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SPATIAL AND TEMPORAL VARIABILITY OF TYPICAL AIR
POLLUTANT CONCENTRATIONS IN THE URBAN
AREA OF QINGDAO, CHINA

Xun Zhang!, Bin Zhang!, Yuchai Wan'!, Yanling Xu?, Xiansheng Liu>**

'Beijing Key Laboratory of Big Data Technology for Food Safety, School of Computer and Information Engineering, Beijing Technology
and Business University, Beijing 100048, China
2College of Plant Health and Medicine, Qingdao Agricultural University, Qingdao, 266109, China
3Joint Mass Spectrometry Center, Cooperation Group Comprehensive Molecular Analytics, Helmholtz Zentrum Munchen, German Research
Center for Environmental Health, Ingolstédter Landstr. 1, 85764 Neuherberg, Germany
“Joint Mass Spectrometry Center, Chair of Analytical Chemistry, University of Rostock, Rostock, 18059, Germany

ABSTRACT INTRODUCTION

Atmospheric pollutants have become a serious Urban areas with a high concentration of peo-
concern to the Chinese public in recent years due to ple and anthropogenic industrial and transport activ-
the reduction of visibility and severe health risks as- ities exhibit both the highest pollution levels and the
sociated with them. In this study, PMa s, PMo, NO2, largest targets of impact [1] . Urban and regional ep-
and SO, were measured at a time resolution of 1- idemiological studies have founda significant corre-
hour over the course of a year from January to De- lation between particulate matter (PM) exposure and
cember 2015 in the urban environment of Qingdao mortality from cardiopulmonary and lung cancers,
based on the temporal and spatial variations in the especially fine particulate matter and sulfur oxide—
concentrations of four air pollutants. We found that related pollution [2-5]. In addition, WHO (2012) [6]
(1) seasonal variation exists consistently for all pol- has reported that chronic exposure to air pollutants,
lutants, with the highest concentration in winter and including particulate matter (PM), causes the death
the lowest in summer. (2) The monthly average of of 7 million people, making it the world’s most im-
the concentrations of the four air pollutants exhibited portant environmental health risk.
U-shaped pattern of “high in autumn and winter but Fine particles (PM; s particles smaller than 2.5
low in spring and summer”, and the double-peak or um in diameter) and coarse particles (PMjg.25—
single-peak impulse-shaped daily variation. PMss smaller than 10 #m in diameter but larger than 2.5
and PM;, concentrations were lower on weekdays um, CPM) are defined as amodal structure of particle
than on weekends while SO, concentrations were size distributions typically observed in the atmos-
higher on weekdays than on weekends, indicating a phere [2]. Fine particles and coarse particles are to
"weekend effect". (3) PM,s, PMjo, NO,, and SO, be considered as separate classes of pollutants. These
factors showed strong correlation and low coeffi- two PM size fractions are covered in PM; (particles
cient of divergence (CD) values at nine sites smaller than 10 ym in diameter) and can have sub-
throughout the year, indicating an even distribution stantially different sources and sinks [7]. Therefore,
across the urban area. (4) Spatial autocorrelation the PM source can be analyzed by the ratio of PMy s
analysis was used to characterize spatial variability and PMj,. It is well known that the fine particles
showing that air pollutants in urban areas are not pro- originate mainly from combustion processes and
duced in the specific local site. The spatial distribu- gas-to-particle (SO,, NO,, HC et al.) conversion pro-
tion of annual and seasonal air pollution concentra- cesses in the atmosphere. Therefore, in terms of mass
tions simulated by ordinary kriging showed that concentration, the higher PM, s/PM o, the higher the
most parts of urban Qingdao suffer from severe air contribution rate of the secondary particles; the
pollution in winter and pollutant concentrations are lower the ratio, the higher the contribution rate of the
higher inland than at coastal sites. dust source. Other studies have shown that urban

NO; mainly originates from mobile pollution
sources such as automotive exhaust emissions, while

KEYWORDS: SO, mainly originates from fixed sources such as in-
Air pollution, atmospheric pollutant concentrations, spa- dustrial combustion (coal-fired power generation,
tial-temporal characteristics, monitoring data, Qingdao ur- metal smelting, etc.) [8]. Therefore, the higher the
ban area NO,/SO; ratio, the higher the contribution of mobile

pollution sources. The lower the ratio, the higher the
contribution rate of fixed pollution sources.
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Based on these knowledge, the objective of this
study are: 1) to show the spatial-temporal character-
istics of aerosols in urban cities by combining four
indicators of atmospheric pollutants; 2) to explore
the trend of atmospheric pollutants in workday and
weekend; 3) and to portray the present situation of
four indicators of atmospheric pollutants using geo-
spatial statistical tools systematically. These esti-
mates may be useful in assessing health impacts
through related studies and in communicating with
the public and policy makers for potential interven-
tion.

MATERIALS AND METHODS

Data collection. In this manuscript, the urban
area throughout Qingdao has been used as the study
area. PM,s, PMo, NO,, and SO, concentrations data
derived from urban air quality monitoring data of
China’s National Environmental Monitoring Centre
[9]. The observation includes hourly pollutant con-
centrations at nine monitoring sites in Qingdao in
2015 to characterize the spatial variability of partic-
ulate matter concentrations (Figure 1). The detailed
description of the monitoring sites is listed in Table
1.

Data preparation. According to Ambient Air
Quality Standards (AAQS) of China GB3095-2012 ,
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requirements for the validity of air pollutants con-
centration data, the data quality control, were con-
ducted. The missing values and the outliers of PM, s,
PM;o, NO,, and SO, concentrations in the raw data
were excluded using the Bayesian method, which is
an important technique in statistics. In addition, the
"daily average" refers to the arithmetic mean of the
average daily 24-hour concentration; the "monthly
average" refers to the arithmetic mean of the daily
average concentration in a month; the "seasonal av-
erage" refers to the arithmetic mean of the average
daily concentration in the calendar quarter; the "an-
nual average" refers to the arithmetic mean of the av-
erage daily concentration in the calendar year.

Statistical analysis. Partial Correlation
Analysis. The correlation between the concentra-
tions of the two atmospheric pollutants can reflect
the characteristics of the origin. When there is a pos-
itive correlation, this indicates that the two may have
homology; when there is a negative correlation, the
concentration of the two has a change characteristic.
One may be the precursor of the other, at which point
the secondary pollutant generation process is accel-
erated [10-12]. Therefore, the correlation analysis
with Bivariate Correlations Analysis was completed
using the Statistical Package of the Social Sciences
18.0 (SPSS 18.0) Software for Windows.

FIGURE 1
Locations of measurement sites in Qingdao (left map, Shandong; right map, Qingdao; 1, Huangdao; 2,
Chengyang; 3, Licang; 4, Sifang; 5, Laoshan; 6, Shinan East; 7,Shibei; 8, Shinan West; 9, Yangkou).

TABLE 1
Characteristics of the monitoring sites.

Monitoring sites Type of station

Local characteristics

Yangkou Urban background
Licang Industrial site
Shibei Urban background

Shinan east Business district
Sifang Urban background
Shinan west Urban background
Laoshan Suburban background
Huangdao Suburban residential site
Chengyang Traffic

Few vehicles; many trees, near the sea
Steelworks; many vehicles, buildings
Few vehicles, near the park
Commercial network intensive area
Few vehicles; near the park
Many buildings, near the school, near the sea
Few vehicles; many trees, near the sea
Densely populated; many vehicles;
Many vehicles, Industry
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Coefficients of Divergence. Recent studies
shows that the intra urban spatial distributions of at-
mospheric pollutant concentrations in some study ar-
eas are heterogeneous. Coefficients of variation
(CV) or a coefficient of divergence (CD) were used
to describe the relative heterogeneity of the inter-
urban concentration of particles [13]. The CDjk
method for identifying the differences of atmos-
pheric pollutant profiles has been described in detail
elsewhere [13] (Wilson et al., 2005) and is defined
as follows:

where xij represents the average concentration of i at
site j, j and k represent two sampling sites, and p is
the number of observations [14]. If the value of CDjk
approaches zero, the atmospheric pollutant composi-
tion in j and k are similar, and if it approaches one,
they are significantly different [7]. Therefore, the
CDjk could provide a relative measure of homogene-
ity in the concentration fields. In addition, a thresh-
old of CDjx = 0.2 is used to distinguish homogeneity
and heterogeneity between sites (REF) [13] (Wilson
et al., 2005).

Spatial Autocorrelation. Observations at dif-
ferent locations may not be independent. For exam-
ple, measurements made at nearby locations may be
closer in value than measurements made at locations
farther apart. This phenomenon is called spatial au-
tocorrelation, which can be measured by Moran’s I
[15,16].

Spatial autocorrelation measures the correla-
tion of a variable with itself through space. Spatial
autocorrelation can be positive or negative. Positive
spatial autocorrelation occurs when similar values
occur near one another while negative spatial auto-
correlation indicates dissimilar values. The spatial
autocorrelation method for identifying the correla-
tion of atmospheric pollutant profiles was described
in detail elsewhere [17]. It covers global spatial au-
tocorrelation (Global Moran’s I (GMI)), which is de-
fined as follows.

The global Moran’s I statistic is based on cross-
products of the deviations from the mean and is cal-
culated for n observations on a variable x at locations

J, k as:
Zzwjk(xj —X)(x; —X)
Z(xj _E)z

where X is the mean of the all X variable,

;="
SO

2)

. . S, .
W are the elements of the weight matrix, and 0 is

the sum of the elements of the weight matrix:

Se =22 W ®)
7k
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In general, Moran’s I is similar but not equiva-
lent to a correlation coefficient. Its value varies be-
tween -1 and 1, representing negative and positive
spatial autocorrelation, respectively. Positive and
significant Moran’s I values mean that nearby areas
have similar spatial patterns, whereas negative val-
ues indicate the contrary. If the Moran’s I is zero, it
means the values are arranged randomly.

Since the Moran' I statistic follows a random
distribution or a near-normal distribution, the signif-
icance test can be converted into the Z value of the
normal distribution statistic. If the Z value at the 5%
significance level is greater than 1.96 or less than -
1.96, they indicate that there is a spatially significant
positive or negative correlation between the observa-
tions. Values between -1.96 and 1.96 indicate a non-
significant spatial correlation of the study. It is ex-
tremely significant when values are greater than
2.58. The standard statistic Z is calculated by the fol-

lowing formula:
1-E(I)

= JVaR () (4)

Where E (I) and VAR (I) are expectation and
variance of Moran’l, respectively, and E (I) = (-
1)/(n-1). When Z is positive and significant, it indi-
cates that there is a positive spatial correlation, and
the observed values are aggregated. On the contrary,
Z is negative and significant, indicating that there is
a negative correlation, and the observations tend to
be discretely distributed. Z = 0 means that the obser-
vations are randomly distributed.

Due to the continuous spatial distribution of
PM, 5, the concentration is very important for health
impact assessment of PM; 5 exposure and other pur-
poses [18]. It has been reported by Global Burden of
Disease that fine particulate matter (PMas) is the
seventh largest important death risk factor in the
world and the fourth largest important death risk fac-
tor in China [19,20]. Therefore, to better reflect the
spatio-temporal changes of PM; s concentrations, the
Global Moran’s I was employed to identify spatial
autocorrelation of PM; s concentrations in Qingdao.
Meanwhile, the analysis of spatial autocorrelation
could help to analyze whether sparse ground moni-
toring sites can meet the requirements.

Spatial distribution estimation of PMz.s con-
centration. Conventional regression analysis can
only provide “average” and “global” parameter esti-
mates, rather than “local” parameter estimates,
which vary over space in some spatial systems. Ge-
ographically weighted regression (GWR) is a rela-
tively simple but effective new technique for explor-
ing spatial nonstationarity. It allows different rela-
tionships to exist at different points in space. There-
fore, local rather than global parameters can be esti-
mated and spatial uncertainties examined. To solve
the problem that the geographic weighting regres-
sion (GWR) model cannot overcome the influence of
outliers in the small sample data, spatial distributions
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of the average atmospheric pollutant concentrations
for 2015 were simulated using ordinary kriging.

Data analysis was performed using the Data
Processing System 9.5 (DPS). For the spatial auto-
correlation and agglomeration analysis, the Ge-
0DA1.4.0 and Arc GIS 10.2 were used. The results
were displayed using ArcView 4.0. The relationships
between the atmospheric pollutants concentration
were explored by Spearman rank correlation coeffi-
cient.

RESULTS AND DISCUSSION

Temporal variation. Seasonal variation. Or-
dinary season divisions in China are as follows:
spring refers to March to May, summer covers June
to August, autumn refers to September to November,
and winter covers December to February. As the four
seasons in Qingdao are clearly classified, one year is
divided according to ordinary season divisions to an-
alyze seasonal variation across Qingdao and in di-
verse regions. Table 2 shows the descriptive statistics
of seasonal average atmospheric pollutant concen-
tration averaged over the 9 sites in Qingdao.

The average PM,s and PM,o concentrations
were 51.27 ug/m3 and 97.55 pug/m?, aggregated from
9 monitoring sites for the entire year 2015. These
values exceed the Chinese National Ambient Air
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Quality Standards (AAQS) Level-2 (35 ug/m® for
PM, s and 70 ug/m? for PMy). In addition, NO, and
SO, were also analyzed; their concentrations are
33.34 pg/m3 and 27.52 ug/m? and are thus below the
AAQS Level-2 (40 pg/m? for NO, and 60pg/m? for
SOy).

PM, s and PM, values in Qingdao showed dis-
tinct seasonal variations. In general, the atmospheric
pollutant concentrations showed a pattern of “high in
spring and winter, while low in summer and au-
tumn”. Seasonal mean values of PM,s and PM;,
concentrations varied from 33.70 pg/m® and 72.52
ug/m?® in summer to 81.37 pug/m?® and 132.91 pg/m?
in winter with the latter two being 2.41 and 1.83
times of the former two values. For NO; and SO, the
seasonal average concentrations varied from 22.78
pg/m’ and 20.64 pug/m’ in summer to 44.61 pg/m?
and 44.64 ng/m’ in winter with the latter two being
1.96 and 2.16 times of the former two values.

In winter and spring, the atmospheric stratifica-
tion is relatively stable, and the horizontal diffusion
is weakened, so the atmospheric pollutant concentra-
tion is high. In summer, due to the influence of the
subtropical high in the western Pacific, the atmos-
pheric is diffused and the air pollutants are diluted.
In addition, Qingdao is a coastal city located on the
south Shandong peninsula facing the Yellow Sea on
the southeast. Therefore, under the influence of the
ocean current and the southeast monsoon climate,
most parts of the city are exposed to an ocean

TABLE 2
Descriptive statistics of seasonal average atmospheric pollutants concentrations (unite, p&/m:‘).
PM 5 PMo NO, SO,
Min 43.28 81.18 16.68 18.82
Max 59.97 118.24 42.22 37.41
Full year Median 45.81 93.98 31.62 23.47
Mean 51.27 97.55 33.34 27.52
S.D. 5.54 13.20 7.81 6.31
Min 28.95 69.38 12.99 11.20
Max 63.07 147.03 53.34 43.35
Spring Median 45.81 99.11 37.30 22.79
Mean 46.32 101.77 33.39 23.02
S.D. 5.44 12.24 12.07 7.16
Min 22.71 48.45 6.27 10.80
Max 41.06 94.42 43.05 44.03
Summer Median 34.03 72.23 24.86 20.50
Mean 33.70 72.52 22.78 20.64
S.D. 391 11.68 8.31 6.04
Min 20.17 46.84 3.81 10.57
Max 69.14 119.12 50.57 38.28
Autumn Median 45.49 80.47 29.30 21.18
Mean 43.14 83.00 32.21 21.45
S.D. 5.71 16.34 9.78 4.77
Min 60.19 99.16 15.51 26.96
Max 126.73 192.67 65.19 71.35
Winter Median 76.38 130.00 46.78 41.05
Mean 81.37 132.91 44.61 44.64
S.D. 9.91 17.65 9.65 11.42
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FIGURE 2
Monthly variations of atmospheric pollutants in 9 different regions of Qingdao.

climate with high humidity and abundant precipita-
tion in summer [21]. So the atmospheric pollutants
deposit and diffuse more easily in summer due to
abundant rainfall and the strong air convection. In
winter, however, the low temperature and insuffi-
cient photochemical promotion contribute a domi-
nant downdraft, resulting in insufficient air diffusion
and stronger emissions of primary particles [22]. At
the same time, the coal combustion affects Qingdao
in winter, leading to a seasonal high of the PM in
Qingdao.

Monthly variation. The monitored monthly
variations of four atmospheric pollutant concentra-
tions at urban sites are presented in Figure 2. As can
be seen, the four atmospheric pollutant concentra-
tions showed a U-shaped pattern of “high in autumn
and winter but low in spring and summer”, espe-
cially PM, s, PMj and SO,. Furthermore, according
to AAQS (GB 3095-2012), only a few sites exceeded
the 24h Air Quality Standards Level-2 for atmos-
pheric pollutants (75 pg/m?® for PMz s, 150 ug/m? for
PM,0, 80 pg/m? for NO, and 50 pug/m? for SO,) in a
few months. It's worth noting that NO, concentra-
tions were below the 24h Air Quality Standards
Level-1 (80 pg/m?).

As shown, the monthly averages were similar
among the different regions. There were two im-
portant time inflections that should be followed in
January and September. There was a downward
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trend after January, which was basically stable, but a
slightly decreasing trend from June to September
and an apparently increasing trend after September.
For PM; 5, the lowest monthly average concentration
was observed in September in Shinan east (20.17
ug/m?), reaching the air quality of the 24h Air Qual-
ity Standards Level-2 and the highest value was
found in December in Huangdao (126.73 ug/m?). For
PM,, the lowest monthly average concentration was
observed in September in Sifang (46.84 pg/m?),
reaching the air quality of the 24h Air Quality Stand-
ards Level-1 and the highest value was found in De-
cember in Huangdao (126.73 pg/m®). For NO,, the
lowest monthly average concentration was observed
in September in Yangkou (3.81 pg/m?), reaching the
air quality of the 24h Air Quality Standards Level-1
and the highest value was found in December in
Laoshan (65.19ug/m?). For SO,, the lowest monthly
average concentration was observed in September in
Shibei (10.57ug/m?), reaching the air quality of the
24h Air Quality Standards Level-1 and the highest
value was found in January in Chengyang
(71.35pg/m’).

Combined with Qingdao's monthly average
PM,s/PMjo in 2015, the ratio of each monitoring
point reached a peak on the time scale from Decem-
ber to January, indicating that the “Heating” contrib-
uted significantly to PM> s, during the winter heating
process. In addition to generating atmospheric par-
ticulate matter, a large amount of gaseous pollutants
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such as SO, are emitted simultaneously, which con-
tributes to the formation of secondary PM; 5. For the
NO»/ SO; ratio, the peaks and valleys of the moni-
toring points on the time scale are not exactly the
same. For the entire city, the higher ratios are Octo-
ber, November and May. This period is during the
tourist season, and the traffic volume has increased
significantly, resulting in a large amount of nitrogen
dioxide emissions; the lowest proportion is from Jan-
uary to February, which is the winter heating period.
When coal is burnt a large amount of sulfur dioxide
is produced, which reduces its proportion.
Brunekreef and Holgate (2002) [22] pointed
out that meteorological effects could affect monthly
variation, because climate changes can affect the ac-
cumulation, diffusion, sedimentation, and chemical
conversion of pollutants in the atmosphere. Studies
have shown that the differences in physical proper-
ties between surface water and land will cause local
atmospheric movements, forming weather phenom-
ena with significant daily changes such as sea and
land breeze, lake and land breeze, and river breeze
[24-27]. The existence of such local atmospheric
movements will cause changes in wind direction,
wind speed in the area, and affect the distribution of

o

air pollutant concentrations in the area. The urban
area of Qingdao is in the typical East Asian monsoon
climate zone. The weather and climate are influ-
enced by the sea and land and have the transitional
characteristics between continental and oceanic. In
general, the concentration of pollutants at coastal
monitoring sites is lower than that at inland monitor-
ing sites.

Daily variations. The monitored daily varia-
tions of four atmospheric pollutant concentrations at
urban sites are presented in Figure 3. In order to com-
pare changes in short-term variation in different re-
gions, this section has also used the Min-Max Nor-
malization method to standardize 0-1 concentrations
of four atmospheric pollutants in each region (Figure
3 a, b, c and d). As shown in the figures, the daily
average of the four atmospheric pollutant concentra-
tions showed cyclical and pulse-like changes in dif-
ferent urban sites of Qingdao in 2015. For PM, s, the
daily minimum value was detected on August 09th
at 4.77 pg/m? in Shibei, while the maximum was de-
tected on December 24th at 376.46 pg/m? in Huang-
dao. For PM;, the daily minimum value was ob-
served on July 22th at 16.17 pg/m? in Shinan west,
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FIGURE 3
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while the maximum value was also observed on De-
cember 24th at 478.58 ug/m? in Huangdao. For NO,
the daily minimum value was found on June 22th at
1.65 pg/m* in Huangdao and the maximum was
found on February 11th at 242.11 pg/m? Sifang. For
SO,, the daily minimum value was detected on June
23th at 1.38 pg/m?® in Huangdao, while the maximum
value was detected on January 09th at 184.03 pg/m?
in Laoshan. However, based on the average of the
four pollutant concentrations in 2015, there were
more days of excellent quality in summer in Qing-
dao, followed by autumn, and spring, while the few-
est days of good quality took place in winter. Com-
bined with Qingdao urban average Air Quality Index
(AQI), summer witnessed better air quality reaching
a standard of 87, followed by autumn (77 days),
spring (71 days). Winter was the worst season in
terms of air quality reaching the standard of 51 days.
The region with a slight pollution was Huangdao,
obviously, where 20 heavily and 22 moderately pol-
luted days were observed in 2015.

Diurnal variations. In order to compare the di-
urnal variations of different regions, the values of the
four atmospheric pollutant concentrations were sum-
marized by every hour and were 0-1 standardized us-
ing the Min-Max Normalization method for each re-
gion and the results are presented in Figure 4. Com-
pared with monthly variations of four atmospheric

pollutant concentrations, diurnal variations of PM; s
and NO; shared great resemblance with bimodal pat-
tern in different regions though the degree of change
varies greatly. Generally, the extent of the variation
was greater during daytime than during the night.
Moreover, there was an apparently increasing trend
after 5:00 am, occurring during the early morning
rush hour. The peak in the morning appears around
9:00 am, which is due to enhanced anthropogenic ac-
tivity during the rush hour. Then they have been fall-
ing, which may be due to the higher sea breeze fre-
quency after 13:00 pm, which is conducive to reduc-
ing the concentration of atmospheric pollutants. For
PM, s and NO,, most monitoring sites showed sec-
ond highest peaks around 19:00 to 21:00 pm, similar
to those observed in Beijing and New York City
[28,29]. For PM;y and SO,, most monitoring sites
showed concentrations in an unimodal pattern with a
significant peak between 5:00 and 10:00 pm.

Weekend effect. Intense human activities can
affect weather and climate in many ways. The more
typical is the weekend effect, defined as the average
concentration for Saturday through Monday minus
the average concentration for Wednesday through
Friday [30,31] . Szulejko et al. (2018) [32] analyzed
the hourly data of NO, NO,, O; and CO using the
data acquired in the Yong-San district of Seoul, Ko-
rea from 2009 to 2013 and found the weekend effect.
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TABLE 3
Weekday and weekend differences in PMz.s, PM1o, NO2 and SO: concentrations at nine stations.
Weekday (ug/m®) Weekend(ng/m?) Weekend (%)
Stations PM,. PM; NO, SO, PM, PMjp NO; SO, PM, PM,; NO; SO,
5 5 5 0
Yangkou 45.6 84.63 16.81 193 48.0 93.02 169 185 525 991 092 -3.86
4 1 3 7 6
Licang 574 1175 4333 232 599 123.1 409 221 422 476 -543 -4.76
8 8 5 0 8 8 4
Shibei 482 8721 30.61 289 502 9093 29.0 238 4.03 427 -513 -
7 5 1 4 4 17.67
Shinan 437 99.04 3695 251 449 101.1 346 239 257 215 -622 -4.80
East 7 7 0 7 6 6
Sifang 48.5 79.60 3735 273 505 8453 347 263 399 620 -7.04 -3.66
7 6 1 2 5
Shinan 492 9737 3587 328 51.0 1025 31.7 316 3.76 532 - -3.75
West 2 3 7 4 8 0 11.40
Laoshan 533 85.02 37.82 37.1 548 88.00 367 357 286 350 -298 -3.59
2 1 5 0 8
Huangdao 589 1125 2929 245 623 1202 293 240 585 6.80 0.13 -1.95
3 7 2 8 3 3 3
Chengyang 543 102.0 4247 383 588 1100 425 372 8.18 7.89 028 -2.80
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Coefficients of divergence for atmospheric pollutants (a, calculated across all urban sites pairs by month
for the entire study (Jan.—Dec. 2015); b, calculated across all months pairs by different urban sites).
Whisker-box plot as described previously.

for PM, s, PMj, and SO, at these sites are consistent
with visible weekend effects. Clearly, the concen-

From the weekly variation of PM,s and PM,o
(Figure 3 a, b), it can be seen that the PM» s and PM;

FEB

concentrations at each site began to accumulate on
Wednesday, reached their maximum on the weekend
and rapidly decreased on Monday. However, for
NO; and SO, the concentrations reached their max-
imum on weekdays and declined on weekends. The
main reason is that these urban sites are located in
urban areas where human activities are concentrated.
The traffic flow on working days is large and fre-
quent. On weekends, the traffic flow is reduced dras-
tically and the emissions of automobile exhausts are
declining. Combined with the definition of the above
mentioned weekend effect, WE=(Cyeekend-Cieek-
day)/Cweckday, this paper has calculated the weekend
effect of atmospheric pollutants from 9 stations in
Qingdao (Table 3). As shown in Table 3, the trends
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tration of SO, on weekends is higher than on work-
ing days, and the concentration of NO, on weekends
is significantly reduced. It is speculated that the
change of motor vehicle emissions on weekends and
working days may be the main reason for the PM, s
weekend effect.

Spatial variation. Coefficients of Divergence
(CD) calculations for atmospheric pollutants. The
coefficient of divergence can be used to measure the
spread of the data points for two datasets. The
monthly CDjs were calculated across all urban site
pairs for the whole daily data of the study (Figure 5).
The median CDjx values ranged from 0.120 to 0.195
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suggesting a homogeneous-to modestly heterogene-
ous distribution of atmospheric pollutants for the 9
sites. With the exception of February, May and July,
the range between the 1st and 3rd quartiles was ap-
proximately 0.16. The median CDjx values during
the summer and winter seasons were 0.179 and
0.145, respectively. Furthermore, the average me-
dian CDj value of all urban sites was 0.165 during
the whole year, proposing spatial homogeneity (Fig-
ure 5a). This suggests that exposures to the four at-
mospheric pollutants in the urban core sites may be
well-estimated using a central monitoring site at
least for 24-h-based concentrations. Moreover, as
seen from Figure 5, the CDjx values did not seem to
change significantly in each season (average CDjx
values were 0.196 and 0.154 for summer and winter,
respectively).

In order to compare the monthly variations
within one site, the reginal CDjss were calculated
across all months’ pairs (Figure 5b). As shown in
the Figure 5, the conversion range is quite large be-
tween different months, especially Licang (CDmin =
0.022, CDmax = 0.486) and Hunagdao (CDmin =
0.062, CDmax = 0.581). And the median CDj values
greater than approximately 0.2 were indicative of a
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Spatial autocorrelation analysis. Moran’s 1
scatter plots of the PM, s concentrations in Qingdao
using GeoDA are presented in Table 4. Results
showed, that for PM, s Moran’s | was greater than 0
for hourly, annual, seasonal, and monthly values in
2015, except for April, August, September, October,
and December, which were close to 0 indicating no
significant spatial autocorrelation. The remaining
months ranged from 0.114 to 0.423 and the hours
ranged from 0.115 to 0.315, suggesting a significant
but less strong positive spatial autocorrelation of
PM, s concentrations in Qingdao. The hourly and
monthly average Z(I) values were 1.61 and 1.53,
which did not exceed 1.96, indicating a non-signifi-
cant spatial correlation. Therefore, the pollution of
Qingdao could be comprehensively reflected show-
ing no significant spatial heterogeneity among the
sites. This further verified the analysis of section
3.2.1. In addition, these results indicated that the
PM, 5 pollution source was not generated by individ-
ual sites, but there were many sources of pollution
widely distributed throughout the urban area, or
sources of pollution from outside the city. It can be
concluded that air pollutants in urban areas are not
produced at specific local sites.

FEB

relatively heterogeneous temporal distribution,
which can further explain Figure 2.
TABLE 4
Spatial autocorrelation index of PM:.s concentrations in Qingdao in 2015.
Hourly Oh 1h 2h 3h 4h Sh 6h 7h 8h 9h 10h 11h
Moran's I- 0.16 020 0.16 0.16 0.11 0.11 0.11 0.14 021 024
PMs 0BT 3 1 9 2 6 s 8 1 9 4 O
P 0043 009 006 008 008 012 013 013 0.11 0.06 0.05 0.089
9 3 7 8 5 3 7 6 6 5
140 164 148 146 123 121 120 133 1.71 1.82
Z 1.896 7 4 7 5 ) 5 3 0 6 2 1.482
Hourly 12h 13h  14h  15h 16h 17h 18h 19h 20h 21h  22h 23h
Moran's I- 021 0.12 0.13 0.13 0.13 022 028 031 026 024
s Y3 6 9 0 8 s 1 s 4 o 0208
0.04 0.11 0.10 0.09 0.08 0.05 0.03 0.03 004 0.05
P 0.081 2 2 ) 9 2 0 5 3 9 3 0.039
1.79 129 140 141 143 186 2.11 222 191 1.84
Z 1.531 9 - ) 0 4 s 4 6 9 3 1.959
Monthly Jan. Feb. Mar. Apr. May Jun. Jul. Aug Sep. Oct. Nov. Dec.
Moran's I- 0.17 - 037 042 031 005 006 0.09 0.11
PM, s 0-264 1 0.2 0.09 3 3 9 8 5 9 4 0.081
0.09 0.07 043 0.01 000 0.01 0.19 0.17 0.14 0.12
p 0.027 ) 9 p 2 4 3 2 s ; 9 0.156
1.52 164 0.08 248 276 244 0.89 092 1.12 1.21
V4 2.143 I e 4 ) 1 s 3 4 7 4 1.109
Sprin  Sum Au- Win An-
Seasonal
o mer tum  ter nual
Moran's I- 0.303 028 0.11 0.17 0.25
PM> < ' 9 9 7 0
0.03 0.13 0.08 0.03
P 0.044 ) 0 0 7
7 2120 2.08 122 1.61 1.89

5 7 4 6
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Spatial distribution of atmospheric pollu-
tants concentrations in urban of Qingdao. Be-
cause monitoring sites are clustering in the urban ar-
eas of Qingdao, the four pollutant concentrations are
able to reflect the distribution of pollutants in the ur-
ban areas of Qingdao. Spatial distribution of average
atmospheric pollutant concentrations in 2015 were
simulated using Ordinary Kriging. The research of
Liao et al. (2006) [33] showed that their investiga-
tion of GIS approaches for estimating daily mean ge-
ocoded location-specific air pollutant concentrations
supports the use of a spherical model to perform
lognormal ordinary kriging on a national scale.
Zongwei Ma et al., (2014) [34] successfully applied
this approach for simulating the spatial distribution
of PM: 5 using satellite remote sensing in China. And
Lii and Tian (2007) [35] found that during the period
1990 to 2003, ambient air NO, concentrations were
significantly enhanced in urban observatories as a re-
sult of anthropogenic influences.

In this study, PM, s was used as an example to
simulate the concentration change in urban areas.
The results of Ordinary Kriging are shown in urban
areas covered by monitoring sites (Figure 6). As
shown in the Figure 6, the concentrations of pollu-
tants in inland areas are high, while they are lower
near the seashore. Furthermore, it is obvious that
most parts of urban Qingdao suffer from severe air
pollutions in winter, especially the buffer of Huang-
dao, Chengyang and Licang.

Correlation between PM and gaseous pollu-
tant. It has been found that the correlations between

h
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LTTTTTTTTE
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PM and gaseous pollutants could indicate the source
types of particulates: positive correlations indicate
the same sources, whereas negative correlations im-
ply different sources, or the gaseous pollutant(s) may
be the precursors or oxides in the process of particu-
late nucleation and growth [36,37]. Partial correla-
tion coefficients between particulates and gaseous
pollutants are shown in Table 5. All coefficients
shown have gone through the test of significance.
SO, mainly derived from stationary pollution
sources that originate mainly from heating emission
sources and other industrial emission sources [38-
40]. Unlike SO, NOx has its main source in mobile
pollution referring to on-road mobile sources, espe-
cially heavy duty diesel vehicle emissions [41,42].
CO could be seen as kind of mixed pollution source.
Because it emits directly from incomplete combus-
tion such as biomass and fossil fuel burning, or indi-
rectly from the oxidation of methane and volatile or-
ganic compounds (VOCs) [43]. And O3 is known as
a product from the photochemistry reaction of NOx,
CO and VOCs [44,45].

As shown in Table 5, the correlations between
PM and SO, NO, were positive, indicating that
throughout the year, PM originated mainly from di-
rect sources such as stationary and/or mobile emis-
sions. PM, s and PM,¢ were strong positively corre-
lated with CO (p<0.01) in all months, suggesting
strong contributions of mixed combustion sources to
fine and coarse particulates. PM,s was negatively
correlated with O3 in several months and throughout
the year. Because O3 plays an important role in the
growth of ultrafine particulates, like photochemistry
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FIGURE 6
Spatial distribution of average PM..s concentration in annual, spring,
summer and winter (2015) (unit: pg/m3)
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TABLE 5
Correlations between PM and gaseous pollutants.

TIME _ Index __SO2 __NO2 __CO__ 0,8h Index SO, NO, __CO__ 0,8h
Jan, 05807 o0s99" O - 077 DL 052 e
Feb 0475% 0552 0718 o116 04047 0.363° 0570° g
Mar 0.531"  0499™ 0853 (o5 04527 0.443° 0843 05
Apr 0484 0375 0755 (47gv 0352° 032" (556 520
May oals®  oam 079 oo 0357° 0418 0828 ..
hn 0339 osaee 0762 (e 0286° 0385 0833 ..
o PMas 0220 0228 0765 ggagr pap,, OLI3T 02000 07947 0o
Aue 0257 01007 0822 goeen 0.187° 0292 0874 o ..
Sep a3l oanp OB (o 0334° 0436 0831 oo
Oct 0267 0257 0875 (468 0330° 0382° 0833 4
Nov 0411 0502 0T oam 0492° 0.549" 0.791" 69
Dec 0511 0.590" 0995 o610 05697 0.562° 0.979" 4y

Annual 0471 o474v 0924 . 04257 0471° 0801" ¢

Significant correlation at the *P <0.05 and **P < 0.01 levels.

process [46]. Therefore it promotes the transfor-
mation of fine particles to large particles. PM;o was
positively correlated with O3 in most months, indi-
cating opposite sources of fine particulates, such as
direct exhaust rather than homogeneous or heteroge-
neous reactions.

CONCLUSION

In general, the four atmospheric pollutant con-
centrations in Qingdao had an apparent U-shaped
pattern of “high in autumn and winter but low in
spring and summer”, and the double-peak or single-
peak impulse-shaped daily variation. Their annual
average concentrations in 2015 across Qingdao were
51.27 pg/m® (PMys), 97.55 pg/m?® (PMyo), 33.34
pg/m® (NO,) and 27.52 pg/m? (SO,), reaching the
national Grade II standard, respectively.

The four atmospheric pollutant concentrations
changed significantly in both long-term and short-
term scales. Their pollution level varied greatly in
different seasons. In winter, their concentrations
were the highest, followed by those of autumn and
spring, both reaching the national Grade II standard,
whereas their concentrations in summer were the
lowest, at the national Grade I standard, except PMo.

950

Monthly variations were similar at different monitor-
ing sites, showing U-shaped patterns. The monthly
average PM, s concentration reached a minimum in
September and a maximum in December, the same
was true for PMo. For NO, and SO,, the lowest
monthly average concentrations were observed in
July and August, reaching the air quality of the 24h
Air Quality Standards Level-1. The highest values
were found in January.

However, daily variation shared the same bi-
modal or unimodal pattern regardless of seasonal
change. Throughout the day, the four atmospheric
pollutant concentrations were highest around 08:00-
10:00 am and lowest around 14:00-18:00 pm. For
PM, s and PMy, the daily peak during the year hap-
pened on December 24th in Huangdao (376.46
ug/m?, 478.58 ug/m?), while the minimum value ap-
peared on August 09th in Shibei (4.77 pg/m® for
PM, 5) and July 22th in Shinan west (16.17 pg/m? for
PM o). For NO; and SO, the daily minimum value
was detected on June 22th and 23th in the year in
Huangdao (1.65 pg/m?, 1.38 pg/m?), while the daily
peak was detected on February 11th in Sifang
(242.11 pg/m3 for NO,) and January 09th in Laoshan
(184.03 pug/m? for SO,). Air quality in Qingdao City
was worse on weekends than on weekdays. PM, s
and PM;, concentrations were lower on weekdays
than on weekends while SO, concentrations were

FEB




Fresenius Environmental Bulletin

Volume 31— No. 01A/2022 pages 940-953

higher on weekdays than on weekends, indicating a
"weekend effect".

The spatial correlation theory was used to study
the spatial correlation of air pollutants at nine envi-
ronmental monitoring points in urban areas of Qing-
dao. After calculating the Moran index, it was found
that the spatial correlation of pollutants at each mon-
itoring point was not strong, showing that air pollu-
tants in urban areas are not produced in the specific
local site. The spatial distribution by Ordinary
Kriging displayed that most parts of urban Qingdao
suffer from severe air pollutions in winter and the
concentrations of pollutants in inland areas are
higher than in seaside sites, especially the buffer of
Huangdao, Chengyang and Licang.
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