[image: image1]Cause analysis of the extreme hourly precipitation and its relationship with the urban heat island intensity in Shenyang, China

		ORIGINAL RESEARCH
published: 16 January 2023
doi: 10.3389/fenvs.2022.1094169


[image: image2]
Cause analysis of the extreme hourly precipitation and its relationship with the urban heat island intensity in Shenyang, China
Xue Ao1, Qingfei Zhai2*, Chunyu Zhao1, Yan Cui1, Xiaoyu Zhou1, Mingqian Li1 and Jingwei Li1
1Shenyang Regional Climate Center of Liaoning, Shenyang, China
2Liaoning Provincial Meteorological Information Center, Shenyang, China
Edited by:
Haipeng Yu, Northwest Institute of Eco-Environment and Resources (CAS), China
Reviewed by:
Guicai Ning, The Chinese University of Hong Kong, China
Chunsong Lu, Nanjing University of Information Science and Technology, China
* Correspondence: Qingfei Zhai, 15840322495@163.com
Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science
Received: 09 November 2022
Accepted: 19 December 2022
Published: 16 January 2023
Citation: Ao X, Zhai Q, Zhao C, Cui Y, Zhou X, Li M and Li J (2023) Cause analysis of the extreme hourly precipitation and its relationship with the urban heat island intensity in Shenyang, China. Front. Environ. Sci. 10:1094169. doi: 10.3389/fenvs.2022.1094169

Based on the hourly temperature and precipitation data from China national meteorological stations and regional automatic weather stations in Shenyang, the relationship between extreme hourly precipitation (ExHP) and urban heat island Intensity (UHII) is analyzed. Results show that the UHII is higher at night and in the early morning. The ExHP events mostly occur at night in summer when the UHII is relatively high. The spatial distribution of UHII in Shenyang is consistent with the economic development and the transportation density. Denser population and transportation, and high-rise buildings in the urban center contribute to higher UHII. There are three types of ExHP, namely the abrupt-type ExHP, the growing-type ExHP and the continuous-type ExHP. The overall variation characteristics of the three types of ExHP are relatively consistent. Their UHII values are positive and relatively stable in 6–12 h before the start of ExHP. The UHII begins to increase dramatically about 6 h before the ExHP, but decreases obviously and turn negative after the precipitation begins. Before the abrupt ExHP, the UHII is relatively high and can rapidly return to positive after the ending of ExHP. The UHII of the abrupt-type ExHP is remarkably larger than that of the growing-type and continuous-type ExHP. The UHII before and after the abrupt-type ExHP differs greatly. Before the abrupt ExHP, the UHII is high in the center and low at both ends, and the high-value areas of UHII are mainly located in the urban area. After the abrupt-type EXHP, the UHII drops and turn negative in the whole area. The UHII is obviously increasing with urbanization. The diurnal variation of UHII is enormous, which is higher at night than during the daytime. The increasing UHII can cause abnormal air pressure in cities and villages. The air in the lower atmospheric layer of the city can be heated and expanded, hence resulting in lower local air pressure. Then, the lower air pressure can promote the convergence and upward movement of air, hence facilitating the establishment of UHII circulation. This phenomenon is particularly distinct at night, which is conducive to the occurrence of ExHP events.
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1 INTRODUCTION
In the context of global warming, extreme weather and climate events such as heavy rainfall, high temperatures and typhoons occur frequently. As an important part of the earth ecosystem, city has a growing impact on climate change and ecological environment. The urbanization in China is accelerating with the development of human society. The urbanization has not only changed the underlying surface of the city, but also produced a large number of pollutants and anthropogenic heat. It leads to the change of near-surface atmospheric structure, forming a local climate dominated by urbanization (Seaman et al., 1989). Shenyang City is severely impacted by climate change, and its warming rate is much higher than the global and Chinese averages. Its urbanization level and development speed have always been among the best in China. By the end of 2010, the resident population of Shenyang reached 8.106 million, including 6.24 million urban population, and the urbanization rate reached 77%. By the end of 2015, its urbanization rate increased to 80.55%, 13.2% higher than the average in China. By the end of 2020, the urbanization rate exceeded 85% (Statistical Center of Liaoning, 2021). The most obvious climate feature brought about by rapid urbanization is the enhancement of the urban heat island (UHI) effect, which leads to frequent extreme climate events and increases the vulnerability of the urban ecological environment. Therefore, it is of great significance to analyze the relationship between the variation of urban regional precipitation.
As early as in the 19th century, the possible impact of urbanization on precipitation was raised. In 1968, Changnon (1968) proposed to launch and implement the Metropolitan Meteorological Experiment (1976) and found that the impact of urbanization on precipitation mainly manifests in much more precipitation in its downwind area than in other areas. Based on the long-term precipitation data of the City of Saint Louis in the United States, Huff et al. (1972) found that the precipitation frequency over the city and its downwind area is much higher than that in the surrounding non-urban areas, especially in summer, and this phenomenon shows a trend of enhancement with urbanization. Based on the analysis of the observation data and numerical simulation in the Metropolitan Meteorological Experiment, Changnon et al. (1976; 1978; 1979; 1991) pointed out that the precipitation enhancement of urbanization on the convective precipitation with moderate or higher intensity in summer is particularly obvious, and they put forward three hypothetical mechanisms for urbanization to enhance precipitation and affect its distribution. The first mechanism is the UHI effect; the second is the friction effect of the urban underlying surface and canopy; the third is the urban condensation nuclear effect.
Daniel (2000) suggested that urbanization and industrial pollution will increase rainfall and snowfall in downwind areas. Jong et al. (2001) applied a numerical model to simulate the impact of UHII on precipitation and found a high-value precipitation center in the downwind area of the city. Yang et al. (2013; 2017; 2019) revealed that the short-term heavy precipitation has an increasing trend in recent years, which is closely related to the UHII. Wu et al. (2019) analyzed the relationship between extreme hourly precipitation (ExHP) and urbanization in the coastal areas of South China. They indicated that the strong UHII should largely enhance precipitation, especially in the inland areas of urban agglomerations with an evident UHI effect. Dou et al. (2015) showed that when the UHI effect is weak in summer, the convective systems are mainly blocked by buildings and they flow around the buildings, so there is a negative-anomaly center of precipitation in the city center and positive-anomaly centers on both sides of the city and downstream areas. Conversely, when the UHI effect is strong the thermal effect of the city stimulates or strengthens the convective system, thus causing the positive-anomaly center of precipitation in the city center.
Past studies have revealed the impact of urbanization on precipitation at different spatial and temporal scales from different perspectives. Nevertheless, most studies have analyzed precipitation processes at temporal scales longer than daily scale. There are few studies on precipitation processes at the hourly scale. Besides, past studies mainly focused on developed countries, or the Yangtze River Delta and Beijing-Tianjin-Hebei area of China, while those on the urbanization effect in Shenyang are rarely-seen, especially the urbanization impact on the ExHP of Shenyang.
In this study, the night light data, socio-economic data, urban area data and other multi-source data are used to extract the urban threshold and select the urban stations and rural stations. Based on the hourly temperature and precipitation data from national meteorological stations during 1974–2020 and from regional automatic weather stations during 2005–2020 in Shenyang, the spatio-temporal variation characteristics of UHII in Shenyang are analyzed by the urban-rural comparison method. Moreover, the relationship between ExHP and UHII is revealed, and the causes of ExHP are discussed. The conclusions have important scientific reference value for reducing the UHI effect, mitigating urban waterlogging and promoting rational urban planning. Meanwhile, it also provides a demonstration for global urban regional disaster prevention and mitigation and sustainable development.
2 MATERIALS AND METHODS
2.1 Study area
Shenyang is a high-density mega city covering about 1.3 million square kilometers, which is located in the central part of Liaoning Province of Northeast China. The rainfalls in Shenyang are mainly concentrated in summer. Shenyang has a larger temperature difference and obvious seasonal characteristics including hot-humid summer and cold-dry winter. Shenyang includes Liaozhong District, Xinmin City, Faku County, Kangping County and the municipal district of Shenyang. Because of urban expansion, population and economic in Shenyang grow rapidly, over half of the population lives in the municipal district of Shenyang. Sub-regions of Shenyang present different urbanization patterns with the varied densities of city population and buildings as well.
2.2 Research data
This study includes five types of research data (Table 1). First, the hourly temperature and precipitation data have been applied to fix artificial error by quality control procedures such as consistency tests and climatic extreme value. The data of seven national meteorological stations are long-term continuous, and the data of 237 regional automatic weather stations are effective supplement to the data of national station (Figure 1). Second, the nighttime light data are developed specifically for the geographical characteristics of Asia, eliminating the interference of light saturation and provided convenient conditions for the analysis of urban heat island intensity in Asia (Su et al., 2011). Third, The Liaoning Statistics Yearbook records the urban land area of each city in detail for each year (Statistical Center of Liaoning, 2021). Fourth, the gross domestic product (GDP) data reflect the detailed spatial distribution of GDP in Liaoning Province, which are 1 km raster data, and each raster represents the total GDP output value within the grid range (1 square kilometer). Fifth, the spatial analysis function of geographic information system is used to construct the spatial distribution model of population, so as to generate 1 km × 1 km spatial population density data.
TABLE 1 | Data used to analyze the relationship between extreme hourly precipitation and urban heat island.
[image: Table 1][image: Figure 1]FIGURE 1 | The spatial distribution of national meteorological stations and regional automatic weather stations in Shenyang.
2.3 Methodology
2.3.1 Division of urban and rural stations
By comparing with the statistical data, the spatial information of urban land-use in Liaoning Province is extracted based on the DMSP/OLS nighttime light data (He et al., 2006; Su et al., 2011; Ao et al., 2020a). This method is mainly based on the following two basic assumptions to extract the information. First of all, The urban land area of Shenyang extracted from DMSP/OLS data should be close to the statistical yearbook data as far as possible, because the real urban land area of Shenyang can be accurately reflected in it; Next, since the 1990s, the urban land area of Shenyang has been increasing continuously, and the urban grid points will not be reduced, which can be retained from the previous period to the next period. Based on these two assumptions, different dynamic thresholds of Shenyang were set, and the dichotomous method was adopted to constantly change the thresholds, and we calculated the urban area under each dynamic threshold. The calculated results were compared with the statistical yearbook, and the threshold value was the best one for Shenyang until the urban area value calculated by using the satellite nighttime light data was close enough to the statistical yearbook. After the optimal threshold is determined, we calculated the average value of the gray value of night light within the radius of 7 KM of each site. We considered this station to be a city station if the calculated value is greater than the threshold value (Ao et al., 2020b; Ao et al., 2022).
We found the gray value of Shenyang and some areas of Liaozhong increased from 1993 to 2003 from DMSP/OLS satellite nighttime light gray value spatial distribution map, and urbanization was obvious (Figure 2). We also found that the urbanization process of Kangping County, Faku County and Xinmin City was relatively weak combined with the data of population density and land average GDP (Figure 3). So we selected the national meteorological stations and regional automatic stations in Shenyang and Liaozhong to represent urban stations, the remaining stations represent rural stations.
[image: Figure 2]FIGURE 2 | Spatial distributions of satellite nighttime light gray values in Shenyang in 1993 (A), 2003 (B), and 2013 (C) (yellow dots represent urban stations and blue dots represent rural station).
[image: Figure 3]FIGURE 3 | Spatial distributions of (A) population density and (B) gross domestic product per unit area in Shenyang.
2.3.2 Identification and classification of extreme hourly precipitation events
In this study, the percentile method is used to determine the threshold of ExHP. The hourly precipitation data of each station from 1974 to 2020 are sorted from the weakest to the strongest. If the hourly precipitation in the 99th percentile is greater than the minimum threshold of hourly heavy precipitation defined by the National Meteorological Center (20 mm h−1), the precipitation in this percentile is defined as the threshold of ExHP at this station, otherwise, 20 mm h−1 is selected as the threshold of ExHP (Wu et al., 2019; Ao et al., 2022).
The frequency of ExHP is defined as the number of occurrences or hours of the hourly precipitation exceeding the above defined threshold. For example, the ExHP frequency is X if hourly precipitation continuously exceeds the threshold in X hours.
The intensity of ExHP is defined as the ratio of the total amount of ExHP at each station to the frequency of the ExHP. For example, the threshold of ExHP at a station is 30 mm h−1. If the hourly precipitation at a station in a certain period of time is 40 mm and 50 mm respectively, the frequency of ExHP at the station is two times, the total amount of ExHP is 90 mm, and the intensity of ExHP is 45 mm. Similarly, the same statistics were performed on 244 stations.
Based on the relationships of the hourly precipitation 3 h before the occurrence of ExHP (R−1, R−2, R−3) with the ExHP (R0), the ExHP events from 1974 to 2020 are classified into the abrupt type, growing type and continuous type (Wu et al., 2019). The classification criteria are shown in Table 2.
TABLE 2 | Classification criteria of different types of ExHP events.
[image: Table 2]In this paper, The linear trend estimation is used for analysis. When the regression coefficient b > 0, it means that climate variable x shows an upward trend with the increase in time t. When the b < 0, it means that x shows a downward trend with the increase in time t. The magnitude of b reflects the changing rate (Wei, 2007).
2.3.3 Definition of urban heat island intensity
The calculation formula of UHII defined in this study is as follows (Oke, 1982):
[image: image]
In Eq. 1, where Tu and Tr (°C) are the average hourly temperature at urban and rural stations, respectively.
3 RESULTS
3.1 Diurnal variations of urban heat island intensity
Figure 4 shows the diurnal variation curves of annual averaged, monthly averaged and seasonal averaged UHII from 2005 to 2020. The monthly, seasonal and annual distributions of UHII are similar. As can be seen, all the UHII values are positive, with higher values at night and in the morning (from 19:00 local standard time (LST) to 07:00 LST) and lower values during the daytime (07:00–19:00 LST). This conclusion is consistent with the previous research results on the diurnal variations of the UHII (Wu, 2019; Yang et al., 2019). In terms of the monthly variation, the average UHII is the largest in September (0.63°C), followed by August (0.62°C), July (0.58°C) and June (0.46°C). The difference between the average UHII in June and in September is 0.17°C, and the average UHII from June to September is 0.57°C. In terms of seasonal variation, the average UHII is the largest in winter (0.85°C), followed by autumn (0.77°C), spring (0.71°C) and summer (0.55°C). The maximum UHII in winter appears in the morning (06:00 LST), reaching 1.26°C. The maximum UHII in autumn also appears in the morning (05:00 LST), reaching 1.17°C. The maximum UHII in spring appears in the early morning (04:00 LST), reaching 1.13°C. The maximum UHII in summer appears in the morning (06:00 LST), reaching 0.73°C. Overall, the maximum UHII appears earlier in spring and autumn than in winter and summer. The annual averaged UHII in Shenyang is 0.71°C, with the maximum value of 1.07°C in the early morning (06:00 LST). During the high UHII period (between 20:00 and 07:00 LST), the average UHII is 0.93°C, which is 0.42°C higher than the low UHII period. Therefore, the annual averaged UHII (0.71°C) is set as the threshold. When the UHII is greater than 0.71°C, the UHII is considered to be strong; when the UHII is less than 0.71°C, the UHII is considered to be weak. At 6 h before the EXHP event, if more than half of UHIIs are greater than 0.71°C, the precipitation is deemed to be affected by a strong UHI, and it is a strong UHI event. Conversely, it is regarded as a weak UHI event. Combined with the diurnal variations of the frequency and intensity of ExHP in Figure 5, it can be found that ExHP events mostly occur at night in summer (21:00 LST) when the corresponding UHII is relatively strong. In Singapore, it is found that 20%–30% of the precipitation occured at night is caused by the UHI effect by numerical model at 300 m resolution (Doan et al., 2021).
[image: Figure 4]FIGURE 4 | Diurnal variations of annual averaged (C), monthly averaged (A) and seasonal averaged (B) urban heat island (UHI) intensity (UHII) from 2005 to 2020.
[image: Figure 5]FIGURE 5 | Diurnal variations of averaged frequency and intensity of extreme hourly precipitation (ExHP) in urban stations in Shenyang.
3.2 Spatial distributions of urban heat island intensity
Figure 6 shows the spatial distributions of UHII in the municipal district of Shenyang. As can be seen, the spatial distribution of UHII is relatively consistent with the economic development level, transportation density and population density. In the urban areas, dense population and traffic, as well as high-rise buildings, jointly lead to higher UHII. Conversely, the UHII decreases with the increasing distance from the city center. The strong UHI areas are mainly located in the central urban area, and the UHII range from 0.71°C to 1.25°C. The maximum value appears at the regional station near the Experimental Primary School in Shenhe District. The UHII values in the south of Sujiatun and the northeast of Shenbei New District are negative, but the magnitude is relatively small.
[image: Figure 6]FIGURE 6 | Spatial distributions of UHII in the municipal district of Shenyang averaged from 2005 to 2020.
3.3 The occurrence and development of extreme hourly precipitation and urban heat island
Figure 7 shows the diurnal variation curves of UHII from 12 h before to 12 h after the beginning of the three types of ExHP. It can be seen that the overall variation characteristics for the three types of ExHP are relatively consistent. Twelve to 6 h before the beginning of precipitation, the UHII value is relatively stable and keeps positive. The UHII value increases dramatically from 6 h before the beginning of precipitation while decreases obviously when the precipitation begins (falling below 0°C). The UHII value remains negative 4 h after the beginning of precipitation and then gradually increase with time. However, there are still some differences among the three types of ExHP. The UHII of the abrupt-type of ExHP is the highest 1 h before the beginning of precipitation, which is evidently higher than that of continuous-type and growing-type, reaching 1.17°C. It is a strong UHII. Besides, the UHII shows a steady upward trend from 12 h before the precipitation to the beginning of precipitation. When the precipitation begins, the UHII decreases rapidly, reaching the lowest value 1 h after the beginning of precipitation (−0.71°C). The UHII remains negative for 4 h after the beginning of precipitation, and then it increases quickly, maintaining at about 0.50°C. For the growing-type ExHP, a strong UHII appears from eight to 3 h before the beginning of precipitation. The UHII is the highest (1.05°C) four to 3 h before the beginning of precipitation, which is obviously higher than that of the continuous-type ExHP. Unlike the abrupt-type ExHP, the UHII of the growing-type ExHP begins to decline three to 2 h before the beginning of precipitation, and reaches the lowest value (−0.52°C) at the beginning of precipitation. The UHII remains negative for 6 h after the beginning of precipitation and then turns positive with a stable value of about 0.50°C. For the continuous-type ExHP, a weak UHII appears from 12 h before the precipitation to the beginning of precipitation. The UHII shows a steady upward trend twelve to 4 h before the beginning of precipitation. The UHII reaches the maximum value of 0.69°C at 4 h before the beginning of precipitation, which is much lower than the other two types. Unlike the abrupt-type of ExHP, the UHII of the continuous-type begins to decline 4 h before the beginning of precipitation and reaches the minimum value of −0.63°C just 1 h after the beginning of precipitation. Besides, the UHII continues to be negative after the beginning of precipitation. Although it increases slowly, it remains stable below 0°C. In general, the UHII is relatively large before the abrupt-type ExHP starts, and quickly returns to a positive value after the precipitation begins. Moreover, the UHII of the abrupt-type ExHP is much higher than that of the other two types of ExHP.
[image: Figure 7]FIGURE 7 | Diurnal variation curves of UHII from 12 h before to 12 h after the beginning of three types of EXHP.
Figure 8 shows the spatial distributions of UHII at 6 hours, 3 h and 1 h before and after the beginning of the abrupt-type ExHP. It can be seen that the difference of UHII before and after the precipitation is obvious. The UHII high-value areas at 6 h before the precipitation are mainly located in the central urban area (Shenhe District and Heping District), and the UHII values are within 0.71°C–1.26°C. As the distance from the city center grows, the UHII decreases. Negative UHII values are observed in the south of Sujiatun and the northeast of Shenbei New District. The UHII at 3 h before the precipitation is higher than that at 6 h before the precipitation, and the strong UHII area further increases. Shenhe District, Heping District, Yuhong District, Huanggu District, Dadong District, Tiexi District and the west of Hunnan District are all located in the strong UHII area, and the UHII values are within 0.71°C–1.31°C. The UHII values in southern Sujiatun and a small part of Shenbei New District are still negative. The UHII reaches the maximum at 1 h before the precipitation, and the strong UHII area further increases. Except for the Shenbei New Disctrict, the east of Hunnan District, the southeast of Sujiatun and the north of Yuhong District, the other areas of Shenyang is under the strong UHI effect. The UHII values range from 0.71°C to 1.42°C, with the maximum value in Shenhe District. One hour after the precipitation begins, the UHII values in the municipal district of Shenyang are negative, ranging from −0.53°C to −1.31°C. The UHII values in the central and eastern municipal district are relatively high, and the low-value areas of UHII are located in the Yuhong District, the southeast of Sujiatun and the northeast of Shenbei New District. Three hours after the precipitation, the UHII values in the whole municipal district are still negative, ranging from−0.11°C to −0.98°C. The UHII values are larger than those at 1 hour after the precipitation. The UHII values in Sujiatun, Hunnan District and the city center are relatively high, and those in Shenbei New District and Yuhong District are the lowest. The spatial distributions of UHII at 6 h after the precipitation and 3 h after the precipitation are relatively similar. The UHII values in most areas are negative, while those in the city center, the southeast of Sujiatun and the south of Hunnan District are positive, ranging from 0.01°C to 0.29°C. The lowest UHII is in Shenbei New District. In general, the spatial distributions of UHII at 6, 3, and 1 h before the precipitation are relatively consistent, showing a distribution of “high in the center and low at both ends”. After the precipitation, the UHII values decrease rapidly, turning negative in the whole area, with the lowest UHII in Shenbei New District.
[image: Figure 8]FIGURE 8 | Spatial distributions of UHII at (A) 6 h, (B) 3 h, (C) 1 h before the abrupt-type ExHP and (D) 6 h, (E) 3 h and (F) 1 hour after the abrupt type ExHP.
3.4 Analysis of a typical extreme hourly precipitation case in Shenyang
At 19:00 on 11 July 2007, sporadic precipitation began to appear in the municipal district of Shenyang. The hourly precipitation at Shenyang station was 6.9 mm. At 20:00, the hourly precipitation increased rapidly, reaching 53.8 mm, and then it began to decrease. The hourly precipitation was 4.8 mm at 21:00 and 0.9 mm at 22:00. At 23:00, the precipitation ended. This precipitation process lasted for 4 h, which was a typical growing-type ExHP. The heavy precipitation was mainly concentrated in Hunnan District and Shenhe District. As shown in Figure 9, the temperature decreased dramatically, and the relative humidity increased in the usual strong UHI areas (the municipal district of Shenyang and Liaozhong County) from the beginning of the ExHP. Short-term ExHP events in the municipal district of Shenyang are closely related to the urbanization of Shenyang. The expansion of the city, the change in the underlying surface, human life and disordered activities (including various kinds of transportation) aggravate the energy exchange between the urban surface and the atmosphere, causing more complex atmospheric boundary layer movement and more intense convection in urban areas. Furthermore, the strong UHII leads to more convective weather in urban areas, increasing the frequency of ExHP. In recent years, many studies have also shown that urbanization has played a certain role in enhancing the frequency and intensity of ExHP (Tan et al., 2015; Yang et al., 2017; Wu, 2019).
[image: Figure 9]FIGURE 9 | Spatial distributions of (A) precipitation and (B) temperature at 20:00 on 11 July 2007.
Figure 10 shows the distributions of convective available potential energy, 500 hPa height field and 850 hPa wind field at 20:00 on 11 July 2007. As can be seen, the impact system of this case is a high-level trough. In terms of energy, the convective available potential energy over Shenyang reached 1124 J kg−1, indicating a favorable energy condition. The 500 hPa 588-iosline was located near the Bohai Sea, close to the south of Dalian. At 850 hPa, the shear line at 850 hPa was obvious, and the southwesterly wind was relatively strong at 850 hPa, which transports much water vapor to Shenyang.
[image: Figure 10]FIGURE 10 | The distributions of (A) convective available potential energy, and (B) 500 hPa geopotential height and 850 hPa wind at 20:00 on 11 July 2007.
Figure 11 shows the radar echo maps of Shenyang station on 11 July 2007. A strong echo appeared in Shenyang at about 19:00 LST that day, with a maximum value of about 35–40 dBZ. Before 19:00 LST, there were no obvious echoes in the upstream areas of Shenyang. So, the echo was locally initiated, and it gradually dissipated after 20:00 LST.
[image: Figure 11]FIGURE 11 | Radar echo maps of Shenyang station at (A) 19:32 LST and (B) 19:55 LST on 11 July 2007.
Figure 12 shows the spatial distribution of UHII in the municipal district of Shenyang at 16:00 LST on 11 July 2007. As can be seen, the high-value areas of UHII corresponded to the areas where the ExHP occurred. The areas with a small amount of precipitation, such as Shenbei New District and Sujiatun, were also within the range of strong UHII. The temperature of most national and regional stations with precipitation reached the maximum at 16:00 LST. There are often high temperature, high humidity and strong UHI effect in urban areas before the ExHP events.
[image: Figure 12]FIGURE 12 | Spatial distributions of UHII in the municipal district of Shenyang at 16:00 LST on 11 July 2007.
Figure 13 shows the diurnal variations of UHII from 12 h before to 12 h after the beginning of the ExHP at Shenyang station. As can be seen, the positive UHII values were relatively stable from 12 h to 6 h before the beginning of the precipitation, with the UHII values greater than 0.5°C. Since 6 h before the beginning of the precipitation, the UHII increased obviously. Shenyang station was in the strong UHII, and the UHII reached a maximum of 0.91°C at 4 h before the precipitation. This precipitation process belonged to the growing-type ExHP, and there was sporadic precipitation before the beginning of the ExHP. Therefore, the UHII began to decline at 3 h before the precipitation and fell below 0°C at 1 hour before the precipitation. When the ExHP began, the UHII reached the minimum value of −1.9°C, and the UHII values turned negative at 4 h after the beginning of precipitation. With time going, they gradually increased and stabilized at about 0.5°C.
[image: Figure 13]FIGURE 13 | Diurnal variations of UHII from 12 h before to 12 h after the beginning of the ExHP at Shenyang station.
The above analyses show that before the ExHP, there were favorable precipitation conditions in Shenyang. The UHII caused the uneven heating of the ground surface, and further led to local temperature difference. Thus, the local vertical circulation was established and the ExHP event occurred. In previous research, it was found that the influence of cities on precipitation is related to the strength of weather system through the study of precipitation in Beijing (Li et al., 2011a). The influence of cities is more significant when the large-scale precipitation system is weak or the local precipitation system is strong. Jiang et al. (2020, 2021) find that the thermal low pressure is formed near the surface of the city to strengthen the rising movement through the Urban Heat Island effect, which induces convective and finally produces heavy precipitation. It is consistent with the research in this paper.
3.5 Preliminary discussion on the causes of extreme hourly precipitation in Shenyang
Figure 14 shows the spatial distributions of the average temperature in Shenyang from 1974 to 1990 and from 1991 to 2020. It can be seen that the temperature in the municipal district of Shenyang is much higher than that in other areas in both periods. The temperature gradient in the urban area is unobvious from 1974 to 1990 (Figure 14A), while that between the urban areas of Shenyang and other areas increases after 1991 (Figure 14B), indicating that the difference in thermal conditions between the urban area and suburbs becomes more and more distinct. Figure 15 shows the annual variation of the daily maximum temperature of ExHP events. The daily maximum temperature of ExHP events at both urban and rural stations shows an increasing trend. The trend at urban stations (0.34°C/10a) is more obvious than at rural stations (0.15°C/10a). Before 1995, the difference between urban and rural stations is unobvious. After 1995, due to the influence of the urban underlying surface, the urban area has higher temperature on ExHP days. With sufficient water vapor, the higher temperature strengthens the water storage capacity of the air, hence intensifying the potential precipitation. With urbanization, the UHII in the municipal district of Shenyang has also gradually enhanced. Various factors such as human activities intensify the energy exchange between the urban surface and the atmosphere. The atmospheric boundary layer movement becomes more complex, hence the more intense convection in the municipal district of Shenyang. Strong UHII leads to the increase of convective weather in urban areas, and the frequency of ExHP events increases.
[image: Figure 14]FIGURE 14 | Spatial distributions of average temperature in Shenyang (A) from 1974 to 1990 and (B) from 1991 to 2020.
[image: Figure 15]FIGURE 15 | Variations of maximum temperature at urban and rural stations on the ExHP days.
Past studies revealed that both the frequency and intensity of ExHP at urban stations are much higher than those at rural stations, and the peak values of ExHP at urban and rural stations mainly occur at night. To further explain this phenomenon, the 6-h resolution temperature and pressure data are used to analyze the pressure anomaly caused by the diurnal variation of the UHI effect. The UHI effect has obvious diurnal variation characteristics, with the highest UHII at night and in the early morning, but the lowest UHII at morning and noon. The atmospheric pressure anomaly caused by the diurnal variation of UHII presents similar variation characteristics.
Figure 16 shows the variations of UHII and urban-rural pressure difference from 1974 to 2020. As can be seen, the UHII has an evident increasing trend from 1974 to 2020, reaching 0.17°C/10a which has passed the significance test at 95% confidence level. Especially, with rapid urbanization, the UHII exceeds 0.6°C after the 21st century. Moreover, the diurnal variation characteristics of UHII become increasingly obvious. In the early days, when urban development was relatively slow, there were no obvious diurnal variation characteristics of UHII. However, since the 1990s, the diurnal variation of UHII has become more distinct. After 2003, the diurnal UHII range could reach more than 0.5°C. The increasing UHII will cause local pressure changes in urban areas, as shown in Figure 16B. When the urbanization is slow, the pressure difference between urban and other areas fluctuates around zero, and there is no obvious diurnal variation feature. However, corresponding to the sharp increase of UHII, the pressure difference between urban and rural areas has also increased sharply since 1995. The pressure in urban areas has begun to be much lower than in rural areas, especially in the 21st century. Its diurnal range changes with the diurnal UHII range.
[image: Figure 16]FIGURE 16 | Variations of (A) UHII and (B) urban-rural pressure difference from 1974 to 2020.
Therefore, the more ExHP events in urban areas than in rural areas from late afternoon to late night can be explained. From afternoon to night, the UHII increases, which means the temperature difference in urban and rural areas will increase. Then, the urban-rural pressure difference gets larger when the temperature difference reaches the maximum at night. In the low pressure in urban areas, the airflow will converge and ascend. Meanwhile, the pressure in rural areas is relatively high, thus forming an urban-rural thermal circulation. The circulation is the strongest from nightfall to midnight. The low level atmosphere becomes unstable due to the strong UHI effect. With sufficient water vapor, the ExHP event is likely to occur in urban. Moreover, the circulation characteristics caused by the UHI effect in the Shenyang municipal district are also seen in Beijing, Shanghai, Jiangshu and other areas (Zhang, 2012; Zhu et al., 2018; Hou et al., 2019).
Besides UHI, urban canopy and aerosol are also essential factors in the occurrence and development of ExHP. The UHI can enhance the near-surface temperature disturbance and trigger deep wet convection, thus increasing the intensity and frequency of ExHP in urban area and its downwind area. The urban canopy makes the surface rougher, disturbing the boundary layer water vapor and energy processes and blocking the movement of the precipitation system. Therefore, the precipitation events are prolonged and the precipitation intensity is increased (Zhang et al., 2014). In addition, by increasing the surface friction, the urban canopy can cause the convergence of near surface wind, triggering the high-intensity convective precipitation (Miao et al., 2011). On the other hand, the enhanced human activities bring more aerosols in urban areas, which can promote the occurrence of ExHP in the rain season through increasing condensation nuclei, lengthening the retention time of cloud droplets in the air, inhibiting the downdraft, and enhancing the upward motion by the latent heat release in the ice phase processes (Khain et al., 2005; Qian et al., 2009; Li et al., 2011b).
4 DISCUSSION
Based on the multi-source meteorological and socio-economic data, urban and rural stations are classified by the satellite remote sensing classification method. The UHII diurnal variation in Shenyang and the relationship between ExHP and UHII are analyzed, Moreover, the causes of ExHP are discussed.
Our analysis in this paper shows that the process of urbanization influencing ExHP is often accompanied by the UHI effect, which has a feedback effect with it. Generally, there is a strong UHII 1–6 h before the start of ExHP. The UHI increases the air temperature near the surface and makes the stratification more unstable. The heat island circulation generated by UHI causes convection, which promotes the formation and movement of precipitation. The energy change caused by precipitation also affects the urban thermal environment. Shepherd et al. (2002) used TRMM satellite precipitation data to study urbanization precipitation, and they pointed out that the UHI circulation make the air flow to downwind areas and generate convective clouds. Through the study of precipitation in large coastal cities, it is found that the interaction of sea-land breeze, topography, urban environment and atmosphere affects precipitation together, but UHI is the main reason for the increase of precipitation (Shepherd et al., 2003). Sun et al. (2007) studied the influence of UHII on precipitation in winter and summer by using the observation data from 1975 to 2004 in Beijing. The results showed that southerly airflow is prevalent in Beijing in summer, the UHII has been strengthened, and the precipitation process in the north has an increasing tended. In terms of Shenyang, the influence of UHI on the abrupt-type ExHP is relatively clear. The strong UHII before the abrupt-type ExHP enhances the vertical shear in the urban boundary layer, which intensifies low-level convergence and makes the ExHP center prone to appear in the urban or suburban area. However, other changes brought about by urbanization, such as the change of land types, the increase of surface roughness, and the decrease of in water vapor mixing ratio, also have important effects on ExHP. By changing land use types, urbanization causes low surface albedo, strong UHII, high surface roughness and low surface permeability. As a result, the surface-air flux exchange, water cycle and energy cycle may change accordingly, thus affecting the radiative forcing and ExHP (Zhang et al., 2009; Wang et al., 2012). Shi et al. (2012) made attribution analysis on the spatial distribution characteristics of precipitation in Beijing from June to September during 2006–2010. The study pointed out that when the UHI is strong, the precipitation is mainly distributed in the urban and suburban areas, and the maximum rainfall intensity occurres in the downwind side of the city. When there is no UHI effect, the distribution of precipitation is only affected by topography. The relevant conclusions were also been found by Li et al. (2011a) in their research.
This study found that ExHP events mostly occur at night in summer when the corresponding UHII is strong. The strong nighttime UHII caused by rapid urbanization of Shenyang, combined with the slowdown of the movement of the weather system by buildings and the increase of condensation nuclei, have enhanced nighttime precipitation. Dixon et al. (2003) studied the types and causes of precipitation caused by urban heat island effect in Atlanta, and found that the most precipitation events caused by the urban heat island were in July, with local precipitation peaked in the nighttime. This is mainly due to low level moisture and urban heat island effect.
The spatial span of the municipal district of Shenyang is relatively small, and the center of the municipal district is highly developed. Therefore, whether the increase in surface roughness brought about by urbanization will strengthen local convergence (Changnon et al., 1981), increase sensible heat flux (Bornstein et al., 2000) and the instability of the boundary layer (Shepherd et al., 2002)? Whether these problems may cause the variations of ExHP? These questions need to be further investigated. In the future, remote sensing, numerical simulation and other analysis means are to be used to carry out long-series and high-resolution simulation research on the climate effect of urbanization, so as to clarify the consistency and difference of urbanization effect between various urban agglomerations and various climatic regions. These studies can further improve and enrich the research on ExHP variation and its relationship with urbanization.
5 CONCLUSION
The distributions of monthly averaged, seasonal averaged and annual averaged UHII in Shenyang are similar. The UHII values in Shenyang are basically positive, higher at night and in the morning but lower in the daytime. ExHP events mostly occur at night (21:00 LST) in summer when the UHII is relatively strong. The spatial distribution of UHII is relatively consistent with the economic development level and the transportation and population density. Dense population and transportation, as well as high-rise buildings, in the city center lead to higher UHII. Conversely, the UHII decreases with the distance from the city center.
The overall UHII variation characteristics for the three types of ExHP are relatively consistent. The UHII values are relatively stable and positive from 12 h to 6 h before the beginning of precipitation. The UHII values have increased evidently since 6 h before the beginning of precipitation. However, they decline dramatically from the beginning of precipitation (falling below 0°C). The UHII values remain negative for 4 h after the beginning of precipitation and gradually increase with time. For the abrupt-type ExHP, the UHII is relatively large before the precipitation, and the UHII can quickly return to a positive value after the precipitation ends. The UHII of abrupt-type ExHP is much higher than that of the growing-type and continuous-type ExHP.
The difference of UHII between before and after the abrupt-type ExHP is large. The spatial distributions of UHII values at 6 h, 3 h and 1 h before the precipitation are relatively consistent, showing a distribution of “high in the center and low at both ends”. The high-value areas of UHII are mainly located in the central urban area. After the beginning of the precipitation, the UHII values decrease rapidly, turning negative in the whole area, with the lowest value in Shenbei New District.
When a certain level of urbanization is reached, the temperature on ExHP days in urban areas is higher than that in rural areas, and ExHP events are more likely to occur. It may be caused by the UHI effect. The UHII shows an obvious increasing trend with urbanization, and there is obvious diurnal UHII range. The UHII at night is higher than that during the daytime. The increasing UHII can cause abnormal air pressure in urban and rural areas. The heating in the lower layer of the urban area can lower the local air pressure, causing the air to converge and rise and forming the urban and rural thermal circulation. This phenomenon is particularly evident at night, which is conducive to the occurrence of ExHP events (Principal Investigators of Project METROMEX, 1976; Yang et al., 2011; Yang et al., 2014).
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