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Abstract

The mixing state of black carbon (BC) affects its environmental fate and impacts. This work investigates
particle diversity and mixing state for refractory BC (rBC) containing particles in an urban environment.
The chemical compositions of individual rBC-containing particles were measured, from which a mixing
state index and particle diversity were determined. The mixing state index () varied between 26 % and
69% with the average of 48% in this study, and was slightly enhanced with the photochemical age of air
masses, indicating that most of the rBC-containing particles cannot be simply explained by fully externally
and internally mixed model. Clustering of single particle measurements was used to investigate the
potential effects of different primary emissions and atmospheric processes on rBC-containing particle
diversity and mixing state. The average particle species diversity and the bulk population species diversity
both increased with primary traffic emissions and elevated nitrate concentrations in the morning but
gradually decreased with secondary organic aerosol (SOA) formation in the afternoon. The single particle
clustering results illustrate that primary traffic emissions and entrainment of nitrate-containing rBC
particles from the residual layer to the surface could lead to more heterogeneous aerosol compositions,
whereas substantial fresh SOA formation near vehicular emissions made the rBC-containing particles
more homogeneous. This work highlights the importance of considering particle diversity and mixing
state for investigating the chemical evolution of rBC-containing particles and the potential effects of

coating on BC absorption enhancement.
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1. Introduction

Black carbon (BC) emitted from incomplete combustion affects air quality and climate. BC is the major
light absorber in ambient particles, contributing substantially to positive radiative forcing on both regional
and global scales." 2 Microscopic imaging techniques have provided direct evidence that BC can be
internally mixed with other aerosol species in the atmosphere * 4, which can modify the physio-chemical
properties of BC-containing particles and hence their environmental fate and impacts.>® In particular,
organic aerosol is often internally mixed with BC; this mixing may enhance light absorption of BC
particles depending on the degree and types of atmospheric processing.”'> While primary organic aerosol
(POA) coating can be co-emitted with BC aggregates from combustion processes >4, secondary organic
aerosol (SOA) can condense on BC particles, altering BC morphology from highly fractal to compact

structures and thus their aecrodynamic and deposition characteristics.!"> 1313

A parameterization approach has been developed to provide a quantitative description of particle diversity
and mixing state.'®!” This approach requires chemical characterization of atmospheric particles on the
single particle level as a model input. However, quantification and characterization of tiny amounts of
chemicals in submicron single particle is an analytical challenge. Recent studies have successfully applied
different single particle spectro-microscopy techniques to determine the particle mixing state as well as
the morphology of carbonaceous and inorganic aerosol components on collection substrates.'® 2022 Real-
time single particle mass spectrometry is another advanced analytical approach that has been utilized to
measure chemical composition of individual particles in urban environments 2323 and to identify the
influence of different anthropogenic emissions and atmospheric processing on the particle diversity and
mixing state.!”!” Ye et al. !° recently investigated the evolution of mixing state of primary and secondary
aerosol across the urban scale using single particle mass spectroscopy on a mobile platform. They reported
that the particle mixing state in the city center showed large spatial heterogeneity that is mostly driven by
local emissions, whereas particles were more internally mixed in the upwind and downwind of the urban

arcas.

Despite the fact that BC particles and its coating compositions can have substantial impacts on the optical
and physio-chemical properties of atmospheric particles, our current understanding of BC-containing
particles mixing state and their evolution caused by different emissions and atmospheric aging are rather

qualitative. Recent development of Aerodyne soot-particle acrosol mass spectrometer (SP-AMS) allows
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detection of refractory BC (rBC, an operationally defined term?®) and its associated coating composition
exclusively. 2732 With the single particle characterization capability integrated into the SP-AMS, this study
aims to investigate the influence of primary emissions and secondary aerosol species formation on the
rBC-containing particle diversity and mixing state near vehicular emission in Fontana, California, which
is located in the broader South Coast Air Basin and includes the greater Los Angeles area. While positive
matrix factorization (PMF) of ensemble data reported in Lee et al. 2® identified the major sources of BC-
containing particles, this work reports new results from cluster analysis of single particle data and particle
diversity and mixing state calculation based on the algorithm developed by Reimer and West 6. The
observations provide insight into the chemical evolution of BC-containing particles due to traffic

emissions and atmospheric processing and BC absorption enhancement due to the presence of coatings.

2. Experimental Method

2.1 Sampling location and period

Measurements were performed from 5 to 28 July 2015. The sampling site managed by South Coast Air
Quality Management District was located at 14360 Arrow Highway in Fontana, California (34.100 N,
117.490 W). The sampling site was surrounded by a few highways and was strongly influenced by
vehicular emissions and the broader urban plume. Air pulled through a custom-made isokinetic inlet was
dried using diffusion driers and subsequently distributed to different particle instruments. The details of
meteorological conditions and other particle instruments have been reported in detail by Chen, et al. *3. This
study focuses on the results from a SP-AMS (Aerodyne Research). Two nitrogen oxide analyzers (Model
42i and 42i NOy, Thermo Fisher Scientific) were used to measure NOx and NOy that can be used to
calculate photochemical age (PCA) of air masses. The molybdenum converter in the 42i nitrogen oxide
analyzer was replaced by an UV-LED photolytic NO2 converter (Air Quality Design) to improve the

accuracy of NO2 measurement.

2.2 Soot particle aerosol mass spectrometer

The working principle of SP-AMS has been reported by Onasch et al. ?°. The SP-AMS here was operated
such that only rBC and non-refractory aerosol species coated on rBC (referred to as NR-PMsc) are
vaporized and detected.?*? The resulting vapour is ionized via 70 eV electron impact and then detected

by a high-resolution time-of-flight mass spectrometer with a mass resolving power of ~2000 at m/z 28.3*
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35 An efficient particle time-of-flight system (ePToF) was used for measuring aerosol size distributions.
The SP-AMS was operated alternating between ensemble mode (i.e., average mass spectrum and PToF
size distribution) and event trigger single particle mode (ETSP, i.e., single particle mass spectrum with
unit mass resolution (UMR) and PToF size, Section 2.3). Data processing procedures, PMF analysis,
calibration, collection efficiency correction and uncertainties of ensemble measurements have been
reported in detail by Lee et al. 2%. Note that our calibration and collection efficiency correction approach

likely lead to over quantification of the NR-PM:sc mass loadings, representing their upper limits.?# 8- 36

2.3 Single particle detection and data processing

The single particle mode (ETSP) has been previously used for investigating sources, atmospheric
processing and emission characteristics of aerosol particles.'”3’? The detail of ETSP settings (including
the “Region of Interest” (ROI) for trigger detection and the threshold values of each ROI) can be found in
the supporting information. Tofware (version 2.4.5) was used to pre-process the ETSP raw data and
generate input data for identifying real single particle events using a Cluster Input Preparation Panel
(CIPP) as previously described.?* The CIPP has been used to analyze single particle data measured by

Aerodyne AMS equipped with a light scattering module 2% 334041

and has been modified to analyze ETSP
measurements.'®373% A simplified version of fragmentation table was used to quantify the ion signals of
NR-PM:sc and rBC. The RIE values reported in Lee et al. 2® were used to convert the ion signals to the
mass fraction of each chemical component in individual particle. The minimum ion threshold was
calculated within the two particle-free dva regions (Figure S2) for identifying real single particle events

within the expected dya region (i.e., 50-1200 nm).*?

The output from CIPP was used for performing cluster
analysis to investigate the mixing state of all the real particles using a Cluster Analysis Panel (CAP) with
the built-in k-means algorithm in IGOR Pro (WaveMetrics Inc., version 6).2%2%40 All single particle mass
spectra were normalized by their total ion signal, and solutions with up to 20 clusters were tested. The
details of single particle detection and data processing procedure can be found in the supporting

information.

2.4 Particle diversity and mixing state calculation
The mass fraction of each chemical component in individual particles and the ensemble-average
composition were used to calculate the different diversity parameters and mixing state index (y) of rBC-

containing particles based on the approach described by Riemer and West '°. Only the four major NR-
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PM:sc including sulfate, nitrate, ammonium, organic and rBC that can be measured by the SP-AMS were
used to determine the number of chemical species for calculating these parameters. The single particle
diversity (Di) characterizes effective number of species in each particle, ranging from 1 to the number of
chemical species involved in the calculation, which is equal to 5 in this work. For examples, Di = 1 when
the particle consists of a single pure species and Di = 5 when the particle is composed of equal amount of
all five species; if the relative abundances of the five components differ the Di < 5.!¢ Alpha diversity (Dy)
and gamma diversity (Dy) characterize the average effective number of species in each particle and in the
bulk population, respectively. In this work, Dy =1 (i.e., minimum) when all particles are pure and D, =5
(i.e., maximum) when there are equal bulk mass fractions of all species. Dy cannot less than D, and Dg =
D, when all particles have identical mass fractions.!® The mixing state index is defined as (Dg—1)/(Dy~1)
which measures the homogeneity of the particle population. It ranges from 0% when all particles are pure
(i.e., a fully externally mixed population) to 100% when all particles have identical chemical compositions

(i.e., a fully internally mixed population).'®

In this work, the Di of each individual particle and the corresponding hourly-averaged D, were calculated
from single particle events and the mass fractions of each component in individual particles calculated in
the data pre-processing step using CIPP. Hourly-averaged D, were calculated using the mass concentration
of each chemical species measured in the ensemble mode. In general, the single particle detection
efficiency in the ETSP mode decreases with decreasing particle size. The ETSP-derived mass-based size
distributions were corrected for the fall off in detection efficiency at smaller sizes for the calculation of
Do (see the supporting information). Figure S4 shows that the hourly-average of the corrected single-
particle total signals is strongly correlated with the total mass concentrations of ensemble data (r*> = 0.73).
The corrected data was used to calculate the mass fraction of individual particle in the bulk population

and subsequently Dg.

3. Results and Discussion

The entire sampling period can be divided into four categories based on the meteorological parameters

and anthropogenic activities.?® 333 As reported in Lee et al. 2, during July 11-17 and 21-28, the weather
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was relatively hot and dry, referred to as the hot period hereafter. The observations during the hot period

show regular diurnal patterns for rBC and NR-PM:sc and will be the focus of the following discussion.

3.1 Overview of SP-AMS ensemble measurement

Figure la shows the average diurnal cycles of rBC and NR-PM:sc during the hot period. A detailed
discussion of these diurnal patterns was provided by Lee et al. 2%, In brief, the mass loadings of rBC peaked
in the morning rush hours mainly due to the combined effects of local traffic emissions, advection, and
the rising boundary layer. The diurnal patterns of Organic-to-rBC (Org/rBC) ratio were primarily due to
POA co-emitted from nearby traffic in the morning and SOA formation on rBC in the afternoon. In
particular, using —log (NOx/NOy) as a proxy for the photochemical age (PCA) of air masses (Figure 1b)
and Org/rBC as an indicator for SOA formation, fresh SOA coating materials were formed on rBC
particles due to active photochemical reactivity of the atmosphere in the afternoon. The secondary nature
of organic coatings was supported by the diurnal cycles of O/C, H/C and average carbon oxidation state

(OS¢) of total OA (Figure 1c).

Nitrate (NO3") and ammonium (NH4") diurnal patterns correlated strongly with each other, and their mass
loadings increased slowly over the night, with more rapid increase after 07:00 local time (LT), and
maximum levels at ~10:00-12:00 LT. This behavior could result from time-varying contributions of
different NO3™ formation mechanisms, including daytime photochemically driven production near sources
(e.g., OH radical oxidation of NO2) and nighttime formation (e.g., N2Os chemistry) in the residual layer
followed by entrainment of the nitrate-containing rBC particles into the surface mixed layer as the mixed
layer height increased. Note that the nighttime formation and particle entrainment mechanism could be
more important to explain the observed NO3™ with relatively large particle size in this work. The decrease
of particulate NH4NO3 concentrations after noon likely results from the combined effects of boundary
layer break up and evaporative loss at the increasing temperature during the day. Sulfate (SO4>") remained
in low concentrations with a relatively modest pattern. Chloride (Cl) also peaked in the morning rush

hours and was likely due to condensation of HCI vapor that was subsequently neutralized by NHa.

3.2 Influence of primary and secondary emissions on particle diversities and mixing state
OA was the dominant component of NR-PM:sc, and hence emissions and atmospheric processes that led

to elevated concentrations of any aerosol components other than OA could affect D, and D,. In particular,
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Dq and D, increased with the mass fraction of NOs3™ in rBC-containing particles (Figure 2a), indicating
that the NO3 and NH4" peaks observed in the morning enhanced the effective number of species in both
individual particle and the overall particle population (Figure 1a and b). Furthermore, D, and Dy increased
with rBC, POA and CI" concentrations during the morning rush hours. This result provides direct field
evidence that fresh vehicular emissions enhance the diversities of rBC-containing particles although more
than one types of particles with different degree of mixing state were likely associated with traffic (see
Section 3.3).2*2%:2% On the contrary, substantial fresh SOA coating formation coupled with a decrease in
the emissions into a larger boundary layer in the afternoon led to reduction of Dy and Dy, consistent with
our observations that formation of other secondary species such as NO3™ and SO4™ on rBC particles were

small in the afternoon and they only accounted for a small fraction of total NR-PM:sc.

Figure 2b and 2c further illustrates the diurnal changes in D, as a function of PCA and coating thickness
of rBC (Rcoat-Bc = NR-PM:sc/rBC from the ensemble data), respectively. Firstly, the PCA remained low
between 00:00 and 12:00 LT. The increasing contributions of rBC emissions from traffic (with Reoat-Bc =
4-5) resulted in a small enhancement of Dy (starting from 5:00 LT). The value of D, remained at ~2.8 until
12:00 LT due to the combined effects of the decreasing concentrations of rBC and the increasing
concentrations of NH4NO3 (i.e., Reoat-BC increased to ~6). Secondly, D, dropped gradually from 2.8 to 2.2
with the increasing PCA, corresponding to the period with significant fresh SOA coating formation in the
afternoon (i.e., Reoat-Bc increased to ~9). Afterwards, Dy increased slightly with the decreasing PCA from
18:00 to 00:00 LT. During this period, the SOA coating mass concentrations declined continuously and
rBC and other NR-PM:sc species remained in relatively low concentrations (i.e., Reoat-Bc decreased to ~4—
5). Such observations likely result from the combined effects of reduction of fresh SOA coating formation
in the evening, fresh rBC-containing particle emissions into the shallower nocturnal mixed layer and
atmospheric dilution by air masses 2* ** that might carry rBC-containing particle with higher D, values
(e.g., mixtures of diluted local traffic emissions and aged particles). Figure 2b and 2c¢ summarizes
emissions and atmospheric processes that can lead to the observed diurnal variation of Dy as a function of

PCA and Rcoat-Bc, respectively. The similar diurnal changes in D, in response to PCA was observed.

The mixing state index () was calculated to determine the heterogeneity of the particle population. Figure

2a shows that the hourly-averaged y varied between 26 % and 69 % with an average of 48% within the
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hot period. The observed range of  indicates that the rBC-containing particle population measured during
this campaign cannot be simply described by either fully internally (y = 100%) or externally mixed (y =
0%) model. The diurnal pattern of y exhibited an enhancement from ~45% to ~50% when SOA coating
formation became more substantial in the afternoon (Figure 1b). Although both NOs™ and SOA are
secondary aerosol species, our results highlight that fresh SOA coating formation could enhance the
homogeneity of the rBC-containing particle population (more internally mixed), whereas nitrate-
containing rBC particles that were transported from the residual layer to the surface could result in more
heterogeneous particle population (more externally mixed). The mixing state showed relatively large
deviations during the morning rush hours likely caused by more diverse particle types emitted from traffic.
The characteristics of specific particle types that were associated with NOs™ and SOA coating formation

and primary traffic emissions will be discussed in Section 3.3.

3.3 Identification of particle types and their connection to the observed particle diversities

Seven types of particle were identified based on the clustering of ETSP measurements (Figure 3). These
are used to further investigate the potential impacts of specific particle emissions and secondary aerosol
formation mechanisms to the observed particle diversities and mixing states. Three particle types, referred
to as HOA (hydrocarbon-like OA), rBC and K (potassium) classes, that were mainly originated from
primary traffic emissions (i.e., the morning rush hour peaks) were observed. Their diurnal cycles (Figure
30, p and q) were consistent with those of HOA- and rBC-rich factors determined from the PMF analysis
of ensemble measurements.?® While the mass spectrum of HOA-class particles was dominated by the
hydrocarbon fragments (e.g., CxHy" at m/z 41, 43, 55, 57) and was similar to that of HOA-rich factor, the
rBC and K classes comprised more refractory carbon (e.g., Cx" at m/z 12, 24, 36) and perhaps oxygenated
organic fragments indicated by the relatively strong ion signals at m/z 43 (i.e., C2H3O" and C3H7") without
noticeable hydrocarbon pattern. The rBC-rich factor were also composed of more oxygenated fragments
compared to the HOA-rich factor due to the presence of CoH3O" organic fragments and refractory ion
fragments (i.e., CO" and CO2") ?® that originated from oxygenated functionalities of soot particles.*> **
The rBC particle class exhibited the smallest dva among the three traffic-related particle classes. Note that
the rBC and HOA particle classes have been reported in previous urban studies using a SP-AMS equipped

with a light scattering module for single particle characterizations.?* 2°
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The remaining four clusters represent particle types that were associated with secondary aerosol formation
and processing, referred to as NO3, SO4, OOA and HMW classes hereafter. PMF analysis of the ensemble
measurements yielded two oxygenated organic aerosol (OOA) factors, namely OOA-1 and OOA-2.%% The
NOs class shows distinct diurnal pattern that is generally consistent with the bulk observation of NO3",
although with a notably sharper peak (Figure 3t). More importantly the NOs class was an internal mixture
of NOs3™ and oxygenated organics, which can partially explain the elevated mass loadings of NO3™ and
OOA-1 factor at 10:00-11:00 LT (Figure 3r and t). The OOA class likely represented the freshly formed
SOA in the afternoon, giving its diurnal profile and mass spectral characteristics similar to the OOA-2
factor (Figure 3s). There was a particle class composed of a large fraction of high molecular weight
fragments (HMW class) having a diurnal pattern similar to the OOA-1 factor (Figure 3d and r).
Nevertheless, OOA-1 likely represented SOA component, whereas the HMW class could be the mixture
of POA and SOA materials as indicated by its strong signal at m/z 43 and regular hydrocarbon pattern
within larger m/z range. Lastly, SO4 class was largely internally mixed with OOA and HMW organics but

did not give clear diurnal variations.

The single particle diversity (Di) were calculated to determine effective number of species in each detected
particle. The diurnal variations of D, and Di matched well with each other (Figure 1b), suggesting that the
averaged Di value of an individual particle class can be used to interpret the diurnal pattern of Dy and D,.
The average and distributions of Di of the seven particle classes are presented in Figure 4c. The rBC, K
and NOs classes have the relatively high average Di values (1.90-2.60) compared to other particle types
(1.44-1.64) in which OA contributed to 79-86% of individual particle mass on average. NOs3 class has the
largest Di which matched with the observation that the elevated NO3™ concentrations observed in this work
could enhance both Dy and D,. The aerosol species other than OA accounted for ~50% of individual
particle on average within the NOs class (Figure 4a). Four particle types (i.e., HOA, rBC, K and a fraction
of HMW classes) were associated with the local traffic emissions but their relative contributions might
vary from different types of vehicles (e.g., fuel and engine types) that requires further investigation. Their
Di values indicate that rBC and K particle classes (2.08 and 1.90) had more heterogeneous aerosol
composition than the HOA and HMW classes (1.46 and 1.44). Furthermore, the HMW and OOA classes
had relatively small average values of Di, suggesting that the fresh SOA materials coated on rBC were the
key contributors to make the individual and overall particle composition more homogeneous in the

afternoon.

10
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Figure 5 shows the image plot and the average values of Di within specific dva bin width. Although the
average Di values varied between different particle types as shown in Figure 4, there was a weak size
dependence of Di. One of the major reasons for this observation is that the size distributions of each particle
type were overlapped significantly (Figure 3). In general, rBC-containing particle associated with
secondary aerosol species had larger particle diameter. While rBC and K classes enhance the average Di
within the smaller particle range (e.g., dva < 100 nm), the NO3 class particles resulted in the increasing
average values of Di for the relatively large particle size (e.g., dva> 400 nm) as shown in Figure 5a. Healy
et al 7 observed the similar size dependence of D in Paris due to higher fractions of BC and NO3™ in
smaller and larger particle size ranges, respectively. The lowest average Di values were observed at ~200
nm. This was mainly due to the fact that the size distribution of HOA, OOA and HMW classes, which had
relative low value of Dias shown in Figure 4, peaked at the similar range of dva. These observations
indicate that the size-resolve Di and perhaps mixing state depends on the types of particle emissions,

formation mechanisms and atmospheric aging.

The rBC coating thickness (Rcoat-BC) 0of each particle type and how they varied as particle size within
specific particle types are presented in Figure 4b and 5b, respectively. The Rcoat-Bc is a parameter
commonly used to evaluate the impacts of coating materials on the BC absorption enhancement® %4,
Note that some particles did not contain detectable levels of rBC and they were excluded in the Reoat-BC
calculation. The size dependence of Reoat-Bc Within individual particle type is characterized by calculating
the average Reoat-Bc Within specific particle size bins (bin width = 50 nm for dva between 50 and 1000 nm)
for all bins that contained more than 50 particles with detectable rBC ion signals were reported. The rBC
class particles had the lowest average Reoat-Bc 0of ~0.6 among the identified particle types, followed by the
K class particles (4.0). The Reoat-Bc of other particle types ranged between 5.9 and 9.1 on average (Figure
4b).

The rBC class particles only exhibited small variation of Reoat-Bc (~0.5-0.7) between 50 and 300 nm dva
(Figure 5b). While the absolute concentration of the rBC-class particles was similar to or smaller than the
other particle types, rBC made up a much larger fraction of the rBC class particle mass. In addition, rBC-
class particles were smaller than other particle types, likely resulting in a lower detection efficiency. Thus,

the rBC-class particles contain a large fraction of the total rBC mass and, consequently, these particles

11
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have a disproportionate influence on the total absorption. Liu et al.'? reported that the thinly coated rBC-
containing particles from fresh traffic emissions (i.e., with Mp = non-BC/BC ratio < 1.5) exhibit
unexpectedly small, near unity rBC absorption enhancements. Since traffic emission was the major source
of rBC in this field campaign?®, the low Reoar-Bc for rBC particle class might be able to explain the overall
very small rBC absorption enhancement reported by Cappa et al*>. If Cappa et al** assumed an absorption
enhancement of unity for the rBC-rich particles, rather than 1.45, their calculated ensemble-average
enhancement would be reduced from ca. 1.75 to ca. 1.45. This calculated value is more in line with their
observation of an absorption enhancement of 1.07, but still elevated. It may be that additional, unresolved

particle diversity impacts the absorption enhancement.*®

For all non-rBC class particles (i.e., all particle classes identified in this work except the rBC class), the
Reoat-BC increases with particle size, indicating an increase in the coating thickness with the rBC core size.
Such behavior contrasts with that expected for diffusion-controlled growth onto a polydisperse distribution
of particles, for which coating thickness decreases with core size.*’ The apparent increases with size here
are likely artifacts of the event-trigger single particle method (see Section 3.4), which tends to produce
too-high Rcoat-Bc values compared to the ensemble measurements and limits the determination of the
specific behavior for the non-rBC class particles. Nonetheless, the non-rBC class particles all clearly have
Reoat-Bc much larger than the rBC class particles, and potentially >3 across a broad range of sizes. Wu et
al.*® quantified rBC absorption enhancement using a theoretical model parametrized by the complex
particle morphology of BC in different aging scales, concluding that rBC absorption enhancement rapidly
increase with My between 1 and 200. Furthermore, Liu et al.!? reported that ambient particles with My > 3
start to show observable impacts on rBC absorption enhancement, suggesting a notable absorption
enhancement could have occurred for these non-rBC class particles. However, even at larger coating

1.12

thicknesses Liu et al.”~ observed a depression of the absorption enhancement relative to core-shell Mie

theory. This could further help explain the remaining discrepancy between the Cappa et al** observations

and calculated absorption enhancements.

3.4 Limitation and recommendations

There are a few limitations of this single particle technology that requires further development. Firstly,

the current calibration is based on the comparison between signals from the SP-AMS and an external

12
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particle counter that depends on the degree of particle beam and laser vaporizer overlapping within the
instrument.>® % This technical limitation is related to the collection efficiency issue of tBC and can be
avoided using the ETSP mode for calibration, which is under investigation in our laboratory. Secondly,
the relative number distribution and the mass spectral features of different particle types can be affected
by m/z assigned in each ROI. For example, some rBC-containing particles did not give detectable levels
(or only gave weak levels) of rBC ion signals due to the ROI setting that targeted nitrate- and organic-
containing particles (see the supporting information), resulting in overestimating the RcoarBc and
underestimating the Di of individual particle, especially for the non-rBC class particles. More laboratory
and field investigations are required to better understand the potential measurement bias due to the ROI
settings. Thirdly, POA and SOA can be internally mixed. The PMF analysis can separate total OA into a
few OA types. Performing clustering of single particle data may be able to further separate POA and SOA
components in the HMW class but the data interpretation become increasingly subjective. Separation of
various POA and SOA species within a single particle can certainly enhance our understanding on the
influence of the different primary and secondary emissions on the evolution of rBC-containing particles.
Since the current clustering is based on UMR mass spectral data, development of data analysis approach
for pre-processing high-resolution mass spectrometric single particle data may improve the performance
of clustering and allows elemental analysis for characterizing the mixing of POA and SOA within

individual particle.

4. Atmospheric implications

This work identifies a few key processes that likely govern the observed diurnal patterns of particle
diversities of rBC-containing particles in summertime Fontana, CA based on single particle measurements
made using an SP-AMS (Figure 2b and 2c¢). They are (1) rBC emissions from traffic and nitrate
entrainment from residual layer in the morning (2) fresh SOA formation in the afternoon, and (3) primary
traffic emissions with the influence of atmospheric dilution that carried regional background particles to
the site. In particular, we provide evidence that fresh SOA formation near vehicular emissions could
enhance the homogeneity of the rBC-containing particles (i.e., higher ), whereas the elevated nitrate
concentrations in the late morning resulted in relatively heterogeneous aerosol composition. The Di of
individual particle type illustrates that rBC and K particle classes emitted from traffic led to more

heterogeneous aerosol composition but the overall effects on mixing state might be cancelled out by the
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co-emitted HOA and HMW particle classes, which were largely dominated by OA. The clustering results

also enhance our understanding of the size-dependent particle diversity.

The evolution of rBC-containing particles in urban environment involves complex atmospheric
processing. Our observations demonstrate the unique research capability for evaluating how the particle
diversities and mixing state in response to individual type of particles originated from different primary
and secondary sources. The data output from our approach can be used as inputs to measurement-
constrained models to evaluate the chemical evolution and the changes in physio-chemical properties of
rBC-containing particles including cloud condensation nuclei (CCN) activity and optical properties under
different scenarios of atmospheric processing.'® 2% ° Recent studies have shown that size-resolved and
particle-level chemical composition are particularly important for predicting CCN activity in aerosol
populations that are more externally mixed™ or strongly influenced by local emissions.’! Fierce et al.*¢
showed that light absorption of BC can be overestimated by up to a factor of two by assuming population-
averaged composition across all BC-containing particles and neglecting particle diversity using a particle-

resolved aerosol model. Cappa et al. 4

also highlighted the importance of particle-to-particle and/or size
dependent diversity to explain the discrepancy of rBC absorption enhancement between field observations
and theoretical calculations. Liu et al.'? recently demonstrated that the occurrence of the BC absorption
enhancement can be determined based on the M, (i.e., non-BC/BC) ratio of aerosol particles. However,
this work reports that the particle diversity can vary between different particle types and size regardless if
they are formed or emitted from the similar source or not. Except for the rBC particle class, the coating
thickness (Rcoat-Bc, 1.€. @ parameter that is equivalent to Mp) showed similar particle size dependence for
other particle types. Overall, the single particle mass spectrometry technique used in this study has a great
potential to improve our understanding of CCN activation and absorption enhancement of rBC due to the
presence of coating as the influences of emissions and atmospheric processes on the Rcoat-Bc, chemical

composition and particle diversity (Figure 4b and 4c) on specific particles types and size can be better

described in model simulations.
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Figure 1: Diurnal patterns of (a) rBC and NR-PM:sc, (b) particle diversities (Di, Dy and Dy), mixing
state index (y) and -log(NOx/NOy), and (c) elemental ratio (i.e., O:C and H:C) and carbon oxidation
state (OSc) during the hot period.
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Single particle detection

This single particle technique has been previously used for investigating sources, atmospheric processing
and emission characteristics of aerosol particles.' The length of data acquisition time for ETSP mode in
each 5-min measurement cycle was 2.5 min (i.e., 2.5 min for the ensemble mode). The keys to trigger the
detection of specific types of single particle are to define (1) the “Region of Interest” (ROI, an individual
or a range of m/z to trigger detection) and (2) the threshold values of each ROI (the minimum number of
ions required to save the event). Three ROIs (i.e., the maximum number available in the instrument menu)
were used: ROI1: m/z 36, ROI2: m/z 43, and ROI3: m/z 46-150. The threshold values of each ROI were
determined using particle-free air on-site, and they were 3, 4, and 5 ions for ROI1, ROI2, and ROI3,
respectively. While ROIl and ROI2 were used to target rBC- and organic-containing particles,
respectively, ROI3 could be triggered by the major aerosol components including nitrate, sulfate and
organic. For each ETSP event, a total of 8 mass spectra were saved (i.e., 2 before and 5 after the single
particle mass spectrum, pre-segment = 2 and post-segment = 5, Figure S1). These additional mass spectra
were used to establish the baseline of the signal and to ensure that all mass spectra recorded for the entire

particle vaporization plume were saved.

ETSP data pre-processing and identification of true positive events

Tofware (version 2.4.5) was used to pre-process the ETSP raw data and generate input data for identifying
real single particle events using a Cluster Input Preparation Panel (CIPP) as previously described.” The
CIPP has been used to analyze single particle data measured by Aerodyne AMS equipped with a light
scattering module ®° and has been modified to analyze ETSP measurements.!* The mass spectra in
Segment 1 was used as baselines to correct the single particle mass spectra recorded in Segment 2 (Figure
S1). The corrected mass spectral matrix was used as an input for CIPP. The total number of ions for each
event were calculated as the sum of all ion signals except m/z 14 (N¥), 18 (H20"), 28 (N2"), 32 (02"), 40
(Ar") due to the strong interferences from air and water. Unlike most of the previous studies, m/z 39 (K")
was included in the total ion calculation as the tungsten vaporizer (i.e., a major interference of K) was
removed from the SP-AMS. A simplified version of fragmentation table was used to quantify the ion
signals of NR-PM:sc and rBC. The RIE values reported in Lee et al. ' were used to convert the ion signals

to the mass fraction of each chemical component in individual particle. The average number of ions plus

S2



three standard deviations within the two particle-free dva regions (i.e., 10-40 nm and 2000-4000 nm,
Figure S2) was calculated to determine the minimum ion threshold for identifying real single particle
events within the expected dva region (i.e., 50-1200 nm).!" The threshold ion value for identifying true
single particle event within the particle region was 12.96. The total and real single particle events as a
function of dva were presented in Figure S2. The output from CIPP will be used for performing cluster

analysis (Section 2.5).

Cluster analysis of ETSP events

Cluster analysis was performed to investigate the mixing state of all the real particles using a Cluster
Analysis Panel (CAP) with the built-in k-means algorithm in IGOR Pro (WaveMetrics Inc., version 6).>
7.9 K-means cluster analysis has been used to analyze single particle data measured from Aerodyne AMS-
type instruments with a light scattering module.” Note that k-means clustering can classify ambient
particles measured by the aerosol time-of-flight mass spectrometer (ATOFMS, TSI) into particle types
that are highly consistent with other clustering algorithms such as ART-2a and hierarchical clustering.'*
13 Similar to the calculation of total ion signals, m/z 14, 18, 28, 32 and 40 were excluded in the clustering.
The fragments of ammonium (m/z 15, 16, 17) and sodium (m/z 23) were also excluded due to the larger
measurement uncertainties of these species. All single particle mass spectra were normalized by their total
ion signal, and solutions with up to 20 clusters were tested. Euclidian distance was used to evaluate the
total distance between the cluster centers and each single particle. In general, increasing the number of
clusters can better represent the dataset mathematically as shown in Figure S3. However, a large number
of clusters compromises the physical meaning of each cluster. Note that the CAP can also merge multiple
clusters into a single particle class if they have similar mass spectral features and size distributions,

whereas other clusters remain unchanged.
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Figure S1: Segment plot of ETSP events. A total of 8 mass spectra were saved (i.e., 2 before and 5 after

the single particle mass spectrum, pre-segment = 2 and post-segment = 5). The mass spectral signals in

Segment 1 was used as baseline to correct the single particle mass spectra recorded in Segment 2.
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Figure S2: Scatter plot of total ion signals of individual particle against dva. The average number of ions
plus three standard deviations within the two particle-free dva regions (i.e., 10-40 nm and 2000-4000 nm,
grey regions) was calculated to determine the minimum ion threshold for identifying real single particle
events within the expected dva region (i.e., 50-1200 nm). The threshold ion value for identifying true single
particle event within the particle region was 12.96. The total and real single particle events were presented

in red and blue markers, respectively.
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Figure S3: Euclidian distanceas a function of number of clusters. Euclidian distance was used to evaluate
the total distance between the cluster centers and each single particle. Increasing the number of clusters

can better represent the dataset mathematically
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Figure S4: (a) Size distribution of organic: bulk data (green line) and ETSP data with and without
correction factor (solid blue circles and open red circles, respectively). (b) Correlation between total mass
(i.e., rBC + NR-PMsc, bulk data) and mass-normalized total ion signal measured by ETSP mode with

correction factors applied.
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