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Measurements for particles 10 nm to 10 pum were taken using a Wide-range Particle Spectrometer during
the Chinese New Year (CNY) celebrations in 2009 in Shanghai, China. These celebrations provided an
opportunity to study the number concentration and size distribution of particles in an especial atmo-
spheric pollution situation due to firework displays. The firework activities had a clear contribution to the
number concentration of small accumulation mode particles (100—500 nm) and PM; mass concentra-
tion, with a maximum total number concentration of 3.8 x 10*cm 3. A clear shift of particles from
nucleation and Aitken mode to small accumulation mode was observed at the peak of the CNY firework
event, which can be explained by reduced atmospheric lifetimes of smaller particles via the concept of
the coagulation sink. High particle density (2.7 g cm>) was identified as being particularly characteristic
of the firework aerosols. Recalculated fine particles PM; exhibited on average above 150 pg m > for more
than 12 hours, which was a health risk to susceptible individuals. Integral physical parameters of fire-
work aerosols were calculated for understanding their physical properties and further model simulation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Over recent years there has been increased focus on short-term
air quality degradation events (Schwartz, 1996; Katsouyanni et al.,
1997; Tertre et al., 2002) and their long-term negative effects to
human health (Pope et al., 2002; Yorifuji et al., 2010). One of the
most unusual anthropogenic activities that create notable short-
term air pollution and serious health hazards is the recreational use
of fireworks to celebrate festivals all over the world. In China, for
example, the most intensive firework event occurs in the Chinese
New Year (CNY, Spring Festival), which is the nationwide celebra-
tion every year during January or February according to lunisolar
Chinese calendar with high-profile firework events occurring at
midnight on the CNY’s Eve in most cities and rural areas.

Burning of fireworks release gaseous pollutants such as ozone,
sulfur dioxide, nitrogen oxides (Attri et al.,2001; Ravindra et al., 2003)
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and suspended particles (Vecchi et al., 2008) with trace metals and
organic compounds (Steinhauser et al., 2008; Moreno et al., 2007;
Wang et al., 2007; Drewnick et al., 2006; Kulshrestha et al., 2004;
Ravindra et al., 2003; Carranza et al., 2001; Fleischer et al., 1999; Liu
et al., 1997). The short-term air quality degradation caused by fire-
works often results in serious health hazards, accidents, lethal injuries
(Mandal et al., 1997; Perry, 1999; Van Kamp et al., 2006; Ravindra
et al,, 2001; Singh et al., 2005; Witsaman et al., 2006) and a reduc-
tion in visibility for hours (Clark, 1997; Vecchi et al., 2008).

Despite the harmful effects of fireworks on air quality and
human health, there is a limited amount of literatures describing
the physical characteristics of firework particles. These include
particle size distribution measurements from 3 to 800 nm during
the Millennium fireworks in Leipzig (Wehner et al., 2000), and
particle number concentrations for size 0.5 um < dp < 1 um which
increased significantly during a firework episode in Milan, Italy (up
to 6.7 times within 1h) (Vecchi et al., 2008). Measurements of
particle number size distributions, in the size range of 3 to 800 nm,
taken by Monkkonen et al. (2004) during the Diwali festival in New
Delhi in 2002 showed that accumulation mode particles comprised
practically 100% of total particle number. A significant shift from
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nucleation and small Aitken mode to larger Aitken and accumula-
tion mode particles was observed during the 2006 bonfire night
celebrations in Leeds, UK (Agus et al, 2008) and 2002 Diwali
festivities in New Delhi (Monkkonen et al., 2004). The reduction
and disappearance of nucleation and small Aitken mode particles
can be explained via the concept of the coagulation sink, which
determined how rapidly nm-size aerosol particles were removed
through coagulation (Ménkkodnen et al., 2004; Agus et al., 2008;
Kulmala et al, 2001). Among all of physical characteristics,
particle density is a parameter that directly controls particle
deposition in the lungs by inertial and sedimentation processes,
which may play a prominent role in consideration of the associa-
tion between health effects and particulate air pollutants (Pitz et al.,
2003). However, there are very few studies describing the density
of firework particles. Wehner et al. (2000) calculated total sub-
micrometer mass from volume size distribution by assuming
a particle density of 1.7 gcm 3. Collectively, most of the above
measurements were either far from the centers of activities,
resulting in a measurement of the advected smoke cloud, or
a combination of pollution from bonfires, fireworks and traffic.
Measurements of particle number size distributions associated
with the CNY’s fireworks in this work therefore provided a unique
opportunity to study the physical characteristics of firework
particles with high time resolution. The emission was large and
occurred at a well-defined point in time in the absence of photo-
chemistry, and with a minimal traffic-related contribution.

The objective of this study is to monitor the short-termvariation in
particle number concentrations, size distributions, modal character-
istics and particle densities in the size range 10 nm to 10 pm during
the 2009 firework celebrations in Shanghai, China. These measure-
ments are compared to measurements taken prior to and following
firework events. Coagulation sinks are calculated to explain the
differences in particle modal patterns between the different
measurement periods. In addition, particle density and integral
physical parameters are calculated during the firework period. These
results will serve to understand the physical characteristics of fire-
work particles and explain the importance of the different physical
processes in determining the modal characteristics.

2. Methodology
2.1. Measurement site

Measurements of concentrations and size distributions were
performed continuously on the rooftop of a building on the campus
of Fudan University at urban Shanghai (31°18'N, 121°29’E) since
August 2008. The site was approximately 20 m above the ground
level, at a horizontal distance of approximately 200 m from one of
major firework display areas. However, it should be noted that
a large amount of firework displays, crackers and sparkles were set
off privately in whole city throughout the National holiday (25—31
January, 2009), with the main spectacular episode started since
soon after the dinner (around 18:00 LT) during the CNY’s Eve (25
January, 2009), ended with the high point after midnight
(0:00—1:00 LT) on 26 January, 2009. Buildings surrounding the
sampling site mostly consist of commercial properties and resi-
dential dwellings, and buildings belonging to Fudan University.
Collectively, factories were closed and families stayed together at
home on 25 January, 2009. Fireworks were setting off after dinner
on the CNY’s Eve till midnight to end the day.

2.2. Instrumentation

AWide-range Particle Spectrometer (WPS™-model 1000 XP, MSP
Corporation, USA) was used to measure aerosol size distributions in

the range of 10 nm—10 um. The instrument is a high-resolution
aerosol spectrometer which combines the principles of Differential
Mobility Analysis (DMA), Condensation Particle Counting (CPC) and
Laser Light Scattering (LPS) (Details can be seen in Gao et al., 2009).
Before and after the field campaigns, DMA was calibrated with NIST
SRM 1691 and SRM 1963 PSL spheres (0.269 pm and 0.1007 pm mean
diameter) to verify proper DMA transfer function and accurate
particle sizing traceable to NIST. LPS was calculated with four NIST
traceable sizes of PSL (0.701 pm, 1.36 pm, 1.6 pm, and 4.0 um mean
diameter). The DMA and CPC can measure the aerosol size distribu-
tions in the 10—500 nm range in up to 96 channels. The LPS covers the
350—10,000 nm range in 24 additional channels. In the present study
we chose the sample mode with 60 channels in DMA and 24 channels
in LPS. Thus it took about 3 min for one complete scanning of the
entire size range with 2 s of scanning period for each channel.
Ozone was measured using a Model 49i Ozone Analyzer (Thermo
Fisher Scientific, Co., Ltd), together with an UV photometer which
accurately and reliably measures ozone concentration in ambient
air. While NO-NO,-NOx was measured using a Model 42i NO-NO,-
NOx analyzer with the NO, to NO converter using the chemilumi-
nescent reactions. These instruments were automatically set to zero
and external calibration sources, which also met the technical
specifications for US EPA (Environmental Protection Agency, http://
www.epa.gov/ttn/amtic/criteria.html). Quality control checks were
performed every day including zero, precision and span checks.
Filters were replaced every two weeks, and calibration was made
every three months. Ozone and NOx were recorded each minute.

2.3. Meteorological data

Meteorological parameters such as temperature, relative humidity
(RH), wind, visibility, and pressure during the observation period were
provided by Shanghai Baoshan Meteorological Bureau. Daily averaged
PMyg used for the particle density calculation in Section 3.4 was
collected from Shanghai Environmental Monitoring Center in Yangpu
District (http://www.semc.gov.cn/), which is about 20 m above the
ground level and 4 km away from our observation site. As fireworks
and firecrackers were set off all over the city, it can be assumed that
both our measurement site and Shanghai Environmental Monitoring
Center in Yangpu District were under the similar situation.

3. Results and discussion
3.1. Number concentration and size distribution

Particles in the size range 10 nm—10 pm measured in this work are
divided into 7 sub size ranges: 10—20 nm (nuclei mode), 20—50 nm
and 50—100 nm (Aitken mode), 100—200 nm, 200—500 nm and
0.5—1 um (accumulation mode), and 1—10 um (coarse mode).

Hourly mean particle number concentrations of different size
bins from 23 to 27 January 2009 are shown in Fig. 1. The figure
shows that, prior to the fireworks, particle number concentrations
were relatively low with two peak values around 9:00 and 18:00
rush hours, followed by a minimum during midnight around 3:00.
During the main spectacular episode, which started soon after the
dinner (around 18:00 LT) on 25 January and ended with the high
point after midnight (0:00—1:00 LT) on 26 January, a large increase
can be seen in the number concentration, with a hourly average
maximum of 2.8 x 10* cm™3 during the peak hour (0:00—1:00 LT on
26 January). This concentration is almost 3 times higher than
average number concentrations measured the day before at
midnight. Besides, the diurnal behavior of the NO concentration is
actually an indicator of the traffic density and high-temperature
combustion. Less traffic can be observed on 25 January for the
reason factories were mostly closed and families traditionally
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Fig. 1. Hourly mean particle number concentrations of different size bins from 23 to 27 January, 2009.
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3.2. Coagulation sink (CoagS)

The discussion above showed that emissions from firework
activities substantially changed particle size distributions as well as

Date and Time

Fig. 2. Daily variation of hourly averaged O3, NO, NO, and NOy on 25 January and 26
January, 2009.
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Fig. 3. Contour plots of (a) number size distribution and (b) surface area size distribution from 23 to 27 January, 2009.

increasing overall particle number concentrations. The large
increase in small accumulation mode particles would be due to
primary emissions from the firework celebration. Meanwhile,
a reduction and disappearance of nucleation and Aitken mode
particles was also observed during the firework night compared
with the night before, which can be explained via the concept of the
coagulation sink (Kulmala et al., 2001; Monkkoénen et al., 2004;
Agus et al., 2008).

The time resolution for aerosol number concentration N in size
class i can be presented by (Kulmala et al., 2001):

an; _
de
where J; is the formation rate of particles, and the coagulation sink
CoagS can be determined as:

Ji — CoagS x N; (1)

10"

Coagulation sink (s")

50 nm

100 im ' 4

10° £
Jan 24

1 1
Jan 25 Jan 26
Date and Time

Fig. 4. Coagulation sinks for different particle sizes during the CNY Period.

CoagS = Y _K;iN; (2)
i

where K,-{- is coagulation coefficient between particles d,; and dp;
(ecm3s7j > 1), N; is number concentration of particles size j
(cm~3) (Kulmala et al., 2001; Seinfeld and Pandis, 1998).

Equation (2) has the following “pseudo steady-state solution”

Ji

Ni = CoagS 3

Thus, a large coagulation sink value implies a small concentra-
tion of nucleation or Aitken mode particles (and vice versa),
assuming a constant source J; (Ménkkonen et al., 2004).

Coagulation sink values were calculated for the particle diam-
eters of 1, 5, 10, 20, 50, 100 nm throughout the firework activities
(Fig. 4). These sinks are based on coagulation to particles < 10 pm,
the upper limit of the WPS used in this experiment. The coagulation
sink values during the firework celebration were overall very high
in comparison to the other periods studied. The maximum

Table 1
Modeled coagulation sinks and characteristics lifetime of 1 nm and 100 nm particles
compared with those in Monkkonen et al. (2004) and Agus et al. (2008).

Parameter This study Agus et al., 2008 Monkkdnen et al., 2004
Fireworks Bonfire and fireworks  Fireworks

1nm

CoagS(s™') 0.146 0.0371 0.673

Lifetime (s) 6.85 27.0 1.49

Lifetime (h)  0.0019 0.0075 413 x 1074

100 nm

CoagS(s™!) 698x10™> 194x10°> 2.04x 1074

Lifetime (s)  14326.65 51666.12 4901.96

Lifetime (h) 3.98 1435 1.36
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coagulation sink values for 1 and 100 nm particles were 0.146 s~
and 6.98 x 107> s~ ! at the same time, respectively. Another way of
looking at this issue is the inverse of the coagulation sink, which
can be considered to be representative of the characteristic lifetime
of particles. Thus, calculated lifetimes of 1 and 100 nm particles
were roughly seconds and hours during the firework event,
respectively. Therefore, it was natural that high concentrations of
nucleation and Aitken mode particles could not be detected during
the firework event.
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Coagulation sinks estimated in this study are compared with
those from Agus et al. (2008) and Monkkonen et al. (2004) shown
in Table 1. Our results are intermediate between the two other
studies. Three reasons for the differences can be suggested. Firstly,
the total particle number concentrations in the Ménkkonen et al.
(2004) study were about a factor of three higher than those
detected in our study and Agus et al. (2008), which probably
indicated that higher number concentrations led to higher coagu-
lation sinks. Secondly, measurements taken by Agus et al. (2008)
only showed the results from 4.7 to 160 nm indicated that they
had a relatively lower contribution to overall coagulation sinks. The
dominant size fraction for firework particles was proved to be in the
range of 100—500 nm in this study. Thus missing data of larger size
particles by Agus et al. (2008) led to relatively lower coagulation
sinks. Thirdly, results in our work and Mdénkkonen et al. (2004)
were more reflected firework particles, while Agus et al. (2008)
study was affected by a mixed pollution event of bonfire and fire-
works with smaller detected size range (4.7—160 nm). However, it
is hard to estimate separately the contribution of bonfire particles
to coagulation sinks.

3.3. Particle density

One of the main problems encountered in this work is to relate
ambient particle number to mass, which needs to make assump-
tions about the particle density. The particle density was calculated
in this work by the following equation (Pitz et al., 2003):

Mpwm
p =2 (4)
Vw
b 50x10°
z 3
40§ S0x10
[ a
T - |40 2
£ 30S £
: |
: S
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Fig. 6. Daily variation of number size distributions and number concentrations (a, b) as well as corresponding meteorological parameters (c—h) during 23—24 January and 25—-26

January, 2009.
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where Mpy,, (ng m~3) is the daily averaged PM;g mass concentra-
tion in the sampling district which was reported from Shanghai
Environmental Monitoring Center (http://www.semc.gov.cn/).
Mpp,, on 26 January stands for the period from 12:00 LT on 25
January to 12:00 LT on 26 January, 2009. Vi, (um~3cm™3) is
calculated by integrating the volume size distribution from 10 nm
up to an aerodynamic diameter of 10 um, assuming an apparent
density 1gecm™> and particles to be spherical shaped. Thus
apparent density p (g cm ) is the daily averaged particle density,
calculated as the ratio of particle mass concentration on a daily
basis to the corresponding volume concentration.

Daily averaged particle density p in January is shown in Fig. 5. The
loss of data during 20—23 January was due to rainy days. The daily
arithmetic mean density of particles up to 10 pum was generally
between 1.5 and 2.0 g cm >, with the exception of two significantly

M. Zhang et al. / Atmospheric Environment 44 (2010) 5191-5198

higher values of 2.9 and 2.7 g cm > which occurred on 24 January
and 26 January respectively. The results calculated here are quite
near to previous studies. Hinel and Thudium (1977) determined
particle density up to 3.0 g cm~> with the range of 1.8—3.0 g cm > at
Mainz, BRD for dry atmospheric aerosol, mean value
1.6 £ 0.5 g cm 3 with the range 1.0—2.5 g cm > for urban aerosol in
Erfurt, Germany (Pitz et al., 2003). In addition, 1.0~1.5 gcm ™3 for
ambient aerosol was reported in Riverside, California (Spencer et al.,
2007); 1.2—1.8 gcm > in Summer during high humidity period in
Queensland, Australia (Morawska et al., 1999); 1.3—2.0 gcm > for
ambient aerosols during summer season 1999 on GSF campus,
Germany (Karg, 2000); and 1.6—1.8 gcm > for ambient aerosols
Meadview, AZ, and Minneapolis, MN, USA (Stein et al., 1994).

The large scale of particle density indicated different factors and
emission sources affecting the particle formation. The two high
particle density periods occurred on 24 January and 26 January
were chosen here for comparison. Fig. 6 shows the daily variation of
number size distributions and number concentrations as well as
corresponding meteorological parameters of two periods. Different
from “banana events” for indicating new particle formation,
nucleation and growth process (Gao et al.,, 2009; Heintzenberg
et al, 2007; Kulmala et al., 2000), the “tadpole event” on 23—24
January (Fig. 6a) began at 10 nm was more possibly indicating
secondary aerosol formation and growth process. Higher wind
speed (Fig. 6¢) with extremely low RH (Fig. 6e) indicates the other
possible reason for higher particle density by bringing road dust
and western industrial sources in a much dryer environment, as
indicated by Hanel and Thudium (1977).

Compared with that on 23—24 January, the firework celebration
on 25—26 January (Fig. 6b) was an unusual source for new particle
production with much higher number concentration of
3.8 x 10* cm~3 (Fig. 6b) in short time period. Due to stable weather
conditions (low wind speed (0—2 ms~'), weak variations in RH,
temperature and pressure, Fig. 6d, f, h), dispersal of the enhanced
levels of aerosol particles generated by fireworks was inhibited and
particles were “trapped and accumulated” within an ageing air

Table 2
Integral physical properties calculated from particle size distributions during the peak hour (0:00—1:00 LT on 26 January, 2009). Djow = 10 nm, Dyjgp = 10 pm, D1 =500 nm,
D> =100 nm.
No. ID Parameter Calculated value Unit Definition
1 Nt Total number 27,705 + 6850 cm3 o
2 Lt Total length 5895 + 1738 umcm 3 B
3 St Total surface 5228 + 1636 pum? cm—3 Y
4 Vr Total volume 389+119 um? cm—3 5
5 Mr Total mass (PM;o) 1054 + 322 ugm—3 p1V (p=2.71 gcm 3 see section 3.3)
6 N; Number < D, 27,487 + 6801 cm 3 As in parameter 1 but for Dpjgh = D4
7 Ly Length <D, 5726 + 1696 pum cm 3 As in parameter 2 but for Dpjgp, = D4
8 S1 Surface < D; 4685 + 1495 um? cm—3 As in parameter 3 but for Dhigh = Dy
9 Vi Volume < D; 239+79 um?® cm—3 As in parameter 4 but for Dpgh = Dy
10 M, Mass < D; (PMgs) 648 +214 pgm—3 p1V (p=2.71 gcm> see section 3.3)
11 N, Number < D, 4813 +1001 cm—3 As in parameter 1 but for Dyigp, = D>
12 L, Length <D, 308 + 66 umcm 3 As in parameter 2 but for Dyigy, = D;
13 S, Surface < D, 71+16 um? cm 3 As in parameter 3 but for Dpigh =D
14 Vs Volume < D, 0.93 +0.23 pum?> cm—3 As in parameter 4 but for Dpigh = D>
15 M, Mass <D, 2.52+0.62 pgm—3 p2V (p=2.71 gcm 3 see section 3.3)
16 Dy Mean Number diameter < D, 196 +18 nm €
17 Dy Mean length diameter < D 248 +£12 nm 4
18 Ds Mean surface diameter < D¢ 289+9 nm n
19 Dy Mean volume diameter < D; 320+6 nm 0
20 Dn Median Number diameter < Dq 180+6 nm L
21 D. Median length diameter < D4 231+7 nm K
22 Ds Median surface diameter < D, 277 +£10 nm v
23 Dy Median volume diameter < Dq 313+12 nm 13
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mass. Combined with large amounts of metallic and organic
composition generated by fireworks (Wang et al, 2007), the
particle density was much higher than normal days.

In sum, the two high particle density episodes here possibly
stood for two extremes: (1) 23—24 January was possible strongly
influenced by secondary particle production process, dry environ-
ment and possibly local sources; (2) 25—26 January was strongly
influenced by large amount of firework emissions and then accu-
mulation processes caused by stable weather condition.

Additionally, based on the density data shown in Fig. 5, time
series of recalculated PMyg, PM; and PM; to PMj ratios from the
number size distribution 10 nm—10 pm are shown in Fig. 7, with
the dotted line stands for National Ambient Air Quality Standards of
PMio (24 h, 150 ug m3). Fine particles (PM;) accounted for more
than 40% of PMjy, rising to more than 60% during the period of
firework displays. It can be seen that the concentration of PM1g was
much more than 150 pg m~ from 18:00 LT on 25 January to 12:00
LT on 26 January. The following two days were still in high PMg
concentration close to 150 pg m~3, with the PM; to PMjo ratios
fluctuating around 50%.

3.4. Integral physical parameters

A number of integral physical parameters were calculated based
on particle number size distributions and particle density during
the peak hour (00:00—01:00 LT on 26 January), which were
explored for understanding the physical properties of firework
particles. By calculating these integral parameters not only for the
total size range from 10 nm to 10 pm but also in two sub-ranges,
a total of 23 parameters were derived, which are listed in Table 2.

As particles between 100 and 500 nm were the dominant size
fraction during the firework period, D; was defined to be 500 nm
and D, as 100 nm. The calculated results in Table 2 showed that
PMyg could be as high as 1054 + 322 ug m~> during the peak hour,
with the mean particle sizes were 196 4+ 18 (number), 248 + 12
(length), 289 + 9 (surface) and 320 + 6 nm (volume), respectively.
Besides, the median particle sizes were 180 + 6 (number), 231 +7
(length), 277 + 10 (surface) and 313 + 12 nm (volume), respectively.
The size range from 100 to 500 nm contributed to about 82%, 92%,
88% and 61% to the total number, length, surface and volume (mass)
concentrations, respectively. The results demonstrate that firework
activities had a clear contribution to aerosol number size distri-
butions and PM1g mass concentrations. Primary emissions of fire-
work particles are in the smaller accumulation mode region, which
significantly alter the modal structure of particle size distributions.

As for the statistics in Table 2 was only the main burning period,
the variation of the whole firework burning period needs more
studies and discussion. However, these parameters would be
helpful for understanding the physical properties of fireworks
aerosol and further model simulation.

4. Conclusion

Aerosol particle number concentrations and size distributions in
the diameter range of 10 nm to 10 pm were measured during the
CNY’s firework event in 2009 in Shanghai, China. Particle concen-
trations during the peak hour of firework celebrations were
approximately 3 times higher than the day before, with a clear shift
of particles from nucleation and Aitken mode to small accumula-
tion mode. Coagulation sinks for all particle sizes were greatly
enhanced during the firework celebration due to high concentra-
tions of accumulation mode particles. The maximum coagulation
sink values for 1 and 100nm particles were 0.146s~' and
6.98 x 107> s~! during the peak hour, respectively. Thus, lifetimes
of 1 and 100 nm particles were in the order of seconds and hours,

respectively, resulting in reduction and disappearance of smaller
particles.

Daily averaged particle density was calculated as high as
2.7 gcm™3, which would be one of the parameters that directly
control particle deposition in lungs by inertial and sedimentation
processes. A number of integral physical parameters were also
concluded for understanding the physical properties of particles
generated from firework displays.

The results demonstrate that primary emissions from firework
celebrations significantly alter the modal structure of particle size
distributions and particle density. Both these properties are likely
to influence particle radiative properties and toxicological effects.
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