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Abstract

:

Many studies have shown that air pollutants have complex impacts on urban precipitation. Meteorological weather station and satellite Aerosol Optical Depth (AOD) product data from the last 20 years, combined with simulation results from the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem), this paper focuses on the effects of air pollutants on summer precipitation in different regions of Beijing. These results showed that air pollution intensity during the summer affected the precipitation contribution rate (PCR) of plains and mountainous regions in the Beijing area, especially in the plains. Over the past 20 years, plains PCR increased by ~10% when the AOD augmented by 0.15, whereas it decreased with lower pollution levels. In contrast, PCR in mountainous areas decreased with higher pollution levels and increased with lower pollution levels. Our analysis from model results indicated that aerosol increases reduce the effective particle size of cloud droplets and raindrops. Smaller cloud raindrops more readily transport to high air layers and participate in the generation of ice-phase substances in the clouds, increasing the total amount of cloud water in the air in a certain time, which ultimately enhanced precipitation intensity on the plains. The removal of pollutants caused by increased precipitation in the plains decreased rainfall levels in mountainous areas.
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1. Introduction


Complex interactions occur between air pollutants and precipitation. Precipitation has significant removal effects on air pollutants [1,2,3], and the removal efficiency is closely related to the intensity of precipitation [4,5]. At the same time, air pollutants also have an important impact on cloud formation [6,7,8]. The interaction between air pollutants and rainfall is bidirectional and inseparable, and this poses difficulties to their scientific study.



Many studies have indicated that the increase of aerosols caused by air pollution can reduce the particle size of cloud droplets and raindrops and finally reduce the precipitations [9,10,11,12,13]. However, under the condition of sufficient water vapor supply, a large number of cloud and rain droplets with reduced particle size may be brought to the upper air, further promoting the development of ice-phase cloud microphysical processes in the cloud, making the development of cloud more vigorous and promoting life cycle growth and the increase in precipitations and their intensity [14,15,16,17]. In addition, the emission of some special pollutants (such as black carbon) will also affect these dynamic conditions, energy distribution, and water vapor transmission in the process of cloud system development and eventually influence the distribution and intensity of precipitations [18,19,20]. Aerosol combined with the urbanization effect will also strengthen the formation of storms [21,22]. These effects of pollutant emission on precipitation are very complex and are related to the type of aerosol, water vapor, dynamic conditions, and precipitation.



As a super big city, Beijing has a high population density. Anthropogenic air pollutant emission is a factor impacting the environment that cannot be ignored. At the same time, aerosol changes also greatly participate in the occurrence and development of precipitation in Beijing [23,24,25]. Studies have shown that although the South-to-North Water Diversion Project has improved Beijing’s water resources [26], Beijing’s water resources are still greatly affected by precipitation, especially that from June to August in summer. Therefore, analyzing the impact of air pollution on summer precipitation in Beijing has important significance for urban water resources utilization. In this study, meteorological weather stations and satellite Aerosol Optical Depth (AOD) product collected in the recent 20 years were used to analyze the changes in precipitation characteristics caused by pollutants.



The Weather Research and Forecasting model coupled with the Chemistry model (WRF-Chem) simulated the emission, transport, mixing, and chemical transformation of trace gases and aerosols simultaneously with meteorology. The model has been used to investigate regional-scale air quality [27,28,29], for field program analyses [30], and to examine cloud-scale interactions between clouds and chemistry [17,18]. In this work, we focused on whether air pollution has different effects on summer precipitation in different regions of Beijing (mountainous and plain areas). We used the WRF-Chem model to simulate a typical summer precipitation process in Beijing by changing the intensity of pollutant emission, to check the air pollutants’ effects on cloud and rainfall, and then to further analyze their impact on cloud microphysics.




2. Materials and Methods


2.1. Observation Data


2.1.1. Precipitation Data


The hourly precipitation data of 20 national meteorological observation stations in Beijing were selected for analysis (data obtained from http://data.cma.cn/en (accessed on 2 January 2021)). According to data effectiveness and continuity, hourly precipitation data during June and August from 2000 to 2020 were selected (see Figure 1 for station locations and distributions). The terrain of Beijing is low in the southeast (plain) and high in the northwest (mountains), corresponding to the East-West Yanshan Mountain and North-South Taihang Mountain. The water vapor from summer precipitation comes primarily from the southeast and southwest. In addition to the influence of atmospheric circulation, topographic uplifts also affect precipitation formation. Accounting for the characteristics of summer precipitation, geographical location, and the different levels of air pollutant emission caused by human activities in Beijing, the 20 stations were divided into three categories: mountainous area (blue circles in Figure 1), foot of the mountains (green circles in Figure 1), and plain area (red circles in Figure 1; see Table 1 for site location details and classification information).



Summer precipitation in Beijing occurs primarily as stratiform cloud precipitation and convective cloud precipitation. The probability of local convective precipitation in different regions of Beijing during the summer is random and equal, and the impact of stratiform cloud precipitation in each region is stable over the long run. To eliminate the influence of drought and flood years, this paper used the formula below to process the summer daily precipitation, and that data represent the precipitation contribution rate (PCR, %) of each station to the precipitation in all of Beijing.


Percent (sta,d) = rain (sta,d)/rain (regiontotal,d) × 100%



(1)




where percent (sta,d) represents the PCR of the daily precipitation at station sta on day d to the total precipitation in Beijing on that day, rain (sta,d) is the total precipitation at station sta on day d, and rain (regionaltotal, d) represents the total precipitation at all stations on that day.



The percentages (sta,d) were averaged according to the stations classified in Table 1 to obtain the annual average PCR of Beijing’s mountain, foot of the mountains, and plain areas in the summer.




2.1.2. Aerosol Optical Depth (AOD)


The MODIS AOD product (MCD19A2) was generated by Multi-Angle Implementation of Atmospheric Correction (MAIAC) [31], which has a higher spatial resolution (1 km) than other AOD products (data were downloaded from https://ladsweb.modaps.eosdis.nasa.gov (accessed on 20 February 2021)). The high spatial resolution of MCD19A2 shows more aerosol details [32]. In this paper, only the best-quality (QA.CloudMask = Clear, and QA.AdjacencyMask = Clear) retrievals of MCD19A2 were used [31,33]. Jia Chen et al. [34] verified the accuracy and effectiveness of the data product in Beijing, Tianjin, and Hebei regions and suggested that the data product directly indicates air pollution. The reliability of the product has been confirmed for Beijing, Tianjin, and Hebei.



In this study, combined with high-resolution terrain data, AOD data in the Beijing area were divided into data from mountainous and plain areas. We did not screen the AOD data related to areas at the foot of mountains since they are hard to define simply according to terrain’s height. The annual variations of mean AOD during Beijing summers (June to August, 2000 to 2020) in plain and mountainous regions were calculated.





2.2. Numerical Simulations


The Weather Research and Forecasting (WRF) Model is a next-generation mesoscale numerical weather prediction system designed for both atmospheric research and operational forecasting applications. WRF can produce simulations based on actual atmospheric conditions (information available online at http://www.wrf-model.org/index.php (accessed on 20 February 2021)). WRF-Chem is an online model coupling meteorological and chemical models consisting of various chemical modules based on the weather prediction model WRF [35]. The WRF-Chem model comprehensively analyzes aerosol changes caused by altering anthropogenic emission sources and analyzes the impact of aerosols on various environmental factors. Model simulations were conducted using the WRF-Chem v3.5.1 model with the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) aerosol model [36] and the Carbon Bond Mechanism (CBM-Z) photochemical mechanism [37]. The MOSAIC aerosol scheme uses a sectional approach to represent aerosol size distribution with several discrete size bins (four bins in this study) [38]. BC absorption improved when internally mixed with sulfate [39,40]. The Optical Properties of Aerosols and Clouds (OPAC) dataset [41] was used for the shortwave (SW) and longwave (LW) refractive indices of aerosols, except a constant of 1.53 + 0.003i was used for the SW refractive index of dust. The optical properties and direct radiative forcing of individual aerosol species in the atmosphere were diagnosed following the methodology described by Zhao et al. [42]. Aerosol aging processes such as nucleation, coagulation, and dry deposition were considered.



2.2.1. Case Introduction


The summer precipitation in Beijing is often affected by the water vapor brought by the southwest airflow along the mountains. Rainfall that occurred at night on 24 June 2012 was selected for simulation in this study. The wind field and relative humidity conditions at 850 hPa, 700 hPa, and 500 hPa at 1200 UTC on 24 June 2012 are shown in Figure 2. The figure shows that moisture came from the south with the southwest airflow. Beijing has good water vapor and dynamic conditions. After long-distance transportation, low-level moisture (850 hPa) came from the plains to the mountainous areas via topographic uplift in Beijing. The westerly wind was relatively dry and not the main source of moisture.




2.2.2. Simulation Design


A non-nested single-layer calculation area with a resolution of 3 km was designed for simulation in this paper. The domain covered north and central China to ensure that the information of the main weather systems was captured, as shown in Figure 2. The initial and lateral meteorological boundary conditions came from the National Center for Environmental Prediction final analysis (NCEP/FNL) data at 1° of horizontal resolution and 6 h temporal intervals. The topographic information was obtained from 5 min-resolution WRF Preprocessing System (WPS) geographical input data. The initial chemical condition came from default profiles in the WRF-Chem model and was a very clean condition. The Yonsei University (YSU) planetary boundary layer scheme [43], Unified Noah land surface scheme [44], Morrison 2-moment bulk microphysics scheme [45,46], and RRTMG longwave and shortwave radiation schemes [47] were used in this study. A cumulus cloud parameterization was not included, since such a parameterization is not suitable for 3 km resolution. The anthropogenic emission data in 2012 was obtained from the MEIC team of Tsinghua University (data was acquired from http://meicmodel.org (accessed on 30 March 2021)). They consider the contribution of electric power, industry, civil, transportation, and agriculture activities. The data include SO2, NOx, CO NMVOC, NH3, PM10, PM2.5, BC, OC, and CO2 [48,49]. Table 2 shows the information for the physical and chemical schemes used in these simulations.



Two simulations were designed in this study for the case described in Section 2.2.1. One (named “Polluted” in this paper) simulated the case with the actual pollution emission conditions by using emission source data from 2012. In the other simulation, the emission source intensity was reduced by multiplying by 0.33 based on the Polluted case to simulate the process under clean conditions (named “Clean”).






3. Results


3.1. Observation Results


3.1.1. Changes of PCR and AOD


The PCR in plain and mountainous areas showed opposite trends, as seen in Figure 3a. The PCR in plain areas significantly fluctuated upward from 31% to nearly 40% from 2000 to 2009 before decreasing, finally approaching a level in 2020 similar to 2000. In contrast to the plain areas, PCR in the mountains initially decreased from 30% to ~24% (around 2010) and then increased to ~31% in 2020. The PCR for areas at the foot of the mountains showed no obvious change trend over the last 20 years, so we decided to ignore this element in subsequent analyses. As seen in Figure 3b, from 2000 to 2009 (especially after 2004), the AOD in the plains increased from 0.85 to 0.96, then gradually decreased to approximately 0.83 in 2020. The AOD value in mountainous areas fluctuated around 0.7 for all 20 years.



Over the last 20 years, PRC and AOD trends in plains areas appeared similar, first rising, then falling. This indicated that air pollution may vary the precipitation in plains areas. In contrast, the AOD in mountainous areas did not change significantly, but PCR in these areas contrasted with plain areas, falling initially before rising. Since the contribution rate is a percentage probability, the change in mountainous PCR may correspond to changes in the plains. On the other hand, changes in air pollution in plain areas may also indirectly affect the PCR change in the mountains. Further analysis is necessary to confirm this hypothesis.




3.1.2. Changes of PCR for Different Rainfall Intensities


To further analyze the impact of different rainfall intensities in different regions on the contribution rate, hourly precipitation results from ground meteorological stations in mountainous and plain areas were divided into three categories according to the precipitation intensity, i.e., less than 5 mm h−1, 5–10 mm h−1, and >10 mm h−1. Figure 4 shows the contribution rates of different rainfall intensities in different regions. For plain areas, the curves shown in Figure 4b indicate that heavy rainfall changes (greater than 10 mm h−1) caused most of the PCR changes shown in Figure 3a. This implied that increased air pollution led to increases in heavy precipitation, which led to the total precipitation increase in the plain areas. Figure 4a shows the annual PCR variation at different rainfall intensities in mountainous areas. The PCR trend in the mountains shown in Figure 3a corresponded to the variation of precipitation in mountain areas and implied the change was primarily due to rainfall intensity changes of less than 5 mm h−1 and greater than 10 mm h−1.





3.2. Simulation


Based on analyses from the collected data, air pollution may alter the precipitation in plain and mountainous areas of Beijing during the summer, and air pollution sources occur mainly in the plains. The total amount of heavy rainfall (>10 mm h−1) in plain areas increased with the aggravation of air pollution, while the total rainfall intensities in the mountains decreased with air pollution enhancement. To confirm the impact of air pollutant emission on typical summer precipitation in Beijing, we used the WRF-Chem model to simulate the typical regional precipitation in Beijing. By changing the intensity of anthropogenic emission sources, this paper compared and analyzed the impacts of air pollutants on rainfall intensities in different regions of Beijing (See Section 2.2 for the design and details of the simulation schemes).



3.2.1. Verification of the Simulation Results


This study chose precipitation that occurred on 24 June 2012. We checked the simulated precipitation results by using data from 245 rain gauge stations (data from http://web.dataportal.bepk.cn/weatherServer/index.jsp; accessed on 1 May 2016). Figure 5 shows the total amount and distribution of precipitation from 0400 UTC to 1800 UTC on 24 June. The Polluted simulation captured the total rainfall features better than the Clean simulation. As shown in Polluted and Observation, the rainfall center was distributed in a belt along the foot of the mountains from southwest to northeast. The maximum cumulative precipitation exceeded 60 mm, and the cumulative precipitation in the mountain area was less than 30 mm. The simulated rainfall in the plain area Polluted simulation was ~5 mm lower than the observed results, but the distribution matched the actual situation well, while the Clean case just showed an isolated rainfall center at the foot of the mountains in the north. Compared with the Polluted scheme, the total rainfall in the plains and mountainous areas of the Clean simulation decreased. Therefore, we think that simulation results from the Polluted scheme better reflect the actual process.




3.2.2. Effects of Air Pollution on Rainfall Intensity


This study focused on the Beijing area; therefore, the analysis area was fixed at 115° E–118° E and 39° N–41° N. At the same time, the grid points at altitudes below 300 m were defined as plain (plains) areas, and areas at altitudes above 1000 m were defined as mountain (mountainous) areas. The rainfall intensities in mountainous and plain areas were divided into four categories, i.e., <0.1 mm h−1, 0.1–5 mm h−1, 5–10 mm h−1, and >10 mm h−1. Since the observation resolution of the automatic observation station is 0.1 mm, rainfall intensities below 0.1 mm h−1 were viewed as no precipitation in this study.



The histogram in Figure 6 shows the different probabilities for the four rainfall intensity categories between Polluted and Clean in mountainous and plains areas, which means the probability of occurrence for Polluted minus that for Clean. Those results showed that an increase in air pollutants in plain areas reduced the probability of rainfall below 10 mm h−1. The probability of no precipitation (<0.1 mm h−1) increased by approximately 7%, precipitation between 0.1–5 mm h−1 decreased by 23%, while precipitation between 5–10 mm h−1 decreased by ~12%. Only the probability of precipitation greater than 10 mm h−1 increased and did so by nearly 10%. The mountainous areas showed total rainfall decreases. The probability of no precipitation increased by ~15%, and the probabilities of 0.1–5 mm h−1, 5–10 mm h−1, and >10 mm h−1 rainfall decreased by 11%, 24%, and 5%, respectively.



To verify those simulation results, observation data from 2009 and 2020 were selected as representative of polluted and clean conditions. The differences in probability for the four rainfall intensities during those two years were calculated using observed hourly precipitation data; those results are shown in the line diagram of Figure 6. These results showed an increase in the probability of no precipitation and decreases in the probabilities of the other three rainfall intensities in mountain areas; this agreed with the simulation results well. Our observations also showed an increased probability for no rain and a slightly decreased probability for 5 mm h−1 rainfall in the plains. In contrast, the observed probability of precipitation above 5 mm h−1 increased significantly. Although precipitation enhancement values were inconsistent, both observation and simulation indicated the enhancement of pollutant emission inhibited weak precipitations and promoted the occurrence of heavy precipitations in plain areas.




3.2.3. Changes of Aerosol and Cloud Microphysical


The 850 hPa wind field in Figure 2 shows that wind in Beijing blows from the plains to the mountain. Therefore, low-level pollutants and moisture also move in the same direction. The simulation results showed that different emission sources led to aerosol transport efficiency changes from the plains to mountainous areas.



The histogram in Figure 7 shows the average hourly precipitation in plain areas. Plain_ rain_ P corresponds to polluted conditions, and plain_ rain_ C indicates clean conditions. Plain_rain_P was significantly higher than plain_rain_C, which once again confirmed that pollution increases also increased rainfall intensities in the plains. The line diagram in Figure 7 shows the PM2.5 mass ratio between the mountains and plains under polluted and clean conditions at the same time, which reflects the proportion of aerosols moving from the plains to mountainous areas. The gap between the two lines is not obvious in the initial stage of precipitation (before 0600 UTC on 24 June). As the rainfall system developed, the ratio for the Polluted case gradually decreased from 40% (0600 UTC on 24 June) to 22% (1000 UTC on 25 June), while the values for the Clean case fluctuated between 45% and 38%. Previous studies showed that heavy precipitation very effectively removed atmospheric pollutants, while the removal efficacy of weak precipitation was quite minor [2,3]. Therefore, we believe that air pollution increases rainfall intensities in plains areas, which also improves the removal of air pollutants, reduces the number of pollutant particles transported into mountain areas, and subsequently alters the precipitation characteristics in mountainous regions.



The discussion above indicates that air pollution from plains areas affects both the distribution and intensity of precipitation in plain and mountainous areas. Increased pollution increases the probability of moderate to heavy rainfall intensity, and light rain decreases in the plains areas, while both the total rainfall amount and intensity in the mountains decrease. The physical parameters of the clouds during the primary precipitation period (1200 UTC to 1800 UTC on 24 June) from the simulations were analyzed to determine how air pollution changes the physical characteristics of the cloud and the final precipitation.



Figure 8a shows the average microphysical mass concentration vertical profiles in Beijing plain and mountains under Polluted and Clean conditions. The mass mixing ratios of cloud, rain, snow, graupel and ice crystal are shown from left to right. For Polluted conditions, total clouds in mountainous areas dropped significantly since the mass ratios also dropped significantly (except for the ice ratio) as compared to the Clean conditions. This could directly reduce the precipitation in mountainous areas. Except for cloud droplets, the values for the Polluted conditions in plain areas increased significantly. The mass of ice clouds (including snow, graupel, and ice) in plain areas more than doubled compared with the Clean conditions. The increase of pollutants in plain areas likely led to additional cloud development in the upper atmosphere, increased ice-phase cloud formation, and finally enhanced rainfall in these areas.



Figure 8b shows the average microphysical number concentration vertical profiles of the same cloud particles as Figure 8a. An important way air pollution physically affects a cloud stems from changes to the number of cloud condensation nuclei caused by the change of aerosol particles. The number of raindrops, snow, graupel and ice crystals in plain areas increased significantly in the Polluted conditions. After spectral confirmation, the particle sizes of clouds in the primary stage decreased in the Polluted case. More particles were carried to the upper air by the updraft flow, which increased ice-phase microphysical processes, as reported previously [16]. This ultimately resulted in plains area precipitation increases. However, Figure 8b shows that the number of snow and ice crystals at high altitudes in mountainous clouds did not change significantly, which confirmed that clouds in mountainous areas did not develop upward to form more ice clouds. The number of cloud drops, rain, and graupel particles at low altitudes decreased significantly due to fewer aerosol particles transported from the plain areas (see Figure 7), which reduced the efficiency of cloud formation and ultimately decreased the precipitation in mountainous areas.






4. Conclusions


Precipitation and satellite observation AOD data from the last 20 years of Beijing summers showed similar variations as data related to plains areas. Both mountainous and plains areas saw an initial increase followed by a decrease, and the inflection point occurred in 2009. The difference between the maximum and minimum PCR for the plains was close to 10%, and the maximum difference of AOD was ~0.15. The PCR for mountain areas showed no obvious correlation with AOD changes.



Both observation and simulation results showed that air pollution affected rainfall intensity and precipitation amount and distribution. When anthropogenic emissions increased by a factor of three, as observed for the Polluted conditions compared with the Clean conditions, heavy precipitation instances (greater than 10 mm h−1) increased by nearly 10%, and precipitations at other intensities decreased by nearly to 30% in the plains. This agreed with the observation that indicated precipitation greater than 5 mm h−1 increased by about 28% when the AOD difference increased by 0.15. Both simulation and observation showed that air pollution from plain areas affected mountainous areas, and rainfall decreased due to the enhancement of air pollution and increased after improvements in air quality.



In plain areas, the increase of aerosols decreased the effective particle size of cloud droplets and raindrops; smaller cloud raindrops more readily transfer to high air layers and generate ice-phase substances in the clouds, which promotes strong precipitation events. Aerosols reach the mountain mainly from plain areas. In polluted conditions, cloud formation and rainfall consume most aerosols in plain areas. Aerosols reaching the mountain areas from the plain decrease, which leads to rainfall reductions in mountainous areas.
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Figure 1. Distribution of the 20 selected meteorological stations and topography of the Beijing area. The blue, green, and red circles in the figure correspond to the stations on the mountain, at the foot of the mountains, and plain areas, respectively. 
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Figure 2. Atmospheric relative humidity and wind field at 850 hPa, 700 hPa, and 500 hPa in North China at 1200 UTC on 24 June 2012. The color map in the figure indicates the relative humidity, and the arrows show the wind field. 
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Figure 3. Annual variation of (a) PCR and (b) AOD at 550 nm from 2000 to 2020 in different regions of Beijing. The red triangle, dark square, and green circle correspond to stations in the mountains, at the foot of the mountains, and plains, respectively. The error bar marks the 95% confidence interval. 
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Figure 4. Annual variation of PCR from 2000 to 2020 in (a) mountain and (b) plain regions in Beijing for different rainfall densities. The yellow circle, green square, and red triangle marks correspond to the <5 mm h−1,5–10 mm h−1, and >10 mm h−1 rainfall intensities, respectively. The error bars mark the 95% confidence interval. 
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Figure 5. Accumulated precipitation from 0400 UTC to 1800 UTC on 24 June 2012 based on Polluted (left), Clean (middle), and rain gauge observations (right). The dark circles in the Polluted and Clean images mark the location of the 20 national stations. 
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Figure 6. Different probabilities of the occurrence of the classified rainfall intensities under polluted conditions compared with clean conditions in plain and mountainous areas of Beijing. The histogram represents the simulation results for plain (black) and mountain (grey grid) areas, and the line with triangles and circles indicates the observed results for plain and mountain areas, respectively. 
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Figure 7. Hourly PM2.5 concentration ratios between mountainous and plains (lines) areas and hourly rainfall in plains areas (histogram) during the time of heaviest rainfall (1200 UTC to 1800 UTC on 24 June). The black line with triangle marks and the dashed line with circle marks indicate the Polluted and Clean results for plain areas, respectively. The histogram indicates the results for plain areas under Polluted (plain_rain_P, black) and Clean (plain_rain_C, grey grid) conditions. 
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Figure 8. Vertical profiles of cloud microphysical parameters (a) mass concentration and (b) number concentration in Beijing plains and mountainous areas under Polluted (red line) and Clean (black line) conditions. Data were averaged for the main rainfall period (1200 UTC to 1800 UTC on 24 June). The unit of mass concentration in Figure 8a is 0.1 g·kg−1 for mountain areas and g·kg−1 for plain areas. The unit of number concentration in Figure 8b for cloud drops is 1 × 106 #·kg−1, and the units of number concentration in Figure 8b for rain, snow, graupel, and ice are 1 × 103 #·kg−1. 
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Table 1. Automatic weather station classification and location information.
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Classification

	
Station

	
Latitude

	
Longitude






	
mountain

	
Yanqing

	
40°26′58″

	
115°58′8″




	
Foyeding

	
40°36′5″

	
116°8′5″




	
Tanghekou

	
40°43′53″

	
116°37′45″




	
Shangdianzi

	
40°39′32″

	
117°6′42″




	
Zhaitang

	
39°58′27″

	
115°41′30″




	
Xiayunling

	
39°43′44″

	
115°44′25″




	
foot of mountains

	
Mentougou

	
39°56′

	
116°6′




	
Haidian

	
39°59′13″

	
116°17′26″




	
Changping

	
40°13′24″

	
116°12′42″




	
Miyun

	
40°22′39″

	
116°51′51″




	
Huairou

	
40°21′27″

	
116°37′38″




	
Pinggu

	
40°10′10″

	
117°7′4″




	
plain

	
Fangshan

	
39°46′

	
116°12′




	
Tongzhou

	
39°54′48″

	
116°37′3″




	
Guanxiangtai

	
39°48′22″

	
116°28′10″




	
Daxing

	
39°43′9″

	
116°21′14″




	
Chaoyang

	
39°57′9″

	
116°30′3″




	
Shijingshan

	
39°56′25″

	
116°11′59″




	
Fengtai

	
39°52′13″

	
116°14′43″




	
Shunyi

	
40°7′36″

	
116°36′55″











[image: Table] 





Table 2. Physics and chemistry schemes used in the simulations.
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	Physics/Chemistry Options
	Parameterization





	Cloud microphysics
	Morrison 2-moment scheme [45,46]



	SW and LW radiation
	Rapid radiative transfer model [47]



	Land surface model
	Noah Land Surface Model [44]



	Planetary boundary layer
	YSU scheme [43]



	Photolysis
	CBM-Z [37]



	Gas-phase chemistry
	MOSAIC [36]
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