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Abstract

The optical properties, composition and sources of the wintertime aerosols in the San Joaquin
Valley (SJV) were characterized through measurements made in Fresno, CA during the 2013
DISCOVER-AQ campaign. PMzs extinction and absorption coefficients were measured at
405, 532 and 870 nm along with refractory black carbon (rBC) size distributions and
concentrations. BC absorption enhancements (Eans) were measured using two methods, a
thermodenuder and mass absorption coefficient method, which agreed well. Relatively large
diurnal variations in the Eabs at 405 nm were observed, likely reflecting substantial nighttime
emissions of wood burning organic aerosols (OA) from local residential heating. Comparably
small diurnal variations and absolute nighttime values of Eass were observed at the other
wavelengths, suggesting limited lensing-driven enhancement. Positive matrix factorization
analysis of OA mass spectra from an aerosol mass spectrometer resolved two types of
biomass burning OA, which appeared to have different chemical composition and
absorptivity. Brown carbon (BrC) absorption was estimated to contribute up to 30% to the
total absorption at 405 nm at night but was negligible (<10%) during the day. Quantitative
understanding of retrieved BrC optical properties could be improved with more explicit

knowledge of the BC mixing state and the distribution of coating thicknesses.
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1. Introduction

Recent studies in the past decade or so have suggested a substantial positive radiative
forcing (i.e. global warming effect) of atmospheric black carbon (BC).}® The most recent
scientific assessment estimated BC to be the second largest anthropogenic warming agent,
with its direct radiative forcing (DRF) estimated to be 0.71 + 0.17 W m2.! However,
uncertainties in the forcing remain due to limitations in knowledge of the emission, spatial
distribution, 2 mixing state,® and contribution from non-BC species to observed absorption.t

The observable light absorption coefficient for BC, banssc, depends on particle mixing
state.*®> The magnitude of barssc can be enhanced by internal mixing of non-absorbing
“coating” materials with BC (sometimes colloquially referred to as the “lensing” effect and
here referred to as the mixing effect).*® BC is often co-emitted and mixed with organic
compounds, some of which absorb and in which case are collectively referred to as brown
carbon (BrC).” The specific properties of BrC vary with source and production mechanism 12
yet remain incompletely characterized. The quantification and attribution of the total
observable babs to these different effects and components is critical for accurately estimating
the absorption aerosol optical depth (AAOD) and direct radiative forcing (DRF) caused by
each aerosol component.

Laboratory studies!®*® and theoretical calculations®® suggest substantial mixing-related
absorption enhancement is possible for typical atmospheric particles, leading some to apply
an ad hoc factor of 1.5 upward scaling of simulated BC AAOD in models.! This scaling,
together with the inclusion of BrC, has been shown to reduce, although not eliminate, the
model low bias compared to remotely sensed AAOD, a primary constraint for BC DRF.Y

However, recent observations of the absorption enhancement (Eabs) for particles undergoing
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photochemical aging near urban centers indicated that Eass from mixing can be smaller than
expected, even for thickly coated BC particles,'® although the extent to which this is true
around the world and in all environments remains unclear.’®?! Additionally, the separation of
the BC AAOD from the total observed AAOD is subject to considerable uncertainty.® The
lack of constraints on the apportioned baps components in both modeled and observed AAOD
contributes substantially to uncertainty in the BC DRF (along with emissions and vertical
distributions).

One approach to apportion babs into contributions from BC (babs,sc), mixing (Dabsmixing) and
BrC (babsgrc) utilizes the different wavelength (1) dependencies (i.e., absorption Angstrom
exponents, AAE) of BC and BrC. babs,ac is typically assumed to vary inversely with A (AAE
of ~ 1), whereas babs,src typically exhibits a stronger A dependence (AAE > 1) and is assumed
to absorb negligibly at longer wavelengths (L > ~600 nm).%?%2% The AAE method is the basis
for apportioning remotely sensed AAOD to different absorbing components.?*2° However,
the method cannot characterize the influence of mixing and is confounded by knowledge of
the exact AAE for BC,2 making it only a robust estimation under limited circumstances, i.e.
AAE > 1.6.1% A second approach compares measured mass absorption coefficients (MAC) for
atmospheric BC to a reference state (e.g., fresh emitted nascent BC)?’. The use of absolute
MAC values requires accurate measurements of both BC mass concentrations and absorption
coefficients, as well as consistency of the operational definitions among the measurements.
Unrealistically low or high MAC values have often been found, possibly as a result of
inaccurate or inconsistent measurements. A third approach characterizes bans before and after
in situ heating in a thermodenuder (TD) to remove BC coatings and externally-mixed

BrC.1821.28-30 The TD method is independent of instrument calibration or inter-comparison,
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but complete removal of the coating materials is critical and may not always occur. Ideally,
combinations of the above approaches can be used to overcome the complications associated
with any individual methodology.

The San Joaquin Valley (SJV) in central California has suffered from severe air pollution
problems for decades.®*2 Previous studies focused on this region have shown that primary
emissions, such as vehicles, cooking, residential wood combustion, and agricultural
activities,®*" are the major sources of particulate matter (PM) during winter. However, few
studies have characterized optical properties of the wintertime aerosol. In this work, highly
time resolved in situ measurements of PMzs light extinction and absorption made in
conjunction with a broad suite of aerosol chemical composition measurements during the
DISCOVER-AQ 2013 campaign in Fresno, CA are reported on. The particularly cold and dry
winter of 2013 led to high PM concentrations,®® with major contributions from residential
wood burning emissions. The diurnal and episodic variability of the optical properties and
their connection with the chemical composition and emissions sources are quantitatively
examined to investigate the sources and climate effect of the light-absorbing particles. The
key optical properties of residential burning aerosols are calculated and implications for

aerosol DRF and emissions control in the SJV and the state of California are discussed.

2. Experimental Method

2.1 Sampling

During the NASA DISCOVER-AQ 2013 California campaign, a suite of ground
measurements of PMzs chemical composition and optical properties were carried out from
January 13 to February 11, 2013 at the California Air Resources Board (CARB) Fresno-

Garland air monitoring facility (36.7854°, -119.7732°). The site is surrounded by residential
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and commercial areas and is approximately 1500 m to the east of Yosemite FWY-41.
Particles were sampled into the building from 1.5 m above the rooftop through 4 m of 1/2 in.
diameter stainless steel tubing. The air stream passed through a PM2scyclone (URG) at 16.7

Ipm and distributed to the various instruments through 1/4 in. or 3/8 in. tubing.

2.2 Instrumentation

Table S1 summarizes the instruments and measurements made at the Fresno ground site.
PMz2s light extinction (bext) and absorption (babs) coefficients at 405 and 532 nm were
measured for dried particles (relative humidity < 30%) with the UC Davis cavity-ringdown
photoacoustic spectrometer (CRD-PAS).3*#* The PAS was calibrated approximately every
five days using gas-phase Oz by referencing the observed photoacoustic signal to the
corresponding bext measured by the CRD.%® PM2s bext and babs values were also measured at
870 nm with a PhotoAcoustic eXtinctiometer (PAX; DMT, Boulder, CO, USA). The PAX
was calibrated prior to and after the campaign using atomized Aquadag and PSL particles for
the absorption and scattering channel, respectively. Instrument zeros were determined using
filtered ambient air for 3 min of every 30 min. The 1o standard deviations in babs for filtered
air at the 2 s sampling time were measured to be approximately 0.8 Mm™ (405 nm), 0.4 Mm'*
(532 nm), and < 1 Mm* (870 nm). The uncertainties in bext were estimated to be 5% (405 nm,
532 nm and 870 nm) and in babs were 10% at 532 nm and 20% at 405 nm and 870 nm.

Refractory black carbon (rBC) mass concentrations and size distribution measurements
were made with a DMT Single Particle Soot Photometer (SP2),%? which was calibrated with
atomized and size-selected Fullerene soot particles before and after the campaign. Fullerene
soot has been shown to provide a similar response in the SP2 per unit mass as diesel and

biomass burning derived rBC.** The masses of individual rBC particles were measured from
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which rBC volume equivalent diameters (dve) were calculated assuming this mass is
compacted to a spherical particle with a density of 1.8 g cm=.** The observed 5-min average
rBC volume-weighted size distributions (from 100 nm < dve < 300 nm) were individually fit
using a bimodal lognormal distribution. The fits were extrapolated to 20-1000 nm to estimate
the “missing” rBC mass outside the measurement range. The overall shape of the rBC size
distribution and mode diameter varied throughout the day, indicating variations in the
dominant rBC source (vehicles versus wood combustion; Fig. S1a). Consequently, a unique
“missing” mass correction was applied for each 5 min period, as opposed to a single
campaign-average value. Here, we assume that the “missing” portion follows the same
bimodal lognormal distributions as those directly observed. The SP2 rBC concentrations were
compared with daily-average elemental carbon (EC) measurements made every 3™ day by
CARB. The measured [rBC] was ~30% lower than the [EC], which could indicate a
systematic bias in the SP2 (due, perhaps, to deviations in the assumed shape in the missing-
mass regions or calibration errors) or in the EC measurements (Fig. S2). The 1o standard
deviation in the rBC mass, characterized during a period when the rBC concentration was
relatively stable, is 0.06 ug m=. The uncertainty in rBC mass is estimated to be at least 50%,
considering the uncertainties associated with the instrument operation, external calibration,
and the lognormal fits. Further discussion is provided in Section 3.2.

The mass concentrations of submicron (PM1) non-refractory (NR) inorganic (NHas*, SO4%,
NOs", CI") and organic aerosols (OA) were determined with an Aerodyne High Resolution
Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS).* Positive Matrix Factorization
(PMF) analysis was performed on the OA mass spectral matrix* and six OA components

were resolved: two types of biomass burning OA (BBOA-1 and BBOA-2), hydrocarbon-like
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OA (HOA), semi-volatile oxygenated OA (SV-OOA), low volatility oxygenated OA (LV-
0OO0A), cooking OA (COA). The sum of the two BBOA factors will be referred to as BBOA.
Young et al.*® provide detailed information about the HR-ToF-AMS operation and data
analysis. Hourly meteorological data (e.g., ambient temperature, relative humidity) and trace
gases (e.g., NOx, CO, SOz2) were routinely measured at the CARB Fresno-Garland monitoring
site.

Particle size distributions over the diameter range of 16-685 nm mobility diameter (dm)
were measured with a Scanning Mobility Particle Sizer (SMPS; TSI, Inc.). Particle size
distributions from 0.8-2.5 um aerodynamic diameter (da) were determined with an
Aerodynamic Particle Sizer (APS; TSI, Inc.). A merged ambient particle size distribution
(Fig. S3) was determined from the SMPS and APS distributions after adjusting the APS da
values to mobility-equivalent values (dm) using time-dependent particle density values and
slip correction factor. The particle density was estimated by comparison of the PM1 volume
concentrations calculated from the size distribution and the AMS-measured bulk PM1 mass

concentrations.

2.3 Thermodenuder

The CRD-PAS, PAX, SP2 and SMPS alternatively sampled either ambient particles or
particles that passed through a thermodenuder on an automated 5 min cycle. The TD was a 1
in. OD, 36 in. long stainless steel tube with the first 18 in. heated to 175 °C and the second 18
in. to 275 °C. The final 12 in. contained an activated charcoal cloth held around the inner
circumference with rolled stainless steel mesh. The residence time in the dual-heating stage of
the TD was ~7 s at room temperature. The two-stage heating was utilized to help minimize

charring of the sample particles. Ambient (bypass) sampling was done through an unheated
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stainless steel tube of the same dimensions as the TD. All TD data were corrected for particle
losses relative to the bypass using a transmission factor of 0.88, determined from

measurements of size-selected Fullerene soot particles.

2.4 Absorption Enhancement

Two independent methods were used to characterize and quantify the absorption
enhancement (Eabs) that results from the (time-varying) combination of internal mixing of rBC
particles and BrC absorption. In the first (the TD method), Eabs is the ratio between ambient

particle (Dabs,ambient) and TD particle (babs,T0) absorption:&2!

b _
_ Pabs,ambient 1)

E abs, TD b

abs, TD
Heating in the TD induces evaporation of non-refractory PM and leaves behind, ideally, pure
rBC particles.

In the second method, Eans was determined from measurements of the mass absorption
coefficient (MAC), defined as MAC = bapsambien/mrsc, Where mrsc is the rBC mass
concentration. Eaps,mac can be estimated by normalizing the observed MAC by some reference
MAC that is characteristic of pure rBC, i.e. Eabsmac = MACobs/MACret. The accuracy of the
MAC method to determine Eapsmac is limited by the accuracy of the bas and mmsc and by
knowledge of MACres. For this analysis, wavelength-specific MACref values are estimated by
forcing good agreement between Eabsmac and the daily minimum in Eabs 1o (See Sect. 3.2 and
Fig. 2b). (Alternatively, MACrs could be taken from the literature. However, as we are
primarily interested in variations in the MAC and since the mrsc are somewhat uncertain, we
have adopted this alternative approach.) This definition allows for direct comparison of the

temporal variation in Eaps between the two methods and makes the derived Eaps mac values, in
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particular, their temporal variations, dependent upon the instrument precision, rather than

accuracy (further discussed in Sect. 3.2).

3. Results and discussion

3.1 Overview of DISCOVER-AQ Fresno Measurements.

Fig. 1 provides an overview of meteorological conditions (temperature and relative
humidity (RH)) and of aerosol optical properties and chemical composition observed during
the campaign. The average NR-PM1 mass concentration was more than two times higher
(26.4 pg m3vs. 11.9 ug m*) during DISCOVER-AQ than during a previous study in Fresno
in winter 2010.%” The average OA concentration in 2013 was ~1.5 times higher (11.9 pg m
vs. 7.9 ng m®), including a ~3 times higher average BBOA concentration (3.6 pg m=vs. 1.24
pg m3). Two severe air pollution episodes (1/14-1/23 and 1/29-2/5) having PMz2s
concentrations exceeding the National Ambient Air Quality Standards (NAAQS, 24-hr
average of 35 ug m=3) occurred. These two episodes were separated by a relatively clean
period (1/24-1/27) that was identified as being marine influenced with enhanced particulate
Cl- and SO4* concentrations.®® The mass extinction coefficient (MEC), which is the ratio
between bext and [PM1], was slightly larger during the clean period than the polluted periods
(Fig. S4). This is consistent with an increased contribution of coarse-mode particles during the
clean period compared to the pollution episodes, when the majority of PM mass was in
submicrometer particles (Dp < 1um) (Fig.S5).

There is a strong diurnal variation in most of the measured PM properties (Fig. S6). The
fraction of BBOA in total PM1 mass is highest at night, when the temperatures are lowest
(Tamb often below 0°C), while the fraction of secondary OA components (SV-OOA and LV-

OOA) was highest during the daytime (Tamb ~ 10-20°C). This leads to a negative correlation
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between Tamb and the ratio of BBOA:OA throughout the study (Fig. S7), which is relatively
insensitive to meteorological conditions (i.e. no major shift in the correlation was observed for
polluted vs. clean periods). This strongly suggests that the greater contribution of BBOA
during the cold winter of 2013 (relative to 2010)* is driven primarily by enhanced emissions
from residential wood burning for domestic heating.

The campaign average dry PMz2s bext and bas at 532 nm were 130.8 and 13.5 Mm™,
respectively, corresponding to a single scatter albedo (SSA) of 0.90. PM2.5 Dext,532nm Was well
correlated with the PM1 mass concentrations (r? = 0.86) (Fig. S4), with an average MEC of

3.76 m?gL. The bavs were highly correlated with rBC mass concentration (405 nm: r? = 0.95 ;

532 nm: r? = 0.95; 870 nm: r? = 0.97), although rBC only accounts for < 5% of total PM:1
mass. The babs, SSA and, to a lesser degree, bext of PM2s vary diurnally (Fig. S6a). During the
day, babss32nm was strongly influenced by vehicle emissions, indicated from the peak during
morning rush hour that coincides with the peak in HOA (Fig. S6b). At night, babss32nm is
nearly 5 times higher than daytime while bexts32nm increases by only a factor of 1.7, leading to
a lower nighttime aerosol SSA. The BBOA concentration is also enhanced at night, by a
factor of ~5. The clear diurnal variability in chemical composition, driven by variations in the
dominating aerosol sources, allows for assessment of the optical properties of aerosol

components from different sources.

3.2 Absorption Enhancement

The observed wavelength-dependent bass and Eans include contributions from rBC, internal
mixing of rBC with other NR materials, and absorption by BrC. The campaign average Eabs 1o
at 405, 532 nm and 870 nm were 1.27+0.17, 1.18+0.06 and 1.21+0.09, respectively. The

observed Eabs exhibit wavelength-specific diurnal dependencies (Fig. 2). At 405 nm and 532
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nm, the Eabs during nighttime are larger than during daytime, especially at 405 nm, whereas at
870 nm, the Eabs is slightly larger during daytime. The Eabsto and Eansmac are relatively
similar in magnitude, although the Eansmac exhibit a somewhat larger diurnal variation than
do the Eaps,tp. (Recall that MACrer has been defined here to ensure good agreement with the
daily minimum Eabstp.) The similar magnitudes and distributions of the observed Eabs at 532
and 870 nm suggest that 1) non-BC particles do not absorb significantly at A > ~500 nm, and
2) internal mixing of BC with other NR-PM contributes only moderately (~10-20%) to the
enhancement of the BC absorption. The limited enhancement observed here is likely due to
either limited amounts of coating material existing on the BC or the particles having an
internal morphology that differs from the ideal core-shell configuration.!® The relatively
narrow Eabs distributions and small day-night differences at 532 nm and 870 nm suggest that
the mean particle mixing (i.e. coating) state, or at least the influence of such coatings on BC
absorption, does not strongly differ between the major BC sources (i.e. vehicle emissions vs.
fresh residential wood combustion). These observations of relatively small Eabs due to internal
mixing are similar to previous measurements made in the summertime in other urban
environments in California,® where relatively thickly-coated particles were observed; in
Nagoya, Japan,® where the particles tended to be relatively thinly coated; and in Toronto,
Canada,?® where local, wildfire-impacted and transboundary (aged) particles were sampled.
They are, however, lower than those reported for air masses dominated by freshly emitted
particles from the Four Mile Canyon fire in Colorado (Eapssanm~1.4)%* and for some air
masses sampled in Detling, UK (near London).®

The comparatively larger average Eabs.40snm during nighttime (Eaps o ~ 1.4; Eabsmac ~ 1.5)

indicates a strong contribution of BrC to the observed bapsa4osnm, Whereas the similarity of
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Eabs.40snm to the other wavelengths and the relatively small values during the day suggests
limited BrC contributions during the day (Fig. 2). There is a good correlation between
Eabs,40snm and the BBOA-to-OA mass concentration ratio (BBOA:OA,; Fig. 3a), which together
with the observed diurnal behavior clearly implicates nighttime residential wood burning is an
important BrC source in this region. The decrease in Eabs40snm during daytime likely results
from ventilation, vertical mixing, or particle evaporation.

The two BBOA factors, BBOA-1 and BBOA-2, were identified from the PMF analysis in
part based on enhanced signals at ion C2H4O2" (m/z 60) and C3HsO2" (m/z 73) in their mass
spectra*’-*® (detailed mass spectra information is presented by Young et al.®). The relative
contributions of BBOA-1 and BBOA-2 varied throughout the study, especially between the
two PM episodes (Fig. S8a). BBOA-2 has a more pronounced day/night variation compared
to BBOA-1 (Fig. S8b). The Eabs40snm exhibited strong, approximately linear relationship with
the BBOA-2:0A ratio, but had almost no dependence on the BBOA-1: OA ratio (Fig. 3b and
3c). This suggests that BBOA-2 may be more absorbing than BBOA-1. BBOA-2 has a higher
O:C ratio and a smaller a4 : fso ratio,® suggesting that the different absorptivity for BBOA-1
and BBOA-2 may be linked to the difference in their chemical compositions. (f42 and feo are
the fraction of the signal at m/z 44 and 60 in the AMS OA mass spectra, respectively). Several
laboratory and ambient studies have observed variability in the OA composition and
absorptivity under different burning conditions, e.g., combustion temperature, burning load,
and fuel type.?128:49-%0 The seemingly more absorbing BBOA-2 is the dominant BBOA type
during the second PM episode when the ambient temperature was higher (Fig. 1), possibly
indicating some difference in the typical burn conditions (e.g., burning load/temperature),

which can affect BBOA/BC emission ratio.>?
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The Eabsmac and Eaps, o exhibited similar diurnal peak-to-trough amplitude differences.
However, the absolute nighttime average Eapsmac are slightly larger, and the overall
distributions are somewhat wider at all three wavelengths. These relatively minor differences
between Eabs 1o and Eans mac could result from biases or errors in either of the methods. Biases
in Eaps,To tend to be negative (i.e. depress Eans) and can potentially result from i) residual BC
“coatings” that did not fully evaporate in the TD, ii) residual BrC that did not fully evaporate
in the TD, or iii) “browning” of residual OA in the TD. Biases or errors in Eapsmac result from
time-varying biases or errors in the babs or mrsc measurements, with an underestimate of mrac
leading to an overestimate of MAC, or vice versa. We posit that the biases or errors in the
mrec determined by the SP2 is more likely responsible for the difference between methods in
this study because the magnitude of the discrepancy between nighttime Eabs, 1o and Eabsmac 1S
similar across all three wavelengths (~10%). The SP2 measurements require correction for
rBC outside the detection range and, although this “missing” mass is approximately accounted
for through bimodal fitting of SP2 size distributions with high time resolution, the robustness
of this correction may vary with time/source. Consider that the MACtpo at all three
wavelengths during the daytime are slightly smaller than those during morning and evening
rush hours and those around midnight, when the BBOA and rBC concentrations peak (Fig.
S9). This could indicate that smaller rBC particles (dve < 100 nm) from fresh fossil fuel
combustion (vehicles) are not fully accounted for by bimodal lognormal fitting.>? Similarly,
fresh rBC particles derived from residential wood combustion may also be underestimated,
leading to an overestimate of both MACamb and MACtp. Regardless of the exact reason for the
small guantitative differences between the methods, the overall general behavior of Eass and

interpretation of the observations is method independent.
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3.3 Optical properties of brown carbon aerosols

Knowledge of the imaginary part (k) of the complex refractive index for OA is needed to
allow simulation of the climate impacts of absorbing OA particles.” Here, time-dependent k
values for the total OA (koa) are determined at 405 nm by performing an optical closure
analysis between observed and calculated values of Eabs (as opposed to absolute baps values).?
The calculations are constrained by the observations of rBC-only (from the SP2) and PM:
(from the SMPS) size distributions (Fig. S10) and the wavelength-dependent aerosol optical
properties. The base case considered uses Mie theory assuming spherical particles with core-
shell morphologies.

Information regarding the rBC coating state is required to fully separate contributions
from internal mixing and BrC absorption and to elucidate the relationship between the mixing
effect and coating amount. Since no direct coating state measurement is available from this
study, time-dependent rBC effective coating thicknesses (or effective coating-to-core radius
ratios, reoat/rcore) are estimated from the Eabsss2nm measurements via optical closure under the
assumption that non-BC species do not absorb significantly at 532 nm and, thus, that Eabs,532nm
arises only from the mixing effect.?! If BrC influences Eabsssenm, then this method will
overestimate the effective coating thickness and consequently the magnitude of the mixing
effect at 405 nm, which will in turn lead to an underestimate of the BrC absorptivity. (The
derived effective coating thicknesses may substantially underestimate the actual mean coating
amount.*®)

Additional base case assumptions are as follows. The rcoat/fcore IS assumed core-size
independent, with effective diameters for the coated rBC particles determined by multiplying

the rBC core diameters by rcoat/rcore. The size distributions for externally mixed PMs are



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

determined by subtracting the resulting coated rBC size distributions from the observed total
PM: size distributions. The complex RI for rBC is assumed to be 1.88 + 0.8i.1® All NR-PM:
components, including OA, are assumed to be internally well mixed with a real RI of 1.50,
and all non-OA species are non-absorbing. The k values for the NR-PM1 material in both BC-
containing and BC-free particles are determined from volume mixing rules. Thus, knr-pm1 =
foa-koa, where foa is the OA volume fraction. The foa values are determined from the
observed species-specific NR-PM1 mass concentrations using the densities shown in Table S2.
The time-dependent koa values are retrieved by forcing optical closure (to within 1%)
between the observed and calculated Eabs40snm values. The overall retrieval process is
illustrated in Fig. S11.

In addition to the above base case, a variety of alternate cases are considered to assess the
sensitivity of the derived koa values to the model assumptions and measurement uncertainties,
with details provided in the Supporting Information. In brief, the sensitivity to morphology is
examined by assuming the BC core is an aggregate of individual (non-interacting) spherules
(either 40 or 70 nm) with Rayleigh-Debye-Gans (RDG) theory.** The sensitivity to the
assumed RI is examined by considering alternate values for BC or for the NR-PMi
components. The sensitivity to the distribution of the coating material with respect to the BC
core size is tested by allowing for size-dependent variation in reoat/rcore. The sensitivity to
measurement uncertainties in mrsc, foa and Eabss32nm IS examined by perturbing these up or
down by constant percentages. Each case is treated independently, and thus cross-sensitivities
are not assessed.

The base-case campaign average koa at 405 nm (from Mie) was 0.0046 + 0.0055 (1o),

with a pronounced diurnal profile and an average nighttime value of 0.008 (Fig. 4a). The
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BBOA fraction of OA averaged ~22% at night, corresponding to a campaign-average kssoa of
0.037 at 405 nm under the assumption that BBOA is the only absorbing non-BC species. The
retrieved nighttime koa values exhibit the largest sensitivity to uncertainties in mrsc, foa and
Eabs532nm, With comparably small sensitivity to assumptions associated with particle
morphology, RI or the coating distribution (Table 2 and Fig. S12-13). For example, a £50%
change in msc corresponds to a ~+37% change in the nighttime koa, while the alternate
morphology or coating distribution cases lead to changes of only a few percent.

Values for the OA-specific MAC, referred to as MACoa, are calculated as the ratio
between the calculated OA-specific absorption (sum of internally and externally mixed OA)
and the observed OA concentration. The nighttime MACoa (20:00-6:00) exhibits a reasonably
linear relationship with the BBOA:OA ratio (Fig. 4b). Extrapolation of a Deming fit of
MACoa versus BBOA:OA to BBOA:OA = 1 can provide an estimate of the BBOA-specific
MAC (MACsggoa) at 405 nm. The extrapolated base-case MACgsoa = 0.60+0.02 m? g* if the
fit is constrained to go through zero and is 0.53+0.01 m? g if it is unconstrained with an
intercept at BBOA:OA = 0 of 0.10 m? g*. The estimated mean MACggoa is an order of
magnitude smaller than MACsc. The derived MACggoa Vvalues exhibit similar sensitivities to
the model assumptions as do the koa values, with, for example, a +50% change in mrsc
yielding a ~+34% change in the MACsgoa. The MACsgoa can alternatively be estimated from
the ratio between calculated OA absorption and [BBOA]; the mean from this method is
similar to the constrained fit (Fig. 4c). The non-zero intercept from the unconstrained fit
suggests the non-BBOA organic components (HOA, COA and OOA) are also slightly
absorbing, although we suggest that it is more likely that this is simply a limitation of the data

set and fitting, and that the MAC for these other OA components is close to zero.
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The kssoa and MACssoa determined here are compared with literature results from
various laboratory and ambient studies in Table 1. The reported absorption characteristics of
biomass burning aerosols vary greatly, likely due to differences between measurement
techniques, burning conditions or extent of atmospheric processing. The kssoa and MACggoa
determined from this study are likely lower-limit values, since some fraction of BBOA may
be non-absorbing (Fig. 3). However, this just illustrates the difficulty in clearly defining
“brown” carbon, for example whether it should be considered as the total OA or just some
fraction of the total OA (or even some sub-fraction of a given OA type).

The contributions from rBC absorption, absorption due to internal mixing (lensing), and
direct absorption by BrC to the total observed babsa40snm Were on average 67.3%, 13.9% and
18.8% and at night were 56.3%, 14.2% and 29.5%, respectively (Fig. S14). These values
depend on the relative contribution from biomass burning versus fossil fuel combustion,
which vary with time of day and between days. Clearly, the fractional contribution of BrC to
light absorption in even a single region is highly variable, which underscores the importance
of accurate in-situ characterizations of BrC optical properties in multiple locations. Future
studies would additionally benefit from direct measurement of the BC coating state and from
comparison between optical measurements made using multiple methodologies. Although the
BrC contribution was substantial at nighttime, it was overall negligible during the day,
suggesting that BrC may not drive surface radiative forcing in Fresno in winter, although the
export of this BrC throughout the wider SJV may be of regional importance. However,
primary BrC aerosols from biomass burning sources often contain PAHS, nitrogen-containing
aromatic compounds®*>* and humic-like substances (HULIS),>>¢ which can exert negative

effects on human health.>’-%8
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633  Table 1. Published values of the imaginary part of the complex refractive index (kssoa) and

634

635 aerosols, excluding BC contributions.

the mass absorption cross-section (MACsgoa) of the OA components of wood burning

636
MACsggoa Optical Sampling .
A, nm Kssoa me gt Measurement Aerosol type sampled L ocation Literature
550 0.02-0.06 Aethalometer Oak burning POA - 8
550 0.015-0.04 Aethalometer - 0C0Sin Piné burning . 2
POA
- 550 Oooggg Aethalometer Galberry burning POA - 28
S 400 0.038 11 UVIViIs (filter — 5.00/0ak wood burning - 4
& methanol extracts)
405 0.015 Photo-Acoustic Tar balls from Ponderosa ) 50
' Spectrometer Pine Duff burning
405 0.0076 Photo-Acoustic Tar balls from Alaskan ) 59
Spectrometer Duff burning
404 0.01 10-11 Photo-Acoustic Wild flre,.ne.ar—source Four Mile 7
Spectrometer emission Canyon, Colorado
470 1.01 Aethalometer Biomass buring Beijing, China 11
influenced
= Light transmission Wood burning and
= 400 0.112 2.9 ghtite biomass smoke Savanna 9
= (filter)
g aerosols
< 530 0.0016- 0.029- Photo-Acoustic HULIS from biomass Amazon basin 55
0.0019 0.031 Spectrometer burning aerosols
Broadband 0.05-0.07 Airborne lidar Upwind of forest fires Northern Canada 60
Broadband 0.07+0.03/ White light optical Open fire/ Urban Rehovot, 61
0.04+0.01 particle counter Smoldering phase Israel
This 0.53 or Photo-Acoustic Biomass burning
study 405 0.037 0.60 Spectrometer influenced Fresno, CA )
637

638



639 Table 2. Uncertainty (% change) in the retrieved koa resulted from the model assumptions
640  (spherical particle shape, refractive indices of black carbon (BC) and non-BC particles) and
641 measurement uncertainties associated with refractory BC mass, organic aerosol volume

642  fraction and absorption enhancement.

643
Assumption/Parameter Base case Alternate case % change in koa”
RDG (40 nm) -2.2%
Spherical Particle Shape Mie
RDG (70 nm) +5.9%
Constant

Diffusion-controlled growth of

i i i i - 0,
Coating Distribution Feoat core the coating materials on rBC core 2.8%
RI (n, k) for BC 1.88-0.8i 1.75-0.63i -12.4%
RI (n) of non-BC 150 +0.05 -5.4%
particles 0.05 +3.8%
+30% +19.1%
rBC mass concentration -30% -24.0%
(Mrac) as measured
e +50% +35.8%
-50% -37.6%
Organic aerosol volume +20% -17.5%
fraction (fon) as measured
" -20% +13.6%
Absorption Enhancement +5% -4.6%
at 405 and 532 nm (Eaps) 5% 11%

644  * Percentage (%) change in the campaign-average koa value averaged between 23:00 and 2:00 relative to that
645  derived from the base case

646

647
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Figure 1. Time series of ambient temperature and relative humidity (RH), dry PM2s light
extinction coefficients at 532 nm, total PM1 mass, dry PMzs light absorption coefficients at
405 nm (babsB) and 532 nm (bansG), SP2 refractory black carbon (rBC) mass, single scattering
albedo (SSA) at 405 and 532 nm, and the fractional composition of AMS PM1 components
during the DISCOVER-AQ 2013 California campaign in Fresno. Two PMz2s episodes with
substantially elevated ground PM2s concentrations, 1/14 — 1/23 and 1/29 — 2/5, are identified

and labeled in the time series plot.
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Figure 2. Normalized frequency distributions (a) and diurnal trends (b) of the measured PM2.5
absorption enhancements using the TD method (Eabs 70) and using the mass absorption cross-
section method (Eabsmac) at 405, 532 and 870 nm during DISCOVER-AQ. The Eabsmac
values were determined by normalizing the MAC of the ambient particles (MACamb) to the
average MAC of the thermo-denuded particles (MACtp) during the period between 13:00 and

16:00 (PST). Error bars shown for the Eabs 1o in (b) are 1 standard error of the mean (SEM).
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linear regression of the data in each panel (daytime + nighttime data).
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Figure 4. (a) Diurnal variation of the retrieved imaginary refractive index for organic aerosols
(koa) (Mie model base case) (solid black line). The median value (thick horizontal bar), 25
and 75" percentiles (lower and upper box bounds, respectively), and 10" and 90" percentiles
(lower and upper whiskers, respectively) of the koa are shown in the box and whisker plot.
The uncertainty in the retrieved koa is assessed through sensitivity tests. Shown here as the
upper and lower bounds of the shaded grey areas are the uncertainties in koa associated with +
50% measurement uncertainty in the rBC mass. (b) Scatter plot of the mass absorption cross-
section of the organic aerosol (MACoa) at 405 nm versus the AMS biomass burning organic
aerosol (BBOA)-to-OA mass ratio. Only the nighttime (20:00-6:00) data during the two PM
episodes are included. The lines show Deming regression fits to the data where the fit has
been constrained to go through the origin (dashed) or unconstrained (solid). (c, inset) Box and
whisker plot showing the variation in the MACssoa Vvalues derived by taking the ratio of

MACoa and [BBOA]:[OA].
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Sensitivity tests of the optical closure analysis:

In addition to the base case, a variety of alternate cases are considered to assess the
sensitivity of the derived koa values to the model assumptions and measurement
uncertainties. In one case, the model assumption on the spherical-particle shape has been
evaluated by performing closure calculations using Rayleigh-Debye-Gans (RDG) theory,
since Mie theory is known to underestimate the absorption of non-spherical BC
particles.! With RDG, the BC core is assumed to be an aggregate of individual (non-
interacting) spherules. The total absorption by each BC aggregate is the sum of the
absorption by the individual spherules.? Here, spherule sizes (Dpsph) of 40 and 70 nm
have been considered. For the coated particles, we similarly assume that the total
absorption is the sum over individual coated spherules and that the coating thickness is
the same for each spherule.?

In another set of sensitivity tests, in calculating the effective coating thicknesses,
instead of assuming a constant refractory black carbon (rBC) coating-to-core radius ratio
(reoat/reore) across all particle sizes, the distribution of the non-refractory (NR) coating
materials is assumed to follow a diffusion-controlled growth law:*

dp, 1

dt D,

where Dy is the rBC volume equivalent diameter (dve). A previous laboratory study® on
the evolution of rBC coating formation found good agreement between the modeled and
measured coating thickness diameters when diffusion controlled growth was assumed.
Like the base case (constant rcoat/rcore), the time-varying, size-dependent distributions of

coating thicknesses across the rBC core distribution were obtained by constraining the
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calculated Eabss32nm due to internal mixing to the observed Eabsss2nm, i.€. via optical
closure.

The influence of the assumed rBC refractive index was tested by comparing rBC
absorption coefficients (basb,sc) calculated using spherical-particle Mie theory for five
alternate RI values with those calculated from the base case value (1.88-0.8i). The five RI
values used are provided in Table 5 and are from Bond and Bergstrom.! Based on the
slopes of the linear fits (Fig. S11), the basb sc determined from all five alternate RI values
agree with the base case basp,sc to within 11%. The largest difference from the base case
is obtained for the Rl = 1.75-0.63i case. Since this case gives the largest deviation in the
calculated babssc, the difference between the retrieved koa value using this case (RI =
1.75-0.63i) versus the base case was assessed (Table 2, Figure S13).

The sensitivity of the retrieved koa to the assumed real component of the refractive
index (n) of the non-BC components was assessed by using values of 1.45 and 1.55,
compared to the base case value of 1.50.

Table 2 summarizes the uncertainties associated with measurements of rBC mass,
mrec, Volume fraction of organic aerosols, foa, and absorption enhancement, Eaps. In the
sensitivity tests on the measurement uncertainties, the measured values of these input
parameters were varied up and down by constant percentages (+30% and 50% for mrsc,

+20% for foa and 5% for Eabs).

Reference:

1. Bond, T. C.; Bergstrom R. W. Light absorption by carbonaceous particles: an
investigative  review.  Aerosol  Sci. Technol. 2006, 40, 27-67; DOI
10.1080/02786820500421521.
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2. Sorensen, C. M. Light Scattering by Fractal Aggregates: A Review. Aerosol Sci.
Technol. 2001, 35, 648-687; DOI 10.1080/02786820117868.

3. Liu, D.; Taylor, J. W.; Young, D. E.; Flynn, M. J.; Coe, H.; Allan, J. D. The effect of
complex black carbon microphysics on the determination of the optical properties of
brown carbon. Geophys. Res. Lett. 2015, 42, 613-619; DOI 10.1002/2014GL062443.

4. Seinfeld, J. H.; Pandis, S. N. Atmospheric chemistry and physics: From air pollution to
climate change. 2006, 2" ed., John Wiley & Sons, Inc., New York.

5. Metcalf, A. R.; Loza, C. L.; Coggon, M. M.; Craven, J. S.; Jonsson, H. H.; Flagan, R.
C.; Seinfeld, J. H. Secondary organic aerosol coating formation and evaporation:
Chamber studies using black carbon seed aerosol and the single-particle soot photometer.
Aerosol Sci. Technol. 2013, 47(3), 326-347; DOI 10.1080/02786826.2012.750712.
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Table S1. Summary of the instrumentation, size cut and the measurements made at the

Fresno ground site during DISCOVER-AQ.

Instrumentation Size cut Measurement
Cavity ringdown Spectrometer Dry particle light extinction (bex) at 405 and 532
PM2s
(CRD) nm
Photoacoustic Spectrometer Dry particle light absorption (bass) at 405 and 532
PM2s
(PAS) nm
Photoacoustic Extinctiometer PM Dry particle light extinction (bex;) and absorption
(PAX) 2% (babs) at 870 nm
. . Refractory black carbon (rBC) mass and number
(Sér;gazl;e Particle Soot Photometer PM2s  size distributions at size range of [100,300nm]
(extrapolated to [20,1000nm] in the post analysis)
High Resolution Time-of-Flight . . i
porool Mass Spetrometsr P, N1 [STICON sricron ke (VR P4
(HR-ToF-AMS) P
(Sglf;l]ggg Mobility Particle Sizer PM; Particle number size distribution (16 - 685 nm)
,(A:I;osd)ynamlc Particle Sizer PM2s  Particle number size distribution (0.8 -2.5 um)
Thermodenuder (TD) PMas Absorption Enhancement (Eaps) at 405, 532 and

870 nm
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Table S2. Density values of the PM1 components used in the optical closure calculation.

Component Density, g cm™
NHsNOs 1.722
(NH4)2S04 1.772
NaCl 2.16%
BC 1.80°
Organics ¢

rom "Properties of the Elements and
Inorganic Compounds”, in CRC
Handbook of Chemistry and Physics,
Internet Version 2005, David R. Lide, ed.,
<http://www.hbcpnetbase.com>, CRC
Press, Boca Raton, FL, 2005.

badopted from Bond and Bergstrom?
‘determined from the ratio of organic
aerosol mass and the difference between
the total aerosol volume determined with
an SMPS and the sum of the volumes of
the individual inorganic components.
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Figure S1. (a) Volume-weighted size distribution for refractory black carbon (rBC)
determined from the SP2 measurements, averaged and colored by hour of day, (b)
campaign-average rBC volume-weighted size distribution (black markers) during
DISCOVER-AQ; the red dashed solid line represents the bimodal log-normal fit to the
observation for the volume-equivalent diameter (dve) range of 20 to 1000 nm, and (c) the
diurnal profile of the mass fraction of the rBC “missing” mass, calculated as the ratio
between the rBC mass that is outside the SP2 detection window (100-300 nm) and the
rBC mass determined from the lognormal fit (solid red line in Fig. S1b). The fractions of
the total rBC mass that are attributable to “missing” mass from the smaller rBC particles
(20 nm < dve < 100 nm) and from the bigger rBC particles (300 nm < dve < 1000 nm) are
shown separately in the figure. The “missing” mass correction increases the total rBC

mass by ~26% on average, with larger corrections during the daytime than at nighttime.

S7



3.0 n

] o -

2.5 -

(YI) N L
S ) Z
o 2.0 © [
o i i
u ] © -
] ®) I

£ 10- -
> 7 Intercept = -0.07|
0_5_: SZIope =1.50 _

: r =0.92 -

0.0 - -

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3
SP2 BC mass, yg m

Figure S2. Scatter plot of the IMPROVE elemental carbon (EC) mass concentrations
versus the daily-average SP2 refractory black carbon (BC) mass concentrations for the

days that EC data were available during DISCOVER-AQ.

S8



4
10" 5
10°
A 10° 3
3
2 -
5 .
Zz
Z ]
1
10'
] e SMPS
] — Merged (SMPS+APS)
0
10°

Mobility D,, nm

Figure S3. Campaign-average size distributions of ambient PM2s from the scanning

mobility particle sizer (SMPS) (red marker) and merged SMPS + aerodynamic particle

sizer (APS) (black line) measurements.

S9



350 -

300 - -

€ ] i
c 250 —
~ i i
A ] C
S ] i

® = 2004 —
c I T B
9o "o ] .
= n - -
£ ¢ 1504 C
Y ] C
o 2 ] C
= i L
fm 100 -
- ] i
i All data points ® PM episode |

50 ® Clean period (1/24 - 1/27) r

) — MEE (all) = 3.76$0.07 m’g . |[

0 ] —— MEE (clean) = 5.74+0.09 ng_1 L

I T T T I T T T I T T T I T T T I T T
0 20 40 60 80
PM1 mass, ug m>

Figure S4. Scatter plot of PMzs light extinction coefficients at 532 nm versus the PM1
mass concentrations. The gray, red and green markers represent all data, data during the
two PM episodes, and data during a clean period (1/24-1/27). The slopes of the Deming
regression fits of the data yield the PM2.s mass extinction coefficient (MEC) (x1 standard

deviation).

S10



30y4—-—4Q—ttt———
© |
™ 25 -
vd L
@
£
= L
£ 20 -
- L
o
[+
= 154 -
N fk
AW\ ALY M
1.0 ammy 'n- .ﬁ-ﬂ U\_ — N, H |‘ -_
- rrrrrrrrrrrrrrrrrrrrrrrr[rrrrrr1rrrrprrrrrrr1rr[rrrrrrrrrrpr°
116/13 12113 1/26/M13 13113 2513 211013
Pacific Standard Time
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Figure S6. Campaign-average diurnal profiles of (a) PMz2s light extinction (Dext),
absorption coefficients (bas) and single scattering albedo (SSA) at 532nm determined
from CRD-PAS measurements and (b) the fractional contribution of PM: inorganic and
organic aerosols determined from AMS measurements. The organic factors, i.e. biomass
burning organic aerosol (BBOA), hydrocarbon-like organic aerosol (HOA), cooking
organic aerosol (COA), low-volatility oxygenated organic aerosol (LVOOA) and semi-
volatile oxygenated organic aerosol (SVOOA), are determined from the Positive Matrix

Factorization (PMF) analysis on the organic aerosol mass spectral matrix.

S12



fBBOA

035 o 3
E L E

{1 @ o 2/10/13 | E
0.4—5 o ° d E—
__ S .. . 1/31/13 _

N &8 o 172113 |

] o, & .0 - c
0.3__ ) o -
] o 9 ° o

Y ([} °® r

3 ° [ C

. 0.“ e u
0.2 ° U =
1 o o83, g

: D % A © -

> E .‘ b\ J': ¢ R 4 E_
]  d o‘ < o -

] L ) \'q o C
O.O_-I T T T T I T T T T I Iﬁl I T T T T I‘I I.ﬁ I-_
-5 0 5 10 15 20

Temp, °C

Figure S7. Correlation of the 1-hr average mass fraction of the AMS biomass burning

organic aerosol component

(fseoa) in the total PM1 with the 1-hr average ambient

temperature (Temp) during DISCOVER-AQ. The data are color-coded by the sampling

date.

S13



10— - 8_ IIII_
' b
5 i —— BBOAT (b) i
5 0.8 3 6] BBOA2 N
0 c L
2 g
£ 0.6 ®
(@] <4 -
(@) c
—_ (]
© 0.4 H %
2 O 24 L
8 0.21 o
O-O_ o_lllII|IIII|IIII|IIII|II|I_
PM EP1 PM EP2 0 5 10 15 20

Hour of Day

Figure S8. (a) Average fractional contribution of AMS organic aerosol (OA) factors, i.e.,
two types of biomass burning OA (BBOA-1 and BBOA-2), cooking OA (COA),
hydrocarbon-like OA (HOA), low volatility oxygenated OA (LV-OOA) and semi-volatile
oxygenated OA (SV-OOA), to total AMS OA mass for the two PM2s episodes (1/14 —
1/23 and 1/29 - 2/5). (b) Diurnal plots of the mass concentrations of BBOA-1 and

BBOA-2. The error bars are 1 sigma standard deviation of the diurnal averages.

S14



-1

2

Mass Absorption Cross-section (MAC), m g

—@— ambient L
. — TD -
. ---- theoretical o

0 5 10 15 20
Time of Day
Figure S9. Diurnal profiles of the Mass Absorption Cross-section (MAC) of the ambient
(lines with markers) and thermo-denuded (TD) (solid lines) PMzs at 405, 532, and 870
nm. The dashed lines represent the MAC values recommended by Bond and Bergstrom?

for freshly emitted black carbon particles at the corresponding wavelengths.

S15



1sx10°4 | PM -

{ |=—rBC L

==== Coated rBC -

- I L

c External [
<

vy 10— —

o L

D L
(@)]

3 L

© i L
>

o 5__ —

0 - L

1 10 100 1000

D_, nm

P’

Figure S10. Campaign-average number-weighted size distributions (dN/dlogDp) used as
inputs to the Mie and RDG calculations. The refractory black carbon (rBC) size
distribution was determined from the SP2 measurements, and the total PMi size
distribution was determined from the SMPS measurements. The coated BC size
distribution was constructed based on the estimated rBC equivalent coating thickness (or
coating-to-core radius ratio, or rcoat/rcore). The externally mixed particle number size
distribution (“External””) was the difference between the total PM:1 and the coated BC

number size distributions.

S16



dNdlogDp dNdlogDp
rBC NR-PM,

dNdlogDp
externally mixed

Mie Effective Coating
thickness

b

, mixing abs, ext

Cal. E ;405

End of iteration

No adjusting
guess value

Figure S11. Schematic illustrating the retrieval process of the imaginary refractive index
of the organic aerosols (koa) using optical closure analysis. The size distributions
(dNdlogDp) of refractory black carbon (rBC) and non-refractory (NR) PM:1 were
measured with a Single Particle Soot Photometer (SP2) and a Scanning Mobility Particle
Sizer (SMPS), respectively. Observed absorption enhancement at 532 nm (Eabs,532) and
405 nm (Eabs,405) were determined with thermo-denuder (TD)-coupled absorption

measurements using a Photo-Acoustic Spectrometer (PAS).
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at 532 nm using the base case Mie model with various refractive indices (RI) for BC as
input. The RI values tested here are those listed in Table 5 and are from Bond and
Bergstrom.! The base case RI (x-axis) is 1.88 -0.8i. The slopes are derived from the linear

fits of babs,zc calculated with the alternate RI values versus the base case.
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Figure S13. Diurnal plots of the refractive index of the organic component (koa) derived
from the optical closure for the different sensitivity tests listed in Table 2. The result from
the base case is shown as a solid black line in each panel and the results from the

sensitivity tests as colored solid and dashed lines.
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Figure S14. Apportionment of the PMzs light absorption at 405 nm (babs405): absolute

values (left) and fractional contributions (right).
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