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ABSTRACT

The concentrations of organic carbon (OC) and elemental carbon (EC) in fine particulate matter (PMy5) were
analyzed using a semicontinuous carbon analyzer to characterize their carbonaceous components at the Nanjing
University site from August 2013 to December 2018. OC was divided by the minimum R squared (MRS) method
into primary organic carbon (POC) and secondary organic carbon (SOC). The results showed that annual mean
POC and EC concentrations declined from 10.00 to 3.62 pg m~> and from 6.73 to 3.40 pg m >, respectively,
during 2013-2018. The apparent reduction in POC and EC concentrations indicated that the implementation of
air pollution control measures helped reduce carbonaceous aerosol pollution. Higher concentrations of POC and
EC were recorded during the cold season and lower in the warm season. The annual mean SOC concentrations
varied between 4.35 and 3.18 pg m > from 2013 to 2018. Elevated SOC was observed during the warm season,
most likely attributable to the enhanced photochemical activity at high temperatures. Regarding the diurnal
variation, the high concentrations of POC and EC were observed at night and in the morning due to stronger
primary emissions and accumulations of pollutants with low boundary-layer heights, while the peak of SOC was
observed at approximately noon due to the increases in photochemical activity. Nonparametric wind regression
analysis showed the higher concentrations of POC, SOC and EC in the northwesterly, southwesterly to south-
easterly, and southwesterly winds with high speeds. Concentration-weighted trajectory (CWT) analysis suggests
that the areas with potentially high contributions to POC and EC changed from the north to the western areas of
China, and that northern China played an increasingly important role in the SOC concentration of Nanjing. These
results demonstrate that controlling emissions from the western and the northern areas in China may further
alleviate carbonaceous aerosol pollution in Nanjing.

1. Introduction

(Wang et al., 2015), while SOC is formed through the oxidation of vol-
atile organic compounds (VOCs) (Chen et al., 2017; Yu, 2011; Zhang

Carbonaceous aerosols are major components of fine particulate
matter (PMy5), (total carbon, TC) and can create challenges from local
to global levels for air quality, including air quality, public health, and
climate (Bond et al., 2013; Ding et al., 2013a; Vodicka et al., 2015). TC
has two main subfractions, namely, organic carbon (OC) and elemental
carbon (EC). Carbonate carbon (CC) may be negligible to the TC mass in
fine PMy 5 (Ji et al., 2016). EC is primarily generated from incomplete
coal burning and vehicular exhaust. OC contains primary organic carbon
(POC) and secondary organic carbon (SOC) and is highly diverse in its
chemical composition. POC is considered to share similar sources to EC

et al., 2017).

China has suffered severe aerosol pollution for the past decade,
particularly in the economically developed eastern regions, such as the
Yangtze River Delta, which has been attributed to high emissions of air
pollutants from fast urbanization and industrialization, (YRD, Qi et al.,
2015). As the capital of Jiangsu Province and one of the largest mega-
cities in the YRD, Nanjing had a PM3 5 concentration reaching 77.0 pg
m~2 in 2013, 1.2 times the second-grade National Ambient Air Quality
Standards (Wang et al., 2017). Facing the substantial challenge of air
quality improvement, since 2013, China has conducted its toughest-ever
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air pollution control plan, aiming to reduce the PM5 5 concentration by
20% within 5 years in the YRD (Jin et al., 2016; Zhang et al., 2019). As a
result, the air quality in Nanjing improved significantly from 2013 to
2018 (http://hbj.nanjing.gov.cn/njshjbhj/201906,/t20190605_155
9172.html, last accessed: June 26, 2019). A series of studies on carbo-
naceous aerosols have been conducted in Nanjing, revealing interannual
and seasonal variations of this important component of PMjs. From
2001 to 2014, the concentration of OC increased significantly from 5.6
to 13.4 g m~>, while that of EC stayed between 3.8 and 3.2 pg m 3 (An
etal., 2015; Chen et al., 2017; Yang et al., 2005). From 2014 to 2017, the
concentrations of OC and EC decreased significantly from 39.1 to 11.1
pg m~3 and from 5.7 to 0.9 pg m 3, respectively (Liu et al., 2019; Wang
et al., 2017), and the decreased TC concentration contributed to
improved air quality in Nanjing (Wang et al., 2017). Carbonaceous
aerosols pollution was more serious in the cold season (Ji et al., 2019a).
The highest concentration of SOC occurred in winter, followed by
autumn, summer and spring, while the ratio of SOC to OC was highest in
summer (Li et al., 2015), indicating varied sources of carbonaceous
aerosols in different seasons. Overall, previous studies have seldom
focused on the impact of air pollution control measures.

To evaluate the effectiveness of air pollution control measures, it is
very important to obtain the high-resolution concentrations of EC and
OC for a long time sequence. Most previous studies relied on limited
membrane sampling, which can reflect only the average concentration
over a period of time (Bao et al., 2017; Hu et al., 2010; Huang et al.,
2014; Li et al., 2015). Long-term measurements with a relatively high
temporal resolution are essential for understanding the changing pattern
under air pollution control measures. However, long-term measure-
ments of OC and EC are still rare in China, and the effectiveness of
emission controls on carbonaceous aerosol pollution alleviation remains
unclear.

Nanjing is a typical city with a developed industrial economy and
one of the pioneer cities that has implemented stringent emission control
measures to reduce aerosol pollution over the past decade. The evolu-
tion of carbonaceous aerosol patterns in Nanjing, to a larger extent,
exemplifies the progress of national action on air improvement. In this
study, we reported the longest record of carbonaceous aerosols in
Nanjing with semi-continuous measurements. The interannual, sea-
sonal, weekly, and diurnal variations in POC, EC and SOC (estimated
with the EC-tracer method) were investigated to elucidate their varia-
tion characteristics and assess the effectiveness of control measures
taken in Nanjing. We further applied nonparametric wind regression
(NWR), concentration-weighted trajectory (CWT) methods and back-
ward trajectory clustering analysis to evaluate the impact of local and
regional anthropogenic sources of carbonaceous aerosols. The study
could help improve the understanding of the drivers of changing
carbonaceous aerosols and the effectiveness of PM control measures on
them.

2. Materials and methods
2.1. Description of the site

As shown inFigure S1, the measurements were conducted at a sub-
urban site in the Xianlin Campus of Nanjing University (NJU). The in-
strument is located on the roof of School of Environment (118°57’10"E,
32°07'14"N, 30 m above ground), approximately 300 m away from the
G25 highway and 20 km from downtown.Figure S2 in the supplement
shows the wind rose plot for the NJU site during this period. Few
emission sources of primary aerosols exist within 10 km of the site, and
none are located upwind (Ding et al., 2013a). Air pollution in Nanjing is
affected by multiple sources. Given the prevailing winds from the
southeast and northeast, the site is located upwind of Nanjing and
downwind of the Suzhou-Wuxi-Changzhou city cluster, one of the most
developed regions in the YRD. Common air pollution control measures
have been implemented simultaneously in the YRD region. Therefore,
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NJU can be considered a suburban site, which can reflect the mixed
contributions of air pollutant emissions in Nanjing and the YRD region
(Ding et al., 2013a). Due to the maintenance of the instrument in 2019
and the irregular effect of the novel coronavirus (2019-nCoV) epidemic
lockdown, limited data were available from 2019 to 2020. Therefore,
our dataset covers from August 1, 2013 to December 30, 2018.

2.2. Field measurements

Hourly ambient concentrations of OC and EC in PM; 5 were sampled
and analyzed by semicontinuous carbon analyzers (Model 4, Sunset Lab,
USA). The analyzer used the National Institute of Occupational Safety
and Healthy modified protocol (NIOSH 5040) as its default protocol to
measure OC and EC. The airborne particles were injected into a PMj 5
cyclone at a sampling flow rate of 8.0 L min~'. PMy 5 was collected using
a circular 16 mm quartz filter. The sampling period was 40 min and the
analysis process lasted for 15 min for each cycle (Chen et al., 2017).
Before the PMj, 5 was collected by the quartz filter, the volatile organic
gases were removed by a multichannel parallel plate denuder installed
upstream of the analyzer. The sampled aerosols were repeatedly heated
at four increasing temperature steps in different oxidizing atmospheres
in the analysis chamber to evaporate carbon components with different
forms. Then, the carbon components were catalytically oxidized to CO4
gas in the oxidizing oven. All the carbon components (OC and EC) were
converted to CO, and detected with a nondispersive infrared (NDIR)
sensor. OC and EC were automatically quantified by standard methane
gas (5% CH4 in He). Although we operated the analyzer strictly ac-
cording to standard operating procedures (SOPs, https://www3.epa.
gov/ttnamtil/spesunset.html, last accessed: June 26, 2019), the data
obtained by the analyzer were partially flawed due to uncontrollable
factors. We removed defective data based on the following principles. 1)
The random data points below the detection limit were treated as invalid
data (0.5 pg m~ for both OC and EC, https://www.sunlab.com/model-
4-semi-continuous-oc-ec-field-analyzer/, last accessed: June 26, 2019).
We removed the invalid values as suggested by Schmale et al. (2017). 2)
When any data point was 10 times larger than its surrounding two
points, we considered it an outlier and removed it. The percentage of
data removed in each year was 16.7%, 12.9%, 11.0%, 15.3%, 17.3% and
18.6% for 2013, 2014, 2015, 2016, 2017 and 2018, respectively. In
total, 28,234 h of OC and EC concentrations were available after
screening. The concentrations of SOy, O3, CO, and NOy were measured
by Thermo Environmental Instruments (Model 43i-TLE, 49i, 48i, and
42i). The PM> 5 concentration was monitored using a Thermo Scientific
TEOM 1405. The CSI-CR1000 automatic weather station was used to
measure meteorological parameters, including wind speed, wind di-
rection, relative humidity (RH), temperature (T) and solar radiation.

2.3. Wind analysis and source identification

2.3.1. Wind analysis

Developed by Henry et al. (2009), NWR combines ambient concen-
trations with measurements of wind direction and speed. The principle
of NWR is to give weight to concentration values associated with wind
direction (0) and speed (u); the weighting coefficients are determined
through Gaussian-like functions. The sustained wind incidence method
(SWIM) consists of taking wind direction and speed standard deviations
into account instead of constant smoothing parameters, as is done by the
NWR (Vedantham et al., 2012). This allows us to dynamically “down-
weight” data associated with high standard deviations. However, SWIM
is only sensitive to high-value areas and not sensitive to low-to-medium
values. Therefore, in this study, NWR was used to study the influence of
wind speed and wind direction on pollutants. Analysis results were ob-
tained using a new Igor-based tool, ZeFir, which enables a comprehen-
sive investigation of the geographic origin of air pollutants (Petit et al.,
2017). The method was discussed in detail by Petit et al. (2017). Briefly,
the NWR graph represents an integrated picture of the relationships of
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Table 1
Medians, averages, and associated standard deviations for the OC, EC, POC, SOC and PM, 5 concentrations (in pg m~3) from August 2013 to December 2018.
oC EC POC SOoC PM, 5
Median Average SD Median Average SD Median Average SD Median Average SD Median Average SD
2013 7.16 9.54 7.56 5.99 6.73 3.20 8.33 10.00 5.44 2.55 4.35 5.19 70.00 93.96 74.19
2014 3.81 4.89 4.11 3.61 4.09 1.75 4.54 5.66 3.70 1.32 2.76 3.83 70.00 78.33 46.87
2015 6.91 7.84 4.44 3.19 3.71 2.02 3.82 4.64 2.88 2.91 3.57 2.92 43.00 53.15 42.40
2016 7.98 8.71 3.99 3.89 4.41 2.00 4.19 5.00 2.86 3.48 3.91 2.61 34.00 43.73 36.03
2017 8.13 9.15 4.25 3.7 4.27 2.65 2.25 2.97 2.67 5.67 6.21 4.19 40.00 44.81 29.10
2018 6.11 6.68 2.99 2.98 3.40 1.70 2.94 3.62 2.29 2.94 3.18 1.84 34.00 47.45 41.98
Whole period 6.47 7.48 4.79 3.64 4.24 2.31 3.80 4.70 3.37 3.17 3.93 3.28 47.00 59.31 48.44

estimated concentrations of the specific pollutant, wind direction and
wind speed. The graph of the joint probability for the wind data, similar
to the wind rose graph, shows the occurrence probability distribution of
the wind speed and wind direction.

2.3.2. Source identification

Identifying the sources of air pollution is important to evaluate the
effectiveness of air pollution control plans. Both potential source
contribution function (PSCF) and CWT can be used to investigate the
sources of air pollutants. Compared to PSCF, CWT can distinguish the
calculated pollutant concentrations in a grid cell, which is slightly
higher or extremely higher than the given criterion. Therefore, CWT
analysis was applied, as is was capable of distinguishing moderate
sources from strong sources. The impact of pollutant transport was
analyzed using backward trajectory clustering. In this study, the domain
for the CWT and backward trajectory clustering was set in the range of
(20-65° N, 65-150° E) with a grid cell size of 0.25° x 0.25°. The po-
tential location responsible for high concentrations observed at the re-
ceptor site was detected from geographically identified air parcels with
high concentrations of air pollutants and long residence times. The 48-h
air mass backward trajectories reaching the sampling site were calcu-
lated using the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model. The driven data (1° x 1° latitude-longitude horizontal
resolution) introduced into the HYSPLIT model (September 2019,
Version 4.2.0) were downloaded from the Global Data Assimilation
System (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/). The model
was run every hour of the day with an initial height of 100 m above the
ground level (Ding et al., 2013b).

2.4. Estimation of (OC/EC) pri

SOC and POC can be separated from OC by applying EC as a tracer
(Turpin and Huntzicker, 1995; Wu et al., 2019). Based on the hourly
data from online measurement, we applied Egs. (1) and (2) to estimate
SOC and POC concentrations:

ocC

= — Ei —_—) .
SOC = 0C — EC % (52,

@

POC = OC — SOC 2

where OC and EC are the measured ambient OC and EC concentrations,
respectively, and (OC/EC) y; is the ratio of primary OC to EC emissions
with the contribution of SOC excluded (Wu et al., 2018).

(OC/EQ)pyj is the key parameter in the SOC calculation with the EC-
tracer method. Traditionally, (OC/EC),;; was determined by various
methods including the OC to EC ratio from the emission inventory, the
lowest OC to EC concentration ratio during the observation, and the OC
to EC concentration ratio at night (Guo et al., 2012, 2014; Huang et al.,
2012). Millet et al. (2005) proposed the minimum R squared (MRS)
method, which proved more robust in SOC estimation than the mini-
mum OC/EC or percentile OC/EC method. Sandrini et al. (2014) and
Cesari et al. (2018b) concluded that differences in emission sources in
different seasons would lead to changes in (OC/EC),;;. Based on the MRS

method, we used a computer program developed by Wu et al. (2018) to
calculate SOC, which calculated the (OC/EC),,;; values separately for
each season of each year. (OC/EC),;; obtained by the MRS method was
close to those determined by the lowest OC to EC concentration ratio
during the observation in Nanjing for the same season of the same year
(Figure S3) (Chen et al., 2017; Li et al., 2015).

3. Results and discussion
3.1. Data overview

Table 1 summarizes the statistics of the POC, SOC, OC and EC con-
centrations from August 1, 2013 to December 30, 2018. Throughout the
research period, the average hourly OC and EC concentrations were
observed at 7.48 + 4.79 and 4.24 + 2.31 pg m ">, contributing 15.0%
and 8.3% to the PMj 5 mass, respectively. The average concentrations of
POC and SOC were 4.70 + 3.37 and 3.93 + 3.28 pg m ™3, respectively.
Table S1 summarizes the interannual variation in meteorological pa-
rameters and atmospheric self-purification capacity (ASPC, shown in
Table S1 in the supplement) during the study period. ASPC, which is a
synthetic parameter connecting dilution by ventilation with wet scav-
enging (Tang et al., 2019), can be calculated according to the national
standard “Atmospheric Self-purification Capacity Level”
(GB/T34299-2017) (Dong et al., 2018). The wind speed and ASPC
increased from 1.54 m s~ to 1.49 in 2013 to 1.70 m s~ ! and 2.21 in
2018. Previous studies showed that higher wind speeds were beneficial
for reducing PM; 5 concentrations, but no clear quantitative relationship
between them was demonstrated (Chang et al., 2017; Ji et al., 2019b).
Unlike wind speed, Tang et al. (2019) found that the relationship be-
tween ASPC and PM, 5 concentration was negative. This indicates that
the improvement of ASPC is beneficial to reducing the PM; 5 concen-
tration. The correlation between ASPC and PM, 5 concentrations is be-
tween —0.63 and —0.25 (P < 0.01) (Table S1), which is close to the
literature values (Dong et al., 2018; Tang et al., 2019). The increasing
wind speed and ASPC led to a decline in annual average carbonaceous
aerosol concentrations.Table S2 summarizes the interannual variations
in gross domestic product (GDP), population, vehicle numbers, fossil
fuel and electricity consumption in Nanjing. Compared with 2013, the
2018 consumption of coal, gasoline and diesel oil in 2018 declined by
10.5, 47.3 and 29.3%, while that of natural gas and electricity increased
by 15.1 and 22.6%, respectively. The decreased fossil fuel use and
increased clean energy use reduced EC and OC emissions and thereby
reduced EC and OC concentrations (Tong et al., 2020).

Based on to the national air quality standard, six pollution levels
were determined according to daily PMj 5 concentration, i.e., excellent
(0 < PMy5 < 35 pg m3), good (35 < PMy5 < 75 pg m™3), lightly
polluted (LP, 75 < PMy 5 < 115 pg m~>), moderately polluted (MP, 115
< PM35< 150 pg m_?’), heavily polluted (HP, 150 < PMy5 < 250 pg
m~%), and severely polluted (SP, PMy 5 > 250 g m~>). There were 9792,
10,271, 1175, 4580, 1628, and 224 h for the excellent, good, LP, MP,
HP, and SP polluted periods, respectively. In total, 37% and 27% of the
observed PM, 5 concentrations exceeded China’s first grade (35 pg m )
and the second grade National Ambient Air Quality Standard (75 g
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Fig. 1. Variation in average percentages of POC (red), SOC (green), EC (black)
and other (white) components in PM, s for different air quality levels. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

m™3), respectively. Fig. 1 shows the average percentages of POC, SOC,
EC and other components in PM; 5 under different pollution conditions.
TC was the major component of PM5 5 when the air quality was excellent
and good, with its fraction reaching 49.3% and 24.1%, respectively.
When the air quality became poor, other species dominated the PM5 5
mass. In particular, TC contributed a small fraction (12.1%) of PMj 5
during the SP period (PMy5 > 250 pg m ). This result indicates that the
rapid accumulation of other compounds might be responsible for the
poor air quality, which has been found in many cities in China (Guo
et al., 2010).
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3.2. Interannual variations

The relationship between OC and EC is an important indicator for
understanding the source and chemical conversion of carbonaceous
aerosols (Chen et al., 2017; He et al., 2010; Hu et al., 2012). Fig. 2 shows
the relationships between OC and EC from 2013 to 2018. Except for
2017, OC and EC were well correlated, with R? ranging from 0.35 to
0.53. The good correlations indicate that OC and EC shared certain
similar sources. Based on Table 1, the contribution of SOC to TC was
highest in 2017 (46.3%) and lowest in 2013 (26.7%). We found that SOC
accounted for a smaller fraction of TC when the correlation between OC
and EC was stronger (Fig. 2). Meanwhile, the slopes between OC and EC
decreased year by year (2013: 2.61, 2014: 2.57, 2015: 2.73, 2016: 2.3,
2017: 2.27, 2018: 2.12). This may be related to the small boiler shut-
downs and large boiler upgrades.

Based on Table 1, the average annual mean concentrations of POC
and EC decreased from 10.00 to 6.73 pg m ™ in 2013 to 3.62 and 3.40 pg
m 2 in 2018, respectively. The largest decline in POC and EC concen-
trations was found during 2013-2014, with relative reductions of 45.3%
and 36.9% between the two years, respectively (Table 1). From 2014 to
2018, the average annual decreasing rates of POC and EC concentrations
were approximately 5.9% and 2.8%, respectively. As illustrated in
Figure S4, many air pollution control measures were taken between
2013 and 2017. In 2013, Nanjing renovated 156 high-polluting enter-
prises, then renovated approximately 55 high-polluting enterprises
every year over the following years (NJNBS, 2018). From 2013 to 2018,
gasoline, diesel oil and coal consumption fell by 47.31, 29.28 and
10.51%, respectively (based onTable S2), which led to a reduction in EC
and POC emissions. Table S3 summarizes the annual and seasonal var-
iations in EC and OC emissions from 2013 to 2017 in Nanjing. The
emissions of OC and EC showed a decreasing pattern, especially in the
industrial sector. Based onTable S3, the ratio of OC to EC remained
stable overall, but the ratio of OC to EC in the industrial sector showed a
downward trend. Therefore, the treatment of high-polluting enterprises
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are shown.

could be responsible for the decreased POC and EC concentrations,
suggesting the effectiveness of pollution control measures. In summary,
the results from field measurements jointly gave credence to the
assumption that POC and EC in Nanjing decreased in general from 2013
onwards due to upgraded energy consumption.

However, the SOC concentration did not decline significantly. As a
secondary pollutant, SOC formation is influenced by many factors, such
as solar radiation, precursor emissions, and atmospheric oxidation ca-
pacity. As illustrated in Figure S5, the daytime solar radiation value
remained basically the same between 2013 and 2018. The VOCs emis-
sions in Nanjing ranged from 136 to 141 kilo tons yr~! with limited
interannual change from 2013 to 2017 (http://meicmodel.org, last
accessed: June 26, 2021). Therefore, the SOC level could be influenced
by the changing atmospheric oxidation capacity. The annual averages of
O3 concentrations and the SOC, POC and EC concentrations by O3 level
are shown in Fig. 3. The O3 concentration increased at a rate of 2.6 pg
m~2y~! from 2013 to 2018, indicating enhanced atmospheric oxidative
capacity (Fig. 3a). While EC and POC declined with O3 growth (Fig. 3b
and d), SOC concentration increased with it when the O3 level was over
40 pg m~3, at a rate of 1.1 pg m > per 50 pg m > growth of Os. In
summary, the limited reduction in VOCs emissions and the enhancement
of atmospheric oxidation capacity could explain the slight increase in
SOC concentrations since 2013.

3.3. Monthly and seasonal variations

The monthly and seasonal variations in POC, SOC and EC concen-
trations are illustrated in Fig. 4. The average POC and EC concentrations
ranged from 2.0 (March 2017) to 16.9 pg m > (December 2013) and
from 2.4 (August 2018) to 8.8 pg m~> (December 2013), respectively.

Similar variations were observed, with higher average concentrations of
POC and EC in the cold season (from November to February of the
following year) and lower concentrations in the warm season. The
lowest and highest average concentrations for POC and EC commonly
occurred in July and December during the whole period, respectively
(Fig. 4a). The concentrations of POC and EC are affected by diffusion and
rainwater removal, which has been observed in many cities (Chang
etal., 2017). As shown inFigure S6, the average height of boundary layer
(BLH) in July was 21.9% higher than that in December. Moreover, the
highest average precipitation in July reached 16.9 mm, which was 3.7
times higher than that of December (Figure S7). The adverse diffusion
(smaller BLH) and removal conditions (less precipitation) in December
elevated the POC and EC concentrations (Ding et al., 2016). As a sec-
ondary pollutant, the monthly pattern of SOC concentration was
different from that of POC and EC. The SOC concentration was higher in
the warm season (from April to October) and lower in the cold season.
The average SOC concentration ranged from 0.4 (August 2014) to 13.6
pg m~3 (May 2017). The lowest (2.3 pg m~°) and highest monthly
concentrations of SOC (6.7 pg m~>) were observed in February and May
throughout the period, respectively (Fig. 4a). Stronger solar radiation
could be the reason for the high concentration in May (Figure S8), as it
promotes the chemical conversion of VOCs to SOC (Zhao et al., 2015). In
addition to the photochemical activity, another reason may be the
higher emissions of SOC precursors (e.g., aromatics) in the summer
(Wang et al., 2020). For example, Wang et al. (2020b) found that the
emissions of aromatics in Nanjing in summer were about 10% higher
than that in winter. Opposite patterns, i.e., elevated SOC in winter, were
observed in some background sites, where biomass burning in winter
played a more important role (Cesari et al., 2018a; Mousavi et al., 2019).
Additionally, the SOC concentrations gradually decreased from May to
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Fig. 4. Monthly (a) and seasonal (b) variations of POC, SOC and EC concentrations from August 2013 to December 2018. The mean (circle), median (horizontal line
in the box), 25th and 75th percentiles (lower and upper ends of the box) and 10th and 90th percentiles (lower and upper whiskers) are shown.

August during the whole campaign (Fig. 4a). The increased temperature
could lead to more semi-volatile organic compounds (SVOCs) remaining
in the gas phase from May to August (Bao et al., 2017).

Higher EC emissions appeared in warmer seasons, which should in-
crease the POC and EC concentrations during these periods (Table S3).
However, the average concentrations of POC and EC in autumn and
winter were usually higher, while those in spring and summer were
lower. The highest average POC and EC concentrations were 16.3 &+ 6.5
and 6.6 + 3.6 pg m > in winter 2013, while the lowest was 0.4 + 0.3 g
m~2 in summer 2017 and 2.4 + 0.7 ug m > in summer 2018, respec-
tively (Fig. 4b). The highest concentrations observed in winter could be
caused by the adverse diffusion conditions and the stronger regional
transport during winter (Ji et al., 2016). The large interquartile ranges of
POC and EC in the cold seasons indicate significant accumulation pro-
cesses in cold seasons. The SOC concentrations varied significantly by
season. The large interquartile ranges of SOC for each season, especially
summer and winter, indicate the cyclic accumulation and scavenging of
air pollutants. Nanjing is located in a typical monsoon area, and the air
masses arriving at the site by southeasterly/southwesterly winds in
summer and by northerly/northwesterly winds in winter resulted in
high levels of pollutants transported from the Pearl River Delta and
North China Plain to the site (Ding et al., 2013b).

The differences in POC, SOC and EC concentrations in the warm and
cold seasons decreased year by year. Higher differences in POC, SOC and
EC in the cold season and warm season each year appeared in 2013,
which were 12.78, 3.12 and 1.61 pg m™°, respectively. The lowest dif-
ferences in POC, SOC and EC in the cold season and warm season each
year appeared in 2018, which were 1.22, 0.31 and 0.58 pg m 3,
respectively. This result implies that the pollution control measures
implemented in recent years not only reduced the primary pollutants
(POC and EC), but also started to limit the SOC precursors (VOCs).

3.4. Diurnal and weekend-weekday variations

Figures S9-S11 show the diurnal variations in POC, SOC and EC in

different years. The diurnal patterns of POC and EC in this study
exhibited two peaks: one during breakfast (6:00 to 9:00) and the other
during dinnertime (18:00 to 20:00). Differently, In contrast, the diurnal
variation in SOC concentration was unimodal (Figure S10). The
maximum concentration of SOC appeared at approximately 12:00
(10:00-16:00) when solar radiation was the strongest (Lin et al., 2009).
The first peak of POC and EC concentrations might be caused by the
morning rush hour. The concentrations for POC and EC gradually
decreased between 10:00 and 16:00, with the lowest at approximately
13:00. At this time, fewer cars were on the road, and emissions were
weaker. Meanwhile, BLH was the highest at noon, which was most
conducive to the diffusion of pollutants. The second peak of POC and EC
concentrations might be caused by cyclic accumulation due to the
decreasing BLH at night. The ratio of the highest to the lowest concen-
tration within diurnal variation can be used to reflect the change in the
source of the pollutant (Ji et al., 2019b). The peak concentrations during
17:00-09:00 of POC and EC were 1.82 and 1.53, 1.70 and 1.47, 1.37 and
1.40,1.34 and 1.41, 1.38 and 1.52, and 1.31 and 1.41 times higher than
the minimum concentrations observed during 10:00-16:00 for 2013,
2014, 2015, 2016, 2017 and 2018, respectively (Figures S9 and S11).
We find that the ratio for POC dropped more significantly than that of
EC. This result suggests that the reduction in POC emissions is more
significant than that of EC. This was consistent with the fact that the POC
concentration decreased faster than EC during the interannual variation
(Table 1). The decreasing ratio reflected the increased combustion ef-
ficiency (Ji et al., 2019b). This might benefit from air pollutant control
actions, such as shutting down small boilers and upgrading the com-
bustion equipment of large boilers. The significant decline in the ratio
for POC reflected that improving combustion efficiency more easily
reduced emissions for POC than for EC. This is because EC is more
heat-resistant than POC (Yu et al., 2010). For SOC, the maximum peak
concentration was 2.35, 2.42, 1.18, 1.16, 1.21 and 1.15 times higher
than the minimum concentration observed in the period 17:00-9:00 for
2013, 2014, 2015, 2016, 2017 and 2018, respectively. The ratio sud-
denly decreased in 2015 and remained relatively low afterward,
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Fig. 5. Potential source areas for POC, SOC and EC in Nanjing from 2013 to 2018. The colorbar indicates the estimated concentration (ug m~>).

indicating that the source of SOC in Nanjing changed significantly in
2015. This could be associated with the strengthened prohibition of
straw burning and improved straw recycling (a recycling rate of 90%
was reached by the local government) since 2015.

Previous studies have shown that the variations in carbonaceous
aerosols during weekdays and weekends reflect the influence of
anthropogenic activities (Ding et al., 2017; Huang et al., 2012, 2013;

Wang et al., 2012). Figures S12-S14 show the diurnal patterns of POC,
SOC and EC during weekdays and weekends. Except for SOC, the
average concentrations of EC and POC declined for weekends and
weekdays from 2013 to 2018. The average concentrations of EC for
weekdays and weekends for 2013 were 6.6 pg m > and 7.1 pg m >, 0.93
and 1.08 times higher than those for 2018, respectively (Figure S14).
The average concentrations of POC for weekdays and weekends for 2013
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were 9.8 pg m > and 10.6 pg m~>, respectively, which were 1.65 and
2.07 times higher than those for 2018, respectively (Figure S11). This
indicates that POC and EC emissions control are efficacious, whether it is
on weekdays or weekends. Similar diurnal variations in POC, SOC and
EC were found on weekdays and weekends. The average POC, SOC and
EC concentrations on weekdays were lower than those on weekends
(Figures S12-S14). Correspondingly, the PMjys concentrations on
weekdays were lower than that those on weekends (Table S4). The
increased outdoor excursions and corresponding transportation activ-
ities around the suburban site on weekends might have resulted in the
stronger emissions and thereby elevated the ambient aerosol level. We
performed two-tailed paired t-tests and proved that there was a differ-
ence between the concentrations of POC (t: 2.318 and sigm: 0.024) and
SOC (t: 1.882 and sigm: 0.013) on weekdays and weekends (p < 0.05). It
is possible that more outdoor activities on weekends elevated the
emissions of POC and SOC precursors. The higher average concentra-
tions of POC and EC for the weekend might be attributed to enhanced
combustion processes, indicated by higher CO concentrations on the
weekend (on average 0.97 + 0.48 mg m~ on weekdays and 1.01 +
0.52 mg m > on weekend). There was no difference in EC (t: 1.882 and
sigm: 0.065) concentration on weekdays and weekends, indicating no
significant decline in emissions on the weekends compared to weekdays.
This result is consistent with previous studies (Chang et al., 2017; Ji
et al., 2018; Lin et al., 2009).

3.5. Impact of atmospheric transport

Figures S15-17 show the results of NWR analysis of POC, SOC, and
EC concentrations in Nanjing from 2013 to 2018. NWR illustrated the
hot spots (higher concentrations) of EC and POC in the northwest and
southwest wind sectors at a wind speed of 6-15 km h™!. The high con-
centrations of POC and EC were closely associated with regional trans-
port (high wind speed) (Ji et al., 2019a). The POC and EC might be
transported from the northwestern and southwestern areas of Nanjing.
The hot spots of SOC appeared in the southeasterly to southwesterly
sector at a wind speed of 5-15 km h™! (Figure S16), indicating that SOC
could be transported from the southwestern urban area of Nanjing and
the YRD city cluster.

The cluster analysis of the backward trajectory indicates the con-
centration of pollutants carried by the polluted air mass and the areas
where the polluted air mass passes. Figure S18 illustrates the air mass
types and the POC, SOC and EC concentrations of each air mass from
2013 to 2018. The average POC and EC concentrations of air masses
from northern China dropped from 8.1 to 5.2 pg m ™ in 2013 to 3.9 and
3.6 ug m~ in 2018, respectively. The average POC and EC concentra-
tions of air masses in Jiangsu Province dropped from 12.9 to 4.9 pg m >
in 2013 to 4.1 and 3.8 pg m~2 in 2018. The average POC and EC con-
centrations of air masses from the coastal areas of southern China also
decreased by approximately 41.3% and 53.5%, respectively. The results
indicate that the air pollution control measures significantly reduced
POC and EC concentrations in both southern and northern China (Ji
et al., 2019b; Lu et al., 2021). In 2013, air masses with high SOC con-
centrations mainly came from northern Jiangsu Province. By 2018,
high-concentration SOC air masses mainly came from northern China
(Tianjin, Beijing, and Shandong). The average SOC concentration in the
contaminated air masses in Jiangsu and the southeastern coastal area
decreased from 5.9 to 5.2 pg m > in 2013 to 2.8 and 2.0 pg m ™ in 2018,
respectively. In contrast, the reduction in air masses from northern
China was limited from 3.5 in 2013 to 3.1 pg m ™3 in 2018. The results
suggest that the origin of SOC pollution in Nanjing in recent years might
have switched to local areas and northern China.

Fig. 5 presents the CWT results for POC, SOC and EC during the study
period. In 2013, the high-contribution areas of both POC and EC
appeared mainly in northern China, and the high-contribution areas
expanded to Hubei, Jiangxi and Hunan Provinces from 2013 to 2018.
This indicates that the pollutant emissions from cities around Nanjing
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played a more important role in the air pollution of Nanjing along with
the improved air quality across the country. The rapid economic growth,
urbanization, increased industrial activity, and increased energy con-
sumption in the northwestern and southwestern areas of Nanjing have
resulted in high aerosol loads in downwind areas (Dai et al., 2018). In
2013, the area with a significant contribution to the Nanjing SOC con-
centration appeared in the surrounding areas of Nanjing. Over the
following years, northern China had a large contribution of SOC con-
centration to Nanjing. Higher levels of aerosol and anthropogenic VOCs
were reported in those areas (Li et al., 2019; Zheng et al., 2018).

In summary, the geographic origin of POC, SOC and EC in Nanjing
has been changing. Economic development in western China has resul-
ted in higher emissions in northwestern China, which in turn has
elevated the carbonaceous aerosol level in Nanjing.

4. Conclusions

The hourly mass concentrations of OC and EC in PMys were
measured semi-continuously at Nanjing University from August 1, 2013
to December 30, 2018, and POC and SOC were separated with the MRS
method. POC and EC declined with the implementation of the air
pollution control plan, while SOC concentration did not decrease
significantly. To further improve air quality, precursors of SOC and
secondary inorganic aerosols need to be controlled. The decreasing OC/
EC indicates the improvement of energy use efficiency. The concentra-
tions of POC and EC were higher in the colder months and lower in the
warmer months, while the pattern of SOC was the opposite. The dif-
ferences in POC, SOC and EC concentrations in the warm and cold
seasons decreased year by year. The diurnal patterns of POC and EC
were closely related to changes in emission sources and the evolution of
the BLH. The higher POC and SOC levels could be attributed to enhanced
anthropogenic emissions during the weekend.

Local emissions and regional transportation played an important role
in TC concentrations. Higher values of POC, SOC, and EC appeared in
the northwesterly, southeasterly, and mainly southwesterly and south-
easterly wind sectors, respectively. This was consistent with their higher
potential of source areas, as determined by the CWT analysis. The high
contribution areas of POC and EC expanded from the north to the
northwest and western regions of China, where coal and thermal power
plants were abundant. The area with a high SOC contribution expanded
from northern China. The reduced straw burning was beneficial to the
decline in SOC concentration in Nanjing.
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