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Abstract

We present mass spectrometry measurements of black-carbon containing particles made
onboard the R/V Atlantis during the CalNex 2010 study using an Aerodyne Research Inc.
soot particle aerosol mass spectrometer (SP-AMS). The R/V Atlantis was deployed to
characterize air masses moving offshore the California coast and to assess emissions from
sources in urban ports. This work presents a first detailed analysis of the size-resolved
chemical composition of refractory black carbon (rBC) and of the associated coating
species (NR-PMpc). A co-located standard high resolution aerosol mass spectrometer
(HR-AMS) measured the total non-refractory submicron aerosol (NR-PM;). Our results
indicate that, on average, 35% of the measured NR-PM,; mass (87% of the primary and
28% of the secondary NR-PM,, as obtained from the mass-weighted average of the
NR-PMpc species) was associated with rBC. The peak in the average size distribution of
the rBC-containing particles measured by the SP-AMS in vacuum aerodynamic diameter
(d,,) varied from ~100 nm to ~450 nm d,,, with most of the rBC mass below 200 d,,. The
NR-PMpc below 200 nm d,, was primarily organic, whereas inorganics were generally
found on larger rBC-containing particles. Positive matrix factorization (PMF) analyses of
both SP-AMS and HR-AMS data identified organic aerosol factors that were correlated
in time, but had different fragmentation patterns due to the different instruments
vaporization techniques. Finally, we provide an overview of the volatility properties of
NR-PMj5c and report the presence of refractory oxygen species in some of the air masses

encountered.
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1. Introduction

Atmospheric aerosol particles have important impacts on visibility, human health,
and climate [Intergovernmental Panel on Climate Change (IPCC), 2013]. Refractory
black carbon (rBC)-containing particles, often referred to as soot, are emitted from
incomplete combustion processes, are strong light-absorbers in the visible and near
visible wavelengths, and have been recognized as potentially important players in climate
forcing through direct warming and alteration of cloud properties [Jacobson, 2001, 2006;
Ramanathan et al., 2007; Ramanathan and Carmichael, 2008; Bauer et al., 2010;
Shindell et al., 2012; Bond et al., 2007, 2013]. Understanding the transformations that
rBC-containing particles undergo in the atmosphere after emission is key to accurately
describing and modeling the radiative effects of rBC. It is well known that ageing of rBC
can occur through coagulation and condensation of organic and inorganic components (or
coating material), which can be mildly light absorbing or non-absorbing. As the coating
thickness increases and evolves with ageing processes [e.g., Riemer et al., 2010], the
chemical and radiative properties of aged rBC particles can change dramatically
compared to the ones of freshly emitted rBC [Schnaiter et al., 2005; Bond et al., 2006;
Stier et al., 2007; Lack and Cappa, 2010]. However, the complex nature of both fresh and
aged rBC particles makes it challenging to describe their microphysics (e.g., mixing
state), chemical (e.g., composition of coating) and optical (e.g., influence of coating on
the magnitude of rBC absorption) properties. Recent studies have highlighted that the
morphology of rBC-containing particles is likely very different than the "core-shell”
structure that is typically assumed in many radiative models, and that rBC is not

commonly located at the center but rather at the edge of an aerosol particle [Adachi et al.,
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2010; Sedlaceck et al., 2012, and references therein]. Such irregular morphologies may
be the reason (or one of the reasons) for the smaller-than-predicted absorption
enhancements recently observed for atmospheric rBC-containing particles in an urban
environment [Cappa et al. 2012, and references therein]. Thus, there are still significant
challenges related to understanding rBC properties and its effects on climate, as
highlighted in a recent comprehensive review paper by Bond et al. [2013].

Extensive measurements of rBC mass loadings in different environments have
taken place in the last two decades mainly by means of filter-based methods [Metcalf et
al., 2012, and references therein], which are relatively straightforward but do not provide
information regarding the mass of the coating materials specifically associated with rBC
particles. The introduction of the Single Particle Soot Photometer, SP2 [Stephens et al.,
2003], developed by Droplet Measurement Technologies (DMT), has represented a step
forward in the characterization of rBC-containing particles, as the SP2 instrument allows
for a real-time, sensitive quantification of rBC mass loadings and rBC-core size
distributions on a single particle basis [Stephens et al. 2003; Baumgardner et al. 2004;
Schwarz et al. 2006]. The SP2 also provides methods for estimating the thickness of the
coating material associated with an rBC-core and the degree of mixing between core and
coatings [e.g., Gao et al., 2007; Schwarz et al., 2008a, 2008b; McMeeking et al., 2010;
Subramanian et al., 2010; Metcalf et al., 2012]. However, the SP2 does not provide
means to chemically speciate the coatings on rBC particles and is reliant on inversion
methods to estimate the coating thickness. The Soot Particle Aerosol Mass Spectrometer
(SP-AMS), recently developed by Aerodyne Research Inc. (ARI) [Onasch et al., 2012],

combines technologies from the DMT SP2 and the ARI high resolution aerosol mass
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spectrometer (HR-AMS) [DeCarlo et al. 2006] to provide real-time and quantitative
information on the mass loadings and size-resolved chemical composition of
rBC-containing particles, i.e., rBC and associated non-refractory coating species.

Detailed measurements of the mass, size, chemical composition, and optical
properties of rBC-containing particles were made as part of the California Research at the
Nexus of Air Quality and Climate Change (CalNex) study onboard the R/V Atlantis in
early summer 2010 (starting in San Diego on May 14, 2010, and ending in San Francisco
on June 8, 2010). The CalNex 2010 effort aimed to better quantify pollutant emissions
and understand key atmospheric chemistry issues related to both air quality and climate
change in California [Ryerson et al., 2013]. The megacity of Los Angeles (LA) has been
historically characterized by air quality problems and severe pollution episodes due to a
constantly growing number of pollutant sources combined with unique meteorological
and geographic features that often favor pollution stagnation [Lu and Turco, 1995;
Angevine et al., 2012]. Despite significant improvements due to the state's efforts in
reducing pollutant emissions, high levels of particulate matter (PM) are consistently
recorded in the LA basin (www.arb.ca.gov/html/brochure/history). Many recent field
campaigns have shown that the majority of PM in the LA Basin is nowadays represented
by organic aerosols, OA [Hayes et al., 2012]; however, rBC emissions and concentrations
in the LA area are still significant [Metcalf et al., 2012].

As part of CalNex 2010, the R/V Atlantis was deployed to characterize air masses
sampled along the California coast and to assess emissions from specific sources, e.g.,
ships in urban ports [Buffaloe et al., 2014]. In addition to the R/V Atlantis, the study

included two ground-based supersites (one at the California Institute of Technology
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campus in Pasadena and one near Bakersfield, in the San Joaquin Valley), and multiple
research aircraft [Ryerson et al., 2013]. Onboard the R/V Atlantis, we deployed a suite of
particle instruments to investigate the chemical composition, volatility, hygroscopicity
and optical properties of the submicron aerosol, as well as changes in size, mass and
chemical composition of rBC-containing particles as a function of atmospheric ageing.
The implications of ageing on the optical properties of rBC-containing particles (i.e.,
effects on absorption enhancement due to rBC particle coatings) have been discussed in
Cappa et al. [2012]. Here we focus on the chemical and physical measurements obtained
using the SP-AMS instrument and describe the size and mass spectral differences of the
various types of air masses encountered during the deployment. We present cases of
coastal pollution events as the R/} Atlantis often sampled air masses as they moved
offshore from the LA basin. In addition, the particulate volatilities of these aerosols are
explored with the ARI thermal denuder (TD). We also discuss the results of positive
matrix factorization (PMF) analyses of the SP-AMS data and compare these results with

PMF performed on the data from a standard co-located HR-AMS.

2. Methods
2.1 Aerosol sampling and instrument setup

The aerosol sampling system on the R/} Atlantis during CalNex 2010 consisted of
a 6 m long mast located 18 m above the ocean surface, and pointing forward of the ship's
stack. Periods of self-sampling were eliminated based on the wind direction and wind
speed data measured relative to the position of the inlet (a more complete description of

the mast can be found in Bates et al. [2012]). During CalNex 2010, the sampling mast
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was maintained at a relative humidity (RH) of 60% by controlling the mast temperature,
and particles were sent to a suite of instruments after passing through a PM; impactor and
an ARI thermal denuder, TD, that was similar in design and performance to that
described by Huffman et al. [2008]. Note that only the mast was kept at constant RH,
whereas the sampling lines delivering particles to the various instruments had no RH
control. The temperature in the heated section of the ARI TD was ramped between 30°C
and 250°C and back over a period of 90 minutes. The sample flow was alternated
between the unheated ("bypass mode") and heated ("TD mode") sections every 2.5
minutes [Cappa et al., 2012]. The instruments located after the ARI TD included: a DMT
SP2 to measure single particle rBC mass and size; the ARI SP-AMS to measure the bulk
mass and chemical composition of both rBC and the coating associated with rBC
(hereafter NR-PMgp() and their size distribution in the aerodynamic diameter (d,,) range
50-700 nm (Canagaratna et al., [2007], and references therein); a co-located standard
HR-AMS to measure the ensemble mass and chemical composition of the total non-
refractory PM; (NR-PM)) and its size distribution in the same d,, range, 50-700 nm; a
Scanning Mobility Particle Sizer (SMPS, TSI Inc., Model 3936) to measure the aerosol
size distribution in the mobility diameter (d,,) range 20-600 nm, and the UC Davis Cavity
Ring-Down and Photo-Acoustic Spectrometers (CRD/PAS) to measure particle optical
properties (light absorption and extinction) as a function of RH [Langridge et al., 2011;
Lack et al. 2012]. The University of Helsinki Volatility Hygroscopicity Tandem
Differential Mobility Analyzer (V-HTDMA) [Villani et al., 2008], deployed to measure
the hygroscopic growth factors (GF) as a function of particle size, volatility, and RH,

sampled from the same PM; line but operated its own TD. A schematic of the
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measurement setup on the R/V Atlantis is given in Figure 1. Additional details on each of

these instruments are provided in Cappa et al. [2012].

2.2 SP-AMS and HR-AMS measurements

The mass loadings and chemically resolved size distribution of rBC-containing
particles were directly measured via the ARI SP-AMS. The instrument operating
principles are discussed in Onasch et al. [2012]. The main feature of the SP-AMS is a
1064 nm continuous wave (CW) intra cavity laser (similar in design to the SP2 laser) that
is inserted into an HR-AMS chamber perpendicular to the particle beam axis. The laser
vaporizes absorbing rBC at the aerosol sublimation/incandescence temperatures (~ 4000
K). In the SP-AMS, particles are first aerodynamically focused into the laser beam. As
rBC-containing particles are heated by laser absorption, the coating material associated
with rBC is vaporized, generating neutral chemical species. The removal of the coating
allows the rBC core to heat up further and vaporize into neutral carbon clusters. The
resulting molecular vapor is ionized via 70 eV electron impact, and subsequent ion
detection and chemical characterization occur via standard high resolution mass
spectrometry [Canagaratna et al., 2007]. The SP-AMS measures the chemical
composition and size distribution of both rBC and associated coating, NR-PMgc, in the
sub-micron range (note that the size distribution is representative of the total particle, rBC
plus NR-PMpc). We use the term NR-PMgpc to indicate the total coating material
measured by the SP-AMS - organics (ORG), sulfate (SO4Y), nitrate (NO3'), ammonium
(NH;") and chloride (Chl) - which may include components that by definition are both

non-refractory and refractory, i.e., that vaporize in the laser below and above 600 °C,
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respectively. In fact, the higher temperature attained by laser heating extends the range of
detectable coating material associated with rBC [Corbin et al., 2014].

The SP-AMS was calibrated for rBC quantification by determining the mass
specific ionization efficiency (mlEgc), or instrument sensitivity, for size-selected Regal
Black particles [Onasch et al., 2012]. The mlEgc during CalNex 2010 was ~288
ions/picograms. The 3-o detection limit for rBC was <0.1 ug m > for 60 s averaging. In
the SP-AMS, the collection efficiency (CE) for sampled particles, including the rBC and
NR-PMjgc components, depends on the extent of overlap between the particle beam and
the laser beam. If the ambient particle beam diverges more than the laser beam, the CE
will be less than unity. Therefore, in the case of the SP-AMS, the CE depends primarily
on the fraction of particles crossing the laser, and CE < 1 is likely due to losses of small
and non-spherical particles in the SP-AMS because of particle beam divergence [Onasch
et al., 2012]. Recent work by Willis et al. [2014] suggests that the CE due to particle
beam-laser beam overlap is similar for both rBC and NR-PMgc components (i.e., the
same CE should be applied for all rBC-containing particle chemical components). Willis
et al. [2014] also note that the CE is dependent on the NR-PMgc / rBC (coating-to-core)
ratio, or Rpc, where a larger CE is expected for more coated (larger and more spherical)
particles, which can focus more efficiently in the laser beam. Following Willis et al.
[2014], we derived an Rpc-dependent CE correction for the SP-AMS dataset (see Figure
SO1 of supplementary material and related Text 02). During CalNex 2010, the CE was ~
0.6 on average, but varied from ~ 0.2 to 1.0 depending on the Rpc values. All the

SP-AMS data reported in this paper are corrected using this derived Rpc dependent CE.
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The SPAMS was operated in the laser-only configuration (i.e., without tungsten
vaporizer) and in the V ion time of flight mode [DeCarlo et al., 2006]. Note that in the
laser-only configuration, the SP-AMS selectively and exclusively detects particles that
absorb at 1064 nm, that is rBC, and its coating material NR-PMpc. The data acquisition
alternated between mass spectrum (MS) and particle-time-of-flight (pToF) modes to
obtain mass loadings and chemically resolved average size distributions.

The co-located HR-AMS provided the chemical composition and size distribution
of NR-PM,. The HR-AMS was operated in both V' (high sensitivity, low mass resolution)
and W (lower sensitivity, higher mass resolution) modes [DeCarlo et al., 2006], but only
the /" mode data are used in this paper. The HR-AMS data were reported using a CE of
0.5 to account for particle bounce from the AMS vaporizer [Matthew et al., 2008]. The
CE was obtained against comparisons with SO4> concentrations on filter samples
analyzed by ion chromatography and checked against comparisons with a quadrupole
AMS [Bates et al., 2012]. Because the aerosol was dried enough and particle sulfate was
neutralized, a particle phase-dependent CE correction [Middlebrook et al., 2012] was not
necessary. Both SP-AMS and HR-AMS data were analyzed using the high resolution
AMS data analysis software package PIKA [Sueper, 2010]. Positive matrix factorization
(PMF) analyses were performed using the PMF2.exe algorithm (v.4.2) in robust mode
[Paatero and Tapper, 1994]. The PMF inputs (mass spectral and error matrices) were
prepared according to Zhang et al. [2011], and the solutions were evaluated with an Igor
Pro-based PMF Evaluation Tool (PET, v. 2.04), following the method described by
Ulbrich et al. [2009] and Zhang et al. [2011]. For both SP-AMS and HR-AMS data, the

elemental analysis (EA) was performed using the recently updated oxygen-to-carbon
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(O/C) and hydrogen-to-carbon (H/C) ratios parameterization by Canagaratna et al.
[2015a], which indicated that the standard analysis code of Aiken et al. [2007] can
underestimate O/C and H/C by up to 30% and 10% respectively, especially for aerosol
containing alcohol functional groups and dicarboxylic acids. All the data reported here
are averaged to 10 minutes and do not include contributions from direct shipping
emissions that are published elsewhere [Cappa et al., 2014; Buffaloe et al., 2014].

For the HR-AMS, the instrument uncertainty for the data reported in this paper is
estimated to be +35/-15%. For the SP-AMS, the uncertainty in the m/Egc calibration (i.e.,
rBC mass loading measurement) is approximately +20%, based on the uncertainties in
size selecting a single-sized mobility diameter with known mass, and counting the
number concentration with a condensation particle counter (CPC). The uncertainty in the
mIENg-pmsc calibration, estimated from m/lEgc and the relative ionization efficiency of
rBC, RIEgc (Onasch et al. [2012]), is approximately +£50%. The SP-AMS Rpc-dependent
CE correction is based on a direct comparison with the co-located SP2 instrument, which
has an estimated uncertainty of +100/-20%. Assuming that propagation of errors via
addition in quadrature provides a useful error model, the combined m/Egc and CE
uncertainties suggest that the SP-AMS uncertainties are +100/-30% for rBC and +112/-
54% for NR-PMgc. These large uncertainties in the SP-AMS measurements are driven by
the large SP2 uncertainties, which were unusually high for this study because of the
instrument laser being misaligned (see full discussion in Text 01 of the supplement). For
both SP2 and SP-AMS however, the precision is significantly higher than their

corresponding absolute accuracies reported here.
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3. Results and Discussion
3.1 Overview of the SP-AMS measurements

The R/V Atlantis cruise track is shown in Figure 2, color coded by the SP-AMS
rBC mass loadings (left panel) and Rpc (right panel). The campaign average rBC mass
loading was 0.3 pg m™, with generally higher values measured in Southern California
than in Northern California. The highest rBC loadings were recorded downwind of the
LA basin, in particular in the port area of Long Beach (~ 1 ng m™) and during periods
when the R/V Atlantis sampled air masses coming from the LA urban area (rBC ~ 0.5 pg
m™). Much lower rBC loadings (< 0.1 pg m™) were measured further away from the
coast and/or when the air masses were influenced by clean marine air such as during the
transit from Southern to Northern California. Typical rBC loadings measured in various
Northern California locations (San Francisco Bay, Sacramento River) ranged from 0.1 to
0.25 ng m™. Similar to rBC, the largest Rpc values were recorded in Southern California
(up to 25), but varied greatly with location with a campaign-average value around 10.

Figure 3 shows the high resolution time series of both rBC and its coating species
(ORG, SO4*, NO5,, NH4", and Chl") measured by the SP-AMS. The campaign-average
pie chart shows that the majority of the NR-PMpc material associated with rBC was
represented by ORG, followed by SO4>. The mass loadings of NR-PMgc were generally
enhanced when sampling air masses coming from the urban LA area, which also coincide
with periods of high optical extinction and absorption levels observed by the CRD/PAS
system [Cappa et al., 2012]. These time periods are highlighted in Figure 3, and listed in
Table I. The three time periods highlighted by the solid boxes (labeled 1, 6 and 7) are

chosen as case studies and will be discussed in section 3.2.
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Figure 3 (bottom panels) also shows the SP-AMS chemically resolved average
particle time-of-flight (pToF) size distributions (dM/dlog;od,,) of rBC and coating
species for Southern and Northern California. Similarly to Massoli et al. [2012], we use
the pToF of m/z 36 from unit mass resolution (UMR) data as a proxy for the rBC size
distribution because the C;" at m/z 36 is the strongest carbon signal and has relatively
low interference from other particle components (Chl™ in this case). Still, the rBC size
distribution traces reported here are corrected for the Chl signal. The Chl” contribution to
the m/z 36 pToF size distribution is estimated from HChls; - the isotope of HChl;s at m/z
38, where all the pToF signal is attributable to HChls;. After subtracting the estimated
Chl" (i.e., the HChls; pToF trace multiplied by 3 to account for the isotopic ratio) from
the total m/z 36, we obtain a rBC pToF trace, and then we scale the integrated area to the
rBC mass concentration calculated from the high resolution analysis, so that the rBC size
distributions are quantitatively correct.

The pToF size distributions of Figure 3 show that, in general, most of the rBC
mass is centered around ~100-120 nm d,,; in the case of Southern California, however,
the pToF size distribution of rBC extends beyond 200 nm d,, and rBC is present up to
500-600 nm d,,, indicating more compact rBC-containing particles at these larger sizes.
As for the coating species, ORG is present across the all size range in both cases
(although centered around 150 nm d,, in the Southern California case and ~100 nm d,, in
the Northern California case, thus very similar to the ~100 nm d,, rBC mode), while
SO42', NO; and NH," are almost exclusively above 200 nm d,, and peak at ~400 nm d,,.

Chl” was very low across the all d,, range throughout the CalNex campaign.
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3.2 Measurements of urban air masses in Santa Monica Bay.

The R/V Atlantis spent a large fraction of the CalNex deployment (May 15-31,
2010) in the Santa Monica Bay to sample airmasses moving offshore from the LA urban
area under the land/sea breeze regime. Several pollution studies conducted in the LA area
in the last two decades have described in detail the meteorological phenomena that occur
in the southern California bight such as the Catalina eddy [Angevine et al., 2013, and
references therein], often coupled with a local land/sea breeze circulation that is
characterized by a very weak night-time land breeze especially in the summer months [Lu
and Turco, 1995]. Polluted air transported from the LA urban core towards the ocean by
the night-time land breeze (hereafter "LA outflows") was sampled often by the R/V
Atlantis in various locations within the Santa Monica Bay, typically under conditions of
easterly-north easterly (E-NE), light winds (< 2 m s™) [Wagner et al., 2012]. It is worth
noting that these air masses represent a multitude of emission sources that occur in the
LA urban area mainly during the day, and are pushed inland by the day time sea breeze
and then offshore by the nighttime land breeze (sometimes multiple times if rain or strong
winds are absent for a few consecutive days). As a result, these air mass were processed
by the time that they were measured by the R/V Atlantis located in the Santa Monica Bay.
The outflow events (c.f. Table I) generally lasted 5-8 hrs each, and were characterized by
enhanced rBC (up to 0.5-1 ug m”) and enhanced ORG in the SP-AMS NR-PMgc and
ORG and SO,* in the HR-AMS NR-PM;,. In some outflows, enhanced NO;™ was also
observed in the SP-AMS NR-PMgc (see Figure 3, middle panel). From the gas phase
standpoint, the LA urban outflows were characterized by increased CO, NO and NO,,

and decreased O; [Wagner et al., 2012, and references therein]. The mixing ratios of
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many volatile organic compounds (VOCs) measured by proton transfer reaction time-of-
flight mass spectrometry (PTR-ToF-MS) [deGouw and Warneke, 2007], i.e.,
acetaldehyde, acetone, formaldehyde, and aromatics (Cs and Cy), were also slightly
elevated in the outflows (see Figure SO2 of supplementary material). Table 1 reports key
parameters for the LA outflow events, including estimates of photochemical age (PCA)
obtained as (-log([NOx]/[NOy]). As noted by Cappa et al. [2012], the dimensionless
term (-log([NOx]/[NOy]) is a proxy for photochemical age and serves as a "clock" under
the assumption that the conversion of NOy into NOy occurs at a rate equal to NO, + OH
reaction rate. The PCA ranged from 0.05 to 0.45 for these outflow events, indicating
fresh to moderately processed urban airmasses, while the oxygen-to-carbon ratio (O/C)
obtained from the HR-AMS ranged from 0.43 to 0.69, and Rpc ranged from 2.5 to 25. In
general, O/C and Rpc increased with PCA - as one expects with ageing - with the
exception of the outflow cases of May 15 and May 16, which had the highest Rgc among
these case studies, but lower PCA than other outflow events with lower Rpc (e.g., May 30
and 31). One possible explanation for this result is the sampling location: in fact, the
sampling of May 15 and 16 occurred very close to the coastline in the Santa Monica Bay,
whereas on May 30 and 31 the ship was further away from the coast, and at the edges of
the Santa Monica Bay (offshore Palos Verdes and Ventura, respectively). Although it has
been shown that the polluted urban air from LA carried by the land / sea breeze regime
can reach well beyond the Santa Monica Bay [Wagner et al., 2012, and references
therein], differences in location and distance from the coastline - allowing mixing with
more aged air masses - might have played a role, perhaps effecting PCA in a different

manner than Rpc. The other - perhaps more likely - explanation is that May 15 (and May
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16) represented "special cases". On May 15 - a Saturday - Metcalf et al. [2012] report
aircraft measurements of a large increase of water soluble organic carbon (WSOC)
relative to rBC (measured by an SP2) indicating SOA formation over the LA area,
consistent with previous observations of SOA growth due to the so-called "weekend
effect", a phenomenon resulting from the lack of fresh emission - mostly from diesel
engines - during the weekends [Metcalf et al., 2012; Bahreini et al., 2012]. However, a
similar build up of secondary material was not observed - at least at sea level - on the
following weekend (May 21-22), when the LA outflow of May 21 exhibited lower PCA
and Rpc than on May 15. Interestingly, the meteorological data indicate rain on May 18
and 19, which led to cleaner and perhaps less stagnant conditions in the following days.
In this section we look more in detail at the chemical composition and average
pToF size distribution of three distinct air masses sampled in different locations within
the Santa Monica Bay (highlighted in Figure 3 as events 1, 6 and 7). Figure 4 shows the
SP-AMS chemically resolved pToF size distributions and the high resolution (HR) mass
spectral profiles (MS) for the three case studies. The first case (panels a and b) shows
airmasses sampled while the R/V Atlantis was in the Long Beach port area, thereby near
direct emission sources. The second and the third cases are the outflows of May 29,
1500-2100 UTC (panels ¢ and d) and of May 15, 1130-1700 UTC (panels e and f). In the
pToF size distributions the total ORG is split between the two main OA types identified
by PMF analysis, i.e., hydrocarbon-like (HOA) and oxygenated organic aerosol (OOA)
factors, which are respectively used as proxies for fresh and more aged aerosol [Zhang et
al., 2005a]. The HOA and OOA pToF traces are obtained using the tracer-based method

described by Zhang et al. [2005a, 2005c], i.e., using, respectively, the UMR pToF size
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distributions at m/z 57 and m/z 44, and then scaling the integrated areas to the
corresponding HOA and OOA mass loadings obtained by PMF analyses performed on
the ORG matrix. The pie charts summarize the mass balance of the coating species.

The first case (#6 in Table I and Fig.3) is an example of fresh airmasses sampled
in the Long Beach port. The pToF trace (Fig.4a) shows that the rBC size distribution is
centered around 100 nm d,, ("fresh soot mode"), and the pie chart indicates that rBC
represents almost 50% of the total mass measured by the SP-AMS. Similar to rBC, ORG
is found below 200 nm d,, (although not completely internally mixed with rBC), and
makes the majority of the measured NR-PMgz(; in this airmass, ORG is almost entirely
made of HOA. Another small rBC mode peaking at 250 nm d,, (coated with HOA) is
present. At larger d,,, there is additional rBC associated with small amounts of SO,
NO;, and NH;  (15% of the measured NR-PMgc). In general, these pToF size
distributions reveal a certain degree of external mixing between rBC and all of the
NR-PMj5c species at both small and large d,,, consistent with relatively fresh emissions.
The HR MS of rBC and ORG for this case study is shown in Fig.4b, with rBC
represented by the ion family Cx  and ORG represented by ions of the CxH,", CxH,O;"
and CXHyO>1+ families. From the MS of the C," ions we infer that most of the rBC signal
(~90%) resides between C;” (m/z=12) and Cs™ (m/z=60), consistent with laboratory and
previous ambient measurements [Onasch et al., 2012; Massoli et al., 2012; Corbin et al.,
2014] (see also Figure SO3 of supplementary material for examples of rBC MS for
different soot types). The C;" cluster (m/z=36) is the most abundant rBC peak, followed

by C," (m/z=12) and G, (m/z=24). The MS is dominated by the characteristic C,(sz_l+
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and CXH2y+1+ ion pattern of "HOA-like" aerosol, with the signals at m/z=41, m/z=43
(C3H;", the highest peak of the MS), m/z=55 and m/z=57 being the dominant peaks.

The case study of May 29 (#7 in Table I and Fig. 3) is one of the outflow
airmasses sampled in the LA basin. The pToF plot (Fig.4c) shows that most of the rBC
mass is centered around the d,, ~100 nm "fresh soot mode", but a well defined rBC mode
at ~ 400 nm d,, ("accumulation soot") is also present. ORG makes about 90% of the total
measured coating mass, and it is largely made of HOA, similar to the previous case.
However, compared to the first case study, here rBC amounts to 23% of the total
measured mass, and it is more heavily coated even at larger d,,, suggesting some degree
of air mass processing. The corresponding HR MS of rBC and ORG is shown in Fig.4d.
As in the previous case, most of the rBC signal (~90%) resides between C;" (m/z=12)
and Cs' (m/z=60), and the MS is largely dominated by the C,H," ion type. However, here
about 70% of the signal at m/z=43 (the most intense peak in the MS) is C;H;0".

The third case (# 1 in Table I and Fig 3) represents a more processed air mass
during the outflow of May 15. The pToF size distribution (Fig. 4c) shows that the
majority of both rBC and NR-PMpc mass are shifted to larger d,,, ~450 nm. rBC
represents only 5% of the measured air mass, and it is coated by a much larger fraction of
SO42', NO;, NH;" and Chl’ compared to the previous outflow case. In addition, almost
50% of ORG is represented by OOA. Despite the two outflow case studies having
different size distributions and different Rzc and PCA (larger values for May 15, as
discussed earlier), the difference in the MS is not as dramatic; however, oxygenated ions
of the CXHyOl+ and C,(Hy0>1+ families are more abundant and make up a larger fraction of

peaks such as m/z=41, m/z=43 (almost all C,H;0"), m/z=55, m/z=71 and m/z = §85.
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The HR-AMS pToF size distributions and HR MS of the ORG component for the
same three case studies are reported in Figure S04 of the supplementary material.
Generally, there is a good qualitative correspondence between SP-AMS and HR-AMS for
the pToFs in the average peak of the ORG and SO,” size distributions, even though the
mass loadings are different and generally larger for the HR-AMS (particularly for the
inorganic species in the accumulation mode regions, e.g., S04*, NO5, NH4"). One
interesting observation is that in all the three cases, the HR-AMS MS are dominated by
m/z=44 (CO,"), whereas the MS of the SP-AMS are dominated by m/z=43 (C;H;" and
C,H30,"). Laboratory studies suggest that the SP-AMS provides vaporization of the NR-
PMpgc at lower temperatures compared to the standard tungsten vaporizer of the
HR-AMS, resulting in less overall fragmentation and therefore less CO," production in
the laser [Onasch et al., 2012; Canagaratna et al., 2015b]. The lower fragmentation also
explains the larger presence of ion fragments above m/z=100 in the SP-AMS spectra

compared to the HR-AMS spectra.

3.3 PMF analyses of SP-AMS and HR-AMS data

PMF analyses of the SP-AMS CalNex 2010 data were performed on the ORG
mass spectrum as well as on the combined mass spectral matrices of ORG and rBC
(ORG+rBC) in order to extract information on the fraction and typology of ORG
associated with rBC in different PMF factors. In this section we discuss the results of the
PMF performed on the ORG+rBC data, and compare them to the PMF analysis of the
HR-AMS ORG data. For the SP-AMS, we chose a 4-factor solution with rotational

forcing parameter fPeak = 0 (Q/Qexp = 1.0), yielding a hydrocarbon-like OA component,

19



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

hereafter HOA+rBC, and three oxygenated OA components (OOA+rBC), two of which
were recombined. The choice of a 4-factor solution, as opposed to a 3-factor solution,
enabled the extraction of a more "standard" HOA MS (e.g., with m/z=44 lower than
m/z=43, and m/z=43 dominated by C;H," rather than C2H3Ol+). A detailed summary of
key diagnostic plots of the PMF results and a discussion of the factor solution choices for
the SP-AMS are reported in the supplementary material (Figures S05, S06, S07, S08 and
related text). For the HR-AMS, we also find that the data are best explained by a 4-factor
solution yielding an HOA and three OOA factors, two of which were recombined in a
similar way to the SP-AMS dataset.

Figure 5 presents the MS profiles and mass-weighted pie charts of the ion
components for the three PMF factors HOA+rBC, SV-OOA+rBC (obtained by
recombining two factors) and LV-OOA+rBC for the SP-AMS (left column) and HOA,
SV-OOA and LV-OOA for the HR-AMS (right column). The H/C and O/C values of the
PMF factors are also reported for both SP-AMS and HR-AMS. For the SP-AMS, the
HOA+rBC factor (panel 5a) is dominated by a characteristic CXsz_f and CXHgyﬂ+ ion
pattern, with the ions C3H;" (m/z=43), C4H;" (m/z=55) and C4Hy" (m/z=57) being the
dominant CyH," peaks. The rBC (represented by the ion family Cy") accounts for ~60%
of the total HOA+rBC component mass concentration. The C,(HyOI+ and the C,(Hy0>1+
ion families represent less than 20% of the total HOA+rBC mass. In the other two
factors, rBC is about 15% of the total mass. SV-OOA+rBC (panel 5b) is less oxygenated
than LV-OOA+BC (panel 5c), which has the smallest fraction of CyH," ions and the
largest fraction of CXHyO>1+ ions among the three factors. The O/C and H/C values

reported for the ORG component factors reflect this trend, with highest O/C and lowest
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H/C for the LV-OOA+rBC. Both SV- and LV-OOA+rBC show a small, yet significant,
presence (~5% of the total mass) of C,H,0,S" (organosulfates, mainly CH;SO,"),
CxHyNz_(amines) and CyH,N,O;" (organonitrate) ions, which have been detected in
previous HR-AMS datasets [Farmer et al., 2010]. During CalNex 2010, N-containing
ions were more abundant in the SV-OOA+rBC, while S-containing ions were only found
in the LV-OOA+rBC factor. The same result applies to the HR-AMS.

Figure 5 shows that both the SV-OOA+rBC and LV-OOA+rBC MS are
dominated by the C,H;0; " ion at m/z=43, whereas the HR-AMS LV-OOA (panel 5f) is
dominated by CO," at m/z=44, consistent with LV-OOA factors data from worldwide
locations [Jimenez et al., 2009; Ng et al., 2010]. We already noted in the discussion of
Figure 4 and S04 that this result is most likely related to differences in the fragmentation
pattern of the SP-AMS compared to the standard HR-AMS because of the different
vaporization scheme (laser vs. tungsten vaporizer), as supported by the recent work of
Canagaratna et al. [2015b]. To account for the differences in mass spectral
fragmentation pattern, the SP-AMS H/C and O/C (calculated excluding rBC) are adjusted
according to the SP-AMS-specific EA correction reported by Canagaratna et al. [2015b].
After this correction, the SP-AMS H/C values are 10-15% higher and the O/C values are
15-20% lower than the ones calculated for the HR-AMS factors.

Figure 6 shows the comparison between the SP-AMS and HR-AMS PMF factor
time series (TS). The high correlation between the time series (r* values are 0.8, 0.85 and
0.70 for the HOA, SV-OOA and LV-OOA factor pairs, respectively) indicate that the two
instruments find virtually identical factor solutions. The high correlation between the

HR-AMS PMF factors with ambient spectra from the high-resolution AMS database (see
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http://cires.colorado.edu/jimenez-group/HRAMSsd and Ulbrich et al. [2009]) supports
this interpretation, with > values of 0.98, 0.81 and 0.85 between our HR-AMS PMF
factors and the database for the HOA, SV-OOA and LV-OOA factors, respectively.
Figure 7 (top panel) shows the comparison between ambient SP-AMS NR-PMgc
and ambient HR-AMS NR-PM;, and the time series of the NR-PMpc / NR-PM; (the
fraction of NR-PM, associated with rBC) for the entire CalNex 2010 campaign. The
Figure also indicates the three case studies (1,6,7) discussed previously. Based on the
scatter plot (top panel, left), the fraction of the NR-PM; mass measured by the HR-AMS
that is associated with rBC is 35% on average, but it is greatly variable throughout the
campaign (0.05 to 0.8) as shown by the time series of the NR-PMpc to NR-PM; ratio (top
panel, right). The bottom panel of Figure 7 instead shows the comparison between
SP-AMS and HR-AMS PMF HOA (left) and total OOA (right), color coded by PCA. For
this particular comparison we use the results from the PMF analysis performed only on
the ORG matrix of the SP-AMS data to allow a more direct comparison with the
HR-AMS PMF solutions. It is worth noting that the PMF analysis performed on the
SP-AMS ORG matrix yields virtually the same MS profiles and TS as obtained for the
ORG+rBC matrix (see Figure S09 for the complete TS comparison of the SP-AMS and
HR-AMS PMF factors with both PMF analyses performed on the ORG matrix). The
HOA comparison of Figure 7a yields a regression slope - solid line - of 0.87 (* = 0.84),
suggesting that the ambient HOA during CalNex 2010 was almost entirely associated
with rBC and therefore detected by the SP-AMS. The color coding indicates that the
majority of HOA have PCA < 0.4, as expected due to the association of this factor with

fresh air masses. For reference, we also show the best-fit line from a similar comparison
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on SP-AMS and co-located HR-AMS data collected during the NYC 2009 study [Massoli
et al., 2012] for which the HOA comparison gave a correlation slope of 0.81 (dashed
line). In the OOA case, the correlation for CalNex yields a slope of 0.41 (r* = 0.84),
indicating that 41% of the measured total OOA was associated with rBC; for comparison,
this fraction was 35% during the NYC 2009 study.

Figure 8 shows further comparisons between the SP-AMS NR-PMpc and
HR-AMS NR-PM; for the inorganic species NOs,, NH,", Chl" and SO,”. The slopes
(solid lines) are 0.6, 0.26, 0.51 and 0.21 respectively, and indicate the fraction of the
NR-PM; that is detected by the SP-AMS as NR-PMpc. The dashed lines represent the
slopes obtained from the SP-AMS and HR-AMS comparison during the NYC 2009 study
[Massoli et al., 2012]. Tt appears that, in both campaigns, SO, and NH," are the
inorganic species least associated with rBC. The size distributions presented earlier show
that these components are typically found in the accumulation mode soot, also consistent
with previous results from typical HR-AMS ambient data [e.g., Zhang et al., 2005b;
Canagaratna et al., 2007]. It has to be noted for these scatter plots that the data points
above 0.5, 0.15 and 2 pg m> for the NH,", Chl" and SO,> SP-AMS loadings,
respectively, lie slightly above the campaign average fit lines (the same is true for the
OOA loadings above 3 pg m™ in Figure 7b). These points correspond to the outflows of
May 15 and 16, which had a much larger Rpc than the rest of the dataset. While there
does appear to be a consistent, general trend in the measured NR-PM; mass fractions
associated with rBC particles, it is not clear that these fractions need to remain constant
under all conditions. Thus, the apparent variable slopes in the correlations may be due to

different atmospheric conditions. It is also possible that the Rpc -dependent CE that we
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apply to the data, defined as an average correction curve to the dataset (see Fig. SO1) may
not capture - or correct for - the entire data variability. At the moment this approach
provides the best CE correction. In the future, SP-AMS measurements that also
incorporate a direct measure of the changes in particle beam width with coating thickness
using beam width probe (BWP) measurements - as done by Willis et al. [2014] - may
allow to directly measure the degree of particle to laser beam overlap (effectively the
CE), and correct for differences in sensitivities with particle coating more accurately.

In order to further support our estimates of total NR-PM; associated with rBC, we
tried to extract the same information by using other data independently acquired during
the CalNex 2010 campaign, in particular, data from the V-HTDMA housed in the same
container and data from an SMPS system housed in another container therefore sampling
from a different inlet line, both operating downstream of their own TD. The V-HTDMA
was set to measure three dry particle sizes, 50, 100 and 145 nm d,,. The hygroscopic
growth factors, GF, were measured at 90% RH. The TD was set to ramp the temperature
up and down from 50°C to 280°C in a 45 min interval, and the size distribution scan for
each size occurred in 240s with thermal denuder, and in 180s without. The V-HTDMA
measurements indicate that, on average, about 20% of the selected particles - by number -
were hydrophobic (GF =1), suggesting the presence of refractory material, e.g., rBC.
When plotting the fraction of particles with GF =1 as a function of PCA (Figure 9, panel
a), we observe that the vast majority of these particles fall in the region with PCA < 0.4,
with very little variability related to the initial dry particle size. This result is consistent

with the hydrophobic nature of freshly emitted rBC-containing particles.
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The TD connected to the SMPS was operated at 230 °C. The airstream was split into two
flows (ambient and denuded), dried with nafion driers before the denuder, and then
measured with two SMPSs. The TD was periodically operated at ambient temperature to
measure and correct for any sampling biases from the two SMPSs. The SMPS
study-averaged integrated volume, number and surface area concentrations for the
ambient and TD periods were used to calculate the ratio of the TD/ambient surface area
(SA) concentrations. We obtained an average spherical-particle surface area ratio
SA1p/SAamg distributed around 0.30, or 30% (Figure 9, panel b), a median SA ratio of
0.18 and only a few data points with SAtp/SAamp larger than 0.4. We note that thermally
denuded SMPS SA ratio results may be biased high because of the spherical particle
shape assumption and by the fact that the thermally denuded SMPS results may include
other refractory material such as sea-salt (although the sea-salt fraction in PM; is usually
very small); we therefore estimate that 30% represents an upper limit for the condensable
secondary NR-PM; material that would be associated with rBC particles. Overall, these
independently calculated numbers compare well with the measured fraction of particles
containing rBC as obtained from the comparison of the SP-AMS and HR-AMS data, i.e.,

35% as a campaign average (c.f. Fig. 7 top panel).

3.4 Thermal denuder measurements

The combination of the TD with the SP-AMS measurements allowed to obtain
chemically resolved volatility profiles of the sampled ambient particles through
evaporation of the NR-PMgc material induced by heating. As described in detail by

Cappa et al. [2012], the particles sampled through the TD enter a heating stage, then pass

25



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

through a charcoal diffusion denuder stage to prevent recondensation of volatile gases.
During CalNex 2010, the flow rate through the TD was 1.5 Ipm, corresponding to a
residence time in the entire heated section of 8.5 seconds. The temperature in the heated
section of the TD was ramped from 30°C to ~220°C and back over a period of 90
minutes. The sample flow was alternated between the unheated ("bypass mode") and
heated ("TD mode") sections every 2.5 minutes using two computer-controlled actuated
stem valves. A small flow (0.3 Ipm) always passed through the line that was not in use to
allow the system to respond rapidly after switching between modes. Based on the
principle that rBC does not evaporate in the TD, the rBC measurements made using the
SP2 behind the TD allowed estimation of the rBC mass loss through the TD [Huffman et
al., 2008]. The average temperature dependent transmission function (Tr), defined as the
ratio between the rBC mass after passing through the TD vs. bypass line [Cappa et al.,
20121, was Tr = 0.95-0.00083*Tw (°C), which compares very well with that estimated by
Huffman et al. [2008] for a typical distribution of ambient submicron particles. However
for this dataset, rather than using the average T-dependent transmission function, the
correction for particle losses was performed by normalizing the measured ambient and
TD NR-PMgc data by the corresponding rBC mass loadings - a point-by-point correction
- in order to reduce the scatter in the resulting corrected data.

Figure 10 shows the average TD "thermogram" (i.e., the plot of the mass fraction
remaining after heating as a function of TD temperature) for the SP-AMS coating species
ORG, SO,4*, NO;™ and NH," for the entire campaign (the volatility profile of Chl is not
shown because of the low signal-to-noise). The NO;™ profile shows the highest volatility

of all coating species, with the remaining mass fraction (MFR) below 0.2 already at ~
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150°C. SO4™ is the least volatile component, with MFR > 0.8 up to 140°C, followed by a
rapid MFR drop to 0.2 between 150° and 180°C. The initial decrease of the MFR SO,*
values between 50° and 100°C followed by an increase between 100° and 150°C is a
feature that has been observed in previous ambient data and it has been attributed to
physical changes in particle sulfate phase or morphology [Huffman et al., 2008]. The
ORG coating has intermediate volatility between SO4> and NO5", with a MFR value of
0.5 at 100°C; however, the ORG MFR stays around MFR = 0.2 above 150°C, indicating
that some of the ORG is much less volatile than e.g., SO,* and NO;  at those
temperatures. Finally, the NH;" thermogram shows lower volatility that ORG and NOj;” at
T < 150°C, with a rapid drop afterwards. Comparison with previous literature data
[Huffman et al., 2009; Docherty et al., 2011] indicates that the SP-AMS NR-PMsc
material evaporates similarly to the total NR-PM; For temperatures above 200°C, at least
80% of NR-PMaBc material is removed from the ambient rBC-containing particles.

As discussed in Cappa et al. [2012], significant charring can be excluded based on
the fact that most of the NR-PMpc components are evaporated before high temperatures
are reached; for T > 200°C, the MFR values are < 0.2 and only a small fraction of the
initial ORG (<5%) is potentially charred upon heating. Figure S10 shows the normalized,
high-resolution SP-AMS mass spectra of rBC for the average ambient (top-left panel) and
for thermally denuded data with T > 200°C (top-right panel). The distribution of the rBC
C,' ions and their relative intensities are overall similar, even if the abundances of C,",
C," and Cg relative to of C;" differ (e.g., C,'/C5" is higher in the ambient case). The
campaign average, chemically resolved pToF size distributions corresponding to ambient

and thermal denuder conditions (T > 200°C) are also shown (bottom panels). The
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aforementioned small fractions of ORG and SO4> that remain at elevated temperatures
are observed in the accumulation mode of the thermally denuded pToF traces, consistent
with Cappa et al. [2013].

Figure 11 shows the thermograms of the rBC coating species ORG, S04*, NO7,
NH," and Chl (panels a and b), CO," (panels ¢ and d) and other key ions (C3H;", C4Ho"
and C,H;0", panels e and f) for the case studies of May 29 and May 15, 2010, that
represent examples of moderately aged and aged urban air masses, respectively (c.f.
Figure 4). The data from May 27 are not reported here because there were no thermal
denuder data collected during those times. The thermograms of the coating species are
similar in both cases, with the only exception for SO,* which has a more pronounced
increase at 140 °C in the case of May 15. Likewise, the volatility of the C;H,", C4Hy" and
C,H;0" ions (where C;H;0" is the most abundant fragment in both mass spectra of Fig. 4,
panels d and f, respectively) is similar between the two cases. There is instead a striking
difference in the trend of the CO," ion, which decreases with T for the May 15 case
(where the fraction of CO," in the MS in Fig. 4d, fCO,", is 0.05), but it remains almost
flat in the case of May 29 (for which fCO," = 0.126, c.f. Fig. 4f). In the attempt to
estimate the fraction of CO," that is refractory, we calculated a refractory CO,"
component (R-CO,) using the correlation between the measured fragment CO," and rBC,
allowing estimation of the fraction of particle CO," that is associated with rBC. The
non-refractory component (NR-CO,) is then obtained by subtracting R-CO, from the
measured CO,". In the case of May 29 (Fig. 11c), the calculated NR-CO, fraction is
virtually zero and the measured CO," follows the trend of the calculated R-CO,, whereas

on May 15 (Fig. 11d) the measured CO," follows the trend of the calculated NR-CO,. We
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interpret this result as an indication of the different nature (and volatility) of the CO,"
fragment depending on the type of airmass and coating material that is associated with
rBC. In the case of May 29, an example of relatively fresh emissions with the majority of
ORG coating represented by HOA, the CO," fragment likely originates from refractory
oxygen species that form during the oxidation of organic material on the rBC surface.
The existence of a refractory CO," fragment has been observed in the laboratory for
certain types of soot (rBC) particles such as those generated using a propane diffusion
flame [Onasch et al. 2012; Corbin et al., 2014]. In the case of May 15, a more aged air
mass with ~ 50% of ORG represented by OOA, the CO," fragment follows the expected
trend based on previous HR-AMS observations [Huffman et al., 2009] and it is probably
originated from oxidized organic material condensed onto pre-existing rBC particles.
Finally, we estimate the fraction of ORG that is purely non-refractory by
subtracting the contribution of the estimated R-CO, fraction to the total measured ORG,
which at 200 °C has MFR values of 0.2 and 0.1 for May 29 and May 15, respectively.
The resulting ORGcorr (obtained as ORG minus R-CO,) is shown in Figs. 11a and 11b.
In the case of May 29, the MFR of ORGcorr drops below the MFR of ORG starting at T
> 120 °C, and it is significantly lower (45%) than ORG MFR at 200 °C. On May 15, the
MFR of ORGcorr is "only" 25% lower than ORG MFR at 200 °C, consistent with the

presence of less refractory organic material in this more aged airmass.

4. Summary and conclusions

We present measurements of black-carbon containing particles made during the

CalNex 2010 study onboard the R/V Atlantis for the period May 15 - June 8, 2010. An
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ARI soot particle aerosol mass spectrometer (SP-AMS) provided detailed measurements
of the size-resolved chemical composition of refractory black carbon (rBC) and the
associated coating species. The peak in the average size distribution of the rBC as
measured by the SP-AMS in vacuum aerodynamic diameter, d,,, varied from ~100 nm
dy, (fresh rBC emissions) to ~450 nm d,, (accumulation mode rBC, typical of more
processed rBC-containing air masses). In general, rBC was associated with an organic
aerosol (ORG) coating. A co-located standard high resolution aerosol mass spectrometer
(HR-AMS) measured the non-refractory portion of the submicron aerosol, or NR-PM;.
The combination of the two instruments allows an estimate of the fraction of the NR-PM;
that is associated with rBC (or NR-PMpc, when referring to the SP-AMS). Our results
indicate that, on average, 35% of the NR-PM; mass was associated with rBC, with some
variability observed upon source and coating species. Detailed comparisons between the
SP-AMS NR-PMgc and HR-AMS NR-PM; revealed that the SP-AMS detected most of
the primary NR-PM; (87% of the HOA) and 28% of the secondary NR-PM,, as obtained
from the mass-weighted average of all the remaining NR-PMgc species. Consistently,
positive matrix factorization (PMF) analyses of both NR-PM; and NR-PMpc indicates
that rBC is mostly associated with hydrocarbon-like organic aerosol (HOA). PMF results
from SP-AMS and HR-AMS compare well, though differences in the fragmentation
pattern to due the different vaporization techniques (laser vs. tungsten vaporizer) can be
observed. The use of the thermal denuder (TD) allowed investigation of the volatility of
the coating material exclusively associated with rBC. The volatility properties of less
oxidized masses indicate the presence of refractory organic material (detected as CO,")

associated with rBC. Additional field measurements and laboratory experiments will be
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needed to improve our current understanding of the sources and properties of non-volatile

(refractory) oxygenated material associated with soot particles.
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6. Tables

Date, Time (UTC) Sampling Location Ric o/C PCA
(air mass type) (SP-AMS) | (HR-AMS)
1) May 15, 1130-1700 Santa Monica Bay 23 0.52 0.3
(night-time chemistry)
2) May 16, 0930-1500 Santa Monica Bay 24 0.64 0.32
(night time chemistry)
3) May 21, 0930-1900 Santa Monica Bay 9 0.60 0.18
(night time chemistry)
4) May 24, 0800-1700 Santa Monica Bay 2.5 n/a 0.05
(offshore LAX)
5) May 25, 1230-1530 Santa Monica Bay 2.8 0.44 0.045
(offshore LAX)
6) May 27, 0430-1100 Long Beach Port 3 0.35 0.03
(fresh emissions)
7) May 29, 1500-2100 Santa Monica Bay 6.1 0.43 0.05
(day time chemistry)
8) May 30, 0800-1130 | Offshore Palos Verdes 10 0.66 0.45
(night time chemistry)
9) May 31, 1030-2000 Offshore Ventura 10.8 0.69 0.43

(night time chemistry)

Table I: List of air masses sampled by the R/V Atlantis off the coast of Southern

California, mainly in the Santa Monica Bay, during the CalNex 2010 research cruise. The

cases highlighted in gray (1, 6, 7) are discussed in detail in the paper. The Rpc ratio (from
the SP-AMS), the O/C ratio (from the HR-AMS) and the proxy for photochemical age
PCA (-log(I[NOx]/[NQOy])), are reported for each event.
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7. Figure Captions

Figure 1: Schematic of the instrument setup described in this paper during the CalNex

2010 deployment (May 15-June 8, 2010) on the R/} Atlantis.

Figure 2: Left panel: SP-AMS rBC loadings (in pg m™) plotted along the R/V Atlantis
cruise track. The highest rBC loadings were recorded nearby the Long Beach port areas.
Right panel: SP-AMS Rp¢ (defined as NR-PMgc / rBC) plotted along the cruise track. All

data are averaged to 10 minutes.

Figure 3: Top panel: location (latitude vs. time) of the R/V Atlantis during CalNex 2010.
Middle panel: Temporal series of rBC and NR-PMpc species (ORG, SO4*, NO5y, NH4"
and Chl’) mass loadings measured by the SP-AMS. The sections highlighted in the solid
boxes (labeled 1, 6, and 7) indicate the case studies described in section 3.2. The other
dashed boxes highlight other LA outflow events sampled in the Santa Monica Bay (see
Table I). Bottom panel: SP-AMS chemically resolved average pToF size distributions
(dM/dlog;od,,) of rBC and NR-PMpc species for Southern and Northern California.

Figure 4: SP-AMS chemically resolved pToF size distributions (dM/dlog;od,,), mass-
weighted pie charts and high resolution mass spectral profiles (MS) of the ORG
component for the three case studies of May 27 (panels a, b), May 29 (panels ¢, d) and
May 15 (panels e, f). The HOA and OOA contributions to the total ORG pToF traces are
shown. The average PCA and SP-AMS-based Rpc are reported for all cases.

Figure 5: Results of the PMF analyses performed on the combined ORG+rBC matrices
from the SP-AMS (left) and on the ORG matrix for the HR-AMS (right). Mass-weighted
pie charts of rBC and ORG ion families are shown for the SP-AMS HOA-+rBC,
SV-OOA+rBC, and LV-OOA+rBC factors. The HOA+rBC factor is dominated by
CxHy, while the OOA factors have larger fractions of oxygenated ions. The O/C and H/C
obtained with the new parameterizations by Canagaratna et al. [2015a, 2015b] are

reported for both SP-AMS and HR-AMS.
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Figure 6: Time-series illustrating the comparison between the SP-AMS (black traces) and
HR-AMS PMF factors (color-coded traces). The comparison shows a good qualitative
agreement, indicating that PMF finds similar solutions in both datasets. The r* between
the PMF factors are 0.8 for HOA+rBC vs. HOA, 0.85 for SV-OOA+rBC vs. SV-OOA
and 0.7 for LV-OOA+rBC vs. LV-OOA.

Figure 7: Top panel: Correlation plot of SP-AMS NR-PMpc vs. HR-AMS NR-PM; (left),
and time series of the NR-PMpc to NR-PM; ratio (right). The average mass fraction of
the measured NR-PM; that is associated with rBC is 0.35. Bottom panel: SP-AMS vs.
HR-AMS comparison for the HOA and OOA components, color coded by PCA. The fit
to the CalNex data is shown by solid lines. The slopes of the correlation, f(x), and the r*
are also reported. The dashed lines indicate the fits to similar SP-AMS vs. HR-AMS
correlations from the NYC 2009 study [Massoli et al., 2012].

Figure 8: SP-AMS NR-PMgc vs. HR-AMS NR-PM; scatter plots of the SO42', NOs5,
NH;" and Chl mass loadings (ug m™). The fits to the data are shown by the solid lines.

The slopes of the correlation, f(x), and the r* are also reported. The dashed lines indicate

the fits to similar SP-AMS vs. HR-AMS correlations from the NYC 2009 study.

Figure 9: Panel a: V-HTDMA-based frequency distribution of the number fraction of
particles with GF = 1 plotted as a function of the photochemical age proxy (PCA). Most
of particles with GF=1 have PCA < 0.4. Panel b: frequency distribution of the
SMPS-based TD/ambient surface area (SA). The average SArp/SAams ratio is 0.30,

corresponding to ~ 30% of PM; mass associated with rBC.

Figure 10: Volatility profiles ("thermograms") for the SP-AMS NR-PMgzc species ORG,
SO4*, NOs;™ and NH;". The data are reported as mass fraction remaining (MFR) as
function of the centerline thermal denuder (TD) temperature. The error bars represent the

variability in the data (1-o standard deviation of the measurements).
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Figure 11: Thermograms of the SP-AMS NR-PMgc species ORG, SO42', NO;", NH4 " and
Chl (panels a, b), CO," (panels ¢, d) and C;H;", C4Ho', C,H30" (panels e, f) for the case
studies of May 29 (left) and May 15 (right). On May 15, the CO," ion has the "expected"
volatility profile whereas it remains almost flat in the case of May 29, indicating the
presence of refractory, non-volatile organic coating material. The error bars represent

the 1—o standard deviation of the measurements.
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