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Abstract. As major chemical components of airborne fine
particulate matter (PM3 5), organic carbon (OC) and elemen-
tal carbon (EC) have vital impacts on air quality, climate
change, and human health. Because OC and EC are closely
associated with fuel combustion, it is helpful for the scien-
tific community and policymakers assessing the efficacy of
air pollution control measures to study the impact of con-
trol measures and regional transport on OC and EC levels.
In this study, hourly mass concentrations of OC and EC as-
sociated with PM» 5 were semi-continuously measured from
March 2013 to February 2018. The results showed that an-
nual mean OC and EC concentrations declined from 14.0
to 7.7 ugm~> and from 4.0 to 2.6 uygm™—3, respectively, from
March 2013 to February 2018. In combination with the data
of OC and EC in previous studies, an obvious decreasing
trend in OC and EC concentrations was found, which was
caused by clean energy policies and effective air pollution
control measures. However, no obvious change in the ratios
of OC and EC to the PM; 5 mass (on average, 0.164 and
0.049, respectively) was recorded, suggesting that inorganic
ions still contributed a lot to PM; 5. Based on the seasonal

variations in OC and EC, it appeared that higher OC and EC
concentrations were still observed in the winter months, with
the exception of winter of 2017-2018. Traffic policies exe-
cuted in Beijing resulted in nighttime peaks of OC and EC,
caused by heavy-duty vehicles and heavy-duty diesel vehi-
cles being permitted to operate from 00:00 to 06:00 (China
standard time, UTCH-8, for all times throughout the paper).
In addition, the fact that there was no traffic restriction in
weekends led to higher concentrations on weekends com-
pared to weekdays. Significant correlations between OC and
EC were observed throughout the study period, suggesting
that OC and EC originated from common emission sources,
such as exhaust of vehicles and fuel combustion. OC and EC
levels increased with enhanced SO,, CO, and NO, concen-
trations while the O3 and OC levels were enhanced simulta-
neously when O3 concentrations were higher than 50 pgm™3.
Non-parametric wind regression analysis was performed to
examine the sources of OC and EC in the Beijing area. It
was found that there were distinct hot spots in the northeast
wind sector at wind speeds of approximately 0-6kmh~!,
as well as diffuse signals in the southwestern wind sectors.
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Source areas further away from Beijing were assessed by po-
tential source contribution function (PSCF) analysis. A high-
potential source area was precisely pinpointed, which was
located in the northwestern and southern areas of Beijing
in 2017 instead of solely in the southern areas of Beijing in
2013. This work shows that improvement of the air quality in
Beijing benefits from strict control measures; however, joint
prevention and control of regional air pollution in the regions
is needed for further improving the air quality. The results
provide a reference for controlling air pollution caused by
rapid economic development in developing countries.

1 Introduction

Worldwide attention on atmospheric organic carbon (OC)
and elemental carbon (EC) has been paid by the public and
the scientific community because OC and EC have vital ef-
fects on air quality, atmospheric visibility, climate, and hu-
man health (Bond et al., 2013; Boucher et al., 2013; WHO,
2012). OC is composed of thousands of organic compounds
and occupies 10 %—50 % of the ambient PM; 5 mass (Sein-
feld and Pandis, 1998) while EC, which is emitted from fuel
combustion, represents 1 %—13 % of the ambient PM; 5 mass
(Shah et al., 1986; Tao et al., 2017; Malm et al., 1994). Con-
sidering that OC and EC occupy high fractions of the PM s,
adecline in OC and EC concentrations will improve air qual-
ity. Due to the light-scattering potential of OC and the light
absorption ability of EC, high concentrations of OC and EC
can impair the atmospheric visibility. In addition, OC and EC
can affect the atmospheric energy balance through scattering
and absorbing incoming and outgoing solar and terrestrial ra-
diation (direct effect) and through modifying the microphys-
ical properties of clouds, like influencing cloud condensation
nuclei and/or ice nuclei (indirect effects). Direct and indirect
effects of OC and EC remain one of the principal uncertain-
ties in estimates of anthropogenic radiative forcing (Boucher
et al., 2013). In particular, black carbon (BC also called EC)
coated with secondary particles can enhance aerosol radiative
forcing (Wang et al., 2013; Zhang et al., 2008). BC is found
to aggravate haze pollution in megacities (Ding et al., 2016;
Zhang et al., 2018). Most of all, OC and EC adversely affect
human health. As important constituents of OC, polycyclic
aromatic hydrocarbons (PAHs) are well-known as carcino-
gens, mutagens, and teratogens and therefore pose a serious
threat to the health and the well-being of humans (Bostrom et
al., 2002). Short-term epidemiological studies provide suffi-
cient evidence of all-cause and cardiovascular mortality and
cardiopulmonary hospital admissions associated with daily
variations in BC concentrations; in addition, cohort stud-
ies proved that all-cause and cardiopulmonary mortality are
linked with long-term average BC exposure (WHO, 2012).
Thus, long-term continuous observations of OC and EC are a
prerequisite to further study air quality, atmospheric visibil-
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ity, climate effects, and human health. However, long-term
continuous observations of OC and EC in China are scarce.

In the world, China is considered to be one of the regions
of high emissions of OC and EC due to high energy con-
sumption and increasing vehicle population, accompanying
rapid economic development and urbanization for decades
(http://www.stats.gov.cn/tjsj/ndsj/2017/indexch.htm, last ac-
cess: 26 June 2019). As the capital of China, Beijing with
a residential population of 21.7 million, domestic tourists
of 2.9 x 10 million, and foreign tourists of approximately
3.3 million in 2017 (http://tjj.beijing.gov.cn/English/AD/,
last access: 26 June 2019) faces severe air pollution prob-
lems, which have attracted worldwide attention. A series of
studies on OC and EC have already been performed in Bei-
jing. Lang et al. (2017) indicated that OC showed a down-
ward trend and EC had almost no change before 2003; both
increased from 2003 to 2007, but decreased after 2007. The
decline in OC concentrations was associated with coal com-
bustion and motor vehicle emission control measures, while
that in EC was caused by the replacement of fossil fuel and
control of biomass emissions. Tao et al. (2017) stated that the
nearly 30 % reduction in total carbon (TC) in recent years in
Beijing can be taken as a real trend. Lv et al. (2016) found
that the concentrations of OC and EC remained unchanged
from 2000 to 2010 in Beijing. Yang et al. (2011a) conducted
along-term study of carbonaceous aerosol from 2005 to 2008
in urban Beijing and found a decline in the ratio of carbona-
ceous species to the PM» 5 mass in contrast to what was ob-
served 10 years earlier, which indicated that the importance
of carbonaceous species in PM3 5 had decreased. In addition,
pronounced seasonal variations were recorded with the high-
est concentrations occurring in winter and the lowest ones
in summer. Overall, this previous research seems somewhat
inconsistent and seldom focused on studying the impact of
air pollution control measures and regional transport on the
carbonaceous aerosol levels in detail.

Notably, a series of the strictest measures on emission
abatement and pollution control were implemented in China
in September 2013 (Jin et al., 2016). Substantial manpower
and material resources have been put into improving the air
quality in the past 5 years and significant measures are being
taken for the atmospheric environment and ecosystem (Gao
et al., 2017). To evaluate the effectiveness of air pollution
control measures, it is necessary to conduct a long-term con-
tinuous observation of OC and EC and to study their long-
term variation. Most of the previous studies showed average
information for certain periods based on filter sampling and
laboratory analysis and did not reflect the dynamic evolution
processes of OC and EC with hourly resolution, which can
provide important and detailed information for the potential
health risk in the area with frequent occurrence of air pol-
lution episodes. In addition, long-term measurements in ur-
ban areas of China with high population density were scarce
(Yang et al., 2005, 2011a; Zhang et al., 2011; Li et al., 2015;
Chang et al., 2017) and the knowledge of long-term continu-
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ous hourly observations is still lacking, which is still impor-
tant for recognizing the influence of source emissions on air
quality.

Based on the abovementioned background, it is necessary
to perform a long-term continuous hourly observation to ex-
plore the characteristics of OC and EC, to examine the re-
lationship between OC and EC and with major air pollu-
tants and their sources so as to better assess the influence
of emission control measures on the OC and EC levels. In
this study, inter-annual, seasonal, weekly, and diurnal vari-
ation in OC and EC was investigated. The influence of lo-
cal and regional anthropogenic sources was evaluated using
non-parametric wind regression (NWR) and potential contri-
bution source function (PSCF) methods. This study will be
helpful for improving the understanding of the variation and
sources of OC and EC associated with PM, 5 and assessing
the effectiveness of local and national PM control measures,
and it provides a valuable dataset for atmospheric modelling
study and assessing the health risk. It is also the first time that
a continuous hourly measurement for a 5-year period based
on the thermal—optical method is reported for urban Beijing.

2 Experimental
2.1 Description of the site

The study site (39°5828”N, 116°22'16” E, 44m above
ground) was set up in the second floor in the campus of the
state key laboratory of atmospheric boundary physics and at-
mospheric chemistry of the Institute of Atmospheric Physics,
Chinese Academy of Science (Fig. 1). The site is approxi-
mately 1 km south of the 3rd Ring Road (main road), 1.2km
north of the 4th Ring Road (main road), 200 m west of the
G6 highway (which runs north—south) and 50 m south of
the Beitucheng West Road (which runs east-west). The an-
nual average vehicular speeds in the morning and evening
traffic peaks were approximately 27.8 and 24.6kmh™~!, re-
spectively, in the past 5 years. During the whole study pe-
riod the level of traffic congestion is mild based on the
traffic performance index published by the Beijing Traffic
Management Bureau (http://www.bjtrc.org.cn/, last access:
26 June 2019), which indicated 1.5-1.8 times more time will
be taken to publicly travel during traffic peaks than during
smooth traffic. The study site is surrounded by residential
zones, a street park, and a building of ancient relics with-
out industrial sources. The experimental campaign was per-
formed from 1 March 2013 to 28 February 2018. The peri-
ods of 1 March 2013 to 28 February 2014, 1 March 2014
to 28 February 2015, 1 March 2015 to 29 February 2016,
1 March 2016 to 28 February 2017, and 1 March 2017 to
28 February 2018 are, hereinafter, called 2013, 2014, 2015,
2016, and 2017, respectively, for short.
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2.2 Instrumentation

Concentrations of PM> s-associated OC and EC were hourly
measured with semi-continuous thermal-optical transmit-
tance method OC/EC analysers (model 4, Sunset Labora-
tory Inc., Oregon, USA). The operation and maintenance are
strictly executed according to standard operating procedures
(SOPs, https://www3.epa.gov/ttnamtil/spesunset.html, last
access: 26 June 2019). Volatile organic gases are removed
by an inline parallel carbon denuder installed upstream of the
analyser. A round 16 mm quartz filter is used to collect PM» 5
with a sampling flow rate of 8L m~!. A modified NIOSH
thermal protocol (RT-Quartz) is used to measure OC and
EC. The sampling period is 30 min and the analysis process
lasts for 15 min. Calibration is performed according to the
SOP. An internal standard CH4 mixture (5.0 %; ultra-high-
purity He) is automatically injected to calibrate the analyser
at the end of every analysis. In addition, off-line calibration
was conducted with an external amount of sucrose standard
(1.06 pg) every 3 months. The quartz fibre filters used for
sample collection were replaced by new ones before the laser
correction factor dropped below 0.90. After replacement, a
blank measurement of the quartz fibre filters is carried out.
The uncertainty of the TC measurement has been estimated
to be approximately £20 % (Peltier et al., 2007). The analyz-
ers/monitors for O3, CO, SO,, NO,, and PM3 5 and their pre-
cision, detection limits, and calibration methods have been
described in detail elsewhere (Ji et al., 2014). Briefly, Oz was
measured using an ultraviolet photometric analyser (model
49i, Thermo Fisher Scientific (Thermo), USA), CO with a
gas filter correlation non-dispersive infrared method analyser
(model 48i, Thermo, USA), SO, using a pulsed-fluorescence
analyser (model 43i, Thermo, USA), NO-NO,-NO, with a
chemiluminescence analyser (model 42, Thermo, USA), and
PM; 5 using a U.S. Environmental Protection Agency Fed-
eral Equivalent Method analyser of PM» s (SHARP 5030,
Thermo, USA). Meteorological data such as wind speed
(WS), wind direction (WD), relative humidity (RH), and at-
mospheric temperature (7') were recorded via an automatic
meteorological station (model AWS310; Vaisala, Finland).
The data were processed using an Igor-based software (Wu
et al., 2018) and the commercial software of Origin.

2.3 NWR and PSCF methods
2.3.1 NWR method

NWR is a source-to-receptor source identification model,
which provides a meaningful allocation of local sources
(Henry et al., 2009; Petit et al., 2017). Wind analysis re-
sults using NWR were obtained using a new Igor-based tool,
named ZeFir, which can perform a comprehensive investiga-
tion of the geographical origins of the air pollutants (Petit et
al., 2017). The principle of NWR is to smooth the data over
a fine grid so that concentrations of air pollutants of interest
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Figure 1. Map with location of the sampling site (the asterisk in the right figure indicates the sampling site).

can be estimated by any coupling of wind direction (0) and
wind speed (u#). The smoothing is based on a weighing av-
erage where the weighing coefficients are determined using
a weighting function K (6, u, o, h) = K{(0, o) x K3 (u, h)
(i.e. Kernel functions). The estimated value (E) given 6 and
u is calculated by Egs. (1)-(3):

SN (1) < K (f5E) < G

E@u) = , (1
Sk (5) x Ko (M)

Ki(x)= \/% xe 0% _ oo <cx< 0, 2)
T

Kr(x)=075x (1—x3) —l<x<l, 3)

where o and & were smoothing parameters, which can be
suggested by clicking on the button “suggest estimate” in the
software ZeFir; C;, W;, and Y; are the observed concentra-
tion of a pollutant of interest and resultant wind speed and
direction, respectively, for the ith observation in a time pe-
riod starting at time #;; N is the total number of observations.

After the calculation, graphs of the estimated concentra-
tion and the joint probability are generated. The NWR graph
of the air pollutant of interest, acquired directly via the NWR
calculation, represents an integrated picture of the relation-
ship of estimated concentration of the specific pollutant,
wind direction and wind speed. The graph of the joint prob-
ability for the wind data, equivalent to a wind rose, shows
the occurrence probability distribution of the wind speed and
wind direction.

2.3.2 PSCF method

The PSCF method is based on the residence time probability
analysis of air pollutants of interest (Ashbaugh et al., 1985).
Source locations and preferred transport pathways can be
identified (Poirot and Wishinski, 1986; Polissar et al., 2001;
Lupu and Maenhaut, 2002). The potential locations of the
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emission sources are determined using backward trajectories.
A detailed description can be found in Wang et al. (2009). In
principle, the PSCEF is expressed using Eq. (4):

PSCE(, j) = wij x (mij/nij), 4)

where wj; is an empirical weight function proposed to reduce
the uncertainty of n;; during the study period, m;; is the to-
tal number of endpoints in (i, j) with concentration value
at the receptor site exceeding a specified threshold value
(the 75th percentiles for OC and EC each year were used
as threshold values to calculate m;;), and n;; is the number
of back-trajectory segment endpoints that fall into the grid
cell (i, j) over the period of study. The National Oceanic
and Atmospheric Administration Hybrid Single-Particle La-
grangian Integrated Trajectory model (https://ready.arl.noaa.
gov/HYSPLIT.php, last access: 26 June 2019) was used for
calculating the 48 h backward trajectories terminating at the
study site at a height of 100 m every 1 h from 1 March 2013
to 28 February 2018. In this study, the domain for the PSCF
was set in the range of (30-70° N, 65-150° E) with the grid
cell size of 0.25° x 0.25°.

3 Results and discussion
3.1 Levels of OC and EC

Statistics for the OC and EC concentrations from
1 March 2013 to 28 February 2018 are summarized in Ta-
ble 1. Benefiting from the Air Pollution Prevention and Con-
trol Action Plan and increasing atmospheric self-purification
capacity (ASC, shown in Table S1 in the Supplement), a
decline in annual average concentrations is, on the whole,
recorded. In detail, the annual average concentrations of both
OC and EC peaked in 2014 and then started to decline grad-
ually during the remainder of the study period. Nonetheless,
the annual average concentrations of PM, s generally de-
creased from 2013 to 2017. To assess whether the decreases
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are statistically significant, two-tailed paired 7 tests were ap-
plied for OC, EC, and PM; 5 using their monthly average
concentrations in 2013 and 2016 as paired datasets. At a con-
fidence level of 98 %, from March to October, the paired data
are statistically different, indicating that the concentrations of
OC, EC, and PM; 5 declined during the above period from
2013 to 2016; however, the concentrations of OC, EC and
PM; 5 during November and February from 2013 to 2016
are not statistically different. The decline in OC and EC con-
centrations is closely associated with decreasing coal con-
sumption, increasing usage of natural gases, and the imple-
mentation of a stricter vehicular emission standard and in-
creasing atmospheric self-purification capacity (Tables S1-
S3). Knowledge of the relative contribution of OC and EC
to PM» s is important in formulating effective control mea-
sures for ambient PM (L. Wang et al., 2016). The ratios of
OC and EC to PMj5 5 varied little during the whole study pe-
riod, suggesting that vehicular emission might be an impor-
tant contributor of OC and EC although several other pol-
lution sources also contributed to the OC and EC loadings.
The ratios of OC to PMj 5 ranged from 15.5% to 17.8%
with the average of 16.4 %, while those of EC to PM; 5
ranged from 4.5 % to 5.2 % with the average of 4.9 %. OC
accounted, on average, for 77.0 % 9.3 % of the total car-
bon (TC, the sum of OC and EC), while EC amounted for
23.0% +9.3 % of the TC. These results are consistent with
those in previous studies (L. Wang et al., 2016; Tao et al.,
2017; Lang et al., 2017). The contribution of TC to PM, 5,
21.3% £ 15.8 %, is also similar to that reported in previ-
ous studies, listed in Table S4, for example, at urban sites
of Hong Kong, China (23.5 %-23.6 % in 2013), and Has-
selt (23 %) and Mechelen (24 %) in northern Belgium, ru-
ral sites in Europe (19 %-20 %), and some sites in India
(on average 20 %; Bisht et al., 2015; Ram and Sarin, 2010,
2012), but lower than those observed historically at multi-
ple sites in China (on average 27 %; L. Wang et al., 2016),
with Beijing (27.6 %, from March 2005 to February 2006),
Chongqing (28.3 %, from March 2005 to February 2006),
Shanghai (34.5 %, from March 1999 to May 2000), and
Guangzhou (26.4 %, December 2008 to February 2009), in
Budapest (40 %), Istanbul (30 %), and many sites in the USA,
like Fresno (43.2 %), Los Angeles (36.9 %) and Philadelphia
(33.3%) (Na et al., 2004). Compared to previous studies in
Beijing (Table S4), the TC-to-PM, 5 ratio became smaller
in this study, indicating a relatively lower contribution from
carbonaceous aerosols to PMj 5 in this study. The differ-
ence in the TC/PM, s ratio could be ascribed to two factors.
One factor is the difference in characteristics of sampling
locations between that in our study and those in the earlier
studies. However, our site and those in the previous studies
used for comparison are all located in urban areas of Beijing
(Chaoyang and Haidian districts). It is reasonable to assume
that they are affected by common sources since the surround-
ing environments exhibit similar features. In addition, the
annual average PMj 5 concentrations in both districts pub-
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lished by the Ministry of Environmental Protection, China
(http://106.37.208.233:20035/, last access: 26 June 2019),
were quite comparable to each other from 2013 to 2017
(y =0.99x, r* =0.92), indicating that both areas had par-
ticle pollution of a similar degree. The other factor is that
the contribution from secondary inorganic ions to the PMj 5
became more important because of a stronger atmospheric
oxidation capacity (the annual average O3 concentrations
were 102, 109, 116, 119, and 136 ug m3, respectively, from
2013 to 2017 in the Beijing—Tianjin—Hebei region; published
by http://106.37.208.233:20035/, last access: 26 June 2019),
which could give rise to a lower TC-to-PM3 5 ratio. A higher
TC-to-PM> s ratio suggests that there is a lower contribution
from secondary inorganic ions to PMj 5, while a lower ratio
may indicate a larger contribution from secondary inorganic
ions to PMj 5. The carbonaceous aerosol (the sum of multi-
plying the measured OC by a factor of 1.4 and EC) repre-
sented, on average, 27.7 % + 16.7 % of the observed PM 5
concentration, making it a dominant contributor to PM s.

Table 2 lists recently published results for OC and EC
mass concentrations in major megacities. Although the ob-
servation periods were not same, a comparative analysis
of OC and EC concentrations between different megacities
could show the status of energy consumption for policymak-
ers, drawing lessons and experience from other countries. It
is obvious that the PM, s-associated OC and EC levels in
the megacities in the developing countries were far higher
than those in the developed countries. The PM; 5-associated
OC and EC concentrations in Beijing were higher than those
in Athens, Greece (2.1 and 0.54 ugm™3); Los Angeles (2.88
and 0.56ugm™3) and New York (2.88 and 0.63 ugm™3),
USA; Paris, France (3.0 and 1.4 ugm_3); Seoul, South Ko-
rea (4.1 and 1.6 ugm™3); Tokyo, Japan (2.2 and 0.6 uygm—3);
and Toronto, Canada (3.39 and 0.5 ugm™3). That is because
clean energy has been widely used and strict control mea-
sures are taken to improve the air quality step by step in de-
veloped countries. Of the megacities in the developing coun-
tries, OC and EC concentrations in Beijing were lower than
those in most other megacities, like Mumbai and New Delhi,
India, and Xi’an and Tianjin, China, but close to those in
Shanghai and Hong Kong, China, and higher than those in
Lhasa, China. These differences/similarities indicate that OC
and EC gradually declined in Beijing and that a series of
measures had progressive effects. However, to further im-
prove the air quality, more synergetic air pollution abatement
measures of carbonaceous aerosols and volatile organic com-
pound (VOC) emissions need to be performed.

Figure 2 shows the mass fractions of carbonaceous
aerosols in different PMj; 5 levels classified according to
PM, 5 concentrations during the whole study period. There
were 571, 561, 310, 169, 142, and 74 d for excellent, good,
lightly polluted (LP), moderately polluted (MP), heavily pol-
luted (HP), and severely polluted (SP) air quality levels dur-
ing the whole period. The criteria used to classify the air
quality were as follows: excellent, good, LP, MP, HP, and
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Table 1. Medians, averages, and associated standard deviations for the OC, EC, and PM; 5 concentrations (in micrograms per cubic metre)
and averages for the OC/PM; 5, EC/PM; 5, and TC/PM, 5 ratios from March 2013 to February 2018.

ocC | EC | PM, 5 | OC/PMys EC/PMps TC/PMys

Median  Average SD ‘ Median  Average SD ‘ Median  Average SD ‘ Average Average Average

March 2013-February 2014 10.6 14 117 32 4 33 66 89 829 0.157 0.045 0.203
March 2014-February 2015 10.4 145 121 3 4.3 4 66 855 76.6 0.169 0.05 0.219
March 2015-February 2016 9.1 137 9.2 1.3 38 44 48 769 85.6 0.178 0.049 0.228
March 2016-February 2017 8.2 119 113 25 36 37 53 794 828 0.15 0.045 0.195
March 2017-February 2018 6.8 77 47 23 26 16 35 494 486 0.155 0.052 0.208
Whole study period 9.3 124 10.6 2.7 37 36 52 757 716 0.164 0.049 0.213

Table 2. Mean or median OC and EC mass concentrations (in micrograms per cubic metre) observed in major megacities of the world

published in the literature and obtained in this study.

Megacities Method  Period Number or oC EC Literature
frequency of
sampling
Athens TOT May 2008 to April 2013 Once every day 2.1 0.54  Paraskevopoulou et al. (2014)
Beijing TOT March 2017-February 2018 Hourly 7.7 2.6  This study
Hong Kong  TOR From July to October 2014 and December 2014 N =161 7.8 2.2 Chenetal. (2018)
to March 2015
Lhasa TOR May 2013 to March 2014 Once each 3.27 2.24 Lietal (2016)
week
Los Angeles TOT March 2017-February 2018 Once every 3d 2.88 0.56 U.S.EPA*
Mexico TOT March 2006 Hourly 54-6.4 0.6-2.1 Yuetal. (2009)
Mumbai TOT March-May 2007, October—November 2007 15dinaseason 20.4-31.3 5.0-9.2 Villalobos et al. (2015)
and December—January 2007-2008
New Delhi TOR January 2013-May 2014 N=95 17.7 10.3  Sharma and Mandal (2017)
New York TOT March 2017-February 2018 Once every 3d 2.88 0.63 U.S.EPA*
Paris TOT From 11 September 2009 to 10 September 2010 Once every day 3.0 1.4 Bressietal. (2013)
Sdo Paulo TOT 2014 Once each 10.2 7  Pereiraetal. (2017)
Tuesday
Seoul TOT From January 2014 to December 2014 Hourly 4.1 1.6  Park et al. (2015)
Shanghai TOT From July 2013 to June 2014 Hourly 8.4 3.1 Xuetal. (2018)
Tianjin TOR From 23 December 2013 to 16 January 2014 N =25 30.53 821 Wuetal. (2015)
Tokyo TOT From 27 July to 15 August 2014 Once every day 2.2 0.6 Miyakawa et al. (2016)
Toronto TOT 1 December 2010-30 November 2011 Hourly 3.39 0.5 Sofowote et al. (2014)
Wuhan TOT From August 2012 to July 2013 Once every 6d 16.9 2.0  Zhang et al. (2015)
Xi’an TOR 4 months of 2010 N =56 18.6 6.7 Wang et al. (2015)

* https://ags.epa.gov/api (last access: 26 June 2019). TOR: thermal-optical reflectance; TOT: thermal—optical transmittance.

SP were based on the daily average PM, s concentration,
i.e., excellent (0 < PMj 5 <35ug m’3), good (35 <PM, 5 <
75ugm™3), lightly polluted (75 < PM,s < 115ugm™3),
moderately polluted (115 < PM, 5 < 150 ugm™3), heavily
polluted (150 < PMy 5 < 250 ugm™3), and severely polluted
(PMy.5 > 250 ugm™?), respectively. It was obvious that OC
and EC concentrations increased with the degradation of air
quality. OC and EC concentrations were 6.3 and 1.7, 10.2
and 2.9, 13.7 and 4.1, 17.3 and 5.3, 24.6 and 7.9, and 35.5
and 11.3 uygm ™ for excellent, good, slightly polluted, mod-
erately polluted, heavily polluted, and severely polluted air
quality days, respectively. However, the percentages of OC
and EC accounting for PM; 5 decreased with the deteriora-
tion of air quality. OC and EC made up 31.5 % and 8.3 %,
189% and 5.4 %, 14.7% and 4.4 %, 13.4% and 4.1 %,
129 % and 4.2 %, and 11.4% and 3.6 % during excellent,
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good, slightly polluted, moderately polluted, heavily pol-
luted, and severely polluted air quality days, respectively.
The percentage for OC decreased from 31.5% to 11.4 %
while that for EC decreased from 8.3 % to 3.6 % with the de-
terioration of air quality, indicating that PMj 5 constituents
other than OC and EC contributed more to the increased
PMj; 5 levels. This is consistent with previous studies show-
ing that secondary inorganic ions play a more important role
in the increase in PM» 5 concentrations (Ji et al., 2014, 2018).

3.2 Inter-annual variation in OC and EC

To evaluate the effect of the clean air act over a prolonged
period, our OC and EC data were combined with the data
of previous studies for Beijing (He et al., 2011; Zhao et al.,
2013; Ji et al., 2016; Tao et al., 2017; Lang et al., 2017).
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Table 3. OC/EC ratios in main domestic and foreign cities.

Cities Period Method OC/EC  References
Domestic cities  Beijing 1999-2000 TOR 2.7 Heetal. (2001)
2000 TOT 7.0  Song et al. (2006)
2001-2002 EA 2.6  Duan et al. (2006)
2005-2006 TOT 3.0 Yangetal. (2011b)
2008 TOT 2.2 Yangetal. (2011a)
2008-2010 TOR 44 Huetal. (2015)
2009-2010 TOR 2.9 Zhaoetal. (2013)
2009-2010 TOT 3.4 Zhangetal. (2013)
2012-2013 TOT 7.0 Z.S.Wangetal. (2016)
2013 TOT 5.0 Jietal. (2018)
2014 TOT 4.8 Jietal (2018)
2013 TOT 3.6  This study
2014 TOT 3.0  This study
2015 TOT 3.0 This study
2016 TOT 3.0  This study
2017 TOT 2.9  This study
Baoji March 2012-March 2013 TOR 5.3 Niuetal. (2016)
Chengdu 2009-2010 annual TOR 2.5 Taoetal (2013)
2009-2013 TOR 44  Shietal. (2016)
2011 annual TOR 24 Taoetal. (2014)
2012-2013 annual TOT 4.1 Chenetal. (2014)
Chongqing 2005-2006 annual TOR 4.7 Yangetal. (2011b)
2012-2013 annual TOT 3.8 Chenetal. (2014)
May 2012-May 2013 TOT 3.6 Y. Chenetal. (2017)
Ya’an June 2013-June 2014 TOT 13.3  Lietal. (2018)
Hangzhou 2004-2005 annual EA 2.0 G.Liuetal. (2015)
Hong Kong July—October 2014 and TOR 3.5 Chenetal. (2018)
December 2014-March 2015
Lhasa May 2013— March 2014 TOR 1.5 Lietal. (2016)
Nanjing 2014 annual TOT 1.8 D.Chenetal. (2017)
2011-2014 annual TOR 2.6 Lietal. (2015)
Ningbo 2009-2010 annual TOR 2.8 Liuetal. (2013)
Neijiang 2012-2013 annual TOT 4.5 Chenetal. (2014)
Qingling March 2012-March 2013 TOR 6.3 Niuetal. (2016)
Shanghai 2009 annual TOR 34 Zhaoetal. (2015a)
2011 TOT 2.6 Changetal. (2017)
2012 TOT 2.9 Changetal. (2017)
2012 annual TOR 5.4  Zhao et al. (2015b)
2013 TOT 3.4 Changetal. (2017)
Shijiazhuang  Four seasons (2009-2010) TOR 2.7 Zhao etal. (2013)
Tianjin 2009-2010 TOR 2.7 Zhaoetal. (2013)
Xi’an 2010 annual TOR 2.7 Wang et al. (2015)
March 2012-March 2013 TOR 4.0 Niuetal. (2016)
March 2012-March 2013 TOR 4.0 Niuetal. (2016)
March 2012-March 2013 TOR 3.8 Niuetal. (2016)
December 2014-November 2015 TOT 10.4  Daietal. (2018)
Weinan March 2012-March 2013 TOR 4.4 Niuetal. (2016)
Wuhan From August 2012 to July 2013 TOT 8.5 Zhangetal. (2015)
Foreign cities Athens May 2008-April 2013 TOT 3.9  Paraskevopoulou et al. (2014)
Los Angeles  March 2017-February 2018 TOT 5.1 U.S.EPA*
New Delhi January 2013-May 2014 TOR 1.7 Sharma and Mandal (2017)
New York March 2017-February 2018 TOT 4.6 U.S.EPA*
Paris 11 September 2009-10 September 2010  TOT 2.1 Bressietal. (2013)
Sao Paulo 2014 TOT 1.5 Pereira et al. (2017)
Seoul January 2014-December 2014 TOT 2.6  Parketal. (2015)
Tokyo 27 July—15 August 2014 TOT 3.7 Miyakawa et al. (2016)
Toronto 1 December 2010-30 November 2011 TOT 6.8  Sofowote et al. (2014)

* https://ags.epa.gov/api (last access: 26 June 2019). TOR: thermal-optical reflectance; TOT: thermal-optical transmittance; EA: elemental analysis.
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Figure 2. Variation in average OC, EC, and PM; 5 concentrations
(a) and in the percentages of OC, EC, and other components in
PMj; 5 (b) for different air quality levels.

As shown in Fig. 3, a decreasing trend in OC and EC con-
centrations is, on the whole, observed. Table S2 summarizes
a variety of policies and actions to reduce pollutant emis-
sions in power plants, coal-fired boilers, residential heating,
and traffic areas in Beijing since 2002. Although the gross
domestic product, population, energy consumption, and ve-
hicular population rapidly increased (Table S3), the general
decreasing trends in OC and EC concentrations could be at-
tributed to the combined effect of the more stringent traffic
emission standards and traffic restriction, the energy struc-
ture evolving from intensive coal and diesel consumption
to natural gas and electricity, and retrofitting with SO, and
NO, removal facilities to meet the new emission standards
applicable to different coal-fired facilities, etc. In particular,
there is an obvious dividing line of OC and EC concentra-
tions in 2010. After 2010, the OC and EC concentrations
became substantially lower than those observed previously.
In addition to the measures mentioned in Table S2, the relo-
cation of Shougang Group, which is one of China’s largest
steel companies, and other highly polluting factories out of
Beijing might have helped to some extent; all the small coal
mines in Beijing were shut down and plenty of yellow label
(heavily polluting) vehicles were forced off road. Note that
the OC and EC levels in 2008 and 2009 were also somewhat
lower, which was caused by a series of radical measures to
improve the air quality for the Olympic Games in 2008 and
a decline in industrial production because of China’s export
crash in 2009. This suggests that a stringent clean air act and
improving industry standards played important roles in the
air quality improvement.
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Figure 3. Variation in the annual mean OC and EC concentrations
in PM» 5 from 2002 to 2018 in Beijing. The variation in NO; and
SO, concentrations and in the number of fire spots counted for the
domain of (30-70° N, 65-150° E) is also shown.

In this study, the fire spots were counted in the domain of
(30-70° N, 65-150° E) using the MODIS Fire Information
for Resource Management System (Giglio, 2013). Note also
that the effective control of biomass burning might contribute
to the decrease in OC and EC concentrations. In Fig. 3, it can
be seen that the annual average EC concentration and fire
spot counts exhibit a rather similar variation from 2004 to
2017, except in the year 2012, which suggests that the EC
levels are somewhat correlated with the biomass burning;
this might indicate that biomass burning contributed some-
what to the EC levels. The reduction in fire spot counts from
2014 to 2017, which resulted from efforts to control agri-
cultural field residue burning since 2013, helped to reduce
the EC concentrations to some extent, but the low EC levels
during 2014-2017 are likely mostly due to the implementa-
tion of the clean air act. With regard to the anomaly in the
year 2012, based on the MODIS data for this year, a very
non-uniform distribution of fire spots in the Beijing—Tianjin—
Hebei (BTH) region was observed, with a distinct decrease
in fire spot counts in Beijing, but higher fire spot counts in
the southern Hebei Province; this may be ascribed to the fact
that the policy of banning straw burning in summer and au-
tumn was executed to different degrees in the whole region,
with better implementation in the Beijing area and worse
action in other parts (http://www.beijing.gov.cn/zfxxgk/
110029/qtw;j22/2012-12/11/content_357114.shtml, last ac-
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cess: 26 June 2019). In addition, for the years from 2002
to 2017, the highest precipitation volume in Beijing was
recorded in 2012, i.e. 733.2 mm, and the rainy days mainly
occurred in the intensive straw burning periods, accounting
for 76.4 % of all rainy days in 2012. Frequent wet scaveng-
ing might have suppressed the EC concentrations during the
intensive straw burning periods, so that the annual EC level
for 2012 was comparable to that recorded from 2011 onward.

Similar to OC and EC, the annual mean SO, and NO,
concentrations also showed a decreasing trend. As is well-
known, SO, originates from coal combustion and sulfur-
containing oil (Seinfeld and Pandis, 1998). With the replace-
ment of coal for industrial facilities, residential heating, and
cooking by clean energy (e.g. natural gases, electricity, and
lower sulfur content in oil), a clear decline in annual SO,
concentrations was observed in the Beijing area starting from
2002. Compared to SO», the annual decreasing rate of NO,
was relatively lower. In addition to the power plants and other
boilers, traffic emissions are another major source of NO».
The rapid increase in vehicle population may partly offset
the great effort in reducing coal consumption to lower NO,
levels despite the transition to more stringent traffic emission
standards.

3.3 Monthly and seasonal variations

Figure S1 shows the monthly mean OC and EC concentra-
tions at our study site for the whole 5-year period. Simi-
lar variations are observed with generally higher mean OC
and EC levels in the cold season (from November to Febru-
ary next year when the centralized urban residential heat-
ing is provided) and lower ones in the warm season (from
April to October). The highest average OC and EC con-
centrations were 24.1 4 18.7 uygm ™3 in December 2016 and
9.3 +8.5ugm™3 in December 2015, respectively. However,
the lowest OC and EC levels were not observed in the warm
months; they were 5.04+4.6ugm™ in January 2018 and
1.541.7 ugm~3 in December 2017; this was associated with
both frequent occurrence of cold air mass and the implemen-
tation of a winter radical pollution control action plan (Chen
and Chen, 2019) in Beijing from November 2017. Overall,
the increased fuel consumption for domestic heating in addi-
tion to unfavourable meteorological conditions (lower mix-
ing layer height, temperature inversion, and calm wind) in
the colder months is considered to lead to higher OC and EC
levels (Ji et al., 2014). In addition, the lower air temperature
in the cold months led to shifting the gas—particle equilibrium
of semi-volatile organic compounds (SVOCs) into the parti-
cle phase, leading to higher OC levels. In the cold months,
the cold start of vehicles (5.64 million vehicles in Beijing at
the end of 2017) also increased the emission of OC. In the
warm season, lower OC and EC levels were observed, which
could be attributed to the following factors: no extra energy
consumed for domestic heating, strong wet scavenging by
frequent precipitation occurring in these months, and more
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unstable atmospheric conditions favourable for pollutant dis-
persion; in addition, during this period, the monthly mean
OC and EC concentrations generally decreased from year to
year. In contrast, for the cold season, the monthly mean OC
and EC concentrations did not show a clear decreasing trend
from year to year. In addition to more intensive energy con-
sumption in the cold season, the EC and OC levels could
also be enhanced strongly by regional transport and stagnant
meteorology, leading to ground surface accumulation in the
autumn and winter (Wang et al., 2019; Yi et al., 2019); this
would have counteracted the efficacy of the energy structure
change in the Beijing—Tianjin—Hebei region in the past few
years. It is worth pointing out that, on a year-to-year basis,
the monthly average OC and EC concentrations in the cold
seasons of 2017 and 2018 were generally lower than those
in 2016, demonstrating to some extent the effectiveness of
the execution of the radical pollution control measures for
cities in the Beijing—Tianjin—Hebei region. The interquartile
ranges of OC and EC in the warm months were narrower than
in the cold months, indicating that there was more substan-
tial variation in concentration in the latter months. The larger
variation in the colder months could be caused by the cyclic
accumulation and scavenging processes. In this region, due
to these processes, the concentration of particulate matter in-
creases rapidly when the air mass back trajectories change
from the northwest and north to the southwest and south over
successive days in Beijing; in contrast, the concentration of
particulate matter declines sharply when a cold front causes
a shift of back trajectories from the southwest and south to
the north and northwest (Ji et al., 2012). The accumulation
processes are closely associated with unfavourable meteoro-
logical conditions, which give rise to higher OC and EC con-
centrations, while more scavenging of aerosols by cold fronts
leads to lower levels.

As for the seasonality in OC and EC, similar seasonal
variations are observed in the various years with generally
higher mean concentrations in autumn and winter and lower
levels in spring and summer (Fig. 4). Remarkably, the OC
and EC concentrations in the autumn and winter of 2017
were lower than those in the previous years. This was due
to the combined effect of strictly controlling anthropogenic
emissions and favourable meteorological conditions. Since
September 2017, a series of the most stringent measures
within the Action Plan on Prevention and Control of Air
Pollution was implemented to improve the air quality; these
measures included restricting industrial production by shut-
ting down thousands of polluting plants, suspending the work
of iron and steel plants in 28 major cities, and limiting the
use of vehicles and reducing coal consumption as a heating
source in northern China. In addition, air quality improve-
ment in the autumn and winter of 2017 was closely tied to
frequent cold fronts accompanied by strong winds, which
was favourable for dispersing the pollutants. The average OC
and EC concentrations in the winter were 1.69 and 1.14, 2.17
and 1.93, 1.49 and 2.14, 2.41 and 2.29, and 0.80 and 0.88
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times higher than those in the summer for 2013, 2014, 2015,
2016, and 2017, respectively. The difference in the ratios for
2017 was due to the series of the most stringent measures
taking effect and favourable meteorology. The Beijing mu-
nicipal government in particular has made great efforts to
replace coal with natural gases and electricity-powered fa-
cilities. In addition, “new energy vehicles” are increasingly
used to replace gasoline vehicles.

3.4 Diurnal variation and weekly pattern for OC and
EC

As can be seen in Figs. S2 and S3, a clear diurnal vari-
ation is observed for both OC and EC in each year. This
variation is closely tied to the combined effect of diur-
nal variation in emission strength and evolution of the
planetary boundary layer (PBL). The pattern for EC with
higher concentrations in the nighttime and lower levels
in the daytime (from 09:00 to 16:00) is largely linked
to vehicular emissions. The EC concentrations increased
starting from 17:00, corresponding with the evening rush
hour, emission from nighttime heavy-duty diesel trucks
(HDDTs) and heavy-duty vehicles (HDVs) and the forma-
tion of a stable nocturnal PBL. As regulated by the Bei-
jing Traffic Management Bureau (http://www.ebeijing.gov.
cn/feature_2/BeijingDrivingLicenseApplication, last access:
26 June 2019), HDVs and HDDTs are allowed to enter the
urban area inside the 5th Ring Road from 00:00 to 06:00.
At other times, both the higher PBL height and lower traf-
fic intensity resulted in lower EC concentrations. The ampli-
tude of the diurnal variation in the EC concentrations was
smaller in the last 3 years. The maximum peak concentra-
tion (22:00-07:00) was 1.68, 1.62, 1.43, 1.40, and 1.40 times
higher than that observed in the low period (13:00-15:00)
for 2013, 2014, 2015, 2016, and 2017, respectively. Sim-
ilar to EC, the diurnal pattern for OC was also character-
ized by higher concentrations in the nighttime (from 20:00
to 04:00) and lower levels in the daytime (from 14:00 to
16:00). However, the formation of secondary organic carbon
from gas-phase oxidation of VOCs with increased solar ra-
diation during midday gave rise to a small additional peak
of OC. Like for EC, the amplitude of the diurnal variation in
the OC concentrations was smaller in the last 3 years. The
maximum peak concentration (19:00-03:00) was 1.47, 1.47,
1.30, 1.34, and 1.26 times higher than that observed in the
low period (14:00-16:00) for 2013, 2014, 2015, 2016, and
2017, respectively. Unfortunately no diurnal variation in traf-
fic counts is available but the hourly average traffic counts in
2015, 2016, and 2017 could be found in the Beijing Trans-
portation Annual Report, http://www.bjtrc.org.cn/List/index/
cid/7.html (last access: 26 June 2019). Considering that the
hourly average traffic counts varied little in urban Beijing
and they were 5969, 5934, and 6049 h~! in 2015, 2016, and
2017, respectively, the small amplitude of the diurnal vari-
ation in the last 3 years might be related to local emission
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intensities; these might have been significantly affected by
the enforcement of a series of traffic emission control mea-
sures since 2015, including more strict restriction of emission
from heavy-duty diesel vehicles, public buses, wider usage of
electric public buses, and scrappage of all the high-emitting
(yellow-labelled) vehicles (Table S2). All these actions led
to a decline in emissions of OC and EC and narrowed the
amplitude of the diurnal variation in the EC concentration.

Separate diurnal variations in OC and EC for each season
in each year are shown in Figs. S4 and S5. Similar patterns
are observed in the four seasons but the difference between
peak and valley levels is larger in the winter than in the other
three seasons. The larger variation in the winter is due to the
additional emission from residential heating and more un-
favourable meteorological conditions (Ji et al., 2016).

The difference in diurnal pattern between weekdays and
weekends was also examined; see Figs. S6 and S7. Simi-
lar diurnal variations are found on weekdays and weekends.
The maximum peak concentration for EC (22:00-07:00) was
1.55, 1.43, 1.55, 1.51, 1.51, 1.46, and 1.59 times higher
than the low concentration (13:00-15:00) for Monday, Tues-
day, Wednesday, Thursday, Friday, Saturday, and Sunday, re-
spectively, while the maximum peak concentration for OC
(19:00-03:00) was 1.41, 1.32, 1.38, 1.43, 1.37, 1.31, and
1.43 times higher than the low concentration (14:00-16:00)
for Monday, Tuesday, Wednesday, Thursday, Friday, Satur-
day, and Sunday, respectively. In contrast to previous stud-
ies (Grivas et al., 2012; Jeong et al., 2017; Chang et al.,
2017), OC and EC exhibited statistically significant higher
concentrations on weekends than on weekdays in this study
(statistically significant based on the analysis of the weekly
data using ¢ test statistics, p < 0.05). The average OC and
EC concentrations on Saturday and Sunday were 13.2+£11.8
and 3.942.7 and 12.04 10.4 and 3.7 & 3.6 ugm >, respec-
tively, whereas the average OC and EC levels during the
weekdays were 11.8410.8 and 3.6 +3.5ugm™3, respec-
tively. This indicates that there is no significant decline in
anthropogenic activity in the weekends compared to week-
days. In fact, enhanced anthropogenic emissions could be
caused by no limit on driving vehicles based on license plate
on weekends. The larger OC and EC concentrations on the
weekend are thus mainly attributed to enhanced traffic emis-
sions, which is consistent with higher NO; and CO concen-
trations on the weekend (on average 56.6 +35.9 uygm™> for
NO; and 1.16 £1.18mgm~ for CO on weekdays (num-
ber of samples = 29492); 57.8 +£37.0ugm—> for NO, and
1.25+1.18 mgm~3 for CO on weekends (number of sam-
ples = 11881)).

3.5 Relationship between OC and EC and with gaseous
pollutants

The relationship between particulate OC and EC is an im-

portant indicator that can give information on the origin and
chemical transformation of carbonaceous aerosols (Chow et
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Figure 4. Seasonal variations in OC and EC concentrations from March 2013 to February 2018. The mean (square in the box), median
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al., 1996). Primary OC and EC are mainly derived from ve-
hicular emissions, coal combustion, biomass burning, etc. in
urban areas (Bond et al., 2013). Primary OC and EC could
correlate well with each other under the same meteorology.
However, the correlation would become gradually less sig-
nificant with the enhancement of secondary OC formation
via complex chemical conversion of VOCs (gas-to-particle
or heterogeneous conversion). In addition, it should be noted
that EC is more stable than OC (Bond et al., 2013). Hence,
the relationship between OC and EC can to some extent be
used as a parameter reflecting the source types and contri-
butions (Blando and Turpin, 2000). Figure 5 presents the
regression between the OC and EC concentrations for the
PM; 5 samples of the separate years 2013 to 2017. Signif-
icant correlations (R? ranging from 0.87 to 0.66) were ob-
served with the slopes declining from 3.6 to 2.9 through-
out the study period. The significant correlations suggest that
in most cases OC and EC originated from similar primary
sources. The slopes are consistent with the OC/EC ratios
ranging from 2.0 to 4.0 for urban Beijing in previous stud-
ies (He et al., 2001; Dan et al., 2004; Zhao et al., 2013; Ji et
al., 2016). In addition, the average OC/EC ratios observed
in this study are comparable to those observed at other ur-
ban sites with vehicular emission as a dominant source in
China and foreign countries, but lower than those in cities
where coal is an important source of energy (Table 3). The
decline in the OC/EC ratio may be caused by decline in coal
consumption and restrictions on biomass burning. Coal com-
bustion, biomass burning, and secondary formation give rise
to higher OC/EC ratios while vehicular emissions result in
lower ratios (Cao et al., 2005).

EC and part of OC originate from primary anthropogenic
emissions, including fossil fuel combustion and biomass
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burning (Bond et al., 2013), and secondary OC is formed
along with ozone formation. Hence, long-term and concur-
rent measurement of OC, EC, SO,, NO,, CO, and O3 is
helpful for understanding emission features or formation pro-
cesses and for providing tests to current emission inventories.
The variation in OC and EC as a function of the SO,, NO,,
CO, and O3 concentration is shown in Fig. 6. There is a clear
increase in OC and EC with increasing SO,, NO,, and CO,
suggesting that the latter played a role in the enhancement
of the former and that these various species shared common
sources although they have a different lifetime. OC and EC
increased, on average, by approximately 8.9 and 5.7 ugm—3,
respectively, with an increase of 2mgm™ in CO. Consider-
ing that CO has a long lifetime (Liang et al., 2004) and that its
increase depends on source strength and meteorology, high
CO concentrations usually occur in the heating season when
unfavourable meteorological conditions prevail. At very high
CO concentrations, the increase in OC becomes slower than
that in EC. This can be explained by local emissions be-
coming dominant because unfavourable meteorological con-
ditions corresponding with high CO concentrations resulted
in a weak exchange of air on the regional scale. The OC/EC
ratio declined at very high CO concentrations. This could be
because vehicular emissions played an important role in the
OC and EC loadings (Ji et al., 2019). As documented by pre-
vious studies (Schauer et al., 2002; Na et al., 2004), emission
of gasoline vehicles results in an OC/EC ratio varying from
3 to 5 while that of diesel vehicles is below 1. The above re-
sults are consistent with previous studies which showed that
gasoline and diesel vehicles give rise to higher CO emissions
(Wu et al., 2016).

Given that NO, and CO have some common emission
sources (Hassler et al., 2016), the OC and EC levels were also
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Figure 5. Relationship between OC and EC using the Deming regression method from 2013 to 2017 (the dashed line indicates a OC/EC

ratio of 3: 1).

analysed in different intervals of NO, concentrations. Both
OC and EC are enhanced with increasing NO, concentra-
tions. Their enhancements were 5.0 and 2.1 pgm™3, respec-
tively, for an increase in NO, concentration of 40 ugm™3.
Although NO, is highly reactive and has a short lifetime
(Seinfeld and Pandis, 1998) in contrast to CO, the OC/EC
ratio also declined at very high NO, concentrations, albeit
to a lesser extent than was the case at very high CO con-
centrations. As was the case for high CO concentrations,
more stable meteorological conditions and local emissions
prevailed when higher concentrations of NO, were observed.
In fact, 63.5 % of all NO, emissions come from vehicular
emissions based on the statistical data of air pollutant emis-
sions in Beijing (http://www.bjepb.gov.cn/bjhrb/xxgk/ywdt/
zlkz/hjtj37/827051/index.html, last access: 26 June 2019).
Examining the variation in OC and EC for different in-
tervals of SO, concentrations allows us to further study
the impacts of industrial production or coal combustion on
the OC and EC levels. Similar to the relationship between
CO and carbonaceous species, the OC and EC concentra-
tions enhanced with increasing SO, concentrations. Their en-
hancements were 2.8 and 0.7 ugm™3, respectively, for an in-
crease in SO; concentration of 10 ugm™3. An increase in the
OC/EC ratio occurred at large SO, concentrations, suggest-
ing that coal consumption provided a substantial contribution
to the OC and EC levels in Beijing. Because oil with a low
sulfur content has been widely used in Beijing since 2008
and little coal was used in the urban areas of Beijing, the SO,
mostly originated from industrial production in the surround-
ing areas of Beijing and from coal combustion for residential
heating in the suburban and rural areas of Beijing. Previous
studies also showed that a higher OC/EC ratio is due to coal
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consumption and not from vehicular emissions (Cao et al.,
2005). Hence, coal combustion (for industrial production) on
the regional scale led to the enhancement of both the OC/EC
ratio and SO, concentrations in Beijing via long-range trans-
port.

Emissions of primary air pollutants lead through multi-
ple pathways to the formation of ozone and secondary or-
ganic carbon (SOC) (Seinfeld and Pandis, 1998), both of
which are the principal components of photochemical smog.
The relationship between OC and O3 is of use for under-
standing their variation and formation. The OC concentra-
tions were highest for an Oz concentration of 50 ugm™3,
which is approximately the average O3 concentration in Bei-
jing in winter (Cheng et al., 2018). During the period of
an O3 concentration of 50ugm™>, low atmospheric tem-
perature (9.4 9.9 °C), relatively high RH (59.2 £23.7 %),
lower WS (1.1 £0.8 ms~!), and higher NO, concentrations
(72.7£57.5ppb) were observed and a lower mixed layer
height was recorded in winter (Tang et al., 2016), which
were favourable for accumulation and formation of OC.
A relatively lower temperature is beneficial for condensa-
tion/absorption of SVOCs into existing particles (Ji et al.,
2019), which would then experience further chemical reac-
tions to generate secondary organic aerosol (SOA). Note that
a low temperature does not significantly reduce SOA forma-
tion rates (Huang et al., 2014) in the winter. In addition, pro-
cesses including aqueous-phase oxidation and NOs-radical-
initiated nocturnal chemistry may contribute to or even dom-
inate SOA formation during winter (Hallquist et al., 2009;
Rollins et al., 2012; Huang et al., 2014). Hence, the above
factors gave rise to the higher OC concentration at an O3
concentration of 50 uygm™3, particularly in winter. In addi-
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Figure 6. OC and EC concentrations as a function of the SO, CO, NOy, and O3 concentration.

tion, scattering and absorbing effects of aerosols that were
trapped in the lower mixed layer height led to less solar radi-
ation reaching the ground and further restrained the O3 for-
mation in the cold season (Xing et al., 2017; J. Wang et al.,
2016). OC declined when O3 concentrations increased from
50 to 100 ugm—3. Usually moderate O3 concentrations ac-
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companying lower OC concentrations are caused by increas-
ing T (19.5+8.3°C), increasing WS (2.0 £1.3ms™!), and
less titration of relatively lower observed NO concentrations
(6.4 £ 14.6 ppb). It can also be seen that there was a concur-
rent increasing trend of OC and ozone when the O3 concen-
tration was above 100 ugm™3, which generally occurred in
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the warmer season. In addition to the impact of meteorolog-
ical conditions, such a trend might not be dominated by gas-
to-particle partitioning of low-volatility organic compounds
but by the oxidation of VOCs driven by hydroxyl radicals
to generate both SOC and O3 with relatively long lifetimes
(> 12h; Wood et al., 2010).

3.6 Impact of atmospheric transport on the OC and
EC concentrations

Figures 7 and 8 show the results of the NWR analysis ap-
plied to 1h PMj s-associated OC and EC concentrations
measured from 2013 and 2017 in Beijing. Figure S8 presents
the gridded emissions of OC and BC for the Beijing—Tianjin—
Hebei (BTH) region and China, based on emission invento-
ries (Zheng et al., 2018). The NWR results exhibit distinct
hot spots (higher concentrations) in the northeast wind sec-
tor at wind speeds of approximately 0—6kmh~!, which were
closely associated with local emissions under stagnant me-
teorological conditions (low wind speed), as well as diffuse
signals in the southwestern wind sector. The joint probabil-
ity data in Figs. 7 and 8 show prevailing winds were from
N to E and from S to W with wind speeds of approximately
1-6kmh~! and of approximately 4-9 kmh~!, respectively.
Note further that the hot spots of OC are broader than those
of EC in the graphs of estimated concentrations; this might
be due to the fact that VOCs (the precursors of SOC) emitted
from upwind areas at a relatively higher WS in contrast to
EC, including the SW wind sector, led to an increase in OC
concentrations at the receptor site while the EC concentra-
tions slowly decreased due to dilution and deposition.
Considering that the NWR analysis can only provide an
allocation of local sources, the PSCF analysis is a helpful
complement to investigate potential advection of pollution
over larger geographical scales (Petit et al., 2017). Figure 9
presents the PSCF results for OC and EC for the years 2013
to 2017. Similar to the NWR analysis, the PSCF results
indicated that local emissions and regional transport from
southerly areas were important contributors to the OC and
EC loadings during the whole study period. Only slight dif-
ferences in the potential source regions are observed between
the different years. In 2013, a clear high potential source
area was recorded for both OC and EC; it was located in the
southern plain areas of Beijing, particularly in the adjacent
areas of the Hebei, Henan, Shandong, Anhui, and Jiangsu
provinces. This was because there were intensified anthro-
pogenic emissions from these provinces in 2013. The high
pollutant emissions were caused by rapid economic growth,
urbanization, and an increase in vehicle population, energy
consumption, and industrial activity in the southern plain ar-
eas of Beijing (Zhu et al., 2018), which resulted in a high
aerosol loading in the downwind areas. This result is consis-
tent with previous studies (Ren et al., 2004; Wu et al., 2014;
Jietal., 2018). In contrast to 2013, in the years 2014 to 2017
the high potential source regions for OC and EC stretched to
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the juncture of Inner Mongolia and the Shaanxi and Shanxi
provinces, and even to the juncture of Inner Mongolia and the
Ningxia Hui Autonomous Region and Inner Mongolia and
Gansu Province. This is consistent with coal power plants
being abundant in the above areas (F. Liu et al., 2015). As
is well-known, coal power plants are also important emit-
ters of SO, and those emissions were seen in satellite im-
ages (Li et al., 2017; Zhang et al., 2017), thus providing ev-
idence for those sources. The potential source areas for OC
and EC were similar in 2013 and 2014. Overall, the poten-
tial source areas were more intense for OC than for EC. The
emission of OC precursors (i.e. volatile organic compounds)
from the Hebei, Henan, Shandong, Anhui, Jiangsu, Shanxi,
and Shaanxi provinces led to OC concentrations downwind
via chemical conversion during atmospheric transport. The
widest potential source areas for OC and EC were recorded
in 2016 and they expanded into the eastern areas of Xinjiang
Uyghur Autonomous Region. They are probably associated
with the economic boom in western areas of China. In 2015,
the potential source areas were, like in 2013 and 2014, also
more intense for OC than for EC. Although the winter action
plan was enforced in Beijing, Tianjin, and 26 surrounding
cities (the so-called “2 + 26 cities”), whereby the industrial
output was curtailed, inspections of polluting factories were
ramped up and small-scale coal burning was banned at the
end of 2017, there was still a clear spatial difference in emis-
sion of air pollutants, with relatively higher PM; 5 concentra-
tions in the southern areas of Beijing. Hence, these areas still
contributed substantially to OC and EC loading in Beijing.
As found in earlier studies (Ji et al., 2018; Zhu et al.,
2018), the southern areas of Beijing were main source ar-
eas. Despite the ever-stringent air pollution control measures,
which are enforced in key areas of China, the economic boom
in the western areas of China gave rise to substantial air pol-
lution, and high emissions were also recorded in the adja-
cent areas of several provinces and the northwestern areas
of China. To further improve the air quality in Beijing, strict
emission restrictions should be launched in the above areas
and joint control and prevention of air pollution should be
enforced on the regional scale. It should be avoided that pol-
luted enterprises, which are closed in key regions, are moved
to the western areas of China or to areas where there is no
supervision and control of the emission of air pollutants.

4 Conclusions

In this study, hourly mass concentrations of OC and EC in
PM; 5 were semi-continuously measured from 1 March 2013
to 28 February 2018 at a study site in Beijing. The inter-
annual, monthly, seasonal, and diurnal variations in OC and
EC are presented, the relationship between the carbonaceous
species and other pollutants was examined, and the source
regions were assessed using both NWR and PSCF analysis.
The impact of the air pollution control measures and of the
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regional transport on carbonaceous species in PM; 5 was in-
vestigated. The following main conclusions can be drawn.

— OC and EC occupied a high fraction of the observed
PM> 5 concentrations, making it a dominant contribu-
tor of PM» 5. Their concentrations increased with de-
grading air quality whereas their percentage in PM; s
declined, which was consistent with previous studies
showing that secondary inorganic ions played a rela-
tively more important role in increasing PM» 5 concen-
trations.

— A clear decline in OC and EC levels was observed af-
ter a series of energy policies for air pollution abate-
ment and control had been implemented. To further im-
prove air quality, more synergistic air pollution abate-
ment measures of carbonaceous aerosols and VOCs
emissions are needed.

— OC and EC showed marked seasonal, monthly, weekly,
and diurnal variations. The seasonal patterns were char-
acterized by higher concentrations in the colder months
(from November to February) and lower ones in the
warm months (from April to October) of the various
years. Because of stringent measures for air pollution
abatement, the difference between the winter and sum-
mer levels decreased. The EC diurnal pattern was char-
acterized by higher concentrations in the nighttime and
lower ones in the daytime. The higher OC and EC lev-
els during the weekend can be attributed to the traffic
regulation in Beijing. The diurnal fluctuation in OC and
EC was closely tied to a combined effect of change in
emission sources and evolution of the PBL.

— Significant correlations between OC and EC were ob-
served throughout the study period, suggesting that OC
and EC originated from common sources, such as ve-
hicle exhaust, coal combustion, etc. The contribution
of coal combustion and biomass burning decreased and

www.atmos-chem-phys.net/19/8569/2019/

this resulted in lower OC/EC ratios. The OC and EC
concentrations increased with higher SO;, CO, and
NO, levels, while the O3 and OC concentrations in-
creased simultaneously for O3 levels above 50 pgm™3.

— Local emissions and regional transport played an im-
portant role in the OC and EC concentrations. Higher
concentrations were observed for winds from the north-
east sector at wind speeds of approximately 0-6kmh™!,
but there were also diffuse signals in the southwest-
ern wind sectors. The potential source regions of OC
and EC stretched to the broader areas in northwestern
and western regions where coal and coal power plants
are abundant. Some slight differences in the potential
source regions were observed from 2013 to 2017, which
was closely associated with the economic boom in the
western areas of China. In addition, the southern areas
of Beijing still contributed a lot to OC and EC loading
in Beijing.

In summary, this study will be helpful for improving the un-
derstanding of sources of OC and EC associated with PM3 5
and for assessing the effectiveness of local and national PM
control measures. In addition, it provides valuable datasets
for modelling studies and for assessing the health risk.
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