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Abstract

The geographical condition of Qingdao, China is relatively special; the trans-
port of various inland pollutants, the emissions of marine aerosol and local
pollutants will have an impact on the changes of atmospheric aerosol concen-
tration. By using the stability classification method, trajectory clustering
analysis and the NOAA HYSPLIT model, the seasonal distribution characte-
ristics of atmospheric inhalable particulate matter concentration in Qingdao,
China and its relationship with meteorological conditions, mixed layer
height, and the seasonal characteristics of Qingdao pollutant transport were
analyzed. The results show that the variation trends of PM2.5 and PM10 were
about the same, and there are obvious seasonal differences, which are high in
winter and spring, and low in summer and autumn. The concentration of in-
halable particulate matter has a negative correlation with temperature, wind
speed and relative humidity. The concentration of inhalable particulate mat-
ter is distinct in different relative humidity ranges. When the wind speed is
less than 3 - 4 m/s, there are more inhalable particles, while the mass concen-
tration shows obvious reduction with the wind speed more than 4 m/s. There
is a significant negative correlation between the mass concentration of pollu-
tants and the daily maximum mixed layer height. The larger the concentra-
tion of pollutants, the smaller the thickness of the daily largest mixed layer.
Conversely, the smaller the mass concentration of pollutants, the larger the
thickness of the daily largest mixed layer. The pollutant transport in Qingdao
has obvious seasonal characteristics. The air mass in spring, autumn and
winter is mainly medium-long distance transport from Mongolia and south-
ern Russia, and medium-short distance transport from Inner Mongolia and
northeast of China. The source of air masses in summer is mainly transported
from the eastern and sea areas.
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1. Introduction

Qingdao is located in the southern part of Shandong Peninsula, according to the
Qingdao Environmental Status Bulletin during 2012-2015, although the number
of days with good air quality in Qingdao is more than 260, the proportion of
days with particulate matter as the primary pollutant is still high, whose ratio
was as high as 97.2% in 2014. Han et al. (2014), Wan et al. (2015), and Song et al.
(2016) pointed out that there was continuous pollution in Qingdao during the
winter of 2013-2015, which was particularly severe in 2014. Among the pollu-
tants in Qingdao, inhalable particulate matter of PM2.5 and PM10 accounts for a
large proportion. Inhalable particulate matter causes the ventilating function of
the alveoli and the function of the bronchioles to be destroyed by clogging loca-
lized tissue of the lung, which is harmful to human health.

The geographical condition of Qingdao is relatively special; the transport of
various inland pollutants, the emissions of marine aerosol and local pollutants
will have an impact on the changes of atmospheric aerosol concentration (Ke et
al., 2014). In recent years, many experts and scholars researched air pollution in
Qingdao, which mainly focuses on human health assessment (Hu, 2003), pollu-
tion status investigation (Wang & Gao, 2008) and prevention countermeasures
research (Wang & Guo, 1999; Li, 2006) and marine factors on the contribution
of atmospheric aerosols (Xu & Yao, 1997) and sedimentation flux (Chen et al.,
2004); meanwhile, they also analyzed the relationship between inhalable parti-
culate matter and meteorological elements (Ke et al., 2014; Huang et al., 2015;
Kang et al., 2016).

The height of atmospheric mixed layer is one of the main factors affecting
atmospheric diffusion, which plays an important role in air quality assessment
and storage and distribution of pollutants (Li et al., 2015). With the continuous
development of research, scholars have found that the height of the mixed layer
is closely related to the stability of atmosphere. In the field of environmental
meteorology, the height of the mixed layer and the stability of atmosphere are
commonly used in air pollution potential prediction and environmental assess-
ment (Yuan et al., 2013).

Existing research mainly focuses on non-meteorological factors, such as hu-
man health assessment, pollution investigation, preventive measures, and ma-
rine factors, etc. Even if the research involves meteorological factors, it only
analyzes the relationship between inhalable particulate matter and meteorologi-
cal factors. Since the height of the mixed layer of the atmosphere is one of the
main factors affecting atmospheric diffusion, this article not only analyzes the
characteristics of atmospheric inhalable particulate matter in Qingdao, discusses

the relationship between the concentration of particulate matter and meteoro-
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logical factors, but also analyzes the relationship between the height of particu-
late matter and the mixed layer, and the seasonal characteristics of pollutant mi-

gration in Qingdao.

2. Data and Methods
2.1. Data

Day-to-day surface observation data of Qingdao Meteorological Observatory
from 2011 to 2015 (8 times a day, including meteorological elements such as to-
tal cloud cover, low cloud cover, wind direction and wind speed); Daily pollutant
concentration data of PM10 (2011-2015) and PM2.5 (2013-2015) from Qingdao
Shibei District North Atmosphere Monitoring Station; Calculating air mass tra-
jectory used global reanalysis data (2.5° x 2.5%) provided by the National Ocea-
nic and Atmospheric Administration (NOAA) in 2014.

Qingdao Shibei District North Atmosphere Monitoring Station is a represen-
tational station that can better characterize the air quality of Qingdao urban
area, at the same time, the straight distance between the Shibei District North
station and Qingdao Station is less than 1000 m so that the spatial difference can
be neglected, and meteorological elements and pollution data can be considered
the same place.

2.2. Methods

Pasquill (1961) proposed the stability classification method in 1961, and divided
the solar radiation indicators into three categories to judge the atmospheric sta-
bility, which is strong, weak and weak. Turner (1964) added cloud height, cloud
amount, and solar elevation angle to Pasquill’s classification method to classify
the atmospheric stability as the Pasquill-Turner (P-T) stability classification. The
PT method classifies atmospheric stability into six levels: extremely unstable, un-
stable, weakly unstable, neutral, weakly stable and stable. It is replaced by A, B, C,
D, E, F to express the six levels of atmospheric stability. In the China National
GB/T13201-91 Standard issued by the National Environmental Protection Agen-
cy of China, the method of calculating the height of the mixed layer Lb (the na-
tional standard method) is defined based on the Joint Frequency Roche Method.

Trajectory clustering analysis is a multivariate statistical technique, which
groups a large number of trajectories according to the similarity of trajectory space.
In recent years, this analysis method has been applied in the study of air pollution
more frequently (Brankov et al., 1998). In this paper, the NOAA-HYSPLIT model
is used to track the backward trajectory of air masses of Qingdao in 2014, and
the backward trajectory is classified by cluster analysis using TrajStat software
(Wang et al., 2009).

3. Results and Analysis
3.1. Inhalable Particle Change Curves

Figure 1 is a daily average curve of PM10 and PM2.5 mass concentrations in
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Figure 1. PM2.5 (a), PM10 (b) daily variation curve of mass concentration (solid line)
and particulate matter limit standard line (dashed line).

2014. The variation trend of PM10 and PM2.5 mass concentration is about the
same, and there are obvious seasonal differences, which are high in winter and
spring, low in summer and autumn. Meanwhile, the PM10 mass concentration is
slightly ahead of PM2.5. Through the lead (lag) correlation analysis, the highest
correlation coefficient (R > 0.9) is PM10 more ahead of PM2.5 than 3 days.
Maybe the reason is that the coarse particles are more easily formed from the
underlying surface, and the gravity sedimentation of the coarse particles them-

selves makes the coarse particles easier to remove than the fine particles.

3.2. Relationship between Particle Concentration and
Meteorological Elements

Using daily average data, Huang et al. (2015) found that the concentration of
pollutants in Qingdao was negatively correlated with cloud cover, precipitation
and temperature, and was positively correlated with air pressure. Figure 2(a)
also illustrates the negative correlation between inhalable particulate matter
concentration and temperature, PM2.5 (r = —0.3) is more correlated with tem-
perature than PM10 (r = —0.12). In Figure 2(b) and Figure 2(c), there is also a
negative correlation between inhalable particulate matter and wind speed and
relative humidity, PM10 has a greater correlation with wind speed and relative
humidity than PM2.5.

In addition, the author analyzed the relative humidity and wind speed by
stages (Figure 3), and found that the correlation between relative humidity and
particulate matter showed significant differences in different relative humidity
intervals, as the relative humidity increased, the mass concentration of the pol-
lutants is a single peak structure. The value of PM2.5 mass concentration greater
than 0.075 mg/m® occurs in the interval of relative humidity between 60% and
80%, and the high concentration value of more than 0.15 mg/m’ is basically dis-
tributed in this interval. The probability of PM10 mass concentration greater
than 0.15 mg/m’ appearing in the range of relative humidity between 60% and
80% is 54%, but the high concentration value greater than 0.20 mg/m” is mostly
distributed in 40% - 60% (Figure 3(a), Figure 3(b), Table 1). As shown in Fig-
ures 3(c)-(d), when the wind speed is less than 3 - 4 m/s, the wind power is
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weak, the particles are difficult to have large-scale movement, and the inhalable

particles are more concentrated in this wind speed interval. When the wind

speed exceeds 4 m/s, the dynamic effect of the wind has a good dilution effect on

the particulate matter, and the mass concentration is significantly reduced.

However, the study also found that on a continuous high wind speed, the exter-

nal force of the wind will cause the dust attached to the ground to be trapped in

the atmosphere, causing the mass concentration of particulate matter to rise.

=
w

o
&}

o
=

120 5

Temperatur

e e @<
— N W

Mass concentration / mg-m-3

o o o
— N W
=
(e]
=

Wind speed |

Wind speed / m*s”!  Relative humidity / %

Time / day

Figure 2. Daily change and fitting curve of PM10, PM2.5 mass concentration

with temperature (a), relative humidity (b), wind speed (c).
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Figure 3. Scatter plot of PM10 and PM2.5 mass concentration with relative humidity (a)

(b) and wind speed (c) (d).
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Table 1. Probability distribution table for excessive inhalable particles in different relative
humidity ranges (2014).

Relative Humidity
Mass Concentration 0% -20% 20% -40% 40% - 60% 60% - 80% 80% - 100%
(mg/m?)

PM2.5 > 0.075
X 0% 3% 22% 56% 19%

(Standard Line)
PM10>0.15 0% 5% 21% 54% 20%
(Standard Line) ’ ’ ’ ° °
PM2.5 > 0.15 0% 0% 22% 45% 33%
PM10 > 0.20 0% 11% 56% 33% 0%

3.3. Relationship between Particle Concentration and Height of
Mixed Layer

The mixed layer is a gas layer in which the turbulent atmosphere of the atmos-
phere is strongly mixed and the pollutants can be fully diluted and diffused, so
the height change is closely related to the concentration of the pollutants. The
thicker the mixed layer, the larger the area of attenuation and diffusion of the
contaminants, and the lower the contaminant concentration. The maximum
mixed layer thickness reflects the maximum atmospheric capacity that can be
diluted, and the maximum range of dilution and diffusion of pollutants in the
vertical direction, which is one of the indicators of pollution prediction (You et
al., 2010). Through matching and correlation analyzing the daily maximum
mixed layer height of Qingdao (Shi et al., 2016) and two types of inhalable par-
ticulate matter—PM10 (2011-2015), PM2.5 (2013-2015)—mass concentration
changes (Figure 4), it can be seen that there is a significant negative correlation
between the mass concentration of air pollutants and the maximum mixed layer
height. After 9-point sliding average filtering data, the correlation coefficients of
the maximum mixed layer height and PM10 and PM2.5 are —0.13 and —0.12,
passed the t test of 99% significance. It showed that the greater the concentration
of pollutants, the smaller the thickness of the largest daily mixed layer; on the
contrary, the smaller the mass concentration of pollutants, the greater the thick-

ness of the largest daily mixed layer.

3.4. The NOAA-HYSPLIT Model of Inhalable Particulate Matter

The NOAA-HYSPLIT model was used to track the trajectory of air mass trajec-
tories of Qingdao in 2014, and the backward trajectory was classified by cluster
analysis using TrajStat software. As shown in Figure 5(a), Figure 5(c) and Fig-
ure 5(d), the clustering trajectory of spring, autumn and winter is mainly
northwestward, and a group of air masses is from the eastern sea in spring and
autumn. The northwestward transport is mainly medium and long distance
transport in Mongolia and south of Russia, and the northward and northeast-
ward transport is mainly the medium and short distance particulate transport
from China’s Inner Mongolia and Northeast China. The main air mass sources

in different seasons are different: in the spring, the medium and long distance
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transport in Mongolia and south of Russia accounted for the largest proportion
at 44.6%; in the autumn, the pollutants mainly transported by short-distance
transport was from the northwest and the local area accounting for 39.6%; in the
winter, the medium and short distance transport from the northwestern border
of China accounted for 49.4%. As shown in Figure 5(b), summer air mass
sources are mainly transported from the eastern and southern seas. It can be
covered out from the above analysis that there are mainly three types of air
masses in the urban area of Qingdao, which names the northwest sand source,

the local source and the ocean source.

(a) —Mixed layer PMm
2500

I

1500 | m 1l

ﬁ wmww" i il i ,N.NM

g ' vn N TR | ED
= M (1 g
5 : : : e F
& Jan2011 Jan2012 Jan2013 Jan2014 Jan2015 -%
';—% () ‘ —Mixed layer ~ —PM,; g
= 2500 | g
Z o2 ¢
2 @
T || | §
1500 LA !
I\ ) l" \
\‘ “ U¥i "|'M
500 l h ‘ i I !
I l' VTR ilx
Jan2013 Nov2013 Sep2014 Jul2015

Month

Figure 4. Change and fitting curve (black, red) of Qingdao daily
maximum mixed layer height (blue) and PM10 ((a) 2011-2015), PM2.5
((b) 2013-2015) mass concentration (orange).
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Figure 5. Seasonal cluster analysis of the air mass backward trajectory in 2014.
(a) Spring, (b) Summer, (c) Autumn, (d) Winter.
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Xu et al. (2017) used the HYSPLIT4 model to perform a cluster analysis on the
air mass trajectory of the polluted weather in Qingdao, and found that the pol-
luted weather caused by polluted air masses in Qingdao accounted for 64%, and
the cold air carried the polluted air masses in Beijing, Tianjin, Hebei and other
places. The polluted weather caused by the southbound accounted for 36%. Sun et
al. (2015) comprehensively used meteorological observations, NOAA HYSPLIT
backward trajectories, BC and Lidar to monitor the occurrence and development
of a typical air pollution process in Qingdao in the late summer and early au-
tumn (September 8) in 2014. Perform analysis. It is preliminarily judged that
this pollution process is a relatively typical pollution process that is synergisti-
cally affected by local sources and external sources under adverse weather condi-
tions. The local pollution source is mainly motor vehicle exhaust pollution. The
above-mentioned literature also supports our findings and confirms that the

analysis results of this study are repeatable.

4. Conclusion and Discussion

The trend of mass concentration of PM10 and PM2.5 in Qingdao is about the
same, and there are obvious seasonal differences, which are high in winter and
spring, low in summer and autumn.

The concentration of inhalable particulate matter in Qingdao has a negative
correlation with temperature, wind speed and relative humidity. With the in-
crease of relative humidity, the mass concentration of pollutants has a single
peak structure. The high concentration of inhalable particulate matter appears in
relative humidity at 60% - 80%. When the wind speed is less than 3 - 4 m/s, the
wind power is weak, and the particles are difficult to have large-scale movement;
when the wind speed exceeds 4 m/s, the mass concentration will be significantly
reduced.

There is a significant negative correlation between the mass concentration of
air pollutants in Qingdao and the maximum mixed layer height. The greater the
mass concentration of pollutants, the smaller the thickness of the largest daily
mixed layer; conversely, the smaller the mass concentration of pollutants, the
greater the thickness of the largest daily mixed layer. The pollutant transport in
Qingdao has obvious seasonal characteristics. In spring, autumn and winter, the
northwest air mass transport is mainly medium and long distance transport in
Mongolia and south of Russia, and the northward and northeast transport is
mainly the medium and short distance transport of grain in China’s Inner
Mongolia and Northeast China; in summer, the air mass is mainly from the east

and the southern seas.
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