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 16 

Abstract: Until recently few study about sources of haze and evaluation of emission control 17 

measures over Pearl River Delta (PRD) in China could be found but that is very important to the 18 

control of haze. So the WRF-CMAQ model was adopted to simulate the haze pollution of 19 

Zhongshan in January 2014 to study the haze sources of Zhongshan. The model could simulate the 20 

variation of PM2.5 concentration and visibility in Zhongshan well. When there was no cold front, 21 

weak cold front or strong cold front affected, the contribution ratios of local sources in Zhongshan 22 

were 58%, 34% ,28%; sources of other cities in PRD were 27%, 42%, 23%; and 13%, 21%, 45% 23 

for the sources outside Guangdong Province, respectively. Among the major components of 24 

aerosol, local emission sources in Zhongshan contributed most to the nitrates, whereas emission 25 

sources outside Guangdong contributed most to other substances. According to the emission 26 

control tests, PM2.5 concentration was reduced by 47%, 52% and 58%, respectively, on the first, 27 

second and third day after turning off the emission sources of the whole Zhongshan region under 28 

stable weather conditions, and reduced by 24%, 22% and 15%, respectively, in the high pollution 29 

peak by turning off industrial, residential and transportation sources.  30 

Keywords: WRF-CMAQ, Haze, Contribution ratio, Emission control tests 31 

 32 

1. Introduction 33 

Haze is a common atmospheric turbidity phenomenon known as “Dust-haze” [1], 34 

in which a large amount of ultrafine dry dust particles are uniformly suspended in the 35 

air, causing horizontal visibility less than 10km. Along with the rapid development of 36 

the economy and massive emissions of atmospheric pollutants, haze is tending to 37 

become more and more intense in urban agglomerations throughout China[2], and its 38 
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hazard to manufacture, transportation and human health has already aroused extensive 39 

attention[3-4]. Haze is principally caused by the powder and the sulfur dioxide 40 

emitted by the combustion of fossil fuels, as well as the huge amount of nitric oxides 41 

and volatile organic compounds emitted by automobile; all these substances, through 42 

chemical reactions, generate the secondary aerosols that lead to atmospheric 43 

turbidity[5]. The study of haze can be further summarized as the study of atmospheric 44 

aerosols to a great extent.  45 

As one of the three principal urban agglomerations in China, the PRD (Pearl 46 

River Delta) agglomeration is inevitably accompanied by increasingly deteriorating 47 

air quality as its economy rapidly develops. Research on haze phenomena have 48 

already aroused the highest level of attention of the Chinese government and 49 

masses[6-10]. Lots of scholars, based on huge observational data, focused on studying 50 

the composition of the haze, its weather characteristics and meteorological 51 

effects[11-14]. As computer technology has developed, numerical model has become 52 

an important tool[15] of conducting atmospheric environmental research. For example, 53 

the Hysplit trajectory model is mostly used to study the trajectory of airflow affect 54 

certain areas[16-17]. And the CMAQ model, well known as a numerical tool for 55 

environment researching, is often adopted to study pollution events happened over 56 

China[18-19]. Currently, quite a number of studies on the basis of numerical models 57 

are focused on the occurrence, evolution and influence of individual instances in the 58 

atmospheric pollution process[20-22]; however, few focus on the sources of 59 

atmospheric aerosols in the PRD region and the contribution ratio of emission sources 60 

in various regions under different weather conditions. Nevertheless, researches on 61 

these aspects are significant to the control of haze, and must be urgently undertaken.  62 

Zhongshan City, as an important part of PRD, has also been affected by the 63 

frequent haze pollution in recent years. In 2014, the Zhongshan government invested 64 

in 10 projects to improve people's living; one project of which, known as haze 65 

forecast, prevention and control, aimed to greatly improve the local air quality. 66 

Accordingly, the study on the characteristics of haze in Zhongshan is especially 67 

important. A hazy day is defined as a day in which the average visibility is less than 68 

10km and the average relative humidity is 90% or lower[23]. In January 2014, there 69 

were 16 hazy days and the haze pollution in this month was the most significant of the 70 

year. Currently there are a few of studies on the haze pollution happened in China in 71 

January 2014[24-25], but this paper mainly focused on PRD. By taking advantage of 72 

the observational meteorological and environmental data, and then integrate the data 73 

with the WRF-CMAQ model, a simulation analysis was performed about haze 74 

pollution in January 2014 over Zhongshan so as to study the contribution of emission 75 

sources from different areas to the PM2.5 concentration and evaluate the emission 76 

control measures of local Zhongshan. The study results were aimed to be references 77 
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for haze control for the government.   78 

 79 

2. Research methods  80 

2.1 Brief introduction and setting of the numerical model  81 

This paper adopted the WRF-CMAQ model, which was used in a lot of 82 

numerical studies on air pollution events[26-27], to perform numerical simulation 83 

(using WRFv3.3 and CMAQv5.0) and the NCEP fnl reanalysis data as the initial field 84 

in the WRF model, which provided detailed meteorological data for CMAQ. 85 

Simulation tests adopted a two-way nested method. As was shown in Table 1 and 86 

Figure 1, the exterior grids of the atmospheric chemistry transport model covered 87 

most regions of China, whereas the interior grids covered the whole of Guangdong 88 

Province. The location of cities in PRD was showed in Figure 1 too. In this study, the 89 

simulation period was from 08:00 LST (local standard time) 25 Dec. 2013 to 08:00 90 

LST 01 Feb. 2014, and the days before 08:00 LST 01 Jan. 2014 were for model 91 

spin-up. 92 

 93 

Table 1. Setting of the simulation test zone. 94 

 95 

96 
Figure 1. Model’s domain setting and different parts of emission sources (in the left 97 

picture, the black solid line represented the WRF model; the dotted blue line 98 

represented the CMAQ model; the right picture showed different parts of emission 99 

Regions under simulation  Number of grid points  Grid space(km) 

WRF Model Domain_1 283×184 27 

CMAQ Model Domain_1 182×138 27 

 WRF Model Domain_2 233×163 9 

CMAQ Model Domain_2 98×74 9         
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sources in sensitivity tests and details would be given in Section2.2). (Cities of PRD 100 

in the right picture: Zhongshan(ZS), Guangzhou(GZ), Foshan(FS), Jiangmen(JM), 101 

Zhuhai(ZH), Dongguan(DG), Shenzhen(SZ)). 102 

 103 

Community Multi-scale Air Quality (CMAQ), representing the latest research 104 

results for the current mainstream atmospheric environment and transmission, 105 

diffusion and sedimentation of pollutants, is a multi-scale Euler air quality model. It 106 

can simulate the physical and chemical process of multiple pollutants in the 107 

atmosphere, including ozone, aerosol and various pollutant gases. The CMAQ model 108 

must be driven by the results of meteorological models and the emission source data 109 

varying with time and space. It comprehensively considers the meteorological and 110 

chemical process of the gaseous and liquid phases, heterogeneous chemical processes, 111 

the aerosol process and the dry-wet deposition process, and thence can better simulate 112 

the contribution of various aerosols to light extinction and atmospheric visibility, as 113 

well as the occurrence, duration and disappearance of haze phenomena.  114 

As an important, integral part of the air quality model, emission sources affect 115 

simulation accuracy. Many scholars contributed to the development of the emission 116 

inventory [28-29]. The emission source data adopted by this paper came from the 117 

2010 MEIC (Multi-resolution Emission Inventory for China) developed by Tsinghua 118 

University, where the spatial resolution was 0.25°×0.25°. The MEIC divided 119 

emission sources into five categories, i.e.: power plants, industry, agriculture, 120 

transportation and resident, covering the monthly emissions[30] of pollutant gases 121 

such as SO2, NOX, CO and NH3, aerosol such as PM2.5 and PM10, as well as black 122 

carbon, organic carbon and other substances. Figure 2 showed the annual emission of 123 

NO2, NO, SO2 and CO of Guangdong province from the MEIC dataset. It could find 124 

that the PRD region, especially Guangzhou, Foshan and Shenzhen are regions with 125 

the most concentrated pollutant emissions, discharging more than 500×106mol of CO、126 

NO, and 100×106mol of SO2、NO2 per year. Also the temporal variations of the 127 

MEIC dataset were set by referring to the study of Zheng[31]. By processing the 128 

emission source data and entering the results into the atmospheric chemistry transport 129 

model, emission source data with time-varying and identical spatial resolution could 130 

be provided for the CMAQ model.  131 
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 132 

 133 
Figure 2. Annual emission of NO2 (a), NO (b), SO2 (c) and CO (d) of Guangdong 134 

Province from MEIC dataset (Unit:×106mol/year). 135 

 136 

2.2 Sensitivity tests and contribution ratio calculation 137 
In order to survey the influence of emission sources inside and outside 138 

Zhongshan to the local haze pollution, the paper used the WRF-CMAQ model to 139 
perform sensitivity tests and study the contribution of emission sources from different 140 
regions to the PM2.5 concentration in Zhongshan. The principal test consideration was 141 
as follows: divide emission sources into different parts, turn off the emission sources 142 
from a certain region, and then compare the simulation results before and after 143 
emission shielding, at last calculate the contribution ratio of the emission sources of 144 
this region to the local PM2.5 in Zhongshan. The research method was proved to be 145 
effective in some studies on the air quality during 2008 Beijing Olympic 146 
Game[32-33]. The specific test schemes and different parts of emission sources were 147 
shown in Figure 1 and Table 2(emission sources outside Guangdong Province were 148 
not showed here). Among the tests, Test_ctr, as the control test, represented the 149 
benchmark conditions of emission sources; in Test_zs the local emission sources of 150 
Zhongshan were turned off; in Test_prd the emission sources of other cities in the 151 
PRD region were turned off so as to evaluate the influence of emission sources from 152 
surrounding regions on Zhongshan; in Test_gd the emission sources outside 153 
Guangdong Province were turned off. By excluding the influences from local 154 
Zhongshan, the PRD and those from outside Guangdong, the remaining influences 155 
were from other parts of Guangdong (see Figure 1). The contribution ratio of emission 156 

c d 

a b 
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sources of various regions could be calculated by the following formula:   157 
Cx=Cctr-Cx,0               (1) 158 
Px=Cx/Cctr                 (2) 159 

where Cx and Px represented the concentration change before and after emission 160 

sources were turned off in the region x and the contribution ratio of emission sources 161 

of region x to the local atmospheric pollution of Zhongshan, respectively; Cctr and Cx,0 162 

represented the PM2.5 concentration of Zhongshan under the benchmark condition and 163 

the condition that the emissions from the region x were set to zero, respectively.   164 

 165 

Table 2.Simulation scheme of sensitivity tests. 166 

Test name 
Emission source to 

be turned off 
Test name 

Emission source to 

be turned off 

Test_ctr None Test_zs Zhongshan 

Test_prd PRD (excluding Zhongshan) Test_gd Outside Guangdong 

 167 

3. Control test results  168 

3.1 Evaluation of meteorological simulation results 169 

The simulation accuracy of the air quality model depends on the simulation 170 

results of the meteorological field to a large extent; therefore the WRF model 171 

simulation results should be first evaluated. The observational data used in this paper 172 

are from Zhongshan Meteorological Service(113.35°E，22.53°N). In January 2014, 173 

Zhongshan was frequently affected by cold front but there was no significant 174 

precipitation in the whole month. Among the 16 hazy days in January, 12 of them 175 

were caused by cold front and the remaining 4 hazy days were happened under stable 176 

weather condition with low wind speed and stable atmospheric stratification. Figure 3 177 

showed the daily average 2m temperature, daily average relative humidity, 24-hour 178 

pressure variation, daily average wind speed and daily maximum frequency wind 179 

direction simulated by the WRF model, as well as the observational data. It was find 180 

that the simulation elements were close to the observations. The simulated 2m 181 

temperature was slightly higher than the actual temperature but the temporal variation 182 

fits the actual data well. The relative humidity was a little lower than the actual 183 

conditions, and the 24-hour pressure variation, which can represent the movement of 184 

the cold front, was basically equal to the actual conditions. From the variations of 185 

temperature and pressure we could know that there were six cooling periods in 186 

Zhongshan caused by cold front, namely 3-5, 8-9, 12-13, 18-19, 21-22 and 26-27 187 

January. The simulated wind speed was stronger than the observational data, 188 

especially in the days affected by cold front (e.g. 8, 18 and 21 January), but the 189 

tendency of the daily variation also fit the actual data well. From the comparison of 190 

the wind direction we could found that in January 2014 Zhongshan was dominated by 191 
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northerly, northeasterly and southeasterly wind, and the WRF model gave an excellent 192 

performance on wind direction in most of the time. Such results revealed that the 193 

WRF model obtained an accurate simulation of the weather conditions in January 194 

2014. Therefore the simulation results of the meteorological model were reliable and 195 

could provide accurate and detailed meteorological field data for the CMAQ model.  196 

 197 

 198 

 199 

 200 

b 

c 

d 

a 



 201 

Figure 3 Comparison of simulated 2m temperature (a), relative humidity (b), 24-hour 202 

pressure variation(c), wind speed (d) and wind direction (e) with observational data. 203 

 204 

3.2 Evaluation of CMAQ model results 205 

Figure 4 is the comparison between the simulated PM2.5 concentration and 206 

visibility in Zhongshan in January 2014 and the observational data. In general the 207 

model could accurately simulate the temporal variation of PM2.5 concentration; 208 

however the emission sources in the model could not completely illustrate the actual 209 

discharge of air pollutants, besides simulation errors existed in the results of the WRF 210 

model, so during certain time periods the CMAQ simulation deviated. When there 211 

was no cold front affected, wind speed under the meteorological model simulation 212 

was generally stronger than observation, so the simulated PM2.5 concentration was 213 

usually lower than the actual data, for instance on 5 and 23 January. When strong cold 214 

front moved southward, it transferred a large amount of air pollutants to the 215 

downwind areas. If the cold front is strong enough, the pollutants can reach a longer 216 

distance. So the weak simulation of cold front (simulated 24-hour pressure variation 217 

weaker than actual conditions) may result in the weak advection transfer of 218 

extraneous pollutants, and further reduce simulation concentration, for instance on 12 219 

January. Due to the fact that it was approaching the lunar New Year (Chinese New 220 

Year) from 28 to the 31 January, pollutant emissions were obviously less than the 221 

usual. However, the emission sources adopted by the model did not consider such 222 

factors, causing an obvious difference between the actual pollutant emission and the 223 

model simulation. Besides stable weather conditions were available without cold front 224 

affected during these days, leading to a higher simulation concentration than the 225 

observation. But a PM2.5 concentration peak appeared at about 08:00 on 31 January 226 

for the burning of firecrackers, which is usual during the Chinese New Year, and the 227 

model failed to capture this variation. On the aspect of visibility simulation, the model 228 

could basically simulate the variation tendency. However, as was mentioned above, 229 

when no cold front affected, the PM2.5 concentration from the model is usually lower 230 

than the observational data, causing higher simulated visibility than the actual one. 231 

But from 28 to 31 January the simulated visibility is lower than the observation 232 

because the simulated PM2.5 concentration is overestimated. The difference was 233 

e 
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mostly obvious when the actual or the simulated visibility reached their peak values. 234 

Since the simulated PM2.5 concentration was lower than the actual conditions in 235 

general, the simulated visibility was higher than the actual conditions most of the 236 

time.  237 

 238 

 239 

Figure 4. Comparison of simulated PM2.5 concentration (a) and visibility (b) with 240 

observational data (the discontinuities showed missing values).   241 

 242 

Table 3 showed the simulation error of PM2.5 concentration and visibility from 243 

CMAQ model. Statistical metrics including average absolute bias (MB), average 244 

absolute error (ME), average root mean square error (RMSE), average normal 245 

deviation (MNB) and normal average deviation (NMB). The calculation methods 246 

were defined as follows: 247 

                           𝑀𝑀𝑀𝑀 = 1
𝑛𝑛
∑ �𝑆𝑆𝑆𝑆𝑆𝑆(𝑆𝑆) −𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆)�𝑛𝑛
𝑆𝑆=1                    (1) 248 

                           𝑀𝑀𝑀𝑀 = 1
𝑛𝑛
∑ |𝑆𝑆𝑆𝑆𝑆𝑆(𝑆𝑆) −𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆)|𝑛𝑛
𝑆𝑆=1                    (2) 249 

                           𝑅𝑅𝑀𝑀𝑆𝑆𝑀𝑀 = [1
𝑛𝑛
∑ (𝑆𝑆𝑆𝑆𝑆𝑆(𝑆𝑆) −𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆))2𝑛𝑛
𝑆𝑆=1 ]1/2            (3) 250 

                           𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑛𝑛
∑ (𝑆𝑆𝑆𝑆𝑆𝑆 (𝑆𝑆)−𝑂𝑂𝑂𝑂𝑂𝑂 (𝑆𝑆)

𝑂𝑂𝑂𝑂𝑂𝑂 (𝑆𝑆)
)𝑛𝑛

𝑆𝑆=1                       (4) 251 

                       𝑀𝑀𝑀𝑀𝑀𝑀 = ∑ (𝑆𝑆𝑆𝑆𝑆𝑆 (𝑆𝑆)−𝑂𝑂𝑂𝑂𝑂𝑂 (𝑆𝑆))𝑛𝑛
𝑆𝑆=1

∑ 𝑂𝑂𝑂𝑂𝑂𝑂 (𝑆𝑆)𝑛𝑛
𝑆𝑆=1

                        (5) 252 

where Sim and Obs represented simulated and observed values, respectively. From 253 

the table it could see that the PM2.5 concentration from the model is lower than the 254 

observation, while the simulated visibility is a little overestimated. But in general the 255 

differences between simulation and observation were not evident, which indicated 256 

b 

a 
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that the simulation results were reliable.   257 

 258 

Table 3. Simulation error of PM2.5 concentration and visibility with CMAQ model. 259 

 MB ME RMSE MNB NMB 

PM2.5 Concertration -13 32 29 -4% -21% 

Visibility 0.8 4.9 5.6 8% 20% 

 260 

4. Sensitivity analysis   261 

4.1 Analysis of contribution ratio 262 

Figure 5a showed the spatial distribution of average monthly PM2.5 concentration 263 

simulated by CMAQ. A relatively high PM2.5 polluted area was found in the middle of 264 

Foshan, where the average PM2.5 concentration exceeded 60μg/m3. PM2.5 265 

concentration in the northwest of Zhongshan was 50-55μg/m3, while only 35-40μg/m3 266 

in the southern part, indicating that the PM2.5 concentration from northwestern to 267 

southeastern of Zhongshan was gradually reduced. Figure 5b was the contribution 268 

ratio of emission sources of local Zhongshan. The contribution ratio reached 45% in 269 

the northwest of Zhongshan but reduced to 30-35% in the southern area. A part of 270 

areas of Jiangmen and Zhuhai, which located in the downwind direction of 271 

Zhongshan, were also affected by the emission sources of Zhongshan and the 272 

contribution ratio was 20-25%. Figure 5c gave the contribution ratio of emission 273 

sources of other cities in PRD. Evidently the contribution ratio in the middle and 274 

southeast of Foshan exceeded 60%. Contribution ratio in southern Guangzhou, 275 

western Dongguan and Shenzhen, and eastern Jiangmen also reached 50% or more. 276 

These parts of emission sources contributed 35-45% PM2.5 in northern and 25-30% in 277 

southern Zhongshan. The emission sources outside Guangdong Province were very 278 

important to the entire areas of the PRD (Figure 5d). These parts of emission sources 279 

contributed relatively less nearby the southeast of Foshan, but the contribution ratio 280 

gradually increased in other parts of PRD. To Zhongshan, emission sources outside 281 

Guangdong contributed about 25% in the northern part but the contribution ratio 282 

increased to 35-40% in southern Zhongshan. From the discussion above it could find 283 

that emission sources of local Zhongshan, other cities in PRD and outside Guangdong 284 

Province were all very important to the PM2.5 of Zhongshan. 285 
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 286 

 287 

Figure 5. Space distribution of simulated monthly average PM2.5 concentration (a) and 288 

the contribution ratio of emission sources of Zhongshan (b), PRD (c) and emission 289 

sources outside Guangdong (d). 290 

 291 

By summarizing test results and selecting haze pollution processes generated 292 

under different weather conditions, the contribution ratio of every region to the PM2.5 293 

concentration of Zhongshan under different weather situations could be obtained (see 294 

Figure 6). When there was no cold front affected, haze pollution was mostly caused 295 

by low wind speed and stable atmospheric stratification. Such weather condition was 296 

not beneficial for the long-distance transfer of air pollutants; so the contribution ratio 297 

of local emission sources of Zhongshan was the highest (58%), and contribution ratio 298 

of emission sources of other nearby cities in the PRD region and emission outside 299 

Guangdong were 27% and 13%, respectively. When strong cold front went 300 

southwards and affected Zhongshan, a large amount of non-local pollutants from 301 

regions beyond Guangdong Province were transferred to the PRD region along with 302 

the cold front, causing the contribution ratio of emission sources outside Guangdong 303 

Province to hugely increase (45% in this case), following by that of local emission 304 

sources of Zhongshan (28%) and emission sources of other cities in PRD (23%). 305 

When weak cold front was available, it could enhance the horizontal transfer of 306 

pollutants to a certain extent, but such transfer was mainly dominated by the 307 

short-distance transfer so the contribution ratio of emission sources of other cities in 308 

c d 

a b 
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PRD to Zhongshan was highest (42%), following by that of local emission sources of 309 

Zhongshan (34%), and the contribution ratio of emission sources outside Guangdong 310 

Province was also increased when compared to no cold front case, 21% at this time.    311 

 312 
Figure 6. Contribution ratio of emission sources of various regions under different 313 

weather conditions to PM2.5 concentration of Zhongshan (a: no cold front; b: strong 314 

cold front; c: weak cold front).  315 

  316 

From the results above it could be found that under different weather conditions, 317 

emission sources in every region contributed differently to the haze pollution of 318 

Zhongshan; emission sources of local Zhongshan and surrounding cities dominated 319 

when there was no cold front and only weak cold front available; however emission 320 

sources outside Guangdong Province contributed maximally when there was strong 321 

cold front affected. Additionally, the simulated wind speed was higher than actual 322 

conditions, especially when cold front affected, which might overestimate the 323 

cross-region transfer of air pollutants to some extent, and might weaken the pollution 324 

generated in the low wind speed cases. Therefore, the model results might 325 

overestimate the contribution ratio of non-local emission sources, but underestimate 326 

the local one.    327 

As was showed in Table 4, it could be seen that the local PM2.5 concentration of 328 

Zhongshan decreased and the visibility increased after turning off emission sources of 329 

certain regions. When no cold front was available and the local emission sources of 330 

Zhongshan were turned off, the visibility was most significantly improved by up to 331 

90%; when weak cold front was available and the emission sources of other cities in 332 

PRD were turned off, the visibility was improved by 76%; when strong cold front was 333 

affecting and the emission sources outside Guangdong Province were turned off, the 334 

a b 

c 
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visibility was improved by 84%. The visibility did not increase in a linear way as the 335 

PM2.5 concentration decreased; the percentage of increment of visibility might be 336 

equal to the decrement of PM2.5 concentration when PM2.5 decreased in a low level, 337 

but might be far higher than the decrement of PM2.5 concentration when PM2.5 338 

decreased greatly.  339 

 340 

Table 4. Variation of PM2.5 concentration and visibility in sensitivity tests. 341 

Weather conditions No cold front Weak cold front Strong cold front 

Test content Turn off emission sources of Zhongshan 

PM2.5 decrement (%) 58 34 28 

Visibility increment (%) 94 39 30 

Test content Turn off emission sources of other cities in PRD  

PM2.5 decrement (%) 27 42 23 

Visibility increment (%) 30 76 27 

Test content Turn off emission sources outside Guangdong 

PM2.5 decrement (%) 13 21 45 

Visibility increment (%) 15 23 84 

 342 

 343 
Figure 7. Schematic Diagram for transfer of PM2.5 by cold front (vector for 10m wind 344 

field; shade for PM2.5 concentration) (a: 01-08 08:00; b: 01-08 17:00; c: 01-08 23:00; 345 

d: 01-09 17:00). 346 

 347 

According to the analysis above, it could be seen that emission sources outside 348 

a b 

c d 
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Guangdong Province contributed maximally to the local PM2.5 concentration of 349 

Zhongshan when strong cold front affected. Figure 7 showed the transfer process of 350 

PM2.5 occurring on 8-9 January. From the figure it could be found that the highest 351 

PM2.5 concentration was located in Hunan Province on 8 January; as the cold front 352 

moved southwards, the aerosols were transferred southwards accordingly, and the 353 

PM2.5 concentration in northern Guangdong increased significantly. On the night of 8 354 

January, a large amount of aerosols were transferred to the PRD region and the whole 355 

western Guangdong by the cold front. By the afternoon of 9 January, the PM2.5 356 

concentration in the PRD region was significantly decreased. Meanwhile, due to the 357 

diffusion, sedimentation and aging, PM2.5 concentration might decrease to some 358 

extent when pollutants were transferred southwards. In other cold front processes, 359 

similar transfer was also available; certainly and apparently, air pollutants outside 360 

Guangdong Province might cause a larger influence on the local haze weather over 361 

Zhongshan in winter with frequent cold front.  362 

4.2 Analysis of the contribution ratio of emission sources in different regions to 363 

the primary composition of aerosols in Zhongshan   364 

Sulfate, nitrate, ammonium salt, organic carbon and elemental carbon are the 365 

main components of atmospheric aerosols. Table 5 showed the contribution ratio of 366 

emission sources in different regions to the primary composition of atmospheric 367 

aerosols in Zhongshan in January 2014. The sulfate in the atmosphere of Zhongshan 368 

was mainly provided by emission sources outside Guangdong (56%), followed by that 369 

of emission sources in other PRD cities (25%) and local emission sources in 370 

Zhongshan (15%). Sulfate is mainly from various chemical reactions of SO2 371 

generated and discharged by large power plants and industries, however there is few 372 

large power plants or large industrial sources in Zhongshan, so non-local sources 373 

accounted for a high percentage. As for nitrate, NOx discharged by motor vehicles and 374 

small and medium industries is the main precursor of nitrate, and nitrate easily 375 

volatilizes, making transfer difficult over long distances; therefore local emission 376 

sources of Zhongshan contributed the most (68%), and the contribution from emission 377 

sources in the other three regions was basically the same (10% approximately). 378 

Ammonium salt comes mainly from agricultural discharge. The emission sources 379 

inside Zhongshan and outside Guangdong contributed 36% and 39%, respectively, to 380 

ammonium salt, while the emission sources in other PRD cities contributed only 17%. 381 

As for organic carbon and elemental carbon, the emission sources outside Guangdong 382 

contributed the most (51% and 45%), followed by the local emission sources in 383 

Zhongshan (32% and 31%), and finally the emission sources in other PRD regions (11% 384 

and 19%). Obviously, the contribution of emission sources in various regions to the 385 

primary composition of aerosols is related to the industrial structure.  386 

 387 
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Table 5. Contribution ratio of emission sources in various regions to primary 388 

composition of atmospheric aerosol of Zhongshan. 389 

Composition of aerosols Zhongshan(%) PRD (%) Outside GD(%) Others(%) 

Sulfate 15 25 56 4 

Nitrate 68 12 10 10 

Ammonium salt 36 17 39 8 

Organic carbon 32 11 51 6 

Element carbon 31 19 45 5 

 390 

4.3 Emission control analysis  391 

This paper studied the impacts of various emission sources and emission control 392 

measures of Zhongshan on local PM2.5 concentration and visibility. According to the 393 

analysis above, when strong cold front was affecting, the emission sources outside 394 

Guangdong contributed maximally to the local PM2.5 concentration of Zhongshan. 395 

Under such weather conditions, emission control measures might not work perfectly. 396 

When there was no cold front, low wind speed and stable atmospheric stratification 397 

were available, the contribution of local emission sources in Zhongshan increased 398 

greatly; therefore the emission control analysis in this study was performed under 399 

such weather conditions. According to the specific emissions reduction plan, the 400 

emission sources of Zhongshan were firstly turned off so as to observe the change in 401 

PM2.5 concentration and visibility within 1-3 days after emission control were taken; 402 

and next, industrial, residential and transportation sources within the emission sources 403 

were respectively turned off to evaluate the impacts of different emission sources on 404 

PM2.5 concentration and visibility.  405 

 406 

Table 6. Variation of PM2.5 concentration and visibility after turning off local emission 407 

sources of Zhongshan. 408 

 PM2.5 concentration decrement (%) Visibility increment (%) 

1st day 47 57 

2nd day 52 63 

3rd day 58 90 

 409 

According to Table 6, when under stable weather conditions, PM2.5 concentration 410 

decreased by 47%, 52% and 58% on the first, second and third day respectively after 411 

turning off the local emission sources of Zhongshan; emission control efficiency 412 

apparently increased with the lapse of time. Corresponding to the increasing reduction 413 

of PM2.5 concentration, local visibility improved by 57%, 63% and 90% respectively 414 

on the first, second and third day. By the way, all results shown in Table 6 were 415 
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obtained in ideal conditions of turning off emission sources for the whole Zhongshan 416 

region. However, it is impossible to create such conditions when making actual 417 

emission control measures, but emission control can only be made for partial emission 418 

sources; therefore emission control was suggested to be implemented 2-3 days before 419 

hazy days to reduce PM2.5 by 50%. 420 

Industrial, residential and transportation sources contributed significantly to local 421 

PM2.5 concentration; so those three parts of emission sources in Zhongshan were 422 

turned off so as to observe the variation of PM2.5 concentration and visibility during 423 

high pollution periods (average value of 5 hours before and after PM2.5 concentration 424 

reached peak value was used here); such high pollution periods occurred on the third 425 

day after emission control started. It could be seen from Table 7 that the emission 426 

sources which contributed the most to PM2.5 concentration during the time period 427 

were industrial sources, and then residential and transportation sources. By turning off 428 

these three parts of emission sources, PM2.5 concentration was reduced by 24%, 22% 429 

and 15%, and the visibility increased by 26%, 21% and 16%, respectively. Therefore, 430 

in conditions without an influence from a significant weather system, the government 431 

could consider emission control measures from the perspectives of industrial, 432 

residential and transportation sources, for instance, restricting industrial production 433 

and reducing emissions of high pollution enterprises, adopting odd-and-even license 434 

plate regulations for motor vehicles, promoting a green lifestyle and reducing energy 435 

consumption so as to obtain an ideal effect.  436 

 437 

Table 7. Variation of PM2.5 concentration and visibility during high pollution periods 438 

after turning off industrial, residential and transportation sources of Zhongshan. 439 

Sources to be turned off PM2.5 decrement (%) Visibility increment (%) 

Industrial sources 24 26 

Residential sources 22 21 

Transportation sources 15 16 

 440 

5. Conclusions  441 

Research about the sources of haze pollution and evaluation on the emission 442 

control measures are important to the control of haze, but few study about that over 443 

PRD can be found until recently. So the haze pollution over Zhongshan in January 444 

2014 was simulated using the WRF-CMAQ model, and the main conclusions reached, 445 

which could be used as a reference for haze prevention and control for government, 446 

were as follows:  447 

The simulation results based on CMAQ model basically reflected the variation 448 

tendencies of the PM2.5 concentration and visibility in Zhongshan. PM2.5 449 
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concentration of Zhongshan gradually reduced from northwestern to southeastern, 450 

with 50-55μg/m3 in the northern part and 35-40μg/m3 in the southern part. The 451 

contribution ratio of emission sources in local Zhongshan reached 45% in the 452 

northwest of Zhongshan but reduced to 30-35% in the southern area. Emission 453 

sources of other cities in RPD contributed 35-45% PM2.5 in northern and 25-30% in 454 

southern Zhongshan. The emission sources outside Guangdong Province were very 455 

important to Zhongshan, which contributed about 25% in the northern part but the 456 

contribution ratio increased to 35-40% in southern Zhongshan.  457 

The simulation tests showed that emission sources in Zhongshan, other PRD 458 

cities and outside Guangdong respectively contributed 58%, 27% and 13% when there 459 

was no cold front affected. However when strong cold front was available, a large 460 

amount of pollutants outside Guangdong Province were transferred to the PRD region 461 

via the advection airflow, making the contribution ratio of emission sources outside 462 

Guangdong increased to 45%, while the emission sources in Zhongshan and other 463 

PRD cities contributed respectively 28% and 23%; when weak cold front affected, 464 

emission sources of other PRD cities contributed 42%, and emission sources in 465 

Zhongshan and outside Guangdong respectively contributed 34% and 21%.  466 

Among the primary compositions of atmospheric aerosols of Zhongshan, Sulfate 467 

came mainly from emission sources outside Guangdong, which accounted for 56%. 468 

As for nitrate, local Zhongshan emission sources contributed the most at 68%. 469 

Ammonium salt came from emission sources inside Zhongshan and outside 470 

Guangdong (36% and 39%, respectively). As for organic carbon and elemental carbon, 471 

emission sources outside Guangdong contributed the most (51% and 45%), followed 472 

by the contribution of local emission sources of Zhongshan (32% and 31%).  473 

After turning off the local emission sources of Zhongshan, the PM2.5 474 

concentration decreased by 47%, 52% and 58% on the first, second and third day, so 475 

emission control was suggested to be implemented 2-3 days before hazy days to 476 

reduce PM2.5 by 50%. According to the emission control simulation analysis, the 477 

contribution ratio of emission sources in Zhongshan mostly came from industrial 478 

sources, followed by residential and transportation sources. After turning off industrial, 479 

residential and transportation sources, PM2.5 concentration decreased by 24%, 22% 480 

and 15%, respectively. So the conclusions came that in conditions without a 481 

significant weather system, the government could consider emission control measures 482 

from the perspectives of industrial, residential and transportation sources so as to 483 

obtain an ideal effect.  484 
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