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Abstract: Regional-scale field observations of fine particles (PMj5) were carried out at urban,
suburban and regional background sites across the Yangtze River Delta (YRD) from 15-30 January
2015. The coefficients of divergence (CD) values reveal the similarity of dataset at the three sites.
The PM, 5 concentrations and meteorological data exhibit temporal synchronization. From January
15 to 26, the YRD experienced severe PM; 5 pollution resulting from a cold front moving through
and high-pressure control. Then, a 4-day intermittent rain event from 27-30 January significantly
scavenged PMj; 5. For the chemical components in PMj; 5, secondary inorganic ions were dominant,
and they accounted for larger proportions at the urban and suburban sites than at the regional
background site. The OC/EC ratios were higher in daytime than at night, and were lower on polluted
days than on clean (rainy) days. The principal sources of PM; 5 were secondary nitrate (38%) and
sulfate (23%) formation, biomass burning (14%), and marine source (8%). Marine (16%) and sulfate
(30%) sources were enhanced on clean (rainy) days, indicating the notable effect of marine air masses
on PM; 5 chemical components. The open burning source contribution at the regional site was the
largest during the polluted period because more air masses arrived from combustion zones.

Keywords: source apportionment; Yangtze River Delta; PM, 5 regional pollution; marine source

1. Introduction

Over the last several decades, with rapid economic growth and urbanization [1], megacities and
city clusters [2] in China have been experiencing severe air pollution [3]. An overview of trends of
Chinese air pollution since 2000 has been summarized in Lin et al., (2013) [4]. Due to the adverse effects
on public health [5], visibility [6], and climate effects [7], PM, 5 (fine particles with aerodynamic diameter
< 2.5 um) have received much attention [8,9]. Generally, in addition to the intensive anthropogenic
emission, PM; 5 pollutions in China are mainly contributed by adverse meteorological conditions,
secondary aerosol formation, and regional transport [10,11].

The Yangtze River Delta (YRD), located in eastern China, is one of the densely populated city
clusters with the highest economic development in China. Field observations of the ambient particle
pollution over the YRD have been conducted in previous studies, which mostly focus on the chemical
properties, formation mechanisms, source apportionment, etc. For example, The PM, 5 concentrations
in Nanjing (N]) varied with season and were extremely elevated in winter. In addition, the secondary
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nitrate, coal combustion, and road dust concentrations were all higher in winter compared with
the other seasons [12]. In Changzhou, the secondary processes are the dominant contribution to
aerosol components [13]. The main sources in the NJ northern suburban area were vehicle exhaust,
secondary aerosols, and residual oil, accounting for 25%, 20%, and 16%, respectively [14]. In Shanghai,
cluster analysis of trajectories revealed that PM; 5 originated from marine aerosols and medium- and
large-range transportation. Secondary formation was the principal source of PM; 5 [15]. More than
15% of the organic carbon (OC) in PM; 5 in Lin’an (LA) stemmed from biomass burning [16].

However, most of these studies only focused on isolated sites, such as the megacities of NJ and
Shanghai, or regional background sites, such as LA. The understandings of the regional features over
the YRD or the differences between cities within YRD are limited. In this article, we report the results
obtained from simultaneous field observations carried out in NJ (a suburban site, industrial factory
area), Suzhou (SZ, an urban site, residential area) and LA (a regional background site, mountain area)
from 15-30 January 2015. Combined with meteorological data, the temporal and spatial variations in
pollutants are examined. Besides, the similarities and differences between source contributions among
these sites are also investigated to better understand regional particle pollution.

2. Material and Methods

2.1. Sampling and Chemical Analysis

Simultaneous field observations were carried out from 15 to 30 January 2015 at urban (SZ),
suburban (NJ) and regional background (LA) sites. The geographical information of these sites and
sample number are summarized in supplemental Table S1, and the site distributions combined with
representative surface weather patterns during that period are illustrated in Figure 1.

Figure 1. Surface weather patterns and locations of the sampling sites (the red square area represents
the YRD, and the red stars represent the sampling sites).

Ambient PM; 5 samples were collected every 6 h (at local times 03:00-08:40, 09:00-14:40, 15:00-20:40
and 21:00-02:40 the following day) with a medium-volume air sampler (KC-120H, Qingdao Laoshan) at
an air flow rate of 100 L/min. Consequently, a total of 179 samples were effectively collected. The quartz
filters (PALL, USA, 90 mm) were baked at 800 °C for 5 h before use. An electronic microbalance
with a resolution of 10 nug (Mettler Toledo MS-105) was used to weigh the particle mass. For quality
assurance/quality control (QA/QC), each filter was weighed at least three times, and three field blank
samples were collected and analyzed during sampling.

The OC and elemental carbon (EC) were analyzed with a thermal/optical carbon analyzer
(DRI model 2001, US). For QA/QC, the analyzer was calibrated each day with known quantities of
CH,. One out of ten samples was repeatedly measured, and the difference between the values from
the replicate measurements was less than 5% for the total carbon and less than 10% for OC and EC.
The detection limits (DLs) for OC and EC were 0.45 and 0.06 pg/cm?, respectively. The average blank
concentrations were utilized to correct the sample results.
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Half of each particle-loaded quartz filter was pretreated using an ultrasonic extraction system for
water-soluble ion analysis. Theions (Na*, NH;*, K*, Mg2+, Ca%*,F~,Cl7,NO,~,NO;~ and SO4*") were
measured using an 850 Professional lon Chromatograph (Metrohm, Switzerland). The chromatography
columns were a Metrosep C4150/4.0 separation column and a Metrosep A Supp 5150/4.0 separation
column. The DLs for Na*, NH,*, K*, Mg?*, Ca?*, F~, CI-, NO,~, NO3~ and SO,2~ were 0.001, 0.005,
0.001, 0.002, 0.001, 0.04, 0.01, 0.04, 0.006, and 0.05 mg/L, respectively. For more details, please see [17].

2.2. Data Analysis Methods

2.2.1. Positive Matrix Factorization (PMF) Receptor Model

The Environmental Protection Agency of the United States (U.S. EPA) PMF model is widely
used in source apportionment depending on the component concentrations and source tracers [18].
The latest version of PMF v5.0 is capable of reading data at multiple sites, which satisfies the demands
of this multisite study [19]. The input data contain a concentration file and an uncertainty file [20,21].
The uncertainty for each value is estimated as (0.05*concentration + DL) for values > DL, while for
values < DL, the uncertainty is (5*DL/6), and the concentration is replaced with DL/2. Species with
a low signal-to-noise ratio (5/N < 0.2) or a high percentage (70%) of data below the DL should be
excluded from analysis.

2.2.2. Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model and Other Data

Based on National Centers for Environmental Prediction (NCEP) Global Data Assimilation System
(GDAS) data (1° x 1°) (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/), the HYSPLIT model was run
to identify the movement of air masses. Clustering analysis is a multivariate statistical technique
which is widely used in air pollution research [22]. It aims at classifying lots of trajectories according
to velocity and direction of air mass movement. Classification principle is that there are very few
differences between trajectories within groups, but extremely large differences between groups [23].
The Fire Information for Resource Management System (FIRMS) provides locations of open burning
sites (https://firms.modaps.eosdis.nasa.gov/map/). The CO concentrations were measured with a CO
analyzer (Thermo Electron, 48i) using gas filter correlation technology. The analyzer was calibrated
every week to maintain the measurement accuracy, and the DL was 0.04 ppm. The meteorological data
(such as temperature, humidity, wind, precipitation, visibility) were obtained from the local surface
observation stations (China Meteorological Administration) of each sampling site.

3. Results and Discussion
3.1. Statistics of the Species Concentrations

3.1.1. Fine-Particle Concentrations and Meteorological Conditions

The mean mass concentrations of PM; 5 during the observation period were 144.6 + 59.4,
151.8 + 65.4 and 132.9 + 58.8 pg/m3 in NJ, SZ and LA, respectively. These mean values are nearly
two times the 24-h PM, 5 standard for a class II region (75 pg/m?’) in the China National Ambient Air
Quality Standards (CNAAQS) [24], indicating serious PM; 5 pollution in winter over the YRD.

The PM,; 5 concentration at LA was slightly lower than those at NJ (p = 0.009 < 0.05) and SZ
(p = 0.006 < 0.05), but the difference between NJ and SZ was not statistically significant (p = 0.27 >
0.05). The coefficient of divergence (CD) is used to measure the spatial homogeneity of data at different
sites. The CD value is determined as follows:

1 p
CDy = EZ
1=

(x1] xlk) (1)

Xij + Xik
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where x;; and xj; represent the concentration of the component (i) at sites (j and k), and p is the
number of samples [25]. The CD value of zero means there are no differences between concentrations
at the sites, while a value approaching one indicates a great differences and absolute heterogeneity.
Wongphatarakul et al. (1998) [26] suggested that a CD value lower than 0.27 reflected the similarity
between particles of two sites. The CD values of the chemical components between the three sites are
mostly 0.19-0.35, as shown in Table S2. It reveals a limited number of differences among the three sites,
indicating that the PM, 5 pollution over the YRD tends to be regional [27,28].

The concentrations of PM; 5, OC, EC, and OC/EC in day (09:00-14:40 and 15:00-20:40) and night
(21:00-02:40 and 03:00-08:40) are summarized in Table S3. The PM, 5 and OC concentrations at the three
sites presented higher in daytime than those at night, whereas EC concentrations were comparable
between daytime and nighttime. The OC/EC ratios were higher in daytime (p = 0.007 < 0.05), indicating
the secondary OC formation were more intensive in daytime.

The temporal variations of the meteorological conditions and PM; 5 concentrations in NJ are illustrated
in Figure 2, the same graphs for SZ and LA are shown in supplemental Figure S1. The meteorological
conditions and PM;5 pollution patterns at the three sites exhibit very similar temporal variations.
From 15 to 26 January, the average PM, 5 concentrations were as high as 166.5 + 43.2, 164.2 + 44.5 and
147.5 + 59.4 pug/m3, respectively, in NJ, SZ, and LA. The humidity averaged 63 + 19, 72 + 13, and 75 + 20%,
respectively, and the temperatures were 5.6 + 3.3, 7.0 £ 3.0, and 7.1 + 4.5 °C, respectively, in NJ, SZ, and LA.
Such high PM; 5 concentrations resulted in low visibility, which was 4.0 £ 2.3, 2.9 + 1.7, and 4.5 + 3.8 km
in NJ, SZ, and LA, respectively. During this pollution episode, eastern China was alternately dominated
by cold front moving through and high-pressure system. According to the surface weather patterns,
the cold front process occurred three times between 15 and 21 January, one of which is shown in Figure 1a.
When the cold front progressed, the YRD was just on the south of the cold front passage. As a result,
northwestern winds prevailed across the YRD, while the wind speed notably increased (up to 7.5 m/s)
lasting for an average of 7 h when the wind speed was higher than 4.0 m/s, which is favorable for the
long-range transport of aerosols. When the YRD was controlled by the high-pressure system from 22 to
26 January (Figure 1b), stagnant meteorological conditions occurred with low wind speeds (on average
1.8~2.2 m/s) promoting pollutant accumulation near the surface. Kang et al. (2019) [29] also found
that the PM; 5 pollution episode over YRD during 21-26 January 2015 was attributed to a cold front
passage (long-range transport) and the subsequent uniform pressure field (local accumulation), based on
simulations of the Weather Research and Forecasting-Community Multiscale Air Quality Modeling
System (WRF-CMAQ). Then this period between 15 and 26 January is called the pollution period.

On the other hand, from 27 to 30 January, a 4-day intermittent rain event (average intensity of
0.5 + 0.4 mm/h) significantly scavenged the airborne PM, 5. The average PM; 5 concentrations dropped
to 67.8 +£21.4,71.1 + 36.0 and 63.7 + 16.3 pLg/m3 in NJ, SZ, and LA, respectively (below the standard
for a class Il region). The humidity increased to 82 + 10, 82 + 11, and 93 + 6%, respectively, and the
temperature decreased to 0.7 + 1.8, 2.8 + 1.6, and 1.9 + 1.8 °C, respectively, in NJ, SZ, and LA. Figure 1c
shows that the YRD was ahead of an inverted trough, and the eastern wind from the ocean transported
abundant water vapor for intermittent rainfall. Therefore, the following period of 27-30 January is
regarded as a clean period.

3.1.2. Chemical Components of PM; 5

In terms of the water-soluble cation and anion concentrations, SO42*, NO;~, and NH,;* (SNA)
were dominant. The SNA concentrations were 74.6 + 37.7,71.7 = 35.0, and 61.8 + 35.5 ug/m3 in NJ,
SZ and LA, respectively, during the pollution period and 36.3 + 23.2,38.2 + 29.2, and 25.1 + 15.6 pg/m?,
respectively, on the clean (rainy) days. The SNA/PM; 5 ratios in NJ and SZ were comparable (~0.45)
and higher than that in LA (0.40, p = 0.008 < 0.05). Ions (such as SO4%~, Cl7, K*) can be split into the
seasalt and non-seasalt fraction. Assuming that the Na+ in particles comes only from sea-salt, the
concentration of non-seasalt ions (nss-X) can be estimated by the equation: nss-X = [X]-[Na* [*ratiox),
with ratio) of 0.2455(S0427), 1.727(C17), 0.0355(K™*) [30]. The nss-SO4%~, nss-K* account for 90~99%
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of their soluble particulate ions, while nss-Cl~ were 79~88%. The fractions of nss-ions were the highest
at NJ, and the lowest at LA (Table S4).
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Figure 2. The temporal variations in the meteorological conditions and PM, 5 concentration in NJ.

The equivalence concentration (peq/m?) relationships among these ions during the sampling
period are investigated (Figure 52). Cl™ is usually considered from biomass burning, coal combustion,
seawater and so on [31]. The C17/Na* molar ratios (3.58-6.66) are higher than the average ratio (1.17)
of bulk seawater [32]. K* in aerosol is commonly used as a tracer of biomass burning. The C17/K*
molar ratios are 2.14-5.15 at these sites. The relatively high Cl7/Na* and Cl7/K* molar ratios and the
aforementioned nss-C17/CI™ ratios suggest that the CI™ in this study is mainly from anthropogenic
discharge (e.g., coal combustion) [33]. The Mg“/NaJr molar ratios (0.42-0.53) are distinct from that
of seawater (0.23), suggesting that Mg?* mostly comes from a source other than sea salt. The good
correlations (R?> > 0.90) between Mg?* and Ca?* illustrate that the dominant source of Mg?* is
mineral-related dust [34]. The ratio of total anions to total cations is 1.02 (R? = 0.99) at the three sites,
indicating the charge balance in PM; 5. There are good correlations between NH;* and S0,42" at the
three sites, with ratios of 1.85-2.05. When NH;*/SO42~ >1.5 in samples, NH,* stabilizes NO;~, and
nitrate exists in the form of NH4NO3, which is the product of HNO; neutralized by ammonia [35].
The molar ratios of NH4+/(N03_+SO42‘) are 1.05, 1.02 and 0.96 at NJ, SZ, and LA, demonstrating that
nitrate and sulfate were predominantly present in the form of (NH4),SO4 and NH4NOj3 [36]. In order
to investigate the existing form of crustal cations (CaZt, Mg2+), we examined the molar ratios of (NHy*
+ Ca%*t + Mg?")/(SO42~+ NO37) and (NHy* + Ca?" + Mg?*)/(SO4%~+ NO3~ +nss-Cl~), which are
1.02-1.09, and 0.94-0.95, respectively. The change of the molar ratios indicates that Ca?* and Mg?*
were likely to present in the form of CaCl, and MgCl,.

For the organic species during the pollution period (Table S5), the mean OC concentrations were
23.8 +8.0,26.9 +8.3,and 27.1 + 11.5 ug/m3, and the mean EC concentrations were 6.8 + 2.8, 6.9 + 2.6,
and 7.5 + 3.4 pg/m3. The OC/EC ratios were approximately 4.0 (3.7 + 0.7, 42 + 1.1, and 3.9 + 1.1
in NJ, SZ, and LA, respectively). On clean (rainy) days, the mean OC concentrations were 11.0 +
53,18.0 £ 9.7 and 9.8 + 34 pg/m3, respectively, and the mean EC concentrations were 2.7 + 1.5,
32+18and24+1.1 ug/m3, respectively, while the OC/EC ratios increased to 4.5 + 1.2, 5.7 + 1.8 and
4.9 + 1.8, respectively, in NJ, SZ, and LA. The lower OC/EC ratios on polluted days might be due to
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larger amounts of local fresh primary pollutants emitted into the ambient air and the reduced age of
the sampled particles [37]. Zhang et al. [38], who extensively monitored the carbonaceous aerosol
composition over China, reported that the OC/EC ratio was approximately 3.0 at urban locations but
could reach 6.0 at rural sites. However, those results indicate that the OC/EC ratios at urban, suburban
and regional sites were comparable, and secondary organic aerosols were significantly present over
the YRD.

3.2. Source Apportionment of Fine Particles

3.2.1. Overall Source Apportionment

The aforementioned CD values demonstrate the data similarity of the three sites, as a result,
the 179 samples could be lumped together as input for the EPA PMF model. To better interpret the
corresponding sources, the CO concentration (a product of incomplete combustion and relatively
stable in air) was included in the input file [39]. Several factor numbers were tested, and seven factors
provided the best fit. The correlation ratios between the modeled and observed species concentrations
were all above 0.87. After evaluating the stability of the obtained solution, the source profiles and
explained variations (EVs) are shown in Figure 3.
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Figure 3. Simulated source profiles (blue bars, in units of ug/ug) and explained variations (red squares,
in units of %) of PMj 5 species via PMF(Positive Matrix Factorization).

The high EVs of Ca?tand Mg2+ in factor 1 indicate a crustal/soil dust source. Factor 2, which accounted
for 59% of SO4%~ and 44% of NHy*, is dominated by a secondary sulfate source. Factor 3 is associated
with almost 73% of the CI~ concentration. CI~ is a combustion marker, especially coal combustion,
which is widely used in power plants [40]. Thus, factor 3 is regarded as coal combustion. Factor 4
is highly associated with K*, EC, and OC. K* is a typical component of biomass burning. Therefore,
factor 4 is regarded as biomass combustion. Factor 5 is loaded on Na*, which is usually deemed a
sea salt source. Hence, factor 5 is considered a marine source. Factor 6 is characterized by a high
contribution to CO and is interpreted as other combustion (such as vehicle engine combustion and
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trash burning). Factor 7 is primarily loaded on NO3;~ and NH, ", indicating a secondary nitrate source.
The source apportionment of the PM; 5 sampled at all three sites shows that secondary nitrate and
sulfate sources account for 38% and 23%, respectively, followed by biomass combustion (14%), marine
(8%), other combustion (7%) and crustal/soil dust sources (5%). Hua et al. [41] suggested that the PM; 5
during a fall haze episode in the YRD mainly came from secondary pollutants and primary emissions
of vehicles and biomass burning, which was similar as in this paper.

3.2.2. Polluted vs. Clean Days

The source contribution of each sample can be obtained from the PFM results, and source
apportionments of PM, 5 at each site during different pollution periods can be calculated according to
the sampling time. The source contributions on polluted days were significantly distinct from those on
clean (rainy) days (Figure 4). Both the nitrate and sulfate can be scavenged by precipitation on the rainy
days. However, the contribution rates show that the nitrate source decreased from 43% to 25%, whereas
the sulfate source increased from 23% to 30% on rainy days. In the meantime, the marine source
contribution increased from 5% to 16% on rainy days. In addition, the average mass concentration
ratios of SO427/PM, 5 and Na*/PM, 5 were 0.18 and 0.004 in the pollution period, and increased to 0.21
and 0.008 on rainy days. Both Na* and SO4%~ stem from ocean sprays and marine biogenic sources [42].
The 24-h backward trajectories during 27-29 January illustrate that the air masses all came from the
sea (Figure 5). Those results indicate that marine air masses have a notable effect on the chemical
composition of PM; 5 on rainy days. A similar phenomenon regarding the marine source contribution
to PM, 5 in NJ was also identified by using a single-particle aerosol mass spectrometer [43].
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Figure 5. The 24-h backward trajectories for each site from 27-29 January (the red, blue and green lines
represent the trajectories at 50, 100 and 500 m above ground level (AGL), respectively).
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3.2.3. Comparison between the Sites

Figure 4 also shows that there are differences in the source contributions within the YRD. During
the polluted period, the open burning source (biomass burning + other combustion) in LA (24%)
contributed more compared with the other two sites (16%-17%) during the polluted period. The fire
map illustrates that intensive open burning (such as biomass burning and trash combustion) was
observed in the southwest of the YRD. The fire map and the cluster analysis results are combined in
Figure 6. Cluster analysis of the 48-h backward trajectories shows that 65% of the air masses moving
to LA came from the southwest direction, while only 27% and 30% of the air masses moved to SZ
and NJ, respectively. It suggests that the larger contribution of open burning in LA occurred because
more air masses were transported from the combustion zones in the southwest, thereby bringing more
combustion products. On the clean days, the marine source was enhanced in SZ (21%) compared with
NJ (16%) and LA (11%), probably because the SZ site was the nearest to the sea along the identified air
mass trajectories (Figure 5).

2(14%)

a(15%)\, 2(17%)
1(57%) &

2(15%)

Figure 6. Cluster analysis of the 48-h backward trajectories combined with the fire map during the
polluted period in NJ, SZ, and LA.

4. Conclusions

Regional-scale field observations of PM; 5 over the YRD were carried out from 15 to 30 January
2015. We found that the temporal variations in the meteorological conditions and PM; 5 concentrations
exhibited temporal synchronization among the urban, suburban and background regional sites. The CD
values reveal that data at the three sites were the spatial homogeneous. From 15 to 26 January, the YRD
suffered severe PMj 5 regional-scale pollution (147.5-166.5 j1g/m3) resulting from long-range transport
due to a cold front moving through and local accumulation due to high-pressure control. From 27 to
30 January, an intermittent rain event significantly scavenged the airborne PM; 5, thus decreasing the
ambient PMj; 5 concentrations (63.7-71.1 ug/m3) below the standard for a class II region according to
the CNAAQS.

Secondary inorganic ions (SO42*, NO3~, and NH4") were dominant in the ionic composition,
and the SNA/PM, 5 ratios were higher at the urban and suburban sites (~45%) than at the regional
background site (40%). The nss-SO4%~, nss-K* account for 90~99% of their soluble particulate ions,
while nss-C1~ were 79~88%. The elevated C17/Nat and C17/K* ratios and the nss-C1~/Cl™ ratios indicate
that the high CI~ concentrations mainly resulted from anthropogenic emissions. The total anions and
total cations at the three sites were in charge balance, and nitrate and sulfate were predominantly
present in the form of (NH4);SO4 and NH4NO3. The OC/EC ratios were higher in daytime than at night
(p = 0.007 < 0.05), indicating the secondary OC formation were more intensive in daytime. In addition,
the OC/EC ratios were lower on polluted days than on clean (rainy) days.

The source apportionment of PM; 5 over the YRD illustrates that secondary nitrate and sulfate
formation were the principal sources. On clean (rainy) days, the concentration ratios of SO4%/PM; 5
and Na*/PM, 5 increased, the marine and sulfate sources were distinctly enhanced. The 24-h backward
trajectories illustrate that the air masses all came from the sea, indicating that marine air masses notably
affect the chemical composition of PMj; 5 on rainy days. On polluted days, the open burning source
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contributed more in LA because more air masses (65%) were transported from combustion zones in
the southwest YRD. In addition, SZ experiences an enhanced marine source because SZ is the nearest
to the sea along the identified air mass trajectories.

In general, PM; 5 pollution across the different sites was synchronized, and the concentrations
were spatial homogeneous, revealing that the pollution over the YRD is regional. However, this study
also revealed distinguishing characteristics between these sites in their chemical components and
source apportionment results due to geographical distribution of sampling sites. These results could
be helpful in PM; 5 pollution control and evaluation over the YRD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/7/720/s1.
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