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Low Hygroscopicity of Ambient Fresh Carbonaceous

Aerosols from Pyrotechnics Smoke

Christian M. Carrico *, Samantha L. Bixler New Mexico Institute of Mining and Technology,
Socorro, NM 87801

Manvendra K. Dubey, Allison C. Aiken Los Alamos National Laboratory, Los Alamos, NM
87545

HIGHLIGHTS
1. Pyrotechnics (fireworks) have substantial thougls@pc impacts on ambient aerosol

properties.

2. In a well-mixed < 3 hr old fireworks plume, dryligscattering (450 nm) reached 120 Mm
with nearly constand (780nm) = 0.86 and A = 2.2.

3. Ambient fireworks smoke aerosol hygroscopic respamas low f(RH=85%) ~ 1), implying
lower radiative effects but longer lifetime andgmtial human exposures.

4. Chemical composition was a key driver as smoke fsamall sparklers exhibited greater
water uptake (due to the contribution of potassaioride) than from the larger explosive

aerial fireworks which were likely dominated by anijc and elemental carbon.

* Correspondence to: C.M. Carrico, kip.carrico@ reahi
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ABSTRACT

Pyrotechnics (fireworks) displays are common fonyneultures worldwide, with Independence
Day celebrations occurring annually on Jufyas the most notable in the U.S. Given an
episodic nature, fireworks aerosol properties a@ly characterized. Here we report
observations of optical properties of fresh smakéssions from Independence Day fireworks
smoke sampled at Los Alamos National Laboratoryy Neexico U.S.A. on 4-5 July 2016.
Aerosol optical properties were measured with agdmoustic extinctiometer (PAX, DMT, Inc.,
Model 870nm) at low RH < 30% and a humidity corledinephelometry system (Ecotech, Inc.,
450 nm Aurora). ‘Dry’ light scattering coefficie(dsy) increased from background < 15 Mm
reaching 120 M (450 nm) as a 2-minute event peak, while the alisorpoefficient increased
from background of 0.5 to 4.4 Mh{870 nm). The event peak occurred at 00:35 orly52016,

~3 hours after local fireworks events, and decr@ésdackground by 04:00 on 5 July 2016,
showing well mixed aerosol properties. A notalgigult is that the aerosol hygroscopic
response, as characterized by the ratio of wetytdight scattering of(RH=85%), declined to
1.02 at the peak fireworks influence from a backga~1.7. Strong wavelength dependence of
light scattering with Angstrém exponent ~ 2.2 thgbaut the event showed a size distribution
dominated by sub-micrometer particles. Likewisegle scattering albedo at 870 nm remained
constant throughout the event with= 0.86 + 0.03, indicating light absorbing carbtiqugh not
dominant, was mixed with organic carbon. Subsegladoratory testing with ground-level
sparklers showed that pyrotechnics smoke can genaistrong hygroscopic response, however.
As confirmed with chemical analysis, the chemistiyhe fireworks was key to defining the
hygroscopic response. Sparkler smoke was domirgtedlt species such as hygroscopic
potassium chloride while it lacked the black powebgplosives in aerial fireworks that contribute

organic and elemental carbon to its non-hygrosceipicke.
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1 INTRODUCTION

1.1 Particulate Material (PM25) and Its Air Quality Impacts

Particulate material, particularly the fine fractip.e. small particles < 2.5 pm diameter), has
important impacts on atmospheric chemistry andceptParticulate matter with aerodynamic
diameters less than 2.5 micrometers ¢BIMs a specific parameter of interest to humantheal
atmospheric visibility, and climate. BMhas primary and secondary sources it is respansibl
for substantial atmospheric light extinction, peatsts deeply into the human lungs, and is a
source of cloud condensation nuclei. Traditionallthe U.S., the regulatory focus has been on
PM, s as the basis for human health impaBtsde and Dockery2006]. Recently, interest has
also developed in P< 1 pm (PM) and ultrafine particles (< 100 nm) which often dominate
number concentrations freshly emitted from comlomssiourcesQarrico et al, 2016a]; the
European Union currently has regulatory statutesessing ultrafine particles. The sources of
these particles are diverse and include many godigenic contributions, largely from
combustion sources, as well as from new partialm#édion from natural and anthropogenic
precursors. Here we examine the microphysicalentags of 2-3 hours old smoke from the
combustion of pyrotechnics (fireworks) associatéithwthe U.S. Independence Day celebration
in 2016.

1.2 Fireworks Emissions and Air Quality

Fireworks displays are common globally across natures, associated with select secular and
religious events. Emissions from fireworks repreésedistinct though transient impact on local
to regional air quality. In the U.S., the most ornant fireworks event is Independence Day on
July 4", with 75% of professional and 90% of retail firew® sales associated with the event
according to the American Pyrotechnics AssociatAPA). Moreover, fireworks sales have
increased from 41 to 285 million pounds of firewefkom 1980 to 2015 in the U.S. alone (APA
data). In 2015, revenues from consumer sales $@i& billion vs. $0.34 billion for display
fireworks (APA data). Thus, the emissions in th&.lare distributed beyond major professional
displays and likely track population density amaiiger factors. Differences are expected as a
function of height, as consumer fireworks are aldsegground level vs. those in professional

displays.
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Gas-phase and patrticle emissions from fireworks diffgr substantially from those from fuels
combustion. For example, ozone formation can lpaoted by fireworks, as they can serve as a
direct formation mechanism for ozone in additioremoission of precursoréftri et al, 2001].
Some studies have shown some elevated Wtle other studies have shown negligible impacts
on NQ, and ozoneMandal et al, 2012;Parkhi et al, 2016]. Due to its oxidative capacity
fireworks smoke has been implicated as a healkfoisacute cardio-respiratory effectSddri

et al, 2010].

1.3 Particulate Material Properties from Fireworks Smoke

Nearly universally, observations show elevated Pl garticularly ultrafine and accumulation
mode particles associated with emissions from firkw. They are a substantial though short-
lived source of fine mode particulate material gEMncluding trace metal specid3rewnick et
al., 2006;Moreno et al. 2007]. One of the most comprehensive firewoetated studies
examined a network of 315 U.S. ambient aerosol tadng stations over multiple yearSdidel
and Birnbaum2015]. Observations showed recurrent, thougintgived (<0.5 days), impacts
associated with U.S. Independence Day fireworkstzn U.S. monitoring stationS¢idel and
Birnbaum 2015]. For example, the study found averageliidivl, s concentrations elevated by
21 pg/nt during the hour from 19:00-20:00, with a 42% agericrease in 24-hour BM

concentrations compared to proximate days.

The chemical composition of fireworks is relevamt the resulting smoke properties. The
primary composition of fireworks’ black powder cbaris graphitic carbon, potassium nitrate,
and elemental sulfur in varying proportiof@ulsell 2000]. The black powder is use as a
propellant and explosive charge for aerial firevgprnd the products of combustion include
potassium compoundR{issell 2000]. There are various emitter compounds, iyaietals,
including iron oxides, aluminum, titanium and paiasn compounds for coloration. For
example, the primary colorants for yellow coloratere sodium salt&Rjussell 2000].
Nonetheless, organic carbon (OC) species are tifeedominant chemical contributor in
ambient fireworks observationdigng et al, 2015;Tsai et al, 2012].
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1.4 Southeast Asia Studies of Fireworks Emission Charaeristics

The origin of fireworks traces to East Asia, anel &sian continent has a long history in
religious and secular festivalR{issell 2000]. Numerous recent studies have examined the
significance of fireworks to air quality in southdiEast Asia, and most notably India, Taiwan,
and ChinaChen et al.2016]. Several studies have examined firewarkadia particularly as
related to the annual Diwali Festiv&ymar et al, 2016;Nasir and Brahmaiah2015]. One of
the worst smog events in India occurred in New Détfidia in early November 2016 with Byl
concentrations exceeding the instrument upper Bf®99 pg/m. It is still under investigation,
but it was estimated that 60-70% contributions ffoeworks smoke
(https://phys.org/news/2016-10-delhi-toxic-smog-aivestival.html). As a result, the Supreme

Court of India banned the sale of fireworks in 20though the air quality impacts were still very
significant during the Diwali festival of 2017 (p&://phys.org/news/2017-10-delhi-toxic-haze-

diwali-fireworks.html).

1.5 Optical Properties of Fireworks Aerosols

Many of the measurements of fireworks smoke immghatrosols have focused on Piass
concentrations and chemical speciation. Howevemall number of studies investigated
aerosol optical properties of fireworks smoke. Tkaeral observations are a fine mode
dominance of PM properties and elevated singldesoag albedod, the ratio of light scattering
to extinction) during impacted time period3dvara et al. 2015]. In part due to their transitory
impacts, data in the literature is lacking on tk&eet, duration, and characteristics—particularly
optical properties—of emissions from fireworks. eTihtent of this study is to report
observations of freshly emitted fireworks generaedke including optical properties, and in
particular, aerosol hygroscopic response as retatédte U.S. Independence Day fireworks on 4-
5 July 2016.

2 EXPERIMENTAL DETAILS

2.1 Sampling Site
Measurements were conducted in summer 2016 at oatifxrea-51 at Los Alamos National
Laboratory (LANL) (Figure 2) located at 35.850° N61272° W at an elevation of 2149 m ASL.

5
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The LANL study was focused on laboratory biomassimg emissions, yet it also provided a
unique opportunity to examine ambient fireworkduahced ambient smoke properties. We
conducted follow-up laboratory experiments with coencially available sparklers using the
same measurement technigues. The following sed@saribes the measurements and
experimental quality assurance effor@arrico et al, [2016b] gives more details on the

experimental methods and results for laboratorylestion of biomass fuels.

The nearest meteorological measurements were ~@uenmorth at Los Alamos Municipal
Airport (WBAN:93091) which is located at 35.881°186.276° W at an elevation of 2184 m
ASL (Figure 2). Local wind direction and speed igorted on a 30-minute average basis and
were examined to determine atmospheric transpadrsaarce regions. Furthermore, NOAA
Hysplit backtrajectory analyses were conducteth@i tANL sampling site and the Los Alamos
Municipal Airport sites Rolph 2017;Stein et al.2015].

Nearby local municipal fireworks displays includéthite Rock, NM display which was 8.8 km
ESE of the LANL sampling site (288 degrees veatomf White Rock to LANL site). A public
display of fireworks was ignited at Overlook PankW/hite Rock, NM, for an hour beginning at
approximately 21:00 on the evening of 4 July 20AGublic display occurred in Jemez Springs
approximately 40 km to the west-southwest of LoanAds at the same time. Additionally, there
were no fewer than six municipal fireworks displayighin 200 km of Los Alamos on the
evening of 4 July 2016 with unknown contributionsluding Santa Fe, NM (38 km to the SE),
Albuquerque (80 km SSW), Rio Rancho (80 km SSW}, Yagas (100 km ESE), Grants 163
km WSW), and Farmington (190 km WNW).

2.2 Measurement Methods
An aerosol sample inlet extended above roof lef/#i@ LANL building at a height of
approximately 5-m above ground level. A laminanpke flow of 6 Ipm was drawn through a
6.5 mm OD copper tubing, and the aerosol instrusneatnpled the flow undiluted. Due to the
length and pressure drop through the ambient liniet no further sample conditioning or size
cut was introduced before measurement instrumentatiCombustion sources, particularly with
flaming combustion, produce size distributions teliftoward smaller (p~ 50 nm) more

6
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absorbing particles whereas smoldering fires predager though still predominantly sub-pm
particles (i3 ~ 200 nm) with highw [Carrico et al, 2016a]. As discussed later, measured
wavelength dependence of light scattering (as dstrated by the unitless Angstréom exponent,
A) shows sub-um mode particles dominated firewsrkeke optical properties. All laboratory
smoke measurements were sampled at near ambiahticos undiluted into the instruments, at

relative humidity (RH), dry bulb temperature andgsure given in Table 1.

2.3 Patrticle Light Scattering as a Function of RelativeHumidity

Relative humidity is an important parameter asilit a¥fect particle water uptake; smoke with a
substantial inorganic component is hygroscofiarfico et al, 2016b]. Numerous systems for
measurement of RH controlled light scattering hHaeen used in past aerosol studies. The
instrument described here is based on a simphfeedion of that described @arrico et al,
[2003] (Figure 1).

The instrument consisted of two integrating nepimetiers (Ecotech, Inc., Aurora 450 nm)
plumbed in series to measure light scattering aoeffts by particlesdp, given in units of

inverse length, here 1/Megameters). For our p@Rasampling conditions here (RH < 40%) are
considered ‘dry,” as hygroscopic diameter growtttdes were found to be < 1.02, the instrument
uncertainty, for such low humidityCarrico et al, 2010]. Drying before the dry nephelometer
used a membrane drier (Permapure, Inc.) with godrge flow, and typically resulted in RH <
20% (Table 1). Humidification of the wet nephelderaised a custom in-line humidifier
consisting of a water jacket separated from thesamdisample flow by a water vapor permeable
membrane. During the sampling period discussed kbergrolled ‘wet’ RH = 85.4 +/- 0.6%
(arithmetic mean and standard deviation) for therephelometer based on dew point
temperature from the upstream Vaisala and the dlty temperature measured internal to the
nephelometer (Table 1). For both wet and dry imsants, nephelometer inlet temperature and
humidity were monitored with a capacitive type ser(¥aisala Inc., HMT333) interfaced to an
analog to digital converter card (National Instrumse Inc. NI-USB 6008). RH instruments were
calibrated at high and low RH to within 2% of thel Benerated by saturated salt solutions,

similar to the 2-3% RH accuracy given as the uagety by the manufacturer.
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Sample residence time was approximately 4 seca)@sibr to measurement with the wet
nephelometer. Pure G@nd particle free air were used to calibrate gyghelometers before
and after these measurements. Flow rates wergedenith external flow standard (BIOS
International, Inc., DryCal). All plumbing betwe#re sample inlet and instrument were
stainless steel fittings (Swagelok, Inc.) and 1@ electrically-conductive tubing to minimize

particle loss.

Nephelometer measurements are reported here fgsamapled’ conditions (near ambient T, P)
with no adjustments for temperature, pressuresuingnt non-idealities or other environmental
conditions (Table 1). The nephelometer, due to Emdunitations and other non-idealities, gives
a nephelometer measured total scattering coeffi¢gg). Mduller et al.[2011] used
nephelometer-measured wavelength dependence @ndisim a single nephelometer and as
quantified by the Angstrém exponent in derivingoarection to yield ‘true’ light scattering.

Since the long wavelength light scattering measergrere with a photoacoustic extinctiometer
(PAX) discussed lateNakayama et al2015] has a different geometry with a smallent¢ation
error correction is not attempted with this dataré{ using the fireworks smoke measured
Angstrom derived from the nephelometer plus the P correction would yield only a slight

change inosp of +3% and thus is ignored here.

2.4 Photoacoustic Extinctiometer Measurements

We report particle light scattering and absorptioefficients s, ando,p) at a frequency of 1-
min with a photoacoustic extinctiometer (PAX, Mo8&0 nm, DMT, Inc.), sampling at a flow
rate of approximately 1 IpnAfFnott et al, 1999;Nakayama et 8l2015]. The PAX gives an
estimate of the aerosol single scattering albegdafitless ‘brightness’ of the aerosol), where
= osp/ [ospt+ 0ap. The instrument sampled through a 0.065 m Obtetally-conductive
sampling line, approximately 2 m in length (upstne@sidence time;, < 3 s) with no further

sample conditioning.

The PAX was calibrated by first using a strongghti scattering aerosol, (NHSO, with
complex refractive index of 1.52 + 0.01 + 0.00i.83 at 532 nmllang-Yona et al.2009],

followed by a strongly absorbing aerosol generatitd a kerosene lamp. Calibrations
8
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231 compared measured light scattering and absorptidiréctly measured light extinction applying
232 the Beer-Lambert Law to laser intensity attenuatiotihe optical cavityArnott et al, 2000].

233 The calibration is not sensitive to the opticalpgeies of the calibration material (e.g., size,
234 refractive index) as high concentrations deterneixténction directly from attenuation of the

235 laser intensity using the Beer-Lambert Law. Minocertainties are introduced when applying
236 the calibrated response to ambient data due thxtbe@ geometry of the measurement cell and
237 differences in the scattering phase function féfedent aerosolsNakayama et al2015].

238 During measurements, the instrument auto-zeroeddgieally on a 15-minute basis by switching
239 a HEPA patrticle filter in-line

240

241 3 RESULTS

242 3.1 Measurement Quality Control Checks

243 A comparison of light scattering coefficients asasieed by two nephelometers both at low RH
244  gives indication of the agreement at ‘dry’ condiBas the wet nephelometer here was controlled
245 tolow RH =33.9 £+ 1.7% (Figure 3). These ambmetisurements were collected shortly after
246 the fireworks event on 8 July 2016. With respecmbient PMs, this period was quite clean
247  with ospranging from 7 to 14 Mih  Agreement between instruments at these low arhbie

248  concentrations shows a slope of 0.98, intercept®Mmi*, and an Rvalue of 0.98. The strong
249 agreement at low RH and low magnitude light scattedemonstrates acceptable instrument
250 inter-calibration. The agreement also provides @veg of minimal particle loss through the

251 instruments and humidification system.

252

253 3.2 Meteorological Context of Ambient Measurements

254  The meteorology during the period of interest was(BH < 21%) and mostly clear with some
255  broken cloud cover from Los Alamos airport measw@ets obtained from the U.S. National

256 Oceanic and Atmospheric Administration (NOAA) Climd@ata Center. A wind rose shows the
257 frequency distribution of windspeed and directidmbng from starting 20:35 4 July 2016 —

258 08:15 5 July 2016 (36 observations, all times laeeegiven in local MDT). The winds during
259 the period of interest were moderate and steadybain/s and westerly origins at 265 degrees
260 (Figure 2).

261
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Air mass back-trajectories calculated backwardd fohours and arriving at the LANL sampling
site (south site) and at the Los Alamos airporttfnsite) at heights of 500, 750 and 1000 m also
indicated strongly westerly flow aloft (Figure Bdlph 2017;Stein et al.2015]. The westerly
nature of the winds suggests little influence fritvba nearby White Rocks, NM, fireworks

display at approximately 8.8 km to the southeashefsampling site. At 16 km/h winds and a
location 40 km upwind (2.5 hours transit time), avgue that the Jemez Springs, NM fireworks
influence was a most likely contributor. The p@&akacts occurred > 2 h after the end of
municipal displays, and the back-trajectories phsser Jemez Springs (Figure 2). Due to
complex mountain meteorological flow charactersand the nature of numerous fireworks

from individual use, the direct source cannot lodated though.

3.3 Ambient Fireworks Aerosol: Extensive Properties

Extensive properties of light scattering and absonpcoefficients both increased markedly
during the fireworks-dominated episode beginningpgroximately 23:45 on 4 July 2016 and
lasting until 04:00 on 5 July 2016 (Figure 4). YA&ine the time period of the event by when
the light scattering coefficient (450 nm) increased stayed above typical background values of
<15 Mmi* shown previously. As shown in the time serieBigure 4, some small perturbations
occurred earlier ims, around 18:20-19:40 on 4 July 2016. Likewise, seominued influence

of fireworks smoke is suspected after 04:00 onl$ 2016. Both periods are excluded as
outside the primary event though. Past studienofbustion aerosols demonstrate that optical
properties show significant and rapid changes eosayover time frames on the order of 2 h past
initial emission, similar to the transport time ebged hereCarrico et al, 2016aVakkari et al,
2014].

For four hours before the event light scattering Veav and relatively stables,= 9.0 + 0.5 Mm

! (450 nm). A rapid peak wittx, reaching 120 M (2-min) occurred at about 00:35 on 5 July
2016, subsequently decreasing througout the maorhight scattering from both instruments
and light absoption from the PAX are highly cortethand show simultaneous peaks. The time
period for this event is approximately 3 hoursrahban the large firework events in this area and

as observed at many air quality stations in the [E&idel and Birnbaun2015].

10
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The relatively large magnitude and slight change shows only a modest increase in black
carbon (BC measured in units of pgjrassociated with the organic carbon in firework®ke.
PAX-estimated BC concentration increased from 6.0.86 pg/m by assuming a mass
absorption cross-section for of 4.6/mat 780nm during the episode. Past measureméthts
an Aerosol Chemical Speciation Monitor (ACSM) shdvpeedominantly organic carbon (OC)
as well as potassium, chloride, and sulfate cautioins Jiang et al, 2015]. Several studies
have shown secondary organic aerosol (SOA) preduome) higher OC/EC ratios, and small
increases in black carbon all suggesting orgamigacais more important than soot carbon in
fireworks smokeTsai et al, 2012;Raju et al, 2014]. InLin et al.,[2016], a high absorption A
of 1.4 indicated a substantial brown carbon coatiim, not unlike biomass smoke also
observed in a study in New York, U.S.AVang et al.2012]. We do not have any direct
measurement of aerosol carbonaceous content lpgdusrganic carbon, and potentially brown

carbon as found in past studies, dominated thesakchemical composition.

3.4 Ambient Fireworks Aerosol: Intensive Properties

Among intensive properties, at 780 nm stayed relatively constant at 0.86 3 @uxing the
episode, slightly higher than before or after thisede (Figure 4, Table 2). Thus the event did
not entail a dramatic shift to a strongly light atisng aerosol dominated by black carbon. From
the photoacoustic instrument, the light scattedng absorption were strongly correlated with R
= 0.93 thus showing little change in their relagbip during the fireworks-dominated event

indicating well-mixed properties.

The light scattering coefficients of the shortemelangth nephelometer (450 nm) exceeded the
PAX (870 nm) by a factor of ~four. The wavelengdpedndence of light scattering was strong
with A = 2.2 + 0.3 during the event, and this witttel changed before, during or after the
episode indicating the dominance of the sub-mictentfeaction throughout. Using the episode
average A, we adjusted the scattering to a wavtiesfgd50 nm to compare directly to the
nephelometer. Light scattering measurements flePiAX instrument and nephelometer were
highly linear during the event & 0.95) with a slope of 1.12 indicating little vatility in the

aerosol size distribution and again a well-mixesbse! (Figure 5). Finally, the variability in the

11
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intensive optical properties as shown in the stethdaviation in Table 2, was much lower

during the fireworks plume sampling period alsacéating a uniform, well mixed aerosol.

Among aerosol intensive properties, the hygroscogsponse was single measured parameter
that significantly changed through the event. @hkancment in light scattering due to aerosol
hygroscopic growth di(RH=85%) dropped from ~1.7 to a minimum approaclapgroximately
1.02 during the peak of the episode (Figure 4). dMgerved an anti-correlation between
f(RH=85%) andbs, during the event with R = -0.85. F6(RH=85%), the minimum was 1.02
and the event average = 1.16 + 0.10, significdothyer than before or after the event (Table 2).
Though the low hygroscopicity means less diredbilisy and climate impacts, it also has larger

implications for aerosol lifetime and exposure.

Brock et al.[2016] proposed a single parametareph fit forf(RH) data. Usindrock et al.
[2016],x-neph during the event decreased to a minimumQ&fPwith an event averageneph
=0.027 £0.017 (Table 2). We take the minimkimeph oberservedk{neph = 0.003) as
associated directly with fireworks emissions &ageph = 0.12 as that of the background aerosol
(similar to the mean value before and after theneaad excluding the suspected perturbations
due to fireworks shown in Figure 4). We calculage?2tcomponent mixtune-neph weighted by
their o5, contributions. We apply a 2-component model witerekground aeroseatis

combined with a fireworkg taken as the minimum reached in Figure 4. Thesgooentx
values are weighted by the dry light scatteringfocients from the respective cases in real time
with backgroundss, = 9 Mmi* and any excess attributed to fireworks. The tagjiteement in
Figure 6 for the fireworks influenced case indisatdairly well-mixed and uniform fireworks
aerosol as it reached Los Alamos, also indicateshipgil variability in A ando in Figure 4.

Using these inputs and a 2-component mixture, atledk is shown versus measunedeph

for the 4-hour fireworks event from 23:45-04:00giHie 6) and the preceding 4 days from 1
July-4 July 2016. The plot shows a strong relaop during the fireworks episode and a much
more variable Los Alamos typical aerosol. Durihg fireworks episode the hygroscopic
response roughly follows a 2-component mixture néarly hydrophobic fireworks aerosol and

a modestly hygroscopic background aerosol.

12
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For combustion processes, one of the most impopanasimeters dictating aerosol physical
properties is the MCE as measured in numerous lEsimarning aerosol studies. A pronounced
relationship between the MCE andvas described across other FLAME-4 experiments wit
smoldering combustion characterized by low MCE lsadling to highw [Liu et al, 2014] and
leading to a shift to larger sizeS4rrico et al, 2016a]. Usind.iu et al.,[2014] and their
relationship ofw to MCE, the fireworks aerosol represented combuostith MCE ~ 0.92 which

is the transition between flaming and smoldering.

3.5 Laboratory Sparkler Measurements

We followed the ambient observations with a shalbblatory experiment generating
pyrotechnics smoke using two types of sparklergld€ad Sparklers” manufactured in China
and “Gold Sparklers” manufactured in Thailand pas#d at local fireworks vendors in New
Mexico, USA. In previous studies, a significanusme of smoke at the ground-level is from
sparklers, and emissions were dominated by ulegfarticles [ < 50 nm comprising 83% of
number concentrationBgtha and Balasubramania@014]. During Diwali festival in India,
sparklers were found to be a strong contributoraar ground-level PM spike¥ ¢rramsetti et
al., 2013].

The smoke from both sparkler varieties measured Wwes strongly hygroscopic (Table 3), in
sharp contrast to the ambient-sampled fireworKsi@miced properties. Sparklers lack the black
powder explosive in aerial fireworks but produceitispark coloration from potassium and

sodium salts_(http://www.compoundchem.com/2014/A/sffarklers/). Analysis of major ions

(ion chromatography) and carbonaceous content ésladoratories Organic and Elemental
Carbon Analyzer) of PM1 from the smoke generatethfsparkler combustion confirms the
dominance of potassium and chloride for both sgarsdmples (Figure 7). The lower response
associated with the Gold Sparkler from Thailandted to its somewhat smaller contribution
from potassium chloride and larger contributiomirorganic and elemental carbon (Figure 7).
Numerous ambient studies have linked fireworks ssmwith tracers including elevated trace
potassium and chloride ionkiip et al, 2014;Yao et al. 2015;Kong et al, 2015]. Potassium
chloride is a strongly hygroscopic salt that iaa important component of biomass smoke
[Carrico et al, 2010].
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These properties require further study to deterrainemplete and systematic description of the
controlling variables, but we argue that chemi@ahposition plus combustion characteristics of
the pyrotechnics will have a profound influencesomoke properties. Due to the composition of
sparklers (including colorant compounds such aagsaim chloride) vs. aerial fireworks (black
powder explosives), sparkler smoke hygroscopicig Wound to contrast (dominated by
hygroscopic inorganic salts for the former ratamnt non-hygroscopic carbonaceous material
from black powder combustion products for the Rtte As observed with biomass smoke,
fireworks smoke aerosol microphysical and chenpcaperties and fuel composition determine
air quality impactsReid et al. 2005a;Reid et al. 2005b]. In a congruent way, biomass burning
is a key source of particulate organic carbon (@@&mental carbon (EC), ‘brown’ carbon that
absorbs radiation at shorter wavelengtBsnd et al. 2013;Saleh et al.2014] as well as

inorganic species that are fuel depend@atrfico et al, 2016b].

4 DISCUSSION AND CONCLUSION

Impacts on air quality from fireworks have beerereing increasing attention, particularly in
high population density developing countries likdi and China where acute impacts are
observed. This is also a concern in the U.S. patfential exposure to fireworks emissions,
particularly to sensitive populations. Here we noe@d aerosol optical properties including
aerosol light scattering, its wavelength dependgingiat absorption, single scattering albedo,

and aerosol hygroscopic response.

Aerosol optical property measurements associatddWi. Independence Day show a ~4-hour
episode with peak light extinction at ~00:35 orufy 2016 with minor effects before and after
this period. The temporal trends were consistemigh later than those found at sites examined
across the U.SSeidel and Birnbaun015], who observed peak impacts at 9-10 pm gnafu
and decreasing to background by noon on JilyGombined evidence from the timing of the
event (several hours after municipal fireworks tlgp) and meteorology indicates influence of a
fireworks display upwind and 40km to the west-sowgbt at Jemez Springs, NM. From

meteorology, consistent westerly winds measurékeatos Alamos airport combined with air-

14
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415 mass back-trajectory analysis performed here wghNOAA HYSPLIT model shows passage

416 over Jemez Springs, NM. .

417

418 Throughout the event, little variability was obssshin the intensive aerosol properties of single

419 scattering albedo and Angstrom exponent for ligattering, indicating a well-mixed firework

420 smoke plume. Contrastingly, the hygroscopic respd(RH) dropped to a minimum around 1

421 at the peak of the event indicating a nearly hybadyic aerosol. Though we lack chemical

422 composition measurements, the aerosol was notgyrenot-dominated as increased slightly

423  during the event t® = 0.86 = 0.03 and the BC mass concentration rezddimw (BC < 0.36

424 pgint). We suspect carbonaceous aerosol, and mordisplgj organic carbon species

425 contributed substantially to the low hygroscopi¢@arrico et al, 2005] and relatively high

426 value ofw. Past chemical speciation studies of fireworkes@s have shown a dominance of

427 carbonaceous material and in particular organibaarand we suspect this as the case due to

428 modest increases in black carbon and a low hygpisitp that argues against inorganic salts

429 that would drive larger hygroscopicity.

430

431 Our ambient measurements should not be considaiedraally representative for fireworks

432 smoke as underscored by the strong differencegnasgopic properties between the sparklers

433 and ambient fireworks smoke we attributed to adirevorks. We followed the ambient

434 measurements with lab testing of two sparkler vi@sethat showed a very strong hygroscopic

435 response which we linked to the colorant compowmdtlack of black powder explosives in

436 sparklers. Clearly the composition of the firewsik key to the hygroscopicity of the smoke,

437 and this is an area for further exploration. Selparallels are found in common between

438 fireworks and biomass smoke: tracers of potassiuncaloride, the generally low hygroscopic

439 response of the carbonaceous fraction of eachthenitnportance of organic carbon compounds.

440

441  Itis worth reiterating here that most fireworkpgeoximately two thirds) by dollar amount are

442 associated with private sales to individuals and @ir quality impacts, particularly near ground

443 level, are not limited to professional displaysislindeterminate which would dominate air

444  quality impacts and likely varies with regional pidgttion density and usage. Overall, due to the

445  short time-frame of impacts, no specific regulatacyions are recommended regarding fireworks
15
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impacts. However, the weak hygroscopicity and salon size of the particles would result in a
longer atmospheric lifetime than the backgroundsar Exposures can be high and sensitive
individuals are advised to remain indoors, or viemm upwind or crosswinds directions. The
results provide useful data for freshly emitted bostion aerosols that can be used as model

inputs for fireworks smoke aerosol microphysicalparties.
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7 TABLE AND FIGURE CAPTIONS

Table 1. Means and standard deviations of prestmerature, relative humidity conditions

for ambient sampled conditions

Table 2. Aerosol optical properties for approxiengétur-hour blocks before, during and after a

fireworks smoke event.

Table 3. Comparison of ambient fireworks smok@salrand laboratory measurements of

sparklers emissions.

Figure 1. Experimental flow diagram showing photmsstic extinctiometer (870 nm) af(&kH)
system (450 nm).

Figure 2. Los Alamos, NM map showing location afnpling site, local wind rose at the Los
Alamos Airport, and inset of 48-hour air mass baalectories at 500-m, 750-m and 1000-m agl|

(background images courtesy of Google Earth).

Figure 3. Comparison of two nephelometer agreefegr@mbient aerosols sampled at 1-min

during background aerosol conditions and RH < 3d4%oaith instruments.

Figure 4. Aerosol optical properties including éajensive parameters of particulate light
scattering and absorption coefficientg,@ndcay) and (b) intensive parameters including light
scattering wavelength dependence (Angstrom exppAgnitygroscopic response in light
scattering f(RH=85%)), and ratio of aerosol light scatteringeitinction (single scattering
albedo,w). Measurements occurred during a fireworks smiokeenced period at Los Alamos
National Lab on 4 July 2016. Periods of largestastp from smoke showed a nearly
hydrophobic aerosol witf{RH=85%) ~1.

Figure 5. Relationship between light scatterirmnfithe dry reference nephelometer and

photoacoustic extinctiometer
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Figure 6. x-neph predicted from 2-component mixture of backgrbaerosolg-neph = 0.12)

and fireworks smoke aerosat(eph = 0.003) compared to measured values.

Figure 7. Chemical composition of the smoke gaedrrom burning two types of sparklers (a)

“Colored Sparker” manufactured in China and (b) lG8parkler manufactured in Thailand.
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8 TABLES & FIGURES

Table 1. Means and standard deviations of pressuré&emperature, relative humidity
conditions for ambient sampled conditions. The sapiing site is located at 2149m

ASL.
Pressure Temperature Low RH High RH
(mbar) (K) Nephelometer (%) Nephelometer (%)
751.3 0.7 298.2+0.9 189+24 85.4+0.6
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Table 2. Aerosol optical properties for approximaé four-hour blocks before, during and after a fireworks smoke event.

o5 (870 NM) 6,,(870 NM)  6,,(870 nm) o (870 nm) BC (ng/md) A (450/870 nm) o, (450 nm) f(RH = 85%) k-neph

mean stdev mean stdev mean stdev mean stdev mean stdev medev stean stdev mean stdev mean stdev
Before 24 08 049 028 29 09 0.83 0.11 0.10 006 2.07 0.448 804 1.62 0.06 0.104 0.013
Event 115 73 171 09 133 8.2 086 0.03 036 0.20 2.23 C.29.0 29.7 1.16 0.10 0.027 0.017
After 40 11 077 0.21 47 1.2 0.83 0.04 0.16 0.04 2.27 0.35 .31735 1.38 0.08 0.067 0.014
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Table 3. Comparison of ambient fireworks smoke a@sol and laboratory measurements of
sparklers emissions.

Source f(RH=85%) «-neph o (870nm)  Angstrom
Ambient fireworks smoke aerosol 1.16 +0.10 0.027+0.017 0.86+0.03 2.23+0.28
“Colored sparkler” (China) 3.69 £0.37 0.30£0.04 1.00+£0.02 1.73+0.24
“Gold sparkler” (Thailand) 2.61+£0.04 0.19+£0.01 0.93+0.02 1.96+0.12
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Figure 1. Experimental flow diagram showing photoaoustic extinctiometer (870 nm) and

f(RH) system (450 nm).
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Calms: 0
Direction Wind

Figure 2. Los Alamos, NM map showing location ofaanpling site, local wind rose at the
Los Alamos Airport, and inset of 48-hour air mass bhck trajectories at 500-m, 750-
m and 1000-m agl (background images courtesy of Ggle Earth).
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Figure 3. Comparison of two nephelometer agreemeifior ambient aerosols sampled at 1-
min during background aerosol conditions and RH < 3% in both instruments.
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Figure 4. Aerosol optical properties including (ajextensive parameters of particulate light
scattering and absorption coefficientsds, and 6,5) and (b) intensive parameters
including light scattering wavelength dependence (Agstréom exponent, A),
hygroscopic response in light scatteringf(RH=85%)), and ratio of aerosol light
scattering to extinction (single scattering albedap). Measurements occurred
during a fireworks smoke-influenced period at Los Aamos National Lab on 4 July
2016. Periods of largest impacts from smoke showednearly hydrophobic aerosol
with f(RH=85%) ~1.
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Figure 5. Relationship between light scattering fsm the dry reference nephelometer and
photoacoustic extinctiometer adjusted to 450 nm wiit the average Angstrom
exponent.
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Figure 6. k-neph predicted from 2-component mixture of backgrand aerosol &-neph =
0.12) and fireworks smoke aerosolk(neph = 0.003) compared to measured values.
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Sodium, 0.3
Ammonium, 0.0

agnesium, 1.1

Calcium, 0.2
Nitrite, 0.3

Nitrate, 0.5
Sulfate, 0.2

Sodium, 1.4

Calcium, 0.4
Nitrite, 0.3

Nitrate, 0.7

rlons, 6.2

Sulfate, 2.0

(b) Gold Sparkler (Thailand)

Figure 7. Chemical composition of the smoke geneted from burning two types of
sparklers (a) “Colored Sparker” manufactured in China and (b) “Gold Sparkler
manufactured in Thailand.
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HIGHLIGHTS
1. Pyrotechnics (fireworks) have substantial thougls@pc impacts on ambient aerosol

properties.

2. In a well-mixed < 3 hr old fireworks plume, dryligscattering (450 nm) reached 120 Mm
with nearly constand (780nm) = 0.86 and A = 2.2.

3. Ambient fireworks smoke aerosol hygroscopic respamas low f(RH=85%) ~ 1), implying
lower radiative effects but longer lifetime andgmtial human exposures.

4. Chemical composition was a key driver as smoke fsamall sparklers exhibited greater
water uptake (due to the contribution of potassaloride) than from the larger explosive

aerial fireworks which were likely dominated by anijc and elemental carbon.



