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This study classifies regional persistent extreme precipitation events (PEPEs) in North China into two types in accordance with variance contributions and significance of different timescale rainfall variability in boreal summer. For type 1, PEPEs are dominated by a 10–20-day periodicity, and for type 2, PEPEs are mainly influenced by a 30–60-day mode. Atmospheric circulation anomalies associated with the two types of PEPEs are characterized by a zonal wave train (the EU pattern) in the mid–high latitudes in type 1 but a meridional wave train (the EAP pattern) in East Asia in type 2. The common feature of the two types is anomalous southerly on the west edge of the West Pacific Subtropical High (WPSH), which favors anomalous moisture transport into the key region. Additional moisture source for type 2 is linked to anomalous cross-equatorial flow. Both types of PEPEs result from the combined effect of intraseasonal oscillations in both the mid–high latitudes and the tropics. The impact of ENSO on the two types of PEPEs is investigated. While a La Niña SST condition in the preceding winter favor the occurrence of PEPEs, their subsequent transition in central and eastern equatorial Pacific will determine which of the two types of PEPEs is pronounced.
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1 INTRODUCTION
Persistent extreme precipitation events (PEPEs hereafter) often cause more severe disasters than locally short-lived heavy precipitation events due to longer duration and wider spatial coverage, which pose a great threat to social and economic development (Galarneau et al., 2012; Lau and Kim 2012; Sun et al., 2016). Because of the complex formation and maintenance mechanisms, numerical models to date have limited ability to predict PEPEs successfully (Jiang et al., 2012, 2015; Li et al., 2016). Improving the understanding of underlying mechanisms and forecast skills of PEPEs is of great importance to disaster prevention and relief. The study of PEPEs has attracted increasing attention over recent decades (Zhai et al., 2013, 2016).
At present, one branch of research on PEPEs is to investigate the climate variability of PEPEs, especially under the global warming scenario, which cast large uncertainties on the trends of PEPEs from both global and regional perspectives (Tang et al., 2006; Bao and Huang 2006; Bao 2007; Chen and Zhai 2013; Yao and Ren 2019; Ge et al., 2022). As an important component of summer rainfall, PEPEs in East China are closely linked to the variability of East Asia summer monsoon (EASM). Numerous studies focused on the interdecadal and interannual variability of EASM driven by driving forces such as the Atlantic Multi-decadal Oscillation (AMO), Pacific Decadal Oscillation (PDO), El Niño Southern Oscillation (ENSO), Tropical Indian Ocean Dipole (IOD), and other climate modes in the coupled ocean-atmosphere system (Huang and Wu 1989; Huang et al., 2003; Chen et al., 2013; Feng and Chen, 2014; Si and Ding 2016; Yu and Zhai 2018; Zhang et al., 2018; Chen et al., 2019; Ding et al., 2020). Although not directly linked to PEPEs, these studies shed light on the cognition of variability in PEPEs and are helpful for understanding the background conditions controlling the variability of PEPEs.
Atmospheric intraseasonal oscillations (ISOs) play an important role in causing sub-seasonal rainfall variations in the Asian summer monsoon region (Ferranti et al., 1990; Yang 1992; Jones et al., 2000, 2003; Yang et al., 2010a; Chen et al., 2015; Lin et al., 2016; Sun et al., 2016). ISOs may be decomposed into quasi-biweekly (10–20 days) and lower-frequency (30–60 days) components over the monsoon regions (Li and Wang, 2005). Therefore, understanding and predicting the two low-frequency band variability modes and their linkage with PEPEs is critical for conducting extended-range weather forecasts (Chen and Wei 2012; Gao et al., 2016; Zhu and Li 2017; Li and Mao 2019; Zhang et al., 2019a).
It is widely accepted that long-lasting precipitation extremes are often associated with persistent circulation anomalies. For instance, a westward shift of the WPSH and an eastward displacement of the South Asia high (SAH) for an extensive period may provide persisting northward moisture transport from the tropical oceans to South China, leading to PEPEs in the subsequent weeks (Chen and Zhai 2014a; Chen and Zhai 2014b; Chen and Zhai 2016). A number of studies have linked persistent circulation anomalies to atmospheric teleconnection patterns such as the Eurasian Pattern (EU), the East Asia-Pacific Pattern (EAP) or Japan-Pacific Pattern (JP), and Silk Road Wave Train Pattern (Wallace and Gutzler 1981; Kosaka and Nakamura 2010; Kosaka et al., 2011; Liu et al., 2014; Chen and Zhai 2015; Orsolini et al., 2015; Wang et al., 2018).
Marked progress has been made in the application of the PEPEs forecast in China. Various forecast techniques have been developed using statistical, dynamical, or combined statistical-dynamical approaches (Chen and Wei 2012; Hsu et al., 2015; Zhou and Zhai 2016; He et al., 2017). Most of these studies focused on regions like the mid–lower reaches of the Yangtze River and South China (Chen and Wei 2012; Chen and Zhai 2015; Hsu et al., 2015), and less attention has been paid to PEPEs in North China as annual precipitation there is much less. However, precipitation in North China has its own unique feature with summer precipitation accounting for more than 50% of the annual precipitation, and most of the summer precipitation concentrates within several heavy precipitation processes (see compilers of “Heavy rainfall in North China” 1992). Some of the heavy precipitation events reach the criteria of PEPEs.
Previous studies on PEPEs in North China focused on the characteristics of concurrent atmospheric circulations and mesoscale processes of PEPEs (e.g., Zhang and Cui 2012; Fu et al., 2017; Zhang et al., 2019b; Zhou et al., 2020). For the low-frequency features of summer precipitation or PEPEs in North China, most studies were confined to mid-latitude quasi-biweekly oscillations (Zhou et al., 2014; Hao et al., 2015). Few studies paid attention to the relationship between tropical ISO and precipitation in North China. Hao et al. (2020) pointed out that the tropical ISO, the Madden-Julian Oscillation (MJO), played a role in affecting summer precipitation in North China in 2018 through northward water vapor transport. Therefore, it is desirable to carefully examine the impact of both the tropical and mid-latitude ISOs on PEPEs in North China.
The objective of this study is to conduct a comprehensive investigation of PEPEs in North China from the perspective of a multiscale influences point of view. Special attention will be paid to precursor signals prior to PEPEs in North China. The remainder of this article is organized as follows: Section 2 introduces the data and methods employed in this study. Section 3 describes the observed characteristics of PEPEs in North China. Section 4 investigates the multiscale influences on PEPEs. Section 5 summarizes relevant conclusions and presents some further discussions.
2 DATA AND METHODS
Datasets used in this study include daily precipitation (12:00-12:00UTC the following day) at 173 weather stations in North China (37-43°N, 110-120°E) for the period from 1979 to 2019, provided by National Meteorological Information Center (Figure 1). Data missing rates of these 173 stations are less than 0.05%, and the precipitation correlation of each station to the base station of North China (Zunhua station in Hebei Province) exceeds a 95% confidence level, which indicates these chosen stations are uniformly representative of the regional precipitation characteristics. Additional data include 3-dimensional atmospheric variables such as geopotential height, horizontal wind (zonal and meridional wind), and specific humidity fields, derived from European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim daily reanalysis for the period from 1979 to 2018 (Dee et al., 2011) and ERA5 daily reanalysis in 2019 (Hersbach et al., 2020). The reason to combine the two datasets is that the ERA-Interim reanalysis was superseded by ERA5 reanalysis on 1 September 2019. The horizontal resolution of the combined reanalysis data is 1.5°×1.5°, and vertically it extends from 1,000 hPa to 1 hPa with 37 vertical levels. The monthly SST field is obtained from the COBE SST data product (Ishii et al., 2005).
[image: Figure 1]FIGURE 1 | Location of stations (dots in a rectangle) in North China.
El Niño or La Niña years and their intensities are defined by the Ocean Niño Index (ONI), which is represented by a 3-months running mean SST anomaly in the Niño 3.4 region (5°N–5°S, 120–170°W). This index is available at the following website:
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
Analysis methods adopted in this article include Lanczos filtering (Duchon 1979), power spectrum analysis, wavelet analysis, and composite analysis. Student’s t-test is used for the significance test.
Regional PEPEs are identified by the criteria defined by Lin et al. (2020). To be specific, the criteria are (1) the number of stations at which daily precipitation exceeds the heavy precipitation threshold (33.3 mm in North China) is greater than or equal to 4% of all stations in the region, 33.3 mm corresponds to the 78 percentile of daily precipitation of all stations. It is worth noting that stations used here are national weather stations, each station is regarded as representing precipitation of relatively large areas. The reason for choosing 33.3 mm as the heavy precipitation threshold is that the frequency of PEPEs in North China would be much less and many heavy precipitation events causing severe disaster would be missed if the more commonly used threshold of torrential rain (i.e., greater than or equal to 50 mm per day) is accepted, 33.3 mm is adopted under the consideration of highlighting the extremes of precipitation and selecting heavy precipitation events brought great social impacts as much as possible in the meantime. (2) regional mean daily precipitation is greater than or equal to 6.95 mm, which is the addition of climatological regional mean daily precipitation (4.16 mm) and half of the standard deviation (2.79 mm), (3) at least one station at which daily precipitation greater than 33.3 mm persists two consecutive days, or rain band coincidence degree (CRB) exceed 20%, the equation of CRB is as follows:
[image: image]
N1 and N2 indicate amounts of stations at which daily precipitation is greater than or equal to the addition of climatological regional mean daily precipitation (4.16 mm) and the standard deviation (5.58 mm) on two successive days, N12 indicates the overlapped station amount. Heavy precipitation events meeting the above criteria and lasting longer than or equal to three consecutive days are considered a regional PEPE. 26 PEPEs are identified in North China during summertime (June–August) from 1979 to 2019.
3 OBSERVED CHARACTERISTICS OF PERSISTENT EXTREME PRECIPITATION EVENTS IN NORTH CHINA
According to the power spectrum analysis of regional averaged daily precipitation from May to September during 1979–2019 (figure omitted, in order to identify longer periodicity, the time span is expanded from May to September), the main periodicity of summer rainfall variations in North China is 10–20-days oscillation, which agrees with earlier findings of Hao et al. (2015). However, wavelet analysis reveals that longer periodicity such as 30–60-days oscillation is also significant in some of the years that PEPEs occur (Figure 2). Comparing to the evolution of different low-frequency oscillations and the occurrence of PEPEs, it is found that PEPEs always occurred during the peak of the positive phase of low-frequency oscillations, which indicates PEPEs are closely related to and modulate by the dominant low-frequency oscillations. Therefore, factors causing variations in summer rainfall and determining the significance of low-frequency modes could also affect the occurrence of PEPEs.
[image: Figure 2]FIGURE 2 | Wavelet analysis of regional daily precipitation from May to September in years that PEPEs occur, blue contour areas denote which periods are significant at the 95% confidence level.
Different timescale filtered (10–20 days, 20–30 days, 30–90 days, and greater than 90 days) rainfall is firstly obtained, the variance of rainfall and the variance of each periodicity during summertime are then calculated to compare the contributions of different periodicities to the total variance of summer rainfall in each year that PEPEs occur. Based on the comprehensive consideration of dominant variance contributions (see Figures 3A,B) and the significance of these bands in all these years (Figure 2), PEPEs may be classified into two types (Table 1). For type 1 (type 2), PEPEs occur in the years when summer rainfall variations are dominated by the 10–20-day (30–60 days) oscillation, and these years are called type 1 (type 2) years. Case 5-8 July and case 10-12 July 1994 are merged into one case, as there is only 1-day gap between the two cases and they are influenced by the same low-frequency mode. Likewise, case 25–28 July and case 30 July–1 August 2012 are also merged (see the bold-italics in Table 1). Among 26 PEPE cases, three cases during 10–15 August 1979, 08–10 July 2013, and 18–20 July 2016 are excluded from the following composite analysis, because rainfall variance contributions of different periodicities in these years are relatively homogeneous, or variance contribution is not so pronounced despite the significance of that periodicity. Therefore, the remainder of this study is focused on the analysis of these 21 cases.
[image: Figure 3]FIGURE 3 | Variance contributions of different oscillations (10–20 days, 20–30 days, 30–90 days, and equal and greater than 90 days) to summer rainfall variations of type 1 (A) and type 2 (B) years. Power spectrum analyses of regional averaged daily precipitation during summer of type 1 (C) and type 2 (D) years.
TABLE 1 | Classification of PEPEs in North China.
[image: Table 1]Figures 3A,B shows the variance contributions of low-frequency bands (10–20 days, 20–30 days, and 30–90 days) to summer rainfall variations for type 1 and type 2 years, respectively. For comparison, the variance of a longer oscillation mode (with a period greater than 90 days) is also shown. It is clear that the contribution of the 10–20-day mode is greater than the sum of variance contributions of other modes for type 1 years. For type 2 years, on the other hand, the variance of the 30–90-day oscillation dominates. Figures 3C,D present the power spectrum analyses of type 1 and type 2 years. It can be seen that the 10–20-day (30–60 days) period is the most significant band with the greatest power density for type 1 (type 2) years. These features indicate that the 30–60-day oscillation is worth noting in some years, despite the 10–20-day oscillation being the main mode in North China in general.
4 MULTISCALE INFLUENCES ON PERSISTENT EXTREME PRECIPITATION EVENTS IN NORTH CHINA
4.1 Features of Tropical SST Anomalies Associated With Two Types of Persistent Extreme Precipitation Events
ENSO has been regarded as a major factor that influences the precipitation anomaly of EASM on the interannual timescale (Huang and Wu 1989; Feng et al., 2010; Chen et al., 2018; Yu and Zhai 2018), which could modulate the occurrence of PEPEs by affecting the advance and retreat of EASM and the accompanying circulation anomaly.
Statistically, 13 La Niña, 14 El Niño, and 14 neutral events occur during 1979–2019, among which, 4 out of 14 El Niño events (29%), 8 out of 13 La Niña events (62%), and 5 out of 14 neutral states (36%) are associated with PEPEs. Furthermore, La Niña, El Niño, and neutral states during the preceding winter of PEPEs account for 47%, 24%, and 29% of total cases respectively (Table 2), indicating La Niña in the preceding winter are more favorable for PEPEs, which are consistent with the fact that there is more precipitation in North China during La Niña events (Chen et al., 2006; Zhao et al., 2017). The transition of SST anomalies in the tropical Pacific from the preceding winter to the concurrent summer (Table 2, E-L (El Niño-La Niña) means SST anomalies in the tropical Pacific transiting from El Niño to La Niña, which indicates the states of SST in that region becoming colder), one can see that type 1 PEPEs tend to occur when the SST anomalies in central and the eastern equatorial Pacific become colder or keep the cold/neutral state (6/9 years), while type 2 PEPEs tend to occur in an opposite situation that the SST anomalies transition to warmer or keep the warm/neutral state in the concurrent summer (7/8 years).
TABLE 2 | E, L, and N denote the SST states of central and eastern equatorial Pacific is El Niño, La Niña, and neutral, respectively. E–L means the SST states transiting from El Niño to La Niña from preceding winter (December–February, DJF) to concurrent summer (June–August, JJA), and vice versa. Red, blue, and black fonts mean SST of central and eastern equatorial Pacific in warm, cold, and neutral state, respectively.
[image: Table 2]Figure 4 shows the composite analyses of tropical SST anomalies during the preceding winter and concurrent summer for two types of years. The common feature is that both types of PEPEs present a La Niña pattern during the preceding winter, but warm and cold SST anomalies in western and eastern equatorial Pacific for type 2 years are more intense than those in type 1 years (Figure 4A,C,E). The La Niña pattern persists into the concurrent summer but with a weaker intensity for type 1 years, whereas the SST anomalies decay rapidly for type 2 years and transition into a warm SST anomaly in eastern equatorial Pacific. Moreover, significant warming appears in the northeastern Pacific and it lasts from the preceding winter to the concurrent summer (Figure 4C,D). The features of SST anomaly evolution in tropical Pacific of type 1 and 2 years agree with the results shown in Table 2. Type 1 PEPEs tend to occur during a persisting La Niña event. Type 2 PEPEs, on the other hand, are more likely to occur during the La Niña to El Niño transition state.
[image: Figure 4]FIGURE 4 | Composited preceding winter SST anomalies for type 1 (A), type 2 (C) years and different fields of preceding winter SST anomalies of type 1 and type 2 years (E). Composited concurrent summer SST anomalies for type 1 (B), type 2 (D) years, and different fields of concurrent summer SST anomalies of type 1 and type 2 years (F). Dotted areas indicate a 90% significance level.
4.2 Atmospheric Circulation Anomalies for the Two Types of Persistent Extreme Precipitation Events
Before examining anomalous atmospheric circulations associated with PEPEs, we first show the summertime climatological circulation in the region. Figure 5 illustrates the climatological westerly jet in the upper troposphere, the WPSH, and vertically integrated moisture flux in the East Asian/western Pacific region. A strong westerly jet lies in the mid-latitude (along 40°N), and North China is located to the northeast of the SAH (South Asia high, Figure 5A). The WPSH is located to the south of Japan with its ridge lying along 30°N. North China is located in the relatively uniform westerly region with a trough upstream at 90°E (Figure 5B). From the vertically integrated moisture flux map, one may see that North China is located over the northernmost boundary of the moisture convergence in summer due to the northward progression of boreal summer monsoon precipitation.
[image: Figure 5]FIGURE 5 | Climatology of wind field (vector, unit: m·s−1), westerly jet (contour, unit: m·s−1) and divergence (shading, unit: 10−6s−1) at 200 hPa (A), geopotential height (contour, unit: gpm) at 500 hPa (B), vertically integrated moisture flux (shading, unit: 10−5 kg/m2/s) and moisture flux divergence (vector, unit: kg/m/s) from 1,000 to 300 hPa (C) during summer from 1981 to 2010.
Circulation anomalies during two types of PEPEs are presented in Figure 6. The upper-tropospheric zonal wind and divergence anomaly fields show a divergence anomaly over the North China region, being consistent with enhanced precipitation over the region for both types of PEPEs (Figure 6A,B). The WPSH is intensified and shifts northwestward with the upstream westerly trough moving eastward for both types of PEPEs compared to their climatological state. This forms a favorable stationary anomalous high around North China by restraining the propagation of trough upstream. From the 500hPa height anomalies, a zonal wave-like pattern from Eurasia to East Asia in the mid–high latitudes and a meridional wave-like pattern from low to high latitudes in East Asia can be seen in both types of PEPEs, except that the zonal (meridional) wave train is more robust in type 1 (type 2) PEPEs (Figure 6C,D). It is worth noting that a positive height anomaly embedded in the wave train appears in North China for both types of PEPEs, while the associated positive height anomaly center in the lower troposphere shifts to the east, especially for type 2 PEPEs. This leads to pronounced anomalous southerlies south of the North China region (Figure 6E,F). The slightly tilted vertical structure is crucial in inducing anomalous moisture advection at low-level and causing PEPEs. From the anomalous vertical integrated moisture flux field (Figure 6G,H), there are evident moisture flux convergence in North China and moisture flux divergence downstream, which are well linked to the height and wind anomaly patterns at 850 hPa (Figure 6E,F).
[image: Figure 6]FIGURE 6 | Westerly jet (contour, unit: m·s-1) and divergence anomalies (shading, unit: 10-6s-1) at 200 hPa (A,B), mean geopotential height (contour, unit: gpm) and height anomalies (shading, unit: gpm) at 500 (C,D) and 850 hPa (E,F), vertically integrated moisture flux anomalies (shading, unit: 10-5kg/m2/s) and moisture flux divergence anomalies (black vector, unit: kg/m/s) from 1,000 to 300 hPa (G,H) of type 1 and type 2 PEPEs. Dotted areas and red vectors in (G,H) indicate a 95% confidence level. Rectangle indicates North China.
The main difference in the moisture transport between the two types of PEPEs lies in the water vapor source. For both types, the direct and main moisture source is from the East China Sea (Figure 6G,H). According to Figure 5C, the cross-equatorial flow in the tropics plays an important role to transport moisture from long distances during summertime. Compared to the climatology, moisture sources from the tropical Indian Ocean, South China Sea, and western North Pacific are more intense for type 2 PEPEs, which indirectly influence North China by transporting moisture through the cyclonic circulation anomaly in the lower troposphere, while moisture transport from the tropical Indian Ocean is weakened for type 1 PEPEs (Figure 6G,H).
Abundant moisture and anomalous southerly in the lower troposphere are two critical factors to cause persistent rainfall. Figure 7 depicts the evolution of meridional wind anomalies and moisture anomalies associated with two types of PEPEs. The meridional wind anomalies and moisture anomalies switch to a positive and a wet phase 3 days before the onset of type 1 PEPEs (Figure 7A,B). The southerly anomaly and the positive moisture anomaly change sign 3 days after the onset of PEPEs, which is coherent with the duration of type 1 PEPEs. For type 2, the wet phase and anomalous southerly last longer than type 1. In particular, the positive moisture anomalies emerge earlier (Figure 7CD). The intensity and spatial coverage of the moisture and meridional wind anomalies in type 2 are greater than those of type 1.
[image: Figure 7]FIGURE 7 | Time-longitude cross sections of mean meridional wind anomalies (contour, unit: m·s−1) and specific humidity anomalies (shading, unit: g·kg−1) at 850 hPa over 37–43N of type 1 (A) and 2 (C) PEPEs, Time-latitude cross sections of mean meridional wind anomalies (contour, unit: m·s−1) and specific humidity anomalies (shading, unit: g·kg−1) at 850 hPa over 110-120E of type 1 (B) and 2 (D) PEPEs, lag days equals -8 (8) means 8 days prior to (after) the onset of PEPEs. Red contour and dotted areas indicate a 95% confidence level. Red boxes indicate the longitude and latitude range of North China.
We further examine the detailed evolutions of anomalous circulations at 850 hPa for types 1 and 2 (Figure 8). Here the evolution of anomalous circulation in type 2 is tracked back further in time due to its longer period. Regardless of type, the occurrence of PEPEs is always associated with a transition from anomalous northerly to anomalous southerly and is accompanied by the increase of local moisture in North China. The establishment of the southerly is associated with the formation of an anomalous low-level anticyclone to the east. In addition, an anomalous cyclone appears in lower latitudes in both types of PEPEs, which intensifies as the anomalous anticyclone to its north develops. The pair of the cyclonic and anticyclonic circulation plays an important role in bridging the moisture from the tropical ocean to mid-latitudes. Its impact is more evident in type 2 PEPEs as seen in Figure 6H.
[image: Figure 8]FIGURE 8 | Composited specific humidity anomalies (shading, unit: g·kg−1) and wind anomalies (vector, unit: m·s−1) at 850 hPa during day 6 (A), 4 (B), 2 (C), and 0 (D) prior to the onset of type 1 PEPEs. Composited specific humidity anomalies (shading, unit: g·kg−1) and wind anomalies (vector, unit: m·s−1) at 850 hPa during day −15 (E), −10 (F), −5 (G), and 0 (H) prior to the onset of type 2 PEPEs. Dotted areas indicate 95% confidence level.
In brief, the low-frequency variation of the background circulation such as the westward shift of the WPSH and the establishment of the zonally and meridionally oriented wave train and associated vertical tilting of geopotential height anomalies provide favorable conditions for PEPEs. They induce pronounced anomalous low-level southerlies, leading to abundant moisture transport and thus PEPEs in North China.
4.3 Low-Frequency Differences Between the Two Types of PEPEs
As analyzed above, the atmospheric circulation anomalies of type 1 and type 2 PEPEs exhibit some similarities and differences. According to the power spectrum analysis in Figure 3, the 10–20-days and 30–60-days oscillations are the dominant modes in type 1 and type 2, respectively. Therefore, the different timescale modes may make major contributions to the differences in atmospheric circulation anomalies between the two types of PEPEs.
We first investigate the evolution of the 10–20-day filtered circulation of type 1 PEPEs. The left panel of Figure 9 shows the 10–20-day filtered geopotential height fields at 500 hPa and the right panel shows the 10–20-day filtered specific humidity and wind fields at 850 hPa during days 6, 4, 2, and 0 prior to the onset of type 1 PEPEs (lag 6d, 4d, 2d, and 0d). It is obvious that a zonally oriented wave train with the EU-like pattern appears in mid–high latitudes, which moves southeastward from East Europe to East Asia (Figure 9A,C,E,G). On day 6, (Figure 9A), a negative height anomaly appears over Northeast China and Japan. The height anomaly is associated with anomalous northwesterly in the region at 850 hPa (Figure 9B). On days 4 and 2, the negative height anomaly adjacent to North China transitions into a weak positive height anomaly (Figure 9C,E). Accordingly, the anomalous northerly turns to anomalous southerly, accompanied by the increase of the humidity anomaly (Figure 9D,F). From the onset of PEPEs (Figure 9G), North China locates between a negative and a positive height anomaly. This positive anomaly lying downstream of North China is essential to help setup the low-level southerly anomalies in the key region. It causes the westward shift and intensification of the WPSH. The negative height anomaly corresponds to a deep trough, which may promote anomalous ascending motion in North China. As a result, North China is anomalous wet and anomalous southerlies prevail in the lower troposphere (Figure 9H). By comparing the longitudinal locations of the positive height center at 500hPa and the dry area at 850hPa (Figure 9G,H), the latter lies downstream of North China due to the local low-level positive height anomaly there, one can see clearly the vertically tilted structure, with the low-level high-pressure center being located slightly eastward. With the eastward propagation of the wave train, there is an alternation between a dry and a wet phase shift, along with the change of anomalous northerly and southerly, forming a low-frequency oscillation.
[image: Figure 9]FIGURE 9 | 10–20-day filtered geopotential height (shading, unit: gpm) fields at 500 hPa (A,C,E, G) and specific humidity (shading, unit: g·kg−1) and wind (vector, unit: m·s−1) fields at 850 hPa (B,D,F,H) during day 6, 4, 2, and 0 prior to the onset of type 1 PEPEs. Red and black dotted areas indicate a 95% confidence level. The rectangle indicates North China.
Figure 10 presents the evolution of the 30–60-day filtered circulation fields for type 2 PEPEs. It can be seen clearly that a meridional wave train resembling the EAP pattern from low latitude to high latitudes appears in East Asia (Figure 10A,C,E,G). Unlike type 1 PEPEs, the zonally oriented wave train in the mid–high latitudes is somewhat discontinuous in the early stage (Figure 10C). The amplitude of the local positive height anomaly intensifies quickly 5 days before the onset of PEPEs (Figure 10E). During the onset of type 2 PEPEs (Figure 10G), North China locates between a negative and a positive height anomaly in a way similar to type 1 PEPEs. However, this intensification results from the joint influence of the zonal wave train in the mid–high latitudes and the meridional wave train in East Asia. The impact of the meridional wave train can be detected from the pronounced northward propagation of anomalous anticyclone and cyclone pairs and associated dry and wet anomalies (Figure 10B,D,F,H).
[image: Figure 10]FIGURE 10 | 30–60-day filtered geopotential height (shading, unit: gpm) fields at 500 hPa (A,C,E,G) and specific humidity (shading, unit: g·kg−1) and wind (vector, unit: m·s−1) fields at 850 hPa (B,D,F,H) during day 15, 10, 5, and 0 prior to the onset of type 2 PEPEs. Red and black dotted areas indicate a 95% confidence level. The rectangle indicates North China.
From the evolution of the dominant low-frequency circulation in type 1 and type 2, one may conclude that the key circulation pattern that causes PEPEs is the pair of negative and positive low-level height anomalies upstream and downstream of North China. This pattern favors anomalous southerly with abundant moisture transport into North China. While the anomalous southerly for type 1 is primarily modulated by the EU-like wave train through the tilted vertical structure, the anomalous southerly for type 2 PEPEs results primarily from the EAP wave train that has a pronounced meridional structure. The continuous evolution of low-frequency oscillations for two types of PEPEs may provide useful precursor signals for the extended-range forecast. Thus, monitoring the 10–20-day oscillation in the mid–high latitudes and the evolution of anomalous circulation in the upper and lower troposphere is critical for predicting type 1 PEPEs, while monitoring the amplitude and movement of the 30–60-day oscillation from the low latitudes is key for predicting type 2 PEPEs.
5 SUMMARY AND DISCUSSION
PEPEs pose a great threat to social and economic development due to their longer duration and wider spatial coverage. This study attempts to investigate PEPEs in North China from the perspective of large-scale control by multiple climate modes. The main purpose is to gain a general understanding of PEPEs in North China and reveal their precursor signals.
In this study, we classify PEPEs in North China into two types in accordance with variance contributions and significance of different periodicities of summer rainfall variability. It is found that type 1 PEPEs are dominated by the 10–20-days oscillation, whereas type 2 PEPEs are mainly influenced by the 30–60-days oscillations.
On an interannual timescale, La Niña states in the preceding winter are more favorable for the occurrence of PEPEs. The major difference in tropical SST between the two types of PEPEs lies in the SST transition in the central and eastern equatorial Pacific from the preceding winter to the concurrent summer. Type 1 PEPEs tend to occur when SST anomalies in the regions persist, while type 2 PEPEs tend to occur when tropical Pacific SST anomalies transition from a cold to a warm anomaly in the concurrent summer.
Features of atmospheric circulation anomalies of the two types of PEPEs share some similarities and differences. For instance, upper-level divergence is favorable for both types of PEPEs. A major difference lies in the wave train pattern. A zonally oriented wave train is dominated in the mid–high latitudes for type 1 PEPEs, while a meridionally oriented wave train is clearly seen over the East Asia for type 2 PEPEs. The water vapor sources for type 1 PEPEs are mainly from the East China Sea in association with an anticyclone downstream of North China, while for type 2 there is an additional moisture source from the tropical Indian Ocean, the South China Sea, and the tropical western Pacific.
The comparison between two types of PEPEs indicates that both types result from combined effects of low-frequency oscillations in mid–high latitudes and the tropics. The EU-like (EAP-like) pattern with the 10–20-day (30–60 days) oscillation is more pronounced in type 1 (type 2) PEPEs, which suggests their different origins. Several previous studies focused on explaining the formation mechanisms for these teleconnection patterns and how they influence the weather and climate. Some studies pointed out that the North Atlantic Oscillation and the North Atlantic SST tri-pole mode could excite the EU pattern through Rossby wave energy dispersion (Ogi et al., 2003; Sung et al., 2006; Zuo et al., 2013). Different phases of the EAP index could affect the location of the rain belt in China by regulating the movement of the WPSH (Yang J. et al., 2010). The current study suggests that monitoring the 10–20-day oscillation in mid-latitudes may help set up a statistical model for conducting an extended-range forecast of type 1 PEPEs. For type 2 PEPEs, special attention should be paid to the 30–60-day signals from the tropics.
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