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1 SP-AMS measurements of rBC and non-refractory aerosol species

The SP-AMS was calibrated for refractory black carbon (rBC) quantification using size-
selected (300 nm), dried Regal Black (Regal 400R Pigment, Cabot Corp.) particles to
determine the mass based ionization efficiency of rBC (mIErBC) (Onasch et al., 2012; Willis
et al., 2014). The relative ionization efficiency for rBC (RIErBC = mIErBC/mIENO3

) was
0.2±0.05 (1σ uncertainty), as experimentally determined before removal of the tungsten
vaporizer. Assuming that RIErBC is constant, IENO3

was calculated based on measured
values of mIErBC and known RIErBC. The average mIErBC was 189±20 ions/pg (for four
independent calibrations throughout the study). Calculated IENO3

was then used with
recommended relative ionization efficiencies (RIE) to quantify other, non-refractory, aerosol
species associated with rBC (referred to as NR-PMrBC) (Jimenez et al., 2003).

Uncertainty in rBC mass measurement (i.e., mIErBC), associated with the accuracy of
selecting a known mass of Regal Black for calibration and counting the total number of
particles, is ±20%. Uncertainty in mIENR−PM (RIENR−PM), based on mIErBC, is ±50%.
Previous measurements of laboratory generated particles and ambient aerosol has suggested
that RIENR−PM could be overestimated by up to a factor of two, resulting in an approx-
imately 50% overestimation in NR-PM mass for hydrocarbon-like organic aerosol (HOA)
species (Lee et al., 2015; Willis et al., 2014). Figure 2a and c of the main text shows his-
tograms of the mass fraction of black carbon (mfBC) for the “standard” RIENR−PM (i.e.,
1,4, solid bars) and calculated by decreasing HOA mass by 50% (red dashed lines). Simi-
lar data are shown in Figure S1 for the non-roadside study. For the roadside study, these
assumptions increase average mfBC in BC-rich particles from 0.86 to 0.92, and from 0.02 to
0.03 in HOA-rich particles. Further uncertainties is absolute rBC mass measurement and
mfBC arise from the attribution of “refractory COx

+” species (i.e., CO2
+ and CO+ as rBC

or organic species)(Corbin et al., 2014). In addition, the signal for CO+ is conventionally
estimated as equal to CO2

+ in AMS measurements based on laboratory measurements of
oxygenated organic fragmentation patterns. However, we may underestimate the CO+:C3

+

ratio since this assumption may not be accurate for SP-AMS measurements if COx
+ signals

arise from oxygenated moieties on the black carbon surface. Attribution of COx
+ signals

has minimal impact on our results, as shown in Figure 2b and d of the main text, where
the fraction of total BC (HOA) from BC-rich (HOA-rich) particles is shown assuming COx

+

species are either exclusively organic (solid bars) or rBC (dashed purple lines). COx
+ sig-

nals are conventionally removed from single particle data, due to air interferences in the
unit mass resolution spectra, so a similar calculation was not possible in Figure 2a and c of
the main text.

Collection efficiency (CE) for rBC-containing particles detected in the SP-AMS is de-
termined by the extent of particle beam - laser beam overlap, or the fraction of particles
crossing the IR-laser beam (Willis et al., 2014). CE for rBC-containing particles was de-
termined in the roadside study using beam width probe measurements described in Willis
et al. (2014). Ambient rBC-containing particles had an average beam width σ = 0.46±0.03
mm, which is close to, but wider than that of 300 nm Regal Black particles (σ = 0.40±0.08)
used for calibration (Willis et al., 2014). Ideal absolute quantification of rBC would involve
a time dependent CE either from more highly time resolved measurements of particle beam
width, or from comparison with rBC coating thickness derived from a single particle soot
photometer (SP2), neither of which were available here. Previous work has suggested that
the collection effiency for rBC and associated coating species is similar (i.e., the same CE
can be applied) (Willis et al., 2014). For these reasons a constant collection efficiency of
0.6 was applied for absolute quantification of rBC and associated species. SP-AMS rBC
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mass loadings (both denuded and ambient) correlated well (R2 >0.90) with absorption mea-
surements (781 nm) from a co-located photoacoustic soot spectrometer (PASS-3, Droplet
Measurement Techniques, Boulder, CO) (Healy et al., 2015), suggesting that the CE did
not vary dramatically during the roadside study. Note that the CE applied will not impact
calculations of mfrBC.
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2 Single particle observations - Non-roadside study

During the non-roadside study both the laser and tungsten vaporizers were used in the
SP-AMS, such that rBC-containing and non-rBC particles were detected (Lee et al., 2015).
Mass spectra and histograms of mfrBC for HOA- and rBC-rich particle classes from the
non-roadside study are presented in Figure S1 and size distributions are shown in Figure
S3.

Figure S1: Single particle data from the non-roadside study: Mass spectra of HOA- (a) and
rBC-rich (c) particle classes and normalized histograms of the mass fraction of rBC in the
HOA- (b) and rBC-rich (d) classes. Solid lines represent mfrBC calculated using an RIEOrg

of 1.4 for HOA and dotted lines represent mfrBC values calculated assuming that HOA mass
was 50% lower, to represent an estimate of the uncertainty range in mfrBC.
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3 Estimation of coating thickness

With single particle detection capability, the LS-SP-AMS observations can be used to quan-
tify the thickness of organic and inorganic coating on individual rBC-containing particles.
This calculation focuses on determining the thickness of HOA coating derived from traffic
emissions; however, oxygenated organic aerosol (OOA) and secondary inorganic species are
mixed with rBC in accumulation mode particles in both urban studies (Lee et al., 2015).
Transport of biomass burning organic aerosol (BBOA) was also observed during the later
period of the roadside study (see Figure 4 of the main text).

A core-shell structure is assumed to determine the thickness of HOA coating on rBC-
containing particles. The following assumptions are made in the calculation: a spherical rBC
core, a uniform thickness of coating, and an HOA density of 0.9 g/cm3. To simulate the
fractal structure of ambient rBC, the effective density of rBC (ρeff,rBC) was varied between
0.3 and 1.3 g/cm3, values which have been observed for laboratory soot standards and engine
exhaust (Maricq and Ning, 2004; Gysel et al., 2011). Figure S2 presents the two-dimensional
histograms (mfrBC vs. particle aerodynamic diameter, Dva) of rBC- 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 ρeff,rBC (Figure S2, dashed line in green: 0.3 g/cm3, white: 0.8 g/cm3, and
red: 1.3 g/cm3). Note that the Dva of model outputs are calculated by the physical diameter
(dp) and the density (ρp) of particles (i.e., Dva = dp · ρp where ρp is the linear combination
of mass-weighted HOA and rBC density).

The comparisons suggest that rBC-rich particles are thinly coated by HOA-like material
(Figure S2a). For example, a 200 nm (Dva) rBC-rich particle (i.e., physical particle diameter
∼245 nm, assuming ρeff,rBC = 0.8 g/cm3) that consists of 72-86% of rBC by mass (the average
mfrBC of rBC-rich particles) would be covered by 5-11 nm of HOA-like coating. In contrast,
HOA-rich particles (if they contain rBC) have small rBC core sizes (Figure S2b). A 300 nm
(Dva) HOA-rich particle (i.e., physical particle diameter ∼335 nm, assuming ρeff,rBC = 0.8
g/cm3) that co-exists with a small amount of rBC mass (3-4% by mass, the average mfrBC

of HOA-rich particles) has an rBC core size of 108-119 nm and a thick HOA coating (113-
108 nm). These two examples illustrates that the coating thickness of HOA- and rBC-rich
particles can be very different.
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Figure S2: Two-dimensional histograms (mfrBC 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 a core-shell structure model.
To examine the potential effect of fractal structure of ambient rBC particles on predicted
coating thickness, the effective density of rBC was varied (green: 0.3 g/cm3, white: 0.8
g/cm3, and red: 1.3 g/cm3) in the model calculations.

4 Ensemble and single particle size distributions

Figure S3: (a) Mass-based ensemble size distributions of rBC, organics, sulfate and nitrate
in the non-roadside study. Ion signal-based single particle size distributions of (c) HOA-rich
and (b) rBC-rich particle classes in the non-roadside study. Note that the LS-SP-AMS was
operated in different vaporizer configurations in the non-roadside and roadside studies as
discussed in the Methods section.
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5 Positive matrix factorization (PMF) of ensemble measurements - Roadside

study

Positive matrix factorization (PMF) was performed on the one-minute time resolution SP-
AMS ensemble data to determine the sources of rBC and organic aerosol sampled in the
roadside study. The bilinear model was solved using the PMF2 algorithm developed by
P. Paatero (Paatero and Tapper, 1994; Paatero, 2007), in robust mode, and a four-factor
solution was selected using an Igor Pro (v. 6.36, WaveMetrics, Inc.) based evaluation
tool (v.2.04) according to the method described by Ulbrich et al. (2009) and Zhang et al.
(2011). Time series and mass spectra of the four PMF factors are presented in Figures 4
of the main text and S4. A four-factor solution was selected as appropriate for this data
set based on examination of the PMF quality of fit parameter (Q/Qexpected) as a function
of the number of PMF factors (Figure S5). Increasing the number of factors from three to
four allowed for the separation of HOA-rich and rBC-rich factors, the physical meaning of
which is supported by the observation of HOA-rich and rBC-rich particle classes from single
particle measurements.

Figure S4: Ensemble data: Mass spectra of the four-factor PMF solution. The four factors
represent (a) background oxygenated organic aerosol (OOA), (b) biomass burning organic
aerosol (BBOA), (c) rBC-rich particles, and (d) hydrocarbon-like organic aerosol (HOA)
rich particles.

6 Determination of PartMC-MOSAIC model input parameters

6.1 Step 1: Determine the mass-based ensemble size distributions of rBC and

HOA from fresh traffic emissions

Figure S6 shows the size distributions of rBC and organic excluding periods with a strong
influence from biomass burning. The size distributions were fitted with three log-normal
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Figure S5: The PMF quality of fit parameter (Q/Qexpected) as a function of the number of
factors.

distributions with maximum Dva at 96.0 (peak 1), 173.4 (peak 2) and 390.8 nm (peak 3)
for both rBC and organics using the multi-peak fitting package in IGOR Pro version 6.36
(WaveMetrics, Inc.). Assuming peak 3 for both rBC and organics represents aged particles
in the accumulation mode, Peaks 1 and 2 are used to represent the size distributions of the
rBC and HOA originating from fresh traffic emissions.

Figure S6: Size distributions of rBC (top) and organic (bottom) excluding the strong biomass
burning event (red lines). The dashed lines represent the peak fitting results.
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6.2 Step 2: Determine the mass-based ensemble size distributions of rBC in

rBC-rich and HOA-rich particle types

According to Figure 2d in the main text, rBC-rich and HOA-rich particle types accounted
for approximately 93% and 7% of the total rBC mass, respectively. The contribution of rBC-
rich and HOA-rich particle types to the total rBC mass in peak 1 and 2 can be calculated
using Eq. 1 and 2, respectively. The calculation results are shown in Figure S7.

rBC(Peaki,rBC−rich) = rBC(Peaki,total) · 0.93 (1)

rBC(Peaki,HOA−rich) = rBC(Peaki,total) · 0.07 (2)

where i is the peak number from step 1 (i.e. Dva at 96.0 nm = peak 1 and 173.4 nm = peak
2).

Figure S7: Size distributions of rBC in rBC-rich (top) and HOA-rich (bottom) particle
types. The accumulation mode particles (i.e. peak 3 identified in step 1) are excluded in
the calculation.

6.3 Step 3: Determine the mass-based ensemble size distributions of HOA in

rBC-rich and HOA-rich particle types

According to Figure 2c in the main text, rBC accounted for about 86% of total mass in the
rBC-rich particles. The mass of HOA materials in rBC-rich and HOA-rich particle types in
peak 1 and 2 can be calculated using Eq. 3 and 4, respectively. The calculation results are
shown in Figure S8.

HOA(Peaki,rBC−rich) =
rBC(Peaki,rBC−rich)

0.86
· 0.14 (3)
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HOA(Peaki,HOA−rich) = HOA(Peaki,total) − HOA(Peaki,rBC−rich) (4)

where i is the peak number from step 1 (i.e. Dva at 96.0 nm = peak 1 and 173.4 nm = peak
2)

Figure S8: Size distributions of HOA in rBC-rich (top) and HOA-rich (bottom) particle
types. The accumulation mode particles (i.e. peak 3 identified in step 1) are excluded in
the calculation.

6.4 Step 4: Determine the mass-based ensemble size distributions of rBC-rich

and HOA-rich particle types

The total size distributions of rBC-rich and HOA-rich particle classes can be calculated
using Eq. 5 and 6 (i.e. summation of the rBC and HOA mass in each particle type). The
calculation results are shown in Figure S9.

Total(Peaki,rBC−rich) = rBC(Peaki,rBC−rich) + HOA(Peaki,rBC−rich) (5)

Total(Peaki,HOA−rich) = rBC(Peaki,HOA−rich) + HOA(Peaki,HOA−rich) (6)

where i is the peak number from step 1 (i.e. Dva at 96.0 nm = peak 1 and 173.4 nm = peak
2)

6.5 Step 5: Calculate the number-based size distribution parameters as model

inputs

The mass-based geometric diameter and geometric standard deviation of each peak for both
rBC-rich and HOA-rich particle types are calculated based on the lognormal fitting param-
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Figure S9: Size distributions of rBC-rich (top) and HOA-rich (bottom) particle types. The
accumulation mode particles (i.e. peak 3 identified in step 1) are excluded in the calculation.

eters obtained from Steps 2 to 4 using IGOR Pro. After that, the mass-based geometric
diameter can be transformed to the number-based geometric diameter using Eq. 7 (Seinfeld
and Pandis, 2006). Note that the geometric standard deviations of mass- and number-based
distributions are the same. The calculation results are shown in Table S1.

lndpgM = lndpgN + 3ln2σg (7)

where dpgM = particle mass− based geometric diameter
dpgN = particle number− based geometric diameter
σg = geometric standard deviation

The mass-based (or volume-based) peak area obtained from lognormal fittings can be
transformed to the number-based parameters using the following approach. The calculation
results are shown in Table S1. The derived parameters can be used to constrain the ratio
of rBC-rich and HOA-rich particle emission rates in the model stimulation.

The total volume (V) of a size distribution is:

V =

∫ ∞
0

nv(dp)d(dp) =

∫ ∞
0

π

6
d3
pn(dp)d(dp) (8)

where dp is the particle diameter. Generally, the k-th moment (Mk) of a distribution is:

Mk =

∫ ∞
0

dkpn(dp)d(dp) (9)

The total volume is proportional to the third moment of the distribution. Combining Eq.8
and Eq. 9 and assuming spherical particles:
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Table S1: Aerosol initial conditions and emissions for the measurement-constrained case.
The symbol N denotes the total number concentration of the initial aerosol population in
each log-normal mode, E is the flux of emitted particles, which is constant with time for the
first 12 h of simulations and then stops, mfBC and mfHOA are the average values of BC and
primary organic carbon mass fraction of the particles, and σBC and σHOA are the standard
deviations around that mean

Quantity

rBC-rich
particles
(Peak 1,

BC1)

rBC-rich
particles
(Peak 2,

BC2)

HOA-rich
particles
(Peak 1,
HOA1)

HOA-rich
particles
(Peak 2,
HOA2)

mfBC 0.86 0.86 0.03 0.03
mfHOA 0.14 0.14 0.97 0.97
σBC 0.14 0.14 0 0
σHOA 0.14 0.14 0 0

dpgM (nm) 101.0 202.4 101.0 202.4
σ∗g 1.25 1.48 1.25 1.48

dpgN (nm)∗ 86.7 128.6 86.7 128.6
Particle

mass-based peak
area from

log-normal fitting

68.78 77.64 28.22 105.76

Particle
number-based

parameters (N)
from Eq.11

1.97× 1011 4.35× 1010 7.45× 1010 5.38× 1010

N (m−3)∗ 1.97× 109 4.35× 108 7.45× 108 5.38× 108

E (m−2 s−1)∗ 2× 107 4.42× 106 7.56× 106 5.46× 106

∗Data used as model input
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V =
π

6
M3 (10)

For a log-normal distribution, the integral for the k-th moment can be evaluated analytically:

Mk =

∫ ∞
−∞

dkpn · (lndp)d(lndp) = Ndkpg · e
k2

2
lnσg

(11)

The third moment of a mode is proportional to particle volume (or mass), and the particle
number-based parameters (N) can be determined using Eq. 11 if dpg and σg (geometric
diameter and standard deviation of the particle number distribution) are available.

7 Particle-resolved aerosol box model simulations

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 setup 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 simulation is about 105. The total simulation time is
24 h, with a simulation start of 06:00 local standard time (LST). The initial gas phase
concentrations and the dilution with the background gas and aerosol are the same as in
Zaveri et al. (2010). In contrast to Zaveri 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. We also reduced the gas phase emissions by a factor of two compared to Zaveri
et al. (2010) to create more moderately polluted conditions. The initial aerosol population
was sampled from log-normal size distributions fitted from the measurement data, as shown
in Table S1. To fully exploit the information supplied by the observations, we introduced a
new method of sampling the aerosol composition.

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 w = [wBC, wHOA]>. 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 bf is the mean mass fraction vector from Table S1. We write
Σ for the diagonal covariance matrix with diagonal entries (σi)

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 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 1 using an accept-reject procedure.

Algorithm 1 Composition sampling

1: repeat
2: x← N (mf ,Σ)
3: w← x + (1− 1>x)mf
4: until wi ≥ 0 for all i

Algorithm 1 has 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, as can be seen from
1>w = 1>x+(1−1>x)1>mf = 1>x+1−1>x = 1, assuming that the mean mass fractions
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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 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 mfi and σi, 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. (5) Finally, the algorithm will terminate with
probability one, under the conditions that that the mean mass fractions sum to one and each
σi is non-negative and zero only if the corresponding mfi is non-negative. This last property
can be seen by first considering the set A of x that will result in 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 = p + αmf for p in the
probability simplex and any scalar α results in w = p, so that the entire probability simplex
is be thus obtained from A. The conditions on mf and the σi 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 iid 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
BC-rich and HOA-rich particle classes, as the observations indicate. Both classes consist
of two modes, which amounts to four modes in total, as listed in Table S1. 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.

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 (Ta-
ble S2). 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 optical properties and CCN activation properties.

Figure S10 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 at t = 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 the composition of each particle in the aerosol population. Not
shown on this figure is the aerosol water content. While the particles start out dry, they
take up water around t = 6 h when nitrate formation begins.

We calculate the optical properties at a wavelength of 550 nm and the critical super-
saturations 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 Toon, 1981) to determine the extinction and scattering
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Table S2: Aerosol initial conditions for the uniform initial mixing state case.

Quantity Mode1 Mode2
dpgN (m) 8.67 1.29

σg 1.25 1.48
N (m−3) 2.72× 109 9.73× 108

E (m−2 s−1) 2.76× 107 9.88× 106

mfBC 0.44 0.44
mfHOA 0.56 0.56
σBC 0 0
σHOA 0 0

cross sections for each particle in the population. From these values, the volume extinction,
scattering, and absorption coefficients can be reconstructed as shown in Figure 4 of the
main manuscript. Note that we assume all primary and secondary organic substances to be
non-absorbing, hence we do not consider any effects due to brown carbon.

To determine the critical supersaturations, we employ κ-Köhler theory (see Zaveri et al.
(2010) for details). Based on the critical supersaturation values of each particle in the pop-
ulation, we construct CCN spectra, as shown in Figure S11 for different times throughout
the simulation. As the simulation progresses, the CCN/CN fraction at low values of crit-
ical supersaturation increases, since the the particles become more hygroscopic due to the
condensation of secondary aerosol material. Since both primary organic carbon (κ = 0.001)
and black carbon (κ = 0) are model species with similar and low hygroscopicity parameters,
the differences between the uniform case and the measurement-constrained case are small,
and the two CCN spectra are almost indistinguishable.

Figure S10: Mass concentrations of bulk aerosol species over the 24h simulation period in
both the uniform initial and measurement constrained mixing state cases.
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Figure S11: Modelled CCN spectra over the 24 hour simulation period for the uniform initial
mixing state (dashed lines) and measurement constrained (solid lines) cases.
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