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Using the ERA5 (the fifth major global reanalysis produced by the European Centre for Medium-Range Weather Forecasts) data and the T-PCA (Principal Component Analysis in T-mode) objective classification method to classify the 850-hPa geopotential height, we summarize four conceptual models of large-scale synoptic weather types over East Asia. By combining this with the daily precipitation observation data of 36 meteorological stations in Guangdong, South China, during summer (June to August) of 2014–2018, we found that summer precipitation in Guangdong Province is closely related to the position of the northwestern Pacific subtropical high and the strong upward motion of the warm airflow over the Pearl River Delta. It is further revealed the regulation effect of different weather patterns on summer precipitation in Guangdong Province and their urban–rural differences. More specifically, both urban and rural areas have a decreasing proportion of light rainfall and an increasing proportion of heavy and torrential rainfall, which are mainly regulated by the trend of frequency changes of four different weather types: Type 1 (47.39%) and Type 2 (32.39%) days are decreasing year by year, modulating the trend of light rainfall, while Type 3 (13.26%) and Type 4 (6.96%) days are steadily increasing, dominating the trend of heavy rainfall. In addition, it was further found that the frequency of light rainfall is decreasing more significantly in cities compared to that in rural areas, while the proportion of heavy and stormy rainfall is increasing more significantly, which is closely related to the effects of rapid urbanization.
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INTRODUCTION

Precipitation is an important factor reflecting the atmospheric circulation characteristics and climate change. Also, uneven spatial distribution and temporal variability of extreme precipitation can directly or indirectly cause serious losses to agricultural production and adverse impacts on human society. For example, on 21 July 2012, Beijing and its surrounding areas were hit by extreme heavy rainfall, resulting in flooding, and traffic congestion, with direct and indirect economic losses totaling ~$1.88 billion (Guo et al., 2015). In August 2014, a strong rainstorm with a 3-h rainfall of more than 200 mm occurred in Hiroshima, Japan, resulting in mudslides and landslides that killed 74 people and destroyed 133 houses (Wang et al., 2015b). With continuous socioeconomic development, the level of damage caused by heavy rainfall is increasing. Therefore, improving our understanding of precipitation—especially its characteristics in mega-city clusters—can help us to develop more advanced early warning and emergency response initiatives in the face of large-scale disasters, as well as better post-disaster recovery actions.

South China is under the combined influence of the subpolar westerlies system and tropical weather system, which means it has an abundant source of moisture and is one of the regions with the most precipitation in China. It has a long period of flooding, lasting from April to September (Ramage, 1952), and heavy precipitation occurs frequently (Yali et al., 2016; Zheng et al., 2016). The flood season can be divided into a pre-flood period (April-June), when precipitation is influenced by the interaction of complex multi-scale weather systems, and a post-flood period, when heavy precipitation is closely associated with tropical cyclones (Luo, 2017). Due to the complex mechanism of influencing precipitation, different synoptic patterns have strong correlation with the regional distribution and intensity of precipitation in Guangdong (Li et al., 2021). As the climate warms, the frequency and intensity of extreme precipitation increases in the world's dry and wet regions (Donat et al., 2016). It has been shown in previous study that the frequency of heavy and extreme precipitation events in South China has increased significantly from 1979–2015. The increasing trend in urban areas is more obvious, compared with non-urban areas (Su et al., 2019). The spatial and temporal variation of different levels of precipitation in South China over the past 50 years indicates a significant decrease in maunder and light rainfall and a slight increase in moderate to heavy precipitation (Chuanbo and Li, 2014). The Pearl River Delta (PRD) region has experienced a rapid urbanization since China's “Economic Reform and Open Up” period, and it is one of the largest urban agglomerations in China. Observational data and simulations over the past few decades show a strong link between urbanization and precipitation (Wang et al., 2015a,c,d; Holst et al., 2016; Cristiano et al., 2017; Lijie et al., 2020). The frequency of rainstorms and extreme rainfall in the PRD region show an increasing trend, being more pronounced during the warm season (May–October) and the pre-flood period (Yan et al., 2020). Liu et al. (2021) found that rapid urbanization on shorter time scales has tended to increase precipitation in the PRD; for example, they found that the maximum continuous 3-h precipitation correlates strongly with urban extent. The reason for this trend might be that, although urban surface evaporation decreases, increased moisture flux convergence and the availability of water vapor from the ocean still support stronger extreme rainfall in the PRD's mega-cities (Hu et al., 2021). In addition, Chen et al. (2021) comprehensively assessed the flood risk in the PRD in the future (2030–2050) by building a flood risk model, and the results showed that climate change and urbanization will exacerbate flood risk in most parts of the PRD in the coming decades, while extreme precipitation events will become more severe.

Since the 1970s, China has conducted several large-scale scientific observation experiments in South China (Chen and Chen, 1995; Hong and Zhao, 2004; Ni et al., 2006; Luo et al., 2016). Amongst their many achievements, the results of these experiments have revealed the underlying physical mechanism of convective rainstorms, from their triggering to development, during the pre-flood period in South China, as well as elucidated the relationship between different stages of monsoon development and the microphysical structural characteristics of South China's precipitation systems (Chen and Chen, 1995; Hong and Zhao, 2004; Ni et al., 2006; Luo et al., 2016). Previous studies have mostly focused on precipitation during the pre-flood period and around the monsoon burst in South China. By contrast, few studies have sought to objectively classify the meteorological characteristics of summer (June–August) precipitation in Guangdong. Especially in the context of rapid urbanization, the synergistic effects of interannual changes in weather circulation and urbanization on precipitation in South China are still unclear.

To provide a reference base for summer precipitation forecasting, flood disaster warning and disaster prevention and mitigation in Guangdong Province, in this paper we show a statistical analysis of circulation patterns in the summers of 2014–2018 base on daily observational precipitation data by objective classification method. We then explore the influence of different weather patterns on each level of precipitation, and further discuss the spatial and temporal distribution characteristics of precipitation in Guangdong under the rapid urbanization that has taken place during this study period.



DATA AND METHODS


Data

The fifth major global reanalysis produced by the European Center for Medium Weather Forecasting (ECMWF), referred to as ERA5, was used to classify and analyze the atmospheric circulation. The resolution of the data is 0.25° × 0.25°, and the geopotential heights, horizontal all-winds (i.e., zonal (U) and meridional (V)), vertical winds, and temperatures from June to August 2014–2018 were selected as variables for the synoptic analysis of summer precipitation in this study. Figure 1 shows the distribution of 36 ground-based stations of urban and rural stations in Guangdong Province.


[image: Figure 1]
FIGURE 1. (A) Geography of Guangdong Province. (B) Four sub-regions of Guangdong Province. (C) Distribution of urban, suburban and rural stations in Guangdong Province (superimposed on impermeable-surface data for 2018); https://zenodo.org/record/3778424#.XvfmQ-e-uUk.




Method


Objective Classification of Synoptic Patterns

The objective weather classification method employed in this study is a computer-based mathematization of an objective measure of data similarity and variance that can handle pre-determined dominant weather models without relying on individual subjective perceptions and pre-determined parameters (Huth, 1996; Huth et al., 2008). Specifically, the T-PCA (Principal Component Analysis in T-mode) method was used to perform a multivariate oblique cross-rotation decomposition of the 850-hPa geopotential height using the weather classification software COST733 developed by the European Science and Technology Research Program (Philipp et al., 2014). In order to evaluate the performance of synoptic classification and determine the number of classes, the explained cluster variance (ECV) is selected in this study (Ning et al., 2019, 2020). The detailed information about the T-PCA and ECV is also provided in Text S1 and S2 in the Supplementary Materials.



Method for Station Classification

In this paper, we mainly refer to the classification methods of satellite remote sensing data of Yang et al. (2013) and Li et al. (2015) to identify the subsurface around the station: (1) urban stations: the proportion of built-up area within the 2-km buffer zone around the station is ≥50%; (2) suburban stations: the proportion of built-up area within the 2-km buffer zone around the station is between 25% and 50%; (3) rural stations: the proportion of built-up area within the 2 km buffer zone around the station was <25%. Based on this approach, 12 urban, 12 suburban, and 12 rural stations were selected (See Supplementary Figure 1), and the distribution of stations is shown in Figure 1C. Ultimately, based on the differences in local precipitation patterns, sunlight and latitude, and the urbanization level of different regions, Guangdong Province was divided into four regions: Western Guangdong, Central Guangdong, Eastern Guangdong, and Northern Guangdong (Figure 1B). The differences in precipitation between urban stations and one or more nearby rural reference stations in each subregion were then further calculated to discuss the effects of urbanization on precipitation. The analysis of variance (ANOVA) test and Mann-Kendall test were conducted to assess the statistical significances of the differences in rainfall between urban and rural stations.



Classification of Precipitation Levels

In order to study the correlation between weather patterns and precipitation levels, we selected 24-h precipitation data and classifies the observed daily rainfall into six intensity levels according to the criteria of the China Meteorological Administration, which are shown in Table 1.


Table 1. Precipitation classification.
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RESULTS AND DISCUSSION


Dominant Synoptic Patterns

The objective weather classification method was used to objectively classify the 850-hPa sea level pressure geopotential height field for the summers of 2014–2018, from which four weather types were obtained, then wind and temperature were composite analysis. Figure 2 shows the distribution of the 850-hPa geopotential height, wind field, and temperature field synthesized by the four weather types: The frequency of Type 1 is 47.39%, in which the dominant wind is southwesterly in Guangdong; Type 2 is the southerly wind type (frequency: 32.39%), in which the dominant wind direction in Guangdong Province is southerly, with a small amount of southwesterly wind on the east side; Type 3 is the eastern subtropical high type (frequency:13.26%), in which Guangdong Province is to the west of the Western Pacific subtropical high. The dominant wind direction in Guangdong Province is southwesterly and the wind speed is high; And Type 4 is the northern low-pressure type (frequency: 6.96%), in which Guangdong Province is located to the south of low pressure, the dominant (but low) wind speed is southerly and southwesterly, and has the lowest frequency of weather systems.


[image: Figure 2]
FIGURE 2. The geopotential height (shaded) and 850 hPa wind with temperature (color vector) in four different weather types (T1–T4). The boxed area in panels encloses the Guangdong.


The temporal distribution series of the four weather types (Figure 3A) and the month-by-month frequency of each weather type (Figure 3B) for a total of 460 days during the summers of 2014–2018 show that: Type 1 occurs mainly in June; Type 2 occurs mostly in July and August; the average frequency of Type 3 (13.26%) is less than 20% and occurs in every summer months; and Type 4 only occurs in 2016–2018. The trend of monthly frequency curves of the four weather types can be found that the frequency of Type 1 and Type 2 is decreasing, while the frequency of Type 3 and Type 4 is steadily increasing during 2014–2018.


[image: Figure 3]
FIGURE 3. (A) Time distribution series of the four weather patterns (B) Month-by-month frequency of each weather pattern.




Precipitation in Relation to Synoptic Patterns

Figure 4 shows the spatial distribution of the average daily precipitation under the four weather patterns, respectively. Generally speaking, under these four weather patterns, the high daily precipitation occurs in the urban-cluster area of the PRD and the central coastal region. The average daily precipitation in eastern Guangdong is the least, followed by northern Guangdong, and the average daily precipitation in central Guangdong is the largest, mainly because the precipitation situation here is most influenced by the urbanization of dense urban areas. Specifically, daily precipitation in the four sub-regions of Guangdong Province is strongly influenced by the weather cycle, with significant differences in spatial distribution of daily precipitation anomaly (Figure 5). For example, daily precipitation anomaly is highly positive under Type 1 and negative under Type 4 in northern Guangdong, positive under Type 3 and negative under Type 1 in western Guangdong, positive under Type 1 and negative under Type 4 in eastern Guangdong, and positive under Type 1 and negative under Type 2 in central Guangdong. Type 1 and Type 4 are the types with more precipitation, while Type 2 and Type 3 are the types with less precipitation.


[image: Figure 4]
FIGURE 4. Spatial distribution of daily summer precipitation under four weather patterns: (A) Type 1, (B) Type 2, (C) Type 3, and (D) Type 4.



[image: Figure 5]
FIGURE 5. Spatial distribution of summer daily precipitation anomaly under four weather patterns relative to summer mean values: (A) Type 1, (B) Type 2, (C) Type 3, and (D) Type 4.




Factors Driving the Distribution of Precipitation Under Different Weather Patterns

Table 2 and Supplementary Table 2 shows the correlation coefficients and covariance between the monthly frequency of the four weather types and the monthly frequency of different precipitation classes. The more frequent the occurrence of Type 1, the less frequent the occurrence of moderate rain, heavy rain and torrential rain (with a confidence level of 0.01); the more frequent the occurrence of Type 2, the more frequent the occurrence of light rain (with a confidence level of 0.05); the more frequent the occurrence of Type 3, the more frequent the occurrence of heavy rain (with a confidence level of 0.01); and the more frequent the occurrence of Type 4, the less frequent the occurrence of light rain (with a confidence level of 0.01). The summer precipitation is regulated by the trend of the frequency of different weather types: the more frequent the occurrence of Type 1 and Type 2, the less summer precipitation; and the more frequent the occurrence of Type 3 and Type 4, the more summer precipitation.


Table 2. Correlation coefficients between weather type frequency and precipitation class frequency, 2014–2018.

[image: Table 2]

Water vapor and vertical upward motion can provide favorable conditions for precipitation formation (Li et al., 2021; Yang et al., 2021). Figures 6, 7 show water vapor flux anomaly, and water vapor flux divergence at 850 hPa in Guangdong, the water vapor flux can be referred to Supplementary Figure 2. Under Type 1, southwest wind brings water vapor to Guangdong. There is divergence of water vapor in eastern and northern Guangdong, which is consistent with more precipitation in the northeast of Guangdong. Under Type 2, more water vapor is transported to western Guangdong, which is consistent with more precipitation in western Guangdong. The Type 3 weather circulation is affected by the subtropical high pressure in the western Pacific. The high southwest wind brings abundant warm and humid air to Guangdong, and the water vapor flux is large. There is strong convergence in northern Guangdong, and strong divergence in eastern Guangdong, resulting favorable precipitation conditions. The southwestern water vapor flux of the Type 4 weather circulation is smaller in central and northern Guangdong, and stronger in western Guangdong. The spatial distribution of water vapor flux is similar to Type 3, but the overall convergence and divergence motion is smaller than Type 3.


[image: Figure 6]
FIGURE 6. The anomalous water vapor flux at 850hPa for four weather types relative to summer mean values: (A) Type 1, (B) Type 2, (C) Type 3, and (D) Type 4.



[image: Figure 7]
FIGURE 7. 850hPa water vapor flux divergence for four weather types: (A) Type 1, (B) Type 2, (C) Type 3, and (D) TYPE 4.


When sufficient water vapor is available, the condition of vertical motion determines the presence or absence and amount of precipitation. Vertical upward motion tends to trigger unstable energy, which can saturate unsaturated air and lead to water vapor condensation, then produce precipitation. This is one of the important factors in forecasting precipitation, especially for heavy rainfall. The vertical motion of the four weather types in the 700-hPa sea level pressure field is shown in Figure 8, the results reveal that: in Type 1, there is a small descending airflow of about 2 cm/s in the northern part of Guangdong Province, and an updraft in the central and southern areas; in Type 2, there is an updraft in the whole of Guangdong Province, a strong updraft in the PRD with a maximum updraft speed of about 3 cm/s, and a weak downdraft in the northern part and in Zhanjiang and Xuwen in Type 3, there is a strong convective center with a maximum upward motion speed of 4 cm/s over Guangxi. The southern China is dominated by a strong convective system, which impact on the precipitation in Guangdong Province. In Type 4, there is a strong updraft airflow with a maximum updraft speed of about 4 cm/s in PRD. The Northern and middle regions of Guangdong are mainly under the control of descending airflow, and the rest region is under the control of a more obvious updraft. In general, among the four weather types, the strong upward motion of the warm airflow located in the south of Guangdong Province and centered over the PRD causes the condensation of water vapor, which is always an important reason for frequent and strong precipitation in the PRD.


[image: Figure 8]
FIGURE 8. Vertical velocity at 700hPa for four weather types: (A) Type 1, (B) Type 2, (C) Type 3, and (D) Type 4.





DISCUSSIONS

Previous studies show that urbanization makes more frequent and intense precipitation events in cities (Vittal et al., 2013; Donat et al., 2016; Li et al., 2020; Lijie et al., 2020). The impact of urbanization on precipitation in Guangdong cannot be ignored (Chen et al., 2021), but the impact of urbanization on precipitation under various weather types remains elusive.

To explore the urbanization effects, according to a station classification method (Yang et al., 2013; Li et al., 2015; Wanju et al., 2021), 24 stations were finally matched (Figure 1C). Both of Figures 9A,B show the decreasing trend of the frequency of each precipitation of the number of days of light rain and increasing trend of the number of days of moderate rain. The difference of light rain is obviously, which pass the ANOVA (Supplementary Table 1). To verify this trend, a long extension (1957–2015) of three stations (Guangzhou, Qingyuan, Guangning, Figure 1C), representing urban, suburban and rural, are chosen to statistic the trend of different classes of precipitation (Figure 10). Light rain in Guangzhou and Qingyuan has decreased significantly. Heavy rain in Guangzhou and Qingyuan has increased significantly. Rainstorm has increased significantly. The result is similar to Figure 9, that is, there were more obvious decrease of light rain and growth of heavy rain and rainstorm at urban station with respect to suburban and rural stations (the decrease and increase trends mentioned has passed Mann-Kendall test, with a confidence level of 0.05). Above Figure 11 illustrates a further zoning of Guangdong to investigate the effects of urbanization and weather patterns on precipitation. In general, more precipitation occurs in urban areas than that in rural areas. Figure 11 further show the daily precipitation for the four weather patterns urban and rural areas in northern, central, western and eastern Guangdong. Overall, the precipitation in urban areas is more than that in rural areas. According to the weather pattern, the difference between urban and rural areas of daily average precipitation is larger in Western and northern Guangdong in Type4, indicating that the Type 4 is greatly affected by urbanization in these two areas; The daily precipitation in rural in type 3 and type 4 is greater than that in cities in Western and eastern Guangdong, respectively. Table 1 shows that Type 1 and Type 2 have positive contribution for light rainfall; Type 3 and Type 4 have positive contribution for light rainfall for heavy rainfall and rainstorms. Therefore, the probability of weak rainfall in Guangdong is becoming smaller, while the probability of extreme rainstorms is becoming larger.


[image: Figure 9]
FIGURE 9. (A) Line (dashed lines indicate corresponding linear trends) and (B) Bar graphs of occurrence frequency of precipitation classes in Guangdong, 2014–2018.



[image: Figure 10]
FIGURE 10. Line (dashed lines indicate corresponding linear trends) of occurrence frequency of precipitation classes in Guangzhou (red, urban station), Qingyuan (black, suburban station) and (blue, rural station), 1957–2015.



[image: Figure 11]
FIGURE 11. (A) Bar graphs of daily precipitation for the four weather patterns in northern, central, western and eastern Guangdong (B) Difference in daily precipitation between urban and rural areas under the four weather patterns in northern, central, western, and eastern Guangdong (precipitation difference = urban precipitation minus rural precipitation).


The above results show that in both urban and rural areas in Guangdong, there is a decrease in the frequency of light rainfall and an increase of heavy and torrential rainfall, which are mainly regulated by the frequency of different weather types (e.g., Type 1 and Type 2 are decreasing in frequency, while Type 3 and Type 4 are increasing in frequency). This is especially true in cities, which is consistent with the previous studies on precipitation changes in southern China (Zhang et al., 2005; Chuanbo and Li, 2014; Wu et al., 2019), and may be closely related to the effects of rapid urbanization.

Factors influencing urbanization leading to heavy precipitation are related to changes in subsurface types, anthropogenic heat emissions and increased aerosol concentrations in urban areas (Zhang et al., 2005; Ho et al., 2008; Chuanbo and Li, 2014; Su et al., 2019; Wu et al., 2019; Zheng et al., 2020). Urbanization has also changed the nature of the surface, with urban areas having an increasing number of high-rise buildings, especially in Guangdong, resulting in higher surface elevations. These high-rise buildings act to some extent as mountains in the natural topography, lifting the moist air transported to Guangdong Province by southerly and southwesterly winds from the ocean surface and enhancing the development of convection (Su et al., 2019). Meanwhile, the latent heat released by condensation during moisture uplift further enhances the convective system, leading to stronger precipitation. Chen et al. (2021) found that Guangdong Province, especially the PRD region, which is a mega-urban agglomeration bringing in anthropogenic heat has a stronger effective potential energy for convection than that in non-anthropogenic areas, and weaker convection suppression energy, creating a more unstable atmosphere where convection is more easily triggered. On the other hand, anthropogenic heat also affects the vertical distribution of humidity, as water vapor has a higher convergence and stronger vertical velocity at all levels in urban areas. In addition, aerosols in cities can influence precipitation by affecting cloud characteristics: usually light rain becomes weaker and heavy rain becomes stronger (Wang et al., 2011; Fu and Li, 2014). This two-sided effect depends mainly on the water vapor conditions over the city. When water vapor is insufficient, there are large amounts of aerosols over cities, cloud droplets decrease with aerosols, and the water-cloud of cloud droplets is more competitive, making the light rain falling to the urban surface is more lighter. Using datasets from multi-sensing satellites and global transport models, L'Ecuyer et al. (2009) found that aerosols suppress the precipitation process by redistributing water in more smaller clouds. Related studies also revealed that high concentrations of aerosols may not only lead to significant changes in cloud microphysical properties, resulting in smaller raindrops, but also to atmospheric warming, both of which can intensify the evaporation of raindrops and cause weak urban rainfall situations (Das and Chen, 2012). However, when water vapor is abundant, cloud-water competition is weak, cloud droplets increase with aerosols, condensation growth and cloud droplet collision effects are enhanced, and convective motion in clouds is strong, tending to increase the intensity of extreme rainfall (Fan et al., 2015; Ilotoviz et al., 2016; Taylor et al., 2016; Zheng et al., 2020). The combination of these factors leads to more intense precipitation and less light rain in the urban areas of the PRD than that in the rural areas.



CONCLUSION

In this study, the 850-hPa geopotential height were classified by using the T-PCA objective classification method based on the ERA5 reanalysis data. Combined with the daily precipitation observations from 36 meteorological stations in Guangdong Province from June to August each year from 2014 to 2018, the synoptic weather patterns of the summer precipitation in Guangdong Province were classified. This study revealed the urban–rural differences in summer precipitation in Guangdong and the modulating effects of the different weather types on precipitation and their urban–rural differences, with the following main conclusions:

Guangdong, South China, is mainly controlled by four weather types at the 850-hPa geopotential height. Among them, water vapor condensation caused by the strong upward motion of the warm airflow located in the south of Guangdong Province and centered over the PRD is always an important factor causing the precipitation in Guangdong Province. In addition, the subtropical high pressure system in the western Pacific Ocean significantly influences the summer precipitation in Guangdong Province, and the southwest airflow in front of the Indo-Burma trough provides abundant water vapor transport to the Bay of Bengal for the summer precipitation in Guangdong Province. Most of the stations with the highest daily precipitation are situated at coastal or island locations, and the maximum precipitation areas are all in the central region of Guangdong Province. The days of Type 1 (47.39%) and Type 2 (32.39%) weather patterns are steadily decreasing year by year and are dominated by light rain. The days of Type 3 (13.26%) and Type 4 (6.96%) weather patterns are steadily increasing and are dominated by heavy rainfall and above, indicating that the probability of light rainfall in Guangdong is becoming smaller and that of extreme rainstorms is becoming larger. The frequency of light rainfall is higher in rural areas than that in urban areas, and the frequency of moderate rainfall and over are higher in urban than that in rural areas. During 2014–2018, both urban and rural areas in Guangdong have a decreasing frequency of light rainfall and an increasing frequency of heavy and torrential rainfall, which is mainly due to the changing trend of the frequency of different weather types (e.g., Type 1 and Type 2 are decreasing and Type 3 and Type 4 are increasing). In addition, it was further found that the frequency of light rainfall decreases more significantly and the proportion of heavy and torrential rain increases more significantly in cities compared to that in rural areas, which is closely related to the effect of rapid urbanization.

The present study has explored the synergistic modulation effects of the weather circulation situation and urbanization on summer rainfall in Guangdong, South China, but there are still many uncertainties in the study of urbanization and the effects of weather types on precipitation in different district of Guangdong, which will need to be studied more thoroughly by using high-resolution refined meteorological station data in the future. Nevertheless, our findings will help to understand the possible mechanisms of global and regional climate change and the effect of anthropogenic activities on extreme rainfall, as well as provide theoretical support for predicting extreme precipitation events.
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