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Abstract The physical and optical properties of acrosols and the change of planetary boundary layer height
(PBLH) are of great scientific significance for the study of atmospheric environment and air quality. This paper
intends to present integrated observations of aerosol physical-optical characteristics and PBLH properties
under different air pollution levels in Shouxian (National Climatology Observatory (32°26° N, 116°47’ E)),
China. The combined measurements of ground-based Lidar and Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) are analyzed from December 2016 to November 2017 in this study. Results
show that the extinction coefficients decrease significantly with height below 2 km. The extinction coefficients
below 1 km, the aerosol optical depth (AOD), and the PBLH increase with the aggravation of pollution. The
daily average aerosol extinction coefficient near the surface is about 0.78 km~!, the AOD is 0.87 + 0.33 m
(mean + std, the same below), and the PBLH is 827 + 132 m in polluted conditions (PM, ; > 115 pg m™3).
With the increase in pollution and the decrease in PBLH, more aerosols are accumulated at a lower height.

The daily average ratios of AOD below PBLH (AOD,, ) to total AOD (AOD, ) are about 64% in polluted
conditions. According to the CALIPSO-observed aerosol vertical profile, aerosols are identified for about
20.54% of the vertical space below 6 km altitude under polluted conditions. The spherical fine particles with
lower particulate depolarization ratio (PDR, 79% of the PDR is <0.2), lower color ratio (CR, 64% of the CR

is <0.75), and stronger scattering ability are dominant in 0~2 km.

1. Introduction

Aerosols physical-optical properties of aerosols and the change of planetary boundary layer height (PBLH) are of
great scientific significance for the study of atmospheric environment and air quality. Aerosols directly influence
the amount and spectral distribution of the incoming solar radiation and the Earth's radiation-energy budget by
scattering and/or absorbing the solar light (Ackerman & Toon, 1981; Charlson et al., 1992; Hansen et al., 1997;
Luo et al., 2019). Indirectly, aerosols affect the radiation budget and climate through their impact on cloud micro-
physical processes as cloud condensation nuclei (Dubovik & King, 2000; Eck et al., 2012; Twomey, 1977; Twom-
ey et al., 1984). Considering the spatial heterogeneity of aerosols at different heights, the analysis of vertical aer-
osol distributions can contribute to a better understanding of regional PBLH characteristics. Further, the vertical
distribution characteristics of aerosols can affect the vertical profile of atmospheric radiation heat, thus changing
the stability of the atmosphere, affecting the convective and turbulent motion (Bellouin et al., 2020; Chung
et al., 2012; Johnson et al., 2008). Therefore, the detection of vertical aerosol distribution is of great significance.

The planetary boundary layer (PBL) is the lowest portion of the troposphere, which affects the exchanges of heat,
momentum, and pollutants between the surface and the free troposphere (Garratt, 1994). The dispersion and dilu-
tion of pollutants are dynamically controlled by atmospheric motion (e.g., wind and turbulence) within the PBL
(Stull, 1988). The PBL structures/processes not only regulate the horizontal dispersion and transport of aerosols,
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but also influence the upward diffusion of aerosols and the exchange of cleaner air from above (Li et al., 2017,
X. Yang et al., 2016). The shallow PBL has been found to be partially responsible for several pollution episodes
in China (Quan et al., 2014; Su et al., 2018; Ye et al., 2016), and the shallower PBL also coincides with higher
scattering extinction at low altitude (T. Z. Sun et al., 2019), Meanwhile, high aerosol loading may result in less
heating to the atmosphere and radiative forcing to the surface (X. Yang et al., 2016), which in turn further de-
presses the PBL and exerts feedback on pollution (Y. Gao et al., 2015; Miao et al., 2016; X. Yang et al., 2016).

The ground-based Lidar has been proved to be one of the powerful tools to monitor optical properties of aero-
sols and clouds, as well as the PBL structures with high temporal and spatial resolution in the vertical direction
(Baars et al., 2016). Therefore, Lidar has been widely used in the study of aerosol extinction vertical profiles and
the investigation of urban air pollution (Chew et al., 2016; Q. Liu et al., 2017; Wong et al., 2017). In addition
to ground-based Lidar detection, the spaceborne Lidar is also an effective means to obtain atmospheric aerosol
information. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) sensor carried on the polar-orbit
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite is the primary data
source of large-scale and long-term vertical distribution characteristics of global aerosols and clouds (Winker
et al., 2013; Yu et al., 2010). CALIPSO can effectively identify cloud components and determine aerosol layers
and types.

In recent years, some researchers have analyzed the spatial distribution of aerosols by using ground-based Lidar
and the CALIPSO satellite, and further verified the quality of CALIPSO aerosol data via the comparison with
ground-based observations showing good consistency (Chiang et al., 2011; Solanki & Singh, 2014). Also, aerosol
types were validated in some researches. Previous studies have validated different types of aerosols from CALIP-
SO Level-2 data sets by comparing them with the ground-based elastic Lidar, Raman Lidar, and aerosol robot net-
work (AERONET), respectively (Burton et al., 2013; Mona et al., 2009; Pappalardo et al., 2010; Wu et al., 2014).
These results showed the best consistency of dust types, but the moderate agreement of the polluted continental
type of aerosols. Moreover, Wu et al. (Wu et al., 2014) have found that the cloud-aerosol discrimination (CAD)
algorithm of CALIPSO works well except in the case of heavy aloft smoke plumes that are partially discriminated
as clouds. The aerosol classification results observed from CALIPSO have been directly used by several studies
to support the identification of aerosol air masses of specific types (W. Sun et al., 2013; Y. Yang et al., 2012).

The combination of ground-based and spaceborne Lidar has become the development trend of atmospheric aer-
osol detection (Gupta et al., 2021; Shen & Cao, 2020; Zhu et al., 2019). However, previous studies have rarely
discussed the vertical profile changes of aerosol and PBLH under different pollution conditions when inhalable
ground particles are the primary pollutants. Therefore, based on the ground-based Lidar and CALIPSO satellite,
this paper explores the vertical distribution characteristics of aerosol particles under different pollution levels in
China's Inland Cities (Shouxian National Climatology Observatory), which is of great scientific significance to
reveal the spatial characteristics of aerosol and boundary layer state in inland cities of China. Herein, we present
a study on the vertical distributions of aerosols under different pollution levels in Shouxian from December 2016
to November 2017. We try our best to demonstrate the following key points studied: (a) Make observation-based
analysis of the PBLH variations and their relationship with PM, ; under different pollution conditions; (b) Char-
acterize vertical distribution of aerosol types and physical-optical properties (extinction, depolarization ratio, and
color ratio) under the different pollution days, by integrating the ground-based lidar, space-borne lidar (CALIP-
S0O), satellite MODIS, ground PM, ; data set, etc. This paper is organized as follows. Section 2 presents the study
areas, the data and the main methods used in this study. Section 3 shows the results and discussion. Finally, the
conclusion and perspective are given in Section 4.

2. Instruments, Data, and Methodology

2.1. Ground-Based Lidar Instrument

The ground-based Lidar used in this observation experiment is a single wavelength Mie scattering Lidar (made
by Anhui Institue Of Optics and Fine Mechanics, Chinese Academy of Sciences), which is located in Shouxian
National Climatology Observatory, a county in Huainan, Anhui, China (Figure 1). The system transmits short
pulses at 532 nm with a 20 Hz repetition rate, and the spatial resolution is 15 m. The Lidar profiles were obtained
with a 5-min or 3-min interval. In the study of aerosol extinction profiles and PBLH characteristics, the one-
year observation data from December 2016 to November 2017 are adopted, and the data with the cloud under
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Figure 1. Map of the Shouxian, the location of Mie Scattering Lidar (32°26’ N, 116°47’ E), the CALIPSO overpasses (green lines) and the range of CALIPSO

overpasses (red box).

3 km and rainy days are strictly removed. The height of low cloud is easily misjudged as PBLH, resulting in
retrieval errors. Thus, it is necessary to remove the days with low clouds under 3 km. A total of 162-day profiles
finally remained. The Lidar data corrections are essential to retrieve the aerosol extinction coefficient, including
the range square correction, overlap correction, after-pulse correction, and background noise subtraction (Cao
et al., 2013). After the Lidar data corrections, the aerosol extinction coefficient was obtained using the Fernald
method (Fernald, 1984). In this inversion, the reference height is set at a height with negligible particle load (Balis
et al., 2006), and the Lidar ratio (LR) is set at 50 (Fan et al., 2019; F. Y. Mao et al., 2012).

The aerosol optical depth (AOD) is calculated by integrating the extinction coefficient from the surface to the
reference height excluding clouds, reflecting the attenuation of the sunlight-induced by aerosols. In this paper,
if the extinction coefficient above 3 km is greater than that of the surface, it is considered that there are clouds
above 3 km. The extinction coefficient is used to determine whether there are cloud changes with time and surface
extinction coefficient. When we calculate the daily average AOD, we exclude the times in the day when there
are clouds. The extinction coefficient data obtained from the Lidar were used to calculate the AOD remaining
149 days, which contain at least 5-hr data in one day after excluding clouds.

Aerosols are generally more abundant within the boundary layer than the upper atmosphere, thus for Lidar sys-
tems, the backscattered Lidar signals within the PBL are much higher than those in the free troposphere. Based on
this fact, several methods have been employed to determine the PBLH from Lidar data. Many studies showed that
the retrieved PBLH of Lidar is in good consistency with the radiosonde (Hennemuth & Lammert, 2006; Sawyer &
Li, 2013). In this study, we choose the gradient method (GRA) (Comeron et al., 2013; Flamant et al., 1997; Hen-
nemuth & Lammert, 2006; Hoff et al., 1996; W. Wang et al., 2016), standard deviation method (STD) (Hooper &
Eloranta, 1986; Menut et al., 1999), and wavelet covariance transform method (WCT) (Cohn & Angevine, 2000;
Deng et al., 2014; Granados-Munoz et al., 2012) to estimate the PBLH where the Lidar range corrected signal
(RCS) abruptly decreases. The detailed inversion methods can be consulted from the paper discussed by Qu et al.,
who considered that all these three ways can reveal the characteristics of PBLH (Qu et al., 2017). In this study,
the minimum PBLH is set at 500 m where the Lidar starts to collect full backscatter signals due to the limitation
of the geometric overlap function. The maximum PBLH is set at 2,700 m to save computing time and avoid
cloud contamination. Due to the low signal-to-noise ratio (SNR) of Mie scattering Lidar, this automatic inversion
method may produce wrong values in some cases. We have checked the whole data and removed the data that are
considered to be inaccurate. Finally, the daily data have been processed with Gaussian smoothing method, and
the smooth window width is 10.
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Table 1

Statistics of Pollution Days Used Different Data During the Study Period

2.2. Satellite Products

CALIOP is a satellite-borne Lidar instrument carried on the CALIPSO,

Slightly which can observe vertical aerosol profiles. The CALIOP Level-2 version

Liolvidorn vl Excellent Moderate polluted  Polluted 4 5() aerosol profile products and Vertical Feature Mask (VFM) products
PM, ; concentration (ugm=)  0~35 35~75  75~115 >115 are downloaded from NASA's website (https://eosweb.larc.nasa.gov/pro-
Lidar (days) 25 36 39 12 ject/CALIPSO) during the study period. These two data have a horizontal
CALIPSO (days) 15 37 18 10 resolution of 5 km and a vertical resolution of 60 and 30 m below 8.2 km,

respectively (Omar et al., 2009). Both data products are selected between
115.44-118.14°E and 30.96-33.94°N over the study region (Figure 1). A
total number of 80 CALIPSO overpasses are available for the analysis, and
the overpasses are further separated according to the pollution levels in Shouxian. In this study, some parameters
closely associated with aerosol optical and microphysical properties are employed from profile products: extinc-
tion coefficients at 532 nm, total backscatter coefficient (TBC) at 532 nm, backscatter coefficient at 1,064 nm,
and particulate depolarization ratio (PDR) profile at 532 nm.

Backscattering coefficient (0~0.05 km~! sr™!) and PDR (0~1) values are filtered with valid range limits of their
magnitude, provided with the data product (Lakshmi et al., 2020). Because the extinction coefficient, backs-
cattering coefficient and other parameters in the level-2 aerosol profile data are obtained from the Level-1 data
through the correlation algorithm, there are many kinds of errors in the conversion process, eventually leading
to the inaccuracy of level-2 data parameters. Therefore, it is necessary to carry out quality control to reduce
errors using CALIPSO data (Campbell et al., 2013; Gautam et al., 2009; Redemann et al., 2012). The data
quality control procedures are applied as follows: (1) —100 < CAD score < —50; CAD routine separates clouds
and aerosols. The CALIOP reports CAD scores in the range of —100 to O for aerosols and 0 to +100 for clouds
using the CALIOP cloud aerosol discrimination algorithm. The larger absolute value of the CAD score indicates
higher confidence in the featured classification. The Range of CAD scores setting in this paper not only ensures
the validity of the data to a certain extent but also avoids the lack of research data caused by the strict screening
conditions. (2) The value of bits 1st-3rd of atmospheric volume description is 3. The data type of Atmospheric
volume description (AVD) is a 16-bit integer, which reflects the detection type (cloud or aerosol or no signal),
its subtype, the corresponding confidence level, etc. The 1st-3rd bits of AVD are feature types, and the value is
3 representing aerosol data. (3) The Extinction quality control (QC) 532 = 0 or Extinction QC = 1. The value of
Extinction QC is related to the preset and change of Lidar ratio in the inversion process of extinction coefficient.
Generally, when the value is O or 1, the inversion result is the most reliable. (4) Extinction Coefficient Uncertainty
<10. When the uncertainty is >90, it indicates that the obtained data are not accurate. The VFM product uses a
cloud-aerosol classification and recognition algorithm and aerosol layer classification algorithm to identify the
received signals, and each bin range is characterized by a single 16-bit integer. Therefore, we decode these integer
data to obtain different flags. In version 4.20, aerosols are divided into six subtypes: clean marine (CM), desert
dust (DD), polluted continental/smoke (PC/SE), clean continental (CC, also referred to as clean background),
polluted dust (PD, dust mixed with anthropogenic aerosols such as biomass burning smoke or urban pollution),
elevated smoke (SE, smoke which is elevated above the PBL [2.5 km]), and dusty marine (DM, dust mixed with
marine aerosol) (Boiyo et al., 2018; Kim et al., 2018).

2.3. Auxiliary Data

The observed PM, ; concentration data are sourced from the China Environmental Monitoring Center (CEMC).
There are five monitoring stations in Huainan, with an average distance of 26 km away from the Lidar. The
CEMC provides the hourly average data and the average of these five monitoring stations. According to the new
air quality standard of PM, ; detection network of China (http://www.pm25china.net/), the six pollution condi-
tions are classified by the 24-hr average PM, , concentrations, including excellent condition (0~35 pg m™), good
condition (35~75 pug m™3), slightly polluted (75~115 pg m~3), moderately polluted (115~150 pg m~3), heavily
polluted (150~250 pg m~3), and seriously polluted (>250 pg m~3). Since few data are available in the moder-
ately polluted, heavily polluted, and seriously polluted conditions, we consider these three conditions into one
category, which is called the polluted condition. The number of days for each pollution level is shown in Table 1.

The AOD product from MODIS satellite sensor (MCD19A2-v6) is used in the present study to retrieve the daily
AOD. MCD19A2 is a Multi-angle Implementation of Atmospheric Correction (MAIAC) Land AOD Level-2
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gridded product having a high spatial resolution of 1 km, which integrates MODIS Terra and Aqua images. It
offers daily basis AOD for land at two different wavelength bands, that is, 470 nm (blue band) and 550 nm (green
band). AOD was selected at 550 nm (green band) for the same study period, and the grid data are averaged with
a 5-km range away from the Lidar location. MCD19A2 is available for free download from the MODIS website
(https://modis-land.gsfc.nasa.gov/MAIAC.html). Total 93-day MODIS data are further matched with Lidar data.

3. Results and Discussion

In this section, we analyze main statistical results of aerosols and PBLH under different pollution levels. The
characteristics of aerosols extinction and AOD under the different pollution conditions are provided in Sec-
tion 3.1. The relationship of PM, ; and AOD is also discussed. Section 3.2 presents the statistics of PBLH and
the percentages of AOD below PBLH to total AOD. Besides, the TBC, PDR, and CR characteristics are given in
Section 3.3. Furthermore, Section 3.4 presents the proportions of different aerosol types and their variation with
altitude. In Sections 3.1-3.4, the statistical characteristics of different parameters of aerosol are analyzed. In Sec-
tion 3.5, we further show the characteristics of these parameters in a case and discuss the impact of background
meteorological parameters.

3.1. Aerosols Extinction Profiles and AOD Changes Under Different Pollution Conditions

Aerosol optical characteristics are critical physical parameters that reflect the aerosol concentration and chemical
composition and are widely used in aerosol mode verification and improvement (M. Gao et al., 2018; Oikawa
et al., 2018). The aerosol extinction coefficient is one of the essential aerosol optical parameters, reflecting the
characteristics of the aerosol extinction. The extinction coefficient profiles at 532 nm observed from ground-
based Lidar and space-borne CALIOP are averaged and smoothed accordingly under the excellent, good, slightly
polluted, and polluted conditions, respectively. CALIPSO data use sea-level height, while Lidar data use the
actual ground height of Shouxian county. The average elevation of Shouxian is only 21 m, so the height matching
was ignored in the data processing. However, due to the overlapping height of the ground-based Lidar system,
which is around 500 m, the derived optical properties of aerosols may not be correct near the surface. Meanwhile,
as the CALIOP instrument is an active Lidar sensor, decaying signals can influence the quality of aerosol profiles,
especially in the near-surface (L. Y. Wang et al., 2020).

The aerosol extinction coefficient profiles are shown in Figure 2. The extinction coefficients of the CALIPSO
satellite are slightly different from that of Lidar, but the overall trends are the same. Obviously, the extinction
coefficients decrease significantly with height below 2 km and increase with the aggravation of pollution near the
surface. Besides, the differences of extinction coefficients mainly exist below 1 km among those different con-
ditions. In Figure 2a, the extinction coefficients are ~0.78, 0.57, 0.39, and 0.21 km~' on the ground, in polluted,
slightly polluted, good, and excellent conditions, respectively. The extinction coefficients decrease fleetly below
1 km in polluted conditions, while it changes slightly in excellent conditions. Generally, the average extinction
coefficients observed by Lidar are smaller than those observed by CALIPSO. For results from CALIPSO, the
extinction coefficients in excellent and good conditions are a little larger than that in slightly polluted and polluted
conditions above 1 km (Figure 2b). This phenomenon is not obvious as observed by Lidar. The main reason for
the difference between the two data sets is that the observation time and site are different.

AOD is seen as an important indicator for evaluating aerosol concentration and atmospheric pollution reflecting
the extinction characteristics of aerosols in the whole atmosphere column. As shown in Figure 3, the daily average
Lidar AOD during the study period is 0.65 + 0.33 (mean + std, the same below), ranging from 0.18 to 1.70. The
more serious the pollution, the greater the AOD. The mean value of Lidar AOD is up to 0.87 + 0.33 on polluted
days. What’s more, the average values of AOD are 0.75 + 0.33, 0.66 + 0.33, and 0.36 + 0.11 in slightly polluted,
good, and excellent conditions, respectively.

In order to check the accuracy of Lidar AOD, we run a linear regression with MODISAOD data. The result
shows that the slope of the regression equation is 1.20 (Figure 3b). The Pearson correlation coefficient is 0.83,
and they are considered to be highly correlated. P-values are substantial at the 1% confidence level for all the
linear fits, thus we consider that the values of Lidar AOD are accurate. The correlation between Lidar AOD
with PM, ; concentration was tested (Figure 3c). The bibliography agrees that AOD is positively related to PM,
(Shao et al., 2017; Q. Yang et al., 2019). Our results also agree with it, and the correlation coefficient (0.45) is
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Figure 2. Extinction coefficient profiles for ground-based Lidar and CALIPSO under different pollution levels.

higher than that in the previous study in Hefei (0.33~0.38) (Q. Yang et al., 2019). However, many factors can
influence their relationship. For example, PM, , reflects particle concentration near the ground surface, while
AOD represents the entire atmospheric column. In addition, PM, ; mainly represents the dry mass concentration
of fine particles, which is hardly affected by water and coarse particles, but the AOD value might also include the
influence of water vapor and coarse particles. The detailed analysis is shown in Figure 4.

We analyze the correlation between the Lidar-derived AOD and CALIPSO-measured color ratio (CR). CR is
defined as the ratio of the intensity of backscatters at 1,064 nm and that of total backscatters at 532 nm; the larger
color ratio usually indicates larger particle sizes or coarse-mode particles. As shown in Figure 3d, AOD is nega-
tively correlated with CR, and the correlation coefficient (R) is —0.46. The higher AOD corresponds to smaller
color ratios, which indicate the fine-mode particles. In fact, when the particle size is close to the wavelength of
incident light, the contribution of this particle to extinction is greater than that of other size particles (Seinfeld &
Pandis, 2012). Previous field observations showed that PM, makes the main contribution to extinction, which can
reach more than 70% (Bergin et al., 2001). Thus, the fine particles with small CR and the high extinction make
a greater contribution to AOD.

The correlations among PM, ., /PM, ratio, relative humidity (RH) and PM, ,/AOD ratio are shown in Figure 4
through the scatter plots. A previous study proved that the PM, //AOD ratio is a good parameter to measure the
relationship between PM, . concentration and AOD (Zheng et al., 2017). The ratio of PM

the proportion of coarse particles. We find that PM

»5-16/PM,, Tepresents

55~ 1/PM,, ratio and RH both are negatively correlated with
PM, /AOD ratio. When the proportion of monitored coarse particles increases, the contribution of coarse parti-
cles to AOD increases. Accordingly, the contribution of fine particles to AOD reduces, and decreases the PM, ./
AOD ratio. Moreover, when the humidity is high, the aerosol would be humidified and the particles tend to con-
tain more water. In fact, the water contained in the particles will contribute a lot to AOD and make the value of
AOD larger (Covert et al., 1972). The active sensor of the ground-based Lidar can monitor elevated aerosols from
range-resolved aerosol distribution and compensate the disadvantage of the satellite retrievals of column AOD
only. However, the concentration of PM,  is dry mass concentration, where the water contained in the particles
is evaporated and contributes little to PM, ; mass concentration in the measurements (Q. Yang et al., 2019). That
is to say, high humidity makes the particles in the air contain more water, which makes the AOD higher, but the
impact on the concentration of PM, ; is relatively weak, resulting in a relatively lower PM, //AOD ratio.
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Figure 3. (a) The daily average aerosol optical depth (AOD) observed by ground-based Lidar under different pollution levels;
(b) the correlation between the AOD of ground-based Lidar and the AOD of MODIS;; (c) the correlation between the PM,
concentration and the AOD of ground-based Lidar; and (d) the correlation between the color ratio and the AOD of ground-
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3.2. PBLH Characteristics Over Shouxian in Different Air Quality

The variations in aerosol concentrations can affect the stability of the PBL, and the vertical aerosol distribution
plays a vital role in PBL development (Su et al., 2020). Meanwhile, air pollutants released from non-buoyant
ground sources, including aerosols, dust, and other gaseous pollutants, are restricted within the boundary layer
(Petaja et al., 2016). Therefore, the dispersion and transport of lower tropospheric particles mainly depend on
the PBLH (Tyagi et al., 2017; Zilitinkevich et al., 2012). Consequently, the determination of PBLH is of great
significance to the evaluation of air pollution events. In this study, we apply the GRA, STD, and WCT methods
to calculate the PBLH. The following paragraphs will identify and discuss the statistical characteristics of PBLH
over Shouxian.

The box plot in Figure 5a shows and compares statistical characteristics of PBLH under the excellent, good,
slightly polluted, and polluted conditions, which is calculated by the GRA, STD, and WCT methods, respec-
tively. The results show that the annual variation of daily PBLH is between 593 and 1,765 m, and the annual
average of PBLH is 1,042 + 254 m, which is in excellent agreement with other experimental data in China (Deng
et al., 2016; Du et al., 2013). The PBLHs in polluted conditions are the lowest with the average value of 8§27 m
and are the most stable with a standard deviation of 132 m. This was consistent with previous field observations
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Figure 4. (a) The correlation between the PM, //AOD ratio and the PM, ;_, /PM, ratio; and (b) the correlation between the
PM, ;/AOD ratio and the relative humidity (RH).

that the boundary layer would be very low during heavy PM, ¢ pollution conditions with high extinction (Luan
et al., 2018; Uno et al., 2014). Moreover, the PBLH values in good and excellent conditions are similar with the
average value of 1,085 + 253 m and 1,161 + 275 m, respectively. Generally, the value of PBLH shows more
significant variability under the states with higher PBLH, while the value of PBLH is less variable when the
PBLH is low. Obviously, reduction of PBLH occurs with increased air pollution, and this result is coherent with
the other studies (Lou et al., 2019; Miao et al., 2019). It can be explained by the two-way feedback effect between
aerosol pollution and PBL structure (Zhang et al., 2020). The particles reduce the incident solar radiation and
reduce the surface heating, resulting in a decrease of turbulent mixing and the reduction of PBLH. In turn, PBLH
is associated with the highest height that the surface particles can reach, thus the shallow PBL limits particles to
a low height and further facilitate the particulate matter accumulation.

The seasonal variation of PBLH under different pollution conditions are analyzed in Figure 5b. The results in-
dicate that the PBLH decreases with the aggravation of pollution in each season. The seasonal average PBLH is

(@ , , , (b) :
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¢ wet Ppop  Hefl ~# - Good
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1500 | eow [ | 1500 | T
— i | | | 1 —
= T =
o » | I = s e T
Q. 1000 | L 44a [‘ |UH : ’ Q 1000f @ ‘ RS0 )
J(.;iH [ R NEE : = }“ l i
(L S S |
1y 1 A o1 g
500 | g . 500 -
. : .
"°\\§\§§3\w o Goo% ygpten S0 Gua et g™ it

Figure 5. (a) The planetary boundary layer height (PBLH) calculated by the GRA, STD, and WCT methods under excellent,
good, slightly polluted and polluted particulate pollution conditions, respectively. The bottom and top of the box are the

first and third quartiles, and the band inside the box is the median and the diamond is the average. The whisker is the lowest
(highest) datum within 1.5 interquartile ranges (IQR) of the lower (upper) quartile; (b) Seasonal variation of PBLH (three-
method average) under different pollution conditions.
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Figure 6. Daily variation of planetary boundary layer height (three-method average and hourly average) under different

pollution conditions.

lowest in winter, but higher in spring and summer. Jiang et al. (Jiang et al., 2014) also found that the maximum

PBL has the highest value of 1.77 km in spring over Nanjing city in China. Although the increase in surface tem-

perature is beneficial to increase the PBLH, the increase in relative humidity will reduce it (Jiang et al., 2014).

The lower average value of the PBLH in summer may be due to the fact that the region is in the plum rainy season

(W. S. Mao et al., 2008), with high relative humidity. Thus, too humid air will aggravate the air quality, resulting
in the inability of the PBL to rise to a higher height.

The daily variation of PBLH (three-method average) and the related standard deviation in different pollution

conditions is depicted in Figure 6. The PBLH changes with sunrise and sunset and reaches its maximum in the
afternoon (16:00~17:00) in all the conditions. Lv et al. (Lv et al., 2020) also observed the PBLH peak at around
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Figure 7. The percentages of aerosol optical depth (AOD) below average
PBLH (AOD,,, ), AOD below 1 km (AOD,, ), AOD below 2 km (AOD,
and AOD below 3 km (AOD,, ) to total AOD (AOD,
based Lidar under different pollution levels.

2k
) calculated by ground-

tot-

14:00 based on WRF-Chem during January and July in 2017 in North China
Plain. Moreover, the diurnal cycles show similar patterns in good and ex-
cellent conditions and generally minimum in the mornings (08:00~09:00),
respectively. However, the PBLH is at the lowest level at night in slightly
polluted and polluted conditions. From 00:00 to 12:00, the PBLH remains
relatively stable in slightly polluted conditions, and it slightly fluctuates in
polluted conditions. Relative to excellent conditions, PBLH peak in polluted
conditions see a big fall by 439 m, followed in slightly polluted conditions
with a decrease of 324 m.

Figure 7 shows the ratios of AOD below PBLH, 1 km, 2 km, and 3 km to
total AOD calculated by ground-based Lidar, respectively. During the study
period, the annual ratio of AOD below PBLH to total AOD is about 57%,
indicating that more than half of the aerosols are concentrated below PBLH.
He et al. (He et al., 2008) found that ~64% of the monthly mean AOD was
contributed by aerosols within the PBL from May 2003 to June 2004 in Hong
Kong. The daily average ratios of AOD below PBLH to total AOD are about
64%, 59%, 55%, and 55% in polluted, slightly polluted, good, and excellent
conditions, respectively. Moreover, the annual percentages of AOD below
1 km, 2 km, and 3 km to total AOD are about 55%, 78%, and 85%, respective-
ly. This is consistent with other views that most aerosols exist below 3 km.
Overall, the percentages of AOD below 1 km, 2 km, and 3 km to total AOD
increase with the aggravation of pollution, prove that aerosols mainly exist
under lower height on more polluted days
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Figure 8. (a) The average total backscatter coefficient at different layers in different pollution conditions; and the frequency distributions of total backscatter coefficient
in different pollution conditions at (b) 0~2 km, (c) 2~4 km, and (d) 4~6 km.

3.3. TBC, PDR, and CR Characteristics in Different Pollution Levels

Based on the CALIPSO data, the temporal and spatial variations of aerosols in Shouxian are analyzed from three
aspects: backscatter coefficient, particulate depolarization ratio, and color ratio. The height is divided into three
height layers, including low layer (O~2 km), middle layer (2~4 km), and high layer (4~6 km). The average value
of each height layer is then calculated to further analyze the vertical distribution characteristics of the above three
parameters during different pollution periods. The backscatter coefficient is an essential parameter in CALIPSO
Level-2 aerosol profile products. According to the research conducted by Liu et al. (Q. Liu et al., 2017), the
aerosol-related TBC at 532 nm varies from 8.0 x 107 to 4.5 X 1073 km™" sr™!, except when there are optically
thick aerosol layers or optically thin clouds (particularly cirrus). As shown in Figure 8a, the annual mean values
of TBC generally diminish with increases in height, which are 5.2 X 1073 km™" sr™!, 1.2 X 1073 km~" sr™!, and
6 x 10~ km~! sr~! from low layer to high layer, respectively. The mean value in the low layer is significantly
higher than that in the other two layers, indicating that the scattering ability of particles is very strong at 0~2 km,
especially on polluted days with its average value up to 7.1 x 1073 km~! sr~!. The TBC increases with the de-
terioration of air quality in the low and high layer, while there is a modest slowdown in the middle layer. This
result denotes that more aerosols exist in low layer with low PBLH when the air is seriously polluted, causing less
aerosols in the middle layer. On average, about 90% of TBCs are <10.6 x 1073 km~! sr~! at 0~2 km (Figure 8b),
while TBCs are more concentrated in a small range at 2~4 km and 4~6 km (Figures 8c and 8d), with 90% of
TBCs concentrated in 0~2.8 X 1073 km~! sr~! and O~1.1 x 1073 km~' sr~!, respectively.
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Figure 9. (a) The average particulate depolarization ratio at different layers in different pollution conditions; and the frequency distributions of particulate
depolarization ratio in different pollution conditions at (b) 0~2 km, (c) 2~4 km, and (d) 4~6 km.

The PDR is used to distinguish spherical or nonspherical particles (Bi, Lin, Liu, & Zhang, 2018; Bi, Lin, Wang,
et al., 2018; Winker et al., 2007). Higher PDR values suggest greater amounts of nonspherical particles (such as
dust), and smoke resulting in small PDR values. Omar et al. considered PDR >0.2 as a dust criterion from other
aerosol types (Omar et al., 2009). Figure 9a depicts that the mean value of the PDR increases with the height,
except in excellent conditions, indicating that the amount of nonspherical particles increases with the height. For
excellent conditions, most PDR are less than 0.1, which do not vary apparently with height increases (Figure 9a).
For 0~2 km, the frequency distributions of PDR are similar in different pollution levels (Figure 8b), because the
aerosols under PBLH are mainly originated from local and surrounding areas. However, at 2~4 km and 4~6 km,
the difference of average values (Figure 9a) and frequency distribution (Figures 9c and 9d) is obvious among
different pollution levels. The aerosols in higher altitude mainly comes from different areas through long-distance
transportation. Approximately 79% and 72% of the PDR values are smaller than 0.2, respectively, at 0~2 km and
2~4 km, indicating the dominance of spherical aerosols at the low layer and middle layer (Figures 9b and 9c).
Whereas at 4~6 km, about 52% of the PDR values are smaller than 0.2, which represents that both spherical and
irregular particles present at higher altitude (Figure 9d).

The CR represents the size of particles. According to Liu et al. (Z. Liu et al., 2008), the peak values of frequency
distribution of CR is ~0.2, ~0.35, and ~0.8 for marine aerosols, smoke aerosols, and dust, respectively. The
larger values are due to the larger sizes of dust particles. As shown in Figure 10a, the CR changes regularly,
decreasing with the reduction of the height and the worsening of pollution. It may be because that most aerosols
are dust with large CR at a higher altitude, which can be seen in Figure 10. Aerosol particles appear with smaller
sizes when the PM, ; concentration is higher. However, in the polluted period, the values are roughly the same
at middle and high layers. What’s more, approximately 64% of the CR is <0.75 at 0~2 km, and the proportion
decreases with the increases in height, which is 51% at 2~4 km and 43% at 4~6 km.
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at (b) 0~2 km, (c) 2~4 km, and (d) 4~6 km.

3.4. Proportion of Aerosols of Different Types Under Various Pollution Conditions

In order to obtain the frequency distribution of different aerosol types observed over the Shouxian, we decoded
the aerosol classification flag of 10~12 bit obtained from the VFM files (day + night) over the study domain
(Figure 1) during different pollution periods. The occurrence frequency of aerosol in the whole sky (including
five types of aerosols, clear air, cold and no signal) of CALIPSO overpasses under 6 km is calculated and pre-
sented in Table 1. We can note that the pollution conditions are not greatly consistent with the space proportion
of aerosol in the atmosphere (Table 2). The proportion of all aerosols in polluted conditions is a little lower than
that of slightly polluted and good conditions. That is because the PM, , concentration is monitored on the ground
surface. Besides, at the higher altitude, the aerosol loading in slightly polluted and good conditions are larger than

Table 2
The Proportion of Occurrence of Different Aerosol Types in the Whole Cross
Section of CALIPSO Tracks Under 6 km

A It
All aerosol S e

that in polluted conditions shown in Figure 11. During the study year, the
main aerosol types identified are PD, PC/SE, DD, and SE, which accounted
for ~9.47%, ~4.57%, ~3.31%, and ~2.75%, respectively.

PD are the predominant aerosol subtype and its percent contribution varied
significantly with the pollution levels noticed in polluted condition (11.16%)
followed by slightly polluted condition (10.34%), good (9.99%), and excel-
lent (6.08%). PD, as also reported in earlier findings, was the major con-
tributor to total AOD over South East China (Mehta et al., 2018). The PD
concentration increases with the rise in pollution levels, and it is the opposite
of SE concentration. Further, it is noticed that the DD concentration during
the polluted period is smaller, occupying ~3.25% than the slightly polluted
period (3.94%) and good period (4.15%). This phenomenon is due to the fact
that most polluted days are in winter and the DD concentration during the

Period percentage PD DD PC/SE SE CcC

Polluted 20.54%  11.16% 3.25% 4.95% 0.98% 0.20%

Slightly Polluted ~ 21.99%  10.34% 3.94% 5.40% 1.65% 0.66%

Good 21.32% 9.99% 4.15% 3.59% 3.35% 0.24%

Excellent 16.47% 6.08% 0.54% 5.72% 3.76% 0.37%

Annual 20.46% 947% 331% 4.57% 2.75% 0.35%
ZHANG ET AL.
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Figure 11. Frequency distribution of different aerosol subtypes during different periods and different heights under 6 km.

winter season is smaller (Mehta et al., 2018; Proestakis et al., 2018; Tan et al., 2014). In addition, the CM and
DM type of aerosols have no contribution to the total aerosol distribution due to the geographical location away
from the ocean environment.

Figure 11 displays the vertical distribution of these different aerosol types (expressed in percentage). About 96%
of aerosols occur below 3 km during polluted days, which is obviously higher than that in the slightly polluted
and good conditions. This further indicates that the low PBLH contributed significantly to heavy pollution events,
leading to an increase in aerosol concentration near the ground. We can notice the maximum concentration of
PD and PC/SE aerosol types are most observed at an altitude of 0.5~1 km. At the same time, the concentrations
of the two types gradually decrease with an increase in height. The PC/SE only appears below 2.5 km due to the
discrimination mechanism of the VFM product that the aerosol is considered as SE type if the top of the aerosol
layer is higher than 2.5 km. The SE type shows a unimodal distribution during each period with its peak highest
not close to the surface but at an altitude of 2.5~3 km attributed to injection height of SE into the atmosphere
(Mehta et al., 2018). There are few DD particles in excellent condition. However, the DD mainly appears at high
altitudes during the slightly polluted period, and it is evenly distributed below 6 km during the good period.
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3.5. Case Study

In order to comprehensively analyze the mechanism of relationship among the PM, ; concentration, extinction
coefficient, PBLH, and meteorological elements, we select a development episode from excellent conditions to
heavy particle pollution within four consecutive days. As shown in Figure 12 a, the variation of PM, , is consist-
ent with that of PM, . Along with this PM, ; concentration increase from average 38 pg m~* on November 11 to
average 185 pg m~3 on Novemberl14, it can be seen that PBLH drops markedly from 1,469 m to 644 m, simulta-
neously (Figure 12b). During this period, the aerosol extinction coefficient below PBLH rises by nearly 6-fold
from 0.18 km™! to 1.14 km~! (Figure 12c), which is similar to the rate of PM, .. On one hand, as the emission
increases, the total atmospheric pollutants increase, and the PM,  concentration on the ground increases corre-
spondingly. On the other hand, due to higher total atmosphere pollutants, increased extinction effect of sunlight
reduces PBLH, thereby aerosols can only diffuse in the smaller volumes than before, making the near-surface
PM, ; concentrations rise further. With the role of impact of aerosol on PBL, the near-surface concentration of
PM, , grows higher than that of initial PBL.

Besides PBLH, other factors, such as relative humidity, wind, weather patterns, and atmospheric stability, can
affect aerosol concentrations. Generally, the temperature shows a rising trend (Figure 12d). The increase in tem-
perature can contribute to the formation rate of aerosol chemical reaction and the formation of more secondary
aerosols (Tsang et al., 1988). In addition, with the high relative humidity, aerosols are more likely to accumulate
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Figure 13. (a), (c) The vertical distribution of total attenuated backscatter coefficient and (b), (d) the average profile of the aerosol extinction coefficient and the
planetary boundary layer height on 15 November 2017 and 03 November 2017, respectively.

through hygroscopic growth and accelerate liquid-phase and heterogeneous reactions to worsen aerosol pollution
(Ervens et al., 2011; Kuang et al., 2016). Empirical relations of aerosol optical properties with relative humidity
are widely presented in previous studies (Malm & Day, 2001; J. Sun et al., 2016). Therefore, as the relative hu-
midity increases (Figure 12d), the scattering ability of the aerosol is enhanced. Accompanied by the reduction of
PBLH, the wind speed and surface pressure generally decrease (Figure 12e). The shallow boundary layer, weak
wind, and low pressure impose restrictions on the diffusion of pollutants as well as water vapor. Thus, less air
diffusion and more particle formation lead to high aerosol concentration and high extinction coefficient below
PBLH.

In order to further understand the vertical distribution of aerosols under different pollution conditions, November
15 (polluted day) and November 03 (slightly polluted day) are selected in this study. Figures 13a and 13c show
the vertical profile of the total attenuated backscatter at 532 nm from the CALIPSO L1 product, which can show
the distribution of aerosols directly. In Figure 13a, there are obvious green, orange, and red signals within 1 km
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near the surface, and most of the backscattering intensity is 0.002-0.01 sr~! km~!, indicating heavy aerosol load-
ings. The blue color in the figure shows the gas molecules, and the backscattering coefficient is 0.0001~0.0008
sr! km~!. However, in 2~8 km, there are still some green and a little orange color scattered distribution, and the
backscattering coefficient is 0~0.01 km sr~' km~!, indicating that aerosol and gas molecules are mixed in this
height layer. Moreover, the CALIPSO detected a cloud at 5~7.5 km, shown as red color, and below it is blue due
to the weak satellite detection signal. In Figure 13c, most aerosols exist below 3 km with green color, and there
are two aerosol layers separately at 0~1.5 km and 2~3 km. Above the aerosol layer, the backscatter is weaker on
the slightly polluted day than that on the polluted day. The maximum of the backscattering coefficient does not
appear at the surface but near the top of the aerosol layer or the top of the bottom aerosol layer when two layers
exist. The average extinction coefficients of ground-based Lidar within 2 hr of CALIPSO crossing and the CA-
LIPSO L2 products are shown as the red and black solid line, respectively (Figures 13b and 13d). Basically, the
two profiles of extinction coefficient show similar tendency.

Further, the PDR characteristic, CR characteristic, and types of aerosols are compared in Figure 14. The PDR
and CR on November 15 are a little smaller than that at the bottom aerosol layer and much smaller than that
at the upper aerosol layer on November 03. It implies that most spherical and fine particles are present in the
atmosphere, but more irregular and coarser particles exist on the slightly polluted day. PD and PC/SE are the
predominant aerosol subtype on November 15 and at the bottom aerosol layer on November 03. However, there is
a tremendous amount of PD with some DD at the upper aerosol layer on November 03. The results are consistent
with the statistics shown in Figure 11.

4. Conclusions

In this study, we analyze the vertical distribution characteristics in Shouxian during December 2016 ~ November
2017, including optical characteristics of aerosols and aerosol types. The PBLH characteristics in different pollu-
tion conditions are discussed. At last, their correlations with meteorological elements are analyzed through a case
study. The conclusions are as follows.

Generally, the extinction coefficients decrease significantly with height below 2 km and increase with the ag-
gravation of pollution near the surface. Meanwhile, the mean value of TBC on 0~2 km (5.2 x 1073 km~! sr™})
is significantly higher than that on 2~4 km (1.2 X 1073 km~! sr™') and 4~6 km (6 x 10~ km~" sr!). The aero-
sol extinction coefficient near the surface observed by ground-based Lidar is up to 0.78 km~! and the AOD is
0.87 + 0.33 in polluted condition.

The PBLH is relatively lower when the ground PM, ; concentration is higher. The annual ratio of AOD below
PBLH to total AOD is about 57%, and it is up to 64% in the polluted condition. The percentages of AOD below
1 km, 2 km, and 3 km to total AOD increase with the aggravation of pollution, which imply that aerosols mainly
exist under lower height on more polluted days owing to lower PBLH.

Spherical fine particles with lower PDR (79% of the PDR is <0.2) and lower CR (64% of the CR is <0.75) are
dominant in 0~2 km. Both the scattering ability of particles and the percentage of irregular fine particles are
larger in polluted conditions than in slightly polluted and pristine conditions.

In addition, the results reveal that aerosols exist in about 20.54% of the vertical space under 6 km in polluted
condition observed by CALIPSO in the vertical section. Aerosols mainly exist under low PBLH in polluted con-
ditions, resulting in a lower ratio in polluted conditions when compared with in slightly polluted (21.99%) and
good (21.32%) conditions. The polluted dust is the dominant aerosol subtype observed through the study period
(9.47%), and its concentration increases with the rise in pollution levels.

The results presented in this study mainly describe the aerosol physical-optical properties in the vertical direction
and provide the relationship with PBLH. However, the study time is just one year, and future work will explore
the characteristics and rules during longer years.
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Figure 14. (a and b) PDR, (c and d) CR and (e and f) the aerosol types on 15 November 2017 and 03 November 2017, respectively.

Data Availability Statement

The CALIPSO data were obtained from NASA Langley Research Center Atmospheric Science Data Center
through the websites https://eosweb.larc.nasa.gov/project/CALIPSO. The MODIS data were provided by Land
Processes Distributed Active Archive Center, from https://lpdaac.usgs.gov/products/mcd19a2v006/. The mete-
orological data (RH, T, Wind, and P) can be found from China National Meteorological Science Data Center
(http://data.cma.cn/data/cdcdetail/dataCode/A.0012.0001_340.html). The ground-based Lidar data, PM data,
and results data of all Figures in this paper have been uploaded to the Baidu Netdisk (under https://pan.baidu.
com/s/1k1BurI3P7S6JL-bEOINAQw, password: hglo).
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