A modeling study of impact of emission control strategies on PM2.5 reductions in Zhongshan, China using WRF-CMAQ
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Abstract: A WRF-CMAQ modeling system is used to assess the impact of emission control strategies and weather conditions on haze pollution in Zhongshan, Guangdong Province, China. One month simulations for January 2014 are completed and evaluated with the surface observational data. The results show that the modeling system is able to reproduce the variations of meteorological fields and PM2.5 concentrations. Several sensitivity studies are completed to quantify the relative percentage contributions of local emissions versus regional emissions to the PM2.5 concentrations under different weather conditions. The results indicate that the contribution from local emission is higher than that of the emissions from outside (or regional transport) when no cold front appears in the Pearl River Delta (PRD) region (i.e., 58% contribution from local emission versus 42% contribution from the regional transport). The contribution of regional transport is increased to 76% when a strong cold front appears. Furthermore, the sensitivity study demonstrates that the emission reduction has accumulative effect and the effect is varied with weather conditions. Specifically, PM2.5 concentrations on the first, second and third day are reduced by 47%, 52%, and 58%, respectively, after the local emissions are turned off when there is no intrusion of cold front appears. Finally, a case study shows that industrial, residential and mobile emissions account for 24%, 22%, and 15% of the change of PM2.5, respectively, during a heavy haze pollution event in Zhongshan. 
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1. Introduction
With rapid development of urbanization and industrialization, anthropogenic emissions have been increased significantly over the past several decades [1]. Haze has become a very serious air pollution problem in the Pearl River Delta region (PRD) and other regions in China [2]. High ambient levels of particulate matters with diameters less than 2.5 micrometer (PM2.5) can reduce visibility significantly, attenuate solar radiation, and pose harmful impact on human health [3-4].The observational data show that the number of haze episode days (the episode day is defined when daily mean PM2.5 concentration exceeds 75 µg/m3, the National Ambient Air Quality Standard for PM2.5 in China, NAAQSC for PM2.5) was over 100 in the PRD during the past decade [5]. The haze pollution has received a great concern from the governments and general public. Thus, understanding the relative contribution of local emissions and regional transport is extremely important to reduce PM2.5 concentrations.
Many research efforts have been devoted to investigate chemical composition characteristics of PM2.5, impact of weather systems and other meteorological fields on haze over the past several decades in the PRD region [6-13]. The monitoring data show that carbonaceous and inorganic secondary aerosols are the two major contributors to PM2.5 in the PRD [14]. Previous studies have pointed out that emissions outside of the PRD exert an important impact on PM2.5 in the PRD [15]. But they did not quantify the relative contributions. With the rapid development of computer technologies, numerical air quality models have become very useful tools for air pollution studies [16]. The Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) was first used to track the sources of air masses that have important impact on haze pollution events in the PRD region [17-18]. Later, several more complicated numerical models were utilized to investigate the air pollution events [19-20]. For example, the Community Multi-scale Air Quality (CMAQ) model has been widely used to study pollution events in the PRD [21-25]. These studies have shown that haze pollution severity in the PRD is mainly controlled by anthropogenic emissions with strong spatial variation. They also pointed out that weather conditions are the key to trigger the haze pollution events [26]. However, very few studies have identified the relative contributions of local emissions and regional transport to PM2.5 concentrations under different weather conditions in the PRD region. Thus, accurate quantification of relative contributions of local emissions and regional transport to PM2.5 is essential to formulate effective emission control strategies.
Zhongshan suffers from similar severe haze pollutions toas other cities in the PRD region. Study of impact of weather conditions and emissions control strategies on haze events is relatively lacking in Zhongshan as compared to other cities in the region [27]. 16 haze episode days were observed in January 2014. The offline coupling system of Weather Research and Forecast (WRF) with CMAQ is used to evaluate the impact of weather conditions and to quantify the relative contribution of local emission and regional transport to the haze events in Zhongshan. Sensitivity studies are designed to assess the contributions of different anthropogenic emissions such as industrial, residential, and mobile sources to the changes of PM2.5 during a heavy haze event. The study is aimed at providing scientific evidences for local policy-makers to develop more effective emission control measures.

2. Methods 
2.1 Descriptions of models and simulation configurations
The WRF model (version 3.3.1) [28] is used to provide meteorological inputs to drive CMAQ (version 5.0.2). The National Center for Environmental Prediction (NCEP) Final Operational Global Analysis data with spatial resolution of 1°×1° and time interval of 6-hr are used to generate initial and boundary conditions for the WRF simulations. The WRF single-moment 6-class microphysics scheme (WSM6) and MM5 similarity surface layer scheme are used in the WRF runs. The Noah land-surface model and Yonsei University Boundary layer scheme (YSU) are also utilized in theto drive WRF simulations. The CMAQ model is used to simulate different physical and chemical processes of gaseous pollutants and particulate matter (PM) compositions. The carbon bond (CB05) gas-phase chemical mechanism [29] and the AERO5 module [30] are utilized in the simulations. The detailed model configuration options are listed in Table 1.

Table 1. A summary of configurations used in the WRF-CMAQ simulations.
	Physics and Chemistry
	Parameterization Schemes

	Microphysics
	WSM6

	Surface layer
	MM5 similarity surface layer

	Land-surface model
	Noah

	Boundary layer
	YSU

	Chemical gas-phase mechanism
	CB05

	Aerosol module
	AERO5



Figure 1a shows the modeling domains. Two-nested domains are used in WRF and CMAQ simulations with 31 vertical levels. The horizontal resolutions are 27-km and 9-km in coarse and inner domains, respectively. The exterior domain of CMAQ model covers the most regions of China and the interior domain covers the whole Guangdong Province. The locations of major cities in the PRD are given in Figure 1b. The simulations are conducted for the period from 08:00 LST (local standard time) on 25 Dec., 2013 to 08:00 LST on 01 Feb., 2014. The default boundary conditions are used for the CMAQ simulations in the CMAQ exterior domain. The first seven-day simulations are used as the spin-up runs to minimize the influence of default initial conditions.
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Figure 1. a) Two-nested modeling domains for WRF (black solid boxes) and CMAQ ( blue dashed boxes) models; b) The inner CMAQ domain with three emission source regions and the major cities in the PRD region (Observational sites: Zhongshan(ZS), Guangzhou(GZ), Foshan(FS), Jiangmen(JM), Zhuhai(ZH), Dongguan(DG), and Shenzhen(SZ)).

Emissions are one of the most important factors to the air quality simulations. Many other studies have devoted to improve the emission inventory in China [31-32]. This study uses the Multi-resolution Emission Inventories for China (MEIC) version 2010, originally developed by Tsinghua University, China [33] and represents the latest emission inventory data in China. The emissions of MEIC are divided into five categories. They include the emissions from power plants, industry, agriculture, transportation and residential areas. The monthly mean emissions of gas pollutants such as SO2, NOX, CO and NH3, aerosol chemical compositions such as sulfate, nitrate, ammonium, black carbon, organic carbon, and other substances are used in the simulations. Given the resolution of 0.25°×0.25° for original emissions, the emission data are linearly interpolated into the inner domain and the curvature effect of the earth is taken into account during the interpolation.  
Figure 2 shows the spatial distributions of annual mean emissions of NOx, SO2, CO and PM2.5 in the inner domain of CMAQ. It is found that major cities are the dominant sources of different emissions. For example, more than 500×106 mole of NOx, and 100×103kg of PM2.5 are emitted fromby Guangzhou, Foshan and Shenzhen each year. The temporal variations of the MEIC data are given by Zheng [34].
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[bookmark: OLE_LINK51]Figure 2. Annual emissions of a) NOx, b)SO2, c) CO (unit: ×106 mol/year/grid) and d) PM2.5 (unit: ×103 kg/year/grid) in the inner domain of CMAQ (cities of the PRD in the pictures: Zhongshan (ZS), Guangzhou (GZ), Foshan (FS), Jiangmen (JM), Zhuhai (ZH), Dongguan (DG) and Shenzhen (SZ)).

2.2 Contributions of emissions from different regions
To quantify the relative contributions of local and different regional emissions, the emissions are treated as four different cases: local emissions from Zhongshan, emissions from other cities in the PRD, emissions outside Guangdong Province, and emissions from other cities in Guangdong Province. Four scenarios are designed to evaluate the contributions of different emissions to PM2.5 concentrations by turning off individual emission. The details of different emissions are showned in Figure 1b and Table 2 (emissions from outside of Guangdong Province are not showed here). The first scenario, Test_ctr is the control simulation representing the benchmark with original emissions. The second scenario, Test_zs represents the case when the local emissions of Zhongshan are turned off. The third scenario, Test_prd is the case when the emissions of other cities in the PRD are turned off. This case is used to evaluate the influence of emissions from surrounding regions of Zhongshan. The last scenario, Test_gd is the case when the emissions from outside of Guangdong Province are turned off. The contribution of each region can be calculated by using the following formulas:
Cx=Cctr-Cx,0             (1)
Px=Cx/Cctr                     (2)
, where Cctr represents the PM2.5 concentration as the benchmark; Cx,0 is the PM2.5 concentration when the emissions of the region x are set to zero; Cx represents the difference of PM2.5 concentrations between emissions are turned on and off in the region; Px represents the contribution of emissions from region x. The similar method has been used by other air quality modeling studies of during 2008 Beijing Olympic Game [35-36].

Table 2. A summary of experiment simulations.
	Experiment
	Regions where Emission were turned off

	Test_ctr
	None

	Test_zs
	Zhongshan

	Test_prd
	PRD (excluding Zhongshan)

	Test_gd
	Outside of Guangdong Province



3. Evaluation of meteorological and air quality model simulations 
3.1 Evaluation of meteorological simulations
Meteorological inputs are important for air quality modeling study. Surface observational data at the sites of Zhongshan (113.35°E，22.53°N), Guangzhou (113.33°E，23.17°N) and Zhuhai (113.57°E，22.28°N) are used to verify the WRF simulations. Figure 3 shows the comparisons of WRF simulated daily mean 2m temperature, daily mean relative humidity, 24-hour surface pressure difference and daily mean wind speed with observational data in January 2014. Here the surface pressure difference denotes the one between the current day and one day before. The positive difference in winter indicates an intrusion of a cold front. It is seen from Figure 3 that the simulated 2-m temperature at the three sites is slightly higher than the observed temperature, but the temporal variation patterns are matched with the observations quite well. The relative humidity is a little lower than the observed value. The simulated 24-hour surface pressure difference shows excellent agreement with the observations at these three sites. It is found that six evident cooling periods were associated with the cold front activities, namely 3-5, 8-9, 12-13, 18-19, 21-22, and 26-27 January (the shaded areas in Figure 3). The wind speeds are over-predicted for most of the study period, especially for the days with the substantial impact from cold fronts (e.g. 8, 18, and 21 January). But the tendency of daily variations fits the actual value well. Overall, the simulations show that the WRF model is able to provide reasonable meteorological inputs for driving air quality modeling in January 2014.
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Figure 3 Comparison of simulated a) daily mean 2m temperature, b) daily mean relative humidity, c) 24-hour surface pressure difference and d) daily mean wind speed with the observations (1, 2 and 3 in the top-left corner of each panel represent Zhongshan, Guangzhou and Zhuhai station, respectively. The shaded areas in the panels represent the days with cold front intrusion activities. ).

3.2 Evaluation of CMAQ model results
Figure 4 shows the time series comparison of PM2.5 concentrations and visibility between the model simulations and observations in Zhongshan in January 2014. The hourly air quality observational data are provided by Zhongshan Environmental Protection Bureau and currently there are four observational sites in Zhongshan. Owing to the sites being close to each other, the averaged PM2.5 simulations are compared with the averaged observations at these four sites. As shown in Figure 4.a, overall the model is able to capture the general temporal variation patterns of PM2.5 concentrations at the observational sites. However, the model under-predicts most peak values of PM2.5 substantially and over-predicts the PM2.5 at some other time. The simulation biases are highly related to the uncertainties of emissions, the WRF and CMAQ simulations. The under-predictions of PM2.5 are usually associated with the over-prediction of wind speed when there is no intrusion of cold front appears. 5 January is an example for that. A large amount of air pollutants are transported to the downwind areas when a strong cold front moves southward. The pollutants can be transported over a longer distance when the cold front is strong enough. But the minor impact of extraneous transport on local PM2.5 concentrations is found if the simulated cold front is weaker than the observation (i.e., the simulated 24-hour surface pressure difference is less than observation). A typical example is illustrated on 12 January. Figure 4 also shows large impact of uncertainty of emissions on PM2.5 predictions. The anthropogenic emissions are much lower than the normal level during the 3-day period before Chinese New Year Eve (i.e., 28-30 January). The change has not included in the current emission inventory. As a result, the simulated PM2.5 concentrations are much higher than the observations during those three days. On the other hand, the model is not able to capture the PM2.5 peak value (236µg/m3) on the Chinese New Year Eve (i.e., 31 January). This is mainly because that the firework emissions are not included in the current emission inventory used in the simulations.
The visibility is the reciprocal of the optical extinction coefficient and the extinction coefficient is defined in CMAQ as follow:
 
, where β represents the optical extinction coefficient, f(RH) represents a function vary with the relative humidity, and SO2- 4, NO- 3, OC, EC, Soil and CM are the concentrations of sulfate, nitrate, organic carbon, elemental carbon, crust elements and coarse mass, respectively. From above we can know that the visibility is not only related to the aerosol concentrations but also to relative humidity. When humidity rises, f(RH) increases significantly. So a low visibility event may happen with high humidity and low aerosol concentrations. 
Now we turn to Figure 4.b shows athe comparison of simulated and observed visibility (Figure 4b). It is noticed that The model can basically capture the observed patterns. But over-predictions of visibility are quite substantial during several days, especially for the days there is no intrusion of cold front. the simulated biases of PM2.5 concentrations and humidity lead to differences between observed and simulated visibility in certain periods. The visibility is over-predicted when no cold front appears. This is partly because the PM2.5 concentrations are usually under-predicted during these days (see and 5 January iass an example) for this case. It is reminded that humidity is another important factor to the change of visibility (see the formula in xxxx). The uncertainties of humidity simulation may cause the bias of visibility calculation based on the CMAQ simulations. 
Furthermore, the humidity is perfectly reproduced on 29-30 January but the simulated visibility is lower than the observation because the simulated PM2.5 concentrations are overestimated in these three days. The difference is much larger when the observed or the simulated visibility reaches their peak values.
[bookmark: _GoBack]b)
a)
        Observation          Simulation


[bookmark: OLE_LINK54][bookmark: OLE_LINK55]Figure 4. Comparison of simulated a) PM2.5 concentrations and b) visibility with observations (The discontinuities are due to the missing observational data. The shaded areas denote the days with cold front intrusion) in panel a) refer to 5, 12, 28-30 and 31 January. And the shaded areas in panel b) refer to 5 and 29-30 January mentioned in Section 3.2.).  

Table 3. The evaluation statistics of CMAQ performance on PM2.5 (g/m3) and visibility (km).
	
	MB
	ME
	RMSE
	MNB
	NMB
	COR

	PM2.5 
	-13.4
	32.1
	29.2
	-4.0%
	-21.4%
	0.43

	Visibility
	0.8
	4.9
	5.6
	8.2%
	20.2%
	0.39



Several statistical metrics are used to evaluate the model performance. They include mean bias (MB), mean absolute error (MAE), root mean square error (RMSE), mean normalized bias (MNB), normalized mean bias (NMB) and correlation coefficient (COR). They are defined as follows:
                               (1)
                              (2)
                        (3)
                                  (4)
                                     (5)
                       (6)
, where Sim and Obs represent simulated and observed values, respectively, and n is the number of the values. The evaluation statistics of the CMAQ performance on PM2.5 and visibility are showned in Table 3. It is found from that the simulated PM2.5 concentrations are lower than the observations and the simulated visibility is slightly over-predicted. And the correlation coefficient is 0.43 and 0.39 for PM2.5 concentrations and visibility, respectively. Overall the statistical calculations indicate that the simulation shows reasonable agreement with the observations.

4. Sensitivity analysis  
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK18][bookmark: OLE_LINK19]4.1 Contributions of different regional emissions
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[bookmark: OLE_LINK56][bookmark: OLE_LINK57]Figure 5. a) Spatial distribution of simulated monthly mean PM2.5 concentrations; b) percentage contributions of local emissions in Zhongshan; c) percentage contributions of emissions from other cities in the PRD, and d) percentage contributions of emissions from outside of Guangdong Province.

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Figure 5.a shows the spatial distribution of monthly mean simulated PM2.5 concentrations. An area with relatively high concentration of PM2.5 is found in the middle of Foshan, where the monthly mean PM2.5 concentrations exceed 60 μg/m3. PM2.5 concentrations in the northwest of Zhongshan are 50-55μg/m3, and only 35-40 μg/m3 is found in the southern part. The PM2.5 from northwestern to southeastern of Zhongshan is gradually reduced. Figure 5.b illustrates the percentage contribution of local emissions in Zhongshan. The contribution reaches 45% in the northwest of Zhongshan but reduces to 30-35% in the southern area. The downwind areas of Zhongshan, including parts of Jiangmen and Zhuhai, are also affected by the emissions from Zhongshan. Figure 5.c shows the percentage contributions of the emissions in other cities of the PRD (see Figure 1b). Evidently the contribution in the middle and southeast of Foshan exceeds 60%. Contributions in southern Guangzhou, western Dongguan and Shenzhen, and eastern Jiangmen are higher than 50%. These emissions contribute 35-45% of PM2.5 in northern and 25-30% in southern Zhongshan. In addition, the emissions outside Guangdong Province have important impact on the PRD region (see Figure 5.d). These emissions contribute relatively less over the southeast of Foshan, but the contribution gradually increases in other parts of the PRD. As to Zhongshan, the emissions outside Guangdong Province contribute about 25% in the northern part and increase to 35-40% in southern areas. Therefore, the emissions of local Zhongshan, other cities in the PRD, and outside Guangdong Province are all important to PM2.5 concentrations in Zhongshan.
4.2 Regional transport with different weather conditions
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK13]The weather conditions play an important role in regional air pollutant transport. Figure 6 shows the percentage contributions from different emission source regions under different weather conditions in Zhongshan. Haze pollution is mainly caused by low wind speeds and stable atmospheric boundary layer condition when there is no cold front intrusion (i.e., 24-hour surface pressure difference is negative). Meanwhile, such weather conditions are not beneficial to long-distance transport of air pollutants. So the contributions from local sources, other cities in the PRD, outside of Guangdong Province, and other emissions in Guangdong Province to the PM2.5 in Zhongshan are 58%, 27%, 13% and 2%, respectively. A large amount of non-local pollutants from outside of Guangdong Province are transported to the PRD region when a strong cold front (24-hour surface pressure difference is more than 3hPa) moves southwards. The contribution of the emissions from outside Guangdong Province is increased to 52% in this case, followed by local emissions of Zhongshan (24%), and other cities in the PRD (20%). The air pollutants are mainly controlled by short-distance transport when a weak cold front (24-hour surface pressure difference is about 0-3hPa) appears. The contribution of emissions from other cities in the PRD increase to 42%, followed by local emissions of Zhongshan (34%), and the emissions from outside Guangdong Province (21%)
It can be found from above that the emission contributions vary with different weather conditions. In addition, the simulated wind speed is usually higher than actual conditions. So the cross-region transport of air pollutants is overestimated to some extent. Therefore, the model results may overestimate the contribution of non-local emissions, but underestimate the local one.   
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[bookmark: OLE_LINK58][bookmark: OLE_LINK59]Figure 6. Percentage contributions of the emissions from different regions to the simulated PM2.5 in Zhongshan under a) no cold front, b) strong cold front, and c) weak cold front case. 

According to the analysis presented above, it is found that emissions outside Guangdong Province contribute the most changes of local PM2.5 concentrations in Zhongshan when a strong cold front affects the PRD region. Figure 7 shows the impact of regional transport on PM2.5 in Zhongshan during 8-9 January. It is found that the most polluted areas were located in Hunan Province in the morning of 8 January. As the cold front moved southwards, the aerosol pollutants were transported southwards and caused large increase of PM2.5 concentrations in northern Guangdong Province. On the night of 8 January, a large amount of pollutants were transported to the PRD region and the western part of Guangdong Province. By the afternoon of 9 January, the PM2.5 concentrations in the PRD started to decrease. Meanwhile, PM2.5 concentrations were decreased due to the diffusion and sedimentation. Similar transport processes of pollutants were also observed for other cases with cold front intrusions. Thus regional transport of air pollutants from outside Guangdong Province poses a large impact on the local haze pollution in Zhongshan during winter.
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[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63]Figure 7. The spatial distribution of simulated PM2.5 (μg/m3) and 10-m wind fields (m/s) at a) 08:00 LST (Local Standard Time); b) 17:00 LST; c) 23:00 LST on 8 January, and d) 17:00 LST on 9 January, 2014 (The names of the provinces in the pictures: Guangdong Province (GD), Guangxi Province (GX), Hunan Province (HN), Jiangxi Province (JX) and Fujian Province (FJ)).

4.3 Impact of local emission controls on PM2.5 at different time periods under no cold front condition
As discussed above, the emission control is the most effective to PM2.5 reduction when there is no cold front intrusion or the regional transport is not important. The effectives of local emission become much less when there is a strong cold front intrusion. In this section, we are focused on the impact of local emission control on the different stages. For this purpose, an additional simulation is completed for a single 3-day episode under no cold front condition. In this simulation, the whole emissions of Zhongshan area are turned off firstly, and then the industrial, residential and mobile emissions of local Zhongshan are turned off one by one to evaluate their respective impact on local PM2.5 concentrations.  
[bookmark: OLE_LINK22]Table 4 shows the changes of PM2.5 and visibility in Zhongshan on different days when local emissions are turned off and there is no cold front intrusion. It is clear that emission control has different impact on the different days. Specifically, PM2.5 concentrations are decreased by 47%, 52% and 58% on the first, second and third day respectively after the local emissions are turned off in Zhongshan. It is apparent that emission control has a clear phase effect. Similar phase effect is also observed for the changes of the local visibility which is increased by 57%, 63%, and 90% on the first, second, and third days, respectively. Therefore the large impact of local emission on PM2.5 tends to appear on the second and third day after the local emission are turned off. This suggests that the emission controls can be implemented on 2-3 days before a haze episode appears based on air quality forecasting.

Table 4. Percentage change of simulated PM2.5 concentration and visibility after local emissions are turned off in Zhongshan.
	The day after emissions are turned off
	PM2.5 concentration (%)
	Visibility (%)

	1st day
	-47
	57

	2nd day
	-52
	63

	3rd day
	-58
	90


[bookmark: OLE_LINK23]
Industrial, residential, and mobile emissions are the three major emissions to local PM2.5 in Zhongshan given the limited impact of emissions from power plants. Now we evaluate the impact of the three emissions on PM2.5 in Zhongshan during a heavy haze pollution event. Here we evaluate their impact on PM2.5 during a peak period on the third day after the emission control is implemented. It is found from Table 5 that the industrial emission has the largest impact (-24%), the mobile emission has the smallest impact (-15%), and the residential emission stands between them when the three emissions are turned off individually. Meanwhile, the visibility is increased by 26%, 21% and 16%, respectively. Therefore, the government should consider the optimal implementation time of the emission control in order to reduce the frequency of occurrence and severity of heavy haze events.

Table 5. Percentage change of simulated PM2.5 concentration and visibility during heavy polluted periods after turning off industrial, residential and mobile emissions in Zhongshan.
	Emissions to be turned off
	PM2.5 (%)
	Visibility (%)

	Industrial emissions
	-24
	26

	Residential emissions
	-22
	21

	Mobile emissions
	-15
	16



5. Conclusions 
An off-line coupling system of WRF-CMAQ is utilized to simulate PM2.5 and to quantify the relative contribution of local emission and regional transport to the change of PM2.5 in Zhongshan, China. A full month simulations are performed with the WRF-CMAQ modeling system and two-nested domains for January 2014. Several numerical experiments are conducted to investigate impact of the emissions from different regions and weather conditions on PM2.5 and visibility in Zhongshan. Both meteorological and PM2.5 simulations are evaluated with the surface observational data. A series of statistical parameters are used to evaluate the models’ performance. The results show that the WRF provides reasonable inputs for driving CMAQ. The CMAQ is able to capture the variation patterns of PM2.5 and visibility in Zhongshan.
The numerical sensitivity results show that the local emissions have the largest impact on PM2.5 in Zhongshan (58%) when there is no cold front intrusion. However, the role of emissions from outside Guangdong Province (or regional transport) tends to be more important (52%) when a strong cold front is extended to the PRD region. The emissions from other cities in the PRD become the most important one (42%) when a weak cold front appears. 
[bookmark: OLE_LINK39][bookmark: OLE_LINK40]A case study demonstrates that emission control has a clear phase accumulative effect on PM2.5 in Zhongshan under no cold front condition. PM2.5 concentrations of Zhongshan are decreased by 47%, 52% and 58% on the first, second, and third day, respectively, after the local emissions are turned off. This suggests that the emission control should be implemented on 2-3 days earlier than the day when a heavy haze event happens. Finally, the sensitivity study confirms that industrial, residential, and mobile emissions are the three major sources to PM2.5 in Zhongshan. Their relative contributions to PM2.5 are 24%, 22%, and 15% in Zhongshan during a peak period of the sensitivity simulations. 
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value	0	0	0	0	1	1	1	1	0	0	0	0	0	0	1	1	1	1	0	0	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	0	0	0	0	Observation	42005.333333333336	42005.833333333336	42006.333333333336	42006.833333333336	42007.333333333336	42007.833333333336	42008.333333333336	42008.833333333336	42009.333333333336	42009.833333333336	42010.333333333336	42010.833333333336	42011.333333333336	42011.833333333336	42012.333333333336	42012.833333333336	42013.333333333336	42013.833333333336	42014.333333333336	42014.833333333336	42015.333333333336	42015.833333333336	42016.333333333336	42016.833333333336	42017.333333333336	42017.833333333336	42018.333333333336	42018.833333333336	42019.333333333336	42019.833333333336	42020.333333333336	42020.833333333336	42021.333333333336	42021.833333333336	42022.333333333336	42022.833333333336	42023.333333333336	42023.833333333336	42024.333333333336	42024.833333333336	42025.333333333336	42025.833333333336	42026.333333333336	42026.833333333336	42027.333333333336	42027.833333333336	42028.333333333336	42028.833333333336	42029.333333333336	42029.833333333336	42030.333333333336	42030.833333333336	42031.333333333336	42031.833333333336	42032.333333333336	42032.833333333336	42033.333333333336	42033.833333333336	42034.333333333336	42034.833333333336	42035.333333333336	42035.833333333336	-1.8999999999999722	-3.1000000000000232	-3.5	-2.6000000000000232	-0.60000000000002274	1.1000000000000227	2.7000000000000455	2.2000000000000455	0.39999999999998109	-1	-0.60000000000002274	-0.40000000000009095	-2.6999999999999318	-1.0999999999999039	1.3999999999999722	5.2999999999999554	5.7000000000000464	3.3999999999999773	2	-1.1999999999999318	-1.3000000000000682	-0.80000000000006821	-0.19999999999993268	2	2.0999999999999077	-0.8999999999999776	-1.5999999999999039	0.79999999999995453	1.6999999999999318	0.7000000000000457	-1.1000000000000227	-1.7999999999999476	-1.3999999999999722	0.19999999999993268	4.0000000000001137	3.2000000000000455	-1.1000000000001364	-1.3000000000000682	-1.5	-2.0999999999999077	0.40000000000009095	1.8999999999999722	1.1999999999999318	-1.1000000000000227	-3	-2.7000000000000455	-4.1000000000000227	-4.6999999999999318	-1.5999999999999039	1.2999999999999476	1.6999999999999318	1.3000000000000682	1.8999999999999722	0.5999999999999085	-0.5999999999999085	-0.19999999999993268	-0.40000000000009095	-0.7000000000000457	-0.39999999999998109	-0.69999999999993179	-1.3999999999999722	-0.90000000000009095	Simulation	42005.333333333336	42005.833333333336	42006.333333333336	42006.833333333336	42007.333333333336	42007.833333333336	42008.333333333336	42008.833333333336	42009.333333333336	42009.833333333336	42010.333333333336	42010.833333333336	42011.333333333336	42011.833333333336	42012.333333333336	42012.833333333336	42013.333333333336	42013.833333333336	42014.333333333336	42014.833333333336	42015.333333333336	42015.833333333336	42016.333333333336	42016.833333333336	42017.333333333336	42017.833333333336	42018.333333333336	42018.833333333336	42019.333333333336	42019.833333333336	42020.333333333336	42020.833333333336	42021.333333333336	42021.833333333336	42022.333333333336	42022.833333333336	42023.333333333336	42023.833333333336	42024.333333333336	42024.833333333336	42025.333333333336	42025.833333333336	42026.333333333336	42026.833333333336	42027.333333333336	42027.833333333336	42028.333333333336	42028.833333333336	42029.333333333336	42029.833333333336	42030.333333333336	42030.833333333336	42031.333333333336	42031.833333333336	42032.333333333336	42032.833333333336	42033.333333333336	42033.833333333336	42034.333333333336	42034.833333333336	42035.333333333336	42035.833333333336	-2.9800000000000182	-3.9900000000000087	-2.7699999999999818	-2.6399999999999864	-0.97000000000002762	0.79999999999995453	3.3299999999999268	3.9800000000000182	-0.48999999999989829	-1.9700000000000324	-0.98000000000001819	-1.1299999999999897	-1	-0.60000000000002274	0.62999999999999834	4.6700000000000728	4.6699999999999555	2.2299999999999045	1.3999999999999722	-0.42999999999995325	0.67000000000007742	-9.9999999999909779E-3	-0.11000000000012733	0.13999999999998641	-8.9999999999918243E-2	-0.37000000000000488	-1.3900000000001	-0.17999999999995075	1.7700000000002101	9.9999999999909633E-2	-0.83000000000015461	0.93000000000006366	-0.80999999999994543	-0.12999999999999623	3.7000000000000455	3.0299999999999732	-1.1100000000001273	-2.369999999999878	-1.4700000000000273	9.9999999999909779E-3	0.14000000000010004	1.9299999999998358	2.1600000000000819	-1.3899999999998718	-2.7599999999999909	-3.5800000000000409	-4.5900000000000318	-4.2900000000000773	-1.7400000000000091	0.57000000000005002	1.8700000000000045	2	1.3499999999999039	0.36000000000001381	-0.62999999999999834	-0.23000000000001819	-0.34999999999991138	-0.60000000000002274	4.9999999999954532E-2	-0.12000000000000456	-0.57000000000005002	0.40000000000009095	Date

Pressure Difference(hPa)

value	0	0	0	0	1	1	1	1	0	0	0	0	0	0	1	1	1	1	0	0	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	0	0	0	0	Observation	42370.333333333336	42370.833333333336	42371.333333333336	42371.833333333336	42372.333333333336	42372.833333333336	42373.333333333336	42373.833333333336	42374.333333333336	42374.833333333336	42375.333333333336	42375.833333333336	42376.333333333336	42376.833333333336	42377.333333333336	42377.833333333336	42378.333333333336	42378.833333333336	42379.333333333336	42379.833333333336	42380.333333333336	42380.833333333336	42381.333333333336	42381.833333333336	42382.333333333336	42382.833333333336	42383.333333333336	42383.833333333336	42384.333333333336	42384.833333333336	42385.333333333336	42385.833333333336	42386.333333333336	42386.833333333336	42387.333333333336	42387.833333333336	42388.333333333336	42388.833333333336	42389.333333333336	42389.833333333336	42390.333333333336	42390.833333333336	42391.333333333336	42391.833333333336	42392.333333333336	42392.833333333336	42393.333333333336	42393.833333333336	42394.333333333336	42394.833333333336	42395.333333333336	42395.833333333336	42396.333333333336	42396.833333333336	42397.333333333336	42397.833333333336	42398.333333333336	42398.833333333336	42399.333333333336	42399.833333333336	42400.333333333336	42400.833333333336	-2	-2.6	-3.2000000000000455	-2.3999999999999773	-0.8999999999999776	1.1000000000000227	3.1000000000000232	2.5	0.20000000000004547	-1.6000000000000227	-1.1000000000000227	-0.5	-2.3999999999999773	-0.39999999999998043	1.6999999999999318	5.8999999999999773	6.2000000000000464	2.7999999999999545	1.5	-1.6999999999999318	-1.1000000000000227	-0.5	-0.10000000000002274	2.7999999999999545	2	-1.399999999999973	-1.5	0.69999999999993179	1.899999999999973	0.30000000000006832	-1.5999999999999048	-1.8000000000000682	-1.5	0.30000000000006832	4.2999999999999554	3.2999999999999545	-1.299999999999949	-1.6000000000000227	-1.8000000000000682	-1.1999999999999318	0.7000000000000457	1.6999999999999318	1.1999999999999318	-1.5999999999999048	-2.8999999999999773	-3.2000000000000455	-4.1999999999999318	-4.5	-1.86	1.5	0	1.2000000000000455	0.8	0.29999999999995697	-0.5	0	-0.5	-0.7000000000000457	-0.20000000000004547	-0.5	-1.299999999999949	-1.1999999999999318	Simulation	42370.333333333336	42370.833333333336	42371.333333333336	42371.833333333336	42372.333333333336	42372.833333333336	42373.333333333336	42373.833333333336	42374.333333333336	42374.833333333336	42375.333333333336	42375.833333333336	42376.333333333336	42376.833333333336	42377.333333333336	42377.833333333336	42378.333333333336	42378.833333333336	42379.333333333336	42379.833333333336	42380.333333333336	42380.833333333336	42381.333333333336	42381.833333333336	42382.333333333336	42382.833333333336	42383.333333333336	42383.833333333336	42384.333333333336	42384.833333333336	42385.333333333336	42385.833333333336	42386.333333333336	42386.833333333336	42387.333333333336	42387.833333333336	42388.333333333336	42388.833333333336	42389.333333333336	42389.833333333336	42390.333333333336	42390.833333333336	42391.333333333336	42391.833333333336	42392.333333333336	42392.833333333336	42393.333333333336	42393.833333333336	42394.333333333336	42394.833333333336	42395.333333333336	42395.833333333336	42396.333333333336	42396.833333333336	42397.333333333336	42397.833333333336	42398.333333333336	42398.833333333336	42399.333333333336	42399.833333333336	42400.333333333336	42400.833333333336	-2.5	-3	-3.1999999999999318	-2.7799999999999732	-0.98000000000001819	1.1699999999999549	3.6999999999999318	4.1700000000000728	-0.41999999999996146	-2.9000000000000909	-1.1200000000000045	-0.98999999999989563	-1.1599999999999639	-0.54000000000007764	1.1299999999999908	5.3200000000000465	5.0999999999999091	2.2300000000000182	1.0299999999999665	-0.64000000000010282	0.18000000000006391	-9.9999999999909564E-2	0.23000000000001819	1.1499999999998636	0.53999999999996351	-0.73999999999989863	-2.1299999999998787	-0.24000000000000909	1.8599999999998957	-0.20000000000004547	-0.75999999999999324	0.6299999999999979	-1.0099999999999842	0.33000000000015572	3.8500000000001364	3.3699999999998798	-1	-2.9900000000000087	-1.790000000000191	0.55999999999994543	0.76999999999998436	1.8200000000001637	1.8700000000001182	-1.6400000000001	-3.2100000000000382	-4.25	-4.5900000000000318	-4.2799999999999834	-1.7599999999999842	0.51999999999998181	1.9000000000000909	2.2999999999999545	1.3599999999998957	0.12999999999999606	-0.85999999999990062	-1.9999999999981821E-2	-0.56000000000005912	-1.0799999999999226	0.20000000000004547	4.9999999999954532E-2	-0.56000000000005912	0.15999999999996925	Date

Pressure Difference(hPa)

value	0	0	0	0	1	1	1	1	0	0	0	0	0	0	1	1	1	1	0	0	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	1	1	1	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	0	0	0	0	Observation	42370.333333333336	42370.833333333336	42371.333333333336	42371.833333333336	42372.333333333336	42372.833333333336	42373.333333333336	42373.833333333336	42374.333333333336	42374.833333333336	42375.333333333336	42375.833333333336	42376.333333333336	42376.833333333336	42377.333333333336	42377.833333333336	42378.333333333336	42378.833333333336	42379.333333333336	42379.833333333336	42380.333333333336	42380.833333333336	42381.333333333336	42381.833333333336	42382.333333333336	42382.833333333336	42383.333333333336	42383.833333333336	42384.333333333336	42384.833333333336	42385.333333333336	42385.833333333336	42386.333333333336	42386.833333333336	42387.333333333336	42387.833333333336	42388.333333333336	42388.833333333336	42389.333333333336	42389.833333333336	42390.333333333336	42390.833333333336	42391.333333333336	42391.833333333336	42392.333333333336	42392.833333333336	42393.333333333336	42393.833333333336	42394.333333333336	42394.833333333336	42395.333333333336	42395.833333333336	42396.333333333336	42396.833333333336	42397.333333333336	42397.833333333336	42398.333333333336	42398.833333333336	42399.333333333336	42399.833333333336	42400.333333333336	42400.833333333336	-2	-2.7	-3.2000000000000455	-2.3999999999999773	-0.39999999999998043	0.30000000000006832	2.1000000000000232	2.1999999999999318	0.60000000000002274	-0.39999999999998043	-0.5	-0.5	-2.3000000000000678	-0.39999999999998043	1.1000000000000227	3.6999999999999318	5.2000000000000464	3.8000000000000678	2.1999999999999318	-0.8999999999999776	-0.8999999999999776	-0.5	-0.5	0.79999999999995453	1.5	-0.39999999999998043	-1.299999999999949	1.1000000000000227	1.6999999999999318	1	-0.8999999999999776	-1.8000000000000682	-1.399999999999973	-0.19999999999993251	3.7000000000000455	2.8999999999999773	-0.5	-1	-2.1000000000000232	-2.1000000000000232	0.19999999999993251	1.799999999999949	1.6000000000000227	-0.8999999999999776	-2.6000000000000232	-2.2999999999999545	-4.3999999999999773	-4.8999999999999773	-1.399999999999973	1.299999999999949	1.6000000000000227	1.5	2.2999999999999545	0.79999999999995453	-0.69999999999993179	-0.39999999999998043	-0.40000000000009095	-0.5	-0.39999999999998043	-1.1000000000000227	-1.399999999999973	-0.69999999999993179	Simulation	42370.333333333336	42370.833333333336	42371.333333333336	42371.833333333336	42372.333333333336	42372.833333333336	42373.333333333336	42373.833333333336	42374.333333333336	42374.833333333336	42375.333333333336	42375.833333333336	42376.333333333336	42376.833333333336	42377.333333333336	42377.833333333336	42378.333333333336	42378.833333333336	42379.333333333336	42379.833333333336	42380.333333333336	42380.833333333336	42381.333333333336	42381.833333333336	42382.333333333336	42382.833333333336	42383.333333333336	42383.833333333336	42384.333333333336	42384.833333333336	42385.333333333336	42385.833333333336	42386.333333333336	42386.833333333336	42387.333333333336	42387.833333333336	42388.333333333336	42388.833333333336	42389.333333333336	42389.833333333336	42390.333333333336	42390.833333333336	42391.333333333336	42391.833333333336	42392.333333333336	42392.833333333336	42393.333333333336	42393.833333333336	42394.333333333336	42394.833333333336	42395.333333333336	42395.833333333336	42396.333333333336	42396.833333333336	42397.333333333336	42397.833333333336	42398.333333333336	42398.833333333336	42399.333333333336	42399.833333333336	42400.333333333336	42400.833333333336	-1.8	-2.4	-2.7899999999999636	-2.5699999999999372	-0.93000000000006366	0.52999999999997272	3.0399999999999627	3.9399999999999387	-0.21999999999991432	-1.7099999999999163	-0.94000000000005468	-1.1100000000000141	-0.82999999999992724	-0.49000000000000932	0.34999999999991094	4.0399999999999734	4.4700000000000424	2.6499999999999782	1.6400000000001	-0.33999999999992087	0.62999999999988565	-8.0000000000041024E-2	-0.34999999999991094	1.9999999999981821E-2	-0.12000000000011823	-0.55999999999994543	-1.4099999999999597	-0.21000000000003641	2.0000000000001141	0.28999999999996601	-0.85000000000013665	0.90000000000009095	-0.6299999999999979	-0.37999999999999773	3.4900000000001228	3.0799999999999268	-1.2000000000000455	-2.1600000000000819	-1.4000000000000898	-0.41999999999984849	0.12000000000011823	2.0599999999999437	2.1799999999998363	-1.1600000000000821	-2.6799999999998363	-3.2199999999999136	-4.3200000000000465	-4.3300000000000409	-1.7699999999999756	0.7100000000000366	1.8600000000000141	1.8600000000000141	1.5	0.5	-0.81000000000005912	-0.21000000000003641	-0.12000000000000456	-0.62000000000000666	-1.9999999999981821E-2	6.0000000000059117E-2	-0.62000000000000666	0.24000000000000909	Date

Pressure Difference(hPa)

value	0	0	1	1	0	0	0	1	1	0	0	1	1	0	0	0	0	1	1	0	1	1	0	0	0	0	1	1	0	0	0	Observation	42005	42006	42007	42008	42009	42010	42011	42012	42013	42014	42015	42016	42017	42018	42019	42020	42021	42022	42023	42024	42025	42026	42027	42028	42029	42030	42031	42032	42033	42034	42035	1.270833333333333	1.0458333333333334	1.2124999999999961	1.5434782608695652	1.6954545454545453	2.0272727272727282	1.4541666666666668	2.4869565217391267	2.0695652173913115	1.5	1.4000000000000004	2.5708333333333329	2.7416666666666671	2.3249999999999997	1.6958333333333337	1.3624999999999998	1.5125000000000002	1.8833333333333335	1.6375000000000002	1.8708333333333329	1.9083333333333341	1.5958333333333332	1.4166666666666659	1.4391304347826088	0.98749999999999949	1.7869565217391301	1.5166666666666673	1.2166666666666666	1.5374999999999952	1.3083333333333331	1.8312499999999998	Simulation	42005	42006	42007	42008	42009	42010	42011	42012	42013	42014	42015	42016	42017	42018	42019	42020	42021	42022	42023	42024	42025	42026	42027	42028	42029	42030	42031	42032	42033	42034	42035	1.5307354583333337	1.4849742916666631	2.1373715000000075	2.597922000000001	1.8037885	1.9266268333333341	1.4822454	3.0629805000000005	2.2518853333333246	1.8669605000000002	1.7676221666666667	2.9266983333333219	2.7529019999999997	2.9658868333333337	2.1883378333333412	1.7847316666666668	2.5157464999999921	3.0749508333333337	1.6775689999999999	3.1157078333333343	3.1099869999999998	2.5162456666666566	1.181422458333333	1.6038558124999998	1.3856147916666666	2.3095325000000004	1.2641116041666669	1.4487120624999996	1.3115141250000002	1.1389534750000001	2.2723238235294114	Date

Wind Speed(m/s)

value	0	0	1	1	0	0	0	1	1	0	0	1	1	0	0	0	0	1	1	0	1	1	0	0	0	0	1	1	0	0	0	Observation	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	0.6583333333333351	0.74166666666666681	1.4208333333333334	1.5249999999999961	0.85000000000000064	1.2583333333333335	0.88749999999999951	3.2208333333333332	1.6624999999999999	0.90416666666666656	1.0083333333333335	3.0083333333333342	2.6374999999999997	1.7208333333333334	1.0666666666666664	0.8958333333333337	1.9874999999999998	1.5208333333333337	0.9583333333333337	2.2958333333333329	2.4166666666666585	0.98749999999999949	0.87083333333333512	1.2045454545454544	1.0874999999999964	1.0590909090909091	1.0583333333333331	0.84166666666666667	0.83749999999999991	0.62500000000000189	1.0500000000000003	Simulation	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	1.0848417291666665	1.1258188124999966	3.0284504166666668	3.0555893750000003	1.7640574375000035	2.1274193750000001	1.7920778958333341	4.3281749999999786	2.3081683333333327	1.8951329166666697	2.0768770833333337	3.9555854166666613	3.5814758333333327	3.5504031249999977	2.2811422916666682	2.315586666666666	3.151839166666667	3.2020924999999987	1.9866568750000038	4.3951310416666667	3.5749479166666664	2.4852556249999931	1.5899206249999998	1.9991827272727316	1.0008779687500033	1.4622727272727281	0.8673768125000032	1.7995560416666665	1.1718706249999997	0.7908649583333337	1.9329207499999999	Date

Wind Speed(m/s)

value	0	0	1	1	0	0	0	1	1	0	0	1	1	0	0	0	0	1	1	0	1	1	0	0	0	0	1	1	0	0	0	Observation	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	1.6375	1.3624999999999998	1.7083333333333333	2.0958333333333328	2.1041666666666692	3.0291666666666672	1.8541666666666663	2.8916666666666604	2.5083333333333342	2.5416666666666665	2.1374999999999997	2.7750000000000004	2.8000000000000003	2.8625000000000007	3.2791666666666672	1.9374999999999978	2.1749999999999998	2.4291666666666671	1.9208333333333327	2.7375000000000012	2.8124999999999916	2.012499999999994	2.5166666666666604	2.5291666666666672	1.3208333333333333	3.1708333333333321	2.808333333333334	1.4916666666666658	1.8624999999999998	1.7791666666666666	2.4538461538461527	Simulation	42370	42371	42372	42373	42374	42375	42376	42377	42378	42379	42380	42381	42382	42383	42384	42385	42386	42387	42388	42389	42390	42391	42392	42393	42394	42395	42396	42397	42398	42399	42400	2.9348772125000004	3.9666584524999977	2.5413892275000012	2.8305634049999977	1.9501711272499997	4.0708230175000004	3.1021500825000001	2.6722295074999995	2.3238434099999967	4.0529812524999738	3.7088503250000007	4.2166471774999996	3.0758694999999934	2.5787792475000071	3.3219899799999997	4.1964620874999996	2.4440028849999997	4.3733399099999986	4.1791075800000002	3.5161097499999996	1.9145591700000035	1.8122932174999933	1.7052950549999963	2.5376688849999987	1.4207853840000002	1.58652047	1.3967240424999954	1.0745153475000002	1.9261904215384651	1.6051586846153845	1.9051586846153801	Date

Wind Speed(m/s)
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