Response to Reviewer #1:

This paper investigated the relationship between PBLH and surface PM concentrations over
China. The interaction between PBLH and surface pollutants under different topographic and
meteorological conditions has been carefully considered. However, I have some concerns about
the conclusion of the paper. The authors have investigated many parameters that may influence
the relationship between PBLH and surface PM concentrations. But all the derived correlations

are relatively low. It seems risky to get the strong conclusion based on those correlations.

Response: We are very grateful to the reviewer for his/her valuable comments on our work,
which are quite constructive and helpful. We carefully considered all of these comments,
and modified some strong conclusion regarding the PBLH-PM relationships, as well as
the analysis. Our detailed responses to the reviewer’s questions and comments are listed
below.

General comments:

1. Page 10. I recommend to put the introduction of MERRA in Section 2, which will make the

flow more clear.

Response: Per your kind suggest, we moved the introduction of MERRA data to Section
2 (revised Section 2.2.3).

2. Section 3.1. The authors discussed the differences between CALIPSO and MERRA in detail.
Will the differences influence the conclusion about the relationship between PBLH and surface
pollutants? If so, how much will it be?

Response: Thanks for this valuable comment. In fact, the reanalysis data take account of
large-scale dynamical forcing, and have the ability to produce a general PBLH
climatology (Guo et al., 2016) which is used to compare with that derived from CALIPSO
in this study. However, the reanalysis data do not consider the impact of aerosols; only
limited upper atmospheric measurements are assimilated, and the effects of aerosol-PBL
interaction are poorly represented (Ding et al., 2013; Simmons, 2006; Huang et al., 2018).
Thus, the reanalysis data offer limited ability to investigate detailed PBLH-PM
relationships. Therefore, the observation-based retrievals (CALIPSO PBLH or MPL
PBLH) are used to produce the PBLH-PM relationships over China. A detailed discussion
has been incorporated into the revised Section 3.1.

3. Section 3.2. The correlation coefficient is very low here (Figure 3). I guess it is too risky to
make the statement that PBLH has negative correlation with PM2.5 without conditions, which

appeared in both abstract and conclusion.

Response: We greatly appreciate this constructive comment. Indeed, the PBLH is not
always negatively correlated with PM:s. The weak correlation coefficients cause some



difficulties in deriving a clear relationship between PBLH and PM. . In addition to PBLH,
PM: s is also controlled by many other factors (e.g. emissions, wind, synoptic patterns,
stability, etc.), and thus, the variation of PM,s is not necessarily related to PBLH,
especially when other factors play dominant roles (e.g. strong wind). In such situations,
there are rather weak or uncorrelated relationships between PBLH and PM.s. Strong
aerosol-PBL interactions only occur under certain conditions. In our analysis, heavy
aerosol loading, plains areas, and weak wind speed would be favorable conditions for
relatively strong negative correlations between PBLH and PM;s. This discussion has been
incorporated into the revised Section 4.

In addition, we revised the overly strong statements to avoid misleading the reader,
and show three examples as follows:

In the abstract, “A generally negative correlation is observed between PM and the
PBLH...” has been revised to “Albeit the PBLH-PM correlations are roughly negative for
most cases, their magnitude, significance, and even sign vary considerably with location,
season, and meteorological conditions.”

In conclusion, “We observe widespread negative correlations...” has been revised to
“Albeit the PBLH-PM: s correlations are generally negative for the majority of conditions,
their magnitude, significance, and even sign vary greatly by region and timing.”

In conclusion, “Strong correlations between PBLHs and aerosols occur in low-
altitude regions.” has been revised to “The PBLH-PM: s correlations are found to be more
significant in low-altitude regions.”

Moreover, we previously used the Pearson correlation coefficient, which is
representative in a linear relationship. However, the PBLH-PM.s relationships are
nonlinear under most conditions, and this fact would contribute to the low Pearson
correlation coefficients. To partly address this problem, we introduce an inverse function
(fx) =4/ x + B) to fit the PBLH-PM s relationships more closely with set the weighting
function as the normalized density. In Figure R1 (the revised Figure 5), we jointly use the
regular linear regression and the fitted inverse function to characterize the PBLH-PM, s
relationships. Over North China Plain, the nonlinear inverse function shows high
consistency with the average values for each bin, and well represents the behavior of the
most dense area in the scatter plot with an improved correlation (correlation coefficient -
0.49). Similar improvements in the fitting method are also found in other regions, but
are still not significant for Pearl River Delta and Northeast China (relatively clean
regions).

The fitting methods are described in the revised Section 2.3. We updated the fitting
method description in the revised manuscript, which shows better performance in
characterizing the PBLH-PM: s relationships.
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Figure R1. The relationship between CALIPSO-derived PBLH and early-afternoon PM; 5 over
(a) NCP, (b) PRD, (c) YRD, and (d) NEC. The black dots and whiskers represent the average
values and standard deviation for each bin. The red dash lines indicate the regular linear
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regressions, and the black lines represent the inverse fit (f (x) = A/ x + B). The detailed fitting
functions are given at the top of each panels, along with the Pearson correlation coefficient (red)
and the correlation coefficient for the inverse fit (black). Here and in the following analysis, R
with asterisks indicates the correlation is statistically significant at the 99% confidence level.
The color-shaded dots indicate the normalized sample density.

4. The authors use many figures in the supplement to support the discussion in the text.
Meanwhile, the text is not self-explanatory without the graphs. I suggest the authors to
reconsider the arrangement of the whole graphs including what has been included in the
manuscript. You may want to delete the description that is not very relative or add some figures
that are really necessary.

Response: Thanks for pointing this out. We reorganized the supporting information (SI).
Figure S2 was revised to present the PM:s climatology, and was moved to the main text
(the revised Figure 4). Figure S4 was revised to present the relationship between MPL
PBLH and PM:;s (or normalized PM:s) at Beijing, and was moved to the main text (the
revised Figure 7). Previous Figure S3 and Figure S9 were deleted from the SI. As such, we



believe that our main points are delivered and reflected in the revised main text. The SI
presents some additional analyses to complement the points in the main text with more
evidences.

5. Section 3.6. I understand the authors would like to perform some preliminary analysis here.
But exploring the feedback of absorbing aerosols by only analyzing the correlation between
PBLH and PM2.5 looks not convincing for me. You may want to perform some further analysis
to make the conclusion more solid or discard this part.

Response: We appreciate your suggestion. Indeed, the analysis in Section 3.6 is insufficient,
and we deleted this section as suggested. In the discussion, we mention the feedback of
absorbing aerosols would be a potential factor affecting the PBLH-PM relationships,
which merits further analysis that will be presented in a future paper, given the long length
of the current paper.

6. I suggest the authors to add the applications of the findings in the conclusion. How will the
findings influence the model development or policy design in the future?

Response: Per your comment, we added following statement to the Section 4:

“Such information can help improve our understanding of the complex interactions
between air pollution, boundary layer, and horizontal transport, and thus, can benefit
policy making aimed at mitigating air pollution at both local and regional scales. Our
study also contributes to the quantitative understanding of aerosol-PBL interaction and
further improvement of surface pollutant monitoring and forecasting capabilities.”

Specific comments:

1. Page 3, line 48, the term of “anthropogenic gases” sounds strange. Anthropogenic
emissions?

Response: We revised the “anthropogenic gases” to “gaseous pollutants”.
2. Page 3, line 49, “they are much more visible”. Please clarify what are compared with.

Response: Per your comment, we revised the statement as “PM pollutants are of greater
concern to the public partly because they are much more visible than gaseous pollution...”

3. Page 6, line 114. The grammar seems not proper.

Response: Per your kind suggestion, we revised the statement as “These empirical
relationships between PBLH and surface pollutants are expected to improve our
understanding and forecast capability for air pollution..."

4. Page 6, line 124. The source of the meteorological data is missing.
Response: Per your comment, we added the source.

5. Page 6, line 129. The reason for the usage of “noontime” day is missing.



Response: Thanks for pointing this out. We changed “noontime” to “early-afternoon” and
added some clarifying text:

“To match the CALIPSO retrievals with equator crossings at approximately 1330
local time, we use the surface meteorological and environmental data in early-afternoon,
averaged from 1300 to 1500 China standard time (CST). During this period, the PBL is
well developed with relatively strong vertical mixing, which is a favorable condition for
investigating aerosol-PBL interaction.”

6. Page 11, line 234. The English looks not proper in “The PM2.5 seasonal pattern is
generally opposite that of PBLH”.

Response: We revised the statement as “The PM.s seasonal pattern is generally coupled
to that of PBLH...”

7. Page 11, line 238. The grammar seems not proper.

Response: We revised the statement as “Both the PBLH and PMs also show strong
seasonality over NCP. PRD is a relatively clean region, and PM:s maintains low values
(<50 pg m™) through all seasons”

References:
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Response to Reviewer #2:

General Comments:

The manuscript studied the relationship between PBLH and PM?2.5 concentration over different
regions and seasons. Effects of aerosol, winds peed, topography etc. are also included in this
study. Many data sources are included, multiple PBLH derived methods are compared, complex
statistical relationships are revealed. Thus this study is comprehensive and valuable. While [
do have some major revision suggestions since some part of the paper are confusing.

Response: We are very grateful to the reviewer for his/her helpful and constructive
comments on our work. All of the comments and concerns raised by the referee have been
carefully considered and incorporated into this revision. Our detailed responses to the
reviewer’s questions and comments are listed below.

Specific Comments:

1) Section 2 is very confusing. I understand that this part describes many observation datasets
including ground based (routine and campaign) and satellite. Also includes multiple PBLH
derivation methods. Please reorganize the section so that readers can have a very clear idea of
the data sources and the purpose of the data. Two subsections of 2.1 Data and 2.2 PBLH derive
method is good enough. For Data section, use a table to describe all the data used in this study.

I included a sample table here. Current section 2.1 is a description of ground based
observations, so CALIPSO related statements (line 126-130) are not fit in here. Please move
the sentences to section 2.3 PBLH derived from CALIPSO.

Response: Thanks a lot for the guidance. Following your instruction, we added Table R1
to section 2 to describe the observations from multiple sources and platforms.

Table R1. Description of data.

Observations Variables Location Temporal Time period
resolution

Environmental Stations PMss ~1600 sites* Hourly 01/2012-06/2017
Meteorological Stations WS/WD ~900 sites™* Hourly 01/2012-06/2017
MPL PBLH, extinction Beijing 15seconds 03/2016-12/2017
AERONET AOD (550nm), Beijing ~Hourly 01/2016-12/2017
MODIS AOD Whole China Daily 01/2006-12/2017
CALIPSO PBLH Orbits in Figure 1d Daily 06/2006-12/2017
MERRA PBLH Whole China Hourly 01/2006-12/2017

* 224 sites over NCP; 105 sites over PRD; 215 sites over YRD; 159 sites over NEC

** 37 sites over NCP; 92 sites over PRD; 34 sites over YRD; 76 sites over NEC

In addition, we reorganized section 2, and kept two subsections describing the data



and PBLH methodology, respectively. We also added a subsection to illustrate the
statistical analysis methods. The CALIPSO-related statements in section 2.1 have been
moved to the revised section 2.1.2.

2) PBLH is a fundamental variable in this study. Three observational dataset were used to
derive PBL: ground MPL, space borne (CALIPSO), and radiosonde. CALIPSO-PBLH is
verified by MPL-PBLH, MPL-PLBH is verified by radiosonde-PBLH. These three PBLH
derivation methods have different theory bases which contributes discrepancies among them.
Statistics as showed in Figure S1 are important, while please give examples of individual
comparisons, e.g. one case of PBLH derivations from all the three observations/methods.
Another suggestion is to include illustration figures for PBLH determination processes for both
MPL and CALIPSO.

Response: Per your sound suggestion, we updated the statistical analysis for the PBLH
comparisons. The RMSE and sample numbers (N) are given in each panel, the correlation
coefficients (R) are already given in each panel, and R with asterisks indicates those
correlations that are statistically significant above the 99% confidence level. As an
example. Figure R1 (the revised Figure S1) show the PBLH retrievals derived from
CALIPSO, MPL, and RS on 7 June 2016 over Beijing. Based on aerosol backscatter,
CALIPSO and MPL derive consistent PBLH retrievals in this case. Radiosonde also show
reasonably good agreement with CALIPSO and MPL retrievals with a difference of
~0.1km.
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Figure R1. (a) Time evolution of the normalized signal (NS) plot from MPL on 7 June 2016
over Beijing. The black dots identify the PBLH derived from MPL, and the blue star indicates
the PBLH derived from radiosonde. (b) Total attenuated backscatter (TAB) plot (log scale) from
CALIPSO on 7 June 2016 over Beijing. The black line indicate the PBLH derived from
CALIPSO. The red dot represents the corresponding PBLH derived from MPL, and the blue

star indicates the PBLH derived from radiosonde.

As CALIPSO provides the primary measurements used in this study, we added a
figure illustrating the CALIPSO PBLH determination processes (the revised Figure 2).
For retrieving PBLH from MPL, we implement a well-established method, which was
developed by Yang et al. (2013) and was adopted in multiple studies (e.g. Lin et al., 2016;
Su et al., 2017). The principle is based on the traditional gradient method, and people can
access the published paper (Yang et al., 2013) if they seek more details. We might save
some space if we do not add the illustration figure for MPL.
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Figure R2. The schematic diagram of retrieving the PBLH from CALIPSO.

3) Section 2.4 MODIS AOD data is suddenly appeared and no explanation of how the data are
going to be used and readers have to figure out after read the whole paper. Please add one or

two sentences at the beginning to explain the usage.

Response: Thanks for pointing this out; we added the following statements to Section 2 to
explain the use of MODIS AOD data:

“Note that aerosol loading is significantly different in different regions. To account
for the background pollution level, we normalize the PM,s with the MODIS AOD to
qualitatively account for background or transported aerosol that is not concentrated in
the PBL.”

4) Line 206-210: please move the brief description of MERRA data to Section 2.

Response: According to your comment, we moved the description of the MERRA data to
Section 2 as a new subsection (revised section 2.2.3).

5) Reorganize Figure 2 for easy comparison, suggestion: CALISPO at the left column,
corresponding MERRA at the second column.

Response: Per your suggestion, we have revised this figure.

6) Table 1 is very hard to interpret. I suggest to put it in a figure with two y axes, left axis is for
PBLH mean and std, right axis for PM2.5. x axis for four regions.



Response: Thanks for this valuable comment. The table is indeed very hard to interpret
and conveys little scientific value, and is thus, deleted from the main text but keep as
supporting information in case of anyone interested knowing the values of PBLH and
PM: s over different ROIs. We revised Figure 3 and Figure 4 showing the climatological
patterns of PBLH and PM, s that are visually revealing. °
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Response to Reviewer #3:

The manuscript investigates relationship between the PBLH and surface PM based on ground-
based and onboard lidar, ground environmental and meteorological observations, reanalysis
data, and so on. The relationships at different topographic and meteorological conditions over
China are specially considered. Although most, if not all, variables show a relatively low
correlation with the PBLH, the comprehensive and systematic study reveal the difficulties to
drew the relationship between PBLH and surface PM. Generally, the manuscript discusses an
important topic, and the methods and discussions are solid and meaningful.

Response: We are very grateful to the reviewer for his/her valuable and constructive
comments on our work. All of these comments and concerns raised by the referee have
been carefully considered and incorporated into this revision. Our detailed responses to
the reviewer’s questions and comments are listed below.

General Comments:

1. Some general information about the environmental and meteorological stations used for the
four regions should be presented, such as number of stations used in each region, the basic
types of them (are them all in the city?). Is there any quality control carried out for the results?

Response: Thanks for the valuable suggestion. We added Table R1 to section 2 to
summarize the data. Table R1 not only reports the number of meteorological and
environmental stations in each region, but also gives general information about the data
used from other sources. The station locations are not all in the cities, but are widely
distributed in both urban and rural areas. However, in this large-scale study, we stratify
by geographic region, and do not consider the differences between the rural and urban
areas specifically.

Table R1. Description of data.

Observations Variables Location Temporal Time period
resolution

Environmental Stations PMss ~1600 sites* Hourly 01/2012-06/2017
Meteorological Stations WS/WD ~900 sites™* Hourly 01/2012-06/2017
MPL PBLH, extinction Beijing 15seconds 03/2016-12/2017
AERONET AOD (550nm), Beijing ~Hourly 01/2016-12/2017
MODIS AOD Whole China Daily 01/2006-12/2017
CALIPSO PBLH Orbits in Figure 1d Daily 06/2006-12/2017
MERRA PBLH Whole China Hourly 01/2006-12/2017

* 224 sites over NCP; 105 sites over PRD; 215 sites over YRD; 159 sites over NEC

** 37 sites over NCP; 92 sites over PRD; 34 sites over YRD; 76 sites over NEC



These meteorological and environmental data are routinely measured and quality
controlled by government agencies. The PM.s dataset has been evaluate by other study,
and shows relatively high reliability (Liang et al., 2016). There are quality flags along with
the meteorological measurements, so error data can be eliminated. These points have been
incorporated into the revised Section 3.1.

2. Figure 2 can be reorganized for better comparison. The CALIPSO and MERRA results can
be shown in the left and right panel, respectively, and, then, results from the same season can
be directly compared.

Response: Per your kind comment, we revised this figure.

3. The MERRA PBLH is not well introduced in the text. Meanwhile, after Figure 2, most results
are compared with the CALIPSO results. The MERRA data can be used to evaluate the
CALIPSO data, and if they are not used in the discussion for relationship with the PM, why the
authors still discuss it in the manuscript.

Response: Thanks for pointing this out. We have added a brief introduction to the
MERRA data in Section 2.2.3. As the reanalysis data take account of large-scale dynamic
forcing, they are used to produce the climatology pattern of PBLH, and compared with
those derived from CALIPSO. We found that the CALIPSO and MERRA retrievals
exhibit some mutual features in the seasonality, which is roughly coupled with the seasonal
climatology of PM:s. However, we do not focus on the detailed MERRA PBLH values, so
we removed the original Table 1 in the main text.

In fact, the reanalysis data bear the model uncertainties, and do not include the
impact of aerosols except based on the limited upper atmospheric measurements
assimilated (Simmons, 2006). As results, these data poorly represent the effects of aerosol-
PBL interactions (Ding et al., 2013; Huang et al., 2018), and offer limited ability to
investigate detailed PBLH-PM relationships. As a result, we use only the observation-
based retrievals (CALIPSO PBLH or MPL PBLH) to produce the PBLH-PM
relationships over China. This discussion has been incorporated into the revised Section
3.1.

4. Section 3.5 and Figure 10 that show the relationship between multiple gases and PBHL are
the only part discussing about the gases. Again, relatively poor corrections are obtained, and
also considering that this study focuses on the relationship of PBHL and PM, it is not necessary

to present those results. This will keep the manuscript more focused.

Response: Per your kind guidance, we deleted this section and Figure 10.

5. Even the relationship between PM and PBLH is relatively weak, how would it possible to

further discuss the aerosol absorption feedback in section 3.6.



Response: We deleted this section as suggested, and only mention that the feedback of
absorbing aerosols could be a potential influencing factor that merits further analysis.

6. Considering the relatively low correlations shown in the paper, the conclusions are too strong.
For example, in the abstract, the authors mentioned that “(line 31) A generally negative
correlation is obtained between PM and the PBLH”, while the largest correction obtained is

only 0.36 from Figure 3. Multiple ‘strong correlations’ are mentioned in conclusion section.

Response: We appreciate your kind suggestion. Indeed, since PM; s is controlled by many
other factors (e.g. emission, wind, synoptic pattern, stability, etc.), the correlations
between PBLH and PM:;;s are not very strong under most conditions. We revised the
statements in conclusions section to avoid overly strong statements, and state that “Albeit
the PBLH-PM.s correlations are generally negative for the majority conditions, their
magnitude, significance, and even sign vary greatly with location, season, and
meteorological conditions”. We also emphasize that relatively strong PBLH-PM:;
correlations only occurred under certain conditions. According to our analysis, heavy
aerosol loading, the plains area, and weak wind speed would be favorable conditions for
relatively strong negative correlations between PBLH and PM.s. These points have been
incorporated into the revised Section 4.

Moreover, we previously used the Pearson correlation coefficient derived from the
linear relationship. However, the PBLH-PM: s relationships are nonlinear under most
conditions, and thus, the nonlinear relationships would contribute to the low Pearson
correlation coefficients. To partly address this problem, we included a new fitting method
based on an inverse function ( f(x) = 4/ x + B) to characterize the PBLH-PM,s
relationships, and set the weighting function as the normalized density. As shown in
Figure R1 (the revised Figure 5), the nonlinear inverse function fits show better
performance with the data, and characterize the behavior of the most dense area in the
scatter plot with improved correlation coefficient (-0.49). Therefore, we include the new
fitting method in the revised manuscript, which shows better performance in
characterizing the PBLH-PM: 5 relationships.
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Figure R1. The relationship between CALIPSO-derived PBLH and early-afternoon PM; 5 over
(a) NCP, (b) PRD, (c) YRD, and (d) NEC. The black dots and whiskers represent the average
values and standard deviation for each bin. The red dash lines indicate the regular linear
regressions, and the black lines represent the inverse fit (f (x) = A/ x + B). The detailed fitting
functions are given at the top of each panels, along with the Pearson correlation coefficient (red)
and the correlation coefficient for the inverse fit (black). Here and in the following analysis, R
with asterisks indicates the correlation is statistically significant at the 99% confidence level.
The color-shaded dots indicate the normalized sample density.

7. Besides the conclusions, some relatively strong statements in the manuscript should be
reconsidered. For example, on line 146, “This method can handle all possible weather

”»

conditions and aerosol layers. . .. . ..

Response: Per your kind suggestion, we checked the manuscript and revised or delete
these improper statements.
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Abstract. The frequent occurrence of severe air pollution episodes in China has raised-great-concerns

with-the-public-and-seientific-communitiesbeen a great concern and thus the focus of intensive studies.

Planetary boundary layer height (PBLH) is a key factor in the vertical mixing and dilution of

near-surface pollutants. However, the relationship between PBLH and surface pollutants, especially

particulate matter (PM) concentration; across the-whele—of-China; is not yet well understood. We

investigate this issue at ~1600 surface stations using PBLH derived from space-borne and

ground-based lidar, and discuss the influence of topography and meteorological variables on the

PBLH-PM relationship. Albeit the A-generathyroughly-negative-PBLH-PM correlations—is-ebserved

betweenPM-and-the-PBLH are roughly negative for most cases,; their magnitudes, significances, and

even signs vary considerably with locations, seasons, and meteorological conditionsatbeit—varying

greathy-in-magnitude-with-location-and-season.—_Weak or even uncorrelated PBLH-PM relationships
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typically corresponds to wintertime cases. Correlations are much weaker over the highlands than the

plains regions, which may be associated with lewer-lighter pollution fevels-loading at higher elevations

and_a-contributions from —mountain breezes. The influence of horizontal transport on surface PM is

considered as well, manifested as a negative correlation between surface PM and wind speed over the

whole nation. Strong wind with clean upwind sources plays a dominant role in removing pollutants,

and leads to weak-obscure PBLH-PM eerrelationrelationships. A ventilation rate is introduced-used to

jointly consider horizontal and vertical dispersion, which has the largest impact on surface pollutant

accumulation over the the-North China Plain. a-generalAs such, this study is-expeeted-tocontributes to
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improved the—understanding of aerosol-PBL interactions and thus theour ferecast—capability of

forecasting surface air pollutants.
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1. Introduction

In the past few decades, China has been suffering from severe air pollution, caused by both

particulate matter (PM) and anthrepegenic-gasesgaseous pollutantiens. PM pollutants are of greaterst

concern to the public partly because they are much more visible_than gaseous pollution (Chan and Yao,

2008; J. Li et al., 2016; Guo et al., 2009), and because they have discernible adverse effects on human

health. Moreover, airborne particles critically impact Earth’s climate through aerosol direct and indirect

effects (Ackerman et al., 2004; Boucher et al., 2013; Guo et al., 2017; Kiehl et al., 1993; Li et al., 2016;

2017a).

Multiple factors contribute to the severe air pollution over China. Strong emission due to rapid

urbanization and industrialization is a primary cause. Meanwhieln addition, meteorological conditions

and diffusion within the planetary boundary layer (PBL) alse-play important roles in the exchange

between polluted and clean air. Among the meteorological parameters of importance, the PBL height

(PBLH) can be related to the vertical mixing, affecting the dilution of pollutants emitted near the

ground through various interactions and feedback mechanisms (Emeis and Schafer. 2006; Seibert et al.,

2010; Su et al., 2017a). Therefore, PBLH is a critical parameter affecting near-surface air quality, and it

serves as a key input for chemistry transport models (Knote et al., 2015; LeMone et al., 2013). The

PBLH can significantly impact aerosol vertical structure, as the bulk of locally generated pollutants

tends to be concentrated within this layer. Turbulent mixing within the PBL can account for much of

the variability in near-surface air quality. On the other hand, aerosols can have important feedbacks on

PBLH, depending on the aerosol properties, especially their light absorption (e.g., black, organic, and

brown carbon; Wang et al., 2013). Multiple studies demonstrate that absorbing aerosols tend to affect

surface pollution in China through their interactions with PBL meteorology (Ding et al., 2016; Miao et
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al., 2016; Dong et al., 2017; Petdjé et al., 2016). In a recent comprehensive review, However—the

presented ample evidences of this—in—a—review—of-thesuch interactions _and characterize itstheir

determinant factors

There are various methods for identifying the PBLH. Fhe-traditional-and-most-common-ones—are

The gradient (e.g., Johnson et al., 2001; Liu and Liang, 2010) and Richardson--number methods (e.qg.,

Vogelezang and Holtslag, 1996)_are the traditional and most common ones, both of which are typically

based on temperature, pressure, humidity, and wind speed profiles obtained by radiosondes. By-Uusing

fine-resolution radiosonde observations, Guo et al. (2016) obtained the first comprehensive PBLH

climatology over China. Ground-based lidars, such as the micropulse lidar (MPL), are also widely used

to derive the PBLH (e.g., Hageli et al., 2000; He et al., 2008; Sawyer and Li, 2013; Tucker et al., 2009;

Yang et al., 2013). The lidar-based PBLH identification relies on the principle that a temperature

inversion often exists at the top of the PBL, trapping moisture and aerosols (Seibert et al., 2000), which

causes a sharp decrease in the aerosol backscatter signal at the PBL upper boundary. However, using

ground-based observations to retrieve the PBLH suffers from poor spatial coverage and very limited

sampling. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite (Winker et al.,

2007), an operational spaceborne lidar, can retrieve cloud and aerosol vertical distributions at a

moderate vertical resolution, complementing ground-based PBLH measurements. Several studies

already demonstrate both the effectiveness and the limitations of using CALIPSO data for PBLH

detection, showing sound but highly variable agreement with those from radiosonde- and MPL-based
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PBLH results (Su et al., 2017b; Leventidou et al., 2013; Liu et al., 2015; Zhang et al., 2016).

Several studies have explored the relationship between PBLH and surface pollutants in China.

Tang et al. (2016) used ceilometer measurements to derive long-term PBLH behavior in Beijing,

further demonstrating the strong correlation between the PBLH and surface visibility under high

humidity conditions. Wang et al. (2017) classified atmospheric dispersion conditionsdiffusion

eonditions based on PBLH and wind speed, and identified significant surface PM changes that alse

varied with [dispersion conditions.fCeuld-be-atmespherie stability} Miao et al. (2017) investigated the

relationship between summertime PBLH and surface PM, and discussed the impact of synoptic patterns

on the development and structure of the PBL. Qu et al. (2017) derived one-year PBLH variations from

lidar in Nanjing, and presented-theidentified a strong correlation between PBLH and PM,, especially

for-on hazy and foggy days.

However, the majority of the-studies mostly-employconsidered data from only at-a few stations,

and as ys—Yet, the interaction between PBLH and surface pollutants under different topographic and

meteorological conditions is not well understood. Assessing the relationship between PM and the

PBLH quantitatively over the entire country; is of particular sigrificaneeinterest. PBL turbulence is not

the only factor affecting air quality, so there can be large regional differences in the interaction between

the PBLH and PM. As such, the contributions of various factors to the PBLH-PM relationship may-be

diselosedremain uncertain, that thus warrant a further investigation.

Given the above-mentioned limitations, the currentis study presents a comprehensive exploration

of the relationship between the PBLH and surface pollutants over China, for a wide range of

atmospheric, aerosol and topographic conditions. Since 2012, China has drastically—dramatically

increased the number of instruments and implemented rigorous quality control measures-procedures o

Comment [ZL1]: Needs to define and
clarify, because wind is clearly a key
factor of dispersion. If so, what do you

mean by “also”?

Comment [ST2]: Sorry, there is a

misuse of also.

Formatted: Highlight




121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

reasurefor hourly pollutant concentration_measurements nationally, ef-providing much better quality

data than was previously available. The pollutant data derived from surface observations, along with

CALIPSO measurements, offer us an opportunity to investigate the impact of PBLH on air quality on a

nationwide basis. Regional characteristics and seasonal variations are considered. Moreover, multiple

factors related to the interaction between the PBLH and PM are investigated, including surface

topography, horizontal transport, and aeresel-typepollution level. Fhe-relationships-between-the PBLH

and-several-gas-poHutants-are-also-presented—Fhese-empiricalAccounting for the influences ef-these

factors have on the relationships between PBLH and surface pollutants are—aimed—expected—at-to

improving-tmprevewill help improve our understanding and ferecasting-forecast abitity-capability for

air pollution, as well as helping refine meteorological and atmospheric chemistry models.

2. Data and Method

2.1. Bata-Descriptions of observations

2.1.1. Surface ebservation-sitesdata

The topography of China is presented in Figure 1la, and the—pink rectangles outline the four

regions of interest (ROI) for the current study: northeast China (NEC), the Yangtze River Delta (YRD),

Pearl River Delta (PRD), and North China Plain (NCP). The environmental monitoring station

locations are indicated with red dots in Figure 1b. They routinely measure hourby—peHutant—data;

nehuding-PM with diameters < 2.5 and-10-pm (PM, s-and-PMo—respeetively), which are released to the

public in real-time with relatively high credibility (Liang et al., 2016). ;-sulfur-dioxide{SO,),-hitrogen

dioxide{NO,)—carbon—monoxide{CO)—and—ozene—{Oz}—The locations of meteorological stations

operated—by—the—China—Meteorological—Administration are indicated in Figure 1c_(data source:
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http://data.cma.cn/en). We-useThe wind speed and wind direction at these stationsdata-obtained-atthese

stations_are quality-controlled and archived by the China Meteorological Administration—with—the

averaged-from-1300-te-1500-China-standard-time{ESH—We also utilized the MPL data-at-Beijing and

sun-photometer data at Beijing-and—HengKeng, twe-a megaeiies-megacity located ever-within the

NCP—and—PRB—respeetively. The MPL located at Beijing was operated continuously by Peking

University (39.99°N, 116.31°E) from Mar 2016 to Dec 2017, with a temporal resolution of 15s and a

vertical resolution of 15m. The near-surface blind zones for both lidars are around 150 meters.

Background subtraction, saturation, after-pulse, overlap, and range corrections are applied to raw MPL

data (He et al., 2008, Yang et al., 2013). In this study, we use Level 1.5 AOD at 550/448 nm and

single-seattering-atbedo-{SSA)-at- 675-nm-atfrom the Beijing RADI (40°N, 116.38°E) and-Heng-Keng

PohyU{22.3°N;—114-18°E)-Aerosol Robotic Network (AERONET) site,s with hourly time resolution

are-used. Sinee-theAs, observations, data-from multiple sources and platforms are used, we present the

descriptions, of these observations in Table 1.
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2.1.2. CALIPSO data

CALIOP aboard the CALIPSO platform is the first space-borne lidar optimized for aerosol and\

cloud profiling. As part of the Afternoon satellite constellation, or A-Train (L’Ecuyer and Jiang, 2010),

CALIPSO is in a 705-km Sun-synchronous polar orbit between 82°N and 82°S, with a 16-day repeat

cycle (Winker et al., 2007, 2009). In this study, we used the CALIPSO data to retrieve the daytime

PBLH atalong its orbits. As shown in Figure 1d, blue lines represent the ground tracks over China for
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the daytime overpasses of CALIPSO. To match the CALIPSO retrievals with equator crossings at

approximately 1330 local time, we use the reentime-surface meteorological and environmental data in

early afternoon; where—“‘noontime” refers-to-results-averaged from 1300 to 1500 China standard time

(CST). During this noentimeperiod, the PBL alse-is well developed with relatively strong vertical

mixing, which is a favorable condition for investigating aerosol-PBL interactions.

2.1.3. MODIS data

Formatted:
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widths, and provide daily AOD data with near-global coverage. In this study, we use the Collection 6

MODIS-Aqua,_ level-2 AOD products from—the—Agua—satellite—at 550 nm (available at:

https://www.nasa.gov/langley), which is a widely used parameter to represent the columnar aerosol

amount, AOD data are archived with a nominal spatial resolution of 10 km x 10 km, and the data are

averaged within a 30 km radius around the environmental stations to match with surface PM data. The

MODIS land AOD accuracy is reported to be within £(0.05+15% AERONET AQOD) (Levy et al., 2010).
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Note thatd the-aerosol loadings areis significantly different ferin different regions. To take-account

offor the background pollution level, we witutilize-the MODIS-AOD-te-normalize the PM, 5 with

MODIS AOD jo gualitatively account for background or transported aerosol that is not concentrated in

the PBL.

2.2. PBLHderived-from-MPLERetrieving PBLHS

2.2.1. PBLH derived from MPL

MPL data from Beijing were used to retrieve the PBLH for this study. Multiple methods have been

developed for retrieving the PBLH from MPL measurements, such as signal threshold (Melfi et al.,

1985), maximum of the signal variance (Hooper and Eloranta, 1986), minimum of the signal profile
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derivative (Flamant et al., 1997), and wavelet transform (Cohn and Angevine, 2000; Davis et al., 2000).

To derive the PBLH from MPL datatn-this-study, we implement a well-established methed-method;

which-was-developed by Yang et al. (2013), and was-adaptedadopted, in multiple studies (Lin et al.,

2016; Su et al., 2017a, 2017h).by
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modificationsadaptations: This method_—can-handle-all-possible-weather-conditions-and-aerosol-layer

structures—and-is tested to be suitable for processing long-term lidar data. Initially, the first derivative

of a Gaussian filter with a wavelet dilation of 60 m is applied to smooth the vertical profile of MPL

signals, and to produce the gradient profile. The aerosol stratification structure is indicated by multiple

valleys and peaks in the gradient profile. To exclude misidentified elevated aerosol layers above the

PBL, the first significant peak in the gradient profile (if one exists) is considered the upper limit in

searching for the PBL top. Then, the height of the deepest valley in the gradient profile is attributed to

the PBLH; discontinuous or false results caused by clouds are subsequently eliminated manually.

this-studyMoreover, we further estimated the shot noise (o) induced by background light and dark

current for each profile, and then added threshold values of +3c to the identified peaks and valleys of

this profile to reduce the impact of noise. Figure S1 presents an example of the PBLH retrievals derived

from MPL backscatter over Beijing. To validate MPL-derived PBLH, the values are compared with

summertime radiosonde PBLH data-results at-14:00-CSTretrieved by the Richardson number method

(e.0., Vogelezang and Holtslag, 1996) atBeijirg—station—(39-80°N,—116-47°E}—from potential

temperature profiles acquired at Beijing station (39.80°N, 116.47°E) at 14:00 CSThy-the Richardson

number—methods—(e.g-—Vogelezang—andHelislag,—1996). —Figure Sta-S2a shows good agreement

(R=~0.7) between MPL- and radiosonde-derived PBLHSs over Beijing.
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2.2.2.2.3: PBLH derived from CALIPSO

CALIOP aboard the CALIPSO platformSALIOP measures the total attenuated backscatter-coefficient

(TAB) with a horizontal resolution of 1/3 km and a vertical resolution of 30 m in the low and middle

troposphere, and has two channels (532 and 1064 nm). As the nighttime heavy surface inversion and

residual layers tend to complicate the identification of the PBLH, we only utilize daytime TAB data

(Level 1B) in this study. For retrieving the PBLH from CALIPSO, we typically use the maximum

standard deviation (MSD) method, which was first developed by Jordan et al. (2010) and then modified

by Su et al. (2017b). In general, it determines the PBLH as the lowest occurrence of a local maximum

in the standard deviation of the backscatter profile, collocated with a maximum in the backscatter itself.

The PBLH retrieval range (0.3~4km), surface noise check, and removal of attenuating and overlying

clouds are subsequently included in this method. In addition, due to the viewing geometry of the

instrument, we define a constraint function:

B() = max{f(i + 2), f(i + D} — min{f (D), f( — D} , @

where f(i+2), f(i+1), f(i), f(i—1) are four adjacent altitude bins in the 532-nm TAB and

where the altitude decreases with increasing bin number i. To eliminate the local standard deviation

maximum caused by signal attenuation, we add the constraint 8 > 0, and locate the PBLH at the top of

the aerosol layer.-Mereover, Wwe also use-apply the wavelet covariance transform (WCT) method to

11
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retrieve the PBLH, and this retrieval serves as a constraint. We eliminate cases when the difference

between the MSD and WCT retrievals is-abeveexceeds 0.5 km, to increase the reliability of the MSD

retrievals. The processes and steps for retrieving PBLH from CALIPSO are summarized in Figure 2.

We only analyze the-available CALIPSO PBLH retrievals whichthat satisfypass all the indicated tests

and constraints. An example of PBLH retrievals derived from CALIPSO is presented in Figure S1.

Due to the high signal-to-noise ratio and reliability of MPL measurements, we use MPL-derived
PBLH to test the CALIPSO retrievals. The comparison between CALIPSO- and MPL-derived PBLH at
Beijing and Hong Kong (result from Su et al., 2017b) are shown in Figure S1BS2b-c. Reasonable
agreement between CALIPSO- and MPL-derived PBLHSs at these two sites is shown. The correlation
coefficients are above 0.6, which is similar to results from previous studies (e.g., Liu et al., 2015; Su et
al., 2017b; Zhang et al., 2016). Besides the differences in signal-to-noise ratio, the 10-40 km distance
between the MPL station and CALIPSO orbit also contributes to the differences between MPL- and

CALIPSO-derived PBLH.

P.2.3. PBLH obtained from MERRA reanalysis datd

We wit-also use the PBLH data obtained from the Modern Era-Retrospective Reanalysis for

Research and Applications (MERRA) reanalysis dataset to generate the PBLH climatology with a

spatial resolution of 2/3°x1/2° (longitude-latitude). The MERRA reanalysis data uses a new version of

the Goddard Earth Observing System Data Assimilation System Version 5 (GEOS-5), which is a state-

of-—the-—art system coupling a global atmospheric general circulation model (GEOS-5 AGCM) to

NCEP's Grid-point Statistical Interpolation (GSI) analysis —(Rienecker et al., 2011). Compareding with

other reanalysis products (e.q., ECMWF), MERRA PBLHs have relatively high temporal and spatial

resolutions, and are widely wutilizedused by multiple studies (e.g., Jordan et al., 2010;
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McGrath-Spangler and Denning., 2012; Kennedy et al., 2011). As the reanalysis data take account of

large-scale dynamical forcing, we use MERRA data to generate the PBLH climatology, which further

compare with that derived from CALIPSO in this study. The detail discussions can be found in section
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2.43. Statistical Analysis Methods
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As a widely used parameter, the Pearson correlation coefficient is—derived from thea—linear

fittingregression; analysis and-indicatesmeasures hew-strong-isthe degree to which the data fitress—of

thea linear relationship.;s thatThis approach wouldbeis invalid:less meaningful However—the-linear

fitting-bearsHmitation—fortefor characterizinge amyirg-the-nonlinear relationships. fa—faet—w\We find

that the PBLH and -PM relatienships-are correlated but not linearly netideatyHnrear-under most

conditions.; After-trial-and-erroranalyses;and-introduceit-is\We found by trial-and-error that an inverse

function (f (x) = A/x + B) tecan-be-applied-te-fits sucour datah relationships-well. Following Winship

and Radbill- (1994), we can—caleulate-the detailderived the fittingeding parameters (A and B) and the
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278 the inverse fitting is the same as that of the slope. As—a—result—wecan—ealeulatethecorrelation

279 coefficientand-slope—fortheinversefitting—Obviously, fora—pesitiverelationship—the correlation

280 coefficient and slope of the inverse fittirg for a positive relationship will be positive—etherwise—they

281 will- be-negative. Moreover, we-can-caleulate-the normalized sample density ferat each peintlocation in

282 a scatter plot te-represents the probability distributions in two dimensions (Scott, 2015).; and-then;

283 setThen setting the weighting function in the inverse fittirg equal to the normalized density which

284 produces the best-—fitting results whieh—representings the majority cases. In general, we jointhy

285 useattempt both the-reqular linear regression fitting-and the-inverse fit to characterize the PBLH-PM

286 relationships, and we provide the correlation coefficients and slopes are—avaiable—for both fitting

287 methods. In each case, tFhe magnitude of correlation coefficients wiH-represents the-how well the

288 observationsed euteemes-are replicated by the fitting models, and the magnitude of slopes represents
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290 In_addition, the statistical significance of the PBLH-PM relationships areis tested by two

291 independent statistical methods, namely the least squares regression and the Mann-Kendall (MK) test

292 (Mann, 1945; Kendall, 1975). Least squares regression typically assumes a Gaussian data distribution

293 in_the trend analysis, whilewhereas tFhe MK test is a nonparametric test without any assumed

294 functional form,ptiens and is more suitable for data that do not follow a certain distribution. To

295 improve the robustness of the analysis, a correlation is considered to be significant when the confidence
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297 the correlation is statistically significant at the 99% confidence leveld.
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300 3.1. Climatological patterns of PBLH and surface pollutants

301 The climatology of the PBLH, especially its seasonal variability, is very important for

302 | air-pollution-related studies. We utilized the CALIPSO measurements during—the—periedfrom 2006

303 | through 2017 to represent the spatial distribution of seasonal mean PBLH with interpolations, as shown

304 in Figure 2a3a-d. A smoothing window of 20 km was applied to the original PBLH data at 1/3 km

305 horizontal resolution—. |

306

307

308

309 climatological patterns of MERRA-derived PBLH are presented in Figure 2e3e-h for the same period.

310 In general, the climatological pattern of MERRA PBLH is similar to that of CALIPSO, though the

311 MERRA values are higher in spring and summer, and the peak values are lower in autumn and winter.

312 Both CALIPSO and MERRA PBLHs are generally shallower in winter, when the development of the

313 PBL is typically suppressed by the weaker solar radiation reaching the surface, and is-are generally

314 higher in summer, especially for inland regions.

315 Note that there are still large—considerable differences between the CALIPSO- and

316 MERRA-derived PBLH climatological patterns, which can be attributed to sampling biases, different

317 definitions, and model uneertatntyuncertainties. First, since the spatial coverage and time resolution are
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quite different between the CALIPSO and MERRA datasets, the sampling used to calculate the

climatologies are quite different. Moreover, MERRA PBLHs are derived from turbulent fluxes

computed by the model, whereas CALIPSO usually identifies the top height of an aerosol-rich layer.

Although turbulent fluxes would significantly affect aerosol structures, the different definitions still can

cause large-differences between CALIPSO and MERRA PBLHs. The detailed relationship between of

CALIPSO- and MERRA PBLHs is presented in Figure S1BS2d. Quantitatively, CALIPSO PBLH

values exhibits considerable differences from MERRA results;; with-athe correlation coefficients of

~0.4, indicatesing that the observations presented here will likely be useful for future model refinement.

r-faet—theThe reanalysis data do take inton account ef-large-scale dynamical forcing, and have the

ability efproduceing the general PBLH climatology pattern (Guo et al., 2016). However, the reanalysis

data do not consider the impact of aerosols but—erbyexcept with limited upper atmospheric

measurement data assimilated, and—poorly—representso the effects of aerosol-PBL interactions are

poorly represented (Ding et al., 2013; Simmons, 2006; Huang et al., 2018). Thus, the current reanalysis

data have limited abilityies ferto investigatingsupport thea detailed investigation of PM-PBLH

relationships.

: Font:

10 pt

Formatted
Correspondingly, Figure 4 presentg the spatial distributions of seasonal mean PM, s as measured at /{

Formatted:

Font:

10 pt

Formatted:

Font:

10 pt

the surface stations. Both the PBLH and PM, s over China exhibit large spatial and seasonal variations. \[

Formatted:

The PM, 5 shows-the-oppesiteseasonal pattern is generally coupleding with to that of PBLH; m&lckthe

Font:

10 pt

Formatted:

Font:

10 pt

lowest values occur jin summer and the highest in winter. Siree-As a high PBLH facilitates the vertical \[

Formatted:

Font

110 pt

Formatted:

Font:

10 pt

Formatted:

Font:

10 pt

o A L o

dilution and dissipation of air pollution, the contrasting patterns of PBLH and PM, 5 are consistent with \[

expectation. NCP is a major polluted region, with mean PM,s concentrations overwhelmingly above

: Font:

10 pt

Formatted
100 pg m™during winter. Both the PBLH and PM, s also shows strong seasonality over NCP. PRD is /{{

Formatted:

Font

110 pt

16



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

the-a relatively clean region, and PM, s maintains low values (<50 pg m™) through all seasons.

As a referenceTh
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Ceorrespondingly, the seasonal means and standard deviations_of PBLH and PM;, s over four ROls /[

are listed in Table S1.

From the seasonal climatologies, we feundfind a coupling pattern between PBLH and Fhe-PM, 5

seasonal-pattern, although one cannot assure-theirassume a causal relationship from these plots alone.

In_subsequent sections, we will—utilizeuse the lidar PBLH retrievals from—lidars—to

inverstigateinvestigate the PM-PBLH relationships-is-generally-epposite-that of PBEH-with-thelowest

PMyg, and multiple gas pollutants (SO./NO./CO/O;) climatologies are shown in Figure S2. The
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highestvalues-during-summer—These-patterns-are-diseussed in more details-in-subsequent-sections.

3.2. Regional relationships between PM and PBLH

If the common factor driving large-scale variations in both PM and PBLH is meteorology, a

regional analysis of their relationship could elucidate the meteorological impacts. We investigate the

CALIPSO-PBLH and surface PM, 5 data case by case. By matching the available CALIPSO retrievals
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within 35 km of the surface PM,s_observations, we show tFhe scatterplots for annuathy—aggregated /[

PBLH versus surface PM, 5 for the four ROls-are-shown— in [Figure 35/ Despite the overall negative

correlations, the correlations between PBLH and PM,s Altheugh-there-ishave—a—_large spreads and
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regional-differences, the negative correlations between PBLH and PM, ,-are seen-in-all-ROls. Both
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regular linear regression and inverse fit are applied to characterize the PBLH-PM relationships. As

restlts-Ssignificant negative correlations between PM, s and PBLH are found over NCP with a Pearson

PBLH—values—show—the—mest-hegative—correlation—with—PM. .—over—the—NCP—with—a—correlation

coefficient of -0.36-. In addition, the nonlinear inverse function shows high consistency with the

average values for each bin, and weH-characterizes the PBLH-PM relationship with a somewhat higher

correlation coefficient (-0.49). —-PBLH also shows significant negative correlation with PM,s over

YRD and NEC, whilewhereas wi

PBLH correlation with PM, 5 over the PRD is not statistically significant.—Fhe—relationships-between

PM,—aretargerthanthese—of PM, s—(Figure-S3)- The correlation coefficients for the inverse fit are
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generally larger than the Pearson correlation coefficients, and-indicating thate the nonlinear fittiag may

be more suitable for characterizing the PBLH-PM relationships. Such improvements are obvious for

NCP and YRD, but are trivialnot significant over YRD and NEC.Coempared-to-CALIPSO-data,—the

We notiee that the ranges of PM,s for these ROIs are significantly different; therefore, the

background pollution level is likely to be an important factor for the PBLH-PM relationship. We atse

thus normalize the PM,s by MODIS AOD, a widely used parameter to represent the total-columnar

aerosol amount, to qualitatively account for background or transported aerosol that is not concentrated

in the PBL. The relationships between PBLH and PM,s/AOD over four ROls are presented in Figure

46. Clearly, after normalizing PM,s by AOD, the spread of these scatter plots and the regional

differences are significantly reduced, and the correlations becoame more significant for all ROIs,

especially for PRD. This is because transported aerosol aloft can contribute to variability in total

column AOD that is unrelated to the PBLH.

Compared to CALIPSO data, the MPL has a much higher signal-to-noise ratio and can

continuously observe at one location. Therefore, Figure 7 shows the relationship between MPL-derived

PBLH and PM, s over Beijing (a major city in the NCP), as well as the relationship between PBLH and

normalized PM, s. We fieund the PBLH-PM relationships derived from MPL over Beijing are similar

/[ Formatted: Subscript

with those derived from CALIPSO over NCP. Probably because of higher data guality, the correlation

coefficients for both fitting methods are Slightly higher for the relationships derived from surface
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406 observations than those from CALIPSO. Consistent with the results over NCP, the PBLH shows a /icommem [2L7): Incomplete, than ? }

407 | significantly nonlinear relationship with PM, s over Beijing. SireeAs the inverse fitting method better

408 characterizes the PBLH-PM relationships than the regular linear fitting, we only use the inverse fitting

409 method for the PBLH-PM relationships in the main text.

410

411

412 | 3-tThe most negative correlations between PBLH and PM, 5 appear over the NCP, likely a testament to

413 intense PBL-aerosol interactions, which may be caused by concentrated local sources. Comparing with

414 southeast China, absorbing aerosol loading is much higherheaviergreater over NCP, and may have

415 strong interaction with PBL through the positive feedback (Dong et al., 2017), which may contribute to

416 the significant and-nonlinear relationships over NCP. Several-seattered-sites-show-positive-correlations

417 | betweenPBLH-and—PM, 5;—though—they—are—generalhy—not-significant—Note that the PBLH-PM;s

418 | correlations are apparently stronger for heavily polluted regions; than for clean regions. However, after

419 normalizing PM,s by AOD, the correlations are improved preferentially for clean regions (where

420 aerosol aloft makes a larger fractional contribution to the total AOD), and thus, the differences between

421 | clean and polluted regions are reduced (Figure S6S3). It further indicates that the background pollution

422 | level plays a critical role in interpreting the PBLH-PM telationshipobservations.

423 As the NCP experiences the most pronounced seasonality in both PBLH and PM,s, their

424 relationship over this region also shows the most prominent seasonal differences (Figure S5e-f4).

425 Figure 5-8 focuses on the seasonal dependence of the PBLH and PM, 5 relationship over the NCP. The
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428 | correlation coefficient of -0.55 e ke ™*-during winter, and is only ~240-pe—s°km™— in summer.

429 For comparison, the anHaLseasonally aggregated\ relationship between PBLH and PM, is presented in Comment [ZL9]: Isn't “seasonally

avaeraged”?

430 Figure 5e8e. PM, 5 concentrations do not increase linearly with decreasing PBLH. Specifically, PM,s

431 increases rapidly with decreasing PBLH when PBLH is lower than 1 km, but changes much more

432 slowly for PBLH > 1.5 km. The seasonal mean values for PM,s and PBLH are presented as colored

433 dots in Figure 5e8e, and the whiskers represent the standard deviations. For winter, the PBLH is

434 generally shallow, PM, s concentrations are high, and thus PBLH shows the most significant negative

435 correlation with PM,s. Conversely, in summer, the PBLH is generally higher, PM, s concentrations are

436 lower, and the PBLH-PM;s relationship is virtually flat. Such seasonally distinct PBLH-PM,5

437 relationships have not previously been studied quantitatively, and ean-have the potential for eentribute
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438 te-improving PM, s monitoring and _predictions.

439

440 3.3. Association with horizontal transport

441 The PBLH wmainhy—affects mainly the vertical mixing and dispersion of air pollution, but
442 horizontal transport also plays a critical role in surface air quality. Figure 6a9a-b present the
443 PBLH-PM, relationships over China under strong wind (WS>4m s™) and weak wind (WS<4m s™)

444 | conditions. Under strong wind conditions, PM,s is found to be much less sensitive to PBLH than for

445 weak wind._In addition, Figure 6e9c-d show the aerosol extinction profiles as a function of PBLH

446 under strong and weak wind conditions,: Fhe-aeresels-extinection—coefficients—areas retrieved by the

447

448

ae—=In both strong and weak wind conditions,
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gradients appear at the top of the PBL. Nonetheless, under strong wind, the aerosol extinction is

typically low in the PBL, and the surface extinction do not change significantly with different PBLH.
In this situation, the strong wind likely plays a dominant role in affecting PM,5 concentration_by
ventilating the PBL. Under weak wind, the response of near-surface pollutants to PBLH is highly-more
nonlinear, and both aerosol extinction and PM,s fall rapidly as the PBLH increases from 600m to
1200m.

We further consider the relationship between PBLH-PM, s under different wind-direction regimes
for Beijing. Two different regimes are easy to identify: a northerly wind and a southerly wind; these are
divided by the red line in Figure 7a10a. The northerly air comes from arid and semiarid regions in
northwest China and Mongolia, and is usually strong and clean. The southerly wind comes from the
southern part of the NCP, with high humidity and aerosol content. To relate the connections between
WS, PBLH, and surface air quality, at least qualitatively, Mdeﬁn&the ventilation rate (VR) can be

represented as VR = WS x PBLH (Tie et al., 2015D. Figures #b10b-c and d-e present the PBLH-PM, 5

and VR-PM,;5 relationships under southerly wind and northerly wind conditions, respectively. For all
wind conditions, VR shows reciprocal relationship with surface PM,s. Under northerly wind conditions,
both PBLH-PM,sand VR-PM,s relationships are flatter and have lower correlation coefficients. The
northerly wind is apparently effective in removing pollutants and may play a dominant role in affecting
air quality. For the southerly wind, the PM, s concentration is highly sensitive to PBLH and VR values.
To further illustrate the coupling effects of PBLH and WS on surface pollutants, Figure 8a-11a

presents the relationship between lneentimeiearlv-afternoon WS and PM, 5 concentration across China.

Overall, WS is negatively correlated with PM, s, although a few stations over southwest China show

positive correlations. A negative correlation might be expected in general, as strong winds can be
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effective at removing air pollutants; however, other factors such as wind direction must also be
considered, as, for example, upwind sources could increase pollution under higher wind conditions.
There are positive correlations between PBLH and near-surface WS in most cases (Figure S#AS5a),
and thus, low PBLH and weak WS tend to occur together over much of China. These unfavorable
meteorological conditions for air quality would exacerbate severe pollution episodes.

To consider horizontal and vertical dispersion jointly, we investigate the nationwide relationships
between VR and PM,s. In general, VR is overwhelmingly negative correlated with surface PM,s
(Figure S7bS5b). Based on Figure 8al0, VR is typically reciprocal to PM,s for al-different wind
conditions, and thus, we use the Function FGVR =A/PM2.5% to characterize the relationship

between VR and PM,s, with A as the fitting parameter;—and—x—is—VR—and-Fx)-isPM,s.

distribution of A, presented in [Figure 819@], shows the largest values over the NCP, indicating that the
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directly in the equation, e.g.

PM2.5=A/VR

PM, s concentration is highly sensitive to the VR there. Moreover, VRs are relatively large over the

coastal areas, where sea-land breezes could play a role in dispersing air pollution. The detailed

relationships and fitting functions for four ROIs are presented in Figure S8S6. We note that although

there are large regional differences in the PBLH-PM,s relationship (Figure 35), the VR-PM;s

relationships are similar for the different study regions. Therefore, by combining vertical and horizontal

dispersion conditions, the overall VR apparently has a similar effect on PM, s for all four ROI.

3.4. Correlations with topography

The PBL structure and PM,s concentration can both be affected by topography. We alse-divided

ak-the sites into two categories based on elevation: plains (elevation < 0.5 km) and highland (elevation >

1 km). Figure 9al2a-d presents the correlation coefficients and slopes in the inverse fit between PM,
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and PBLH for the plains and highland areas. [{I keep wondering whether “slope” is really the right

word for the fitting parameter in the inverse relationship. 1 think it might be misleading.}l For

calculating the correlation coefficient and slope, we require that the matched-samphng-number of

matched CALIPSO PBLH and PM, s samples is larger than 15 infor each site. Much strenger-higher

correlation_coefficients exist-are found in the plains than the highlands-, and the slope (i.e. linear slopes

between —

—PBlLH and PM,s) in the plains is ~3 times that in highlands. A reciprocal eerrelation

relationship is shown between station elevation and the PBLH-PM, s slope between — ﬁ and PM, 5

(Figure 9e12e). The magnitudes of slopes decrease dramatically with elevation increase, for elevations

between 0 and 500 m. Local emissions also affect aerosol loading, and differences between plains and

highland areas regarding local source activity could be important here as well. Figure 9e-12e shows that

the low-elevation regions are typically more polluted than highland areas, and the magnitudes of the

PBLH-PM, c-slopes-alseslopes tend to be higher. Here, we utilized the inverse fitting method to reveal

the different PBLH-PM relationships betweenfor the plains and highland areas, whieand we can find

the similar conclusion by using the linear fitting method (Figure S7).

Returning to Figure S5S3, mueh-stronger correlations for PBLH-PM, s relationships are found

over polluted regions, which also correspond to the plains areas, due to strong local emissions.

Therefore, high aerosol loading is likely to be another factor contributing to the strong correlation

between PBLH and PM, s over the plains, whereas the low PM, s concentration may contribute to the

weak PBLH- PM, 5 correlation over the highlands.

In addition, horizontal transport is associated with topography. Thus, we illustrate the distribution

of WS for plains and highland areas in Figure 9f12f. _Clearhy-WS is generally larger for highland

areas, especially for the strongest wind cases. In fact, the 10% and 25% quantiles of WS are nearly the
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same between plains and highland areas, whereas there are apparent-clear differences in the 75% and

90% quantiles. Strong wind cases account for 37% of the total over highland areas, and-but only

account-for-27% of the total over the plains. As discussed in section 3.3, strong wind can effectively

remove surface pollutants, and can play a dominant role in affecting-determining local pollution levels.

In this situation, PBLH might not play as critical a role in PM concentration. Thus, mountain slepe

winds, along with less local emission, are likely to be leading factors accounting for the differences in

PBLH-PM, 5 correlations between plains and highland areas.
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Other factors could be-come into play as wellbe-invelved, such as the vertical distribution of aerosol,

the insolation, and the actual SSA of the particles; further examination of these phenomena is beyond

the scope of the current paper.

4. Discussion and conclusions

Based on ten years of CALIPSO measurements and other environmental data obtained from more
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than 1500 stations, large-scale relationships between PBLH and PM,s are assessed over China.

AldbeitAlthough the the PBLH-PM,s correlations are being—generally negative for the majority of

conditions, PBLEH-PM, s-correlations-for-majority-conditions-their magnitudes, significances, and even

signs-of-the- PBLH-PM, ;-correlationsfor-majority-conditions, vary greatly with locations, seasons, and

meteorological conditions\e

raghitude-and-seasonal-timing-by-region.. Nonlinear responses of PM, s to PBLH evolution are found

under some conditions, especially for NCP, the most polluted region of China—. We further usedapplied

an inverse function (f(x) = A/x + B) to characterize the PBLH-PM, 5 relationships with overall better

performance than a linear regression. Parthy—due to—Tthe nonlinear relationship—relatively

strongStrongest_efbetween PBLH_and -PM, s shows stronger interaction is-feund-when the PBLH is

shallow and PM,s concentration is high, which typically corresponds to the wintertime cases.

Specifically, the negative correlation between PBLH and PM,s is most significant during winter.

Moreover, we find that regional differences in the PBLH-PM,5 relationships are correlated with

topography. Strenrg-The PBLH-PM, s correlations isare found to be more significant between-PBLHs

and-aerosols-oceur-in low-altitude regions. This might be related to the more frequent air stagnation and

strong local emission over China’s plains, as well as a greater concentration of emission sources. The

mountain breezes and a larger fraction of transported aerosol above the PBL help—contribute to

weakening the PBLH-PM, s correlation over highland areas.

Note thatd the PBLH-PM; s relationships are not neeessariyalways be-significant nor negative

(GeiB et al., 2017).,In addition to PBLH, PM, 5 is also eentrelledaffected by many-other factors, such as
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pollutants, and result in the-weak or uncorrelated relationships between PBLH and PM, 5. A-commen
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featureisthe Wweak PBLH-PM, 5 correlations is a common feature over relatively clean regions. Due to

the importance of regional pollution levels, we normalized PM,s by MODIS total-column AOD to

account for the background aerosol in different regions. Comparing to PBLH-PM, 5 correlations, the

correlations between PBLH and normalized PM,s (PM,s/AOD) increased significantly for clean

regions, resulting in smaller regional differences overall. Retrieving surface PM,s from AOD

constraints has been investigated in many studies. The detailed relationships between PBLH and

PM,s/AOD over different ROIs are also expected to be significant for relating PM, s to remotely sensed

i Formatted: Font: Font color: Black J
AOD, due to the way PBLH affects near-surface aerosol concentration,

Horizontal transport also shows significant inverse correlation with PM, s concentrations. WS and

PBLH tend to be positively correlated with—each—ether—in the study regions, which means

meteorologically favorable horizontal and vertical dispersion conditions are likely to occur together.

Wind direction can also significantly affect the PBLH-PM relationship. Strong wind with clean upwind

sources plays a dominant role in improving air quality over Beijing, for example, and leads to weak

PBLH-PM correlation. The combination of WS and PBLH, representing a “ventilation rate;” shows a

reciprocal correlation with surface PM in all the regions studied. VR also is found to have the largest

impact on surface pollutant accumulation over the NCP.
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626 | causesofthepositivePBLH-O -correlations:

627 The feedback of absorbing aerosol also is a potential factor fer—affecting the PBLH-PM,s

628 relationships. Compareding with southeast China (e.g. PRD), the-absorbing aerosol loading is much

629 higher over NCP, and is reported to have strong interaction with PBL viae thea positive feedback in this

630 region (Dong et al., 2017; Ding et al., 2016; Huang et al., 2017). Such conclusions are consistentd with

631 | our results, that show efthe-significant PBLH-PM, s correlations over NCP and weak correlations over

632 PRD. The important feedback of absorbing aerosols may also contribute to the nonlinear relationship
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Our work comprehensively covers the relationships between PBLH and surface pollutants over large
regionalr spatial scales in China. Multiple factors, such as background pollution level, horizontal

transport, and topography;-and-aerosel-eptical-properties, are found to be highly correlated with PBLH
and near-surface aerosol concentration. Such information can help improve our understanding fer-of

the complex interactions between air peHutien-pollution, boundary layer depth, and horizontal transport,

and thus, can benefit ferthe-policy making efaimed at mitigating the air pollutions irat both local and
regional scales. FheOur findings ef-eOur-study-also-would-be-beneficial-forprovide-a deeper insight,
and help-gain-merecontribute to the quantitatively understanding of; aerosol-PBL interactions, which
could help in refining meteorological and atmospheric chemistry models. ane-further—improving-the
Frenitering-andwhichFurther, this work may be-beneficial-te-enhance surface pollution monitoring and

theforecasting capabilitiesy-ofsurface-pollutionants.
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901 Table 1. Description of datas.

Observations Variables Location Temporal Time period ‘/{ Formatted Table
resolution
Environmental Stations PM, 5 ~1600 sites* Hourly 01/201201-06/201796
Meteorological WS/WD ~900 sites** Hourly 01/201201-06/201796
Stations

MPL PBLH, extinction Beijing 15seconds  043/201604-12/201742
AERONET AOD (550nm) Beijing ~Hourly  01/20160%-12/201712
MODIS AOD Whole China Daily 01/20066%-12/201742
CALIPSO PBLH Orbits in Figure 1d Daily 06/200606-12/201742
MERRA PBLH Whole China Hourly 01/200604-12/201712

902 * 224 sites over NCP; 105 sites over PRD; 215 sites over YRD; 159 sites over NEC
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903 ** 37 sites over NCP; 92 sites over PRD; 34 sites over YRD; 76 sites over NEC ,
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905 | differentROls:

Parameter NCP PRD YRD NEC
Mean 1.40 1.35 131 1.40
MAM
STD 0.54 0.47 0.48 0.59
Mean 147 127 1.24 1.46
JA
CALIPSO-PBLH STD 0.51 0.44 0.46 0.55
(ke Mean 121 1.24 1.26 115
SON
STD 0.45 0.36 0.39 0.50
Mean 1.06 107 112 0.94
DIF
STD 0.40 0.34 0.41 0.47
Mean 157 116 124 145
MAM
STD 0.75 0.53 0.47 0.69
MERRA-PBLH
Mean 1.46 0.99 1.07 1.49
(k) JA
STD 0.72 0.36 0.39 0.68
SON Mean 1.37 118 122 119
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Figure 1. (a) Topography of China. The black rectangles outline the five regions of interest: northeast

China (NEC): 40.5-50.2°N, 120.1-135°E; North China Plain (NCP): 33.8-40.3°N, 114.1-120.8°E; Pearl

River Delta (PRD): 22.2-24°N, 111.9-115.4°E; and Yangtze River Delta (YRD): 27.9-33.5°N,

116.5-122.7°E. Locations of (b) environmental stations and (c) meteorological stations. (d) Blue lines

indicate CALIOP daytime orbits (in ascending node). Ground-based lidar and sun-photometer are

deployed at Beijing (red trianglecirele)—2
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Figure 2. The schematic diagram of retrieving the PBLH from CALIPSO.
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Figure 23. Spatial distributions of climatological mean PBLH derived from CALIPSO for (a)

March-April-May (MAM), (b) June-July-August (JJA), (c) September-October-November (SON), and

(d) December-January-February (DJF) during the period 2006-2017. Spatial distributions of

climatological mean of early-afternoon reentime-PBLH obtained from MERRA for () MAM, (f) JJA,

(9) SON, and (h) DJF during the same period.
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Figure 7. (a) Relationships between MPL-derived PBLH and PM,s over Beijing. (b) Relationships

between MPL-derived PBLH and PM, s/AOD (unit: ug m™ per AOD) over Beijing. Neted-Tthe AOD

data are obtained from AERONET. Here, linear (red) and inverse fits (black) are both utilized. We use

only data acquired during 1000-1500 local time, when the PBL is well developed.
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Figure 58. The relationship between CALIPSO PBLH and PM, s over the NCP for (a) MAM, (b) JJA,
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988 Figure 69. The relationship between CALIPSO PBLH and PM,s over China for (a) strong wind
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Figure #10. (a) Relationship between wind direction/wind speed and PM, s over Beijing. The red line
divides the northerly wind and southerly wind. (b-c) The relationship between PM,s and

MPL-PBLH/ventilation rate (VR = WS x PBLH, unit: km*m s™), for southerly winds over Beijing.

(d-e) The relationship between PM, s and MPL-PBLH/VR, for northerly winds over Beijing.
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Figure 811. (a) Spatial distribution of linear correlation coefficients (R) for the WS-PM, 5 relationship.

(b) Spatial distribution of fitting parameter (A) for the VR-PM,s relationship. [The function
PM, o £Ge)= A/VR% is used to characterize the relationship between VR and PM,s, with A_(unit:

km*ug m®) as the fitting parameter—ane-x-is-VR—ane-f)-is-PM. 5. [Both WS and PM, s are obtained

from surface data, and PBLH are derived from CALIPSO. Here and in the following analysis, Dets

dots marked with black circles indicate where the relationship is statistically significant at the 9599%

confidence level.
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1020 between CALIPSO PBLH and-mid-day— PM, 5 derived—fromfor the inverse fittirg—method (f(x) =

1021 A/x + B) are shown for the (a-b) plains {a-b)}-and (c-d) highland areas—(e-). Noted the slope in the

1022 inverse fit is defined as - A. (e) The slopes in the inverse fit Fhe-relationship-betweenPBEH-PM, 5

1023 slope-(i.e. linear slopes between —ﬁ and PM, s) {derivedfremunder different —the-inverse-fitting)

1024 and—station elevations, with color-shading indicating station mean PM,s concentration. (f)

1025 Box-and-whisker plots showing the 10th, 25th, 50th, 75th, and 90th percentile values of the

1026 | early-afternoonmid-gay WS for plain and highland regions. The dots indicate the mean values.
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