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Responses to the Comments of Referee #1 1 
 2 
(1) Organic aerosol (OA) is an important aerosol component in the atmosphere. One key 3 
to fully understanding OA is to constrain the volatility and hygroscopicity of OA. This 4 
manuscript used the measurements by a thermodenuder coupled with a HR-AMS to 5 
analyze OA source, volatility distribution, oxidation state and hygroscopicity. This study 6 
gives the OA community some insights on OA volatility and hygroscopicity, and pointed 7 
out the caveat of deriving the volatility of OA only from its mass fraction remaining 8 
(MFR). These findings are worth publishing for sure.  9 
We do appreciate the positive assessment of our work. The responses to each comment of 10 
the reviewer and the corresponding changes in the manuscript can be found below. 11 
 12 
(2) I don’t have many comments but hope the authors can explain why they only used 3-13 
bin C* distribution (rather than 5 bins, 10 bins, for example) to fit the measured 14 
thermograms. 3 bins cannot cover the whole range of real OA volatilities. Also, can the 15 
authors describe more on the approach of Karnezi et al. (2014) that was used to calculate 16 
the best fit of MFR and the uncertainties of OA volatility distributions? I find it hard to 17 
understand this method based on the current form. 18 
The number of bins that can be used in the analysis of thermodenuder data is in general 19 
determined by the ambient OA concentration (the bin range can extend up to an order of 20 
magnitude higher than the measured values), the number of temperature steps used in the 21 
analysis (the number of bins cannot be much higher than the number of data points 22 
available for fitting), and the maximum fraction of the OA evaporated during the analysis. 23 
Our selection of only 3 bins was determined by the availability of measurements at 25, 60, 24 
80 and 100 C. The concentration of the OA was of the order of 5 g m-3, so there is a 25 
little information about compounds with saturation concentration of 100 g m-3 or more 26 
in the corresponding thermograms.  These two constraints resulted in the choice of the 27 
0.1, 1 and 10 g m-3 bins. Please note that the 0.1 g m-3 also includes material with even 28 
lower volatility that did not evaporate at the highest temperature used. These important 29 
points have been added to revised paper. 30 
 31 
The Karnezi et al. (2014) approach searches the full parameter space for solutions that are 32 
consistent (within a predetermined error consistent with the experimental uncertainty) 33 
with the measured thermograms. It usually finds a number of such solutions. It then 34 
calculates a weighted average (the closer a solution is to the data the higher its weight) 35 
and a weighted standard deviation using all these “acceptable” solutions. This brief 36 
explanation is now included in the paper. 37 
 38 
Minor comments 39 
 40 
(3) Line 63. Please give the full name of PMF. 41 
It has been added. 42 
 43 
(4) Line 87 and 88. The sentence reads odd. 44 
We have rephrased the sentence. 45 
 46 
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(5) Line 130. Can the authors briefly describe these two papers? 47 
We have added a short description of these two papers. Xu et al. (2015a) estimated the 48 
contribution of different sources to the measured OA while Cerully et al. (2015) 49 
quantified the OA hygroscopicity. These two papers use the same AMS dataset with the 50 
present study.   51 
 52 
(6) Line 265. Why no measurements above 100 Celsius? 53 
The experimental set-up used was rather complex because there were four lines (ambient 54 
bypass, ambient TD, PILIS bypass, and PILS TD) used in an effort to characterize both 55 
the volatility and hygroscopicity of the OA. Because of the multiple objectives of the 56 
measurements, the number of temperature steps that could be used in the TD was limited 57 
and an upper temperature of 100 C was selected in the design phase of campaign. In 58 
retrospect, an even higher temperature would have provided very useful information. We 59 
have added a sentence in the Conclusions recommending the use of higher temperatures 60 
in additional steps in future studies in that area. 61 
 62 
(7) Line 367 and 368. This sentence reads odd too. 63 
We have rephrased the sentence. 64 
 65 
(8) Line 380. “Evaporation coefficient”, do you mean “accommodation coefficient”? 66 
We have rephrased this to “accommodation (evaporation) coefficient” to avoid confusion. 67 
 68 
(9) Line 399. It should be Figure S6, rather than S7. 69 
Corrected. 70 
 71 

72 
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Responses to the Comments of Referee #2 73 
 74 

(1) The manuscript ’Organic aerosol in the summertime SE US: Components and their 75 
link to volatility distribution, oxidation and hygroscopicity’ by Kostenidou reports on 76 
ambient aerosol measurements using a HR-TOF-AMS coupled to a thermodenuder inlet. 77 
Total submicron non-refractory OA was split into four main factors: BBOA, Isoprene-78 
OA, MO-OOA and LO-OOA. The observed thermogram profiles of OA and of each of 79 
its four factors are shown, along with the modeled volatility distribution of the 80 
components of the sum and the four factors. Lastly, an attempt to reconcile 81 
hygroscopicity, O:C and volatility is made. The results presented will make an important 82 
contribution to the existing body of knowledge on the composition of OA, specifically, 83 
the OA present in a moderately-polluted biogenic-rich region of the SEUS. One potential 84 
issue needs to be addressed, and a few other clarifications need to be made for this work 85 
to be published. 86 
Our responses to the comments of the referee and the corresponding changes to the paper 87 
can be found below. 88 
 89 
(2) An interesting observation using this TD-AMS setup from SOAS was that the MO-90 
OOA exhibited a lower MFR subsequent to heating compared to the LO-OOA 91 
component of OA. That is, more of the ’more oxygenated’ component had evaporated or 92 
been destroyed by heating relative to the ’less oxygenated’ component. A more detailed 93 
explanation for this phenomenon than what is currently provided (essentially referencing 94 
the work of Karnezi et al.) is needed. How does the model predict that MO-OOA was 95 
composed of less volatile material compared to those of LO-OOA? What observation or 96 
information was fed into the Karnezi model, etc.? For instance, MO-OOA and Isoprene-97 
OA appear to exhibit distinct MFR thermogram profiles (figure 2), which the Karnezi 98 
model is able to reproduce well. Yet, MO-OOA and Isoprene-OA possess nearly 99 
indistinguishable C* versus mass fraction distributions (figure 3). How is the model able 100 
to come up with essentially the same composition for two OA factors that exhibit distinct 101 
thermogram profiles? One conclusion the authors draw from this MO vs LO thermogram 102 
observation is that MFR alone can be misleading. So I assume the authors relied on the 103 
model to be the arbiter. What exactly was the contribution of TD? 104 
This is an excellent point. It has often been assumed that a lower MFR means more 105 
volatile OA and vice versa. This is correct, but it applies to the temperature of the 106 
measurement. The volatility of an OA component at a given temperature in the TD 107 
depends not only on its volatility at ambient conditions (the ones that we are interested 108 
in), but also at its enthalpy of vaporization. A high enthalpy of vaporization leads to 109 
drastic increases of the volatility as the temperature increases. The enthalpy of 110 
vaporization does affect significantly the slope of the thermogram over the full 111 
temperature range. The Karnezi et al. algorithm looks at all potential explanations for the 112 
observed behavior and it reports them. These results are shown in Figure 3. The model 113 
finds that the observed behavior of the thermograms is probably due to differences in the 114 
effective enthalpy of vaporization (higher value for the MO-OOA than for the LO-OOA). 115 
This difference appears to be robust considering the estimated uncertainties (Fig. 3e). The 116 
model uses the observed MFR, the concentration of each factor, and the size of the 117 
particles as inputs for its analysis. We have added the above discussion in the paper. 118 
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 119 
The estimated effective enthalpy of vaporization also explains the similarity of the 120 
estimated volatility distributions of MO-OOA and Isoprene-OA. However, in this case 121 
please note the significant uncertainties of especially the Isoprene-OA volatility 122 
distribution for all bins. There are solutions for which for example the MO-OOA is a lot 123 
less volatile than the Isoprene-OA. So the measurements in this case are not sufficient to 124 
compare the volatilities of the two factors. This is the reason that we did our best in the 125 
paper to avoid strong conclusions about comparisons of the volatilities of the various 126 
factors. This is now stressed in the Conclusions of the paper. 127 
 128 
Indeed, the model was the arbiter for the analysis. However, the model was constrained 129 
by the TD measurements as well as the other measured inputs (OA and factor 130 
concentrations determined by the AMS, size distributions, etc.). 131 
 132 
(3) Are you able to calculate a C* versus mass fraction distribution at each thermogram 133 
temperature setting? Determining how the C* of the material that compose a given OA 134 
factor evolves as it is incrementally heated would provide an important constraint. 135 
This is a good suggestion. We added the predicted composition in terms of C* of each 136 
factor after passing through the thermodenuder as a function of temperature. We have 137 
added a new graph to Figure 1 for the composition of the total OA and we have also 138 
added a new figure (Figure 4 in the revised paper) for the composition of the four factors. 139 
The model predicts, as expected, that the less volatile material with C*=0.1 µg m-3 140 
dominates the composition of the remaining aerosol after the TD as the temperature 141 
increases for all factors. However, there are significant differences in the evolution of the 142 
composition of the various factors. A short discussion has been added together the new 143 
figures. 144 
 145 
(4) Comparison to previous work on OA measured during SOAS needs to be more 146 
focused. A thorough comparison (and explanation of why there seems to be a 147 
discrepancy) to the work of Hu et al. is more appropriate here as the two utilized the same 148 
approach (TD-AMS). For instance, how do the factor assignment (BBOA, Isoprene-OA, 149 
MO-OOA, LO-OOA) compare to that of the Jimenez group? That data is publicly 150 
available and comparison to it should be included in the analysis. In comparing against 151 
the works of Saha and Lopez-Hilfiker, a discussion of how different techniques can yield 152 
different observations or interpretations is more suitable. For instance, the thermogram 153 
profiles obtained from shown by Lopez-Hilfiker et al. show residual IEPOX signal 154 
desorbing off the FIGAREO-CIMS inlet well above 100C whereas the TD-AMS saw 155 
none above 100C. Suggesting artifact in another method without supporting evidence is 156 
not justified. 157 
Hu et al. (2016) also used a thermodenuder in order to estimate the Isoprene-OA and the 158 
total OA volatility distribution. Even though they used practically the same measurement 159 
technique as we did, their approach for the measurement interpretation was very different. 160 
Hu et al. (2016) used the empirical method of Faulhaber et al. (2009) and not an aerosol 161 
dynamics model for the estimation of the volatility distributions from their MFR 162 
measurements. Their method is based on a relationship between TD temperature and 163 
organic species saturation concentration at 298 K (C*) that has been obtained using 5 164 



 5

compounds (acids) with known saturation concentration. This approach is applicable to 165 
organic compounds with similar properties (e.g., enthalpy of vaporization) to the 5 166 
known compounds, but it may encounter significant difficulties for OA that is quite 167 
different from the model compounds. A related weakness of that approach is that it does 168 
not account for the enthalpy of vaporization as the model used in this work does. We 169 
have added this discussion in the text. 170 
 171 
Hu et al. (2016) (if this is the paper that the reviewer is referring as Jimenez et al. group) 172 
presented results only for the IEPOX-OA and total OA. These results are compared to 173 
ours in Figure S6. 174 
 175 
Please note that the Lopez-Hilfiker et al. (2016) results, as explained in the text (lines 176 
418-430 of the original manuscript), are strictly for the IEPOX SOA which is a subset of 177 
the Isoprene-OA investigated here. So a quantitative comparison of the corresponding 178 
volatilies is not possible. Also, the analysis of Lopez-Hilfiker et al. (2016) does not 179 
account for the effect of the vaporization enthalpy. There is of course a potentially 180 
important experimental difference in this case, as in our work the OA just evaporates in 181 
the TD, while the Lopez-Hilfiker et al. (2016) experimental approach involves collection 182 
of the OA on a filter and then heating and desorption. We have added additional 183 
discussion of these differences to the revised paper. 184 
 185 
Saha et al. (2017) obtained the total OA thermogram using a thermodenuder system and 186 
then estimated the corresponding volatility distribution using an aerosol dynamics model 187 
and the volatility basis set (Donahue et al., 2006; Lee et al., 2011; Saha et al., 2015; Saha 188 
and Grieshop, 2016). Their experimental and data analysis approach is a lot closer to ours 189 
compared to Hu et al. (2016) and Lopez-Hilfiker et al. (2016) and their results for the 190 
total OA are quite consistent with ours. Their model takes into account the vaporization 191 
enthalpy as well and this is probably the key difference among the various approaches. 192 
This issue is now discussed in more detail in the paper.  193 
 194 
(5) Why do the abundance distributions predicted for the OA factors (Figure 3a-3d) look 195 
the way the do? That is, why do those for MO-OOA, LO-OOA and isoprene-OA appear 196 
to be bi-modal, whereas that of BBOA is not? Perhaps it is this arbitrary designation into 197 
three log base-10 bins that obscures the real distribution? Can the distributions be shown 198 
on finer C* scales? What is the lower limit of C* that can be detected with this approach? 199 
But basically, what is the source of the low volatility material as opposed to the high 200 
volatility material? OH versus O3 versus NO3? Aging? Is there an atmospheric chemistry 201 
explanation for the calculated volatility distribution? 202 
The selection of the three volatility bins was not arbitrary, but was based on the ambient 203 
measured concentration and the available TD data (the number of selected temperatures). 204 
This issue is also discussed in our response to Comment 2 of Referee 1. One can use 205 
additional bins in the fitting algorithm either extending the range or providing additional 206 
resolution, but the results will be meaningless (e.g., fitting four measurements with a 207 
model using five or more parameters). With only three volatility bins and the 208 
corresponding uncertainties a more detailed analysis of the shape of the distributions will 209 
not add much to the paper. 210 
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 211 
In theory, the TD approach can go down to concentrations as low as 10-5 µg m-3 or even 212 
lower if a high enough temperature is used. For example, Louvaris et al. (2017) used 213 
temperatures up to 400oC. Of course, the major problem is that use of higher 214 
temperatures may lead to a series of reactions in the aerosol phase (fragmentation, etc.) 215 
introducing considerable uncertainty in the corresponding measurements. The 216 
temperature and corresponding volatility range used in this study are considered 217 
relatively “safe” even if artifacts due to reactions are still expected even in this relatively 218 
low temperature range. We have added a few sentences explaining this point. 219 
 220 
The AMS cannot provide detailed information about the identity of the compounds in 221 
each volatility bin. Use of other chemical analysis techniques is required and would be 222 
extremely helpful in linking the volatility distribution with atmospheric processes. This is 223 
now mentioned in the Conclusions section.  224 
 225 
(6) The error bars shown in Figures 1 and 2 indicate there is little variability in the 226 
thermogram profiles throughout the SOAS campaign. Have the authors looked for any 227 
dependence of the steepness of the thermogram profiles on time of day, high/low OA 228 
loading, RH, temperature, particle acidity, high/low NOx, etc., all of which varied widely 229 
through the duration of SOAS? 230 
We have followed the suggestion of the reviewer and examined the correlation between 231 
the MFR of each factor at each temperature with the RH, temperature, O3, NO, NO2, 232 
acidity and OA loading. In addition, we checked the diurnal profiles of each factor at 233 
each temperature.  234 
 235 
There was a tendency of the MFR of all factors at higher temperatures to increase as the 236 
ozone concentration increased. For example, the R2 between O3 and the MFR of MO-237 
OOA at 80oC was 0.25, R2=0.36 for the MFR of LO-OOA at 100oC, R2=0.26 for the 238 
MFR of Isoprene OA at 100oC and R2=0.22 for the MFR of BBOA at 100oC. This 239 
suggests that when the photochemistry is more intense the OA evaporates less in the TD. 240 
The R2 between the acidity and the MFR of LO-OOA at 100oC was 0.26, suggesting that 241 
acidity may be also affecting the MFR.  The MFR of BBOA at 100oC on the other hand 242 
was anti-correlated to the NO and NO2 concentrations (R2 of 0.23 and 0.37 243 
correspondingly). This indicates that at lower NOx levels (away from the source) BBOA 244 
evaporated less, suggesting that this factor may contain both fresh and aged BBOA or 245 
fresh BBOA aerosols mixed with aged background. This is also supported by the 246 
relatively high O:C ratio of this factor (0.58). All the other R2 values examined were 247 
lower than 0.2. 248 
 249 
There was no distinct diurnal profile for the MO-OOA, BBOA and Isoprene-OA MFR. 250 
For LO-OOA MFR at 80oC and 100oC there was a slight increase (with a lot of noise 251 
though) between 11:00-16:00. As a result, we do not have much evidence to support a 252 
significant diurnal variation of the MFR of the various factors. 253 
 254 
We have added a paragraph in the manuscript describing the above results. 255 
 256 
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(7) A strong point was made that the findings of Jimenez et al. (2009) had been 257 
contradicted, but no thorough explanation for the possible reason for the discrepancy. 258 
Our conclusion is that the proposed relationship of Jimenez et al. (2009) does not apply to 259 
all environments and especially when multiple aerosol sources and types are present. One 260 
possible reason may be that the O:C-hygroscopicity relationship may not be monotonic, 261 
but there may be systems for which the relationship may be highly nonlinear. For 262 
example, Cain and Pandis (2017) showed that the hygroscopicity could exhibit a 263 
maximum at intermediate volatilities. This suggests that the relationship between the 264 
hygroscopicity and the volatility may also be highly nonlinear. We have added a few 265 
sentences in the Conclusions discussing this point. 266 
 267 
(8) References made in some of the SI figures are not in the SI citation list. 268 
We have added the citations to the work of Karnezi et al. (2014), Nakao et al. (2017), 269 
Ulbrich et al. (2009) and Xu et al. (2015). 270 

 271 

272 
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 294 

Abstract 295 

The volatility distribution of the organic aerosol (OA) and its sources during the Southern 296 

Oxidant and Aerosol Study (SOAS; Centerville, Alabama) was constrained using 297 

measurements from an Aerodyne High-Resolution Time-of-Flight Aerosol Mass 298 

Spectrometer (HR-ToF-AMS) and a thermodenuder. Positive Matrix Factorization (PMF) 299 

analysis was applied on both the ambient and thermodenuded high resolution mass 300 

spectra, leading to four factors: more oxidized oxygenated OA (MO-OOA), less oxidized 301 

oxygenated OA (LO-OOA), an isoprene epoxydiols (IEPOX) related factor (Isoprene-302 

OA) and biomass burning OA (BBOA). BBOA had the highest mass fraction remaining 303 
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(MFR) at 100oC, followed by the isoprene-OA, and the LO-OOA. Surprisingly the MO-304 

OOA evaporated the most in the TD. The estimated effective vaporization enthalpies 305 

assuming an evaporation coefficient equal to unity were 58±13 kJ mol-1 for the LO-OOA, 306 

89±10 kJ mol-1 for the MO-OOA, 55±11 kJ mol-1 for the BBOA, and 63±15 kJ mol-1 for 307 

the Isoprene-OA. The estimated volatility distribution of all factors covered a wide range 308 

including both semi-volatile and low-volatility components. BBOA had the lowest 309 

average volatility of all factors, even though it had the lowest O:C ratio among all factors. 310 

LO-OOA was the more volatile factor and its high MFR was due according to the model 311 

to its low enthalpy of vaporization according to the model. The Isoprene-OA factor had 312 

intermediate volatility, quite higher than suggested by a few other studies. The analysis 313 

suggests that deducing the volatility of a factor only from its MFR could lead to 314 

erroneous conclusions. The oxygen content of the factors can be combined with their 315 

estimated volatility and hygroscopicity to provide a better view of their physical 316 

properties. 317 

 318 

1. Introduction 319 

Population exposure to atmospheric particulate matter (PM) increases premature 320 

mortality from cardiovascular and respiratory diseases (Pope et al., 2002; IARC, 2013; 321 

Cohen et al., 2017). The same particles also modulate the planetary radiative balance and 322 

hydrological cycle (IPCC, 2013; NASEM, 2016; Seinfeld et al., 2016). Organic aerosol 323 

(OA) constitutes a significant part of submicron aerosol mass (Zhang et al., 2007) and it 324 

is characterized by daunting chemical complexity (Kanakidou et al., 2005; Hallquist et al., 325 

2009). OA is directly emitted from anthropogenic and natural sources, but it is also 326 

produced by condensation of products formed during the oxidation of gas-phase organic 327 

compounds with O3, NO3 and OH radicals (secondary organic aerosol, SOA; Kanakidou 328 

et al., 2005). OA formation can be further promoted by the interactions of anthropogenic 329 

and biogenic compounds; in the southeastern United States, anthropogenic sulfate 330 

enhances OA formation through rapid reactive uptake of IEPOX to particles and aqueous 331 

phase reactions (Xu et al., 2015a; Xu et al., 2016a; Budisulistiorini et al., 2017).  332 

Several approaches have been developed to unravel the sources and the degree of 333 

atmospheric processing of aerosol sampled by the AMS. These include custom principal 334 
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component analysis (Zhang et al., 2005), multiple component analysis (Zhang et al., 335 

2007), PpPositive mMatrix fFactorization (PMF)MF (Paatero and Tapper 1994; Lanz et 336 

al., 2007) and the multilinear engine (ME-2) (Lanz et al., 2008; Canonaco et al., 2013). 337 

Applying the above source apportionment techniques on AMS mass spectra, information 338 

about the aerosol sources and the degree of the atmospheric processing can be derived. 339 

Important primary components include hydrocarbon-like OA (HOA) (Zhang et al., 2005) 340 

and biomass burning OA (BBOA) (Aiken et al., 2009). The most abundant and 341 

ubiquitous OA component is the oxygenated OA (OOA), which often consists of a more 342 

oxygenated (MO-OOA) and a less oxygenated OA (LO-OOA) factor (Lanz et al., 2007). 343 

In the southeastern (SE) United States, MO-OOA and LO-OOA are dominant factors, 344 

comprising 47-79% of the total OA (Xu et al., 2015b). Factors related to biogenic 345 

secondary OA have been identified in urban, suburban and remote areas (Budisulistiorini 346 

et al., 2013; Chen et al., 2015; Kostenidou et al., 2015). In the SE United States, an 347 

Isoprene-OA factor linked to IEPOX uptake is present during warm periods, contributing 348 

up to 36% of the total OA in the summertime (Xu et al., 2015b). 349 

Central to understanding the atmospheric impacts of OA is constraining its 350 

volatility and hygroscopicity (Kanakidou et al, 2005). Volatility measurements are mostly 351 

carried out using heated laminar flow reactors, known as thermodenuders (TD) 352 

(Burtscher et al., 2001; An et al., 2007) or isothermal dilution (Grieshop et al., 2009). In 353 

these systems, changes in OA mass concentration are related to the OA evaporation rate 354 

and its volatility can be estimated. The comparison of aerosol evaporation measurements 355 

across studies and conditions with TD or isothermal dilution chambers is not 356 

straightforward. The established proxy for volatility is the “mass fraction remaining 357 

(MFR)”, i.e., the mass of the aerosol remaining after a volatility measurement (Huffman 358 

2009; Cerully et al., 2015; Xu et al., 2016b). MFR has often been used as a relative 359 

measure of volatility, as it is assumed that the volatility of particulate matter increases as 360 

MFR decreases for particles and TD conditions that are otherwise identical as it is 361 

assumed that the volatility of particulate matter increases as MFR decreases for similar 362 

particle sizes and TD operation conditions.. Although clearly linked to volatility, the 363 

MFR depends on the enthalpy of vaporization (ΔHvap), the aerosol concentration, the 364 

heating section residence time, the particle size distribution, and potential particle-to-gas 365 
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mass transfer resistances. All these parameters therefore complicate the linking of the 366 

measured MFR to the volatility. An additional complication is that organic aerosol 367 

mixtures are characterized by a distribution of volatilities. A number of studies have 368 

attempted to estimate this volatility distribution with appropriate TD models (Cappa and 369 

Jimenez, 2010; Lee et al., 2010; Paciga et al., 2016; Saha and Grieshop 2016; Louvaris et 370 

al., 2017; Saha et al., 2017). 371 

Three studies have reported volatility distributions of the isoprene (or IEPOX) 372 

SOA and the total OA for the southeastern United States. Lopez-Hilfiker et al. (2016) 373 

suggested that the IEPOX SOA had a very low saturation concentration with C*=10-4 μg 374 

m-3, based on the FIGAERO-CIMS signals of C5H12O4 and C5H10O3. They assumed that 375 

these signals correspond to 2-methyltetrols and 3-MeTHF-3,4-diols and/or C5 alkene 376 

triols, which are tracers for isoprene SOA. Using the total FIGAERO-CIMS signal 377 

(CxHyOzN0-1) the same authors estimated an extremely low total OA average volatility of 378 

C*=3.7x10-7 μg m-3 for the OA with ELVOCs representing 99% of the total OA. This is 379 

the lowest reported volatility for ambient OA in the literature. Hu et al. (2016) estimated 380 

an average volatility of C*=5.2x10-5 μg m-3 for the IEPOX SOA. Their results were based 381 

on the MFR of the IEPOX SOA (calculated by PMF) using ambient and thermodenuded 382 

AMS measurements. The volatility distribution of IEPOX SOA was estimated applying 383 

the technique of Faulhaber et al. (2009). The corresponding total OA volatility 384 

distribution covered the range from C*=10-9 to 1 µg m-3. Saha et al. (2017) used an 385 

Aerosol Chemical Speciation Monitor (ACSM) and a thermodenuder to estimate an 386 

average total OA volatility of C*=0.21 μg m-3 and a vaporization enthalpy of 100 kJ mol-1. 387 

The two-dimensional volatility basis set (2D-VBS) framework, describing the 388 

OA concentration as a function of its oxygen content and volatility is a promising 389 

approach to describe the partitioning and chemical evolution of the thousands of 390 

compounds present in OA (Donahue et al., 2012).  If expanded to include hygroscopicity, 391 

the framework can be strengthened considerably. Several studies have attempted to link 392 

hygroscopicity and volatility (Kuwata et al., 2007; Asa-Awuku et al., 2009; Frosh et al., 393 

2013) or hygroscopicity and oxidation state (Masoli et al., 2010; Chang et al., 2010; 394 

Lathem et al., 2013; Thalman et al., 2017), however only a few focus on all the properties 395 

combined (Jimenez et al., 2009; Tritscher et al., 2011; Cerully et al., 2015). Jimenez et al. 396 
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(2009) combined data from various studies and suggested that hygroscopicity and 397 

oxidation state increase as volatility decreases. The generality of this finding has been 398 

questioned by subsequent studies (Meyer et al., 2009; Tritscher et al., 2011; Lathem et al., 399 

2013). Recently, Nakao (2017) proposed a theoretical framework, in which the 400 

hygroscopicity is explicitly related to oxidation state and volatility. With this approach, 401 

each OA “source” can have a unique set of volatility and hygroscopicity parameters that 402 

evolve with atmospheric oxidative aging – along a path that requires further constraints 403 

from chemistry. 404 

In this study we build upon the work of Xu et al. (2015a) and Cerully et al. (2015) 405 

and attempt to constrain the volatility distributions and effective vaporization enthalpy of 406 

each PMF factor of OA sampled during the SOAS field campaign at Centreville, 407 

Alabama. In this study we build upon the work of Xu et al. (2015a) and Cerully et al. 408 

(2015). Xu et al. (2015a) estimated the contribution of the different sources to the 409 

measured OA, while Cerully et al. (2015) quantified the OA hygroscopicity during the 410 

SOAS field campaign at Centreville, Alabama. In this work we build upon these studies 411 

and attempt to constrain the volatility distributions and effective vaporization enthalpy of 412 

each PMF factor of OA sampled during the same field campaign. We then proceed to 413 

associate the hygroscopicity parameters estimated by Cerully et al. (2015) with the 414 

volatility distributions and test their consistency with the Nakao (2017) theoretical 415 

framework. 416 

 417 

2. Experimental 418 

2.1 Measurement site and campaign 419 

The measurements were performed in Centreville, Alabama, (32o54'11.81"N, 420 

87o14'59"W). The station was located in an area significantly influenced by biogenic 421 

emissions (Liao et al., 2007; Spracklen et al., 2011). Anthropogenic emissions also affect 422 

the site. The measurements were conducted during the Southern Oxidant and Aerosol 423 

Study (SOAS), which was part of the Southern Atmosphere Study (SAS; 424 

http://www.eol.ucar.edu/projects/sas) from June 1 to July 15 2013. A summary of 425 

important findings can be found in Carleton et al. (2017), while additional results relevant 426 
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tofor our study can be found in Xu et al. (2015a), Cerully et al. (2015), Guo et al. (2015) 427 

and Saha et al. (2017). 428 

 429 

2.2 Instrumentation 430 

The aim of the specific measurements was to characterize both the ambient and 431 

the water soluble fraction of the non-thermally and thermally-denuded PM1. For the 432 

vaporization a thermodenuder, TD, (Cerully et al., 2014) was used. A particle-into-liquid 433 

sampler (PILS) (Weber et al., 2001) was used to collect the water soluble aerosol 434 

components and then the solution was nebulized. The aerosol passed every 12 or 15 min 435 

through four lines: ambient bypass, ambient TD, PILS bypass and PILS TD. In this work 436 

we used the ambient denuded measurements only. Details about the experimental set up 437 

can be found in Cerully et al. (2015). 438 

The sampling instrumentation included an Aerodyne HR-AMS, a Scanning 439 

Mobility Particle Sizer (SMPS, Classifier model 3080, DMA model 3081, CPC model 440 

3022A, TSI) and, a Cloud Condensation Nuclei counter (CCNc, Droplet Measurement 441 

Technologies). The TD used in this campaign has been characterized by Cerully et al. 442 

(2014). Briefly, the TD consisted of a heating and a cooling section. The first part was a 443 

stainless steel tube of 30 with in length and 0.68 in inner diameter. The cooling section 444 

was removed during this campaign, as the re-condensation of the vapors is minimal when 445 

the ambient mass concentration is low, which was the case for this campaign (Cappa et 446 

al., 2010; Saleh et al., 2011; Cerully et al., 2014). The temperature in the TD was 60, 80 447 

and 100oC. The total flow rate passing though the TD was 1.5 L min-1 and so the average 448 

TD residence time was approximately 7 s. 449 

 450 

3. Data Analysis 451 

3.1 PMF and elemental ratios 452 

PMF (Lanz et al., 2007) was applied to both ambient bypass and TD HR organic 453 

mass spectra according to the procedure of Ulbrich et al. (2009). Details about the PMF 454 

solution are provided in the SI (Figures S1 and S2). The O:C and H:C elemental ratios 455 

were estimated using the approach of Canagaratna et al. (2015). Xu et al. (2015a) also 456 

used the Canagaratna et al. (2015) O:C approach, however Cerully et al. (2015) applied 457 
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the older algorithm of Aiken et al. (2008). For any comparisons between this work and 458 

previous studies we converted the old O:C to the new O:C ratios using the corresponding 459 

f44 fraction according to the equation: O:C=0.079+4.31 f44 (Canagaratna et al., 2015). 460 

 461 

3.2 Collection efficiency (CE) 462 

Xu et al. (2015a) estimated the AMS CE using the composition-dependent 463 

approach of Middlebrook et al. (2012). The average bypass CE was estimated to be 464 

0.65±0.12, while the average TD CE was slightly higher 0.7±0.11. The difference was 465 

statistically significant with a p value less than 0.0001. These estimates can be more 466 

uncertain than their variability suggests, due to their sensitivity to aerosol ammonium and 467 

neutralization. The sensitivity of our results is discussed in Section 5.3. 468 

 469 

3.3 TD losses 470 

The thermodenuded OA was corrected for particle losses due to sedimentation, 471 

diffusion and thermophoresis inside the thermodenuder. More details about the 472 

thermodenuder characterization are provided by Cerully et al. (2014). 473 

 474 

3.4 MFR 475 

For the MFR calculations only data with ambient OA concentration higher than 476 

0.2 μg m-3 were used in order to avoid extreme variations of the MFR. For such low 477 

concentrations the corresponding TD concentrations can be very low introducing 478 

significant error in the MFR calculation. The fractions of the data for each factor above 479 

the threshold of 0.2 μg m-3 are given in Table 1. For the total OA, MO-OOA and LO-480 

OOA this fraction was above 92% but for the Isoprene-OA and BBOA was lower (76% 481 

and 42% respectively). The four (or five) consecutive ambient and TD measurements 482 

during each hour were averaged. The variability of the four (or five) averaged values was 483 

4-16%.  484 

 485 

3.5 Volatility distribution estimation 486 

The dynamic mass transfer model of Riipinen et al. (2010) was used to estimate the OA 487 

volatility distributions. The model simulates the particle evaporation inside the 488 
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thermodenuder solving the corresponding system of differential equations describing the 489 

mass transfer between the particle and gas phases: 490 
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where mp is the organic particle mass, Ci is the gas-phase concentration of compound i, 493 

Ntot is the total number concentration of the particles, n is the number of the assumed 494 

organic aerosol components, and Ii the mass flux of the compound i given by the Vesala 495 

et al. (1997) equation: 496 
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where dp is the particle diameter, R the molar gas constant, Mi and Di the molar mass and 498 

the diffusion coefficient of compound i at temperature TTD. The diffusion coefficient (Di) 499 

depends on the temperature and is calculated according to Chen and Othmer (1962) and 500 

βmi is the correction factor given by Fuchs and Sutugin (1970). p is the total gas pressure, 501 

while pi and pi
o are the partial vapor pressures of the compound i at the particle surface 502 

and far away from the particle respectively. pi
o is given by:    503 
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where xi is the mole fraction of i, γi the activity coefficient of i in the particle, psat,i the 505 

pure component vapor pressure of i over a flat surface, Tp the particle temperature (we 506 

assume that Tp=TTD), xmi the mass fraction of i in the particle, ρ the particle density and σ 507 

the particle surface tension. Ci
* is the effective saturation concentration of i at 298 K.  508 

The change of the vapor pressure with temperature is calculated by the Clausius-509 

Clapeyron equation: 510 
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where ΔHvap is the vaporization enthalpy of component i. 512 
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The model inputs include the loss- corrected MFRs, the thermodenuder 513 

temperature and residence time, the bypass average particle size, and the average ambient 514 

OA concentration and the aerosol density (which was assumed 1.4 g cm-33 for all cases). 515 

The output of the model is the OA volatility distribution in terms of effective saturation 516 

concentrations (C*) at 298 K, in combination with its effective vaporization enthalpy 517 

(ΔHvap) and the mass accommodation (evaporation) coefficient (am). We fit the measured 518 

thermograms using a consecutive 3-bin C* distribution, with varying mass fraction in 519 

each bin. The bins corresponded to saturation concentrations of 0.1, 1, and 10 μg m-3 at 520 

298 K. The enthalpy of vaporization (ΔHvap) was also estimated, while the 521 

accommodation coefficient was assumed to be equal to unity. The best (optimum) 522 

solutions and the corresponding uncertainties are calculated using the approach algorithm 523 

of Karnezi et al. (2014). The Karnezi et al. (2014) approach searches the full parameter 524 

space for solutions that are consistent (within a predetermined error consistent with the 525 

experimental uncertainty) with the measured thermograms, within a predetermined error 526 

consistent with the experimental uncertainty. ItThe algorithme approach usually finds a 527 

number of such solutions. It then calculates a weighted average (the closer a solution is to 528 

the data the higher its weight) and a weighted standard deviation using all these 529 

“acceptable” solutions For each solution the average mass fraction in each bin and its 530 

corresponding standard deviation, was estimated using the top 2% of the mass fraction 531 

combinations with the lowest error. In this study for the comparison between volatilities 532 

we will also use the average volatility based on mass fraction weighted log10C*. 533 

 534 

3.6 Hygroscopicity 535 

Details about the hygroscopicity analysis of the corresponding data can be found 536 

in Cerully et al. (2015). Using a CCN counterc Cerully et al. (2015) estimated the 537 

hygroscopicity parameter κ of the total and water soluble ambient and thermodenuded 538 

PM1 OA. The same authors performed linear regression of the ambient water soluble κorg 539 

with the PMF factors of the ambient water soluble OA. During the periods of the water 540 

solubility measurements the BBOA concentration was too low to allow the separation of 541 

the factor, so its hygroscopicity was not determined. The PMF results of the ambient total 542 
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and the ambient water soluble data were practically the same. Additional details about the 543 

hygroscopicity analysis can be found in Cerully et al. (2015). 544 

 545 

4. Results and Discussion 546 

4.1 Volatility of organic aerosol 547 

The average OA mass concentration was 5 μg m-3. The loss-corrected OA MFR is 548 

depicted in Figure 1a.  Half of the total OA evaporated at 100oC (T50=100oC). The 549 

estimated volatility distribution (Figure 1b) indicates that 46% of the organic aerosol was 550 

semivolatile organic compounds (SVOCs) (compounds with 1 ≤ C* ≤ 100 μg m-3) and 551 

54% was low volatility organic compounds (LVOCs) (0.001 ≤ C *≤ 0.1 μg m-3). Part of 552 

the material assigned to the 0.1 μg m-3 bin has volatility less than this value. The fact that 553 

there were no measurements above 100oC does not allow us to constrain further the 554 

contributions of the LVOCs and ELVOCs. The number of bins that can be used in the 555 

analysis of thermodenuder data is in general determined by the ambient OA concentration 556 

(the bin range can extend up to an order of magnitude higher than the measured values), 557 

the number of temperature steps used in the analysis (the number of bins cannot be much 558 

higher than the number of data points available for fitting), and the maximum fraction of 559 

the OA evaporated during the analysis. In theory, the thermodenuder approach can go 560 

down to concentrations as low as 10-5 µg m-3 or even lower if a high  enough temperature 561 

is used. For example, Louvaris et al. (2017) used temperatures up to 400oC.  Our 562 

selection of only 3 bins was determined by tThe availability of measurements at 25, 60, 563 

80 and 100 oC means a maximum of 4 bins are possible; however, . The concentration of 564 

tsince the OA was of the order of 5 g m-3, so there is a the thermograms contain little 565 

information on the about partitioning of compounds with saturation concentration 566 

ofexceeding 100 g m-3 or more in the corresponding thermograms. These two 567 

constraints together resulted in the choice of thethree volatility bins: 0.1, 1 and 10 g  m-3 568 

bins. The average volatility based on mass fraction weighted log10C* values was 569 

C*=0.55±0.29 μg m-3. Please note that this value is useful only for comparisons of 570 

volatility distributions in the same VBS volatility range. The mass fraction of each 571 

volatility bin is provided in Table S1. The effective vaporization enthalpy of the total OA 572 

was 86±9 kJ mol-1. 573 
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 574 

4.2 Volatility of OA components 575 

The PMF analysis using both the ambient and TD measurements suggested four 576 

factors. The OA consisted of 43% more oxidized OOA (MO-OOA), 29% less oxidized 577 

OOA (LO-OOA), 19% Isoprene-OA and 9% biomass burning OA (BBOA). The same 578 

four factors and OA composition were obtained by Xu et al. (2015a) using only the 579 

ambient AMS HR mass spectra (Table 2). Details about their characteristics, correlation 580 

with external tracers and justification of their names are provided by Xu et al. (2015a). 581 

The ambient OA factor time series were practically the same in the two analyses with 582 

R2>0.93, the mass spectra were also similar with angle θ equal to 3-4 degrees for LO-583 

OOA, MO-OOA and Isoprene-OA and 12 degrees for the BBOA factor (Figure S3). 584 

Thus, our PMF results are robust and quite consistent with the previous analysis. 585 

The loss-corrected MFRs of the four factors are depicted in Figure 2. BBOA 586 

evaporated less, as its MFR was close to unity at all temperatures. The BBOA factor was 587 

quite oxygenated with an O:C of 0.58 compared to previous studies (e.g., Crippa et al., 588 

2013; Florou et al., 2017) . The corresponding BBOA could be chemically aged or PMF 589 

may be mixing the BBOA with aged background OA. Even though BBOA and Isoprene-590 

OA had similar O:C ratios (0.58 and 0.59 correspondingly), the Isoprene-OA MFR was 591 

lower. Surprisingly the MFR of MO-OOA was lower than that of LO-OOA, even though 592 

MO-OOA had a higher a O:C ratio (0.99) than LO-OOA (0.63). Relying only on MFR 593 

one would reach the conclusion that MO-OOA was more volatile that LO-OOA. 594 

The predicted thermograms for each factor are also depicted in Figure 2 and the 595 

resulting volatility distributions are shown in Figures 3a-3d. Figures 3e and 3f show the 596 

comparison of the volatility compositions and the vaporization enthalpies between the 597 

four OA factors. The mass fractions of each volatility bin (in the aerosol phase), average 598 

volatility (C*) and the vaporization enthalpy of each factor are given in Table S1. 599 

The average LO-OOA mass concentration was 1.66 μg m-3 and this factor based 600 

on the model was composed of 73% SVOCs and 27% LVOCs. Its average volatility was 601 

C*=1.88±0.32 μg m-3 and its effective vaporization enthalpy 58±13 kJ mol-1. The average 602 

MO-OOA mass concentration was 1.96 μg m-3. According to its volatility distribution 603 

56% of the MO-OOA was SVOCs and 44% was LVOCs. Its effective vaporization 604 
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enthalpy was 89±10 kJ mol-1 and its average volatility 0.95±0.31 μg m-3. According at 605 

least to the model the MO-OOA was less volatile on average than the LO-OOA even if it 606 

evaporated more in the TD. This counterintuitive behavior is explained by the TD model 607 

by the higher effective vaporization enthalpy of the MO-OOA, probably due to the 608 

contribution of dicarboxylic and tricarboxylic acids which have vaporization enthalpies 609 

higher than 100 kJ mol-1 (e.g., Saleh et al., 2008; 2010; Kostenidou et al.,  610 

2018submitted). In addition, the C* distributions as function of the mass fraction and the 611 

temperature indicates that as the temperature increases, MO-OOA is composed of a 612 

higher fraction of less volatile species (C*=0.1 μg m-3) compared to LO-OOA (Figures 4a 613 

and 4b). This enhancessupports our finding that the MO-OOA factor contains less 614 

volatile species that LO-OOA. 615 

Our results suggest that deducing the volatility of a component using only its 616 

MFR or its O:C ratio may lead to incorrect conclusions. It has often been assumed that a 617 

lower MFR means more volatile OA and vice versa. However, this applies to the 618 

temperature of the measurement. The volatility of an OA component at a given 619 

temperature in the TD depends not only on its volatility at ambient conditions, but also at 620 

its enthalpy of vaporization. A high enthalpy of vaporization leads to drastic increases of 621 

the volatility as the temperature increases. The enthalpy of vaporization does and 622 

substantially affects significantly the slope of the thermogram over the full temperature 623 

range. The Karnezi et al. (2014) algorithm looks at all potential explanations for the 624 

observed behavior and it reports them. These results are shown in Figure 3. The model 625 

finds that the observed behavior of the thermograms is probably duerelated to differences 626 

in the effective enthalpy of vaporization (higher value for the MO-OOA than for the LO-627 

OOA). This difference appears to be robust considering the estimated uncertainties 628 

(Figure 3e). In addition,  This finding is also supported by Xu et al. (2016b),  observed 629 

contradictions between O:C ratio and MFRs andwhere they suggested that different O:C 630 

distributions could result in the same bulk O:C but different volatility distributions, which 631 

may lead to particles with the same O:C but different MFR. 632 

BBOA was the less abundant factor with average mass concentration equal to 0.5 633 

μg m-3. According to the TD model, 53% of the BBOA consisted of SVOCs and the other 634 

47% was LVOCs. Its average volatility was C*=0.59±0.22 μg m-3 and its effective 635 
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vaporization enthalpy was 55±11 kJ mol-1. The BBOA volatility distribution did not 636 

change significantly by thewith temperature (Figure 4d). Finally, the average Isoprene-637 

OA mass concentration was 0.9±0.5 μg m-3 and composed of 59% SVOCs and 41% 638 

LVOCs. Its estimated average volatility was C*=1.05±0.30 μg m-3 and its vaporization 639 

enthalpy was 63±15 kJ mol-1. Even though Isoprene-OA had a very distinct thermogram 640 

compared to that of MO-OOA, their estimated volatility distribution at 25oC was very 641 

alikesimilar. However, at higher temperatures (e.g., at 100oC) the remaining MO-OOA 642 

after the TD was composed almost entirely of C*=0.1 μg m-3, while thefor remaining 643 

Isoprene-OA included material of higher volatility. the C*=0.1 μg m-3 species was 0.7. 644 

Finally, Isoprene-OA had much lower vaporization enthalpy than MO-OOA. 645 

These results suggest that all factors contained components with a wide range of 646 

volatilities and vaporization enthalpy. Based on their average volatility, BBOA was the 647 

least volatile, followed by MO-OOA, Isoprene-OA and finally LO-OOA-OOA was the 648 

more volatile OA component. The availability of measurements at only only three 649 

temperatures above ambient, however, introduces uncertainty in the above results. A 650 

detailed sensitivity analysis is presented in Section 5. 651 

TFinally, the correlation between the MFR of each factor at each temperature 652 

with the RH, temperature, O3, NO, NO2, acidity and OA loading was also investigated. 653 

There was a tendency of the MFR of all factors at higher temperatures to increase as the 654 

ozone concentration increased. For example, the R2 between O3 and the MFR of MO-655 

OOA at 80oC was 0.25, R2=0.36 for the MFR of LO-OOA at 100oC, R2=0.26 for the 656 

MFR of Isoprene OA at 100oC and R2=0.22 for the MFR of BBOA at 100oC. This 657 

suggests that when the photochemistry is more intense the OA evaporates less in the TD. 658 

The R2 between the acidity and the MFR of LO-OOA at 100oC was 0.26, suggesting that 659 

acidity may be also affecting the MFR.  The MFR of BBOA at 100oC on the other hand 660 

was anti-correlated towith the NO and NO2 concentrations (R2 of 0.23 and 0.37 661 

correspondingly). This indicates that at lower NOx levels (away from the source) BBOA 662 

evaporated less, suggesting that this factor may contain both fresh and aged BBOA or 663 

fresh BBOA aerosols mixed with aged background. This is also supported by the 664 

relatively high O:C ratio of this factor (0.58). All the other R2 values examined were 665 

lower than 0.2. There was no distinct diurnal profile for the MO-OOA, BBOA and 666 
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Isoprene-OA MFR. For LO-OOA MFR at 80oC and 100oC there was a slight increase 667 

(with a lot ofconsiderable noise though) between 11:00-16:00. As a result, we do not 668 

have much evidence to support a significant diurnal variation of the MFR of the various 669 

factors lacks supportwas not observed. 670 

 671 

5. Sensitivity analysis 672 

5.1 Effective enthalpy of vaporization (ΔHvap) 673 

We estimated the volatility distributions for three fixed vaporization enthalpies: 50, 80 674 

and 100 kJ mol-1 for all factors (Table S2). While the corresponding thermograms do not 675 

reproduce as well the corresponding measurements, it is instructive to examine the 676 

corresponding volatility distributions taking into account this time the measurement 677 

uncertainties. 678 

The 80 and 100 kJ mol-1 values lead to thermograms for MO-OOA consistent with 679 

the measurements given the uncertainty of the latter (Figure A1, Appendix). The resulting 680 

MO-OOA volatility distributions (Figure A2, Appendix) are within the uncertainty range 681 

of the distributions shown in Figure 3. The LVOC content of the factor varies from 35% 682 

to 60% as the ΔΗvap varies from 80 to 100 kJ mol-1. The optimum (base case) solution 683 

suggested a 44% LVOC content.  684 

 The situation is a little more complex for LO-OOA due to the higher variability of 685 

the corresponding MFR measurements. All three ΔΗvap values lead to solutions that are 686 

consistent with the observations within experimental uncertainty. This results in a wide 687 

range of volatility distributions with the LVOC content varying from 25% to 90% (Figure 688 

A2). The best (base case) solution suggested 27% LVOCs, so the sensitivity analysis 689 

suggests that the LO-OOA may have been significantly less volatile.  690 

Only the 50 and 80 kJ mol-1 values lead to acceptable thermograms for the 691 

Isoprene OA (Figure A1). The LVOCs are predicted to contribute to the factor from 35 to 692 

75% (Figure A2) as the assumed ΔΗvap varies from 50 to 80 kJ mol-1. The optimum (base 693 

case) solution corresponded to 41% LVOCs. 694 

Finally, for the BBOA as the ΔΗvap varies from 50 to 80 kJ mol-1 (the 100 kJ    695 

mol-1 value does not lead to acceptable solutions) the LVOC content increases from 65 to 696 

Formatted: Font: Italic

Formatted: Font: Italic

Formatted: Font: Italic

Formatted: Font: Italic

Formatted: Font: Italic



 22

87% (Figure A2), values that are higher than the estimated 47% LVOCs in the optimum 697 

(base case) solution.  698 

 699 

5.2 Accommodation coefficient 700 

It has been assumed in the analysis so far that there were no resistances to the 701 

evaporation of the OA in the TD and that the accommodation coefficient, am, was equal 702 

to one. We performed two sensitivity tests using accommodation coefficients of one and 703 

two orders of magnitude lower (0.1, 0.01). The volatility distributions, the average 704 

volatility C* and the vaporization enthalpy of each factor are given in Table S1. The 705 

corresponding MFRs are illustrated in Figure A3 and the volatility distributions in Figure 706 

A4.  707 

A value of am equal to 0.01 is inconsistent with the measured thermograms of 708 

MO-OOA, Isoprene-OA and total OA (Figure A3). For LO-OOA and BBOA the 709 

predicted thermograms are within the experimental error of the measured values and the 710 

resulting volatility distributions are quite close to those of the base case. For example, for 711 

LO-OOA the LVOC content is 40% (Figure A4) compared to 27% in the optimum 712 

solution. This rather surprising insensitivity of the volatility distribution is that the model 713 

balances the effects of the lower am with an increase of the predicted ΔΗvap. This rather 714 

surprising insensitivity of the volatility distribution is becausedue to the fact that the 715 

model balances the effects of the lower am am by increasing the predicted ΔΗvap. In the 716 

case of the LO-OOA the estimated enthalpy of vaporization increases to 121 kJ mol-1. 717 

The intermediate value of am=0.1 leads to predicted MFR values within the 718 

experimental error for LO-OOA, Isoprene-OA and BBOA, but not for MO-OOA or total 719 

OA (Figure A3). For the acceptable cases the average volatility of the OA components 720 

decreases by a factor of 2-3 and the effective ΔΗvap increases by 30-40 kJ mol-1. The 721 

LVOC content of LO-OOA increases from 27% to 52%, while the increase of the 722 

Isoprene-OA and BBOA LVOCs is small (from 41 to 47% and from 60 to 64%) 723 

respectively (Figure A4).  724 

For the MO-OOA and the total OA only the am=1 simulations provided 725 

acceptable results consistent with the observations. 726 
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The above analysis suggests that the estimated volatility distributions have a 727 

surprisingly low sensitivity to the assumed accommodation (evaporation) coefficient, but 728 

the ΔΗvap is quite sensitive to this value. This result is quite different from other studies 729 

(e.g., Lee et al., 2010; Cappa and Jimenez 2010; Riipinen et al., 2010) and is due to the 730 

limited temperature range of the measurements in the present work. 731 

 732 

5.3 TD collection efficiency 733 

In this case we repeated the calculations assuming a lower AMS CE for the 734 

aerosol that passed through the TD. Assuming a 10% lower CE in the TD, the volatility 735 

distribution of MO-OOA and Isoprene-OA changed by less than 10% (Table S1). 736 

However, the volatility distribution of LO-OOA and BBOA shifted towards lower values 737 

with the average volatility decreasing by around a factor of 2. The reasons for this 738 

behavior could be the high LO-OOA MFR uncertainty and the low mass concentration of 739 

the BBOA. The corresponding thermograms and volatility distribution are shown in 740 

Figures S4 and S5. 741 

 742 

6. Comparisons with other studies 743 

MO-OOA and LO-OOA: The volatility distributions of the MO-OOA and LO-OOA 744 

were similar to those of the aged aerosol in Finokalia (FAME-08) (Lee et al., 2010) in 745 

which the SVOCs accounted for 60% and LVOCs for 40% of the OA using an am=0.05 746 

and ΔHvap =80 kJ mol-1 (Figure S67). The SOAS LO-OOA appears to be a little more 747 

volatile than the summertime SV-OOA in Paris (Paciga et al., 2016) and Mexico City 748 

(Cappa et al., 2010), while the MO-OOA is a lot more volatile than the LV-OOA in these 749 

locations. These summertime OOA components in SOAS were more volatile compared 750 

to the wintertime OOA in Paris and Athens (Louvaris et al., 2017), which had a lower 751 

SVOC content (45% for Paris and 31% in Athens).  752 

 753 

BBOA: Figure S6b illustrates the volatility comparisons between the BBOA factor and 754 

the BBOA factors from Mexico City, Paris (winter) and Athens (winter). The estimated 755 

SVOC content of all four BBOA factors was surprisingly similar around 50% with the 756 

Mexico City BBOA having the higher fraction (70%). The differences in LVOCs and 757 
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ELVOCs are at least partially due to the temperature ranges used in the corresponding 758 

measurements. The corresponding O:C ratios of the factors were quite different, 0.58 for 759 

SOAS, 0.4 for Mexico City, 0.29 for Paris, and 0.23 for Athens (all estimated using the 760 

Canagaratha et al. (2015) approach). Part of the reason of the discrepancy may be hidden 761 

in the least volatile components of BBOA that were not examined in the present study. 762 

 763 

Isoprene-OA: Lopez-Hilfiker et al. (2016) suggested that the IEPOX SOA had much 764 

lower saturation concentration, C*=10-4 μg m-3, compared to the volatility of the 765 

Isoprene-OA estimated here. However, Lopez-Hilfiker et al. (2016) results are strictly for 766 

the IEPOX SOA which is a subset of the Isoprene-OA investigated here. So, a 767 

quantitative comparison of the corresponding volatilities is not possible. Also, the 768 

analysis of Lopez-Hilfiker et al. (2016) does not account for the effect of the vaporization 769 

enthalpy. There is of coursealso a potentially important experimental difference in this 770 

case, as in our work the OA just evaporates in the TD, while the Lopez-Hilfiker et al. 771 

(2016) experimental approach involves collection of the OA on a filter and then heating 772 

and desorption. Potential reasons for the discrepancy may include the fact that their 773 

conclusion was based on major components of IEPOX SOA and not all the products, the 774 

fact that Isoprene-OA factor may not be entirely composed of IEPOX, potential 775 

interactions of these components with the substrate used in FIGAERO-CIMS, the role of 776 

the vaporization enthalpy in the thermal of behavior of these compounds, etc.  As a 777 

consistency test, we used the volatility distribution of Lopez-Hilfiker et al. (2016) as 778 

input to the code of Riipinen et al. (2010) varying the enthalpy of vaporization. The best 779 

result was obtained for an abnormally high value of ΔHvap=208 kJ mol-1 and even then the 780 

model underestimates the observed evaporation of Isoprene-OA (Figure S7). Using more 781 

reasonable values of ΔHvap
 for such compounds the discrepancies between our 782 

measurements and the predictions are even larger, suggesting that the Lopez-Hilfiker et al. 783 

(2016) volatility estimates are not consistent with our results and appear not to represent 784 

the full volatility range of Isoprene-OA.   785 

A similar discrepancy exists with the low estimated volatility for the IEPOX SOA 786 

by Hu et al. (2016) which is even lower than that of Lopez-Hilfiker et al. (2016) (Figure 787 

S6c). Even though Hu et al. (2016) used the same AMS- thermodenuder technique, their 788 

Formatted: Font: Italic

Formatted: Font: Italic



 25

approach for the measurement interpretation was very different. Hu et al. (2016) used the 789 

empirical method of Faulhaber et al. (2009) and not an aerosol dynamic model for the 790 

estimation of the volatility distributions from their MFR measurements. Their method 791 

was based on a relationship between TD temperature and organic species saturation 792 

concentration at 298 K (C*) that has been obtained using 5 compounds (acids) with 793 

known saturation concentration. This approach is applicable to organic compounds with 794 

similar properties (e.g., enthalpy of vaporization) to the 5 known compounds, but it may 795 

encounter significant difficulties for OA that is quite different from the model compounds. 796 

A related weakness of that approach is that it does not account for the enthalpy of 797 

vaporization as the model used in this work does.One reason for the discrepancy is that 798 

their estimate was based on the empirical method of Faulhaber et al. (2009) which has 799 

been calibrated using the TD behavior of 5 known compounds and neglecting potential 800 

differences in ΔHvap.  801 

These discrepancies clearly show that there is need for additional investigation of 802 

the volatility of the various components of the isoprene SOA in the atmosphere. 803 

 804 

Total OA: Figure S6d compares the total OA volatility estimated in this study to those of 805 

Lopez-Hilfiker et al. (2016), Hu et al. (2016), and Saha et al. (2017) for the same location 806 

(Centreville) and period. To facilitate the comparison, given that different temperature 807 

ranges were used in the above studies, the C*=0.1 µg m-3 bin is used to represent 808 

compounds of even lower volatility than this value. Our results are quite consistent with 809 

those of Saha et al. (2017) especially considering the differences in both the TD design 810 

and modeling of the results. Saha et al. (2017) obtained the total OA thermogram using a 811 

thermodenuder system and then estimated the corresponding volatility distribution using 812 

an aerosol dynamics model and the volatility basis set (Donahue et al., 2006; Lee et al., 813 

2011; Saha et al., 2015; Saha and Grieshop, 2016). Their experimental and data analysis 814 

approach is a lot closer to ours compared to Hu et al. (2016) and Lopez-Hilfiker et al. 815 

(2016) and their results for the total OA are quite consistent with ours. Their model takes 816 

into account the vaporization enthalpy as well and this is probably the key difference 817 

among the various approaches.On the other hand, the Hu et al. (2016) and Lopez-Hilfiker 818 
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et al. (2016) results suggest an OA with much lower volatility that is inconsistent with 819 

our TD measurements. 820 

  821 

7. Link to the 2D-VBS framework 822 

Figure 54 shows the location of our factors in the 2D-VBS framework of 823 

Donahue et al. (2012). The PMF sources locations in the 2D-VBS were estimated using 824 

the elemental ratios derived by the method of Aiken et al. (2008) for consistency with the 825 

original figure. The O:C of the MO-OOA, LO-OOA, Isoprene-OA and BBOA factors 826 

was 0.8, 0.46, 0.44 and 0.46 correspondingly. The MO-OOA factor is in the proposed 827 

LV-OOA area but it includes a SVOC component that does not exist in the original 2D-828 

VBS. The LO-OOA factor is quite consistent with the proposed SV-OOA area. The 829 

Isoprene-OA is also located in the SV-OOA area based on our results. Finally, the BBOA 830 

factor has the expected volatility range, but is in the upper border of the 2D-VBS BBOA 831 

area due to its high oxidation state observed during SOAS. 832 

 833 

8. Linking the hygroscopicity of OA components to their O:C ratio and volatility 834 

Cerrully et al. (2015) estimated the hygroscopicity κ parameter for each factor for 835 

the SOAS campaign for supersaturation s=0.4% using PMF analysis on the PILS aerosol. 836 

The resulting values were: κMO-OOA=0.16±0.02, κLO-OOA=0.08±0.02 and κIsoprene-OA= 837 

0.20±0.02. During the periods of the PILS measurements the BBOA contribution was 838 

very low and PMF could not resolve this factor. The Isoprene-OA factor had a higher κ 839 

than MO-OOA, but its O:C ratio was lower (0.62) than MO-OOA (1.02). This contradicts 840 

Jimenez et al. (2009) which proposed that the hygroscopicity increases linearly as the 841 

O:C ratio increases and the recent study of Thalman et al. (2017) which suggested that for 842 

OOA factors the relationship between the hygroscopicity and the O:C is linear. A 843 

possible explanation for this contradiction could be that the O:C-hygroscopicity 844 

relationship may not be monotonic, but there may be systems for which  thewhich the 845 

relationship may be highly nonlinear. For example, Cain and Pandis (2017) showed that 846 

the hygroscopicity could exhibit a maximum at intermediate volatilities. 847 

A recent study by Nakao (2017) proposed a theoretical description for the linkage 848 

between the O:C ratio, volatility and hygroscopicity. Figure S8 illustrates the 849 
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experimental saturation concentrations and κ parameters for known compounds found in 850 

the literature (Table S3 and S4) together with the Nakao (2017) estimations. The isolines 851 

in this figure represent the intrinsic κ which corresponds to the upper limit of κ assuming 852 

that the organic species are entirely soluble. The location of the selected known 853 

compounds was generally in agreement with the suggested by Nakao (2017) intrinsic κ 854 

isolines for κ higher than 0.1. For κ lower than 0.1 the experimental values were 855 

underestimated compared to the theoretical κ. This discrepancy could be due to the fact 856 

that the compounds in the area with κ above 0.1 are more water soluble than those in the 857 

area with κ below 0.1. For example, the solubility of malonic acid is 1161 g L-1 (Saxena 858 

and Hildemann 1996), while the water solubility of suberic acid is 2.46 g L-1 (Bretti et al., 859 

2006). 860 

Xu et al. (2017) calculated the water solubility of the MO-OOA, LO-OOA and 861 

Isoprene-OA in Centreville during the SOAS campaign and found it 100%, 47% and 83% 862 

correspondingly. Thus, the intrinsic κ of MO-OOA, LO-OOA and Isoprene-OA is 863 

correspondingly 0.16±0.02, 0.17±0.04 and 0.24±0.03. Figure 65 shows the intrinsic κ 864 

values of our factors in the 2D-VBS and the Nakao (2017) frameworks. The MO-OOA 865 

and LO-OOA values are close to the Nakao (2017) proposed intrinsic κ isolines. 866 

However, the Isoprene-OA experimental intrinsic κ (0.24) is higher than the theoretical 867 

(0.13). One reason for this disagreement could be the O:C estimate by the AMS. 868 

Canagaratna et al. (2015) measured the O:C ratio of a racemic mixture of δ-Isoprene 869 

epoxydiols (C5H10O3) and found it around 0.4, which is 1.5 times lower than the 870 

theoretical (0.6). If the Isoprene-OA factor behaves similarly to the racemic mixture, its 871 

O:C may in fact be as high as 0.9, corresponding to a higher theoretical (Nakao 2017) 872 

intrinsic κ=0.19, which is closer to the experimental value (0.24). Although our results 873 

cannot be fully explained by the theoretical framework of (Nakao 2017), they denote that 874 

the relationship between hygroscopicity, volatility and O:C ratio is rather complicated. 875 

The model of Nakao (2017) is based on numerous assumptions that may not always be 876 

valid and which could introduce errors in the κ isolines estimation. Recently, Rastak et al. 877 

(2017) concluded that the hygroscopicity should be described using more than a single 878 

parameter. In addition, Cain Kerrigan and Pandis (2017) suggested that the 879 

hygroscopicity could exhibit a maximum at intermediate volatilities. 880 
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 881 

9. Conclusions 882 

The volatility distribution of the OA factors found during the SOAS campaign 883 

was estimated using measurements by a thermodenuder coupled with a HR-AMS. Using 884 

both the ambient and the thermodenuder data the same four sources were identified 885 

compared to the ambient only PMF analysis. The four sources were attributed to MO-886 

OOA, LO-OOA, Isoprene-OA and BBOA. The contribution, the times series and the 887 

mass spectra of each factor were similar to the case of the ambient-only PMF. Using the 888 

MFRs and the thermodenuder model of Riipinen et al. (2010) the volatility distribution 889 

and the vaporization enthalpy of each factor was estimated assuming an accommodation 890 

coefficient of unity. 891 

MO-OOA was significantly more oxygenated than LO-OOA, but in contrast with 892 

previous studies, its MFR was much lower. According to the model, the MO-OOA was 893 

less volatile than the LO-OOA and the implausible behavior of the measured MFR was 894 

due to their different effective enthalpies of evaporation: 89±10 kJ mol-1 for the MO-895 

OOA and 58±13 kJ mol-1 for the LO-OOA. Isoprene-OA had a similar volatility 896 

distribution with MO-OOA, but its vaporization enthalpy was lower at 63±15 kJ mol-1. 897 

BBOA had the lowest O:C ratio but it was the least volatile OA component with a 898 

vaporization enthalpy of 55±11 kJ mol-1. All factors, included components with a wide 899 

range of volatilities, both semi-volatile and low volatility. The use of a relatively modest 900 

highest temperature (100oC) did not allow the characterization of the least volatile 901 

components of the various factors. The above results suggest that variations in the 902 

enthalpy of vaporization can introduce significant variability in the links between the 903 

measured MFR and the estimated volatility. We strongly recommend the use of higher 904 

temperatures in additional steps in future studies. 905 

The contradicting result of the higher MFR of the MO-OOA compared to that of 906 

LO-OOA denotes that depending on the study the behavior of the OOA factors can be 907 

quite variable. It shows that OOA factors are composed of organic compounds with a 908 

wide range of volatility distributions, which may overlap a lot with each other. One 909 

possible reason could be the existence of small highly oxygenated molecules. However, 910 

the HR-ToF-AMS cannot provide detailed information about the identity of the 911 
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compounds in each volatility bin and so, the use of other chemical analysis techniques is 912 

required. The direct comparison of the MFR of OOA factors from different or even from 913 

the same study is risky since MFR depends on the TD operation and characteristics, the 914 

aerosol size distribution, the volatility, etc. The effective enthalpy of vaporization is a 915 

parameter that it has to be taken under consideration when we estimate volatility 916 

distributions. It may explain whythe contradiction the relationship between between MO-917 

OOA and LO-OOA MFR and volatility is complex and the apparent paradoxsimilarity 918 

between the MO-OOA and Isoprene-OA volatility distributions. However, in the second 919 

case the uncertainties of the Isoprene-OA volatility distribution for all bins were 920 

significant. There are solutions for which the MO-OOA is a lot less volatile than the 921 

Isoprene-OA. So the measurements in this case are not sufficient to compare the 922 

volatilities of the two factors.  923 

This is the reason that we did our best in the study to avoid strong conclusions 924 

about comparisons of the volatilities of the various factors. 925 

The counterintuitive finding of Cerully et al. (2015), that Isoprene-OA was more 926 

hygroscopic than MO-OOA even though it had a lower O:C ratio, but similar volatility 927 

distribution, are close but not fully explained by the framework proposed by Nakao 928 

(2017). The proposed relationship of Jimenez et al. (2009) doesmay not apply to all 929 

environments and especially when multiple aerosol sources and types are present. This 930 

suggests that the relationship between the hygroscopicity and the volatility may also be 931 

highly nonlinear. Future studies are necessary for a comprehensive understanding of the 932 

relationship between the hygroscopicity, volatility and O:C ratio. 933 
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Table 1.  Average ambient concentration of each factor and total OA, and the 1247 

corresponding fraction of the data above the threshold (0.2 μg m-3). 1248 

 1249 

Factor Average Ambient Concentration  
(μg m-3)  

% of Measurements 
above the Threshold 

MO-OOA 1.96 92 
LO-OOA 1.66 96 
Isoprene-OA 0.9 76 
BBOA 0.5 42 
Total OA 5.02 99 
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Table 2.  OA mass fractions of the ambient and ambient and +TD PMF factors. 1285 

 1286 

Data Used MO-OOA 
(%) 

LO-OOA 
(%) 

Isoprene-OA 
(%) 

BBOA 
(%) 

Ambient only 39 32 18 10 
Ambient and +TD 43 29 19 9 
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Figure 1. (a) Loss-corrected MFR of the total OA. The purple circles correspond to the 1329 

measurements and the uncertainties to one standard deviation of the mean. It is assumed 1330 

that MFR=1 at T=24oC. The black line is the model fit estimated using the approach of 1331 
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Karnezi et al. (2014). (b) The total OA volatility distribution. The uncertainties have been 1332 

estimated according to the algorithm of Karnezi et al. (2014). (c) The predicted volatility 1333 

distribution composition after passing through the thermodenuder as a function of the 1334 

temperature. 1335 
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Figure 2. MFRs of the loss-corrected PMF OA factors. The circles represent the 1340 

measurements with the one standard deviation of the mean. The black line corresponds to 1341 

the best predicted MFR using the algorithm of Karnezi et al. (2014). 1342 
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Figure 3. (a)-(d) Predicted volatility distributions of the OA PMF factors. The error bars 1352 

correspond to the uncertainties derived using the approach of Karnezi et al. (2014), (e) 1353 

vaporization enthalpies comparison between the four OA factors and (f) volatility 1354 

compositions comparison between the four OA factors. 1355 
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  1356 

  1357 

Figure 4. The predicted composition of the volatility distribution in terms of C* of each 1358 

factor after passing through the thermodenuder as a function of the temperature. The 1359 

model predicts, as expected, that the less volatile material with C*=0.1 µg m-3 dominates 1360 

the composition of the remaining aerosol after the TD as the temperature increases for all 1361 

factors. However, there are significant differences in the evolution of the composition of 1362 

the various factors. 1363 
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 1368 

 1369 

Figure 54. Average carbon oxidation state OSC (left y axis) and O:C ratio (right axis) 1370 

versus the saturation concentration in terms of log10C*. The horizontal bars are the 1371 

volatility distributions of the SOAS PMF factors: MO-OOA (green), LO-OOA (blue), 1372 

Isoprene-OA (yellow) and BBOA (red). The darker the color of the horizontal bars the 1373 

higher the mass fractional contribution for the corresponding C* bin. The diamonds 1374 

represent the average log10C* value for a given PMF factor. The green, light blue and 1375 

pink dashed areas are the locations of the LV-OOA, SV-OOA and BBOA PMF factors as 1376 

proposed by Donahue et al. (2012). 1377 
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Figure 65. O:C ratios versus the average volatility as log10C*. The black isolines 1387 

correspond to the theoretically intrinsic κ suggested by Nakao et al. (2017). The triangles 1388 

denote the SOAS PMF factors. The hygroscopicity of the SOAS PMF factors has been 1389 

transformed into the intrinsic κ, using the water solubility results of Xu et al. (2017). The 1390 

open cyan triangle corresponds to the Isoprene-OA with a hypothetical O:C=0.9. 1391 

1392 
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 1393 

Appendix 1394 

   1395 

   1396 

 1397 

Figure A1. MFRs of the loss-corrected PMF OA factors and total OA for fixed values of 1398 

the vaporization enthalpy. The circles denote the measurements with the one standard 1399 

deviation of the mean, the dash lines correspond to the base case, the grey lines represent 1400 

the case of a constant ΔHvap of 50 kJ mol-1, the magenta lines stand for the case of a 1401 

constant ΔHvap of 80 kJ mol-1 and the pink lines correspond to the case of a constant 1402 

ΔHvap of 100 kJ mol-1. 1403 

1404 
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Figure A2. Predicted volatility distributions of the OA PMF factors and total OA for 1408 

fixed vaporization enthalpy. The error bars are estimated using the approach of Karnezi et 1409 

al. (2014). The grey bars represent the results of a constant ΔHvap of 50 kJ mol-1, the 1410 

magenta bars correspond to the solution of a constant ΔHvap of 80 kJ mol-1, while and the 1411 

pink bars are the results for the case of a constant ΔHvap of 100 kJ mol-1. The green, blue, 1412 

orange, red and purple bars stand for the base case solutions of MO-OOA, LO-OOA, 1413 

Isoprene-OA, BBOA and total OA. 1414 

1415 
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Figure A3. MFRs of the loss-corrected PMF OA factors and total OA. The circles denote 1420 

the measurements with the one standard deviation of the mean, the green lines represent 1421 

the best predicted MFR for am=1 (base case), the cyan lines correspond to the best 1422 

predicted MFR for am=0.1, while the pink lines stand for the predicted MFR for am=0.01. 1423 

1424 
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Figure A4. Predicted volatility distributions of the OA PMF factors and total OA. The 1428 

error bars are estimated using the approach of Karnezi et al. (2014). The green bars 1429 

represent the results for am=1 (base case), the cyan bars correspond to the solution for 1430 

am=0.1, while and the pink bars are the results for am=0.01. 1431 
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