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Abstract

Particulate matter (PM) pollution in Beijing is becoming an increasingly serious problem and is thus
attracting considerable scientific attention. In order to reveal the characteristics and source of PM, ; and

its components, observations of PM, _, water-soluble ions, elemental carbon (EC), and organic carbon

2.5%
(OC) were conducted in the urban green belt of Beijing from April 2016 to April 2017. The annual
average concentrations of PM, , EC, OC, SO,*, NO,;, and NH,'were found to be 124.02, 10.21, 30.73,
36.84, 27.63, and 16.87 pg/m’, respectively. Moreover, the ratios of OC/EC, NO,/SO > were 2.58 and
0.75, respectively, and calculated secondary organic carbon concentration was 9.75 pg/m?. These results
indicate that: 1) PM,  pollution in the urban green belt of Beijing is more serious than in many other
cities in China and has increased considerably over a period of five years; 2) there is a considerable
variation in both the total PM, ; concentration and composition of water-soluble ions throughout different
seasons, while the forest belt width has no evident influence on the PM concentration and water-soluble
ions; 3) OC and EC concentrations and the ratio of OC/EC shows that traffic emissions during summer
are higher than in other seasons and that traffic emissions are the dominant carbon source in Beijing.

Furthermore, the carbon contribution to total PM, , is greater than in other cities.
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Introduction

With the development of  urbanization,
environmental problems have drawn more attention
in China in recent years [l]. In areas with better
economic development, fine particulate matter (PM, )

*e-mail: zhenmingzhang@bjfu.edu.cn

is listed as one of the most important pollutants in the
atmosphere [2]. It causes a reduction in visibility, has
an adverse influence on human health, and is known to
be related to global climate change [3]. Although it is
only a small part of the air, it is considered to be the
main component of atmospheric pollutants [4]. PM,
is a combination of many chemical components rather
than a single molecule. In order to evaluate the impact
of PM, ,, it is necessary to conduct in-depth research on
its chemical characteristic [5]. Water-soluble ions and
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carbonaceous species are two dominant components
of PM, . [6]. Water-soluble ions, dominated by SO,
NO,", and NH, *,affect the visibility of the atmosphere
to a great extent [7]. Atmospheric particulate carbon
is usually classified into two main fractions: organic
carbon (OC) and elemental carbon (EC). OC mainly
results from emissions related to human activity such
as coal combustion, automobile exhaust, and biomass
combustion [8, 9], and can form secondary organic
carbon (SOC) by atmospheric chemical conversion
processes involving organic precursors [10, 11]. In
contrast, EC is essentially a primary pollutant emitted
directly during the incomplete combustion of carbon-
containing fuels and has a significant impact in terms
of causing a reduction of visibility and aerosol radiative
forcing [12].

Recently more and more studies focused on the
effect of forests in particle removal [13]. Research
in Beijing Olympic Forest Park showed PM,
concentration within the forest to be approximately
1.5 times greater than outside, which indicates that the
forest may block the pollutants in it [14]. Besides the
blocking, trees are also able to efficiently reduce the
concentration of PMs by capture, and wooded areas
are characterized by higher rates of dry deposition
than other land cover types [15, 16]. Urban forests
are thus able to improve air quality in relation to a
number of different air pollutants and can consequently
assist in improving human health [16]. Some
studies have analyzed the effectiveness of trees in
accumulating particulate matters on leaves and have
identified certain tree species that are efficient at

capturing air pollutants. Species with denser leaves
and denser hairs on the leaves have better capabilities,
of course, and fine particle capture [17-19]. However,
most of the studies have only focused on the relationship
between accumulation amount and tree traits instead of
the forest parameters such as width, while it is the forest
that can reduce pollution instead of some individual
plant. In addition, systematic studies related to water-
soluble species and atmospheric particulate carbon
of PM, . in relation to urban green belts and different
trees remain extremely limited. Therefore, it is crucial
to provide a theoretical basis in urban green system
planning — especially in some seriously polluted cities
such as Beijing.

The present study investigates changes in the
concentration of water-soluble ions and carbon
components of PM, . within the urban green belt in
Beijing, and thus the objectives are: (1) to examine
spatial and seasonal variations of water-soluble ions and
concentrations of OC and EC in the urban green belt;
(2) to investigate the relationship between OC and EC,
as well as secondary organic carbon (SOC) formation;
and (3)to identify the influence of meteorological factors
on water-soluble ions and carbon components.

Material and Methods
Study Area

The study was carried out at Olympic Forest Park,
whichis the largest urban green landscape in Asia.

1Meter

Fig. 1.Research sample and monitoring sites.

Experiment sites
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Table 1. Forest parameters.

The name of the forest Tree species Width (m) | LAI | Height of tree (m) | DBH (m) Ground diameter (m)
Populoustomentosa Loniceramaackii 3 — 2.34 — 0.020
forest Populous tomentosa 60 3.26 12.4 0.167 —
Loniceramaackii 3 — 3.07 — 0.034
Ulmuspumilaforest
Ulmus 57 2.78 7.3 0.169 —
Loniceramaackii 3 — 2.20 — 0.215
Mingled Populous tomentosa 24 2.87 13.4 0.165 —
forest
Salix matsudana 35 2.24 7.2 0.190 —

It covers an area of 680 hectares and is located at the
north end of the north-south axis of Beijing. The 5"
Ring Road crosses through the Forest Park and divides
the park into two parts: north and south. As shown in
Fig. 1, the experimental sites in this study were located
in three forest bands dominated by a different tree
species, and these were situated at the north edge of the
south Olympic Park adjacent to the 5" Ring Road. From
the left side to the right side, the bands contain tree
species of Populustomentosa, Ulmuspumila, and mixed
forest, which are species widely distributed within
Beijing. Table 1 shows the specific parameters in each
forest area.

PM, ;Samples

Table 1 shows the specific parameters for each
forest, where the width of the P. fomentosa forest
band was 63 m, that of the Ulmuspumila band was
60 m, and that of the mixed forest bandwas 62 m. The
forest belt was adjacent to the 5" Ring Road of Beijing,
which was considered the main pollutant input in the
current study. Six monitoring points were located in
each band at distances of 0 m, 3 m, 18 m, 33 m, 48 m,
and 63 m from north to south. A Dust Mate particulate
matter sampler (Turnkey Co. Ltd, British), a suspended
particulate pollutants sampler (TH-150C, Westernization
instrument Technology Co., Ltd., Beijing, China), and
a small weather station (Kestrel 4000 Pocket Weather
Meter, Nielsen-Kellerman, Boothwyn, PA, USA) were
installed at each sampling point to collect data relating
to the concentration and composition of PM, and
meteorological data (temperature, wind speed, relative
humidity, and radiation). The Dust Mate monitor
recorded the concentration of PM,, every minute;
the suspended particulate pollutants sampler could
collect PM,, on glass fiber filters (20 L/min)and the
meteorological data were collected every 30 minutes
[20-22]. And we calibrated our instruments every time
before the experiment. Moreover, the base of the filter
film and the cutting head were ultrasonically cleaned
with deionized three times before each experiment [23].
Five rain-free days in each season from April 2016 to
April 2017 were selected to conduct the experiment. The

sampling time was from 06:00 to 18:00 at each sample
point, which ensured that the duration of sampling time
was approximately 12 h. A total of 20 PM,, samples
were collected at each sampling point during the
experiment.

Water-Soluble lons Analysis

Water-soluble ion analysis of PM was performed by
clipping off a quarter of a sampling filter membrane,
dissolving it in 50 ml of deionized water,and performing
ICS-2000ion chromatography to determine the anion
and cation content. In this study,SO ", NO,", and NH, *
were selected for analysis (more details can be found in
a previous study from Qiu et al. [24]).

Carbonaceous Species Analysis

A quarter of a quartz filter was clipped off and a DRI
Model 2001 organic carbon/elemental carbon analyzer
was used to analyze amounts of OC and EC. Four OC
sections were heated in an oxygen-free environment
(OCl1, 0C2, 0OC3, and OC4 at 120°C, 250°C, 450°C,
and 550°C, respectively). The sample under a helium
environment containing 2% oxygen was heated as
ECl, EC2, and EC3 at 550°C, 700°C, and 800°C,
respectively. OC was then defined as the total value of
OCI+0OC2+0C3+0C4+0P according to the IMPROVE
protocol (a pyrolyzed carbon fraction determined when
reflected or transmitted laser light attains its original
intensity after O, is added to the analyzer’s atmosphere),
and EC was defined as the total of EC1+EC2+EC3—OP
[25, 26].

Results and Discussion
PM, ; Mass Concentration

A statistical summary of the mass concentration
of PM, from spring to winter is shown in Fig. 2,
where the averages and standard deviations of PM,
in spring, summer, autumn, and winter are shown
to be 125.05+46.84 pg/m?, 94912711 pg/m’,
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Fig. 2. Variations in PM, , concentrations throughout different
seasons and within widths of forest bands.

113.74+43.6 pg/m?, and 155.54+27.13 ug/m?, respectively.
The mass concentrations of PM, ., were found to be
lower in the summer than in other seasons and the
maximum concentration occurred in winter, but
variations in concentrations in spring and winter were
insignificant (P>0.05). The two-way ANOVA was used
to test the effects of season and distance, and significant
effects were determined in relation to seasons (P<0.001),
butt here was no variation found in relation to the sites
of differing widths. It is considered that the higher
concentration of PM, . in winter could be associated
with the lower wind speed and is thus attributed to the
local crustal materials re-suspended in the atmosphere
[20, 21]. During winter the unfavorable synoptic-scale
(anti-cyclonic circulation) and meteorological conditions
(very low temperature, surface layer inversions)
additionally contribute to the occurrence of increased
air pollution events. In our study area, dust is derived
from northwestern China and transported eastward in
winter, which could also contribute to the difference in
seasonal variations [27, 28].

The annual average PM,. concentration was
124.02 pg/m®, which is more than eight times that

of the U.S. National Ambient Air Quality Standard
(NAAQS) annual average of 15 pg/m? Forests are
considered to be sinks for particles, and they have an
impact on the dispersal of PM,; therefore, the PM,
mass concentration in the forest should be higher than
that outside of it [29]. For example, it was determined
in a previous study that the PM,, concentration in a
forest near Shanghai ranged from 58 to 150 pg/m? [30].
Furthermore, Nguyen et al. compared concentrations
in and outside of an urban forest in Beijing; the results
outside the forest showed the average value to be 25.4%
lower than inside [14]. However, in this study, only a
slight variation in PM, _ concentration was determined
by the forest belt, which shows that forest width has little
effect on the PM, | concentration. In addition, it shows
that the observed PM, . concentration, in all likelihood,
reflects that of Beijing. Although an air quality standard
for PMs has been established in China, the pollution
situation in Beijing is known to be more serious than in
other domestic cities (Table 3). For example, the mean
concentration of PM in Fuzhou, Guangzhou, Shanghai,
and Qingdao is 44.33 pg/m?, 103 pg/m?, 94.6 ug/m?,
and 49.58 ug/m’. In addition, the average concentration
of PM in Beijing is twice as high as it was five years
ago [31, 32]. The standard deviations imply that the
PM, . mass concentration has a wider variation range
in spring and autumn. Therefore, although the average
concentration in these two seasons is relatively lower
than in winter, the sharp changes observed in PM
mass concentrations could be very harmful to health
[24].

Concentrations of Water-Soluble Ions

Three water-soluble ions, SO, NO, , and NH/,
were selected for detection in this study (Table 2),
and average concentrations were found to be
36.84+22.78  pg/m?®,  27.63£16.51  pg/m?,  and
16.87414.12  pg/m?,  respectively. The order of

Table 2. Average concentrations of water-soluble ions and carbonaceous species during the monitoring period.

Spring Summer Autumn Winter Annual
SO,* (ng/m?) 56.48 42.18 35.85 12.83 36.84
NO," (ug/m?) 32.48 36.93 21.07 20.03 27.63
NH," (ug/m*) 14.70 31.73 11.22 9.82 16.87
EC (pg/m?) 9.91 12.62 9.94 8.66 10.21
OC (ng/m®) 28.39 26.36 30.44 37.72 30.73
TC (ng/m?®) 38.30 38.97 41.45 51.83 42.64
SOC (pg/m?) 10.41 4.45 10.51 13.62 9.75
EC/PM, 0.08 0.13 0.10 0.06 0.09
OC/PM, 0.23 0.28 0.27 0.24 0.25
OC/EC 2.87 2.09 2.77 2.67 2.58
NO,/S0,* 0.88 0.58 0.59 1.56 0.75
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Fig. 3. Variation in ion concentrations throughout different
seasons and within various sampling widths of the forested area.

concentration of SO, is spring>summer>autumn>
winter, with concentrations of 56.48+30.21 pg/m’,
421842518  pg/m’, 35852872  pg/m’,  and
12.83+6.98 pg/m’, respectively. The NO,” concentrations
were higher in spring and summer than in autumn
and winter; average NO,” concentrations were
324842297 pg/m®, 3693£1395 pg/m’, 21.07+414.18 pg/m’,
and 20.03£14.93 pg/m?® in spring, summer, autumn,
and winter, respectively. NH," concentrations peaked
in summer at 31.73+33.1 pg/m® and then decreased
to 1474742 pg/m® in spring. In addition, they were
11.2248.43 pg/m? in autumn, and the lowest value was
found in winter at 9.82+7.52 pg/m®. The concentrations
changed slightly in accordance with the different widths
of forest sites (see Fig. 3 (P>0.05)). For example, peak
values were found in 33 m or 48 m sites for all the tree
types. Concentrations found in the study forest belt were
significantly higher than in other forests. For example,
in Changba Mountain forest, China, the SO,>, NO,,
and NH, concentrations were 12.9 ug/m’, 0.33 pg/m’,
and 3.94 pg/m’ in Hainan, China, concentrations
were 2.17 pg/m3, 0.13 pg/m?, and 0.56 pg/m® and in
Lock Rock, USA, concentrations were 23.1 pg/m’,
10.9 pg/m3, and 10.3 pg/m?® [30, 33, 34]. In addition,
there were no significant variations (P<0.001)among
sites of different widths in the forest. The concentration
of SO,> was higher at a distance of 33 m and 0 m
(about 40.0 pg/m’), and in the sites of 33 m the NO,
was the highest at about 29.8 pg/m®. When it comes
to NH,", concentration of sites at other distances were
all lower than that at a distance of 48 m, of which

the concentration was 18.6 pg/m’. Although previous
studies have proved that plant organs such as foliage
and bark are able to accumulate particles and their
components[35-38], few researchers can estimate an
exact amount of the reduction in concentration in
relation to forests at the plot scale. According to the
concentration variation results detected in this study,
the forest belt whose width is 63 m had little effect
on the ion concentrations in the city. Similar unclear
concentration variations regularly in the urban area and
a nearby forest could also be found in other reports. In
Shanghai, China, the concentrations of SO,*, NO,", and
NH,"in a forest on Chongming Island were found to be
23.1 ug/m?, 10.9 pg/m?, and 10.3 pg/m?, respectively;
and concentrations in the Dinghu Mountain Nature
Reserve in Guangzhou were 10.24 pg/m?, 0.47 pg/m’,
and 3.04 pg/m?, respectively.

Previous studies have demonstrated that the ratio
of NO,/SO,* can be efficiently used to assess the
contribution of mobile and stationary sources of sulfur
and nitrogen in the atmosphere. The emission ration
of NO_to SO _ was 1:2 from coal burning, while it
was 1:8 and 1:13 of gasoline and diesel fuel burning
in China [39, 40]. Thus, higher value ratios imply the
predominance of stationary sources over mobile source
pollutions, and vice versa [31, 40, 41]. In this study, the
annual average mass ratio of NO,/ SO, was 0.75+0.46
and ranged from 042 to 1.79 during the sampling
periods, and was 0.88, 0.58, 0.59, and 1.56 in spring,
summer, autumn, and winter, respectively. In addition,
differences were significant between winter and other
seasons. It is considered that higher values in winter
and spring may be attributed to the burning of coal in
relation to heating. The value determined in this study
was much higher than that found in other forest sites,
such as on Changbai Mountain (0.03), Chongming
Island (0.47), in Dinghu Mountain Nature Reserve
(0.05), and on Hainan Island (0.06) and K-pusta (0.2).
In addition, when compared to other cites, the ratios
found in this study in Beijing were extremely high.
For example, ratios in Fuzhou, Hangzhou, Shanghai,
and Guangzhou were 0.41, 0.36, 0.35, and 0.79,
respectively [40, 42-44]. Hence, the serious PM
pollution in Beijing comes from coal combustion,
including heating and industry emissions, while traffic
emissions might contribute a little (although the vehicles
in Beijing were much more numerous than in other
cities).

Concentrations of OC and EC

The average OC and EC concentrations in different
seasons are shown in Fig. 4: the OC concentrations
were 28.39 pg/m?, 26.36 pg/m3, 30.44 pg/m’, and
3772  pg/m*® in  spring,summer, autumn, and
winter,respectively. Peak concentrations occurred in
winter; which is attributed to the growing number
of emission sources from residential and commercial
incomplete combustion [31, 40]. It is thus considered that
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Table 3. Comparison between results of this study and other studies.

Reference PM, SO, | NO,” | NH/ I;gj;/ EC | OC | SOC |OC/EC| Study area | Seasons
This study 125.9 36.8 27.6 16.9 0.75 10.2 | 30.8 | 9.75 2.6 Beijing A
Choi et al. (2012) 41.9 5.1 4.58 3.65 0.9 1.72 | 7.92 4.6 4.6 Korea A
Xu et al. (2012) 443 10.8 4.39 3.89 0.41 217 | 85 39 Fuzhou |SU, AU, WI
Li and Bai (2009) 117 — — — — 51 | 227 | 128 44 Tianjin WI
Zhang et al. (2009) 63.9 — — — — 7.1 13.5 — 2 Beijing SP
Duan et al. (2005) — — — — 7.3 | 21.2 | 10.8 3 Beijing AU
Lietal. (2010) 38.8 12.9 0.33 3.94 0.03 0.5 4.9 2.3 9.8 CB SU
Lietal. (2010) 89.2 23.1 10.9 10.3 0.47 1.6 9.9 4.4 6.2 Shanghai SU
Lietal. (2010) 30.8 10.2 0.47 3.04 0.05 0.7 5.3 3.4 7.3 DH SU
Lietal. (2010) 18 2.17 0.13 0.56 0.06 0.2 2.4 — 12 Hainan SU
Maenhaut et al. (2010) | 12.7 2.87 0.57 1.34 0.2 0.3 33 — 11 Japan SU
Tanner et al. (2004) 19 7.7 0.01 1.7 0 0.7 4 — 5.7 Tennessee A

Note: A: all year, SP: spring; SU: summer; AU: autumn; WI: winter; CB: Changbai Mountain Nature Reserve, Jilin Province, China;
DH: Dinghu Mountain Nature Reserve, Guangdong Province, China.

residential heating in winter and late autumn in Beijing
may contribute to the relatively high OC concentrations
in these two seasons and that the higher concentrations
of OC may be caused by ambient industrial areas.
According to previous studies (Table 3), the annual
average OC concentrations in Tianjin and Beijing near
the Chinese capital-industrial zone were higher than
those in Qingdao and Fuzhou, where there are fewer
industrial emissions [26, 31, 42, 45].

EC concentrations were 9.91 pg/m3, 12.62 pg/m?,
9.94 pg/m?, and 8.66 pg/m? for spring, summer, autumn,
and winter, respectively. The highest value was therefore
in summer,and this is considered to be related to traffic
emissions. For example, in spring, a large percentage
of the Beijing population return to their hometowns to
celebrate the Spring Festival with families, and therefore
the population sharply decreases (known as the “Spring
Festival Evacuation™). Therefore, the low population
density at this time lasts for approximately 20 days, and
leads to a reduction in vehicle use. In contrast, many
tourists visit Beijing in summer, which causes relatively
high traffic emissions.

EC and OC concentrations in urban areas were
higher than within the forest, even when the PM,
mass concentration was similar (details are provided in
Table 3). Average EC concentrations on Changbai
Mountain and Chongming Island, and in Dinghu
Mountain Nature Reserve and Jingfengling Nature
Reserve were 0.5ug/m? 1.6 pg/m?, 0.7 pg/m’, and
0.2 pg/m’, respectively, while the average OC
concentrations at four forest sites were 4.9 pg/m’,
9.9 pg/m?, 5.3 pg/m?, and 2.4 pg/m’3, respectively [30].
The average annual concentrations of EC and OC
in the forest belt in this study (10.21 and 30.8 pg/m?)

were higher than at all the forest sites and the city areas
cited above, and both the EC and OC concentrations
detected within the different site widths in the forest belt
varied slightly (P>0.05). In other words, the observed
EC and OC concentrations could be considered as the
representative of the situation in Beijing, and the high
values could thus be attributed to the sheer number of
vehicles in the city. In addition, the OC concentrations
in Beijing have doubled in the past five years and this is
also attributed to the increase in vehicle numbers in the
city; these results are consistent with those of a previous
analysis [26].

Concentration of OC” (ug/m’)

summer

]

autumn winter annual

spring

Concentration of EC (ug/m’)

summer autumn winter annual

spring

Fig. 4. Variations in EC and OC concentrations throughout
different seasons and within various sampling widths of the
forested area.



Seasonal Variations and Chemicall...

367

Analysis of SOC Concentrations

OC consists of a complex intermixture of species
from primary and secondary sources. EC is mostly
emitted from primary sources and remains inert in the
atmosphere; it has frequently been used as a tracer of
primary OC to determine SOC concentrations. It is
possible to obtain a semi-quantitative estimation of SOC
using the following equation:

oC, =0C —ECx(OCEQ),,, )
..where OC_ is secondary organic carbon, OC,  is
total organic carbon,and (OC/EC),, . is the minimum
OC/EC ratio of the surrounding aerosol. As listed
in Table 2, the estimated SOC concentrations were
10.41 pg/m?, 4.45 ug/m?3, 10.51 pg/m3, and 13.62 pg/m?
for spring, summer, autumn, and winter, respectively.
The peaks and troughs of SOC occurred in winter and
summer,respectively. It is therefore considered possible
that the burning of coal for heating during winter and
traffic emissions may increase pollutant emissions,
including primary carbonaceous particles and organic
gases [42, 46]. According to former studies, the annual
average SOC concentration in Beijing was higher than
in Qingdao and Fuzhou, but was less than in Incheon,
Korea [31, 40, 42, 46]. The reason for this may be that
OC dominates the composition, and thisis related to
heating in winter and the large volume of traffic. In
addition, industrial emissions also cause an increase in
OC.

Relationship between OC, EC, and PM,
The origins of OC and EC can be evaluated by their
relationship [46, 47]. As shown in Table 2 and Fig. 5,

70

the OC/EC ratio has a seasonal variation with a peak
value in spring (2.87), followed by autumn (2.77), winter
(2.67), and a low value in summer (2.09). EC is formed
from the combustion of fuel and thus higher OC/EC
value indicates a relative higher proportion of traffic
emissions. In summer, as coal comb us ting is reduced,
traffic emissions account for a larger proportion than in
winter, and this result is consistent with the analysis of
NO,/SO,. According to prior studies, OC/EC values are
higher within forests. In this respect, the average ratio
value at four forest sites was 8.83 in China, the mean
value of two forests in the USA was 7.86 [30, 33, 34],
and in this study the OC/EC value was 2.6. Beijing is the
capital of China and thus is a hub of various emission
sources, such as coal combustion, traffic emissions, and
industrial emissions. The lower ratio of OC/EC, and
the SOC concentration determined in summer indicates
that the higher primary carbon, which is mainly emitted
from coal burning, more traffic emission in this case.
Compared with other cities, Beijing has a higher vehicle
density, a lower ratio of OC/EC and concentration of
SOC, and a higher EC concentration, which supports
our hypothesis.

The sum of averaged OC and EC accounts for
31%, 41%, 37%, and 30% of the total PM, . mass
concentrations in spring, summer, autumn, and
winter. OC is the major contributor to total carbon and
accounts for about 74%, 68%, 90%, and 80% of the
amount within the four seasons. The higher percentages
in summer are related to the relatively lower PM,
concentrations and the interception of the forest. The
higher leaf density in summer and autumn causes a
low-dispersion condition and thus more EC and OC
is blocked by the forest, causing the higher observed
values. In addition, the carbon contributed more
to PM,, mass concentration than in other cities [31,

Spring R*= 0.631

0C (ug/m>)

Summer R*=0.812

OC (ug/m3)

Winter R*=0.799

EC (ug/m3)

Fig. 5. Relationship between EC and OC in different seasons.
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Table 4. Regression analysis of PM

2.57

EC, and OC using meteorological factors.

Pollutant Function R? P
PM, ., =-179.25WS + 204.57 0.144 0.001
e PM,, =3.617RH - 16.75 0.674 0.001
EC =-1.957WS + 12.353 0.192 0.099
Ee EC =0.211RH + 1.535 0.172 0.098
OC =-3.460WS +29.182 0.178 0.102
o EC = 0.365RH - 2.414 0.235 0.003

WS: wind speed (ms™); RH: relative humidity (%)

42, 45]. Furthermore, the contribution of EC and
OC in the forest were less than 30%, which means
the high ration of carbons is related to human activities
[34].

Impact of Meteorological Factors

Table 4 presents the regression functions of PM mass
concentrations, OC, EC, and meteorological factors.
The results show that PM, , mass concentrations,OC,
and EC are negatively correlated with wind speed but
positively correlated with RH. These analyses are
consistent with previous studies [14, 24, 26], but the
correlation coefficient is smaller, which means that
wind speed and relative humidity contribute less to PM
concentrations and particulate carbon. This difference
could be related to various resources used in different
studies, such as varying research scales and methods
of measurement. For example, previous studies have
focused on one season only, usually spring, and have
collected meteorological data using a meteorological
tower (at a height of over 5 m). However, in this
study, data were collected over a period of two years
and meteorological data were collected in the forest
near the ground (at a height of 1.5 m), thereby giving
temporal and spatial heterogeneity, and the variation
range in this study is larger. Furthermore, there may
be a concentration threshold, which means only when
in a specific concentration variation range can the
meteorological factors such as wind speed influence
the PM concentration effectively. However, further
studies are considered necessary in order to prove the
hypothesis in this study.

The mass concentration of all the tested particles
are lower than Beijing, and a common phenomenon has
been found that in summer the concentrations are the
lowest during the year while winter and early spring has
the highest concentration. The current study indicates
that fuel combustion is the major resource of particles,
and this result is in accordance with previous studies,
which could also explain why the particle pollution
situation is more serious in winter. Besides, atmospheric
conditions can also influence the transmission of
particle matter and thus the atmospheric circulation in

winter might not be conducive for pollutant dispersion.
However, further studies are required to support this
idea.

Limitations

Our current study analyzed the concentrations of
PM, ,, water-soluble ions and carbon composition in
forest belts in Beijing and analyzed the spatial-temporal
distribution and resources of those air pollutants.
However, it is important to highlight that there remain
some limitations in our research. First of all, the pollutant
concentration and composition outside the forest were
not recorded and thus we cannot estimate the effect of
particle removal directly. Besides, our resource analysis
is based on the ratio of different compositions which
comes from empirical theory. Although this method is
considered to be correct way and is broadly accepted,
there are also some uncertainties in our conclusions. For
example, the conclusions drawn regarding the sources
of observed aerosol constituents are often based on
assumptions (i.c., the role of traffic) and sometimes
inconsistent with the data collected (i.e., the role of
leaves in OC and EC summer concentrations). The
next step should trace exact resources and thus provide
more powerful theory support to deal with the serious
pollution.

Conclusions

To reveal characteristics and sources of PM, ; and its
components, observation of PM, ,, water-soluble ions,
EC, and OC was conducted in Beijing throughout four
seasons over a period of two years. PM,  pollution in
the urban green belt of Beijing was found to be much
more extensive than in other cities in China, and the
annual concentration was more than eight times the
NAAQS; furthermore, the amount of pollution was
found to have doubled in five years. It is considered that
the high concentrations are related to ambient industrial
and local traffic emissions. The concentrations of
water-soluble ions and EC were higher in summer
than in winter, and these results contrast with those
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from other cities. The “Spring Festival Evacuation”
and the increase in population in relation to summer
sightseeing in Beijing may explain this irregularity. In
addition, the relationship between SO, and NO,, and
EC and OC also give the same conclusion. The lower
ratios of OC/EC and SO,*/ NO,™ and the calculated SOC
concentrations in the summer indicate the existence
of higher amounts of primary carbon, which is mainly
derived from coal burning and traffic emissions. In
addition, it was found that carbon contributes more to
the PM, | concentration in Beijing than in other cities.
Compared with other cities, Beijing has a high vehicle
density, a lower ratio of OC/EC, a lower concentration
of SOC, and a higher concentration of EC. In addition,
it was found that there was no significant variation in
concentration within the sample site of different widths
within the forest, and it is thus considered that the width
of a forest belt only has a negligible effect on pollutant
concentration.
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