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Dear Editors and Reviewers: 1 
Thank you all for your comments concerning our manuscript entitled “Mixing layer 2 
transport flux of particulate matter in Beijing, China” (Manuscript ID: acp-2019-141). 3 
The comments were all valuable and very helpful for revising and improving the 4 
manuscript and provided important guiding significance for our research. We have 5 
studied the comments carefully and made corrections that we hope will be met with 6 
approval. The revised parts of the manuscript are shown using the “Track Changes” 7 
feature in Word. Below, we have provided the reviewers’ comments for ease of reading 8 
and have added our response after each comment. 9 

List of Responses 10 

Responses to the comments from Reviewer #1 11 

We would like to thank you for your comments and helpful suggestions. We have 12 
revised the manuscript accordingly. 13 

General Comments: 14 
To quantifying the transport flux of atmospheric pollutants for understanding the causes 15 
of atmospheric pollution levels and development of decisions regarding the prevention 16 
and control of atmospheric pollution, the mixing layer height and wind profile inside 17 
the mixing layer were measured by ceilometer and doppler wind radar, respectively. 18 
The variation characteristics of atmospheric transport capacity (TC) were analyzed on 19 
this data base: TC is strongest in spring and weakest in autumn. The TC influence on 20 
the PM2.5 concentration was determined and there shows a strong inverse correlation 21 
between the PM2.5 and TC in spring, autumn and winter and a weak positive correlation 22 
in summer. The transport flux (TF) of fine particles in Beijing is highest in spring and 23 
lower in the other three seasons. The transport occurs mainly between 14:00 and 18:00 24 
LT. The TF was large in the pollution transition period and decreased during heavy 25 
pollution periods. 26 

Comment 1: 27 
The application of TC, TF and VC should be explained in more detail: why these 28 
parameters are used and which advantages it provides in comparison to alternative 29 
parameters.  30 
Response 1:  31 
Thank you for your helpful suggestion. After careful consideration, we think that 32 
“atmospheric transport capacity” is prone to ambiguity, so we changed this term to 33 
“atmospheric dilution capability”. Atmospheric dilution is composed of vertical and 34 
horizontal dilutions, which can be characterized by the mixing layer height (MLH) and 35 
wind speed in the mixing layer (WSML), respectively. The ventilation coefficient (VC) 36 
is obtained by combining MLH and WSML and can be used for a comprehensive 37 
evaluation of the vertical and horizontal dilutions, where a higher VC indicates a 38 
stronger dilution capability. The TF represents the transport flux of PM2.5, which can 39 
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quantify the amount of pollutants passing through the area to assess the impact of 40 
regional transport. To avoid confusion, changes were made in the paper. 41 
Comment 2: 42 
It is concluded that the transportation influence in southern regions is of higher 43 
influence in the transition period of pollution, while local emissions are more important 44 
in the heavy pollution period. My main concern is why the whole discussion with TC, 45 
TF and VC up to section 3.2 is without wind direction. In section 3.3 it would be helpful 46 
to discuss MLH also.  47 
Response 2:  48 
Thank you for your helpful suggestion. After careful consideration, we have revised the 49 
structure of the paper according to your suggestion. Section 3.1 mainly discusses the 50 
seasonal and diurnal variations of the atmospheric dilution capability and PM2.5 51 
concentration; section 3.2 mainly discusses the evolution of the TF, both temporally 52 
and spatially; and section 3.3 analyzes the evolution of the TF under different pollution 53 
degrees in detail. The revised structure will make it easier for readers to understand. 54 
Thank you very much for your suggestions.  55 
In addition, we have added the evolution of the MLH under different pollution degrees 56 
in section 3.3 as suggested. We found that the MLH decreases gradually with the 57 
worsening of the pollution (Fig. 1). This result also supports the conclusion that the 58 
transport is weak during heavy pollution.  59 

 60 

Fig. 1 Mixing layer height under different degrees of pollution in different seasons in Beijing. 61 

Comment 3: 62 
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The conclusions are a summary and in this summary no relation to the existing 63 
knowledge / papers are given. What is new and what is supported by this study? The 64 
paper addresses relevant scientific tasks. The paper presents novel concepts, ideas and 65 
tools. The scientific methods and assumptions are valid and clearly outlined so that 66 
substantial conclusions are reached. The description of experiments and calculations 67 
allow their reproduction by fellow scientists.  68 
Response 3:  69 
Thank you for your helpful suggestion. Joint prevention and control have been 70 
recommended for a long time to solve the problem of heavy pollution in northern China. 71 
Even so, no concrete implementation plan has been established. To break through this 72 
embarrassing situation, this study quantifies the transport flux to explain the time period 73 
when the transport occurs, the main areas affected in Beijing and the height of transport. 74 
The important role of transport in the initial period of pollution is emphasized. The 75 
innovation of this study has been added to the conclusion. 76 

Comment 4: 77 
The quality of the figures is good. The figure captions should be improved so that these 78 
are understandable without the overall manuscript: terms must be explained, 79 
description of parameters.  80 
Response 4:  81 
Thank you for your helpful suggestion. According your suggestion, we added more 82 
detail to make the figures more readable, such as descriptions of the parameters and 83 
explanations of the abbreviations. 84 

Specific Comments: 85 
Comment 1: 86 
Line 46: The values are valid for which time period?  87 
Response 1:  88 
Thank you for your helpful suggestion. The phrase has been revised to “the annual 89 
average fine particulate matter concentration”. 90 

Comment 2: 91 
Line 57: How TC is defined? Reference? Line 59: What about wind direction? Line 64: 92 
How VC is defined? Reference?  93 
Response 2:  94 
Thank you for your helpful suggestion. As mentioned in the response to comment 1 in 95 
the “General Comments”, we changed “TC” to “atmospheric dilution capability”. 96 
Definitions of the atmospheric dilution capability and VC have also been described in 97 
the beginning of section 2.4. The wind direction in this study refers to the average wind 98 
direction in the mixing layer. For ease of understanding, we modified the expression to 99 
“average wind direction in the mixing layer”. 100 

Comment 3: 101 
Line 81: When this happened?  102 



4 
 

Response 3:  103 
Thank you for your helpful suggestion. This event happened in 2016, and this 104 
information has been added to the paper. 105 

Comment 4: 106 
Lines 110 – 113: This explanation is not correct. Explain clearly what do you mean. 107 
Response 4:  108 
Thank you for your helpful suggestion. This section was removed during the revision 109 
process. 110 

Comment 5: 111 
Line 116: What is –(dβ/dx)?  112 
Response 5:  113 
Thank you for your helpful suggestion. β is the backscatter coefficient, and x is the 114 
distance between the lidar and scattering volume (Münkel et al. 2007). –(dβ/dx) 115 
represents the maximum negative gradient value in this paper. Considering that –(dβ/dx) 116 
has no practical meaning in the paper, it has been deleted. 117 

Comment 6: 118 
Line 128: time resolution not time accuracy  119 
Response 6:  120 
Thank you for your helpful suggestion. This section was corrected the revision process. 121 
The phrase “A time accuracy of 1 h” has been revised to “hourly”. 122 

Comment 7: 123 
Lines 142 – 144: Why this is an explanation? Height profile instead of “by height”  124 
Response 7:  125 
Thank you for your helpful suggestion. Although previous studies have shown that the 126 
concentration of particulate matter in the mixing layer is basically uniform, there are 127 
still large differences in some time periods, especially in time periods with transport 128 
effects. Based on your suggestion and that of Reviewer 2, we find it inappropriate to so 129 
rashly use the near-surface PM2.5 concentration as the concentration in the mixing layer. 130 
Because the ceilometer can measure the atmospheric backscattering coefficient, it is 131 
possible to obtain the vertical profile of the particles. Therefore, in the revised draft, we 132 
analyzed the relationship between the backscattering coefficient at 100 m measured by 133 
the ceilometer and the near-surface PM2.5 concentration, discussed their correlations in 134 
different seasons, and obtained the fitting curves of different seasons. Using these four 135 
equations, we obtained the PM2.5 concentration at different heights in different seasons. 136 
According to this result, we have recalculated the TF in the revised draft.  137 

 138 

Comment 8: 139 
Line 353: How PM2.5 concentration is related to photochemical reactions? 140 
Response 8:  141 
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Thank you for your helpful suggestion. Through subsequent analysis, we found that our 142 
previous inference was wrong. Considering that this part is not closely related to the 143 
topic, it has been deleted from the manuscript.  144 

Comment 9: 145 
Line 366: concentration column? What do you mean? Technical corrections Indicate if 146 
there are papers in Chinese. 147 
Response 9:  148 
Thank you for your helpful suggestion. We apologize for this mistake. We have revised 149 
“concentration column” to “column concentration”. 150 

Responses to the comments from Reviewer #2 151 

We would like to thank you for your comments and helpful suggestions. We revised 152 
our manuscript accordingly. 153 

General Comments: 154 
The current study explores the seasonal source of PM2.5 pollution in Beijing by 155 
quantifying the transport flux based on measurements of mixing layer height and wind 156 
profile. In particular, this study raises two questions that are rarely addressed in 157 
previous studies: (1) effects of ventilation coefficient on PM2.5, and (2) observational 158 
quantification of transport fluxes. This topic is of broad interest to both the scientific 159 
community and policy-makers. The datasets analyzed in the study is valuable. However, 160 
the current analyses do not clearly address the questions raised in the beginning. In 161 
addition, the data and method section require some clarification. Therefore, I 162 
recommend major revision. 163 

Specific Comments:  164 
Comment 1: 165 
I suggest changing the second question to emphasize its scientific merit. By quantifying 166 
transport fluxes from observation, what scientific question do you want to address?  167 
Response 1:  168 
Thank you for your helpful suggestion. We have emphasized the scientific merit of the 169 
second question and added it to the introduction, as follows: 170 
Although the problem of heavy pollution in northern China has improved in recent 171 
years, regional pollution problems remain, especially in the Beijing-Tianjin-Hebei 172 
region (Shen et al. 2019). To solve the regional pollution problem, joint prevention and 173 
control have been recommended for a long time. Many studies on regional transport 174 
have been carried out, but most observational studies cannot easily quantify the 175 
transport flux due to the lack of particle and wind vertical profiles, and it is still unclear 176 
when we need to control the emission sources and in which areas. In this study, we used 177 
the backscattering coefficient measured by a ceilometer and wind profile to quantify 178 
the transport fluxes to solve the problems mentioned above.  179 
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Comment 2: 180 
Section 2.2 describe the method to determine MLH. Although details are provided in 181 
earlier papers, necessary steps should be clearly mentioned in the current paper, e.g. 182 
line 113-115 averaging the profile over time? If so, over what time window, daily, 183 
hourly?  184 
Response 2:  185 
Thank you for your helpful suggestion. The text has been revised to “the MLH was 186 
calculated by the improved gradient method after smoothly averaging the profile data”. 187 
More details are as follows: 188 
Because the lifetime of the particles can be several days or even weeks, the distribution 189 
of the particle concentration in the MLH is more uniform than that of the gaseous 190 
pollution. However, the particle concentration in the mixing layer and that in the free 191 
atmosphere are significantly different. In the attenuated backscatter coefficient profile, 192 
the position at which a sudden change occurs in the profile indicates the top of the 193 
atmospheric mixing layer. In this study, we used the Vaisala software product BL-194 
VIEW to determine the MLH. The time averaging is dependent on the current signal 195 
noise. Height averaging intervals range from 80 m at ground level to 360 m at a 1600 196 
m height and beyond. Additional features of this algorithm, which is used in the Vaisala 197 
software product BL-VIEW, include cloud and precipitation filtering and outlier 198 
removal. Because the aerosol concentrations are particularly low above the BLH and 199 
the BLH in the Beijing area is usually lower than 4 km, we halved the detection range 200 
to 7.7 km to reinforce the echo signals and reduce the detection noise.  201 

Comment 3: 202 
Section 2.4 cited a previous study to support the assumption that backscattering 203 
coefficient is relatively uniform in the mixing layer. I think your ceilometer 204 
observations include backscatter profile. Does your data quantitatively support this 205 
assumption? 206 
Response 3:  207 
Thank you for your helpful suggestion. Although previous studies have shown that the 208 
concentration of particulate matter in the mixing layer is basically uniform, there are 209 
still large differences in some time periods, especially in the time periods with transport 210 
effects. Based on your suggestions and those of Reviewer 2, we find it inappropriate to 211 
so rashly use the near-surface PM2.5 concentration as the concentration in the mixing 212 
layer. Because the ceilometer can measure the atmospheric backscattering coefficient, 213 
it is possible to obtain the vertical profile of the particles. Therefore, in the revised draft, 214 
we analyzed the relationship between the backscattering coefficient at 100 m measured 215 
by ceilometer and the near-surface PM2.5 concentration, discussed their correlations in 216 
different seasons, and obtained the fitting curves of different seasons. Using these four 217 
equations, we obtained the PM2.5 concentration at different heights in different seasons. 218 
According to this result, we have recalculated the TF in the revised draft. 219 

Comment 4: 220 
On line 156-158 and following statements, what is the number behind the ï´C´s sign?  221 
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Response 4:  222 
Thank you for your helpful suggestion. I guess you mean “±”. The number after the “±” 223 
represents the standard deviation, a measure of the dispersion of the data. An 224 
explanation has been added where the notation first appeared. 225 

Comment 5: 226 
I suggest using the same color scheme for each season in Fig. 2 and Fig. 3.  227 
Response 5:  228 
Thank you for your helpful suggestion. The color scheme has been unified. 229 

Comment 6: 230 
Why didn’t you show diurnal variations and growth rates of PM2.5 in Fig. 2? It seems 231 
directly relevant to the first scientific question.  232 
Response 6: 233 
Thank you for your helpful suggestion. The diurnal variations of the PM2.5 and the 234 
corresponding analysis have been added. More details are as follows: 235 
Notable differences are present when we compare the dilution-related parameters to 236 
PM2.5. The daily maximum PM2.5 concentrations in the spring, summer, autumn and 237 
winter were 73 μg m-3 (11:00 LT), 56 μg m-3 (09:00 LT), 78 μg m-3 (23:00 LT) and 101 238 
μg m-3 (01:00 LT), respectively. The differences between the maximum and minimum 239 
were 14 μg m-3, 10 μg m-3, 20 μg m-3 and 38 μg m-3, respectively. Thus, the diurnal 240 
variation of PM2.5 can be divided into two categories: (1) the highest value occurs in 241 
the midday in the spring and summer and the overall change is small and (2) the highest 242 
value occurs during the night in the autumn and winter and differs greatly from the 243 
lowest value (Fig. 2). The main causes of air pollution are local emissions and regional 244 
transport. Thus, these results indicate that there is a greater local contribution in the 245 
autumn and winter and higher regional transport in the spring and summer. 246 

247 

 248 

Fig. 2 Diurnal variations and growth rates of the MLH (a), WSML (b), VC (c) and PM2.5 (d) in the 249 
spring, summer, autumn and winter in Beijing. Diurnal variations are represented by lines and 250 

scatters. 251 
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Growth rates are represented by columns, and only positive values are shown in the figure. 252 

Comment 7: 253 
In Fig.3, it is worth discussing higher frequency of high VC (> 103 m2 s-1) in winter, is 254 
it due to high wind speed associated with frontal passage?  255 
Response 7:  256 
Thank you for your helpful suggestion. We agree with you. In winter, when the Siberian 257 
High transits, strong northwest winds prevail in the Beijing area (Fig. 3), resulting the 258 
higher frequency of the VC in the range of 1000-2000 m2 s-1. We explained this point 259 
in section 3.1.1 of the revised draft. 260 
 261 

 262 

Fig. 3 Diurnal variations in the mixing layer transport flux of PM2.5 and transport direction during 263 
different seasons in Beijing. 264 

Comment 8: 265 
In Fig.4, it seems to me that the dominant southerly wind partly explains the positive 266 
correlation between wind speed and PM2.5 in summer.  267 
Response 8:  268 
Thank you for your helpful suggestion. The southern wind generally appeared at 12:00-269 
2:00 LT, and the high PM2.5 concentration generally appeared at 6:00-13:00 LT; 270 
therefore, there was no significant relationship between the two. In addition, due to the 271 
improper discussion of this section in the original text, we have deleted this section to 272 
avoid confusion. 273 

Comment 9: 274 
I don’t think the conclusion on lines 289-294 that southerly wind is “dirtier” directly 275 
comes from Figure 5 and 6 Flux variation comes from PM2.5 and wind speed, it could 276 
be that southerly wind are generally stronger. In order to demonstrate this point, it will 277 
help to add PM2.5 fields in Figure 5 and Figure 6. Another way to demonstrate this 278 
conclusion is to show wind rose and flux rose, and PM2.5 composite in different wind 279 
directions. 280 
Response 9: 281 
Thank you for your helpful suggestion. According your suggestion, the diurnal 282 
variation of the PM2.5 concentration and the wind radar were added, and we found that 283 
the level of the TF is determined by two factors, the WS and PM2.5 concentration. In 284 
the spring, summer and autumn, the strong south wind prevails in the afternoon. As the 285 
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south wind is often accompanied by a high PM2.5 concentration (Fig. 4), the TF is high. 286 
In the winter, the whole day is dominated by westerly and northerly winds. Although 287 
the northerly winds are strong, the TF is not high due to the low PM2.5 concentration. 288 
Generally, a high WS means fast mixing, and the corresponding MLH is also high. At 289 
this time, the TF is mainly controlled by the WS. When the WS is low, the mixing speed 290 
is slow, and the MLH is low. At this time, the TF is mainly controlled by the PM2.5 291 
concentration. From the above analysis, it can be inferred that if the MLH and WS 292 
gradually decrease with the worsening of the pollution, the mixing layer TF is 293 
controlled by the WS first and then by the PM2.5 concentration, and the maximum TF 294 
may occur at a critical moment. This moment is neither the moment of the maximum 295 
WS nor the moment of the maximum PM2.5 concentration but should be somewhere in 296 
between.  297 

 298 
Fig. 4 The wind radar in different seasons in Beijing. 299 

Responses to the comments from Reviewer #3 300 

We would like to thank you for your comments and helpful suggestions. We revised 301 
our manuscript according to these comments and suggestions. 302 

General Comments: 303 
The manuscript presents a good investigation by studying the transport flux of 304 
particulate matter in the mixing layer over Beijing area, one of the heavily polluted 305 
places in the country. The study employs ceilometer, Doppler wind radar, and other 306 
meteorological measurement techniques to determine the transport flux in the region. 307 
Overall, the manuscript constitutes a good research article with clear conclusions, high 308 
quality figures, and great organization of the data. However, there seems to be a lot of 309 
room for English language improvement. 310 

Specific Comments: 311 
Comment 1: 312 
Line 26, define “fine particle” for its first appearance, e.g., PM2.5 or something else. 313 
Response 1:  314 
Thank you for your helpful suggestion. The definition of “fine particle” has been added 315 
to the paper. 316 

Comment 2: 317 
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Line 31, recommend changing to “Transport mainly occurs between 14:00 and 18:00 318 
LT”. 319 
Response 2:  320 
Thank you for your helpful suggestion. The text has been revised accordingly. 321 

Comment 3: 322 
Line 41, recommend changing “other provinces and cities” to “surrounding provinces 323 
and cities” 324 
Response 3:  325 
Thank you for your helpful suggestion. The text has been revised accordingly. 326 

Comment 4: 327 
Line 46, define fine particulate matter as PM2.5 also if it is what the authors mean 328 
Response 4:  329 
Thank you for your helpful suggestion. The definition of “fine particle” has been added 330 
to the paper. 331 

Comment 5: 332 
Line 49, recommend changing “a steady decrease in poor air quality” to “steady 333 
improvement in air quality” 334 
Response 5:  335 
Thank you for your helpful suggestion. The text has been revised accordingly. 336 

Comment 6: 337 
Line 77, recommend changing “...1.2% yr-1...” to “1.2 percent per year” 338 
Response 6:  339 
Thank you for your helpful suggestion. The text has been revised accordingly. 340 

Comment 7: 341 
Line 86, recommend changing “...the reliability of the model will decrease” to “...the 342 
reliability of the model cannot be guaranteed” 343 
Response 7:  344 
Thank you for your helpful suggestion. The text has been revised accordingly. 345 

Comment 8: 346 
Line 91, recommend organizing it as “...transport flux (TF) in the mixing layer...” 347 
Response 8:  348 
Thank you for your helpful suggestion. The text has been revised accordingly. 349 

Comment 9: 350 
Line 156-158, the way this sentence and next one were constructed will really confuse 351 
the readers. “Seasonal variation” means and focuses on the variation, i.e, the standard 352 
deviation. I think the authors is trying to express something like this: “In terms of 353 
seasonal variation, the means of MLH for spring and summer are relatively higher than 354 
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those of fall/autumn and winter. However, WS was quite different from MLH, ...”. For 355 
Line 166-169, according adjustment is recommended for the discussion of PM2.5 to 356 
avoid confusion. 357 
Response 9:  358 
Thank you for your helpful suggestion. We apologize for this mistake. Similar errors in 359 
the full text have been corrected accordingly. 360 

Comment 10: 361 
Line 163-164, recommend changing to “...The average TC for summer, winter, and 362 
autumn were quite similar, with the VC values....” 363 
Response 10:  364 
Thank you for your helpful suggestion. The text has been revised accordingly. 365 

Comment 11: 366 
Line 233-234, does the authors want to express this: “When MLH, WSML and VC were 367 
lower than 400 m, 2.5 m s-1 and 1500 m2 s-1, respectively, the PM2.5 concentration 368 
decline sharply with these parameters increasing”? It is hard to imagine air pollution 369 
declines at these conditions not in favor of atmospheric dispersion. 370 
Response 11:  371 
This section has been deleted. Thank you for your helpful suggestion, and we apologize 372 
for this mistake.  373 

Comment 12: 374 
Line 261, I think May TF of 269 mg m-1 s-1 was 1.5 times higher than August TF of 375 
106 mg m-1 s-1. Alternatively, you can express it as “May TF was 2.5 times of August 376 
TF”. 377 
Response 12:  378 
Thank you for your helpful suggestion. The text has been revised accordingly. 379 

Comment 13: 380 
A general comment: when using “transport” and “transportation”, try to clarify it and 381 
avoid the ambiguity by meaning the transportation sector like vehicle emissions, since 382 
it is also great contributing factor for fine particle concentration. 383 
Response 13:  384 
Thank you for your helpful suggestion. Some ambiguity has been eliminated through 385 
the revision process, while the other instances can be understood by the context. 386 

Comment 14: 387 
Line 361-364, the expression in this segment could be revised to avoid negative image 388 
of the conclusion. 389 
Response 14:  390 
Thank you for your helpful suggestion. To avoid a negative image of the conclusion, 391 
this expression has been removed. 392 
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Technical corrections: 393 
Comment 1: 394 
Line 20, change “atmospheric pollution” to “air pollution” 395 
Response 1:  396 
Thank you for your helpful suggestion. The text has been revised accordingly. 397 

Comment 2: 398 
Line 24, change “weakens” to “weaker” or make alternative grammar corrections 399 
Response 2:  400 
Thank you for your helpful suggestion. The text has been revised accordingly. 401 

Comment 3: 402 
Line 35, change “transportation influence” to “influence/impact of (air pollutants) 403 
transport”, otherwise it seems to mean the influence of transportation section like 404 
vehicles  405 
Response 3:  406 
Thank you for your helpful suggestion. The text has been revised accordingly. 407 

Comment 4: 408 
Line 45, change “the Beijing’s air quality” to “Beijing’s air quality” 409 
Response 4:  410 
Thank you for your helpful suggestion. The text has been revised accordingly. 411 

Comment 5: 412 
Line 48, change “Although Beijing’s government has been dedicated...” to “Although 413 
Beijing government has dedicated...” 414 
Response 5:  415 
Thank you for your helpful suggestion. The text has been revised accordingly. 416 

Comment 6: 417 
Line 49-50, change “...ensure the continuous decline...” to “...ensure continuous 418 
decline...” or “...ensure the continued decline...” 419 
Response 6:  420 
Thank you for your helpful suggestion. The text has been revised accordingly. 421 

Comment 7: 422 
Line 109, change “...More detail descriptions...” to “More detailed descriptions...” 423 
Response 7:  424 
Thank you for your helpful suggestion. The text has been revised accordingly. 425 

Comment 8: 426 
Line 116, change “...remote sensor method...” to “remote sensing method...” 427 
Response 8:  428 
Thank you for your helpful suggestion. The text has been revised accordingly. 429 
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Comment 9: 430 
Line 120, change the long dash to short dash or change it to “to” 431 
Response 9:  432 
Thank you for your helpful suggestion. The text has been revised accordingly. 433 

Comment 10: 434 
Line 150, change “...we carried out continuously measured...” to “...we continuously 435 
measured...” or “we carried out continuous measurement of...” 436 
Response 10:  437 
Thank you for your helpful suggestion. The text has been revised accordingly. 438 

Comment 11: 439 
Line 184, change “stable” to “relatively smaller” 440 
Response 11:  441 
Thank you for your helpful suggestion. The text has been revised accordingly.  442 

Comment 12: 443 
Line 185, recommend changing to “which are 4 h later than the peak and trough of 444 
MLH...” 445 
Response 12:  446 
Thank you for your helpful suggestion. The text has been revised accordingly. 447 

Comment 13: 448 
Line 193, change “at the latest” to “later than other seasons”. “At the latest” means 449 
something else like a deadline. 450 
Response 13:  451 
Thank you for your helpful suggestion. The text has been revised accordingly. 452 

Comment 14: 453 
Line 195, change “TC” to “VC” or change “VC” to “TC”, so that the same parameter 454 
is compared, even though we VC is used to express the magnitude of TC. 455 
Response 14:  456 
Thank you for your helpful suggestion. After careful consideration, we think that 457 
“atmospheric transport capacity” is prone to ambiguity, so we changed “atmospheric 458 
transport capacity (TC)” to “atmospheric dilution capability”.  459 

Comment 15: 460 
Line 236, change to “...than other seasons...” 461 
Response 15:  462 
Thank you for your helpful suggestion. The text has been revised accordingly. 463 

Comment 16: 464 
Line 243, change “indicator factors” indicators” or “indicating factors” 465 
Response 16:  466 
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Thank you for your helpful suggestion. The text has been revised accordingly. 467 

Comment 17: 468 
Line 255-256, need improvement for this expression: “The northwesterly and westerly 469 
directions were the main transport sources of the cold period in Beijing.” 470 
Response 17:  471 
Thank you for your helpful suggestion. This phrase has been revised to “The transport 472 
sources of the cold period in Beijing were predominantly from the northwesterly and 473 
westerly directions.” 474 

Comment 18: 475 
Line 257, change “increased” to “changed” 476 
Response 18:  477 
Thank you for your helpful suggestion. The text has been revised accordingly. 478 

Comment 19: 479 
Line 286, change “rules” to “patterns” 480 
Response 19:  481 
Thank you for your helpful suggestion. The text has been revised accordingly. 482 

Comment 20: 483 
Line 297, change “4” to “four”, please refer to manuscript preparation guidance about 484 
numbers. 485 
Response 20:  486 
Thank you for your helpful suggestion. We apologize for our carelessness. The text has 487 
been revised accordingly. 488 

Comment 21: 489 
Line 299, recommend changing “and we must pay attention to local pollutant emission 490 
control” to “and local pollutant emission control is the most effective way of mitigating 491 
pollution levels” 492 
Response 21:  493 
Thank you for your helpful suggestion. The text has been revised accordingly. 494 

Comment 22: 495 
Line 346-347, change “the concentration of pollutants has a good relationship with VC” 496 
to “the concentration of pollutants is significantly correlated with VC” 497 
Response 22:  498 
This section has been removed. Thank you for your helpful suggestion.  499 

Special thanks to you for your good comments. 500 

We tried our best to improve the manuscript and made some changes accordingly. 501 
These changes do not influence the content or framework of the paper. We did not list 502 



15 
 

all the changes here, but they are shown in red in the revised manuscript. Furthermore, 503 
to make the article more readable, we have had the manuscript professionally edited 504 
for language. 505 

We earnestly appreciate the Editor’s/Reviewers’ earnest work and hope that the 506 
corrections will be met with approval. 507 

Once again, thank you very much for your comments and suggestions. 508 

Yours sincerely, 509 

Dr. Tang 510 
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Abstract 536 

Quantifying the transport flux (TF) of atmospheric pollutants plays an important role in 537 
understanding the causes of atmosphericair pollution and in making decisions regarding the 538 
prevention and control of atmosphericregional air pollution. In this study, the mixing layer height 539 
and wind profile of the mixing layer were measured by a ceilometer and Doppler wind radar, 540 
respectively, and the variation characteristics of the atmospheric dilution capabilitytransport 541 
capacity (TC) were analyzed using these two datasets. The research showed that the ventilation 542 
coefficient (VTC) appears to be higheststrongest in the spring (3940 ± 2110 m2 s-1) and 543 
weakelowerns in the summer (2953 ± 1322 m2 s-1), autumn (2580 ± 1601 m2 s-1) and winter (2913 544 
± 3323 m2 s-1).  Combined with the near-surface fine particle concentration data, the TC influence 545 
on the PM2.5 concentration was studied, and there is a strong inverse correlation between the PM2.5 546 
and TC in spring, autumn and winter (R = -0.66, -0.65 and -0.80, respectively) and a weak positive 547 
correlation in summer (R = 0.33). Combined with the backscatters measured by the ceilometer, 548 
vertical profiles of the PM2.5 concentration were obtained, andBy calculating the PM2.5 transport 549 
flux TF in the mixing layer was calculatedof fine particles (TF),. tThe TF was the in Beijing was 550 
found to be thehighest in the spring, at 4.33 ± 0.69226 ± 294 mg m-1s-1,m-1s-1 and lower  in the 551 
other three seasons in the summer, autumn and winter, when the TF values were 2.27 ± 0.42 mg m-552 
1s-1, 2.39 ± 0.45 mg m-1s-1 and 2.89 ± 0.49 mg m-1s-1, respectivelyat approximately 140 mg m-1s-1. 553 
Air pollutant Transport transport mainly occurs between 14:00 and 18:00 LT. The Except for during 554 
spring, the TF was large in the pollution transition period (spring: 5.50 ± 4.83 mg m-1s-1, summer: 555 
3.94 ± 2.36 mg m-1s-1 328 ± 280 mg m-1s-1, autumn: 3.72 ± 2.86 mg m-1s-1 280 ± 336 mg m-1s-1 and 556 
winter: 4.45 ± 4.40 mg m-1s-1240 ± 297 mg m-1s-1) and decreased during the heavy pollution period 557 
(spring: 4.69 ± 4.84 mg m-1s-1, summer: 3.39 ± 1.77 mg m-1s-1 295 ± 215 mg m-1s-1, autumn: 3.01 ± 558 
2.40 mg m-1s-1 243 ± 238 mg m-1s-1 and winter: 3.25 ± 2.77 mg m-1s-1 212 ± 209 mg m-1s-1). Our 559 
results indicate that the influence of the air pollutant transportation influence in the southern regions 560 
should receive more focus in the transition period of pollution, while local emissions should receive 561 
more focus in the heavy pollution period. 562 

1. Introduction 563 

With the rapid development of its economy and industry, as well as the its unique local topography, 564 
Beijing has become one of the cities in the world that is most seriously affected by air pollution. As 565 
early as before the 2008 Olympic Games, to fulfill the promise of a “Green Olympics”, Beijing’s 566 
industries were relocated to other surrounding provinces and cities. After the Olympic Games, with 567 
the promulgation of the “Action Plan for Prevention and Control of Air Pollution”, Beijing 568 
implemented a series of measures to reduce pollutants, such as raising the emission standards of 569 
motor vehicles and fuel standards for vehicles, changing coal to natural gas, coal to electricity and 570 
so on. These measures have gradually improved the Beijing’s air quality, with the annual 571 
averageconcentration of fine particulate matter (PM2.5) concentration decreasing from 90 μg m-3 in 572 
2013 to 58 μg m-3 in 2017  (Cheng et al. 2018a)(http://www.cnemc.cn/). 573 

Although the Beijing’s government has been dedicated been committed in recent years to taking 574 
measures that could ensure a steady improvement in the air qualitya steady decrease in poor air 575 
quality, there is still great pressure to ensure achieve a the continuous decline in the particulate 576 
matter concentration. Beijing is in the north of the North China Plain, the south side and the west 577 
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side are the Yanshan Mountains and the Taihang Mountains, respectively. Affected by the mountains 578 
to the northwest, there are more subsiding airflows, a lower mixing layer height and an extremely 579 
limited atmospheric diffusiondilution capacitycapability. In addition, pollutants tend to accumulate 580 
in front of the mountains due to the influence of southerly winds and mountain obstruction. In 581 
central and northern China, the increase in PM2.5 during winter is closely related to adverse 582 
atmospheric transport dilution conditions (Wang et al. 2016). Therefore, in addition to primary 583 
emissions and secondary formation, weak atmospheric dilution capability transport capacity (TC) 584 
is an important factor leading to the frequent occurrence of serious air pollution in Beijing. 585 
In recent decades, mixing layer height (MLH) and wind speed (WS) are two major factors that lead 586 
to the annual increase in aerosol concentration and haze days during winter in China (Yang et al. 587 
2016). Additionally, low MLH and low WS are important characteristics of weak atmospheric 588 
TCdilution capability (Huang et al. 2018; Liu et al. 2018; Song et al. 2014; Tang et al. 2015). The 589 
change in MLH represents the vertical TCdilution capability of pollutants, and the change in WS 590 
represents the horizontal TCdilution capability of pollutants. To better characterize atmospheric the 591 
TCdilution capability, the ventilation coefficient (VC) is usually used to evaluate the vertical and 592 
horizontal transport dilution capabilitycapacity of the atmosphere (Nair et al. 2007; Tang et al. 2015; 593 
Zhu et al. 2018). Thus, it is a good choice to use VC to evaluate the relationship between atmospheric 594 
TCdilution capability and air pollution in Beijing. Although previous studies have analyzed the 595 
relationship between MLH and pollutants (Geiß et al. 2017; Miao and Liu 2019; Schäfer et al. 2006; 596 
Su et al. 2018), studies on the effects of VC on particle concentration are extremely rare. 597 
Although the problem of heavy pollution in northern China has improved in recent years, regional 598 
pollution problems remain, especially in the Beijing-Tianjin-Hebei region (Shen et al. 2019).In 599 
addition, with the reduction in local emission sources, the contribution of regional transport becomes 600 
particularly important. There are three main transport routes affecting Beijing: the northwest path, 601 
the southwest path and the southeast path (Chang et al. 2018; Li et al. 2018; Zhang et al. 2018). The 602 
occurrence of heavy pollution in Beijing is closely related to the transportation of pollutants in 603 
southern regions, mainly in southern Hebei, northern Henan and western Shandong, while the high-604 
speed northwest air mass is conducive to the removal of pollutants in Beijing (Li et al. 2018; Ouyang 605 
et al. 2019; Zhang et al. 2018; Zhang et al. 2017). In recent years, the contribution of regional 606 
transport to Beijing has been increasing annually, with a trend of 1.2 % per year% year-1, which 607 
reached 31-73% in summer and 27-59% in winter (Chang et al. 2018; Cheng et al. 2018b; Wang et 608 
al. 2015). High PM2.5 concentrations are usually accompanied by high transport flux (TF) within a 609 
day in Beijing . As pollution worsens, the contribution of the surrounding areas to the PM2.5 in 610 
Beijing has risen from 52% to 65% in a month on average in 2016 (Zhang et al. 2018). However, 611 
during heavy pollution, the transport fluxTF decreased in Beijing (Chang et al. 2018; Tang et al. 612 
2015; Zhu et al. 2016). Although many studies on regional transport have been carried out, most 613 
observational studies cannot easily quantify transport flux due to the lack of wind profile data. 614 
Therefore, transport flux can only be obtained by models. When the model lacks verification data, 615 
the reliability of the model will decrease. Thus, it is imperative to quantify the transport flux through 616 
observations. 617 
To solve the regional pollution problem, joint prevention and control have been put forward for a 618 
long time. Many studies on regional transport have been carried out, but most observational studies 619 
cannot easily quantify TF due to the lack of particle and wind vertical profiles, and it is still unclear 620 
when do we need to control the emission sources in which areas. To solve the above problems, we 621 
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conducted 2 years of continuous observations on MLH and wind profiles in the Beijing mixing layer 622 
and analyzed the mixing layer dilution capability of atmosphere. Afterwards, using backscattering 623 
coefficient profile, we obtained the vertical PM2.5 concentration profiles, and calculated TF profile 624 
and mixing layer TF. Finally, using the near-surface PM2.5 concentration as an indicator to classify 625 
the air pollution degree, we analyzed the TF during the transitional and heavily polluted period in 626 
Beijing and illuminated the main controlling factors.To solve the above two problems, we conducted 627 
2 years of continuous observations on MLH and wind profiles in the Beijing mixing layer and 628 
analyzed the mixing layer TC of pollutants and their relationship with particulate matter. Then, 629 
combined with the concentration of particulate matter, we analyzed fine particulate matter transport 630 
flux in the mixing layer (TF). Finally, using the PM2.5 concentration as an indicator to classify the 631 
air pollution degree, we analyzed the TF in Beijing during the transitional and heavily polluted 632 
period and illuminated the main controlling factors.  633 

2. Methods 634 

2.1 Observational station 635 

To understand the TCdilution capability characteristics in Beijing, two years of observations were 636 
conducted in Beijing (2016.1.1-2017.12.31). The observational site (BJT) is in the Institute of 637 
Atmospheric Physics of the Chinese Academy of Sciences, located west of the Jiande Bridge in the 638 
Haidian District, Beijing (39.98° N, 116.38° W). The north and south sides of the station are the 639 
north third and north fourth ring roads respectively, and the eastern side is Beijing-Tibet expressway. 640 
The altitude (a.s.l.) is about 60 m. There is no obvious emission source around the observational site 641 
except motor vehiclesthe highway. 642 

2.2 Observations of MLH and wind profiles 643 

To analyze TCdilution capability, MLH was observed by a single-lens ceilometer (CL51, Vaisala, 644 
Finland), and the wind profile in the mixing layer was simultaneously observed by doppler wind 645 
radar (Windcube 100s, Leosphere, France).  646 
A single-lens ceilometer measures the attenuated backscatter coefficient profile of atmosphereic 647 
aerosols by pulsed diode laser lidar technology (910 nm waveband) within a 7.7 km range, and 648 
determine the MLH through the position of abrupt changes in the backscattering coefficient profile. 649 
In the actual measurement, the measurement interval was 16 s and the measurement resolution was 650 
10 m. More detailed descriptions are presented in the published literature (Tang et al. 2016; Zhu et 651 
al. 2016). In this study, the gradient method (Steyn et al. 1999) is used to determine the MLH; that 652 
is, the top of the mixing layer was determined by the maximum negative gradient value (-dβ/dx) in 653 
the profile of the atmosphere backscattering coefficient. Moreover, to eliminate the interference of 654 
aerosol layer structure and the detection noise to data, the MLH was calculated by the improved 655 
gradient method after smoothly  averaging the profile data (Münkel et al. 2007; Tang et al. 2015). 656 
Doppler wind radar uses the remote sensingor method of laser detection and ranging technology 657 
and measures the doppler frequency shift generated by the laser through the backscatter echo signal 658 
of particles in the air. Windcube 100s can provide 3D wind field data within a 3 km range from the 659 
system, including u, v and w vectors. In the actual measurement, starting from 100 m, the spatial 660 
resolution is 50 m, the WS accuracy is < 0.5 m s-1, and the radial WS range is -30 m s-1 to −30 m 661 
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s-1. 662 

2.3 Other data 663 

During the observations, the hourly PM2.5 and ozone surface concentrations of the Beijing Olympic 664 
Sports Center (39.99° N, 116.40° W) were obtained from the Ministry of Environmental Protection 665 
of China (http://www.zhb.gov.cn/). 666 

2.4 Analytical method 667 

Atmospheric dilution is composed of vertical and horizontal dilution, which can be characterized 668 
by MLH and wind speed in the mixing layer (WSML), respectively. VC (m2 s-1) was obtained by 669 
combining MLH (m) and wind speed in the mixing layer (WSML , (m s-1), which can be used to for 670 
characterizecomprehensive  evaluation of vertical and horizontal dilutionTC. A hHigher VC 671 
dilution-related parameters (MLH, WSML and VC) indicates a stronger TCdilution capability, which 672 
is conducive to the transport and diffusiondilution of heavy air pollution.  673 
 The VC calculation method is as follows: 674 
VC = 𝐻𝐻𝑀𝑀𝑀𝑀MLH × WSML,                                                          (1) 675 
WSML = 676 
1
n�

WSi

n

i=1
,                                                                                                                          (2) 677 

WS𝑊𝑊𝑊𝑊𝑖𝑖 = �𝑢𝑢𝑢𝑢𝑖𝑖
2 + 𝑣𝑣𝑣𝑣𝑖𝑖

2,                                                                 678 

(3) 679 
where WSML is the average WS within the mixing layer, calculated by Eq. (2); HML is the height of 680 
the mixing layer; WSi is the WS observed at a certain heightall heights, calculated by the mean value 681 
of ui and vi in the wind profile according to Eq.  (3); and n is the number of measurement layers in 682 
the mixing layer (Nair et al. 2007). 683 
TF (mg m-1s2s-1) is determined by TC WS and the PM2.5 concentration in the area under analysis. 684 
The calculation method for a certain height is shown in Eq. (4): 685 
𝑇𝑇𝑇𝑇𝑢𝑢𝑖𝑖1 = 𝑢𝑢𝑖𝑖1 × C𝑖𝑖CPM2.5×MLH   ,                                                                    686 

(4) 687 
where Ci is the concentration of PM2.5 at a certain height. However, it is extremely difficult to 688 
observe the vertical PM2.5 concentration in the mixing layer. To obtain the PM2.5 concentration 689 
profile, we studied the backscattering coefficient measured by ceilometer, and found that the 690 
concentration of near-surface PM2.5 is strongly correlated with the backscattering coefficient at 100 691 
m (Fig. S1). Thus, based on the relationship between the two, backscattering coefficient profile can 692 
be used to inverse the vertical PM2.5 concentration profile. It is extremely difficult to observe the 693 
PM2.5 concentration in the mixing layer by height, but previous observations have shown that the 694 
backscattering coefficient profile in the mixing layer is relatively uniform . ThenAssuming that the 695 
particle concentration in the mixing layer is uniform, the TFs in the mixing layer are calculated as 696 
follows: 697 

TFu = � (𝑢𝑢𝑖𝑖
𝑛𝑛

𝑖𝑖=1

1
n�

𝑢𝑢𝑖𝑖
n

i=1
× CPM2.5C𝑖𝑖)× MLH 698 
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TFv = � (𝑣𝑣𝑖𝑖
𝑛𝑛

𝑖𝑖=1
×C𝑖𝑖)TFv = 

1
n�

vi

n

i=1
× CPM2.5× MLH    699 

                                                                                                                               （5） 700 

Through the above method, radial and zonal transport fluxTFes can be obtained, and vector 701 
synthesis in two directions can be conducted to obtain the main transport direction to find the 702 
transport source area. 703 

3. Results and discussions 704 

3.1 Boundary layer meteorologyMixing layer transport capacity (TC) 705 

3.1.1 Seasonal variation 706 

To understand the variations of atmospheric TCdilution capability, we carried out continuously 707 
measurement ofed MLH and wind profiles within the mixing layer over a 2-year period (2016.1.1-708 
2017.12.31). The availability was verified after MLH elimination by Tang et al. (Tang et al. 2016). 709 
After the exclusion of the data of MLH under rainy, sandstorm and windy conditions, data 710 
availability was 95% over the 2-year period, higher than that of previous studies (Mues et al. 2017; 711 
Tang et al. 2016). The availability was lowest in February at 86% and highest in July at 99%. 712 
In terms of The seasonal variation, the averages of in MLH for springwas higher in spring (781 ± 713 
229 m) (value ± standard deviation) and summer (767 ± 219 m) were higher than those of and lower 714 
in autumn (612 ± 166 m) and winter (584 ± 221 m) (Fig. 1). However, WSML was quite different 715 
from MLH in terms of seasonal variation, with the largest value at 4.6 ± 1.6 m s-1 in spring, followed 716 
by winter (4.1 ± 2.7 m s-1) and autumn (3.7 ± 1.6 m s-1), and the smallest value at 3.6 ± 1.1 m s-1 in 717 
summer. VC was calculated by the MLH and wind profile, and the seasonal variation in TC over 2 718 
years was analyzed (Fig. 1). The results demonstrate that the TCdilution capability was strongest in 719 
spring, as the VC reached as high as 3940 ± 2110 m2 s-1. AtmosphericThe TCdilution capability 720 
differences foramong summer, winter and autumn were small similar, withhen the VC values were 721 
2953 ± 1322 m2 s-1, 2913 ± 3323 m2 s-1 and 2580 ± 1601 m2 s-1, respectively. A monthly analysis 722 
shows that atmospheric the TCdilution capability was the strongest in May, the VC was as high as 723 
5161 ± 2085 m2 s-1, ; the TC was theand worst in December, and the VC was only 1690 ± 1072 m2 724 
s-1. The VC value in May was 3.1 times higher thanof that in December. To analyze the impacts of 725 
dilution capacity on PM2.5, the seasonal variation of PM2.5 were analyzed. The averages of PM2.5 726 
concentration for winter (80 ± 87 μg m-3) was highest, followed by autumn (68 ± 54 μg m-3) and 727 
spring (67 ± 60 μg m-3), and summer (51 ± 29 μg m-3) was lowest. The lowest monthly average 728 
PM2.5 concentration was 42 ± 26 μg m-3 in August. The highest monthly average was in January at 729 
94 ± 100 μ g m-3, 2.2 times of that in August (Fig. 1).The seasonal variation in the PM2.5 730 
concentration was the highest in winter (80 ± 87 μg m-3), followed by autumn (68 ± 54 μg m-3) 731 
and spring (67 ± 60 μg m-3), and the seasonal variation was the lowest in summer (51 ± 29 μg m-732 
3). The lowest monthly average PM2.5 concentration was 42 ± 26 μg m-3 in August. The highest 733 
monthly average was in January at 94 ± 100 μg m-3, 2.2 times higher than that in August (Fig. 1). 734 
Thus, the vertical and horizontal diffusion capacities are strong in spring and weak in autumn and 735 
winter. In summer, the vertical diffusion capacity is strong, while the horizontal diffusion capacity 736 
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is weak. Overall, high PM2.5 concentrations are associated with poor TC. 737 

738 

 739 

Fig. 1. Monthly variations in mixing layer height (MLH), wind speed in the mixing layer (WSML), 740 
the ventilation coefficient (VC) and PM2.5 in Beijing. 741 

Although there is little difference in dilution capability between summer, autumn and winter, there 742 
is serious pollution in autumn and winter. To analyze this problem, the VC frequency distribution 743 
was studied. The results show that VC had a high frequency in the range of 1000-4000 m2 s-1 from 744 
2016 to 2017, but the frequency distribution was different in different seasons (Fig. 2). The VC 745 
showed a strong dilution capability in spring, mainly in the range of 2000-5000 m2 s-1, with the 746 
highest frequency (24%) in the range of 2000-3000 m2 s-1. In summer, the high frequency of VC 747 
occurred in the range of 1000-4000 m2 s-1, which was slightly lower than that in spring, and the 748 
highest frequency (27%) occurred in the range of 3000-4000 m2 s-1. Additionally, the VC high 749 
frequency appeared in a lower range in autumn and winter. The VC occurred at a high frequency of 750 
1000-3000 m2 s-1 in autumn, and the highest frequency occurred within the range of 2000-3000 m2 751 
s-1, accounting for 33%. In winter, VC appeared more frequently in the range of 0-2000 m2 s-1 and 752 
was the highest in the range of 1000-2000 m2 s-1, which was 28%. In winter, when the Siberian high 753 
transit, strong northwest winds prevail in the Beijing area (Fig. 5), which resulting the higher 754 
frequency of VC in the range of 1000-2000 m2 s-1. Particularly, the VC frequency of 0-1000 m2 s-1 755 
in winter was significantly higher than that of the other seasons, up to 22%, which was 7 times of 756 
that in spring, 5 times of that in summer and 2 times of that in autumn. According to the seasonal 757 
variation in PM2.5 concentration, heavy pollution in autumn and winter is related to the high 758 
frequency of poor atmospheric dilution capability. 759 

 760 

Fig. 2 Frequency distribution of the daily VC from January 2016 to December 2017 in Beijing. 761 
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3.1.2 Diurnal variation 762 

Moreover, the diurnal variations in dilution-related parametersmeteorological factors during 763 
different seasons were analyzed to reveal the diurnal evolution characteristics of atmospheric 764 
TCdilution capability. The peak and trough values of MLH and VC appeared simultaneously at 765 
approximately 15:30 LT and 05:30 LT, respectively. Generally, the daily variation in MLH is 766 
characterized by a low value at night, which increases rapidly after sunrise and reaches the 767 
maximum value in the afternoon (Fig. 2a3a). The daily maximum value of MLH is seasonal, where 768 
it is higher in spring and summer and lower in autumn and winter. The daily minimum value of 769 
MLH generally occurs when the mixing layer is stable and is closely related to WS. The diurnal 770 
variation in WSML is smallerstable, with a peak at approximately 19:30 LT and a trough at 771 
approximately 10:00 LT, which is are ~4 h later than the peak and valleytrough of MLH (Fig. 2b3b). 772 
The diurnal variation in VC is similar to MLH, showing that the TCdilution capability is strong 773 
before sunset, gradually weakens after sunset and remains stable at night. The TCdilution capability 774 
in spring was significantly stronger than that during other seasons, and the maximum daily value 775 
reached 8678 m2 s-1 (Fig. 2c3c). In addition to spring, the daily maximum values of VC in summer, 776 
autumn and winter were close at approximately 5000 m2 s-1 (Fig. 2c3c). The TC VC growth rate in 777 
spring was significantly higher than that in other seasons, reaching a maximum at approximately 778 
09:00 LT. Late iIn autumn, the TC VC growth rate peaked at approximately 10:00 LT. Summer and 779 
winter peaked at approximately 11:00 LT. Throughout the year, VC began to increase during winter 780 
at the latestlater than other seasons, at approximately 09:00 LT, indicating that the weaker 781 
TCdilution capability remained for a longer period during winter. TC VC was weakened most 782 
rapidly in spring; however, the TCit was still higher than that he VC of other seasons after declining. 783 
In addition to spring, the TC VC in autumn and winter weakened the most rapidly and the slowest 784 
in summer. In general, vertical and horizontal diffusiondilution is veryare strong in the spring during 785 
both day and night. In winter, vertical diffusiondilution is weak during the day, and horizontal 786 
transportation dilution during the night is the main transportation. In summer, vertical 787 
diffusiondilution during the day is dominant. 788 
Notable differences are present when we compare dilution-related parameters to PM2.5 789 
concentration. The daily maximum of PM2.5 concentration in spring, summer, autumn and winter 790 
were 73 μg m-3 (11:00 LT), 56 μg m-3 (09:00 LT), 78 μg m-3 (23:00 LT) and 101 μg m-3 (01:00 LT), 791 
respectively. The differences between the maximum and minimum were 14 μg m-3, 10 μg m-3, 20 792 
μg m-3 and 38 μg m-3, respectively. Thus, the diurnal variation of PM2.5 can divided into two 793 
categories: (1) high value occurs in the midday in spring and summer and the overall change is small, 794 
(2) high value occurs during the night in autumn and winter and differ greatly from low value (Fig. 795 
3d). The main causes of air pollution are local emissions and regional transportation. Thus, these 796 
results indicating that more local contribution in autumn and winter, and higher regional transport 797 
in spring and summer. 798 

799 
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800 

 801 
Fig. 23. Diurnal variations and growth rates of MLH (a), WSML (b) and , VC (c) and PM2.5 (d) in 802 

spring, summer, autumn and winter in Beijing. Diurnal variations are represented by lines and 803 
scatters. Growth rates are represented by columns, and only positive values are shown in the 804 

figure. 805 

3.1.3 Frequency distribution 806 

Although there is little difference in TC between summer, autumn and winter, there is serious 807 
pollution in autumn and winter. To analyze this problem, the VC frequency distribution was studied. 808 
The results show that VC had a high frequency in the range of 1000-4000 m2 s-1 from 2016 to 2017, 809 
but the frequency distribution was different in different seasons (Fig. 3). The VC showed a strong 810 
TC in spring, mainly in the range of 2000-5000 m2 s-1, with the highest frequency (24%) in the range 811 
of 2000-3000 m2 s-1. In summer, the high frequency of VC occurred in the range of 1000-4000 m2 812 
s-1, which was slightly lower than that in spring, and the highest frequency (27%) occurred in the 813 
range of 3000-4000 m2 s-1. Additionally, the VC high frequency appeared in a lower range in autumn 814 
and winter. The VC occurred at a high frequency of 1000-3000 m2 s-1 in autumn, and the highest 815 
frequency occurred within the range of 2000-3000 m2 s-1, accounting for 33%. In winter, VC 816 
appeared more frequently in the range of 0-2000 m2 s-1 and was the highest in the range of 1000-817 
2000 m2 s-1, which was 28%. However, the VC frequency of 0-1000 m2 s-1 in winter was 818 
significantly higher than that of the other seasons, up to 22%, which was 7 times higher than that of 819 
spring, 5 times higher than that of summer and 2 times higher than that of autumn. According to the 820 
seasonal variation in PM2.5 concentration, heavy pollution in autumn and winter is related to the 821 
high frequency of poor TC. 822 
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 823 
Fig. 3. Frequency distribution of the daily VC from January 2016 to 824 
December 2017 in Beijing. 825 
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3.2 Mixing layer TF of PM2.5mixing layermixing layer   826 

2.5Response of particulate matter to TC 827 

Studies have found that air pollution worsens when TC weakens . To further understand the response 828 
of fine particles to TC in different seasons, the correlations between meteorological factors and 829 
PM2.5 concentration were analyzed (Fig. 4). From 2016 to 2017, the annual average PM2.5 830 
concentration was 66 ± 62 μg m-3, the maximum concentration was 898 μg m-3, and the minimum 831 
concentration was only 1 μg m-3, which showed high concentrations in autumn and winter. As shown 832 
in Fig. 4, PM2.5 concentrations increased exponentially with decreases in MLH, WSML and VC, 833 
indicating that the concentration of fine particles was highly sensitive to these meteorological factors. 834 
When MLH, WSML and VC were lower than 400 m, 2.5 m s-1 and 1500 m2 s-1, respectively, the air 835 
pollution declines sharply. VC had a better correlation with the PM2.5 concentration than MLH and 836 
WSML, indicating that VC can better characterize pollution dissipation. The PM2.5 concentration in 837 
winter had a better response to TC than the other seasons, with the correlation coefficient with VC 838 
reaching -0.80, followed by spring and autumn, with correlation coefficients of -0.66 and -0.65, 839 
respectively (Fig. 4). The correlation in spring and autumn may decrease due to dust. In summer, 840 
PM2.5 had a poor relationship with WSML and even had weak positive correlations with MLH (R = 841 
0.42) and VC (R = 0.33). A high ozone concentration existed in the high MLH (Fig. 4), which will 842 
promote the transformation of gaseous precursors to secondary particles. Therefore, the weak 843 
positive correlation in summer was related to a strong photochemical reaction. 844 

Thus, MLH, WSML and VC can be used as indicator factors for the formation of air pollution, but 845 
the particle concentration responds best to VC. Additionally, the response of particle concentration 846 
to VC showed obvious seasonal differences, with the best in winter, followed by autumn and spring, 847 
and a weak positive correlation in summer. 848 

设置了格式: 字体: 五号, 下标

带格式的: 两端对齐

带格式的: 标题 2, 左



26 
 

 849 

Fig. 4. Correlations among MLH, WSABL and VC and PM2.5 under different 850 

ozone levels in Beijing. 851 

3.3 Mixing layer transport flux of particulate matter 852 

带格式的: 标题 2, 左, 与下段不同页

带格式的: 标题 2

域代码已更改

带格式的: 两端对齐, 行距: 单倍行距

设置了格式: 字体: (默认) Times New Roman, 五号, 非加
粗



27 
 

To quantify the transport of pollutants in Beijing, the Beijing TF was analyzed, and the transport 853 
direction of fine particles was characterized by the wind direction in the mixing layer. As shown in 854 
Fig. 5, the TF in spring was the largest, reaching 226 ± 294 mg m-1s-1, and there was no significant 855 
difference in summer, autumn or winter, when the TF values were 147 ± 182 mg m-1s-1, 143 ± 194 856 
mg m-1s-1 and 134 ± 179 mg m-1s-1, respectively. The northwesterly and westerly directions were 857 
the main transport sources of the cold period in Beijing. With temperature warming, the transport 858 
direction gradually increased from west to south, mainly as a southwesterly in spring and southerly 859 
in summer. The monthly average maximum value of TF occurred in May, as high as 269 ± 328 mg 860 
m-1s-1 and mainly originated from the southwest direction, which was accompanied by a strong wind. 861 
The minimum value appeared in August, as low as 106 ± 145 mg m-1s-1, which was mainly 862 
transported from western regions, with low WS values. The TF in May was 2.5 times higher than 863 
that in August (Fig. 5). Therefore, the change in transport direction leads to an obvious seasonal 864 
variation in TF. Overall, the regional transport contributes the most to the particulate matter 865 
concentration in spring, which is mainly related to increased dust activities; regional transport has 866 
the least contribution in winter, which indicates that more focus should be given to local emission 867 
source control; in summer and autumn, the southwest airflow transportation influence on Beijing 868 
should receive more focus. 869 

 870 

Fig. 5. Seasonal variations in the mixing layer transport flux of PM and transportation directions. 871 

To understand the regional transport influence on the Beijing area, the diurnal variation 872 
characteristics of TF were analyzed during different seasons in Beijing. The daily minimum value 873 
of TF appeared at approximately 07:00 LT and was accompanied by a northerly wind. As the wind 874 
direction gradually turned south, the daily minimum value of TF continued to rise until the daily 875 
maximum value appeared at approximately 16:00 LT (Fig. 6). Transportation mainly occurred 876 
between 14:00 and 18:00 LT, which was consistent with the results of a previous study (Ge et al. 877 
2018). In spring, the WS was higher, so the peak TF duration was shorter, at approximately 2 h. The 878 
maximum daily value was 494 mg m-1s-1, and the minimum was 87 mg m-1s-1 in spring. Therefore, 879 
the diurnal variation in TF during spring showed the characteristics of a rapid rise and rapid decline. 880 
The peak duration was approximately 4 h for a long time in summer and autumn, where the daily 881 
maximum values were 259 mg m-1s-1 and 240 mg m-1s-1, and the minimum values were 53 mg m-882 
1s-1 and 66 mg m-1s-1, respectively. The diurnal variation in TF during summer and autumn showed 883 
the characteristics of a slow rise and slow decline. Specifically, the daily variation had a strong 884 
fluctuation in winter, which peaked at only 16:00 LT (215 mg m-1s-1), then dropped sharply to 193 885 
mg m-1s-1, plateaued from 17:00 to 22:00 LT for approximately 5 h, maintained at approximately 886 
176 mg m-1s-1, and then quickly dropped to 78 mg m-1s-1 887 
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888 

Fig. . Diurnal variations in the mixing layer transport flux of PM and transportation directions during 889 
different seasons in Beijing. 890 

 891 

The TF variation rules can be summarized as a high TF corresponds to a southerly wind and a low 892 
TF corresponds to a northerly wind. When the wind direction in the mixing layer changed from 893 
north to south, the wind gradually increased from the daily minimum to the daily maximum. The 894 
TF increased by 6 times in spring, 5 times in summer, 4 times in autumn and 3 times in winter. The 895 
current pattern is because areas south of Beijing are heavily polluted and southerly winds help 896 
transport pollutants into the city, leading to high transport flux in spring, summer and autumn 897 
afternoons (Fig. 6). The results further confirm the conclusion that the northwest wind in Beijing is 898 
a clean wind (Wang et al. 2015; Zhang et al. 2018). Thus, the north wind is conducive to the outward 899 
transport of pollutants from Beijing, which helps to alleviate pollution. As a result, there was no 900 
high TF in winter when the westerly wind and northerly wind prevailed. This finding also proves 901 
the important influence of local emissions on heavy pollution occurrence during winter in Beijing. 902 
In summary, there are 4 main transport routes that affect Beijing, including the northwest path, 903 
southwest path, west path and south path. The TF in winter is low, local emissions play an important 904 
role, and we must pay attention to local pollutant emission control. 905 

 906 

Fig. 6. Diurnal variations in the mixing layer transport flux of PM and transportation directions 907 
during different seasons in Beijing. 908 

3.2.1 Temporal evolution of TF 909 

To quantify the transport of PM2.5 in Beijing, the transport direction of PM2.5 was characterized by 910 
the average wind direction in the mixing layer. As shown in Fig. 4, mixing layer TF in spring was 911 
largest, reaching 4.33 ± 0.69 mg m-1s-1, and there was no significant difference in summer, autumn 912 
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or winter, when the TF values were 2.27 ± 0.42 mg m-1s-1, 2.39 ± 0.45 mg m-1s-1 and 2.89 ± 0.49 913 
mg m-1s-1, respectively. The transport sources of the cold period in Beijing were predominantly from 914 
the northwesterly and westerly directions. With temperature warming, the transport direction 915 
gradually changed from west to south, mainly as a southwesterly in spring and southerly in summer. 916 
The monthly average maximum value of TF occurred in May, as high as 5.00 ± 5.21 mg m-1s-1 and 917 
mainly originated from the southwest direction, which was accompanied by a strong wind. The 918 
minimum value appeared in August, as low as 1.70 ± 1.73 mg m-1s-1, which was mainly transported 919 
from western regions, with small WS. The TF in May was 3 times of that in August (Fig. 4). 920 
Therefore, the change in transport direction leads to an obvious seasonal variation in TF. Overall, 921 
the regional transport contributes the most to the PM2.5 concentration in spring, which is mainly 922 
related to increased dust activities; regional transport has smaller contribution in winter, but high 923 
near-surface PM2.5 concentration, which indicates that more focus should be given to local emission 924 
source control; in summer and autumn, the southwest airflow transportation influence on Beijing 925 
should receive more focus. 926 

 927 

Fig. 4 Seasonal variations in the mixing layer TF of PM2.5 and transportation directions. 928 

To understand the regional transport influence on the Beijing area, the diurnal variations of mixing 929 
layer TF were analyzed during different seasons in Beijing. The daily minimum value of TF 930 
appeared at approximately 07:00 LT and was accompanied by a northerly wind. As the average wind 931 
direction in the mixing layer gradually turned south, the daily minimum value of TF continued to 932 
rise until the daily maximum value appeared at approximately 16:00 LT (Fig. 5). Transportation 933 
mainly occurred between 14:00 and 18:00 LT, which was consistent with the results of a previous 934 
study (Ge et al. 2018). In spring, the WS was highest, so the peak TF duration was shortest, peaked 935 
at only 16:00 LT (9.50 mg m-1s-1), and then dropped sharply to 1.94 mg m-1s-1. Therefore, the diurnal 936 
variation in TF during spring showed the characteristics of a rapid rise and rapid decline. The peak 937 
duration was approximately 3 h for a long time in summer and autumn, where the daily maximum 938 
values were 3.79 mg m-1s-1 and 3.63 mg m-1s-1, and the minimum values were 1.00 mg m-1s-1 and 939 
1.30 mg m-1s-1, respectively. The diurnal variation in TF during summer and autumn showed the 940 
characteristics of a slow rise and slow decline. Specifically, the daily variation had a strong 941 
fluctuation in winter, peaked three times at 14:00 LT (4.06 mg m-1s-1), 16:00 LT (4.38 mg m-1s-1) 942 
and 19:00 LT (4.07 mg m-1s-1), then dropped slowly to 1.66 mg m-1s-1. Another special point is that 943 
in spring, summer and autumn, high TF corresponds to southerly wind, while in winter, southerly 944 
wind does not appear in the whole transport process, instead, there is westerly wind, which 945 
influenced by the Siberian high. 946 
Even so, the TF variation patterns can be summarized as a high TF corresponds to a southerly wind 947 
and a low TF corresponds to a northerly wind (Fig. 5). When the average wind direction in the 948 
mixing layer changed from north to south, the TF gradually increased from the daily minimum to 949 
the daily maximum. The TF increased by 5 times in spring, 4 times in summer, 3 times in autumn 950 
and winter. The current pattern is because areas located in south of Beijing are heavily polluted and 951 
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southerly winds help transport pollutants into the city, leading to high TF in the afternoons (Fig. 5). 952 
However, due to the high mixing layer in spring, the concentration of near-surface PM2.5 did not 953 
increase. The results further confirm the conclusion that the northwest wind in Beijing is a clean 954 
wind (Wang et al. 2015; Zhang et al. 2018). Thus, the northwest wind is conducive to the outward 955 
transport of pollutants from Beijing, which helps to alleviate pollution. As a result, there was no 956 
high TF in winter when the northwest wind prevailed. On the other hand, southerly winds are 957 
stronger than northerly winds (Fig. 5), which can also result high TF occurred. Therefore, the level 958 
of TF is determined by two factors, that of WS and PM2.5 concentration. In spring, summer and 959 
autumn, strong south wind prevails in the afternoon. As the south wind is often accompanied by 960 
high PM2.5 concentration (Fig. S2), TF is high. In winter, the whole day is dominated by westerly 961 
and northerly winds. Although the northerly winds are strong, TF is not high due to the low PM2.5 962 
concentration. Generally, high WS means fast mixing, and the corresponding MLH is also high. At 963 
this time, TF is mainly controlled by WS. While WS is low, the mixing speed is slow and MLH is 964 
low. At this time, TF is mainly controlled by PM2.5 concentration. From the above analysis, it can 965 
be inferred that if MLH and WS gradually decrease with the worsen of pollution, the mixing layer 966 
TF is controlled by WS first and then by PM2.5 concentration, which may appear a maximum TF at 967 
a critical moment. This moment is neither the moment of maximum WS nor the moment of 968 
maximum PM2.5 concentration. It should be somewhere in between. This will be discussed in more 969 
detail in section 3.3.  970 

 971 

Fig. 5 Diurnal variations in the mixing layer TF of PM2.5 and transportation directions during 972 
different seasons in Beijing. 973 

3.2.2 Vertical evolution of TF 974 

After the aforementioned analyses, the transportation period is known. To further explore the height 975 
of transport, we studied the seasonal variation of TF profile in combination with the vertical wind 976 
and PM2.5 profile. With the increase of altitude, the WS first increases sharply at approximately 200 977 
m, and then slowly increases, and the differences between different seasons gradually become 978 
significant. WS is always smallest in summer, and strongest in winter. It is same in spring and 979 
autumn at 1200 m. Above 1200 m, WS in autumn exceeds those in spring. The PM2.5 concentration 980 
at 100 m obtained by inversion is highest in winter (93.7 mg m-2s-1), and similar in spring and 981 
autumn (80.3 mg m-2s-1 and 75.8 mg m-2s-1, respectively), and lowest in summer (53.5 mg m-2s-1). 982 
This is consistent with near-surface results. Below 200 m, PM2.5 concentration is relatively uniform. 983 
As the height increased, the PM2.5 concentration decreased gradually. Between 200-600 m, PM2.5 984 
concentration begins to decrease rapidly, but the rate of decline was obviously different in different 985 
seasons. In autumn and winter, the reduce rate of PM2.5 concentration was significantly higher than 986 
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that in spring and summer. As a result, the spring PM2.5 concentration at 400 m began to be greater 987 
than that in winter; the summer PM2.5 concentration at 650 m began to be greater than that in autumn, 988 
and was at the same level as that in winter. Over 600 m, there is no significant difference in PM2.5 989 
concentration between different seasons, while WS varies greatly. Therefore, TF is greatly affected 990 
by WS at high altitude, while it is greatly influenced by PM2.5 concentration on the near ground. 991 
Besides, the TF in the mixing layer is also affected by MLH. 992 
The vertical evolution of the TF is different from both WS and PM2.5 concentration, and the seasonal 993 
variation remains consistent from near-surface to the upper air, which shows that the TF for spring 994 
was the highest, followed by winter and autumn, and summer was the lowest. The vertical variation 995 
of TF increases firstly and then decreases, and a peak appears around 300 m, at 0.38 mg m-2s-1 in 996 
spring, at 0.19 mg m-2s-1 in summer, at 0.24 mg m-2s-1 in autumn, and at 0.31 mg m-2s-1 in winter. In 997 
the process of TF lowering, it has different performances in different seasons. In spring, the decline 998 
slowed down at about 1500 m. The change in summer and autumn is similar. After the peak, TF 999 
drops rapidly in summer and autumn. And the decrease rate above 500 m becomes slow, and then 1000 
slows down again after 1500 m, finally, the TF profiles tend to be vertical. In winter, TF declines 1001 
rapidly, followed by fluctuations around 1000 m. The above results can preliminarily indicate that 1002 
the transportation mainly occurs within 200-1500 m, which will be dissect in Sec. 3.3. To sum up, 1003 
in autumn and winter, the high concentration of PM2.5 is concentrated in near the ground, while the 1004 
TF is not large, again indicating that local emission is the main source of PM2.5 in autumn and winter; 1005 
in spring, affected by high-altitude transportation, PM2.5 concentration is high; in summer, both TF 1006 
and PM2.5 concentration are at the lowest level, indicating that regional transport may play an 1007 
important role in PM2.5 concentration in summer. 1008 

 1009 

Fig. 6 Vertical profiles of WS (a), PM2.5 (b) and TF of PM2.5 (c) in different seasons in Beijing. 1010 

3.4 3 TF under different degrees of air pollution  1011 

Previous studies have demonstrated that transportation occurs only at the transition period of 1012 
pollution, and transportation is weak at the peak of pollution (Tang et al. 2015; Zhu et al. 2016). To 1013 
quantify the transport impact of different pollution levels, the PM2.5 concentration was divided into 1014 
five levels according to the “Technical Regulation on Ambient Air Quality Index (on trial)” 1015 
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(HJ 633-2012): PM2.5 ≤ 35 μg m-3 (clear days), 35 < PM2.5 ≤ 75 μg m-3 ((slight pollution), 75 < 1016 
PM2.5 ≤ 115 μg m-3 (light pollution), 115 < PM2.5 ≤ 150 μg m-3 (medium pollution) and PM2.5 > 150 1017 
μg m-3 (heavy pollution). An interesting phenomenon is that with the increase in altitude, the heavier 1018 
the pollution near the ground is, the greater the reduction rate of the PM2.5 concentration is (Fig. 7). 1019 
As a result, there is a reversal at 1000-1500 m. In other words, the more severe the near-surface 1020 
pollution, the lower the high-altitude PM2.5 concentration. This is particularly outstanding in the 1021 
spring: from a clear to a heavy polluted day, the TF at 100 m was, in turn, 0.15 mg m-2s-1, 0.26 mg 1022 
m-2s-1, 0.32 mg m-2s-1, 0.39 mg m-2s-1, 0.66 mg m-2s-1, and at 2600 m, the values dropped to 0.15 mg 1023 
m-2s-1, 0.17 mg m-2s-1, 0.13 mg m-2s-1, 0.10 mg m-2s-1 and 0.07 mg m-2s-1, respectively. That is, the 1024 
lower the pollution degree, the more vertical the TF tends to be. This is related to the MLH, because 1025 
a high MLH is conducive to the diffusion of pollutants in the vertical direction. With the worsening 1026 
of pollution, the MLH shows a downward trend (Fig. S2).slight haze), 75 < PM2.5 ≤ 115 μg m-3 1027 
(light haze), 115 < PM2.5 ≤ 150 μg m-3 (medium haze) and PM2.5 > 150 μg m-3 (heavy haze). 1028 
According to the previous analysis, two peaks may appear in the TF profile, indicating that the 1029 
transport occurs at two different heights, approximately 200 m (low-altitude transport) and 1000 m 1030 
(high-altitude transport), respectively. Due to the sudden increase in the WS at approximately 200 1031 
m, the low-altitude transport at 200 m is the basic transport height, regardless of the season and the 1032 
degree of pollution. In contrast, the high-altitude transport is quite special and mainly occurs in the 1033 
winter when there is significant pollution. A small peak of in the TF can also be found on heavy 1034 
polluted days in the summer. Although the change in the TF profile of medium pollution in the 1035 
autumn is not as obvious as that in the summer and winter, a small increase can still be seen (Fig. 1036 
7). In the case of heavy pollution, the MLH is usually less than 1000 m, while in the case of clear 1037 
and slight pollution, the MLH is close to the height of high-altitude transport (Fig. S2). Therefore, 1038 
it can be inferred that the pollutants transported at a high altitude during heavy pollution are stored 1039 
in the residual layer, and when the mixing layer becomes higher, the pollutants stored in the residual 1040 
layer diffuse into the mixing layer, affecting the pollution level within the mixing layer. This may 1041 
be a key contributor to the slight pollution in the summer, autumn and winter, but further research 1042 
is needed. With pollution aggravation, the TF in Beijing increased by varying degrees during 1043 
different seasons, and the transportation direction gradually shifted from northwest to south (except 1044 
during winter) (Fig. 7). In particular, the TF continued to increase only in spring, from 93 ± 124 mg 1045 
m-1s-1 on clear days to 382 ± 438 mg m-1s-1 on heavily polluted days, which may be caused by more 1046 
dust during spring. With the except of during spring, with pollution deterioration, the TF showed an 1047 
increasing trend at the initial stage of pollution and decreasing trend during the heavy pollution 1048 
period. From medium haze to heavy haze, the TF decreased from 328 ± 280 mg m-1s-1 to 295 ± 215 1049 
mg m-1s-1in summer, from 280 ± 336 mg m-1s-1 to 243 ± 238 mg m-1s-1 in autumn, and from 240 ± 1050 
297 mg m-1s-1 to 212 ± 209 mg m-1s-1 in winter. These results indicate that although the region south 1051 
of Beijing is the main transport source during summer and autumn in Beijing, this contribution is 1052 
significantly reduced during the severe pollution period. In winter, with pollution aggravation, the 1053 
transportation direction changed from northwest to southwest and finally to the north. In contrast to 1054 
other seasons, the north wind with a low WS was the main wind during heavy pollution in winter, 1055 
indicating that regional transport contributed less to heavy pollution during winter in Beijing. In 1056 
general, the transport of pollutants from the southwest is the main controlling factor for pollution 1057 
occurrence during spring in Beijing. In other seasons, regional transport plays an important role in 1058 
the initial period of pollution, while local emissions during the period of heavy pollution are the 1059 
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main controlling factor. 1060 
 1061 

 1062 

Fig. 7 Vertical profiles of TF of PM2.5 under different degrees of pollution in different seasons in 1063 
Beijing. Clear days: PM2.5 ≤ 35 μg m-3, slight pollution: 35 < PM2.5 ≤ 75 μg m-3, light pollution: 75 1064 
< PM2.5 ≤ 115 μg m-3, medium pollution: 115 < PM2.5 ≤ 150 μg m-3 and heavy pollution: PM2.5 > 1065 

150 μg m-3  1066 

According to the same division method, we further explored the seasonal variation of the TF and 1067 
transport source in the mixing layer under different pollution degrees. With pollution aggravation, 1068 
the mixing layer TF in Beijing increased by varying degrees during different seasons, and the 1069 
transport direction gradually shifted from northwest to south (except during the winter) (Fig. 8). In 1070 
particular, the mixing layer TF in the spring is significantly higher than that in the other seasons at 1071 
all pollution degrees, which is 1.1-2.0 times that in the other seasons. This may be caused by the 1072 
greater amount of dust during the spring. With the pollution deterioration, the TF showed an 1073 
increasing trend in the initial stage of pollution and a decreasing trend during the heavy pollution 1074 
period. From medium pollution to heavy pollution, the TF decreased from 5.50 ± 4.83 mg m-1s-1 to 1075 
4.69 ± 4.84 mg m-1s-1in the spring, from 3.94 ± 2.36 mg m-1s-1 to 3.39 ± 1.77 mg m-1s-1 in the summer, 1076 
from 3.72 ± 2.86 mg m-1s-1 to 3.01 ± 2.40 mg m-1s-1 in the autumn, and from 4.45 ± 4.40 mg m-1s-1 1077 
to 3.25 ± 2.77 mg m-1s-1 in the winter. Among them, the largest drop was found in the winter. In the 1078 
winter, with the pollution aggravation, the transport direction changed from northwest to southwest 1079 
and finally to the north. In contrast to in the other seasons, the weak north wind was the main wind 1080 
during heavy pollution in the winter, indicating that regional transport contributed less to the heavy 1081 
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pollution during the winter in Beijing. In the initial stage of pollution, the TF continued to increase, 1082 
but the rate of increase gradually slowed in the spring and summer. From light haze to medium haze, 1083 
the TF decreased by 0.1mg m-1s-1 in the spring and increased by only 0.07 mg m-1s-1 in the summer. 1084 
It is also not difficult to find from the changes in the TF profile (Fig. 7) that the regional transport 1085 
has little impact on the medium pollution in the spring and summer. These results indicate that 1086 
although the region south of Beijing is the main transport source in Beijing, its contribution is 1087 
significantly reduced during the severe pollution period. In general, regional transport plays an 1088 
important role in the initial period of pollution, while local emissions are the main controlling factor 1089 
during the period of heavy pollution. The parabolic pattern of the TF is the result of a combination 1090 
of the WS and PM2.5 concentration. The TF reaches a threshold during medium pollution, which is 1091 
the critical moment mentioned above. 1092 

 1093 

Fig. 2. The mixing layer transport fluxTF of PM2.5 levels of PM and transportation directions 1094 
under different degrees of pollution in different seasons in Beijing. (SP denotes slight pollution, 1095 

LP denotes light pollution, MP denotes medium pollution and HP denotes heavy pollution.) 1096 

4. Conclusions 1097 

To understand the characteristics of PM2.5 fine particulate matter transport flux in Beijing, the height 1098 
of the atmospheric mixing layer and wind profile within the mixing layer in Beijing were observed 1099 
for a 2-year period. The main conclusions are as follows: 1100 
(1) By analyzing the variations of VC, atmospheric dilution capability in Beijing is strongest in 1101 
spring and weaker in summer, autumn and winter. In spring, vertical and horizontal dilution 1102 
capacities are strong; in autumn and winter, vertical and horizontal dilution capacities are weak; in 1103 
summer, vertical dilution capability is strong and horizontal dilution capability is weak. The diurnal 1104 
variation in VC is consistent with MLH, which shows that the dilution capability is strongest before 1105 
sunset, gradually weakens after sunset and remains stable at night. In spring, vertical and horizontal 1106 
dilutions are strong during both day and night. In winter, vertical dilution is weak during the day, 1107 
and horizontal dilution during the night is the main. In summer, vertical dilution during the day is 1108 
dominant. Although there is little difference in diffusivity between summer, autumn and winter, poor 1109 
dilution capability occurs more frequently in autumn and winterBy analyzing the variation 1110 
characteristics of VC, the TC in Beijing is strongest in spring and weaker in summer, autumn and 1111 
winter. In spring, vertical and horizontal diffusion capacities are strong; in autumn and winter, 1112 
vertical and horizontal diffusion capacities are weak; in summer, vertical diffusion capacity is strong 1113 
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and horizontal diffusion capacity is weak. The diurnal variation in VC is consistent with MLH, 1114 
which shows that the TC is strongest before sunset, gradually weakens after sunset and remains 1115 
stable at night. In spring, vertical and horizontal diffusion are very strong during both day and night. 1116 
In winter, vertical diffusion is weak during the day, and horizontal transportation during the night is 1117 
the main means of transportation. In summer, vertical diffusion during the day is dominant. 1118 
Although there is little difference in diffusivity between summer, autumn and winter, poor TC occurs 1119 
more frequently in autumn and winter. 1120 
(2) PM2.5 concentrations during different seasons have different responses to MLH, WSML and VC. 1121 
During the three dry seasons of winter, spring and autumn, the concentration of pollutants has a good 1122 
relationship with VC, indicating that the main dissipation method of pollutants is diffusion. In summer, 1123 
there is a weak positive correlation between pollutant concentration and VC, which is related to strong 1124 
photochemical reactions. 1125 
(32) TF is largest in spring and smaller in summer, autumn and winter in Beijing. The high TF 1126 
mainly comes from southward transport, while the low TF is accompanied by northwest transport. 1127 
The transport mainly occurred between 14:00 and 18:00 LT. And the height of transport is around 1128 
200 m and 1000 m. Using the PM2.5 concentration as a classified index of air pollution, the results 1129 
show that the regional transport from the southern area plays an important role in the initial period 1130 
of pollution, and local emissions are the main controlling factors in the heavy pollution period, 1131 
especially in winter. TF is largest in spring and smaller in summer, autumn and winter in Beijing. 1132 
The high TF mainly comes from southward transport, while the low TF is accompanied by northwest 1133 
transport. Using the PM2.5 concentration as a classified index of atmospheric pollution, the results 1134 
show that the regional transport of pollutants from the southwest is the main controlling factor of 1135 
pollution during spring in Beijing, while during the other seasons, the regional transport from the 1136 
southern area plays an important role in the initial period of pollution, and local emissions are the 1137 
main controlling factors in the heavy pollution period, especially in winter. 1138 
To solve the problem of heavy pollution in north China, joint prevention and control has been put 1139 
forward for a long time. Even so, there is still no concrete implementation plan. To break through 1140 
this embarrassing situation, this study quantifies TF to explain the time period when the transport 1141 
occurs and the main areas affected on Beijing. In this study, the response of particulate matter to 1142 
meteorological conditions in the mixing layer was studied, and the difference in the seasonal 1143 
response was found. Tatmospheriche transport dilution capacitycapability during different seasons 1144 
and the transport fluxTF during different pollution periods were also discussed. The important role 1145 
of transport in the initial period of pollution is emphasized. And local pollutant emission control is 1146 
the most effective way of mitigating pollution levels. The research results are of great significance 1147 
to the early warning, prevention and control of atmospheric particulate pollution. However, due to 1148 
the limitation of observational data, the near-surface particle concentration was used to replace the 1149 
concentration column for discussion purposes, resulting in uncertainty in the result. In the future, 1150 
this issue will be further discussed in combination with ground-based telemetry lidar. 1151 
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