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Abstract. The climatic impacts of black carbon (BC) aerosol, an important absorber of solar radi-
ation in the atmosphere, remain poorly constrained and are intimately related to its particle-scale
physical and chemical properties. Using particle-resolved modelling informed by quantitative mea-
surements from a soot-particle aerosol mass spectrometer, we confirm that the mixing state (the
distribution of co-emitted aerosol amongst fresh BC-containing particles) at the time of emission
significantly affects BC-aerosol optical properties even after a day of atmospheric processing. Both
single particle and ensemble aerosol mass spectrometry observations indicate that BC near the point
of emission co-exists with hydrocarbon-like organic aerosol (HOA) in two distinct particle types:
HOA -rich and BC-rich particles. The average mass fraction of black carbon in HOA-rich and BC-

93particle classes was <0.1 and 0.8, respectively. Notably,
approximately 90 % of BC mass resides in BC-rich particles. This new measurement capability pro-

rich ps

vides quantitative insight into the physical and chemical nature of BC-containing particles and is
used to drive a particle-resolved aerosol box model. Significant differences in calculated single scat-
tering albedo (an increase of 0.1) arise from accurate treatment of initial particle mixing state as
compared to the assumption of uniform aerosol composition at the point of BC injection into the

atmosphere.

1 Introduction

Incomplete combustion emits teragram quantities of black carbon (BC) aerosol to the troposphere

each year, resulting in a significant warming effect on climate that may be second only to carbon
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dioxide (Bond et al., 2013; [Ramanathan and Carmichael, 2008} Jacobson!, [2001). BC influences cli-
mate directly, by absorbing solar radiation, and indirectly, by changing cloud properties and altering
snow and ice melt. BC impacts on the global scale remain poorly constrained and are intimately
related to its particle-scale physical and chemical properties (Bond et al., [2013). The majority of
BC emissions in North America, Europe and Latin America are derived from traffic-related sources,
though the specific physical and chemical properties of BC-containing particles at emission depend
greatly on the source (Bond et al., [2013). BC-containing particles are generally hydrophobic near
emission and become mixed over time with hydrophilic species through condensation and coagula-
tion (Johnson et al., 20055 Moteki et al., 2007; Moffet and Prather| [2009), with resulting impacts on
particle hygroscopicity (McMeeking et al., 201 1b;|Liu et al.||2013a};Laborde et al.,2013)) and optical
properties (Zhang et al., 2008} |Cappa et al.l [2012}; [Lack et al., [2012}; Knox et al.| [2009; [Liu et al.|
2015). Despite extensive previous work, our understanding of the role of mixing state in influencing
the climate impacts of BC remains incomplete, in part because of instrumental challenges in particle
characterization.

Studies assessing both the composition and amount of non-BC species in BC-containing particles
are rare. A large body of evidence from urban, tunnel and engine emission studies has shown that
individual combustion particles are mixtures of BC, inorganic species, metals, and hydrocarbon-like
organic species at the time of emission (e.g., Johnson et al., |2005}; Toner et al., 2006} [Schneider|
et al., 2006} Tritscher et al., 2011} (Chirico et al., [2010; [Massoli et al.l [2012; Zhang et al., 2013}
Dallmann et al., 2014). Among these studies, single particle mass spectrometry has directly demon-
strated mixing of BC and non-BC species in traffic-derived particles. For example, Toner et al. 2006
observed that emissions from heavy duty diesel engines were dominated by particles containing BC,
organic species, calcium and phosphate, with one particle type dominated by BC and another with
higher levels of organic species. In contrast, Healy et al.[2012|observed BC-dominated particles from
traffic emissions in a European city. Other approaches to measure BC mixing state, including hygro-
scopicity and volatility differential mobility techniques, have highlighted the presence of an external
mixture in terms of particle volatility with lower volatility, BC-containing aerosol being less hy-
groscopic (Kuwata et al., | 2009; [McMeeking et al., 2011a). Further, single particle soot photometer
measurements of coating thickness in urban areas have shown that traffic-related BC-containing par-
ticles are largely uncoated or very thinly coated (Shiraiwa et al., 2008; McMeeking et al., [2011b;
Laborde et al.l 2013 [Liu et al., 2014). In addition, microscopy studies have illustrated the domi-
nance of bare or thinly coated BC-containing particles in traffic emissions (China et al., [2014) and
the occurrence of coating, embedding and compaction of BC as it is aged (Adachi and Buseck, 2013
Adachi et al.l [2014). While previous work has provided valuable insight into BC mixing state, the
majority of past approaches have not allowed simultaneous quantification of BC mixing state on a

mass basis and chemical characterization of non-BC species.
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Considerable attention has been paid to BC-containing aerosol because of the potential for short-
term climate mitigation through emissions reduction (Shindell et al.,|2012). Therefore, a quantitative
understanding of BC mixing state is crucial for three reasons: first, to assess rates of BC processing
and removal in the atmosphere; second, to assess the role that BC-containing particles play as cloud
nuclei; and third, to assess direct effects on solar radiation. Aerosol optical properties are central
parameters required to evaluate direct radiative forcing (DRF). One of the largest contributors to
uncertainty in DRF calculations is the single scattering albedo (SSA) (McComiskey et al., 2008)),
defined as the ratio of aerosol scattering to total light extinction. Previous work has clearly demon-
strated that calculations of aerosol optical properties depend upon assumptions about particle mixing
state (e.g.,[Jacobson, [2000), with assumptions of uniform internal mixing producing everestimations
in-overestimates of absorption efficiency and underestimates of single scattering albedo (Oshima
et al.| 2009} Zaveri et al., 2010; [Matsui et al., [2013). The role of BC-aerosol mixing state at emis-
sion in affecting its mixing state in the atmosphere has also been highlighted in modelling studies
explicitly treating detailed aerosol micro-physical and chemical processes (e.g., Matsui et al., 2013).
However, model assessments driven by quantitative measurements of aerosol mixing state remain
rare.

In this work, we use a soot-particle aerosol mass spectrometer, equipped with a light-scattering
module, to determine the mixing state of BC-containing particles from traffic-dominated sources
in an urban environment. These measurements provide quantitative insight into the physical and
chemical nature of BC-containing particles near emission, and are used to drive a particle-resolved
aerosol box model to assess the effect of accurately representing BC mixing on aerosol optical

properties.

2 Methods
2.1 The soot-particle aerosol mass spectrometer (SP-AMSMeasurements)

2.1.1 Two urban studies: locations and SP-AMS configuration

A soot-particle aerosol mass spectrometer (SP-AMS, Aerodyne Research Inc., Billerica, MA, USA),
equipped with a light scattering module, was deployed in two urban studies to assess the mixing
state of rBC-containingrefractory black carbon (rBC) containing particles derived from vehicle
emissions (Lee et al., 2015a). The first study was conducted in downtown Toronto away from ma-
jor roadways (referred to as the “non-roadside” study), and the second was performed at ground
level, near a busy road in downtown Toronto (referred to as the “roadside” study), to investigate

fresh vehicle emissions. The

ﬂeﬂ-fBG-eeﬂ%ammgp&me}e%—wef&detee&eerreh&non -roadside stady—{(see-Skseetion2);—whereas




90 Thenon-roadside-site is described in detail in Lee et al 2015a. The roadside study took place from
May 31 to June 24, 2013 at the Southern Ontario Centre for Atmospheric Aerosol Research (SO-
CAAR) facility in downtown Toronto, Canada, located at ground level and adjacent to a road with
traffic volumes ranging from 16000 to 25000 vehicles per day (Sabaliauskas et al., 2014). Ambient
air was sampled at 170- L min~? through a 10-cm (inner diameter) stainless steel tube fitted with a

95 2.5-um cut-off inlet, located 15-m from the roadside at a height of 3-m above-ground-leveka.g.l.

Two main modes of operation are possible with the SP-AMS, depending on the vaporizer configuration.
The instrument was operated such that both rBC-containing particles and non-rBC-containing particles
were detected in the non-roadside study (i.c.. a dual-vaporizer configuration), whereas exclusively
1BC-containing particles were detected in the roadside study (... a laser-only configuration) (Lee et al.l 2015a; Onasch et al.} 2012).
100

2.1.2 SP-AMS operation and calibration

Details of the SP-AMS (and SP-AMS with light scattering) have been described elsewhere (Lee]
etal.,[2015a;/Onasch et al.,[2012). The SP-AMS detects black carbon, which evaporates at ~4000- K,
as C;’ fragments (predominantly w 12, 24, 36, 48 and 60) and is referred to as refractory black
105 carbon (rBC) (Onasch et al., [2012). We use the term “black carbon” (BC) when referring generally
to the concept of “soot’-type aerosol, while rBC is used when referring to quantities measured
by the SP-AMS. In the SP-AMS, rBC and associated species are volatilized in an infrared laser
beam (1064-nm) and are ionized using 70-eV electron impact ionization followed by detection in
a time-of-flight mass spectrometer (ToF-MS) operated in “V-mode.” For the majority of the study
110 the SP-AMS was operated at one-minute time resolution alternating between bulk mass spectrum
(MS), particle time-of-flight (pToF) and single particle modes. The SP-AMS was operated at high-
time resolution (1-Hz) in MS mode for a total of five days during the roadside study. SP-AMS
data was analysed using the Igor Pro-based analysis tool PIKA (Seuper, 2010). The single particle
categorization procedure and k-means-clustering-algorithm-k-means clustering algorithm that were
115 used to analyse the single particle data followed the description in|Lee et al.| (2015a). Positive matrix

factorization (PMF) analysis of ensemble data was performed to identify the sources of rBC and

organics, and to speciate different types of organic species (i.e., oxygenated organic aerosol (OOA)

biomass burning organic aerosol (BBOA), and hydrocarbon-like organic acrosol (HOA)), based on
procedures described previously (Paatero and Tapper} 1994} Zhang et al.,|2011;|Ulbrich et al., 2009).

120 Without the tungsten vaporizer, direct calibrations of the ionization efficiency for NH4NO3 (IExo,)
are not possible. Therefore, size-selected (300 nm) Regal Black (Regal 400R Pigment, Cabot Corp.)
particles were used to determine the mass based ionization efficiency of rBC (mIEgc) (Onasch et al.|
2012; Willis et al.L2014). The relative ionization efficiency for rBC (RIE;zc = mIE;gc/mIEno,) was
0.2+£0.05, as experimentally determined before removal of the tungsten vaporizer. Assuming that

125 RIEpc is constant, IExo, could be calculated based on known values of mIE,gc and RIEgc. The



average mIE,gc was 189 + 20 ions pg~!

in the roadside study. The calculated IExo, was then used
with recommended relative ionization efficiencies to quantify other aerosol species associated with
rBC (Jimenez et al} [2003). Collection efficiency for rBC particles was determined in the roadside
study using beam width probe (BWP) measurements described in (Willis et all 2014). Ambient
130 rBC-containing particles had an average beam width o = 0.46 &+ 0.03 mm, which is close to, but
wider than that of 300 nm Regal Black particles (¢ = 0.40 £ 0.08) (Willis et al.} 2014). Therefore,

a collection efficiency (CE) of 0.6 was applied for absolute quantification of rBC and associated

species. A time-varying collection efficiency was not possible with BWP measurements available
here; the assumption of a constant CE over periods of local and long-range transport influence in
135 this study provided a good linear correlation with photoacoustic soot spectrometer (PASS) absorp-
tion measurements (405 and 781 nm) and SP-AMS rBC 2015| Fig. 4). Note that the CE
applied will not impact calculations of the mass fraction of rBC (mfgc). However, two additional
uncertainties in SP-AMS measurements may affect calculation of mf;gc. First, there are uncertainties
in the recommended RIE for organic species evaporating from rBC in the SP-AMS of up to ~ 50 %
140 (Lee et al, 2015a; [Willis et al., 2014), which could cause an overestimation in the mass of coating
material and a corresponding underestimation in mfzc. Second, it is possible for rBC-containing
particles to pass through the edges of the laser vaporizer, thus producing a heating effect sufficient

to evaporate some fraction of the coating materials but not evaporate the rBC itself. This effect ma
also lead to an underestimation in mf;gc.SP-AMS CE and quantification are discussed in further

145 detail in Supplement Sect. 1.

2.2 Partiele-resolved BoxModelPhotoacoustic soot spectrometer (PASS

A photoacoustic soot spectrometer (PASS-3, Droplet Measurement Technigues, Boulder, CO) was
used to measure aerosol absorption (byps) and scattering (bays) coefficients (Mm™?) at 405 and
781 nm. A 532 nm laser is notinstalled in this particular unit. The PASS determines aerosol absorption
150 (Mm™")_in a cavity which acts as an acoustic resonator. The absorption of incoming radiation
heats the particles, which in turn heat the surrounding air in the cavity (Arnott et al.}[1999). The
aerosol-laden air thus expands, resulting in a pressure disturbance. By modulating the laser power at
the resonance frequency of the cavity, the pressure disturbance is amplified and the resulting acoustic
wave is measured using a microphone. Light scattering at both wavelengths is concurrently measured
155  using reciprocal nephelometry (Moosmiiller et al.,2009; [Flowers et al., 2010} |Chan et al., 201T). Signals
were not corrected for truncation; however, total particulate loading is relatively low at this site and
saturation was not observed in scattering signals. Since a 532 nm laser was not present in this unit an
NOs, calibration was not possible, and the instrument was calibrated using a propane soot generator
(miniCAST, 6203A, Jing). PASS measurements of the bulk single scattering albedo at 405 nm
160 (selected due to superior signal-to-noise ratio for scattering relative to the 781 nm channel) are used
here only to illustrate differences in optical properties in vehicle plumes with varying composition.




2.3 Particle-resolved box model simulations

We used the stochastic particle-resolved box model PartMC-MOSAIC (Particle Monte Carlo - Model
for Simulating Aerosol Interactions and Chemistry) (Riemer et al.,[2009; [Zaveri et al.| [2008) to quan-

165 tify the importance of the observed mixing state information for the calculation of CCN and aerosol
optical properties. PartMC-MOSAIC is suited for this task, as it explicitly tracks the composition
of individual aerosol particles (in our case about 10° particles) in a population of different particle
types within a well-mixed computational volume. Particle emissions, dilution with the background,
and Brownian coagulation are simulated stochastically with PartMC, by generating a realization of

170 a Poisson process using weighted particles in the sense of DeVille et al. (DeVille et al[2011)) and an
accelerated binned sampling strategy (Michelotti et al., 2013). Coupled to PartMC is the MOSAIC
chemistry code, which simulates gas chemistry (Zaveri and Peters|, [1999), particle phase thermody-
namics (Zaveri et al., 20054, |E[) and dynamic gas- partlcle mass transfer m m

deterministic manner. Af-+

175

Here we compare two simulations that differ in the way the mixing state of the aerosol initial
conditions and the aerosol emissions are prescribed. The set-up of the particle-resolved simulations
is_similar to the urban plume scenarios in [Riemer et al(2009) and [Zaveri et al] (2010). Common
to both simulations are the following specifics: The number of computational particles used in the

180  simulation is about 10°. The total simulation time is 24 h, with a simulation start of 06:00 local
standard time (LST). The initial gas phase concentrations are the same as in [Zaveri et al.| (2010).
In contrast toZaveri et al| (2010), we prescribe a constant mixing height (400 m), relative humidity

(70 %) and temperature (298.15 K) to simplify the interpretation of the results. Since the entrainment

185 constant dilution with the background at arate of 1.5 x 10~ s~ !. The background aerosol is non-absorbing
and consists of ammonium sulfate mixed with biogenic secondary organic aerosol. This dilution rate
corresponds to about 75 % of the aerosol being replaced in a 24 h period, comparable to a diurnal
mixing height increase of 500 m to 2000 m (e.g. I
the day for simplicity. We also reduced the gas phase emissions by a factor of two compared to

190 [Zaveri et al[(2010) to create more moderately polluted conditions. The initial acrosol population
was sampled from log-normal size distributions fitted from the measurement data, as shown in
Table S1 in the Supplement. The derivation of model inputs from measurement data is described

To fully exploit the information supplied by the observations, we introduced a new _method of

195 sampling the aerosol composition for the aerosol initial conditions and emissions. We now allow
for stochastic composition variation at each diameter, with a prescribed standard deviation around a

mean value.

6-of-the-St-The new composition-sampling method proceeds as follows. For each aerosol particle



the diameter is first sampled, and then the composition is sampled as a vector of mass fractions

200 w = [wgc,wnoal . Although we only sample two species for the simulations in this paper, we
specify the sampling algorithm for any number of species. We use bold symbols to denote vectors,
so mf is the mean mass fraction vector from Table S1 in the Supplement. We write 3; for the diagonal
covariance matrix with diagonal entries ()2, 1 for the vector of ones, and x ! for the transpose of
a vector x. We sample the composition vector w_from a multivariate normal distribution on the

205  affine hyperplane of vectors that sum to one, truncated to the positive closed orthant (and thus to
the probability or standard simplex). This is done as shown in Algorithm [I] using an accept-reject
procedure.

Algorithm 1 Composition sampling

1: repeat

X N(mf, %)
W X+ 1—1Tx)mf

until w; > 0 for all ¢

R

210 Algorithm[Tlhas five important properties, as follows. (1) It is clear that if the algorithm terminates
then w lies in the positive closed orthant, so every species has a non-negative mass fraction. (2) The

sum of the sampled mass fractions w is one, ascanbe seenfrom1l 'w=1"x+(1—-1"x)1"mf=1"Tx+1-1"x=1,

assuming that the mean mass fractions sum to one and so 1" mf = 1. (3) The distribution of w

is a truncated multivariate normal, which follows from the fact that x has a multivariate normal

215 distribution, w is an affine function of x, and the accept-reject procedure samples from the truncation
of the per-iteration distribution. Note, however, that the resulting marginal distributions for each

single-species mass fraction will not in general have mean and standard deviation given by mf;
and a ; ; ; i

220

—0;, respectively. (4) Adding additional species with zero mean mass fraction

and zero standard deviation will not change the distribution of the other sampled mass fractions, as
the additional species will have zero components in both x and w and will not alter the calculation
of any other components. (3) Finally, the algorithm will terminate with probability one, under the
225  conditions that that the mean mass fractions sum to one and each ¢, is non-negative and zero only if
the corresponding mf; is non-negative. This last property can be seen by first considering the set A of
x that will resultin a w in the positive closed orthant, terminating the algorithm. This set A is exactly.
the direct sum of the probability simplex with the span of {mf}, as can be seen by checking that
x = pdamf for p in the probability simplex and any scalar « results in w = p. so that the entire
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probability simplex is thus obtained from A. The conditions on mf and the emissions stoppeds-g;_
imply that x has non-zero probability of lying in A, and hence the algorithm has non-zero probability.
of terminating on each iteration. Because each iteration is an i.i.d. Bernoulli trial, the algorithm thus
terminates with probability one.

The two simulations differ in the assigned mixing state of the initial aerosol populations and the
aerosol emissions. For the measurement-constrained case we distinguish between rBC-rich and the

seetion7-HOArich particle classes, as the observations indicate. Both classes consist of two modes,
which amounts to four modes in total, as listed in Table S1 in the Supplement. Note that the modes
BC1 and HOA1 have the same geometric mean diameter and geometric standard deviation, but differ
in their abundance and their emission rate, respectively. The same applies to modes BC2 and HOA2.
This specific choice is guided by the observations as shown in Table S1 in the Supplement.

properties—For the uniform case only two modes are prescribed, with the same geometric mean
diameter and standard deviation as modes BC1/HOA1 and BC2/HOA2, respectively (Table S2

in the Supplement). The mass fractions of BC and HOA in these two modes are identical, and

they are equal to the mass fractions of the bulk concentrations for the measurement constrained
case. Hence the uniform case represents conditions for which the bulk mass concentrations and the
size distribution are the same as for the measurement-constrained case, but for which the detailed
mixing state information is not available. A comparison of the two cases therefore quantifies the
importance of mixing state information at emission for properties of interest, such as hygroseopieity

Figure S10 in the Supplement shows the temporal evolution of the bulk aerosol species over
the course of the 24 h simulation. The primary species black carbon and organic carbon increase
initially owing to emissions, and then decrease after emissions are discontinued atf = 12 h as a result
of dilution with the background. The model simulations also show the production of inorganic and
organic secondary aerosol species, which condense on the primary particles, continuously modifying.
water content. While the particles start out dry, they take up water around ¢ =6h when nitrate
formation begins.

We calculate the optical properties for ambient conditions (including aerosol water content) at
a wavelength of 550 nm and the critical supersaturations of each particle in a post processing step
according to [Zaveri et al[(2010). For the optical properties we assume spherical particles with a
“core-and:shell” configuration in which BC forms the particle core and the other substances compose

the shell. We then use Mie calculations (Ackerman and Toonl, [T98T]) to determine the extinction and




scattering, and absorption coefficients can be reconstructed. Note that we assume all primary and
secondary organic substances to be non-absorbing, hence we do not consider any effects due to
270 brown carbon.
To determine the critical supersaturations, we employ r-Kohler theory (see[Zaveri et al.|(2010) for
details). Based on the critical supersaturation values of each particle in the population, we construct
CCN spectra, as shown in Figure S11 in the Supplement for different times throughout the simulation.
As the simulation progresses, the CCN/CN fraction at low values of critical supersaturation increases,
275 since the the particles become more hygroscopic due to the condensation of secondary acrosol
material. Since both primary organic carbon (£ = 0.001) and black carbon (x = 0) are model species
with similar and low_hygroscopicity parameters, the differences between the uniform case and
the measurement-constrained case are expected to be small, and the two CCN spectra are almost
indistinguishable, as we will show in Section 3.3.

280 3 Results and discussion

3.1 Two classes of fresh black carbon particles

Based on single particle SP-AMS measurements and-using-a-particle-categorization-procedure-and

ustering algorithm-deseribed-in-our previous work (Eee-etali20+5a)-in both roadside and non-roadside

studies, we identified two types of particles originating from vehicle exhaustare-identified-in-both

285 roadside-and-non-roadside-studies-(Figure fland-SH:-, which are primarily composed of refractory
black carbon (BC) and hydrocarbon-like organic aerosol (Fig. T  d). One type is dominated by
(“rBC-richpartiele-elasses” particle class). The mass spectra of HOA-rich particles (Figureflh-Fig. [Th

and ¢) exhibit fragmentation patterns associated with hydrocarbon structures (e.g., m/z 43 (C3HY),

290 57 (C4H3’), 71 (Cng1 ), and are consistent with previous aerosol mass spectrometer observations of

gasoline/diesel vehicle exhaust and unburned lubricating oil (Massoli et al.}[2012; [Canagaratna et al.}
[2004; Mohr et al,2009). In conjunction with differences in mass spectra, clear differences in particle

and d) demonstrate that the division of traffic-related rBC-containin

size distributions (Fig.
295 The average mass fractions of rBC (mf;gc) in HOA-rich particles during the non-roadside and
roadside studies are very-low: 0.03 and 0.05, respectively. The narrow distribution of mfrpc—(Figure
Bhand Figure-Stbmfpc (Fig. Bh) suggests that most of the HOA-rich particles are either mixed with

a small amount of rBC or do not contain detectable rBC mass-
» while a very small number of particles contain larger mfisc (Fig. [l split axis). Mass spectra of
300 rBC-rich particles are dominated by C fragments (i.e., m/z 12, 24, 36, 48 and 60 in FigurefIFig.[Ib

and d) arising from black carbon. Smaller signals associated with HOA-like material in these par-




ticles are similar to the primary organic materials derived from diesel engine exhaust observed in

laboratory studies 2008). In contrast to the HOA-rich particles, Figures Be-and-Std
illustrate-arange-of-mfrgc-Figure Bk illustrates a wider range of mfgc values in rBC-rich particles.

305 In the non-roadside and roadside environments the average mfigc values (£1 standard deviation) in
this particle class are 0.72 (£0.18) and 0.86 (£0.14), respectively, highlighting the possibility that
condensation and/or coagulation of HOA material on rBC particles might occur within a short time

of emission.

The mass fraction of rBC derived from SP-AMS measurements may be best regarded as a lower
310 limit. For the reasons detailed in Sect. 2.1.2, including the potential for incomplete vaporisation
and uncertainty in SP-AMS sensitivity to rBC coating materials, mf,zc values presented here ma

be underestimated. A 50 % overestimation in the mass of HOA would increase mfpc in tBC-rich
articles to 0.85 (£0.16) and 0.92 (40.10) in the non-roadside and roadside studies, respectivel

dashed lines). In addition to these uncertainties, in the roadside study only rBC-containin

315 particles are detected by the SP-AMS, while in the non-roadside study it is possible that the HOA-rich
class includes HOA particles that do not contain rBC (i.e., “externally mixed” HOA).

3.1.1 Differences in particle coating thickness

With single particle detection capability, SP-AMS observations can be used to quantify the thickness
of non-refractory particulate matter on individual rBC-containing particles. This calculation focuses
320  only on determining the thickness of HOA coating derived from traffic emissions; however, oxygenated
organic aerosol (QOA), biomass burning organic acrosol (BBOA) and secondary inorganic species
were mixed with rBC in more aged accumulation mode particles in these urban studies and a similar
We assume a core-shell structure in order to determine the thickness of HOA coating on fresh
325 rBC-containing particles. In addition, we assume a spherical rBC core, a uniform thickness of
coating, and an HOA density of 0.9 g cm™?. To simulate the effect of the fractal structure of ambient
rBC, the effective density of rBC (pxsspc) was varied between 0.3 and 1.3 g em™; values which have
been observed for laboratory soot standards and engine exhaust (Maricq and Ning| [2004; [Gysel et al., 2011).
Figure H presents the two-dimensional histograms (mfigc vs. particle acrodynamic diameter, dy,).
330  of rBC-rich and HOA-rich particles identified by cluster analysis in the two urban studies, with
calculated coating thickness curves overlaid for comparison (dashed lines). The coating thickness is

relatively insensitive to variations in peg

calculation could be carried out for these particle classes (

dashed lines).

These observations demonstrate that rBC-rich particles are only very thinly coated with HOA-
material, as compared to HOA-rich particles that have only very small rBC inclusions (St-section

335 Fig. 4). Here we use two specific examples to illustrate that the coating thickness on HOA-rich

and rBC-rich particles can vary significantly. First, a 200 nm (d,,) rBC-rich particle (i.e., physical
article diameter ~245 nm, assuming pese e = 0.8 g cm™2) with 72 — 86 % rBC by mass (the average

10
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mfpc of rBC-rich particles) would be covered by a 5 — 11 nm HOA coating. Second, a 300 nm (dy,)
HOA-rich particle (i.e., physical particle diameter ~335nm, assuming pegpc = 0.8 gcm™3) that
co-exists with a small amount of rBC mass (3 —Figure-52)— 5% by mass, the average mfipc of

HOA-rich particles) has an rBC core size of 108 — 119 nm and a thick HOA coating (108 — 113 nm).

3.2 Black carbon mass is dominated by black carbon rich particles

Single particle measurements provide direct insight into mixing state at an individual particle level;
however, single particle detection has an inherent bias towards large particle sizes because light scat-
tering triggers particle detection (Lee et al.,[2015a; Cross et al., 2009; Freutel et al., 2013} |Liu et al.|
2013b). Ensemble size distributions of rBC peaked at ~100-nm in both roadside and non-roadside
studies indicating that fresh rBC-containing particles emitted from vehicle exhaust are small (Figare
Bk-and-S3aFig. Zh and b). Smaller rBC-containing particles fall below the lower size limit of single
particle detection (FigurePb-and-S3bFig. 2k and d). Therefore, single particle observations do not
necessarily quantify mixing state at the population level. To provide a complementary view of rBC
mixing state we turn to ensemble measurements from the roadside study where only rBC-containing
particles were detected in the SP-AMS. Ensemble measurements better represent mixing state on
a population basis compared to single particle observations, because they cover a wider range of
particle size (i.e., 80 — 1000- nm vacuum aerodynamic diameter, d,).

By measuring very close to a busy road, ensemble SP-AMS observations of rBC and organic
aerosol enabled the analysis of more than one hundred vehicle exhaust plumes over the course
of the roadside study (ngﬂfﬁf/lg@ and b). Positive matrix factorization (PMF) (Zhang et al.,
2011} [Ulbrich et al., 2009) indicates three major sources of +B€-and-organie tBC-containing aerosol
in the roadside environment: transported biomass burning (BBOA), regional background (OOA),
and traffic emissions comprised of two PMF factors (HOA-rich and rBC-rich factors, nge@s—t}
Fig.[Bk — .[h and b) are largel

associated with OOA and BBOA factors, while the traffic-related factors contain the majority of rBC

. Inorganic species evident in the bulk aerosol size distributions (Fi

of the number of factors is presented in Skseetion5—Supplement Sect. 2. Not previously observed
with an AMS, the HOA—HOA-rich and rBC-rich factors represent two types of vehicle exhaust
plumes with different amounts of rBC and HOA (Figure-flb-and-e-Fig. [Tk and f). The mfrpc—of
HOA-mfpc of HOA-rich and rBC-rich factors are 0.16 and 0.75, respectively. High-time resolution
SP-AMS measurements (Figﬁf&El\g@ also demonstrated varying organic and rBC levels in vehicle
plumes (Figurefl-and-fFig. [Tk and h), with corresponding differences in optical properties (SSA
at 405-nm nm) indicating that rBC-rich plumes were more highly absorbing. The origin of different
plume types at this site has been characterized through long-term measurements, and is related to a

variety of engine types, operating conditions and pollution control features (Wang et al., 2015).

11



375

380

385

390

395

400

405

Figare[lb-and-e show-the-mass-speetraof HOA—Mass spectra of HOA-rich and rBC-rich PMF fac-
tors -whieh-(Fig. [Tk and f) are strikingly similar to the mass spectra of HOA—HOA -rich and rBC-rich

particle classes identified in the single particle measurements (FigarefIh-Fig, [Tk and d), validating
the division of traffic emissions into the two factors observed here. The single particle and ensemble
mass spectra show some differences. First, the HOA-rich factor has a larger rBC content compared
to the HOA-rich particle class; second, the rBC-rich factor contains higher COT and COJ signals
compared to the rBC-rich particle class (inserts of Figuf%fM, e and f). The latter difference
arises because highly oxygenated organic fragments (m/z 28 (CO™) and 44 (COY)) were excluded
in the single particle analysis due to interference of air signals in UMR spectra {Lee-etal2045a)-

: i i : e (Lee et al., 2015a).

Differences in mf,gc between single particle and ensemble measurements, especially for HOA-rich
articles that contain a small amount of tBC, could be due to the probability of rBC detection in a
single particle {Eee-etal{2015a)such that single particle mf,gc may be underestimated relative to

With support of direct measurements of single particle mixing state, this work presents the first
interpretation of ensemble AMS results in terms of rBC and HOA mixing state. Using the intensity
of the two traffic-related factors in plumes (Figure{SH-Fig. [k and f), we estimate that rBC-rich
particles account for ~90 % of the observed total traffic-related rBC mass (ﬁﬁf&%). Ina
similar manner, we estimate that ~60 % of the total HOA mass is due to HOA-rich particles (Figure
). Purple dashed lines shown in Figure and d represent the inclusion of all CO} fragments
(due to surface functionality of ambient rBC (Corbin et al. [2014)) in the calculation of rBC mass
(see Skseetion-Supplement Sect. 1), providing similar results. Red-dashed-Dashed lines in Figure EP,
b and c represent the effect of a 50 % overestimation of HOA mass (see Supplement Sect. 1), again

providing similar results.
3.3 Black carbon mixing state at emission impacts modelled optical properties

These novel single particle and ensemble observations of rBC mixing state were used to initialize the
particle-resolved aerosol box model PartMC-MOSAIC (Stsection-6-and-7see Section 2.3) (Zaveri
et al., 2008; [Riemer et al., [2009), which simulates the evolution of aerosol due to condensation and
coagulation in an idealized urban setting. We-As described in Section 2.3, we simulate two cases to
isolate the impact of mixing state of rBC emissions on aerosol properties. First, a uniform mixing
state case in which all particles are assigned identical composition at emission (measured average
mf;pc), and second, a measurement-constrained mixing state case where mfigc is prescribed directly
from our mixing state observations. The evolution of dry mfigc over a 24-h period is illustrated
in Figure [7h and b for the two cases. As ageing proceeds mfgc shifts to lower values, but in the
uniform initial composition case no particles ever have mfgc larger than ~45 %. Note that the bulk

aerosol composition and number size distributions are identical in the two cases (Figure-Fig. S10
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in the Supplement), and any differences in optical properties arise only due to the distribution of
aerosol components amongst the particles.

Optical properties are determined for each particle in the population using Mie calculations and
assuming a core-shell structure. We acknowledge that the underlying assumptions of Mie calcula-
tions may not be appropriate for rBC-containing aerosol in the real atmosphere (e.g.,|Adachi et al.|
2011} |Scarnato et al.,|2013)), which is often not spherical and may not exhibit a core-shell configura-
tion (e.g.,/China et al.,|2015). In particular, the enhancement of rBC absorption due to non-absorbing
coatings may be overestimated (Cappa et al.l [2012; Healy et al., 20135)), except in situations where
rBC sources and ageing promote extensive coating (Liu et al., 2015; |China et al.l [2015). However,
Mie calculations are commonly applied in regional and global models (Chung and Seinfeld, 2005}
Zhao et al., 2013} [Fast et al.l |2006) to estimate optical properties, and we therefore include this
comparison to illustrate the sensitivity to mixing state.

Consistent with previous studies (e.g., Zaveri et al., [2010; [Matsui et al.| 2013)), we observe a
difference in volume absorption and scattering coefficients (B,ps and By, Fig. ), and a resulting
increase of 0.1 in SSA from the uniform mixing state to the measurement-constrained case that

is present during the emission period in the simulation and, notably, persists throughout ageing

(Fig. ). Note that a direct comparison between measured and modelled SSA is not valid since we

measure SSA of the bulk aerosol population and model it only for a subset of this population (i.e.
the rBC containing particles). No significant differences in calculated cloud condensation nuclei

activity were observed in these simulations (Fig. S11 in the Supplement), owing to the very similar
hygroscopicity of rBC and HOA species. Calculations of aerosol DRF are very sensitive to changes
in SSA (McComiskey et al., 2008)) (e.g., uncertainties in SSA on the order of only 0.02 can result
in a DRF uncertainty of 1 Wm™2 for a particular particle type (Chin et al.l 2009)), illustrating the
importance of accurately measuring and simulating mixing state for calculating climatologically

relevant aerosol properties.

4 Conclusions

We present mass-based measurements of the mixing state of black carbon-containing aerosol, using
a soot-particle aerosol mass spectrometer, from traffic emissions in an urban environment. Obser-
vations from single particle mass spectrometry indicate that rBC co-exists with hydrocarbon-like
organic aerosol (HOA) in two distinct particle types; those containing a larger mass fraction of
rBC, and those containing a larger mass fraction of HOA. Source apportionment of ensemble mass
spectral observations using positive matrix factorization also indicates two types of rBC-containing
aerosol related to traffic: rBC-rich and HOA-rich aerosol, validated by single particle observations.
Ensemble measurements expand the particle size range over which mixing state can be investigated,

providing a better insight into the mixing state of the particle population and indicating that approx-
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imately 90 % of rBC mass resides in rBC-rich particles. These measurements were used to drive the
particle-resolved aerosol box model, PartMC-MOSAIC. Our results indicate an increase in SSA of
~ 0.1 when mixing state at the point of emission is treated accurately in the model, compared to
the assumption of uniform mixing state. The approach described here for quantitative assessment of
black carbon mixing state from traffic can also be used to assess mixing state from other sources,
and to explore the evolution of mixing state during atmospheric processing. Such measurements will

be crucial to drive accurate model assessment of black carbon climate impacts on a broader scale.
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Response to Anonymous Referee # 1

We thank Referee #1 for their thoughtful reading of this manuscript, and for their
important questions about the SP-AMS technique. Our responses to specific com-
ments and the corresponding changes to the manuscript are detailed below.

General comments

1. A potentially major technical issue relates to the fact that in the SP-AMS, it
is not assured that the particle will completely vaporise. If the particle beam is
wider than the laser beam (which given that soot particles are non-spherical, is a
distinct possibility), then particles may pass through the “tails” of the laser beam,
which may mean that the particles absorb sufficient energy to vaporise the coat-
ing of the particle but not the core. This would occur if the peak temperature
reached was between the boiling points of the coating of the core, which given this
covers a temperature range of thousands of degrees, this is a distinct possibility.
Furthermore, a report of this behaviour in diesel emission particles was presented
at the most recent AMS users meeting: http://ciresl.colorado.edu/jimenezgroup/
UsrMtgs/UsersMtg16/JDASPAMSfocusing.pdf. In this paper, the reported pop-
ulation of particles that contained little or no rBC could be attributed to this
incomplete vaporisation occurring. It could also give rise to the PMF result as well.
The authors should see if they can discount this as a possibility, or failing this,
add this possibility in as a caveat. In the worst case that the observation of the
“HOA rich” population turns out to be erroneous, what effect would this have on
the paper?
Authors’ response: The incomplete evaporation of rBC-containing particles in
the “tails” of the laser vaporiser is indeed a distinct possibility in our measurements,
and is now more explicitly addressed in this paper. As the reviewer states, incom-
plete vaporisation can take place when the particle beam is wider than the laser
beam and this may be the case in our measurements (as mentioned in the Methods
section, beam width probe measurements used to estimate the collection efficiency
at the roadside site suggest this is the case). We agree that this could certainly
have an effect on the mf,gc measured by the SP-AMS; however, we believe we can
discount the possibility that the HOA-rich particle class is an artefact caused by
incomplete vaporisation because HOA-rich and rBC-rich particle classes have differ-
ent size distributions in single particle data. If HOA-rich particles arose exclusively
from incomplete vaporisation in the edges of the laser, resulting in underestimated
mf,gc, we would then expect HOA-rich and rBC-rich particles to have the same size
distributions (i.e., the particle-time-of-flight would be the same whether the aerosol
was completely or incompletely vaporised). In contrast, we observe that HOA-rich
and rBC-rich particle classes have distinct size distributions, supporting the con-
clusions that their mass spectra arise from different particle types. The importance
of the size distributions for interpretation of our results has been highlighted in the
revised version of the paper (Section 3.1).

Though we can discount that the HOA-rich population is erroneous, we agree
that it is very important to discuss the effect that incomplete vaporisation could



have on the mf.gc values we report. To better address these uncertainties a more
detailed description of uncertainties in SP-AMS measurement of mf,gc has been
added to Section 2.1 as follows: “...two additional uncertainties in SP-AMS mea-
surements may affect calculation of mf,gc. First, there are uncertainties in the
recommended RIE for organic species evaporating from rBC in the SP-AMS of up
to ~50% (Lee et al., 2015; Willis et al., 2014), which could cause an overestima-
tion in the mass of coating material and a corresponding underestimation in mf,g¢.
Second, it is possible for rBC-containing particles to pass through the edges of the
laser vaporizer, thus producing a heating effect sufficient to evaporate some fraction
of the coating materials but not evaporate the rBC itself. This effect may also lead
to an underestimation in mf,gc. SP-AMS CE and quantification are discussed in
further detail in Section 1 of the Supplement.” A reference to the cited AMS Users’
Meeting report has been added to Section 1 of the Supplement, along with a more
detailed discussion of incomplete vaporisation. An explicit reference to Section 2.1
and uncertainties in SP-AMS mf,gc has also been added to Section 3.1 to make
clear to the reader that these uncertainties must be considered.

2. Generally speaking, there is perhaps too much of a tendency to put things

in the supplementary material. While this would be considered usual practice for
a journal with a strict word or page limit, I feel that certain sections of the supple-
ment would be better featured in the main article as they contain information very
pertinent to the paper’s conclusions. Personally, I would consider that sections 2,
3, 4 and 7 may be suitable for the main article.
Authors’ response: Sections 2, 3, 4 and 7 of the Supplement have been added to
the main paper, and Figures 1, 2 and 3 have been modified to include data from
both the roadside and non-roadside sites. The discussion and figure relating to par-
ticle coating thickness estimation have been added to the main text of the paper.

Specific comments

1. Little detail on the PASS-3 operation is presented here. Why was the 405 nm
channel used? How was it calibrated? Was any attempt to correct the scattering
channel for truncation made?
Authors’ response: Omission of this information was an oversight on our part
and a new section has been added to the Methods describing the PASS-3, as follows:
“A photoacoustic soot spectrometer (PASS-3, Droplet Measurement Techniques,
Boulder, CO) was used to measure aerosol absorption (baps) and scattering (baps)
coefficients (Mm™!) at 405 and 781 nm. A 532 nm laser is not installed in this
particular unit. The PASS determines aerosol absorption (Mm™") in a cavity which
acts as an acoustic resonator. The absorption of incoming radiation heats the parti-
cles, which in turn heat the surrounding air in the cavity (Arnott et al., 1999). The
aerosol-laden air thus expands, resulting in a pressure disturbance. By modulating
the laser power at the resonance frequency of the cavity, the pressure disturbance
is amplified and the resulting acoustic wave is measured using a microphone. Light
scattering at both wavelengths is concurrently measured using reciprocal nephelom-



etry (Moosmller et al., 2009; Flowers et al., 2010; Chan et al., 2011). Signals were
not corrected for truncation; however, it should be noted that total particulate
loading is relatively low at this site and saturation was not observed in scattering
signals. The instrument was calibrated using a propane soot generator (miniCAST,
6203A, Jing); since a 532 nm laser was not present in this unit an NO, calibra-
tion was not possible. PASS measurements of the bulk single scattering albedo at
405 nm (selected due to superior signal-to-noise ratio for scattering relative to the
781 nm channel) are used here only to illustrate differences in optical properties in
vehicle plumes with varying composition.”

2. Regarding the use of PMF, I would request that the authors include the
graphs from the rejected solutions as well in the supplement, so as to justify their
choice of solution.

Authors’ response: The relevant plots for the 2 — factor, 3 — factor and 5 — factor
solutions have been added to the Supplement.
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Response to Anonymous Referee # 2

The authors would like to thank Referee #2 for their comments on this manuscript,
which have helped to improve the clarity of the paper. Our responses to specific
comments and the corresponding changes to the manuscript are detailed below.

1. I like the style of this paper which is short and straightforward. But some-
times it is also inconvenient to always try to find things in supplement. Maybe the
author can consider moving some important contents back to the main text.
Authors’ response: Sections 2, 3, 4 and 7 of the Supplement have been added to
the main paper, and Figures 1, 2 and 3 have been modified to include data from
both the roadside and non-roadside sites. The discussion and figure relating to parti-
cle coating thickness estimation have also been added to the main text of the paper.

2. Fig. 5: It seems the SSA derived with PASS-3 measurement is with very
large uncertainty.
Authors’ response: We acknowledge that the measurements of SSA at 405 nm
have a large amount of scatter, especially for the HOA-rich plume example shown
in the paper (part (b) of the relevant figure). Uncertainty in the SSA measurement
is impacted by uncertainty in both the absorption and scattering measurements. In
particular, the SSA measurement is associated with a larger degree of scatter when
the black carbon (and total aerosol) loading is low. This relatively large degree
of scatter will arise when the black carbon loading is low and the instrument is
approaching its detection limit. Since the SSA measurements are used as a quali-
tative illustration only, we do not believe that this uncertainty impacts any of the
conclusions made in this work.

3. In the box model simulation a constant mixing height was assumed. There

are studies based on PartMC-MOSAIC simulation suggest the diurnal evolution of
mixing layer plays a very important role in the variation of aerosol mixing state
(e.g. Liu et al., 2011). I am wondering if you will have largely different result if the
variation of mixing layer is switched on.
Authors’ response: We thank the reviewer for raising this point. We changed the
text in the paper (i.e., text that was previously in Section 7 of the Supplement, and
has been moved to the main paper) as follows: “The initial gas phase concentrations
are the same as in Zaveri et al. (2010). In contrast to Zaveri et al. (2010), we pre-
scribe a constant mixing height (400 m), relative humidity (70%) and temperature
(298.15 K) to simplify the interpretation of the results. Since the entrainment of
background aerosol can modify the aerosol mixing state substantially (Liu et al.,
2011), we include constant dilution with the background at a rate of 1.5 x 1075 s71.
The background aerosol is non-absorbing and consists of ammonium sulfate mixed
with biogenic secondary organic aerosol. This dilution rate corresponds to about
75% of the aerosol being replaced in a 24 h period, comparable to a diurnal mixing
height increase of 500 m to 2000 m (e.g., Liu et al., 2011), although imposed uni-
formly over the day for simplicity.”
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4. Fig. 6: Are the calculated aerosol optical properties at dry state or ambient

state (70% RH in your model)? T think it would be more interesting to see the
results for ambient condition.
Authors’ response: The aerosol optical properties are calculated for ambient con-
ditions, i.e. we include the water content of the aerosol. To make this clear, we now
address this explicitly in the Methods section as follows: “We calculate the optical
properties for ambient conditions (including aerosol water content) at a wavelength
of 550 nm and the critical supersaturations of each particle in a post-processing
step according to Zaveri et al. (2010).”

5. P33559 L18-20: Overestimations in absorption efficiency would result in un-
derestimates of SSA.
Authors’ response: This error in wording has been corrected. The sentence
has been revised to: “Previous work has clearly demonstrated that calculations of
aerosol optical properties depend upon assumptions about particle mixing state,
with assumptions of uniform internal mixing producing overestimates of absorption
efficiency and underestimates of single scattering albedo.”

6. P33560 L7: please define “rBC” here
Authors’ response: Done. This sentence has been revised to: “...to assess the
mixing state of refractory black carbon (rBC) containing particles derived from ve-
hicle emissions.”

7. P33561 L10: were used
Authors’ response: Done.

8. P33566 L3: Fig. 4e and f
Authors’ response: This error has been corrected in the revised manuscript.

9. P33582 L1: measurement-constrained
Authors’ response: This error has been corrected.

10. Figures: both m™ and /cm?® are used in axis label. Please use the same
style throughout the paper.
Authors’ response: This inconsistency has been fixed, and cm™
in all figures.

3 3

or m—? is used
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Response to Anonymous Referee # 3

Specific comments

We thank Referee #3 for their comments on this manuscript, which have helped
us to more clearly communicate some of the complexities in this work. One issue
which was brought up by all reviewers is the need to incorporate more details and
discussion from the Supplement into the main paper. As a result, sections 2, 3, 4
and 7 of the Supplement have been moved into the main text. Our responses to spe-
cific comments and the corresponding changes to the manuscript are detailed below.

1. Page 33557 Line 10: define “HOA” in the abstract.
Authors’ response: Done.

2. Page 33562, Line 5-7: Please be specific about “these calculations.”
Authors’ response: This sentence has been revised to “...that can impact the
calculation of rBC mass fraction in rBC-containing particles.”

3. Page 33563 Line 19: define “HOA” as this is the first time this term appears

in the main text. Also I suggest that the authors briefly mention the speciation of
the organics in Section 2.1 (e.g., in page 33561, line 14).
Authors’ response: Hydrocarbon-like organic aerosol is now defined at the be-
ginning of the results and discussion section in the revised manuscript. A sentence
has been added to section 2.1 (page 33561, line 14) briefly describing the use of
positive matrix factorisation to separate HOA, oxygenated organic aerosol (OOA),
and biomass burning organic aerosol (BBOA), which is further described in the
results and discussion.

4. Page 33564, Line 13: Are the BC particles in rBC-rich particles coated only
with HOA-material? This statement sounded so but Figure 3 shows that there
certainly are other types of coating materials such as nitrate and sulfate aerosols,
which are often neglected in the discussion. For example, in Section 3.3, the effect
of other (inorganic) coating materials on the modelled bulk particle hygroscopicity
should also be discussed.

Authors’ response: We acknowledge that this is a potentially confusing point,
and we have made an effort to clarify these details related to mixing state in the
main paper. The important point is that rBC-rich and HOA-rich particle classes
from both studies are identified as those related to fresh emissions, and their average
mass spectra from the cluster analysis do not contain detectable inorganic species
(i.e., sulfate and nitrate). The sulfate and nitrate visible in the size distributions
in Figure 3 are associated with more aged particle classes, which are not the focus
of this work. In addition, sulfate and nitrate are correlated with OOA and BBOA
factors from positive matrix factorisation, meaning that these species are associated
with more aged and transported aerosol observed at the sampling sites. Therefore,
when particles are emitted into the box model we consider that they contain rBC
and HOA in varying amounts. The particles are aged in the model and become



mixed with inorganic species, influencing their hygroscopicity, but the different
types of particles emitted into the model are aged in similar ways with respect to
the condensation of inorganic species and therefore no differences in hygroscopicity
are observed after 24 hours. The following sentence has been added to the main
text of the paper in Section 3.2 to make this clearer:

“Positive matrix factorization (PMF) (Zhang et al., 2011; Ulbrich et al., 2009)
indicates three major sources of rBC and organic aerosol in the roadside envi-
ronment: transported biomass burning (BBOA), regional background (OOA), and
traffic emissions comprised of two PMF factors (HOA-rich and rBC-rich factors,
Figure 5c-f). Inorganic species evident in the bulk aerosol size distributions (Figure
3a and b) are largely associated with OOA and BBOA factors, while the traffic-
related factors contain the majority of rBC and HOA. ”

5. Page 33565, Line 11: It is stated that mf,gc in HOA-rich factors is 0.16. I

am a bit confused since in Page 33563 Line 26 the authors stated that the average
mf,gc in HOA-rich particles are 0.03 and 0.05 during the non-roadside and roadside
studies. How are these numbers related?
Authors’ response: The reviewer is correct that there is a difference in the mf,g¢
between HOA-rich particle classes from single particle data, and the HOA-rich PMF
factor derived from ensemble data. The likely cause of this discrepancy is related
to the probability that we observe detectable rBC signals in a single particle. Since
the sensitivity of the SP-AMS to rBC is relatively low (i.e., the sensitivity relative
to ammonium nitrate is 0.2+0.05) it is possible that on a per-particle basis we do
not observe detectable rBC signal, or observe very few rBC ions per particle, and
therefore may underestimate the mf.g¢. In the ensemble data, we are able to average
signals for longer times, thus increasing our probability of observing detectable rBC
signal and increasing mf,gc. In support of this hypothesis, a substantial fraction
of single particles in the HOA-rich class from the roadside study have mf,gc near
zero. But, since we detect some signal associated with these particles, we know that
they must have contained some amount of rBC so that vaporization could occur.
This bias in mf,gc may also be due to incomplete evaporation of rBC-containing
particles in the edges of the laser.

To clarify these differences and also to qualify our conclusion based on this po-
tential measurement bias the following has been added to Section 3.2: “Differences
in mf,gc between single particle and ensemble measurements, especially for HOA-
rich particles that contain a small amount of rBC, may be due to the probability
of rBC detection in a single particle so that single particle mf,gc may be underes-
timated relative to ensemble mf,pc (Lee et al., 2015). 7

6. Section 3.3: It would be good to compare the modelled particle absorption
with the in situ PASS-3 measurement, which was very briefly mentioned in the
method section and should be expanded, to assess the potential bias resulted from
assuming a core/shell morphology using Mie calculation. Were there any scattering
measurements during any or both of the studies? If so, it would be good to compare
the modelled SSA with the measurement.

Authors’ response: Firstly, regarding the lack of detail about the PASS measure-



ments, a new section has been added to the Methods section as follows: “A pho-
toacoustic soot spectrometer (PASS-3, Droplet Measurement Techniques, Boulder,
CO) was used to measure aerosol absorption (b,ps) and scattering (b,ps) coefficients
(Mm™!) at 405 and 781 nm. A 532 nm laser is not installed in this particular
unit. The PASS determines aerosol absorption (Mm™') in a cavity which acts as
an acoustic resonator. The absorption of incoming radiation heats the particles,
which in turn heat the surrounding air in the cavity (Arnott et al., 1999). The
aerosol-laden air thus expands, resulting in a pressure disturbance. By modulating
the laser power at the resonance frequency of the cavity, the pressure disturbance
is amplified and the resulting acoustic wave is measured using a microphone. Light
scattering at both wavelengths is concurrently measured using reciprocal nephelom-
etry (Moosmller et al., 2009; Flowers et al., 2010; Chan et al., 2011). Signals were
not corrected for truncation; however, it should be noted that total particulate
loading is relatively low at this site and saturation was not observed in scattering
signals. The instrument was calibrated using a propane soot generator (miniCAST,
6203A, Jing); since a 532 nm laser was not present in this unit an NO, calibra-
tion was not possible. PASS measurements of the bulk single scattering albedo at
405 nm (selected due to superior signal-to-noise ratio for scattering relative to the
781 nm channel) are used here only to illustrate differences in optical properties in
vehicle plumes with varying composition.”

Secondly, regarding a direct comparison between measured and modelled ab-
sorption and scattering from the PASS, we do not believe that a direct comparison
is viable, and may not be informative of biases introduced by the core-shell as-
sumption, for the following three reasons. First, the modelled SSA is for 550 nm,
while only measurements at 405 and 781 nm were available. Second, we measure
the bulk SSA with the PASS, while we model the SSA of only a subset of the
total aerosol population (i.e., those particles that contain rBC, measured by the
SP-AMS). A sentence has been added to the main text of the paper to clarify this
important difference. Thirdly, a direct comparison of the absorption with total rBC
measured by the SP-AMS may not be quantitatively useful since we are aware that
the SP-AMS has a lower size limit, owing to the aerodynamic lens, that means we
underestimate rBC mass by missing smaller particles (i.e., those below ~80 nm in
vacuum aerodynamic diameter). This is also evident from the sharp decrease in
rBC signals at small size in the size-resolved mass spectra. However, it is important
to note that total rBC from the SP-AMS is well correlated with b,y from the PASS
measurements (this is detailed in Healy et al. (2015)). As noted above, the PASS
measurements of SSA are included only to illustrate that we observe differences in
optical properties in vehicle plumes with varying composition.
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Figure 1. Unit mass

resolution (UMR) spectra of HOA-rich (a) and rBC-rich (b) particle classes identified

by k-means cluster analysis of single particle SP-AMS data acquired in the non-roadside environment. UMR

spectra of HOA-rich (¢) and rBC-rich (d) particle classes identified from single particle data in the roadside
environment. High-resolution mass spectra of HOA-rich (e) and rBC-rich (f) PMF factors from ensemble SP-
AMS data from the roadside study (i.e., for rBC-containing particles only). Examples of UMR spectra collected
at high-time resolution during HOA-rich (g) and rBC-rich (h) plumes (corresponding time series are shown in
Figure[6) during the roadside study. Insets in the lower panels illustrate the UMR spectrum of organic species
(without COy fragments) in the rBC-rich mass spectra. Black and colored sticks represent the fragments of

BC (C;) and organic species(CH;H,C,H,O;)), respectively.
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Figure 2. Particle size distributions from the non-roadside and roadside studies.(a) Mass-based ensemble size
distribution of refractory black carbon (rBC, black), organic species (Org, green), sulphate (SO4, red) and
nitrate (NOg, blue) for the non-roadside study.(b) Mass-based ensemble size distribution from the roadside

study. (c) Ion-signal based single particle size distributions for HOA-rich particle classes from the roadside

filled green) and non-roadside (blue) studies.(d) Ion-signal based single particle size distributions for rBC-
rich particle classes from the roadside (filled green) and non-roadside (blue) studies.The SP-AMS measured

rBC-containing particles only during the roadside study, while both rBC-containing and non-rBC-containing

particles were measured in the non-roadside study.
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Figure 3. (a) & (c¢) The distribution of mfgc (presented as a normalized histogram) in the HOA-rich (a) and

rBC-rich (c) particle classes in roadside (green and black) and non-roadside (blue) environments. Bars and

solid lines represent mfigc calculated from rBC fragments (i.e. C;'), and dashed lines represent the impact
of a 50 % decrease in HOA mass loading, to illustrate the impact of uncertainty in HOA quantification. (b)
& (d) Normalized histograms of mfo,g in the HOA-rich factor (b) and mfigc in the rBC-rich factor (d), i.e.,
frequency distribution showing the fraction of total rBC (HOA) contributed by the rBC-rich (HOA-rch) factor.
Bars represent mfigc calculated by rBC fragments (i.e. Cj), whereas purple dashed lines represent the mfigc
calculated including both CO;" and C; fragments, yielding similar results (see Supplement Sect. 1). Red
dashed lines represent the impact of a 50 % decrease in HOA mass loading, to illustrate the impact of uncertainty

in HOA quantification.
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Figure 4. Two-dimensional histograms (mf;gc vs. particle aerodynamic diameter) of rBC-rich (a) and HOA-rich

b) particle classes. The color scale represents the number of particles in each particle class. The dashed lines

represent the physical thickness (nm) of organic coating on rBC-containing particles determined by modellin

the particles as a core-shell structure. Note that the dy, of model outputs are calculated by the physical diameter
va = d :

and rBC density). To examine the potential effect of fractal structure of ambient rBC particles on predicted

dp) and the density (p,) of particles (i.e., d where p, is the linear combination of mass-weighted HOA

3

coating thickness, the effective density of rBC was varied (green: 0.3 ¢ cm >, white: 0.8 gcm ™2, and red:

13gem??).
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Figure 5. Time series of (a) ensemble organic aerosol and (b) refractory black carbon mass loadings during the
roadside study. Positive matrix factorization (PMF) results for ensemble data (c) to (f): (c) regionally sourced
rBC mixed with oxygenated organic aerosol, (d) biomass-burning organic aerosol mixed with rBC, and traffic-
related rBC in an rBC-rich and HOA-rich factor (e) and (f). Mass spectra of all PMF factors are shown in Fig. S1
in the Supplement.
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Figure 6. Examples of rBC-dominated (a) and organic-dominated (b) plumes observed using the SP-AMS with
high-time resolution (1 Hz) sampling, with measurements of single scattering albedo (SSA) at 405 nm from a
photoacoustic soot spectrometer (PASS-3). Gaps in SP-AMS data correspond to periods used for the subtraction

of gas-phase contributions from particle signals. Mass spectra shown in Figure [[(g) and (h) correspond to

plumes in (b) and (a), respectively.
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Figure 7. Evolution of dry mf,gc for the measurement-constrained (a) and uniform initial (b) mixing state cases.

See Methods and Supplement Sect. 3 for a description of the model input parameters. Evolution of volume

absorption (Babs), scattering (Bicar) and extinction (Bey) coefficients at 550 nm (c), and single scattering albedo

(SSA) at 550 nm over the 24h simulation period (d) for measurement constrained (solid lines) and uniform

initial mixing state (dashed lines) cases.
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