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Abstract: Aerosols greatly influence global and regional atmospheric systems, and human life.
However, a comprehensive understanding of the source regions and three-dimensional (3D)
characteristics of aerosol transport over central China is yet to be achieved. Thus, we investigate
the 3D macroscopic, optical, physical, and transport properties of the aerosols over central China
based on the March 2007 to February 2016 data obtained from the Cloud—Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) mission and the hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model. Our results showed that approximately 60% of the aerosols
distributed over central China originated from local areas, whereas non-locally produced aerosols
constituted approximately 40%. Anthropogenic aerosols constituted the majority of the aerosol
pollutants (69%) that mainly distributed less than 2.0 km above mean sea level. Natural aerosols,
which are mainly composed of dust, accounted for 31% of the total aerosols, and usually existed at an
altitude higher than that of anthropogenic aerosols. Aerosol particles distributed in the near surface
were smaller and more spherical than those distributed above 2.0 km. Aerosol optical depth (AOD)
and the particulate depolarization ratio displayed decreasing trends, with a total decrease of 0.11 and
0.016 from March 2007 to February 2016, respectively. These phenomena indicate that during the
study period, the extinction properties of aerosols decreased, and the degree of sphericity in aerosol
particles increased. Moreover, the annual anthropogenic and natural AOD demonstrated decreasing
trends, with a total decrease of 0.07 and 0.04, respectively. This study may benefit the evaluation of
the effects of the 3D properties of aerosols on regional climates.
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1. Introduction

Aerosols are an important atmospheric component that can greatly influence the radiation and
energy budget of the atmosphere and human health [1-3]. Aerosols can perturb the atmospheric
radiation budget by interacting with solar radiation and clouds (the direct and indirect effects of
aerosol) [4,5]. Moreover, aerosol particles suspended in the atmosphere can be inhaled and affect
human health [6]. Therefore, studies on the properties of aerosols should be conducted to understand
their effects on climate and human life. Central China is an important material distribution center and
transportation hub, and one of the most industrially developed areas in mChina [7]. Current studies
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on regional aerosols mainly focus on the Beijing-Tianjin-Hebei region, but there are relatively few
studies on aerosols in central China [8]. Therefore, the present investigation on the three-dimensional
(3D) characteristics of aerosols distributed over central China is relevant and important.

Studies on the characteristics of aerosols are mainly based on passive satellite and in situ
observations [9-12]. Wang et al. investigated aerosol properties in urban Wuhan in central China
based on data obtained using a sun photometer; these properties include Aerosol optical depth
(AOD), single scattering albedo, aerosol size distribution, and the refractive index [9]. Wang et al.
estimated hourly aerosol concentrations based on Himawari-8 over the Beijing-Tianjin-Hebei region [8].
Huang et al. estimated the relative contribution of anthropogenic and natural dust sources to regional
and global emissions by using the data of the Cloud—Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) mission, and Moderate Resolution Imaging Spectroradiometer (MODIS)
data [13]. Zhao et al. investigated the size distribution of dust particles during two contrasting dust
events that originated from northwestern China based on CALIPSO data and the hybrid single-particle
Lagrangian integrated trajectory (HYSPLIT) model [14]. Li et al. explored the characteristics and
potential sources of dust aerosols in southwestern China using multiple satellite observation data and
the HYSPLIT model [15]. Only a few quantitative studies were conducted on the 3D characteristics
of aerosols over central China, because of the difficulty of quantifying the 3D characteristics of
aerosols and their effects on regional climate using data from meteorological stations, reanalysis data,
and passive remote sensing.

The present study primarily aims to quantify the transport and 3D characteristics of the aerosols
over central China. Thus, we analyze the 3D macroscopic, optical, and physical characteristics of the
aerosols using CALIPSO satellite data. We also combine CALIPSO data with the HYSPLIT model to
quantitatively determine the distribution and transport characteristics of aerosols. Our study provides
a scientific basis for the understanding and modeling of the atmospheric and ecological environments
of central China and its surrounding areas.

2. Materials and Methods

This study analyzes the 3D macroscopic, optical, and physical characteristics of aerosols and
their transport over central China by combining the long-term CALIPSO satellite data and HYSPLIT-4
model data from March 2007 to February 2016. CALIPSO Level 2 aerosol layer products with a 5-km
resolution are used to analyze the 3D macroscopic, optical, and physical characteristics of the aerosols.
The HYSPLIT-4 trajectory tracking model is used to quantitatively determine the distribution and
transport characteristics of aerosols based on 1° x 1° meteorological data from the National Center for
Environmental Prediction (NCEP) Global Data Assimilation System. AOD data from MODIS Aqua
MYDO08_M3 (MODIS Level 3 monthly averaged product) are also used to supplement the conclusions
of this study. The study area was located at 109°~116°E and 26°-33°N in the East Asian region
(Figure 1). This region is characterized by a monsoon climate, and is densely populated with complex
and varied climate, topographical features, and precipitation patterns [16].



Remote Sens. 2018, 10, 314 3of 21

e ——)
0 1000 2000 3000 km

72°E 84°E 96°E 108°E 120°E 132°E

Figure 1. Map of China. The red box represents central China, and the white-filled circle represents Wuhan.

2.1. Satellite Data

National Aeronautics and Space Administration (NASA) launched CALIPSO in 2006 to assess
the effects of aerosols on the global climate [17]. CALIPSO can detect the macro, micro, and optical
properties of clouds and aerosols, and provides information on their vertical distribution on a global
scale [18]. Thus, CALIPSO offers a new research perspective by providing information on the 3D
distribution and properties of aerosols and on the role of clouds and aerosols in weather models [19].

CALIPSO provides the detailed vertical distributing information, which includes the attenuated
backscatter, depolarization ratio, color ratio, and vertical feature mask of cloud and aerosol layers.
Figure 2 shows a case under heavy aerosol loading conditions, wherein CALIPSO crossed Wuhan
at 18:25 UTC 18 September 2007. During this satellite cross period, Wuhan and the surrounding
areas suffered from a severe haze that consisted of polluted dust and polluted continental aerosols
(in the green square frame in Figure 2d) [2]. CALIPSO can distinguish clouds and aerosols with a
high degree of confidence (>90%) [20]. The detected aerosols are classified into six types based on
the integrated attenuated backscatter (IAB) at 532 nm, color ratio, depolarization ratio, altitude, and
latitude of the aerosol layer. IAB represents the ability of the aerosol layers detected by CALIPSO
to attenuate solar radiation. The particulate color ratio is the ratio of the 1064-nm and 532-nm total
backscatter signals, and the particulate depolarization ratio is the ratio of the perpendicular and
parallel backscatter signals at 532 nm. The six types of aerosols are clean marine, dust, polluted
continental, clean continental, polluted dust, and smoke (Figure 2d). Smoke and polluted continental
aerosols are generally anthropogenic, dust is generated by nature, and polluted dust is a mixture of
smoke and dust [21]. Given that anthropogenic pollution dominates central China, we define polluted
dust, smoke, and polluted continental aerosols as anthropogenic aerosols, whereas clean marine, dust,
and clean continental were described as natural aerosols [13].
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Figure 2. Latitude-height contour plots of quantities determined by the Cloud—Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) mission at 18:25 UTC 18 September 2007 under
heavy aerosol loading conditions: (a) 532-nm total attenuated backscatter, (b) 532-nm attenuated
depolarization ratio, (c) attenuated color ratio, and (d) vertical feature mask of aerosol subtypes
(CM: Clean Marine; PC: Polluted Continental; CC: Clean Continental; PD: Polluted Dust; Other: Clear
sky, clouds, or surface). The red lines indicate the location of Wuhan.

Quality assurance procedures should be performed to reduce uncertainties when CALIPSO data
are used to examine the properties of aerosols. The two parameters of “cloud-aerosol discrimination
(CAD)” and “uncertainty of feature optical depth at 532 nm” are used to control the quality of the
CALIPSO data, which is consistent with the previous study of Winker et al. [22]. CALIPSO can
effectively eliminate the interference of clouds to distinguish aerosols with a high degree of confidence
(>90%) by limiting CAD in the range of —100 to —20, and the uncertainty of feature optical depth
at 532 nm less than 99.9 km~! [20]. CALIPSO may miss or underestimate aerosol loading when the
Lidar profile fails to penetrate the total atmosphere to the surface. Therefore, we only use profiles
that penetrate the entire atmosphere, which can provide the whole information of aerosol in the
atmosphere, to ensure the representativeness and accuracy of aerosol information. A previous study
showed that 70% of CALIPSO aerosol types are consistent with Aerosol Robotic Network (AERONET)
aerosol types, including those in China [23]. The highest agreement is achieved for dust (91%). Thus,
these data products are appropriate and reliable for studies on 3D aerosol characteristics [24,25].

2.2. HYSPLIT Model

The HYSPLIT-4 trajectory-tracking model is an integrated model system for particle trajectory
diffusion and settlement analysis. The HYSPLIT-4 model was developed by the National Oceanic and
Atmospheric Administration [26]. This model simulation uses 1° x 1° global meteorological data from
the NCEP Global Data Assimilation System as its initial background field. A previous study verified
that the total accumulated trajectory error is approximately 20% of the traveled distance (total trajectory
length) on average [27]. The present study calculates the seasonal statistics of the 48-h back trajectory
in Wuhan (the biggest city in central China, 114.32°E, 30.52°N) based on the aforementioned data
from March 2007 to February 2016. We first calculate two 48-h back trajectories of every day using
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the meteorological data. All of the back trajectories were at the same ending height of 1.5 km, which
is the height of the annual vertical maximum occurrence frequency of the total aerosols in Wuhan.
The numbers of back trajectories in each season are as follows: 1648 in spring, 1596 in summer, 1638 in
autumn, and 1624 in winter. All of the back trajectories of each season were clustered according to
their similarities in spatial distribution to obtain the final 48-h back trajectories of each season [26,28].

2.3. Principle and Methods

The dominant aerosol reflects the regularity of the seasonal occurrence of aerosol in a region [29].
Aerosol that dominates each season is defined as the type of aerosol with the highest frequency of
occurrence in each grid during the observation period. For a given 1° x 1° grid, the occurrence
frequency of each different aerosol subtype is calculated using Equation (1):

pP= Naerosol(i)/Ntotal/ (1)

Nierosol () is the number of the Lidar profiles for each aerosol subtype, and Ny, is the total number
of the Lidar profiles for all of the aerosol subtypes collected in a given 1° x 1° grid [30]. The aerosol
type that corresponds to the max P is the dominant aerosol type.

We validate CALIPSO, and confirm the reliability of the results with MODIS AOD from Aqua
MYDO08_M3. The detection efficiency of CALIPSO in the daytime is different from that at night because
of the influence of solar background noise [17]. We define the day—night differences of CALIPSO data
in Section 3.2 (aerosol optical properties), given that these differences are beyond the focus of our study.
Other sections consider combined daytime and nighttime data. This investigation, which is based on
CALIPSO data, can accurately describe the 3D macroscopic, optical, and physical properties of the
aerosols distributed over central China.

3. Results

3.1. Macroscopic Properties of Aerosols

Figure 3 shows the distribution of dominant aerosols with a spatial resolution of 1 degree over
central China in each season from March 2007 to February 2016. We investigate the first two aerosol
subtypes with the highest occurrence frequency in the study. The sum of the occurrence frequencies
of all of the aerosol subtypes in one season is probably more than 1, given that a particular profile
may contain more than one aerosol type. Figure 3b shows that the dominant aerosols in summer are
smoke (50.9%) and polluted dust (45.3%), whereas polluted dust (61.6%) and dust (43.3%) dominate
in winter (Figure 3d). These statistics are obtained from the regional average occurrence frequencies
of aerosol subtypes for each season, which are calculated using Equation (1). These findings indicate
that the aerosols distributed over central China mostly consisted of polluted dust, smoke, and dust.
Table 1 lists the detailed regional average occurrence frequencies of each aerosol subtype for each
season. Therefore, anthropogenic aerosols (polluted dust and smoke) constitute the majority of the
aerosol pollutants in this region.
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Figure 3. Distribution of dominant aerosols with a spatial resolution of one degree over central China
in each season from March 2007 to February 2016.

Table 1. Statistics of the regional average occurrence frequency of each different aerosol subtype over
central China for each season from March 2007 to February 2016 (unit: %).

Spring Summer Autumn Winter
Dust 58.81 14.88 25.52 43.32
Polluted continental 8.44 22.03 20.46 15.78
Clean continental 5.29 14.98 10.41 6.28
Polluted dust 54.96 45.30 51.56 61.62
Smoke 20.89 50.89 38.12 33.19

In Figure 4, the aerosol geometrical depth (AGD) indicates the thickness of each aerosol layer,
which is the difference between the top and base heights detected by CALIPSO. Mid-aerosol height
is one-half of the top height and base height of each aerosol layer. Figure 4a shows that the joint
probability initially increases, and then decreases as AGD increases. AGD peaks at an altitude of
approximately 1.2 km above mean sea level, which indicates that the aerosols detected by CALIPSO are
concentrated at low atmospheric altitudes over central China. As AGD increases, the corresponding
AGD probability distribution of each aerosol type initially increases, and then decreases (Figure 4b).
The AGD of each aerosol layer is nearly below 2.4 km. The largest probability areas are found between
0.2-1.2 km. The aerosol layers over central China mainly consist of 37.7% polluted dust, 23.5% smoke,
and 25.8% dust. These major aerosols show a significant distribution ratio in each AGD interval.
The amounts of polluted and clean continental aerosols are relatively low, and other types of aerosols
can be disregarded. Anthropogenic aerosols constitute the majority of the aerosol pollutants (69.0%),
whereas natural aerosols (mainly dust) constitute lesser amounts (31.0%).
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Figure 4. (a) Joint probability distribution of aerosol geometrical depth (AGD) combined with
mid-aerosol height at 0.3 km bin size. (b) The corresponding AGD probability distribution of each
aerosol type within the aerosol column at 0.2-km intervals over central China from March 2007 to
February 2016.

3.2. Optical Properties of Aerosols

Figure 5 shows that the column AOD values of the entire area are the lowest in spring
within 0.3-0.5 (mostly close to 0.4). Aerosols over central China in spring mainly consist of dust
(Figure 3a). The column AOD in the middle part of central China increases to approximately 0.50 in
the summer (Figure 5b). The column AOD in the other parts of central China ranges from 0.3 to
0.55. The high-column AOD in summer is related to high temperature and humidity [31]. The most
severe pollution occurs in winter, with an average AOD of approximately 0.55 in central China.
This phenomenon is mainly caused by the burning of coal and biomass, and the weak atmospheric
dynamics in winter [9]. However, column AODs may be underestimated because of the weak
signal-to-noise ratio in the daytime, high or low clouds, and the Lidar-ratio accuracy of CALIPSO
detection [32]. Nevertheless, CALIPSO AOD values indicate good correlation with MODIS AOD in all
of the time scales, particularly yearly AOD [20]. This AOD spatial distribution over central China is
consistent with the study of Tian et al. [21].

Figure 6 illustrates the occurrence frequency of the AOD of an aerosol layer combined with
mid-aerosol height, and the relative probability distribution of AOD at 0.1 intervals over central China
from March 2007 to February 2016. Overall, the joint probability gradually decreased as AOD increased
(Figure 6a). A high-value center could be found in areas where the mid-aerosol height was 0.2-2 km,
and AOD was 0-0.2. Moreover, 55.0% of the optically thick aerosol (AOD > 0.4) and 26.1% of the
optically thin aerosol (AOD < 0.2) were below 2 km. The AOD of an aerosol layer presented the
unimodal distribution in altitude, with the peak at approximately 1 km; this decreased as aerosol
height increased at altitudes above approximately 1 km.
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Figure 5. Annual average distribution of column aerosol optical depth with a spatial resolution of one
degree in each season over central China from March 2007 to February 2016.

The AOD of an aerosol layer during the whole study period (day and night time) was nearly
below 1, and was mostly distributed between 0 and 0.2 (63.2%) (Figure 6b). During the whole study
period, the contribution rate of polluted dust to total aerosols increased from 32.4% to 53.2% as AOD
increased between 0 and 0.4. Contribution rate fluctuated but became restricted to 39% in a sequential
broad range of optical depth (0.4-1.0). However, CALIPSO possibly overestimated the occurrence
frequency of polluted dust [33]. Moreover, the contribution rate of dust decreased from 39.8% to 4% as
AOD increased. The contribution rate of smoke remained mainly at 16-40%. The statistics of the AOD
probability distributions of different aerosol subtypes presented in Figure 6b are provided in detail in
Table 2. Figure 6¢—f present the AOD distributions of the daytime and nighttime data, respectively.
Their distributions are similar to that during the whole study time (Figure 6a,b), but the mean AOD at
daytime was higher than that during the whole study time, and the mean AOD at nighttime was lower
than that during the whole study time. This difference is caused by many factors, such as changes in
meteorological conditions, signal-to-noise ratios, and different aerosol emissions between the daytime
and nighttime [34].
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Figure 6. (a) Joint probability distribution of aerosol optical depth (AOD) of aerosol layers combined
with mid-aerosol height at 0.3 km bin size, and (b) the corresponding AOD probability distribution
of aerosol layers with each aerosol type during the whole study time over central China from March
2007 to February 2016. (c,d) and (e,f) are the same as (a,b) but for daytime and nighttime, respectively.
The black solid line indicates the joint probability contour plots.
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Table 2. Statistics of the probability distribution of the AOD of five aerosol subtypes defined by CALIPSO over central China from March 2007 to February 2016
(unit: %). The numbers shown in the first line are AOD intervals. The clean marine aerosol is not shown, because it is negligible in land.

0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 >1.0 Total

Dust 19.3 3.0 1.5 0.7 0.4 0.2 0.1 0.2 0.1 0.3 25.8
Polluted continental 0.5 0.9 0.6 0.7 0.7 0.6 0.4 0.4 0.3 0.3 24 7.8
Clean continental 52 5.2
Polluted dust 15.7 6.2 4.3 3.3 24 1.6 1.1 0.5 0.4 0.5 1.7 37.7
Smoke 7.8 4.6 2.8 1.5 1.2 0.9 0.6 0.6 0.5 0.5 2.5 23.5

All Aerosol Types 48.5 14.7 9.2 6.2 4.7 33 22 1.7 1.3 1.3 6.9 100
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3.3. Physical Properties of Aerosols

We indicate the size and irregularity of aerosol particles based on the integrated particulate color
ratio (CR) and integrated 532-nm particulate depolarization ratio (DR), which are positively correlated
with the size and irregularity of aerosol particles [21]. Figure 7a shows that the joint probability
distribution of IAB and mid-aerosol height is roughly triangular. IAB nearly peaked at vertical heights
of 1-2 km. Aerosol IAB decreased gradually at altitudes higher than 2 km [25]. The corresponding IAB
probability distribution decreased gradually as IAB increased (Figure 7b). The IAB of each aerosol
layer was almost always less than 0.01, and was mostly between 0 and 0.002. The distribution of
all of the aerosol types in each interval are similar to that of AOD (Figure 6b). Figure 7c,d reveal
that joint probability initially increases, and then decreases as CR increases. Maximum probability
areas occur at 0.5-0.6 of CR for all of the aerosol subtypes, except for dust. This finding is consistent
with the results of Omar et al. [20]. Moreover, a high-value center exists when mid-aerosol height is
0.3-3 km, and when the DR is 0-0.1 (Figure 7e). The DRs of smoke, polluted dust, and dust are mainly
at 0-0.1, 0.05-0.2, and >0.1, respectively. This study states that aerosol particles have non-spherical
shapes, as DR with more than 0.1 and the spherical shapes as DR with less than 0.1, which refer to
the previous study of Yu et al. [25]. The distribution of CR in Figure 7f indicates that spherical aerosol
particles (54.4%) are more than non-spherical aerosol particles (45.6%) over central China during the
study period.

The annual average AOD detected by CALIPSO and MODIS show the same decreasing trend, with
slight seasonal differences in AOD distribution (Figure 8). CALIPSO AOD is possibly underestimated
against MODIS AOD, because of the weak signal-to-noise ratio in the daytime, and the Lidar-ratio
accuracy of the CALIPSO detection. Moreover, the CALIPSO AOD is verified to be consistent with the
MODIS AOD with regard to the geographical patterns and seasonal variations [21]. The AOD and DR
detected by the CALIPSO displayed decreasing trends, with a total decrease of 0.11 and 0.016 over
central China from March 2007 to February 2016, respectively. This finding indicates that the extinction
properties of aerosols decreased, and the degree of sphericity in aerosol particles increased during this
study period. The trend of CR is not distinct with the annual average of 0.82, which indicates that the
size of the aerosol particles did not distinctly change. The annual fluctuation of CR (1.19) in 2008 was
mainly due to the anomalously high CR (2.57) in the summer of that year (2008).

Moreover, the seasonal changes in all of the parameters are significant (Figure 8b). The CR showed
the maximum value and the DR showed the minimum value in the summer. This result is consistent
with our conclusions that smoke is the maximum aerosol in summert, and can display the smallest DR
(average of 0.05 for smoke) (Figures 3b and 7f). However, the mean CR in the summer (1.06) (Figure 8b)
is larger than that of other seasons (0.74) mainly due to the anomalously high CR (2.57) in the summer
of 2008 [35]. These significant seasonal changes indicate that the irregularity and size of the aerosol
particles differed greatly in each season, which is possibly caused by the different dominant aerosol
subtypes and meteorological conditions in different seasons [36].

We obtained the annual and seasonal distributions of the anthropogenic and natural AODs
observed by CALIPSO in order to quantify the changes of anthropogenic and natural contribution
to the total AOD (Figure 9). The annual anthropogenic AOD (annual mean of 0.34) demonstrated
a significant (p = 0.08) decreasing trend, with a total decrease of 0.07, whereas the annual average
AOD of natural aerosol decreased totally by 0.04, with low significance (p = 0.2) from March 2007 to
February 2016. Although industrial productivity increased in recent years, China implemented a strict
pollution control strategy [37], which possibly contributed to no obvious increase of anthropogenic
AOD in central China. Moreover, the anthropogenic AOD in summer was larger than that in other
seasons (Figure 9b), which is possibly caused by abundant anthropogenic activities, such as agricultural
biomass burning in the summer [38].
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Figure 7. Joint probability distribution of (a) integrated attenuated backscatter (IAB), (c) color ratio (CR),
and (e) depolarization ratio (DR) with mid-aerosol height at 0.3-km bin size and the corresponding
(b) IAB, (d) CR, and (f) DR probability distribution of each aerosol type over central China from March
2007 to February 2016. The black solid line indicates the joint probability contour plots.



Remote Sens. 2018, 10, 314 13 of 21

16

| =H= CALIPSO AOD =€ (R

{ =E=MODIS AOD DR (a) Annual (b) Season

14r

12r

-

CR & AOD
DR
CR & AOD

0.05

i i i i i i i i i i o
2007 2008 2009 2010 2011 2012 2013 2014 2015 Spring Summer Autumn Winter

Figure 8. Annual and seasonal distributions of the column aerosol optical depth, color ratio, and
depolarization ratio observed by the CALIPSO and MODIS AOD over central China from March 2007
to February 2016. The dashed lines in Figure 8a are the linear trend fitting lines of the annual means for
each aerosol parameters.

0.6

-i-CALIPSO AOD (P=0.05 Anthropogenic AOD (P=0.08, ! : i
- =p=Ntural AOD (P=0.2 (2) Annual (b) Season
0.5/ ;'.';-r [ e PN S, S8 ]

0.4 ,
0.4
a
> S 3 ,
< =_
0.3 "
0.2/ =S
0.2
. T
ol h -hﬂ—-‘; i
1 ———— ]
o1 i i 0 i
2007 2008 2009 2010 2011 2012 2013 2014 2015 Spring Summer Autumn Winter

Figure 9. Annual and seasonal distributions of AOD (anthropogenic and natural), anthropogenic
AOD, and natural AOD observed by CALIPSO over central China from March 2007 to February 2016.
The dashed lines in Figure 9a are the linear trend fitting lines of the annual means for each aerosol
parameter. p indicates the value of significance level of each aerosol parameter.

3.4. Changes of Aerosol Vertical Distributions and Aerosol Sources

The profiles of the vertical distributions of aerosols exhibit the vertical characteristics of aerosols
(Figures 10 and 11). The profile is defined as the occurrence frequency of aerosols detected by CALIPSO
in bins at different heights in a given region (central China). The vertical distributions of all kinds
of aerosols are unimodal in each season, with three major types of aerosols, namely: dust, smoke,
and polluted dust (Figure 10). The highest occurrence frequency (Figure 10b) is observed in smoke,
followed by polluted dust, at altitudes of 2.0 km and 1.3 km, because of the effects of local emissions
and long-distance transport pollutants in summer. The maximum vertical occurrence frequency of
polluted dust in each season is almost distributed at approximately 1.3 km. Moreover, the annual
occurrence frequency of dust is larger than that of other aerosol subtypes above 4 km (Figure 10e).
The aerosol characteristics (DR and IAB) of smoke and polluted continental are similar (Figure 7b,f).
In this situation, the aerosol layer is classified as polluted continental aerosol at low altitude, based on
the classification criteria of CALIPSO described in Mielonen et al. [23]. Consequentially, almost no
smoke is observed in the near surface (Figure 10). The altitude of the maximum occurrence frequency
of smoke in each season is approximately 2.0 km.
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Figure 10. Full-resolution seasonal and annual average occurrence frequencies of aerosols versus
altitude over central China from March 2007 to February 2016. The lightly shaded solid line indicates
the inter-annual standard deviation of the vertical distributions of aerosol.

Figure 11 shows the profiles of the vertical occurrence frequency of anthropogenic and
natural aerosols to distinguish their vertical characteristics. Given the frequent occurrence of dust,
the occurrence frequency of natural aerosols is larger than that of the anthropogenic aerosols at
altitudes above 4 km in spring and winter (Figure 11a,d). However, the occurrence frequency of
anthropogenic aerosols is larger than that of natural aerosols in autumn, and especially in summer
(Figure 11b,c). This finding is consistent with the seasonal characteristics of anthropogenic and
natural AOD (Figure 9b). Overall, the altitude of the largest occurrence frequency of anthropogenic
aerosols (1.3 km) is lower than that of the natural aerosols (2.2 km) (Figure 11e). Moreover, the annual
occurrence frequency of natural aerosols is larger than that of the anthropogenic aerosols at altitudes
above 4 km (Figure 11e), which is attributed to the frequent occurrence of dust in the spring and
winter. These phenomena indicate that the anthropogenic aerosols always occur below 2 km, whereas
the natural aerosols generally occur at an altitude higher than that of the anthropogenic aerosols.
Anthropogenic aerosols dominate the total aerosols condition with respect to the AOD and occurrence
frequency, especially in the summer (Figures 9b and 11b), which is possibly caused by the abundant
anthropogenic activities in the summer, such as agricultural biomass burning [38].
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Figure 11. Full-resolution seasonal and annual average occurrence frequencies of anthropogenic
aerosols and natural aerosols versus altitude over central China from March 2007 to February 2016.
The lightly shaded solid line indicates the inter-annual standard deviation of the vertical distributions
of aerosol. The dashed line in Figure 11e indicates the altitude of the largest occurrence frequency
(the blue for natural aerosol and the red for anthropogenic aerosol).

Figure 12 illustrates the backward trajectory distribution from the HYSPLIT-4 model for the
Wuhan region on annual and seasonal scales. The upper half of each subgraph in Figure 12 presents
the planar map of the trajectory. The lower half is the variation map that presents the vertical height
of the trajectory (above ground level). We determine the ending height of all of the back trajectories
as 1.5 km, based on the annual vertical maximum occurrence frequency of total aerosols (Figure 10e)
in Wuhan. The HYSPLIT-4 model uses the change in the total spatial variance (TSV) to choose the
optimum number of clusters in each season in Figure 12 [28,39]. This model initially considers each
trajectory as a cluster; consecutive passes group the two clusters with the absolute lowest spatial
variance. This process is repeated until only one cluster is calculated, and a TSV is calculated at each
step [40]. The optimal number of clusters is finally chosen when the increase of TSV is the lowest.
In this study, the corresponding TSV to the optimum number of clusters in each season over central
China is as follows: 20% in spring, 16% in summer, 10% in autumn, and 19% in winter. The optimum
number of clusters in each season is as follows: three in spring, four in summer, four in autumn,
and four in winter. Our research focuses on the 3D characteristics of aerosols over central China. Thus,
we define central China as the domain of the local source of aerosols and other regions as the domain
of the non-local source of aerosols. We use 48-h back trajectories to analyze the aerosol sources, because
48 h is sufficiently long to indicate air mass source. Table 3 lists the detailed cluster results of the
trajectory distributions for each season in Figure 12.
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Figure 12. Backward trajectory distribution of the hybrid single-particle Lagrangian integrated
trajectory (HYSPLIT)-4 model for the Wuhan region from 2007 to 2016.

The air masses that reach Wuhan in the summer often come from the non-local areas
(approximately 72%), especially from heavily polluted northern China (Figure 12b). The air masses
(39%) that originate from southern China (a major smoke source region, as shown in Figure 3b) can
be uplifted above 1.5 km, and then enter Wuhan [41]. However, approximately 60% of air masses,
which mainly originate from the local and nearby areas, reach Wuhan in other seasons, after a
short distance transport. The result in the summer is different from that in other seasons due to
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the emission status and active atmospheric dynamics conditions from the summer monsoon [42,43].
Approximately 20% of air masses during spring and winter come from the northwestern dust source
region, which generates the elevated dust aerosol above 3 km in central China (Figure 10a,d).

Table 3. Statistics of the cluster results in Figure 12 for each season, from March 2007 to February 2016.

Cluster in Red Cluster in Blue  Cluster in Green  Cluster in Cyan
Spring 23% 58% 19%
Summer 27% 28% 6% 39%
Autumn 28% 30% 8% 34%
Winter 17% 24% 20% 39%
Annual 15% 42% 22% 20%

Figure 12e shows that the annual average air masses distributed over central China mainly come
from the local regions (approximately 60%), whereas the percentage of the non-local air masses is
approximately 40%. Local air masses, which originate from the local and nearby areas, are mainly
distributed at approximately 2.0 km over central China (Figure 12e). The non-local air masses are
transported from the northwestern dust (22%) and southern smoke (15%) source regions in China,
which mainly contribute to the dust and smoke in central China [44]. Dust is always transported
from the higher altitudes to Wuhan (green line in Figure 12e), which is consistent with the vertical
distributions of dust (above 3 km) detected by CALIPSO (Figure 10e). The vertical distributions of
aerosols (Figures 10 and 11) are caused by the trajectory distributions of local and non-local air masses
in Figure 12, which are also affected by topography and regional emissions [45].

4. Discussion

Our analysis of the aerosol properties detected by CALIPSO and the HYSPLIT-4 model shows
that the annual mean column AOD detected by CALIPSO over central China is 0.49. The annual
mean anthropogenic AOD and natural AOD are 0.34 and 0.15, respectively. Moreover, the CR in
the summer (Figure 8b) is larger than that of other seasons (Figure 7d). This result is mainly due to
the anomaly high CR (2.57) in the summer of 2008, which is mainly contributed by anomalous dust,
with an anomalous CR of 3.10. Anomalous dust may be attributed to dust from northwestern China
(the largest dust source region in China), which is consistent with Gao et al. [35]. This anomaly also
elevated the standard deviation of the CR in the summer (£0.55) to a level higher than that in the other
seasons (£0.05). Moreover, the annual average result indicates that 60% of the aerosols distributed
over central China mainly originated from the local areas, which is one of China’s most polluted
regions. Non-local aerosols (approximately 40%) were transported from the northwestern dust and
southern smoke source regions in China. However, the result in the summer (72% non-local air masses)
is different from that in the other seasons due to its emission status and active atmospheric dynamics
conditions from the summer monsoon [42,43]. The anthropogenic pollutants in summer are mostly
heavy (Figures 9b and 11b), which are possibly caused by the abundant anthropogenic activities, such
as agricultural biomass burning in the summer [44].

This study also provides the detailed 3D characteristics of aerosols distributed over central China,
which is the basis for the analysis of regional aerosol effects. The emphases in recent studies mainly
focus on the influence of aerosols on the atmospheric radiation budget and clouds [7,46]. However,
these studies often lack the 3D characteristics of aerosols and their transportation. The vertical
distributions of aerosols play an important role in aerosol-cloud-radiation interactions. When the
column AOD is constrained, uncertainties in aerosol vertical distributions can still contribute to
important uncertainties in the analysis of the atmospheric radiation budget [47]. Our next work
focuses on the influence of the 3D characteristics of aerosols on the atmospheric radiation budget based
on CALIPSO data and the radiation transfer model.
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5. Conclusions

Comprehensive studies are yet to be conducted on the 3D characteristics of aerosols distributed
over central China. Therefore, the present study utilizes the March 2007 to February 2016 data from
the CALIPSO mission and the HYSPLIT-4 model to investigate the 3D macroscopic, optical, physical,
and transport properties of the aerosols over central China. The following conclusions are drawn
based on the results of our data analysis:

(1) An annual average of approximately 60% of aerosols distributed over central China mainly
originated from local areas, whereas non-locally produced aerosols constituted approximately
40%. Anthropogenic polluted aerosols contributed 69.0% of aerosols, which mainly distributed
below 2.0 km. Natural aerosols accounted for a small portion of the total amount of aerosols,
and usually existed at an altitude higher than that of anthropogenic aerosols.

(2) AGD was approximately 0.2-1.2 km, and the mean column AOD was approximately 0.49.
The annual mean anthropogenic AOD and natural AOD were 0.34 and 0.15, respectively. IAB,
CR, and DR were approximately 0.002, 0.82, and 0.14, respectively. Most of the aerosol particles
distributed in the near surface were smaller and more spherical than those distributed above 2 km.

(3) AOD and DR detected by CALIPSO displayed decreasing trends, with a total decrease of 0.11 and
0.016, respectively. These phenomena indicate that the extinction properties of aerosols decreased,
and the degree of sphericity in aerosol particles increased during this study period. The trend of
CR is not distinct, which possibly indicates that the size of the aerosol particles did not distinctly
change. Moreover, the annual anthropogenic AOD and natural AOD demonstrated decreasing
trends, with a total decrease of 0.07 and 0.04, respectively.

This study provides a scientific basis for understanding and modeling the atmospheric and
ecological environments in central China and its surrounding areas. In the future, we will combine
more sensors and models to comprehend the 3D characteristics of aerosols over central China, compare
these characteristics with those of aerosols from other regions, and reveal more physical rules in
aerosol science.
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HYSPLIT hybrid single-particle Lagrangian integrated trajectory

IAB integrated attenuated backscatter

NCEP National Center for Environmental Prediction

AGD aerosol geometrical depth

CR integrated particulate color ratio

DR integrated 532 nm particulate depolarization ratio
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