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Abstract: We use two cloud screening methods—the clustering method and the multiplet method—to
process the measurements of a sun photometer from March 2020 to April 2021 in Shouxian. The
aerosol optical depth (AOD) and Angström parameters α and β are retrieved; variation characteristics
and single scattering albedo are studied. The results show that: (1) The fitting coefficient of AOD
retrieved by the two methods is 0.921, and the changing trend is consistent. The clustering method
has fewer effective data points and days, reducing the overall average of AOD by 0.0542 (500 nm). (2)
Diurnal variation of AOD can be divided into flat type, convex type, and concave type. Concave type
and convex type occurred the most frequently, whereas flat type the least. (3) During observation, the
overall average of AOD is 0.48, which is relatively high. Among them, AOD had a winter maximum
(0.70), autumn and spring next (0.54 and 0.40), and a summer minimum (0.26). The variation trend of
AOD and β is highly consistent, and the monthly mean of α is between 0.69 and 1.61, concerning
mainly continental and urban aerosols. (4) Compared with others, the single scattering albedo in
Shouxian is higher, reflecting strong scattering and weak aerosol absorption.

Keywords: aerosol optical depth (AOD); clustering; multiplet; Shouxian; sun photometer

1. Introduction

Aerosol is a system composed of atmosphere and suspended solid and liquid particles,
which plays a significant role in climate change, ecological environment, human health,
and other aspects [1]. Aerosol can reduce the solar radiation reaching the surface through
absorption and scattering, directly affecting the global radiation balance and indirectly
impacting the climate system through interaction with clouds [2–4]. Aerosol particles also
affect atmospheric chemical processes, which is one of the largest sources of uncertainty in
climate simulation [5]. Poor air quality caused by high concentrations of aerosol particles is
one of the major health risks worldwide. Smaller aerosol particles can enter human lungs
and be harmful to the respiratory system. Trace elements such as arsenic, nickel, and lead
can cause cancers through inhalation and skin absorption. Dust in the air is detrimental to
human health and has a direct relationship with mortality [6–9]. Coal smog, photochemical
smog, dust, and sandstorm in aerosols will significantly reduce atmospheric visibility,
interfere with line of sight, hinder social and economic activities such as transportation
and industrial production, and cause considerable losses to the national economy [10,11].
Sulfate and nitrate in aerosol can reach the ground through acid deposition, causing
acidification of soil and water. After acidification, the aluminum-containing hydroxides in
the earth will form aluminum compounds that plants can absorb, resulting in aluminum
poisoning and even the death of crops and vegetation [12,13].
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Aerosol optical depth (AOD) is a fundamental optical property parameter that is
used to describe aerosol optical properties, and is the most important one with the highest
observation accuracy and the most observation methods at present [14,15]. AOD is defined
as the extinction of solar radiation caused by aerosol and integrated into the whole atmo-
spheric column, reflecting aerosol content to a certain extent. The main methods of AOD
measurement are satellite and ground-based remote sensing. Compared to satellite mea-
surement, the ground-based sort is simple and relatively accurate [16,17]. Ground-based
remote sensing is preferred when it is necessary to accurately study the effects of aerosol
climate radiation in a specified area.

In recent years, scholars at home and abroad have paid extensive attention to the
changing characteristics of AOD. Prasad et al. used a Microtops II sun photometer to study
the variation of AOD in Bhaktapur, Nepal [18]. Ningombam et al. studied the trend of
long-term variation of AOD at 53 sites worldwide from 1995 to 2018, including 49 sites
from AERONET and four sites from SKYNET [19]. Jin et al. used an improved retrieval
method to retrieve AOD at 500 nm of MODIS data [20]. He et al. used the AOD datasets
of several sites from AERONET from 2006 to 2018 to study the spatial and temporal
variation characteristics of aerosol types at some representative sites in China [21]. Liu et al.
analyzed the variation characteristics of AOD and wavelength exponent in Xi’an by using
the measurement of sun photometer from 2015 to 2018 [22].

With the rapid development of the economy, the Yangtze River Delta is becoming
more and more densely populated and rich in industrial and agricultural activities, and the
AOD is at a relatively high level in China [23,24]. As one of the aerosol monitoring sites
in the Yangtze River Delta, Shouxian is a representative area with a high concentration
of aerosol particles in China and an important site for aerosol research [25]. Fan et al.
analyzed the aerosol optical properties in Shouxian using the mobile equipment of the
atmospheric radiation measurement project from May to December 2008 [26]. Qi et al.
studied the effects of clouds and aerosols on the surface radiation budget from October to
December 2008 in Shouxian, and aerosol produced a longwave warming effect, a strong
short wave cooling impact, and a net cooling effect on the surface radiation budget [27].
Tang et al. analyzed the aerosol–cloud interaction in Shouxian using mobile devices from
May to December 2008 [28]. Huo et al. analyzed the variation characteristics of aerosol
optical properties and the variation of aerosol optical parameters in the process of heavy
pollution in Shouxian by using the data from September 2014 to August 2015 [29]. Fan et al.
observed and analyzed the atmospheric optical characteristics in Shouxian in winter, and
they obtained the AOD, scattering coefficient, absorption coefficient, and diurnal variation
of single scattering albedo, using a sun photometer, turbidimeter, particulate monitoring
instrument of Shouxian National Climatological Observatory [30].

Due to the lack of AERONET observation data in Shouxian, there are few studies on
the optical properties of aerosols in this area. Therefore, in this paper, the aerosol optical
depth and Angström parameters in Shouxian are calculated from PSR sun photometer
data, and the variation characteristics of aerosol optical parameters are analyzed.

2. Site and Data
2.1. Site Introduction

Shouxian is located in the North–South climate transition zone of China—the southern
bank of the middle reaches of the Huaihe River. It has a wide variety of weather systems
and a large area of farmland underlying the surface, a typical area of the Huang-Huai agri-
cultural ecological region in China. This area is also an ideal observation and experimental
site for the interaction between earth and the atmosphere under the influence of human
activities. The Shouxian National Climatological Observatory (32.56N, 116.78E) is located 9
km south of the urban center, where the sun photometer used in the experiment shown in
Figure 1 is deployed.
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Figure 1. The PSR deployed in Shouxian.

2.2. Instrument Introduction

We used the measurements from a PSR sun photometer from 1 January 2020 to 28
February 2021. This sun photometer is fully automatic and manufactured by Anhui
Zhongke Purida photoelectric Co., Ltd., Hefei, China. The instrument parameters are
shown in Table 1.

Table 1. Technical parameters of the PSR sun photometer.

Index Items Technical Indicators

Number of bands 9

Central wavelength 340 nm, 380 nm, 440 nm, 500 nm, 670 nm, 870 nm,
940 nm, 1020 nm, 1640 nm (replaceable)

Bandwidth 2–340 nm, 4–380 nm, 10–440 nm, 500 nm, 670 nm,
870 nm, 940 nm, 1020 nm, 1640 nm

Field of view ≤1.3◦

Sun tracking accuracy 0.1◦

Temperature control range and accuracy 25 ± 0.1 ◦C
Rotation angle of sun tracker horizontal 0 ~ 360◦, vertical 0 ~ 180◦

Operating temperature range −30 ◦C~ +60 ◦C
Relative humidity 0~100% RH

Communication mode serial port/CAN bus/BeiDou Satellite/4G
(optional)

Power supply mode lightning protection/220 V AC/lithium
battery/solar battery (optional)

Environmental perception temperature, humidity, rain, air pressure

2.3. Other Data

OMI, an ozone detector aboard the National Aeronautics and Space Administration’s
Aura satellite launched in 2004, used to measure daily global radiation at wavelengths of
270 to 500 nm. The data of aerosol single scattering albedo used in this paper are derived
from the Level-3 daily global gridded product OMAERUVd (1 degree lat/lon grids); we
used values at 500 nm [31].
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The air quality data comes from the China National Environmental Monitoring Centre
(https://air.cnemc.cn:18007 (accessed on 16 September 2021)), including air quality index,
the concentrations of PM2.5, SO2, NO2, O3, and CO near the ground [32].

3. Data Processing and Method
3.1. Data Screening

Ideally, the direct solar radiation will reach the maximum in the morning, maximum
at noon, and then decrease to the minimum at sunset. The whole curve is a symmetrical
semicircle arc. Datasets with a significant deviation from the expected value of the max-
imum midday voltage signal are not considered. There are many discontinuities; in the
remaining dataset, there are many curves that are discontinuous, continuous but have a
ladder shape, or unevenly distributed, which are all caused by unstable weather or clouds
blocking the sun, and none of such datasets are used.

3.2. Retrieval Method

Aerosol can change the nature and intensity of solar radiation on the surface through
scattering and absorption. The characteristics of aerosol particles can be retrieved by
measuring the variation of solar radiation, which is the basic principle of retrieving aerosol
optical depth from remote sensing.

According to the Beer–Lambert–Bouguer law, the direct solar radiation E (W/m2) at a
specific wavelength measured on the surface satisfies the formula as follows:

E(λ) = E0(λ)R2Tg exp[−m(θ)τ(λ)] (1)

where E0(λ) is the solar irradiance at the wavelength of λ, at a distance of one astronomical
unit (AU) outside the atmosphere; R is the earth–sun distance correction factor correspond-
ing to the measurement time; m(θ) denotes the relative air mass; τ(λ) is the total vertical
optical depth of the atmosphere; Tg is the transmittance of the absorbed gas.

In addition to the absorption of solar radiation by the water vapor absorption band at
936 nm, the absorption of direct solar radiation by the absorbing gas at other bands can be
ignored, i.e., Tg = 1. The output voltage V(λ) of the instrument is directly proportional to
the detected solar radiation E(λ), and the calibration constant V0(λ) is directly proportional
to E0(λ) with the same proportion. The τ(λ) can be derived from (1),

τ(λ) = − 1
m(θ)

ln
(

V(λ)

R2V0(λ)

)
(2)

The distance between the sun and the earth is precisely known for any day and can be
calculated by using (3) [33],

R2 =

(
d0

d

)2
= 1 + 0.033 cos D (3)

where D = 2πN/365, N stands for the day of the year, such as 1 January, and the value of N
is 1.

Using (4), we calculated the air mass [34],

m(θ) =
[
cos θ + 0.150(93.885− θ)−1.253

]−1
(4)

where θ is the zenith angle of the sun, which the spherical trigonometric formula can
accurately calculate:

cos θ = sin δ · sin ϕ + cos δ · cos ϕ · cos(15t0 + ξ − 300) (5)

https://air.cnemc.cn:18007
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where δ is the declination, t0 is the Beijing time, ϕ is the latitude of the observation point,
and ξ is the longitude.

We can obtain the more accurate declination angle of the sun by using (6) [35],

δ = 0.3723 + 23.2567 sin(ωt) + 0.1149 sin(2ωt)− 0.1712 sin(3ωt)− 0.758 cos(ωt) + 0.3656 cos(2ωt) + 0.0201 cos(3ωt) (6)

and ω is a coefficient, ω = 2π/365.2422; t is the equivalent daily ordinal number, t = N-1-n0,
we can calculate n0 using (7):

n0 = 79.6764 + 0.2422(n− 1985)− int[0.25(n− 1985)] (7)

where n is the year.
The total optical depth τ of the atmosphere in the channel neglecting gas absorption

consists of molecular scattering and aerosol scattering,

τ = τr + τa (8)

When the actual surface pressure is P, the Rayleigh scattering optical depth of the
whole layer can be obtained by the empirical formula:

τr = 0.0088
P
P0

λ−4.05 (9)

Aerosol optical depth τa can be expressed by subtracting the Rayleigh scattering
optical depth from the total optical depth,

τa = τ − τr (10)

The atmospheric aerosol optical depth τa (λ) can be expressed by wavelength index α

and atmospheric turbidity coefficient β as:

τa(λ) = βλ−α (11)

Angström parameters α and β are estimated by least square regression in the 440–870
nm range [36]. The wavelength index reflects the particle size characteristics, usually
between 0 and 2. A small value indicates that the aerosol is mainly composed of large
size particles. The larger the value, the larger the proportion of small and medium-sized
aerosol particles. The atmospheric turbidity coefficient β refers to the optical depth of
atmospheric aerosol at a wavelength of 1 µm, and the basic range is 0 to 0.5. β ≤ 0.1
indicates that the atmospheric aerosol concentration is very low and the air is clean, while
β ≥ 0.2 demonstrates that the atmosphere is turbid and the air quality is inferior.

3.3. Cloud Screening Methods

Before retrieval with measurement, cloud screening is needed. Cloud screening
methods are mainly based on the multiplet method used for AERONET, which was
proposed by Smirnov et al. [37]. Moreover, the clustering method using a k-nearest-
neighbor method was proposed by Schenzinger et al. [38].

3.3.1. The Multiplet Method

(1) Data quality checks

If AOD is lower than - 0.01 at any wavelength, we will reject all measured data at that
time. The data with an air mass of more than five are not considered when calculating the
diurnal average of AOD.

(2) Triplet stability criterion
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The variation of AOD within three successive measurements is less than 0.02 or 0.03τa
(choose the higher). If the condition is satisfied, the average of the retrieval results of the
three measurements is used as τa. When the needs are not met, we ignore that data.

(3) Diurnal stability check

If the standard deviation of the averaged AOD at 500 nm (or 440 nm) is less than 0.015
throughout the day, stop screening and accept all remaining data. If not, go to the next
step.

(4) Smoothness criteria

The smoothing criterion limits the root mean square (RMS) of the second derivative of
AOD with time, which is very sensitive to the local oscillation of optical depth caused by
clouds. The norm of the second derivative of the optical depth concerning time should not
exceed a certain threshold as follows:

D =

√
1

(n− 2)∑
[

ln τi − ln τi+1

ti − ti+1
− ln τi+1 − ln τi+2

ti+1 − ti+2

]2
≤ 16 (12)

If D > 16, find the item that contributes the most to D and eliminate the related data.
Then, the diurnal stability check is to be applied again (step 3). When the number of
measurements in a day is reduced to only 1 or 2, we reject that day’s data. When D ≤ 16,
we accept it and proceed to the following criteria.

(5) Three standard deviation criteria

Check whether AOD at 500 nm is within τa ± 3σ and whether the Angstrom parameter
α (estimated by least square regression in the 440–870 nm range) is within α ± 3σ the whole
day. Data that do not meet the criteria are excluded.

3.3.2. The Clustering Method

(1) Data quality checks

Remove the data with negative values in the measurements. After initial filtering,
AOD is calculated according to the measurements, and the non-physical value (negative or
infinite) of AOD at any wavelength is discarded.

(2) Triplet stability criterion

The AOD shall not vary more than the set value in three successive measurements. If
AOD is lower than 0.2, the threshold is set to 0.02; otherwise, 0.03 is used.

(3) K-nearest-neighbor algorithm

Linear and quadratic fitting of λ and τa(λ) in the range of 440–870 nm for each time
step is performed to obtain Angstrom parameters,

ln(τa(λ)) = ln(βi)− αi ln(λ)
ln(τa(λ)) = ln

(
βq
)
− αq ln(λ) + γq ln(λ)2 (13)

where αi is the spectral slope of the linear fit, and γq is the spectral curvature of the
quadratic fit.

Four-dimensional space is established using τa (500 nm), the first derivative of AOD
∆τ/∆t relative to time, and γ/10 and α/10 calculated from the above equation. If the average
Euclidean distance (known as D20) between P0 and its 20 nearest neighbors exceeds 0.019,
the point is considered cloud contaminated. The unit of ∆τ/∆t is in 5 min. If there are fewer
than 20 valid measurements, the nearest neighbors k is reduced according to the minimum
of points in the real-time analysis. Then the calculated distance is multiplied by 20/k.
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3.4. Comparison Method

The linear relationship between AOD retrieved by the multiplet method and retrieved
by the clustering method is obtained by linear regression analysis. The relative deviation
between the retrieval results of different methods is calculated using (13),

RD =
|τac − τam|

τam
(14)

where RD is the relative deviation, τac is the AOD retrieved by the clustering method, and
τam is AOD retrieved by the multiplet method.

4. Results and Discussion

Measurements have a higher probability of cloud contamination during the period of
low solar elevation angle. To not excessively use the data with higher frequency to weight
the diurnal mean, the data for m > 5 are not considered in the calculation. The datasets
with valid points less than 70 or uneven distribution are also ignored.

The AOD at 500 nm is numerically equivalent to the average of the all-band AOD, and
it can be used as a representative of the AOD of the whole wavelengths [39]. The values of
AOD used below are all at 500 nm.

4.1. Analysis of Retrieval Results of Different Cloud Screening Methods

The retrieval results of the multiplet method and the clustering method are illustrated
in Figure 2. In Figure 2a, the abscissa of the point represents the AOD retrieved by the
multiplet method, and the corresponding ordinate represents the AOD retrieved by the
clustering method at the same time. The closer the retrieval results of the two methods,
the closer the fitting coefficient is to 1. As shown, the fitting coefficient is 0.921, which
indicates that the retrieval results of the two methods are very close, and the AOD of the
clustering method is generally smaller than that of the multiplet method. The reason is
that the clustering method has a beneficial effect in flagging thin clouds, which cannot
be identified by the multiplet method to a certain extent, thus reducing the daily mean
of AOD. The overall average value of AOD decreases by 0.0542 by the clustering method
during the measurement period.
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As shown in Figure 2b, the retrieval results of the two methods are closer when AOD
is small, the relative deviation is significant in autumn and winter when the AOD value is
considerable, and the effective days of the clustering method are fewer than those of the
multiplet method. The reason is that the clustering method has a better effect in flagging
thin clouds, and the probability of cloud contamination in spring and summer with a
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smaller AOD is low. In autumn and winter, the occurrence frequency of thin clouds is
higher, which results in higher AOD of the multiplet method. The air pollution in autumn
and winter is serious, so the clustering method flags thin clouds and may mistake some
effective data points as cloud points, with fewer effective data points than the multiplet
method. Datasets with few or uneven distribution of effective data points are ignored,
resulting in fewer available observation days for the clustering method.

The clustering method is proposed for the precision filter radiometer (PFR), developed
by the Physikalisch-Meteorologisches Observatorium Davos/World Radiation Center
(PMOD/WRC) for the GAW network [40]. The measuring frequency of PSR is different
from that of PFR. There is a lack of sufficient research to determine the number of nearest
neighbors most suitable for PSR. It is unclear whether the probability of mistaking effective
points by the clustering method with higher AOD is within the acceptable range. Therefore,
the retrieval results of the multiplet method are used in the subsequent analysis.

4.2. Analysis of Diurnal Variation of AOD

As shown in Figure 3, diurnal variation of AOD in Shouxian during the observation
period can be divided into three types: Flat type, convex type, and concave type. The
occurrence frequency of flat type is the lowest, whereas the convex and concave types are
the most frequent. Under these three types, AOD and the amplitude of its diurnal variation
decrease gradually with the increase of wavelength, and the variation trend of AOD in
each band is consistent.
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Figure 3a shows a convex type, and AOD increased gradually from morning to noon,
reached the maximum at noon, and decreased gradually in the afternoon, concentrated
in April to September. Continuous heating of the solar radiation to the land and the
long-wave radiation of the ground made the atmosphere near the surface warm and
made the atmospheric structure unstable. After a while, local turbulence was formed.
Moreover, the increase of human activities made the dust from the ground easily enter the
air. Due to the intense solar radiation, the photochemical reaction was also active, which
increased the generation of secondary aerosol. This led to a rapid rise of AOD, reaching
the maximum in the day. After that, with the decrease of near-surface temperature, the
turbulence weakened, the particles settled to the ground, and AOD decreased somewhat.
Figure 3b shows a concave type; AOD decreased gradually from morning to noon, then
increased after reaching the minimum at noon, mainly appearing from October to next
March. The main reasons were that high humidity in the morning and evening makes it
easy for fog to form, and the air quality is poor during this period, which leads to higher
AOD. The solar radiation is more robust at noon, and the rising temperature reduces the
relative humidity. Meanwhile, the stable atmospheric boundary layer is destroyed by the
rising temperature, and the convective boundary layer is formed. The diffusion capacity
of pollutants is enhanced, and AOD decreases continuously, thus making AOD reach the
minimum in the day. Later, with the gradual decrease of the temperature near the ground,
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the relative humidity increases, and fog forms in the evening. Figure 3c shows a flat type,
and AOD is relatively stable the whole day. This situation mainly occurs when the weather
is relatively stable and there are occasional occurrences in April and September.

4.3. Variation Characteristics of AOD, α, and β

Figure 4 shows the variation trend of AOD, α, and β parameters in Shouxian from
March 2020 to February 2021. AOD changes significantly during the study period, with
the monthly mean ranging from 0.20 to 0.88, with the overall mean being 0.48 ± 0.24,
which is at a relatively high level. AOD decreased from March to August 2020 in general,
slightly increased in June compared with May, and reached the lowest point in the study
period in August. AOD increased from August to December 2020, but an increase was not
evident from August to September. From December 2020 to February 2021, AOD showed
a downward trend and a peaked in December. According to meteorological standards,
March to May is defined as spring, June to August as summer, September to November
as autumn, and December to February as winter. During the observation, the maximum
seasonal mean of AOD was 0.76 in the winter, followed by 0.54 in the autumn, 0.40 in
the spring, and 0.26 in the summer. The maximum turbidity coefficient β appeared in
November (0.33) and the minimum value in August (0.08) during the observation period.
The variation trend of AOD and β was highly consistent. This shows that the AOD of
atmospheric aerosol increased when the aerosol mass concentration increased at a certain
time. During the study, the monthly mean value of α was between 0.69 and 1.61, involving
mainly continental and urban aerosols. From the perspective of monthly change, it was
close to the continental type from March to October 2020, and the fluctuation change was
relative to the urban type from March to October 2020. In terms of seasonal variation, it
was close to urban aerosol in winter, which was 1.5248, and continental aerosol in spring,
summer, and autumn, which were 0.9652, 0.9203, and 1.1382, respectively.
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Studies have shown that the seasonal distribution of persistent regional haze processes
in the Jianghuai region where Shouxian is located occurred most in winter, followed by
autumn. Haze processes with long duration mainly appeared in December and January [41].
According to the air quality data released by the China meteorological administration,
during the study period, the air quality index (AQI) in summer was at the lowest level of
the year, and the AQI in winter was at the highest, which was about twice that in summer.
In Figure 5, we show the seasonal variation trend of PM2.5, near-surface atmospheric trace
gas concentration, and AOD. Table 2 show the partial correlation coefficient between AOD
and PM2.5, gas concentrations such as SO2, NO2, O3, and CO. During the study, we can
see that the partial correlation coefficient between PM2.5 and AOD is 0.7902, showing
a significant correlation. PM2.5 is one of the main factors causing the change of AOD.
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AOD and O3 concentration show a negative correlation trend. Heavy aerosol pollution
can inhibit the generation of surface ozone, which is consistent with the research of Deng
et al. [42], Bian et al. [43], and Cai et al. [44]. The correlation between SO2, O3, CO, and
AOD is weak. The pollution was light in the summer of 2020 in Shouxian. Shouxian is
located in the East Asian monsoon region, with frequent precipitation and apparent wet
deposition of particles, so the AOD and β in summer are low. With the increase of humidity
in autumn and winter during the observation, the moisture absorption of aerosol particles
increases. At the same time, the decline of solar radiation leads to the decrease of boundary
layer height and the weakening of the vertical diffusion conditions of the atmosphere,
which increases the concentration of near-surface particles. Biomass burning is the primary
source of light-absorbing organic carbon and black carbon aerosols in the atmosphere [45].
It is also one of the reasons for the rise in PM2.5 mass concentration [46]. According to
the daily estimates of biomass burning emissions released by the Global Fire Assimilation
System (GFAS), the biomass burning in the Shouxian area mainly occurred in winter during
the study period; this is one of the reasons why the mean AOD in the winter was at a
high level [47]. Biomass burning increases atmospheric turbidity and makes β have a high
value. The small particle size aerosol emitted by biomass burning and the heating in winter
makes the value of wavelength index α higher, greatly affected by man-made emissions,
consistent with the severe pollution in the winter. The α value in the spring and summer
of 2020 was relatively low, indicating larger particle size particles in the spring and the
summer than in the other two seasons.

Atmosphere 2021, 12, x FOR PEER REVIEW 10 of 14 
 

 

apparent wet deposition of particles, so the AOD and β in summer are low. With the in-
crease of humidity in autumn and winter during the observation, the moisture absorption 
of aerosol particles increases. At the same time, the decline of solar radiation leads to the 
decrease of boundary layer height and the weakening of the vertical diffusion conditions 
of the atmosphere, which increases the concentration of near-surface particles. Biomass 
burning is the primary source of light-absorbing organic carbon and black carbon aerosols 
in the atmosphere [45]. It is also one of the reasons for the rise in PM2.5 mass concentration 
[46]. According to the daily estimates of biomass burning emissions released by the Global 
Fire Assimilation System (GFAS), the biomass burning in the Shouxian area mainly oc-
curred in winter during the study period; this is one of the reasons why the mean AOD in 
the winter was at a high level [47]. Biomass burning increases atmospheric turbidity and 
makes β have a high value. The small particle size aerosol emitted by biomass burning 
and the heating in winter makes the value of wavelength index α higher, greatly affected 
by man-made emissions, consistent with the severe pollution in the winter. The α value 
in the spring and summer of 2020 was relatively low, indicating larger particle size parti-
cles in the spring and the summer than in the other two seasons. 

Table 2. The partial correlation coefficient between AOD and PM2.5, SO2, NO2, O3, and CO. 

 AOD and PM2.5 AOD and SO2 AOD and NO2 AOD and O3 AOD and CO 
Partial correla-
tion coefficient 

0.7902 −0.0524 −0.2363 −0.5323 −0.0356 

 
Figure 5. Seasonal variation trend of PM2.5, near-surface atmospheric trace gas concentration, and 
AOD during the study. AOD is dimensionless and plotted on the sub coordinate axis, the unit of 
CO concentration is (mg/m3)*100, and the others are μg/m3. 

4.4. Single Scattering Albedo 
Table 3 shows the aerosol single scattering albedo (SSA) in different studies. It can be 

seen from the table that the SSA during the observation is very close to the observation 
results of Huo in Shouxian and the international atmospheric radiometry program (ARM) 
in Shouxian in 2008. The results show that the ratio between aerosol absorption extinction 
and scattering extinction in Shouxian has changed little since 2008. Compared with the 
other four areas, the single scattering albedo in the Shouxian is more extensive, reflecting 
the strong scattering and weak aerosol absorption in Shouxian. Shouxian is located in the 
Huaihe River Basin, with less dust weather, and the particles are mainly local emissions 
and secondary generated fine-grained aerosols. At the same time, because farmland’s un-
derlying surface dominates the area, the contribution of traffic sources with high absorp-
tion characteristics is low. 

Table 3. Comparison of aerosol single scattering albedo in different studies. 

Location Observation Time λ(nm) SSA Citation 
Shouxian 2020/03–2021/02 σsp = 500,σap = 500 0.93 ± 0.02 This study 
Shouxian 2014/09–2015/08 σsp = 525,σap = 520 0.92 ± 0.02 [29] 

Figure 5. Seasonal variation trend of PM2.5, near-surface atmospheric trace gas concentration, and
AOD during the study. AOD is dimensionless and plotted on the sub coordinate axis, the unit of CO
concentration is (mg/m3)*100, and the others are µg/m3.

Table 2. The partial correlation coefficient between AOD and PM2.5, SO2, NO2, O3, and CO.

AOD and PM2.5 AOD and SO2 AOD and NO2 AOD and O3 AOD and CO

Partial correlation
coefficient 0.7902 −0.0524 −0.2363 −0.5323 −0.0356

4.4. Single Scattering Albedo

Table 3 shows the aerosol single scattering albedo (SSA) in different studies. It can
be seen from the table that the SSA during the observation is very close to the observa-
tion results of Huo in Shouxian and the international atmospheric radiometry program
(ARM) in Shouxian in 2008. The results show that the ratio between aerosol absorption
extinction and scattering extinction in Shouxian has changed little since 2008. Compared
with the other four areas, the single scattering albedo in the Shouxian is more extensive,
reflecting the strong scattering and weak aerosol absorption in Shouxian. Shouxian is
located in the Huaihe River Basin, with less dust weather, and the particles are mainly



Atmosphere 2021, 12, 1226 11 of 14

local emissions and secondary generated fine-grained aerosols. At the same time, because
farmland’s underlying surface dominates the area, the contribution of traffic sources with
high absorption characteristics is low.

Table 3. Comparison of aerosol single scattering albedo in different studies.

Location Observation Time λ (nm) SSA Citation

Shouxian 2020/03–2021/02 σsp = 500,σap = 500 0.93 ± 0.02 This study
Shouxian 2014/09–2015/08 σsp = 525,σap = 520 0.92 ± 0.02 [29]
Shouxian 2008/05–2008/12 σsp = 550,σap = 550 0.92 ± 0.03 [26]

Pudong, Shanghai 2008–2010 σsp = 525,σap = 532 0.82 ± 0.01 [48]
Shenzhen 2010/12–2011/08 σsp = 525,σap = 532 0.81 ± 0.08 [49]
Xuzhou 2014–2017 σsp = 525,σap = 532 0.93 ± 0.05 [50]
Beijing 2017/09–2019/08 σsp = 525,σap = 525 0.88 ± 0.07 [51]

The single scattering albedo depends on the relative size of aerosol scattering prop-
erties and absorption properties. During the study, there is more rainfall in summer, and
the scattering effect is enhanced by the hygroscopic growth, making the single scattering
albedo slightly higher. In winter, biomass burning emits absorbing aerosol such as organic
carbon and black carbon aerosols, resulting in the decrease of SSA [52]. The temperature is
low, heating combustion volume increases, there is low combustion efficiency, and motor
vehicles exhaust emissions increases. The winter atmosphere is stable, boundary layer
height is low, and black carbon aerosol vertical diffusion space is reduced. The various
adverse conditions superimposed together lead to increased black carbon content with
strong absorption capacity and single scattering albedo slightly lower; the aerosol in Shoux-
ian showed strong absorption characteristics. Therefore, as shown in Figure 6, the single
scattering albedo in Shouxian is higher in summer and lower in autumn.
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5. Conclusions

In this paper, two cloud screening methods were used to process and retrieve the
measured data of PSR from March 2020 to February 2021 in Shouxian. We used the obtained
data to analyze the AOD and Angström parameters α and β, and the conclusions are as
follows:

1. The variation trend of the retrieval results of the clustering method and the multiplet
method is consistent, while the fitting coefficient is 0.921. The clustering method can
flag thin clouds better, and some effective data points may be mistaken, with less
effective points and the number of days than the multiplet method at the same time.

2. The diurnal variation of AOD in Shouxian can be divided into three types: Flat
type, convex type, and concave type. The flat type has the lowest frequency and
occasionally appears in April and September. In contrast, the convex type mainly
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appears from April to September, and the concave type mainly occurs from October
to next March—the main variation types.

3. During the observation, the overall average value of AOD in Shouxian was 0.48,
which is at a higher level. Owing to the influence of climate, precipitation, and
other factors, August had the lowest monthly average value, and the highest was in
December. The average AOD was the highest in winter of the study, and in summer
was the smallest. The variation trend of AOD and β was highly consistent, and the
monthly mean value of α was between 0.69 and 1.61, involving mainly continental
and urban aerosols.

4. Compared with other regions, the single scattering albedo in the Shouxian was high,
reflecting the strong scattering and weak aerosol absorption in Shouxian. Biomass
combustion emitted organic carbon and black carbon aerosols, resulting in lower SSA
in winter during the observation.

In the experiment, it was found that the clustering method is effective in flagging
thin clouds, but at the same time, effective points may be wrongly marked. It is not clear
whether the probability of mistaking is within the acceptable range. The clustering method
is proposed for PFR, but for the PSR we used the number of the most suitable neighbor
points has not been verified by a large number of experiments, which need to be carried
out in further studies.
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