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KEY POINTS 22 

- Two co-located types of ambient brown carbon were characterized, one from biomass 23 

combustion and one from secondary aerosol formation 24 

- Limited mixing-induced absorption enhancement observed in two distinct environments, 25 

despite substantial average coatings on black carbon  26 

  27 
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ABSTRACT 28 

Observations from a wintertime and summertime field campaign are used to assess the 29 

relationship between black and brown carbon (BC and BrC, respectively) optical properties and 30 

particle composition and coating state. The wintertime campaign, in Fresno, CA, was impacted by 31 

primary emissions from residential wood burning, secondary organic and inorganic particle 32 

formation, and BC from motor vehicles. Two major types of BrC were observed in wintertime. 33 

One occurred primarily at night—the result of primary biomass burning emissions. The second 34 

was enhanced in daytime and strongly associated with particulate nitrate and the occurrence of 35 

fog. The biomass-burning-derived BrC absorbed more strongly than the nitrate-associated BrC, 36 

but had a weaker wavelength dependence. The wintertime BC-specific mass absorption coefficient 37 

(MACBC) exhibited limited dependence on the ensemble-average coating-to-BC mass ratio 38 

(Rcoat-rBC) at all wavelengths, even up to Rcoat-rBC of ~5. For the summertime campaign, in Fontana, 39 

CA, BC dominated the light absorption, with negligible BrC contribution even after substantial 40 

photochemical processing. The summertime MACBC exhibited limited dependence on Rcoat-rBC, 41 

even up to ratios of >10. Based on the four classes of BC-containing particles identified by Lee et 42 

al. (2017) for the summertime measurements, the general lack of an absorption enhancement can 43 

be partly—although not entirely—attributed to an unequal distribution of coating materials 44 

between the BC-containing particle types. These observations demonstrate that in relatively near-45 

source environments, even those impacted by strong secondary aerosol production, the ensemble-46 

average, mixing-induced absorption enhancement for BC due to coatings can be quite small.  47 

 48 

PLAIN LANGUAGE SUMMARY 49 

Particles in the atmosphere can scatter light, which has a cooling effect, or absorb light, which 50 

can contribute to localized atmospheric warming. Black carbon is a highly absorbing yet short-51 

lived climate pollutant that, when coated with other materials, can in theory have enhanced 52 

absorption. Organic compounds in particles can also absorb light, although tend to absorb less 53 

strongly than black carbon. Absorbing organic compounds are collectively referred to as brown 54 

carbon. We measured the composition and light absorption properties of atmospheric particles in 55 

wintertime Fresno, CA and summertime Fontana, CA. In Fresno, we found two types of brown 56 

carbon contributed significantly to the overall light absorption by particles, in addition to 57 
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absorption by black carbon. One of the brown carbon aerosol types in Fresno was emitted during 58 

wood burning and the other was produced from chemical reactions in the atmosphere. In 59 

summertime Fontana, black carbon particles dominated the light absorption, with little 60 

contribution from brown carbon. Overall, at both sites the coating of materials onto black carbon 61 

particles had a limited impact on the absorption by black carbon, except to the extent that the 62 

materials themselves were absorbing.  63 

 64 

KEYWORDS 65 

0305 Aerosols and particles; 0325 Evolution of the atmosphere; 0345 Pollution: urban and 66 

regional; 0360 Radiation: transmission and scattering 67 

 68 

1 Introduction 69 

Light absorbing aerosol particles influence climate through their ability to absorb solar and, to 70 

a lesser extent, longwave radiation. Light absorption by particles contributes a substantial, positive 71 

radiative forcing (Bond et al., 2013; Ramanathan and Carmichael, 2008). However, the 72 

uncertainty in global and regional radiative forcing by light absorbing particles remains large. Two 73 

key light absorbing particle types are black carbon (BC) (Lack et al., 2014) and light-absorbing 74 

organic carbon, commonly referred to as brown carbon (BrC) (Kirchstetter et al., 2004). BC 75 

absorbs strongly across the solar spectrum whereas the absorptivity of BrC falls off rapidly as 76 

wavelength increases (Andreae and Gelencser, 2006).  77 

Light absorption by BC depends on the particle mixing state, that is the extent to which the BC 78 

is internally mixed with other materials, including BrC. Theoretically, when BC is internally mixed 79 

with (i.e., “coated” by) non-absorbing materials, the absorption by the BC is increased (Bond et 80 

al., 2006; Fuller et al., 1999; Lack and Cappa, 2010). This mixing-induced enhancement, 81 

commonly (yet inaccurately) referred to as the “lensing” based absorption enhancement, has been 82 

observed in various laboratory studies using controlled, typically mono-disperse, BC sources 83 

(Cappa et al., 2012; Cross et al., 2010; Lack et al., 2009; Metcalf et al., 2013; Peng et al., 2016; 84 

Schnaiter et al., 2005; Shiraiwa et al., 2010). The mixing-induced absorption enhancement can be 85 
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defined as Eabs = babs,coat/babs,BC, where babs,coat and babs,BC are the absorption coefficients for coated 86 

and uncoated BC, respectively. This definition implies no contributions from other absorbing 87 

components (e.g., BrC), although it should be noted that the observable Eabs can be influenced by 88 

absorbing components that are either internally or externally mixed from BC. The observed 89 

magnitude of Eabs in at least some of these studies has been reasonably consistent with theoretical 90 

calculations performed using Mie theory that is extended to treat BC-containing particles as having 91 

a core-shell morphology (Cappa et al., 2012). (We will refer to Mie theory extended to treat coated 92 

spheres as extended Mie theory or core-shell Mie theory.) However, field studies have resulted in 93 

a variety of often contradictory results. Some studies have observed relatively large Eabs while 94 

others have not (Cappa et al., 2012; Healy et al., 2015; Knox et al., 2009; Krasowsky et al., 2016; 95 

Lim et al., 2018; Liu et al., 2017; Liu et al., 2015c; Zhang et al., 2018). Some of this variability is 96 

probably due to methodological differences related to the measurement of Eabs, while some is likely 97 

due to uncharacterized differences in the particle mixing state (i.e., extent of coating) between 98 

studies as the relative amount of coating material is explicitly characterized in only a few of these 99 

studies. However, some field studies have simultaneously characterized Eabs (or a closely related 100 

property, the BC mass absorption coefficient, MACBC = babs,obs/[BC]) and the particle coating state, 101 

and we focus on these studies here as they provide stronger process-level constraints on the 102 

relationship between particle composition and absorption.  103 

One method to characterize particle coating state uses the soot particle aerosol mass 104 

spectrometer (SP-AMS). The SP-AMS can measure the ensemble-average coating-to-core mass 105 

ratio (Rcoat-rBC = [coating]/[BC]) of BC-containing particles, as well as the composition-dependent 106 

size distribution of these internally mixed particles (Massoli et al., 2015; Onasch et al., 2012). 107 

Recent developments have enabled determination of particle-to-particle differences in coating 108 

amount and composition with the SP-AMS (Lee et al., 2015; Lee et al., 2016; Willis et al., 2016). 109 

For reference, extended Mie theory predicts an approximately continuous increase in Eabs with 110 

Rcoat-rBC up to a plateau of Eabs ~ 2.5 when Rcoat-rBC is greater than ~30, with substantial 111 

enhancements, on the order of 1.5, predicted for Rcoat-rBC values as small as 3. (The exact 112 

relationship between Eabs and Rcoat-rBC depends on the core BC diameter and the wavelength.) 113 

Cappa et al. (2012) used SP-AMS measurements to relate the magnitude of the absorption 114 

enhancement to the ensemble-average Rcoat-rBC, as well as to theoretical calculations based on these 115 

bulk average measurements. Their measurements were made in summertime in the coastal region 116 
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around California, USA, including well downwind of a major BC source region with high 117 

photochemical activity, i.e., Los Angeles, CA. They observed that the ensemble-averaged 118 

absorption enhancement was negligible (Eabs < 1.1, on average, at 532 nm) even when the 119 

ensemble-average coating amount was substantial (up to Rcoat-rBC ~ 12), and the observed Eabs were 120 

much lower than that predicted from extended Mie theory based on the coating amount. Healy et 121 

al. (2015) made measurements in downtown Toronto, Canada and observed generally negligible 122 

Eabs at 781 nm even while Rcoat-rBC ranged from ca. 2-10, including for a period identified as being 123 

strongly impacted by wildfire emissions. McMeeking et al. (2014) made measurements of freshly 124 

produced particles from open biomass combustion and observed negligible enhancement at 781 125 

nm until the Rcoat-rBC was greater than 10.  126 

In contrast, Liu et al. (2015c) made measurements in a rural city near London and observed 127 

reasonably large BC absorption enhancement (up to ~1.5 at 870 nm) when the Rcoat-rBC values were 128 

only as large as ~5, and the observed Eabs were reasonably consistent with SP-AMS observationally 129 

constrained extended Mie calculations. Peng et al. (2016) performed an experiment that combined 130 

laboratory with field measurements, allowing for secondary material formation from ambient air 131 

(in Beijing, China or Houston, TX, USA) onto monodisperse proxy BC seeds. They observed that 132 

Eabs at 405 nm and 532 nm generally increased as coatings on the seed BC particles grew, although 133 

there was some evidence of an incubation period in which some minimum amount of particle 134 

growth must occur before the Eabs increases substantially. In a similar type of experiment, Tasoglou 135 

et al. (2017) observed that when BC particles derived from combustion of pine and birch were 136 

photochemically aged the observed Eabs increased. Liu et al. (2015a) made ambient measurements 137 

at a London urban site and used an alternative method to estimate the BC coating amount and 138 

relate it to Eabs (or more specifically, the MACBC), namely they inferred the BC coating thickness 139 

of single particles based on measurements made using a single particle soot photometer (SP2). Liu 140 

et al. (2015a) classified their observations into different regimes dependent upon the relative 141 

contribution of BC from solid fuel combustion versus traffic; the coating thickness was larger for 142 

BC from solid fuel combustion than from traffic. They observed a moderate increase in the MACBC 143 

at 781 nm as the average coating thickness (and solid fuel fraction) increased; the MACBC increased 144 

by a factor of 1.28 when the total particle-to-BC-only diameter ratio was ~2 (which corresponds 145 

to an Rcoat-rBC ~ 5). The observations discussed above are summarized in Figure 1. Clearly, there 146 
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is a great deal of variability between studies that aim to directly relate observed Eabs values to the 147 

particle coating state, and additional measurements in a variety of environments are needed.  148 

In addition to BC, brown carbon can contribute substantially to regional and global radiative 149 

forcing. BrC is not one easily classifiable substance as it depends on the specific chemical nature 150 

of the organic compounds present, which in turn depends on the source and atmospheric 151 

transformations. As such, characterization of light absorbing properties of BrC in a range of 152 

environments is necessary to understand the extent to which different sources and processes are 153 

important to determining the atmospheric impacts of BrC and to allow for incorporation of BrC 154 

into climate models. One challenge in characterizing BrC properties is that the BrC absorption 155 

must be separated from BC absorption, including any coating-enhancement effect. One method to 156 

perform this separation is to extract the organic material into a solvent (e.g., water or methanol) 157 

and then to characterize the absorptivity of the extract (Kirchstetter et al., 2004; Liu et al., 2013; 158 

Liu et al., 2015b; Zhang et al., 2013). This method has demonstrated that BrC absorption typically 159 

has a very strong wavelength dependence, characterized by a large absorption Ångstrom exponent 160 

(AAE), much greater than unity. A large AAE indicates a very strong wavelength dependence to 161 

absorption. (The AAE is the power exponent for the wavelength dependence of absorption, and an 162 

AAE of one (weak wavelength dependence) is typically attributed to BC, while an AAE in excess 163 

of two is characteristic of BrC (strong wavelength dependence).) Other methods have relied on 164 

attribution methods, typically either via optical closure (Cappa et al., 2012; Lack et al., 2012a; Liu 165 

et al., 2015a; Liu et al., 2015c; Zhang et al., 2016) or subtraction of inferred BC absorption (Lack 166 

and Langridge, 2013; Saleh et al., 2013; Saleh et al., 2014) or some combination of the two 167 

methods. Estimates of the MAC for BrC (or of the related imaginary refractive index, k) are 168 

variable, most likely as a result of a combination of real chemical differences (Lewis et al., 2008; 169 

Saleh et al., 2013; Saleh et al., 2014) and of imprecise understanding of which components of the 170 

total organic matter are responsible for the absorption (Andreae and Gelencser, 2006). One major 171 

global source of BrC is thought to be biomass combustion (Feng et al., 2013; Wang et al., 2014), 172 

as this is a major source of organic matter and biomass combustion-derived particles tend to be 173 

light absorbing, at least at shorter wavelengths (< ~600 nm). BrC properties from biomass 174 

combustion-produced particles can be determined from laboratory studies involving intentional 175 

burns (Chakrabarty et al., 2010; McMeeking et al., 2014; Saleh et al., 2013; Saleh et al., 2014) or 176 
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from analysis of field observations (Clarke et al., 2007; Forrister et al., 2015; Kirchstetter et al., 177 

2004; Lack et al., 2012a; Zhang et al., 2016). 178 

In the current study, we report on measurements of light absorption by ambient particles made 179 

concurrent with BC ensemble-average coating state (via SP-AMS) and ensemble-average total 180 

particle composition. We use these measurements to assess the relationship between observed light 181 

absorption coefficients and the BC mixing state along with the contribution from brown carbon. 182 

The measurements were made during two independent campaigns, within distinctly different 183 

environments. One set of measurements was made in wintertime Fresno, CA. Detailed analyses of 184 

the bulk particle composition and the BC-containing particle composition measurements from this 185 

campaign are presented in Chen et al. (2018) and Collier et al. (2018), respectively. Wintertime 186 

Fresno is strongly impacted by emissions from biomass combustion, predominantly from 187 

residential fireplaces operating at night, and from secondary nitrate and organic aerosol (Ge et al., 188 

2012; Young et al., 2016; Zhang et al., 2016). This gives rise to a very strong diurnal variation in 189 

the ambient concentration of biomass-burning-derived organic aerosol (OA) compared to 190 

secondary components and in the wavelength-specific absorption enhancement. In a previous 191 

study, conducted in a different year, we used this diurnal variability to estimate the properties of 192 

BrC and the relationship between source and Eabs (Zhang et al., 2016). However, this previous 193 

study lacked knowledge of the BC mixing state and relative coating amount. The addition of 194 

particle coating measurements and mixing state characterization here allows for a more robust 195 

assessment of the Eabs and BrC measurements in terms of the primary controlling factors.  196 

The second set of measurements was made in summertime Fontana, CA. Fontana is located 197 

inland in the South Coast Air Basin (SoCAB) that includes the megacity Los Angeles. 198 

Measurements of ensemble-average particle composition are presented in Chen et al. (2018), and 199 

BC-containing particle composition and mixing state are discussed in Lee et al. (2017). The 200 

SoCAB is a highly photochemically active environment in the summertime, with much of the 201 

particulate matter being secondary in origin (Docherty et al., 2008; Hayes et al., 2013), especially 202 

material that is internally mixed with BC (Cappa et al., 2012; Lee et al., 2017). Biomass burning 203 

contributions in this region are sporadic, depending on the occurrence of wild fires. Thus, the 204 

Fontana site measurements provide a complementary assessment of the relationship between 205 

absorption enhancement and BC mixing state and coating amount. 206 
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2 Methods 207 

2.1 Campaign overview 208 

The measurements reported here were made from December 25, 2014 to January 12, 2015 in 209 

Fresno, CA and from July 3, 2015 to July 25, 2015 in Fontana, CA. The Fresno measurement site 210 

was located at the University of California Center (36.810, -119.778). The average temperature 211 

and RH were 13.5 °C and 60% during daytime and 6.4 °C and 81% during nighttime. The Fontana 212 

site was managed by South Coast Air Quality Management District (SCAQMD) and located 213 

behind the fire station at 14360 Arrow Highway (34.100, -117.490). The temperatures ranged from 214 

15 to 36 °C and the average RH was 52%. Further details regarding the meteorology during both 215 

campaigns is discussed in Chen et al. (2018). Figure S1 shows a map of CA with the locations of 216 

the two sites.  In both studies all instruments were housed in a temperature-regulated modified 217 

shipping container (the "van"). Air was sampled into the van from 8 m above the ground, through 218 

a mast that extended 5 m above the ~3 m tall van. The mast had a horizontal inlet nozzle that could 219 

rotate into the relative wind so as to maintain an approximately isokinetic flow and to minimize 220 

the loss of particles. The flow through the mast was 1 m3 min-1. Twenty-one 1.6 cm outer diameter 221 

stainless steel tubes extended into the mast, and air was sampled from the mast through these tubes 222 

(not all were used). Air was sampled at 16.7 lpm through a diffusion drier packed with silica gel 223 

and then through a PM1 cyclone. After the cyclone, the flow was split and 2.1 lpm was sampled 224 

through a custom thermodenuder with air passing alternatively through a heated channel (T = 250 225 

°C) or a channel maintained at room temperature (i.e., the bypass) on a five-minute cycle. Part of 226 

both the heated and bypass channels were lined with charcoal cloth to scavenge NO2. The airstream 227 

was then passed through a second diffusion drier after which the flow was split into three 228 

approximately equal streams. Air from one of these streams was sent to a single particle soot 229 

photometer (SP2, Droplet Measurement Technologies) and to a scanning electrical mobility sizer 230 

(SEMS, Brechtel Manufacturing, Inc.). The second stream went to the UC Davis dual-wavelength 231 

cavity ringdown/photoacoustic spectrometer (CRD-PAS) and a particle absorption 232 

eXtinctionometer (PAX, Droplet Measurement Technologies). The third stream went to a soot 233 

particle aerosol mass spectrometer (SP-AMS, Aerodyne Research, Inc.) and a high resolution 234 

aerosol mass spectrometer (HR-AMS, Aerodyne Research Inc.). A schematic of the instrument 235 

configuration is provided in Figure S2. Instrument details are provided in the sections that follow. 236 
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2.2 Refractory black carbon measurement 237 

Refractory black carbon (rBC) (Lack et al., 2014) concentrations and BC-specific particle size 238 

distributions were measured using the SP2 instrument at both the Fresno and Fontana sites. While 239 

the operation of the SP2 has been previously discussed for these studies (Betha et al., 2018), further 240 

details are provided here and in Appendix A. The SP2 measures the concentration of rBC within 241 

individual rBC-containing particles. Sampled particles pass through a 1064 nm intracavity laser. 242 

Absorption of this light by rBC leads to rapid heating of the particles. If heating outweighs 243 

conductive cooling the particles will reach a sufficiently high temperature (i.e., their boiling point) 244 

that they will incandesce. The intensity of this incandescent light is proportional to the rBC mass 245 

of that particle (usually on the order of 0.1 – 10 fg per particle). Size distributions of only the rBC 246 

(exclusive of any other internally mixed material) are generated by converting the per particle mass 247 

to a volume equivalent diameter (dp,VED here, assuming ρrBC = 1.8 g cm-3) and binning the particles 248 

by size.  249 

When the number concentration of rBC-containing or non-rBC-containing particles is large, 250 

the SP2 may suffer from negative biases in the concentration measurement. This can happen when 251 

the SP2 detectors are triggered by one particle and a second passes through the viewing volume 252 

during the detection window (typically ~50 µs). Such particle coincidence effects can be 253 

minimized by decreasing the sample flowrate into the SP2 to decrease the likelihood that two 254 

particles are simultaneously in the viewing volume. Here, the SP2 was operated with a sample 255 

flowrate of only 60 cm3 min-1, or half of the typical value, to minimize the influence of particle 256 

coincidence. Inspection of individual particle detection events indicates that particle coincidence 257 

was generally avoided by operating at this reduced flowrate.  258 

The SP2 data were processed using the SP2 Toolkit from the Paul Scherer Institute (PSI), 259 

developed by Martin Gysel. The SP2 was calibrated using size-selected fullerene particles (Lot 260 

L20W054, Alfa Aesar, Ward Hill, MA, USA). The SP2 size-dependent counting efficiency was 261 

determined by simultaneously measuring the concentration of the calibration particles with a 262 

condensation particle counter (TSI, model 3075). The particle counting efficiency was found to be 263 

unity for particles with dp,VED > 100 nm. The SP2 used in this study measured particles over the 264 

size range 76 nm ≤ dp,VED ≤ 822 nm. Below the lower size limit, the detection efficiency falls off 265 

rapidly due, in part, to the large surface area-to-volume (SA-to-V) ratio of these particles. When 266 
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the SA-to-V ratio is sufficiently large conductive cooling competes effectively with the radiative 267 

heating from the laser and the particles do not emit enough incandescent light at short enough 268 

wavelengths to trigger detection (Schwarz et al., 2010). Above the upper size limit, the 269 

incandescence level is sufficient to saturate the detector, leading to an underestimate of particle 270 

mass. All SP2 mass concentration measurements were corrected for the missing mass contained 271 

in particles below the lower and above the upper size limit, using a multi-mode fitting approach 272 

(Appendix A).  273 

2.3 Particle Optical Property Measurements 274 

Particle optical properties for PM1 were measured at 405 nm and 532 nm using the UC Davis 275 

Cavity Ringdown-Photoacoustic Spectrometer (CRD-PAS) at both the Fresno and Fontana sites. 276 

Light absorption coefficients (babs; units = Mm-1) for dry particles were determined at 405 nm and 277 

532 nm using photoacoustic spectroscopy (Lack et al., 2012b). Light extinction coefficients (bext; 278 

units = Mm-1) for dry (<20% relative humidity) particles were measured at 405 nm and 532 nm 279 

via cavity ringdown spectroscopy (Langridge et al., 2011). Humidified light extinction 280 

measurements (RH ~85%) were also measured at 532 nm by cavity ringdown spectroscopy. The 281 

absorption measurements from the PAS were calibrated relative to the extinction measurement 282 

from the CRD using gas-phase O3 and NO2 with an estimated accuracy of 5% at 532 nm and 8% 283 

at 405 nm.  284 

At the Fresno site optical properties were also measured at 870 nm using a photoacoustic 285 

eXtinctiometer (PAX; DMT, Inc.). In the PAX, light absorption coefficients were measured by 286 

photoacoustic spectroscopy. Light scattering coefficients (bsca; units = Mm-1) were determined for 287 

dry particles with the PAX using reciprocal nephelometry. The absorption measured by the PAX 288 

was calibrated relative to the UC Davis PAS using polydisperse fullerene soot and assuming that 289 

the absorption Ångstrom exponent was 1.4 (Metcalf et al., 2013), with an estimated uncertainty of 290 

10%.  291 
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2.4 Particle Composition Measurements 292 

2.4.1 Composition and concentration of NR-PM 293 

The concentration of non-refractory particulate matter (NR-PM) species in PM1 were measured 294 

using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, henceforth HR-295 

AMS) (Canagaratna et al., 2007) during both the Fresno and Fontana studies, as discussed in 296 

detail by Chen et al. (2018). The NR-PM components are functionally defined as those materials 297 

that evaporate rapidly after impaction onto a heated surface in vacuo at ~600 °C. The NR-PM 298 

components characterized include particulate sulfate, nitrate, ammonium, chloride and organic 299 

matter. The data were processed using the PIKA toolkit in IGOR (Wavemetrics, Inc.). The organic 300 

aerosol composition data were further analyzed using positive matrix factorization (PMF) (Zhang 301 

et al., 2011a). Four OA factors were determined during the Fresno campaign, identified as: 302 

biomass burning OA (BBOA); hydrocarbon-like OA (HOA); and two types of oxygenated OA 303 

identified as a very oxygenated OA type (VOOA) and a nitrate-associated type (NOOA) (Chen et 304 

al., 2018). For Fontana, four OA factors were also determined and identified as: hydrocarbon-like 305 

OA (HOA); cooking-related OA (COA); and two oxygenated OA factors, referred to here as a 306 

more-oxidized very oxidized OA (VOOA) and a less-oxidized, nitrate-associated type (NOOA) 307 

(Chen et al., 2018). (The particular terminology used here for the OA factors is discussed in Chen 308 

et al. (2018).)  309 

2.4.2 Composition and concentration of BC-containing particles 310 

The concentrations and composition of only BC-containing particles were determined using a 311 

soot particle aerosol mass spectrometer (SP-AMS) (Onasch et al., 2012), for both the Fresno site 312 

(Collier et al., 2018) and the Fontana site (Lee et al., 2017). In the SP-AMS, a focused particle 313 

beam is intersected with an intra-cavity Nd:YAG laser operating at 1064 nm. Particles containing 314 

BC are rapidly heated by the laser, leading to evaporation of both the NR-PM materials and the 315 

refractory BC. In these studies, the standard HR-AMS tungsten vaporizer was removed so that 316 

particles that do not contain BC are not vaporized and are therefore not detected. Thus, the SP-317 

AMS is specific to BC-containing particles, as operated here. In addition to BC, the SP-AMS 318 

measures the internally mixed particulate inorganic (sulfate, nitrate, ammonium, and chloride) and 319 

organic mass loading. The NR-PM species that are associated with BC will be distinguished from 320 
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the bulk average NR-PM species (from the HR-AMS) using the subscript BC (i.e., NR-PMBC). 321 

The SP-AMS particle detection efficiency is determined in large part by the extent of overlap 322 

between the particle and laser beam. Particles were sampled through a PM1 aerodynamic lens, with 323 

particles measured down to ~40 nm vacuum aerodynamic diameter. For the Fresno dataset, the 324 

detection efficiency was determined by referencing the BC concentration measured by the SP-325 

AMS to that measured by the SP2 (Collier et al., 2018). The SP-AMS/SP2 ratio was observed to 326 

depend on the ratio between the NR-PMBC and BC, with the NR-PM/BC ratio increasing as the 327 

SP-AMS/SP2 ratio increases, similar to previous observations (Willis et al., 2014). This is likely a 328 

result of the BC-containing particles becoming more spherical as NR-PM coatings accumulate. 329 

This leads to greater collimation of the particle beam, better overlap with the laser, and ultimately 330 

an increased detection efficiency. The dependence of the detection efficiency on the NR-PM/BC 331 

ratio was empirically determined for the Fresno study and has a functional form similar to that 332 

previously reported for laboratory studies (Willis et al., 2014). For the Fontana data set, the SP-333 

AMS collection efficiency was estimated based on measurements of the particle beam width, and 334 

a single, average value was used (Lee et al., 2017). At the Fontana site, the SP-AMS was operated 335 

alternating between ensemble mode (i.e., bulk composition) and event-trigger mode (single-336 

particle composition), and the observations were analyzed using PMF (Lee et al., 2017). The 337 

coating-to-core mass ratio for both campaigns is calculated directly from the SP-AMS 338 

measurements as Rcoat-rBC = [NR-PM]BC/[BC].  339 

2.5 Other instrumentation 340 

Number-weighted particle size distribution measurements for ambient and thermodenuded 341 

particles were made using a scanning electrical mobility sizer (SEMS; Brechtel Manufacturing, 342 

Inc.), operating over the mobility diameter size range 10 – 950 nm. The SEMS consisted of a 343 

differential mobility analyzer and a mixing condensation particle counter.  344 

2.6 Determination of Intensive Particle Properties 345 

The light absorption coefficient and BC concentration measurements are used to determine the 346 

observed mass absorption coefficient, referenced to BC, as: 347 

 348 
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𝑀𝑀𝑀𝑀𝐶𝐶𝐵𝐵𝐵𝐵 = 𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎
[𝐵𝐵𝐵𝐵];          (1.) 349 

 350 

The observed MACBC may include contributions to absorption from non-BC components (e.g., 351 

BrC), whether internally or externally mixed, or from non-absorbing coatings via the “lensing” 352 

effect. The observable absorption enhancement can be determined from the MACBC values by 353 

normalizing MACBC by a reference value for pure, uncoated BC, with 354 

 355 

𝐸𝐸abs = 𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵
𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵,𝑟𝑟𝑟𝑟𝑟𝑟

;          (2.) 356 

 357 

The reference MACBC,ref can be established from the literature (Bond and Bergstrom, 2006) or from 358 

the observations by extrapolating MACBC to the limit of Rcoat-rBC = 0; the latter approach is taken 359 

here (discussed further in Section 3.3), although both methods give similar results for the current 360 

campaigns. The absorption enhancement can also be determined from simultaneous or sequential 361 

measurements of babs for ambient particles and thermodenuded particles (Cappa et al., 2012; Healy 362 

et al., 2015; Liu et al., 2015c). As noted above, sequential babs measurements of ambient and 363 

thermodenuded particles were made on a 5 minute cycle. In the current study, we focus on Eabs as 364 

determined from Eqn. 2 above. The Eabs from Eqn. 2 (i.e., from the “MAC-method”) are compared 365 

to Eabs determined from the “thermodenuder-method” in Appendix B. 366 

The wavelength dependence of the absorption coefficient is characterized by the Ångstrom 367 

absorption exponent (AAE), as: 368 

 369 

𝑀𝑀𝑀𝑀𝐸𝐸 = −log (
𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎,𝜆𝜆1
𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎,𝜆𝜆2

)/ log �𝜆𝜆1
𝜆𝜆2
�;        (3.) 370 

 371 

where λ1 and λ2 indicate two different measurement wavelengths. The wavelength dependence of 372 

the imaginary refractive index, k, can alternatively be characterized by the parameter w, where: 373 

 374 
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𝑤𝑤 = − log �𝑘𝑘𝜆𝜆1
𝑘𝑘𝜆𝜆2
� /log (𝜆𝜆1

𝜆𝜆2
)         (4.) 375 

 376 

The AAE and w can be determined from wavelength pairs or from fitting multi-wavelength data.  377 

 378 

3 Results and Discussion 379 

3.1 General Overview 380 

Chen et al. (2018) provide a broad overview of the campaigns, and Lee et al. (2017) and Collier 381 

et al. (2018) provide details on the SP-AMS measurements specifically. Here, we highlight a few 382 

details from each campaign that are relevant to the current study. Time series of light extinction 383 

and light absorption for the two campaigns are shown in Figure 2 for reference.  384 

The wintertime Fresno campaign is separated into two distinct time periods based on the local 385 

meteorology. In particular, after about 6 January, 2015, the morning was impacted by a persistent, 386 

relatively thick fog that would slowly dissipate as the day progressed. Prior to this date, the 387 

atmosphere is classified as being substantially less foggy. The heavy fog period will be referred to 388 

as “high” fog and the less foggy period as “low” fog. The low-fog period was colder and drier than 389 

the high-fog period (Tavg = 7.6 °C and RHavg = 80.7% versus Tavg = 12.0 °C and RHavg = 83.5%). 390 

The diurnal variability and average particle composition and concentrations were distinct between 391 

the low-fog and high-fog periods (Chen et al., 2018), and a clear increase in extinction was 392 

observed in the high-fog period; the average bext,532nm during the low-fog period was 73 Mm1 and 393 

226 Mm-1 during the high-fog period. The average BC coating amount was also larger during the 394 

high-fog period than the low-fog period, with Rcoat-rBC(low fog) = 2.1 ± 0.8 versus Rcoat-rBC(high 395 

fog) = 2.8 ± 0.4 (Collier et al., 2018). The diurnal variation in Rcoat-rBC was more pronounced 396 

during the low-fog period than the high-fog period, with the daytime values being slightly elevated 397 

over nighttime values (Collier et al., 2018). The daytime Rcoat-rBC values during the low- and high-398 

fog periods were similar. Thus, much of this increase was attributable to a substantial increase in 399 

the particulate NO3- during the high-fog period, although the OA was also larger during the high-400 

fog period (Chen et al., 2018). Of particular relevance to the current study, the fraction of organics 401 

classified as BBOA was larger during the low-fog period, while the NOOA contribution increased 402 
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substantially during the high-fog period. There was substantially greater diurnal variability in the 403 

absorption and extinction during the low-fog period than during the high-fog period.  404 

The Fontana campaign was characterized by generally high temperatures (Tavg = 23.6 °C; range 405 

14.9 °C to 35.9 °C) and relatively low relative humidity (RHavg = 55%), with strong diurnal 406 

variability in both (Chen et al., 2018). Early in the campaign, the atmosphere was strongly 407 

impacted by fireworks associated with 4th of July (U.S. Independence Day) activities; the impact 408 

of the 4th of July activities persisted through 8 July. This fireworks-impacted period is separated 409 

for analysis from the remaining non-fireworks days. The average bext,532nm = 30 Mm-1 for the non-410 

fireworks impacted period. The diurnal profile of NR-PM has two peaks, one at 10:00 and another 411 

at 17:00 (local times) (Chen et al., 2018). The mean Rcoat-rBC was much larger than in Fresno, with 412 

Rcoat-rBC,avg = 5.2, and the diurnal variation in Rcoat-rBC is large, with a single maximum at 16:00 413 

(Lee et al., 2017).   414 

 415 

3.2 BC concentrations and size distribution 416 

The average mass-weighted BC-only size distributions, determined from multi-modal fitting 417 

of the observed SP2 measurements for each campaign, are shown in Figure 2.  For each campaign, 418 

the BC-only size distributions exhibit multimodal character.  For example, Fresno exhibited 419 

dominant mode maxima between dp,VED ~ 45-60 nm and at 115-160 nm (Figure 3), consistent with 420 

previous measurements in this region (Zhang et al., 2016). Figure 3 shows mass-weighted size 421 

distributions determined from multi-modal fitting of the observed size distributions. Details of the 422 

fitting procedure used to determine the mass-weighted BC size distribution over the entire size 423 

range and the associated uncertainties are discussed in Appendix A.  424 

Fresno: The multi-mode fits indicate that on average 31−7+13% of the BC mass is outside of the 425 

detection range of the SP2 used here, with a larger amount of missing mass during daytime than 426 

at nighttime. The relative contribution of the larger mode is greater at night, with the smaller mode 427 

more pronounced during the day. The greater contribution of particles with larger volume 428 

equivalent BC core diameters during nighttime reflects an increased concentration of biomass-429 

combustion derived BC particles, as biomass-burning-derived BC particles have larger diameters 430 

than fossil fuel-derived particles (in particular, those from vehicular emissions) (Kondo et al., 431 
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2011). Consideration of the diurnal variability of the BC concentrations in each of the four fit 432 

modes (Appendix A) demonstrates that the smallest two modes (at 57 nm and 118 nm) exhibit a 433 

sharp increase starting at 06:00 (Figure 3b), reflecting substantial BC emissions during the 434 

morning rush hour coupled with the still relatively low boundary layer height. The larger two 435 

modes (at 182 nm and 420 nm) increase primarily at night, when residential wood combustion is 436 

largest and the nocturnal boundary layer is shallow. The BC concentration in the two small modes 437 

also increases at night, primarily a reflection of the decreased boundary layer height relative to 438 

daytime along with continued emissions, although their fractional contribution is decreased. 439 

However, the peak concentration in these modes occurs ~1 h earlier in the night than of the larger 440 

two modes, reflecting the different sources. The campaign-average fractional contribution of the 441 

vehicle-related modes (the two smallest) was 0.5−0.07
+0.10, meaning half the BC came from vehicles 442 

and half from biomass burning, with the limitation that the modes may not be purely reflective of 443 

one source or the other (i.e., there may be some small particles contributed by biomass combustion 444 

and some larger particles from vehicles). These observations demonstrate that there are two 445 

distinct sources of BC in the wintertime Fresno atmosphere, one from motor vehicles (likely, diesel 446 

vehicles) and one from biomass combustion.  447 

Fontana: For Fontana, the BC-only mass-weighted size distributions also had multiple modes. 448 

However, at this site the smallest two modes (at 47 nm and 116 nm) contributed the majority of 449 

the BC mass, with their campaign-average fractional contribution being 0.78−0.1
+0.16. This indicates 450 

that vehicle emissions dominate the BC burden in the region. The small contribution from the two 451 

larger modes (at 182 nm and 420 nm) could indicate some contribution from regional biomass 452 

burning. Alternatively, these larger particles could result from near-source coagulation and could 453 

also be contributed by motor vehicle emissions. The contribution from the larger modes was 454 

enhanced from the night of July 4th through the following night, indicating that fireworks (from 4th 455 

of July celebrations) produced BC having larger diameters. Overall, 53−12+22% of the BC mass was 456 

contained in particles outside of the SP2 detection range, with minimal diurnal variability (and 457 

most of the variability in the campaign-average resulting from the enhanced large particle 458 

contribution on July 4th). 459 
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3.3 Variability in MACBC and Eabs 460 

3.3.1 Determination of reference BC mass absorption coefficients 461 

The total observed absorption, and the associated MACBC, results from a combination of 462 

absorption by BC, including mixing-induced enhancements, and absorption by BrC. The diurnal 463 

variation in the observed MACBC values for both campaigns and histograms of MACBC are shown 464 

in Figure 4. For Fresno, the MACBC distribution at 405 nm is quite broad and exhibits a clear 465 

increase at night and again during the day, with minima at 09:00 and 17:00 (local time). The 466 

MACBC values at 532 nm and 870 nm exhibit similar, but much less pronounced, diurnal 467 

variability, and the spread of the MACBC distributions decreases substantially with wavelength. 468 

The diurnal variability of MACBC attributable to mixing-induced enhancements alone should 469 

exhibit a negligible wavelength dependence. Thus, the observed wavelength-dependent behavior 470 

indicates that diurnal-varying BrC contributes substantially to the observed MACBC. In Fresno, the 471 

diurnal variability differed substantially between the low fog and high-fog periods at 405 nm in 472 

particular, but also at 532 nm. During the low-fog period, the daytime MACBC increase was 473 

suppressed while during the high-fog period it was enhanced (relative to the campaign average).  474 

In Fontana, the MACBC values at 405 nm and 532 nm, excluding the fireworks-impacted period, 475 

increased during the early morning and stayed elevated through the afternoon (Figure 4). But, the 476 

overall day-night difference was much smaller compared to that observed in Fresno, and the 477 

MACBC distributions were also narrower than in Fresno. (When periods impacted by fireworks are 478 

included, the MACBC in the early morning (~06:00) is increased because the MACBC during the 479 

fireworks-impacted period was particularly large at this time.) 480 

The observed MACBC values can be converted to equivalent absorption enhancement values 481 

by dividing by a reference MAC for pure, uncoated BC (referred to here as MACBC,ref). While 482 

values of the MACBC,ref are reported in the literature, quantitative comparison to the ambient 483 

observations can be challenged by the uncertainty in the BC concentration measurement, in 484 

particular. This is especially the case here, given the large, time-varying “missing mass” correction 485 

required. Thus, a wavelength-specific reference MACBC,ref for uncoated BC has been determined 486 

for each campaign from the observations. Estimation of campaign-specific MACBC,ref in this 487 

manner allows for more robust determination of Eabs than if the literature values were used, 488 

accounting for any campaign-specific sampling biases. However, this method does not account for 489 
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potential changes in the MACBC,ref that result from changes in morphology that can result from 490 

coating of materials onto BC. 491 

Ideally, the reference MACBC,ref can be determined by extrapolating the observed MACBC 492 

measured for either ambient particles or particles passed through the thermodenuder to the limit of 493 

no coating material (i.e., as Rcoat-rBC  0). For Fresno this method is complicated by two factors: 494 

(i) the co-occurrence of BrC that is likely externally mixed from the BC, and (ii) the potential 495 

charring of the NOOA (see Appendix B). There is, however, a reasonable relationship between 496 

Rcoat-rBC and both the overall [OA]/[rBC] and [NR-PM1]/[rBC] ratios (Figure S3). Thus, it is 497 

reasonable to extrapolate the observed ambient particle MACBC to the limit of [OA]/[rBC] = 0, as 498 

this reflects a condition where there is concurrently little coating material and little externally 499 

mixed absorbing OA. The Fresno observations at all three wavelengths are consistent with a 500 

sigmoidal relationship between MACBC and [OA]/[rBC] for Fresno (Figure S4). The resulting 501 

campaign-specific MACBC,ref values for Fresno are 4.4 ± 0.2 m2 g-1 (870 nm), 7.5 ± 0.5 m2 g-1 (532 502 

nm) and 10.7 ± 0.6 m2 g-1 (405 nm), where the reported uncertainties correspond to the 99% 503 

confidence interval from the fit. The distributions of observed MACBC values are compared to the 504 

derived MACBC,ref values in Figure S5. For Fontana, this method of estimation is complicated by 505 

the particles sampled during the fireworks period, which were particularly non-volatile and, likely, 506 

subject to charring. Therefore, only observations of MACBC and Rcoat-rBC outside of the fireworks-507 

impacted period are used to determine the MACBC,ref (Figure S6). The campaign-specific values 508 

for Fontana are 7.2 ± 0.1 m2 g-1 (532 nm) and 9.6 ± 0.2 m2 g-1 (405 nm) where the reported 509 

uncertainties correspond to the 99% confidence interval from the fit. The distributions of observed 510 

MACBC values are compared to the derived MACBC,ref values in Figure S7. The absolute uncertainty 511 

on these MACBC,ref values is large given the relatively large uncertainty on the SP2 measurements, 512 

and the fit-based uncertainties for the Fontana measurements is smaller than is reasonable. We 513 

suggest a reasonable precision-limited uncertainty on the MACBC,ref values for both campaigns is 514 

10%. It is noteworthy that the derived campaign-specific MACBC,ref values are in reasonable 515 

agreement with laboratory measurements (Cross et al., 2010; Forestieri et al., 2018) and literature 516 

assessments (Bond and Bergstrom, 2006). They are, however, substantially smaller than recently 517 

determined from filter-based measurements made across Europe for ambient particles, where the 518 

MAC at 637 nm was reported as 10.0 m2 g-1, which would correspond to an MAC at 532 nm of 12 519 

m2 g-1 assuming an AAE = 1.  520 
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3.3.2 Absorption Enhancement: Observations 521 

The Eabs values derived from the MACBC observations are shown as a function of the BC 522 

coating amount (Rcoat-rBC) in Figure 5. In Fresno, the Eabs values at 405 nm and 532 nm are notably 523 

greater than unity for all Rcoat-rBC (from 1 to 4). The mean values are 1.37 ± 0.22 (405 nm), 1.22 ± 524 

0.15 (532 nm) and 1.10 ± 0.13 (870 nm). In contrast, the Eabs in Fontana are very close to one when 525 

Rcoat-rBC is in this same range, with Eabs = 1.10 ± 0.27 (405 nm) and 1.07 ± 0.22 (532 nm), excluding 526 

the fireworks-impacted period. There is, however, a small, increase in Eabs with Rcoat-rBC in Fontana. 527 

Eabs values binned by Rcoat,rBC are also shown in Figure 1 for Fresno (at 781 nm) and Fontana (at 528 

532 nm) with the literature observations. 529 

The differences in the dependence of Eabs on Rcoat-rBC between Fresno and Fontana result 530 

primarily from differences in the contribution of BrC to the total absorption between the two 531 

locations. Chen et al. (2018) determined four general types of OA based on PMF analysis of the 532 

HR-AMS data for both sites. In Fresno, there is a substantial contribution of BrC from biomass 533 

burning that enhances the Eabs above unity even at low Rcoat-rBC. The fractional contribution from 534 

the biomass-burning associated factor (BBOA) is largest when Rcoat-rBC is smallest (Figure 6). 535 

Consistent with this, the fractional contribution of the C2H4O2+ ion (an AMS marker for biomass 536 

burning) in the BC coating material is higher when Rcoat-rBC is smallest (Collier et al., 2018). This 537 

suggests that absorption by BBOA, whether internally or externally mixed from BC, contributes 538 

importantly to the Eabs > 1 at low Rcoat-rBC for Fresno. The fractional contribution of the nitrate-539 

associated OA (NOOA) increases as Rcoat-rBC increases. This suggests that the NOOA might be 540 

somewhat absorbing and contributes to the Eabs > 1 at larger Rcoat-rBC, especially at 405 nm. For 541 

Fontana, four OA factors were also identified. There, the OA mass is dominated by the very 542 

oxygenated OA factor (VOOA), and the fractional contribution of VOOA increases with Rcoat-rBC 543 

(Figure 6). Some of the increase in Eabs with Rcoat-rBC for Fontana might therefore result from 544 

photochemical production of coatings on BC. Further discussion of absorption by OA follows 545 

below. Regardless of the exact reason for the increase in Eabs with Rcoat-rBC at Fontana, comparison 546 

with the theoretical calculations in Cappa et al. (2012) or Liu et al. (2015c) demonstrates that the 547 

magnitude of the Eabs observed in Fontana is much lower than might be expected from simple 548 

application of core-shell Mie theory. 549 
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3.3.3 Absorption Enhancement: Interpretation 550 

The small Eabs values in Fontana at both 405 nm and 532 nm, even at high Rcoat-rBC (~ 10), are 551 

consistent with the observations of Cappa et al. (2012), who similarly observed small Eabs values 552 

(<1.1) at high Rcoat-rBC. A large fraction of the Cappa et al. (2012) measurements were made in the 553 

coastal waters around Los Angeles, CA, while the Fontana measurements here were made in the 554 

inland greater LA area. In contrast, Liu et al. (2015c), using similar methods, observed mean Eabs 555 

values at 781 nm of ~1.5 at moderate Rcoat-rBC (~ 4) in a somewhat rural area located near London, 556 

UK. The assumption for the core-shell Mie theory calculations in those studies was that the coating 557 

material is equally distributed across the particle population. Under this assumption, there is an 558 

expectation that the ensemble-average Eabs from mixing effects (i.e., “lensing”) should increase 559 

with the ensemble-average Rcoat-rBC, just as it does for individual particles (Bond et al., 2006; Fuller 560 

et al., 1999). It is evident that the observed dependence of Eabs on Rcoat-rBC does not consistently 561 

follow this model and certainly does not for the CA observations. This likely results from there 562 

being different populations of BC-containing particles having varying coating amounts, with some 563 

particles having “thick” coatings and others having “thin” coatings as indicated from PMF analysis 564 

of the Fontana SP-AMS observations (Lee et al., 2017). Fierce et al. (2016) argue from a model 565 

perspective that accounting for particle diversity and the actual distribution of coating material can 566 

have a strong impact on the population-averaged absorption, typically leading to a decrease in 567 

absorption compared to the equivalent uniformly coated population and, therefore, a smaller Eabs. 568 

Liu et al. (2017) provide experimental evidence in line with this conclusion. This suggests that the 569 

observation of small Eabs values here and in Cappa et al. (2012) at relatively high Rcoat-rBC is likely 570 

a result of mixing state (and coating amount) diversity within the BC particle population. However, 571 

we cannot rule out the possibility that morphological deviations (i.e., the distribution of coatings 572 

and BC within individual particles) from the ideal core-shell morphology also contribute to a 573 

reduced ensemble-average Eabs.  574 

The SP-AMS PMF results from Lee et al. (2017) for Fontana specifically indicated four BC-575 

containing types of particles having different BC weight percentages. These were identified by 576 

PMF as an HOA-rich factor (14.2%), a BC-rich factor (44.4%), and two oxygenated factors, 577 

termed OOA-1 (13.4%) and OOA-2 (0.5%), where the numbers in parentheses are the factor-578 

specific BC wt%. The fractional contribution of the OOA-1 factor increased with Rcoat-rBC while 579 
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the BC-rich and, to a lesser extent, the HOA-rich factor contributions decreased (c.f. Figure 4 in 580 

Lee et al. (2017)). The OOA-2 factor contributed a large proportion of the overall coating material 581 

mass, but contained little of the BC. Assuming core-shell morphologies for each factor, the factor-582 

specific Eabs can be calculated from Mie theory. The calculated factor-specific Eabs are 1.45 (BC-583 

rich), 2.05 (HOA-rich), 1.99 (OOA-1) and 2.43 (OOA-2) at 532 nm, assuming a core BC diameter 584 

of 120 nm (one of the mode diameters for Fontana) and accounting for density differences between 585 

BC and the coating material. The ensemble-average Eabs can be calculated using a linear 586 

combination of these four factors with the fraction types from Lee et al. (2017). The calculated 587 

ensemble-average Eabs is greater than the observed Eabs at all Rcoat-rBC (Figure 7). This is not 588 

surprising given that the smallest factor specific Eabs (for the BC-rich type) was larger than the 589 

observed ensemble-average even at large Rcoat-rBC.  590 

However, the dependence of the observed and calculated ensemble-average Eabs and Rcoat-rBC 591 

are similar if the calculated ensemble-average Eabs is multiplied by 0.65 (Figure 7). This, perhaps, 592 

indicates that changes in the fractional contribution of the different BC-containing particle factors 593 

with Rcoat-rBC are responsible for the slow increase in Eabs with Rcoat-rBC, but that the calculated Eabs 594 

based on the average properties of each BC-containing factor are nonetheless overestimated when 595 

core-shell Mie theory is used. This could indicate additional particle-to-particle (or size-596 

dependent) diversity in the coating amount even within each identified factor (Fierce et al., 2016), 597 

or could result from particles having non-core-shell morphologies that limit the extent of the 598 

absorption enhancement (Adachi et al., 2010; Scarnato et al., 2013).. Regarding the role of 599 

particle-to-particle diversity, Fierce et al. (2016) calculated that the absorption enhancement for 600 

their particle resolved ensemble was 1.3 whereas had they assumed uniform coating across the 601 

population the absorption enhancement was 2.3. Regarding the potential for non-core-shell 602 

morphologies to explain the results, Scarnato et al. (2013) calculate using a discrete dipole 603 

approximation model MAC values for BC having no coating, BC being only partially immersed 604 

in a coating, and for BC being completely immersed. The MAC values they calculated for partially 605 

immersed BC are negligibly different than that for the bare BC whereas the MAC for the 606 

completely immersed BC is a factor of 1.5-1.7 times larger, with the range indicating slight 607 

differences between lacy BC and compact BC aggregates. Both studies are thus consistent both 608 

qualitatively and quantitatively with the empirical scaling factor determined here. Most likely, both 609 

phenomena contribute. The inability of even the factor-specific core-shell Eabs calculations to 610 
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reproduce the observations suggests that the core-shell approach may not be wholly appropriate 611 

for use in climate models, especially when they do not account for particle population diversity. 612 

Regardless, the question persists as to the reason why the Eabs- Rcoat-rBC relationship seemingly 613 

differs between the urban and near-urban CA atmosphere and the UK atmosphere. We hypothesize 614 

that this difference is linked to the sources and age of the air masses sampled. In Liu et al. (2015c) 615 

the largest Rcoat-rBC values were observed to have particularly large BC core diameters, suggesting 616 

a biomass-burning source. However, these same particles also had the largest fraction of 617 

oxygenated OA, suggestive of photochemical or even cloud processing, and backtrajectory 618 

analysis indicated that when Rcoat-rBC was large the sampled air masses tended to come from the 619 

European continent while air masses tended to come from within the UK when Rcoat-rBC was small. 620 

It may be that longer-range transport serves to decrease the differences in coating amounts between 621 

the different BC-containing particle types observed in nearer-source regions and periods (Lee et 622 

al., 2017; Lee et al., 2015) and thus increases the consistency between simple core-shell 623 

calculations and observations of ensemble-average absorption. However, in Toronto, Canada, 624 

Healy et al. (2015) did not observe an increase in Eabs for periods identified as being impacted by 625 

transboundary (i.e., long-range) pollution, even though the Rcoat-rBC was ~3.5 during this period. It 626 

is possible that their observations were confounded by inputs from local BC sources that served to 627 

maintain the particle-to-particle diversity (with respect to coating amount) and limit the overall 628 

observed Eabs. The results presented here indicate that measurements in remote locations that are 629 

reasonably free from local inputs (whether anthropogenic, such as from vehicles, or from fresh 630 

biomass burning) would be helpful in understanding the extent to which Eabs changes as a result 631 

of atmospheric processing. However, such measurements will be challenged by the low signals 632 

and BC concentrations that are typically observed in remote regions. It is suggested that a 633 

minimum of one month of measurements will be required to build sufficient statistics in low-634 

concentration locations. 635 

3.4 Brown Carbon Absorption 636 

3.4.1 Methodology 637 

To assess the contribution of BrC to the total observed absorption requires removal of the 638 

contribution from the mixing-induced enhancement, i.e., the “lensing” effect. Here, we take two 639 
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approaches. In the first, an upper-limit for the contribution of BrC to total absorption is determined 640 

by assuming that the mixing-induced enhancement is unity. In the second, we estimate the Rcoat-rBC 641 

-dependent magnitude of the mixing-induced enhancement for each site based on the longest 642 

wavelength measurement available (870 nm for Fresno and 532 nm for Fontana), assuming that 643 

BrC contributes negligibly at this wavelength. For Fontana this assumption is questionable since 644 

some BrC is known to absorb at 532 nm. However, in the absence of longer wavelength 645 

measurements this assumption allows us to place a lower-bound on the absorption by BrC.  The 646 

absorption from BrC is then calculated as the difference between the observed absorption and the 647 

estimated absorption by coated BC (i.e., inclusive of the mixing-induced enhancement). More 648 

specifically: 649 

 650 

𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎,𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎,𝑜𝑜𝑏𝑏𝑎𝑎 − 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎,𝐵𝐵𝐵𝐵,𝑐𝑐𝑜𝑜𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎,𝑜𝑜𝑏𝑏𝑎𝑎 − 𝑀𝑀𝑀𝑀𝐶𝐶𝐵𝐵𝐵𝐵,𝐵𝐵𝑐𝑐𝑟𝑟 ∙ 𝐸𝐸𝑎𝑎𝑏𝑏𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑅𝑅𝑐𝑐𝑜𝑜𝑎𝑎𝑐𝑐−𝐵𝐵𝐵𝐵𝐵𝐵) ∙ [𝑟𝑟𝑟𝑟𝐶𝐶] 651 

 (5.) 652 

 653 

where babs,BrC, babs,obs and babs,BC,coated are the absorption by BrC, the observed absorption and the 654 

estimated absorption for coated BC particles, respectively. The MACBC,ref values are those 655 

determined above. For the first (upper-limit) approach, Eabs,mixing = 1. For the second approach the 656 

Eabs,mixing values are a function of Rcoat-rBC and estimated from the longest-wavelength 657 

measurements. Note that Eqn. 5 provides for internal consistency because the MACBC,ref values are 658 

determined directly from the observations and are not from the literature, i.e., they are campaign-659 

appropriate and account for uncertainties in [BC]. Also, the use of the observationally derived 660 

MACBC,ref decreases the sensitivity of the derived babs,BrC to uncertainty in the [rBC] because an 661 

overestimate in [rBC] would be associated with a corresponding underestimate in the MACBC,ref.  662 

As discussed above, the observed Eabs- Rcoat-rBC relationship does not follow core-shell Mie 663 

theory predictions. Thus, there is no a priori functional form that can be assumed to relate the 664 

ensemble average Eabs to Rcoat-rBC for the second method. We therefore adopt the approach of 665 

assuming that the Eabs from mixing increases linearly with Rcoat-rBC, a functional form that is 666 

generally consistent with the longest-wavelength observations at each site (870 nm at Fresno and 667 

532 nm at Fontana in Figure 5). However, for the 870 nm measurements in Fresno the observed 668 

Eabs actually decreases slightly as the Rcoat-rBC increases from 1 to ~2.5. We hypothesize that this 669 
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is indicative of some small absorption by BBOA at 870 nm because the concentration of BBOA 670 

decreases as Rcoat-rBC increases (discussed later) and is relatively small above Rcoat-rBC ~2.5. 671 

Therefore, for Fresno, the relationship between Eabs (from mixing effects) and Rcoat-rBC is 672 

determined from fitting the binned observations only for Rcoat-rBC > 2.5. Thus, for Fresno it is 673 

assumed that there is no BrC absorption at 870 nm when Rcoat-rBC > 2.5, but that there may be some 674 

BrC absorption at lower Rcoat-rBC. For Fontana, the Eabs- Rcoat-rBC relationship is determined from 675 

fitting the 532 nm observations over all Rcoat-rBC because 870 nm measurements are not available. 676 

Thus, for Fontana it is inherently assumed that BrC absorption at 532 nm does not result directly 677 

in the increase in Eabs with Rcoat-rBC. Unless otherwise specified, results reported below refer to the 678 

babs,BrC determined from the second method, but results from both methods are reported in Table 679 

1. 680 

3.4.2 Fresno Brown Carbon 681 

3.4.2.1 Observations 682 

For Fresno, absorption by BrC is unambiguous at 405 nm and 532 nm, with large babs,BrC values 683 

obtained both at night and during the day. For 870 nm, the situation is less clear although there 684 

appears to be some absorption by BrC. Comparison of the diurnal profiles of babs,BrC and the various 685 

OA factors (as well as the inorganic species and BC) qualitatively suggests that BBOA and NOOA 686 

are somewhat absorbing (Figure 8). A multilinear regression of babs,BrC against the OA factors 687 

confirms that BBOA and NOOA are, indeed, the major absorbing OA types, with regression 688 

coefficients (i.e., slopes) of 0.84 m2 g-1 and 0.52 m2 g-1, respectively, and a total r2 = 0.78. The 689 

observed and reconstructed absorption are shown in Figure S8. These correspond to the individual 690 

mass absorption coefficients for BBOA and NOOA at 405 nm. Similar multilinear fits for the 532 691 

nm babs,BrC yield regression coefficients corresponding to MACBBOA = 0.45 m2 g-1 and MACNOOA = 692 

0.14 m2 g-1 (combined r2 = 0.71) and for the 870 nm babs,BrC yield MACBBOA = 0.085 m2 g-1 and 693 

MACNOOA = 0.044 m2 g-1 (combined r2 = 0.24). There was no evidence for appreciable light 694 

absorption by the two other OA factors, HOA and VOOA. (Although BBOA and HOA have 695 

similar diurnal profiles, there is actually only a moderate correlation between the two, with r2 = 696 

0.43. Thus, they are separable in the multilinear fit.) The appropriateness of the multilinear 697 

regression and the conclusion that BBOA and NOOA are both BrC (i.e., are absorbing) is visually 698 

demonstrated when (i) babs,BrC is plotted against [BBOA] during periods when the NOOA fractional 699 
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contribution is small (Figure 9a), or (ii) babs,BrC is plotted versus [NOOA] when the BBOA 700 

fractional contribution is small (Figure 9b). Visual inspection of graphs of HOA and VOOA versus 701 

babs,BrC (not shown) also confirms that neither of these factors are BrC. The OA-factor specific 702 

MAC values are shown as a function of wavelength in Figure 10. For the upper-limit (no mixing-703 

induced enhancement) approach the derived OA factor-specific MAC values are only slightly 704 

larger than those reported above when the mixing-induced enhancement is accounted for for 705 

NOOA and are the same for BBOA. This indicates a general robustness of the results (Table 1). 706 

The small r2 from the multilinear regression for 870 nm is expected given that when subtracting 707 

the mixing-induced enhancement it was assumed that the OA was non-absorbing at 870 nm. 708 

However, the BBOA is largest when the Rcoat-rBC is smallest (where the mixing-induced 709 

enhancement is smallest), and thus there is reason to think that the MAC for BBOA is substantially 710 

more reliable than the MAC for NOOA at 870 nm and that the NOOA values at 870 nm might be 711 

discounted entirely. This has been tested by performing the multi-linear fit for only the low-fog 712 

period, when the NOOA concentration was relatively small and the Rcoat-rBC was typically <2.5 713 

(the threshold identified above). The retrieved 870 nm MACBBOA = 0.088 m2 g-1 for the low-fog 714 

period, similar to that obtained for the entire dataset, and the r2 was larger (r2 = 0.36).  715 

The uncertainty in these estimates comes from uncertainty in the measurement of [BC], babs,obs, 716 

[BBOA], [NOOA], and the accounting for the mixing-induced enhancement. Since an internally 717 

consistent MACBC,ref is used (meaning that this was determined from the observations using the 718 

babs,obs and [BC]) uncertainty in this value does not contribute substantially to the total uncertainty 719 

and it also leads to a substantially reduced sensitivity to uncertainty in [BC]. Assuming 30% 720 

uncertainty in the BBOA and NOOA concentrations, 10% in the babs,obs, and 10% in the mixing-721 

induced enhancement, the estimated absolute average uncertainty is 35% at 405 nm and 50% at 722 

532 nm. At 870 nm the uncertainty is more difficult to estimate given the initial assumption that 723 

BrC is nonabsorbing. It is likely at least as large as the uncertainty at 532 nm, and 50% uncertainty 724 

is assumed in Figure 10 for MACBBOA at 870 nm and 100% for MACNOOA.  725 

For BBOA at Fresno, the AAE values depend somewhat on the specific wavelength pair 726 

considered, with AAEBBOA,405-532nm < AAEBBOA,405-870nm < AAE532-870nm (Table 1), and a fit to the 727 

three wavelengths giving AAEBBOA = 3.04. The wBBOA = 1.20 for the 405-532 nm pair, but is 1.79 728 

from the fit over all three wavelengths. For NOOA at Fresno, there are only reliable results at two 729 
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wavelengths (405 and 532 nm) available, with AAENOOA = 4.81 and w = 3.67 using these 730 

wavelength pairs. The NOOA exhibits a steeper wavelength dependence than the BBOA. 731 

3.4.2.2 Interpretation and Comparison with Literature 732 

The MACBBOA values determined here are slightly larger than the average determined by Zhang 733 

et al. (2016) for measurements made in wintertime Fresno in 2013, two years earlier than the 734 

current study (0.6 m2 g-1 in that study for the total BBOA compared to 0.84 m2 g-1 here, both at 735 

405 nm). Some of this difference is likely attributable to different analysis methods. Zhang et al. 736 

(2016) relied on Mie theory to extract the absorption by BrC whereas the current approach is more 737 

directly observational. Thus, we suggest that Zhang et al. (2016) likely underestimated the 738 

absorptivity of BBOA. In contrast to the current study, two BBOA factors were retrieved in 2013. 739 

Two OOA factors were also obtained, identified as a semi-volatile OA (SV-OOA) and a low-740 

volatility OA (LV-OOA) (Young et al., 2016). However, Zhang et al. (2016) did not note any 741 

evidence for absorption by these other, non-BBOA factors. Thus, the finding that the NOOA is 742 

absorbing is new to this study. Reanalysis of the Zhang et al. (2016) data via multilinear regression 743 

using the “upper-limit” approach (since there were no measurements of Rcoat-rBC available to allow 744 

estimation of the mixing-induced enhancement) indicates that one of the non-BBOA factors, the 745 

SV-OOA factor in that study, was likely somewhat absorbing, in addition to the BBOA factors. 746 

Consistent with Zhang et al. (2016), the multi-linear regression indicates that one of their BBOA 747 

factors was more absorbing than the other, with MACBBOA1 = 0.79 m2 g-1 and MACBBOA2 = 1.22 748 

m2 g-1 at 405 nm. The derived MACBBOA1 is quite similar to that obtained for the single BBOA 749 

factor from the current measurements. Their SV-OOA factor was much less absorbing than 750 

NOOA, with MACSV-OOA = 0.14 m2 g-1 at 405 nm. Most likely, the difference between the current 751 

study and Zhang et al. (2016) results from differences in environmental conditions, although we 752 

cannot rule out the possibility that there are differences in how the PMF analysis is splitting out 753 

the factors. In the current study, early morning fog was experienced during much of the study, 754 

especially in the latter half when NOOA concentrations were elevated. The ambient conditions 755 

were much colder and drier in Zhang et al. (2016), with little to no fog observed. This difference 756 

in behavior between these two studies strongly implicates fog, or at least wet aerosols, in the 757 

production of the light absorbing chromophores that make NOOA brown carbon.  758 
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Given the preponderance of BBOA in the Fresno atmosphere it is tempting to implicate 759 

aqueous phase processing of biomass burning emissions as the source of absorbing NOOA (and 760 

SV-OOA). Gilardoni et al. (2016) suggested such a pathway as a major source of absorbing SOA 761 

in the Po Valley, Italy. However, the mass spectrum of NOOA (Chen et al., 2018) lacks a 762 

substantial peak at m/z = 29 that Gilardoni et al. (2016) indicated was a key signature of SOA 763 

produced from aqueous processing of biomass burning emissions. (The m/z = 29 peak is slightly 764 

larger for the SV-OOA from 2013 (Young et al., 2016), but still much smaller than in Gilardoni et 765 

al. (2016).)  Additionally, the NOOA factor is strongly correlated with particulate NO3- (r2 = 0.76), 766 

and the diurnal profile of particulate nitrate, especially during the high-fog period, is strongly 767 

suggestive of substantial production of nitrate via nocturnal processing within the residual layer 768 

(Prabhakar et al., 2017). Since most biomass burning emissions (from residential wood 769 

combustion) occur at night there is little that ends up in the residual layer, the composition of 770 

which is determined primarily by what is in the atmosphere just prior to sunset. Thus, our results 771 

do not support aqueous oxidation of biomass burning emissions as the predominant source of 772 

absorbing NOOA (and by extension, SV-OOA). Instead, we hypothesize that the absorptivity of 773 

NOOA here is a result of nitrate radical-related oxidation of organic compounds to produce organic 774 

nitrates that occurs in the residual layer at night; these organic nitrates may undergo further 775 

aqueous-phase processing that could contribute to brown carbon formation. While the exact 776 

production mechanism of the secondary BrC cannot be pinpointed, it seems likely that there is 777 

some role for aqueous phase processing coupled with nitrate-radical chemistry.  778 

3.4.3 Fontana Brown Carbon 779 

3.4.3.1 Observations 780 

For Fontana, it is much less clear whether any of the OA factors are absorbing in nature at the 781 

wavelengths considered. The diurnal profiles of the derived babs,BrC at 405 nm and 532 nm, 782 

excluding the fireworks impacted period, indicate a peak in babs,BrC around 08:00 (local time) 783 

(Figure 8). The babs,BrC at 405 nm remains elevated throughout the afternoon, while the babs,BrC at 784 

532 nm falls to zero. Given that the Rcoat-rBC for this campaign shows a clear peak in the mid-785 

afternoon (Lee et al., 2017), and since it has been assumed that all of the increase in the MACBC 786 

(and Eabs) with Rcoat-rBC at 532 nm results from mixing-induced enhancements, it is to be expected 787 

that the babs,BrC at 532 nm is close to zero in the afternoon. The slightly elevated babs,BrC at 405 nm 788 
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in the afternoon could indicate some photochemical production of BrC occurs, although it could 789 

be a limitation of the assumption that Eabs from mixing is wavelength independent. The afternoon 790 

organic composition is dominated by VOOA. A linear fit between babs,BrC at 405 nm and VOOA 791 

has a slope of 0.04 m2 g-1, although with a very low r2 < 0.01, suggesting that VOOA is effectively 792 

non-absorbing. This is further supported by considering that the babs,BrC falls to near zero at night 793 

while the VOOA concentration, which peaks in the afternoon, is still elevated. Even if the upper-794 

limit approach is taken, such that all increases in Eabs are assumed to result from BrC with no 795 

contribution from a mixing-induced enhancement, the correlation between babs,BrC and VOOA 796 

remains low (r2 = 0.07). Thus, it seems reasonable to conclude that VOOA is primarily non-797 

absorbing.  798 

Considering the morning peak, comparison with the diurnal profiles of the OA factors (and the 799 

inorganic species and BC) provides some evidence that this peak in BrC absorption at Fontana is 800 

due to either NOOA or HOA. However, a multi-linear fit against these species results in a very 801 

small combined r2 value (≤ 0.16 for 405 nm, depending on what combination of OA factors is 802 

considered together). Further, the concentrations of NOOA and HOA are only slightly smaller at 803 

night than they are during the day, and thus the lack of BrC absorption at night is inconsistent with 804 

these OA factors being absorbing. It may be that the time-dependent “missing mass” correction 805 

for [BC] did not sufficiently capture the diurnal variability in the correction to a level of precision 806 

required to assess the very small absorption over BC. Consequently, the observed noticeable, but 807 

ultimately small morning increase in babs,BrC may simply be an analysis artifact. Regardless, the 808 

overall measurements suggest that the OA in Fontana is very weakly, if at all, absorbing, and thus 809 

the contribution to the total absorption is small; the estimated fractional contribution of BrC to 810 

total absorption, excluding the fireworks-impacted period, is 0.03 at 405 nm and even smaller at 811 

532 nm. Even at the peak babs,BrC the BrC fractional contribution is only 10% of the total absorption. 812 

3.4.3.2 Interpretation and Comparison with Literature 813 

The observations for Fontana differ from previous measurements of absorption by water 814 

soluble organic carbon (WSOC) made in 2010 in both Pasadena, CA and Riverside, CA, which 815 

are located in the same air basin as Fontana (Zhang et al., 2013; Zhang et al., 2011b). Zhang et al. 816 

(2011b) found that both babs,WSOC and [WSOC] peaked in midafternoon and that they were 817 

correlated with a slope of ~0.73 m2 g-1 at 365 nm (for the Pasadena site). The measured absorption 818 
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increased when samples were extracted from filters into methanol rather than water, and 819 

substantial absorption persisted to >600 nm for the methanol extracts (Zhang et al., 2013). If the 820 

VOOA here (which peaks in the afternoon) were as absorbing as the WSOC in the Zhang et al. 821 

studies, then the total absorption observed in Fontana should have been much larger and with a 822 

very different diurnal profile. Given the close proximity of Fontana and Riverside (20 km), it is 823 

difficult to reconcile the current observations, which suggest minimal absorption by the 824 

photochemically produced OA (specifically, VOOA), with the observations of Zhang et al. (2013; 825 

2011b). A key difference between the measurement methods is that the current measurements were 826 

made in situ on dried particles whereas the Zhang et al. measurements were made after extraction 827 

of particles into either water or methanol. It is possible that either the process of drying (here) or 828 

wetting (in Zhang et al. (2013; 2011b)) led to changes in the OA absorptivity. Some laboratory 829 

results indicate that drying can lead to rapid browning of OA (Nguyen et al., 2012). However, if 830 

this impacted the current measurements then we would expect the OA to have appeared more 831 

absorbing than the extracted samples. In addition, the ambient RH was generally quite low, and 832 

thus drying should have had minimal impact on particle water. It might be that extraction into 833 

water allowed reactions to occur that otherwise would not in the dry atmosphere.  834 

3.4.4 Brown Carbon Refractive Indices 835 

The determined MAC values can be used to calculate the imaginary refractive index via Mie theory 836 

for the absorbing OA types identified here. We limit this analysis to only the BBOA and NOOA 837 

factors identified in Fresno. In brief, the absorption coefficient is calculated using spherical particle 838 

Mie theory for a given size distribution and assumed imaginary refractive index (k) for the total 839 

particle. The theoretical MAC for a particle distribution can be calculated by dividing the 840 

calculated babs by the mass concentration of the distribution. Here, BBOA- and NOOA-specific 841 

particle size distributions are used as input to the Mie model. There is a relationship between MAC 842 

and particle size for a given k. Thus, it is important to use a representative size distribution when 843 

inverting MAC values to k values. Factor-specific size distributions were determined as follows. 844 

Average number-weighted size distributions are determined from the SEMS over the period when 845 

the BBOA fraction was large (>0.15) and for when the NOOA fraction was large (>0.1). These 846 

distributions are then scaled by multiplying by the average BBOA or NOOA fraction during the 847 

appropriate period to produce BBOA- and NOOA-specific distributions. The factor-specific 848 
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distributions are used as input to the Mie model. The density of the particles in the distribution are 849 

assumed size-independent and estimated from Kuwata et al. (2012) based on the AMS-measured 850 

O:C and H:C ratios (Chen et al., 2018). The assumed k is varied until the calculated MAC matches 851 

the observed component-specific MAC, resulting in the component-specific k (i.e., kBBOA or 852 

kNOOA).  As the real refractive index (n) of the BrC components is not known a priori, a value of n 853 

= 1.5 is used. This is similar to that found for laboratory generated secondary organic aerosol and 854 

to ammonium sulfate and ammonium nitrate. The likely uncertainty on the estimated n is ±0.05, 855 

which translates to an additional uncertainty on the estimated k of about 5%, as determined from 856 

sensitivity tests.  The resulting derived kBBOA are 0.024 ± 0.01 (405 nm), 0.018 ± 0.01 (532 nm) 857 

and 0.0068 ± 0.005 (870 nm). The kNOOA are 0.012 ± 0.007 (405 nm) and 0.005 ± 0.003 (532 nm) 858 

(see also Table 1). The uncertainties were estimated based on the uncertainty in the MACBrC values 859 

and the uncertainty in the assumed n. The comparable k values under the “upper-limit” assumption 860 

are also provided in Table 1. The wavelength dependence of the kBBOA and kNOOA are calculated 861 

from Eqn. 4. The wBBOA = 1.20 for the 405-532 nm pair, but is 1.65 from the fit over all three 862 

wavelengths. For NOOA at Fresno, there are only reliable results at two wavelengths (405 and 532 863 

nm) available, giving w = 3.67. As already indicated by the wavelength dependence of the OA-864 

type MAC values, the NOOA exhibits a steeper wavelength dependence than the BBOA. 865 

4 Conclusions and Implications 866 

The observations for two field campaigns in distinctly different urban environments 867 

(wintertime Fresno, CA versus summertime Fontana, CA) here demonstrate that the magnitude of 868 

the mixing-induced absorption enhancement for BC (i.e., the “lensing” effect) is small for the 869 

ensemble-average absorption. Additionally, the absorption enhancement shows limited 870 

dependence on the ensemble-average coating-to-BC core ratio. These observations, considered 871 

with others (Cappa et al., 2012; Healy et al., 2015; Liu et al., 2015c; McMeeking et al., 2014), 872 

demonstrate that spherical core-shell Mie theory calculations will not reliably give good agreement 873 

with observations when ensemble-average properties are considered, which is what is done in most 874 

climate models. This is the case because most models that consider internal mixing of BC assume 875 

that all components are internally mixed, and do not account for only a small fraction of the NR-876 

PM material being internally mixed with BC. For these two studies, only around 10-20% of NR-877 

PM is internally mixed with BC. Thus, the amount of “coating” material is likely to be 878 

overestimated by models, and the mixing-induced absorption enhancement would be 879 
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overestimated to an even greater extent. Instead, it is suggested that accounting for BC mixing-880 

state diversity (i.e., differences in the composition between BC-containing particles, beyond 881 

whether a particle simply contains BC or not), such as has been done by Fierce et al. (2016), will 882 

be necessary to allow for accurate simulation of absorption by BC. While an empirical relationship 883 

between the mixing-induced Eabs for BC and Rcoat-rBC could be determined from the current 884 

observations, such a relationship is unlikely to be robust or generalizable, given differences 885 

observed around the world (Cappa et al., 2012; Healy et al., 2015; Liu et al., 2015c; McMeeking 886 

et al., 2014). 887 

For the Fresno observations, two types of brown carbon were identified and characterized: 888 

BBOA and NOOA. The BBOA, derived from residential wood combustion, was highly absorbing 889 

at 405 nm (MACBBOA = 0.84 m2 g-1) and the absorptivity persisted out to 870 nm (MACBBOA = 890 

0.085 m2 g-1). The NOOA was less absorbing, with MACNOOA = 0.52 m2 g-1 at 405 nm and 891 

absorption that was indistinguishable from zero at 870 nm. The NOOA was associated with the 892 

occurrence of heavy, early-morning fog and with an increased prevalence of particulate nitrate. 893 

The NOOA likely results from nitrate radical oxidation, coupled with aqueous processing. In the 894 

Fresno wintertime environment, the BBOA contribution (and associated absorption) was limited 895 

primarily to the nighttime, when surface emissions were high and the nocturnal boundary layer 896 

was low. Consequently, the local and regional radiative impacts of BBOA from residential wood 897 

combustion (and the co-emitted BC) are likely small because these are highly diluted into the 898 

daytime mixed boundary layer. In contrast, the NOOA concentration (and associated absorption) 899 

is greatest during the day. Thus, the NOOA may impact local and regional radiative forcing by 900 

increasing the daytime absorption of solar radiation. Also, since it seems likely that the NOOA is 901 

formed to a large extent by nocturnal chemical processing in the residual layer, the NOOA might 902 

exist above the ground-level fogs and could contribute to stabilization of the atmosphere and to 903 

fog persistence. In contrast to Fresno, there was little evidence of a notable contribution from 904 

brown carbon in summertime Fontana.  905 
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 919 

Appendix A: rBC size distribution processing 920 

The campaign-average mass-weighted BC size distributions derived from the SP2 for Fresno 921 

and Fontana are shown in Figure 3, along with the average size distribution for nighttime hours 922 

(19:00 – 07:00) and daytime hours (07:00 – 19:00). For Fresno, the observed campaign average 923 

distribution mode peak is around 150 nm. The size distribution mode is somewhat larger than this 924 

at nighttime, around 160 nm, and smaller during the daytime, around 130 nm. The size distribution 925 

can be seen to continuously shift from being dominated by the larger mode to being dominated by 926 

a smaller mode with time of day, as previously reported by Zhang et al. (2016) for this region. In 927 

addition, the observed size distributions all show evidence of an increase in concentration at 928 

diameters less than 100 nm. This upturn in concentration is especially apparent in the daytime size 929 

distributions, although is evident at all times of day. This strongly suggests that there is an 930 

additional mode that is located at a size below the SP2 detection window (> 80 nm). Although the 931 

presence of such a mode is not commonly noted in the literature, Liggio et al. (2012) reported 932 

measurements that also suggested a substantial small diameter mode, as did Zhang et al. (2016). 933 

Because these small-mode particles are below the SP2 detection window, the SP2 BC 934 

concentration measurements will be biased low. In addition, the concentration of particles at the 935 

upper limit of the SP2 (here, ~800 nm) is greater than zero, indicating that particles at even larger 936 

sizes are contributing to the actual BC mass concentration. Accounting for such "missing mass" 937 

(i.e., mass contributed by particles outside the detection window) is important if the actual BC 938 

concentration is to be reasonably determined.  939 

https://doi.org/10.6075/J0VX0DF9
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For Fontana, the mass-weighted size distribution mode occurs at a smaller diameter than in 940 

Fresno. Also, while there is still substantial diurnal variability in the BC concentration, the shape 941 

of the size distribution is quite constant throughout the day. As noted already, this difference 942 

between Fresno and Fontana is likely because in Fresno there are two major BC sources (vehicles 943 

and biomass burning) while in Fontana one source dominates (vehicles). As with Fresno, there is 944 

clear evidence of an increase in BC concentrations at diameters less than 100 nm, again suggesting 945 

the presence of a small mode that contributes substantially to the overall BC mass but that was not 946 

detected by the SP2.  947 

One approach that has been taken to correct for the missing mass is to fit the campaign average 948 

size distribution with a log-normal distribution, and then to use this fit to extrapolate to larger and 949 

smaller sizes to estimate the fractional amount of missing mass (e.g., Schwarz et al., 2006). A 950 

constant scaling factor is then applied to the data set. However, such an approach is not appropriate 951 

here, since it is clear that, at least for Fresno, the distribution shape is changing with time of day. 952 

This suggests, instead, that a temporally varying correction is required. Therefore, the approach 953 

taken here is to perform fits on 10 min average size distributions to determine a time-dependent 954 

missing mass correction. Also, instead of fitting the observations with a single log-normal 955 

distribution, the observations have been fit using the sum of 4 individual log-normal modes. 956 

Robust results were not obtained when fewer than four modes were used for either data set, 957 

although the use of 4 (rather than 3 or 2) was more important for Fresno than for Fontana.  958 

Given that one of the modes peaks at a diameter below the measurement range, neither the 959 

exact position nor width of this mode is well constrained. To introduce consistency in the 960 

measurement method, the exact position and width of each mode is set as a constant for each 961 

campaign. As the positions of these modes is not known a priori, the following approach is taken 962 

to determine an optimal value to use for each of the mode diameters. First, initial fits are performed 963 

wherein the position and width of each mode is constrained to fall within a range, but allowed to 964 

vary within this range. The ranges considered were: Mode 1, 30 nm < dp,VED < 70 nm and 1.2 < σg 965 

< 1.9; Mode 2, 90 < dp,VED < 140 nm and 1.2 < σg < 1.9; Mode 3, 150 < dp,VED < 250 nm and 1.3 966 

< σg < 1.9; and, Mode 4, 350 < dp,VED < 500 nm and 1.6 < σg < 3. The average mode diameter and 967 

σg are then determined for each of the four modes based on initial fits to the campaign average 968 

size distributions. These are then used as constants in subsequent fitting to determine the time-969 
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dependent mode amplitudes. The optimal values used in the final, constrained fitting (where both 970 

the mode diameter, dm, and σg are held constant) for both campaigns are given in Table 2, along 971 

with the fractional contribution to the total mass of each mode. An attempt was made to maintain 972 

the mode positions and widths as campaign-independent constants, but it was determined that 973 

slight shifts in the position and width of the first two modes was necessary for optimal fitting.  974 

Each of the 10 min average mass-weighted size distributions was fit with the constrained four-975 

mode log-normal distribution, where the amplitude (i.e., concentration) of each peak is allowed to 976 

vary but the diameter and width are held constant. The results from this fitting are shown in Figure 977 

3, where the fit results are compared with the observed size distributions and the diurnal variation 978 

in the mode-specific BC concentration is shown for each campaign.  979 

The mode diameter and σg for Mode 1 are particularly uncertain, as this mode occurs below 980 

the lower size detection limit of the SP2. The average and standard deviation of the dp,VED and σg 981 

for Mode 1 for Fresno, for example, are 57 ± 10 nm and 1.47 ± 0.14 (1σ). Uncertainty in the mode 982 

position and width for Mode 1 contributes to uncertainty in the absolute rBC mass attributed to 983 

this mode. In general, if the dp,ved is smaller the [rBC] for this mode increases, and vice versa. 984 

Larger changes in the Mode 1 [rBC] result from a decrease in dp,ved than from an increase. If the 985 

σg for Mode 1 is smaller, then the [rBC] and fractional abundance of Mode 1 is decreased slightly, 986 

and vice versa, although to a lesser extent than for changes in the mode diameter. However, 987 

uncertainty in the position and width lead to negligible changes in the diel variability that was 988 

determined for each mode. Thus, the qualitative conclusions are not impacted by uncertainty in 989 

the small mode position or width. 990 

The extent to which uncertainty in dp,ved and σg contribute to uncertainty in the overall [rBC] 991 

is quantified here by refitting the campaign average rBC size distribution from Fresno using dv,ved 992 

= 47 nm and 67 nm, or sg = 1.33 and 1.61. We note that in all of these cases the χ2 of the fit is 993 

larger—and the fit curve is visibly less good (Figure S9)—compared to when the campaign 994 

average dp,ved and σg are used, indicating that these alternate cases give lower quality fits. If dp,VED 995 

= 47 nm, rather than 57 nm, the Mode 1 [rBC] increases by 65% and if dp,ved = 67 nm the Mode 1 996 

[rBC] decreases by 25%. These changes are associated in changes in the abundance of rBC in the 997 

other modes. In general, for a decrease in dp,ved for Mode 1 the Mode 2 [rBC] increases slightly 998 

(by ~20%), the Mode 3 [rBC] decreases slightly (by ~5%), and the Mode 4 [rBC] is largely 999 
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unaffected. The overall change in the [rBC] is an increase by 24% if dp,ved = 47 nm and a decrease 1000 

by 10% if dp,ved = 67 nm.  1001 

A decrease in σg to 1.33 for Mode 1 increases the Mode 1 [rBC] by 9%, while an increase to 1002 

1.61 decreases the Mode 1 [rBC] by 18%. The associated changes in [rBC] of the other modes for 1003 

a decrease in σg to 1.33 are +30% (Mode 2), -8% (Mode 3), and +4% (Mode 4), and for an increase 1004 

in sg to 1.61 are -37% (Mode 2), +3% (Mode 3), and -1% (Mode 4). In contrast to change in the 1005 

Mode 1 dp,ved, changes in σg do not lead to notable changes in the total [rBC] across modes, with 1006 

[rBC] changing by only 2% for either an increase or decrease in the σg.  1007 

An increase in the [rBC] would correspond to a decrease in the calculated MACBC,ref values by 1008 

an equivalent amount, and vice versa. For example, if the [rBC] were 24% higher (the case if dp,ved 1009 

= 47 nm) the MACBC,ref values would decrease to 3.3 m2 g-1 (870 nm), 5.7 m2 g-1 (532 nm) and 8.1 1010 

m2 g-1 (405 nm). However, it is important to note that this would have limited impact on the derived 1011 

absorption for BrC. This is because the BrC absorption is calculated as the difference between the 1012 

observed absorption and the calculated BC absorption, with the latter being determined as the 1013 

product of the MACBC,ref and [rBC] (see Eqn. 5). Thus, an increase in the [rBC] would be offset by 1014 

a corresponding decrease in the MACBC,ref and the BrC absorption is not affected. 1015 

Appendix B: Comparison between MAC-based and thermodenuder-based results 1016 

for absorption enhancement 1017 

The absorption enhancement from the thermodenuder (TD) method is calculated as: 1018 

 1019 

𝐸𝐸𝑎𝑎𝑏𝑏𝑎𝑎,𝑇𝑇𝑇𝑇 = 2∙𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵,𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎
𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵,𝑡𝑡−1,𝑇𝑇𝑇𝑇+𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵,𝑡𝑡+1,𝑇𝑇𝑇𝑇

       (6.) 1020 

 1021 

where the subscript amb and TD refer to the ambient or thermodenuded measurements, 1022 

respectively, and the t-1 and t+1 refer to the (5 min average) measurements made just before and 1023 

after the measurement made at time t. The use of MACBC, as opposed to babs, corrects for 1024 

transmission losses of BC through the thermodenuder. The Eabs,TD values can be compared to the 1025 

Eabs values determined from the MAC method (Eqn. 2) that were used in the primary analysis 1026 

above, referred to now as Eabs,MAC. Ideally, the Eabs,TD and Eabs,MAC values would give equivalent 1027 
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results. However, potential biases in either can impact their comparability, and ultimately any 1028 

conclusions regarding the actual magnitude of the absorption enhancement. For the MAC-derived 1029 

Eabs, biases in the estimated MACBC,ref would cause the absolute value of Eabs,MAC to be either too 1030 

high or low. Given the need for the “missing-mass” correction for [BC], uncertainties or temporal 1031 

or coating-dependent biases in this correction would potentially lead to an inaccurate assessment 1032 

of the diurnal variability or the dependence of Eabs,MAC on properties such as Rcoat-rBC. For the TD-1033 

derived Eabs, incomplete evaporation of coatings could lead to a low bias in the measured Eabs. 1034 

Inaccurate correction for transmission losses could lead to biases in the absolute Eabs,TD or in the 1035 

temporal variation. And there is a potential for charring of organics to occur in the TD, leading to 1036 

the production of (non-ambient) BrC, that would decrease Eabs,TD.  1037 

The diurnal variability in Eabs,TD and Eabs,MAC are shown for both Fresno and Fontana in Figure 1038 

B1. For Fresno, there is generally good agreement between the two methods in terms of the 1039 

absolute values obtained, thus providing confidence in the overall conclusions. However, it is 1040 

apparent that there is a more pronounced daytime bump in Eabs,MAC than there is in Eabs,TD, in 1041 

particular at 405 nm and 532 nm. If the low fog and high-fog periods are considered separately 1042 

(not shown), it becomes evident that the disagreement between the two methods is predominately 1043 

limited to the high-fog period, especially at 405 nm and 532 nm, thus implicating the NOOA as a 1044 

source of the difference. We hypothesize that the difference between methods for Fresno results 1045 

from charring of the BrC from NOOA. Charring of NOOA and formation of absorbing material 1046 

would lead to a suppression in the daytime Eabs,TD. However, the good agreement between methods 1047 

during the low-fog period suggests that BBOA is not especially susceptible to charring, and also 1048 

that the missing-mass correction reasonably accounted for the diurnal variation in [BC]. 1049 

Regardless, whether the Eabs,MAC or Eabs,TD is considered, it is apparent that the magnitude of Eabs 1050 

at long wavelengths (here, 870 nm), where BrC contributions are relatively small, remains small 1051 

throughout the campaign, supporting the conclusion that the mixing-induced enhancement is 1052 

small.  1053 

For Fontana, there is a more distinct difference between the two methods. While the diurnal 1054 

variation in Eabs,MAC shows a clear daytime maximum for both 405 nm and 532 nm, the Eabs,TD is 1055 

flat throughout the day and centered at 1 (indicating no enhancement; Figure B1). 1056 

Correspondingly, the Eabs,TD shows negligible dependence on Rcoat-rBC, while the Eabs,MAC increased 1057 

to a small extent with Rcoat-rBC (Figure 5). Thus, it could be that residual coating material when 1058 
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Rcoat-rBC is high has biased the Eabs,TD low. The ratio of the thermodenuded to ambient SP-AMS 1059 

measurements can give an indication of the mass fraction of coating (MFRcoat) that remains after 1060 

heating. The average MFRcoat for Fontana was 0.14. There was a distinct diurnal variation in 1061 

MFRcoat, with the residual coating actually being smallest in the daytime when the Rcoat-rBC and 1062 

Eabs,MAC both peak. This observation indicates that evaporation of coating material was most 1063 

efficient when the relative coating amount was greatest, and thus suggests that residual coating 1064 

material is not primarily responsible for the difference between methods. It is possible that charring 1065 

of VOOA led to suppression of the Eabs,TD. However, the MFR for the total OA was only 0.06 with 1066 

a negligible diurnal dependence, indicating that very little OA remained after heating. Thus, 1067 

charring does not seem likely to be the primary reason for the difference between methods. 1068 

Notably, the BC missing-mass fraction exhibits a diurnal variation that is similar to the observed 1069 

Eabs,MAC dependence (Figure 3 versus Figure B1). It is possible that the missing mass correction 1070 

underestimated the amount of BC during the daytime thus leading to an overestimate of the 1071 

Eabs,MAC and introducing an apparent dependence on Rcoat-rBC since Rcoat-rBC peaks during the 1072 

daytime. If true, this would imply an even smaller-to-negligible dependence of Eabs on Rcoat-rBC. 1073 

Ultimately, the specific reason for the Eabs,MAC and Eabs,TD measurements cannot be discerned from 1074 

the Fontana observations. However, both methods indicate that the Eabs in this region is small and 1075 

that the dependence on Rcoat-rBC is very weak, and thus the general conclusions reached are 1076 

independent of which method is used. Based on the above discussion, it is strongly recommended 1077 

that future experiments to measure Eabs in ambient employ multiple methods.  1078 
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 1323 

7 Tables 1324 

Table 1. The determined mass absorption coefficients, imaginary refractive indices, absorption 1325 
Ångstrom exponents and wavelength dependencies for the BBOA and NOOA factors determined 1326 
for Fresno. The estimated uncertainties are reported in parentheses. 1327 

Wavelength 
(nm) 

 Lensing Correcteda Upper Limitb 

  BBOA NOOA R2 BBOA NOOA R2 

405 MAC 0.84 (0.3) 0.52 (0.18) 0.78 0.84 (0.3) 0.59 (0.2) 0.73 
k 0.024 (0.01) 0.012 (0.07)  0. 024 (0.01) 0.015 (0.08)  

532 MAC 0.45 (0.23) 0.14 (0.07) 0.71 0.45 (0.23) 0.21 (0.1) 0.69 
k 0.018 (0.01) 0.005 (0.003)  0. 018 (0.01) 0.0077 (0.005)  

870 MAC 0.085 (0.05) 0.044c 0.24 0.093 (0.05) 0.092c 0.35 
k 0.0068 (0.005) 0.007c  0.0075 (0.005) 0.014c  

405-532 AAE 2.28 4.81  2.28 3.79  
w 1.20 3.67  1.20 2.76  

405-870 AAE 2.99   2.88 --  
w 1.76   1.76 --  

532-870 AAE 3.39   3.21 --  
w 2.07   2.07 --  

aThe influence of internal mixing (i.e., lensing) on absorption by BC was removed based on the observed dependence of 
MACBC(870) nm on Rcoat-rBC. 
bIncludes potential influence from internal mixing (i.e., lensing) 
cUncertainty on this value makes it indistinguishable from zero. 

 1328 

 1329 

Table 2. The mode diameter, width and average mass fraction characterizing the four log-normal 1330 
modes fit to the observed BC mass-weighted size distributions. 1331 

 Fresno Fontana 
 dp,VED  

(nm) 
σg Average 

Mass 
Fraction 

dp,VED 

(nm) 
σg Average 

Mass 
Fraction 

Mode 1 57 1.47 0.37−0.04
+0.11 47 1.63 0.52−0.05

+0.13 
Mode 2 118 1.43 0.23−0.02

+0.01 116 1.43 0.26−0.03
+0.02 

Mode 3 182 1.53 0.21−0.05
+0.05 182 1.53 0.12−0.03

+0.03 
Mode 4 420 2.83 0.19−0.03

+0.01 420 2.83 0.10−0.02
+0.01 

 1332 

  1333 
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8 Figures 1334 

 1335 
Figure 1. Compilation of various absorption enhancement measurements from ambient studies 1336 
(Cappa et al., 2012; Healy et al., 2015; Liu et al., 2015a; Liu et al., 2015c), including this work, 1337 
from source sampling of biomass burning particles (McMeeking et al., 2014), and from lab (Cappa 1338 
et al., 2012) or combined ambient/lab measurements (Peng et al., 2016). For all studies, the 1339 
enhancements observed at the longest reported wavelength are used. For Liu et al. (2015a), the 1340 
reported overall coating thickness ratio was used to calculate an equivalent Rcoat-rBC, and the 1341 
reported MAC values at 781 nm were converted to absorption enhancement values by dividing by 1342 
the lowest observed value (4 m2 g-1). For Peng et al. (2016), the reported change in coating 1343 
thickness was used to calculate an equivalent Rcoat-rBC, and the different symbols for the same 1344 
location correspond to measurements made on different days. For the lab experiments of Cappa et 1345 
al. (2012), only the fit lines are shown, with different colors corresponding to experiments with 1346 
different size particles. The error bars correspond to either a propagated uncertainty (Peng et al., 1347 
2016) or a standard deviation of the observations (all other studies).  1348 

 1349 
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 1350 
Figure 2. Time series of particle light extinction (left axes, color) or absorption (right axes, black) 1351 
for (a-c) Fresno and (d-e) Fontana at (a,d) 405 nm, (b,e) 532 nm and (c) 870 nm.   1352 

  1353 
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 1354 
Figure 3. (a,c) Observed mass-weighted BC-specific size distributions (solid lines) and multi-1355 
mode fits (dashed lines) for (a) Fresno and (c) Fontana. Blue lines are for all periods, orange for 1356 
daytime and black for nighttime. (b,d) The diurnal variation in the BC mass concentration of each 1357 
of the four modes fit to the mass-weighted distributions. The mode diameter increases with the 1358 
mode number. Mode diameters are reported in Section 3.2. (e) The diurnal variability in the 1359 
estimated BC missing-mass fraction, calculated from the difference between the fit distributions 1360 
and observed distributions, for Fresno (green) and Fontana (gray).  1361 
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 1362 
Figure 4. (Top Panels) Observed diurnal variation in the BC mass absorption coefficients 1363 
(MACBC) in (a) wintertime Fresno and (b) summertime Fontana. For both campaigns the solid lines 1364 
are the all-campaign averages. For Fresno, the dashed line is for the low-fog period and dot-dashed 1365 
is for the high-fog period. For Fontana, the dashed line excludes the period impacted by fireworks 1366 
(i.e., around the 4th of July) and the dot-dashed line is for the fireworks-impacted period. (Bottom 1367 
Panels) Histograms of the observed MACBC values for (c) Fresno and (d) Fontana.  1368 
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 1369 
Figure 5. The dependence of the absorption enhancement (Eabs) on the BC coating-to-core mass 1370 
ratio (Rcoat-rBC) for 405 nm (blue, top), 532 nm (green, middle), and 870 nm (red, bottom). Results 1371 
are shown separately for (left) Fresno and (right) Fontana. The points are the individual 10 min 1372 
averages, colored according to wavelength. The box and whisker plots show the mean (■), median 1373 
(–), lower and upper quartile (boxes), and 9th and 91st percentile (whisker). For Fontana, the gray 1374 
points indicate the fireworks-impacted period which are not included in the box and whisker plots. 1375 
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 1376 

Figure 6. The variation of the fractional contribution of all NR-PM species (both internally and 1377 
externally mixed with BC) versus Rcoat-rBC for (a) Fresno and (b) Fontana. The variation in only 1378 
the OA-factors with Rcoat-rBC for (c) Fresno and (d) Fontana.  1379 

 1380 
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 1381 
Figure 7. Comparison between the observed (green) and calculated (orange) Eabs versus Rcoat-rBC 1382 
relationship for 532 nm at Fontana. The solid orange line is the mean calculated value, multiplied 1383 
by 0.65. The points are the individual 10 min averages; the gray points show the fireworks-1384 
impacted period. The box and whisker plots show the mean (■), median (–), lower and upper 1385 
quartile (boxes), and 9th and 91st percentile (whisker) for the non-fireworks impacted data. 1386 
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 1388 

 1389 
Figure 8. Diurnal variation in the (top panels) inorganic species, (middle panels) BC and the 1390 
various OA factors, and (bottom panels) the absorption attributed to brown carbon, for (left) Fresno 1391 
and (right) Fontana.  1392 
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  1394 
Figure 9. The relationship between absorption attributed to brown carbon at 405 nm and (a) the 1395 
BBOA factor and (b) the NOOA factor for Fresno. In both panels the points are colored when the 1396 
fraction of the factor was >20% and are white when the fraction of that factor was small. The black 1397 
lines are linear fits, shown for reference.  1398 
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 1400 
Figure 10. Variation of the OA factor-specific MAC values for BBOA (brown circles) and NOOA 1401 
(pink squares) with wavelength for Fresno. The lines are power-law fits.   1402 

  1403 
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 1404 

 1405 
Figure B1. Campaign average diurnal variation in Eabs as calculated from the MAC-method (solid 1406 
lines) and the TD-method (dashed lines). Fresno results are on the left, Fontana on the right for 1407 
(top-to-bottom) 405 nm, 532 nm and 870 nm.  1408 
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 25 

Figure S1. Map of California, showing the location of Fresno in the San Joaquin Valley and 26 
Fontana in the South Coast Air Basin. For reference, the locations of the cities of Los Angeles, 27 
San Francisco and Sacramento are also shown. The coloration indicates the topography. 28 
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 30 

 31 
Figure S2. Schematic of the instrument configuration during both campaigns. The dashed box 32 
around the PAX indicates that this instrument was only deployed during the Fresno study.  33 
  34 
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  35 
Figure S3. (top) Relationship between Rcoat-rBC (i.e., the OA-to-rBC ratio for only rBC-containing 36 
particles) and the total NR-PM1-to-rBC ratio. The black line is a power law fit to the observations, 37 

forced to go through zero, with 𝑅 0 0.938 ∙
.

 and a reduced chi-square value 38 

of 0.30.  (bottom) Relationship between Rcoat-rBC (i.e., the OA-to-rBC ratio for only rBC-39 
containing particles) and the total OA-to-rBC ratio. The black line is a power-law fit to the 40 

observations, forced to go through zero, with 𝑅 0 0.979 ∙
.

 and a reduced chi-41 

square value of 0.18.  42 

 43 
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 45 

 46 
Figure S4. Relationship between MACBC and [OA]/[rBC] for (top; blue points) 405 nm, (middle; 47 
green points) 532 nm and (bottom; red points) 870 nm for Fresno, CA. Sigmoidal fits are shown, 48 
along with the 99% confidence intervals on the fits. The extrapolated values at [OA]/[rBC] = 0 are 49 
4.4 ± 0.2 m2 g-1 (870 nm), 7.5 ± 0.5 m2 g-1 (532 nm) and 10.7 ± 0.6 m2 g-1 (405 nm), and where 50 
the uncertainties correspond to the 99% confidence interval. (The absolute uncertainties are 51 



6 

 

substantially larger.) The box and whisker plots show the mean (■), median (–), lower and upper 52 
quartile (boxes), and 9th and 91st percentile (whisker). 53 

 54 

 55 
Figure S5. (bottom) Histograms of the observed MACBC values for ambient particles at 405 nm 56 
(blue), 532 nm (green), and 870 nm (red) for Fresno, CA. (top) The cumulative fraction of the 57 
observations, corresponding to the histograms. The vertical black lines indicate the derived 58 
campaign-specific MACBC,ref (see Section 3.3). The cumulative fraction of observations below the 59 
MACBC,ref value is 0.055 at 405 nm, 0.11 at 532 nm, and 0.30 at 870 nm. 60 
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 61 
Figure S6. Relationship between MACBC and Rcoat-rBC for (top; blue points) 405 nm and (bottom; 62 
blue points) 532 nm for Fontana, CA. Sigmoidal fits are shown, along with the 99% confidence 63 
intervals on the fits. The extrapolated values at Rcoat-rBC = 0 are 7.3 ± 0.1 m2 g-1 (532 nm) and 9.6 64 
± 0.2 m2 g-1 (405 nm), and where the uncertainties correspond to the 99% confidence interval. (The 65 
absolute uncertainties are substantially larger.) The colored points show the observations outside 66 
of the fireworks-impacted period, and the white points during the fireworks-impacted period. The 67 
box and whisker plots show the mean (■), median (–), lower and upper quartile (boxes), and 9th 68 
and 91st percentile (whisker).  69 
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 71 

 72 
Figure S7. (bottom) Histograms of the observed MACBC values for ambient particles at 405 nm 73 
(blue) and 532 nm (green) for Fontana, CA. (top) The cumulative fraction of the observations, 74 
corresponding to the histograms. The vertical black lines indicate the derived campaign-specific 75 
MACBC,ref (see Section 3.3). The cumulative fraction of observations below the MACBC,ref value is 76 
0.30 at 405 nm and 0.37 at 532 nm. 77 

 78 



9 

 

 79 
Figure S8. (bottom) Observed (blue) and reconstructed (gray) absorption at 405 nm from the 80 
multilinear regression for the Fresno campaign. (top) Residual, calculated as observed minus 81 
reconstructed. 82 

 83 
  84 
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 85 
Figure S9. Comparison between 4-mode log-normal fits to the average Fresno rBC mass-weighted 86 
size distribution using different diameters for the small mode (Mode 1). The optimal value 87 
determined from data fitting is 57 nm, and additional fits are performed assuming dp,ved = 47 nm 88 
and dp,ved = 67 nm. 89 
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