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The characteristics and related mechanisms of the interannual variability of late summer (August) extreme precipitation in West China (WC) were investigated from 1961 to 2021. Precipitation and extreme precipitation (defined as the 99th percentile) generally decreased in the southeast-northwest direction, with a maximum in the Sichuan Basin. The non-linear trends in extreme precipitation have increased since the 1980s. Therefore, we further found that the interannual increase in extreme precipitation in the WC was significantly related to the eastward-strengthened South Asian high, western-stretched Western Pacific Subtropical high, enhanced westerly jet, anomalous cyclone in Mongolia, and anomalous anticyclone in the western Pacific. The anti-cyclonic anomaly is a Gill-type response to increase the sea surface temperature in the western Pacific. A mid-high latitude barotropic Rossby-wave train can be induced and has essential effects on the above key circulation patterns, further cooperating with the strong updrafts rather than strengthening and maintaining extreme precipitation in the WC.
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1 INTRODUCTION
The East Asian summer monsoon (EASM) affects four precipitation peaks in China through its northward advance (Ding and Chan, 2005; Wang and Ding, 2008; Ullah et al., 2023). The main rain belts successively move through South China, the Yangtze River Valley, and North China (Wang and Ding, 2008; Ding et al., 2010; Sun et al., 2017), with precipitation mainly concentrated in summer (He et al., 2007; Shi et al., 2020). In West China (WC, referring to 28–36°N and 100−108°E), the autumn rain phenomenon is the most common after summer precipitation, known as the West China autumn Rain, which is the last rain belt accompanied by the retreating EASM (Bai and Dong, 2004; Wang and Ding, 2008; Zhou et al., 2021). Yuan and Liu (2013) defined the start (August) and end (October) dates of the West China autumn Rain using the transition time of the wind direction from summer to winter. Many studies have shown that late summer precipitation significantly impacts the duration and intensity of autumn rain in WC (Yuan and Liu, 2013; Wei et al., 2018a; Wang and Zhou, 2019).
In recent decades, China has experienced significant changes in precipitation characteristics and intensity because of global warming (Aihaiti et al., 2021; Herzschuh et al., 2019; Xu et al., 2021). Late summer precipitation in the WC has become more diverse and intense because of the influence of the Indian, East Asian, and Tibetan Plateau monsoons, which may lead to floods, landslides, and debris flows and have a significant impact on human society and the economy (Zhai et al., 2005; Wang et al., 2015; Ma et al., 2022; Qian et al., 2022). Wang et al. (2015) demonstrated that precipitation in WC decreased before the 1990s and increased after the 2000s, emphasizing increased precipitation intensity (Zhang et al., 2019; Nie and Sun, 2021).
In addition, there have been frequent extreme precipitation events in WC that have caused flooding disasters in recent years, such as in the late summer of 2017, which affected more than 6 million people and resulted in direct economic losses of 121 billion Chinese Yuan (Hartfield et al., 2018; Zhou J. et al., 2019). In July 2019, an extreme precipitation event triggered a catastrophic landslide causing more than 50 casualties (Fan et al., 2020). The most recent extreme precipitation event occurred in August 2020, with an average 24-h precipitation anomaly that broke historical records since 1960 (Qian et al., 2022). This rare extreme precipitation has become one of the top 10 weather and climate events in 2020, affecting more than 8.523 million people and causing direct economic losses of 60.93 billion Chinese Yuan (http://news.weather.com.cn/2020/12/3427356.shtml). Therefore, it is crucial to investigate the characteristics and causes of late summer extreme precipitation in the WC to enhance disaster prevention and management capabilities.
Previous studies have analyzed the factors that influence precipitation in WC. The EASM significantly impacts thermal, dynamic, and hydrological processes (Yasui and Watanabe, 2010; Wang et al., 2015; Yuan and Yang, 2020). Wei et al. (2018b) found that the northward shifting and strengthening of the East Asian jet stream (EAJS) could adjust abnormal ascending branches and influence precipitation in the WC. When the western Pacific subtropical high (WPSH) extends westward and strengthens, more precipitation occurs in the WC because of abundant moisture (Zhu and Yu, 2003; Ma et al., 2022). The strengthened WPSH, combined with the northward EAJS, benefits water vapor transportation from the Bay of Bengal, South China Sea, and western Pacific to the WC, leading to increased precipitation (Wei et al., 2018b; Zhou B. et al., 2019; Ullah et al., 2023). Monsoons from the Bay of Bengal and the South China Sea also significantly impact the increasing of precipitation by the moisture transportation (Wang and Ding, 2008). The anomalous South Asian High (SAH) is closely related to summer precipitation in the WC because of enhanced upward movement and water vapor transport (Chen et al., 2016). The role of the sea surface temperature (SST) has also been studied. Xu et al. (2016) found that the possible cooperative impacts of the El Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) have significant effects on anomalous lower-level anticyclones over the western North Pacific and the southward shift of the strengthened EAJS, which further increases precipitation in the WC. The Atlantic multidecadal oscillation (AMO) and Pacific decadal oscillation (PDO) have also been shown to influence the interdecadal variation of precipitation in WC (Gao et al., 2017; Wei et al., 2018a; Yang et al., 2019). Additionally, the variability in precipitation in the WC is positively correlated with the austral winter sea ice concentration in the southern Indian and Pacific Oceans (Zhou et al., 2021). Surface conditions over the Tibetan Plateau are also considered vital factors (Huo et al., 2014). Most previous studies have examined autumn precipitation changes and identified key factors (Yuan and Liu, 2013; Wang et al., 2015; Xu et al., 2016; Nie and Sun, 2021). However, the recurrent circulation conditions for extreme precipitation events in WC, which have become more frequent and violent in late summer, remain unclear.
This study aimed to understand better the physical mechanisms of late summer extreme precipitation in WC and answer the associated questions. The remainder of this paper is organized as follows: Section 2 introduces the data and methods used in the study. Section 3 describes the characteristics of late summer extreme precipitation in WC. In addition, the circulation mechanisms, the relationship with SST in the western Pacific, and the physical mechanism behind their linkage are discussed. Finally, Section 5 presents a brief conclusion and discussion.
2 DATA AND METHODS
2.1 Data
Observed daily precipitation datasets were supplied by the National Meteorological Information Center of the China Meteorological Administration (CMA). A total of 250 stations in WC (28˚–36˚N, 100˚–108˚E, Figure 1) were selected in late summer (August) from 1961 to 2021, in which the missing stations with less than 5% of the total missing time series were estimated using the inverse distance method (Eischeid et al., 2000). The ERA5 atmospheric reanalysis data used in this study, including potential height, temperature, horizontal winds, vertical velocity, and specific humidity, were provided by the European Center for Medium-Range Weather Forecasting (Bell et al., 2021). The horizontal resolution of the variables was 0.25° × 0.25°, and the vertical layer was 1000–1 hPa with 37 layers. To investigate the combined effects of SST anomalies on the interannual variability of extreme precipitation in WC, global monthly SST data with a 1° × 1 ° horizontal resolution obtained from the Met Office Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) (Rayner et al., 2003) were also used. Notably, linear trends in all datasets were removed before analysis.
[image: Figure 1]FIGURE 1 | Topographic profile and distribution of 250 meteorological stations (dark dots) in WC.
2.2 Methods
Extreme precipitation indices were provided by the World Meteorological Organization (WMO) Expert Team on Climate Change Detection and Indices (ETCCDI; http://etccdi.pacificclimate.org/list_27_indices.shtml). In this study, the 99% percentile of wet days in August was selected as extreme precipitation. The total precipitation accumulation with daily precipitation exceeding the 99th percentile was defined as R99TOT, and the number of occurrences was R99FRE. The Generalized Extreme Value (GEV) distribution was applied to describe the distribution of extreme values, and the return period used to investigate the occurrence of particular extreme events was calculated using the GEV. Empirical Orthogonal Function (EOF) analysis (Lorenz, 1956) was proposed to exhibit the leading mode of variability of extreme precipitation in August over WC from 1961 to 2021. The interannual variability of extreme precipitation was calculated by removing the 9-year running mean from the original time series. Consequently, linear regression and Pearson correlation were used for statistical analysis, and statistical significance was determined using Student’s t-test.
The wave activity fluxes (WAFs) were calculated according to Takaya and Nakamura (2001) as follows:
[image: image]
where [image: image] denotes the stream function, [image: image] means the horizontal wind, and [image: image] represents the two-dimensional Rossby WAFs. The barotropic Rossby-wave source (RWS) was formulated by Sardeshmukh and Hoskins (1988):33
[image: image]
where [image: image] and [image: image] are the divergence wind and absolute vorticity, respectively.
The vertically integrated water vapor transport flux (WVT) was defined by Trenberth (1991). The vertical integrated < [image: image] > was calculated from 1000 to 300 hPa following:
[image: image]
3 RESULTS
3.1 Basic characteristics of late summer extreme precipitation in WC
The climatological spatiotemporal characteristics of late summer precipitation and extreme precipitation in WC during 1961–2021 are shown in Figure 2. Both precipitation (Figure 2A) and extreme precipitation (Figure 2B) exhibited an inhomogeneous spatial distribution, which increased from the northwest to the southeast, and the values were higher in the western Sichuan Basin. Spatial distributions are influenced by the orography and altitude of the WC (Nie and Sun, 2021). As shown in Figure 2C, the R99FRE exceeded 10 times by more than 97% of the stations, and the stations in southeastern WC largely reached 18 times. Apart from southeastern Sichuan, increasing precipitation trends prevailed in southern Gansu, southwestern Shaanxi, and the Sichuan Basin (Figure 2D). Compared with precipitation, R99TOT and R99FRE occurred more frequently in most WC, except in the southeastern regions (Figures 2E, F).
[image: Figure 2]FIGURE 2 | Spatial distributions of (A) precipitation, (B) R99TOT, (Unit: mm), and (C) R95FRE (Unit: times), with units of mm and times, as well as the linear trend of (D) precipitation, (E) R99TOT (Unit: mm/year), and (F) R95FRE (Unit: times/year) in WC during late summer from 1961 to 2021. The dotted stations indicate significant values at the 95% confidence level based on the Student’s t-test. The time series of regional (G) precipitation, (H) R99TOT, and (I) R95FRE in WC are plotted in black lines. The solid gray line in (G) represents the average precipitation. The red and blue dotted lines in (H) and (I) represent linear and non-linear trends, respectively.
The regional precipitation, R99TOT, and R99FRE in WC and the eastern regions during late summer are further discussed. There were no significant trends or decadal changes in precipitation and extreme precipitation indices (Figures 2G–I). However, the non-linear trends of R99TOT and R99FRE showed a transition around 2000 from a decreasing to an indistinctive increasing trend (Figures 2H, I), further implying that the variability of extreme precipitation in WC has different features.
Under the background of a slightly linear increasing trend in WC at a rate of 0.01 mm decade−1. The observed rainfall in August 2020 in WC was a rare event, occurring with a return period of 60 years, based on the GEV fits (Figure 3A). The intensity reached 2.46 standard deviations (Qian et al., 2022). Furthermore, comparisons between the R99TOT anomalies reconstructed from different periods suggest that climate change is likely to increase the occurrence of extreme precipitation events, especially in recent decades (Figure 3B). In addition, the KS test in Figure 3A suggests that the observed extreme precipitation in August 2020 was not an outlier and can be explained within the context of historical records. Therefore, an in-depth understanding of extreme precipitation from large-scale circulation is crucial for predicting and mitigating disasters.
[image: Figure 3]FIGURE 3 | (A) Return period (blue line) fitted with the GEV distribution at 95% confidence intervals. (B) The GEV distribution fits the seven different periods: 1961–1970 (gray), 1971–1980 (red), 1981–1990 (blue), 1991–2000 (yellow), 2001–2010 (green), 2011–2021 (pink), and 1961–2021 (black).
The first EOF mode of R99TOT displayed a dipole pattern with an increase in the northwestern WC and a decrease in the southeastern WC, accounting for 22.12% of the total variance (Figure 4A). The maximum positive values were located in the western Sichuan Basin and southeastern Gansu Province. PC1, which corresponds to the first mode, as shown in Figure 4B, presents an asymmetrical oscillation. The interannual and interdecadal components accounted for 88% and 12%, respectively, of the total variance in PC1. Therefore, this study further explored the atmospheric processes associated with the interannual variability in late summer extreme precipitation.
[image: Figure 4]FIGURE 4 | (A) Spatial pattern and (B) the principal component (PC, black line) of the first EOF mode of late summer extreme precipitation in WC from 1961 to 2021. The red and blue lines in (B) are the interannual and interdecadal components of PC1, respectively.
3.2 Circulation patterns associated with late summer extreme precipitation in WC
Changes in interannual late summer extreme precipitation in WC were closely linked to consistent changes in atmospheric circulation. Thus, Figure 5 illustrates the anomalous atmospheric circulation patterns regressed onto the interannual PC1 component from 1961 to 2021.
[image: Figure 5]FIGURE 5 | Regressed (A) geopotential height at 200 hPa (Shading, Unit: gpm; the dashed and solid brown lines represent the 12,500 gpm isoline in the climatological and regressed mean, respectively), (B) the zonal wind at 200 hPa (Shading, Unit: m·s−1; the dashed and solid green lines represent the 30 ms−1 isolines in the climatological and regressed mean, respectively), (C) the geopotential height at 500 hPa (Shading, Unit: gpm; the dashed and solid brown lines are the same as (A) but for 5,880 isolines). (D) The geopotential height at 850 hPa (Shading, Unit: gpm) and wind fields (Vectors, Unit: m·s−1). (E) The WVT (Vectors, Unit: kg·m−1·s−1) and its divergence (Shading, Unit: kg·m−2·s−1), and (F) the height-longitude profile of vertical velocity along the latitudes 30°–36°N (Shading, Unit: 10−1 Pa·s−1) in late summer onto the interannual component of PC1 from 1961 to 2021, respectively. Dotted areas are statistically significant at the 95% confidence level.
There are three notable anti-cyclonic systems in the Western Siberian Plain, Iranian Plateau, and Korean Peninsula from 200 hPa (Figure 5A) to 500 hPa (Figure 5C). Simultaneously, three cyclonic systems were located over the Caspian Sea, Mongolia, and the Chersky Mountains. The cyclonic system over Mongolia stretched southward, and the WC was sandwiched between two high-pressure centers at 500 hPa (Figure 5C). It is worth noting that the 12,500 gpm at 200 hPa and 5,880 gpm at 500 hPa isolines abnormally strengthened. Ma et al. (2022) emphasized that the eastward SAH and westward WPSH provided favorable conditions for extreme events in August 2022. Furthermore, the westerly jet at 200 hPa was also strengthened, and the WC was located on its south side (Figure 5B). In the lower troposphere, the cyclonic system over Mongolia further stretched southward, and an anti-cyclonic system over the western Pacific caused the WC to be affected by the low-pressure trough and southerly water vapor (Figure 5D). As shown in Figure 5E, abundant anomalous southerly water vapor was transported to WC and mainly converged along 30°–36°N, 104°–106°E, which is consistent with the maximum R99TOT. In addition, the regressed vertical motion enhanced significant upward vertical motion and sustained extreme precipitation in WC (Figure 5F).
Under these atmospheric circulation patterns, the SAH and WPSH tended to extend further east and west, respectively. This favored the formation of an upper-level divergence. The enhanced jet stream shifted northward, and the cyclonic system over Mongolia stretched southward, providing beneficial dynamic conditions (Yokoyama et al., 2017). Correspondingly, the anti-cyclonic system over the western Pacific guaranteed sufficient water vapor. Finally, a high R99TOT occurred in cooperation with enhanced updrafts.
3.3 SST anomalies associated with late summer extreme precipitation in WC
To illustrate the formation of quasi-barotropic circulation anomalies, summer SST fields associated with the interannual component of PC1 are plotted in Figure 6. Figure 6A shows the SST regression of the interannual component of PC1. A significant positive SST anomaly was observed in the western Pacific Ocean. The areas with the highest relevance (at the 95% confidence level) were selected as key SST regions. The SST index (SSTI) is defined as the year-to-year regionally averaged SST over 0°–25°N, 110°–150°E. In Figure 6B, the SSTI significantly increased with 0.014°C/year (at the 99% confidence level), and the correlation coefficients with the interannual component of PC1 reached 0.48 (at the 99% confidence level). In addition, the SSTI experienced significant interdecadal changes around the mid-1980s.
[image: Figure 6]FIGURE 6 | (A) Regressed SST maps in summer onto the interannual component of PC1 from 1961 to 2021, and (B) the standardized SSTI series and its linear trend during 1961–2021. The two black rectangular frames in (A) represent locations of WC and pass the 95% significance level, respectively. The black rectangular boxes in (A) represent locations of WC and pass the 95% significance level, respectively.
To validate the speculation that increasing SST could influence interannual R99TOT by adjusting atmospheric teleconnections. Figure 7 shows the regressed circulation and precipitation against the SSTI. Figure 7A shows the regressed zonal wind at 200 hPa, the strengthened westerly jet stream, and the southern WC. At 500 hPa, three notable anti-cyclonic systems were centered over the Western Siberian Plain, the Indian peninsula, and southeast China (Figure 7B). Against the backdrop of increasing SST in the western Pacific, the SAH and WPSH also tended to strengthen. The cyclonic system over Mongolia stretched southward and placed the WC between two high-pressure centers. The anomalously strengthened anticyclone over the western Pacific at 850 hPa continuously transported water vapor into WC (Figure 7C). Simultaneously, the strong upward vertical velocity further enhanced precipitation (Figure 7D). In Figures 7E, F, the significantly increased precipitation and R99TOT further prove that the warming of the western Pacific might be closely related to precipitation and extreme precipitation in WC.
[image: Figure 7]FIGURE 7 | Regressed (A) zonal wind at 200 hPa (Shading, Unit: m·s−1), (B) geopotential height at 500 hPa (Shading, Unit: gpm), (C) geopotential height (Shading, Unit: gpm) and wind fields (Vectors, Unit: m·s−1) at 850hPa, (D) vertical velocity height-longitude profile (Shading, Unit: m·s−1), (E) later summer precipitation and (F) R99TOT in WC (Dots, Unit: mm) onto the SSTI from 1961 to 2021, respectively. Dotted areas and red starts are statistically significant at the 95% confidence level.
Figure 8 shows the responses of WAFs and RWS to interannual R99TOT and increased SSTI. In Figure 8A, the regressed WAF with respect to the interannual components of PC1 originated from the West Pacific, was transmitted across the Atlantic, and was enhanced over Europe before arriving and converging in the WC. Figure 8B shows the SSTI regressed WAFs and RWS. It is clear that the WAFs separated from the western Pacific, and an obvious wave train crossed the mid-high latitudes, strengthened over western Europe, and converged in the WC, which further proved that the stationary Rossby-wave train was derived from the Pacific.
[image: Figure 8]FIGURE 8 | WAFs (Vectors; Unit: m2·s−2) and RWS (Shading; Unit: 10–10 m2·s−1) at 200 hPa regressed onto the (A) interannual component of PC1 and (B) SSTI from 1961–2021, respectively.
In summary, the warming SST in the western Pacific could induce a barotropic Rossby-wave train, which provides beneficial conditions for extreme precipitation in WC.
4 CONCLUSIONS AND DISCUSSIONS
The characteristics and related mechanisms of the interannual variability of late summer extreme precipitation in the WC were investigated based on meteorological station observations. Late summer precipitation, R99TOT, and R99FRE generally decreased in a southeast-northwest direction. Relatively high values are observed in the Sichuan Basin. Precipitation decreased before 2020, and heavy precipitation in 2020 was rare. In turn, the non-linear trends of R99TOT and R99FRE have increased since the 1980s, which indicates that these trends were enveloped by variability (Nie and Sun, 2021; Qian et al., 2022). Extreme precipitation events have become increasingly frequent and heavy in recent decades. Therefore, a detailed understanding of the dynamic origins of extreme precipitation in WC is important.
Thus, the related atmospheric circulation and fundamental physical processes were further investigated. The interannual components of R99TOT account for 88% of the total variance from 1961 to 2021. The eastward-strengthened SAH and western-stretched WPSH played key roles in increasing R99TOT in WC, especially along 30˚–36˚N, 104˚–106˚E. Furthermore, the enhanced westerly jet stream located on the northern side of the WC provides beneficial dynamic conditions for extreme precipitation (Yokoyama et al., 2017). The increased SSTI promoted convection and induced diabatic heating, which triggered an anti-cyclonic anomaly in the western Pacific that transported abundant water vapor to the WC. These anomalous circulation patterns were unusually strong in 2020 (Ma et al., 2022). In addition, anomalously strong updrafts further strengthened and maintained extreme precipitation events.
Notably, high-value areas where extreme precipitation frequently occurs, located on the southeastern side of the Tibetan Plateau, cause more severe floods and landslides. Thermal anomalies over the Tibetan Plateau can affect extreme precipitation events in this area via favoring ascending motion (Li et al., 2020). However, high precipitation is closely related to the topography. The contribution of topography to extreme precipitation requires further investigation (Shi et al., 2008). Moreover, Wang et al. (2008) reported that the surface temperatures on the Tibetan Plateau increased more than 1.8°C during the past 50 years, which deformed the WPSH and adjusted SAH. Our study also found the influence of the SAH on extreme precipitation in WC. Previous research also emphasized that more extreme precipitation occurs in WC, followed by eastward-extended SAH (Chen et al., 2019; Nie and Sun, 2021; Ma et al., 2022). However, the links between these mechanisms require further in-depth studies. In addition, increasing western Pacific SST via the WPSH has influenced the Mei-Yu Belt and extreme precipitation in China (Qian and Shi, 2017; Chen et al., 2018). Zhu et al. (2020) reported that the Gill-type response to diabatic cooling in the Pacific Ocean could adjust two barotropic Rossby-wave trains, which may influence precipitation in the WC.
The 2020/22 anomalous La Niña event led to a super Mei-Yu event in 2020. The specific influencing mechanism needs further investigation to determine whether SST warming anomalies over the western Pacific Ocean are enriched and related to La Niña influencing extreme precipitation in the WC (Ren et al., 2016; Qiao et al., 2021). In addition, the influence of global warming on extreme precipitation in WC requires further investigation.
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