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Abstract

Biomass burning (BB) is a major source of black carbon (BC), but comparing BC content of
different smoke-impacted air masses may be uncertain if different measurement techniques are
used to quantify the BC, or if non-BC fractions influence a given measurement. To investigate
these potential issues, five instruments reporting BC were compared in well-mixed smoke during
the FIREX laboratory campaign in 2016, including two filter-based absorption instruments; one
in situ absorption instrument; a laser-induced incandescence instrument; and a thermal-optical
instrument. BB aerosols were generated using fuels common to wildfires in the Western US in a
relatively controlled environment, with BC concentrations ranging from roughly 10 tpgl00

m’ (55 total fires). Applying the Bland-Altman graphical approach, systematic biases and
proportional biases were identified between the selected reference instrumséntafosorption)

and the other four instruments. BC emission factorg{Eferived from the thermal-optical
instrument, laser-induced incandescence instrument, and filter-based absorption instruments
were, on average, 83%, 39% and 66%, greater than fi@ absorption instrument,

respectively. To understand why these differences exist, principal component analysis combined
with a K-means clustering algorithm was implemented to group different fires into three clusters
based on several co-dependent fire-related parameters (modified combustion efficiency (MCE),
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single scattering albedo (SSA) at 870nm, organibara/ elemental carbon ratio (OC/EC ratio),
and absorption Angstrom exponents (AAE)); clussgesnominally referred to as “Black”,
“Mixed”, and “Brown” based on the mean SSA and A¥dtues for each. The best agreement
among all instruments was observed for the “Bladkter (mean Edcratio = 1.89, for the fires
with mean SSA = 0.31 and AAE = 1.44); this agreemenrsened for the “Mixed” (mean B&
ratio = 2.94, for the fires with mean SSA = 0.8d &RAE = 1.92) and “Brown” clusters (mean
ERscratio = 3.12, for the fires with mean SSA = 0.96 &AE = 2.50), likely due to the
increased presence of externally (or internallyjediaerosols that altered the chemical and
optical properties of the aerosols. In general diserepancies observed among the BC
instruments from this work agree with or slightkceed the ones from previous ambient and
laboratory studies. Care should be taken whengreéng different BC measurements in BB
smoke because large artifacts can occur due tontibee materials.

1. Introduction

Black carbon (BC, light-absorbing carbonaceouss@riiat absorbs all wavelengths of solar
radiation and is chemically inert, Kirchstettemet(2004) and Petzold et al. (2013)) aerosol
remains an uncertain but important climate foreéh a recent estimate putting its direct
radiative forcing near 0.6 W fn(Wang et al., 2016). Uncertainty in BC forcingsas in part

from the different methods used to measure its @amation in the atmosphere, and comparing
measurements with model-predicted values and cktat#iative forcings (Bond et al., 2013).
Methods for measuring BC fall into three broad nueasment techniques : optical methods,
which measure light absorption or attenuation amvert to an equivalent BC mass (eBC) via
assumed mass absorption cross sections (MAC) (Hedtzal., 2013); thermal-optical analysis
(TOA) methods, which measure carbon present ierfdamples and broadly categorize it into
elemental (EC) and organic (OC) carbon fractionsl laser-induced incandescence (LII)
methods, which relate thermal emissions to the robssractory material present in sampled
particles (rBC) (Lack et al., 2014). The responfsthe instruments to BC can vary due to natural
differences in the chemical and optical propentiethe sampled BC-containing particles. For
example, absorption properties depend on mixing sshape and size (Bond et al., 2006; Fuller
et al., 1999; Jacobson, 2000); LII response has bleewn to have some variability in response
to different rBC materials (Schwarz et al., 20@6)d EC measurements can be affected by co-
sampled species (Khan et al., 2012). Samplingaattifalso affect comparisons between
instruments; these artifacts can arise from paitier interactions, relative humidity (RH)
effects, and a myriad of other processes (e.g.dBoml. (1999); Lack et al. (2008); Liousse et al.
(1993); Mdller et al. (2011); Murphy et al. (2009yeingartner et al. (2003)).

Previous studies have compared the different BGsoreanent methods, usually to either
laboratory-generated BC, or to ambient air in aergrof environments (e.g., Muller et al. (2011);
Sharma et al. (2017); Sheridan et al. (2005); Watta@l. (2005) and references within;

Yelverton et al. (2014)). In general, instrumergig the same technique (i.e., for eBC, rBC, or
EC) have agreed to within 10-15% in previous irt@mparison studies (Cross et al., 2010;
Laborde et al., 2012b; Mdller et al., 2011; Slowtlal., 2007). For example, Sheridan et al.
(2005) focused on comparing filter-based anditu absorption measurements and reported good
agreement provided adequate correction schemesimplemented. However, results from
comparisons between different techniques (e.g.,aB&nst eBC) using various sources of BC
showed a much wider range of responses.
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Recent laboratory-based inter-comparisons examiutiffierent measurement techniques have
generally used flame-generated and/or surrogateriabst such as fullerene soot or regal black,
with some also examining effects of mixing or cogtwith non-absorbing material. For example,
Yelverton et al. (2014) measured emissions frorathglene-air diffusion flame and found eBC
(using both filter-based and situ measurements) to be at least 50% higher than merasuots

of rBC and EC, from a Single Particle Soot Phot@néP2) and several different TOA analysis
protocols, respectively. Greater values for opttnehsurements can be explained in part by the
enhancement of absorption from internal mixing &f Bith non-BC materials (Fuller et al.,
1999), though these effects are not always strdayiasard (e.g., Cappa et al. (2012); Fierce et al.
(2016)). The use of a heated inlet can reduceeffest by volatilizing at least some of the
coatings, with good agreement reported betweenlO and a filter-based optical method
reported for ambient air in Japan (Kondo et al1130

Other groups have examined the response betwdenredif instruments for ambient air (e.g.,
Ajtai et al. (2011); Jeong et al. (2004)). Hitzerger et al. (2006) reported good agreement
between filter-based eBC and EC measurementsigsaledominated urban area. More recent
work has reported differences between methods &asorements in industrial regions
(Miyakawa et al., 2016) and for on- and near-ro@hsarements made with a suite of
instruments sampling on a mobile platform deplogedoad (Holder et al., 2014). Sharma et al.
(2017) reported that both eBC and EC were roudirlye times greater than rBC measured at a
remote Arctic site.

Few studies, however, have examined the respofisestmments to biomass burning (BB)
emissions specifically, despite its importance giohal BC source; in fact, open BB is
estimated to account for approximately 42% of gl@@ emissions (Bond et al., 2013). Reid et
al. (1998) found that different eBC measuremenBBrplumes over Brazil agreed within 5%,
but EC measurements were about 50% lower. Both @&aeal. (2011) and Reisinger et al.
(2008) noted that ambient BB impacts increasedlibe@epancy between EC values measured
using different temperature protocols. MoreoverMéeking et al. (2009) showed increasing
disagreement between TOA protocols for BB sampiés lwgher OC/EC ratios. Even fewer
have examined different instrument responses t@BBsions in relatively controlled
environments, and those that have generally foousokstove emissions or other types of
contained combustion (de la Sota et al., 2017).

To address the relative lack of inter-comparisomasneements for BC from BB, we conducted a
systematic comparison of different BC instrumeiptenging all measurement techniques under
relatively controlled laboratory conditions. Ouudy focuses on a detailed comparison of five
BC measurement instruments during the Fire Infleest Regional to Global Environments
Experiment (FIREX) laboratory campaign in 2016. Poepose of our study was to quantify any
differences in measurements of eBC, rBC and EQeétfirom commonly-used BC
instrumentation for different biomass fuels undéfiedent combustion conditions.

2. Methodology

2.1. Sampling site and experimental methods

The FIREX campaign was conducted at the UniteceStabrest Service Fire Science Laboratory
(FSL) from October 1 to November 15, 2016 in MidapiMontana. More than 100 burns were
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performed in an “open” combustion environment uratéficial control of fuel types and
guantities. A summary of the fuels, fuel compongatsl fuel properties (e.g., moisture content)
is provided as Table S1. A more detailed descmptitthe combustion facility and burn
information can be found in Koss et al. (2018) &etimovic et al. (2018).

We used an 8” diameter semi-rigid aluminum maingfer duct to transfer the smoke from the
combustion room to the FSL’s wind tunnel room, veheur BC instruments were located. The
flow rate through the duct was roughly 20,000 LR&&ulting in a residence time of 1 to 1.5 s; at
this residence time, we expect minimal losses withe transfer duct. We drew the emissions
into our sampling chamber (~200 LPM, anisokineimpling) from the center of the duct to
minimize wall interactions using a 2.5 cm stainlste®l tube. We did not quantify leaks or losses
through this transfer line since our work focusesan inter-comparison of the different BC
instruments rather than the accurate quantificatfd®C mass emissions from the fires; any
leaks/losses would affect all instruments.

We used a design similar to that used by Sheritlah €£005) to transfer the emissions to the
BC instruments. Emissions first passed throughcéoog (Model URG-2000-30ET, URG Corp.,
estimated to have a 1.5-um cut-point at a flow c&t200 LPM) to remove larger particles. The
emissions that passed through the cyclone wereta@gento an actively-mixed cylindrical
chamber (stainless steel, volume = 210 L). Thisnthex served as an intermediate between the
transfer line and the BC instrumentation to mininmases that could arise when sampling at
different flow rates and locations from the masmisfer duct. Valves allowed us to either pull
BB emissions from the transfer line or introduceRAEfiltered air to the sampling chamber.
During experiments, emissions were sampled fronmtixéng chamber into eight real-time BC
instruments and two sets of filters. Filtered aasvdrawn into the mixing chamber during the
experiments to replace the air sampled by the B€uments and filters, leading to a gradual
dilution of particle concentrations in the mixinigaenber over time. A schematic of this setup is
provided in Figure S1 and Figure S2, and a morailédtdescription of the experiments is
available in the Supplementary Material.

Two types of experiments were performed during F{R&ack burns, where emissions were
sampled in real-time through an exhaust stack theefire; and room burns, where emissions
filled the combustion room (12.5m x 12.5m x 22mj arere then intermittently sampled by
instruments over several hours. During stack bumessampled emissions from the initial stage
of the burn (typically flaming combustion) up urdithieving a BC concentration in the sampling
chamber between 10 to 10§ m>. However, in some instances, we deliberately sachphly
during the later stages of the fire to collect sEmpvith a larger contribution from smoldering
combustion, and hence, a potentially broader rafigerosol optical properties which might be
observed near the source for real-world fires.rbom burns, we followed the similar approach
outlined for stack burns, but in this case, onlylamexed emissions in the combustion room
were sampled (determined by approximately stalaktime absorption values of other study
participants’ instruments). In this case, the rotself acted to integrate the emissions of the
entire fire, a sub-sample of which was then drawa our chamber. Due to the relatively long
residence time in the combustion room (on the oofl@ours due to limited air exchange), we
were able to collect multiple emission samples fthearoom into our mixing chamber for each
room burn.



164

165
166
167
168
169
170
171
172
173
174
175

2.2. Instrumentation

We deployed a suite of instrumentation to chara=d8C in the smoke samples during the
campaign, including twn situ methods for eBC, five filter-based methodseBC, and one
method for rBC. Furthermore, two 47mm filter hokl@rere used for off-line thermal-optical
analysis of EC; one contained a single (bare) qudier (Q), while the other contained a Teflon
filter followed by a quartz filter (QBT). Table ists all of the key BC instrumentation included
in our study, as well as their measured paramataiskey specifications used for this inter-
comparison work. Note that we are using the BQumsénts per manufacturer instructions and
did not adopt non-standard procedure to enhanaepédormance specifically for BB smoke in
this work. In addition to the BC instruments, w@ldged a carbon dioxide (Ggas analyzer
(LI-840A, LI-Cor Biosciences), a carbon monoxidéXyas analyzer (model T300, API-
Teledyne), and scanning mobility particle sizer ¢eld3938, TSI Inc.).



Table 1 Summary of BC instruments used during @16 FIREX laboratory campaign

Instrument Derived parameter Measurement
Method a Abbr. Direct Measurement . P b uncertainty Other notes
(Manufacturer) used in current work .
(Relative)
0,
Thermal- OCEC Analyzer Offline oC a|;\d EC a.rea BC mass concentration 16%’ Analyze using IMPROVE-A TOR
. (Sunset Laboratory density on filter (ug 3 . (Liu et al.,
optical (EC) ¢ OCEC E) (ug m™), OC/EC ratio temperature protocol.
Inc) m™) 2013)
Photoacoustic .
Extinctiometer BC mass concentration
(Droplet B and B.... at 870 (ng m™), SSA, AAE and 20% Use MAC of 4.74 m’ g’l converted to 870
Mea_furement PAX-870 n:]:S(Mm,f)“t SAE (Nakayama et nm from recommended value in Bond and
Technologies. Model (inferred with the PAX- al., 2015) Bergstrom (2006).
In situ gles, 405)
. 870 nm)
absorption -
(eBC)d Photoacoustic
(E;:Ic? cltelfmEter B, and B, atd0s | "AEandSAE %
P PAX-405 abs et (inferred with the PAX- | (Nakayama et -
Measurement nm (Mm™) 870) al,, 2015)
Technologies, Model v
405 nm)°
B.t, at seven
wavelengths (370,
Aethal t
(I\(;Ia Zz?geirﬂﬁc) AE-31 470, 520, 590, 660,
& 880, and 950 nm)
(Mm™)
Micro Aethalometer AE B at 880 nm Not included in current work'
(AethLabs) K (Mm™)
Atmospheric Black
Filter-based Carbon Detector ABCD B.tn a'g 880 nm
. (Lawrence Berkeley (Mm™)
absorption )
(eBc)d National Laboratory)
Apply flow and pressure corrections.
Apply filter type correction on the
Continuous Light samples of CLAP equipped with Azumi
Absorption € B. at467 528 and BC mass concentration 30% filter.
P CLAP atn N (ug m’a), AAE, B, at (Ogrenetal., Perform correction using B1999 scheme
Photometer (NOAA 652 nm (Mm™) 4 . -
ESRL GMD)? 870 nm (Mm™) 2017) and its empirical parameters.

Use PAX-derived Bscat and SAE to
compute Bscat at TAP and CLAP
wavelengths (needed in the correction




scheme).
Convert self-derived Babs to that at 870
nm with self-calculated AAE.
Tricolor Absorption Use the same MAC as the PAX-870.
BC mass concentration 30%
Photometer B, at 467, 528, 652 3 .
TAP (ug m™), AAE, B, at (Laing et al.,
(Brechtel nm 870 nm (Mm’?) 2016)
Manufacturing Inc)®
Single Particle Soot Laser induced Observed particle mass distribution is
. . 20% . e
Refractory Photometer (Droplet P2 incandescence and BC mass concentration (Laborde et al fitted by a log-normal size distribution.
(rBC) Measurement light scattering of (g m'3) 2012a) ” | Anon-standard laminar flow element is
Technologies)h single particle used to measure flow rates accurately.

® More detailed information of the instruments (sastflow rate and spot area of filter-based insemit®) is provided in Table S4.

® In our comparison, the generic term BC is usetfier to one of the three methods: eBC, EC, and rBC

“The filters were collected for 76 experiments dgriime campaign, generally 2 or 3 per day.

4 Operating wavelengths are based on manufactureifispéions. By is similar to the Bysbut it is specific to filter-based instruments.
¢ The PAX-405 was used from fire 32 to fire 107.

"See Section 2.2.3 for details.

9B1999 correction scheme was performed on the CLAPTAP data from fire 32 to fire 107, during whiele have both PAX-405
and PAX-870.

"The SP2 was only used during the stack burns Ifteefire 75).
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2.2.1. Determination of EC from filter samples

We used a TOA method to determine EC on the Q &l fters. Prior to the campaign, the
quartz filters were baked at 550 °C in air for aimmium of 8 hr to remove possible organic
contamination. Both quartz and Teflon filters wkept in pre-baked-aluminum-foil-lined petri
dishes sealed with Teflon tape, and stored inezée(-18 °C) before and after sampling. Filters
were sampled for approximately fifteen minutesrsuge sufficient sample loading for detection.
After collection, the valve connecting the filteéosthe chamber was closed, and the filters were
removed and returned to their respective petri.dishcheck for contamination, some filters
served as handling blanks (filters brought to thmpgaign but not loaded in the filter holders),
and roughly 10% of all filters were dynamic blargkiters loaded in the filter holders that
sampled filtered air through the barrel).

Filters were analyzed in the laboratory at The (Btate University’s campus using a Sunset
OCEC Analyzer (hereafter referred to as offline @} illowing the study. We used both the
US Interagency Monitoring of Protected Visual Enniments (IMPROVE-A) thermal optical
reflectance (TOR) protocol (Chow et al., 1993) #melNational Institute of Occupational
Safety and Health protocol (Birch and Cary, 199&hwnaximum temperature 870 °C (NIOSH-
870), and a comparison between the two protocoidedound in Figure S4. However, we will
primarily focus on the discussion of IMPROVE-A TO®&sults in the main text because this
method is more commonly used in the analysis ofiamitsamples (Solomon et al., 2014).
Briefly, these methods provide OC and EC concedptratfrom the Q and QBT filters.
Measurements of laser reflectance throughout thé/sis assist in the split of OC and EC due to
the pyrolysis carbon (PC) generated during theyarsabf OC stages. The production of and
correction for PC is subject to the thermal andoapprotocols and can lead to uncertainties in
the split carbon concentration (Chow et al., 2004 instrument was calibrated daily using
clean filters and sucrose standards.

Analysis of handling blanks yielded averaged totabon (OC + EC) and EC concentrations of
0.72 + 0.27ug m? and 0.03 + 0.0Rg M, respectively (detection limit was 0.8 m?for both),
suggesting almost no contamination throughout tifgoéng and handling of samples, especially
for EC. The analysis of dynamic blanks also suggakhost no contribution to EC (0.09 + 0.07
ng m?) from any residual contamination in our experinaésetup.

2.2.2.In situeBC measurements

Thein situ aerosol optical properties were measured by twadgaltoustic extinctiometers (PAX)
at 870 nm and 405 nm from Droplet Measurement Taolgies (DMT), which will be
subsequently referred to as the PAX-870 and PAX-#&&¥pectively. Briefly, the PAX measures
light absorption coefficients ¢B) and scattering coefficients {B) (Arnott et al., 1999;
Nakayama et al., 2015). Emission samples enteotigibstruments were first passed through a
scrubber to remove nitrogen dioxide and other USeabing gases (which may interfere with
the PAX-405 measurements) and a diffusion drienitumize the effects of RH on the measured
optical properties, following the manufacturer nexoendations. The scrubber and drier were
recharged as needed throughout the campaign. Wenmhide eBC from the PAX-870 in this
inter-comparison because the contributions of broanbon (BrC) to absorption at 405 nm can
be significant (Andreae and Gelencsér, 2006). Tapufacturer-recommended MAC value of
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4.74 nf g* at 870 nm is used to converf,Bo eBC mass in current work for both fhesituand
filter-based methods.

2.2.3. Filter-based methods for eBC

Five filter-based instruments provided real-tinghtiabsorption measurements; however, a
direct comparison between the Magee Scientific A&3d. the filters for offline OCEC analysis
was not possible due to frequent AE31 filter-tagesmcement at higher concentrations, so the
AE31 is not included in this work. However, the AE&long with the prototype Atmospheric
Black Carbon Detector (ABCD) and Micro AethalomdiehE), will be considered in future
work. Consequently, the only filter-based eBC ressthlat we include here are from the Tricolor
Absorption Photometer (TAP) from Brechtel Manufairtg Inc (BMI) and Continuous Light
Absorption Photometer (CLAP) from NOAA'’s Earth Syt Laboratory’s Global Monitoring
Division, which are widely used in monitoring netiks.

Both CLAP and TAP are photometers that providetlabsorption measurements of particles
deposited on a filter, similar to the Particle 3Absorption Photometer (PSAP) (Ogren et al.,
2017), but with multiple filter spots (8 sample tpand 2 reference spots), thus enabling longer
operation between filter changes. These instrumametsonceptually similar to each other (and
the PSAP), providing light absorption measuremantiree wavelengths (467 nm, 528 nm, and
652 nm); however, BMI substantially re-engineeteel CLAP in their development of the TAP.
The spot change of the CLAP was manually performieen transmission (Tr) reached
approximately 0.5, while the TAP advanced to a spat automatically with a Tr threshold set
to be 0.5. For the first portion of the campaige, weed Pallflex E70-2075S filters in the CLAP
while Azumi filters (model 371M, Azumi Filter Pap€o., Japan) were used in the second
portion (due to a lack of availability of the Pl filters). The TAP was equipped exclusively
with the Azumi filters throughout the campaign. Afglied the correction recommended in
Ogren et al. (2017) to account for these differsnndilter material when converting to Azumi
filters.

One challenge with any filter-based instrumenhét the presence of the filter can potentially
introduce biases. For example, high filter loadingsy result in an under-estimate of light
absorption due to the reduction of filter opticatipby deposited particles, while light scattering
by embedded patrticles or the filters themselvesreanlt in an over-estimate due to their
contribution to the decrease of transmittance. Megicorrection schemes exist to account for
these biases (e.g., Bond et al. (1999), Ogren (2W¥ixkkula et al. (2005), and Virkkula (2010)).
However, to simplify our inter-comparison effortsra and reduce uncertainties that may be
introduced by different schemes, we will solely trisewidely adopted correction factor from
Bond et al. (1999) in this work, hereafter referte@s “B1999” for both the TAP and CLAP
data. This scheme was built into the TAP softwae \sas routinely used in NOAA’s
processing of CLAP data. A comprehensive compardail of the filter-based instruments, as
well as the evaluation of multiple published coti@t equations for these instruments, will be
the focus of future work.

2.2.4. Incandescence technique for rBC

We measured rBC concentrations with a DMT SP2 (ambilable to us during stack burns).
Briefly, the SP2 uses LIl to quantify the massBC€rin particles, here in the range of

9
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approximately 1 and 160 fg (a mass equivalent diamrange of 90-550 nm, assuming that rBC
has a void free density of 1.8 g &mThe instrument also detects the single partighe

scattering and provides information that can bel usealculate BC-containing particle optical
size and mixing state. In the current study, data wecorded discontinuously during the
experiments with high particle concentrations, ancéxponential decay curve was fit to the data
to interpolate rBC mass concentrations between uneasent periods (an example of time-series
BC results from the four near-real-time instrumehtsughout a fire is shown in Figure S3). A
lognormal fit on the particle mass distribution lf8@rz et al., 2006; Spackman et al., 2008) was
used to derive correction factors (Table S2) taantfor any BC outside the instrument
detection limits during each experiment. Thesediactwhich ranged from 1.00 to 1.18, were
used to correct the SP2-observed rBC mass contiens@o a best-estimate of the total
accumulation mode rBC concentration. During FIREX, SP2 was equipped with a non-
standard laminar flow element designed to measwverl flow rates accurately, with the SP2
sampling at flow rates on the order of 0.006 LPNhiaimize coincidence errors and other
complications associated with high particle coatés. This low sample flow was carefully
calibrated, and only added a small component oftiadd!| uncertainty (~<5%) to the SP2
concentration measurement. Coincident incandegeetitles (e.g. two particles measured in a
single SP2 detection window of ~86) were not taken into account during processimesé

could lead to an under-estimation of rBC mass dusempling periods with high aerosol
concentrations. We estimated the worst case (itheshighest concentrations of rBC) resulting
low bias in concentration to be at most 5-8% duRHREX.

The leading edge only (LEO) fitting method (Gaalet2007) was used to estimate a coating
thickness from the initial optical size of indivialluBC particles, assuming Mie core-shell theory.
A value of ny=2.26+1.26 was assumed for the complex index of refractiothefrBC core
(Moteki et al., 2010) andcguing=1.45 for the non-absorbing coating material at4lo& (the
wavelength of the SP2 laser) following Lack and @af2010). These values were used in the
calculation of absorption enhancemeng,fliscussed in Section 3.2.1.

2.2.5. Calibrations

As part of our sampling strategy, we conductedocation experiments at various frequencies
during the campaign. SP2 laser intensity was ceilor twice-daily with polystyrene latex
spheres, following Schwarz et al. (2010). No sigatifit changes in laser efficiency relative to
instrument temperature (as has been previouslynadsén some cases) were observed.
Throughout the campaign sufficient laser inten&tydetection over the rBC mass range
reported (1- 160 fg) was maintained, as per Schetat. (2010). The SP2 rBC mass calibration
was performed using fullerene soot (Sigma Aldrmtt¥iF12S011) size selected through a
differential mobility analyzer (for mobility diamextts between 125-350 nm) twice during the
campaign, and the two calibrations were within ~1df%ne another. The empirical relationship
relating the mobility diameter to single particldlérene soot mass from Moteki and Kondo
(2010) was used to determine the mass to incandescelationship. The average mass to
incandescence relationship from these two calibnativas used to process data from the stack
burns.

Light absorption and light scattering of the PAXsre/ calibrated once a week following the
manufacturer’s recommend procedure using ammonidfaite aerosol and fullerene soot,
respectively. Flow rates of all instruments wereasuged regularly using a bubble flow meter
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and adjusted if necessary. Periodic gas calibratdithe CQ and CO analyzers were also
performed using standard gas mixtures (2000 ppmyi€@Q, and 100 ppmv CO in N
respectively).

2.3. Calculation of Ef-and key fire-related parameters

To standardize the data across different instrusn@vith different time resolutions) and across
different fires, we calculated a time-integratecEfor each fire (where the integration window
is fifteen minutes, the offline OCEC filter samiperiod):

ABC
EFgc = ACO,+ACO X fe M

whereABC represents the time-integrated, background-cueBC mass concentratiomg(nmi>)
integrated over the duration of filter collectiamdACO, andACO are the time-integrated,
background-corrected concentrations of,@@d CO over the same time interval (converted to
g-C m?* from ppmv). We calculated the eBC mass concentrait 870 nm (the operating
wavelength of the PAX-870) from,Bby dividing by the MAC. For the CLAP and TAP, we

first extrapolated the measuregh&0o 870 nm using inferred absorption Angstrom exquis

(AAE; see below) as others have done previouslgii8han et al., 2005; Slowik et al., 2007), and
then derived eBC mass concentration. This resultifierentAeBC values than at 652 nm for
the TAP and CLAP (Figure S5), but we took this apgh to compare all of the eBC instruments
at the same wavelength (870 nm). The tgns the fuel’'s mass fraction of carbon calculatad o
a dry weight basis of fuel, which ranged from 0t8D.56 (Selimovic et al., 2018). Because
these time-integrated EEwere sub-sampled from each fire and did not adciourany
leaks/losses, we do not recommend that these vlluased for direct comparison with fire-
integrated Efc from other studies.

We evaluated the combustion conditions that proditite emissions sampled in our chamber
using the modified combustion efficiency (MCE), efetined by excess CO and £Qixing
ratios (also time-integrated over the 15-minuteefisampling period):

_ ACO,
MCE = ACO,+ACO (2

MCE can be used as an indicator of flaming (M&EL) or smoldering (MCE < ~0.9)
combustion (Akagi et al., 2011; McMeeking et a009; Reid et al., 2005). In this campaign,
typical values oACO, andACO measured from our chamber ranged from 80-150/@prd 2-

10 ppmv, respectively. Occasionally, IadZ O, concentrations relative to background led to
higher uncertainties in background corrections. fheless, our calculated MCE values
generally agreed within 10% of those measuredercttmbustion room (Selimovic et al., 2018),
despite differences in collection times for somedi(Figure S6).

Two other key parameters utilized in our data agialwere the single scattering albedo (SSA; an
optical property of emitted aerosol) and the OCrEt (a chemical property of the emitted
aerosol). Since the focus of this work is BC, whigkhe dominant absorber at longer
wavelengths, we used measurementsgfdhd B.,from the PAX-870 to calculate SSA at 870
nm:
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SSA — Bscat (3

Baps*Bscat

The OC/EC ratio was simply calculated as the rattilhe OC mass concentration divided by the
EC mass concentration, as derived in the offineeCCMPROVE-A analysis.

Another optical property of the emissions that wasidered in data interpretation was the AAE,
which describes (fits) light absorption as a polaer function of wavelength.

__In (Baps(11)/Baps(42))
AAE = in( A1/ 2) ) (4

It has been widely accepted that “pure” externaidlyed BC has AAE= 1 (Bond et al., 2013;

Lack and Langridge, 2013) , while BB aerosols tgpichave AAE > 1 (Clarke et al., 2007). For
example, during previous laboratory studies arahibient measurements, the AAE was
observed to range from 1.5-7 and highly relate83& (Liu et al., 2014; McMeeking et al.,
2014). AAE can be inferred from an instrument (@mbination of similar instruments) that
measure light absorption at different wavelengthigybt. Hence, we could derive AAE from the
outputs of both the CLAP and the TAP (exponengakt squares fit between multiplg,&nd
wavelengths; s~ A ™), or the combination of the PAX-870 and PAX-40p(ging Eq. 4
directly). We observed some discrepancies amongAtes obtained from these instruments,
which may be due to measurement uncertaintiesatigat propagates to the calculation of
AAE. Furthermore, the lack of a well-accepted ccticen algorithm of filter-based instruments
will introduce uncertainties on the AAEs derivedrfrthe CLAP and TAP (Backman et al.,
2014). In our subsequent discussion, we used thiage AAE value from all three instruments
(referred to as AAE. The analogous term for light scattering is tbattering Angstrom
exponent (SAE), which was needed for the correaticdLAP and TAP data.

2.4. Statistical methods for data processing aiadlyais

To aid in data interpretation, we used principahponent analysis (PCA) combined with
K-means clustering (hereafter, shortened to PCAA&Ns) to categorize each burn into groups
with similar fire-related parameters (Section 3)1\¥e first applied PCA to transform MCE,
SSA, and OC/EC ratio into a set of new orthogomaiables (i.e., principal components (PC);
Jolliffe (1986)) because each of these parametsssbme degree of correlation with the others.
After obtaining the PCs, we conducted K-means elusgg to obtain K disjoint groups (i.e.,
groupings of burns, or “clusters”) such that thensun a given cluster have similar PCs and are
different from the burns in other clusters (Hantigand Wong, 1979). The number of clusters
was determined based on “elbow criteria”, whichsiders at the total within-cluster sum of
squares (total-WCSS, a parameter that describepainess of the clustering) as a function of
the number of clusters (Hardy, 1994). Detailed dpsons of the PCA/K-means procedure
performed on FIREX dataset are given in the Supeteary Material.

After categorizing the burns, we adopted the Blaltdran difference approach (Altman and
Bland, 1983) to evaluate the agreement of theifisguments (Section 3.2.1). This approach
remains the “gold-standard” for method-comparisoies (Ryan and Woodall, 2005) because
it enables visual examination of the agreementthedlata scatter between two instruments,
where one instrument is arbitrarily chosen as d¢ference (i.e., it need not be a “ground truth”).
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It has also been widely used in various aerosalissuo visualize the differences between
instruments (Nieuwenhuijsen et al., 2015; Spinatzd., 2017; Ward et al., 2006). Briefly, in
the Bland-Altman approach, the difference betwdenwo measurements for a given sample is
plotted against the two measurements’ mean valug& sample. Hence, a good agreement
between two methods is observed when the diffeseace scattered about zero and the best-fit
line of the differences has a slope of zero. Coselgr one can also identify systematic biases
(i.e., the data are not scattered about zero) apddportional biases (i.e., the slope of the data
not zero) between instruments.

Because linear regressions are a more traditigopabach in the aerosol science literature than
the methods described above, we have also protddse results in the online Supplementary
Material. Figure S7 relates Edfor each instrument with MCE, similar to prior wqiHosseini

et al., 2013; May et al., 2014; McMeeking et ad0Q), while Figure S8 relate Efbetween
different instruments. However, we have utilizemh@or axis regression (rather than the more-
typical ordinary least squares regression) whidoaats for uncertainty in both the abscissae
and the ordinates (Ludbrook, 2010; Wu and Yu, 2018)

2.5. Computational methods

Data processing and fire integrations were perfdrmh Igor Pro. Igor Pro’s exp_XOffset
curve-fit function was used to interpolate datanp®ivhen CLAP and TAP advanced filter spots
during fires and when the SP2 measurements wenecotded. The R programming language
was used for statistical analysis (Imodel2 packagéype Il linear regression, prcomp and
kmeans packages for PCA/K-means analysis, and Jaliman.plot package for Bland-Altman
figures).

3. Results and discussion

We broadly focus our presentation of results imto sections. Section 3.1 discusses the
calculated fire-related parameters (MCE, SSA, OC/&(, and AAE,g and the outcome of

our PCA/K-means clustering analysis using thesarpaters. Section 3.2 provides our inter-
comparison of different BC instruments using thestdring results and draws upon the statistical
analysis in our interpretation. Table S2 and S¥ipgmall of the sample-period-integratedge F

for the different instruments as well as all fisdated parameters for each fire.

3.1. Fire-related parameters
3.1.1. Variability of parameters

Our observed MCE range from 0.80 to 0.99, withekeeption of two samples collected only
during later stages of smoldering combustion. Tldxservations suggest that we collected
smoke samples representative of smoldering andrftaoombustion as well as a mixture of the
two. The MCE range is consistent with previousffigiudies (e.g., 0.80 to 0.99 during BBOP
(Collier et al., 2016); 0.88 to 0.94 during SERS (Liu et al., 2017)) and laboratory studies
(e.g., 0.85 to 0.96 during FLAME- Ill (May et a2014); 0.69 to 0.98 during FLAME-IV
(Pokhrel et al., 2016)).
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Figure la illustrates the relationship between $&Age = 0.20 to 0.99) and MCE; SSA
increases (and later plateaus) as MCE decreasé&d) vdn be attributed to a relative increase in
light-scattering particulate matter emission as M{&Ereases (e.g., Figure 1b). Points are
colored based on our clustering analysis (see@e8tiL.2). A proposed SSA-MCE relationship
at 781 nm (Liu et al., 2014) is superimposed ondaia in Figure 1a; our data generally follow
this predictive curve, but note the increased scatthigher MCE, which may arise from fuel
chemistry variations and the presence of non-albspiborganics (e.g., ammonium, nitrate,
chloride) that are not well predicted by MCE (Chais et al., 2003; McMeeking et al., 2014).

The OC/EC ratio (range = 1.27 to 44.72) is alsatptbagainst corresponding MCE in Figure 1b.
The ratios are the lowest when MCE is highest, @ering flaming combustion), but they

rapidly increase as MCE decreases. Consistenttiathelationship between SSA and MCE,
OC/EC ratio are lowest for flaming fires and in@eavith decreasing MCE.

A P I . . . . .
124 a) = Liu et al. 2014 (781 nm)_ ol b) q)O o
] o
1.04 e \ 2- &o o |
0.8 10 - o9 Q)Q’ -

0.6 i 41 [Cluster o
B 1|1 © Black
21 o Mixed

Cluster

SSA [870 nm]
OC/EC Ratio

0.4 O Black i
' O Mixed — OO L
024 © Brown I L 1 O Brown % B
T T T T T T T T T T T T T T T T T T T T
0.60 070 0.80 090 1.00 060 070 080 090 1.00

MCE MCE

Figure 1. Sample-period-integrated SSA (a) and @Q#4gio (b) as a function of sample-period-
integrated MCE. The functional relationship betw&SA (781 nm) and MCE proposed by Liu
et al. (2014) is presented in panel (a) to guigestye to the variation of SSA at higher MCE.
Data points are colored by PCA/K-means clustera@syiits.The error bars represent the
propagated uncertainties calculated using the nnesmunt uncertainties in Table 1 (The
measurement uncertainties of £40d CO are 0.15% and 10%, respectively).

AAE 54 ranged from approximately 0.97 to 2.90 for the §ampling periods included in this
work, with the highest occurring for dung emissiomkich were OC-dominated (MCEO0.88,
SSA=0.99, and OC/EE 45). The smallest AAg,was measured during the excelsior (wood
slivers) burn, which was flaming-dominated (MEB.95, SSA~ 0.76, and OC/EC ratie 3.4).
Similarly, Selimovic et al. (2018) reported an age AAE of 2.8 + 1.57 across 31 different
whole fires during the campaign (note: these memseants are mutually exclusive since the
PAX-405 was shared between different projects duRIREX). Additionally, we observed
similar relationships between AAlgagainst SSA, OC/EC ratio, and MCE as those deifrced
previous laboratory study (Pokhrel et al., 2018ins®vic et al., 2018) and field measurements
(Liu et al., 2014) (see Figure S9).

14



453 3.1.2. PCA/K-means clustering

454  MCE can be used to classify the combustion conustiburing open BB into three general

455 groups: mostly flaming combustion, mostly smoldgraombustion, and a mixture of “similar”
456 amounts of flaming and smoldering combustion (Ys&rlet al., 1996). However, this

457 classification is simple and somewhat subjectiveekample Reid et al. (2005) defined flaming
458 combustion for MCE > 0.9 and smoldering combust@rMCE < 0.9, whereas Akagi et al.

459 (2011) defined pure flaming by MCE ~ 0.99 and mmldering by MCE ~ 0.8 (a fire with

460 roughly equal contribution from flaming and smoldgrwould have MCE ~ 0.9). To reduce
461 subjectivity and incorporate aerosol propertiesASSC/EC ratio) in our analyses, we applied
462 PCA/K-means clustering to classify different fitesng an objective statistical approach, which
463 facilitated the comparison of different instruments

464 Our PCA/K-means algorithm grouped the burns intedlclusters, as shown in Figure 2a. The
465 two PC were interim variables that reduced the dsi@nality and accounted for roughly 91% of
466 the proportions of variation in the data (74.26% &6.70%, respectively). The K-means

467 algorithm then used the reduced data to identitiinee clusters. The clusters can be related
468 back to the three fire-related parameters usedmss; briefly, the three clusters were

469 characterized as follows: (1) lower SSA and OC/&tbrwith higher MCE; (2) “mid-range”
470 SSA, OC/EC ratio, and MCE; and (3) higher SSA a@IET ratio with lower MCE. One could
471 intuitively generate similar clusters usiagriori knowledge of BC emissions from BB, so we
472 are able to qualitatively validate our algorithme Will refer to Cluster (1) as “Black” (since
473 SSA-> 0 at 870 nm and median AAfz~ 1.5), Cluster (3) as “Brown” (since SSA 1 at 870
474 nm and median AAEg~ 2.8), and Cluster (2) as “Mixed” (since theskiga of SSA and

475 AAEagare somewhere in between) in order to provide eattha brief qualitative descriptor.
476 These groupings are also included in Figure 1.

477  Additional clusters did not improve the qualityfaf(i.e., total-WCSS = 147, 66, 25, 17, 11, and
478 14 for total number of the clusters (K) = 1 to Bdan “elbow” shape was observed when K =3).
479 Moreover, the optimized cluster number and the roharacteristics within each cluster

480 compare well with Chen et al. (2012), in which tlaelpted K-means on variables of SSA, AAE,
481 MCE, and instantaneous scattering emission fagielding three clusters, referring as low-SSA
482 (BC-like), high-SSA (OC-like), and intermediatedrstudy of biofuel emissions from cookstoves.

483 For further evaluation of our clustering algorithme used AAE,y as an external criterion,
484 shown in Figure 2b. This method was inspired by i¢eat al. (2001), in which they applied a
485 clustering analysis to all but one experimentalalde and used the remaining one to evaluate
486 the predictive ability of the clustering. The geala@ncrease in AARq from “Black” to “Mixed”

487 to “Brown” followed a priori expectation since SSA and AAE have been shown to be
488 positively correlated (Liu et al., 2014; McMeekieg al., 2014; Selimovic et al., 2018). This
489 implies that our PCA/K-means analysis is viable dtrstering co-dependent BB properties on
490 both a statistical and physical basis. Besidesattsociation between AAf and the three
491 clusters, we found that the clusters appear telaged to fuel type and plant components (Figure
492 S10). For example, most observations in the “Blaclkister are from the combustion of pine
493 litter (e.g., dry needles) or fuels from the “chapl biome (e.g., manzanita, chamise). In
494  contrast, rotten logs and “entire” fuel sampleg.(ecanopy material + logs) contribute to most of
495 the observations in the “Brown” cluster, suggestimg component produces more BrC relative
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Figure 2. (a) Results of PCA/K-means clusterindyais (b) Box plot of AAEg for the
different clusters.

3.2 Inter-comparison of BC measurements
3.2.1. Pairwise comparison to a reference instriimen

We utilized the Bland-Altman difference approacltéanpare the different instruments to a
reference (Figure 3; Table 2). However, as we alluid in Section 2.4, none of the above BC
instruments provided an unequivocally “ground ttwthlue for each experiment. We selected
the PAX-870 to be the “reference” instrument in analysis with the following rationale: (1) it
was the only real-time instrument running contirglgahrough all fires; (2) it was not
constrained by size thresholds for particle debect{3) it was relatively straightforward to
calibrate; and (4) it measured light absorpiiositurather than after aerosol collection on a
filter. Hence, for all pairs of instruments in Figw3, the PAX-870 Ei: value was the one that
was subtracted in our differences. We must empédkéat it is not our intent to suggest that the
PAX-870 is the “best” instrument or for the reattemfer that any of these instruments are
inherently “wrong”; we provide pairwise Bland-Altmalifference plots using each of the other
instruments as the reference in the online Suppié(fégure S8 lower panels).
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Figure 3. Bland-Altman plots for comparisons ofsggBetween (a) Offline OCEC (IMPROVE-A
protocol)/PAX-870 (b) SP2/PAX-870 (c)TAP/PAX-878 &) CLAP/PAX-870. Mean difference
(solid line) and limits of agreement (dashed linefsg¢ach pair of comparison are provided in the
figure. The yellow shaded region represents propagjaeasurement uncertainty. Note different
scales for Y-axis. The Bland-Altman plot for OBI@CEC (NIOSH-870 protocol)/PAX-870 is
provided in Figure S4.

Mean difference Lower LoA Upper LoA Slope Systematic Probortional
Data Pair (95% Cl) (95% Cl) (95% Cl) oo yste pe
1 1 1 (Diff & Mean) Bias? Bias?
(g-BC kg-fuel ) (g-BC kg-fuel™) | (g-BC kg-fuel™)
Offline OCEC 1.45 0.12 278
/PAX-870 (1.26 t0 1.63) (020t0043) | (246t03.10) | 083 (P<005) ves ves
Offline OCEC
0.69 0.22 1.59
(NIOSH-870) 0.65 (P<0.05) Yes Yes
Y870 (0.59 t0 0.82) (-0.44t00.01) | (1.37to 1.81)
0.24 058 1.05
SP2/PAX-870 (0.09 to 0.38) (-0.83t0-0.33) | (0.80t0130) | *3°(P<0:05) Yes ves
0.53 023 129
TAP/PAX-870 (0.40 t0 0.67) (046t0001) | (L06to152) | 027 (P<005) ves ves
0.87 20.09 183
CLAP/PAX-870 (0.71 to 1.03) (038t00.18) | (156t0213) | O78(P<0.05) ves ves

Table 2. Bland-Altman statistical results
Cl, confidence interval; LoA, limits of agreememdan difference + 1.96 x SD (standard deviatiodiéérences).

Systematic bias exists if the 95% CI of the biassdoot contain zero, and proportional bias exidtsei slope of the
regression between difference and mean differs #rera significantly.
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Overall, Figure 3 suggests that the PAX-870 gehepabvides a lower measurement value than
the other instruments considered here but to angudegree (as seen in the mean differences
and limits of agreement in Table 2). This could iyrihat most instruments over-estimate BC
concentrations, but it could also imply that theXP@70 measurement is incorrect. However, in
the absence of a “ground truth” measurement, waatasonfirm or reject either claim. These
discrepancies between instruments cannot be expldin measurement uncertainty alone
(yellow shaded areas in Figure 3 and Figure S11).

Although the PAX-870 was selected as the referemsteument, it is not without its own
limitations. One cause of uncertainty in the PAX38@easurement is related to the MAC value,
which was assumed to be 4.74 git across all eBC instruments and all fires. A centedlie is
generally quoted with a range of + 20% (e.g. Bond Bergstrom (2006) gives 7.5 + 1.2 gt

at 550 nm, while Olson et al. (2015) reported loM&C values for BB), so there is some
inherent uncertainty in this value. While we cooddculate MAC values using a combination of
one mass-based instrument (the SP2 or offline OGEQG)ne eBC instrument (PAX-870, TAP,
or CLAP), this would force the instruments to agreeur comparison, which is not our intent.
Another factor that could bias the PAX-870 igddue to the lensing effect by OC or other
coating material); Eswill cause the PAX-870 detect a larger eBC conediain than that from
the same materials in an externally mixed fornthia work, we estimated,kto range between
1.06 and 1.96 based on SP2 analysis (typicallydnighlues were obtained for the fires with
higher SSA and OC/EC ratio). Additionally, the P8X0 may be biased low due to potential
(unquantified) losses in the dryer and scrubbensgquently, when interpreting Figure 3 and
Table 2, the potential uncertainties of the PAX-&r@ equally important as those of the other
four instruments.

Considering the pair of offine OCEC (IMPROVE-A)/RA870 (Figure 3a), the Bland-Altman
approach shows that there was both a systemi@hsa proportional bias between the two
instruments. The mean difference ofggBetween the offline OCEC (IMPROVE-A) and PAX-
870 was 1.45 + 0.18 g-BC kg-fue{95% confidence interval) and did not include zero
(systematic bias). The differences (y-axis) alswéased from roughly 0.5 g-BC kg-fiteb
greater than 3 g-BC kg-fuk(proportional bias; p-value of slope < 0.05). Mwrer, the “cone-
shaped” pattern of the data suggests that theegliaocy between the offline OCEC and PAX-
870 tends to be more variable as the overall BGgons increase (i.e., it exhibits
heteroscedasticity).

Besides the aforementioned factors that may afifiecPAX-870 results, the observed
discrepancy between the offline OCEC and PAX-87Addbe due to potential issues with the
IMPROVE-A protocol when deriving EC concentratiam;luding: (1) incomplete evolution of
OC during the stage of OC analysis (Cavalli et26110); (2) the OC/EC split for BB aerosols
with relatively high OC/EC ratios or high OC loadian the filter (Khan et al., 2012; Wu et al.,
2012); (3) the charring correction method usedh&IMPROVE-A protocol (Chow et al., 2004);
(4) the assumption that the PC and native EC Hazsame MAC in the pyrolysis correction
(Chow et al., 2004; Nicolosi et al., 2018); (5) presence of BrC and inorganic matter on the on
the filters (McMeeking et al., 2009; Subramaniaalet2007). We provide an inter-protocol
comparison and discuss potential causes of theeghancy in the supplementary text and Figure
S4.
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From Table 2, the SP2 and PAX-870 appear to havbdbkt agreement based on the lowest
mean difference and slope closest to zero. Howewasidering Figure 3b, there are two distinct
trends in the data; the “Black” and “Mixed” clustegxhibit a positive proportional bias, while
the “Brown” cluster exhibits a negative proportibbes. Since we report rBC after adjustments
using mass correction factors, the SP2/PAX diverges unlikely to be related to the size
distribution of the samples (See SMPS-derived gétacn®ean diameter and geometric standard
deviation in Table S2). The negative trend for‘®ewn” cluster appears to be related tgf£
which can shift the PAX-870 to a higher readin@tigke to measurements of rBC externally
mixed (Epsinferred from the SP2 is shown in Figure S12). @xndther hand, the LIl technique
is less efficient in detecting small (<~0.5 fg,amproximately 70 nm VED) rBC cores when
there is a significant presence of non-BC matémigrnally mixed with the rBC (Schwarz et al.,
2010). Generally, this small rBC fraction only adlotites weakly (<5 %) to the accumulation
mode rBC mass detected by the SP2 in biomass lguidioreover, the SP2-derived rBC can be
overestimated by laser-induced charring of orgariosols (Sedlacek Il et al., 2018). Finally,
some of the differences between the SP2 and the ®AXcould be due to the difference
between the flow rates of the two instruments (PAX:LPM, SP2: 0.006 LPM), which may
result in a bias between the two instruments tleatannot identify.

The overall patterns in the Bland-Altman plotstiee TAP (Figure 3c) and CLAP (Figure 3d)
compared to the PAX-870 are consistent with priorkwBYy generating aerosol mixtures with a
large range of SSA, Sheridan et al. (2005) fouradl tthe PSAP tended to slightly over-estimate
the photoacoustic instrument for the particles B8A greater than 0.67. Likewise, Arnott et al.
(2003) observed that;gmeasured by the PSAP was roughly 60% higher thatmteasured by
thein situ photoacoustic instrument during field measuremehtsnbient atmospheric aerosols
(BC concentration <6.{{g m°). These discrepancies could be due to the fittduded biases in
the measurements made by the TAP and CLAP (se®8&c?.3 above). Even though the
B1999 correction scheme is meant to address palédifteer-induced biases, it was developed for
PSAP using internal mixtures of ammonium sulfate maigrosin, so it may have limitations for
the BB aerosols considered in this work. Moreowar may introduce systematic biases in our
extrapolation from the original wavelengths of fiier-based instruments to 870 nm due to
potential absorption by BrC at shorter wavelengiteszertheless, the Bland-Altman plot
comparing the TAP and CLAP (Figure S8) suggestsetiseno proportional bias between the
two filter-based instruments, and most of the @pancy appears to be related to measurement
uncertainties (Figure S12). Thus, the differencssvben the TAP/PAX-870 comparison (Figure
3c) and the CLAP/PAX-870 (Figure 3d) are most kkeiie to a combination of propagated
measurement uncertainty and minor operationalréiffees between the instruments.

Interestingly, the different clusters have slightifferent behaviors within each Bland-Altman
plot. We have already discussed this in the cordekigure 3b. However, considering the cone-
shaped pattern in Figure 3a, the “Black” clustesttydollows the lower boundary of the cone,
while the “Brown” and “Mixed” clusters are more ttibuted throughout. The relatively larger
uncertainty observed for the “Brown” and “Mixed’Usters could be due to a larger amount of
pyrolyzed OC relative to the amount of EC presant the detection of both PC and EC can
have greater uncertainties when there is a mor@lcated mixture of inorganic matter on the
filters (Bladt et al., 2014; Martins et al., 1998¢cMeeking et al., 2009). We continue to explore
these variations within and between clusters fifedint instruments in the next section.
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3.2.2. Effect of BB properties on instrument conmians

Due to the apparent differences between clustdigyure 3, we explore these further here. In
Figure 4, we present box-and-whisker plots of&fatios (using the PAX-870 in the
denominator) using only the fires where data aeslavie for each instrument in the pair. The

dashed line in Figure 4 represents a ratio of peofect agreement between the two instruments.

The same uncertainties discussed with respecttaé3 are likely applicable here as well
(especially for the “Brown” and “Mixed” clusters).

Table 3 Elgcderived by the five instruments across the thrastets of fires (mean + standard
deviation). Number of fires for each combinatiortloter and instrument is shown in

parenthesis.

Cluster PAX-870 | Offline OCEC | Offline OCEC SP2 TAP CLAP
(9-BC kg- | (IMPROVE-A) | (NIOSH-870) (9-BC kg- (9-BC kg- (9-BC kg-
fuel) | (g-BC kg-fuer’) (g-BC fuel?) fuel?) fuel?)
kg-fuel™)
Black 0.99+0.39| 227+0.74 | 1.99+085| 1.61+061 | 1.55+0.69| 2.00+0.79
(n=10) (n=10) (n=10) (n=10) (n=9) (n=28)
Mixed 0.58+041| 211+0.78 | 1.17+055| 0.98+0.58 | 0.91+0.45| 1.15+0.54
(n=34) (n=34) (n=28) (n=15) (n=17) (n=19)
Brown 0.54+0.42| 137+0.88 | 0.88+0.35| 0.29+0.24 | 0.62+0.37| 1.00+0.38
(n=9) (n=11) (n=7) (n=7) (n=5) (n=6)

To contextualize some of this discussion, TablarBmarizes the Bfc from each instrument for
each cluster. As might be expected, the burns mitie “Black” cluster have the largestdeF

for each of the five instruments, and the meagcElecreases from the “Black” to “Mixed” to
“Brown” cluster. However, the trends across cluster each instrument are not identical. For
example, all values (except the offline OCEC (IMPRE2A)) decrease by roughly 40% from
the “Black” to “Mixed” clusters, but the changekifsc from the “Mixed” to “Brown” cluster is
more varied (ranging from ~7% to ~70% decrease)elher, as suggested in the previous
section, the PAX-870 consistently has the lowesicEfnong all instruments for a given cluster
(except for the SP2 EE for the “Brown” cluster). Note that due to diffieg instrument
availability throughout the campaign (e.g., the 8R2 only available during stack burns),
different fires were used in the computation of éha@ssion factors for different instruments, so a
direct comparison of these gfvalues (e.g., statistical significance testing)asrigorous, but a
comparison of trends is interesting..

Based on Figure 4, we make the following obserwatid-irst, by aggregating all of the ratios
within each cluster, both the mean value and thge&f the Efc ratios to the PAX-870
increase from the “Black” cluster (mean = 2.02 ger0.93 to 2.92) to the “Mixed” (mean =
3.01, range: 1.05 to 8.80) to the “Brown” (mean.843range: 0.15 to 8.26). This suggests that
the instruments have the best agreement for theckBlicluster (likely chemically and optically
similar to “pure” BC), and this agreement worsemstie “Mixed” and “Brown” clusters
(relatively larger contributions from OC). Secobg,considering different instruments across
the clusters, the median Efratios vary from “Black” to “Mixed” to “Brown”; tlese values
increase for the offline OC/EC (both protocols),FA,Aand CLAP, and they decrease for the SP2.
Third, the response of an individual instrumentesgp to be related to differences in aerosol
optical (i.e., SSA, AAE,y and chemical (i.e., OC/EC ratio) properties,\dadent in the
differences between different instruments withgivgen cluster. All of these observations
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suggest that both the measurement technique aratbeol optical/chemical properties
influence a given instrument’s relative agreemeith wur reference instrument.

D Offline OCEC (IMPROVE-A) /PAX-870 .
8 | B offiine OCEC (NIOSH-870) /PAX-870 -
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Figure 4. Box-plots for the distribution of gEfratios (to PAX) of individual pairs of instruments
across the three clusters. Within each clustee $iubgroups of Efc ratios (from left Offline
OCEC (IMPROVE-A)/PAX-870, Offline OCEC (NIOSH-8P@X-870, SP2/PAX-870,
TAP/PAX-870, and CLAP/PAX-870) are shown in diffeolors. The box ranges represent the
lower quartile (25th percentile) and upper quartflésth percentile) and the box height is the
interquartile range (IQR). The whiskers correspaadhe 10th and 90th percentiles. The line in
the middle of the box represents the median, atslrépresent outliers.

3.2.3. Comparison of BC from the” Black” clusterthvprevious studies

We have discussed some of the prior work in thethiction, but we continue this here for
context, specifically focusing on our “Black” clestand previous laboratory studies using
ethylene/air-generated soot (Cross et al., 201wiglet al., 2007; Yelverton et al., 2014) and
internal combustion engines (Jiang et al., 2018nbB@ures et al., 2013) since our black cluster is
the cluster that is likely to be the most similacharacteristics to these sources (e.g., low SSA,
low OC/EC ratio). One caveat in the comparisonuwfwork to these prior studies is that in our
“Black” cluster, the OC/EC ratio ranges from roughlto 3, whereas for the ethylene/air-
generated soot, the OC/EC ratio in Yelverton e{26114) was roughly 0.5, and for the internal
combustion engines, the OC/EC ratio is likely lges one (Saliba et al., 2017); hence, directly
comparing our results to these previous results Imag some limitations. Another caveat is that
the eBC values are used “as presented” in the waneferences, so the wavelength at which
eBC was derived may vary and so will the wavelertgghendent MAC (Table S5), which may
potentially contribute to some of the variabilitythat panel. In Figure 5, we present a summary
of this comparison with selected previous studmas tised “Black” cluster-like particles as
sources. The instrument ratio in previous studidgates the ratio of the given instrument to an
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in situeBC instrument, similar to Figure 4 (and hencepwg include those studies including
situ eBC measurements).
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Figure 5. Instrument comparisons for “Black” clustike particles. Results are displayed as
instrument ratios (divided by in situ eBC measunatsie The line in the middle of the box
represents the median of the present work.

For uncoated soot (“pure” BC), Yelverton et al. X2pfound that eBC (both filter-based and

situ) was roughly a factor of 1.5 greater than both é8@ EC, for which they found nearly
perfect agreement. By testing BC emitted from neaeangines and vehicle engines, respectively,
Jiang et al. (2018) and Kamboures et al. (2013)dahat different BC (excluding EC)
techniques were well correlated®(R0.85) but had varied linear relationships (ehg. ftlter-

based eBC instruments provide lower values thamthgu eBC instrument in Jiang et al.
(2018),the opposite was true in Kamboures et alL3®). Our EC values are higher than both our
eBC and rBC values, which is consistent with Kambetet al. (2013), but different from Jiang
et al. (2018) and Yelverton et al. (2014). Compavét those studies that observed higher filter-
based eBC thaim situeBC, our instrument ratios are similar (withineatbr of 2). While the

exact reason for these discrepancies is unknowosaleoptical and chemical properties likely
play a substantial role.

We can also relate our results for the “Mixed” d&Bdown” clusters to prior studies. In our study,
we observe a general worsening in the agreemenebatinstrument pairs (with the exception
of the SP2/PAX-870) relative to the “Black” clustetich could be implicitly driven by aerosol
optical properties. The increasing trend from “Blaio “Mixed” to “Brown” in Figure 4 is
consistent with that in AAfq (Figure 2b). Similar results have been also oleseim Cross et al.
(2010) and Slowik et al. (2007), in which the agneat among BC instruments was worsened
with the addition of organic coatings to the BCabidition to measurement uncertainties, Reid et
al. (1998) attributed discrepancies between BCGungnts to highly-variable MAC, which

could be affected by the presence of BrC (espgalthe wavelengths of 532 nm and 550 nm
that were used in that study). Hence, the presehBeC appears to be an important source of
variability in the ERgc ratios, but an exhaustive comparison betweenerults and other studies
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investigating aerosols that may fall into the “Milker “Brown” clusters is outside the scope of
this work.

4. Conclusions and implications

During the FIREX campaign, we conducted BC measargsnusing a suite of instruments,
enabling an inter-comparison study for BB aerosolder a relatively wide range of fire-related
parameters (MCE, SSA, OC/EC ratio, and AAE). Tamalize data for different fires, time-
integrated ERcfor each fire were calculated for each of the fiveruments. Based on the dgF
resultsof 55 fires, the EC, rBC, and filter-based eBC wereaverage, 4.7, 1.3, and 2.7 times
higher, respectively, than correspondingitueBC, which was selected as the reference
instrument; the majority of these differences dbappear to be attributable to measurement
uncertainty alone (Figure S11).

To further interpret our data, we utilized a PCAfi€ans clustering approach, which resulted in
three clusters. The cluster that was the mostalptisimilar to “pure” BC (mean SSA = 0.31
and AAE = 1.44) exhibited the greatest agreemettden instruments (Figure 4); comparing
our results to prior work indicated that our conigams of EC, rBC, and filter-based eBCro

situ eBC were relatively similar to what others haveaed previously (Figure 5). As the BB
aerosols became more reflective (i.e., as SSAased and browner (i.e., as AAE increased),
the agreement between the instruments worsenedré~4g.

Consequently, we have several suggestions regadditagcollection and data interpretation that
will facilitate future comparisons of BC data called by different instruments and from
different fires:

Data Collection

» Optical and chemical properties appear to playl@iromeasurements of both eBC and
EC for BB aerosol, but this does not seem to afppBC based on our data. Regardless,
we recommend reporting values of SSA, AAE, and @Cv&tio (or equivalent, e.g.,
OA/rBC ratio) when reporting BEic when possible or estimating those parameters from
MCE as in Figure 1 and Figure S9.

» Correction schemes for filter-based methods mayiredurther evaluation to determine
their applicability to BB aerosols.

» Heating samples to reduce the influence of coatiatgrials prior to sampling may
provide estimates of EE for BB with the lowest uncertainty (as long as tharring of
the coating material is minimal).

Data Interpretation

» Care should be taken when mergingsE&ata sets generated using different
measurement techniques to distinguish betweenalatariability and instrument
differences.

o The relative standard deviation for a given cluatat given BC instrument ranges
from roughly 30-80% (based on Table 3). Moreovee, relative decrease of g~
from “Black” to the “Brown” for each instrument spathe ranges from roughly 40%
to 80% (also based on Table 3). While these nundygear to be somewhat large,
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they represent natural variability, or simply, diénces in emissions between
different fires. When interpreting data, we consitiés a “true” uncertainty.

o0 The challenge arises for instrument differencescivive consider a “false”
uncertainty. For example, the mediansgEFatios range from roughly 0.5 to 3.5
(Figure 4). While this range falls within the rangfenatural variability, the data we
present here represents 55 fires. Because emissi@ntories are typically based on
averaging field observations (e.g., Akagi et &Q01(1)), developing such an inventory
by combining eBC, EC, and rBC data collected fdfiedént fires may artificially
inflate the uncertainty associated withggFThis may become especially important
as “historic” EC-based Kk are combined with more recent rBC-basedd=F

» Agreement between instruments is best for the ‘Blakuster, which is likely to be the
most similar (chemically and optically) to “pure’CBwith limited contribution from OC).

This “Black” cluster may be representative of s@neke plumes in the real world.

However, most ambient BB smoke plumes are likelyersamilar to the “Mixed” or

“Brown” clusters. This will become especially prebiatic when the smoke undergoes

photochemical aging and/or mixing with other airsses, so BC measurements from the

same fire may vary with smoke age (e.g., Akagi.e(2012); Yokelson et al., (2009)).

* An empirical absorption EF, which does not reqtheeassignment of MAC, may work
best in some cases for light absorption instrumg@nts, Selimovic et al., (2018) and
references therein).

Data availability

Raw data are freely available from https://esrlangav/csd/project/firex.
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