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Abstract. Carbonaceous aerosols have great influence on
the air quality, human health and climate change. Except
for organic carbon (OC) and elemental carbon (EC), brown
carbon (BrC) mainly originates from biomass burning as a
group of OC, with strong absorption from the visible to near-
ultraviolet wavelengths, and makes a considerable contribu-
tion to global warming. Large numbers of studies have re-
ported long-term observation of OC and EC concentrations
throughout the world, but studies of BrC based on long-
term observations are rather limited. In this study, we es-
tablished a two-wavelength method (658 and 405 nm) ap-
plied in the Sunset thermal-optical carbon analyzer. Based
on a l-year observation, we firstly investigated the charac-
teristics, meteorological impact and transport process of OC
and EC. Since BrC absorbs light at 405nm more effec-
tively than 658 nm, we defined the enhanced concentrations
(dEC = ECy405 nm — ECg58 nm) and gave the possibility of pro-
viding an indicator of BrC. The receptor model and MODIS
fire information were used to identify the presence of BrC
aerosols. Our results showed that the carbonaceous aerosol
concentrations were the highest in winter and lowest in sum-
mer. Traffic emission was an important source of carbona-
ceous aerosols in Nanjing. Receptor model results showed
that strong local emissions were found for OC and EC; how-

ever, dEC was significantly affected by regional or long-
range transport. The dEC/OC and OC/EC ratios showed
similar diurnal patterns, and the dEC/OC increased when the
OC/EC ratios increased, indicating strong secondary sources
or biomass burning contributions to dEC. A total of two
biomass burning events both in summer and winter were
analyzed, and the results showed that the dEC concentra-
tions were obviously higher on biomass burning days; how-
ever, no similar levels of the OC and EC concentrations were
found both in biomass burning days and normal days in sum-
mer, suggesting that biomass burning emissions made a great
contribution to dEC, and the sources of OC and EC were
more complicated. Large number of open fire counts from
the northwestern and southwestern areas of the study site
were observed in winter and significantly contributed to OC,
EC and dEC. In addition, the nearby Yangtze River Delta
area was one of the main potential source areas of dEC,
suggesting that anthropogenic emissions could also be im-
portant sources of dEC. The results proved that dEC can be
an indicator of BrC on biomass burning days. Our modified
two-wavelength instrument provided more information than
the traditional single-wavelength thermal—optical carbon an-
alyzer and gave a new idea about the measurement of BrC;
the application of dEC data needs to be further investigated.
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1 Introduction

Carbonaceous aerosols, including organic carbon (OC) and
elemental carbon (EC), which have significant influence on
the global radiative transfer, human health and atmospheric
visibility, have been the focus of research in the atmospheric
environment field for many years (Lelieveld et al., 2015; Wu
and Yu, 2016; Wang et al., 2018; Zhang et al., 2017, 2019;
Liu et al., 2019). EC mainly originates from fossil fuel and
biomass combustion and is estimated to be the second-largest
warming factor behind CO; contributing to climate change
(Liu et al., 2015; Zhang and Kang, 2019; Cao and Zhang,
2015). OC originates both from primary emissions and gas-
to-particle conversion as secondary organic carbon (SOC)
and can scatter the solar radiation, which causes negative
forcing globally (Zhou et al., 2014; Huang et al., 2014).

In recent decades, brown carbon (BrC), as a kind of light-
absorbing organic carbon which can absorb light especially
from near-UV to visible wavelength, has caused global con-
cern due to its positive climate effect (Andreae and Gelenc-
sér, 2006; Zhang et al., 2020). BrC is mainly emitted from
anthropogenic and biogenic emissions (Zhang et al., 2011).
Previous studies have proved that biomass burning and bio-
fuel combustion are the most important sources of primary
BrC (Saleh et al., 2014; Wu et al., 2020; Lei et al., 2018). Re-
cent researches reported that, in developing countries such as
China and India, the contribution of fossil fuel combustion to
BrC cannot be ignored (Satish et al., 2017; Yan et al., 2017;
Kirillova et al., 2014). Secondary BrC is mainly produced
by heterogeneous photo-oxidation reactions or aqueous re-
actions of anthropogenic and biogenic precursors (Zhang et
al., 2011, 2020; Li et al., 2020). However, due to the lack of
understanding of BrC at the molecular level and in situ BrC
data, there are still large uncertainties in the estimates of the
distribution and the magnitude of the BrC climate effect in
both remote sensing and modeling (Arola et al., 2011; Feng
etal., 2013).

The thermal-optical analysis (TOA) method is one of the
most widely used quantitative methods for OC and EC mak-
ing use of the difference between the thermal—optical proper-
ties of OC and EC (Birch and Cary, 1996; Chow et al., 2004).
OC and EC will be volatilized at different heating protocols.
The reflectance or transmittance of one laser source (near-
infrared wavelength) through the sample filter is continu-
ously monitored, and the return of the reflectance or trans-
mittance to its initial value on the thermograph is taken as
the split point between OC and EC. In this way, the forma-
tion of pyrolyzed carbon, which can also absorb the light
and make the sample darker, is corrected. This method has
been widely used in studies employing the National Insti-
tute for Occupational Safety and Health (NIOSH) protocol
or IMPROVE_A protocol (Ji et al., 2016; Chow et al., 2007).
However, the thermal—optical approach assumed that EC is
the only light-absorbing species, and the presence of BrC,
which is part of OC but also a light-absorbing component,
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shifts this separation towards EC, resulting in overestimated
EC values and underestimated OC values (Chen et al., 2015;
Birch and Cary, 1996).

Sandradewi et al. (2008) pointed out that light absorption
measurements at different wavelengths by the Aethalome-
ter can be used to quantify the contributions of wood com-
bustion and traffic emissions to aerosols since wood smoke
contains organic compounds which enhance the light ab-
sorption in the ultraviolet wavelength. But traffic emis-
sions produce more black carbon (BC), which dominates the
light absorption in the near-infrared wavelength. They used
Aethalometer data measured at 470 and 950 nm to quantify
the BC distinction between wood burning and traffic emis-
sion. With a similar principle, Wang et al. (2011) used a
two-wavelength Aethalometer (370 and 880 nm) to identify
the presence of residential wood combustion (RWC) parti-
cles which were closely associated with BrC. Organic com-
ponents of wood smoke particles absorb light at 370 nm —
more effectively than 880 nm in two-wavelength Aethalome-
ter measurements. They believed that the enhanced absorp-
tion (A-C =BC379nm — BCg80nm) can serve as an indicator
of RWC particles. This method was further used by Wang
et al. (2012a, b). Chen et al. (2015) used a modified seven-
wavelength thermal-optical transmittance/thermal—-optical
reflectance (TOT/TOR) instrument (Thermal Spectral Anal-
ysis — TSA) allowing the determination of the OC-EC
split at different wavelengths and light absorption measure-
ments to be made with wavelength-specific loading correc-
tions, providing additional information including the opti-
cal properties of BC and BrC from the infrared (IR) to
the ultraviolet (UV) parts of the solar spectrum and their
contributions. Massabo et al. (2016) further corrected the
OC/EC split point using the multi-wavelength absorbance
analyzer (MWAA), which provides the aerosol absorbance
values at five wavelengths from IR to UV, together with a
Sunset OC/EC analyzer to achieve the BrC concentration.
With a set of samples collected during wintertime in the Lig-
urian Apennines in Italy, clear correlations were found be-
tween the BrC and levoglucosan mass concentration. A fur-
ther step in BrC quantification, taking the use of TSA, was
reported by Chow et al. (2018), further proving that the use of
seven wavelengths in thermal—optical carbon analysis allows
contributions from biomass burning and secondary organic
aerosols to be estimated. Their results clearly demonstrated
the role of BrC in the thermal—optical analysis. However,
these techniques focus on the light absorption measurement
of BrC and are still reported in a limited way in previous re-
searches, though they provide quartz fiber filter samples that
are currently being characterized for OC and EC by thermal—
optical analysis. These abovementioned methods still can-
not achieve the observation of long-term, real-time BrC mass
concentrations.

Since the establishment of the TOT method by Sunset
Laboratory, the Sunset OC/EC instrument, as part of the
Chemical Speciation Network (CSN), with over 100 mon-
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itors across the United States over 15 years, offering long-
term measurement of OC and EC concentrations, has been
widely used in the United States and throughout the world,
providing important in situ data of OC and EC (US EPA,
2019; Birch and Cary, 1996). This instrument had been de-
signed with a tuned diode laser (red — 660 nm) to correct
the formation of pyrolyzed carbon. In this study, we mod-
ified the Sunset instrument to a two-wavelength (658 and
405 nm) Sunset carbon analyzer by adding one more violet
diode laser at A =405nm. The violet diode laser together
with the red diode laser focus through the sample chamber,
and then the laser beam passes through the filter to correct for
the pyrolysis-induced error. Previous work reported by Chen
et al. (2015), as mentioned above, was integrating the optical
instrument like the Aethalometer to the traditional OC/EC
analyzer; in this way, they provided the light absorption con-
tributions of BC and BrC. The enhanced carbon analyzer pro-
vided new insight into more accurate OC and EC measure-
ments. Their work was conducted in offline mode; based on
their work, our instrument can obtain the real-time OC and
EC mass concentrations at both 658 and 405 nm. BrC parti-
cles absorb light at 405 nm, more effectively than 658 nm in
the two-wavelength Sunset carbon measurements. We define
dEC =EC405n0m — ECs58nm and hope it can be an indicator
of BrC aerosols so that we can divide real-time BrC mass
concentration measurement from the two-wavelength mea-
surement.

Nanjing, as one of the largest cities in the Yangzi River
Delta region, represents a heavy industry area with a dense
population. In addition, due to its topography, Nanjing is
very sensitive to regional transport of air masses from its
surrounding areas. OC, EC and dEC were measured from
June 2015 to July 2016 at Nanjing University of Informa-
tion Science and Technology (NUIST). Based on the abun-
dant data, together with MODIS fire information, we can an-
alyze the temporal variation, transport processes and sources
of carbonaceous aerosols in northern Nanjing and evaluate
the biomass burning impact on dEC, which can be the scien-
tific basis of pollution control policy.

2 Methods
2.1 Study site

In this study, the sampling site is located at Nanjing Uni-
versity of Information Science and Technology (NUIST) in
the northern suburb of Nanjing (32°207'N, 118°717' E). The
study site is surrounded by housing and industrial areas.
Many chemical enterprises, for example, Yangzi Petrochem-
ical, Nanjing Chemical Industry and Nanjing Iron and Steel
Group are located at the northeast of the study region, which
produces exhaust fumes with large amounts of aerosol par-
ticles. The study site is adjacent to a heavily trafficked road
(Ningliu road) located near the site and approximately 600 m
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to the east. Therefore, this region has intense human activi-
ties, industrial emissions and heavy traffic flow.

2.2 A two-wavelength TOT measurement

Hourly concentrations of OC and EC in PM; 5 were sampled
and measured by a semi-continuous carbon analyzer (Model-
4; Sunset Laboratory, USA). Air samples were collected con-
tinuously with a sample flow of ~ 8 L min~! through a PM, 5
cyclone. The collection time was set at 45 min for each cy-
cle. The airstream passed through a parallel plate organic
denuder to reduce the effect of volatile organic compounds
and, finally, deposited on a quartz filter with a diameter of
~ 17 mm.

After a sample was collected, OC and EC were deter-
mined using the TOT method by applying a slightly modi-
fied NIOSH 5040 protocol. The details of the heating setup
are shown in Table S1 in the Supplement. Figure 1 shows
the structure and operational principle of the instrument.
Briefly, it consists of the following two-stages: the oven is
first purged with helium, and the oven temperature increased
in a stepped ramp to 840 °C; OC is volatilized in this stage.
Then the oven temperature is kept at 840 °C for a while and
goes down to 550 °C. In the second stage, EC is volatilized in
a second temperature ramp to 850 °C, while purging the oven
with a mixture containing 2 % oxygen and 98 % helium. The
pyrolysis products are converted to carbon dioxide (CO,),
which is quantified using a self-contained nondispersive in-
frared (NDIR) system.

Also, in this study, we used a two-diode laser-equipped
(658 and 405 nm) Sunset analyzer; thus, mass concentrations
of OC and EC at different wavelengths can be measured with
the two-laser system. The split point between OC and EC
is detected automatically by the RTCalc731 software pro-
vided by Sunset Laboratory. The principle is the same as
for the traditional Sunset carbon analyzer (Birch and Cary,
1996). An example thermogram of sample analysis using the
two-wavelength Sunset semi-continuous carbon analyzer is
shown in Fig. 2. During the sample analysis, the laser beam at
658 and 405 nm are both sent through the filter, and the trans-
mitted light signal is monitored to correct the undesired for-
mation of pyrolyzed carbon (PyrC) and then to determine the
split point of OC and EC at both wavelengths. BrC aerosols
absorb light at 405 nm more significantly than 658 nm in the
two-laser system. Due to the strong absorption of BrC at
the near-ultraviolet wavelength, the enhanced absorption at
405 nm can serve as an indicator of BrC aerosols (Liu et al.,
2015). We define dEC data as the difference in EC concen-
trations at two wavelengths (dEC = ECy405 ym — ECg58nm) to
identify the presence of BrC aerosols. Our study provides a
1-year measurement of dEC mass concentrations. Addition-
ally, OC and EC represent the OC and EC concentrations at
658 nm in this paper without a special explanation.

At the end of each analysis, a fixed volume of an inter-
nal standard, containing 5 % methane and 95 % helium, is
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Figure 2. Example thermogram of sample analysis using the two-wavelength Sunset semi-continuous carbon analyzer.

injected, and thus, a known carbon mass can be derived.
The external sucrose standard (4.207 uguL~") calibration
was conducted every week to insure repeatable quantifica-
tion. Calibration with an instrument blank was conducted
every day. The detection limit for both OC and EC of the
instrument was 0.5 ug m~3. We also did the measurements
of OC and EC in PMj s filter samples using the same method
followed by the NIOSH protocol. All data were corrected
to blank measurement before comparison. Figure S1 in the
Supplement shows the correlations between the real-time OC
and EC concentrations and sampling OC and EC concentra-
tions at the same time. The results showed that the online
and offline data during the corresponding periods had good
correlations, with R? of 0.8 for OC, R? of 0.4 for EC and
R? of 0.8 for total carbon (TC). In order to evaluate the im-
pact of PyrC, we calculated the PyrC at 658 nm fraction of
dEC, and the average PyrC/dEC was 4.4 %, indicating the
little influence of PyrC.

Atmos. Meas. Tech., 14, 4053-4068, 2021

2.3 Test of the new dEC data

To evaluate the new dEC data, parallel BC concentrations
were measured with a seven-wavelength Aethalometer with
dEC concentrations in December 2019. Radiation attenua-
tion of an aerosol deposition on a filter (ATN} ) is determined
by the Beer—Lambert law as follows:

ATN, =1In IO—’)“, (1

I

where Iy ) and I, are the measured wavelength-specific laser
reflectance signals. ATN;, is used to calculate the attenuation
coefficient with Eq. (2) as follows:

A
barN = —, ()
\%

where A is the filter area, and V' is the sampled air volume.
Then a simplified two-component model is used to calculate
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Figure 3. Relationship between the baTy, due to BrC at 405 nm,
and the dEC concentrations.

the contribution of light attenuation to both BC and BrC as
follows (Chow et al., 2018; Chen et al., 2015; Sandradewi et
al., 2008; Hareley et al., 2008):

baTN(A) = gpc X ATAABBC 1 gp o x ) TAAEBIC 3)

where gpc and gprc are fitting coefficients, and AAE is
the absorption Angstrém exponent, which represents the
wavelength-dependent characteristics of light absorption ca-
pability of aerosols. The AAE of BC was assumed to be 1.
Fitting coefficients in Eq. (3) were obtained for potential
AAEpgc between 1 and 8 by a least squares linear regression,
and the AAEg,c leading to the overall best fit in terms of 2
is selected as the effective AAEgc. Using these fitting coef-
ficients, the barn due to BC and BrC are calculated at each
wavelength. Figure S2 shows that the fitted baTn at 405 nm
are within £5 % of the measured values for barn > 0.01.
Figure 3 shows the relationship between the barn due to BrC
at 405 nm and the dEC. Good correlation between them is
found with R? of 0.64, indicating that dEC was associated
with BrC.

2.4 Sampling
2.4.1 Real-time PM; 5 observation

The real-time PM> 5 concentrations were measured through
the tapered element oscillating microbalance (TEOM)
method (TEOM 1405-DF; Thermo Scientific, USA) from
August 2015 to July 2016. The resolution of the measured
data was 6 min. The instrumental operation maintenance,
data assurance and quality control were performed according
to the Chinese Ministry of Environmental Protection Stan-
dards for PM g and PM3 5, which was named “HJ 653-2013”
(Zhang and Cao, 2015b).
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2.4.2 Sample collections

PM, 5 in the atmosphere was collected on 8- 10 inch (0.2 -
0.25 m prebaked quartz fiber filters (QFFs; Pall Corporation,
USA) by a high-volume air sampler (KC-1000; Qingdao,
China) at a flow rate of 999 L min~! in 4 months, namely
4 to 18 June, 6 October to 2 November, 10 to 31 Decem-
ber 2015 and 10 to 31 May 2016. Sampling started and ended
at around 08:00 and 20:00 LT (local time), respectively, every
day; each sample was collected for 12 h. A total of 148 sam-
ples were collected, including four field blanks in the four
seasons using 10 min exposure to ambient air without active
sampling.

All QFFs were prebaked at 450 °C for 6 h before sampling
to remove residual carbon. Before and after sampling, all
QFFs were weighed with an electronic balance (0.1 mg; Sar-
torius, Germany). After weighting, the filters were wrapped
in aluminum foil, packed in air-tight polyethylene bags and
stored at —20 °C until further analysis. All procedures during
handling of filters were strictly quality controlled to avoid
any possible contamination.

2.5 Identification of potential regional sources

The Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT 4.8) model, provided by the National
Oceanic and Atmospheric Administration (NOAA), was
used to investigate the air mass origins of carbonaceous
aerosols. The 48h back trajectories at Nanjing (32.2°N,
118.7°E) were calculated every hour (Draxler and Hess,
1998; Rolph et al., 2017; Cohen et al., 2015). In order to
evaluate the behavior of the air mass circulation in the plan-
etary boundary layer (PBL), the trajectories at 500 m, cor-
responding to the upper-middle height of the PBL, were
calculated, representing a well-mixed convective boundary
layer for regional transport investigation (Xu and Akhtar,
2010). The National Center for Environmental Prediction
Global Data Assimilation System (NCEP GDAS) data ob-
tained from NOAA, with a spatial resolution of 1° x 1° and
24 levels of the vertical resolution, were used as meteorologi-
cal data input to the model. The potential source contribution
function (PSCF) model was usually applied to localize the
potential sources of pollutants. The details about the setup of
the model can be found in Bao et al. (2017).

3 Results and discussion
3.1 Characteristics of carbonaceous aerosols

3.1.1 Concentrations of carbonaceous aerosols

The statistics for the PM,s5, OC, EC and dEC mass
concentrations at the NUIST site are summarized in Ta-
ble 1. The hourly OC concentrations ranged from 0.5 to
45.8 ugm™3 (average of 8.9+ 5.5ugm™>), and the EC con-
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centrations ranged from 0.0 to 17.6 uyg m~> (average of 3.1+
2.0 ug m~3). The results are comparable to those reported by
Chen et al. (2017) in the Xianlin Campus of Nanjing Univer-
sity (5.7ugm ™3 for OC and 3.2 ugm™3 for EC), for which
the site was located in the southeastern suburb of Nanjing
and close to the G25 highway and was also affected by traf-
fic sources. The higher OC concentrations in this study are
probably due to the chemical enterprise emissions. The aver-
age contributions of OC and EC to the total measured PM> 5
mass were 12.8 % and 4.3 %, respectively, suggesting that
carbonaceous fraction made an important contribution to fine
particulate matter. The average dEC mass concentration was
0.8 ugm™3, contributing 10.0% to OC, 22.3% to EC and
1.3% to the PM; 5 concentrations, with a maximum con-
centration of 8.1 uygm™> contributing 48.2 % to OC, 97.8 %
to EC and 17.6 % to total PM; 5 concentrations. This infor-
mation can be further applied in the positive matrix factoriza-
tion (PMF) analysis to evaluate the sources of the carbona-
ceous aerosols (Zhu et al., 2014; Sahu et al., 2011; Yan et al.,
2019).

Compared with carbonaceous aerosol levels in other cities
(Table S2), the OC and EC concentrations in Nanjing were
generally lower than those observed in urban sites, such as
Beijing and Shanghai, and inland cities, like Chengdu and
Chongqing, which are affected by the basin terrain character-
istics, with static wind and unfavorable diffusion conditions,
but higher than those observed in the southern coastal cities
such as Guangzhou, which is a megacity in China. The rea-
son for this could be that the site in Guangzhou is a rural site.
In general, the level of carbonaceous aerosol concentrations
in China is higher than that in developed countries, such as
the United States and countries in Europe, and lower than
that in developing countries, like India, though the sampling
period in India was from late autumn to winter, and the much
higher concentrations in India indicated the heavy pollution
level. The average OC/EC ratio in this study was 3.6, which
is lower than most of those reported in other studies, indicat-
ing the important impact of vehicle emissions at our study
site.

Figure 4 shows the mass fractions of hourly carbonaceous
aerosols and OC/EC ratios at different PM> s concentra-
tion intervals during the study period. During that period,
84.2 % of the PM, s samples exceeded the daily averaged
Chinese National Ambient Air Quality Standard (NAAQS)
of 35.0,ugm™ for the first grade and 40.1 % of the total
samples exceeded the NAAQS of 75.0 ug m~3 for the second
grade, reflecting heavy aerosol pollution in the study area.
Generally, the fractions of carbonaceous components de-
creased with increasing PM, 5 pollution level. A larger mass
fraction (about 32.3 %) of carbonaceous aerosols in PM 5
was found for relatively lower PM> 5 levels (0-20 ugm~3)
compared to high PM, s levels (300-500 ug m~3), with a
carbonaceous aerosol mass fraction of 5.2 %. The results
indicate that other components, like secondary inorganic
aerosol (SIA), contribute more significantly to heavy haze
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Figure 4. Carbonaceous species fractions of PMj 5 and OC/EC
ratios at different PMj 5 concentration intervals at NUIST from
June 2015 to August 2016.

events in Nanjing, which was also found in other cities in
the Yangtze River Delta area (Yang et al., 2011; Zhang and
Zhang, 2019). The contribution of dEC to OC decreased with
the increase in PMj 5 concentrations between 0-200 ug m~3
and then increased with the increase in PM, 5 concentra-
tions between 200-500 ug m~>. The dEC contributed most
significantly to OC of 14.3 % for PM» s concentrations be-
low 20pugm™3. A similar trend was found for the OC/EC
ratios, which showed a sharp increase along with enhanced
PM, s level above 150 ugm™3. Previous studies have re-
ported that high OC/EC ratios were related to SOC for-
mation or biomass burning emissions, whereas low OC/EC
ratios were related to vehicle exhaust (Wang et al., 2015).
We divided the dEC/OC at different intervals of OC/EC ra-
tios and found that the dEC/OC increased when the OC/EC
ratios increased in the four seasons, indicating strong sec-
ondary sources or biomass burning contributions to dEC dur-
ing heavy pollution periods (Fig. S3).

3.1.2 Seasonal variations in carbonaceous aerosols

As shown in Fig. 5, the OC, EC and dEC concentrations and
dEC/OC ratios showed similar variations, with the highest in
winter and lowest in summer. The average OC and EC con-
centration in winter was ~ 1.4 times and 1.5 times higher
than that in summer, and the average dEC concentrations and
dEC/OC in winter were approximately 1.4 and 1.6 times
higher than those in summer (Table 1). High dEC/OC was
found in January and February in winter, indicating the
strong influence of anthropogenic sources on dEC, such as
coal combustion. In addition, we found strong biomass burn-
ing activities in February, which significantly contributed to
the high concentrations of dEC in February; more details
can be found in Sect. 3.3. The seasonality of carbonaceous
species in PM» s was strongly influenced by the seasonal
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Table 1. Statistical summary on the PM, 5 and carbon species concentrations.

N =5113 Annual
Average  Standard Median Min Max Spring  Summer  Autumn Winter
deviation average average  average average
PMj 5 (ug m_3) 77.2 48.6 650 2.5 458.1 72.1 47.9 70.5 91.8
OC (ug m’3) 8.9 5.5 75 05 45.8 8.4 7.2 8.4 10.2
EC (ug m_3) 3.1 2.0 26 00 17.6 2.6 2.3 3.3 34
OC/EC 3.5 2.4 29 1.0 29.3 3.9 4.0 2.8 34
dEC (g m_3) 0.8 0.8 0.6 00 8.1 0.8 0.5 0.7 1.1
dEC/OC (%) 10.0 7.2 86 0.0 48.2 9.5 6.9 9.0 11.3
dEC/EC (%) 22.3 16.7 185 0.1 97.8 24.5 18.2 18.7 25.9
OC/PM; 5 (%) 12.8 5.6 11.6 0.7 66.2 13.2 14.4 14.1 11.1
EC/PM; 5 (%) 4.3 2.3 39 00 33.2 3.9 4.7 5.8 3.7
dEC/PM3 5 (%) 1.3 1.2 09 00 17.6 1.4 1.3 1.2 1.3
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Figure 5. Monthly variations in OC, EC and dEC and dEC/OC and OC/EC ratios at NUIST from June 2015 to August 2016. The boundary
of the box indicates the 25 % and 75 % percentile, respectively. The lower and upper whiskers indicate the 10 % and 90 % percentile,
respectively. The red circle within the box marks the average, while the line within the box marks the median.
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Figure 6. Diurnal variations in OC, EC and dEC concentrations and dEC/OC and OC/EC ratios during the study period. The boundary of
the shaded area indicates the 25 % and 75 % percentile, respectively. The red circle marks the average, while the blue line marks the median.

variations in emission intensities and meteorological param-
eters. Table S3 summarizes the meteorological parameters in
the four seasons during the study period. The high carbona-
ceous aerosol concentrations in winter were mainly a result
of relatively stable atmospheric conditions with low temper-
ature, relative humidity and boundary layer on the one hand
and, on the other hand, increasing emissions from fossil fuel
combustion for heating from the chemical enterprises nearby.
In summer, the higher boundary layer resulted in the disper-
sion of aerosols in the atmosphere, and the higher tempera-
ture promoted the partitioning of semi-volatile organic com-
pounds (SVOC:s) into the gaseous phase (Yang et al., 2011).
In addition, heavy precipitation in summer (586 mm in total)
favored the wet scavenging processes of aerosols.

The average OC/EC ratios in spring, summer, autumn and
winter were 3.9, 4.0, 2.8 and 3.4, respectively (Table 1).
The OC/EC ratio could give some information about pri-
mary and secondary organic carbon (Turpin and Huntzicker,

Atmos. Meas. Tech., 14, 4053-4068, 2021

1995; Lim and Turpin, 2002). In summer, strong convective
activities in the atmospheric boundary layer and solar radi-
ation, high temperature and plenty of moisture in the atmo-
sphere were favorable for the formation of SOC. On the other
hand, the high OC/EC ratios in June in this study were also
strongly related to biomass burning, which will be discussed
in Sect. 3.3. The lower ratios of OC to EC in autumn and
winter indicate strong primary sources in these two seasons.
It should be noted that the OC/EC ratios were a rough indi-
cator to estimate the primary and secondary organic carbon;
further analysis of the formation of SOC needs to be con-
ducted in the future (Pio et al., 2011; Wu and Yu, 2016).

3.1.3 Diurnal variation in carbonaceous aerosols

The diurnal pattern of carbonaceous aerosols can be affected
by both meteorological parameters and sources (Ji et al.,
2016). Figure 6 depicts the diurnal variation in OC, EC and
dEC and dEC/OC and OC/EC ratios during the study pe-
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Figure 7. RH/ T dependence of OC and EC and dEC/OC and OC/EC ratios during the study period.

riod. Clear diurnal variations were observed in OC and EC.
Both the OC and EC concentrations kept high levels at night
and low levels in the daytime, indicating the strong influence
of the atmospheric boundary layer on air quality in north-
ern Nanjing. The peak occurred in the morning for both OC
and EC, indicating the significant impact of traffic sources
on the OC and EC concentrations. The dEC/OC and OC/EC
ratios showed similar trends in the daytime, with a gradual
increase from morning till afternoon, indicating the impor-
tance of the contribution of secondary sources to dEC. Sim-
ilar, though not so obvious, diurnal variations were found in
dEC. It should be noted that the vehicle emissions and the
boundary layer height had no significant effect on the diurnal
variation in dEC/OC, suggesting there were no significant
local sources of dEC. There was a small peak in dEC/OC at
03:00 LT, which might be related to the aqueous secondary
organic aerosol formation during nighttime (Sullivan et al.,
2016).

The relative humidity (RH) and temperature (7)-
dependent distributions of OC, EC mass concentrations and
dEC/OC and OC/EC throughout the study period are shown
in Fig. 7. High dEC/OC (> 30 %) can be found in three ar-
eas; the first is shown in the right area, with relatively high T
at 25-40 °C and RH at 40 %—60 %, which were usually found
in the summer afternoon, which was closely related to the
strong formation of SOC. This distribution was also seen in
OC/EC. The second area is in the upper region, with RH over

https://doi.org/10.5194/amt-14-4053-2021

80% and T at 10-20 °C, and the third area appears for RH
below 30 % and T at about 10 °C, corresponding to nighttime
and winter afternoon. In general, dEC had no strong depen-
dence on the RH and T distribution, indicating the complex
formation mechanism of dEC. OC and EC show similar dis-
tributions with the highest mass loading (OC is > 20 ug m—3;
ECis > 8 ugm™) at relatively high RH at 60 %—80 %, which
usually occurred at night with relatively low boundary layer
height, leading to the accumulation of aerosols. However, the
corresponding OC/EC ratios were low, suggesting the im-
portance of primary sources to OC and EC in northern Nan-
jing, which will be verified in the wind rose of OC and EC
(Fig. 8).

3.2 Air mass transport

3.2.1 Wind rose of carbonaceous aerosols

To investigate the influence of air mass transport on the study
site, the wind rose of OC, EC and dEC/OC, using hourly data
in the four seasons, is shown in Fig. 8 (Carslaw and Ropkins,
2012). There are two points that should be noted. First, high
OC and EC mass concentrations were found near the field
site (indicated by wind speed (WS) < Ims™1), suggesting
that local and primary emissions (e.g., industrial and vehicle
emissions) were stable and important sources contributing
to atmospheric OC and EC mass concentrations in northern

Atmos. Meas. Tech., 14, 4053-4068, 2021
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Figure 8. Wind rose of OC, EC and dEC/OC in spring (a—c), summer (d—f), autumn (g-i) and winter (j-1).

Nanjing. The OC mass concentrations from the southwest in-
creased with the increase of WS in summer, indicating that
the sources of OC are complicated in summer, including sec-
ondary reaction during long-range or regional transport. Sec-
ond, compared with OC and EC, dEC showed no significant
local sources. The dEC/OC increased with increasing WS,
and the highest dEC/OC were found for WS over 3ms~!
Long-range or regional transport were highly likely the main
sources contributing to the dEC mass concentrations.

3.2.2 The potential source areas of carbonaceous
aerosols

The possible source contributions were evaluated using the
PSCF model, and the PSCF maps are shown in Fig. 9 (Pe-
tit et al., 2017). The areas with high PSCF values were
highly likely the potential pollution source areas. As shown
in Fig. 9, the PSCF results further proved the strong regional
transport contribution to dEC and local contributions to OC

Atmos. Meas. Tech., 14, 4053-4068, 2021

and EC. In spring, the potential source areas of OC and EC
were mainly from the southwest of Nanjing; however, the po-
tential source areas of dEC were from the east of Nanjing, in-
dicating obvious different sources between OC, EC and dEC.
In summer, local areas were the main source areas of EC,
and the nearby Yangtze River Delta City Group from the
southeast of Nanjing, including developed cities like Shang-
hai, were the main sources areas of OC and dEC. The an-
thropogenic emissions from these areas might be important
sources of OC and dEC. Besides, both the potential source
areas of dEC and EC were in the northwest of Nanjing in
summer, suggesting strong primary sources of dEC from this
area, which were very likely associated with biomass burn-
ing; more details are given in Sect. 3.3. In autumn, local
sources from the study site were strongest for OC and EC.
However, dEC mainly originated from regional transport
from the northwestern and southeastern areas of Nanjing.
Biomass burning has been proved to be an important source

https://doi.org/10.5194/amt-14-4053-2021
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Figure 9. PSCF map for OC, EC and dEC/OC in spring (a—c), summer (d—f), autumn (g-i) and winter (j-1).

of air pollutants in the Yangtze River Delta (YRD) area, es-
pecially in the wheat harvest seasons (e.g., June and Octo-
ber; Cheng et al., 2014; Zhang and Cao, 2015a). In addition,
the YRD area is the most economically developed region in
China and has lots of industrial cities, which means that in-
dustrial emissions and anthropogenic sources contribute to
high carbonaceous aerosol pollution levels. In winter, dEC
was mainly from long-range transport from northern cities
and regional transport from the southwestern areas of Nan-
jing, while both long-range transport and local sources were
found in OC and EC concentrations.

https://doi.org/10.5194/amt-14-4053-2021

3.3 The characteristics of carbonaceous aerosols
during biomass burning periods

Biomass burning emissions have been proved to be an im-
portant source of BrC on a global scale; they are consis-
tently observed in large-scale forest fire events (Laskin et al.,
2015). Based on the Fire Information for Resource Manage-
ment System (FIRMS) derived from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS), we found that the
fire points amounted to 2028, 1773 and 967 on 11 June 2015,
7 February 2016 and 2 March 2016, respectively, in the areas
around our study site, suggesting there were strong biomass
burning events on these days (Fig. S4). To further investigate
the biomass burning impact on dEC, we analyzed the tempo-
ral trends of carbonaceous aerosols from 4 to 19 June 2015
and 7 February to 3 March 2016, respectively. Combining

Atmos. Meas. Tech., 14, 4053-4068, 2021



4064

M. Bao et al.: Highly time-resolved characterization of carbonaceous aerosols

Table 2. Statistics of OC, EC, OC/EC, dEC and dEC/OC during biomass burning days and normal days. The values represent the average

(4 ) standard deviation.

oC EC OC/EC dEC dEC/0C

(ugm™)  (igm™) (ngm™) (%)

4-19 June Normal days 9.5+45 26£13 43+23 02+£0.1 25+13
Biomass burning days 9.0+3.6 20£09 48+1.6 04=£02 46+14

7 February—-3 March  Normal days 75+£33 25+£12 33+13 08+03 12.7+£5.6
Biomass burning days 11.2+7.2 3.1+£19 40+18 1.7+£14 154+78
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Figure 10. Time series of OC, EC, dEC/OC, dEC and OC/EC from
4 to 19 June 2015. The period was divided into normal days (blue
bars) and biomass burning days (yellow bars). The yellow shading
represents the biomass burning periods.

the observed aerosol concentrations and fire information, we
divided the periods into normal days and biomass burning
days. It should be noted that the biomass burning days are
not determined based only on fire points. We also consid-
ered the 48 h backward trajectories and open biomass burn-
ing areas. For example, we found lots of fire points from
11 to 12 June 2015 and from 7 to 10 February 2016, re-
spectively, and the 48 h back trajectories passed over these
biomass burning areas (Fig. S5b and c). However, although
there were large amounts of fire points in the northwest of
Nanjing from 8 to 9 June 2015, the backward trajectories
showed that the air masses during the periods came from
the southeastern areas where no open fire points were found
(Fig. S5a). In contrast, there were only a few fire points found
near the study site from 26 to 27 February 2016; the 48 h
backward trajectories showed the air masses came from the
area (Fig. S5d).

As shown in Figs. 10 and 11, we found that dEC con-
centrations and dEC/OC and OC/EC ratios showed peaks
during each biomass burning period which were not that
obvious in OC and EC concentrations, suggesting that the

Atmos. Meas. Tech., 14, 4053-4068, 2021

unique biomass burning impact on dEC and the sources
of OC and EC were more complicated. It should be noted
that there were peaks of dEC on 9 June 2015 and 13 Febru-
ary 2016, which were not biomass burning days, suggest-
ing that biomass burning was not the only source of dEC.
As mentioned in Sect. 3.1 and 3.2, anthropogenic emissions
could be the sources of dEC, and the secondary sources can-
not be ignored, either. Summarized in Table 2 are the aver-
age and standard deviation values of OC, EC, OC/EC, dEC
and dEC/OC during biomass burning and normal days. The
OC/EC, dEC concentrations and dEC/OC were obviously
higher on biomass burning days than in normal days, but
similar levels of the OC and EC concentrations were found
on both biomass burning days and normal days in summer,
suggesting the great contribution of biomass burning emis-
sions to dEC, and there were other sources of OC and EC
in summer. All the carbonaceous aerosols were higher on
biomass burning days in winter; in addition, the locations of
open-fire counts were mainly in the northwestern and south-
western area of the study site (Fig. S5c and d), which were
the potential source areas of OC, EC and dEC in winter, as
discussed in Sect. 3.2.2, indicating strong contributions of
biomass burning emissions to all the carbonaceous aerosols
in winter.

4 Conclusions

In this study, the characteristics and sources of carbonaceous
aerosols in northern Nanjing were investigated, and we in-
troduced a two-wavelength method by modifying the Sun-
set carbon analyzer. We incorporated a new diode laser at
A =405nm in the instrument, making it possible to detect
the laser beam passing through the filter, at both wavelength
A =658 nm and A =405 nm, so that we can obtain the dEC
concentrations. Our study illustrated the feasibility of using
dEC to characterize the BrC aerosols, providing a new idea
about the measurement of BrC. The results showed that high
(low) OC, EC and dEC concentrations were found in winter
(summer), indicating the significant impact of the increase
in various emission sources in winter and wet scavenging by
rain in summer. Similar diurnal cycles for OC and EC con-
centrations were found to be high at night and low in the

https://doi.org/10.5194/amt-14-4053-2021
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Figure 11. Time series of OC, EC, dEC/OC, dEC and OC/EC from
7 February to 3 March 2016. The period was divided into normal
days (blue bars) and biomass burning days (yellow bars). The yel-
low shading represents the biomass burning periods.

daytime and strongly affected by the boundary layer. Traffic
emissions were found to have a significant influence on the
concentrations of OC and EC. Similar trends were found in
the diurnal cycle of dEC/OC and OC/EC, and the dEC/OC
increased when the OC/EC ratio increased, indicating strong
secondary sources or biomass burning impact on dEC. The
wind rose and receptor model results showed that strong lo-
cal emissions were found for OC and EC; however, dEC
was significantly affected by regional or long-range trans-
port. The nearby YRD area was one of the main potential
source areas of dEC, suggesting that anthropogenic emis-
sions could be the sources of dEC. Together with the back
trajectories analysis and MODIS fire information, we ana-
lyzed two biomass burning events in both summer and win-
ter. The results showed that the sources of OC and EC were
more complicated than those of dEC in summer. Biomass
burning emissions made a great contribution to dEC concen-
trations in summer. A large number of open-fire counts from
the northwestern and southwestern areas of the study site was
observed; these fires significantly contributed to the carbona-
ceous aerosol pollution.

Our modified two-wavelength instrument provided more
information than the traditional single-wavelength thermal-
optical carbon analyzer. The results proved that dEC can
be an indicator of BrC on biomass burning days. It should
be noted that the sources of dEC were complicated, and
the anthropogenic emissions and secondary formations of
dEC aerosols could not be ignored; further chemical analysis
needs to be conducted in the future. The evaluation of SOC
formation and the relationship between dEC and SOC can be
conducted. In addition, more chemical analysis, such as the
analysis for ions, organic matter or sugars in PM5 5 can be
made; thus, we can obtain some information of the tracers of
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different sources, and more accurate and quantitative source
apportionment can be done (Bhattaraia et al., 2019; Wu et al.,
2018, 2019). We also hope that the dEC data can be further
applied in more research.
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