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To analyze the characteristics of regional background carbonaceous aerosols in western Yangtze River Delta
(YRD), hourly organic carbon (OC) and elemental carbon (EC) in fine particular matter (PM2.5) were measured
with a semi-continuous carbon analyzer at a suburban site in upwind Nanjing from June 2013 to May 2015. Rel-
atively low OC, EC and OC/EC were observed compared to other studies conducted in Nanjing. The reasons in-
clude the limited primary emissions around the observation site, the improved emission controls in recent
years, and the use of denuder to reduce positive artifact in OC measurement. Resulting from the stable atmo-
sphere conditions and emission variations, the highest concentrations of carbonaceous aerosols were found in
both winters, with average OC and EC observed at 11.8 ± 10.0 and 5.9 ± 3.4 μg/m3 for the first one, and
8.1 ± 5 and 4.5 ± 2.4 μg/m3 for the second one, respectively. Compared to 2013, reduced OC and EC were
found in summer and autumn 2014, demonstrating the benefits of emission control polices implemented for
the Nanjing Youth Olympic, while elevated OC observed in spring 2015was attributed probably to the increased
biomass burning. For the hazy event inwinter 2013, the back trajectories of air masses suggested that heavy pol-
lution were from eastern Jiangsu, northern Anhui and Jiangsu, downtown Nanjing, and Shanghai. Secondary
aerosol formation played an important role indicated by the larger mass fraction of OC and increased OC/EC in
PM2.5 during the heavy pollution period. In the harvest season, biomass burning was estimated to contribute
51% and 16% of OC and EC concentrations, respectively.
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1. Introduction

As a main component of PM2.5 (particles with aerodynamic diame-
ters b2.5 μm), carbonaceous aerosols including organic carbon (OC), el-
emental carbon (EC) and carbonate (CC) (Birch and Cary, 1996; Chow et
al., 2001) play vital roles in visibility, radiative forcing and humanhealth
(Wilson and Spengler, 1996). EC (sometimes referred to as black car-
bon, BC) originates mainly from incomplete combustion of biomass
and fossil fuels, and is an important factor in climate studies for its opti-
cal characteristic of solar radiation absorption (Bond and Bergstrom,
2006). OC contains hundreds of individual organic compounds and it
typically comprises 10–50% of ambient PM2.5 mass (Seinfeld and
Pandis, 1998). OC comes both directly from combustion sources (de-
scribed as primary organic carbon, POC) and chemical reactions in
which gaseous volatile organic compounds (VOCs) are converted to
ution Control & Resource Reuse
Xianlin Ave., Nanjing, Jiangsu
pollutants in the particle phase (described as secondary organic carbon,
SOC). Attributed only to local source, CC is much smaller in the mass
fraction (Chow et al., 2005).

Relatively high concentrations of OC and EC were found in China for
decades (Novakov et al., 2005; Cui et al., 2015). Located in eastern China,
Yangtze River Delta (YRD) is one of the country's regions with themost
developed city cluster and the heaviest air pollution (Yao et al., 2002;
Chan and Yao, 2008). A series of field measurements on ambient carbo-
naceous aerosols were conducted in YRD cities including Shanghai
(Feng et al., 2009; Zhao et al., 2015a; Wang et al., 2015a), Hangzhou
(Cao et al., 2009) and Nanjing (Zhuang et al., 2014; Li et al., 2015;
Wang et al., 2015b). Most previous studies, however, were based on fil-
ter-sampling and off-line measurement without diurnal variations, and
missed information of dynamic evolution processes of carbonaceous
aerosols within one day (Hu et al., 2012). In addition, current measure-
ments in YRD regions were conducted mainly in urban areas or down-
wind from cities, and the results could be largely influenced by local
sources (Yang et al., 2005a, 2005b; Zhang et al., 2011; Li et al., 2015).
The knowledge on regional background of carbonaceous aerosols for
YRD, which is important for understanding the impacts of emissions
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on regional air quality, is still lacking. Recently, series of measures on
emission abatement and pollution control have been conducted in
YRD cities (Zhao et al., 2015b), while their effects on ambient OC and
EC have seldom been analyzed. In this case, long-term observation
with high temporal resolution is necessary in the region to explore the
characteristics and sources of ambient carbonaceous aerosols and to re-
flect the influence of emission controls on those aerosols, for the period
with pollution control gradually implemented.

In this work, therefore, we conducted a more than two-year obser-
vation on hourly concentrations of ambient OC and EC in Nanjing, the
capital city of Jiangsu province located in the western YRD (Fig. S1a in
the supplement), to improve the understanding of the sources and for-
mation of OC and EC in fine particles, and to indicate the effectiveness of
local and regional PM controls in YRD. Nanjing is the second largest city
in central east China following Shanghai, with a total area of 6587 km2

and population of 8million in 2012 (NJNBS, 2013). Coal is the dominant
pollution source in Nanjing, and the heavy industries including coal-
fired power, cement, steel and refinery plants accounted for 96% of the
city's total coal consumption (Zhao et al., 2015b). Traffic is another im-
portant anthropogenic source due to the rapid growth in vehicle popu-
lation since 2010 (Qiu, 2015), and the number reached 1.7 million in
2014 (NJNBS, 2015). It was the first time that real-time measurement
based on thermal-optical method was applied at a site that can be rep-
resentative for regional background of YRD (Ding et al., 2013). Inter-an-
nual and seasonal of OC and EC were characterized at the site. The
contributions of SOC formation to PM2.5 were investigatedwith EC-trac-
er method. The influence of given anthropogenic sources on carbona-
ceous aerosols were further evaluated combining other air quality and
meteorology information.
2. Methods

2.1. Site description

As shown in Fig. S1a, ambient OC and EC were measured at a sub-
urban site in the Xianlin Campus of Nanjing University in northeast
Nanjing, roughly 20 km away from downtown (118°57′10″E,
32°07′14″N, NJU site). The site is set at the roof of the School of the
Environment building (about 30 m above the ground level), and is
about 300 m away from the G25 highway. Shown in Fig. S2 in the
supplement are the precipitation and temperature data collected
from Jiangsu Provincial Meteorological Bureau (data source: http://
www.jsmb.gov.cn), and Fig. S3 the monthly wind data measured at
NJU site (note data were missed at the end of 2014 and the first
half of 2015 due to instrument malfunction). Given the prevailing
winds from southeast and northeast, the site is located upwind Nan-
jing with limited effects of the local emissions in the downtown. Be-
sides the site is downwind of the most developed YRD region
including the mega city Shanghai and the Suzhou–Wuxi–Changzhou
city cluster (Fig. S1b-d), thus it is representative for the regional level
of western YRD (Ding et al., 2013).

Due to the technical problems of the instruments at NJU site, other
species in the atmosphere including ozone (O3), carbon monoxide
(CO), sulfur dioxide (SO2), nitrogen dioxide (NO2), PM2.5 and PM10

were routinely measured and reported at a state-operated monitoring
site (Xianlin site), 4.5 kmwest from the NJU site (Fig. S1a). To evaluate
the observation discrepancies at two sites, available simultaneousmea-
surements on PM2.5mass concentrations at the two sites were collected
and compared for July-Oct 2014 and Dec 2014, as shown in the Fig. S4.
The hourly PM2.5 concentrations were satisfyingly consistent with
each other, and high correlation coefficients were calculated for both
periods. Given the relatively close distance between the two sites, there-
fore, we assume that there was no significant difference in the air qual-
ity betweenNJU and Xianlin site, and the data at Xianlin sites could then
be applied as an approximation for NJU.
2.2. OC and EC measurement

The OC and EC measurement was conducted continuously for two
years from June 2013 to May 2015, covering summer: June–August of
2013 and 2014; autumn: September–November of 2013 and 2014;win-
ter: December to February of 2013, 2014 and 2015; spring: March–May
of 2014 and 2015. We refer the period of June 2013–May 2014 and that
of June 2014–May 2015 as the first and the second year, respectively.

Hourly ambient concentrations of OC and EC in PM2.5 were sampled
and measured by semi-continuous carbon analyzer (Model-4, Sunset
Lab, USA). The analyzer applies the thermal-optical transmittance
(TOT) method and uses a modified protocol of the National Institute
of Occupational Safety andHealthy (NIOSH5040) as its default protocol.
The airborne particles are first inhaled into a PM2.5 cyclone at a flow rate
of 8.0 l/min, with the collection time set at 40 min for each cycle. PM2.5

then passes through a carbon impregnated multichannel parallel-plate
diffusion denuder which removes the gas-phase organic compounds
that may transform to solid-phase organic carbon to increase the posi-
tive artifact (Turpin et al., 2000). OC and EC were collected on two
quartz filters to save the losing gas-phase organic compounds that orig-
inate from solid-phase under the destruction of gas-solid equilibrium
(Huebert and Charlson, 2000; Cheng et al., 2009; Cheng et al., 2010).
PM2.5 on the filters were then analyzed following the NIOSH protocol
and TOT method for carbon factions, including four OC fractions in a
helium atmosphere and six EC fractions in a 2% oxygen/98% helium at-
mosphere. The correction for the pyrolyzed carbon (PC) converted from
OC to EC was performed by monitoring the transmittance of a pulsed
He-Ne diode laser beam at 660 nm through the quartz fiber filter during
the sample analysis. At last, all the carbon components (OC and EC)
were converted to CO2 and detected with a non dispersive infrared
(NDIR) absorption CO2 sensor. OC and ECwere automatically quantified
by dividing their peak areas by the internal calibration peak made by
methane gas (5% CH4 in He). The resultant OC was the sum of OC frac-
tions and PC, and EC was defined as EC fractions minus PC. The details
of quality control and assurance are described in the supplement. In ad-
dition to thermal EC, an opticalmeasurement of ECwas also provided by
the Sunset analyzer. The optical EC is calculated using the light attenua-
tion (ATN) through the quartz filter monitored throughout the sam-
pling time. The optical OC is calculated by subtracting optical EC from
TC. However, to our knowledge, the light attenuation is not only caused
by EC but also by brown carbon (BrC), and the optical EC may overesti-
mate the true value. Thus the thermal EC and OC were applied to this
study.

The original hourly OC and EC concentrationswere judged according
to the data before and after themoment. Outliers of OC and ECwere ex-
cluded when it was ten times higher than the nearest two time points.
Moreover, the averaged OC positive artifact in this study (0.89 μgC/
m3) was at the similar level with that by Lin et al. (2009) (0.94 μgC/
m3). The detection limit for OC and EC of the instrument were 2.0 μgC/
m3 and 0.5 μgC/m3 according to Lin et al. (2009), thus the measured
OC and EC concentrations lower than the detection limit were screened
out in this study. Totally~14,834 h of OC and EC valid data were avail-
able after screening.

In order to investigate the influence of sampling and analytical
methods on results, 16 off-line daily PM2.5 samples were collected
using a four-channel sampler (TH-16 A, Tianhong Company,
Wuhan, China) during March 5–23 in 2015, and were analyzed
using the same protocol as the on-line measurement. In addition,
36 off-line PM2.5 samples were collected in summer (August 13–Sep-
tember 4, 2013), winter (December 26–29, 2013), and spring (April
18–May 1, 2014) using TH-16 A, and were analyzed using a DRI
Model 2001 Thermal/Optical Carbon Analyzer. The analyzer applies
thermal-optical reflectance (TOR) method under Interagency Moni-
toring of Protected Visual Environments (IMPROVE_A) protocol
(Chow et al., 2001). The results are compared with those from on-
line measurements.

http://www.jsmb.gov.cn
http://www.jsmb.gov.cn
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3. Results and discussions

3.1. Concentrations of OC and EC

As shown in Fig. S5a in the supplement, good correlations are found
between the off-line and on-line carbonaceous aerosol sampleswith the
same TOT_NIOSH method. The correlation coefficients for OC, EC and
total carbon (TC, the sum of OC and EC) are calculated at 0.93, 0.94
and 0.94, respectively. However, the off-line OC concentrations were
1.9 times of on-line ones, as the use of denuder in on-line measure-
ments partly removed the gas-phase organic compounds that were
absorbed on the quartz filter, and thereby reduced the positive artifact
in OC measurement (Turpin et al., 2000). The result is consistent with
a previous observation study in Beijing which found that OC concentra-
tions measured without a denuder were 100% larger than those with
one (Hu et al., 2008). Fig. S5b shows good correlations between the re-
sults of offline samples measured with TOR_IMPROVE and online ones
with TOT_NIOSH, indicating the consistency between the two analytical
methods. The statistics of OC, EC and TCwith the twomethods are sum-
marized and compared in Fig. S5c (note theOC results of offline samples
with TOR_IMPROVE are corrected by dividing the original values by 1.9,
to remove the positive artifact). Similar TC levels are found for the two
methods, while the EC from TOT_NIOSH was 24% lower than that
from TOR_IMPROVE, because of the transmittance charring correction
and a much higher peak inert mode temperature applied in the NIOSH
protocol (Cheng et al., 2011).

Hourly OC and EC concentrations during the measurement period
ranged from 1.01 to 83.67 and from 0.84 to 32.99 μg/m3, respectively. Il-
lustrated in Fig. S6 in the supplement, 83% of TC concentrations were in
the range between 2.5 and 12.5 μg/m3. As shown in Table 1, the OC and
EC concentrations and the OC to EC ratios (OC/EC) measured in this
work were slightly lower than most other available studies in Nanjing,
attributedmainly to the following facts. First, as shown in Fig. S1b-d, rel-
atively low emission intensities of primary PM2.5, OC and BCwere found
around the NJU site, as it is located in the suburban area between down-
townNanjing and thedeveloped Suzhou–Wuxi–Changzhou city cluster.
Table 1
Summary of carbonaceous aerosol concentrations measured in ambient PM2.5 (unless noted) i

Season Sampling date Site Analytical method

Spring Apr 2011 Urban DRI-TOR
Apr 2011 Suburban industrial DRI-TOR
Mar 2012 Urban DRI-TOR
Mar–May 2014 Suburban Sunset-TOT
Mar–May 2015 Suburban Sunset-TOT

Summer Jul 2011 Urban DRI-TOR
Jul 2011 Suburban industrial DRI-TOR
Jun 2012 Urban DRI-TOR
May–Jul 2013 Suburban DRI-TOR
Aug 2013 Suburban DRI-TOR
Jun–Aug 2013 Suburban Sunset-TOT
Jun–Aug 2014 Suburban Sunset-TOT

Autumn Sep 2001 Urban Sunset-TOT
Oct 2011 Urban DRI-TOR
Oct 2011 Suburban industrial DRI-TOR
Nov 2011 Urban DRI-TOR
Nov 2011 Urban DRI-TOR
Sep–Nov 2013 Suburban Sunset-TOT
Sep–Nov 2014 Suburban Sunset-TOT

Winter Feb 2001 Urban Sunset-TOT
Feb 2001 Suburban Sunset-TOT
Jan 2011 Urban DRI-TOR
Jan 2011 Suburban industrial DRI-TOR
Dec 2013–Feb 2014 Urban DRI-TOR
Dec 2013–Feb 2014 Suburban Sunset-TOT
Dec 2014–Feb2015 Suburban Sunset-TOT

Full year Annual 2007–2008 Urban DRI-TOR
Annual 2010 Urban DRI-TOR
Annual 2014 Suburban Sunset-TOT

a The results indicate concentrations in PM2.1.
Second, as described in Section 2.2, the use of denuder in thiswork part-
ly reduced the positive artifact in OC measurement due to the absorp-
tion of gas-phase organic compounds, leading to lower OC/EC than
previous measurements without denuder. Moreover, as the host city
of Asian Youth Games 2013 and Youth Olympics Games 2014 (YOG),
Nanjing have greatly implemented air pollution control policies for
the most recent years (especially in 2014) including enhanced use of
air pollutant control devices for big industrial sources and prohibition
of biomass open burning, resulting in reduced emissions and thereby
ambient concentrations of air pollutants. The effect of emission control
for YOG on seasonal variation of carbonaceous aerosols is presented in
Section 3.2.

Fig. 1 shows themass fractions of hourly carbonaceous aerosols clas-
sified by PM2.5 level during the studying periods. Based on a data sample
size of N10,000, an approximate lognormal distribution is derived for
frequency of PM2.5 concentrations, and about half of them exceeded
the national ambient air quality standard of 75 μg/m3, reflecting heavy
aerosol pollution in the area. Compared to smaller mass fractions
(about 13%) for categories with high PM2.5 levels (100–500 μg/m3),
larger mass fraction (about 41%) of carbonaceous aerosols in PM2.5 is
found for period relatively lower PM2.5 levels (0–20 μg/m3). The result
indicates, on one hand, that rapid increase in other compounds like sec-
ondary inorganic aerosol (SIA) contributes significantly to heavy haze
events, especially in the Yangtze River Delta area (Yang et al., 2011a,
2011b). On the other hand, the sharp increase in OC/EC along with en-
hanced PM2.5 levels indicates a significant contribution of SOC which
conversion from VOCs to haze events. Similarly, Zhang et al. (2016)
found that the average OC/EC on hazy days (OC/EC = 4.2) was larger
than that in non-haze days in Beijing (OC/EC = 3.4).

3.2. Seasonal variation of OC and EC concentrations

As shown in Fig. 2, compared to the second year, much higher con-
centrations of carbonaceous aerosols were observed in autumn and
winter for the first year, at 11.0 ± 8.2 and 11.8 ± 10.0 μg/m3 for OC,
and 5.4 ± 3.0 and 5.9 ± 3.4 μg/m3 for EC, respectively. In the second
n Nanjing.

OC (μg/m3) EC (μg/m3) OC/EC Reference

13.93 3.7 4.14 Wu et al. (2013)a

17.83 5.81 3.21 Wu et al. (2013)a

8.5 3.81 2.34 Li et al. (2015)
6.6 3.41 1.94 This study
7.99 2.83 2.82 This study
11.41 2.17 5.74 Wu et al. (2013)a

9.53 1.77 5.86 Wu et al. (2013)a

7.57 3.09 2.53 Li et al. (2015)
13 2.6 5.2 Duan et al. (2014)a

10.06 2.27 5.25 Wang et al. (2014)a

6.52 4.09 1.59 This study
4.29 2.51 1.71 This study
10.81 4.01 2.7 Yang et al. (2005a, 2005b)
12.08 2.42 5.06 Wu et al. (2013)a

13.24 2.69 5.09 Wu et al. (2013)a

18.1 6.6 2.8 Yuan et al. (2014)
15.72 5.9 2.76 Li et al. (2015)
10.98 5.4 2.03 This study
4.04 2.54 1.59 This study
15.63 3.3 4.73 Yang et al. (2005a, 2005b)
14.2 2.88 4.93 Yang et al. (2005a, 2005b)
13.75 4.43 3.16 Wu et al. (2013)a

13.17 4.67 2.77 Wu et al. (2013)a

22.54 8.24 2.74 Li et al. (2015)
11.62 6.01 1.93 This study
7.98 4.37 1.83 This study
15.7 10.4 2.36 Chen and Yin (2010)
– – 1.92 Zhang et al. (2012)
5.69 3.2 1.78 This study



Fig. 1. The carbonaceous aerosol mass fractions of ambient PM2.5 and OC/EC ratio, classified by PM2.5 concentration at NJU site. Numbers of data points by PM2.5 level are also shown.
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year, winter and spring were the seasons with higher concentrations at
8.1 ± 5.0 and 8.3 ± 3.5 μg/m3 for OC, and 4.5 ± 2.4 and 2.8± 1.3 μg/m3

for EC, respectively. Similar to most cities across the country, both OC
and EC levelswere higher inwinter and lower in summer, due to a com-
bination of emissions and seasonal variance in meteorology (Cao et al.,
2007). In summer, higher boundary layer in the atmosphere favors
lower pollutant concentrations, and higher temperature results in a
shift in the gas-particle equilibrium with more semi-volatile organic
compounds (SVOCs) remaining in the gas phase (Yang et al., 2011a,
2011b). In addition, carbonaceous aerosols can also be effectively re-
moved bywet deposition attributed to large amount of precipitation.
In contrast, carbonaceous aerosol concentrations elevated in autumn
and winter resulting from relatively stable atmospheric conditions,
existence of temperature inversion, and variations in emissions. At
Fig. 2. Monthly variations of OC and EC concentrations and OC/EC ratios at NJU site in Nanji
concentrations.
−1 °C, for instance, the diesel vehicles were estimated to emit 7.6
times more OC than at 21 °C (Zielinska et al., 2012).

Remarkably, OC and EC concentrations declined from 6.5 and 4.1 in
summer 2013 to 4.3 and 2.5 μg/m3 in summer 2014, and from 11.0 and
5.4 in autumn 2013 to 4.0 and 2.5 μg/m3 in autumn 2014. The concentra-
tions then increased to 7.4 and 2.9 μg/m3 for summer, and 7.5 and 3.4 μg/
m3 for autumn in 2015, respectively. The reduced concentrations in 2014
resulted from the control of anthropogenic emissions and the favorable
meteorological conditions. In August 2014,series of more stringent mea-
sures than usual were conducted to improve air quality for YOG. Those
measures included strict control on coal quality (all coal enterprises
must use high quality coalwith sulfur and ash contentb0.5% and 13%, re-
spectively), entry prohibition of “yellow label” vehicles (the ones with
extremely high emissions) into Nanjing, and expanded retirement or
ng from June 2013 to May 2015. Error bars denote the standard deviation of OC and EC

Image of Fig. 2


Table 2
Correlation coefficients between concentrations of carbonaceous aerosol and other selected species from June 2013 to May 2015.

Period Season OC EC PM2.5 PM10 CO NO2 O3 SO2

Jun 2013–May 2014 Sum OC – 0.62 0.58 0.60 0.37 0.24 0.65 0.18
EC 0.62 – 0.38 0.45 0.48 0.61 0.12 0.28

Aut OC – 0.65 0.68 0.56 0.47 0.43 0.01 0.21
EC 0.65 – 0.38 0.42 0.39 0.52 −0.18 0.13

Win OC – 0.81 0.83 0.83 0.74 0.54 −0.23 0.38
EC 0.81 – 0.74 0.78 0.31 0.67 −0.17 0.48

Spr OC – 0.74 0.31 0.19 0.45 0.25 −0.03 0.17
EC 0.74 – 0.27 0.23 0.54 0.54 −0.06 0.09

Jun 2014–May 2015 Sum OC – 0.70 0.63 0.62 0.50 0.45 0.48 0.37
EC 0.70 – 0.49 0.51 0.43 0.65 0.04 0.51

Aut OC – 0.74 0.80 0.74 0.55 0.53 −0.12 0.43
EC 0.74 – 0.47 0.41 0.46 0.49 −0.25 0.10

Win OC – 0.83 0.66 0.65 0.53 0.56 −0.20 0.46
EC 0.83 – 0.61 0.62 0.36 0.67 −0.32 0.43

Spr OC – 0.62 0.53 0.48 0.28 0.33 0.01 0.25
EC 0.62 – 0.53 0.52 0.41 0.53 −0.22 0.29
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limited production for industrial enterprise (e.g., 40% reduction of steel
making for Nanjing Iron & Steel Group Corp). The emissions of primary
PM2.5, OC, EC and VOCs were estimated to decrease by 37%, 38%, 37%
and 26% during YOG compared to the same period in 2013, and the con-
centrations of SO2 and NO2 decreased by 56% and 38%, respectively (Qiu,
2015). Not the SOC formation would be restrained attributed to the re-
duced VOCs emissions, and very low OC/EC was found in August 2014.
Regarding meteorology, more precipitation in summer and autumn
2014 (752 mm) than 2013 (617 mm) (data source: http://www.jsmb.
gov.cn) may elevate particle scavenging in the atmosphere and thereby
lead to lower concentrations of carbonaceous aerosols.

Relatively high carbonaceous aerosol concentrations and OC/EC
were observed in spring 2015. According to EARTHDATA (https://
earthdata.nasa.gov/), much more fire counts were found in spring
2015 inNanjing (1136) than those inwinter 2014–2015 (114) or spring
2014 (852), indicating the increased contribution of biomass burning to
ambient OC.

3.3. Correlation between carbonaceous aerosols and other pollutants

The correlation coefficients between concentrations of carbonaceous
aerosols and other pollutants are calculated by season and shown in
Table 2. Better correlation between EC and NO2 was found than that
Fig. 3. The diurnal variation between carbonaceous aerosol and other reference materials du
fractions of diesel vehicles in G25 highway fleet in winter of 2015. (b) Diurnal variation of O3 c
between OC and NO2 or between EC and SO2 for all seasons except for
autumn 2014. This result implies that traffic sourcesmay play an impor-
tant role in this region, since vehicles have relatively high emissions of
both NOX and EC (Hao et al., 2015). EC had stronger correlation with
NO2 than with CO (especially in winter). Given traffic NOX and CO
come mainly from diesel and gasoline vehicles, respectively (Yao
et al., 2015), the result indicates that diesel vehicles, known as larger
emitters of black carbon than gasoline ones (Casimiro et al., 2011),
might be more influential in carbonaceous aerosol levels in this area.
The correlation betweenOC andO3was strong in the summer 2014, im-
plying that increased O3 formation from high solar radiation may en-
hanced atmospheric oxidation and thereby the generation of SOC. In
other seasons, however, negative correlations were found between car-
bonaceous aerosols and O3, consistent with Latha and Badarinath
(2004). The reason may be that the elevated concentrations of PM2.5

and carbonaceous aerosols result in weakened solar radiation due to
the extinction effects of aerosols, thus the O3 formation is restrained.

Scatter plots of OC and EC and their correlation coefficients are
shown by season in Fig. S7 in the supplement. For the first year, strong
correlations between OC and EC was found for the winter (December
2013–February 2014; R2 = 0.66) and spring (March 2014–May 2014;
R2 = 0.55), indicating that carbonaceous aerosols in the two seasons
originatedmainly from common sources andwere influenced by similar
ring two typical seasons. (a) Diurnal variations of EC concentrations at NJU site and the
oncentrations and SOC/OC in summer of 2013.

http://www.jsmb.gov.cn
http://www.jsmb.gov.cn
https://earthdata.nasa.gov
https://earthdata.nasa.gov
Image of Fig. 3
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transport processes. The slopes of OC versus EC inwinter (k=2.09) and
spring (k= 2.02) suggest the importance of coal combustion and vehi-
cles in the area, as the primary OC/EC ratios were reported at 2.7 and 1.1
for the two types of sources, respectively (Watson et al., 2001). To test
the impacts of motor vehicle on diurnal variation of carbonaceous aero-
sols, the fractions of diesel vehicles in the G25 highway were recorded
with real-time camera in January 2015. As shown in Fig. 3a, strong asso-
ciation between hourly EC concentrations and diesel vehicle fractions
was found (R = 0.79), particularly from 1700 to 2300 LT (R = 0.97),
confirming the contribution of diesel vehicles on the ambient EC levels
in winter. Relatively poor correlations in summer and autumn (R2 =
0.38 and 0.44, respectively) implymore complicated and varied sources
of OC and EC. In summer the accelerated SOC formation is a key factor
leading to the poor correlation. As shown in Fig. 3b, the diurnal varia-
tions of O3 and OC/EC in summer of 2013 were generally consistent
with each other, and high OC/EC appeared at noon time (1100 to 1400
LT) in summers when solar radiation reaches peak, implying the
Fig. 4. (a) The observed OC to EC ratios associatedwith the wind directions at NJU site from June
interval.
contribution of increased atmospheric oxidation on SOC formation
(Lin et al., 2009). For the second year, the correlation between OC and
EC in winter remained strong (R2 = 0.69) as shown in Fig. S7b, while
better correlations were found in summer and autumn than those for
the first year, implying reduced SOC generation. This partly ought to
fewer emissions of gaseous precursors (i.e., VOCs) from the tightened
controls for and after YOG.

To investigate the influences of pollution transport to Xianlin site,
the relation between OC/EC ratios and wind directions from June 2013
to June 2014 is illustrated in Fig. 4a. Almost 70% of the OC/EC ratios
were in the range of 0–2. The relatively low ratios suggest again the con-
tribution of traffic sources on air quality in the area. Similar result was
found in Hong Kong, where OC/EC ranged from 0.2–1.2 due to large
emissions from diesel engines (Chow et al., 2005). The larger ratios
(3–5 and N5) were associated mainly with northeastern winds. Com-
pared to urban area with intensive traffic, the area northeastern to
NJU site represents regional background level of air pollutants and the
2013 to June 2014. (b) Correlation between OC and EC concentrations classified by OC/EC

Image of Fig. 4


357D. Chen et al. / Atmospheric Research 183 (2017) 351–361
precursors are more liable to be transformed to SOC, leading to the
higher OC/EC (Cui et al., 2015). The correlations between OC and EC
are re-analyzed by separating the OC/EC into four groups (≥3, 2–3, 1–
2 and ≤1), as shown in Fig. 4b. The poorest correlation is found for the
group with OC/EC ≥ 3, resulting mainly from elevated SOC formation
as large amount of VOCs emissions were estimated in southwest Yang-
zhou and north Zhenjiang.

3.4. SOC estimation by the EC-tracer method

Lacking any direct analytical techniques to quantify ambient POC or
SOC concentrations, several indirect methods have been used to esti-
mate the latter, including semi-quantificationwith certain tracer, simu-
lation with transport chemistry model, and source apportionment of
primary OC (Strader et al., 1999). Directly emitted from incomplete
combustion, EC is commonly taken as a tracer of primary OC and the
EC-tracer method has been widely used (Turpin and Huntzicker,
1991; Lim and Turpin, 2002; Cabada et al., 2004). The method has lim-
itations: it cannot obtain single OC/EC that represented amixture of pri-
mary sources varying in time and space (Yuan et al., 2006). For instance,
SOC will be overestimated when occurred biomass burning with high
emission ratio of OC to EC (Ding et al., 2012). Despite of the limitation,
EC-tracer method is believed to provide reasonable SOC level at month-
ly or seasonal average when high frequency measurements are con-
ducted (Folidori et al., 2006). Based on the hourly data from on-line
measurement, therefore, we apply themethod to estimate SOC concen-
trations using Eq. (1):

SOC ¼ OC−EC � OC=ECð Þprimary−N ð1Þ

where OC and EC are the measured ambient OC and EC concentra-
tions, respectively; (OC/EC)primary is the ratio of primary OC and EC emis-
sions with the contribution of SOC excluded (Castro et al., 1999), N is
usually considered as the contribution of POC from non-combustion
sources (meat cooking operations, biogenic sources, etc.) or sampling
artifacts (Lin et al., 2009; Cabada et al., 2004).

Traditionally, (OC/EC)primary can be determined by various ways in-
cluding the OC to EC ratio from emission inventory, OC to EC concentra-
tion ratio from observation when SOC formation is weak and thus the
concentrations are dominated by emissions, or the lowest OC to EC con-
centration ratio during the observation (Castro et al., 1999). Revisions
have been made to improve the (OC/EC)primary determination in China
(Chen et al., 2014; Day et al., 2015; Hu et al., 2012). For example, Hu
et al. (2012) estimated the correlation coefficients between SOC and
Fig. 5. Seasonal SOC concentrations and SOC/OC ratios from June 2013 to Ma
EC to determine the (OC/EC)primary based on relatively large dataset
from online measurement. In this work, the correlation coefficient be-
tween OC and EC at 0.95 was taken as a threshold, i.e., the observed
hourly OC and EC concentrations with correlation coefficient larger
than 0.95 are selected to calculate the (OC/EC)primary. The calculated
OC/EC ratios from the selected datasets were in the lowest 20% values
from thewhole datasets by season and year, in accordancewith the sug-
gestion of (OC/EC)primary determination by Cao et al. (2007). As shown in
Fig. S8 in the supplement, the (OC/EC)primary were estimated at 1.03,
1.25, 1.53, and 1.07 for summer, autumn, winter and spring for the
first year (June 2013–May 2014), and at 0.86, 1.06, 1.38, and 1.88 for
summer, autumn, winter and spring for the second (June 2014–May
2015). To test the rationality of (OC/EC)primarydetermination,we follow-
ed the method by Cabada et al. (2004) and compared the NO2 and CO
concentrations for the “primary emission dominating” period (i.e., the
period we chose for (OC/EC)primary estimation) and other period. As
shown in Fig. S9, the concentrations in the primary emission dominat-
ing period were much larger than those in other period, implying that
our estimation was reasonable. The annual averages of (OC/EC)primary

are then calculated at 1.22 and 1.30 for the two years, respectively,
slightly lower than the results from emission inventory at 1.38 for
2012 (Zhao et al., 2015b). Although Chow et al. (1996) suggested the
OC/EC at 2.0 as a threshold to identify SOC formation, lower values
have been applied in some studies in China. For example, Xiao et al.
(2011) and Cao et al. (2004) used the value 1.1 as (OC/EC)primary in
Pearl River Delta to separate POC and SOC, close to our estimates in
western YRD region. Non-combustion POC could be determined by
the intercept of the linear regression between OC and EC. According to
Fig. 4 (b), the intercept of the regression linewas only 0.4 μgC/m3 on av-
erage from June 2013 to June 2014, and the ratio of N to OC was calcu-
lated at 4.6%. As SOC could also contribute to the intercept, non-
combustion POCwas thus believed to be smaller than 0.4 μgC/m3 on av-
erage. Therefore we think the contribution of non-combustion sources
to POC was not significant in this area.

The estimated SOC levels are illustrated by season in Fig. 5. Similar to
downwind Nanjing (Li et al., 2015), the SOC concentrations at the up-
wind NJU site in the first year were higher in autumn and winter at
4.5 and 3.0 μg/m3, respectively, resulting from the stablemeteorological
conditions that favor the accumulation of VOCsprecursors. The fractions
of SOC to OC (SOC/OC) were calculated at 0.45, 0.41, 0.34 and 0.26 for
summer, autumn, spring andwinter, respectively. Despite of lower con-
centrations, the larger SOC/OC ratio in summer indicated the enhanced
SOC formation rate upon high temperature as mentioned before. De-
creased SOC concentrationswere found in summer, autumn andwinter
y 2015. Error bars denote the standard deviation of SOC concentrations.

Image of Fig. 5


Table 3
Numbers of backward trajectories and mass concentrations of carbonaceous aerosols and
PM2.5 in different air mass arriving at NJU site for 4–9 December, 2013.

Cluster Number of trajectories OC EC PM2.5

(μg/m3) (μg/m3) (μg/m3)

1 41 36 12 313.5
2 24 35.9 12.3 297.9
3 19 37.2 10.9 334.2
4 11 20.6 6.2 205.9
5 28 32.9 8 301.5
6 8 24.1 6.7 235.9
7 13 9 4 113
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of the second year resulting probably from the reduced precursor emis-
sions and the stronger particle removal by increased precipitation.

3.5. The characteristics of carbonaceous aerosols during heavy haze and
biomass burning periods

During the sampling period, the episodes of haze pollution were
captured in the upwindNanjing sites (Xianlin and NJU). Extremely seri-
ous air pollution occurred in YRD region in early December 2013 (Tang
et al., 2016; Xu et al., 2015; Zhang et al., 2015). As shown in Fig. 6, the
mean value of wind speed was b0.5 m/s during 2–9 December, and
the hourly average concentrations of PM2.5 kept at high levels around
252 μg/m3, with the peak reaching 474 μg/m3 on 6 December. High con-
centrations of NO2 and SO2 during 2–9 December implied the elevated
secondary inorganic aerosol level for the serious pollution episode.
Meanwhile, the fraction of OC in PM2.5 for the same periodwas estimat-
ed at 12%, much higher than that of EC at 4%. Compared to the low OC/
EC ratio in the cleaning days (1.5 for 10–11December), the larger OC/EC
ratio (3.2 for 2–9 December) indicated the notable contribution of SOC
to PM2.5 for the haze episode. As shown in Fig. S10 in the supplement,
there were 7 types of air masses arriving at NJU site through the back
trajectory analysis using the Hybrid Single Particle Lagrangian Integrat-
ed Trajectory (Hysplit, version 4.9) (http://www.arl.noaa.gov/ready.
html). The 48-h air mass back trajectories were calculated using
HYSPLIT for every hour from 4 December to 9 December starting at
the observation site, and 48-h backward air mass trajectories at 30 m
above the ground (the same as NJU site) were selected for cluster anal-
ysis. The OC, EC and PM2.5 concentrations with trajectories numbers for
each cluster are summarized in Table 3. Originated from eastern Jiangsu,
downtown Nanjing, northern of Anhui and Jiangsu, and Shanghai, re-
spectively, Clusters 1, 2, 3 and 5 collectively accounted for 77% of all
the trajectories and were thus identified as the main air masses. All
these four clusters of air masses moved slow and elevated contribution
of regional sources to the PM2.5 and carbonaceous aerosols levels. Air
masseswith fastermoving velocities came fromnorth China and coastal
areas, e.g., Cluster 7 from the Siberia Plateau and Cluster 4 from eastern
coastal areas. Accompanied with cold air and fewer pollutants, the OC,
EC and PM2.5 concentrations got low when the masses arrived at
Fig. 6.The time series of hourly PM2.5, OC, EC, CO, NO2, SO2mass concentrations, the fraction of O
pollution episode in December 2013.
Nanjing. In general, the heavy pollution resulted from the poor meteo-
rological conditions that prevented effective diffusion of local atmo-
spheric pollutants, and the regional transport of air pollutants from
the areas with intensive emissions.

Biomass open burning after harvesting has significant impacts on re-
gional air quality (Crounse et al., 2009), and carbonaceous aerosols are
the key pollutants from the process (Jung et al., 2014). In most agricul-
tural provinces in China, the biomass burning season is usually in June
(Ni et al., 2015). Here we analyze the temporal trends of air pollutants
from20May to 14 June 2014, to explore the impacts of biomass burning
on air quality. Combining the observed pollutant concentrations, mete-
orological condition atNJU site, andfire counts in YRD region fromMod-
erate Resolution Imaging Spectroradiometer (MODIS, https://earthdata.
nasa.gov/data/near-real-time-data/firms), we divide the period to five
sections (normal days I, biomass burning days I, cleaning days, biomass
burning days II, and normal days II), as shown in Fig. 7. Note the biomass
burningdays are not determined based only onfire counts. For example,
although therewere only a few fire counts found in Anhui province near
theNJU site on 30May, the 24-h backward trajectory shows the airmass
was exactly from the area (Fig. S11a in the supplement), and the elevat-
ed OC and EC were believed to be closely related to the open biomass
burning. In contrast, there were much more fire counts in northern
Anhui on 10 June, while OC and EC were not significantly elevated.
The backward trajectory shows airmass on that day came from the east-
ern coastal areas where no fire count was found (Fig. S11b).
Cand EC in PM2.5, and thewinddirection and speed at upwindNanjing sites for a heavyPM

http://www.arl.noaa.gov/ready.html
http://www.arl.noaa.gov/ready.html
https://earthdata.nasa.gov/data/near-real-time-data/firms
https://earthdata.nasa.gov/data/near-real-time-data/firms
Image of Fig. 6


Fig. 7. The time series of hourly PM2.5, PM10, OC, EC, NO2 and SO2 mass concentrations, the PM2.5 fraction in PM10, OC/EC ratio and the meteorology conditions (wind speed and
precipitation) at upwind Nanjing sites for a biomass burning period (20 May 2014–15 June 2014). The period was divided into three typical types: normal days (grey bar), biomass
burning days (black bar), and cleaning days (green bar).
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Summarized in Table 4 are the average concentrations of PM2.5, OC,
EC, and gaseous pollutants, aswell as the ratios of OC to EC and themass
fractions of PM2.5 to PM10 for the five sections. The concentrations of all
the pollutants (except OC) were the lowest for cleaning days, attributed
to the precipitation episode and highwind speed. For the biomass burn-
ing days, OC and EC concentrations increased by 157% and 41% com-
pared to normal days, and PM2.5 and PM10 exceeded the national
ambient air quality standard (GB3095-2012) by 49% and 24%, respec-
tively. In particular, the observedOC/EC ratios weremuch higher in bio-
mass burning days, indicating the impacts of biomass burning on
regional air quality and carbonaceous aerosols. We further quantify its
contribution on OC and EC with Eq. (2), assuming the SOC formation
rate is unchanged in normal and biomass burning days:

OC=ECð Þobs ¼ OC=ECð Þnbb � 1−ηð Þ þ OC=ECð Þbb � η ð2Þ

where (OC/EC)obs and (OC/EC)nbb are the observed OC/EC ratios dur-
ing biomass burning and normal days, respectively; (OC/EC)bb is the
ratio of OC to EC emission factors of biomass burning; and η represents
biomass burning contribution rate of EC total emissions. Setting (OC/
EC)bb at 8.32 (Li et al., 2007), the contribution rates of biomass burning
to OC and EC in biomass burning days were calculated at 51% and 16%,
respectively.

4. Conclusions

Carbonaceous aerosols in ambient PM2.5 were continuously mea-
sured for two years at a regional background site in thewestern YRD re-
gion. Relatively low and decreased OC and ECwere observed, attributed
mainly to the improved emission controls in the area for recent years.
Table 4
Statistics of particulate matter, carbonaceous aerosol, and gaseous pollutant concentrations, an
the dates of normal, biomass burning, and cleaning days.

PM2.5 PM10 PM2.5/PM

(μg/m3) (μg/m3)

Normal days I 83.42 154.87 51.76
II 78.87 142.08 56.11
Average 81.14 148.47 53.93

Biomass burning days I 108.11 201.02 52.16
II 115.28 171.78 65.91
Average 111.69 186.4 59.03

Cleaning days 52.88 80.77 64.07
Higher concentrations found inwinter resulted from the stagnant atmo-
sphere and emission variations. OC and ECwere found to be well corre-
lated inwinters, indicating the common sources of coal combustion and
traffic, while elevated SOC formation rate might weaken the correlation
in summers. Based on the EC-tracer method, the largest SOC fraction to
OC were estimated for summer, although the absolute SOC levels were
the highest in autumn and spring for June 2013–May 2014 and June
2014–May 2015, respectively. Indicated by the mass fraction of OC in
PM2.5 and the sharp increase in OC/EC, formation and accumulation of
secondary aerosols was identified as an important source of extremely
hazy events in winter. In harvest season in summer, however, the in-
creased carbonaceous aerosols came largely from theprimary emissions
of biomass burning, whichwas estimated to account for half of ambient
OC in the period.
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d OC to EC ratios during the biomass burning period (20 May–14 June 2014). See Fig. 7 for

10 SO2 NO2 OC EC OC/EC

(μg/m3) (μg/m3) (μg/m3) (μg/m3)

19 41 4 3.31 1.27
31 50 6.05 3.29 1.86
25 45 5.02 3.3 1.57
22 52 12.82 4.72 2.49
29 38 13.03 4.59 2.85
26 45 12.92 4.65 2.67
19 34 6.22 2.98 2.12
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