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drolysis. Because of transboundary transport during the control period, air masses from
remote areas contributed significantly to local PM2.5 . Although, secondary organic carbon
(OCsec ) exhibited more sensitivity than primary organic carbon (OCpri ) to control measures,
and the increased nitrogen oxidation ratio (NOR) implied the regional transport of aged sec-
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ondary aerosols to the study area. Overall, the results from various approaches revealed that
local pollution sources were kept under control, indicating that the implementation of mitigation measures were helpful in improving the air quality of Hangzhou during G20 summit.
To reduce ambient levels of PM2.5 further in Hangzhou, regional control policies may have
to be taken so as to reduce the impact of long-range transport of air masses from inland
China.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Air quality in Chinese cities has noticeably deteriorated over
recent years, causing an increased frequency of haze episodes
(Ji et al., 2018a; Wang et al., 2018a; Xu et al., 2016). This increase
in the number of hazy days, the reduction in atmospheric visibility and increase in public health effects are major concerns
for national policy makers (Ji et al., 2018a; Wang et al., 2018b). It
has shown that concentration levels of fine particles (PM2.5 ) directly contribute to the formation of atmospheric haze in Chinese cities (Behera et al., 2015; Shen et al., 2017; Xu et al., 2017;
Zhang et al., 2019). Higher levels of fine particles (PM2.5 ) emitted from primary sources and formed via secondary transformation in Chinese cities have drawn the attention of scientific bodies, and local and central governments. Consequently,
PM2.5 was included as one of the criteria pollutants in the National Ambient Air Quality Standards (NAAQS, GB 3095-2012)
in China, with the acceptable daily average mass concentration (Grade II NAAQS) ≤ 75 μg/m3 (You, 2014).
To tackle the severe air pollution, the Chinese government
introduced the National “Action Plan on Air Pollution Prevention and Control (APAPPC)” from 10 Sept 2013, which includes
strict measures to reduce coal consumption, vehicle exhaust
and industrial emissions (Liu et al., 2018). Under this initiative, the target was to reduce levels of PM2.5 in the regions of
Beijing-Tianjin-Hebei (BTH), the Yangtze River Delta (YRD) and
the Pearl River Delta (PRD) by at least 25%, 20% and 15% respectively by 2017, compared to 2012 levels (Yu et al., 2018).
In addition, the Chinese government adopted radical control
measures during major international events taking place in
various cities. For example, stringent city-specific emission
control measures were imposed to curb air pollution during
events such as the 2008 Olympic Games and the 2014 AsiaPacific Economic Cooperation (APEC) meeting in Beijing, the
2010 Asian Games in Guangzhou, and the 2013 Asian Youth
Games in Nanjing. Previous studies of PM during these events
showed that significant reductions of concentrations were
achieved due to the implementation of these radical measures
(Chen et al., 2017; Xu et al., 2015b; Zhao et al., 2017). Studies
conducted in Beijing Olympic Games and Guangzhou Asian
Games found the obvious reductions in gaseous precursors
(SO2 , NOx ), PM and VOCs (Liu et al., 2013; Wang et al., 2010).
Significant reductions were also observed in secondary inorganic aerosol (SIA) and secondary organic aerosol (SOA) during
the APEC Summit in Beijing due to the decreasing precursors
of secondary aerosol over regional scales (Sun et al., 2016). In
addition to the control measures, the study conducted during 2014 Youth Olympic Games in Nanjing emphasized a cru-

cial role of synoptic weather condition in improving air quality
(Luo et al., 2017). These special control periods are, therefore,
unique opportunities for the scientific community to conduct
comprehensive field campaigns to examine the efficacy of
control policies in reducing levels of PM2.5 and its precursors.
The results of chemical characterization of PM2.5 not only help
in source attribution, but also strengthen the understanding
of PM formation chemistry and facilitate the development of
policies to mitigate aerosol pollutions.
Because of a rapid increase in industrialization, fast growth
in vehicle numbers and accelerated economic growth in
Hangzhou city (the provincial capital of Zhejiang and located
within the YRD, one of the most developed areas in China),
an undesirable rise in levels of PM2.5 has occurred. Such an
increase in PM2.5 concentration links directly to an increase
in the occurrence of haze episodes (He et al., 2018). For example, there were only 12 hazy days observed during 2001,
however, the number of hazy days increased to 239 during
2013 (Wang et al., 2018a). As reported by the previous studies in Hangzhou, more than 70% of monitoring PM2.5 data exceeded the Grade II NAAQS (75 μg/m3 ) in 2005, and the minimum level during summer (73.1 μg/m3 ) was slightly below
the limit value. Concentration of PM2.5 decreased during 2006–
2008, with average 3-year value of 58 μg/m3 during summertime (Hong et al., 2013). Anthropogenic sources like iron/steel
manufacturing dominated the fine particles in Hangzhou city
(Liu et al., 2015).
A number of studies have shown air quality improvement
during the G20 summit held on 04–05 Sept 2016 in Hangzhou.
Zhao et al. (2017) analysed the evolution of criteria pollutants
(PM2.5 , PM10 , SO2 , CO and O3 ) and the impact of meteorological
conditions throughout the G20 period. In addition to the ambient particles and gaseous precursors, Zhang et al. (2020a) also
focused on the variations of PAN (peroxyacetyl nitrate) and
VOCs before, during and after G20 summit, and demonstrated
the effect of synoptic weather conditions via WRF-Chem
model. Li et al. (2019a) compared the changes in gaseous pollutants and PM2.5 during the G20 summit 2016 with the same
periods in 2014 and 2015. Intensive field campaigns were carried out to investigate the formation mechanisms of inorganic
and organic aerosols and the impact of variable meteorological conditions (Ji et al., 2018b; Zhang et al., 2020b). Other research studied changes in the vertical profiles of ozone levels and aerosol extinction coefficients (Su et al., 2017). Investigations were also conducted on how the emission control
actions mitigated submicron aerosol pollution in Hangzhou
throughout the summit (Li et al., 2018; Yu et al., 2018). However, a detailed examination of the chemical profiles of PM2.5
including its major components and a discussion about the
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unexpected high level of total trace elements that occurred
during the most rigorous control period is lacking. Few studies investigated the distributions of gaseous precursors (NO2 ,
SO2 , O3 , CO) and PM2.5 to explore the potential sources, or
conducted the chemical composition spectrums of emission
sources. To fill the knowledge gaps in the literature, the current study would focus on examining the efficacy of control
options imposed by the local government in Hangzhou city
and its surrounding area during the G20 Summit in 2016 with
a specific focus on the chemistry of PM2.5 . To achieve this, a
sampling campaign of PM2.5 and assessment of chemical constituents were conducted during three different periods (precontrol, control and post-control). The control options implemented were to reduce the primary emissions by restricting
the number of on-road vehicles, reducing or shutting-down
production of industrial enterprises and temporary cessation
of construction activities (Su et al., 2017; Yu et al., 2018).
The specific objectives of this comprehensive field campaign were to: (1) analyse meteorological parameters (temperature, relative humidity (RH), wind speed, solar radiation and
sunshine duration), gaseous precursors (NO2 , SO2 , CO and O3 )
and particle concentrations (PM1 , PM2.5 ) during the study period; (2) assess the contribution from trans-boundary transported aerosols to observed levels of PM2.5 mass and distributions of gaseous precursors and PM2.5 in the study area;
(3) understand the chemical profiles of PM2.5 before, during
and after the radical control periods by characterizing three
SNA (sulphate-nitrate-ammonium, SO4 2− , NO3 − and NH4 + ),
eight other WSIIs (water-soluble inorganic ions, Na+ , K+ , Mg2+ ,
Ca2+ , F− , Cl− , Br− and PO4 3− ), seventeen trace elements (As,
B, Ba, Bi, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sn, V and Zn),
two carbonaceous aerosols (OC and EC), and a typical biomass
tracer of levoglucosan; (4) investigate how the control policies
affected the chemical concentrations, sources contributions
and formation mechanisms of secondary aerosols during the
control period.

1.

Study domain and methodology

1.1.

Control scheme, sampling site and PM collection

Based on the “Air Quality Guarantee Scheme in Zhejiang
Province during the 2016 G20”, a three-phase radical air pollution control plan was implemented during the summit. In
brief, the provincial government identified control areas by the
distance from the summit venue as follows: within 50 km as
the core control area, from 50 to 100 km as a strict control area
and from 100 to 300 km as a general control area. The radical
control measures were implemented successively and to various extents in the different control areas. From 24 Aug until
06 Sept 2016, coal-fired power plant operations were reduced
and construction activities were suspended; from 28 Aug to 06
Sept 2016, an odd-even license plate policy was implemented
for private vehicles; between 31 Aug and 06 Sept 2016, a variety of industrial activities were shut down with the emphasis on VOC emitters (Table 1). A PM2.5 sampling campaign was
conducted in Hangzhou city from 15 Aug to 26 Sept 2016 divided into pre-control (15–23 Aug 2016), control (24 Aug–06
Sept 2016), and post-control (07–26 Sept 2016) periods. Sam-
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pling was carried out every other day during 15–30 Aug and
08–26 Sept, while it was conducted every day between 31 Aug
and 06 Sept. The sampling site was located at the Hangzhou
Meteorological Bureau in Zhejiang Province (HMB: 30.22°N,
120.17°E, Fig. 1), which is one of the national atmospheric and
meteorological monitoring stations in China. Specifically, the
sampling site is situated in Hangzhou city centre, 7 km southwest of the G20 Summit venue (Hangzhou International Expo
Centre: 30.23°N, 120.24°E, marked in red on Fig. 1), where local
particulate emission sources mainly included vehicles, industries, and road dust.
For integrated PM2.5 sampling, a universal air sampler TM
(UASTM 310, JV Photonics, China) was used with a nominal
flow rate of 285 L/min (LPM) with an inlet that removes particles of aerodynamic diameter greater than 2.5 μm. The remaining particles were collected on 20.3 cm × 25.4 cm quartz
fibre filters (QM-A, Whatman, UK). Each set of particulate sampling was conducted for 23 h at HMB during three distinct periods from 15 Aug to 26 Sept 2016 as mentioned above. Quartz
filters required for sampling were first baked at 550 °C, for
4 h to remove background chemical contaminants. As a standard protocol of quality control and quality assurance (QAQC) checks, the quartz filters were conditioned for 24 h at a
temperature of 25 ± 1 °C and RH of 30% ± 5% in controlled
desiccators for weighing right before and after the sampling.
The required quantity of field and laboratory blank quartz filters were kept for assessment of QA-QC checks during chemical analysis. The quartz filters were wrapped in prebaked aluminium foil paper before and after sampling. For determination of mass concentrations of PM2.5 , the gravimetric method
was used through weighing of pre- and post-sampling filters using a digital microbalance (FA2104, Brother Instrument,
China) with a sensitivity of 1 μg. To achieve better accuracy
and precision, regular calibrations of both the weighing balance for gravimetric analysis and the flow rate sampler were
conducted throughout the sampling campaign.
After weighing the PM2.5 mass, the filter samples were kept
refrigerated at -20 °C until further analysis. Before chemical
analysis, certain areas of the quartz filters were divided using
clean ceramic scissors and kept for analysis of water-soluble
inorganic ions (WSIIs), trace elements, and biomarkers. Standard solutions of different concentrations prepared from external standards (Sigma-Aldrich, USA) were used for five-point
calibrations for analyses in this study. Final mass concentrations of chemical constituents were reported after subtracting the average concentration of respective constituents
present on the blank filters. Meteorological data, including
temperature, RH, precipitation, wind velocity and direction,
and gaseous pollutant concentrations (O3 , SO2 , NO2 , NO) were
obtained from the Hangzhou National Reference Climatological Station, less than 500 m away from the sampling site.

1.2.

Sample preparation and chemical analysis

1.2.1.

Inorganic ions

WSIIs were extracted and determined by ultrasonic techniques and ion chromatographic (IC) analysis, respectively.
Specifically, the filter fraction was ultrasonically extracted in
20 mL of deionized water for 30 min. The extract was filtered
using a 0.45 μm PTFE microporous membrane and then anal-
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Table 1 – Three-phase radical control scheme during the 2016 G20 summit.
Period

Pre-control

Date
Radical Measure

15-23 Aug
P.L.

Control

Post-control

Phase 1

Phase 2

Phase 3

24-27 Aug

28-30 Aug

1 +
2

31 Aug-6 Sept

1 +
2 +
3


1

07-26 Sept
N.A.

Note: P.L.-Preliminary control measures


1 Coal-fired power plant operational capacity reduction: 50% in core area; 30% in strict and general control area; all construction activities
suspended in both core and strict control areas

2 Odd-even license plate policy for private vehicles in prefecture-level cities in all areas within Zhejiang Province

3 Industrial emission control (emphasis on VOCs emitters): all suspended except daily life necessities in the core area; 50% suspended in the
strict control area and 30–50% in the general control area.

Fig. 1 – Location of sampling site at Hangzhou Meteorology Bureau (HMB: 30.22°N, 120.17°E) inset into a map of China.

ysed using ion chromatography (ICS-1600, Dionex, USA) for
ions including Na+ , NH4 + , K+ , Mg2+ , Ca2+ , F− , Cl− , Br− , NO3 − ,
SO4 2− and PO4 3− . Based on QA-QC results, it was observed
that method detection limit (MDL) varied from 17.9 ng/m3
(Na+ ) to 20.6 ng/m3 (SO4 2− ). Details of the IC instrumentation, method performance, and quality assurance have been
described in previous studies (Xu et al., 2016; He and Balasubramanian, 2008).

1.2.2.

Trace elements

The total particulate trace element concentrations were extracted using an acid digestion method, in which 6 mL of nitric acid (HNO3 , 65% GR grade, Sinopharm Chemical Reagent
Co., Ltd.) and 2 mL hydrochloric acid (HCl, 37% GR grade,
Sinopharm Chemical Reagent Co., Ltd.) were added along with
a punch of filter sample (1.22 cm2 ) in the Teflon vessel of a microwave digester (MARS 5, CEM, USA). The details of this analytical method using inductively coupled plasma-mass spectrophotometry (Thermofisher, USA) can be found in an earlier
study (Xu et al., 2015a). Seventeen trace elements (As, B, Ba, Bi,
Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sn, V and Zn) were determined in this study. From QA-QC results, it was observed that
the recovery efficiency varied from 96.0% (Pb) to 116.5% (Fe),
the MDLs ranged from 0.03 ng/mL3 (Bi) to 3.16 ng/mL3 (Zn).

1.2.3.

OC and EC

The OC and EC in PM2.5 were analysed on a thermal/optical
carbon analyser (Model 2001A, DRI) following the Interagency
Monitoring of Protected Visual Environments-A (IMPROVE_A)
temperature protocol. In addition, the thermal-optical reflectance correction scheme was used for the determination
of optically detected pyrolyzed carbon (OPC) (Watson et al.,
2004). A 0.502 cm2 filter punch was progressively heated from
room temperature to 840 °C, and OC and EC fractions were
determined based on their preferential oxidation at different
temperatures. The concentration of total carbon was reported
as the sum of OC and EC concentrations. Pre-heated fresh filter and field blanks were also analysed to correct field aerosol
sample results.

1.2.4.

Levoglucosan

An area of 16 cm2 from each filter was used for extraction
with 4 ml deionized water through ultra-sonication for 45
min at laboratory temperature, and then filtered through PTFE
0.45 μm pore syringe filters for further analysis. The detailed
analytical process using high performance liquid chromatograph (30A, Shimadzu, Japan) – electrospray ionisation - tandem mass spectrometry (3200 Q trap, AB Sciex, USA) (HPLCESI-MS/MS) can be found elsewhere (Xu et al., 2018). The MDL
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of levoglucosan (0.89 ng/m3 ) was much lower than the ambient concentrations and the method gave satisfactory recovery
efficiency.

1.3.

EC-tracer method

The EC-tracer method was selected to estimate the representative (OC/EC)pri during this sampling campaign, and
the detailed approach of this method has been described in
Strader et al. (1999) and Ji et al. (2019a). Briefly, EC is treated
as a tracer for the prediction of concentration of OCpri under the hypothesis that EC and OCpri originate from the same
sources, hence (OC/EC)pri can be estimated for a given region
of study under consideration. With this hypothesis, it has been
assumed that if measured ambient OC/EC values exceed estimated (OC/EC)pri , the excess fraction of OC is believed to come
from secondary sources and termed as OCsec . The empirical
expressions used in estimation of concentrations of OCsec and
secondary organic aerosol Chen et al., 2017) are given in the
following equations, as Eqs. (1–(3):
OCpri = EC × (OC/EC)pri

(1)

OCsec = OC − OCpri

(2)

SOA = fOM/OC × OCsec

(3)

Based on previous reported studies, measured OC/EC values over 2.9 are treated as high and represent the upper value
of the range of (OC/EC)pri (Conklin et al., 1981; Gray, 1986;
Turpin and Huntzicker, 1995). Hence, we took 2.9 as the threshold value for ambient OC/EC and discarded samples with ambient OC/EC values exceeding 2.9. The remaining data were
analysed with a least-square regression technique, and in this
process, (OC/EC)pri of 1.52 was calculated (Fig. S1(b)) in Supplementary Information (SI)). Fig S1(a) shows the regression
plot for all samples during the whole study period. The improved regression coefficient (R2 = 0.90) estimated through
using the remaining data indicate reasonable confidence that
1.52 can represent (OC/EC)pri , and values of mean mass concentrations of OCpri , OCsec and OCpri percentage to total OC
were estimated. According to a previous study in Shanghai,
urban particulate organic matter (OM) was estimated by multiplying 1.6 ± 0.2 by OC concentration (Yang et al., 2005), hence
the factor of 1.6 was adopted in this study. Table 3 presents
the mean results of mass concentrations of OM, EC, OC, OCpri ,
OCsec and SOA, OC/EC ratio, and the percentage of OCpri in total OC.

1.4.

Analysis of air mass backward trajectories

To identify the impact of pollutants originating from medium
and long-range transport of aerosols rather than local emissions, air mass backward trajectories were analyzed using the
Hybrid Single-Particle Lagrangian Integrated Trajectory model
version 4.9 (HYSPLIT 4.9) from the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
Draxler and Rolph (2013). The air masses were traced back
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96 h to assess the trajectories, which arrived at the sampling
site every 6 h over the whole sampling period at 500 m height
above ground level. All the calculated trajectories were subject to cluster analysis through an assessment tool, Trajstat 1.2.1.0, a geographic information system (GIS) based technique used for estimating the pollutant pathway from a large
number of trajectories with high measurement concentrations (Wang et al., 2009). In this study, the Euclidean distance
model was selected for both distance and direction analysis.

1.5.
Analysis of sulphur oxidation ratio (SOR) and
nitrogen oxidation ratio (NOR)
SOR and NOR in this study are estimated as a molar fraction
using the following Eqs. (4–5):
SOR =

nSO2−
4
nSO2−
4 +nSO2

NOR =

1.6.

nNO−
3

nNO−
3 +nNO2

(4)

(5)

Bivariate polar plot (BBP) analysis

To determine the geographical origins and dispersion characteristics of PM2.5 and gaseous precursors (NO2 , SO2 , O3 , CO)
during the study period in Hangzhou, bivariate polar plots
(BBPs) were applied in this study. The plots have proved to be
highly effective in discriminating different emission sources
and illustrate the variation trends of target species that are
influenced by wind direction and wind speed in polar coordinates. The detailed description of BBP construction can be
found elsewhere (Carslaw and Beevers, 2013). In brief, wind
direction, wind speed and the concentration data of target
species were partitioned into wind speed-direction ‘bins’ and
the mean concentration calculated for each bin. The wind direction intervals at 10° and 30 m s−1 wind speed were set, respectively.
The wind components are calculated in following Eqs. (6–
7):
u = ūsin(

2π
)
θ

(6)

2π
)
(7)
θ
where ū and θ represent the mean wind speed and direction,
with 90° as being from the east. Having obtained a u, v, surface
concentration C, a Generalised Additive Model (GAM), which
describes the concentration as a function of u and v, is used
to extract real source features rather than noise Wood (2006).
The expression is shown in Eq. (8):
v = v̄cos (


Ci =β0 +s(ui ,vi )+εi

(8)

where Ci is the ith pollutant concentration, β0 is the ovrall
mean of the response, s(ui , vi ) is the isotropic smooth function of ith value of covariate ui and vi , εi is the ith residual. This model have been made in the R ‘openair’ package,
which is available at www.openair-project.org Carslaw and
Ropkins (2012).
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Chemical mass balance (CMB) model

To compare the source contributions to PM2.5 and examine
the efficacy of the mitigation measures during pre-control,
control and post-control periods, the chemical mass balance
model (USEPA CMB 8.2) was used in this study. CMB model
is one of the receptor models that identifies the presence of
and quantifies the source contributions to receptor concentrations via physical and chemical characteristics of particles
and gaseous pollutants measured at both source and receptor USEPA (2004). In this model, the receptor (sample) concentrations and source profile abundances, with corresponding uncertainty estimates serve as input data. Reliable fitting
statistics were considered, including R2 were > 0.9, Chi2 were
< 4 (mostly < 1), Tstat values were greater than 2, and percent mass (the ratio of sum of model-calculated source contribution estimates to measured mass concentration) ranged
from 80–120%. Source profiles were selected from the studies in China to be better representative for the source characteristics, such as coal combustion (Dai et al., 2019; Tao et al.,
2017), industry emission (Guo et al., 2017; Tao et al., 2017), vehicle emission (Wang et al., 2015; Wei et al., 2012), fugitive dust
(Shen et al., 2016), biomass burning (Hong et al., 2017; Li et al.,
2009; Zhang et al., 2007) and secondary aerosol (Zhang et al.,
2016). Fitting species should be the major or unique components of sources that influence the sample concentrations.
In this study, we selected OC, EC, levoglucosan, SNA, Cl− , K+ ,
Ca2+ , Na, Cr, Cu, Fe, Co as fitting species, the mass concentration of which are shown in Table 3–5.

2.

Results and discussion

2.1.

Meteorological conditions and PM concentrations

Fig. S2 compares the observed synoptic data (wind direction,
wind speed, solar irradiation, temperature, RH) during precontrol, control and post-control periods. Temperature and
solar radiation maintained at high levels (27.17 ± 3.13 °C,
31.14 × 10−2 MJ/m2 ), but with a generally decreasing trend
based on the averaged values of three periods (Table S1) from
the pre-control (31.25 ± 1.22 °C, 34.44 ± 14.01 × 10−2 MJ/m2 )
to post-control (24.52 ± 1.67 °C, 25.83 ± 14.37 × 10−2 MJ/m2 )
of the study period with the seasonal transition from summer to autumn. Wind speed (2.49 m/sec) was slightly higher
and RH (62%) was lower during the control period compared to
pre-control (2.05 m/sec and 72%) and post-control (1.76 m/sec
and 74%) periods. During the whole campaign, north westerly
winds predominated at the sampling site. In addition, it has
been reported by Yu et al. (2018) that the average daily average
boundary layer heights remained relatively stable throughout
the sampling campaign.
As shown in Fig. 2c, concentrations of particles (PM1 and
PM2.5 ) reduced between 25–29 Aug after emission control policies were implemented on 24 Aug. The overall daily average
level of PM2.5 was lowest (32.48 ± 11.03 μg/m3 ) during the control period. However, it was noted that extremely high concentrations of PM2.5 were observed from 01 to 03 Sept, with the
most extreme value (51.58 μg/m3 ) on 01 Sept. It then decreased

sharply and reached a minimum on 04 Sept (19.59 μg/m3 ) and
maintained such low concentrations until 06 Sept followed by
an increase from the beginning of post-control period. However, PM1 responded differently to the control measures. It
was found that levels of PM1 followed a similar trend to PM2.5 ,
but the mean value was even higher during the control period (28.90 ± 8.20 μg/m3 ) as compared to the pre-control period
(27.50 ± 0.99 μg/m3 ). The occurrence of high levels of PM1 during the control period could be related to the short aerosol pollution episode lasting from 01–03 Sept, with an average concentration of 38.57 ± 5.62 μg/m3 . Such an observation was consistent with the finding by Yu et al. (2018) which attributed it
to the strong accumulation of submicron aerosols. The diurnal
trends of PM1 and PM2.5 (Fig. S3 (e, f)) during the 3-day pollution episode also exhibited substantial increases from 23:00 to
6:00 LST the next day. The possible reasons for the 3-day pollution episode (01–03 Sept) are discussed later in Section 2.5.
The temporal behavioural trend in O3 concentrations was different from that of PM2.5 . O3 levels reached their maximum
value on 31 Aug and after that started to decline until 07
Sept, during which all radical measures were put into practice. They then, began to increase again from 08 Sept when
all the radical measures were stopped. The concentration of
CO showed an opposite trend. Within the control period, it
reached a minimum (0.60 mg/m3 ) on 31 Aug and gradually increasing until 06 Sept, followed by a decrease from 07 Sept.
However, both O3 and CO levels reached their highest observed values (117.50 μg/m3 and 1.13 mg/m3 ) during the control period. The concentrations of SO2 and NO2 during control
period (5.48 ± 2.90 and 12.16 ± 4.26 μg/m3 ) were significantly
lower than pre-control (7.26 ± 1.25 and 17.39 ± 2.13 μg/m3 )
and post-control (7.34 ± 4.67 and 33.82 ± 7.11 μg/m3 , respectively) periods. The photochemical reactions between NO2
and volatile organic compounds (VOCs) under strong solar
radiation could generate the substantial amount of O3 during control period, leading to higher O3 concentrations during control period (117.50 ± 26.24 μg/m3 ) than those during
pre-control (87.03 ± 14.97 μg/m3 ) and post-control periods
(81.31 ± 20.55 μg/m3 ).
Fig. S3 also depicts the diurnal variations of gaseous pollutants (NO2 , SO2 , CO and O3 ). NO2 exhibited obvious peak
values during both morning and evening rush hours (6:00–
9:00, 16:00–20:00, respectively) when the vehicular emissions
are expected to increase; comparatively, the diurnal amplitude of NO2 was smaller during the control period, possibly
attributable to the decrease of NO2 emission from vehicles.
However, the diurnal variation of SO2 was much weaker. It is
known that the sulphur content in fuels used in vehicles is
removed significantly; the relatively higher levels of SO2 from
20:00 to 6:00 next day could be associated with the decaying of
planetary boundary layer height. In addition, during the control period, the overall concentrations of SO2 and NO2 were
lower than those in pre-control and post-control periods, possibly demonstrating the effectiveness of the control measures
taken to reduce coal and traffic-related emissions in the control period.
A different diurnal pattern was observed for CO and O3 during the three periods, both of which increased significantly
during the control period, with highest mean concentrations
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Fig. 2 – Observed data during pre-control, control (background coloured by purple) and post-control Periods: (a) O3 and CO;
(b) NO2 and SO2 ; (c) PM1 and PM2.5.

of 0.78 ± 0.15 mg/m3 and 117.50 ± 26.24 μg/m3 , respectively.
CO exhibited an obvious morning peak (6:00–9:00 LST), which
could be due to the increased emission from traffic. The diurnal curve of ground level O3 was affected by solar radiation as O3 concentration was significantly enhanced during
the daytime relative to the night-time. In addition, during the
3-day pollution episode (01 – 03 Sept 2016), CO concentrations
were lower than the control period excluding 3-day pollution
episode, while O3 concentrations showed the opposite trend
with higher values than the control period excluding 3-day
pollution episode. In Table S1, it can be seen that the solar radiation was strongest and sunshine duration was longest during the 3-day pollution episode than the other periods, which
may result in more consumption of CO and more formation
of O3 by photochemical reactions. Detailed discussions of the
occurrence of higher CO and O3 concentrations during control
period are presented in Section 3.3.1.

2.2.

Influence of regional transport

2.2.1. Backward trajectory of long-range transported air
masses
As explained in Section 2.4, air mass backward trajectories
were computed to identify medium and/or long-range transport pathways and source origins of air masses. Clusters of air
mass backward trajectories during each of the periods were
plotted separately in Fig. 3, which shows air mass back trajectories for segregated paths and representative fire spots in the
study area during pre-control, control and post-control periods. It was clear that both transport pathways and their relative percentages varied significantly over the different periods. The clusters during pre-control and post-control periods
were typically influenced by one dominant path distributed
in the southeast (45.6%) and northwest (80.0%), respectively,
marked as red lines. However, the three clusters during the
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Fig. 3 – Profiles of 96-hour air mass backward trajectories to show segregated paths to study area and presentative fire spots
during (a) Pre-control, (b) Control and (c) Post-control periods.

control period (Fig. 3b) were approximately evenly distributed.
Although the fire spots during the pre-control period were
the most intensive, the predominant air-mass trajectory during this period travelled from the sea and carried both anthropogenic emissions and sea-salt or marine aerosols. The
air masses from North China affected the study area during both control and post-control periods. Hence, air masses
transported from inland areas would possibly give rise to
higher PM2.5 concentrations during the control period. The
highest proportion of air masses during the control period
(pink (39.6%) and red (22.6%), Fig. 3b) originated in remote
areas including Russia and passed through Northern China
with heavy industries and large farms with recorded dense
fire spots, bringing PM emitted from biomass burning in these
remote areas to the study area. During the post-control period (Fig. 3c), air parcels from the northwest passed through
Jiangsu Province and reached the East China Sea. Before reaching the sampling site, they changed direction and travelled
across Hangzhou Bay before arriving at the sampling site from
the north east. Intensive vehicle emission could be expected
from the Hangzhou Bay Bridge. Consequently, a large amount
of aged secondary aerosol from inland industries and biomass
burning mixed were transported to the study site within the
control period.

2.2.2.

Graphical analysis of gaseous pollutants and PM2.5

Bivariate polar plots of NO2 , SO2 , O3 , CO and PM2.5 were presented to graphically identify the potential sources. As shown
in Fig. 4, the concentrations of gaseous precursors and PM2.5
varied strongly according to the wind data (speed and direction). In Fig. 4(b, k), the highest levels of NO2 and CO were from
the northeast and north during the control period, respectively. This is expected due to the dominant traffic exhausts
from elevated highway source, which is around 200 m away
to the northeast of the monitoring site. SO2 and O3 (Fig 5e, f)
were influenced by the emission sources from the northwest
and southeast during the control period, respectively. It was
noted that concentrations of SO2 and O3 increased with the increasing wind speed. Such phenomenon are the indicative of
a buoyant plume from a source like a chimney, from which the
dispersing plumes are brought down to ground level under unstable atmospheric conditions when turbulence is increased
(Carslaw et al., 2006; Carslaw and Beevers, 2013). In fact, a con-

sideration of potential sources for SO2 highlighted firework
emission at the West Lake, which is about 2.5 km away. Production of O3 was attributed to the VOCs-limited regime during the summertime and discussed later in Section 3.3.1.
Fig. 4(m – o) plotted the distributions of PM2.5 during the
pre-control, control and post-control periods. The highest
concentrations from the northwest and southwest at medium
to high wind speed (4–7 m/sec) during the pre-control and control period suggested the influences from distant sources, as
the west side of monitoring site is adjacent to the West Lake
scenic area, where had no important contribution to PM2.5 .
During the post-control period, PM2.5 was contributed from
all directions with concentrations above 40 μg/m3 . The PM2.5
level decreased with wind speed increase from any direction,
indicating the PM2.5 was released from ground level sources,
where higher concentrations were due to the stable atmospheric conditions and reduced advection that existed under
low wind speed (Carslaw and Beevers, 2013).

2.3.

PM constituents and gaseous pollutants

2.3.1.

Secondary inorganic aerosols and precursors

It was observed that SNA accounted for 38% of PM2.5 mass
concentration during the control period. The components of
SNA are not emitted directly into the atmosphere, but formed
through both heterogeneous and homogeneous pathways in
the presence of their gaseous precursors such as SO2 , NOx
(NOx = NO + NO2 ) and NH3 (He and Balasubramanian, 2008;
Seinfeld and Pandis, 1998; Wang et al., 2017a). SO2 is emitted
from fossil fuel combustion (mostly coal combustion), while
emissions of NOx are often associated with both fossil fuel
burning and traffic sources. The averaged ambient concentrations of SO2 , NO and NO2 during the control period were observed as the lowest over the three periods in Table 2, with
5.48 ± 2.90, 2.39 ± 1.54 and 12.16 ± 4.26 μg/m3 , respectively.
Such a trend indicates the effectiveness of mitigation measures in reducing emissions from fossil fuel combustion during control period given that the daily average boundary layer
heights were not particularly lower than the other two periods.
Although the gaseous pollutants mentioned above were
significantly reduced, mass concentration of SNA during the
control period (11.21 ± 4.27 μg/m3 ) increased by more than
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Fig. 4 – Bivariate polar plots of precursor gaseous: NO2 (a-c), SO2 (d-f), O3 (g-i), CO (j-l) and PM2.5 (m-o) during pre-control,
control and post-control periods.
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Fig. 5 – Scatter plots of NOx with O3 (NOx-O3 ) colour coded with solar irradiation (a) and air temperature (b); NOx-PM2.5
colour-code with solar irradiation (c) and air temperature (d); CO-NOx colour-code with O3 concentration (e).

20% compared with the pre-control period (9.25 ± 4.29 μg/m3 ).
The highest concentration of O3 during the control period as
compared to the other two periods could possibly result from
strong photochemical reactions (as mentioned in Section 2.1)
that led to greater conversion of gaseous precursors to their
secondary aerosols in the atmosphere (Wang et al., 2017a).
To acquire more insights into their formation mechanisms,

removal processes and interactions, scatter plots of NOx O3 , NOx -PM2.5 and NOx -CO correlations based on the whole
dataset are presented in Fig. 5. We further differentiated these
correlations under different meteorological conditions and
environments (i.e., solar irradiation, air temperature and O3
concentration). As shown in Fig. 5(a, b), a negative correlation
was found between NOx and O3 over the whole period, with
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Table 2 – Ambient mass concentrations and SD of PM2.5 , SO2 , NO2 , NO, O3 and CO during pre-control, control and postcontrol periods, 3-day pollution episode and control period without 3-day pollution episode (excluding 3-day).

Pre-Control
Control
3-Day
Excluding 3-Day
Post-Control

PM2.5

SO2
(μg /m3 )

NO2

32.59 ± 6.37
32.48 ± 11.03
47.12 ± 4.25
26.21 ± 4.83
43.01 ± 9.97

7.26 ± 1.25
5.48 ± 2.90
3.93 ± 2.17
6.14 ± 3.05
7.34 ± 4.67

17.39 ± 2.13
12.16 ± 4.26
11.72 ± 6.08
12.35 ± 3.84
33.82 ± 7.11

an overall correlation coefficient (R) of -0.26. In particular, NOx
and O3 showed a stronger negative correlation when strong
solar irradiation (≥ 25 MJ//m2 , R = -0.31) and high air temperature (≥ 30 °C, R = -0.50) existed, implying a typical pattern
of VOCs-limited regime for O3 production during the whole
study period (Li et al., 2019b). During the control period, the
significantly reduced NOx concentrations gave rise to a higher
HOx radical (e.g., hydroxyl radical, OH• and hydrogen peroxide, H2 O2 ) production rate than NOx emission, as HOx originates mainly from photochemical oxidation of water vapour
and photolysis of carbonyls during summer daytime (Li et al.,
2019c). When HOx radical sources surpass the NOx emission
intensity, NO2 is easily removed by the formation of nitric
acid (HNO3 ), leaving an excess of radicals that recombine to
form peroxides. The positive response of NO3 − to sun radiation increase in daytime during summer was also observed
by Ge et al. (2017), and such mechanism was defined as photochemistry driven, suggesting that the photochemical activity dominated the NO3 − production. Reduced NOx would also
slow down the photolysis of NO2 under UV radiation (wavelengths ≤ 424 nm) to NO, which readily reacts with O3 , resulting in the accumulation of O3 (Wang et al., 2017b). Therefore, these low-NOx conditions enhance the formation of OH•
and H2 O2 , contributing to a highly oxidizing state favourable
for SO4 2− formation. Under similar solar radiation conditions,
however, the shorter daily sunshine durations during the precontrol (2.79 ± 0.82 h) and post-control periods (2.21 ± 1.30 h)
inhibited NO2 photolysis and supressed the reaction of OH•
and NO2 pathway to form HNO3 , consequently lowering O3 ,
NO3 − and SO4 2− concentrations.
As depicted in Fig. 5(c, d), good positive correlations
(R = 0.41) were observed between NOx and PM2.5 with solar irradiation and air temperature. During night-time (solar radiation ≤ 0 MJ/m2 ) and lower temperature periods
(25.75 ± 2.99 °C), a more significant positive correlation
(R = 0.62) was found between NOx and PM2.5 . This positive correlation for relatively lower air temperature without sunlight
reflects the nocturnal processes of NOx in the atmosphere, associated with the oxidation of NO2 by O3 producing nitrate
radical (NO3 , Eq. (6)) Yan et al., 2019). High emission rates of
NOx (Fig. S3(a)) during the evening rush hour (17:00–19:00)
would exceed HOx (OH• + HO2 •) radical formation, as weak solar irradiation inhibits HOx production. When HOx radical concentration was insufficient to remove all the NO2 , the accumulated NO2 participated in redox reaction with NO3 to form
N2 O5 , after which N2 O5 deposits on aerosol surface through
heterogeneous reaction to form HNO3 (Eqs. (7–(8)). Once HNO3

NO

4.34 ± 4.54
2.39 ± 1.54
2.48 ± 1.25
2.35 ± 1.75
3.67 ± 1.25

O3

CO
mg /m3

87.03 ± 14.97
117.50 ± 26.24
129.73 ± 9.107
112.26 ± 29.9
112.26 ± 29.97

0.63 ± 0.14
0.78 ± 0.15
0.71 ± 0.08
0.82 ± 0.17
0.61 ± 0.66

is formed, it can be partitioned to the particulate phase in
the form of NO3 − . Therefore, higher emission of NOx during
night-time led to the secondary formation of particle-related
NO3 − through N2 O5 hydrolysis, and consequently contributed
to PM2.5 increase.
NO2 + O3 → NO3

(6)

NO3 + NO2 + M → N2 O5 + M

(7)

N2 O5 + H2 O(aq)

Aerosol

→

2 HNO3

(8)

Fig. 5(e) shows the correlation between CO and NOx with
O3 concentration. Over the whole period it was observed that
an increase of CO generally led to higher O3 concentration, but
the correlation for NOx – O3 was the opposite. As VOCs and CO
have a common origin, VOCs show a similar reaction pathway
to CO in the O3 photochemistry in typical urban regions (He
and Balasubramanian, 2009). The highest concentration of CO
(0.78 ± 0.15 mg /m3 ) during control period also explains the
abnormally high level of O3 (Table 2, Fig. S3) under the most
stringent control measures. In addition, the increasing trend
in CO suggests the study domain was still affected to some
degree by vehicle exhausts during the control period.

2.3.2.

Carbonaceous components

Levels of OC (OCpri , OCsec ), EC, and SOA in PM2.5 during pre-control, control and post-control periods are summarized in Table 3. The average concentration of overall OC was 4.67 ± 1.56 μg/m3 during the control period, which was almost half compared with those during
pre-control (8.29 ± 2.88 μg/m3 ) and post-control periods
(8.08 ± 2.15 μg/m3 ). The mean OC/EC ratios were 2.77 ± 0.68,
2.05 ± 0.61 and 1.75 ± 0.15 during pre-control, control and
post-control periods, respectively. A lower OC/EC ratio was
noted from the pre-control to control period, which could
be due to the decrease of secondary formation and halt of
coal combustion and biomass burning (Ji et al., 2019c). Typical coal combustion and biomass burning tracers, As and
levoglucosan were at a minimum during the control period
(3.04 ± 1.76 μg/m3 in Table 4 and 21.14 ± 10.04 ng/m3 in Table 3,
respectively), further indicating that local aerosol pollution
was sensitive in response to the stringent control measures
related to both these pollution sources in the study domain.
It was reported that the emissions from coal combustion and
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Table 3 – Summary of mean results of mass concentrations and SD of OM, EC, OC, OCpri , OCsec , SOA, Levoglucosan, OC/EC
ratio and OCpri percentage of total OC.
Components
(μg /m3 )

Pre-Control
Mean ± SD

Control
Mean ± SD

3-Day
Mean ± SD

Excluding 3-Day
Mean ± SD

Post-Control
Mean ± SD

OM
EC
OC
OCpri
OCsec
SOA
Levoglucosan (ng /m3 )
OC/EC ratio
OCpri /OC (%)

13.27 ± 4.61
2.98 ± 0.52
8.29 ± 2.88
4.53 ± 0.79
3.76 ± 2.46
5.72 ± 3.74
27.00 ± 13.66
2.77 ± 0.68
58

7.47 ± 2.50
2.38 ± 0.88
4.67 ± 1.56
3.62 ± 1.34
1.05 ± 1.18
1.60 ± 1.79
21.14 ± 10.04
2.05 ± 0.61
79

8.66 ± 1.17
3.28 ± 0.77
5.41 ± 1.48
4.99 ± 1.17
0.43 ± 0.36
0.65 ± 0.55
28.66 ± 11.33
1.64 ± 0.10
93

6.95 ± 2.55
1.99 ± 0.62
4.35 ± 1.59
3.03 ± 0.94
1.32 ± 1.32
2.00 ± 2.01
17.91 ± 8.25
2.22 ± 0.66
73

12.93 ± 3.45
4.63 ± 1.31
8.08 ± 2.15
7.04 ± 1.98
1.21 ± 0.59
1.84 ± 0.90
57.97 ± 16.23
1.75 ± 0.15
87

Table 4 – Mass concentrations and SD of measured trace elements during pre-control, control and post-control periods,
3-day episode pollution and control period without 3-day episode pollution (excluding 3-day).
Trace elements
(ng /m3 )

Pre-Control
Mean ± SD

Control
Mean ± SD

3-Day
Mean ± SD

Excluding 3-Day
Mean ± SD

Post-Control
Mean ± SD

As
B
Ba
Be
Bi
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Sb
Sn
V
Zn
Sum (μg /m3 )

4.10 ± 2.56
86.66 ± 101.98
8.40 ± 6.70
1.34 ± 0.94
3.99 ± 5.43
0.83 ± 0.58
6.01 ± 8.01
422.51 ± 153.65
139.48 ± 254.18
920.80 ± 1406.28
28.29 ± 40.00
298.04 ± 355.23
17.80 ± 4.75
4.91 ± 1.60
14.08 ± 11.86
3.84 ±2.85
251.68 ± 268.71
2.27 ± 1.78

3.04 ± 1.76
23.41 ± 18.76
15.65 ± 15.64
1.12 ± 0.81
0.86 ± 0.29
0.45 ± 0.42
7.70 ± 7.15
837.49 ± 541.65
104.12 ± 32.58
3085.68 ± 1192.52
47.81 ± 27.77
208.25 ± 113.42
17.30 ± 8.72
0.95 ± 0.98
4.77 ± 3.39
5.67 ± 3.36
399.86 ± 152.01
4.44 ± 1.96

4.59 ± 2.02
50.84
16.30 ± 22.06
0.61 ± 0.43
1.11 ± 0.18
0.73 ± 0.26
9.07 ± 5.17
1012.40 ± 582.75
116.94 ± 21.92
2770.98 ± 1499.99
64.18 ± 24.00
284.31 ± 120.23
22.49 ± 0.66
0.50 ± 0.65
2.67 ± 0.92
5.95 ± 3.29
425.17
4.79 ± 2.22

2.27 ± 1.09
16.64 ± 12.81
14.34
1.26 ± 0.85
0.76 ± 0.27
0.31 ± .42
7.16 ± 8.28
575.13 ± 514.69
97.72 ± 36.86
3715.08
37.98 ± 27.19
132.19 ± 31.55
15.07 ± 9.72
1.13 ± 1.09
6.69 ± 2.58
5.54 ± 3.70
399.86 ± 152.01
4.03 ± 1.75

3.48 ± 3.09
103.87 ± 101.29
44.62 ± 42.72
0.91 ± 0.61
0.59 ± 0.37
0.38 ± 0.29
65.10 ± 86.11
1139.43 ± 994.76
190.05 ± 145.92
90.75
203.27 ± 419.38
573.90 ± 721.67
19.18 ± 4.89
2.12 ± 0.94
14.05 ± 8.30
9.05 ± 3.77
384.92 ± 135.72
2.84 ± 1.58

biomass burning could result in higher OC/EC ratios but vehicle emissions give rise to lower ratios (Ji et al, 2019a; Ji et al.,
2019b). The reduced OC/EC ratio occurred with the highest CO
concentration (0.78 ± 0.15 mg/m3 ) during the control period,
confirming that vehicular emissions played a dominant role in
OC and EC loadings. Such phenomena were consistent with
the mitigation policies during control period when the implementation of odd-even license plate policies still allowed
public transport and approximately half of private vehicles
on road, but most other anthropogenic sources (e.g. coal-fired
power plant, industrial activities and construction activities)
were shut down.
Although secondary aerosol formation decreased, the contributions of SOA were non-negligible during the control period as the OC/EC ratio was above two. To better compare
the impacts of different source types, OCpri and OCsec were
differentiated and SOA was estimated during our study period based on the EC-tracer method described in Section 2.3.
As presented in Table 3, the levels of EC and OCpri were
lowest during the control period with a 20% reduction com-

pared to the pre-control period. This may suggest the effectiveness of reducing primary carbonaceous aerosol, ascribed
to the shutting down of combustion-related sources (e.g.,
coal-fired power plants, fossil fuel use) and suspending industrial activities. Although strong photochemistry prevailed
(high temperature: 27.25 ± 2.37 °C, strong solar irradiation:
0.34 ± 0.14 MJ/m2 with long sunshine duration: 2.91 ± 1.67 h,
shown in Table S1) during the control period, the contribution
of OCpri to OC was dominant (79%), and OCsec and SOA concentrations were observed to be reduced by more than 70% in
contrast to those during pre-control period. Such a trend could
be attributed to lower concentrations of SOA precursors (e.g.,
VOCs and semi-VOCs), which was achieved by the implementation of strict control of VOCs emission during the control
period (Table 1).

2.3.3.

Levels of trace elements

Table 4 presents the ambient concentrations of seventeen
trace elements (As, B, Ba, Bi, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,
Sb, Sn, V and Zn) during the study period. The levels of am-
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bient total trace elements were unexpectedly higher during
the control period (4.44 ± 1.96 μg/m3 ) than during pre-control
(2.27 ± 1.78 μg/m3 ) and post-control (2.84 ± 1.58 μg/m3 ). Fig.
S4 illustrates that the major contribution for this was the
rapid accumulation of Fe, the increase of which accounted
for 86% of the total increase in trace elements. Particulate
Fe, Cr, Zn, Ni, Cu and Mn dominated the total trace elements
during the control period, which accounted for 98% of the
total trace elements, denoting the contribution from trafficrelated emissions. As Fe is treated as a typical mineral material and road dust indicator, such a rapid increase was very
likely the consequence of local emissions from road surface
materials. Fe as well as Zn, Cu, Mn can be considered as tracers of brake wear. Zn and Cu have been suggested as vehiclederived elements possibly produced by wear but not combustion (Lawrence et al., 2013). Road dust and roadside soil also
contain significant concentrations of Fe, Cu and Zn, owing to
the contamination by road vehicle emissions. Considering the
implementation of odd-even license plate policy, it would be
possible that citizens in Hangzhou city were more inclined to
travel by e-bikes, the amount of which were not restricted by
this policy. The tires on the electrical vehicles could degrade
the road surface, creating particles internally mixed with the
tire materials and the minerals contained in road surface materials (Dall’Osto et al., 2014). Therefore, the increases in numbers of e-bikes running on road gave rise to the higher nonexhaust emissions including brake wear, tyre wear and even
road surface materials. High concentrations of Fe, Zn, Cu and
Mn during the control period were probably related to the
accumulation and resuspension of road and brake dust under the favourable meteorological effects with slightly higher
wind speed (2.49 ± 0.57 m/s) and lower RH (62%).
Cr is identified as a typical tracer of diesel combustion and
Ni is associated with fuel combustion of diesel and petrol engines (Lin et al., 2020). We found that there was a weak correlation (Pearson’s r, Table S2) between Cr and Ni (0.406) during
the control period, suggesting the different emission sources
between these elements. We infer that the petrol combustion contributed dominantly to particulate Ni. Table 4 demonstrates that the Ni concentration (208.25 ± 113.42 ng/m3 )
was minimum during the control period relative to precontrol (298.04 ± 355.23 ng/m3 ) and post-control periods
(573.90 ± 721.67 ng/m3 ), indicating the effectiveness of oddeven license plate policy in mitigating the emission from
petrol automobiles. But the level of diesel combustion tracer
Cr (837.49 ± 541.65 ng/m3 ) was higher during the control period than pre-control period (422.51 ± 153.65 ng/m3 ) and lower
than post-control period (1,139.43 ± 994.76 ng/m3 ). As the
diesel vehicles were prohibited from entering the core area
during the control period, the emissions of diesel combustion
would be possibly influenced by the transboundary (crossregion) inputs.

2.3.4.

The remaining water-soluble inorganic ions

As shown in Table 5, components of the remaining WSII excluding SNA (Na+ , K+ , Mg2+ , Ca2+ , F− , Cl− , Br− and PO4 3− ) were
not reduced through the implementation of control measures
during the control period. The observed ambient concentration of the remaining WSII was 2.13 ± 0.52 μg/m3 , higher than
that in pre-control period (1.62 ± 0.45 μg/m3 ) while lower than
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that observed during post-control period (4.57 ± 3.55 μg/m3 ).
The results revealed that none of these ions showed minimum
concentrations during the control period. Na+ , K+ , Ca2+ , Cl−
and PO4 3− were found to be the most abundant ions in the
study area. The measured concentration of Na+ (0.24 μg/m3 )
was higher than that recorded in Beijing during the APEC
conference (0.2 μg/m3 ) and the China National Day Parade
(0.1 μg/m3 ) (Wang et al., 2017a), while the concentration of
Cl− was lower than that reported by Okuda et al. (2011) during the Beijing Olympic Games. Particulate Na+ and Cl− are
used as sea salt tracers in coastal areas. To distinguish between the origins of these ions as sea salt and aerosols, the
ratio of Na/Cl has been used to assess their emission sources
(Crilley et al., 2017). The mean ratio of Na/Cl was observed
as lowest (0.96) during the control period compared to other
two periods (1.27 and 1.63 during pre-control and post-control
periods, respectively). These values from this sampling campaign were well above the value for fresh sea salt (0.6), and
hence, it was inferred that there were substantial contributions of aged sea salt aerosols contributed to PM2.5 mass during the sampling period. It is also observed that the concentrations of Na+ (0.25 ± 0.13 μg/m3 ) and Cl− (0.27 ± 0.11 μg/m3 )
were highest during the control period excluding 3-day pollution episode relative to the 3-day pollution episode, further
indicating the impact of sea salt aerosols. The study domain
was affected by more than 50% of air masses that transported
from the sea the during the control period excluding 3-day
pollution episode, but only interior areas during the 3-day pollution episode (Fig. S6).
The ambient concentration of nss-K+ (non-sea salt K+ )
has been identified as a significant tracer of biomass burning. Higher levels of nss-K+ during the control period
(0.32 ± 0.08 μg/m3 ) were observed compared with the precontrol period (0.23 ± 0.04 μg/m3 ), which was partly attributed
to the highest level occurring during the 3-day pollution
episode (0.34 ± 0.13 μg/m3 ) within the control period. This indicator of biomass burning showed an increasing trend during
the three periods indicating that the role of biomass burning
during the control period was paramount. Higher concentration of Ca2+ during the control period (0.28 ± 0.18 μg/m3 ) relative to pre-control period (0.13 ± 0.04 μg/m3 ) were associated
with road dust resuspension, but it was lower than that during APEC in Beijing (0.5 μg/m3 ) (Wang et al., 2017a). Particulate PO4 3− is usually relevant to agriculture. Considering all
the farming activities were suspended during the control period in Hangzhou and surrounding areas, we infer that PO4 3−
was originated from long range transport from inland China.

2.4.

Source apportionment of PM2.5 using CMB model

The CMB results identified six emission sources of PM2.5 during pre-control, control (including 3-day pollution episode
and excluding 3-day episode within the control period) and
post-control periods, including coal combustion (CC), industry emission (IE), vehicle emission (VE), fugitive dust (FD),
biomass burning (BB) and secondary aerosol (SA) (Fig. 6).
The averaged source contribution estimates (SCEs) are the
main output of CMB model and presented in Table 6.
Emissions from BB dominated the PM2.5 generation during pre-control (16.01 ± 9.23 μg/m3 , 49.6%) and post-control
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Table 5 – Mass concentrations of WSII (SNA: SO4 2− , NO3 − , NH4 + ; and remaining WSII), nss-K+ , SOR, NOR during pre-control,
control and post-control periods, 3-day pollution episode and control period without 3-day pollution episode (excluding
3-day).
WSII
(μg /m3 )

Pre-control
Mean ± SD

Control
Mean ± SD

3-Day
Mean ± SD

Excluding 3-Day
Mean ± SD

Post-control
Mean ± SD

Na+
K+
Mg2+
Ca2+
F−
Cl−
Br−
PO4 3−
NH4 +
NO3 −
SO4 2−
nss-K+
SOR
NOR
Sum of SNA
Sum of Remaining WSII
Sum of WSII

0.17 ± 0.09
0.23 ± 0.04
0.02 ± 0.02
0.13 ± 0.04
0.06 ± 0.02
0.14 ± 0.04
0.21 ± 0.06
0.65 ± 0.38
1.60 ± 0.60
1.57 ± 0.37
6.09 ± 4.29
0.23 ± 0.04
0.42
0.08
9.25 ± 4.29
1.62 ± 0.45
10.87 ± 4.28

0.24 ± 1.63
0.33 ± 0.29
0.02 ± 0.01
0.28 ± 0.18
0.08 ± 0.04
0.24 ± 1.48
0.21 ± 0.05
0.72 ± 0.35
2.68 ± 1.01
2.08 ± 1.42
6.45 ± 2.29
0.32 ± 0.08
0.54
0.16
11.21 ± 4.27
2.13 ± 0.52
13.34 ± 4.27

0.02 ± 0.05
0.35 ± 0.13
0.02 ± 0.01
0.22 ± 0.05
0.05 ± 0.01
0.20 ± 0.03
0.18 ± 0.04
0.57 ± 0.17
3.01 ± 1.17
2.46 ± 1.05
7.79 ± 3.13
0.34 ± 0.13
0.67
0.20
13.25 ± 5.13
1.80 ± 0.29
15.05 ± 5.38

0.25 ± 0.13
0.33 ± 0.05
0.03 ± 0.01
0.30 ± 0.22
0.10 ± 0.04
0.27 ± 0.11
0.21 ± 0.06
0.80 ± 0.40
2.55 ± 0.99
1.85 ± 1.67
5.79 ± 1.70
0.31 ± 0.04
0.47
0.13
10.18 ± 3.42
2.29 ± 0.21
12.47 ± 3.37

1.73 ± 2.22
0.60 ± 0.25
0.09 ± 0.10
0.35 ± 0.30
0.11 ± 0.06
1.06 ± 1.84
0.16 ± 0.04
0.45 ± 0.48
2.91 ± 1.05
4.59 ± 2.36
7.21 ± 1.58
0.55 ± 0.21
0.55
0.12
14.71 ± 2.94
4.57 ± 3.55
19.27 ± 5.53

Fig. 6 – Source contributions to PM2.5 in Hangzhou during pre-control, control and post-control, 3-day pollution episode and
excluding 3-day episode within the control period.

Table 6 – Source contribution estimates (SCE, μg /m3 ) to PM2.5 in Hangzhou during pre-control, control, and post-control
periods, and 3-day pollution episode and control period excluding 3-day pollution episode periods from the CMB model.
Sources

Pre-control

Control

3-day

excluding-3 day

Post-control

Coal Combustion
Industry Emission
Vehicle Emission
Fugitive Dust
Biomass Burning
Secondary Aerosol
Calculated PM2.5
Measured PM2.5
R2
CHI2
%Mass explained

3.12 ± 6.93
0.00 ± 0.14
0.14 ± 0.32
5.26 ± 7.76
16.01 ± 9.23
7.72 ± 2.56
32.26 ± 7.74
32.58 ± 6.37
0.98
1.00
99.17

0.97 ± 1.22
0.60 ± 1.57
7.25 ± 5.08
2.18 ± 6.36
9.05 ± 6.55
12.03 ± 5.94
32.09 ± 7.22
32.48 ± 11.04
0.98
1.20
102.41

1.09 ± 1.42
0.00 ± 0.00
9.05 ± 7.88
7.28 ± 11.23
11.91 ± 12.56
12.18 ± 5.48
41.50 ± 0.12
47.13 ± 4.27
0.98
1.30
88.52

0.92 ± 1.24
0.86 ± 1.85
6.48 ± 3.95
0.00 ± 0.00
7.82 ± 2.46
11.97 ± 6.55
28.06 ± 3.87
26.20 ± 4.83
0.99
1.15
108.36

1.40 ± 2.23
0.00 ± 0.00
3.70 ± 6.00
2.15 ± 3.75
21.53 ± 11.28
14.08 ± 2.69
45.37 ± 8.63
43.01 ± 9.98
0.98
1.08
106.58
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Fig. 7 – Chemical composition spectrums (a-c) and chemical component proportions (d-f) of emission sources of during
pre-control, control and post-control periods.

(21.53 ± 11.28 μg/m3 , 47.4%), while SA became the major contributor during the control period (12.03 ± 5.94 μg/m3 , 37.5%).
Emission contributions from BB, CC and FD to PM2.5 reduced
significantly during the control period relative to those during
pre-control period, with reduction rates of 43.5%–68.8%, which
were benefit from the mitigation policies that associated with
prohibitions of coal-related combustion (e.g. coal-fired industrial boilers, power plants), biomass burning (e.g. rice straw
and wheat residue) and increase of frequencies of street surface cleansing in Hangzhou and surrounding areas.
However, unexpected higher contributions from IE, VE and
SA were observed during the control period (0.60 ± 1.57,
7.25 ± 5.08 and 12.03 ± 5.94 μg/m3 ) than those during precontrol period (0.00 ± 0.14, 0.14 ± 0.32 and 7.72 ± 2.56 μg/m3 ).
To further explain the potential reasons, chemical composition spectrums of sources were plotted and shown in Fig. 7.
SA was characterised by SNA. The higher SA during the control period was mainly due to the increased contribution of
NO3 − (3.43 μg/m3 , 28.5%), relative to that during pre-control
period (1.52 μg/m3 , 19.0%), as shown in Fig. 7(a-b) and 7(e-f).
The detailed discussion about the reasons of NO3 − increase
during the control period is presented in Section 3.3.1.
From CMB results, the emission contribution from VE experienced a substantial enhancement during the control period
and became the most among the three periods. As shown in
Fig. 7b, f), OC (1.61 μg/m3 , 44.1%) was the major contributor
to VE, followed by EC (0.99 μg/m3 , 27.2%), SO4 2− (0.42 μg/m3 ,
11.4%) and Ca2+ (0.17 μg/m3 , 4.7%), etc. The high levels of OC,
EC, and SO4 2− suggested that traffic exhausts still had impact
on the study site due to the proximity to the vehicle circulation of sampling point. Ca2+ is treated as one of the crustal
species and abundant in soil dust. Significant shares of OC and
EC also in literature existed in the mixture of soil dust and or-

ganic matters during aging or by entrainment of organic materials from the soil (Saraga et al., 2021). Increased contribution
from soil dust tracer of Ca2+ combined with the prevalence
of OC and EC implied that this source is possibly mixed with
soil dust or dust from unpaved roads and identified as traffic
non-exhaust emission. Although VE contribution to PM2.5 increased under the implementation of odd-even license plate
policy during the control period, two traffic-related sources
were distinguished, including traffic exhaust and. The increased traffic non-exhaust emissions would be due to the increase in amount of electro-mobiles or e-bicycles, which were
not restricted by this policy as discussed in Section 3.3.3.
A slight growth was observed in IE contribution to PM2.5
during the control period, relative to that during pre-control
period. As almost all the industrial activities were suspended
according to the control policies, the source emission from
IE was due partly to the industries that related to daily life
necessities in Hangzhou. Moreover, no IE contribution was
found during the 3-day episode, the increase in which was
attributed to the emissions during excluding 3-day episode
within the control period (0.86 ± 1.85 μg/m3 ) (Table 6 and Fig.
S7). The CMB results showed high loadings of Fe (0.22 μg/m3 ,
55.4%), OC (0.08 μg/m3 , 21.6%), Na+ (0.02 μg/m3 , 6.4%), EC
(0.02 μg/m3 , 3.9%), SO4 2− (0.01 μg/m3 , 3.7%), Zn (0.01 μg/m3 ,
3.6%), Cr (4.18 ng/m3 , 1.1%) to IE (Fig. S7(b, d)) during the control period excluding 3-day episode. It was reported by previous studies that fireworks enhance the OC/EC ratio and release large amount of ions and metals including Fe, Na+ , Cr,
Zn, which are used as fuels, oxidisers and colouring agents
in the fireworks (Feng et al., 2012; Feng et al., 2016). As presented in Table 3, the averaged OC/EC ratio increased from
3-day episode (1.64 ± 0.10) to control period excluding 3-day
episode (2.22 ± 0.66). The firework shows for G20 Summit open
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ceremony took place on 24 Aug, 28 Aug and 04 Sept at West
Lake, during which were categorised as the control period excluding 3-day episode. Therefore, the fireworks for G20 Summit would be the major cause of IE contribution to PM2.5 .
After all the mitigation policies being cancelled, contributions from BB and CC rebounded, from 9.05 ± 6.55 μg/m3
and 0.97 ± 1.22 μg/m3 during the control period to
21.53 ± 11.28 μg/m3 and 1.40 ± 2.23 μg/m3 during the postcontrol period, respectively, indicating the effectiveness of
stringent control policies on reducing emissions from combustion sources. The increased contribution of SA during the
post-control period would be attributed to their increased
gaseous precursors (NO2 , SO2 , O3 ).
Emission from sea salt was not identified during the study
period by CMB model, but the sea salt tracer of Na+ was
abundant in fugitive dust, with 8.3–17.3% contribution to this
source among the three periods. We inferred a mixed emission source of fugitive dust and sea salt during the study period. The contribution of IE remained a low level during the
study period. Less contribution of IE relative to other sources
was also estimated by previous studies in Yangtze River Delta
(Du et al., 2017, Hua et al., 2015). In this study, it was possibly due to the location of sampling site, which is adjacent to
the natural scenic regions (West Lake (area: 49 km2 ) and Prince
Bay Park) and no local industrial pollution source around, suggesting that it hardly captured the signature of IE (Zhang et al.,
2018).

2.5.

Three-day pollution episode during the control period

The trends in measured concentrations of chemical constituents of PM2.5 were described in Section 2.3. Some of the
chemical components were higher during the control than
pre-control period in terms of mass concentration, but averaged PM2.5 level during the control period was the lowest of
the three periods, as those components with higher concentrations accounted for a small fraction of overall PM2.5 . However, the average concentration of PM2.5 (47.12 ± 4.25 μg/m3 )
from 01 to 03 Sept 2016 (designated as 3-day pollution episode)
was much higher than the rest of study periods with a peak
of 51.58 μg/m3 on 01 Sept 2016. The other 7 days within the
10-day control period (24 to 31 Aug and 04 to 06 Sept 2016)
were designated as the control period without 3-day pollution episode. The short aerosol pollution episode was also observed by other studies within the most rigorous emission
control stage (Ji et al., 2018b, Liu et al., 2017). In order to explore possible causes of the above anomaly during the 3-day
episode, mass concentrations of PM components, gaseous pollutants, and synoptic data during both the 3-day pollution
episode and the control period without this episode were separated and compared (Tables 2–5 and Tables S1).
SNA contributed significantly to the PM2.5 during the 3-day
pollution episode, contributing up to 28%. Each SNA component had higher concentrations during the 3-day episode than
during the control period excluding the episode. As seen in
Fig. S5(a), SNA was suddenly enhanced from 01 Sept (11.13
to 15.59 μg /m3), remained constant at a higher level until
03 Sept, followed by an abrupt drop (7.36 μg /m3). Particulate
SO4 2− and NO3 − underwent substantial increases during the
3-day episode with increases of 35% and 33% in SO4 2− and

NO3 − compared with those during the control period excluding the episode, even though their precursors (SO2 , NO2 ) exhibited minimum averaged levels during the 3-day episode
(3.93 and 11.72 μg/m3 ), when RH also had a similar decline
with the lowest average level of 57%. Such conditions appeared to be unfavourable for the formation of secondary inorganic aerosols, which might imply that the massive input
of SNA during this 3-day pollution episode was caused by dynamics of planetary boundary layer (PBL dynamics driven)
and/or down-mixing of nitrate originating from nocturnal
chemistry (Ge et al., 2017). We estimated a daily sulphur oxidation ratio (SOR) and a nitrogen oxidation ratio (NOR) to further determine whether the contribution to SNA at the study
site was dominated by local transformation or the regional
transport from upstream areas (Ji et al., 2018b). Both SOR and
NOR showed significant increases during the 3-day episode,
while NOR increased severely from 0.09 on 31 Aug to 0.31 on
01 Sept. It is not likely that such a 3-fold increase of NOR
within one day was due to local atmospheric processing. Secondary aerosol accumulation driven by PBL dynamics and/or
contributed by nocturnal chemistry could be the major reason for the significant increases of SOR and NOR during the
pollution episode.
The maximum concentrations of biomass tracers (levoglucosan and nss-K+ ) were observed during the 3-day episode
(28.66 ± 11.33 pg/m3 and 0.34 ± 0.13 μg/m3 ), indicating the
enhanced influence of biomass burning. Fig. S6 compares the
96 h air mass trajectories with representative fire spots during
the 3-day and excluding 3-day sub-periods. There was no fire
signal observed in the local region of Hangzhou during 3-day
episode, indicating that long-range transport predominated.
As displayed in Fig. S6(a), the study area was influenced by
air masses originating from interior regions of China and beyond during the 3-day episode. The prevailing air mass (in red,
77%) mainly originated from Henan, and passed over intensive hotspots in Hubei before reaching Hangzhou. The remaining 23% of air masses also passed through densely distributed
hotspots appeared in Shanxi province. It is inferred that air
masses captured the pollutants emitted from biomass burning in Hubei and Shanxi provinces, suggesting the emission
of biomass burning from western and north-western China
and other emission/formation sources profoundly impacted
the air quality in Hangzhou during the 3-day episode.

3.

Conclusions

Our study monitored gaseous precursors, particulate matter
and characterised the chemical components of PM2.5 over
the period of the G20 summit in Hangzhou. Emission control
strategies succeeded in constraining levels of overall fine particulate, SNA precursors (NO2 , SO2 ) and carbonaceous species
(OC and EC). However, accumulations of SNA were observed
during the control period, owing to the favourable meteorological conditions for photochemical reactions during daytime
and nocturnal processes between NO2 and O3 in the atmosphere. In addition, traffic related emission sources (e.g. tyre
wear, brake wear, road dust) still affected the study domain
during the control period.
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In this study, we found out that mass concentrations of
PM2.5 during the 3-day pollution episode in the control period
were even higher than other periods. The possible reasons
for this episode have been explored. Back trajectory analysis
showed that air masses passing through Northern China with
dense fire spots delivered biomass burning related pollutants
during the control period, and air masses coming from Hubei
and Shanxi provinces carried aged secondary aerosol from inland industries and other sources into our study domain.
Overall, our study suggested that reduction of O3 precursors (NOx , VOCs) can help reduce SNA and SOA formation and
consequently achieve PM2.5 reduction. Control policies should,
however, be implemented not only locally (here in Hangzhou
city and its surroundings), but also on a regional scale. Such
combined local-regional control policies will be more effective in controlling both local pollution sources and reducing
the inputs from long-range transport of fine aerosols .
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