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Abstract  18 

 19 

The mixing state of black carbon (BC) affects its environmental fate and impacts. This work investigates 20 

particle diversity and mixing state for refractory BC (rBC) containing particles in an urban environment. 21 

The chemical compositions of individual rBC-containing particles were measured, from which a mixing 22 

state index and particle diversity were determined. The mixing state index() varied between 26 % and 23 

69% with the average of 48% in this study, and was slightly enhanced with the photochemical age of air 24 

masses, indicating that most of the rBC-containing particles cannot be simply explained by fully externally 25 

and internally mixed model. Clustering of single particle measurements was used to investigate the 26 

potential effects of different primary emissions and atmospheric processes on rBC-containing particle 27 

diversity and mixing state. The average particle species diversity and the bulk population species diversity 28 

both increased with primary traffic emissions and elevated nitrate concentrations in the morning but 29 

gradually decreased with secondary organic aerosol (SOA) formation in the afternoon. The single particle 30 

clustering results illustrate that primary traffic emissions and entrainment of nitrate-containing rBC 31 

particles from the residual layer to the surface could lead to more heterogeneous aerosol compositions, 32 

whereas substantial fresh SOA formation near vehicular emissions made the rBC-containing particles 33 

more homogeneous. This work highlights the importance of considering particle diversity and mixing 34 

state for investigating the chemical evolution of rBC-containing particles and the potential effects of 35 

coating on BC absorption enhancement. 36 

 37 

 38 

TOC graphic   39 
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1. Introduction  40 

Black carbon (BC) emitted from incomplete combustion affects air quality and climate. BC is the major 41 

light absorber in ambient particles, contributing substantially to positive radiative forcing on both regional 42 

and global scales.1, 2 Microscopic imaging techniques have provided direct evidence that BC can be 43 

internally mixed with other aerosol species in the atmosphere 3, 4, which can modify the physio-chemical 44 

properties of BC-containing particles and hence their environmental fate and impacts.5-8 In particular, 45 

organic aerosol is often internally mixed with BC; this mixing may enhance light absorption of BC 46 

particles depending on the degree and types of atmospheric processing.9-12 While primary organic aerosol 47 

(POA) coating can be co-emitted with BC aggregates from combustion processes 3, 4, secondary organic 48 

aerosol (SOA) can condense on BC particles, altering BC morphology from highly fractal to compact 49 

structures and thus their aerodynamic and deposition characteristics.11, 13-15  50 

 51 

A parameterization approach has been developed to provide a quantitative description of particle diversity 52 

and mixing state.16-19 This approach requires chemical characterization of atmospheric particles on the 53 

single particle level as a model input. However, quantification and characterization of tiny amounts of 54 

chemicals in submicron single particle is an analytical challenge. Recent studies have successfully applied 55 

different single particle spectro-microscopy techniques to determine the particle mixing state as well as 56 

the morphology of carbonaceous and inorganic aerosol components on collection substrates.18, 20-22 Real-57 

time single particle mass spectrometry is another advanced analytical approach that has been utilized to 58 

measure chemical composition of individual particles in urban environments 23-25 and to identify the 59 

influence of different anthropogenic emissions and atmospheric processing on the particle diversity and 60 

mixing state.17, 19 Ye et al. 19 recently investigated the evolution of mixing state of primary and secondary 61 

aerosol across the urban scale using single particle mass spectroscopy on a mobile platform. They reported 62 

that the particle mixing state in the city center showed large spatial heterogeneity that is mostly driven by 63 

local emissions, whereas particles were more internally mixed in the upwind and downwind of the urban 64 

areas.  65 

 66 

Despite the fact that BC particles and its coating compositions can have substantial impacts on the optical 67 

and physio-chemical properties of atmospheric particles, our current understanding of BC-containing 68 

particles mixing state and their evolution caused by different emissions and atmospheric aging are rather 69 

qualitative. Recent development of Aerodyne soot-particle aerosol mass spectrometer (SP-AMS) allows 70 
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detection of refractory BC (rBC, an operationally defined term26) and its associated coating composition 71 

exclusively. 27-32 With the single particle characterization capability integrated into the SP-AMS, this study 72 

aims to investigate the influence of primary emissions and secondary aerosol species formation on the 73 

rBC-containing particle diversity and mixing state near vehicular emission in Fontana, California, which 74 

is located in the broader South Coast Air Basin and includes the greater Los Angeles area. While positive 75 

matrix factorization (PMF) of ensemble data reported in Lee et al. 28 identified the major sources of BC-76 

containing particles, this work reports new results from cluster analysis of single particle data and particle 77 

diversity and mixing state calculation based on the algorithm developed by Reimer and West 16. The 78 

observations provide insight into the chemical evolution of BC-containing particles due to traffic 79 

emissions and atmospheric processing and BC absorption enhancement due to the presence of coatings.  80 

 81 

2. Experimental Method 82 

2.1 Sampling location and period 83 

Measurements were performed from 5 to 28 July 2015. The sampling site managed by South Coast Air 84 

Quality Management District was located at 14360 Arrow Highway in Fontana, California (34.100 N, 85 

117.490 W). The sampling site was surrounded by a few highways and was strongly influenced by 86 

vehicular emissions and the broader urban plume. Air pulled through a custom-made isokinetic inlet was 87 

dried using diffusion driers and subsequently distributed to different particle instruments. The details of 88 

meteorological conditions and other particle instruments have been reported in detail by Chen, et al. 33.This 89 

study focuses on the results from a SP-AMS (Aerodyne Research). Two nitrogen oxide analyzers (Model 90 

42i and 42i NOy, Thermo Fisher Scientific) were used to measure NOx and NOy that can be used to 91 

calculate photochemical age (PCA) of air masses. The molybdenum converter in the 42i nitrogen oxide 92 

analyzer was replaced by an UV-LED photolytic NO2 converter (Air Quality Design) to improve the 93 

accuracy of NO2 measurement. 94 

 95 

2.2 Soot particle aerosol mass spectrometer  96 

The working principle of SP-AMS has been reported by Onasch et al. 26. The SP-AMS here was operated 97 

such that only rBC and non-refractory aerosol species coated on rBC (referred to as NR-PMrBC) are 98 

vaporized and detected.26-32 The resulting vapour is ionized via 70 eV electron impact and then detected 99 

by a high-resolution time-of-flight mass spectrometer with a mass resolving power of ~2000 at m/z 28.34, 100 
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35 An efficient particle time-of-flight system (ePToF) was used for measuring aerosol size distributions. 101 

The SP-AMS was operated alternating between ensemble mode (i.e., average mass spectrum and PToF 102 

size distribution) and event trigger single particle mode (ETSP, i.e., single particle mass spectrum with 103 

unit mass resolution (UMR) and PToF size, Section 2.3). Data processing procedures, PMF analysis, 104 

calibration, collection efficiency correction and uncertainties of ensemble measurements have been 105 

reported in detail by Lee et al. 28. Note that our calibration and collection efficiency correction approach 106 

likely lead to over quantification of the NR-PMrBC mass loadings, representing their upper limits.24, 28, 36 107 

 108 

2.3 Single particle detection and data processing 109 

The single particle mode (ETSP) has been previously used for investigating sources, atmospheric 110 

processing and emission characteristics of aerosol particles.19, 37-39 The detail of ETSP settings (including 111 

the “Region of Interest” (ROI) for trigger detection and the threshold values of each ROI) can be found in 112 

the supporting information. Tofware (version 2.4.5) was used to pre-process the ETSP raw data and 113 

generate input data for identifying real single particle events using a Cluster Input Preparation Panel 114 

(CIPP) as previously described.24 The CIPP has been used to analyze single particle data measured by 115 

Aerodyne AMS equipped with a light scattering module 29, 33, 40, 41 and has been modified to analyze ETSP 116 

measurements.19, 37-39 A simplified version of fragmentation table was used to quantify the ion signals of 117 

NR-PMrBC and rBC. The RIE values reported in Lee et al. 28 were used to convert the ion signals to the 118 

mass fraction of each chemical component in individual particle. The minimum ion threshold was 119 

calculated within the two particle-free dva regions (Figure S2) for identifying real single particle events 120 

within the expected dva region (i.e., 50-1200 nm).42 The output from CIPP was used for performing cluster 121 

analysis to investigate the mixing state of all the real particles using a Cluster Analysis Panel (CAP) with 122 

the built-in k-means algorithm in IGOR Pro (WaveMetrics Inc., version 6).24, 29, 40 All single particle mass 123 

spectra were normalized by their total ion signal, and solutions with up to 20 clusters were tested. The 124 

details of single particle detection and data processing procedure can be found in the supporting 125 

information.   126 

 127 

2.4 Particle diversity and mixing state calculation 128 

The mass fraction of each chemical component in individual particles and the ensemble-average 129 

composition were used to calculate the different diversity parameters and mixing state index () of rBC-130 

containing particles based on the approach described by Riemer and West 16. Only the four major NR-131 
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PMrBC including sulfate, nitrate, ammonium, organic and rBC that can be measured by the SP-AMS were 132 

used to determine the number of chemical species for calculating these parameters. The single particle 133 

diversity (Di) characterizes effective number of species in each particle, ranging from 1 to the number of 134 

chemical species involved in the calculation, which is equal to 5 in this work. For examples, Di = 1 when 135 

the particle consists of a single pure species and Di = 5 when the particle is composed of equal amount of 136 

all five species; if the relative abundances of the five components differ the Di < 5.16 Alpha diversity (D) 137 

and gamma diversity (D) characterize the average effective number of species in each particle and in the 138 

bulk population, respectively. In this work, D = 1 (i.e., minimum) when all particles are pure and D = 5 139 

(i.e., maximum) when there are equal bulk mass fractions of all species. D cannot less than D, and D = 140 

D when all particles have identical mass fractions.16 The mixing state index is defined as (D–1)/(D–1) 141 

which measures the homogeneity of the particle population. It ranges from 0% when all particles are pure 142 

(i.e., a fully externally mixed population) to 100% when all particles have identical chemical compositions 143 

(i.e., a fully internally mixed population).16  144 

 
145 

In this work, the Di of each individual particle and the corresponding hourly-averaged D were calculated 146 

from single particle events and the mass fractions of each component in individual particles calculated in 147 

the data pre-processing step using CIPP. Hourly-averaged D were calculated using the mass concentration 148 

of each chemical species measured in the ensemble mode. In general, the single particle detection 149 

efficiency in the ETSP mode decreases with decreasing particle size. The ETSP-derived mass-based size 150 

distributions were corrected for the fall off in detection efficiency at smaller sizes for the calculation of 151 

D (see the supporting information). Figure S4 shows that the hourly-average of the corrected single-152 

particle total signals is strongly correlated with the total mass concentrations of ensemble data (r2 = 0.73). 153 

The corrected data was used to calculate the mass fraction of individual particle in the bulk population 154 

and subsequently D.  155 

 156 

3. Results and Discussion 157 

The entire sampling period can be divided into four categories based on the meteorological parameters 158 

and anthropogenic activities.28, 33, 38 As reported in Lee et al. 28, during July 11-17 and 21-28, the weather 159 
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was relatively hot and dry, referred to as the hot period hereafter. The observations during the hot period 160 

show regular diurnal patterns for rBC and NR-PMrBC and will be the focus of the following discussion.  161 

 162 

3.1 Overview of SP-AMS ensemble measurement  163 

Figure 1a shows the average diurnal cycles of rBC and NR-PMrBC during the hot period. A detailed 164 

discussion of these diurnal patterns was provided by Lee et al. 28. In brief, the mass loadings of rBC peaked 165 

in the morning rush hours mainly due to the combined effects of local traffic emissions, advection, and 166 

the rising boundary layer. The diurnal patterns of Organic-to-rBC (Org/rBC) ratio were primarily due to 167 

POA co-emitted from nearby traffic in the morning and SOA formation on rBC in the afternoon. In 168 

particular, using –log (NOx/NOy) as a proxy for the photochemical age (PCA) of air masses (Figure 1b) 169 

and Org/rBC as an indicator for SOA formation, fresh SOA coating materials were formed on rBC 170 

particles due to active photochemical reactivity of the atmosphere in the afternoon. The secondary nature 171 

of organic coatings was supported by the diurnal cycles of O/C, H/C and average carbon oxidation state 172 

(OSc) of total OA (Figure 1c).  173 

 174 

Nitrate (NO3
-) and ammonium (NH4

+) diurnal patterns correlated strongly with each other, and their mass 175 

loadings increased slowly over the night, with more rapid increase after 07:00 local time (LT), and 176 

maximum levels at ~10:00–12:00 LT. This behavior could result from time-varying contributions of 177 

different NO3
- formation mechanisms, including daytime photochemically driven production near sources 178 

(e.g., OH radical oxidation of NO2) and nighttime formation (e.g., N2O5 chemistry) in the residual layer 179 

followed by entrainment of the nitrate-containing rBC particles into the surface mixed layer as the mixed 180 

layer height increased. Note that the nighttime formation and particle entrainment mechanism could be 181 

more important to explain the observed NO3
- with relatively large particle size in this work. The decrease 182 

of particulate NH4NO3 concentrations after noon likely results from the combined effects of boundary 183 

layer break up and evaporative loss at the increasing temperature during the day. Sulfate (SO4
2-) remained 184 

in low concentrations with a relatively modest pattern. Chloride (Cl-) also peaked in the morning rush 185 

hours and was likely due to condensation of HCl vapor that was subsequently neutralized by NH3.  186 

 187 

3.2 Influence of primary and secondary emissions on particle diversities and mixing state 188 

OA was the dominant component of NR-PMrBC, and hence emissions and atmospheric processes that led 189 

to elevated concentrations of any aerosol components other than OA could affect D and D. In particular, 190 
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D and D increased with the mass fraction of NO3
- in rBC-containing particles (Figure 2a), indicating 191 

that the NO3
-
 and NH4

+ peaks observed in the morning enhanced the effective number of species in both 192 

individual particle and the overall particle population (Figure 1a and b). Furthermore, D and D increased 193 

with rBC, POA and Cl- concentrations during the morning rush hours. This result provides direct field 194 

evidence that fresh vehicular emissions enhance the diversities of rBC-containing particles although more 195 

than one types of particles with different degree of mixing state were likely associated with traffic (see 196 

Section 3.3).24, 28, 29 On the contrary, substantial fresh SOA coating formation coupled with a decrease in 197 

the emissions into a larger boundary layer in the afternoon led to reduction of D and D, consistent with 198 

our observations that formation of other secondary species such as NO3
- and SO4

- on rBC particles were 199 

small in the afternoon and they only accounted for a small fraction of total NR-PMrBC.  200 

 201 

 Figure 2b and 2c further illustrates the diurnal changes in D as a function of PCA and coating thickness 202 

of rBC (Rcoat-BC = NR-PMrBC/rBC from the ensemble data), respectively. Firstly, the PCA remained low 203 

between 00:00 and 12:00 LT. The increasing contributions of rBC emissions from traffic (with Rcoat-BC  204 

4–5) resulted in a small enhancement of D (starting from 5:00 LT). The value of D remained at ~2.8 until 205 

12:00 LT due to the combined effects of the decreasing concentrations of rBC and the increasing 206 

concentrations of NH4NO3 (i.e., Rcoat-BC increased to ~6). Secondly, D dropped gradually from 2.8 to 2.2 207 

with the increasing PCA, corresponding to the period with significant fresh SOA coating formation in the 208 

afternoon (i.e., Rcoat-BC increased to ~9). Afterwards, D increased slightly with the decreasing PCA from 209 

18:00 to 00:00 LT. During this period, the SOA coating mass concentrations declined continuously and 210 

rBC and other NR-PMrBC species remained in relatively low concentrations (i.e., Rcoat-BC decreased to ~4–211 

5). Such observations likely result from the combined effects of reduction of fresh SOA coating formation 212 

in the evening, fresh rBC-containing particle emissions into the shallower nocturnal mixed layer and 213 

atmospheric dilution by air masses 28, 33 that might carry rBC-containing particle with higher D values 214 

(e.g., mixtures of diluted local traffic emissions and aged particles). Figure 2b and 2c summarizes 215 

emissions and atmospheric processes that can lead to the observed diurnal variation of D as a function of 216 

PCA and Rcoat-BC, respectively. The similar diurnal changes in D in response to PCA was observed.   217 

 218 

The mixing state index () was calculated to determine the heterogeneity of the particle population. Figure 219 

2a shows that the hourly-averaged  varied between 26 % and 69 % with an average of 48% within the 220 
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hot period. The observed range of  indicates that the rBC-containing particle population measured during 221 

this campaign cannot be simply described by either fully internally ( = 100%) or externally mixed ( = 222 

0%) model. The diurnal pattern of  exhibited an enhancement from ~45% to ~50% when SOA coating 223 

formation became more substantial in the afternoon (Figure 1b). Although both NO3
- and SOA are 224 

secondary aerosol species, our results highlight that fresh SOA coating formation could enhance the 225 

homogeneity of the rBC-containing particle population (more internally mixed), whereas nitrate-226 

containing rBC particles that were transported from the residual layer to the surface could result in more 227 

heterogeneous particle population (more externally mixed). The mixing state showed relatively large 228 

deviations during the morning rush hours likely caused by more diverse particle types emitted from traffic. 229 

The characteristics of specific particle types that were associated with NO3
- and SOA coating formation 230 

and primary traffic emissions will be discussed in Section 3.3.   231 

 232 

3.3 Identification of particle types and their connection to the observed particle diversities  233 

Seven types of particle were identified based on the clustering of ETSP measurements (Figure 3). These 234 

are used to further investigate the potential impacts of specific particle emissions and secondary aerosol 235 

formation mechanisms to the observed particle diversities and mixing states. Three particle types, referred 236 

to as HOA (hydrocarbon-like OA), rBC and K (potassium) classes, that were mainly originated from 237 

primary traffic emissions (i.e., the morning rush hour peaks) were observed. Their diurnal cycles (Figure 238 

3o, p and q) were consistent with those of HOA- and rBC-rich factors determined from the PMF analysis 239 

of ensemble measurements.28 While the mass spectrum of HOA-class particles was dominated by the 240 

hydrocarbon fragments (e.g., CxHy
+ at m/z 41, 43, 55, 57) and was similar to that of HOA-rich factor, the 241 

rBC and K classes comprised more refractory carbon (e.g., Cx
+ at m/z 12, 24, 36) and perhaps oxygenated 242 

organic fragments indicated by the relatively strong ion signals at m/z 43 (i.e., C2H3O+ and C3H7
+) without 243 

noticeable hydrocarbon pattern. The rBC-rich factor were also composed of more oxygenated fragments 244 

compared to the HOA-rich factor due to the presence of C2H3O+ organic fragments and refractory ion 245 

fragments (i.e., CO+ and CO2
+) 28 that originated from oxygenated functionalities of soot particles.43, 44 246 

The rBC particle class exhibited the smallest dva among the three traffic-related particle classes. Note that 247 

the rBC and HOA particle classes have been reported in previous urban studies using a SP-AMS equipped 248 

with a light scattering module for single particle characterizations.24, 29  249 

 250 
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The remaining four clusters represent particle types that were associated with secondary aerosol formation 251 

and processing, referred to as NO3, SO4, OOA and HMW classes hereafter. PMF analysis of the ensemble 252 

measurements yielded two oxygenated organic aerosol (OOA) factors, namely OOA-1 and OOA-2.28 The 253 

NO3 class shows distinct diurnal pattern that is generally consistent with the bulk observation of NO3
-, 254 

although with a notably sharper peak (Figure 3t). More importantly the NO3 class was an internal mixture 255 

of NO3
- and oxygenated organics, which can partially explain the elevated mass loadings of NO3

- and 256 

OOA-1 factor at 10:00-11:00 LT (Figure 3r and t). The OOA class likely represented the freshly formed 257 

SOA in the afternoon, giving its diurnal profile and mass spectral characteristics similar to the OOA-2 258 

factor (Figure 3s). There was a particle class composed of a large fraction of high molecular weight 259 

fragments (HMW class) having a diurnal pattern similar to the OOA-1 factor (Figure 3d and r). 260 

Nevertheless, OOA-1 likely represented SOA component, whereas the HMW class could be the mixture 261 

of POA and SOA materials as indicated by its strong signal at m/z 43 and regular hydrocarbon pattern 262 

within larger m/z range. Lastly, SO4 class was largely internally mixed with OOA and HMW organics but 263 

did not give clear diurnal variations. 264 

 265 

The single particle diversity (Di) were calculated to determine effective number of species in each detected 266 

particle. The diurnal variations of D and Di matched well with each other (Figure 1b), suggesting that the 267 

averaged Di value of an individual particle class can be used to interpret the diurnal pattern of D and D. 268 

The average and distributions of Di of the seven particle classes are presented in Figure 4c. The rBC, K 269 

and NO3 classes have the relatively high average Di values (1.90–2.60) compared to other particle types 270 

(1.44–1.64) in which OA contributed to 79–86% of individual particle mass on average. NO3 class has the 271 

largest Di which matched with the observation that the elevated NO3
- concentrations observed in this work 272 

could enhance both D and D. The aerosol species other than OA accounted for ~50% of individual 273 

particle on average within the NO3 class (Figure 4a). Four particle types (i.e., HOA, rBC, K and a fraction 274 

of HMW classes) were associated with the local traffic emissions but their relative contributions might 275 

vary from different types of vehicles (e.g., fuel and engine types) that requires further investigation. Their 276 

Di values indicate that rBC and K particle classes (2.08 and 1.90) had more heterogeneous aerosol 277 

composition than the HOA and HMW classes (1.46 and 1.44). Furthermore, the HMW and OOA classes 278 

had relatively small average values of Di, suggesting that the fresh SOA materials coated on rBC were the 279 

key contributors to make the individual and overall particle composition more homogeneous in the 280 

afternoon.  281 



 

11 
 

 282 

Figure 5 shows the image plot and the average values of Di within specific dva bin width. Although the 283 

average Di values varied between different particle types as shown in Figure 4, there was a weak size 284 

dependence of Di. One of the major reasons for this observation is that the size distributions of each particle 285 

type were overlapped significantly (Figure 3). In general, rBC-containing particle associated with 286 

secondary aerosol species had larger particle diameter. While rBC and K classes enhance the average Di 287 

within the smaller particle range (e.g., dva < 100 nm), the NO3 class particles resulted in the increasing 288 

average values of Di for the relatively large particle size (e.g., dva > 400 nm) as shown in Figure 5a. Healy 289 

et al 17 observed the similar size dependence of Di in Paris due to higher fractions of BC and NO3
- in 290 

smaller and larger particle size ranges, respectively.  The lowest average Di values were observed at ~200 291 

nm. This was mainly due to the fact that the size distribution of HOA, OOA and HMW classes, which had 292 

relative low value of Di as shown in Figure 4, peaked at the similar range of dva. These observations 293 

indicate that the size-resolve Di and perhaps mixing state depends on the types of particle emissions, 294 

formation mechanisms and atmospheric aging.  295 

 296 

The rBC coating thickness (Rcoat-BC) of each particle type and how they varied as particle size within 297 

specific particle types are presented in Figure 4b and 5b, respectively. The Rcoat-BC is a parameter 298 

commonly used to evaluate the impacts of coating materials on the BC absorption enhancement4, 10, 45. 299 

Note that some particles did not contain detectable levels of rBC and they were excluded in the Rcoat-BC 
300 

calculation. The size dependence of Rcoat-BC within individual particle type is characterized by calculating 301 

the average Rcoat-BC within specific particle size bins (bin width = 50 nm for dva between 50 and 1000 nm) 302 

for all bins that contained more than 50 particles with detectable rBC ion signals were reported. The rBC 303 

class particles had the lowest average Rcoat-BC of ~0.6 among the identified particle types, followed by the 304 

K class particles (4.0). The Rcoat-BC of other particle types ranged between 5.9 and 9.1 on average (Figure 305 

4b).  306 

 307 

The rBC class particles only exhibited small variation of Rcoat-BC (~0.5–0.7) between 50 and 300 nm dva 308 

(Figure 5b). While the absolute concentration of the rBC-class particles was similar to or smaller than the 309 

other particle types, rBC made up a much larger fraction of the rBC class particle mass. In addition, rBC-310 

class particles were smaller than other particle types, likely resulting in a lower detection efficiency. Thus, 311 

the rBC-class particles contain a large fraction of the total rBC mass and, consequently, these particles 312 
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have a disproportionate influence on the total absorption. Liu et al.12 reported that the thinly coated rBC-313 

containing particles from fresh traffic emissions (i.e., with Mp = non-BC/BC ratio < 1.5) exhibit 314 

unexpectedly small, near unity rBC absorption enhancements. Since traffic emission was the major source 315 

of rBC in this field campaign28, the low Rcoat-BC for rBC particle class might be able to explain the overall 316 

very small rBC absorption enhancement reported by Cappa et al45. If Cappa et al45 assumed an absorption 317 

enhancement of unity for the rBC-rich particles, rather than 1.45, their calculated ensemble-average 318 

enhancement would be reduced from ca. 1.75 to ca. 1.45. This calculated value is more in line with their 319 

observation of an absorption enhancement of 1.07, but still elevated. It may be that additional, unresolved 320 

particle diversity impacts the absorption enhancement.46 321 

 322 

For all non-rBC class particles (i.e., all particle classes identified in this work except the rBC class), the 323 

Rcoat-BC increases with particle size, indicating an increase in the coating thickness with the rBC core size. 324 

Such behavior contrasts with that expected for diffusion-controlled growth onto a polydisperse distribution 325 

of particles, for which coating thickness decreases with core size.47 The apparent increases with size here 326 

are likely artifacts of the event-trigger single particle method (see Section 3.4), which tends to produce 327 

too-high Rcoat-BC values compared to the ensemble measurements and limits the determination of the 328 

specific behavior for the non-rBC class particles. Nonetheless, the non-rBC class particles all clearly have 329 

Rcoat-BC much larger than the rBC class particles, and potentially >3 across a broad range of sizes. Wu et 330 

al.48 quantified rBC absorption enhancement using a theoretical model parametrized by the complex 331 

particle morphology of BC in different aging scales, concluding that rBC absorption enhancement rapidly 332 

increase with Mp between 1 and 200. Furthermore, Liu et al.12 reported that ambient particles with Mp > 3 333 

start to show observable impacts on rBC absorption enhancement, suggesting a notable absorption 334 

enhancement could have occurred for these non-rBC class particles. However, even at larger coating 335 

thicknesses Liu et al.12 observed a depression of the absorption enhancement relative to core-shell Mie 336 

theory. This could further help explain the remaining discrepancy between the Cappa et al45 observations 337 

and calculated absorption enhancements.    338 

 339 

3.4 Limitation and recommendations 340 

 341 

There are a few limitations of this single particle technology that requires further development. Firstly, 342 

the current calibration is based on the comparison between signals from the SP-AMS and an external 343 



 

13 
 

particle counter that depends on the degree of particle beam and laser vaporizer overlapping within the 344 

instrument.36, 49 This technical limitation is related to the collection efficiency issue of rBC and can be 345 

avoided using the ETSP mode for calibration, which is under investigation in our laboratory. Secondly, 346 

the relative number distribution and the mass spectral features of different particle types can be affected 347 

by m/z assigned in each ROI. For example, some rBC-containing particles did not give detectable levels 348 

(or only gave weak levels) of rBC ion signals due to the ROI setting that targeted nitrate- and organic-349 

containing particles (see the supporting information), resulting in overestimating the Rcoat-BC and 350 

underestimating the Di of individual particle, especially for the non-rBC class particles. More laboratory 351 

and field investigations are required to better understand the potential measurement bias due to the ROI 352 

settings. Thirdly, POA and SOA can be internally mixed. The PMF analysis can separate total OA into a 353 

few OA types. Performing clustering of single particle data may be able to further separate POA and SOA 354 

components in the HMW class but the data interpretation become increasingly subjective. Separation of 355 

various POA and SOA species within a single particle can certainly enhance our understanding on the 356 

influence of the different primary and secondary emissions on the evolution of rBC-containing particles. 357 

Since the current clustering is based on UMR mass spectral data, development of data analysis approach 358 

for pre-processing high-resolution mass spectrometric single particle data may improve the performance 359 

of clustering and allows elemental analysis for characterizing the mixing of POA and SOA within 360 

individual particle.  361 

 362 

4. Atmospheric implications 363 

This work identifies a few key processes that likely govern the observed diurnal patterns of particle 364 

diversities of rBC-containing particles in summertime Fontana, CA based on single particle measurements 365 

made using an SP-AMS (Figure 2b and 2c). They are (1) rBC emissions from traffic and nitrate 366 

entrainment from residual layer in the morning (2) fresh SOA formation in the afternoon, and (3) primary 367 

traffic emissions with the influence of atmospheric dilution that carried regional background particles to 368 

the site. In particular, we provide evidence that fresh SOA formation near vehicular emissions could 369 

enhance the homogeneity of the rBC-containing particles (i.e., higher ), whereas the elevated nitrate 370 

concentrations in the late morning resulted in relatively heterogeneous aerosol composition. The Di of 371 

individual particle type illustrates that rBC and K particle classes emitted from traffic led to more 372 

heterogeneous aerosol composition but the overall effects on mixing state might be cancelled out by the 373 
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co-emitted HOA and HMW particle classes, which were largely dominated by OA. The clustering results 374 

also enhance our understanding of the size-dependent particle diversity.  375 

 376 

The evolution of rBC-containing particles in urban environment involves complex atmospheric 377 

processing. Our observations demonstrate the unique research capability for evaluating how the particle 378 

diversities and mixing state in response to individual type of particles originated from different primary 379 

and secondary sources. The data output from our approach can be used as inputs to measurement-380 

constrained models to evaluate the chemical evolution and the changes in physio-chemical properties of 381 

rBC-containing particles including cloud condensation nuclei (CCN) activity and optical properties under 382 

different scenarios of atmospheric processing.16, 29, 50 Recent studies have shown that size-resolved and 383 

particle-level chemical composition are particularly important for predicting CCN activity in aerosol 384 

populations that are more externally mixed50 or strongly influenced by local emissions.51 Fierce et al.46 385 

showed that light absorption of BC can be overestimated by up to a factor of two by assuming population-386 

averaged composition across all BC-containing particles and neglecting particle diversity using a particle-387 

resolved aerosol model. Cappa et al. 45 also highlighted the importance of particle-to-particle and/or size 388 

dependent diversity to explain the discrepancy of rBC absorption enhancement between field observations 389 

and theoretical calculations. Liu et al.12 recently demonstrated that the occurrence of the BC absorption 390 

enhancement can be determined based on the Mp (i.e., non-BC/BC) ratio of aerosol particles. However, 391 

this work reports that the particle diversity can vary between different particle types and size regardless if 392 

they are formed or emitted from the similar source or not. Except for the rBC particle class, the coating 393 

thickness (Rcoat-BC, i.e. a parameter that is equivalent to Mp) showed similar particle size dependence for 394 

other particle types. Overall, the single particle mass spectrometry technique used in this study has a great 395 

potential to improve our understanding of CCN activation and absorption enhancement of rBC due to the 396 

presence of coating as the influences of emissions and atmospheric processes on the Rcoat-BC, chemical 397 

composition and particle diversity (Figure 4b and 4c) on specific particles types and size can be better 398 

described in model simulations.  399 
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Figures and Captions 407 

 408 

 409 

Figure 1: Diurnal patterns of (a) rBC and NR-PMrBC, (b) particle diversities (Di, D and D), mixing 410 

state index () and -log(NOx/NOy), and (c) elemental ratio (i.e., O:C and H:C) and carbon oxidation 411 

state (OSc) during the hot period.  412 
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 413 

 414 

Figure 2: (a) Mixing state diagram showing the normalized population species diversity (Dγ) versus the 415 

normalized average particle species diversity (Dα). The dashed lines represent different degree of mixing 416 

( = 25, 50, 75, and 100%). Changes in Dγ as a function of (b) PCA and (c) Rcoat-BC (=NR-PMrBC/rBC 417 

from ensemble data) due to different physical and chemical processing of rBC containing particles.  418 
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 419 

 420 

Figure 3: Mass spectra (a-g), size distributions of particle number and ion signal (h-n), and diurnal 421 

patterns (o-u) of individual particle types determined by the cluster analysis of ESTP data, NR-PMrBC 422 

and PMF factors. 423 

 424 
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 425 

 426 

Figure 4: (a) Average mass fraction of individual particle type. (b) Box plots of Rcoat-BC of individual 427 

particle type (10th
, 25th, 75th and 90th

 percentiles). The green and orange circles represent the mean and 428 

the 50th percentile of Rcoat-BC, respectively. (c) Box plots of Di of individual particle type (10th
, 25th, 75th 429 

and 90th
 percentiles). The blue and red circles represent the mean and the 50th percentile of Di, 430 

respectively.   431 
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 432 

 433 

Figure 5: (a) Particle number fraction of particle types as a function of particle size distribution. (b) The 434 

average of Rcoat-BC of individual particle type as a function of particle size distribution. RBC only reported 435 

for particle size bins (bin width = 50 nm) containing more than 50 particles with detectable rBC ion 436 

signals. (c) Image plot of Di as a function of particle size distributions. The red and black lines represent 437 

the average Di as a function of particle size and particle number size distribution, respectively.  438 
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Single particle detection  

This single particle technique has been previously used for investigating sources, atmospheric processing 

and emission characteristics of aerosol particles.1-4 The length of data acquisition time for ETSP mode in 

each 5-min measurement cycle was 2.5 min (i.e., 2.5 min for the ensemble mode). The keys to trigger the 

detection of specific types of single particle are to define (1) the “Region of Interest” (ROI, an individual 

or a range of m/z to trigger detection) and (2) the threshold values of each ROI (the minimum number of 

ions required to save the event). Three ROIs (i.e., the maximum number available in the instrument menu) 

were used: ROI1: m/z 36, ROI2: m/z 43, and ROI3: m/z 46-150. The threshold values of each ROI were 

determined using particle-free air on-site, and they were 3, 4, and 5 ions for ROI1, ROI2, and ROI3, 

respectively. While ROI1 and ROI2 were used to target rBC- and organic-containing particles, 

respectively, ROI3 could be triggered by the major aerosol components including nitrate, sulfate and 

organic. For each ETSP event, a total of 8 mass spectra were saved (i.e., 2 before and 5 after the single 

particle mass spectrum, pre-segment = 2 and post-segment = 5, Figure S1). These additional mass spectra 

were used to establish the baseline of the signal and to ensure that all mass spectra recorded for the entire 

particle vaporization plume were saved.      

 

 

ETSP data pre-processing and identification of true positive events 

Tofware (version 2.4.5) was used to pre-process the ETSP raw data and generate input data for identifying 

real single particle events using a Cluster Input Preparation Panel (CIPP) as previously described.5 The 

CIPP has been used to analyze single particle data measured by Aerodyne AMS equipped with a light 

scattering module 6-9 and has been modified to analyze ETSP measurements.1-4 The mass spectra in 

Segment 1 was used as baselines to correct the single particle mass spectra recorded in Segment 2 (Figure 

S1).  The corrected mass spectral matrix was used as an input for CIPP. The total number of ions for each 

event were calculated as the sum of all ion signals except m/z 14 (N+), 18 (H2O+), 28 (N2
+), 32 (O2

+), 40 

(Ar+) due to the strong interferences from air and water. Unlike most of the previous studies, m/z 39 (K+) 

was included in the total ion calculation as the tungsten vaporizer (i.e., a major interference of K+) was 

removed from the SP-AMS. A simplified version of fragmentation table was used to quantify the ion 

signals of NR-PMrBC and rBC. The RIE values reported in Lee et al. 10 were used to convert the ion signals 

to the mass fraction of each chemical component in individual particle. The average number of ions plus 
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three standard deviations within the two particle-free dva regions (i.e., 10-40 nm and 2000-4000 nm,  

Figure S2) was calculated to determine the minimum ion threshold for identifying real single particle 

events within the expected dva region (i.e., 50-1200 nm).11 The threshold ion value for identifying true 

single particle event within the particle region was 12.96. The total and real single particle events as a 

function of dva were presented in Figure S2. The output from CIPP will be used for performing cluster 

analysis (Section 2.5).  

 

Cluster analysis of ETSP events 

Cluster analysis was performed to investigate the mixing state of all the real particles using a Cluster 

Analysis Panel (CAP) with the built-in k-means algorithm in IGOR Pro (WaveMetrics Inc., version 6).5, 

7, 9 K-means cluster analysis has been used to analyze single particle data measured from Aerodyne AMS-

type instruments with a light scattering module.5-9 Note that k-means clustering can classify ambient 

particles measured by the aerosol time-of-flight mass spectrometer (ATOFMS, TSI) into particle types 

that are highly consistent with other clustering algorithms such as ART-2a and hierarchical clustering.12, 

13 Similar to the calculation of total ion signals, m/z 14, 18, 28, 32 and 40 were excluded in the clustering. 

The fragments of ammonium (m/z 15, 16, 17) and sodium (m/z 23) were also excluded due to the larger 

measurement uncertainties of these species. All single particle mass spectra were normalized by their total 

ion signal, and solutions with up to 20 clusters were tested. Euclidian distance was used to evaluate the 

total distance between the cluster centers and each single particle. In general, increasing the number of 

clusters can better represent the dataset mathematically as shown in Figure S3. However, a large number 

of clusters compromises the physical meaning of each cluster. Note that the CAP can also merge multiple 

clusters into a single particle class if they have similar mass spectral features and size distributions, 

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

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

Segment 1 was used as baseline to correct the single particle mass spectra recorded in Segment 2. 
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Figure S2: Scatter plot of total ion signals of individual particle against dva. The average number of ions 

plus three standard deviations within the two particle-free dva regions (i.e., 10-40 nm and 2000-4000 nm, 

grey regions) was calculated to determine the minimum ion threshold for identifying real single particle 

events within the expected dva region (i.e., 50-1200 nm). The threshold ion value for identifying true single 

particle event within the particle region was 12.96. The total and real single particle events were presented 

in red and blue markers, respectively. 
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Figure S3: Euclidian distanceas a function of number of clusters. Euclidian distance was used to evaluate 

the total distance between the cluster centers and each single particle. Increasing the number of clusters 

can better represent the dataset mathematically 
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Figure S4: (a) Size distribution of organic: bulk data (green line) and ETSP data with and without 

correction factor (solid blue circles and open red circles, respectively). (b) Correlation between total mass 

(i.e., rBC + NR-PMrBC, bulk data) and mass-normalized total ion signal measured by ETSP mode with 

correction factors applied.  
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