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Abstract  29 

 30 

We present mass spectrometry measurements of black-carbon containing particles made 31 

onboard the R/V Atlantis during the CalNex 2010 study using an Aerodyne Research Inc. 32 

soot particle aerosol mass spectrometer (SP-AMS). The R/V Atlantis was deployed to 33 

characterize air masses moving offshore the California coast and to assess emissions from 34 

sources in urban ports. This work presents a first detailed analysis of the size-resolved 35 

chemical composition of refractory black carbon (rBC) and of the associated coating 36 

species (NR-PMBC). A co-located standard high resolution aerosol mass spectrometer 37 

(HR-AMS) measured the total non-refractory submicron aerosol (NR-PM1). Our results 38 

indicate that, on average, 35% of the measured NR-PM1 mass (87% of the primary and 39 

28% of the secondary NR-PM1, as obtained from the mass-weighted average of the 40 

NR-PMBC species) was associated with rBC. The peak in the average size distribution of 41 

the rBC-containing particles measured by the SP-AMS in vacuum aerodynamic diameter 42 

(dva) varied from ~100 nm to ~450 nm dva, with most of the rBC mass below 200 dva. The 43 

NR-PMBC below 200 nm dva was primarily organic, whereas inorganics were generally 44 

found on larger rBC-containing particles. Positive matrix factorization (PMF) analyses of 45 

both SP-AMS and HR-AMS data identified organic aerosol factors that were correlated 46 

in time, but had different fragmentation patterns due to the different instruments 47 

vaporization techniques. Finally, we provide an overview of the volatility properties of 48 

NR-PMBC and report the presence of refractory oxygen species in some of the air masses 49 

encountered. 50 

 51 
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1. Introduction   52 

 Atmospheric aerosol particles have important impacts on visibility, human health, 53 

and climate [Intergovernmental Panel on Climate Change (IPCC), 2013]. Refractory 54 

black carbon (rBC)-containing particles, often referred to as soot, are emitted from 55 

incomplete combustion processes, are strong light-absorbers in the visible and near 56 

visible wavelengths, and have been recognized as potentially important players in climate 57 

forcing through direct warming and alteration of cloud properties [Jacobson, 2001, 2006; 58 

Ramanathan et al., 2007; Ramanathan and Carmichael, 2008; Bauer et al., 2010; 59 

Shindell et al., 2012; Bond et al., 2007, 2013]. Understanding the transformations that 60 

rBC-containing particles undergo in the atmosphere after emission is key to accurately 61 

describing and modeling the radiative effects of rBC. It is well known that ageing of rBC 62 

can occur through coagulation and condensation of organic and inorganic components (or 63 

coating material), which can be mildly light absorbing or non-absorbing. As the coating 64 

thickness increases and evolves with ageing processes [e.g., Riemer et al., 2010], the 65 

chemical and radiative properties of aged rBC particles can change dramatically 66 

compared to the ones of freshly emitted rBC [Schnaiter et al., 2005; Bond et al., 2006; 67 

Stier et al., 2007; Lack and Cappa, 2010]. However, the complex nature of both fresh and 68 

aged rBC particles makes it challenging to describe their microphysics (e.g., mixing 69 

state), chemical (e.g., composition of coating) and optical (e.g., influence of coating on 70 

the magnitude of rBC absorption) properties. Recent studies have highlighted that the 71 

morphology of rBC-containing particles is likely very different than the "core-shell" 72 

structure that is typically assumed in many radiative models, and that rBC is not 73 

commonly located at the center but rather at the edge of an aerosol particle [Adachi et al., 74 
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2010; Sedlaceck et al., 2012, and references therein]. Such irregular morphologies may 75 

be the reason (or one of the reasons) for the smaller-than-predicted absorption 76 

enhancements recently observed for atmospheric rBC-containing particles in an urban 77 

environment [Cappa et al. 2012, and references therein]. Thus, there are still significant 78 

challenges related to understanding rBC properties and its effects on climate, as 79 

highlighted in a recent comprehensive review paper by Bond et al. [2013]. 80 

 Extensive measurements of rBC mass loadings in different environments have 81 

taken place in the last two decades mainly by means of filter-based methods [Metcalf et 82 

al., 2012, and references therein], which are relatively straightforward but do not provide 83 

information regarding the mass of the coating materials specifically associated with rBC 84 

particles. The introduction of the Single Particle Soot Photometer, SP2 [Stephens et al., 85 

2003], developed by Droplet Measurement Technologies (DMT), has represented a step 86 

forward in the characterization of rBC-containing particles, as the SP2 instrument allows 87 

for a real-time, sensitive quantification of rBC mass loadings and rBC-core size 88 

distributions on a single particle basis [Stephens et al. 2003; Baumgardner et al. 2004; 89 

Schwarz et al. 2006]. The SP2 also provides methods for estimating the thickness of the 90 

coating material associated with an rBC-core and the degree of mixing between core and 91 

coatings [e.g., Gao et al., 2007; Schwarz et al., 2008a, 2008b; McMeeking et al., 2010; 92 

Subramanian et al., 2010; Metcalf et al., 2012]. However, the SP2 does not provide 93 

means to chemically speciate the coatings on rBC particles and is reliant on inversion 94 

methods to estimate the coating thickness. The Soot Particle Aerosol Mass Spectrometer 95 

(SP-AMS), recently developed by Aerodyne Research Inc. (ARI) [Onasch et al., 2012], 96 

combines technologies from the DMT SP2 and the ARI high resolution aerosol mass 97 
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spectrometer (HR-AMS) [DeCarlo et al. 2006] to provide real-time and quantitative 98 

information on the mass loadings and size-resolved chemical composition of 99 

rBC-containing particles, i.e., rBC and associated non-refractory coating species. 100 

 Detailed measurements of the mass, size, chemical composition, and optical 101 

properties of rBC-containing particles were made as part of the California Research at the 102 

Nexus of Air Quality and Climate Change (CalNex) study onboard the R/V Atlantis in 103 

early summer 2010 (starting in San Diego on May 14, 2010, and ending in San Francisco 104 

on June 8, 2010). The CalNex 2010 effort aimed to better quantify pollutant emissions 105 

and understand key atmospheric chemistry issues related  to both air quality and climate 106 

change in California [Ryerson et al., 2013]. The megacity of Los Angeles (LA) has been 107 

historically characterized by air quality problems and severe pollution episodes due to a 108 

constantly growing number of pollutant sources combined with unique meteorological 109 

and geographic features that often favor pollution stagnation [Lu and Turco, 1995; 110 

Angevine et al., 2012]. Despite significant improvements due to the state's efforts in 111 

reducing pollutant emissions, high levels of particulate matter (PM) are consistently 112 

recorded in the LA basin (www.arb.ca.gov/html/brochure/history). Many recent field 113 

campaigns have shown that the majority of PM in the LA Basin is nowadays represented 114 

by organic aerosols, OA [Hayes et al., 2012]; however, rBC emissions and concentrations 115 

in the LA area are still significant [Metcalf et al., 2012].  116 

 As part of CalNex 2010, the R/V Atlantis was deployed to characterize air masses 117 

sampled along the California coast and to assess emissions from specific sources, e.g., 118 

ships in urban ports [Buffaloe et al., 2014]. In addition to the R/V Atlantis, the study 119 

included two ground-based supersites (one at the California Institute of Technology 120 
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campus in Pasadena and one near Bakersfield, in the San Joaquin Valley), and multiple 121 

research aircraft [Ryerson et al., 2013]. Onboard the R/V Atlantis, we deployed a suite of 122 

particle instruments to investigate the chemical composition, volatility, hygroscopicity 123 

and optical properties of the submicron aerosol, as well as changes in size, mass and 124 

chemical composition of rBC-containing particles as a function of atmospheric ageing. 125 

The implications of ageing on the optical properties of rBC-containing particles (i.e., 126 

effects on absorption enhancement due to rBC particle coatings) have been discussed in 127 

Cappa et al. [2012]. Here we focus on the chemical and physical measurements obtained 128 

using the SP-AMS instrument and describe the size and mass spectral differences of the 129 

various types of air masses encountered during the deployment. We present cases of 130 

coastal pollution events as the R/V Atlantis often sampled air masses as they moved 131 

offshore from the LA basin. In addition, the particulate volatilities of these aerosols are 132 

explored with the ARI thermal denuder (TD). We also discuss the results of positive 133 

matrix factorization (PMF) analyses of the SP-AMS data and compare these results with 134 

PMF performed on the data from a standard co-located HR-AMS.   135 

 136 

2. Methods  137 

2.1 Aerosol sampling and instrument setup 138 

 The aerosol sampling system on the R/V Atlantis during CalNex 2010 consisted of 139 

a 6 m long mast located 18 m above the ocean surface, and pointing forward of the ship's 140 

stack. Periods of self-sampling were eliminated based on the wind direction and wind 141 

speed data measured relative to the position of the inlet (a more complete description of 142 

the mast can be found in Bates et al. [2012]). During CalNex 2010, the sampling mast 143 
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was maintained at a relative humidity (RH) of 60% by controlling the mast temperature, 144 

and particles were sent to a suite of instruments after passing through a PM1 impactor and 145 

an ARI thermal denuder, TD, that was similar in design and performance to that 146 

described by Huffman et al. [2008]. Note that only the mast was kept at constant RH, 147 

whereas the sampling lines delivering particles to the various instruments had no RH 148 

control. The temperature in the heated section of the ARI TD was ramped between 30ºC 149 

and 250ºC and back over a period of 90 minutes. The sample flow was alternated 150 

between the unheated ("bypass mode") and heated ("TD mode") sections every 2.5 151 

minutes [Cappa et al., 2012]. The instruments located after the ARI TD included: a DMT 152 

SP2 to measure single particle rBC mass and size; the ARI SP-AMS to measure the bulk 153 

mass and chemical composition of both rBC and the coating associated with rBC 154 

(hereafter NR-PMBC) and their size distribution in the aerodynamic diameter (dva) range 155 

50-700 nm (Canagaratna et al., [2007], and references therein); a co-located standard 156 

HR-AMS to measure the ensemble mass and chemical composition of the total non-157 

refractory PM1 (NR-PM1) and its size distribution in the same dva range, 50-700 nm; a 158 

Scanning Mobility Particle Sizer (SMPS, TSI Inc., Model 3936) to measure the aerosol 159 

size distribution in the mobility diameter (dm) range 20-600 nm, and the UC Davis Cavity 160 

Ring-Down and Photo-Acoustic Spectrometers (CRD/PAS) to measure particle optical 161 

properties (light absorption and extinction) as a function of RH [Langridge et al., 2011; 162 

Lack et al. 2012]. The University of Helsinki Volatility Hygroscopicity Tandem 163 

Differential Mobility Analyzer (V-HTDMA) [Villani et al., 2008], deployed to measure 164 

the hygroscopic growth factors (GF) as a function of particle size, volatility, and RH, 165 

sampled from the same PM1 line but operated its own TD. A schematic of the 166 
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measurement setup on the R/V Atlantis is given in Figure 1. Additional details on each of 167 

these instruments are provided in Cappa et al. [2012]. 168 

 169 

2.2 SP-AMS and HR-AMS measurements  170 

 The mass loadings and chemically resolved size distribution of rBC-containing 171 

particles were directly measured via the ARI SP-AMS. The instrument operating 172 

principles are discussed in Onasch et al. [2012]. The main feature of the SP-AMS is a 173 

1064 nm continuous wave (CW) intra cavity laser (similar in design to the SP2 laser) that 174 

is inserted into an HR-AMS chamber perpendicular to the particle beam axis. The laser 175 

vaporizes absorbing rBC at the aerosol sublimation/incandescence temperatures (~ 4000 176 

K). In the SP-AMS, particles are first aerodynamically focused into the laser beam. As 177 

rBC-containing particles are heated by laser absorption, the coating material associated 178 

with rBC is vaporized, generating neutral chemical species. The removal of the coating 179 

allows the rBC core to heat up further and vaporize into neutral carbon clusters. The 180 

resulting molecular vapor is ionized via 70 eV electron impact, and subsequent ion 181 

detection and chemical characterization occur via standard high resolution mass 182 

spectrometry [Canagaratna et al., 2007]. The SP-AMS measures the chemical 183 

composition and size distribution of both rBC and associated coating, NR-PMBC, in the 184 

sub-micron range (note that the size distribution is representative of the total particle, rBC 185 

plus NR-PMBC). We use the term NR-PMBC to indicate the total coating material 186 

measured by the SP-AMS - organics (ORG), sulfate (SO4
2-), nitrate (NO3

-), ammonium 187 

(NH4
+) and chloride (Chl-) - which may include components that by definition are both 188 

non-refractory and refractory, i.e., that vaporize in the laser below and above 600 ºC, 189 
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respectively. In fact, the higher temperature attained by laser heating extends the range of 190 

detectable coating material associated with rBC [Corbin et al., 2014].  191 

 The SP-AMS was calibrated for rBC quantification by determining the mass 192 

specific ionization efficiency (mIEBC), or instrument sensitivity, for size-selected Regal 193 

Black particles [Onasch et al., 2012]. The mIEBC during CalNex 2010 was ~288 194 

ions/picograms. The 3-σ detection limit for rBC was <0.1 μg m−3 for 60 s averaging. In 195 

the SP-AMS, the collection efficiency (CE) for sampled particles, including the rBC and 196 

NR-PMBC components, depends on the extent of overlap between the particle beam and 197 

the laser beam. If the ambient particle beam diverges more than the laser beam, the CE 198 

will be less than unity. Therefore, in the case of the SP-AMS, the CE depends primarily 199 

on the fraction of particles crossing the laser, and CE < 1 is likely due to losses of small 200 

and non-spherical particles in the SP-AMS because of particle beam divergence [Onasch 201 

et al., 2012]. Recent work by Willis et al. [2014] suggests that the CE due to particle 202 

beam-laser beam overlap is similar for both rBC and NR-PMBC components (i.e., the 203 

same CE should be applied for all rBC-containing particle chemical components). Willis 204 

et al. [2014] also note that the CE is dependent on the NR-PMBC / rBC (coating-to-core) 205 

ratio, or RBC, where a larger CE is expected for more coated (larger and more spherical) 206 

particles, which can focus more efficiently in the laser beam. Following Willis et al. 207 

[2014], we derived an RBC-dependent CE correction for the SP-AMS dataset (see Figure 208 

S01 of supplementary material and related Text 02). During CalNex 2010, the CE was ~ 209 

0.6 on average, but varied from ~ 0.2 to 1.0 depending on the RBC values. All the 210 

SP-AMS data reported in this paper are corrected using this derived RBC dependent CE. 211 
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 The SPAMS was operated in the laser-only configuration (i.e., without tungsten 212 

vaporizer) and in the V ion time of flight mode [DeCarlo et al., 2006]. Note that in the 213 

laser-only configuration, the SP-AMS selectively and exclusively detects particles that 214 

absorb at 1064 nm, that is rBC, and its coating material NR-PMBC. The data acquisition 215 

alternated between mass spectrum (MS) and particle-time-of-flight (pToF) modes to 216 

obtain mass loadings and chemically resolved average size distributions.  217 

 The co-located HR-AMS provided the chemical composition and size distribution 218 

of NR-PM1. The HR-AMS was operated in both V (high sensitivity, low mass resolution) 219 

and W (lower sensitivity, higher mass resolution) modes [DeCarlo et al., 2006], but only 220 

the V mode data are used in this paper. The HR-AMS data were reported using a CE of 221 

0.5 to account for particle bounce from the AMS vaporizer [Matthew et al., 2008]. The 222 

CE was obtained against comparisons with SO4
2- concentrations on filter samples 223 

analyzed by ion chromatography and checked against comparisons with a quadrupole 224 

AMS [Bates et al., 2012]. Because the aerosol was dried enough and particle sulfate was 225 

neutralized, a particle phase-dependent CE correction [Middlebrook et al., 2012] was not 226 

necessary. Both SP-AMS and HR-AMS data were analyzed using the high resolution 227 

AMS data analysis software package PIKA [Sueper, 2010]. Positive matrix factorization 228 

(PMF) analyses were performed using the PMF2.exe algorithm (v.4.2) in robust mode 229 

[Paatero and Tapper, 1994]. The PMF inputs (mass spectral and error matrices) were 230 

prepared according to Zhang et al. [2011], and the solutions were evaluated with an Igor 231 

Pro-based PMF Evaluation Tool (PET, v. 2.04), following the method described by 232 

Ulbrich et al. [2009] and Zhang et al. [2011]. For both SP-AMS and HR-AMS data, the 233 

elemental analysis (EA) was performed using the recently updated oxygen-to-carbon 234 
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(O/C) and hydrogen-to-carbon (H/C) ratios parameterization by Canagaratna et al. 235 

[2015a], which indicated that the standard analysis code of Aiken et al. [2007] can 236 

underestimate O/C and H/C by up to 30% and 10% respectively, especially for aerosol 237 

containing alcohol functional groups and dicarboxylic acids. All the data reported here 238 

are averaged to 10 minutes and do not include contributions from direct shipping 239 

emissions that are published elsewhere [Cappa et al., 2014; Buffaloe et al., 2014].  240 

 For the HR-AMS, the instrument uncertainty for the data reported in this paper is 241 

estimated to be +35/-15%. For the SP-AMS, the uncertainty in the mIEBC calibration (i.e., 242 

rBC mass loading measurement) is approximately ±20%, based on the uncertainties in 243 

size selecting a single-sized mobility diameter with known mass, and counting the 244 

number concentration with a condensation particle counter (CPC). The uncertainty in the 245 

mIENR-PMBC calibration, estimated from mIEBC and the relative ionization efficiency of 246 

rBC, RIEBC (Onasch et al. [2012]), is approximately ±50%. The SP-AMS RBC-dependent 247 

CE correction is based on a direct comparison with the co-located SP2 instrument, which 248 

has an estimated uncertainty of +100/-20%. Assuming that propagation of errors via 249 

addition in quadrature provides a useful error model, the combined mIEBC and CE 250 

uncertainties suggest that the SP-AMS uncertainties are +100/-30% for rBC and +112/-251 

54% for NR-PMBC. These large uncertainties in the SP-AMS measurements are driven by 252 

the large SP2 uncertainties, which were unusually high for this study because of the 253 

instrument laser being misaligned (see full discussion in Text 01 of the supplement). For 254 

both SP2 and SP-AMS however, the precision is significantly higher than their 255 

corresponding absolute accuracies reported here.   256 

  257 
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3. Results and Discussion 258 

3.1 Overview of the SP-AMS measurements   259 

 The R/V Atlantis cruise track is shown in Figure 2, color coded by the SP-AMS 260 

rBC mass loadings (left panel) and RBC (right panel). The campaign average rBC mass 261 

loading was 0.3 g m-3, with generally higher values measured in Southern California 262 

than in Northern California. The highest rBC loadings were recorded downwind of the 263 

LA basin, in particular in the port area of Long Beach (~ 1 g m-3) and during periods 264 

when the R/V Atlantis sampled air masses coming from the LA urban area (rBC ~ 0.5 g 265 

m-3). Much lower rBC loadings (< 0.1 g m-3) were measured further away from the 266 

coast and/or when the air masses were influenced by clean marine air such as during the 267 

transit from Southern to Northern California. Typical rBC loadings measured in various 268 

Northern California locations (San Francisco Bay, Sacramento River) ranged from 0.1 to 269 

0.25 g m-3. Similar to rBC, the largest RBC values were recorded in Southern California 270 

(up to 25), but varied greatly with location with a campaign-average value around 10. 271 

 Figure 3 shows the high resolution time series of both rBC and its coating species 272 

(ORG, SO4
2-, NO3

-, NH4
+, and Chl-) measured by the SP-AMS. The campaign-average 273 

pie chart shows that the majority of the NR-PMBC material associated with rBC was 274 

represented by ORG, followed by SO4
2-. The mass loadings of NR-PMBC were generally 275 

enhanced when sampling air masses coming from the urban LA area, which also coincide 276 

with periods of high optical extinction and absorption levels observed by the CRD/PAS 277 

system [Cappa et al., 2012]. These time periods are highlighted in Figure 3, and listed in 278 

Table I. The three time periods highlighted by the solid boxes (labeled 1, 6 and 7) are 279 

chosen as case studies and will be discussed in section 3.2. 280 
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 Figure 3 (bottom panels) also shows the SP-AMS chemically resolved average 281 

particle time-of-flight (pToF) size distributions (dM/dlog10dva) of rBC and coating 282 

species for Southern and Northern California. Similarly to Massoli et al. [2012], we use 283 

the pToF of m/z 36 from unit mass resolution (UMR) data as a proxy for the rBC size 284 

distribution because the C3
+ at m/z 36 is the strongest carbon signal and has relatively 285 

low interference from other particle components (Chl- in this case). Still, the rBC size 286 

distribution traces reported here are corrected for the Chl- signal. The Chl- contribution to 287 

the m/z 36 pToF size distribution is estimated from HChl37 - the isotope of HChl35 at m/z 288 

38, where all the pToF signal is attributable to HChl37. After subtracting the estimated 289 

Chl- (i.e., the HChl37 pToF trace multiplied by 3 to account for the isotopic ratio) from 290 

the total m/z 36, we obtain a rBC pToF trace, and then we scale the integrated area to the 291 

rBC mass concentration calculated from the high resolution analysis, so that the rBC size 292 

distributions are quantitatively correct.  293 

 The pToF size distributions of Figure 3 show that, in general, most of the rBC 294 

mass is centered around ~100-120 nm dva; in the case of Southern California, however, 295 

the pToF size distribution of rBC extends beyond 200 nm dva, and rBC is present up to 296 

500-600 nm dva,, indicating more compact rBC-containing particles at these larger sizes. 297 

As for the coating species, ORG is present across the all size range in both cases 298 

(although centered around 150 nm dva in the Southern California case and ~100 nm dva in 299 

the Northern California case, thus very similar to the ~100 nm dva  rBC mode), while 300 

SO4
2-, NO3

- and NH4
+ are almost exclusively above 200 nm dva and peak at ~400 nm dva. 301 

Chl- was very low across the all dva range throughout the CalNex campaign. 302 

 303 
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3.2  Measurements of urban air masses in Santa Monica Bay. 304 

 The R/V Atlantis spent a large fraction of the CalNex deployment (May 15-31, 305 

2010) in the Santa Monica Bay to sample airmasses moving offshore from the LA urban 306 

area under the land/sea breeze regime. Several pollution studies conducted in the LA area 307 

in the last two decades have described in detail the meteorological phenomena that occur 308 

in the southern California bight such as the Catalina eddy [Angevine et al., 2013, and 309 

references therein], often coupled with a local land/sea breeze circulation that is 310 

characterized by a very weak night-time land breeze especially in the summer months [Lu 311 

and Turco, 1995]. Polluted air transported from the LA urban core towards the ocean by 312 

the night-time land breeze (hereafter "LA outflows") was sampled often by the R/V 313 

Atlantis in various locations within the Santa Monica Bay, typically under conditions of 314 

easterly-north easterly (E-NE), light winds (< 2 m s-1) [Wagner et al., 2012]. It is worth 315 

noting that these air masses represent a multitude of emission sources that occur in the 316 

LA urban area mainly during the day, and are pushed inland by the day time sea breeze 317 

and then offshore by the nighttime land breeze (sometimes multiple times if rain or strong 318 

winds are absent for a few consecutive days). As a result, these air mass were processed 319 

by the time that they were measured by the R/V Atlantis located in the Santa Monica Bay. 320 

The outflow events (c.f. Table I) generally lasted 5-8 hrs each, and were characterized by 321 

enhanced rBC (up to 0.5-1 g m-3) and enhanced ORG in the SP-AMS NR-PMBC and 322 

ORG and SO4
2- in the HR-AMS NR-PM1. In some outflows, enhanced NO3

- was also 323 

observed in the SP-AMS NR-PMBC (see Figure 3, middle panel). From the gas phase 324 

standpoint, the LA urban outflows were characterized by increased CO, NO and NO2, 325 

and decreased O3 [Wagner et al., 2012, and references therein]. The mixing ratios of 326 
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many volatile organic compounds (VOCs) measured by proton transfer reaction time-of-327 

flight mass spectrometry (PTR-ToF-MS) [deGouw and Warneke, 2007], i.e., 328 

acetaldehyde, acetone, formaldehyde, and aromatics (C8 and C9), were also slightly 329 

elevated in the outflows (see Figure S02 of supplementary material). Table 1 reports key 330 

parameters for the LA outflow events, including estimates of photochemical age (PCA) 331 

obtained as (-log([NOx]/[NOy]). As noted by Cappa et al. [2012], the dimensionless 332 

term (-log([NOx]/[NOy]) is a proxy for photochemical age and serves as a "clock" under 333 

the assumption that the conversion of NOx into NOy occurs at a rate equal to NO2 + OH 334 

reaction rate. The PCA ranged from 0.05 to 0.45 for these outflow events, indicating 335 

fresh to moderately processed urban airmasses, while the oxygen-to-carbon ratio (O/C) 336 

obtained from the HR-AMS ranged from 0.43 to 0.69, and RBC ranged from 2.5 to 25. In 337 

general, O/C and RBC increased with PCA - as one expects with ageing - with the 338 

exception of the outflow cases of May 15 and May 16, which had the highest RBC among 339 

these case studies, but lower PCA than other outflow events with lower RBC (e.g., May 30 340 

and 31). One possible explanation for this result is the sampling location: in fact, the 341 

sampling of May 15 and 16 occurred very close to the coastline in the Santa Monica Bay, 342 

whereas on May 30 and 31 the ship was further away from the coast, and at the edges of 343 

the Santa Monica Bay (offshore Palos Verdes and Ventura, respectively). Although it has 344 

been shown that the polluted urban air from LA carried by the land / sea breeze regime 345 

can reach well beyond the Santa Monica Bay [Wagner et al., 2012, and references 346 

therein], differences in location and distance from the coastline - allowing mixing with 347 

more aged air masses - might have played a role, perhaps effecting PCA in a different 348 

manner than RBC. The other - perhaps more likely - explanation is that May 15 (and May 349 
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16) represented "special cases". On May 15 - a Saturday - Metcalf et al. [2012] report 350 

aircraft measurements of a large increase of water soluble organic carbon (WSOC) 351 

relative to rBC (measured by an SP2) indicating SOA formation over the LA area, 352 

consistent with previous observations of SOA growth due to the so-called "weekend 353 

effect", a phenomenon resulting from the lack of fresh emission - mostly from diesel 354 

engines - during the weekends [Metcalf et al., 2012; Bahreini et al., 2012]. However, a 355 

similar build up of secondary material was not observed - at least at sea level - on the 356 

following weekend (May 21-22), when the LA outflow of May 21 exhibited lower PCA 357 

and RBC than on May 15. Interestingly, the meteorological data indicate rain on May 18 358 

and 19, which led to cleaner and perhaps less stagnant conditions in the following days. 359 

 In this section we look more in detail at the chemical composition and average 360 

pToF size distribution of three distinct air masses sampled in different locations within 361 

the Santa Monica Bay (highlighted in Figure 3 as events 1, 6 and 7). Figure 4 shows the 362 

SP-AMS chemically resolved pToF size distributions and the high resolution (HR) mass 363 

spectral profiles (MS) for the three case studies. The first case (panels a and b) shows 364 

airmasses sampled while the R/V Atlantis was in the Long Beach port area, thereby near 365 

direct emission sources. The second and the third cases are the outflows of May 29, 366 

1500-2100 UTC (panels c and d) and of May 15, 1130-1700 UTC (panels e and f). In the 367 

pToF size distributions the total ORG is split between the two main OA types identified 368 

by PMF analysis, i.e., hydrocarbon-like (HOA) and oxygenated organic aerosol (OOA) 369 

factors, which are respectively used as proxies for fresh and more aged aerosol [Zhang et 370 

al., 2005a]. The HOA and OOA pToF traces are obtained using the tracer-based method 371 

described by Zhang et al. [2005a, 2005c], i.e., using, respectively, the UMR pToF size 372 
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distributions at m/z 57 and m/z 44, and then scaling the integrated areas to the 373 

corresponding HOA and OOA mass loadings obtained by PMF analyses performed on 374 

the ORG matrix. The pie charts summarize the mass balance of the coating species.   375 

 The first case (#6 in Table I and Fig.3) is an example of fresh airmasses sampled 376 

in the Long Beach port. The pToF trace (Fig.4a) shows that the rBC size distribution is 377 

centered around 100 nm dva ("fresh soot mode"), and the pie chart indicates that rBC 378 

represents almost 50% of the total mass measured by the SP-AMS. Similar to rBC, ORG 379 

is found below 200 nm dva, (although not completely internally mixed with rBC), and 380 

makes the majority of the measured NR-PMBC; in this airmass, ORG is almost entirely 381 

made of HOA. Another small rBC mode peaking at 250 nm dva (coated with HOA) is 382 

present. At larger dva, there is additional rBC associated with small amounts of SO4
2-, 383 

NO3
-, and NH4

+ (15% of the measured NR-PMBC). In general, these pToF size 384 

distributions reveal a certain degree of external mixing between rBC and all of the 385 

NR-PMBC species at both small and large dva,, consistent with relatively fresh emissions. 386 

The HR MS of rBC and ORG for this case study is shown in Fig.4b, with rBC 387 

represented by the ion family Cx
+ and ORG represented by ions of the CxHy

+, CxHyO1
+ 388 

and CxHyO>1
+ families. From the MS of the Cx

+ ions we infer that most of the rBC signal 389 

(~90%) resides between C1
+ (m/z=12) and C5

+ (m/z=60), consistent with laboratory and 390 

previous ambient measurements [Onasch et al., 2012; Massoli et al., 2012; Corbin et al., 391 

2014] (see also Figure S03 of supplementary material for examples of rBC MS for 392 

different soot types). The C3
+ cluster (m/z=36) is the most abundant rBC peak, followed 393 

by C1
+ (m/z=12) and C2

+ (m/z=24). The MS is dominated by the characteristic CxH2y-1
+ 394 
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and CxH2y+1
+ ion pattern of "HOA-like" aerosol, with the signals at m/z=41, m/z=43 395 

(C3H7
+, the highest peak of the MS), m/z=55 and m/z=57 being the dominant peaks. 396 

 The case study of May 29 (#7 in Table I and Fig. 3) is one of the outflow 397 

airmasses sampled in the LA basin. The pToF plot (Fig.4c) shows that most of the rBC 398 

mass is centered around the dva ~100 nm "fresh soot mode", but a well defined rBC mode 399 

at ~ 400 nm dva ("accumulation soot") is also present. ORG makes about 90% of the total 400 

measured coating mass, and it is largely made of HOA, similar to the previous case. 401 

However, compared to the first case study, here rBC amounts to 23% of the total 402 

measured mass, and it is more heavily coated even at larger dva, suggesting some degree 403 

of air mass processing. The corresponding HR MS of rBC and ORG is shown in Fig.4d. 404 

As in the previous case, most of the rBC signal (~90%) resides between C1
+ (m/z=12) 405 

and C5
+ (m/z=60), and the MS is largely dominated by the CxHy

+ ion type. However, here 406 

about 70% of the signal at m/z=43 (the most intense peak in the MS) is C2H3O
+. 407 

 The third case (# 1 in Table I and Fig 3) represents a more processed air mass 408 

during the outflow of May 15. The pToF size distribution (Fig. 4c) shows that the 409 

majority of both rBC and NR-PMBC mass are shifted to larger dva, ~450 nm. rBC 410 

represents only 5% of the measured air mass, and it is coated by a much larger fraction of 411 

SO4
2-, NO3

-, NH4
+ and Chl- compared to the previous outflow case. In addition, almost 412 

50% of ORG is represented by OOA. Despite the two outflow case studies having 413 

different size distributions and different RBC and PCA (larger values for May 15, as 414 

discussed earlier), the difference in the MS is not as dramatic; however, oxygenated ions 415 

of the CxHyO1
+ and CxHyO>1

+ families are more abundant and make up a larger fraction of 416 

peaks such as m/z=41, m/z=43 (almost all C2H3O
+), m/z=55, m/z=71 and m/z = 85. 417 
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 The HR-AMS pToF size distributions and HR MS of the ORG component for the 418 

same three case studies are reported in Figure S04 of the supplementary material. 419 

Generally, there is a good qualitative correspondence between SP-AMS and HR-AMS for 420 

the pToFs in the average peak of the ORG and SO4
2- size distributions, even though the 421 

mass loadings are different and generally larger for the HR-AMS (particularly for the 422 

inorganic species in the accumulation mode regions, e.g., SO4
2-, NO3

-, NH4
+). One 423 

interesting observation is that in all the three cases, the HR-AMS MS are dominated by 424 

m/z=44 (CO2
+), whereas the MS of the SP-AMS are dominated by m/z=43 (C3H7

+ and 425 

C2H3O1
+). Laboratory studies suggest that the SP-AMS provides vaporization of the NR-426 

PMBC at lower temperatures compared to the standard tungsten vaporizer of the 427 

HR-AMS, resulting in less overall fragmentation and therefore less CO2
+ production in 428 

the laser [Onasch et al., 2012; Canagaratna et al., 2015b]. The lower fragmentation also 429 

explains the larger presence of ion fragments above m/z=100 in the SP-AMS spectra 430 

compared to the HR-AMS spectra.  431 

 432 

3.3 PMF analyses of SP-AMS and HR-AMS data 433 

 PMF analyses of the SP-AMS CalNex 2010 data were performed on the ORG 434 

mass spectrum as well as on the combined mass spectral matrices of ORG and rBC 435 

(ORG+rBC) in order to extract information on the fraction and typology of ORG 436 

associated with rBC in different PMF factors. In this section we discuss the results of the 437 

PMF performed on the ORG+rBC data, and compare them to the PMF analysis of the 438 

HR-AMS ORG data. For the SP-AMS, we chose a 4-factor solution with rotational 439 

forcing parameter fPeak = 0 (Q/Qexp = 1.0), yielding a hydrocarbon-like OA component, 440 
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hereafter HOA+rBC, and three oxygenated OA components (OOA+rBC), two of which 441 

were recombined. The choice of a 4-factor solution, as opposed to a 3-factor solution, 442 

enabled the extraction of a more "standard" HOA MS (e.g., with m/z=44 lower than 443 

m/z=43, and m/z=43 dominated by C3H7
+ rather than C2H3O1

+). A detailed summary of 444 

key diagnostic plots of the PMF results and a discussion of the factor solution choices for 445 

the SP-AMS are reported in the supplementary material (Figures S05, S06, S07, S08 and 446 

related text). For the HR-AMS, we also find that the data are best explained by a 4-factor 447 

solution yielding an HOA and three OOA factors, two of which were recombined in a 448 

similar way to the SP-AMS dataset. 449 

 Figure 5 presents the MS profiles and mass-weighted pie charts of the ion 450 

components for the three PMF factors HOA+rBC, SV-OOA+rBC (obtained by 451 

recombining two factors) and LV-OOA+rBC for the SP-AMS (left column) and HOA, 452 

SV-OOA and LV-OOA for the HR-AMS (right column). The H/C and O/C values of the 453 

PMF factors are also reported for both SP-AMS and HR-AMS. For the SP-AMS, the 454 

HOA+rBC factor (panel 5a) is dominated by a characteristic CxH2y-1
+ and CxH2y+1

+ ion 455 

pattern, with the ions C3H7
+ (m/z=43), C4H7

+ (m/z=55) and C4H9
+ (m/z=57) being the 456 

dominant CxHy
+ peaks. The rBC (represented by the ion family Cx

+) accounts for ~60% 457 

of the total HOA+rBC component mass concentration. The CxHyO1
+ and the CxHyO>1

+ 458 

ion families represent less than 20% of the total HOA+rBC mass. In the other two 459 

factors, rBC is about 15% of the total mass. SV-OOA+rBC (panel 5b) is less oxygenated 460 

than LV-OOA+rBC (panel 5c), which has the smallest fraction of CxHy
+ ions and the 461 

largest fraction of CxHyO>1
+ ions among the three factors. The O/C and H/C values 462 

reported for the ORG component factors reflect this trend, with highest O/C and lowest 463 
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H/C for the LV-OOA+rBC. Both SV- and LV-OOA+rBC show a small, yet significant, 464 

presence (~5% of the total mass) of CxHyOzS
+ (organosulfates, mainly CH3SO2

+), 465 

CxHyNz, (amines) and CxHyNzO1
+ (organonitrate) ions, which have been detected in 466 

previous HR-AMS datasets [Farmer et al., 2010]. During CalNex 2010, N-containing 467 

ions were more abundant in the SV-OOA+rBC, while S-containing ions were only found 468 

in the LV-OOA+rBC factor. The same result applies to the HR-AMS. 469 

 Figure 5 shows that both the SV-OOA+rBC and LV-OOA+rBC MS are 470 

dominated by the C2H3O1
+ ion at m/z=43, whereas the HR-AMS LV-OOA (panel 5f) is 471 

dominated by CO2
+ at m/z=44, consistent with LV-OOA factors data from worldwide 472 

locations [Jimenez et al., 2009; Ng et al., 2010]. We already noted in the discussion of 473 

Figure 4 and S04 that this result is most likely related to differences in the fragmentation 474 

pattern of the SP-AMS compared to the standard HR-AMS because of the different 475 

vaporization scheme (laser vs. tungsten vaporizer), as supported by the recent work of 476 

Canagaratna et al. [2015b]. To account for the differences in mass spectral 477 

fragmentation pattern, the SP-AMS H/C and O/C (calculated excluding rBC) are adjusted 478 

according to the SP-AMS-specific EA correction reported by Canagaratna et al. [2015b]. 479 

After this correction, the SP-AMS H/C values are 10-15% higher and the O/C values are 480 

15-20% lower than the ones calculated for the HR-AMS factors. 481 

 Figure 6 shows the comparison between the SP-AMS and HR-AMS PMF factor 482 

time series (TS). The high correlation between the time series (r2 values are 0.8, 0.85 and 483 

0.70 for the HOA, SV-OOA and LV-OOA factor pairs, respectively) indicate that the two 484 

instruments find virtually identical factor solutions. The high correlation between the 485 

HR-AMS PMF factors with ambient spectra from the high-resolution AMS database (see 486 
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http://cires.colorado.edu/jimenez-group/HRAMSsd and Ulbrich et al. [2009]) supports 487 

this interpretation, with r2 values of 0.98, 0.81 and 0.85 between our HR-AMS PMF 488 

factors and the database for the HOA, SV-OOA and LV-OOA factors, respectively.  489 

 Figure 7 (top panel) shows the comparison between ambient SP-AMS NR-PMBC 490 

and ambient HR-AMS NR-PM1, and the time series of the NR-PMBC / NR-PM1 (the 491 

fraction of NR-PM1 associated with rBC) for the entire CalNex 2010 campaign. The 492 

Figure also indicates the three case studies (1,6,7) discussed previously. Based on the 493 

scatter plot (top panel, left), the fraction of the NR-PM1 mass measured by the HR-AMS 494 

that is associated with rBC is 35% on average, but it is greatly variable throughout the 495 

campaign (0.05 to 0.8) as shown by the time series of the NR-PMBC to NR-PM1 ratio (top 496 

panel, right). The bottom panel of Figure 7 instead shows the comparison between 497 

SP-AMS and HR-AMS PMF HOA (left) and total OOA (right), color coded by PCA. For 498 

this particular comparison we use the results from the PMF analysis performed only on 499 

the ORG matrix of the SP-AMS data to allow a more direct comparison with the 500 

HR-AMS PMF solutions. It is worth noting that the PMF analysis performed on the 501 

SP-AMS ORG matrix yields virtually the same MS profiles and TS as obtained for the 502 

ORG+rBC matrix (see Figure S09 for the complete TS comparison of the SP-AMS and 503 

HR-AMS PMF factors with both PMF analyses performed on the ORG matrix). The 504 

HOA comparison of Figure 7a yields a regression slope - solid line - of 0.87 (r2 = 0.84), 505 

suggesting that the ambient HOA during CalNex 2010 was almost entirely associated 506 

with rBC and therefore detected by the SP-AMS. The color coding indicates that the 507 

majority of HOA have PCA < 0.4, as expected due to the association of this factor with 508 

fresh air masses. For reference, we also show the best-fit line from a similar comparison 509 
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on SP-AMS and co-located HR-AMS data collected during the NYC 2009 study [Massoli 510 

et al., 2012] for which the HOA comparison gave a correlation slope of 0.81 (dashed 511 

line). In the OOA case, the correlation for CalNex yields a slope of 0.41 (r2 = 0.84), 512 

indicating that 41% of the measured total OOA was associated with rBC; for comparison, 513 

this fraction was 35% during the NYC 2009 study.  514 

 Figure 8 shows further comparisons between the SP-AMS NR-PMBC and 515 

HR-AMS NR-PM1 for the inorganic species NO3
-, NH4

+, Chl- and SO4
2-. The slopes 516 

(solid lines) are 0.6, 0.26, 0.51 and 0.21 respectively, and indicate the fraction of the 517 

NR-PM1 that is detected by the SP-AMS as NR-PMBC. The dashed lines represent the 518 

slopes obtained from the SP-AMS and HR-AMS comparison during the NYC 2009 study 519 

[Massoli et al., 2012]. It appears that, in both campaigns, SO4
2- and NH4

+ are the 520 

inorganic species least associated with rBC. The size distributions presented earlier show 521 

that these components are typically found in the accumulation mode soot, also consistent 522 

with previous results from typical HR-AMS ambient data [e.g., Zhang et al., 2005b; 523 

Canagaratna et al., 2007]. It has to be noted for these scatter plots that the data points 524 

above 0.5, 0.15 and 2 g m-3 for the NH4
+, Chl- and SO4

2- SP-AMS loadings, 525 

respectively, lie slightly above the campaign average fit lines (the same is true for the 526 

OOA loadings above 3 g m-3 in Figure 7b). These points correspond to the outflows of 527 

May 15 and 16, which had a much larger RBC than the rest of the dataset. While there 528 

does appear to be a consistent, general trend in the measured NR-PM1 mass fractions 529 

associated with rBC particles, it is not clear that these fractions need to remain constant 530 

under all conditions.  Thus, the apparent variable slopes in the correlations may be due to 531 

different atmospheric conditions. It is also possible that the RBC -dependent CE that we 532 



 24

apply to the data, defined as an average correction curve to the dataset (see Fig. S01) may 533 

not capture - or correct for - the entire data variability. At the moment this approach 534 

provides the best CE correction. In the future, SP-AMS measurements that also 535 

incorporate a direct measure of the changes in particle beam width with coating thickness 536 

using beam width probe (BWP) measurements - as done by Willis et al. [2014] - may 537 

allow to directly measure the degree of particle to laser beam overlap (effectively the 538 

CE), and correct for differences in sensitivities with particle coating more accurately.  539 

 In order to further support our estimates of total NR-PM1 associated with rBC, we 540 

tried to extract the same information by using other data independently acquired during 541 

the CalNex 2010 campaign, in particular, data from the V-HTDMA housed in the same 542 

container and data from an SMPS system housed in another container therefore sampling 543 

from a different inlet line, both operating downstream of their own TD. The V-HTDMA 544 

was set to measure three dry particle sizes, 50, 100 and 145 nm dm. The hygroscopic 545 

growth factors, GF, were measured at 90% RH. The TD was set to ramp the temperature 546 

up and down from 50°C to 280°C in a 45 min interval, and the size distribution scan for 547 

each size occurred in 240s with thermal denuder, and in 180s without. The V-HTDMA 548 

measurements indicate that, on average, about 20% of the selected particles - by number - 549 

were hydrophobic (GF =1), suggesting the presence of refractory material, e.g., rBC. 550 

When plotting the fraction of particles with GF =1  as a function of PCA (Figure 9, panel 551 

a), we observe that the vast majority of these particles fall in the region with PCA < 0.4, 552 

with very little variability related to the initial dry particle size. This result is consistent 553 

with the hydrophobic nature of freshly emitted rBC-containing particles.  554 
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The TD connected to the SMPS was operated at 230 ºC.  The airstream was split into two 555 

flows (ambient and denuded), dried with nafion driers before the denuder, and then 556 

measured with two SMPSs.  The TD was periodically operated at ambient temperature to 557 

measure and correct for any sampling biases from the two SMPSs. The SMPS 558 

study-averaged integrated volume, number and surface area concentrations for the 559 

ambient and TD periods were used to calculate the ratio of the TD/ambient surface area 560 

(SA) concentrations. We obtained an average spherical-particle surface area ratio 561 

SATD/SAAMB distributed around 0.30, or 30% (Figure 9, panel b), a median SA ratio of 562 

0.18 and only a few data points with SATD/SAAMB larger than 0.4. We note that thermally 563 

denuded SMPS SA ratio results may be biased high because of the spherical particle 564 

shape assumption and by the fact that the thermally denuded SMPS results may include 565 

other refractory material such as sea-salt (although the sea-salt fraction in PM1 is usually 566 

very small); we therefore estimate that 30% represents an upper limit for the condensable 567 

secondary NR-PM1 material that would be associated with rBC particles. Overall, these 568 

independently calculated numbers compare well with the measured fraction of particles 569 

containing rBC as obtained from the comparison of the SP-AMS and HR-AMS data, i.e., 570 

35% as a campaign average (c.f. Fig. 7 top panel). 571 

 572 

3.4 Thermal denuder measurements  573 

 The combination of the TD with the SP-AMS measurements allowed to obtain 574 

chemically resolved volatility profiles of the sampled ambient particles through 575 

evaporation of the NR-PMBC material induced by heating. As described in detail by 576 

Cappa et al. [2012], the particles sampled through the TD enter a heating stage, then pass 577 
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through a charcoal diffusion denuder stage to prevent recondensation of volatile gases. 578 

During CalNex 2010, the flow rate through the TD was 1.5 lpm, corresponding to a 579 

residence time in the entire heated section of 8.5 seconds. The temperature in the heated 580 

section of the TD was ramped from 30ºC to ~220ºC and back over a period of 90 581 

minutes. The sample flow was alternated between the unheated ("bypass mode") and 582 

heated ("TD mode") sections every 2.5 minutes using two computer-controlled actuated 583 

stem valves. A small flow (0.3 lpm) always passed through the line that was not in use to 584 

allow the system to respond rapidly after switching between modes. Based on the 585 

principle that rBC does not evaporate in the TD, the rBC measurements made using the 586 

SP2 behind the TD allowed estimation of the rBC mass loss through the TD [Huffman et 587 

al., 2008]. The average temperature dependent transmission function (Tr), defined as the 588 

ratio between the rBC mass after passing through the TD vs. bypass line [Cappa et al., 589 

2012], was Tr = 0.95–0.00083*TTD (°C), which compares very well with that estimated by 590 

Huffman et al. [2008] for a typical distribution of ambient submicron particles. However 591 

for this dataset, rather than using the average T-dependent transmission function, the 592 

correction for particle losses was performed by normalizing the measured ambient and 593 

TD NR-PMBC data by the corresponding rBC mass loadings - a point-by-point correction 594 

- in order to reduce the scatter in the resulting corrected data. 595 

 Figure 10 shows the average TD "thermogram" (i.e., the plot of the mass fraction 596 

remaining after heating as a function of TD temperature) for the SP-AMS coating species 597 

ORG, SO4
2-, NO3

- and NH4
+ for the entire campaign (the volatility profile of Chl- is not 598 

shown because of the low signal-to-noise). The NO3
- profile shows the highest volatility 599 

of all coating species, with the remaining mass fraction (MFR) below 0.2 already at ~ 600 
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150ºC. SO4
2- is the least volatile component, with MFR > 0.8 up to 140ºC, followed by a 601 

rapid MFR drop to 0.2 between 150º and 180ºC. The initial decrease of the MFR SO4
2-602 

values between 50º and 100ºC followed by an increase between 100º and 150ºC is a 603 

feature that has been observed in previous ambient data and it has been attributed to 604 

physical changes in particle sulfate phase or morphology [Huffman et al., 2008]. The 605 

ORG coating has intermediate volatility between  SO4
2- and NO3

-, with a MFR value of 606 

0.5 at 100ºC; however, the ORG MFR stays around MFR = 0.2 above 150ºC, indicating 607 

that some of the ORG is much less volatile than e.g., SO4
2- and NO3

- at those 608 

temperatures. Finally, the NH4
+ thermogram shows lower volatility that ORG and NO3

- at 609 

T < 150ºC, with a rapid drop afterwards. Comparison with previous literature data 610 

[Huffman et al., 2009; Docherty et al., 2011] indicates that the SP-AMS NR-PMBC 611 

material evaporates similarly to the total NR-PM1. For temperatures above 200°C, at least 612 

80% of NR-PMBC material is removed from the ambient rBC-containing particles.  613 

 As discussed in Cappa et al. [2012], significant charring can be excluded based on 614 

the fact that most of the NR-PMBC components are evaporated before high temperatures 615 

are reached; for T > 200°C, the MFR values are < 0.2 and only a small fraction of the 616 

initial ORG (<5%) is potentially charred upon heating. Figure S10 shows the normalized, 617 

high-resolution SP-AMS mass spectra of rBC for the average ambient (top-left panel) and 618 

for thermally denuded data with T > 200°C (top-right panel). The distribution of the rBC 619 

Cn
+ ions and their relative intensities are overall similar, even if the abundances of C2

+, 620 

C4
+ and C8

+ relative to of C3
+ differ (e.g., C2

+/C3
+ is higher in the ambient case). The 621 

campaign average, chemically resolved pToF size distributions corresponding to ambient 622 

and thermal denuder conditions (T > 200°C) are also shown (bottom panels). The 623 
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aforementioned small fractions of ORG and SO4
2- that remain at elevated temperatures 624 

are observed in the accumulation mode of the thermally denuded pToF traces, consistent 625 

with Cappa et al. [2013].   626 

 Figure 11 shows the thermograms of the rBC coating species ORG, SO4
2-, NO3

-, 627 

NH4
+ and Chl- (panels a and b), CO2

+ (panels c and d) and other key ions (C3H7
+, C4H9

+ 628 

and C2H3O
+, panels e and f) for the case studies of May 29 and May 15, 2010, that 629 

represent examples of moderately aged and aged urban air masses, respectively (c.f. 630 

Figure 4). The data from May 27 are not reported here because there were no thermal 631 

denuder data collected during those times. The thermograms of the coating species are 632 

similar in both cases, with the only exception for SO4
2- which has a more pronounced 633 

increase at 140 ºC in the case of May 15. Likewise, the volatility of the C3H7
+, C4H9

+ and 634 

C2H3O
+ ions (where C2H3O

+ is the most abundant fragment in both mass spectra of Fig. 4, 635 

panels d and f, respectively) is similar between the two cases. There is instead a striking 636 

difference in the trend of the CO2
+ ion, which decreases with T for the May 15 case 637 

(where the fraction of CO2
+ in the MS in Fig. 4d, fCO2

+, is 0.05), but it remains almost 638 

flat in the case of May 29 (for which fCO2
+ = 0.126, c.f. Fig. 4f). In the attempt to 639 

estimate the fraction of CO2
+ that is refractory, we calculated a refractory CO2

+ 640 

component (R-CO2) using the correlation between the measured fragment CO2
+ and rBC, 641 

allowing estimation of the fraction of particle CO2
+ that is associated with rBC. The 642 

non-refractory component (NR-CO2) is then obtained by subtracting R-CO2 from the 643 

measured CO2
+. In the case of May 29 (Fig. 11c), the calculated NR-CO2 fraction is 644 

virtually zero and the measured CO2
+ follows the trend of the calculated R-CO2, whereas 645 

on May 15 (Fig. 11d) the measured CO2
+ follows the trend of the calculated NR-CO2. We 646 
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interpret this result as an indication of the different nature (and volatility) of the CO2
+ 647 

fragment depending on the type of airmass and coating material that is associated with 648 

rBC. In the case of May 29, an example of relatively fresh emissions with the majority of 649 

ORG coating represented by HOA, the CO2
+ fragment likely originates from refractory 650 

oxygen species that form during the oxidation of organic material on the rBC surface. 651 

The existence of a refractory CO2
+ fragment has been observed in the laboratory for 652 

certain types of soot (rBC) particles such as those generated using a propane diffusion 653 

flame [Onasch et al. 2012; Corbin et al., 2014]. In the case of May 15, a more aged air 654 

mass with ~ 50% of ORG represented by OOA, the CO2
+ fragment follows the expected 655 

trend based on previous HR-AMS observations [Huffman et al., 2009] and it is probably 656 

originated from oxidized organic material condensed onto pre-existing rBC particles.  657 

 Finally, we estimate the fraction of ORG that is purely non-refractory by 658 

subtracting the contribution of the estimated R-CO2 fraction to the total measured ORG, 659 

which at 200 ºC has MFR values of 0.2 and 0.1 for May 29 and May 15, respectively. 660 

The resulting ORGcorr (obtained as ORG minus R-CO2) is shown in Figs. 11a and 11b. 661 

In the case of May 29, the MFR of ORGcorr drops below the MFR of ORG starting at T 662 

> 120 ºC, and it is significantly lower (45%) than ORG MFR at 200 ºC. On May 15, the 663 

MFR of ORGcorr is "only" 25% lower than ORG MFR at 200 ºC, consistent with the 664 

presence of less refractory organic material in this more aged airmass. 665 

 666 

4. Summary and conclusions 667 

 We present measurements of black-carbon containing particles made during the 668 

CalNex 2010 study onboard the R/V Atlantis for the period May 15 - June 8, 2010. An 669 
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ARI soot particle aerosol mass spectrometer (SP-AMS) provided detailed measurements 670 

of the size-resolved chemical composition of refractory black carbon (rBC) and the 671 

associated coating species. The peak in the average size distribution of the rBC as 672 

measured by the SP-AMS in vacuum aerodynamic diameter, dva, varied from ~100 nm 673 

dva (fresh rBC emissions) to ~450 nm dva (accumulation mode rBC, typical of more 674 

processed rBC-containing air masses). In general, rBC was associated with an organic 675 

aerosol (ORG) coating. A co-located standard high resolution aerosol mass spectrometer 676 

(HR-AMS) measured the non-refractory portion of the submicron aerosol, or NR-PM1. 677 

The combination of the two instruments allows an estimate of the fraction of the NR-PM1 678 

that is associated with rBC (or NR-PMBC, when referring to the SP-AMS). Our results 679 

indicate that, on average, 35% of the NR-PM1 mass was associated with rBC, with some 680 

variability observed upon source and coating species. Detailed comparisons between the 681 

SP-AMS NR-PMBC and HR-AMS NR-PM1 revealed that the SP-AMS detected most of 682 

the primary NR-PM1 (87% of the HOA) and 28% of the secondary NR-PM1, as obtained 683 

from the mass-weighted average of all the remaining NR-PMBC species. Consistently, 684 

positive matrix factorization (PMF) analyses of both NR-PM1 and NR-PMBC indicates 685 

that rBC is mostly associated with hydrocarbon-like organic aerosol (HOA). PMF results 686 

from SP-AMS and HR-AMS compare well, though differences in the fragmentation 687 

pattern to due the different vaporization techniques (laser vs. tungsten vaporizer) can be 688 

observed. The use of the thermal denuder (TD) allowed investigation of the volatility of 689 

the coating material exclusively associated with rBC. The volatility properties of less 690 

oxidized masses indicate the presence of refractory organic material (detected as CO2
+) 691 

associated with rBC. Additional field measurements and laboratory experiments will be 692 
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needed to improve our current understanding of the sources and properties of non-volatile 693 

(refractory) oxygenated material associated with soot particles. 694 
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6. Tables 1046 

 1047 

Date, Time (UTC) Sampling Location 

(air mass type) 

RBC 

(SP-AMS)

O/C  

(HR-AMS) 

PCA 

1) May 15, 1130-1700 Santa Monica Bay 

(night-time chemistry) 

23 0.52 0.3 

2) May 16, 0930-1500 Santa Monica Bay 

(night time chemistry) 

24 0.64 0.32 

3) May 21, 0930-1900 Santa Monica Bay 

(night time chemistry) 

9 0.60 0.18 

4) May 24, 0800-1700 Santa Monica Bay 

 (offshore LAX) 

2.5 n/a 0.05 

5) May 25, 1230-1530 Santa Monica Bay 

(offshore LAX) 

2.8 0.44 0.045 

6) May 27, 0430-1100 Long Beach Port 

(fresh emissions) 

3 0.35 0.03 

7) May 29, 1500-2100 Santa Monica Bay 

(day time chemistry) 

6.1 0.43 0.05 

8) May 30, 0800-1130 Offshore Palos Verdes 

(night time chemistry) 

10 0.66 0.45 

9) May 31, 1030-2000 Offshore Ventura 

(night time chemistry) 

10.8 0.69 0.43 

 1048 

 1049 

Table I: List of air masses sampled by the R/V Atlantis off the coast of Southern 1050 

California, mainly in the Santa Monica Bay, during the CalNex 2010 research cruise. The 1051 

cases highlighted in gray (1, 6, 7) are discussed in detail in the paper. The RBC ratio (from 1052 

the SP-AMS), the O/C ratio (from the HR-AMS) and the proxy for photochemical age 1053 

PCA (-log([NOx]/[NOy])), are reported for each event.  1054 

 1055 

 1056 
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7. Figure Captions 1057 

         1058 

Figure 1: Schematic of the instrument setup described in this paper during the CalNex 1059 

2010 deployment (May 15-June 8, 2010) on the R/V Atlantis.  1060 

 1061 

Figure 2:  Left panel: SP-AMS rBC loadings (in g m-3) plotted along the R/V Atlantis 1062 

cruise track. The highest rBC loadings were recorded nearby the Long Beach port areas. 1063 

Right panel: SP-AMS RBC (defined as NR-PMBC / rBC) plotted along the cruise track. All 1064 

data are averaged to 10 minutes.  1065 

 1066 

Figure 3: Top panel: location (latitude vs. time) of the R/V Atlantis during CalNex 2010. 1067 

Middle panel: Temporal series of rBC and NR-PMBC species (ORG, SO4
2-, NO3

-, NH4
+ 1068 

and Chl-) mass loadings measured by the SP-AMS. The sections highlighted in the solid 1069 

boxes (labeled 1, 6, and 7) indicate the case studies described in section 3.2. The other 1070 

dashed boxes highlight other LA outflow events sampled in the Santa Monica Bay (see 1071 

Table I). Bottom panel: SP-AMS chemically resolved average pToF size distributions 1072 

(dM/dlog10dva) of rBC and NR-PMBC species for Southern and Northern California.  1073 

 1074 

Figure 4: SP-AMS chemically resolved pToF size distributions (dM/dlog10dva), mass-1075 

weighted pie charts and high resolution mass spectral profiles (MS) of the ORG 1076 

component for the three case studies of May 27 (panels a, b), May 29 (panels c, d) and 1077 

May 15 (panels e, f). The HOA and OOA contributions to the total ORG pToF traces are 1078 

shown. The average PCA and SP-AMS-based RBC are reported for all cases. 1079 

 1080 

Figure 5: Results of the PMF analyses performed on the combined ORG+rBC matrices 1081 

from the SP-AMS (left) and on the ORG matrix for the HR-AMS (right). Mass-weighted 1082 

pie charts of rBC and ORG ion families are shown for the SP-AMS HOA+rBC, 1083 

SV-OOA+rBC, and LV-OOA+rBC factors. The HOA+rBC factor is dominated by 1084 

CxHy, while the OOA factors have larger fractions of oxygenated ions. The O/C and H/C 1085 

obtained with the new parameterizations by Canagaratna et al. [2015a, 2015b] are 1086 

reported for both SP-AMS and HR-AMS. 1087 
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Figure 6: Time-series illustrating the comparison between the SP-AMS (black traces) and 1088 

HR-AMS PMF factors (color-coded traces). The comparison shows a good qualitative 1089 

agreement, indicating that PMF finds similar solutions in both datasets. The r2 between 1090 

the PMF factors are 0.8 for HOA+rBC vs. HOA, 0.85 for SV-OOA+rBC vs. SV-OOA 1091 

and 0.7 for LV-OOA+rBC vs. LV-OOA. 1092 

 1093 

Figure 7: Top panel: Correlation plot of SP-AMS NR-PMBC vs. HR-AMS NR-PM1 (left), 1094 

and time series of the NR-PMBC to NR-PM1 ratio (right). The average mass fraction of 1095 

the measured NR-PM1 that is associated with rBC is 0.35. Bottom panel: SP-AMS vs. 1096 

HR-AMS comparison for the HOA and OOA components, color coded by PCA. The fit 1097 

to the CalNex data is shown by solid lines. The slopes of the correlation, f(x), and the r2 1098 

are also reported. The dashed lines indicate the fits to similar SP-AMS vs. HR-AMS 1099 

correlations from the NYC 2009 study [Massoli et al., 2012]. 1100 

 1101 

Figure 8: SP-AMS NR-PMBC vs. HR-AMS NR-PM1 scatter plots of the SO4
2-, NO3

-, 1102 

NH4
+ and Chl- mass loadings (g m-3). The fits to the data are shown by the solid lines. 1103 

The slopes of the correlation, f(x), and the r2 are also reported. The dashed lines indicate 1104 

the fits to similar SP-AMS vs. HR-AMS correlations from the NYC 2009 study. 1105 

 1106 

Figure 9: Panel a: V-HTDMA-based frequency distribution of the number fraction of 1107 

particles with GF = 1 plotted as a function of the photochemical age proxy (PCA). Most 1108 

of particles with GF=1 have PCA < 0.4. Panel b: frequency distribution of the 1109 

SMPS-based TD/ambient surface area (SA). The average SATD/SAAMB ratio is 0.30, 1110 

corresponding to ~ 30% of PM1 mass associated with rBC. 1111 

 1112 

Figure 10: Volatility profiles ("thermograms") for the SP-AMS NR-PMBC species ORG, 1113 

SO4
2, NO3

- and NH4
+. The data are reported as mass fraction remaining (MFR) as 1114 

function of the centerline thermal denuder (TD) temperature. The error bars represent the 1115 

variability in the data (1- standard deviation of the measurements). 1116 

 1117 
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Figure 11: Thermograms of the SP-AMS NR-PMBC species ORG, SO4
2-, NO3

-, NH4
+ and 1118 

Chl- (panels a, b), CO2
+ (panels c, d) and C3H7

+, C4H9
+, C2H3O

+ (panels e, f) for the case 1119 

studies of May 29 (left) and May 15 (right). On May 15, the CO2
+ ion has the "expected" 1120 

volatility profile whereas it remains almost flat in the case of May 29, indicating the 1121 

presence of refractory, non-volatile organic coating material. The error bars represent 1122 

the standard deviation of the measurements. 1123 
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