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ABSTRACT

We investigate the optical properties of light-absorbing organic carbon (brown carbon) from domestic wood
combustion as a function of simulated atmospheric aging. At shorter wavelengths, light absorption by brown carbon
from primary organic aerosol (POA) and secondary organic aerosol (SOA) formed during aging was around 10 %
and 20 %, respectively, of the total aerosol absorption (brown carbon plus black carbon). The mass absorption cross-
section (MAC) determined for black carbon (BC, 13.7 m®g"' (geometric standard deviation GSD = 1.1) at 370 nm)
was consistent with that recommended by Bond et al. (2006). The corresponding MAC of POA (5.5 m? g™ (GSD
=1.2)) was higher than that of SOA (2.4 m*g" (GSD = 1.3)) at 370 nm. However, SOA presents a substantial mass
fraction, with a measured average SOA/POA mass ratio after aging of ~5 and therefore contributes significantly to

the overall light absorption, highlighting the importance of wood-combustion SOA as a source of atmospheric
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22 brown carbon. The wavelength dependence of POA and SOA light absorption between 370 nm and 660 nm is well
23 described with absorption Angstrém exponents of 4.6 and 5.6, respectively. UV-visible absorbance measurements of
24 water and methanol-extracted OA were also performed showing that the majority of the light-absorbing OA is water

25 insoluble even after aging.

26

27 1. INTRODUCTION

28 Atmospheric aerosols contribute to radiative forcing either directly by absorbing and scattering light or indirectly by
29 acting as cloud-condensation and ice nuclei. While black carbon (BC) from combustion processes is the most
30 efficient light-absorbing aerosol component, organic aerosols (OA) may also absorb solar radiation (Alexander et
31 al., 2008; Chen and Bond, 2009; Kirchstetter et al., 2004). This light-absorbing OA, denoted as brown carbon
32 (BrC), absorbs most strongly at shorter UV-visible wavelengths (Andreae and Gelencsér, 2006; Hoffer et al., 2005).
33 Global chemical-transport model estimates indicate that the BrC contribution to the positive radiative forcing of
34 climate by anthropogenic aerosols may not be negligible (Feng et al., 2013; Jo et al., 2016; Lin et al., 2014; Wang et

35 al,2014).

36 Unlike BC, whose light absorption properties are relatively constant across sources (Bond et al., 2013), BrC is
37  composed of a wide range of largely unknown compounds, which exhibit highly variable spectral dependence and
38  absorption efficiencies. For example, reported imaginary indices of refraction for different organic species, which
39 describe the absorption of these compounds, span two orders of magnitude (Lu et al., 2015). Because it is
40 impractical to experimentally separate BrC from non-absorbing OA, optical properties are typically determined for
41 the bulk OA of a given source. The large variability of BrC fraction in combustion aerosol may contribute to the

42 wide variation in reported properties of BrC containing OA.

43 Biomass burning OA, which contributes two-thirds of the global budget of directly-emitted primary OA (POA), is
44  expected to be a considerable source of BrC (Chakrabarty et al., 2010; Hecobian et al., 2010; Lack and Langridge,
45 2013; Liu et al., 2014). The variability in reported light absorption properties of biomass burning OA with fuel type

46 and burn conditions remains a major obstacle complicating its treatment in climate models (Lu et al., 2015; Saleh et
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47  al., 2013). Residential biomass burning is typically characterized by a more efficient combustion, than open burning.
48 Residential wood burning represents a substantial contribution to anthropogenic combustion emissions (Bond et al.,
49 2013), especially in urban atmospheres, and is considered the largest source of OA in Europe during winter (Denier

50  Van Der Gon et al., 2015).

51 Upon photo-oxidation, biomass-burning emissions produce secondary organic aerosol (SOA) at concentrations
52 similar to or exceeding the primary organic aerosol (POA) (Bertrand et al., 2017; Bruns et al., 2015, 2016; Corbin et
53 al., 2015a; Grieshop et al., 2009). There is a growing body of evidence that light absorption by OA change with OH
54 exposure (aging) owing to the production of secondary BrC or to the transformation of primary BrC (Heringa et al.,
55 2011; Lee et al., 2014; Zhao et al., 2015). However, these effects have not yet been systematically investigated and

56 must be quantified to assess the climate effects of primary and aged biomass burning OA.

57 Here, we show that both POA and SOA from residential biomass burning emissions aged in controlled smog
58 chamber experiments contain BrC. Wavelength dependent, mass-normalized absorption cross-sections (MACs) of
59 POA and SOA are presented from online aerosol measurements as a function of aging for the first time.
60 Complementary measurements of filter-extract absorbance (conducted in different solvents) are used to obtain the
61 imaginary refractive index and to investigate the solubility of BrC in fresh and aged OA. While results presented
62 here are related to flaming residential wood combustion emissions and cannot therefore be generalized, the approach
63 used can be extrapolated for the characterization and quantification of the contribution of BrC in other primary and

64  aged emissions.

65

66 2. METHODS

67 2.1 Smog chamber experiments

68 Laboratory measurements were conducted in an 8 m® Teflon smog chamber (Bruns et al., 2015; Platt et al., 2013)
69 installed within a temperature-controlled housing. Conditions in the chamber were maintained to represent winter
70  time in Europe, i.e. relative humidity ranging between 50 — 90%, at 263 K (Bruns et al., 2015, 2016). Beech wood
71 was combusted in a residential wood stove. Primary emissions were sampled through heated lines at 413 K, diluted

72 by a factor of ~14 using an ejector diluter (DI-1000, Dekati Ltd.), then sampled into the chamber, which provided an
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73 additional ten-fold dilution. The overall dilution was a factor of 100 to 200. As we aimed to sample only flaming-
74 phase emissions into the chamber, samples were taken when the modified combustion efficiency (ratio of CO, to the
75 sum of CO and CO,) was > 0.90. Despite maintaining the same combustion conditions, the resulting organic fraction
76 in the different samples was highly variable, indicating that these samples are representative of a mixture of pre-

77 ignition and flaming emissions (with varying contributions of each combustion stage).

78 After injection of the primary emissions and stabilization of the concentrations, nitrous acid (HONO) was
79 continuously added, which dissociates upon irradiation (A<400 nm) and forms the hydroxyl radical (OH). Then, 9-
80  times deuterated butanol sample (butanol- D9, 98%, Cambridge Isotope Laboratories) was subsequently injected
81 into the chamber. The decay of butanol-D9 was used to infer the time-resolved OH exposure of the sampled aerosol

82 (Barmet et al., 2012). The chamber was exposed to UV lights for ~3.5 hours.

83 Particles were collected onto filters (47 mm Tissue-quartz, Pall Corporation, 26 L min™ for 30-32 min) for offline
84 optical measurements and the determination of elemental carbon (EC) mass. Three filters were collected during each
85 experiment, namely i) a primary aerosol filter sample (“primary”), ii)a slightly aged aerosol (“Agedl”, OH
86 exposure ~ 1x10” molecules cm™ h), collected 30 minutes after the UV lights were switched on, and iii) an aged
87 aerosol (“Aged2”, OH exposure ~ 4x10” molecules cm™ h), collected at the end of the experiment (see Figure S1 for
88 the sampling periods). A charcoal denuder was installed upstream of the filter sampler to remove organic gases.

89  Filters were stored at 253K until analysis.

90 In addition to the characterization of the particle optical properties detailed in the next section, a set of online and
91 offline techniques were used for the characterization of the gaseous and particulate emissions before and after aging.
92 The non-refractory particle size-segregated chemical composition was measured with a high resolution (HR) time-
93 of-flight aerosol mass spectrometer (AMS) (DeCarlo et al., 2006). Details related to the AMS data analysis and
94 calibration can be found elsewhere (Bruns et al., 2015, 2016). A scanning mobility particle sizer was used to
95 measure the size distribution of the evolving aerosol. Organic gases were monitored by a proton transfer reaction
96  time-of-flight mass spectrometer (PTR-MS, [H;O'] reagent ion, lonicon Analytik GmbH) (Bruns et al., 2017),
97 following the same procedure as in Klein et al. (2016). Additionally, elemental carbon (EC) mass concentration was

98 measured offline using a sunset thermo-optical analyzer, following the EUSAAR?2 protocol (Cavalli et al., 2010).

99
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100 2.2 Optical measurements

101 Aethalometer. A dual-spot aethalometer (Magee Scientific aethalometer AE33, Aerosol d.0.0.) was used for real-
102 time aerosol light attenuation measurements at seven wavelengths (1 = 370, 470, 520, 590, 660, 880 and 950 nm)
103 (Drinovec et al., 2015). The instrument measures the attenuation coefficient (baty) Of a light beam transmitted
104 through a filter tape loaded with aerosol samples. The use of the sampling flow (here, 2 L min™), integration time for
105 the measurement (here, 1 minute), and automated dual-spot loading compensation to obtain bary has been described

106 by Drinovec et al. (2015).

107 The loading compensated bary Was used to infer the aerosol absorption coefficient, b, using a constant wavelength
108 independent correction factor C, which accounts for multiple scattering within the filter matrix (Weingartner et al.,

109 2003):
110 baps(D) = barn(D)/C 1)

111 The loading compensated baty at 880 nm from the AE33 is further used to infer the equivalent-BC mass

112 concentration, Megc:

1 13 MeBc _ baTN(880 nm) (2)

oaATN (880 nm)

114 where g,ry is the mass attenuation cross-section of BC deposited on the filter of the AE33. Mg inferred from
115 Equation 2 only equals the true BC mass concentration, Mg, if the applied o,y is identical to the true attenuation
116 cross-section of BC, oarnsc, and if light attenuation at 880 nm is exclusively due to BC. g1y pc(880 nm) can be

117 inferred from the true MAC of BC, MACgc, and the true C value:
1 18 O-ATN,BC(BBO nm) = MACBc(880 nm) * C (3)

119 with MACg being defined as:

120 MACgc(2) = Zzbsec®) .

Mgpc

121 where b, gc is the absorption coefficient due to BC.
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122 The manufacturer default values are 1.57 for C and 12.2 m”g" for g,py at 880 nm, which corresponds to a
123 MAC:c(880 nm) of 7.77 m*g™" at (Gundel et al., 1984 , Drinovec et al., 2015). However, these three parameters
124 depend on aerosol properties. Here, we have determined the C value by applying Equation 1 to bary measured by the

125 aethalometer and the absorption coefficient, b measured by a multi-wavelength absorbance analyser,

absmwaAa’

126 MWAA (Massabo et al., 2015; Massabo et al., 2013). The MACgc(880 nm) was determined using Equation 4 to

127  compare b from the MWAA measurements with EC mass from the Sunset thermo-optical analyzer (see

absmMwaa
128  Figure 1A&B and Section 4.1 for detailed discussion). Following this procedure, the MWAA and Sunset analyser
129 will be defined as reference methods for absorption coefficient and EC mass concentration, respectively. Note that
130 data from these reference methods were only available with low time resolution and for a subset of all samples.
131 Thus, the aethalometer anchored against these reference methods, was used to obtain the wavelength dependent
132 absorption coefficients and the eBC mass concentrations with high time resolution using Equations 1 and 2,
133 respectively. Processing the loading compensated AE33 attenuation coefficients with C value and MACxgc,

134 determined with independent MWAA and Sunset analyser measurements, ensures that the inferred b,p(1)

135 (Equation 1) and Megc (Equation 2) have minimal bias compared to respective true values.

136 MWAA measurements. The MWAA (Massabo et al., 2015; Massabo et al., 2013) was used as reference method

137  for the aerosol absorption coefficient. It measures the absorption coefficient b, (M) of particles deposited on

absmwaa
138  on standard filter samples. It is composed of five laser diodes, with A = 375, 407, 532, 635 and 850 nm, acting as
139 light sources and placed above the filter, an automated sample-changer, and three low-noise UV-enhanced
140  photodiodes. The first photodiode is placed behind the filter for the analysis of transmittance measurements, while
141 the other two photodiodes are positioned at specific angles between the sources and the loaded filter to perform
142 reflectance measurements. These transmittance and reflectance measurements are used together with a radiative
143 transfer model (Hinel et al., 1987) , which takes into account multiple scattering within the particle/filter layer, to
144 retrieve both the total optical thickness and the particle-filter-layer single scattering albedo, providing the absorption

145 coefficient b (A) values. These calculations largely follow the approach implemented in the multi-angle

absmMwaa

146  absorption photometer (Petzold and Schonlinner, 2004).

147 UV-visible absorbance measurements of extracted aerosols. Filter samples were extracted for UV-visible

148 absorbance measurements in 10 mL ultrapure water or methanol in an ultrasonic bath for 20 min at 30 °C. Samples
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149 were subsequently briefly vortexed (1 min) and filtered with 0.45 um nylon membrane syringe filters following the
150 procedure described in Daellenbach et al. (2016). Absorption spectra were measured from 280 to 500 nm using a
151 UV-visible spectrophotometer (Ocean Optics) coupled to a 50-cm long-path detection cell (Krapf et al., 2016). Light
152 attenuation by the OA in solution, ATNoaoi, at @ given wavelength was recorded as the logarithm of the ratio of
153 signal intensities of the reference (solvent) (ly) and the sample (I), both corrected for background signals with the

154 light source off. From ATNoa.sol, the absorption coefficient of OA in solution, b,ps 0a—so1(4), can be quantified as:

—S0 A
155 bapsoa—sol(d) = M .

156 where | is the optical path length.

157 The absorbance measurements are aimed at inferring the imaginary part of the refractive index. For this,
158 baps,0a-so1(4) is transformed to the absorption coefficient of the bulk OA in the pure form, b,ps 0a—puk (Sun et al.,

159 2007):

160 bapsoa-buic () = bansoa-soi() P04/ moa )

Vsolvent

161  where pg, is the bulk density of OA (assumed to be 1.5 g cm™3, typical of wood-burning OA; (Corbin et al., 2015a;
162 Moosmiiller et al., 2009; Sun et al., 2007)), mg, is the extracted OA mass, and Vgjyent 1S the solvent volume. The
163 bulk absorption coefficient directly leads to the imaginary part of the OA refractive index, kga, in pure form

164  (Moosmiiller et al., 2009):

2
165 koa(d) = bavs,0a-bux(D - )
166 Inserting Equation 6 into Equation 7 eventually provides (Liu et al., 2015a):

A solven
167 koa(2) =208 selvent o co1(A) ®)

4mmoa

168 The mass of organics dissolved in the solution could not be quantified. Therefore, we use an upper limit value for
169 moa, approximated as the integral of AMS-measured OA mass concentration times sample flow rate over the filter-
170 sampling period. Accordingly, the resulting ko, Vvalues represent lower limits for the true values, as the OA

171 extraction efficiency was not accounted for. Higher kg, values based on online absorption coefficient measurements
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compared to those calculated based on Equation 8 may be related to low OA extraction efficiency or to non-

extractable highly absorbing material and results shall be discussed accordingly.

3. OPTICAL PROPERTIES ANALYSIS
3.1 Determination of absorption Angstrém exponents and mass absorption cross-sections

In this section we describe the methodology adapted for the determination of the mass absorption cross-sections
(MACs) for the different aerosol material from the Sunset, MWAA and aethalometer measurements. The
assumptions and limitations underlying these calculations are clearly stated. We also explain the relationship

between the MACs and the wavelength dependence of the overall absorption.

Definition of the absorption Angstrém exponent . The wavelength dependence of the overall absorption due to

both BC and BrC has often been described assuming a power law:
babs (A) oc ﬂ_a (9)

where o is the Angstrom absorption exponent, often determined by fitting the absorption coefficient measurements
across the entire wavelength range. Equation 9 is an empirical simplification, which breaks down when different
components having different spectral dependence contribute to the absorption, e.g. a mix of BrC and black carbon
(e.g., Moosmiiller et al., 2011). In practice, different values of a would be obtained for different choices of A ranges,

and therefore we alternatively calculated two-wavelength absorption exponents according to

fesich

A
Inf —
(lref J

where 1 is a wavelength of interest (in nm) and A, is the reference wavelength, here 880 nm. This reference

(A A ) = - (10)

wavelength was chosen, because BC is expected to fully dominate light absorption in this range (Laskin et al.,

2015).
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Black carbon is known to have an o between 0.9 and 1.1 (Bond et al., 2013; Kirchstetter et al., 2004; Liu et al.,

2015b), whereas BrC, which preferentially absorbs at shorter wavelength, has a higher o (Laskin et al., 2015; Saleh

et al., 2013). Thus, we interpret an increase of «a(4, 4, ) of the total aerosol as due to an increased contribution of

BrC to the total absorption. a(A, 4, ) can potentially change due to other effects such as a wavelength dependent

lensing effect on absorption by BC (e.g., Lack and Langridge, 2013) or the restructuring of BC aggregates during
aging. The former effect was negligible under our conditions, as elaborated on below. The latter, if it occurs during
aging, would be attributed to SOA absorption in our approach. However, this is not an issue if our values are
accordingly applied in e.g. model simulations, following the same assumption as in our approach. This means that
the potential restructuring effects must implicitly be considered within the MAC(1) of SOA, while the MAC(A4) of

BC must be kept fixed.

3.2 Determination of MACgc and MACpoa Using the absorption Angstréom exponent

In a mixture of n absorbing species, the total absorption at any wavelength may be written as the sum of the

absorbance of each of the species. Accordingly, Equation 10 can be expressed for a multi-component system

1 Yl babsi(D) 1 S MMAC;(A)
A(h, Arer) = In (el ® ) In (;Zea o 1
(A, Arer) In(Ares/2) Y11 babs,i(Aref) In(Apeg/A) Ty MiMAC;i(Aref) (11)

where the right hand side follows the general definition of MAC along the lines of Equation 4. M; and MAC; are the
mass concentration and MAC, respectively, of the i species, with 1 absorbing species in total. By considering that
the light absorption at A, = 880 nm is exclusively due to BC, and by defining BC to be the n™" species, Equation

11 can be written as

_ 1 MACpc(4) n—1_MMAC;(A)
a(l’ 880nm) - In(880nm/1) n (MACBC(BSOnm) + Zi:l babs(SSOnm)) (12)

In equation 12, the summation now only goes over the n-1 organic species, which contribute to light absorption.

The fresh combustion aerosol exclusively contains BC and POA as absorbing species. For the data at time 7, before

the start of photo-oxidative aging, Equation 12 simplifies to:

a(ty, A,880nm) = agcypoa(to, 4, 880nm)
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216 = ™ (acpctgmonm * hiostonm ) (1)
217 In Equation 13, Moa(%) is the mass concentration of primary organic aerosol measured by the AMS at t,.
218 MACp(%,880nm) was inferred from the MWAA and Sunset thermo-optical analysis and shown to be independent
219 of the experimental conditions (Section 4.1; Figure 1A). Absorption coefficients b,ps(to, 1) are obtained from the
220 high time resolution attenuation measurements by the aethalometer referenced to the MWAA absorption
221 measurements as described above. a(ty, 4,880 nm) is derived from bgy(ty, A) and b,ps(to, 880 nm) using
222 Equation 10.This leaves only 2 free parameters in Equation 13, MACgc(t, A) and MACpoa(f, L). These were
223 determined by fitting Equation 13 to a(to, 4,880 nm), Moa(f), MACa(,880nm) and b,y (t,, 880nm) data
224 measured in all experiments for fresh emissions at t,. This approach contains the implicit assumption that the two
225 MAC values are also independent of experimental conditions, and therefore these MACs should be considered as
226 average values. The accuracy of these MAC values obviously depends on the accuracy of the absorption and mass
227 measurements. First, a systematic bias in the C value potentially caused by a systematic bias in the MWAA
228 measurements propagates to an identical bias in both MACpc(#y, ) and MACpoa(%, A). Second, a systematic bias in
229 the Sunset EC mass measurements yields a corresponding inverse bias in MACgc(f, A), while MACpoa(ty, A)
230  remains unaffected. Third, a systematic bias in the AMS POA mass yields a corresponding inverse bias in
231 MACpoa(to, A), while MACpe(%, 1) remains unaffected. Equation 13 shows that @ of the primary aerosol at a certain
232 wavelength is largely driven by MACpga(to, 1), i.e. the optical properties of POA, and by the ratio %ﬂztoo""—g;)m,
233 which reflects the relative contributions of POA and BC to total primary aerosol mass.
234 3.3 Determination of MACsoa
235  The MAC of SOA, MACgpa, can be generally defined as:
236 MACg, = 22bssoa (14)

Msoa

237 where b,pssoa and Mgp, are the absorption coefficient and mass concentration of SOA, respectively. In the aged
238 aerosol, which contains the absorbing species BC, POA and SOA, b,ps 504 is the difference of the total absorption
239 minus the absorption by POA and BC:
240 baps,soa(t, A) = baps(t, ) — baps poa+sc(t, 1) (15)

10
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241 The absorption by POA and BC in the aged aerosol is a priori unknown, but can be calculated under certain
242 assumptions. The first assumption is that SOA does not contribute to absorption at 880 nm:
243 baps,poa+pc(t, 880 nm) = b,y (t, 880 nm). The second assumption is that the two-A o values of primary emissions
244 do not change during aging apoas+pc(t, 4,880 nm) = apoa+pc(to, A, 880 nm). The latter approximation is based on
245 the underlying assumptions that the MAC of POA is not altered by aging and that the proportions of POA and BC

246 mass lost to the wall are identical. Under these assumptions b,ps poa+sc becomes:

880 nm)“P0A+Bc(to./1,880 nm)

247 bapspoa+sc(t, 1) = baps(t, 880 nim) ( n

(16)

248  Note that inferring b,ps poa+nc(t, A) from byps(t, 880 nm) implicitly accounts for the decrease in the BC and POA

249 absorption due to wall losses.

250 Mgppa was obtained as total organic minus POA mass concentration:

251 Mgoa(t) = Moa(t) — Mpoa(t) (17

252 The POA mass concentration in the aged aerosol can be inferred from the initial OA mass concentration in the fresh
253 emissions by accounting for the wall losses using Equation S1 and the wall loss time constant 7 (see Section Wall

254 loss corrections in the SI):

255 Mpoa(t) = Moa(to) exp(z71t) (18)

256  Inserting Equations 15-18 into Equation 14 provides the final equation for inferring MACgq4.

880 nm\¥POA+BC(t0,1,880 nm)
Dabs(t,A)—baps(t,880 nm)(T)

Moa(t)-Moa(to) exp(z~1t)

257  MACsoa(t, D) = (19)

258

259 MACsp, can be calculated for every data point in time and for all aethalometer wavelengths from 370 to 660 nm
260 (MACgg4 defined to be zero at A > 880 nm), as all quantities on the right hand side of Equation 19 are available from
261 either the aethalometer or AMS measurements or are otherwise known. It can be seen from Equation 19 that the
262 mass concentrations used to calculate MACgq, solely originate from AMS data, thus being consistent with the
263 calculation of MACpg, (see above). Equation 19 is based on the assumption that POA is “chemically inert”, i.e. no

264 chemically induced changes of Mpga and MACpg, occur. Such chemically induced changes of absorption by POA,

11
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265 if they occur, are assigned to the absorption by SOA, thus resulting in a corresponding adjustment of the

266  inferred MACgp,.
267 3.4 Mie calculation to relate kop with MACoa

268  The imaginary part of the refractive index of an aerosol component is an intensive material property. However, the
269 MAC of such an aerosol component additionally depends on the size and morphology of the aerosol (except for the
270  Rayleigh regime). The online aerosol absorption measurements provide estimates for MAC values, while the UV-
271 visible absorbance measurements of filter extracts provide the imaginary part of the refractive index. We used Mie
272 calculations in order to compare the two quantities. The kga(A)obtained from the filter extracts is converted to a
273 MACoa puic Py assuming that all OA is present in homogeneous spherical particles with a diameter distribution
274 identical to the mobility diameter distribution measured by the SMPS. In this manner, MACqa puix becomes equal to
275  the mass-weighted average (=volume-weighted average) of the diameter dependent MAC:

Mi
TiNid?MACY""® (Anoa koa.poa)

276 MACoapuic(4 noa koas Poa) = TN
i i

(20)

277 Here, N; and d; are the number of particles and particle diameter, respectively, in the i size bin, and ng, is the real
278 part of the refractive index of the OA (which is assumed to be ng, = 1.5 typical for organic material; Lu et al.,
279  2015). The MAC of particles with diameter d;, MACM, was calculated using the Mie Code by Pefia and Pal (2009)
280 (incorporated into Igor Pro 6.3, WaveMetrics, OR, USA by Taylor et al., 2015). MACM® also depends on the density
281 of OA, for which we assume a value of pg,= 1.5 g cm™3 (see Section 2.2), as the volume specific absorption cross-
282 section obtained from Mie theory needs to be converted to a mass specific absorption cross-section. We note that as
283  we have used the same value of po, in the calculation of both MACM® and koa(4), MACoa pu bECOMES

284 independent of the assumed pg, value.

285 Assuming spherical particles and neglecting the presence of BC in these particles may seem inappropriate. However,
286 calculations considering BC and assuming core-shell morphology revealed (1) limited sensitivity of the resulting
287 MACg, to this assumption and (2) a higher than measured lensing effect. Therefore, a substantial fraction of the OA

288 seems to be externally mixed and to dominate the measured size distribution (see also Section 4.1). The uncertainty
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289 in the MACq, inferred from kg, of the UV-visible absorbance measurements was estimated by combining an

290  estimated 20 % precision with a detection limit of 0.3 m? g™* in quadrature.
291

292 4. RESULTS AND DISCUSSION

293 4.1 Verification of MACgc and C value

294 As mentioned above, the determination of MACg:(880nm) requires the determination of the absorption coefficients
295 at 2 and the BC mass. We used the aethalometer to obtain the absorption coefficients with high time resolution,
296  while absolute values were scaled to match MWAA data, which we defined as our reference method. The
297 aethalometer was also used to obtain eBC mass concentrations with high time resolution, while absolute values were
298  scaled to match EC mass measured by the Sunset thermo-optical measurement using the EUSAAR-2 protocol,
299 which we defined as our reference method. Here we start by proving the concept of our scaling approaches and

300 provide average values for MACgc(880nm) and aethalometer-C which are required subsequently.

301 Figure 1A shows the correlation between the MWAA measured absorption coefficient at 880 nm and the Sunset
302  thermo-optical EC mass measurements. MWAA absorption measurements at 880 nm is determined by
303  extrapolating the absorption coefficients at 850 nm using an a determined from the ratio between the
304  absorption coefficients at 850 nm and 635nm. The corresponding MACg:(880nm), determined as the slope of
305 the linear fit through all data, is 4.6 £ 0.7 m* g . This value matches the data at all three levels of aging, i.e. for the
306 primary, Agedl and Aged?2 filter samples, within experimental uncertainty (see Figure S2 in the Supplement for
307  more information). This average MACgc(880nm) is also very similar to values reported for “pure” BC (4.7 + 0.7
308 m?g™at 880 nm) (Bond et al., 2006), indicating no significant lensing effect on absorption by BC from primary or
309 secondary OA. This can also be observed from the time resolved attenuation measurements by the aethalometer at
310 880 nm (Figure S3), suggesting that little (<10%) to no increase in the attenuation coefficients upon SOA formation.
311 If the OA and the BC were internally mixed, the observed variability in the mass fraction of OA (f,,) from 0.1 to
312 0.9 for the fresh and aged samples would result in a high variability in the MACgc(880nm), with values higher than
313 those reported in the literature, according to Mie calculations assuming core-shell internal mixtures. However, this is

314  not the case. Based on this observation, we conclude that the particles studied are likely not core-shell internal
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315 mixtures, although we have measured a mono-modal aerosol population growing during SOA production (Figure
316 S4). An explanation for the occurrence of an external mixture could be that the primary OA and BC particles may
317 have been externally mixed after these species were emitted separately during combustion, preferentially during the
318 pre-ignition and flaming phases, respectively (Corbin et al., 2015a, 2015b; Heringa et al., 2011). These phases may
319 occur consecutively during a burn or simultaneously in different parts of the stove. MACgc(880nm) found to be
320 constant supports our approach described in Section 2.2 using scaled aethalometer data for BC mass and treating
321 MACkg at all other wavelengths as a constant across all experiments during the data retrieval process described in

322 Section 3.1.

323 Figure 1B shows the correlation between baryagss and baps mwaa Measured by the aethalometer and MWAA,
324 respectively. The two variables correlated very well, indicating a constant aethalometer C-value, which is the ratio
325  between bpryaess and baps mwaa (Equation 1), of 3.0+£0.3, independent of the type of the aerosol sampled. This is
326 also reflected in the probability density function of individual C-values shown in Figure S2 where the standard
327  deviation is found to be as small as 6.~ % 10% . Such constant ratio justifies our approach of applying this single
328 C value for all conditions in order to scale the time resolved attenuation measurements by the acthalometer to the

329  MWAA reference method.

330  Note, the manufacturer’s default values, which were not applied in our case, are 1.57 for C and 12.2 m* g™ for
331  oapy at 880 nm, which implies an underlying MACgc(880 nm) of 7.77 m? g (Gundel et al., 1984 , Drinovec et al.,
332 2015). Therefore, factory default b,,s(1) would have a substantial systematic high bias for the wood combustion
333 aerosols of this study. Meanwhile, the o,ry calculated at 880 nm, which is the product of the C value and MACgc
334 (Equation 3), is consistent with the manufacturer value of oary (0apn Values determined here are 15% higher,
335 13.8 m’g™ in this study compared to the value of 12.2 m?g"' provided by the manufacturer), and the factory default

336  Mggc would agree well with the true Mg, determined here.
337 4.2 Optical properties of BC, POA, and SOA

338 In this section we derive the wavelength dependent mass absorption cross-sections for BC, POA and SOA. In Figure
339 2, we display the evolution of «(370nm, 880nm) as a function of OH exposure. Figure 3 shows the relationship

340  between a(4, 880nm) and fy, for primary and aged aerosols.
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341 o of primary emissions. The «(370nm,880nm) values computed for the primary aerosol (OH exposure = 0
342 molecules cm™ h) ranged between 1.3 and 1.7 (Figure S5), which is within the range reported previously for
343 biomass-burning emissions (Kirchstetter et al., 2004; Lewis et al., 2008; Zotter et al., 2016). The a(A, 880nm) is
344  close to that of pure BC (~0.9-1.1; Bond et al., 2013; Zotter et al., 2017) for small fpoa, While increasing fpoa
345 corresponded to a distinct increase of a(4, 880nm). This increase provides clear evidence for the contribution of
346 primary BrC to the absorption at lower wavelengths (shown explicitly in Equation 13). The fpoa ranges from 0.23 to
347 0.59, which is lower than fpoa reported for open burning emissions (e.g., froa~0.75, Ulevicius et al (2016)), because
348  our wood-stove emissions feature a more efficient combustion. The systematic decrease in a(4,880nm) with
349 increasing A reflects the more-efficient light absorption by BrC at shorter wavelengths (Moosmidiller et al., 2011),
350 and shows that the power law wavelength dependence is an inaccurate oversimplification for this mixed aerosol.
351 Evolution of a with aging. Figure 3B shows that upon aging, the OA fraction rapidly increased (a typical time
352 series of raw data is shown in Figure S1), reaching an average value of 0.81 (full range for aged OA: 0.74 < foa <
353 0.89) at high OH exposures (> 2x10" molecules cm™® h), and resulting in a corresponding increase of
354  apcipoatsoa(370nm,880nm). The increase of apcipoarsoa(370nm,880nm) and fp, were always correlated
355 and plateaued at OH exposures beyond ~2x10” molecules cm™ h, as seen in Figure 2. Also, note in Figure 2 that the
356 highest agc4poa+soa(370nm, 880nm) were reached, on average 1.8, during experiments where the foa was highest.
357 Such strong correlation between SOA formation and agc;poassoa(370nm, 880nm) suggests the production of
358 substantial amounts of brown SOA. A similar relationship is observed between agcipoa+soa(d 880nm) and fos for
359 higher wavelengths as shown in Figure S6. Similar to the case of POA, a systematic decrease in a (4, 880nm) with
360 increasing A is observed, reflecting the preferential absorption of BrC SOA at shorter wavelengths. We note that
361 apc+poa+soa(370nm, 880nm) as a function of foA for all experiments lies below the overall trend for the primary
362  aerosol (dashed line in Figure 3B), implying that MACsoa(370nm) was smaller than MACpoa(370nm).

363  Determination of MACg: and MACpoa. We determined best-fit values for MACgc(L) and MACpoa()) from the
364  data shown in Figure 3A. Figure 3A includes least-squares fits of Equation 13 to the data, with MACgc()) and
365  MACpoa(M) as fit parameters. The fit results are shown in Table 1. The obtained fit value of MACgc(370nm) was
366 13.7 m? g* (GSD 1.1), higher but not statistically significantly different from the value suggested by Bond et al.
367  (2013) of 11.1 m* g with a 95% confidence interval of 3.5 m? g™, considering ogc =1. Meanwhile, the mean

368 MACpoa(370nm) value, equal to 5.5 m? g'l, obtained under our conditions for domestic wood burning is ~2.4 times
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369 higher than that obtained by Saleh et al. (2014) for open biomass burning primary emissions, suggesting the
370 presence of more-strongly absorbing organic material under our conditions (this comparison is continued in Section
371 4.3).

372  Determination of MACgsoa. The MACsoa(A) values, determined using Equation 19, are shown in Figure 4 and
373  Table 1. MACsoA(370nm) was 2.2 m?> g (GSD 1.39), a factor of 2.5 smaller than MACpoa(370nm), but
374 approximately an order of magnitude higher than values reported for ambient oxygenated aerosols or laboratory
375 SOA from biogenic and traditional anthropogenic precursors such as terpenes and methyl-benzenes (Clarke et al.,
376 2007, Lambe et al., 2013; Liu et al., 2016; Romonosky et al., 2015). The predominant SOA precursors identified in
377 wood smoke comprise (methyl)naphthalene(s) and phenol derivatives from lignin pyrolysis (Bruns et al., 2016;
378  Ciarelli et al., 2016), the oxidation products of which are expected to be highly light absorbing due to the presence
379  of aromatic moieties in the SOA (Bruns et al., 2016; Laskin et al., 2015). In this regard, it is not surprising that the
380 MACs0a(370nm) values obtained here are similarly high as those obtained from methanol-extracted SOA from

381  guaiacol and naphthalene oxidation (0.5-3.0 m* g™', Romonosky et al., 2015).

382  Uncertainties and variability in MACgc, MACpoa and MACgoa. Table 1 shows that the uncertainties in the fitted
383 MACpc(A) are relatively low (< 10%), increasing with decreasing A. By contrast, the uncertainties in the fitted
384  MACpos are much higher (GSD = 1.2-1.5) and increase with increasing A. The relative residuals between the
385 measured and fitted a(A,880nm) for primary emissions showed small biases of only 0.07 (Figure S7). The
386 corresponding RMSE (root mean square error) was 0.13, showing that the obtained average values may represent
387  the data well. MACgo, values determined were highly variable between experiments with a GSD = 1.39 and 2.42
388  for 2=370 nm and 660 nm, respectively. We expect the variabilities in MACgoa and of MACpoa to be related to
389 changes in the organic aerosol chemical composition between different burns, since the variability of MACgc(X) was
390 relatively small. In Section 4.3, we discuss this variability further using the results of an additional and independent

391  analysis.

392  MACgc, MACpoa and MACsoa wavelength dependence. The relationships between the MACsoa(1), MACpoa(4)
393 and MACg(4) and wavelength appear to fall on three unique lines in the range 660 nm to 370 nm when plotted in
394 log-log space, as shown in Figure 4 (Figure S8 shows the same data plotted on a linear scale). This indicates that a
395 power-law approximation provides a good description of the behavior of individual components within this

396 wavelength range from 370 nm to 660 nm. Accordingly we fitted the power law coefficients to the data shown in
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397 Figure 4 (In(MAC;) = In(A;) + a;In(1), with i= BC, POA, or SOA) and fitting parameters are shown as
398 multivariate probability density functions in Figure S9. This yielded opc = 1.2, apos = 4.6, and asoa = 5.6. Note that
399 opc in the range 660 nm to 370 nm obtained from this fit is very similar to opc values that can be inferred by
400 extrapolating the data shown in Figure 3A to fo,=0. The high o values obtained for the organic fractions are
401 consistent with previous measurements for BrC containing POA (e.g. Chakrabarty et al., 2010, 2013) although, to

402 our knowledge, this is the first study to report ago, without performing a solvent extraction.

403  Evolution of MACoa with aging. In Figure 5, we examine whether the absorption profile of SOA evolved with
404 aging. A change in MACgoa(370nm) or agg, With increasing OH exposure may indicate either a change in the
405 mass-specific absorption of the condensing SOA species with time, or a change (e.g. “bleaching”) in the MAC of
406  pre-existing POA. Figure 5 indicates that neither of these scenarios was the case. Both MACgoa(370nm) and aggp
407 were statistically independent of the OH exposure, for exposures up to 40 molec. OH cm™ h. This signifies that
408 under our conditions and within our measurement uncertainties the optical properties of the additional organic mass
409 formed was constant with aging, under the assumption that the light-absorption properties of POA were negligibly
410  influenced by aging. Most of the variability in MACsoa(4) discussed above is therefore related to experiment-to-

411 experiment differences rather than to the extent of OH exposure, as it is also shown below.

412 4.3 Solubility of BrC in methanol and water

413 Figure 6 shows the MACo(370nm) determined from the water and methanol extracts against the MACa(370nm)
414 determined from the online measurements. The MACoa(370nm) from online measurements was estimated by
415 subtracting the contribution of BC assuming a constant MACgc(370nm) = 13.7 m>g™ as obtained in this work
416  (Table 1). We performed all the calculations and comparisons at A = 370 nm, as the signal to noise ratio of the
417  absorption coefficients measured by UV-visible spectroscopy and the contribution of BrC to the total carbonaceous
418 absorption are highest at this wavelength. The MAC of the extracts was computed from the koa through Mie
419 calculations. Repetition of both water and methanol extracts yielded results that were consistent within 10% (Figure

420  S11). Average raw absorption spectra are shown in Figure S12.

421 Figure 6B shows excellent correlation between the MAC values obtained from the the ko Of the methanol extracted
422 OA with the in-situ method described above. This correlation suggests that none of the assumptions employed in

423 either method led to substantial errors in precision, providing direct support for our results. A similar relationship
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424 was observed between koa and the MACoa(370nm) determined from the online measurements (Figure S13),
425 showing that this relationship is not sensitive to assumptions underlying the Mie calculations. It further suggests
426  that the wide variability observed in the MACo, values of different burns, as seen Figure 6, most likely reflects real
427  variability in the optical properties of POA and SOA rather than random noise or experimental errors in the retrieved
428 quantities. MACoa retrieved based on the koa of the water soluble OA show substantially more scatter than
429 observed in Figure 6B (for both primary and aged data), suggesting a variable extraction efficiency in the case of

430  water, which we also attribute to variability in the OA composition.

431 The orthogonal, uncertainty-weighted linear regression in Figure 6B shows that the methanol extracts explain 46
432 +10% of the online MAC. (Note that, in this analysis, aged OA refers to the sum of POA and SOA for aged
433 samples.) Considering the simplifying assumptions that were necessary for our Mie analysis and those related to
434 online MACoa calculations, we consider this an adequate agreement. In particular, the assumption of a perfect
435 extraction efficiency of OA in methanol may have been violated (see Section 3.4). Conversely, the fit in Figure 6A
436 indicates that the apparent MAC of water-soluble species was a fourth of the respective methanol MAC, according
437  to the slope of only 12 +3%. . This strong disagreement shows that the BrC in our samples was hardly water
438 soluble, even for the most aged samples. As we expect that the majority of OA in our samples formed by wood
439 pyrolysis (Di Blasi, 2008; Corbin et al., 2015b; Shafizadeh, 1984), we can compare our results directly to those of
440 Chen and Bond (2010), who also found that primary wood-pyrolysis BrC was water insoluble. Moreover, the water-
441 insoluble nature of the light absorbing components of SOA is in line with the results by Bruns et al. (2016) who

442 showed that the precursors of SOA in these experiments were predominantly aromatic compounds.

443 4.4 Comparison of koa with literature

444 The results above highlight the variability in the OA absorption properties. In this section, we discuss potential
445 reasons for this variability and compare our results to literature. Figure 7 shows the imaginary refractive index of
446  methanol-extracted OA at 370 nm, Koa metanot(370nm) (Equation 8), as a function of Mgc/Moa and aging. The data
447 are plotted against Mgc/Moa instead of f;;4 to allow for a direct comparison with literature (see Figure S14 for a plot
448 against foa). An approximately linear trend of Koa methanoi(370nm) with Mgc/Mo, is seen in log space. This aging-
449 independent relationship may be useful in, for example, atmospheric scenarios where wood-burning OA is a

450  dominant aerosol component but its exact degree of aging is unknown. The decrease of Mgc/Moa caused by
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451 formation of SOA during aging results in a concurrent decrease of Koa methanoi(370nm), implying that kspoa < kpoa -
452 This result is consistent with the smaller MAC of SOA compared to POA obtained from online measurements
453 (Table 1) and with recent results reported by Sumlin et al. (2017) . We emphasize that the derived quantity here is

454 the imaginary refractive index k of the total aged OA, not the SOA.

455 The increase of koa methanol(370nm) with increasing Mgc/Moa indicates that the OA compounds present at higher
456 Mgc/Moa absorbed more efficiently than at low Mgc/Moa. If the variability in Mgc/Moa Was driven partly by OA
457 partitioning, then this implies that lower-volatility compounds were more absorbing than high-volatility compounds,
458  consistent with the results by Saleh et al. (2014) who investigated the relation between OA absorption and volatility
459 using thermodesorber measurements. A correlation between koa and Mgc/Moa has also been reported by Lu et al.
460 (2015). The parameterizations reported by these authors are included in Figure 7, both showing a smaller trend with
461 Mgc/Moa than seen in our data. Despite these differences, our results confirm the generality of the correlation
462  proposed by Saleh et al. (2014), but using a method that is independent of potential biases related to internal mixing
463 effects, filter-based absorption measurements or Mie calculations. Indeed, we emphasize that the ko obtained here
464 is a lower limit: as our approach does not account for the OA extraction efficiency; Koa methanoi(370nm) may be

465 underestimated by up to a factor of ~2, based on Figure 6B.
466
467 5. ATMOSPHERIC IMPLICATIONS

468  In this section, we seek to estimate the relative importance of OA absorption at different wavelengths relative to that
469  of the total carbonaceous aerosol as a function of aging. For these calculations, the MAC(1) values for the different
470 components and their relative mass abundance are required. We used the power law parameters reported above to
471 generate continuous MACgc(4), MACpoa(4), and MACgoa(4) functions together with their associated uncertainties

472 (Figure 8A), which allow the extrapolation of these parameters in the range [280nm; 880nm].

473 The contributions of the different components as a function of OH exposure were calculated by assuming that SOA
474 production follows the first order decay of its precursors, i.e., the reaction with OH. Under this assumption, the time-

475 dependent mass concentration of SOA compared to POA can be expressed as

476 Msonwrc(®)/Mpoawic(t) = Msoapwrc/Mpoawic X (1 — exp(_kOHOHexp)) (21
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477 In this equation, Msoa wrc(t), Mpoa wrc(t) and Msoapwic are the wall loss corrected mass concentrations of SOA,
478 POA and the SOA potential (the maximum SOA formed upon the consumption of all precursors).kqy represents an

479 estimation of reaction rate of SOA precursors towards OH based on SOA production rates. By fitting the observed
480  Msoawrc(t)/Mpoawrc(t) against the OH exposure, Koy and Msoapwic/Mpoawrc can be estimated. For these

481 calculations, we have estimated the wall losses using two approaches as described in the SI.

482 The Mgoapwic/MpoawLc Was on average equal to 7.8 (GSD = 1.4) and ko was estimated as 2.7x10™" molecule™
483 cm® (GSD = 1.4), consistent with the chemically speciated data obtained by a proton-transfer-reaction mass
484 spectrometer (PTR-MS) (Bruns et al., 2016, 2017). These high rates and enhancement ratios indicate the rapid
485 production of SOA. Based on the bulk gas phase measurements of SOA precursors (Bruns et al., 2016), the obtained
486 enhancements are consistent with high bulk SOA yields of ~50%. These high values are not surprising, considering
487 the nature of these gases (e.g. PAH and phenol derivatives), the low temperatures (263 K), and the relatively high
488 concentrations (Aged OA ~100 pg m™) at which the experiments have been conducted (Bruns et al. 2016).

489 Combining these calculated enhancements with the average contributions of POA in primary emissions, the
490 evolution of foa with aging was determined and is shown in Figure 8B. The uncertainties in Figure 8B (dotted lines)
491 represent one standard deviation on foa obtained by a Monte Carlo propagation of uncertainties due to experiment-
492 to-experiment variability, fitting errors and wall loss correction errors (see SI). While this calculation represents a
493 simplification of the SOA production mechanisms (the dependence of SOA yields on OH exposures/multigeneration
494 chemistry and OA mass concentrations was neglected), it results in residuals much smaller than the experiment-to-
495 experiment variability. We therefore used these calculations to assess the relative contribution of OA to the total
496  carbonaceous absorption. We show in Figure 8C that below 400 nm and upon aging, the absorption coefficient of
497 the total organics was at least as high as the one of BC.

498 Using the MAC values of the different components (in m? g™, their abundance (in g m™) and the solar irradiance
499 data (S, in W m? nm™) calculated at sea level for a cloudless day, the fractional energy transfer due to the BrC light
500 absorption relative to that due to the total carbonaceous aerosol absorption , WOA(OHEXP), in air masses dominated

501 by residential burning emissions can be determined as

502 Woa(OHexp) = REToA(OHeyp)/RETyor(OHeyp)

503 31 Mpoa(OHexp) XMACPOA (D) +Ms0a(OHexp) XMACs0A(D)XS()xdA

= —880 (22)

Mpc(OHexp)XMACBC(A)+Mpoa(OHexp)XMACPoA (1) +Msoa(OHexp)XMACsoA (D)}XS(A)xdA

300{
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504  Here, RETop(OHeyp) and RET, o, (OHey,,) denote the rate of energy transfer per volume (in W m™) to the air mass in
505 question due to light absorption by OA and the total carbonaceous aerosol, respectively. We note that while
506  REToa(OHexp) and RETyo(OHey,) are extensive properties, Woa(OHey,) does not depend on the loading or
507 scattering/lensing, provided that scattering/lensing similarly affects BC and OA present in the same air mass (e.g.
508  BC and OA have a similar size distribution).

509 We also note that WOA(OHeXp) depends on the photon flux, S¢4), but we consider this dependence to be trivial
510 compared to the variability in the aerosol emissions and their light absorbing properties (error bars considering these
511 variabilities are shown in Figure 8D). Errors in W were propagated by Monte Carlo simulations using the
512 uncertainties from the estimated MAC values of BC and OA fractions and the variability in f,,. Our error analysis
513 suggests that the major part of the variance in predicting Woa for primary emissions stems from the variability in the
514 POA mass fraction. In contrast, the SOA mass absorption cross-sections at lower wavelengths are the most critical

515  factor for assessing the relative importance of BrC absorptivity in aged emissions.

516 Figure 8D shows that the fractional energy transfer to the air mass, Woa, due to the absorption by the primary
517 organic aerosol was around 10% of that of the total carbonaceous aerosol for our samples. This percentage is
518  comparable to that observed by Fu et al. (2012), in spite of foa in their samples being much higher, because of the
519 high OA MACs in our samples (Table 1). Moreover, with aging, the fraction of OA is enhanced, resulting in a
520 sizeable increase Wpa, from ~0.1 to ~0.3 (Figure 8D), highlighting that SOA formation in biomass burning plumes
521 is an atmospherically relevant source of BrC. We note that our data are more representative of flaming conditions.
522 More data are needed on the chemical nature of primary particulate emissions and of the contributing SOA
523 precursors as well as the absorptivity of these primary and secondary products, for better constraining the influence

524  of biomass-burning related BrC on the Earth’s climate.
525
526 6. CONCLUSIONS

527 We determined wavelength-dependent MAC values of BC, POA and SOA, as well as koa for methanol and water
528 extracts of fresh and aged OA, for wood-burning emissions through smog-chamber experiments. To our knowledge,

529  this is the first determination of these properties for wood-burning OA. We showed that the MACoa(370nm) values
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530 calculated based on ko, through Mie analysis correlated well with those estimated from online filter based
531 measurements. This correlation between independent MAC measurements supports the quality of both methods.
532 While MACa(370nm) values computed based on koa methanol Were a 2-fold lower than those estimated from online
533 filter based measurements, calculations based on koa waer could only explain 12% of the measured absorption,
534 suggesting that BrC species in POA and SOA are mostly water insoluble. The MACq, was found to vary by more
535 than one order of magnitude. Similar to previous reports, this variability could be related to the variability in the
536 ratio of the mass concentrations of BC and OA (Mpc/Mo,) due to very different mechanisms of oxidative aging and

537  burn-to-burn variability.

538 The MACpoa and MACsoa determined for wavelengths between 370 and 660 nm followed a power-law dependence
539 on A with an absorption Angstrom exponent of 4.6 and 5.6 for POA and SOA, respectively. In addition to following
540  this power law, the MACs of POA and SOA appeared to be constant for OH exposures up to 40 x 10° molecules cm™

541 3.

542 The mean MACpoa(370nm) obtained under our conditions was 5.5 m” g, considerably higher than previously
543 reported values for open biomass burning. The mean MACgo(370nm) was 2.4 m* g under our experimental
544  conditions, 2.3 times lower than the mean MACpoa(370nm) but approximately an order of magnitude higher than
545 MAC values estimated for ambient oxygenated aerosols or reported for SOA from biogenic and traditional
546 anthropogenic precursors. We propose that the important role of oxidized phenols and aromatics in forming wood-
547 burning SOA (Bruns et al., 2016) is the cause of this observation. This hypothesis is supported by our observed

548 reaction rates with OH, and by the water-insolubility of the BrC in aged OA.

549 Overall, the absorption by organic aerosols was estimated to contribute 10-30% of the total solar absorption of
550  wood-combustion aerosols, where 10% represents the primary OA and 30% the aged OA. SOA formation in

551 biomass burning plumes is therefore an atmospherically relevant source of BrC.
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765 Figure 1: Determination of (A) MACy(880nm) and (B) aethalometer C value using MWAA absorption measurements,
766 thermal/optical EC (EUSAAR?2 protocol) and aethalometer attenuation measurements. MWAA absorption measurements
767 at 880 nm is determined by extrapolating the absorption coefficients at 850 nm using an o determined from the ratio
768 between the absorption coefficients at 850 nm and 635nm. The aerosols were either primary (no OH exposure), Aged 1
769 (~1x10” molec OH em™ h), or Aged 2 (~4x10” molec OH cm™ h). No difference in MAC or C value was discernable with
770 aging (see also Figure S2). Also shown is the MAC of pure BC recommended by Bond et al. (2006) (dotted line in A). The

;;é C value derived from o1y recommended by Drinovec et al. (2015) = 2.6 compares well with the value derived in Figure
1B.
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775 Figure 2: Evolution during photochemical aging of agc.poa+soa(370nm,880nm) (two-wavelength Angstrém exponent
776 calculated using total absorption data at 370 nm and 880 nm), where the different symbols denote individual experiments.
777  Dataare colored by the OA mass fraction fos = Moa/(Moa + Mgc). The black line is a fit to guide the eye.
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789 Figure 3: (A) Relationship of agcipoa(4,880nm) to fo, for seven wavelengths. Lines are fits of Equation 13 to the data.
790 (B) Relationship of agc+poa+soa(370nm, 880nm) to fy, for several experiments. Data in (A) and (B) are colored by the
791  wavelength and OH exposure, respectively.
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794 Figure 4: MACgoa(») calculated from several smog chamber experiments plotted as box-whiskers as a function of
795 wavelength (also shown by the color of the bars). The thick black lines, the boxes and the whiskers mark the medians, the
796  quartiles and the 10™ and the 90™ percentiles, respectively. Also shown are the MACyc(h) and MACypoa(2) reported in
797  Table 1. Note that MACgoA(880nm) and MACpoa(880nm) are zero by definition.
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800 Figure 5: MACg0A(370nm) and asop si(370nm, 660nm) calculated from several smog chamber experiments plotted as a
801 function of OH exposure. MACgoA(370nm) was obtained using Equation 19. asop :(370nm, 660nm) was obtained from
802  fitting the MACgp, values in the range 370-660 nm for the different experiments against the wavelength. asoa (370nm,
803 660nm) is the slope of the linear fit applied after log transforming the data. MACgoa(2) for higher wavelengths are shown
804 in figure S10.
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807 Figure 6: Comparison of the MACoa(370nm) of aged aerosols determined from online and offline measurements of
808 absorption. The offline filter extraction method directly quantified properties of total OA (ordinate), while the average of
809 MACs0a and MACpoa from the online measurements weighted with respective mass concentrations is shown on the
810 abscissa. (A) offline measurements of water-soluble OA, (B) methanol-soluble OA.
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812 Figure 7: Imaginary part of the OA refractive index at 370 nm, obtained from offline UV/vis spectroscopy of methanol
813 OA extracts, plotted as a function of foa. The ordinary least-squares fit is log(koas7o) = log(Mpc/Moa)(0.51 +
814 0.07) + (-0.98 + 0.05).
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820 Figure 8: Impact of BrC absorption on total primary and secondary wood-burning-aerosol absorption. (A) MACs of
821 different particle components (BC, POA and SOA) along with their corresponding standard deviations plotted as a
822 function of wavelength based on smog chamber data and compared to the solar irradiance spectrum. (B) Species average
823 relative abundance in the smog chamber (foa) plotted as a function of the OH exposure. (C) Image plot showing the OA
824 absorption coefficient relative to the total aerosol absorption as a function of wavelength and OH exposure. (D) Rate of
825 energy transfer due to BrC light absorption relative to the total carbonaceous aerosol absorption (Wga) estimated as a
826 function of aging using the solar flux, the fractions of the different components and their MACs.

827
828
829
830
831
832
833
834
835
836

32



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-159 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 13 April 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions

837

839
840
841

842

843

Table 1: Geometric mean and standard deviations of the determined MACs of BC, POA and SOA at different
wavelengths. Uncertainties were obtained from fits of Equation 13 for MACgc, MACpop , While for MACgoa Uncertainties
GSD values are geometric standard deviation values on the MACgsoa average values from all experiments. These
uncertainties do not include uncertainties related to the determination of MACgc(880nm). By definition, BrC absorbance
at 880 nmis zero.

BC POA SOA

A(mm) | GM(m*’g") |GSD| GM(m’g?) | GSD| GM(m*g") | GSD
370 13.7 11 5.5 1.21 2.2 1.39
470 10.5 1.06 1.9 1.45 0.72 1.61
520 9 1.04 1.1 1.49 0.34 1.75
590 7.6 1.03 0.67 1.42 0.2 1.97
660 6.5 1.01 0.37 1.41 0.09 2.42
880 4.6 0.7 0* 0*

*By definition
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