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Abstract

:

Studies on urban extreme precipitation and its influencing factors are significant for prevention and reduction of meteorological disasters; however, few studies focus on hourly extreme precipitation (HEP) events due to the limitation of observation. By using the summer hourly precipitation data in Beijing from 1980 to 2020, the spatial distribution and temporal variation of HEP as well as its local environmental influencing factors are investigated. It is found that both summer precipitation amount and frequency of HEP are affected by topography, with high values in windward slope area. The summer precipitation amount of HEP is 160–200 mm, accounting for 42–47% of the annual summer precipitation amount, while the frequency proportion of HEP is only 5.5–6.0%. Although the summer precipitation amount and frequency in Beijing both decrease in the past 41 years, those for HEP present an opposite trend mainly due to the increasing HEP since 2003 and this is a phenomenon worthy of attention. A similar bimodal pattern in diurnal variation is found for the summer precipitation amount and frequency of HEP, with two peaks in 19–22 LT and 01–05 LT, respectively, indicating that HEPs are more concentrated in the evening and early morning especially in urban area. Moreover, the urbanization process of Beijing is consistent with the change trend of HEP, implying that the stronger the urban heat island intensity (UHI), the higher the probability of HEP. Furthermore, the convergence lines of terrain are also conducive to local heavy rainfall, and lower tropospheric stability (LTS) and convective available potential energy (CAPE) as well as aerosols may also affect HEP in Beijing.
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1. Introduction


In the past 40 years, with rapid global urbanization, the urbanization process led by human activities has often been accompanied by the rapid succession of underlying surfaces and the changes in thermodynamic transmission and hydraulic penetration [1]. Many studies have found that urbanization has an impact on precipitation [2,3]. Urban extreme precipitation, as a kind of low-probability and high-impact event, can lead to serious damage to human society. It is of great significance to investigate the variation of urban extreme precipitation and its influencing factors for improving meteorological prediction capability and safeguarding social and economic development.



Myhre et al. [4] found that with the warming of climate, the global extreme precipitation events are changing in a stronger direction, which will lead to the change of extreme precipitation more widely than the global mean precipitation. It is pointed out that the comprehensive influence of the change of extreme precipitation frequency and intensity on the total precipitation amount should be explored. At the same time, Sub-daily extreme precipitation events are becoming more and more important [5,6], because they play an important role in flood disasters in densely populated and economically developed areas, such as megacities. Therefore, the frequency, intensity and sustainability of extreme precipitation on sub-diurnal scale have been paid attention to in the world, such as Singapore and the UK [7,8]. According to Mukherjee et al. [9], the frequency and intensity of extreme precipitation events in India are increasing from 1979 to 2015, and human-made warming has an important contribution to the rise of extreme precipitation frequency. It is suggested that reducing the effect of urban heat island is helpful to alleviate the impacts of extreme weather events [10].



Some researchers have studied the distribution and variation of extreme precipitation in China and the impact of urbanization on it. It is found that there is a significant regional difference in the distribution of extreme precipitation in East China [11]. Kong et al. [12] pointed out that the hourly precipitation amount at rainstorms levels in China increased during the period 1991–2010. Yu [13] found that there are complex spatial differences in the diurnal variation of heavy precipitation in China. The daily peak of precipitation occurs in the afternoon in south and northeast China, at midnight in the Tibetan Plateau and east China, in the early morning along the middle reaches of the Yangtze River, and there are two peaks in the early morning and in the afternoon for the Yangtze-Huaihe and Huanghe-Huaihe regions. It is believed that these differences are related to monsoons, boundary-layer inertia oscillations and regional heat flux forcing [14]. Although there are differences in weather background and seasonal variation, the increase in urban precipitation is related to rapid urbanization, in which urban heat island may play an important role in the initial process of convection and exacerbate extreme precipitation [15]. The simulation results show that urbanization can cause the change of surface energy balance, which leads to the increase in extreme precipitation [16]. These studies reveal some characteristics of extreme precipitation from different perspectives, but on the whole, the understanding of urban extreme precipitation is still insufficient, and the prediction ability of urban extreme precipitation is still limited. Although sub-daily extreme precipitation is one of the important causes of flood disasters in big cities, due to the limited observation, there is little understanding on the distribution characteristics and long-term change trend of sub-daily extreme precipitation event in big cities as well as its local environmental influencing factors.



Beijing is one of the largest and fastest developing cities in the world. From 1980 to 2019, the built-up area of Beijing expanded from 304 km2 to 1485 km2, with mountains surrounding the west and northeast. The heavy rainfall events in Beijing mainly occur in summer, with the characteristics of short duration and high hourly precipitation. These heavy rainfall events, such as those on 23 June 2011, 21 July 2012 and 20 July 2016, have caused huge losses to people’s lives and property. Therefore, it is of great significance to study the physical process, climate characteristics and influence mechanism of heavy precipitation events for preventing and reducing meteorological disasters. In the past, researches on heavy precipitation in Beijing mostly focus on the analysis of weather cases and the application of new detection data [17,18], but few studies are reported on the long-term trend of hourly extreme precipitation (HEP) events and the impact of urbanization. Recently, based on the data of 18 stations in Beijing from 1977 to 2013, Yuan et al. [19] found that the contribution of HEP to total precipitation amount presents an increasing trend, which may be related to the rapid urbanization of Beijing and urban heat island, and they pointed out that the comprehensive influence of multiple factors on short-term extreme precipitation should be paid attention to.



In this study, based on the summer hourly observations at 20 conventional meteorological stations in Beijing during 1980–2020, correlation analysis and attribution analysis are adopted to investigate the spatial distribution and temporal variation of HEP in Beijing, and the influence of local environment on HEP is also explored. This study can do good for understanding the change law of urban HEP under special topography and may provide hints for improving urban meteorological forecasting ability.



This paper is organized as the follows. Section 2 introduces the materials and methods. The spatial distribution and temporal variation of HEP as well as the impact of local environment on HEP are analyzed in Section 3. Section 4 presents the discussion on the results. Additionally, the main conclusions are drawn in Section 5.




2. Materials and Methods


The summer (June–August) hourly observations of 20 stations in the Beijing area during 1980–2020 are obtained from the Beijing Meteorological Information Center (BMIC) of Beijing Meteorological Service. Before being released, this dataset is subject to strict quality controls by the BMIC. The missing records of each station in summer are less than 2%. Besides hourly precipitation data, the hourly observations of 2 m temperature, surface wind and radiation flux are also employed in this study. In addition, the urban development data including urban population and urban built-up area are from Beijing statistical yearbook, which is an annual book published by China Statistical Press.



The 95th percentile is used to delimit HEP, and the threshold is calculated by using all hourly records gathered during the period from 1981 to 2010, according to the standard reference period of 30 years defined by WMO. With the defined threshold, the HEP changes are obtained based on derived information covering the entire period during 1980–2020. Figure 1 presents the terrain height and urban impervious surface in Beijing as well as the calculated HEP thresholds of 20 stations. It can be seen that Beijing is plain in the southeast and surrounded by mountains in the west, north and northeast. The urban impervious surface of Beijing occupies a large area of about 1485 km2. As shown in Figure 1, the mean HEP threshold of the west and north mountain stations is 8.7 mm/h, and those of the suburban and urban stations in plain area are 12.2 and 11.5 mm/h, respectively.



In order to distinguish urban area from suburban ones objectively and properly, satellite image data from the US Defense Meteorological Satellite Program (DMSP)/Operational Linescan System (OLS) is utilized in this study. The DMSP/OLS nighttime light images can reflect comprehensive information, which covers the traffic roads, residential areas and other built-up areas. According to Wang et al. [20] and Yuan et al. [19], the observation stations in this study are divided into three types: urban area, suburban area and mountain area (Figure 1). The urban heat island intensity (UHI) is defined as the difference between the mean temperature of 11 urban stations and that of 3 suburban stations. In the analysis of interannual variation, in order to eliminate the high-frequency noise in the sequence, the 5-point moving average is calculated. The isolines in following figures are obtained from the station data by the inverse distance space weighted interpolation method of GRADS (Grid Analysis Display System).



Additionally, LTS and CAPE are used to describe the thermo-dynamical state of the low-level troposphere. For LTS, it is defined as the differences in potential temperature (θ) between the free troposphere (700 hPa) and the surface (1000 hPa), i.e., LTS = θ700hPa – θ1000hPa, and high LTS values generally signify the existence of a strong inversion layer, indicative of a relatively stable atmospheric stratification at low level [21]. ERA5 reanalysis data in 1 h intervals from European Centre for Medium-Range Weather Forecasts is used to calculate LTS and CAPE.




3. Results


3.1. Spatial Distributions of Summer Precipitation and HEP


As shown in Figure 1, the spatial distribution of the summer HEP threshold in Beijing is similar to that of the mean annual summer precipitation amount (see Figure 2a), in that the higher the altitude is, the lower the HEP threshold and precipitation amount are. This spatial distribution is mainly influenced by the topography, because in summer the south wind prevails in Beijing and the water vapor mainly comes from the south, so under the effect of terrain blocking, precipitation mainly occurs in the windward slope area (at “A” and “C” in Figure 2a) [22]. Figure 1 also presents that the mean HEP thresholds at the mountain stations in west and north Beijing are 8.7 mm/h, and those at the suburban and urban stations in the plain region are 12.2 and 11.5 mm/h, respectively. Especially, in the urban area, the mean HEP threshold of the northern station is higher than that of the southern station. This is because the frequency and intensity of precipitation in downwind area are higher than those of upwind area due to the effect of urban heat island, while in summer, the south wind prevails in Beijing, so the mean HEP threshold of the north station in urban area is higher than that of the south station [12]. More presentation on local environmental impact is conducted in Section 3.3.



In the past 41 years, the mean annual summer precipitation amount in Beijing is distributed along the terrain height in the northeast-southwest direction (Figure 2a). There are three precipitation centers located in the windward slope of the northeast mountain area, the central urban area and the windward slope of the southwest mountain area, respectively (Identification of A, B, and C in Figure 2a, respectively). The mean summer precipitation frequency in the mountain area is generally higher than that in the plain area, with more than 170 h for the former and less than 160 h for the later. As shown in Figure 2b, the spatial distribution of mean annual summer precipitation amount for HEP in Beijing is similar to that of the mean annual summer precipitation amount, with three peaks in the same areas. Note that the peak of mean annual summer precipitation amount for HEP in the windward slope of northeast mountain area is higher than 200 mm, accounting for 45–50% of the mean annual summer precipitation amount. The mean annual summer precipitation amounts of HEP in the urban area and the windward slope of southwest mountain area mostly are 160–200 mm, accounting for 42–47% of the mean annual summer precipitation amount. In the high-altitude mountain area, the mean annual summer precipitation amount of HEP is less than 160 mm, accounting for less than 35% of the mean annual summer precipitation amount. Figure 2c presents the mean frequency of summer HEP and its proportion in the annual number of summer hourly precipitation events. It can be seen that both the frequency and proportion of HEP in the windward slope of the northeast mountain area in Beijing are the highest, with values greater than 11 h and 6.5%, respectively. The urban area is followed with a frequency of 8–10 h and a proportion of 5.5–6.0%. Additionally, the other areas have a frequency less than 8 h and the proportion is less than 5.0%. Figure 2d shows that the mean summer precipitation intensity in Beijing does not exceed 3 mm/h, but the mean summer HEP intensity exceeds 20 mm/h in the plain area, and even in the high-altitude mountain area, it can reach 16–18 mm/h.




3.2. Temporal Variation of HEP


The maximum hourly precipitation (MHP) is an index to measure the extreme situation of HEP in certain degree. From 1980 to 2020, the summer MHP in the urban area of Beijing has a mean value of 37.0 mm, with significant interannual differences (Figure 3). For example, the MHP in 2012 is 58.8 mm, and this value is three times that in 2010. The variation rate of MHP during 1980–2020 is only 1.2 mm/10 a, which is close to the variation rate of 1.1 mm/10 a for the difference between urban and suburban areas, and this means that the MHP in suburban area almost has no change trend in the past 41 years. Additionally, the variation rate of MHP in urban area during 2003–2012 is 8.9 mm/10 a with a confidence level above 0.95 (r = 0.478, n = 18), which shows an evident upward trend in this period. This phenomenon is worthy of attention because it is rarely reported.



Figure 4a shows that the annual summer precipitation amount in the urban area of Beijing presents different trend to the summer precipitation amount of HEP. During 1980–2020, the annual summer precipitation amount decreases with a rate of 5.8 mm/10a, but the summer precipitation amount of HEP increases with a rate of 5.3 mm/10a. Moreover, the proportion of HEP precipitation amount in annual summer precipitation amount increases with a rate of 2.2%/10a during 1980–2020, especially during 2003–2020, it increases with a rate of 10.2%/10a at a confidence level above 0.99 (r = 0.592). Figure 4b presents that the annual summer precipitation frequency decreases with a rate of 3.0 h/10a in the past 41 years, while the summer precipitation amount of HEP and its proportion still show the opposite trend, with increasing rates of 0.8 h/10a and 0.17%/10a, respectively, and the increasing rate of proportion reaches to 2.4%/10a during 2003–2020. As shown in Figure 4c, there is almost no change in summer precipitation intensity in Beijing from 1980 to 2020, but the summer precipitation intensity of HEP shows a weak increasing rate of 0.28 mm/h every 10 years, and the increasing rate reaches to 2.3 mm/h every 10 years during 2003–2020. These results indicate that although the summer precipitation amount and frequency in Beijing become gradual weakening during 1980–2020, the summer precipitation amount, frequency and intensity of HEP show an increasing trend especially in the past decade (2003–2020). Obviously, the increase in HEP precipitation amount in summer in Beijing during 2003–2020 is mainly due to the increase in HEP precipitation intensity, because the increase in HEP precipitation frequency in the same period is not significant. By applying Mann–Kendall statistical test on summer precipitation amount of HEP, it is found that there are two mutation points around 1994 and 2010, and the year 2003 is the turning point for summer precipitation amount of HEP from a decrease to an increase (Figure 4d).



Both the summer precipitation amount and frequency of HEP in Beijing present a similar bimodal pattern in diurnal variation (Figure 5). The main peak occurs in 19–22 LT in the evening and the secondary peak occurs in 01–05 LT in the morning. This similar diurnal variation implies that the precipitation frequency of HEP is the main factor affecting the precipitation amount of HEP. Moreover, in peak period, the precipitation amount and frequency of HEP in urban area contribute 47.5% and 7.0% to the annual precipitation amount and frequency, respectively, while in suburban area, the corresponding proportions are 43.3% and 6.5%; in other periods, the precipitation amount and frequency of HEP in urban area only account for 36.5% and 4.1% in the annual precipitation amount and frequency, respectively, and in suburban area the corresponding proportions also decrease to 37.6% and 4.2%. This indicates that the precipitation amount and frequency of HEP present a stronger diurnal variation in urban area than in suburban area, and are more concentrated in the evening and early morning. Furthermore, as shown in Figure 5c, both the precipitation amount and frequency of HEP present an increasing trend in early morning and evening, yet they tend to decrease in other period, indicating that the high incidence period of HEP tends to shift to the early morning and evening.




3.3. Impact of Local Environment on HEP


Land use change is the most direct way for urban development to affect regional climate. Figure 6 presents that the growth rate of Beijing’s built-up area is 364 km2/10 a during 1980–2019. However, a significant turning point is found in 2001. The growth rate of Beijing’s built-up area from 1980 to 2000 is 105 km2/10 a, and that from 2001 to 2019 increases to 252 km2/10 a. Only during 2001–2003, the built-up area in Beijing expands from 520 km2 to 1180.1 km2, and Beijing’s mega city pattern has basically taken shape. Additionally, UHI is the performance of regional climate affected by urbanization. The UHI of Beijing also changed from negative anomaly to positive anomaly in 2003. The correlation coefficient between built-up area and UHI is 0.89 with confidence level above 0.99. As mentioned above, the trend of HEP in the urban area of Beijing changes significantly around 2003 (Figure 4). Therefore, it is reasonable to think that urbanization has an important impact on the HEP in Beijing. Some studies indicate that the precipitation amount and frequency in city and its downwind area are significantly higher than those in the surrounding areas especially in summer, and the increase in precipitation range and intensity is related to urban scale [2,3,23,24].



Figure 7 presents the spatial distributions of UHI and haze days in summer in Beijing during 1980–2020 and their correlation coefficients with HEP frequency proportion, also including the prevail surface wind field in summer. As shown in Figure 7a, the UHI of Beijing extends outward with the urban area as the center, and the center intensity exceeds 0.5 °C. Although the frequency of HEP and the UHI are not significantly correlated, the frequency proportion of HEP in the annual precipitation frequency is clearly proportional to the UHI. The maximum correlation coefficient between the frequency proportion of HEP and the UHI is 0.42 with confidence level above 0.99, indicating that the stronger the UHI, the higher the probability of HEP. Compared with the suburban station, the urban station has a stronger trend of ground temperature, which is favorable to the precipitation amount and frequency HEP [11]. It is suggested that the circulation of heat island can trigger and enhance convective weather such as thunderstorm and heavy precipitation, and change the dynamic structure of cloud and storm [25]. Moreover, urban heat island can promote the growth of low clouds when it propagates downwind [26,27]. Due to the impact of urban heat island, the temperature near the surface increases, which leads to stratification instability and forces the hot air to rise on the urban surface resulting in a relatively low-pressure convergence area, and the water vapor transported in can offset the shortage of water vapor supply from the urban underlying surface and cause more precipitation in the city and its downwind area [28]. Furthermore, urban heat island circulation is often coupled with local circulation, forming convergence lines in the city or its downwind area [29]. Figure 7a shows that there are two wind convergence lines caused by terrain in the windward slopes of the west and north mountain areas in Beijing, which also have an important impact on local heavy rainfall. Simple terrain convergence is not considered to trigger convection directly, but severe convective weather can be caused by terrain convergence under favorable weather systems [30]. Additionally, the impact of aerosols on precipitation is controversial because of its uncertainty [31]. However, the number of hazy days in summer in Beijing presents a similar distribution pattern to that of the UHI and is positively correlated with the frequency proportion of HEP in the annual precipitation frequency (Figure 7b), implying that the impact of aerosols on HEP in Beijing may exist. Due to the effect of urban heat island, the frequency and intensity of precipitation in downwind area tend to be higher than those of upwind area. In summer, the south wind prevails in Beijing, thus the convergence of prevailing wind and heat island circulation in the downwind of the city (north side) is strengthened, which leads to the increase in precipitation in the north side of the city (Figure 2a). This phenomenon has been found in previous studies [16], and it may also explain that the mean HEP threshold of the north station in urban area is higher than that of the south station (Figure 1).



Generally, when the wind speed is small in the daytime, the near-surface turbulence is dominated by the thermal turbulence produced by solar radiation, yet it is dominated by the dynamic turbulence produced by wind speed and ground shear in the night. Dou et al. [32] indicate that the diurnal variation of heat flux in the urban and suburban areas in Beijing is affected by the uneven distribution of aerosols. Figure 8a shows that the latent heat flux in urban area of Beijing is higher than that in suburban area from afternoon to night, and the urban area has higher underlying surface roughness than that in suburban area, which means that the turbulence in the near surface is also stronger than that in suburban area from afternoon to night. According to Zheng et al. [33], the aerosol radiation effect can cause the local circulation produced by the urban heat island circulation and the valley wind in Beijing to be weakened and change its direction in advance, which leads to the increase in heavy precipitation intensity and causes heavy precipitation more concentrated in the period from dusk to midnight, also showing the impact of aerosols on HEP in Beijing. In addition, the lower tropospheric stability (LTS) and convective available potential energy (CAPE) in summer in Beijing both present an increasing trend in recent years, with the rates of 0.98 K and 325.6 J/kg every 10 years (Figure 8b). The asymmetric change of LTS and CAPE means that the weak convection process may be restrained, because the enhancement of LTS is not conducive to the formation of weak convection. However, due to the enhancement of CAPE, strong convective weather is more likely to occur. This may partly explain the increase in precipitation frequency of HEP against the background of the gradual reduction in annual precipitation frequency. Dixon and Mote [34] also found that urban heat island is one of the important factors inducing precipitation under unstable weather conditions.





4. Discussion


Due to the limitation of observation, studies on extreme precipitation are mostly conducted by the daily precipitation data, and few of them focus on extreme precipitation on the subdiurnal scale [12]. Although numerical simulation products are with relatively high temporal precision, these products are usually specific to certain cases and have not been evaluated by using observations, also the simulation results present great uncertainty [35]. In this study, the climatic characteristics of summer HEP in Beijing are analyzed by using hourly precipitation data from 1980 to 2020. It is found that precipitation frequency of HEP only accounts for 5.5–6.0% of annual precipitation frequency, but precipitation amount of HEP contributes 42–47% to annual precipitation amount, indicating that the impact of HEP cannot be ignored in precipitation events. The year 2003 is a turning point for HEP from a decrease to an increase, and is also the period when Beijing’s mega city pattern has basically taken shape, which shows that HEP is closely related to urbanization [19]. In addition, HEP may also be associated with changes in local LTS and CAPE.



There were more HEPs in urban areas than in suburban areas in Beijing during 1980–2020, but the correlation between HEP and UHI in Beijing is weak because both summer precipitation amount and frequency present a downward trend during this period under monsoon climate change. Although the frequency of HEP and the UHI are not significantly correlated, the frequency proportion of HEP in annual precipitation frequency is clearly proportional to the UHI. This phenomenon is worthy of attention and implies that under the background of further urbanization in the future, the frequency proportion of HEP in annual precipitation frequency may increase. It is also found that the summer HEP in Beijing tend to occur in the evening and early morning, and presents a stronger diurnal variation in urban area than in suburban area. Moreover, the number of hazy days is positively correlated with the frequency proportion of HEP in annual precipitation frequency. These phenomena, which have rarely been reported in previous studies, may be related to the diurnal variation of heat flux in the urban and suburban areas in Beijing.



The special terrain around Beijing is an important factor affecting the spatial distribution of precipitation in this region, but there are still other influential factors. It is summarized that there are three primary effects of urbanization which may result in altering the intensity and frequency of precipitation, i.e., urban heat island effect, urban canopy effect and urban aerosol effect [36,37,38,39]. However, these effects are complex. For example, under the condition of sufficient water vapor in convective clouds, the increase in aerosol in clouds may lead to the increase in cloud condensation nodules, which is beneficial to precipitation, and may also lead to the decrease incloud condensation nodule radius, which is unfavorable for precipitation [31]. Zhai et al. [37] point out that the overlapping influence of global, regional and urban effects on city should be considered in current climate change research. It is suggested that extreme precipitation events in China will continue to occur frequently [40]. Under the background of the expected advance of urbanization and the gradually apparent effect of air quality control, it remains challenging to further improve the predictive capability of extreme precipitation events by comprehensively considering the impact of various factors.




5. Conclusions


By using the summer hourly precipitation data in Beijing region from 1980 to 2020, the spatial distribution and temporal variation of HEP in this region are investigated and the local environmental impact on HEP is also explored. The results are as the following.



Both the precipitation amount and frequency of summer HEP in Beijing are significantly affected by topography and the high-value areas are distributed in the northeast-southwest direction. The mean summer precipitation caused by HEP is 160–200 mm, accounting for 42–47% of the mean annual summer precipitation, and the mean summer precipitation frequency of HEP is 8–10 h, accounting for 5.5–6.0% of the mean annual precipitation frequency. In addition, the mean intensity of HEP is greater than 20 mm/h.



In the past 41 years, the summer precipitation amount and frequency in Beijing both present a decreasing trend, but those for HEP present an opposite trend, leading to their proportions with an increasing trend of 2.2% and 0.17% every 10 years in the annual summer precipitation amount and frequency, respectively. This phenomenon is mainly contributed by the significant increasing HEP from 2003 to 2020, and the year 2003 is a turning point of HEP from a decrease to an increase.



The summer precipitation amount and frequency of HEP in Beijing both present a similar bimodal pattern in diurnal variation, with one peak in 19–22 LT and another one in 01–05 LT. In peak period, the proportions of HEP in the summer precipitation amount and frequency are higher in urban area than in suburban area, indicating that HEP presents a stronger diurnal variation in urban area and are more concentrated in the evening and early morning.



Additionally, the urbanization process of Beijing is consistent with the change trend of HEP, and the proportion of HEP in the annual precipitation frequency is proportional to the UHI, with the maximum correlation coefficient of 0.42 at confidence level above 0.99, and these indicate that the stronger the UHI, the higher the probability of HEP. Moreover, the convergence lines of terrain in the west and north mountain areas in Beijing are also conducive to local heavy rainfall. Furthermore, local LTS and CAPE as well as aerosols may also affect HEP in Beijing.
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Figure 1. Terrain height (unit: m, gray filled) and urban impervious surface (red area) in Beijing as well as HEP thresholds (unit: mm, the numbers) of 20 stations. 
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Figure 2. Spatial distribution of summer precipitation in Beijing from 1980 to 2020: (a) mean annual summer precipita-tion amount (unit: mm, color filled) and frequency (unit: h, isoline); (b) mean summer precipitation amount of HEP (unit: mm, color filled) and its proportion in mean annual summer precipitation amount (unit: %, isoline); (c) mean summer precipitation frequency of HEP (unit: h, color filled) and its proportion in mean annual summer precipitation frequency (unit: %, isoline); (d) mean summer precipitation intensity (unit: mm/h, color filled) and that for HEP (unit: mm/h, isoline). The "A", "B" and "C" in the figure represent the windward slope of northeast mountain area, central urban area and windward slope of southwest mountain area in Beijing, respectively. 
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Figure 3. Interannual variations of the summer maximum hourly precipitation in urban area (red) and its difference (blue) between urban and suburban areas in Beijing during 1980–2020. The dash line is the 5-point moving average series. 
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Figure 4. Interannual variations of summer precipitation in urban area in Beijing: (a) precipitation amount (left) and proportion of HEP precipitation amount in annual summer precipitation amount (right); (b) precipitation frequency (left) and proportion of HEP precipitation frequency in annual summer precipitation frequency (right); (c) precipitation intensity anomaly; (d) Mann–Kendall test on precipitation amount of HEP, and the thick straight lines indicate the values at significance level of 0.05.The anomaly values in the figure are the differences between the meteorological elements of the current year and the climatic mean values during 1981–2010, and the dash line is the 5-point moving average series. 
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Figure 5. Diurnal variations of summer precipitation in Beijing: (a) precipitation amount (left) and proportion of HEP precipitation amount in annual summer precipitation amount (right); (b) precipitation frequency (left) and proportion of HEP precipitation frequency in annual summer precipitation frequency (right); (c) change trends for precipitation frequency (left) and amount (right) of HEP. The blue curve is a polynomial fitting data series. 
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Figure 6. Annual changes of built-up area and UHI anomaly in Beijing during 1980–2020. 
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Figure 7. The spatial distributions of (a) UHI and (b) haze days in summer in Beijing during 1980–2020 and their correlation coefficients with HEP frequency proportion. The UHI (unit: °C) and haze days are color filled, while blue isoline indicates the correlation coefficient. The wind shafts at the stations on the left panel indicate the prevailing surface wind field in summer in Beijing, and the thick dotted line indicates the wind convergence line caused by terrain. 
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Figure 8. Diurnal variations of (a) sensible heat flux (QE) and latent heat flux (QH) in summer in Beijing during 2015–2016, and (b) those of lower tropospheric stability (LTS) and convective available potential energy (CAPE) in summer in Beijing during 2008–2018. 
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