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Dear Editors and Reviewers:

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

List of Responses
Responses to the comments from Reviewer #1

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

General Comments:

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

Comment 1:

The application of TC, TF and VC should be explained in more detail: why these
parameters are used and which advantages it provides in comparison to alternative
parameters.

Response 1:

Thank you for your helpful suggestion. After careful consideration, we think that
“atmospheric transport capacity” is prone to ambiguity, so we changed this term to
“atmospheric dilution capability”. Atmospheric dilution is composed of vertical and
horizontal dilutions, which can be characterized by the mixing layer height (MLH) and
wind speed in the mixing layer (WSwmL), respectively. The ventilation coefficient (VC)
is obtained by combining MLH and WSwm. and can be used for a comprehensive
evaluation of the vertical and horizontal dilutions, where a higher VC indicates a
stronger dilution capability. The TF represents the transport flux of PM2s, which can
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quantify the amount of pollutants passing through the area to assess the impact of
regional transport. To avoid confusion, changes were made in the paper.

Comment 2:

It is concluded that the transportation influence in southern regions is of higher
influence in the transition period of pollution, while local emissions are more important
in the heavy pollution period. My main concern is why the whole discussion with TC,
TF and VVC up to section 3.2 is without wind direction. In section 3.3 it would be helpful
to discuss MLH also.

Response 2:

Thank you for your helpful suggestion. After careful consideration, we have revised the
structure of the paper according to your suggestion. Section 3.1 mainly discusses the
seasonal and diurnal variations of the atmospheric dilution capability and PMas
concentration; section 3.2 mainly discusses the evolution of the TF, both temporally
and spatially; and section 3.3 analyzes the evolution of the TF under different pollution
degrees in detail. The revised structure will make it easier for readers to understand.
Thank you very much for your suggestions.

In addition, we have added the evolution of the MLH under different pollution degrees
in section 3.3 as suggested. We found that the MLH decreases gradually with the
worsening of the pollution (Fig. 1). This result also supports the conclusion that the
transport is weak during heavy pollution.
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Fig. 1 Mixing layer height under different degrees of pollution in different seasons in Beijing.
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The conclusions are a summary and in this summary no relation to the existing
knowledge / papers are given. What is new and what is supported by this study? The
paper addresses relevant scientific tasks. The paper presents novel concepts, ideas and
tools. The scientific methods and assumptions are valid and clearly outlined so that
substantial conclusions are reached. The description of experiments and calculations
allow their reproduction by fellow scientists.

Response 3:

Thank you for your helpful suggestion. Joint prevention and control have been
recommended for a long time to solve the problem of heavy pollution in northern China.
Even so, no concrete implementation plan has been established. To break through this
embarrassing situation, this study quantifies the transport flux to explain the time period
when the transport occurs, the main areas affected in Beijing and the height of transport.
The important role of transport in the initial period of pollution is emphasized. The
innovation of this study has been added to the conclusion.

Comment 4:

The quality of the figures is good. The figure captions should be improved so that these
are understandable without the overall manuscript: terms must be explained,
description of parameters.

Response 4:

Thank you for your helpful suggestion. According your suggestion, we added more
detail to make the figures more readable, such as descriptions of the parameters and
explanations of the abbreviations.

Specific Comments:

Comment 1:

Line 46: The values are valid for which time period?

Response 1:

Thank you for your helpful suggestion. The phrase has been revised to “the annual
average fine particulate matter concentration”.

Comment 2:

Line 57: How TC is defined? Reference? Line 59: What about wind direction? Line 64:
How VC is defined? Reference?

Response 2:

Thank you for your helpful suggestion. As mentioned in the response to comment 1 in
the “General Comments”, we changed “TC” to “atmospheric dilution capability”.
Definitions of the atmospheric dilution capability and VC have also been described in
the beginning of section 2.4. The wind direction in this study refers to the average wind
direction in the mixing layer. For ease of understanding, we modified the expression to
“average wind direction in the mixing layer”.

Comment 3:
Line 81: When this happened?
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Response 3:
Thank you for your helpful suggestion. This event happened in 2016, and this
information has been added to the paper.

Comment 4:

Lines 110 — 113: This explanation is not correct. Explain clearly what do you mean.
Response 4:

Thank you for your helpful suggestion. This section was removed during the revision
process.

Comment 5:

Line 116: What is —(dp/dx)?

Response 5:

Thank you for your helpful suggestion. B is the backscatter coefficient, and x is the
distance between the lidar and scattering volume (Minkel et al. 2007). —(dp/dx)
represents the maximum negative gradient value in this paper. Considering that —(dp/dx)
has no practical meaning in the paper, it has been deleted.

Comment 6:

Line 128: time resolution not time accuracy

Response 6:

Thank you for your helpful suggestion. This section was corrected the revision process.
The phrase “A time accuracy of 1 h” has been revised to “hourly”.

Comment 7:

Lines 142 — 144: Why this is an explanation? Height profile instead of “by height”
Response 7:

Thank you for your helpful suggestion. Although previous studies have shown that the
concentration of particulate matter in the mixing layer is basically uniform, there are
still large differences in some time periods, especially in time periods with transport
effects. Based on your suggestion and that of Reviewer 2, we find it inappropriate to so
rashly use the near-surface PM2s concentration as the concentration in the mixing layer.
Because the ceilometer can measure the atmospheric backscattering coefficient, it is
possible to obtain the vertical profile of the particles. Therefore, in the revised draft, we
analyzed the relationship between the backscattering coefficient at 100 m measured by
the ceilometer and the near-surface PM2 s concentration, discussed their correlations in
different seasons, and obtained the fitting curves of different seasons. Using these four
equations, we obtained the PM2.s concentration at different heights in different seasons.
According to this result, we have recalculated the TF in the revised draft.

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

Comment 9:

Line 366: concentration column? What do you mean? Technical corrections Indicate if
there are papers in Chinese.

Response 9:

Thank you for your helpful suggestion. We apologize for this mistake. We have revised
“concentration column” to “column concentration”.

Responses to the comments from Reviewer #2

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

General Comments:

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

Specific Comments:

Comment 1:

I suggest changing the second question to emphasize its scientific merit. By quantifying
transport fluxes from observation, what scientific question do you want to address?
Response 1:

Thank you for your helpful suggestion. We have emphasized the scientific merit of the
second question and added it to the introduction, as follows:

Although the problem of heavy pollution in northern China has improved in recent
years, regional pollution problems remain, especially in the Beijing-Tianjin-Hebei
region (Shen et al. 2019). To solve the regional pollution problem, joint prevention and
control have been recommended for a long time. Many studies on regional transport
have been carried out, but most observational studies cannot easily quantify the
transport flux due to the lack of particle and wind vertical profiles, and it is still unclear
when we need to control the emission sources and in which areas. In this study, we used
the backscattering coefficient measured by a ceilometer and wind profile to quantify
the transport fluxes to solve the problems mentioned above.
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Comment 2:

Section 2.2 describe the method to determine MLH. Although details are provided in
earlier papers, necessary steps should be clearly mentioned in the current paper, e.g.
line 113-115 averaging the profile over time? If so, over what time window, daily,
hourly?

Response 2:

Thank you for your helpful suggestion. The text has been revised to “the MLH was
calculated by the improved gradient method after smoothly averaging the profile data”.
More details are as follows:

Because the lifetime of the particles can be several days or even weeks, the distribution
of the particle concentration in the MLH is more uniform than that of the gaseous
pollution. However, the particle concentration in the mixing layer and that in the free
atmosphere are significantly different. In the attenuated backscatter coefficient profile,
the position at which a sudden change occurs in the profile indicates the top of the
atmospheric mixing layer. In this study, we used the Vaisala software product BL-
VIEW to determine the MLH. The time averaging is dependent on the current signal
noise. Height averaging intervals range from 80 m at ground level to 360 m at a 1600
m height and beyond. Additional features of this algorithm, which is used in the Vaisala
software product BL-VIEW, include cloud and precipitation filtering and outlier
removal. Because the aerosol concentrations are particularly low above the BLH and
the BLH in the Beijing area is usually lower than 4 km, we halved the detection range
to 7.7 km to reinforce the echo signals and reduce the detection noise.

Comment 3:

Section 2.4 cited a previous study to support the assumption that backscattering
coefficient is relatively uniform in the mixing layer. | think your ceilometer
observations include backscatter profile. Does your data quantitatively support this
assumption?

Response 3:

Thank you for your helpful suggestion. Although previous studies have shown that the
concentration of particulate matter in the mixing layer is basically uniform, there are
still large differences in some time periods, especially in the time periods with transport
effects. Based on your suggestions and those of Reviewer 2, we find it inappropriate to
so rashly use the near-surface PM2s concentration as the concentration in the mixing
layer. Because the ceilometer can measure the atmospheric backscattering coefficient,
it is possible to obtain the vertical profile of the particles. Therefore, in the revised draft,
we analyzed the relationship between the backscattering coefficient at 100 m measured
by ceilometer and the near-surface PM2s concentration, discussed their correlations in
different seasons, and obtained the fitting curves of different seasons. Using these four
equations, we obtained the PM2s concentration at different heights in different seasons.
According to this result, we have recalculated the TF in the revised draft.

Comment 4:
On line 156-158 and following statements, what is the number behind the i"C’s sign?

6



222
223
224
225

226
227
228
229

230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

247

248
249
250
251

Response 4:

Thank you for your helpful suggestion. | guess you mean “+”. The number after the “+”
represents the standard deviation, a measure of the dispersion of the data. An
explanation has been added where the notation first appeared.

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

Comment 6:

Why didn’t you show diurnal variations and growth rates of PMzs in Fig. 2? It seems
directly relevant to the first scientific question.

Response 6:

Thank you for your helpful suggestion. The diurnal variations of the PM2s and the
corresponding analysis have been added. More details are as follows:

Notable differences are present when we compare the dilution-related parameters to
PMzs. The daily maximum PMzs concentrations in the spring, summer, autumn and
winter were 73 ug m (11:00 LT), 56 ug m-3(09:00 LT), 78 ug m-3 (23:00 LT) and 101
pug m3 (01:00 LT), respectively. The differences between the maximum and minimum
were 14 ug m3, 10 pg m3, 20 ug m= and 38 pg m-3, respectively. Thus, the diurnal
variation of PM2s can be divided into two categories: (1) the highest value occurs in
the midday in the spring and summer and the overall change is small and (2) the highest
value occurs during the night in the autumn and winter and differs greatly from the
lowest value (Fig. 2). The main causes of air pollution are local emissions and regional
transport. Thus, these results indicate that there is a greater local contribution in the
autumn and winter and higher regional transport in the spring and summer.
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Fig. 2 Diurnal variations and growth rates of the MLH (a), WSwmc (b), VC (c) and PM_ s (d) in the
spring, summer, autumn and winter in Beijing. Diurnal variations are represented by lines and
scatters.
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Growth rates are represented by columns, and only positive values are shown in the figure.

Comment 7:

In Fig.3, it is worth discussing higher frequency of high VC (> 103 m2 s-1) in winter, is
it due to high wind speed associated with frontal passage?

Response 7:

Thank you for your helpful suggestion. We agree with you. In winter, when the Siberian
High transits, strong northwest winds prevail in the Beijing area (Fig. 3), resulting the
higher frequency of the VC in the range of 1000-2000 m? s1. We explained this point
in section 3.1.1 of the revised draft.
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Fig. 3 Diurnal variations in the mixing layer transport flux of PMs and transport direction during
different seasons in Beijing.

Comment 8:

In Fig.4, it seems to me that the dominant southerly wind partly explains the positive
correlation between wind speed and PM2s in summer.

Response 8:

Thank you for your helpful suggestion. The southern wind generally appeared at 12:00-
2:00 LT, and the high PM2s concentration generally appeared at 6:00-13:00 LT;
therefore, there was no significant relationship between the two. In addition, due to the
improper discussion of this section in the original text, we have deleted this section to
avoid confusion.

Comment 9:

I don’t think the conclusion on lines 289-294 that southerly wind is “dirtier” directly
comes from Figure 5 and 6 Flux variation comes from PM2s and wind speed, it could
be that southerly wind are generally stronger. In order to demonstrate this point, it will
help to add PMz2s fields in Figure 5 and Figure 6. Another way to demonstrate this
conclusion is to show wind rose and flux rose, and PM..s composite in different wind
directions.

Response 9:

Thank you for your helpful suggestion. According your suggestion, the diurnal
variation of the PM2 .5 concentration and the wind radar were added, and we found that
the level of the TF is determined by two factors, the WS and PM2s concentration. In
the spring, summer and autumn, the strong south wind prevails in the afternoon. As the
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south wind is often accompanied by a high PM2s concentration (Fig. 4), the TF is high.
In the winter, the whole day is dominated by westerly and northerly winds. Although
the northerly winds are strong, the TF is not high due to the low PM_5s concentration.
Generally, a high WS means fast mixing, and the corresponding MLH is also high. At
this time, the TF is mainly controlled by the WS. When the WS is low, the mixing speed
is slow, and the MLH is low. At this time, the TF is mainly controlled by the PM2s
concentration. From the above analysis, it can be inferred that if the MLH and WS
gradually decrease with the worsening of the pollution, the mixing layer TF is
controlled by the WS first and then by the PM.s concentration, and the maximum TF
may occur at a critical moment. This moment is neither the moment of the maximum
WS nor the moment of the maximum PM2s concentration but should be somewhere in
between.
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Fig. 4 The wind radar in different seasons in Beijing.
Responses to the comments from Reviewer #3

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

General Comments:

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

Specific Comments:

Comment 1:

Line 26, define “fine particle” for its first appearance, e.g., PM2s or something else.
Response 1:

Thank you for your helpful suggestion. The definition of “fine particle” has been added
to the paper.

Comment 2:



318
319
320
321

322
323
324
325
326

327
328
329
330
331

332
333
334
335
336

337
338
339
340

341
342
343
344
345

346
347
348
349

350
351
352
353
354

Line 31, recommend changing to “Transport mainly occurs between 14:00 and 18:00
LT”.

Response 2:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 3:

Line 41, recommend changing “other provinces and cities” to “surrounding provinces
and cities”

Response 3:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 4:

Line 46, define fine particulate matter as PM2s also if it is what the authors mean
Response 4:

Thank you for your helpful suggestion. The definition of “fine particle” has been added
to the paper.

Comment 5:

Line 49, recommend changing “a steady decrease in poor air quality” to “steady
improvement in air quality”

Response 5:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 6:

Line 77, recommend changing “...1.2% yr-1...” to “1.2 percent per year”
Response 6:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 7:

Line 86, recommend changing “...the reliability of the model will decrease” to “...the
reliability of the model cannot be guaranteed”

Response 7:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 8:

Line 91, recommend organizing it as “...transport flux (TF) in the mixing layer...”
Response 8:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 9:

Line 156-158, the way this sentence and next one were constructed will really confuse
the readers. “Seasonal variation” means and focuses on the variation, i.e, the standard
deviation. | think the authors is trying to express something like this: “In terms of
seasonal variation, the means of MLH for spring and summer are relatively higher than
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those of fall/autumn and winter. However, WS was quite different from MLH, ...”. For
Line 166-169, according adjustment is recommended for the discussion of PMzs to
avoid confusion.

Response 9:

Thank you for your helpful suggestion. We apologize for this mistake. Similar errors in
the full text have been corrected accordingly.

Comment 10:

Line 163-164, recommend changing to “...The average TC for summer, winter, and
autumn were quite similar, with the VC values....”

Response 10:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 11:

Line 233-234, does the authors want to express this: “When MLH, WSwmL and VC were
lower than 400 m, 2.5 m s and 1500 m? s, respectively, the PM.s concentration
decline sharply with these parameters increasing”? It is hard to imagine air pollution
declines at these conditions not in favor of atmospheric dispersion.

Response 11:

This section has been deleted. Thank you for your helpful suggestion, and we apologize
for this mistake.

Comment 12:

Line 261, | think May TF of 269 mg m st was 1.5 times higher than August TF of
106 mg m1 s1, Alternatively, you can express it as “May TF was 2.5 times of August
TF”.

Response 12:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 13:

A general comment: when using “transport” and “transportation”, try to clarify it and
avoid the ambiguity by meaning the transportation sector like vehicle emissions, since
it is also great contributing factor for fine particle concentration.

Response 13:

Thank you for your helpful suggestion. Some ambiguity has been eliminated through
the revision process, while the other instances can be understood by the context.

Comment 14:

Line 361-364, the expression in this segment could be revised to avoid negative image
of the conclusion.

Response 14:

Thank you for your helpful suggestion. To avoid a negative image of the conclusion,
this expression has been removed.
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Technical corrections:

Comment 1:

Line 20, change “atmospheric pollution” to “air pollution”

Response 1:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 2:

Line 24, change “weakens” to “weaker” or make alternative grammar corrections
Response 2:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 3:

Line 35, change “transportation influence” to “influence/impact of (air pollutants)
transport”, otherwise it seems to mean the influence of transportation section like
vehicles

Response 3:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 4:

Line 45, change “the Beijing’s air quality” to “Beijing’s air quality”
Response 4:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 5:

Line 48, change “Although Beijing’s government has been dedicated...” to “Although
Beijing government has dedicated...”

Response 5:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 6:

Line 49-50, change “...ensure the continuous decline...” to “...ensure continuous
decline...” or “...ensure the continued decline...”

Response 6:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 7:

Line 109, change “...More detail descriptions...” to “More detailed descriptions...”
Response 7:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 8:

Line 116, change “...remote sensor method...” to “remote sensing method...”
Response 8:

Thank you for your helpful suggestion. The text has been revised accordingly.
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Comment 9:

Line 120, change the long dash to short dash or change it to “to”

Response 9:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 10:

Line 150, change “...we carried out continuously measured...” to “...we continuously
measured...” or “we carried out continuous measurement of...”

Response 10:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 11:

Line 184, change “stable” to “relatively smaller”

Response 11:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 12:

Line 185, recommend changing to “which are 4 h later than the peak and trough of
MLH...”

Response 12:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 13:

Line 193, change “at the latest” to “later than other seasons”. “At the latest” means
something else like a deadline.

Response 13:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 14:

Line 195, change “TC” to “VC” or change “VC” to “TC”, so that the same parameter
is compared, even though we VC is used to express the magnitude of TC.

Response 14:

Thank you for your helpful suggestion. After careful consideration, we think that
“atmospheric transport capacity” is prone to ambiguity, so we changed “atmospheric
transport capacity (TC)” to “atmospheric dilution capability”.

Comment 15:

Line 236, change to “...than other seasons...”

Response 15:

Thank you for your helpful suggestion. The text has been revised accordingly.

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

Comment 17:

Line 255-256, need improvement for this expression: “The northwesterly and westerly
directions were the main transport sources of the cold period in Beijing.”

Response 17:

Thank you for your helpful suggestion. This phrase has been revised to “The transport
sources of the cold period in Beijing were predominantly from the northwesterly and
westerly directions.”

Comment 18:

Line 257, change “increased” to “changed”

Response 18:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 19:

Line 286, change “rules” to “patterns”

Response 19:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 20:

Line 297, change “4” to “four”, please refer to manuscript preparation guidance about
numbers.

Response 20:

Thank you for your helpful suggestion. We apologize for our carelessness. The text has
been revised accordingly.

Comment 21:

Line 299, recommend changing “and we must pay attention to local pollutant emission
control” to “and local pollutant emission control is the most effective way of mitigating
pollution levels”

Response 21:

Thank you for your helpful suggestion. The text has been revised accordingly.

Comment 22:

Line 346-347, change “the concentration of pollutants has a good relationship with VC”
to “the concentration of pollutants is significantly correlated with VC”
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This section has been removed. Thank you for your helpful suggestion.

Special thanks to you for your good comments.

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

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

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

Quantifying the transport flux (TF) of atmospheric pollutants plays an important role in
understanding the causes of atmesphericair pollution and in making decisions regarding the
prevention and control of atmespherieregional air pollution. In this study, the mixing layer height
and wind profile ef-the-mixing-layer-were measured by a ceilometer and Doppler wind radar,
respectively, and the wvariation—characteristics of the atmospheric dilution capabilityiranspert
capacity (FC)-were analyzed using these two datasets. Theresearch-showed-that-the ventilation
coefficient (VFC) appears to be higheststrengest in the spring (3940 + 2110 m? s?t) and
weakelowerns in the summer (2953 +1322m?s 1) autumn (2580 + 1601 m? 1) and winter (2913
+3323 m?s?). .

ee#eia&ew%umw%@%%%%mbmed Wlth the backscatters measured bv the ceilometer,
vertical profiles of the PM,s concentration were obtained, andBy-ealetating the PMy s transport

flux-TF in the mixing layer was calculatedef-fine-particles-(FF);. tThe TF was the in-Beijing-was
found-to-be-thehighest in the spring, at 4.33 + 0.69226-+294 mg m's*,m*s™* and lower_—in-the
other-three-seasens-in the summer, autumn and winter, when the TF values were 2.27 + 0.42 mg m°
st 2.39 +0.45 mg m?s? and 2.89 + 0.49 mg m-!s, respectivelyat-approximately-140-mg-ms

Air pollutant Franspert-transport mainly occurs between 14:00 and 18:00 LT. The%@epﬁepéaﬂﬂg
spring-the-TF was large in the pollution transition period (spring: 5.50 + 4.83 mg m-'s™, summer:
3.94 + 2.36 mg m1s 1328+ 280-mg-ms?, autumn: 3.72 + 2.86 mg ms! 280+ 336-mg-m*stand
winter: 4.45 + 4.40 mg m*s 240+ 297 mg-m~s™) and decreased during the heavy pollution period
(spring: 4.69 + 4.84 mg m's?, summer: 3.39 + 1.77 mg m1s1 295+ 215 mg-m*s*, autumn: 3.01 +
2.40 mg m?s! 243+ 238 mg-m*s*and winter; 3.25 + 2.77 mg ms' 212 + 209 mg-m~s*). Our
results indicate that the influence of the air pollutant transportation-irfluence in the southern regions
should receive more focus in the transition period of pollution, while local emissions should receive
more focus in the heavy pollution period.

1. Introduction

With the rapid development of its economy and industry, as well as-the its unique local topography,
Beijing has become one of the cities in the world that is most seriously affected by air pollution. As
early as before the 2008 Olympic Games, to fulfill the promise of a “Green Olympics”, Beijing’s
industries were relocated to ether-surrounding provinces and cities. After the Olympic Games, with
the promulgation of the “Action Plan for Prevention and Control of Air Pollution”, Beijing
implemented a series of measures to reduce pollutants, such as raising the emission standards of
motor vehicles and fuel standards for vehicles, changing coal to natural gas, coal to electricity and
so on. These measures have gradually improved—the Beijing’s air quality, with the annual
averageeeneentration-of fine particulate matter (PM2s) concentration decreasing from 90 ug m= in
2013 to 58 ug m in 2017—_(Cheng et al. 2018a)http:/Awananvicneme.cnf).

Although the Beijing’s government has-been dedicated-been committed in recent years to takmg

measures that could ensure a steady improvement in the air qualitya-steacyeecrease-in-pesr-air
quality, there is still great pressure to ensure-achieve a the-continuous decline in_the particulate
matter concentration. Beijing is in the north of the North China Plain, the south side and the west

16

[ "B T HER: 7K (BRIA) Times New Roman




578
579
|580
581
562
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621

side are the Yanshan Mountains and the Taihang Mountains, respectively. Affected by the mountains
to the northwest, there are more subsiding airflows, a lower mixing layer height and an extremely
limited atmospheric eiffusiondilution eapacitycapability. In addition, pollutants tend to accumulate
in front of the mountains due to the influence of southerly winds and mountain obstruction. In
central and northern China, the increase in PM.s during winter is closely related to adverse
atmospheric transport-dilution conditions (Wang et al. 2016). Therefore, in addition to primary
emissions and secondary formation, weak atmospheric dilution capability transpert-capacity{FCS)
is an important factor leading to the frequent occurrence of serious air pollution in Beijing.

In recent decades, mixing layer height (MLH) and wind speed (WS) are two major factors that lead
to the annual increase in aerosol concentration and haze days during winter in China (Yang et al.
2016). Additionally, low MLH and low WS are important characteristics of weak atmospheric
FCdilution capability (Huang et al. 2018; Liu et al. 2018; Song et al. 2014; Tang et al. 2015). The
change in MLH represents the vertical FEdilution capability of pollutants, and the change in WS
represents the horizontal FEdilution capability of pollutants. To better characterize atmospheric the
FEdilution capability, the ventilation coefficient (VC) is usually used to evaluate the vertical and
horizontal trarspertdilution capabilityeapacity of the atmosphere (Nair et al. 2007; Tang et al. 2015;
Zhu et al. 2018). Thus, it is a good choice to use VVC to evaluate the relationship between atmospheric
TFEdilution capability and air pollution in Beijing. Although previous studies have analyzed the
relationship between MLH and pollutants (Geif et al. 2017; Miao and Liu 2019; Schéfer et al. 2006;
Su et al. 2018), studies on the effects of VC on particle concentration are extremely rare.

Although the problem of heavy pollution in northern China has improved in recent years, regional
pollution problems remain, especially in the Beijing-Tianjin-Hebei region (Shen et al. 2019).4

particularhyimportant: There are three main transport routes affecting Beijing: the northwest path,
the southwest path and the southeast path (Chang et al. 2018; Li et al. 2018; Zhang et al. 2018). The
occurrence of heavy pollution in Beijing is closely related to the transportation of pollutants in
southern regions, mainly in southern Hebei, northern Henan and western Shandong, while the high-
speed northwest air mass is conducive to the removal of pollutants in Beijing (Li et al. 2018; Ouyang
et al. 2019; Zhang et al. 2018; Zhang et al. 2017). In recent years, the contribution of regional
transport to Beijing has been increasing annually, with a trend of 1.2 % per vear%-year*, which

reached 31-73% in summer and 27-59% in winter (Chang et al. 2018; Cheng et al. 2018b; Wang et
al. 2015). High PM2s concentrations are usually accompanied by high transport flux (TF) within a
day in Beijing-. As pollution worsens, the contribution of the surrounding areas to the PMzs in
Beijing has risen from 52% to 65% in a month on average in 2016 (Zhang et al. 2018). However,
during heavy pollution, the transpertFhixTF decreased in Beijing (Chang et al. 2018; Tang et al.
2015; Zhu et al. 2016). Although-many-studies-on—regiona ansport-have-been-carried-out—mo

To solve the regional pollution problem, joint prevention and control have been put forward for a

long time. Many studies on regional transport have been carried out, but most observational studies
cannot easily quantify TF due to the lack of particle and wind vertical profiles, and it is still unclear
when do we need to control the emission sources in which areas. To solve the above problems, we
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conducted 2 years of continuous observations on MLH and wind profiles in the Beijing mixing layer
and, analyzed the mixing layer dilution capability of atmosphere. Afterwards, using backscattering

coefficient profile, we obtained the vertical PM, s concentration profiles, and calculated TF profile
and mixing layer TF. Finally, using the near-surface PM, s concentration as an indicator to classify
the air pollution degree, we analyzed the TF during the transitional and heavily polluted period in

Beijing and illuminated the main controlling factors.Fe-solve-the-above two-problems, we conducted

N =

2. Methods

2.1 Observational station

To understand the FC€dilution capability characteristics in Beijing, two years of observations were
conducted in Beijing (2016.1.1-2017.12.31). The observational site (BJT) is in the Institute of
Atmospheric Physics of the Chinese Academy of Sciences, located west of the Jiande Bridge in the
Haidian District, Beijing (39.98° N, 116.38° W). The north and south sides of the station are the
north third and north fourth ring roads respectively, and the eastern side is Beijing-Tibet expressway.
The altitude (a.s.1.) is about 60 m. There is no obvious emission source around the observational site

except motor vehiclesthe-highway.

2.2 Observations of MLH and wind profiles

To analyze FEdilution capability, MLH was observed by a single-lens ceilometer (CL51, Vaisala,
Finland), and the wind profile in-the-mixing-layer-was simultaneously observed by doppler wind
radar (Windcube 100s, Leosphere, France).—

A single-lens ceilometer measures the attenuated backscatter coefficient profile of atmosphereie
aerosels-by pulsed diode laser lidar technology (910 nm waveband) within a 7.7 km range, and
determine the MLH through the position of abrupt changes in the backscattering coefficient profile.
In the actual measurement, the measurement interval was 16 s and the measurement resolution was
10 m. More detailed descriptions are presented in the published literature (Tang et al. 2016; Zhu et
al. 2016). In this study, the gradient method (Steyn et al. 1999) is used to determine the MLH; that
is, the top of the mixing layer was determined by the maximum negative gradient value-{-g£/ex} in
the profile of the atmosphere backscattering coefficient. Moreover, to eliminate the interference of
aerosol layer structure and the detection noise to data, the MLH was calculated by the improved
gradient method after, smoothly —averaging the profile data (Miinkel et al. 2007; Tang et al. 2015).

Doppler wind radar uses the remote sensinger method of laser detection and ranging technology
and measures the doppler frequency shift generated by the laser through the backscatter echo signal
of particles in the air. Windcube 100s can provide 3D wind field data within a 3 km range from the
system, including u, v and w vectors. In the actual measurement, starting from 100 m, the spatial

resolution is 50 m, the WS accuracy is < 0.5 m s, and the radial WS range is-30 m s to —30 m
18
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st
2.3 Other data

During the observations, the hourly PM, s-and-ozenesurface concentrations of the Beijing Olympic
Sports Center (39.99° N, 116.40° W) were obtained from the Ministry of Environmental Protection

of China (http://www.zhb.gov.cn/). /,,//[ "B TH#HER: 7 (BRIA) Times New Roman

2.4 Analytical method

Atmospheric dilution is composed of vertical and horizontal dilution, which can be characterized
by MLH and wind speed in the mixing layer (WSwmy), respectively. VC (m? s1) was obtained by
combining MLH (m) and wind-speed-in-the-mixing-layer {(WSmL_,-(m s), which can be used to-for
charaeterizecomprehensive— evaluation of vertical and horizontal dilution¥S. A-hHigher VG
dilution-related parameters (MLH, WSy and VVC) indicates a stronger FCdilution capability, which
is conducive to the transport and diffusiendilution of heavy air pollution._

—~The VC calculation method is as follows:

o

VC = Hy MEH x WSy, @

WSy =

N ®E TR FK: Times New Roman

= WS;, -

N4ai=1 A A N f & E TR F1: Times New Roman
2 2 \{ RE 7R FIK: Times New Roman

WgWSiA_ wu v /,,//[ % E TR FK: Times New Roman

(©)]

where WSy is the average WS within the mixing layer, calculated by Eq. (2); Hwuw is the height of
the mixing layer; WS; is the WS observed at a certain heightat-heights, calculated by the-mean-value
ef-u; and v; in the wind profile according to Eq.— (3); and n is the number of measurement layers in
the mixing layer (Nair et al. 2007).

TF (mg m*s?s?) is determined by FS-WS and the PMz;5 concentration in the area under analysis.

The calculation method for a certain height is shown in Eq. (4): BB TH#3%: & Times New Roman, 3EiR)
TE,, = ui X Cif f [ { "B TR F: Times New Roman
@ \{ "B TR FE: Times New Roman
where C; is the concentration of PM,s at a certain height. However, it is extremely difficult to "B THR: F: Times New Roman
observe the vertical PMys concentration in the mixing layer. To obtain the PM,s concentration, % E T #ER: F&: Times New Roman
profile, we studied the backscattering coefficient measured by ceilometer, and found that the B TR 3 LK TR
concentration of near-surface PM, s is strongly correlated with the backscattering coefficient at 100 RETHER: F ES
m (Fig. S1). Thus, based on the relationship between the two, backscattering coefficient profile can RETHER: F ES
be used to inverse the vertical PM,s concentration profile. i i BETHR: TR RS
PM.s ion ixi height_b o ervations-have shown-that the RETHR: F4h RS
; _ThenAssuming that the BETHR: T 1S
iform, the TFs_in the mixing layer are calculated as /{ BB THR: i A5
follows: | BETHR: R
n 1 / BB THR: FH: Times New Roman
TR, = J. (u X -G Ci)>-MEH %{{ R B TR K Times New Roman
= A, = {*f‘[ BB TR FR: Times New Roman, FE5i5}
\f "B TR F: Times New Roman
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i=1 = . N

A__AA A

: (5)

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

3. Results and discussions

3.1 Boundary layer meteorologyMixinglayertranspert-capacity-(FC)

3.1.1 Seasonal variation

To understand the variations of atmospheric FEdilution capability, we carried out continuoushy
measurement ofed MLH and wind profiles within the mixing layer over a 2-year period (2016.1.1-
2017.12.31). The availability was verified after MLH elimination by Tang et al. (Tang et al. 2016).
After the exclusion of the data of MLH under rainy, sandstorm and windy conditions, data
availability was 95% over the 2-year period, higher than that of previous studies (Mues et al. 2017;
Tang et al. 2016). The availability was lowest in February at 86% and highest in July at 99%.

In terms of Fhe-seasonal variation, the averages of i--MLH for springwas-highertn-spring (781 +
229 m) (value + standard deviation) and summer (767 + 219 m) were higher than those of ane-ewer
in-autumn (612 + 166 m) and winter (584 + 221 m) (Fig. 1). However, WSy was guite-different
from MLH in terms of seasonal variation, with the largest value at 4.6 + 1.6 m s in spring, followed
by winter (4.1 £ 2.7 m s%) and autumn (3.7 = 1.6 m s1), and the smallest value at 3.6 + 1.1 m s in
summer. VC was calculated by the MLH and wind profile, and the-seasenal-variation-inFC-over 2
years-was-analyzed-{Fig—1)-The results demonstrate that the FCdilution capability was strongest in
spring, as the VC reached as high as 3940 + 2110 m? s, AtmosphericThe TCdilution capability
differences-forameng summer, winter and autumn were smak-similar, withhen the VC values were
2953 + 1322 m? s, 2913 + 3323 m? s and 2580 + 1601 m? s?, respectively. A monthly analysis
shows that atmospheric the-FEdilution capability was the-strongest in May, the VC was as high as
5161 + 2085 m? s1-; the TC-was-theand worst in December, and the VC was only 1690 + 1072 m?
s'. The VC value in May was 3.1 times higher-thanof that in December. To analyze the impacts of
dilution capacity on PM,s, the seasonal variation of PMys were analyzed. The averages of PMas
concentration for winter (80 + 87 ug m-) was highest, followed by autumn (68 + 54 ug m-) and
spring (67 + 60 ug m3), and summer (51 + 29 ug m) was lowest. The lowest monthly average
PM, 5 concentration was 42 + 26 ug m= in August. The highest monthly average was in January at
94 + 100 pug m3, 2.2 times of that in August (Fig. 1).Fhe-seasonal-variation—in—the-PMos

concentration-was-the-highest-in-winter(80-+87ug-m2)followed-by-autumn {68+ 54—ng-m=)
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741 the ventilation coefficient (VC) and PMzs in Beijing.

742 Although there is little difference in dilution capability between summer, autumn and winter, there<—[ XM EX

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

759  frequency of poor atmospheric dilution capability, /{ JBETHER: 2 (PX) +PXEX (%)
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761 Fig. 2 Frequency distribution of the daily VVC from January 2016 to December 2017 in Beiiinq,_/{ BB TR T4 (PXX) Times New Roman
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3.1.2 Diurnal variation

Moreover, the diurnal variations in dilution-related parametersmeteerelogical—factors during
different seasons were analyzed to reveal the diurnal evolution—characteristies of atmospheric
FEdilution capability. The peak and trough values of MLH and VC appeared simultaneously at
approximately 15:30 LT and 05:30 LT, respectively. Generally, the daily variation in MLH is
characterized by a low value at night, which increases rapidly after sunrise and reaches the
maximum value in the afternoon (Fig. 2a3a). The daily maximum value of MLH is seasonal, where
it is higher in spring and summer and lower in autumn and winter. The daily minimum value of
MLH generally occurs when the mixing layer is stable and is closely related to WS. The diurnal
variation in WSy is smallerstable, with a peak at approximately 19:30 LT and a trough at
approximately 10:00 LT, which is-are ~4 h later than the peak and wvaHeytrough of MLH (Fig. 2b3Db).
The diurnal variation in VC is similar to MLH, showing that the FEdilution capability is strong
before sunset, gradually weakens after sunset and remains stable at night. The FCdilution capability
in spring was significantly stronger than that during other seasons, and the maximum daily value
reached 8678 m? s* (Fig. 2¢3c). In addition to spring, the daily maximum values of VC in summer,
autumn and winter were close at approximately 5000 m? s (Fig. 2¢3c). The TS-VC growth rate in
spring was significantly higher than that in other seasons, reaching a maximum at approximately
09:00 LT. Latetin autumn, the FS-\VC growth rate peaked at approximately 10:00 LT. Summer and
winter peaked at approximately 11:00 LT. Throughout the year, VC began to increase during winter
at-the—latestlater than other seasons, at approximately 09:00 LT, indicating that the weaker
TFCdilution capability remained for a longer period during winter. ¥&-VVC was weakened most
rapidly in spring; however, the FCit was still higher than that he\/C-of other seasons after declining.
In addition to spring, the ¥€-\VC in autumn and winter weakened the most rapidly and the slowest
in summer. In general, vertical and horizontal diffusiendilution is-veryare strong in the spring during
both day and night. In winter, vertical diffusiendilution is weak during the day, and horizontal
transportation—dilution during the night is the main—transportation. In summer, vertical
diffusiondilution during the day is dominant.

Notable differences are present when we compare dilution-related parameters to PMys
concentration. The daily maximum of PM,s concentration in spring, summer, autumn and winter
were 73 ug m- (11:00 LT), 56 ug m-(09:00 LT), 78 ug m= (23:00 LT) and 101 ug m-3 (01:00 LT),
respectively. The differences between the maximum and minimum were 14 pg m*, 10 ug m=3, 20
ug m3 and 38 pg m, respectively. Thus, the diurnal variation of PMys can divided into two

categories: (1) high value occurs in the midday in spring and summer and the overall change is small,
(2) high value occurs during the night in autumn and winter and differ greatly from low value (Fig.
3d). The main causes of air pollution are local emissions and regional transportation. Thus, these
results indicating that more_local contribution in autumn and winter, and higher regional transport

in spring and summer.
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figure.
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3.2.1 Temporal evolution of TF

To quantify the transport of PM, s in Beijing, the transport direction of PM.s was characterized by
the average wind direction in the mixing layer. As shown in Fig. 4, mixing layer TF in spring was
largest, reaching 4.33 + 0.69 mg ms, and there was no significant difference in summer, autumn
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or winter, when the TF values were 2.27 + 0.42 mg ms?, 2.39 + 0.45 mg ms? and 2.89 + 0.49
mg m-s, respectively. The transport sources of the cold period in Beijing were predominantly from
the northwesterly and westerly directions. With temperature warming, the transport direction
gradually changed from west to south, mainly as a southwesterly in spring and southerly in summer.

The monthly average maximum value of TF occurred in May, as high as 5.00 + 5.21 mg ms* and
mainly originated from the southwest direction, which was accompanied by a strong wind. The
minimum value appeared in August, as low as 1.70 + 1.73 mg m-*s"t, which was mainly transported
from western regions, with small WS. The TF in May was 3 times of that in August (Fig. 4).
Therefore, the change in transport direction leads to an obvious seasonal variation in TF. Overall,
the regional transport contributes the most to the PMys concentration in spring, which is mainly

related to increased dust activities; regional transport has smaller contribution in winter, but high
near-surface PM s concentration, which indicates that more focus should be given to local emission
source control; in summer and autumn, the southwest airflow transportation influence on Beijing
should receive more focus.

=5 6;*
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Jan  Mar May Jul Sep Nov

Fig. 4 Seasonal variations in the mixing layer TF of PM, s and transportation directions.

To understand the regional transport influence on the Beijing area, the diurnal variations of mixing

layer TF were analyzed during different seasons in Beijing. The daily minimum value of TF
appeared at approximately 07:00 LT and was accompanied by a northerly wind. As the average wind
direction in the mixing layer gradually turned south, the daily minimum value of TF continued to
rise until the daily maximum value appeared at approximately 16:00 LT (Fig. 5). Transportation
mainly occurred between 14:00 and 18:00 LT, which was consistent with the results of a previous
study (Ge et al. 2018). In spring, the WS was highest, so the peak TF duration was shortest, peaked
at only 16:00 LT (9.50 mg m™!s%), and then dropped sharply to 1.94 mg ms™. Therefore, the diurnal
variation in TF during spring showed the characteristics of a rapid rise and rapid decline. The peak
duration was approximately 3 h for a long time in summer and autumn, where the daily maximum
values were 3.79 mg ms? and 3.63 mg m*s't, and the minimum values were 1.00 mg m-s™ and
1.30 mg m'st, respectively. The diurnal variation in TF during summer and autumn showed the
characteristics of a slow rise and slow decline. Specifically, the daily variation had a strong
fluctuation in winter, peaked three times at 14:00 LT (4.06 mg m?s™), 16:00 LT (4.38 mg ms?)
and 19:00 LT (4.07 mg m's%), then dropped slowly to 1.66 mg m-*s"t. Another special point is that
in spring, summer and autumn, high TF corresponds to southerly wind, while in winter, southerly
wind does not appear in the whole transport process, instead, there is westerly wind, which
influenced by the Siberian high.

Even so, the TF variation patterns can be summarized as a high TF corresponds to a southerly wind
and a low TF corresponds to a northerly wind (Fig. 5). When the average wind direction in the
mixing layer changed from north to south, the TF gradually increased from the daily minimum to
the daily maximum. The TF increased by 5 times in spring, 4 times in summer, 3 times in autumn
and winter. The current pattern is because areas located in south of Beijing are heavily polluted and
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southerly winds help transport pollutants into the city, leading to high TF in the afternoons (Fig. 5).
However, due to the high mixing layer in spring, the concentration of near-surface PM,s did not
increase. The results further confirm the conclusion that the northwest wind in Beijing is a clean
wind (Wang et al. 2015; Zhang et al. 2018). Thus, the northwest wind is conducive to the outward
transport of pollutants from Beijing, which helps to alleviate pollution. As a result, there was no
high TF in winter when the northwest wind prevailed. On the other hand, southerly winds are
stronger than northerly winds (Fig. 5), which can also result high TF occurred. Therefore, the level
of TF is determined by two factors, that of WS and PM,s concentration. In spring, summer and

[ BETHR T4

autumn, strong south wind prevails in the afternoon. As the south wind is often accompanied by
high PM> s concentration (Fig. S2), TF is high. In winter, the whole day is dominated by westerly
and northerly winds. Although the northerly winds are strong, TF is not high due to the low PM;s

[ BETHR FHEE AHEE

concentration. Generally, high WS means fast mixing, and the corresponding MLH is also high. At
this time, TF is mainly controlled by WS. While WS is low, the mixing speed is slow and MLH is
low. At this time, TF is mainly controlled by PMys concentration. From the above analysis, it can
be inferred that if MLH and WS gradually decrease with the worsen of pollution, the mixing layer

{RETHR SHhHe AHEE

TF is controlled by WS first and then by PM» s concentration, which may appear a maximum TF at
a critical moment. This moment is neither the moment of maximum WS nor the moment of
maximum PM s concentration. It should be somewhere in between. This will be discussed in more
detail in section 3.3.
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Fig. 5 Diurnal variations in the mixing layer TF of PM,5 and transportation directions during 4—[#[%;—&&9: EX, B, B%EiERE: 05 17

different seasons in Beijing,

3.2.2 Vertical evolution of TE
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After the aforementioned analyses, the transportation period is known. To further explore the height
of transport, we studied the seasonal variation of TF profile in combination with the vertical wind
and PM s profile. With the increase of altitude, the WS first increases sharply at approximately 200
m, and then slowly increases, and the differences between different seasons gradually become
significant. WS is always smallest in summer, and strongest in winter. It is same in spring and
autumn at 1200 m. Above 1200 m, WS in autumn exceeds those in spring. The PM, s concentration
at 100 m obtained by inversion is highest in winter (93.7 mg m?s?), and similar in spring and
autumn (80.3 mg m?s* and 75.8 mg m%s%, respectively), and lowest in summer (53.5 mg m?s).
This is consistent with near-surface results. Below 200 m, PM, s concentration is relatively uniform.
As the height increased, the PM,s concentration decreased gradually. Between 200-600 m, PMy s
concentration begins to decrease rapidly, but the rate of decline was obviously different in different
seasons. In autumn and winter, the reduce rate of PM, s concentration was significantly higher than
30
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987  thatin spring and summer. As a result, the spring PM, 5 concentration at 400 m began to be greater
988 than that in winter; the summer PM, s concentration at 650 m began to be greater than that in autumn,
989  and was at the same level as that in winter. Over 600 m, there is no significant difference in PMys
990  concentration between different seasons, while WS varies greatly. Therefore, TF is greatly affected
991 by WS at high altitude, while it is greatly influenced by PM2s concentration on the near ground.
992 Besides, the TF in the mixing layer is also affected by MLH.

993  The vertical evolution of the TF is different from both WS and PM s concentration, and the seasonal
994  variation remains consistent from near-surface to the upper air, which shows that the TF for spring
995  was the highest, followed by winter and autumn, and summer was the lowest. The vertical variation
996  of TF increases firstly and then decreases, and a peak appears around 300 m, at 0.38 mg m?s* in
997  spring, at 0.19 mg m%s! in summer, at 0.24 mg ms* in autumn, and at 0.31 mg ms* in winter. In
998  the process of TF lowering, it has different performances in different seasons. In spring, the decline
999  slowed down at about 1500 m. The change in summer and autumn is similar. After the peak, TF

1000  drops rapidly in summer and autumn. And the decrease rate above 500 m becomes slow, and then
1001  slows down again after 1500 m, finally, the TF profiles tend to be vertical. In winter, TF declines
1002 rapidly, followed by fluctuations around 1000 m. The above results can preliminarily indicate that
1003  the transportation mainly occurs within 200-1500 m, which will be dissect in Sec. 3.3. To sum up,
1004  inautumn and winter, the high concentration of PM is concentrated in near the ground, while the
1005 TF is not large, again indicating that local emission is the main source of PM s in autumn and winter;
1006 in spring, affected by high-altitude transportation, PM2 s concentration is high; in summer, both TF
1007 and PMas concentration are at the lowest level, indicating that regional transport may play an
1008 important role in PMy s concentration in summer.
3000
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1009

1010 Fig. 6 Vertical profiles of WS (a), PM,s (b) and TF of PM_ 5 (c) in different seasons in Beijing. <—[ RN B3 B

1011 3.4-3 TF under different degrees of air pollution—

1012  Previous studies have demonstrated that transportation occurs only at the transition period of
1013  pollution, and transportation is weak at the peak of pollution (Tang et al. 2015; Zhu et al. 2016). To
1014  quantify the transport impact of different pollution levels, the PM2s concentration was divided into

1015  five levels according to the “Technical Regulation on Ambient Air Quality Index (on trial)”
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(HJ 633-2012): PMy5 < 35 ug m (clear days), 35 < PM,s < 75 ug m= {(slight pollution), 75 <
PMas <115 ug m (light pollution), 115 < PMys < 150 ug m-3 (medium pollution) and PMs > 150
ug m- (heavy pollution). An interesting phenomenon is that with the increase in altitude, the heavier
the pollution near the ground is, the greater the reduction rate of the PM,s concentration is (Fig. 7).
As a result, there is a reversal at 1000-1500 m. In other words, the more severe the near-surface
pollution, the lower the high-altitude PM2s concentration. This is particularly outstanding in the
spring: from a clear to a heavy polluted day, the TF at 100 m was, in turn, 0.15 mg ms?, 0.26 mg
m2s? 0.32 mg m?s?, 0.39 mg m?s?, 0.66 mg m?s*, and at 2600 m, the values dropped to 0.15 mg
m?2s?, 0.17 mg m?s?, 0.13 mg m?s*, 0.10 mg m?s* and 0.07 mg m?s*, respectively. That is, the
lower the pollution degree, the more vertical the TF tends to be. This is related to the MLH, because
a high MLH is conducive to the diffusion of pollutants in the vertical direction. With the worsening
of pollution, the MLH shows a downward trend (Fig. S2).slight-haze); 75-<-PM, s-<H5pg-m=
(light-haze)115-< PM, 5= 150-pg-m{medium-haze)-and-PMg s > 150g-m-°-(heavy-haze)-
According to the previous analysis, two peaks may appear in the TF profile, indicating that the
transport occurs at two different heights, approximately 200 m (low-altitude transport) and 1000 m
(high-altitude transport), respectively. Due to the sudden increase in the WS at approximately 200
m, the low-altitude transport at 200 m is the basic transport height, regardless of the season and the
degree of pollution. In contrast, the high-altitude transport is quite special and mainly occurs in the
winter when there is significant pollution. A small peak of in the TF can also be found on heavy
polluted days in the summer. Although the change in the TF profile of medium pollution in the
autumn is not as obvious as that in the summer and winter, a small increase can still be seen (Fig.
7). In the case of heavy pollution, the MLH is usually less than 1000 m, while in the case of clear
and slight pollution, the MLH is close to the height of high-altitude transport (Fig. S2). Therefore,
it can be inferred that the pollutants transported at a high altitude during heavy pollution are stored
in the residual layer, and when the mixing layer becomes higher, the pollutants stored in the residual
layer diffuse into the mixing layer, affecting the pollution level within the mixing layer. This may
be a key contributor to the slight pollutlon in the summer, autumn and winter, but further research
is needed ALER
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Beijing. Clear days: PMps < 35 ug m:?, slight pollution: 35 < PM,s < 75 ug m*, light pollution: 75

< PMys < 115 ug m=, medium pollution: 115 < PM5 < 150 pg m™ and heavy pollution: PM, s >
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According to the same division method, we further explored the seasonal variation of the TF and

transport source in the mixing layer under different pollution degrees. With pollution aggravation,
the mixing layer TF in Beijing increased by varying degrees during different seasons, and the
transport direction gradually shifted from northwest to south (except during the winter) (Fig. 8). In
particular, the mixing layer TF in the spring is significantly higher than that in the other seasons at
all pollution degrees, which is 1.1-2.0 times that in the other seasons. This may be caused by the
greater amount of dust during the spring. With the pollution deterioration, the TF showed an

increasing trend in the initial stage of pollution and a decreasing trend during the heavy pollution
period. From medium pollution to heavy pollution, the TF decreased from 5.50 + 4.83 mg m’s™! to
4.69 +4.84 mg mstin the spring, from 3.94 + 2.36 mgms?* t0 3.39 + 1.77 mg ms* in the summer,

from 3.72 + 2.86 mg m™s* to 3.01 + 2.40 mg ms? in the autumn, and from 4.45 + 4.40 mg ms*!
t03.25 + 2.77 mg ms? in the winter. Among them, the largest drop was found in the winter. In the
winter, with the pollution aggravation, the transport direction changed from northwest to southwest

and finally to the north. In contrast to in the other seasons, the weak north wind was the main wind
during heavy pollution in the winter, indicating that regional transport contributed less to the heavy
33
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pollution during the winter in Beijing. In the initial stage of pollution, the TF continued to increase,
but the rate of increase gradually slowed in the spring and summer. From light haze to medium haze,
the TF decreased by 0.1mg m-s? in the spring and increased by only 0.07 mg m-s* in the summer.
It is also not difficult to find from the changes in the TF profile (Fig. 7) that the regional transport
has little impact on the medium pollution in the spring and summer. These results indicate that
although the region south of Beijing is the main transport source in Beijing, its contribution is
significantly reduced during the severe pollution period. In general, regional transport plays an
important role in the initial period of pollution, while local emissions are the main controlling factor
during the period of heavy pollution. The parabolic pattern of the TF is the result of a combination
of the WS and PM, s concentration. The TF reaches a threshold during medium pollution, which is
the critical moment mentioned above.

Spring 6
/!
— 5 ~
. \ £
@ =
£
y 2
=
3
2

Clear SP LPF MP HP

Fig. 2. The mixing layer transport-fuxTE of PM, s levels ef-PM-and transportation directions
under different degrees of pollution_in different seasons in Beijing. (SP denotes slight pollution,
LP denotes light pollution, MP denotes medium pollution and HP denotes heavy pollution.)

4. Conclusions

To understand the characteristics of P\, s fine-particulate-matter-transport flux in Beijing, the height
of the atmospheric mixing layer and wind profile within the mixing layer in Beijing were observed
for a 2-year period. The main conclusions are as follows:

(1) By analyzing the variations of VC, atmospheric dilution capability in Beijing is strongest in
spring and weaker in summer, autumn and winter. In spring, vertical and horizontal dilution

capacities are strong; in autumn and winter, vertical and horizontal dilution capacities are weak; in

summer, vertical dilution capability is strong and horizontal dilution capability is weak. The diurnal
variation in VC is consistent with MLH, which shows that the dilution capability is strongest before
sunset, gradually weakens after sunset and remains stable at night. In spring, vertical and horizontal
dilutions are strong during both day and night. In winter, vertical dilution is weak during the day,
and horizontal dilution during the night is the main. In summer, vertical dilution during the day is
dominant. Although there is little difference in diffusivity between summer, autumn and winter, poor
dilution capability occurs more frequently in autumn and winterBy—analyzing—the—variation
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126 (32) TF is largest in spring and smaller in summer, autumn and winter in Beijing. The high TF
127  mainly comes from southward transport, while the low TF is accompanied by northwest transport.
128  The transport mainly occurred between 14:00 and 18:00 LT. And the height of transport is around
129 200 m and 1000 m. Using the PM, s concentration as a classified index of air pollution, the results
130  show that the regional transport from the southern area plays an important role in the initial period
131 of pollution, and local emissions are the main controlling factors in the heavy pollution period,

132 especially in winter. argest-in-spring-and-smalerin-summer—autumn-and-winterin-Beijing-
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140  forward for a long time. Even so, there is still no concrete implementation plan. To break through
141  this embarrassing situation, this study quantifies TF to explain the time period when the transport
142 occurs and the main areas affected on Beijing. In this study,-the-response-of-particulate-matter-to
143 logical e : . el . .

144  response-wasfound—Fatmospheriche transpert-dilution eapacitycapability during different seasons
145  and the transport-fluxTF during different pollution periods were also discussed. The important role
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147  the most effective way of mitigating pollution levels. The research results are of great significance
148  tothe early warning, prevention and control of atmospheric particulate pollution.-Hewever,-due-to
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