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Time-resolved single-particle measurements were conducted during Chinese New Year in
Nanning, China. Firework displays resulted in a burst of SO2, coarse mode, and
accumulation mode (100–500 nm) particles. Through single particle mass spectrometry
analysis, five different types of particles (fireworks-metal, ash, dust, organic carbon-sulfate
(OC-sulfate), biomass burning) with different size distributions were identified as primary
emissions from firework displays. The fireworks-related particles accounted for more than
70% of the total analyzed particles during severe firework detonations. The formation of
secondary particulate sulfate and nitrate during firework events was investigated on single
particle level. An increase of sulfite peak (80SO3

−) followed by an increase of sulfate peaks
(97HSO4

−+96SO4
−) in the mass spectra during firework displays indicated the aqueous uptake

and oxidation of SO2 on particles. High concentration of gaseous SO2, high relative humidity
and high particle loading likely promoted SO2 oxidation. Secondary nitrate formed through
gas-phase oxidation of NO2 to nitric acid, followed by the condensation into particles as
ammonium nitrate. This study shows that under worm, humid conditions, both primary
and secondary aerosols contribute to the particulate air pollution during firework displays.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Fireworks or crackers, which are commonly set off during
celebrations and vacations, are unique anthropogenic sources
that generate massive quantities of air pollutants within a
short span of time. In general, fireworks consist of three main
components: oxidants, flammable materials and flame
agents. Potassium compounds in the form of nitrates,
perchlorates, and chlorate (much less common) usually act
as main oxidizers in commercial fireworks. Charcoal and
an.edu.cn (Xin Yang).
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sulfur are burnt as fuel when setting off fireworks. Elements,
metal chlorides, metal nitrates or metal carbonates are
usually added to produce different flame colors. Burning of
fireworks can release great amount of gaseous pollutants
(SO2, NOx, CO, etc.) and suspended particles in short span of
time (Barman et al., 2008; Beig et al., 2013). In general, the
aerosols emitted by fireworks are composed of metals (e.g., K,
Mg, Sr, Ba, Cu, Mg and Al), elemental carbon, organic carbon
and inorganic anions such as SO4

2−, Cl− and NO3
− in both coarse

and fine mode (Moreno et al., 2007; Croteau et al., 2010; Sarkar
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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et al., 2010; Zhang et al., 2010; Crespo et al., 2012; Do et al.,
2012). Firework displays are associated with serious health
hazards (Lemieux et al., 2004; Shi et al., 2011), ecological
impacts (Sijimol and Mohan, 2014) and may result in serious
accidents and lethal injuries (Puri et al., 2009).

Chinese New Year (CNY), which is also called Spring
Festival, is an important Chinese festival celebrated with
intensive firework displays all over the China both in
megacities and in rural areas. CNY celebrations traditionally
start from Chinese New Year's Eve (NYE) and last for 7 or
15 days. Chinese government reported that more than
1500 tons of fireworks debris could be generated during a
NYE in a middle scale city. Although fireworks activities
usually take a relatively short time, the high concentrations of
gaseous and particulate pollutants can have huge impacts on
air quality (Yerramsetti et al., 2013). Due to the formation of
atmospheric inversion in winter season, pollutants may be
trapped close to ground level, resulting in long-term haze and
visibility reduction. As firework displays generate massive
amounts of particulate matter precursors such as SO2, NOx,
and organic compounds, secondary processes between gas-
phase and particle-phase compounds may lead to production
of secondary air pollutants after firework displays. Since other
forms of anthropogenic emissions usually decrease during
holidays, CNY also provides scientists with an opportunity to
study short-term degradation of air quality and its possible
human health impacts under reduced emission conditions.

Previous research on CNY events examined total particle
mass, composition and aging processes based on convention-
al filter measurements, which provide average properties of
particles. Morphology and chemical composition of individual
long-range transported fireworks aerosols and lab-generated
samples were investigated by transmission electron micros-
copy, revealing that firework emissions during the CNY
significantly changed the atmospheric transformation path-
way of SO2 to sulfate (Li et al., 2013). However, information on
the properties of individual fireworks aerosol particles is still
limited.

Furthermore, CNY firework event is a short-time air pollu-
tion episode, and the off-line methods may not have enough
time resolution to capture its chemical evolution. In order to
establish a better understanding on the rapid formation and
composition evolution of firework displays, time-resolved
measurements are required. Only a few real-time measure-
ments of particle composition were conducted during CNY
events. An aerosol chemical speciation monitor (ACSM) was
used to achieve the first real-timemeasurements during a CNY
event, however the information on metal constituents of
particles was not acquired due to the limitations of the ACSM
instrument (Jiang et al., 2015). Aerosol time-of-flight mass
spectrometer (ATOFMS) has been proven to successfully detect
heavy metals emitted from firework displays (Liu et al., 1997).
Positive matrix factorization was applied to identify firework-
family particles detected by ATOFMS in U.S. (McGuire et al.,
2011). Previous single-particle mass spectrometry measure-
ments mainly aimed at distinguishing unique firework parti-
cles, especially those containingmetals, from particles found in
the ambient environment. However, different types of particles
could be co-emitted froma single source. In this study,we focus
both on the identification of different types of particles emitted
by fireworks and on the real-time analysis of the chemical
processes that occurred on particles after the firework displays.

Several field measurements based on filter samples col-
lected during CNY events have been reported in Beijing (Wang
et al., 2007; Huang et al., 2012), Jinan (Li et al., 2013; Yang et al.,
2014), Tianjin (Tian et al., 2014), Shanghai (Zhang et al., 2010;
Feng et al., 2012), Nanjing (Kong et al., 2014) and Lanzhou (Shi
et al., 2011; Zhao et al., 2014). It is the first time to investigate
firework displays in Nanning, which is quite different in terms
of environmental conditions from the previously examined
sites. Specifically, the higher temperature and relative humid-
ity in Nanning might favor secondary chemical processes that
are unique to this geographic location.
1. Experiment and methods

1.1. Ambient individual particle observation by SPAMS

The design and operation of the single particle aerosol mass
spectrometer (SPAMS, Hexin Analytical Instrument Co., China)
used in this study is described indetail elsewhere (Li et al., 2011).
In brief, after passing through a 0.1 mm orifice at a flow of
0.08 L/min, the air is drawn into a series of aerodynamic lens of
SPAMS, where the particles are focused and accelerated to their
terminal velocity. The particles then pass through two contin-
uous neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser beams (532 nm). The time difference between the two
scattering signals is used to calculate the velocity and vacuum
aerodynamic diameter (Dva) of individual particles. The scatter-
ing signals also trigger the firing of a Nd:YAG laser (266 nm),
operating at 0.5 mJ, for the desorption and ionization of each
sized particle. Dual polarity time-of-flight mass spectra are
acquired after each laser pulse. Polystyrene latex spheres (PSL,
0.2–2.0 μm) and standardmetal solutionswere used to calibrate
particle size and mass before sampling. In general, the SPAMS
instrument used in this work shares the similar aerosol
sampling methods, sizing and desorption/ionization modules
as better known ATOFMS (Li et al., 2014), and it has been proven
to achieve comparable single-particle sensitivity and time
resolution.

A total of approximately 350,000 particles, with both positive
and negative ion spectra, were analyzed (34% of total sized
particle). Particles' sizes and individual mass spectra were
imported into MATLAB and further analyzed with YAADA (Yet
Another ATOFMS Data Analyzer, www.yaada.org), a software
toolkit for processing single-particle mass spectra. Individual
particle clustering was performed with Art-2a (adaptive reso-
nance theory based neural network algorithm) (Song et al.,
1999), based on the presence and intensities of ion peaks in
individual mass spectra. The parameters applied in the
algorithm were set as: vigilance factor: 0.85; learning rate: 0.05;
and number of iterations: 20. Nearly 5000 particle clusters were
gained and then re-grouped again using the same Art-2a
parameters to reduce the number of particle types. The
resulting particle clusters were further manually merged into
14 particle sub-types, and then grouped to 7main groups, based
on the similar mass pattern, time variation and size distribu-
tion. All the grouped particles accounted for ~95% of all
analyzed particles, implying the result can be representative

http://www.yaada.org
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of overall sampled particles. No significant temporal trend was
found for the unclassified particles.

1.2. Sampling site and period

Nanning is a city located in southwestern China (Fig. S1a).
Ambient measurements by SPAMS, Scanning Mobility Particle
Sizer (SMPS), Aerosol Particle Sizer (APS), were conducted at
the Nanning Environmental Science Research Institute Super
Site (22°48′N, 108°20′E). The sampling site is surrounded by
heavy traffic, restaurants, and residential areas, so it is
representative of Nanning urban area. All the instruments
were set up on the roof of a five-story building (~20 m high).
Aerosols were drawn through a PM2.5 cyclone at a flow rate of
3 L/min before entering the instruments in order to remove
coarse particles. Particle mobility-equivalent diameter (Dm)
distributions weremeasured from 14.1 to 710.5 nmusing a TSI
scanning mobility particle sizer (SMPS3081, TSI, USA). Time
variation of particle numbers with a size range from 0.5 to
20 μm was measured by a TSI aerosol particle sizer (APS3321,
TSI, USA). SMPS and APS provided data every 5 min synchro-
nously. The metrological data (temperature, relative humid-
ity, wind speed and wind direction), hourly averaged mass
concentration of particulate matter (PM2.5 and PM10) and
gaseous pollutants (SO2, NOx (NO + NO2), O3 and CO) were
measured at the nearest Nanning City Monitoring Station
(22°49′N 108°19′E, ~2 km away). Usually, fireworks were set
off by citizens along residential avenues all over the city.
Thus, it can be assumed that the twomeasurement sites were
experienced similar levels of firework-related emissions.

Field measurements of CNY in Nanning lasted approxi-
mately 6 days, from 30-Jan-2014 12:00 to 5-Feb-2014 00:00,
covering tradition holidays of the Chinese Spring Festival.
Usually, fireworks and crackers are set off to celebrate holiday
in the evening hours. The most intensive firework displays
happen on Chinese New Year's Eve (NYE), lasting from the
evening to the early following morning. In addition, a large
amount of firework displays and crackers are also set off to
welcome the God of Wealth (GOW) from the fourth day
afternoon till the midnight of the fifth day of the Lunar
Calendar. Based on this fact, the air quality around the
midnight of 31-Jan-2014 (NYE) and 4-Feb-2014 (GOW) might
be influenced by fireworks/crackers detonation greater than
other episodes.
2. Result and discussion

2.1. Time variation of mass concentration, number
concentration of particulate matter

Fig. 1 depicts hourly variations of metrological parameters
(temperature, relative humidity, wind speed, wind direction),
mass concentrations of particles (PM10, PM2.5) and gas
pollutants (SO2, CO, NOx, O3) during sampling period. A clear
diurnal variation of temperature and RH can be seen in the
figure. The average values of temperature and RH were
(19.1 ± 3.5)°C and (70 ± 15)%, and the wind speed kept at
relatively low value (<4 m/sec), giving a mild and humid
weather condition. PM2.5 and PM10 concentrations in Nanning
varied over a large range during the measurement period.
Heavy PM pollution, together with highmass concentration of
SO2, occurred on NYE when the firecrackers were extensively
used. PM10 and PM2.5 increased by a factor of 10 and 4 within
2 hr with peak values of 1.73 and 0.399 mg/cm3, respectively,
suggesting that firework displays had strong impacts on both
coarse and fine particle pollution. Compared with previous
observations (Huang et al., 2012; Tsai et al., 2012), PM10

pollution was more severe in Nanning during CNY, which
might be causes by less government regulation and more
cracker detonations. SO2 concentration also reached a large
value of 0.521 mg/m3, as fireworks/crackers contains high
amount of sulfur, which burns in air producing SO2. With
decreasing frequency of firework displays, gaseous and
particulate pollutants mass concentrations dropped slightly.
The relatively low wind speed (1 m/sec) and weak vertical
mixing during night time (Fig. S1b) hindered the diffusion of
pollutants, so the high pollution levels lasted for nearly 12 hr
during NYE. Another increase of mass concentration of PM
and SO2, accompanied by an increase in the levels of CO and
NOx also occurred around GOW. Other periods (for example,
1-Feb-2014 and 2-Feb-2014) were relatively clean with average
PM2.5 value of (0.046 ± 0.013) mg/m3 and no distinct peaks of
particle loading, SO2, NOx and CO, indicating light firework
influences.

Fig. 2a illustrates the temporal variations of particle number
concentrations detected by SPAMS and APS during the
sampling period. The peaks of particle number concentration
happened around 31-Jan-2014 00:00, 31-Jan-2014 10:00 and
4-Feb-2014 00:00, at the same time when PM10 and PM2.5

increased. The sampling ranges of APS and SPAMS were quite
similar with using PM2.5 cyclone, and fair correlation between
particle number concentrations was observed (r = 0.73). As
shown in Fig. 2b, the detonation of fireworks had a clear
contribution to the number concentration of accumulation
mode particles (100–500 nm) on NYE, similar to the results
reported in previous studies (Zhang et al., 2010; Dutschke et al.,
2011; Zhao et al., 2014). Themode diameter of particles detected
by SMPS also increased nearly twice within two hours. A
substantial increase of particle mean diameter from 100 to
150 nmwas observed on GOW, likely resulting from secondary
processes happening under stagnant condition (Guo et al.,
2014). Therefore, GOW might not be a typical fireworks
pollution episode in our case.

2.2. Particle classification

Classified particles with dual mass spectrum detected by
SPAMS were analyzed to better understand the influence of
fireworks displays. Generally, the positive mass spectra are
analyzed to distinguish main sources (Dall'Osto and Harrison,
2006; Wang et al., 2014), while the negative mass spectra
provide more information about aging processes. Therefore,
both positive and negative mass spectra were used to classify
particles in this study.

Table 1 shows the names, numbers and number fractions of
individual groups and sub-types. Five sub-types (organic
carbon-sulfate (OC-sulfate), dust, ash, fireworks-metal, biomass
burning) marked with bold style were identified as fireworks-
related clusters according to their characteristic peaks and



Fig. 1 – Hourly variation of metrological parameters (temperature, relative humidity, wind speed, wind direction), particle
loading (PM10, PM2.5) and concentrations of gas pollutants (SO2, CO, NOx, O3). NYE: New Year's Eve; GOW: God of Wealth.
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similar timedependence. The detailedmass spectral features of
all particles can be found in supplementary information
section. Clusters of firework-related particles are discussed in
the next paragraphs. The corresponding average mass spectral
patterns are illustrated in Fig. 3 and Fig. S2.

2.2.1. Fireworks-metal
Single particles contained strontium (88Sr+), barium (138Ba+,
154BaO+) had been distinguished as fireworks particles by
ATOFMS (Liu et al., 1997; McGuire et al., 2011). In our research,
more species of metals of lead (206/207/208Pb+), copper (63/
65Cu+) and aluminum (27Al+) were found to be released as
fireworks-metal particles, which were in consistence with
off-line observations (Camilleri and Vella, 2010; Crespo et al.,
2012).

Ash are potassium-rich particles intermixed with chlorine
(39K+, 35/37Cl−, 113/115K2Cl+, 109/111KCl2−), nitrate (46NO2

−, 62NO3
−)

and sulfate (48SO−, 64SO2
−, 80SO3

−, 96SO4
−). Particles containing

potassium chloride and potassium nitrate fragments (140K2NO+,
147KNO3NO−, 163K(NO3)−) were identified as fireworks family by
ATOFMS before (Jeong et al., 2011; McGuire et al., 2011). In our
case, only 7.13% of ash particles contained potassium nitrate
fragments. One possible reason is that previous studies sampled
aged polluted plumes, which were transported from emission
sources several miles away from the sampling site, so heteroge-
neous reaction HNO3 + Cl− → NO3

− + HCl might happen on
fireworks particles, increasing the observed fraction of nitrate
ions. The observation of chemical processing of firework
produced particles during long-rang transported exhibited the
exchange between Cl− and other secondary species (Li et al.,
2013), which verified our assumption somehow.

Dust particles contain two subtypes: MgAlSi and CaSi, which
were either related to black powder components or crustal
elements. Soil dusts are usually added during manufacturing
fireworks/crackers to prevent accidental explosion. Also, severe
explosion of fireworks could lead to the re-suspension of road
dust (Tian et al., 2014). It should be noted that dust particles
observed in this work had a strong peak of chlorine (35/37Cl−),



Fig. 2 – (a) Time variation of unscaled particle number counts detected by laser-sizing in single particle aerosol mass
spectrometer (SPAMS) (vacuum aerodynamic diameter 0.2–2 μm) and particle number concentration detected by Aerosol
Particle Sizer (APS) (aerodynamic diameter 0.542–20 μm); (b) Size distribution and mean diameters of particles measured by
Scanning Mobility Particle Sizer (SMPS) in the mobility diameter (Dm) range of 14.1–700 nm.
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providing evidence that most of dust particles observed in our
case were mixed with black power compounds and could be
emit from firework displays.
Table 1 – Names, numbers and fractions of the 7 main
particle types (14 sub-types) identified by single particle
aerosol mass spectrometer.

Group Number Fraction Cluster Fraction

OC 54,912 15.59% OC-sulfatea 8.19%
OC-nitrate 4.81%
HMOC 2.58%

EC 76,954 21.85% EC/KEC/NegEC 21.85%
ECOC 2556 0.73% ECOC 0.73%
Dust 3223 0.91% MgAlSi/CaSi 0.91%
Sea salt 2199 0.62% Sea salt 0.62%
Ash/metal 10,287 2.92% Ash 1.27%

Fireworks-metal 1.06%
Industrial-metal 0.59%

K-rich 184,078 52.26% K-ECOC-sulfate 14.26%
K-ECOC-nitrate 13.13%
K-secondary 12.70%
Biomass burning 12.17%

Others 18,050 5.12% Unclassified 5.12%
Sum 352,259 100.00% 100.00%

OC: organic carbon; HMOC: highmass organic carbon; EC: elementary
carbon.
a The names in bold style are likely contributed by the burning of
fireworks/crackers based on their time variations.
OC-sulfate counts increased strikingly on the midnight of
NYE and had a good correlation with PM2.5 temporal variation
(r = 0.88) and raw SPAMS count (r = 0.78), relating to firework
displays more closely than other organic clusters. Previous
studies demonstrated that firework displays had clear contri-
butions to organic carbon (OC) (Drewnick et al., 2006; Feng
et al., 2012), but the types of organic compounds were not
well-known. Nishanth and coworkers discovered aliphatic
compounds in particle phase during firework displays
(Nishanth et al., 2012). Jiang and coworkers indicated that OC
emitted from CNY were mainly dominated by low volatility
secondary organic aerosol (Jiang et al., 2015). Volatile organic
carbon was found to elevate during CNY in Nanjing (Kong
et al., 2015a, 2015b). Previous studies disagreed on whether
firework displays were large sources for polycyclic aromatic
hydrocarbon (PAH) (Sarkar et al., 2010; Feng et al., 2012; Kong
et al., 2015a, 2015b). In our observations, the peak of
OC-sulfate counts appeared together with particle pollution
on NYE with a sudden decrease of oxidized marker ratio
(43C2H3O+/27C2H3

+), indicating that firework displays were the
primary sources of OC. Peaks of 63C5H3

+ and 77C6H5
+ can be

observed on mass spectrum, which were fragments of
aromatic compounds (Silva and Prather, 2000). In our obser-
vation, OC-sulfate cluster only had fair correlation (r = 0.56)
with high mass organic carbon (HMOC) (including PAH),
indicating that firework displays emitted less PAH com-
pounds. The elevated organic compound during firework
display might be produced from volatile phenyl compounds



Fig. 3 – Average mass spectra of firework-related clusters (fireworks-metal, ash, dust and OC-sulfate). Characteristic ion peaks
used for the identification of different clusters are marked with possible atomic composition.
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used as adhesive materials in fireworks or crackers. Besides,
the burning of charcoal and paper package might also be
responsible for the elevated concentration of the OC.

2.2.2. Biomass burning
The number count and fraction of biomass burning particles
exhibited peaks around 31-Jan-2014 00:00 and 4-Feb-2014
00:00 and shared good correlation with OC-sulfate (r = 0.88),
indicating firework display were direct sources. Fireworks or
crackers are packed with paper rolls, biomass combustion
could be caused by both directly firework explosions and
burning of fireworks debris. It should be noted that biomass
burning particles can have other sources, such as biofuel
burning. In our case, the we include them in the fireworks-
related clusters because previous observations found that
they could contributed to around 15% of PM generated by
firework pollutions (Tian et al., 2014).

Fig. 4 shows the size resolved number fractions of
classified particle types in size range from 0.2 to 2.0 μm (Dva)
during the entire sampling period. It should be stressed that
the size distributions presented in this work have only
semi-quantitative meaning, as the SPAMS efficiency varies
with different particle species. Fireworks-related clusters
showed two different size distributions. OC-sulfate and
biomass burning clusters contained mainly submicron parti-
cles (0.4–1 μm). Fireworks-metal, ash, and dust clusters
mostly distributed in coarsemode (1.0–2.0 μm), with a median
value of 1.08 μm, 1.15 μm, and 1.12 μm, respectively. The
observed particle sizes are somewhat larger than the previous
results observed by ATOFMS (McGuire et al., 2011), due to the
close vicinity to firework display spots and more detonations
of crackers. The firework display markers identified by the
previous studies were mostly ash, dust and fireworks-metal
particles in the coarse mode. Our study demonstrates that
firework displays were also important sources of submicron
particles including OC-sulfate and biomass burning particles
in Nanning.

2.3. Temporal variations of different particle types

Fig. 5 shows temporal variations of SPAMS-identified cluster
counts and number fractions with 15-min time resolution.
Before NYE, the number of particles sized by SPAMS was
relatively low. The most abundant particles were potassium-
elementary carbon and organic carbon-sulfate (K-ECOC-sulfate)
and elementary carbon (EC), making up nearly 60% of total
particles, which were mainly from stationary source emissions
and vehicle exhaust. When intense firework displays hap-
pened, the fractions of fireworks-related clusters: fireworks-
metal, ash, dust, OC-sulfate and biomass burning sharply
increased and reached a maximum over 70% of total particles
around the midnight of NYE. Liu et al. (1997) reported that
pyrotechnically derived particles, which correspond to Fire-
works-metal and ash particles in our research, accounted for
almost 20% of ATOFMS-detected particles. Our result is higher
since OC-sulfate and biomass burning particles are also



Fig. 4 – Chemically resolved size distributions of cluster number fractions (color-coded shading) and the size distribution of
unscaled single particle aerosol mass spectrometer (SPAMS)-analyzed particle number counts (white line).
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included in the fireworks-related clusters. Thereafter, both the
raw SPAMS particle counts and the number fraction of
fireworks-related particles decreased gradually. Meanwhile, a
slight increase of the K-secondary cluster from 8.7% to 20.8%
was observed. Atmospheric aging processes probably modified
the chemical composition of firework-related particles and
enhanced secondary particle fraction under stagnant condition.
After NYE, the number fraction of fireworks-related clusters
gradually returned to the before-NYE level. At the same time,
the fraction of sea-salt particles increased to 5.0%, indicating
that the clean air masses transported from sea helped dilute
firework pollutions.

Similar to NYE, the fraction of fireworks-related clusters also
increased during GOW and accounted for 50% of SPAMS-
detected particles at the peak because additional firework/
cracker detonation took place. ComparedwithNYE, the fraction
of K-ECOC-nitrate, OC-nitrate and HMOC increased in GOW,
which were attributed to aged urban particles in the supple-
mentary information section. Compared to the NYE period, the
average mass spectrum observed during the GOW celebrations
also exhibited more markers of nitrate and oxidized carbon
(89CH3COOH−, 43C2H3O−). Therefore, particles detected during
the GOW celebrations contained more aged compounds,
indicating particle accumulation and aging effect was another
important cause for the pollution.

The period between NYE and GOW was relatively clean
(1-Feb-2014 00:00–3-Feb-2014 00:00) with low total particle
counts. The most abundant clusters were EC, K-ECOC-sulfate
and K-ECOC-nitrate. The high fraction of EC particles can be
explained by close proximity of the measurement site to an
avenue. Both the number and fraction of EC-containing
particles in clean period was higher than NYE and GOW, in
agreement with the previous conclusion that firework dis-
plays had less influence on EC compared with other urban
sources (Cheng et al., 2014). Although no distinct spikes were
found, fireworks-related clusters accounted for 14.8% of
SPAMS analyzed particles in clean period. Episodic firework
displays commonly happen during the entire spring festival
holidays, so fireworks-related clusters also increased a little
during nighttime.

2.4. Secondary aerosol formation

Higher than average mass ratios of SO4
2−/NO3

− have been
frequently obtained in the course of firework displays
(Drewnick et al., 2006; Feng et al., 2012; Pachauri et al., 2013;



Fig. 5 – Temporal variations of different cluster counts (a) and particle number fraction (b) with 15-min time resolution.

Fig. 6 – Variations of the average relative areas (RPA) of sulfite (80SO3
−) and sulfate (97HSO4

− + 96SO4
−) (a) and nitrate (NO3

− and
ammonium (NH4

+) (b).
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Tian et al., 2014), emphasizing the facilitation of sulfate
formation. Although SPAMS is unable to provide quantitative
results due to matrix effect, relative intensities of inorganic
specific ions can be used to qualitatively represent chemical
composition variations on particles (Gross et al., 2000) .

2.4.1. Sulfate
Fig. 6a shows the temporal profiles of the average relative
intensities of sulfate (97HSO4

−+96SO4
−) and sulfite (80SO3

−) in
individual particles. Peak ofm/z 80SO3

− is commonly recognized
as a fragment ion generated from sulfates (Denkenberger et al.,
2007; Moffet et al., 2008). However, the different fragment ion
ratios in the reference mass spectra of Na2SO3 and Na2SO4

particles suggest that the relative intensity of 80SO3
− with

respect to the sum of the relative intensities of 97HSO4
− and

96SO4
− can be used to detect the presence of sulfites in particles.
Fig. 7 – Average relative areas of 113KCl+ (a), sulfite (80SO3
−) (b) an

aerodynamic diameter diameters (Dva) detected by single particl
black lines mark the beginning and ending of New Year's Eve (N
More detailed explanations can be found in supplementary
information section and in Fig. S4. As shown in Fig. 6a, 80SO3

−

exhibited high relative intensity around midnight of NYE and
GOW, while relative intensity of sulfate (97HSO4

− + 96SO4
−)

decreased, confirming the increase of sulfite in particle phase
during firework displays. The particulate sulfite increased along
with the increase of SO2 under high RH (>75%) condition during
NYE, suggesting the aqueous uptake of SO2 took place. It should
be noted that the relative intensity of sulfite (80SO3

−) also
increased around 31-Jan-2014 3:00 and on GOW along with
increasing RH and particle loadings under low SO2 concentra-
tion. The increase of particle number and environmental
humidity resulted in more aqueous surfaces which might
promote the uptake of SO2 even under low gaseous SO2

condition. After dissolution of gaseous SO2 in aerosol water or
cloud droplets, sulfites can be oxidized into sulfates by H2O2, O3,
d sulfate (97HSO4
− + 96SO4

−) (c) varied with particle vacuum
e mass spectrometer (SPAMS) during NYE event. The dashed
YE) pollution period.
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O2 (metal catalyzed), organic peroxides or OH radicals (Rattigan
et al., 2000; Seinfeld and Pandis, 2006). Indeed, the relative
intensity of sulfate (97HSO4

− + 96SO4
−) gradually increased after

the increase of sulfite (80SO3
−) and exhibited prominent values

after NYE and GOW, confirming the occurrence of aqueous
oxidation of sulfur in particle phase.

Additionally, Fig. 7 displays average single particle relative
intensities of 113KCl+, 80SO3

− and sulfate (97HSO4
− + 96SO4

−)
varied among particles with different diameters. 113KCl+ and
part of 80SO3

− exhibited high intensities in particles larger than
0.9 μm, representing the residues of black powder (ash
particles): KCl and K2SO4/K2SO3. Meanwhile, 80SO3

− and sulfate
(97HSO4

− + 96SO4
−) had higher intensities on smaller particles

less than 0.7 μm. The different diameter distributions suggest
that sulfate and sulfite compounds were mainly generated
from secondary processes and direct emissions played a less
significant role. Moreover, the particle diameter for which
(97HSO4

− + 96SO4
−) had the highest intensity was around

620 nm, which was at least 50 nm larger than the particle
diameter in which 80SO3

− had the highest intensity. The
difference suggests sulfate (97HSO4

−+96SO4
−) might be a reac-

tion product of sulfite (80SO3
−), with the particle size increasing

during particle aging process.
In summary, our observations suggest that aqueous

oxidation played a significant role in secondary sulfate
formation during firework displays. Similar conclusions were
reached into previous observations of the Lantern Festival in
Shanghai (Wang et al., 2007). However, several researchers
drew opposite conclusions that aqueous-phase oxidation of
SO2 was minor in importance relative to the direct emissions
of sulfate during CNY (Feng et al., 2012; Jiang et al., 2015). The
different results among these studies may be due to the
special weather condition of Nanning city during wintertime,
which was warmer and more humid, providing feasible
prerequisites for aqueous reaction pathway.

2.4.2. Nitrate
Fig. 6b shows the temporal profile of the average relative
intensity of nitrate (62NO3

−) in individual particles, compared
with the NOx concentration. The variation of the NOx concen-
tration confirmed that firework displays are emission sources of
NOx. However, nitrate exhibited lower relative intensity onNYE
and GOW events compared with other sampling periods.
Although the strong sulfate signal could suppress the relative
intensity of nitrate signal, this observation indicated that
firework displays had a minor impact on the formation of
particulate nitrate compared to sulfate. Similar results were
also observed by quantitative observations during CNY
(Drewnick et al., 2006; Feng et al., 2012; Yang et al., 2014).

As shown in Fig. 6b, the intensity of nitrate gradually
increased after firework detonations during NYE and GOW.
NOx concentration was anti-correlated with O3 during NYE
(r = −0.75) and GOW (r = −0.63), suggesting that NOx might be
oxidized to HNO3 in gas phase. The heterogeneous formation of
NH4NO3 on particle phase was only observed during GOW, with
significant correlation (r = 0.92) between ammonium and
nitrate observed between 3-Feb-2014 and 5-Feb-2014 by
SPAMS. After the NYE, pollutants emitted from firework
displays were quickly purged by clean air masses from the
sea, so the condensation of NH4NO3 was likely suppressed.
However, in the case of GOW, lowwind speed andweek vertical
mixing were beneficial to the accumulation of gaseous precur-
sors NH3 and NOx, promoting the condensation of NH4NO3 on
particles. It should be noted that severe firework displays
usually occurred duringwinter-time inChinawhen atmospher-
ic thermal inversion commonly happened. So the secondary
formation of nitrate caused by firework displays could be part of
the reasons for the air pollution during CNY.
3. Conclusions

We investigated the evolution of the chemical composition of
aerosols during traditional Chinese New Year with time-
resolved single particle mass spectrometry measurements.
Fireworks made an obvious contribution to accumulation
mode (100–500 nm) particle number, PM2.5 and SO2 mass
concentration. Via chemical classification of single particle,
five clusters closely related to firework displays were identified:
Fireworks-metal, ash, dust, OC-sulfate and biomass burning
particles. Firework-related particles contributed to 70% and 50%
of total particle inmaximum in two separate firework pollution
events (CNY and GOW).

The formation of secondary particulate sulfate and nitrate
was also investigated on single particles. By distinguishing
sulfite and sulfate, the result convinced the aqueous phase
oxidation of dissolved sulfite to be dominant mechanism of
transformation of SO2 to sulfate. The concentration of SO2,
high relative humidity and high particle loading were the
most crucial factors to promote this process. Although
firework displays had a minor impact on particulate nitrate
formation, it was discovered that NOx emitted from firework
displays could transform to nitrate via homogeneous gas
oxidation and partition to particle phase through NH4NO3

condensation. Our study shows that under worm, humid
conditions, both primary and secondary aerosols contribute to
the particulate air pollution during firework displays.
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