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Abstract

:

In recent years, ozone and PM    2.5    pollution has often occured in the Fenwei Plain due to heavy emission and favorable geographical conditions. In this study, we used the weather research and forecasting/chemistry (WRF-Chem) model to reproduce the complex air pollution of the ozone and PM    2.5    in the Fenwei Plain (FWP) from 20 May to 29 May 2015. By comparing the simulation results with the observed data, we found that although in some cities there was a bias between the simulated values and observed data, the model captured the trend of pollutants generally. Moreover, according to the assessment parameters, we validated that the deviations are acceptable. However, according to these parameters, we found that the WRF-Chem performed better on ozone simulation rather than PM    2.5   . Based on the validation, we further analyzed the pollutant distribution during the contaminated period. Generally speaking, the polluted area is mainly located in the cities of the Shanxi province and Henan province. Moreover, in this time period, pollution mainly occurred on 27 May and 28 May. In addition, due to different formation conditions of ozone and PM    2.5    pollution, the distribution characteristics of these two pollutants were also found to be different. Ozone pollution mainly occurred north of FWP due to the prevailing wind and the chemistry of ozone production. As for PM    2.5   , the pollution occurred at night and the polluted area was located in the FWP. Furthermore, high PM    2.5    areas were closed to emission sources in the FWP, showing a high correlation with primary emissions.
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1. Introduction


In China, pollutants including ozone and PM    2.5    (particulate matter with aerodynamic diameter ≤ 2.5  μ m) can both affect air quality and cause serious pollution. Rapidly developing city clusters including the Yangtze River Delta, Pearl River Delta, North China Plain, and Fenwei Plain all face heavy ozone pollution in the summer and severe haze pollution in the autumn and winter [1,2]. Surface ozone is related to climate change and atmospheric oxidation, and surface PM    2.5    is linked to atmospheric visibility. Moreover, these two pollutants both harm human health. In recent years, ozone and PM    2.5    pollution often occur at the same time, and these two pollutants sometimes show a positive correlation in summertime [3,4].



Previous studies have investigated the characteristics of ozone and PM    2.5    pollution in China. Deng et al. [2] concluded that annual mean ozone and PM    2.5    concentrations show significant spatial clustering characteristics; the substantial increase of ozone mainly occurs in Beijing–Tianjin–Hebei (BTH), the Yangtze River midstream urban cluster (YRMR), Yangtze River Delta (YRD), and Pearl River Delta (PRD). As for high-level PM    2.5    pollution, it was observed mainly in BTH, Fenwei Plain (FWP), the northern slope of the Tianshan Mountains urban cluster (NSTM), Sichuan Basin (SCB), and YRD. These polluted areas mentioned above are characterized by large emissions and favorable terrains for pollutant accumulations. In addition, the air pollution is closely related to meteorological conditions. Ozone pollution in China is usually accompanied with high temperatures, low wind speeds, and low relative humidity; PM    2.5    pollution is accompanied by surface temperature inversion, low wind speed, high relative humidity, and low temperatures [5,6,7]. In addition, there are interactions between the ozone and PM    2.5   . On the one hand, photochemical processes involving ozone can enhance the atmospheric oxidation, thus promoting the formation of secondary aerosol, which is an important composition of PM    2.5    [4]. On the other hand, aerosol attenuates solar radiation effectively and thus reduces ozone-related photochemical reaction rates [8].



The weather research and forecasting with chemistry model (WRF-Chem) is one of the numerical models that is commonly applied in ozone simulations in China [9,10,11]. Due to its high correlation coefficient and low bias with observed data, ozone simulation by WRF-Chem is credible and can be used for further research. Furthermore, WRF-Chem has been widely used for studying the temporal and spatial variation of aerosols; the PM    2.5    simulation is dependable, but it does not perform as well as ozone simulation, and the overestimation of nitrate concentration and the simulated PBL mixing at night of the model are probable reasons [12,13,14]. In previous studies, WRF-Chem has been employed to predict meteorological conditions and pollutants in China to investigate the causes for the pollution formation. In general, studies have mainly focused on meteorological conditions and anthropogenic emissions. For instance, in the study of pollution in North China based on model results, Lv et al. [7] indicated that meteorological parameters, including relative humidity (RH) and wind speed, accounted for 47.8% of pollution. In addition, it is suggested that anthropogenic emission and PBL mixing intensity also play important roles in simulating the diurnal variation of pollutants [15]. However, most of the existing studies focused on areas with key air quality problems such as the North China Plain, and few studies focus on pollution characteristics and causes in the Fenwei Plain [5,16].



Fenwei Plain (FWP), a region with a large population, is one of the most polluted city clusters in China [17]. FWP is located in a coal-based area in Northern China and combines Fenhe Plain, Weihe Plain, and the surrounding terrace in the Yellow River Basin. FWP contains twelve cities in the Shanxi province, Henan province, and Shaanxi province. In FWP, contaminants and precursors of coal industry mainly come from cities in the Shanxi province and are the largest contributor to local VOCs [5,18]. Numerical simulations of pollutions in FWP are also limited. In addition, most of the previous studies based on WRF-Chem model mainly focused on the spatial distribution and seasonal variation of pollutants in urban clusters with key air quality problems in China such as North China Plain. Very few studies focused on the model performance of simulating the variation of ozone and PM    2.5    during the complex pollution of the two pollutants. In order to address this issue, in this study, we employed WRF-Chem to investigate the performance of the model in simulating the complex air pollution in FWP. Furthermore, we also explored the characteristics of ozone and PM    2.5    pollution occurring in FWP in May 2015. Deng et al. [19] has indicated that pollution in FWP shows a trend of contiguous spreading, which may be closely related to the coal-energy dominated consumption structure in FWP. Thus, the production of pollutants in FWP is driven by anthropogenic emissions and natural conditions such as local climate and topography, which are also influence factors that this study focuses on. This study can improve the understanding of the air pollution in FWP, and helps provide ideas for future research.



In Section 2, we describe the observed data and assessment parameters we used and the model configurations, including physical parameterization schemes and gas-phase mechanism. In Section 3 we evaluate the model performance in simulating meteorological parameters and pollutant concentrations. Furthermore, we analyze the model results to investigate pollution characteristics to find out the causes of the pollution. Finally, in Section 4, we list the major conclusions and prospects for future work.




2. Methodology


In this study, we selected a period from 20 May to 29 May 2015 to investigate the pollution in FWP. During this period, based on the observed pollutant concentrations, ozone in most cities in FWP was high, and PM    2.5    was also high in cities such as Luoyang, Yuncheng, Jinzhong, Sanmenxia, and Lvliang. We employed the weather research and forecasting/chemistry (WRF-Chem) model to simulate the pollution episode. Then, the model results, including meteorological parameters and contaminants, were quantitatively evaluated by assessment parameters. After that, we analyzed the model results to discuss the pollution characteristics in FWP and explored the cause of pollution.



2.1. Observed Data


In this research, we used observed data of stations in cities in FWP to evaluate the model results. Cities located in FWP include Taiyuan (TY), Jinzhong (JZ), Lvliang (LL), Linfen (LF), Yuncheng (YC), Xi’an (XA), Baoji (BJ), Xianyang (XY), Weinan (WN), Tongchuan (TC), Luoyang (LY), and Sanmenxia (SMX), belonging to the Shanxi, Shaanxi and Henan provinces. The locations of these cities are listed in Table 1 and marked on Figure 1. We obtained the meteorological data (i.e., surface temperature, wind speed, and wind direction) of these cities from the National Climate Data Center (https://www.ncdc.noaa.gov/, accessed on 4 December 2022) [20]. The time resolution of meteorological parameters is one hour in TY, LY, and XY, and three hours in JZ, LL, LF, YC, XA, BJ, WN, TC, and SMX. In addition, pollutant concentrations (i.e., ozone and PM    2.5   ) were provided by the National Urban Air Quality Real-time Release Platform of China Environmental Monitoring Station (http://www.cnemc.cn/, accessed on 4 December 2022) [21]. The time resolution of pollutants was one hour in all twelve cities. By analyzing the contaminant variation of the cities in FWP, we found that from 20 May to 29 May 2015, the ozone was mostly high in the twelve cities under investigation, and in some cities, ozone pollution was accompanied with high-level PM    2.5   . Thus, we selected this polluted episode to study.




2.2. Model Configurations


In the study, we used version 3.9.1 of the weather research and forecasting/chemistry (WRF-Chem) model to reproduce the pollution in FWP. WRF-Chem was developed by research institutions including NOAA, DOE/PNNL, and NCAR [22]. WRF-Chem is a model which couples air quality and meteorological parameters, and it was confirmed to perform well on ozone prediction [23]. In the model, we set the simulation area on the Lambert projection and the center of the simulation area as 36.05° N, 110.02° E. As shown in Figure 1, we set two nested domains in the simulation. Domain 1 covers most of North China, and nested domain 2 covers FWP and the surrounding three provinces (Shanxi province, Shaanxi province, and Henan province). In the innermost domain, the simulation area has 214 grid points in the east-west direction, 145 grid points in the north-south direction, and 38 vertical layers. The physical parameterizations employed in this study are listed in Table 2.



As for the simulation of chemical processes, we used the Statewide Air Pollution Research Center (SAPRC99) as the gas-phase mechanism, which has the ability to individually characterize the atmospheric reaction of 400 VOCs and estimate the reactivity of 550 VOCs [34]. Coupled with SAPRC99, we employed the model for simulating aerosol interactions and chemistry (MOSAIC) as the aerosol module, with a volatility basis set (VBS) of 8 sectional bins as the gas-particle distribution scheme. Moreover, to support the normal run of SAPRC99, the chemical mechanism is generated by the kinetic preprocessor (KPP), in which equations are solved using a Rosenbrock-type solver [35,36,37].



Due to the important role of meteorology in simulating pollutants, during the simulation, we employed a four-dimensional data assimilation (FDDA) to accurately reproduce the meteorological field by improving the initialization of the model. In the assimilation, we used the fifth generation ECMWR reanalysis data with the resolution of 0.25° × 0.25° as the initial field to drive the FDDA.



In the simulation, the anthropogenic emissions of pollutants (i.e., NOx, VOC, PM    2.5   , PM   10  ) in the model were estimated by the 2015 emission inventory from the multi-resolution Emission Inventory for China (MEIC). In this emission inventory, emissions are classified as sectors of electricity, industry, civil society, transportation, and culture. Moreover, the temporal resolution of the emission data is monthly and the spatial resolution is 0.25°. As for the biological emissions, we used the model of emissions of gases and aerosols from nature (MEGAN), and it was calculated online based on weather and land-use data [38].




2.3. Assessment Parameters


To evaluate the model performance in predicting meteorological parameters and contaminants, we calculated the deviation between simulated results and observed data based on assessment parameters. The parameters applied in this study include correlation coefficient (R), index of agreement (IOA), mean bias (MB), and normalized mean bias (NMB). R, IOA, and MB were used to evaluate the simulated meteorological parameters, and R, IOA, and NMB were applied to validate the simulated pollutants [39,40]. Theses parameters were calculated as follows:


  R =    ∑  i = 1  n   (  P i  −  P ¯  )   (  O i  −  O ¯  )       ∑  i = 1  n    (  P i  −  P ¯  )  2       ∑  i = 1  n    (  O i  −  O ¯  )  2       



(1)






  IOA = 1 −    ∑  i = 1  n    (  P i  −  O i  )  2     ∑  i = 1  n   ( |    P i  −  O ¯    | + |    O i  −  O ¯     | )  2     
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  MB =    ∑  i = 1  n   (  P i  −  O i  )   n   



(3)






  NMB =    ∑  i = 1  n   (  P i  −  O i  )     ∑  i = 1  n   O i     



(4)







In these formulas, n is the total number of data, P   i   is the simulated value at the ith time point, and O   i   is the observed value at the ith time point.   P ¯   and   O ¯   are time-averaged values in the simulations and observations, respectively.





3. Results and Discussion


We employed WRF-Chem to simulate the polluted episode from 20 May to 29 May 2015 to study the pollution in FWP. In this section, we evaluate the deviation between the simulated results and observed data and analyzed the pollution characteristics in FWP based on the simulated result.



3.1. Model Validation


3.1.1. Simulated Meteorological Parameters


The variation of pollutant concentration is closely related to meteorological parameters such as temperature, wind speed, and wind direction. Thus, we applied the four-dimensional data assimilation (FDDA) to improve the prediction of meteorological parameters such as temperature and wind by the model. To validate the accuracy of pollutant results, we first compared the simulated results of meteorological parameters with the observed data. Figure 2 shows the model performance in simulating temperature at 2 m. It can be seen that in these cities in FWP, the observed maximum temperature in the afternoon reached a peak on 27 May and then began to decrease due to the precipitation. Based on the simulated results and assessment parameters, our model captured the change of temperature well, with high values of correlation coefficient (R) and index of agreement (IOA), indicating a high agreement between the simulated and observed results (see Table 3). Particularly, in XA, BJ, LF, YC, WN, and LL, the daily maximum and minimum values were both well reproduced, with R greater than 0.9 and MB less than 4.0. In addition, temperature results in LY and XY have a bias with the observed data. However, the biggest mean biases (MBs) in these cities are all within 6.0 and the R are all greater than 0.7, which means that the temperature simulation results are reliable, generally.



In addition to the temperature associated with photochemical reactions, we also validated the simulated wind speed and direction, which can heavily influence the pollutant dispersion. The comparison between the simulated wind and observed data is given in Figure 3. According to the observed wind, we found that wind speed values in this period in the twelve cities were all within 10 m·s    − 1   , and the wind speed exhibited a significant diurnal variation. Based on the result comparison and the calculated parameters (see Table 4), we found that the wind speed in BJ, LF, YC, WN, and TC was simulated relatively well, with R greater than 0.7 and MB less than 0.9. As for the result in TY, LY, and XY, we suggest that the bias might be caused by the one-hour monitoring interval, which is too fine, leading to the uncertainty of wind variation. In general, we believe that the simulated wind is also reliable in this study.



We then output the temporal variations of ozone and PM    2.5    and calculated the assessment parameters between simulated and observed concentrations. In Figure 4, the observed ozone is high in the afternoon and reached a peak on 27 May in TY, XA, BJ, XY, TC, and SMX, and then began to decline, which is correlated with the change of temperature in Figure 2. In these cities of the FWP, hourly ozone reached up to 140 ppb in TY and XY on 27 May and formed high-level ozone pollution. Furthermore, except LL, the ozone exceeded up to 80 ppb during this period in another 9 cities and began to fall until 28 May. By comparing the observed and simulated ozone, we found that the model reproduced the variation of ozone during this period, and it both captured the trend and the peak value. However, we found that the model tended to underestimate ozone at night, which is maybe due to the difficulty in predicting the vertical profiles of ozone and NO   x   at night [41]. Based on the assessment parameters (see Table 5), the model performed the best on ozone simulation in TY, with R of 0.83 and IOA of 0.89, which shows a high agreement with the observed data. Meanwhile, the simulated ozone in most of the other cities were also in good agreement with the measurements, with high R and IOA. Thus, although WRF-Chem predicted low levels of night-time ozone, we believe that the model results are credible.




3.1.2. Simulated Pollutants


We also validated the simulated PM    2.5    by comparing it to measurements and calculated the parameters. As shown in Figure 5, observed PM    2.5    also shows an obvious diurnal behavior in heavily polluted cites such as TY, LY, YC, JZ, and SMX. In addition, in TY, LY, JZ, and SMX, high-level PM    2.5    pollution occurred on 27 May and 28 May, and the concentrations exceeded 100  μ g·m    − 3    and reached up to 200  μ g·m    − 3    in TY and JZ. Dai et al. [42] indicated that the co-pollution of ozone and PM    2.5    were often accompanied with high surface temperature. In this simulation, we found that the simulation results have the same rule and the peak values of pollutants and temperature appeared mainly from 27 May to 28 May. As for the simulated PM    2.5   , except BJ, the concentrations all show regular diurnal variation, which might be caused by the regularity of anthropogenic emission inventory we employed. Moreover, according to the comparison shown in Figure 5a–l, WRF-Chem tends to overestimate the peak concentration of PM    2.5   , but generally captured the variation of PM    2.5   . This may be due to the simulated high nitrate and low PBL height [12,13]. In Table 6, the lower R and the higher MB show that the model performance of PM    2.5    prediction is worse than that of the ozone. However, these parameters also demonstrate that the model performed well on PM    2.5    prediction in TY, JZ, and LL.



The performances of WRF-Chem on simulating ozone and PM    2.5    are quite different. Firstly, ozone is a secondary pollutant, which is generated by the reaction of precursors under solar radiation conditions. As for PM    2.5   , it contains emitted primary particles and secondary particles, and shows higher requirements on the emission inventory. Secondly, it has been proved that the gas-phase mechanism in WRF-Chem can predict ozone well, but there are problems with PM    2.5    simulation, where it may overestimate the concentration of nitrate. What is more, because the PM pollution often occurs at night, the PM    2.5    simulation is affected by the simulation of PBL mixing at night, and the underestimation of mixing intensity may lead to the overestimation of the peak value of the pollutant. However, the PBL mixing only influences the minimum night-time ozone concentration. In addition, the uncertainties in the gas-phase chemical mechanism, meteorological parameters, and emission inventory may also lead to biases in simulations [12,43].





3.2. Analysis of Pollution Distribution


In order to further explore the characteristics of ozone and PM    2.5    pollutions in FWP, we continued to output the simulated distributions of pollutants in the innermost domain. We exhibited daily-averaged concentrations of ozone and PM    2.5    during the heavily polluted period (i.e., 25 May to 28 May).



As shown in Figure 6, from 25 May to 28 May, FWP cities in the Shanxi province (TY, LF, YC, JZ, and LL) all experienced serious ozone pollution, and ozone in most areas in Shanxi exceeded 60 ppb, with the most severe areas (JZ, LF, and YC) exceeding 90 ppb. Due to the expansion of the contaminated area, pollution also occurred in the northern Henan cities on 26 May and in central Shaanxi cities on 27 May. Particularly, on 27 May, ozone concentration reached the peak and the polluted area reached its maximum extent, then ozone pollution influenced all cities in FWP. However, the ozone concentration on 28 May began to decrease due to the precipitation.



Combining the ozone distribution with the geographical condition shown in Figure 1, we found that ozone was not exactly concentrated in places with heavy emissions in FWP. In our simulations, high ozone was often found to be distributed both in the plain and the high-altitude regions, indicating that ozone pollution is not only related to anthropogenic emissions, but also affected by other factors such as meteorological conditions. For instance, in high-altitude areas, the solar radiation is relatively strong, which is favorable for ozone formation. In addition, during the Asia summer monsoon season (from May to September), wind fields in China are characterized by prevailing southwesterly-southeasterly winds, leading to the northward transportation of precursors and pollutants [44]. Meanwhile, due to the long lifetime of ozone in the troposphere, it can be affected by the wind field, being transported over long distances [45]. In general, being affected by the local chemistry, emissions, and meteorological conditions, the polluted area of ozone was not exactly located in places where the precursors are released in FWP, but was in fact further north.



As for the PM    2.5    distribution shown in Figure 7, the PM    2.5    pollution was relatively severe from 25 May to 28 May in FWP cities in Shanxi and Henan with a large polluted area, and PM    2.5    exceeded 120  μ g·m    − 3    in heavily polluted areas. However, for cities in Shaanxi, the increase of PM    2.5    was found to be delayed, occurring on 26 May, and the polluted area was relatively small, mainly located in XA (Xi’an) and XY (Xianyang).



Different from the ozone pollution we mentioned above, PM    2.5    pollution mainly occurred in FWP and the North China Plain to the east of Shanxi. There are a large amount of pollution sources are located in these places, emitting primary pollutants and precursors of secondary pollutants. Generally speaking, pollution in FWP is influenced by local coal-based industry, and the polluted areas are close to emission sources [19]. In addition, as shown in Figure 5, high PM    2.5    pollution in FWP cities occurred mainly at night, when the atmospheric boundary layer height is low and the turbulent mixing is weak. It is suggested that the PM    2.5    simulation of WRF-Chem is primarily controlled by planetary boundary layer-mixing and emission variations [15]. Thus, at night, it is conducive to the local accumulation of pollutants, leading to the formation of PM pollution. Therefore, we suggest that the PM    2.5    pollution in this period in FWP is mainly affected by anthropogenic primary emission and unfavorable diffusion conditions at night. In addition, as shown in Figure 7, the locations of many stations in these cities are close, so a small-scale pollution may have a large impact on simulations, leading to the bias of simulated results. This is also one of the possible reasons for the overestimation of pollutants in some cities we mentioned earlier.





4. Conclusions


In this study, we employed WRF-Chem to reproduce the ozone and PM    2.5    pollution in FWP from 20 May to 29 May 2015. Based on the comparison of simulated results and the observed data, we found that WRF-Chem performed well on meteorological parameters and ozone concentration simulations; only the bias of PM    2.5    simulation was larger than that of ozone. Based on the comparison of simulated results and observed data and the assessment parameters, we found the model results to be generally credible.



Furthermore, we investigated the distribution of pollutants based on the daily averaged pollutants from 25 May to 28 May 2015. During this period, ozone pollution first occurred in cities in the Shanxi province, and expanded to cities in Shaanxi and Henan. Moreover, ozone in cities with high altitude was at a similar level with that in other cities in FWP, indicating that ozone pollution is not only related to emission sources, but also affected by other meteorological and geographical conditions. In addition, due to the chemistry of ozone production and the prevailing wind in this period, the distribution of ozone was northerly to FWP. Different from the ozone, PM    2.5    pollution in this time period mainly occurred in FWP. As we have mentioned, PM pollution always occurs at night, when the PBL condition is unfavorable to pollutant diffusion. Moreover, due to the economic structure in this area, there is a large amount of emission from the coal industry in FWP which contributes both primary particles and precursors of secondary particles that form PM    2.5    pollution. Thus, PM    2.5    in this period was mainly due to local emissions and weak diffusion conditions.



There are still some limitations in this study. For instance, the model performance on wind and PM    2.5    simulations can be further improved by adjusting the boundary layer parameterization scheme. In addition, improving the understanding on air pollution in FWP is worthy of future study. To realize this purpose, we plan to simulate the variation of pollutant levels in different seasons in FWP. Moreover, we will adjust the model settings and select the appropriate parameterization scheme to obtain results that are reliable for further investigations.
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Figure 1. The computational area and the nested domains used in the model. Stations possessing observed data were also marked by black points. 
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Figure 2. The observed and predicted temperature at 2 m. 
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Figure 3. The observed and predicted wind speed at 10 m. 






Figure 3. The observed and predicted wind speed at 10 m.



[image: Atmosphere 14 00292 g003]







[image: Atmosphere 14 00292 g004 550] 





Figure 4. The observed and predicted concentrations of ozone. 
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Figure 5. The observed and predicted concentrations of PM    2.5   . 






Figure 5. The observed and predicted concentrations of PM    2.5   .



[image: Atmosphere 14 00292 g005]







[image: Atmosphere 14 00292 g006 550] 





Figure 6. Spatial distributions of daily mean ozone on different days. Cities in Fenwei Plain are marked by blue circles. 
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Figure 7. Spatial distributions of daily mean PM    2.5    on different days. Cities in Fenwei Plain are marked by blue circles. 






Figure 7. Spatial distributions of daily mean PM    2.5    on different days. Cities in Fenwei Plain are marked by blue circles.



[image: Atmosphere 14 00292 g007]







[image: Table] 





Table 1. Locations of cities in Fenwei Plain.






Table 1. Locations of cities in Fenwei Plain.





	City
	Longitude
	Latitude





	Taiyuan (TY)
	112.50
	37.80



	Xi’an (XA)
	108.90
	34.27



	Baoji (BJ)
	107.15
	34.38



	Luoyang (LY)
	112.44
	34.70



	Linfen (LF)
	111.50
	36.08



	Yuncheng (YC)
	110.97
	35.03



	Jinzhong (JZ)
	112.75
	37.68



	Xianyang (XY)
	108.07
	34.28



	Weinan (WN)
	109.58
	34.95



	Tongchuan (TC)
	108.93
	34.90



	Sanmenxia (SMX)
	111.19
	34.76



	Lvliang (LL)
	111.12
	37.51
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Table 2. Options used for parameterizations of atmospheric processes in the WRF-Chem model.






Table 2. Options used for parameterizations of atmospheric processes in the WRF-Chem model.





	Process
	Option
	Reference





	Cloud microphysics
	Morrison 2-moment
	Morrison et al. [24]



	Longwave radiation
	Rapid radiative transfer model (RRTM)
	Mlawer et al. [25]



	Shortwave radiation
	Goddard
	Chou et al. [26]



	Surface layer
	Monin–Obukhov scheme
	Monin and Obukhov [27], Janić [28]



	Land-surface physics
	Noah land surface model
	Chen and Dudhia [29], Ek et al. [30]



	Urban surface physics
	Urban canopy
	Saijo et al. [31]



	Planetary boundary layer
	Yonsei University Scheme (YSU)
	Hong et al. [32]



	Cumulus parameterization
	Grell 3D
	Grell and Dévényi [33]
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Table 3. Assessment parameters for temperature predictions.






Table 3. Assessment parameters for temperature predictions.





	City
	R
	IOA
	MB





	Taiyuan (TY)
	0.87
	0.90
	1.71



	Xi’an (XA)
	0.97
	0.63
	2.45



	Baoji (BJ)
	0.98
	0.82
	−1.11



	Luoyang (LY)
	0.77
	0.78
	2.70



	Linfen (LF)
	0.98
	0.60
	3.29



	Yuncheng (YC)
	0.97
	0.71
	3.33



	Jinzhong (JZ)
	0.93
	0.62
	6.00



	Xianyang (XY)
	0.80
	0.74
	3.96



	Weinan (WN)
	0.98
	0.76
	2.42



	Tongchuan (TC)
	0.96
	0.61
	5.10



	Sanmenxia (SMX)
	0.96
	0.66
	5.23



	Lvliang (LL)
	0.95
	0.80
	2.10
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Table 4. Assessment parameters for wind speed predictions.






Table 4. Assessment parameters for wind speed predictions.





	City
	R
	IOA
	MB





	Taiyuan (TY)
	0.25
	0.55
	0.06



	Xi’an (XA)
	0.69
	0.23
	0.56



	Baoji (BJ)
	0.74
	0.56
	−0.12



	Luoyang (LY)
	0.20
	0.49
	0.57



	Linfen (LF)
	0.73
	0.39
	−0.55



	Yuncheng (YC)
	0.80
	0.55
	0.90



	Jinzhong (JZ)
	0.60
	0.25
	0.16



	Xianyang (XY)
	0.46
	0.69
	−0.05



	Weinan (WN)
	0.77
	0.39
	0.89



	Tongchuan (TC)
	0.81
	0.48
	0.35



	Sanmenxia (SMX)
	0.64
	0.35
	1.07



	Lvliang (LL)
	0.61
	0.30
	0.12
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Table 5. Assessment parameters for ozone predictions.






Table 5. Assessment parameters for ozone predictions.





	City
	R
	IOA
	NMB





	Taiyuan (TY)
	0.83
	0.89
	−0.15



	Xi’an (XA)
	0.40
	0.61
	0.39



	Baoji (BJ)
	0.37
	0.58
	0.36



	Luoyang (LY)
	0.63
	0.78
	−0.09



	Linfen (LF)
	0.44
	0.49
	0.94



	Yuncheng (YC)
	0.39
	0.63
	−0.06



	Jinzhong (JZ)
	0.79
	0.88
	−0.08



	Xianyang (XY)
	0.41
	0.61
	0.35



	Weinan (WN)
	0.34
	0.56
	0.46



	Tongchuan (TC)
	0.72
	0.84
	0.05



	Sanmenxia (SMX)
	0.35
	0.6
	0.12



	Lvliang (LL)
	0.78
	0.64
	0.81
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Table 6. Assessment parameters for PM    2.5    predictions.






Table 6. Assessment parameters for PM    2.5    predictions.





	City
	R
	IOA
	NMB





	Taiyuan (TY)
	0.66
	0.79
	0.02



	Xi’an (XA)
	0.24
	0.47
	−0.14



	Baoji (BJ)
	0.06
	0.42
	−0.54



	Luoyang (LY)
	0.23
	0.49
	−0.30



	Linfen (LF)
	0.05
	0.29
	0.25



	Yuncheng (YC)
	0.28
	0.47
	0.49



	Jinzhong (JZ)
	0.45
	0.64
	−0.34



	Xianyang (XY)
	0.07
	0.20
	0.29



	Weinan (WN)
	−0.07
	0.32
	−0.39



	Tongchuan (TC)
	0.06
	0.30
	0.30



	Sanmenxia (SMX)
	0.27
	0.51
	−0.46



	Lvliang (LL)
	0.33
	0.52
	−0.49
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  atmosphere-14-00292


  
    		
      atmosphere-14-00292
    


  




  





media/file8.jpg
@y ®x o @






media/file11.png
5.25 Averaged concentration of Oz (ppbv)

Shanxi
. ¥ ¢
aanxid§ d
; .
o0 (9%
YO o o IPIenan
(a) 25 May

5.27 Averaged concentration of Os (ppbv)

Shanxi
aanxi¢®

>oio o Hehan

(c) 27 May

100

90

- 80

- 70

- 60

- 50

- 40

- 30

- 20

- 10

100

90

- 80

- 70

- 60

- 50

- 40

- 30

- 20

- 10

5.26 Averaged concentration of Oz (ppbv)

Shanxi
aanxié¢ 9

© o o - Iplenan

(b) 26 May

5.28 Averaged concentration of Os (ppbv)

Shanxi
aanxid®

SEo e Iplenan

(d) 28 May

100

90

- 80

- 70

- 60

- 50

- 40

- 30

- 20

- 10

100

90

- 80

- 70

- 60

- 50

- 40

- 30

- 20

- 10





media/file6.jpg
e @iz v

k T CERWTRTN L= y

HTC SMX o





media/file1.png
Altitude ‘ m

41° N

Y

.---d
114° E 119° E

0 1000 2000 3000 4000 5000 6000





media/file13.png
5.25 Averaged concentration of PM, 5 (ug-m~—3) 140

120

Sharg

aanxi;° & 100

80

f J

- 60

- 40

\/- 20
(a) 25 May

5.27 Averaged concentration of PM, 5 (ug-m~—3) 140

Z

120
Shat
aanxiid© %

5

100

80

- 60

- 40

\/- 20
(c) 27 May

5.26 Averaged concentration of PM, 5 (ug-m~3)

, 00)
aanxiis©

v

Shaf‘i g

\/ 2°
(b) 26 May
5.28 Averaged concentration of PM, 5 (ug-m~—3) 140
120
Sha
Shaanxid© & 100
} 80
O
- 60
o®
- 40
\/ 2°

(d) 28 May





media/file10.jpg
525 Averages concentraton o1 O, (opv

526 Averaged concentaton 1 O3 (5500

(@25 May

527 Averages concentaton o1 O, (opov

(®)26 May,

528 Aversged concentraton 10, 50

(927 May

(@28 May






media/file7.png
o o o
m m mM
— & < |a )
8 = = 8 = S 8 =
on > o® b o®
) ) \" )
1 e _ 1 £ 1
1 == 0 ! © ! ©
——== FN FN FON
~ —==" ~ ~
[Te) =" N [Te)
\\\
=
T
© o (o]
P N AN N LN
- = > o
- [Te) N N

5124

Date
(d) LY
Date
(h) XY

5/22

Date

1) LL

5/20

5124 5/26 5/28

5/22

5/30

Date

(k) SMX

5/20

5124 5/26 5/28

5/22

5/30

Date

() TC

5/20

524 5/26 5/28

5/22

5/30

Date

(i) WN

= < <
\\\\\ =T =1
1 [e) <~ o)
S~
4
-7 N e N
“\ w K\ w
o o
\\
5 - t
\\I m == m
. v o . o v .
o o o o o o o o o o o o o o o
o Ir} Is) N o 1N o n o N o Ire}
o — — o — — o~ — —
Aqdd/eo Aqdd/eQ Aqdd/eo
o o
m m
& &
a s B = A=
on on on
[} ] 1
1 0 | [ee} !
LN FON
> ~
n n
© ©
LN FON
~ ~
n Te]
: = ¢ N
(a] o —_—
) AT
[~ C [~
") — N ~—’
o o~
LON LN
~ ~
n Te]
o o
: _ N Q :
o o o o o o o o o o o o o
o I} o N o N o N
o — — o~ — o~ —
Aqdd/€o
o o
m m
) o)
8= 8= 8=
o® o ® on
] ] 1
1 © | [ee} !
LON LON
~ ~
n Te]
© ©
LON LN
=~ S~
n Te]
g < g O
3 X a
< <
ym e N VR N
A Ho) ) S
o~ o~
LN LON
~ S~
n Te]
o o
. N A N _ _
o o o o oy o o own o o o o o
o Ir} o re) o ) o N
o — — o~ — — (o] —
Agdd/€Q Aqdd/eo
o o
m m
= re) %) ) 0
8= o 8= B =
OB _ o® o®
1 “‘ 1 1
1 3 1 1
1 0 1 oo} 1
== LN LN
= ~ ~
=l N Te)
AI\I
| © ©
LN EON
— ~ ~
e g A g
== < |
Nl . o _ { o L
] b ~ ' o
T ) L] ™ v
S N— SN—r’
o
4”|||
::::: <~ o~
-7l N
~ S~
n n
S
\ﬂ\
-
-
7 I~ o
, N _ N
o o =} o o =} o o o o o
o r} o N o N o " o
o — — o — — o
AQdd/eo Aqdd/eQ Aqdd/eQ

5/20





media/file12.jpg
525 Averaged concentration o Py tagm )

526 Averaged concentraton of Py (ag )

()25 May

527 Aversged concentaton of P g )

(b) 26 May

528 Averaged concentraton of Py g )

wo wi)o
(©27 May (d) 28 May





media/file9.png
5/20 5/22 5/24 5/26 5/28 5/30
Date
(@) TY
300
-=-=- OBS
250 —— SIM

5/20 5/22 5/24 5/26 5/28 5/30
Date
(e) LF
o LVAV, . OBS
250 —— SIM
'\ 2001
1501

PM; s/ug-m

PM, s/ug-m~3

--- OBS
—— SIM

300
--=- 0OBS
250+ —— SIM
2001
5/20 5/22 5/24 5/26 5/28 5/30
ate
300
-=-=- 0OBS
250 —— SIM

0
5/20

5/22

5/24 5/26

Date

(j) TC

5/28 5/30

-3

PM; s/ug-m

--- OBS
2501 —— SIM
200
1501

5/24 5/26 5/28

Date

(c) BJ

0 :
5/20 5/22 5/30

5/20 5/22 5/24 5/26 5/28 5/30
Date
300
-—=- OBS
2501 —— SIM
2001
A
150 . )
s
4 1
1
1
\
0 , : . :
5/20 5/22 5/24 5/26 5/28 5/30
Date

(k) SMX

5/28

(d) LY

5/24 5/26 5/28

Date

(h) XY

0 :
5/20 5/22 5/30

)

I‘\ ’l \ I‘\ ,"‘ 1
\

v ;o

5124 5/26 5/28

Date

1) LL

5/30





media/file5.png
-—- OBS

SIM
5/26 5/28 5/30

524

5/22

10
v

5/20

-—- OBS

5124 5/26 5/28 5/30

5/22

10

5/20

--- OBS

SIM
5/26 5/28 5/30

5124

5/22

10

5/20

® © ¢ ~N O

--- OBS

SIM
5/26 5/28 5/30

5/24

5/22

5/20

® © 9+ N

v

1-S-w/paads puip

Date

(c) BJ (d) LY

(b) XA

Date

(@) TY

-—- OBS

5/24 5/26 5/28

5/22

5/30

5/20

-—- OBS

SIM

5/26 5/28

5/24

5/30

5/22

10

® © <« N

1-S-w/paads puipm

0

5/20

-—- OBS

SIM

5/26 5/28

5/24

5/30

5/22

10

® © <« N

0

5/20

--- OBS

SIM

5/24 5/26 5/28

5/22

5/30

[«
—

® © <« N

1-S-w/paads puip

N
v

5/20

Date

(h) XY

Date

(g) JZ

(f) YC

Date

(e) LF

o
m
e}
8=
o
'
1
! ©
FON
~
n
©
LN
~
n
<
LN
Q
n
o~
FON
~
n
o
_ Q
o © 1
—
1-S-w/paads puip
o
m
-2 e}
8= 22
o !
1 1
1 <l
1 \\L. [os)
SE N
] n
cm==zZII_ __
\\l._
5 |wo
N
——— ~
= _ Te)
--,
<
S RN
-~ n
o
FON
S~
n
o
'
o © © < «N on
—
1-S-w/paads puip
o
m
e}
8=
o
1
I
! ©
FON
~
[Te]
©
FON
S~
Te]
<
FON
S~
Te]
o
FON
S~
n
o
; N
o © © < N on
—
1-S-W/paads puip
o
m
e}
8=
o
L]
]
! ©
FON
S~
Te]
©
FON
S~
n
<
FON
~
Te]
o~
FON
~
n
o
_ Q
o o
—

1-S-W/paads puip

Date

(k) SMX 1) LL

(j) TC

Date

(i) WN





media/file3.png
0 ; . .
5/20 5/22 5/24 5/26
Date

(@) TY

5/28

5/30

0 ; . .
5/20 5/22 5/24 5/26
Date

(e) LF

5/28

5/30

G T T T
5/20 5/22 5/24 5/26
Date

(i) WN

5/30

0
5/20

5/22

5/24

Date

(b) XA

5/26

5/28

5/30

0
5/20

5/22

5/24
Date

5/26

(f) YC

5/28

5/30

0
5/20

5/22

5/24

Date

5/26

(j) TC

0
5/20

5/22 5/24 5/26 5/28 5/30
Date

(c) BJ

0
5/20

5/22 5/24 5/26 5/28 5/30
e

(g) JZ

5/22 5/24 5/26 5/28 5/30
Date

(k) SMX

0
5/20

5/22 5/24 5/26 5/28 5/30
Date

(d) LY

0
5/20

5/22 5/24 5/26 5/28 5/30
Date

(h) XY

0
5/20

5/22 5/24 5/26 5/28 5/30
Date

1) LL





media/file4.jpg





media/file0.jpg
a 95" 10" E 109° E 114° E 19° E

1000 2000 3000 4000 5000 6000






media/file2.jpg





