airflow and the westerly circulation anomaly in the southern hemisphere may be an important factor for the formation of the continuous heavy rain in the Huaihe River in 2003. In addition to the influence of planetary-scale systems, synoptic-scale systems are the direct cause of precipitation, and persistent heavy rain is often caused by the continuous generation, convergence, strengthening, and mutual influence of several mesoscale and small-scale precipitation systems (Zhou, 2000; Liu et al., 2005).
Many studies have found that atmospheric intraseasonal oscillations are closely related to monsoon activity and persistent abnormal precipitation (Zhang et al., 1992; Li and Zhou, 1995; Kikuchi and Wang, 2009). Most of the low-frequency oscillations of precipitation result from the interaction of low-frequency systems at high and low latitudes of the atmosphere (Horel and Wallace, 1981; Li, 1990; Yang, 1990). Liang and Ding (2012) showed that the large-value area of Meiyu in East Asia is closely related to the transport of warm air at low latitudes and cold air at high latitudes (Xiao and Li, 1992). In the middle and high latitudes, the low-frequency wave trains carry cold air from the Caspian Sea to the east, and the center of the potential vortex propagates from the Sea of Okhotsk to the southwest (Barnes et al., 1983; Zhang, 1987; Luo, 1998). At low latitudes, a low-frequency northerly wind and low-frequency offset are formed in the lower layers of the precipitation area (Lu, 1994; Lu, 1994; Qiu et al., 2004; Liu and Lu, 2006). The upper layer is controlled by low-frequency divergent airflow; the low-frequency circulation at each altitude layer and the southward transport of cold air in the middle and high latitudes work together, all of which provide favorable conditions for precipitation (Lu and Ding, 1996; Mao and Wu, 2005).
Previous studies have noted that persistent anomalous precipitation is closely related to low-frequency atmospheric oscillations, and its laws have been widely used in extended-range forecasting (Hu and Chen, 1995; Xin et al., 2007). The precipitation in the southwest is also affected by the low-frequency oscillations in the middle and high latitudes, as well as low latitudes. Therefore, it is necessary to study the relationship between the persistent anomalous precipitation in the southwest and the low-frequency oscillations in various latitudes. In the existing research, most of the research objects are in South China, Jianghuai, and North China, and most of them are based on case analysis and less systematic analysis. Many studies have found that the intraseasonal oscillation of the atmosphere is closely related to the monsoon activity and persistent abnormal precipitation in China. The circulation in the Asian monsoon region mainly has 30–50-day and 10–20-day oscillation periods, together affecting the precipitation process in the monsoon region. Lorence (1984) pointed out that this process is mainly realized through the meridional propagation of low-frequency oscillation in the monsoon region. Liang and Ding (2012b) stated that the large value area of plum rain in East Asia is closely related to the transport of warm air at low latitudes and cold air at high latitudes. The research results of many scholars have drawn a similar conclusion that the tropical low-frequency oscillation brings sufficient warm and wet air during its northward propagation. In contrast, the mid-high latitude low-frequency oscillation brings cold air during its southward propagation. The confluence of cold and warm air and the superposition and interaction of the upper, middle, and lower circulation systems lead to the generation of persistent abnormal precipitation, and the low-frequency oscillation of precipitation corresponds to the low-frequency oscillation of the circulation system. At present, domestic and foreign scholars seldom study the low-frequency oscillation of persistent heavy precipitation in Southwest China. Southwest China is an important water source in China due to its complex terrain, diverse climate, and abundant rainfall. Extreme precipitation frequently occurs in the southwest region, seriously threatening the safety of people’s lives and property. The relationship between extreme precipitation and low-frequency oscillation in this study will help provide a theoretical basis for extreme precipitation prediction in this region. Therefore, this study will systematically analyze the persistent anomalous precipitation events in the southwest regions. Research materials and methods are shown in Section 2. Sources and propagation paths of low-frequency systems and configuration and evolution characteristics of low-frequency systems are shown in Section 3. The conclusion and discussion are presented in Section 4.
2 ARTICLE TYPES
2.1 Research materials
The precipitation data used in this study are taken from the daily value data set of basic meteorological elements of China’s national surface meteorological stations (V3.0), the time period is from January 1981 to December 2016, and the southwest region’s (e.g., Yunnan province, Sichuan province, Guizhou province, Chongqing municipality) historical data of 364 sites as the research object are selected. In order to ensure the quality of the data, the stations with missing tests for more than 1 month were excluded, leaving 353 stations. The data selected for the NCEP/NCAR daily reanalysis included 500 and 200 hPa geopotential heights, 100–1,000 hPa wind fields, the time length was from January 1981 to December 2016, and the horizontal resolution was 2.5° × 2.5°.
2.2 Research methods
2.2.1 Definition of persistent abnormal precipitation
First, the regional average processing is conducted for the precipitation of stations in the study area from 1981 to 2016. The 95th percentile precipitation value with precipitation records is taken as the threshold value of extreme precipitation. If the threshold value is exceeded, it is defined as extreme precipitation. The abnormal precipitation in this area is defined as continuous abnormal precipitation if it lasts for at least three consecutive days. The first day when the regional precipitation reaches the threshold value is regarded as the 0 day when the persistent abnormal precipitation starts. The date before the precipitation starts is expressed as a negative number, and the date after the precipitation starts is expressed as a positive number.
2.2.2 Synthetic analysis
The average value of meteorological elements during several persistent abnormal precipitation periods will be calculated in turn by time to obtain the time series of composite variables. This method can be used to obtain multiple atmospheric synthetic variables during continuous precipitation.
The advantage of the Butterworth filter (Yao et al., 2005) is that it can freely choose the passband and does not cause information loss at both ends of the data. Its output function of the filter is as follows:
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The above formula is the time series of a certain element of [image: image], [image: image] is the filtered value, and its response function is as follows:
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where [image: image] is the time step, f is the frequency, and [image: image] and [image: image] are the cutoff frequencies.
3 RESULTS
3.1 Sources and propagation paths of low-level and critical low-frequency systems
The time series of monthly precipitation anomaly in Southwest China was decomposed by REOF (Figure 1). The cumulative variance of the first four modes contributes 43%, and the high load area covered most areas in southwest China. The high-value area of the first rotation factor occupied most of Yunnan, the load center value is greater than 0.7, and the variance of this modal interpretation was 12.8%. The interpretation variance of the second rotation factor was 9.07%. The large load area was in northeast Sichuan, and the central value was greater than 0.7. The interpretation variance of the third rotation factor was 12.7%, the large load area was located in Guizhou province, the interpretation variance of the fourth rotation factor was 8.4%, and the large load area was located in Sichuan Basin. The big value center clearly divided the southwest region into four parts without overlapping each other, and only the western Sichuan region did not show it. However, considering the similar terrain, elevation, and climate characteristics of the western Sichuan region, the western Sichuan region was considered a separate region, as shown below.
[image: Figure 1]FIGURE 1 | The first four REOF modes of precipitation in Southwest China (A–D) are the first, second, third, and fourth modes, respectively.
The distribution results of rainfall REOF eigenvectors showed that the precipitation in this region is inconsistent. The first four major component centers divide the southwest region into four regions. Considering the similarity of the topography and climate of the western Sichuan plateau, the western Sichuan plateau was considered a separate region. Therefore, the southwest region was divided into five regions for discussion. The time of heavy rainfall in each region and the low-frequency impact system were not uniform. Therefore, we needed to discuss each region one by one.
3.1.1 Western Sichuan area
Figure 2 shows that on the second day after the onset of precipitation, the key system remained strong, and the north–south air currents converged in this area to form precipitation. At this time, the position of the cyclone over the western Pacific was eastward, and the southeasterly airflow on the west side had not yet affected the western Sichuan area. The water vapor mainly came from the southwesterly airflow in the north of the Indian Peninsula anticyclone. Therefore, the prevailing southwesterly winds in the Indian peninsula (80°E, 10°N) can be used as the low-latitude early precipitation signal in the western Sichuan region. When there are low-frequency cyclones or low-frequency anticyclones in the north, it is conducive to the occurrence of precipitation in western Sichuan. The low-frequency cyclone in the Sea of Japan originates from the low-frequency cyclone in the Lake Baikal area moving eastward to the south, reaching the Sea of Japan area on the 0 day. Previously, the area was a southwesterly airflow, which was not conducive to the southward movement of cold air at high latitudes. The cold air comes from the low-frequency anticyclone on the east side of Lake Baikal. It can be traced back to 3 days before the start of precipitation. When the low-frequency cyclone in the area moved southeast out of the Lake Baikal area, and there was a northerly wind on the north side, it reached the area and formed an abnormal anticyclone. It is beneficial for the north wind to travel south to the western Sichuan area. A two-tailed Student’s t-test was used for the significance test. The results showed the north–south airflow in the confluence area of western Sichuan and the above key areas, where the low-frequency anticyclones and cyclones that were influenced passed the 95% significance test (p < 0.05).
[image: Figure 2]FIGURE 2 | Evolution of the low-frequency (15–30 days) wind fields at 850 hPa from 8 days before the precipitation to 2 days after onset in Western Sichuan, unit: m/s (the box is the precipitation area in western Sichuan, A is the key low-frequency anticyclone, C is the key low-frequency cyclone. The same as below).
3.1.2 Basin area
At the beginning of precipitation in the basin, the key low-frequency systems in the lower layers are the low-frequency trough on the east side of Lake Baikal, the low-frequency cyclone in the Sea of Okhotsk, the low-frequency anticyclone on the southeast coast, and the low-frequency cyclone in South China. Five days before the onset of precipitation, the northern part of my country and the Sea of Japan had a southerly airflow, the Lake Baikal trough had not yet been formed, the area of the Sea of Okhotsk had a low-frequency anticyclone, and the low-frequency anticyclone near the Taiwan Strait had not been formed, showing an anticyclonic circulation, and the South China Sea is a low-frequency cyclone. Four days before the onset of precipitation, a low-frequency cyclone was formed in the vast area from Lake Baikal to northern China and gradually moved eastward to the vicinity of the Sea of Japan. Three days before the onset of precipitation, a low trough in Beihu was formed, and the southerly wind turned into a northerly wind and gradually strengthened, which transported cold air southward and merged with warm air in the basin. Therefore, the early signal of the low frequency 850 hPa in the basin is that a low-frequency cyclone was generated in the western Pacific Ocean in the first 13 days and gradually moved northwest to the South China Sea to South China. It moved eastward to the vicinity of the Sea of Okhotsk, and a low-frequency anticyclone formed and stabilized in the Taiwan Strait (Figure 3). The areas affected by cyclones and anticyclones, as well as the confluence areas of south–north airflow in the precipitation area, passed the 95% significance test (p < 0.05).
[image: Figure 3]FIGURE 3 | Evolution of the low-frequency (15–30 days) wind fields at 850 hPa from 5 days before the precipitation to 0 day after onset in Basin area, unit: m/s.
3.1.3 East Sichuan
In the 15–30 day low-frequency circulation field of 850 hPa in eastern Sichuan, the low-frequency systems affecting precipitation in eastern Sichuan are cyclones of various latitudes located in the east of Beihu, the East China Sea, and the Indo-China Peninsula. The north wind from the west side of the cyclone in the high latitudes moves to the south, and the west side of the cyclone in the East China Sea guides the high-latitude north wind to the middle and low latitudes, making it enter the southwest area, providing cold air for precipitation in eastern Sichuan. However, the cyclone in the Indo-China Peninsula brings precipitation to the South China Sea. The warm and humid airflow makes the cold and warm air converge in the eastern Sichuan area, forming precipitation. By observing the time evolution of the low-frequency system, it can be found that the low-frequency cyclone to the east of Beihu formed 4 days before the precipitation. The northerly wind at high latitudes was the main reason for its formation. Then the intensity gradually increased, bringing the high-latitude cold air down (Figure 4). The areas affected by cyclones and anticyclones, as well as the confluence areas of the south–north airflow in the precipitation area, passed the 95% significance test (p < 0.05).
[image: Figure 4]FIGURE 4 | Evolution of the low-frequency (15–30 days) wind fields at 850 hPa from 6 days before the precipitation to 0 day after onset in Eastern Sichuan, unit: m/s.
3.1.4 Guizhou area
Figure 5 shows that in the low-frequency circulation field of 850 hPa in Guizhou, the main low-frequency systems affecting Guizhou are the cyclones in the Sea of Okhotsk and the anticyclones in the Northeast of China in the middle and high latitudes and the anticyclones and Indo-China Cyclones near the East China Sea in the middle and low latitudes. The warm and humid airflow mainly comes from the South China Sea and the western Pacific Ocean. The anticyclone to the east of the East China Sea formed 2 days before the precipitation and then developed and expanded, bringing water vapor from the western Pacific to Guizhou. The Indo-China Peninsula cyclone formed on the ocean centered at 5°N, 110°E, and 4 days before the precipitation and then moved northward to the Indo-China Peninsula, bringing South China Sea vapor to Guizhou. The areas affected by cyclones and anticyclones, as well as the confluence areas of south–north airflow in the precipitation area, passed the 95% significance test (p < 0.05).
[image: Figure 5]FIGURE 5 | Evolution of the low-frequency (15–30 days) wind fields at 850 hPa from 4 days before the precipitation to 0 day after onset in Guizhou Sichuan, unit: m/s.
3.1.5 Yunnan region
In the low-level of the low-frequency circulation field in Yunnan (Figure 6), the key low-frequency systems that affect precipitation were the cyclone in northeastern China and the Bay of Bengal cyclone. These two low-frequency cyclones formed at the same time 3 days before the precipitation. The high-latitude cold air on the west side of the low-frequency cyclone in the Sea of Okhotsk caused northeastern China to be controlled by the northerly wind, which led to the formation of a cyclonic circulation near the Sea of Japan. Subsequently, the cyclone continued to strengthen in this area, increasing the northerly wind going southward. A low-frequency anticyclone exists near the equator in the southern part of the Lake Baikal of Bengal. Its north side has a westerly wind component, which promotes the formation of a low-frequency cyclone in the northern part of the anticyclone. During the precipitation period, the cyclone intensifies, and the southwesterly airflow enters the Yunnan area and merges with the southeasterly wind from the middle and high latitudes. The areas affected by cyclones and anticyclones, as well as the confluence areas of the south–north airflow in the precipitation area, passed the 95% significance test (p < 0.05).
[image: Figure 6]FIGURE 6 | Evolution of the low-frequency (15–30 days) wind fields at 850 hPa from 3 days before the precipitation to 0 day after onset in Yunnan region, unit: m/s.
3.2 Sources and propagation paths of mid-level critical low-frequency systems
3.2.1 Western Sichuan
Figure 7 shows that the key low-frequency systems that affect the persistent precipitation in western Sichuan are similar to the low-frequency circulation with an average of 500 hPa during the precipitation period. There is a low-frequency low pressure near northeastern China and the Sea of Japan. It can be seen that the early middle-level signals affecting the persistent precipitation in western Sichuan are those in the first 15 days, there was 15–30-day low-frequency high pressure generated in the Barents Sea, and 14 days before the precipitation, low-frequency low pressure on 15–30 days was generated in Northwest Asia. These two systems tended to the southwest direction, moving to the Beihu area and northeast China and the vicinity of the Sea of Japan, which is beneficial to the cold air affecting the western Sichuan area to form precipitation. Low-frequency high voltage center and low voltage center passed the 95% significance test (p < 0.05).
[image: Figure 7]FIGURE 7 | Evolution of the low-frequency (15–30 days) geopotential height anomaly at 500 hPa from 14 days before the precipitation to 0 day after onset in western Sichuan, unit: gpm.
3.2.2 Basin area
The evolution of the low-frequency geopotential height anomaly field in the middle layer is shown in Figure 8. In the first 15 days, the Asian inverted “Ω” flow pattern was formed in the middle and high latitudes. Subsequently, the resistance height of Wushan gradually declined and collapsed, which helped the horizontal trough in the polar region to rotate counterclockwise to the south. The small disturbance of the split of the low-pressure center near the Sea of Japan moved to the southwest to the northeast side of the basin (10 days before the precipitation). In the first 5 days before the precipitation, the horizontal trough completely turned vertical and moved to the southeast. The development of the high pressure in the Sea of Okhotsk strengthened and connected with the high-pressure ridge extending from Novaya Zemlya in the north. At the same time, a part of the high-pressure ridge near the Sea of Japan also extended to northeast China. The original negative disturbance over the center basin is completely dead. Subsequently, the small trough of the western low-pressure split spread downstream, and its intensity weakened during the eastward movement. The high-pressure ridge originally located in the northeast region split into a small disturbance center and moved southwestward to the northeast side of the Sichuan Basin, and the high latitude high pressure also moved along with it to the Ural Mountains. At the beginning of the precipitation, the center of low pressure near the Sea of Japan developed strongly, and the center of low pressure in the west moved to Mongolia. The two low pressure and the low-frequency high pressure in the Ural Mountains formed a circulation pattern of high in the west and low in the east. This situation is conducive to the southward movement of cold air, and the northeast direction of the basin is positive. The small disturbance center still exists, causing the mid-to-high latitude airflow to flow eastward around the periphery of the positive disturbance center and then flow back into the Sichuan Basin. Low-frequency high voltage center and low voltage center passed the 95% significance test (p < 0.05).
[image: Figure 8]FIGURE 8 | Evolution of the low-frequency (15–30 days) geopotential height anomaly at 500 hPa from 15 days before the precipitation to 0 day after onset in Basin area, unit: gpm.
3.2.3 East Sichuan
In the 500 hPa low-frequency height field in eastern Sichuan (Figure 9), the key low-frequency systems are the low pressure extending southward to 25°N in the east of Beihu Lake and the high-pressure trending northeast–southwest in the Black Sea and Aral Sea areas affect the eastern Sichuan area. By tracing the source of the two key systems, it was found that the low-frequency high pressure originated from the Eastern European region (60°N, 45°E), and the high pressure was weak at first, then intensified, and moved to the southeast, passing the Ural Mountains, when the precipitation started (0 day) to the Black Sea, the Aral Sea region. A low-frequency low pressure was formed in the northeastern part of Russia (70°N, 140°E) 8 days before the precipitation. Then, the low pressure gradually moved southward, reaching the Baikal region and continuing to develop southward. Four days before the precipitation, a low-frequency low pressure was also formed near the Bohai and the Lake Baikal and gradually strengthened. On 0 day, the low pressure at the lower part of Beihu Lake was connected with the Bohai the Lake Baikal low pressure, forming a north–south low-pressure center. Low-frequency high voltage center and low voltage center passed the 95% significance test (p < 0.05).
[image: Figure 9]FIGURE 9 | Evolution of the low-frequency (15–30 days) geopotential height anomaly at 500 hPa from 10 days before the precipitation to 0 day after onset in East Sichuan, unit: gpm.
3.2.4 Guizhou area
Figure 10 shows that the key low-frequency systems in the 500 hPa height field during the precipitation period in Guizhou are the high pressure extending from the south of Beihu to the Bohai Bay and the low pressure in the Sea of Okhotsk. The high pressure corresponds to the 15–30-day low-frequency anticyclone at 850 hPa. The high-pressure center was formed near Bohai Bay 5 days before the precipitation, finally developed and strengthened, expanded in scope, and extended to the north and south sides, making it evolve into a north–south belt-like distribution, making cold air southward to lower latitudes. The low pressure in the Sea of Okhotsk was formed by moving southward at high latitudes. A small-scale low-pressure center was formed north of Lake Baikal 10 days before the precipitation, then intensified, and moved southward. On −8 days, the south side reached Baikal Lake, and the main body of 5 days before the precipitation located at Lake Baikal moved to the southeast, 3 days before the precipitation, the low presure center does not continue to develop to the south, but extends eastward to the Sea of Okhotsk area On 0 day, the main body reaches the Sea of Okhotsk and develops to the southeast. Low-frequency high voltage center and low voltage center passed the 95% significance test (p<0.05).
[image: Figure 10]FIGURE 10 | Evolution of the low-frequency (15–30 days) geopotential height anomaly at 500 hPa from 8 days before the precipitation to 0 day after onset in the Guizhou area, unit: gpm.
3.2.5 Yunnan region
Figure 11 of the mid-level height field inversion in Yunnan shows that the low-frequency height field in Asia shows a trough-ridge pattern during precipitation, East Asia is a low trough, West Asia is a high-pressure ridge, and the trough and ridge are distributed in a north–south belt, affecting lower latitudes. Yunnan is located behind the ridge anterior and the trough and is easily affected by the cold air from the north. The East Asian low-pressure center originated 6 days before the precipitation, formed in the northern Sea of Japan, and then developed and strengthened. The low-pressure center extended to the north–south, forming a belt-like distribution. The West Asian high-pressure ridge developed from the high-pressure center north of Beihu. On −6 day, the high-pressure center in the north of Beihu developed westward, forming a northeast–southwest trend 4 days before the precipitation. Two days before the precipitation, the center moved to the east of the Ural Mountains and turned to the east on 0 day. The north–south trend affects the Yunnan area. Low-frequency high voltage center and low voltage center passed the 95% significance test (p < 0.05).
[image: Figure 11]FIGURE 11 | Evolution of the low-frequency (15–30 days) geopotential height anomaly at 500 hPa from 6 days before the precipitation to 0 day after onset in Yunnan region, unit: gpm.
3.3 Configuration and evolution characteristics of high-level low-frequency systems
3.3.1 Western Sichuan
The synthesized 200 hPa low-frequency divergence and low-frequency wind fields in western Sichuan are shown in Figure 12. After the onset of precipitation, the area over western Sichuan is low-frequency divergence, and there is a corresponding low-frequency anticyclone. Consistent with the original field analysis, the pumping effect of high-level low-frequency circulation can be strengthened. The upward movement is conducive to the production of precipitation. In order to explore the source of the low-frequency anticyclone and the divergence center, the time is reversed. Five days before the precipitation, the anticyclone and the divergence center are located in the northeastern region of China, with high intensity, and the two basically coincide. Ten days before the precipitation, the anticyclone was located in the Lake Baikal area, and the divergence center was on its southwest side. Ten days before the precipitation, the anticyclone and divergent center moved from west to east, starting 16 days before the precipitation, west of Lake Baikal (55°N, 90°E). The above analysis clearly shows that the moving path of the high-altitude low-frequency anticyclone and the divergent center first moved to the southeast and then turned to the southwest. The positive divergence center passed the 95% significance test (p < 0.05).
[image: Figure 12]FIGURE 12 | Evolution of the low-frequency (15–30 days) divergence (shading, unit: 10−6S−1) and wind (vector, unit: m/s) field at 200 hPa from 16 days before the precipitation to 0 day after onset in western Sichuan, the red box is the western Sichuan area, and A is the low-frequency anticyclone.
3.3.2 Basin area
The 200 hPa low-frequency wind field and divergence field in the basin are shown in Figure 13. Fourteen days before the precipitation, the upper air of the Sichuan Basin is the divergence center. At this time, a low-frequency anticyclone is generated at 45°N, 75°E (Kazakhstan). The left side of the anticyclone corresponds to the divergent center, and the right side corresponds to the convergent center. The anticyclone moves eastward slowly over time. The anticyclone reaches Beihu on the north side of the 10 days before the precipitation anticyclone, and the main body of the −5 day anticyclone reaches the south of Beihu. The divergence center moves with the anticyclone. Then, the anticyclone did not continue to move eastward but developed southward. On 0 day, the center of the anticyclone reached North China, and the easterly airflow on the south side affected the basin. The divergence center is located in Inner Mongolia, Mongolia, and extends southward to affect the Sichuan Basin, resulting in increased divergence over the basin, which is conducive to the production of precipitation. Therefore, the early signal of the circulation over the basin is roughly 14 days before the precipitation. A low-frequency anticyclone and a divergence center were generated in Kazakhstan, moved eastward to the south of Beihu Lake, and then continued to develop and strengthen southward, affecting the basin through Mongolia and North China. The positive divergence center passed the 95% significance test (p < 0.05).
[image: Figure 13]FIGURE 13 | Evolution of the low-frequency (15–30 days) divergence (shading, unit: 10−6S−1) and wind (vector, unit: m/s) field at 200 hPa from 14 days before the precipitation to 0 day after onset in the Basin area.
3.3.3 East Sichuan
The 200 hPa, 15–30 day low-frequency circulation pattern in the eastern Sichuan area is shown in Figure 14. After the onset of precipitation, the upper air in the eastern Sichuan area is a low-frequency divergence area controlled by a low-frequency anticyclone. The anticyclone was generated in the Inner Mongolia region of China 6 days before the precipitation, and the divergence value in the eastern Sichuan region was negative at this time, which was not conducive to the divergence of the airflow at high altitudes. The position of the anticyclone remained stable for the next few days, but the intensity continued to increase. The center and west of the anticyclone correspond to the divergence area, and the east side corresponds to the convergence area. As the anticyclone intensifies and moves south, the range of the divergence area continues to expand and move south, at the beginning of the precipitation (0 day), the airflow on the south side of the anticyclone affects the eastern Sichuan, and the corresponding divergence value gradually turns to positive control. The positive divergence center passed the 95% significance test (p < 0.05).
[image: Figure 14]FIGURE 14 | Evolution of the low-frequency (15–30 days) divergence (shading, unit: 10−6S−1) and wind (vector, unit: m/s) field at 200 hPa from 6 days before the precipitation to 0 day after onset in East Sichuan.
3.3.4 Guizhou area
In the wind field of low-frequency divergence at 200 hPa in Guizhou (Figure 15), the divergence value over Guizhou is positive, which is beneficial to airflow divergence. However, the divergence area is different from other areas in that it is not in the low-frequency anticyclone. It is at the junction of a low-frequency cyclone and a low-frequency anticyclone. The divergence center and the low-frequency cyclone and anticyclone evolve. The divergence center can be traced back to 18 days before the precipitation, formed at the junction of Mongolia and Xinjiang (90°E, 45°N), and then gradually moved southeast to the sky over Guizhou. The anticyclone corresponds to the middle- and low-level systems. It was formed in the northeastern part of my country on −6 day and then moved southward to the eastern coastal areas of my country. The cyclone can be traced back to 8 days before the precipitation, formed at 80°E, 40°N, then developed and moved to the southeast, and finally stagnated and disappeared in the southwest of China. The positive divergence center passed the 95% significance test (p < 0.05).
[image: Figure 15]FIGURE 15 | Evolution of the low-frequency (15–30 days) divergence (shading, unit: 10−6S−1) and wind (vector, unit: m/s) field at 200 hPa from 6 days before the precipitation to 0 day after onset in the Guizhou area.
3.3.5 Yunnan region
As shown in Figure 16, at 200 hPa, on 15–30 days of low-frequency divergence field and wind field over Yunnan, after the onset of precipitation (0 day), the sky over Yunnan is controlled by the divergence center, which corresponds to the northwest side of the low-frequency anticyclone. The anticyclone center is located in the central and southern parts of the country. Moreover, we found that the divergence center and the anticyclone changed synchronously, and the peninsula was always located in the northwest of the anticyclone. Fifteen days before the precipitation, the low-frequency anticyclone and divergence center were generated in Northwest Asia at 50°N and 90°E, then moved southeastward, entered my country through Xinjiang, reached Inner Mongolia 10 days before the precipitation, and reached North China 5 days before the precipitation. At this time, a strong low-frequency cyclone followed from the west side of the low-frequency anticyclone. While moving to the southeast, it turned in the same direction, forcing the anti-air to rotate to the southwest and its intensity weakened. On 0 day, it passed through the southwestern region of my country and reached Yunnan and the Indo-China Peninsula. During the precipitation, it stayed in the Indo-China Peninsula, then weakened and disappeared. The positive divergence center passed the 95% significance test (p < 0.05).
[image: Figure 16]FIGURE 16 | Evolution of the low-frequency (15–30 days) divergence (shading, unit: 10−6S−1) and wind (vector, unit: m/s) field at 200 hPa from 15 days before the precipitation to 0 day after onset in Yunnan region.
4 CONCLUSION AND DISCUSSION
This study is based on previous studies on the relationship between low-frequency oscillation and precipitation, mainly concentrated in South China, Jianghuai, and North China, Although the research on Southwest China is little. This study selected Southwest China as the research object, discussed the impact of low-frequency oscillation on heavy precipitation, and clearly defined the key area of abnormal precipitation. In addition, it deeply analyzed the propagation characteristics, sources, and propagation paths of low-frequency oscillation at different heights and its impact on precipitation and comprehensively understood the characteristics of atmospheric low-frequency oscillation affecting persistent precipitation in Southwest China from three-dimensional space. Furthermore, this study specifically analyzed the propagation characteristics and origins of key low-frequency systems in each latitude zone and at each altitude for 15–30 days and showed the mutual configuration of low-frequency oscillations in three-dimensional space and their impact on precipitation. The main conclusions were as follows:
(1) During the continuous heavy rainfall, in the 500 hPa height field and 850 hPa wind field before filtering, except for the western Sichuan region, the other four regions showed that the occurrence of extreme precipitation was closely related to the western Pacific subtropical high (based on the 5,880 gpm contour line). During the period of persistent abnormal precipitation, the ridge point of the Western Pacific subtropical high extends westward to around 110°E and has a large control range. It corresponds to a strong low-frequency anticyclone at the middle and lower levels. The southwest warm and wet airflow at the edge of the low-frequency anticyclone is transported to the southwest region, bringing sufficient moisture to the extreme precipitation in the southwest region. In the middle and high latitudes, the low-frequency key areas affecting precipitation were the Ural Mountains, east of Lake Baikal, the Sea of Okhotsk, and the Sea of Japan. The mid-latitude was the control area of the Western Pacific subtropical high. The low latitude was the vicinity of the South China Sea, Indian Peninsula, and Bay of Bengal regions.
(2) In the 15–30 day low-frequency circulation field, the atmospheric low-frequency waves in each region had a certain baroclinic property during the continuous precipitation. The high north spreads to the middle latitudes and merges with the north wind, forming a convergence and rising area of north-south airflow in the rainy area. The middle and lower layers of the vorticity field were positive vorticity centers, and the upper layers were negative vorticity centers, with obvious baroclinicity, providing energy conditions for precipitation.
(3) The low-frequency systems of low-, mid-, and high-latitude tended to move southward and bring cold air to the rainy area, whereas low-latitude systems tended to move northward to bring warm and humid air currents, and the cold and warm air currents met in the rainy area. The center of low-frequency high-low pressure in the middle-level high latitude moved southward, eventually forming a circulation pattern with high west and east low, which helped the cold air move southward along the front ridge and trough. The high-level mainly showed that the positive and negative V wind components propagated from the mid-to-high latitudinal rain area, and the rain area corresponded to the low-frequency divergent system. The detailed high-low-altitude low-frequency system configuration of each area is shown in Figure 17.
[image: Figure 17]FIGURE 17 | Low-frequency system configuration diagram of (A) Western Sichuan (B), Basin (C), Eastern Sichuan (D), Guizhou (E) and Yunnan. Five-pointed star represents the precipitation area, blue (red) ellipse represents cyclone or low pressure (anticyclone or high pressure), blue (red) dotted arrows represent the propagation path of low pressure or cyclone (high pressure or anticyclone), blue (red) solid arrows represent the propagation path of cold air (warm air), black arrows represent vertical airflow, blue (red) triangles represent low pressure or cyclone (high pressure or anticyclone) source, the black solid line represents the high-altitude ridge.
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