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In the main text, we will point the reader to this schematic in the methods section stating: 
 
“A conceptual schematic comparing the SOM oxidation and SOA formation scheme with other 
schemes (e.g. 2-product, COM, VBS) is provided in Figure. S.1.” 
 
2. Page 25849, lines 20-24: It seems awkward to refer to “the majority of the multigenerational 
oxidation reactions that contribute to SOA mass (but not necessarily to SOA composition)”. If 
the differences in SOA composition were driven wholly by oligomerization reactions (which are 
turned off in this case), I would agree. But the authors have explained that a lot of the 
composition differences are due to semivolatile species oxidizing further and creating both lower 
and higher volatility material. So the oxidation reactions that “contribute” to SOA composition will 
also contribute to SOA mass, just in a more complicated way than in the non-aging schemes. 
Could the authors be more precise here, and rephrase this sentence to something like, “In 
summary, it is possible that chamber-observed SOA formation, as parameterized with a two-
product approach, accounts for the majority of the net mass produced by multigenerational 
oxidation reactions, even though the chemical properties of the SOA formed are probably not as 
well-reproduced.” 
 
The reviewer is correct. We meant that sentence in reference to the chamber experiment 
already including the influence of multigenerational oxidation. We have revised the statement as 
follows:  
 
“In summary, it is possible that the chamber-observed SOA formation accounts for the majority 
of the multi- generational oxidation reactions that contribute to SOA mass and hence, a two-
product approach to model SOA formation would already include the mass-enhancement 
associated with multi-generational oxidation. However, such a two-product model may not 
necessarily accurately represent the chemical composition of SOA”.  
 
3) Page 25854, line 15-18: This is not technically true as I read it. Lots of studies using the VBS 
have separated the OPOA from the traditional SOA (Tsimpidi et al., 2010; Fountoukis et al., 
2014; Matsui et al., 2014). Even the two studies cited (Murphy and Pandis, 2009; Jathar et al., 
2011) do this. We published one study that divided the OPOA and explicitly tracked the NT-SOA 
from IVOCs separate from primary SVOCs (Murphy and Pandis, 2010). Are the authors trying to 
highlight the nonlinear effect of absorptive partitioning? Although I’m not asking the authors to 
specifically cite any of these papers, I think there is a possible contradiction in the language that 
should be cleared up. 
 
We did not mean imply anything about the ability of the 3D model to track model species that 
represent various flavors of oxidized products of POA and SOA; as the reviewer points out, 
plenty of 3D models (particularly PMCAMx in addition to the current UCD/CIT model) have 
tracked each source/process separately. Rather, we intended to convey the idea that the 
scientific theories surrounding the volatility of POA, emissions of IVOCs and aging of traditional 
SOA, POA vapors and IVOCs have not been dealt with in isolation. In other words, COM-type 
models have tended to subscribe to all theories simultaneously and have not examined in detail 
the isolated role of experimentally-constrained aging in a 3D model (which is the focus of this 
work). We have clarified the sentence as follows:  
 
“Previous studies that have examined the influence of multi-generational oxidation of traditional 
VOCs using COM-type models have typically combined the effects of VOC ageing and IVOC 
and POA vapor oxidation (e.g. Murphy and Pandis, 2009; Jathar et al., 2011) together and have 
not investigated the role of each process separately.” 
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according to their numbers of carbon and oxygen atoms (e.g. C12O4H24 = C12O4) and the total 
abundance of the binned SOM-equivalent ‘species’ determined. The results of this previously 
unpublished comparison for the evolution of the gas-phase species is shown in the figure 
above. It is clear that SOM captures the general evolution of the GECKO-A species very well. 
These results increase confidence that SOM represents the ‘ageing’ processes associated with 
multi-generational chemistry in a reasonably realistic manner. (The authors thank Julia Lee-
Taylor, Alma Hodzic and Sasha Madronich of NCAR for the GECKO-A simulations.) Since the 
comments and responses are archived and publically available, we do not plan to add this 
specific information to the manuscript, as we believe that it would be distracting from the main 
points.  
 
5) Page 25855, lines 12-19: The use of the term “first-generation” is problematic already for 
SOA formation since, as the authors point out, so much chemistry is happening simultaneously. 
The term takes on a more practical definition when applied to current models that artificially 
segregate gas-phase chemistry (via carbon-bond or SAPRC mechanisms) from SOA aging. 
Still, to my knowledge, there is no clear definition of first-generation products for many or most 
precursors. Now, introducing the “second-generation” seems unwieldy. Are the authors referring 
to products formed later in a chamber experiment and distinguishing them from products formed 
in a real atmospheric system after the duration of a typical experiment has elapsed? Also, the 
sentence “Alternatively. . .in fact, dominant.” doesn’t make much sense to me. This may be from 
my confusion about the term second-generation. If multi-generational aging is dominant, how 
will a static representation ever be sufficient? It seems like this outcome would only be the case 
when the effects of the multigenerational aging exactly, or nearly, cancel. Even if this is the 
case, there is probably some time-dependence associated with the applicability of the static 
representation, and that timescale may be of similar magnitude to the atmospheric lifetime of 
the intermediates. The problem becomes even more complex in the actual atmosphere when 
temperature, oxidant level, deposition rates, and mixing states are all variable. 
 
The reviewer raises an important issue about the exact definition of first (and subsequent) 
generations of reaction.  We believe there is not a uniform agreement on this issue in the SOA 
community, but we feel that we have used this concept consistently with our favored definition. 
In all our manuscripts with the SOM (Cappa et al., 2015;Jathar et al., 2015a, b), we refer to first 
generation products as the first set of stable products arising from a series of radical-based 
reactions. For example, one could imagine the first generation of oxidation from a hydrocarbon 
to involve hydrogen abstraction leading to formation of an alkyl radical, reaction with oxygen to 
form a peroxy radical and subsequent formation of the first-generation functionalized products. 
This definition is consistent with the definition of a ‘generation of oxidation’ used in chemistry 
textbooks. We therefore feel strongly that (1) there is a clear definition for ‘generations of 
oxidation’ and (2) our use of the phrase ‘generation of oxidation’ is clear and consistent. A 
concise description of an oxidation generation is offered in our previous manuscript in GMD: 
 
“We should note that the representation of the reaction chemistry in the SOM, in contrast to an 
explicit gas-phase mechanism like SAPRC, MCM or GECKO, is significantly simplified to 
capture the average chemistry. Further, each oxidation step in the SOM is an aggregation of 
numerous individual reaction steps, i.e. intermediate radical species are not explicitly simulated. 
For example, in reality each oxidation reaction is initiated through hydrogen abstraction to yield 
peroxy/alkoxy radicals. These radicals can go on to react (with HO2, RO2 or NO) or undergo 
isomerization to form low-volatility products such as organic nitrates, peroxides and hydroxy 
carbonyls, or can decompose leading to production of oxygenated fragments. These 
intermediate steps are not explicitly simulated, only the formation of the resulting stable product 
species.” 



 
The reviewer seems to argue for a different definition of first and second generation of oxidation 
that is sometimes (in our opinion, incorrectly) labeled to think about oxidation reactions in smog 
chamber experiments. In the case of ozone-driven experiments, it is easy to think of ‘first 
generation’ products, as the oxidant only reacts with the parent VOC. However, in 
photooxidation, at any given point in time there is a distribution of products across multiple 
generations because the oxidant can react with both the parent VOC and the product species 
(see, for example, Wilson et al. (2012) or the figure above). This is true even very early on in an 
experiment. The term ‘generation’ can be easily understood as the number of times that 
something has reacted with an oxidant to get to its current state.  We would suggest that the 
SOA modeling community should move away from using “oxidation generations” to describe in-
chamber versus out-of-chamber chemistry and adopt a definition that aligns more with 
fundamental chemistry. 
 
With respect to the reviewer’s second point, a static representation of SOA expressed through 
the two-product model can only capture the multi-generational chemistry observed directly in 
chamber experiments, with the relative yields of the product species fixed.  As a simple analogy, 
this is equivalent to fitting a linear (straight line) relationship to an inherently non-linear (has 
curvature) system.  The straight-line relationship does a reasonable job of explaining outcomes 
under some conditions but fails to fully represent the outcomes over all possible conditions.  The 
results of this study appear to suggest that the “straight-line” relationship does a reasonable job 
of predicting outcomes over the conditions experienced in Southern California and the eastern 
US during typical air pollution episodes.   
 
6) Page 25856-7, line 24-3: This line of reasoning seems unclear. How do the authors know the 
evaporated POA mass is balanced by the SOA mass arising from “recycling”? Also, how do 
“chamber experiments that include emissions of POA and IVOCs already include SOA products 
from their multi-generational oxidation”? And how do “those considerations”, the identity of 
which I’m also uncertain, imply them? Do the authors mean to say that “chamber experiments 
that inform emissions of POA and IVOCs. . .”? If so, it does not seem like there is enough 
evidence to say that the NEI, for instance, already includes the multigenerational oxidation 
product mass from evaporated POA, since this mass will depend on environmental conditions 
and the specific conditions of each emission test used for input to the inventory. Could the 
authors consider rephrasing this statement as an assumption they have made rather than a 
conclusion from previous work? 
 
The reviewer is correct on all counts. We have not considered multigenerational aging of POA 
vapors or IVOCs in our simulations, although we plan to do so in proposed future work. We 
were speculating about the implications of our study on the semi-volatile and reactive behavior 
of POA and the SOA formation from IVOCs. What we meant to say was that our simulations 
that assume non-volatile and non-reactive POA could be assumed to be identical to a simulation 
where the evaporation from semi-volatile POA would be offset by the SOA production from POA 
vapors and IVOCs (this ignores the fact that the spatial patterns could look very different 
between these two simulations). Clearly the statement is confusing and as the reviewer points 
out could imply that we have done simulations to show the offsetting effects. We have not yet 
done this work and we will remove that sentence and replace it with the assumptions we have 
made regarding POA. Specifically, we plan to modify the paragraph to read: 
 
“In this work, we consider POA as non-volatile and non-reactive and do not consider SOA 
contributions from IVOCs or semi-volatile POA vapors. Oxidation of IVOCs and semi-volatile 
POA vapors (i.e. SVOCs) can lead to the production of new SOA mass, but evaporation of POA 



leads to a decrease in the total OA mass. To some extent, these effects are offsetting 
(especially for SVOCs, which do not contribute new carbon mass to a model). To the extent that 
the loss of POA is balanced exactly by the formation of SOA from IVOCs and ‘recycling’ of 
semi-volatile POA vapors, the simulations here represent a scenario in which the total OA mass 
is conserved, although possibly with the wrong spatial distribution (Robinson et al., 2007). Most 
efforts to incorporate SOA formation from IVOCs and SVOCs have simulated their oxidation 
using a version of the VBS model in which multi-generational ageing is implicit, but highly 
underconstrained and structured in such a way that the ultimate (long time) SOA yield is greater 
than unity because all mass is converted to low-volatility products and oxygen addition is 
assumed. The SOM framework provides a way to explicit account for the influence of multi-
generational chemistry in SOA formation experiments that include semi-volatile POA vapors and 
IVOCs (Gordon et al., 2014a;Gordon et al., 2014b;Gordon et al., 2013;Grieshop et al., 
2009a;Grieshop et al., 2009b;Hennigan et al., 2011;Miracolo et al., 2011;Miracolo et al., 
2012;Platt et al., 2013;Platt et al., 2014;Nordin et al., 2013;Chirico et al., 2010;Heringa et al., 
2011;Tkacik et al., 2014), and thus should be useful for constraining the contribution of these 
compound classes to the ambient OA budget. In addition, the simulations here do not consider 
the influence of vapor wall losses on SOA formation. Such losses can influence SOA yields in 
chambers, and consequently the parametrizations that result from fitting of such chamber data. 
The influence of vapor wall losses on simulated ambient SOA and OA concentrations within the 
SOM framework is examined in a companion paper (Cappa et al., 2015). Ultimately, models like 
the SOM can be applied to chamber experiments to better understand the role and contribution 
of POA, IVOCs and vapor wall-losses to total OA.”  
 
Technical Corrections: 
1) Page 25841, line 9: The preceding sentence mentions “both research and regulatory groups”. 
The addition of the VBS to CMAQ could certainly be categorized as regulatory-focused. Please 
add a citation from a slightly more “pure” research-based effort, such as WRF-Chem (Ahmadov 
et al., 2012; Matsui et al., 2014), GISS II’ (Farina et al., 2010), EMEP (Bergström, et al., 2012) 
or PMCAMx (Fountoukis et al., 2014; Tsimpidi et al., 2010; Lane et al., 2008). 
 
We have added a subset of the suggested references. 
 
2) Page 25841, lines 13-14: This point is technically not true as the authors themselves point 
out later in the manuscript; the infamous “biogenic aging off” configuration would embody 
essentially a different aging configuration, where fragmentation and functionalization are 
assumed to balance each other, from the perspective of mass enhancement (eerily similar to 
the major conclusion of this paper). 
 
We have rephrased that sentence to  
 
“Second, they assume that the multi-generational oxidation of products of different 
anthropogenic VOCs (e.g., alkanes versus aromatics) or different biogenic VOCs (e.g., isoprene 
versus monoterpenes) share the same reaction mechanism.”  
 
In terms of the ‘eerie similarity’ mentioned by the reviewer, although we agree one could take 
away such a conclusion, we emphasize the fact that the choice of having ageing reactions on 
for aromatics but off for biogenics is not based on any physical or chemical intuition, but from 
what amounts to ‘model tuning’ in that the decision to do so was made by Farina et al. (2010) 
after comparing 3D simulations to some observations in Lane et al. (2008). Others have 
generally followed suit, but this dichotomy has never been validated outside of the 3D model 
framework. Further, one could also conclude from the current paper that the same holds true for 



aromatics, but this is counter to what is done by many others who include ad hoc ageing. In 
other words, we strongly suggest that rather than using ad hoc ageing schemes on top of 
existing parameterizations, models should instead be revised to explicitly include ‘ageing’ 
reactions within the parameterization framework (such as is done with SOM and more recently 
within the VBS framework by Zhao et al. (2015)), as is noted in the reviewer’s next comment.  
 
3) The authors make a strong case for using the SOM, or at least sticking with the chamber-
derived yields and not adding a distinct multi-generational aging enhancement of OA mass. For 
those that will envision adding the SAPRC-11/SOM framework to a CTM, I think it is worth 
reporting the number of added species (is it 392 gas + 392*N_size aerosol as in Jathar et al., 
2015?) and relative computing time increase compared to the CMAQ base case, at least in the 
supplemental information. 
 
We have pointed out the computational expense of running the SAPRC+SOM mechanism in 
our paper in GMD. We have added the following brief statement to the manuscript in Section 2.3 
 
“Simulations were performed for 19 days with the first 5 days used for spin up. For the SoCAB, 
each simulated day using the SOM required approximately 4 h of elapsed time (on 40 Intel i5-
3570 processor cores) so a 19-day episode was simulated in less than 4 days. For the eastern 
US, each simulated day required approximately 9 h of elapsed time so a 19-day episode was 
simulated in about 8 days. The SOM simulations were approximately four times slower than the 
BaseM simulations on account of the large number of model species.”. 
 
4) Page 25848, line 12: Fig. S1 does not seem to appear in the supplemental information. 
 
We apologize for the mistake. It was a version problem. Figure S.1 has been added to the 
supporting information, but is now labeled as Figure S.2 to accommodate the insertion of a new 
Figure S.1..  
 
5) Page 25852, line 5: I think the authors mean to cite Epstein et al. (2010). Grieshop et al. 
(2009) used something more like Hvap = 69 – 4*log10(C*). 
 
Yes, that is correct. The reference has been corrected. 
 
6) Page 25852, line 24: Looks like figures 5 and 4 should be switched. 
 
We have made the correction.  
 
Response to comments made by reviewer 2 
 
1) The model does not take into account the influence of vapor wall-losses on SOA formation, 
although the influence is substantial. What is the impact of this neglect on the paper’s 
conclusion? For example, would the similar SOA amount obtained from BaseM and SOM 
models still hold? Since the vapor losses on the wall compete with vapor’s oxidations or/and its 
condensation. The inclusion of vapor losses on the wall may increase the oxidation rate and 
change the oxidation products’ distribution, so the proportion of SOA generated from later-
generation products might become larger so that the influence of multi-generation oxidation on 
SOA concentrations become more important than that shown in current conclusion. 
 
The reviewer is correct to point out that vapor wall-losses are an important experimental artifact 
that potentially bias model predictions of ambient OA. Accounting for vapor wall-losses could 



also lead to a substantially different product distribution with varying contributions from different 
SOA precursors. In order to study the influence of vapor wall-losses in detail, we have 
performed 3-D model simulations using vapor wall-loss corrected parameterizations, the 
findings of which are submitted in a companion paper (Cappa et al., 2015) that precisely discuss 
the issues the reviewer brings up. Here, we briefly respond to the reviewer’s queries but would 
like to point the reviewer to the other paper for more details.  
 
Accounting for vapor wall losses leads to more SOA being formed in the model, compared to 
when vapor wall losses are not accounted for. In Cappa et al. (2015), this was demonstrated 
through simulations conducted using the SOM in which separate parameterizations were used 
that were either corrected for or not corrected for the influence of vapor wall loss during the data 
fitting. In that work, we also attempted to perform simulations using a BaseM-like model that had 
been corrected for vapor wall losses such that comparison between BaseM and SOM 
simulations could help elucidate the potential synergistic effects between vapor wall loss and 
multi-generational ageing alluded to by the reviewer. However, it was found that it was not 
possible to develop a robust 2-product parameterization that could be used in the 3D 
simulations due to the 2-product approach having insufficient resolution to represent the SOA 
products in volatility space, which led to very poor constraints in modeling the SOA at very low 
OA concentrations. We concluded that the BaseM would need to be redone with a higher 
resolution in volatility space, i.e. a four or six-product approach; this additional work has been 
left for future studies. 
 
In both the eastern US and the South Coast Air Basin, accounting for vapor wall-losses resulted 
in much larger enhancements in SOA concentrations when the absolute OA concentrations 
were lower (e.g., rural/remote locations). This finding might imply that multigenerational aging 
plays an increasingly important role when accounting for vapor wall-losses, especially in 
remote/rural locations. However, it will be hard to discern this fact until a Base-type model is run 
with sufficient resolution in volatility space.  
 
For reference, we note that the companion paper (Cappa et al., 2015) was mentioned on Page 
25845, Line 17.   
 
2) Not clear to me how the authors discriminate the low NOx scenario and the high NOx 
scenario in the model. Is there any threshold to cut off them? Does the NOx range used for the 
low NOx scenario match those measured at Smoky Mountain Site? And the NOx for the high 
NOx scenario fit those at Urban sites? 
 
At present, we do not consider a dynamic response of NOx on SOA formation. Rather, we 
perform two simulations that use SOM parameters determined from separately fitting to 
chamber observations for experiments conducted under ‘low’ and ‘high’ NOx conditions. These 
results capture the maximum uncertainty inherent in modeling the NOx dependence of SOA 
formation. In the manuscript we argue that  
 
“While most 3-D models include schemes to simulate the NOx dependence of SOA formation, 
these schemes remain ad hoc as they are based on limited experimental measurements and 
also rely on the ability of the model to accurately predict radical concentrations (RO2, HO2) or 
VOC-to-NOx ratios. In this work, the model predictions from the low- and high-yield simulations 
bound the NOx-dependent uncertainty in SOA concentrations and we recommend that future 
work examine this issue in much more detail.” 
 



The NOx range used in smog chamber experiments to derive parameters for the low NOx 
scenario was 0-5 ppb which does approximately correspond to the NOx concentrations 
predicted at remote locations such as the Smoky Mountains (see Fig 3 below).  The NOx 
concentration used in toluene smog chamber experiments for the high NOx scenario was ~50 
ppb, which approximately matches the concentrations at urban sites (see Fig 3).  The NOx 
range used in smog chamber experiments for other parent VOCs under the high NOx scenario 
was 100-400 ppb, which is higher than current atmospheric concentrations in the US. The VOC 
/ NOx ratio was maintained at atmospherically relevant levels during these experiments and so 
the smog chamber results still capture the first order behavior of the “high NOx” system.  Models 
that attempt to smoothly interpolate between the low NOx and high NOx cases (e.g. CMAQ) or 
that bound the limiting behavior between these cases (this work) could both benefit from new 
experiments performed at atmospherically relevant “high NOx” concentrations.      
 

 

  
 
 
 
Specific comments 

1) Page 25840-25841. In a natural way, multi-generational VOC oxidations for SOA 
formation should be explicitly modeled using detailed gas-phase chemical mechanisms. And 
there are some studies using such type of SOA model, from the box model to the global 
model (e.g., Valorso et al., 2011; Lee et al., 2011; Utembe et al., 2011; Lin et al., 2012). This 
type of model should be discussed in the introduction part. 

 
We have now included and discussed the literature referenced by the Reviewer: 
 
“ Chemically explicit models have seldom been used in 3D modeling (e.g. Johnson et al. (2006), 
Chen et al. (2006), Ying and Li (2011)) due to their heavy computational burden, although some 
studies have used reduced complexity forms for 3D modeling (e.g. Utembe et al. (2011), Lin et 
al. (2012)) or have implemented them for box modeling studies (e.g. Lee-Taylor et al. (2011)). 
 
2) Page 25845, line 5. Missing a period after “(2015a)”. 
 
Corrected. 
 

Figure 3: Daily-averaged NOx concentrations
(ppb) on August 20th, 2015 in the eastern US. 



Page 25847, line 4-5. Are the SOA concentrations shown for Base model predicted with acid-
catalyzed enhancement of isoprene SOA? If so, what would it affect the results if the 
enhancement was not included? Note that the BaseM model excludes this enhancement. 
 
Yes, the Base model predictions include the acid-catalyzed enhancement of isoprene SOA and 
as the reviewer points out the BaseM does not. The acid-catalyzed pathway contributes a very 
small amount of SOA to the total OA mass (see Figure below that shows domain-wide 
concentrations of acid-catalyzed SOA in SoCAB and the eastern US). The SOM was not 
parameterized to consider the acid-catalyzed pathway (as only low RH experiments were fit) 
and hence the BaseM (which served as a reference for the SOM to investigate the effect of 
multigenerational aging) also did not include the acid-catalyzed pathway. The work has focused 
on multi-generational aging in the gas-phase however future work will be directed towards 
parameterizing particle-phase aging that would include acid-catalyzed pathways.  
 
Page 25848, line 12. Where is the Fig. S1? I could not find it in the Supplement. 
 
The wrong supplement was attached to the discussions paper. This will be corrected during the 
final submission; Figure S.1 (updated to Figure S.2 in revised manuscript) shown below. 
 

 
Figure S.2: 14-day averaged SOA concentrations in SoCAB for the BaseM and SOM 
simulations for the low-yield and high-yield parameterizations. 
 
Page 25852, line 24. Fig. 4 should be Fig.5, and Fig.5 shown in the later text should be Fig.4. 
The context in the paper does not match the figure shown. Switch the Fig.4 and Fig.5. 
 
Corrected. 
 
Page 15854, line 15-18. The model does not consider the SOA contributions from IVOCs, 
whereas some other models that managed to close model-measurement gaps include the IVOC 
SOA as well as the simple OH aging mechanism. Is that possible this SOA enhancement comes 
from IVOCs oxidation, not from the double-counting effect. i.e., the aging mechanism is added 
on top of existing parameterizations? 
 



We agree with the reviewer that IVOCs could potentially be an important source of additional 
SOA formation. One should view the ‘double-counting’ from ad hoc addition of OH ageing and 
contributions from IVOCs as, to first order, additive processes. They are not mutually exclusive, 
i.e. considering one does not preclude the other. In the current study, we did not consider the 
SOA contributions from IVOCs in this work since their emissions and potential to form SOA 
remain uncertain (although some new data from Carnegie Mellon University appear promising 
for inclusion in 3-D models). In this manner, we are able to focus solely on the role that multi-
generational ageing plays in determining SOA concentrations from VOCs under different model 
frameworks (e.g. SOM versus COM-type). On page 25854, lines 15-18, we argue that COM-
type aging schemes have been included in 3-D models simultaneously with S/IVOC oxidation 
and hence have not been studied in isolation. Here, we separate these effects. So while IVOCs 
could be important sources, our conclusions about COM-type aging schemes remains robust.  
 
In the Supplement, Sect. Cascading Oxidation Model (COM), “It is described in Table S.2” 
should be Table S.3. 
 
Corrected. 
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Abstract 13 

 Multi-generational oxidation of volatile organic compound (VOC) oxidation products can 14 

significantly alter the mass, chemical composition and properties of secondary organic aerosol 15 

(SOA) compared to calculations that consider only the first few generations of oxidation 16 

reactions. However, the most commonly used state-of-the-science schemes in 3D3-D regional or 17 

global models that account for multi-generational oxidation (1) consider only functionalization 18 

reactions but do not consider fragmentation reactions; (2) have not been constrained to 19 

experimental data; and (3) are added on top of existing parameterizations. The incomplete 20 

description of multi-generational oxidation in these models has the potential to bias source 21 

apportionment and control calculations for SOA.  In this work, we used the Statistical Oxidation 22 

Model (SOM) of Cappa and Wilson (2012), constrained by experimental laboratory chamber 23 

data, to evaluate the regional implications of multi-generational oxidation considering both 24 

functionalization and fragmentation reactions. SOM was implemented into the regional 25 

UCD/CIT air quality model and applied to air quality episodes in California and the eastern US. 26 

The mass, composition and properties of SOA predicted using SOM are were compared to SOA 27 

predictions generated by a traditional “two-product” model to fully investigate the impact of 28 

explicit and self-consistent accounting of multi-generational oxidation.   29 

Results show that SOA mass concentrations predicted by the UCD/CIT-SOM model are 30 

very similar to those predicted by a two-product model when both models use parameters that 31 

are derived from the same chamber data. Since the two-product model does not explicitly resolve 32 

multi-generational oxidation reactions, this finding suggests that the chamber data used to 33 

parameterize the models captures the majority of the SOA mass formation from multi-34 



generational oxidation under the conditions tested. Consequently, the use of low and high NOx 35 

yields perturbs SOA concentrations by a factor of two and are probably a much stronger 36 

determinant in 3D3-D models than multi-generational oxidation. While total predicted SOA 37 

mass is similar for the  SOM and two-product models, the SOM model predicts increased SOA 38 

contributions from anthropogenic (alkane, aromatic) and sesquiterpenes and decreased SOA 39 

contributions from isoprene and monoterpene relative to the two-product model calculations. The 40 

SOA predicted by SOM has a much lower volatility than that predicted by the traditional model; 41 

resulting in better qualitative agreement with volatility measurements of ambient OA. On 42 

account of its lower-volatility, the SOA mass produced by SOM does not appear to be as 43 

strongly influenced by the inclusion of oligomerization reactions, whereas the two-product 44 

model relies heavily on oligomerization to form low volatility SOA products. Finally, an 45 

unconstrained contemporary hybrid scheme to model multi-generational oxidation within the 46 

framework of a two-product model in which “ageing” reactions are added on top of the existing 47 

two-product parameterization is considered. This hybrid scheme formed at least three times more 48 

SOA than the SOM during regional simulations as a result of excessive transformation of semi-49 

volatile vapors into lower volatility material that strongly partitions to the particle phase.  This 50 

finding suggests that these “hybrid” multi-generational schemes should be used with great 51 

caution in regional models.  52 

 53 

1. Introduction 54 

Organic aerosol (OA) is generally the dominant component of submicrometer-sized 55 

atmospheric particulate matter (Jimenez et al., 2009), which plays an important role in the energy 56 

budget of the earth (IPCC, 2007) and the health effects of air pollution (Bernstein et al., 2004). 57 

Despite its prominence, OA is the least understood component of atmospheric aerosol. Large-58 

scale chemical transport models are the essential tool to simulate concentration distributions, 59 

which are needed to form strategies to mitigate, the climate and health impacts of atmospheric 60 

aerosols.  61 

OA is a complex mixture of thousands of different compounds that have a wide range of 62 

properties (Goldstein and Galbally, 2007). OA can be directly emitted to the atmosphere in 63 

particulate form (so-called primary organic aerosol; POA) or it can be formed in situ by the 64 

oxidation of volatile organic compounds (VOCs) to yield lower volatility products that condense 65 



into the aerosol phase, so-called secondary organic aerosol (SOA). This latter route is generally 66 

the predominant one to form OA. Continuous oxidation of VOCs and their oxidation products 67 

yields a broad range of products, including those that have intermediate and low volatility. The 68 

importance of such “multi-generational oxidation” on SOA production has been widely 69 

established in laboratory chamber experiments (Chacon-Madrid et al., 2010;Chacon-Madrid et 70 

al., 2013;Yee et al., 2013;Donahue et al., 2012;Chhabra et al., 2011;Henry and Donahue, 2012). 71 

Multi-generational oxidation includes the initial formation of oxidized products of lower 72 

volatility as well as the loss of SOA mass after initial formation owing to fragmentation 73 

reactions.  For example, experiments performed with the Potential Aerosol Mass (PAM) reactor, 74 

which aims to simulate prolonged VOC oxidation, are always associated with formation 75 

followed by destruction of OA mass (Lambe et al., 2012). Simulations that capture this behavior 76 

require inclusion of multi-generational oxidation.  In addition to altering predicted SOA mass, 77 

inclusion of multi-generational oxidation is expected to alter the oxidation state of OA, which 78 

has important repercussions for OA properties (e.g., water uptake, toxicity) (Jimenez et al., 79 

2009). 80 

Traditionally, models of SOA formation in chamber experiments have represented SOA 81 

formation from VOCs using two to four surrogate products per VOC, the yields for which have 82 

been parameterized to reproduce observed levels of SOA (Odum et al., 1996). These models 83 

generally assume that the surrogate products are non-reactive (i.e., do not undergo multi-84 

generational oxidation). These models, whether implemented in “two-product” or “volatility 85 

basis set” (VBS) forms (Donahue et al., 2006), generally under-predict ambient concentrations of 86 

SOA (Carlton et al., 2010). Some models have used simple chemical schemes to mimic the 87 

effects of multi-generational oxidation. While these schemes differ in their details, in essence, 88 

they assume that the vapors and the products of each surrogate traditional VOC species react 89 

with the hydroxyl radical (OH) to form lower volatility products (Robinson et al., 2007;Pye and 90 

Seinfeld, 2010;Baek et al., 2011). Such “ageing” schemes to account for multi-generational 91 

oxidation of traditional VOC products share similarities with reaction schemes applied to the 92 

oxidation of intermediate-volatility organic compounds (IVOCs) and POA vapors (Robinson et 93 

al., 2007). Note that oxidation of IVOCs and POA vapors is assumed to proceed only through 94 

these ageing-type reactions, whereas oxidation of the semi-volatile products of traditional VOC 95 

precursors is an augmentation to the existing two-product or VBS parameterization. Models that 96 



include these ageing schemes predict SOA mass concentrations that close the gap with measured 97 

ambient concentrations of OA mass.  As a result, over the past five years, both research and 98 

regulatory groups have incorporated these schemes into their 3-D models (e.g., Environmental 99 

Protection Agency’s Community Multiscale Air Quality Model (CMAQ) (Koo et al., 2014), 100 

PMCAMx (Murphy and Pandis, 2009;Tsimpidi et al., 2009), WRF-CHEM (Ahmadov et al., 101 

2012;Lane et al., 2008;Tsimpidi et al., 2009)). These first order SOA schemes have three major 102 

mechanistic drawbacks. First, they typically do not account for laboratory evidence of 103 

fragmentation of oxygenated organic molecules that can lead to decreases in SOA concentrations 104 

(Chacon-Madrid and Donahue, 2011;Henry and Donahue, 2012). Second, they assume that the 105 

multi-generational oxidation of products of different anthropogenic VOCs (e.g., alkanes versus 106 

aromatics) or different biogenic VOCs (e.g., isoprene versus monoterpenes) share the same 107 

reaction mechanism.Second, they assume that the multi-generational oxidation of products of 108 

different VOCs (alkane, aromatic and biogenic) share the same reaction mechanism.  Finally 109 

(and most importantly), these schemes remain under-unconstrained in that they have not been 110 

rigorously tested against measurements of multi-generational products (or classes of products) 111 

under realistic ambient conditions, and they are typically added on top of existing 112 

parameterizations. These concerns apply specifically to the multi-generational oxidation schemes 113 

that are commonly applied to traditional VOCs, but these are also relevant to the oxidation 114 

schemes associated with IVOCs and POA vapors. Chemically explicit models have seldom been 115 

used in 3-D modeling (e.g. Johnson et al. (2006), Chen et al. (2006), Ying and Li (2011)) (Chen 116 

et al., 2006)due to their heavy computational burden, although some studies have used reduced 117 

complexity forms for 3-D modeling (e.g. Utembe et al. (2011), Lin et al. (2012)) or have 118 

implemented them for box modeling studies (e.g. Lee-Taylor et al. (2011)).(Utembe et al., 119 

2011;Lee-Taylor et al., 2011;Lin et al., 2012) 120 

In this work, we use the Statistical Oxidation Model (SOM) of Cappa and Wilson (2012) 121 

to model the multi-generational oxidation reactions inherent in SOA formation. The SOM 122 

provides an efficient framework to track the experimentally-constrained chemical evolution and 123 

gas/particle partitioning of SOA using a carbon and oxygen grid. In Jathar et al. (2015)Jathar et 124 

al. (accepted for publication), we detailed the coupling of the SOM with the gas-phase chemical 125 

mechanism SAPRC-11 (Carter and Heo, 2013) within the UCD/CIT regional air quality model 126 

and used the new model to make predictions over the South Coast Air Basin (SoCAB) in 127 
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California and the eastern United States (US). Here, we use the UCD/CIT-SOM model to 128 

investigate the influence of constrained multi-generational oxidation on the mass concentrations 129 

and properties of SOA and contrast those results against predictions from a traditional two-130 

product model and an unconstrained multi-generational oxidation model.  131 

 132 

2. Model Description and Simulations 133 

2.1. Air Quality Model 134 

The UCD/CIT air quality model is a regional chemical transport model (CTM) (Kleeman 135 

and Cass, 2001) used here to simulate SOA formation for two geographically-distinct domains 136 

and time periods: (1) the state of California simulated at a grid resolution of 24 km followed by a 137 

nested simulation over the SoCAB at a grid resolution of 8 km from July 20 to August 2, 2005, 138 

and (2) the eastern half of the US simulated at a grid resolution of 36 km from August 20th to 139 

September 2nd, 2006. Details about the latest version of the UCD/CIT model are provided in 140 

Jathar et al. (2015)Jathar et al. (accepted for publication) and summarized in Table S.1. Briefly, 141 

anthropogenic emissions for California were based on the California Regional PM10/PM2.5 Air 142 

Quality Study (CRPAQS) inventory of 2000 but scaled to match conditions in 2005. FINN (Fire 143 

Inventory for National Center for Atmospheric Research) (Wiedinmyer et al., 2011) and 144 

MEGAN (Model of Emissions of Gases and Aerosols from Nature) (Guenther et al., 2006) were 145 

used to calculate wildfire and biogenic emissions in California. Anthropogenic and wildfire 146 

emissions for the eastern US were based on the 2005 National Emissions Inventory (NEI), and 147 

biogenic emissions were estimated using BEIS (Biogenic Emissions Inventory System) version 148 

3. Hourly meteorological fields were generated using the Weather Research and Forecasting 149 

(WRF) v3.4 model (www.wrf-model.org). National Center for Environmental Protection’s NAM 150 

(North American Mesoscale) analysis data were used to set the initial and boundary conditions 151 

for WRF. Gas- and particle-phase initial and hourly-varying boundary conditions were based on 152 

the results from the global model MOZART-4/NCEP (Emmons et al., 2010). Gas-phase 153 

chemistry was modeled using SAPRC-11. In all simulations, POA was treated as non-volatile, 154 

yet absorptive, as per the treatment in the regulatory Community Multiscale Air Quality 155 

(CMAQ) version 4.7 model (Carlton et al., 2010). As such, contributions of semi-volatile and 156 

intermediate volatility organic compound emissions (which are commonly assumed to originate 157 

http://www.wrf-model.org/


from the evaporation of and co-emitted with POA) to the SOA burden were not considered in 158 

this study. 159 

 160 

2.2. SOA Models 161 

Four types of SOA models are compared in this work: (1) A “Base” two-product model 162 

that is equivalent to the SOA model used in CMAQ and representative of SOA models used in 163 

most chemical transport (Carlton et al., 2010) and global climate models (Henze et al., 2008); (2) 164 

A modified version of the Base model, “BaseM”, which uses the two-product framework, but in 165 

which the SOA formation parameters were determined using newer chamber data; (3) A “SOM” 166 

model (Cappa and Wilson, 2012) in which multi-generational oxidation is accounted for through 167 

semi-explicit representation of progressive generations of gas-phase oxidation of the products 168 

and precursors of SOA, and that was parameterized based on the same dataset as the BaseM 169 

model; (4) A “cascading” oxidation model, wherein ageing of semi-volatile products was 170 

accounted for a posteriori using ageing rates derived from separate experiments.  All of the SOA 171 

models utilize fully dynamic gas/particle partitioning for OA species as in Kleeman and Cass 172 

(2001) . The following sub-sections describe the four SOA models. To aid the reader, a 173 

conceptual schematic comparing various SOA models (e.g. 2-product, SOM, VBS) is provided 174 

in Figure. S.1. 175 

 176 

2.2.1. Base 177 

The Base model simulated SOA formation as per the pathways and parameters in CMAQ 178 

model version 4.7 (Carlton et al., 2010) from the following gas-phase precursors: long alkanes 179 

(ALK5), benzene (BENZENE), low-yield aromatics (ARO1), high-yield aromatics (ARO2), 180 

isoprene, monoterpenes (TRP1) and sesquiterpenes (SESQ). The species in parentheses are the 181 

model species representing those compounds in SAPRC-11 (the gas-phase chemical mechanism 182 

used here). The pathways considered include: (1) oxidation of the above-mentioned precursors to 183 

form non-reactive semi-volatile products that partition into the particle-phase (Odum et al., 1996) 184 

(the so-called two-product model, where model parameters were previously determined from 185 

fitting chamber data); (2) acid enhancement of isoprene SOA (Surratt et al., 2007). SOA 186 

formation from aromatics is NOx dependent; low levels of NOx result in higher SOA formation 187 

and vice-versa. The Base model was extended to include particle-phase oligomerization 188 



(Kalberer et al., 2004), for which particle-phase semi-volatile components were converted to 189 

non-volatile components with koligomer = 9.6 x 10-6 s-1. In summary, the Base model was run in 190 

two configurations, with and without oligomerization reactions: Base and Base-OLIG.  191 

 192 

2.2.2. Base Modified 193 

The “modified” version of the Base model, termed “BaseM” was created to facilitate a 194 

true evaluation of multi-generational oxidation in a two-product model framework.  The BaseM 195 

model: (1) used recent chamber data (Jathar et al., 2015) from California Institute of Technology 196 

to determine alternate two-product model parameters; and (2) did not include acid-catalyzed 197 

enhancement of isoprene SOA and oligomerization reactions. The two-product fit parameters 198 

and data sources are listed in Table S.2. Note that the “long alkane” BaseM parameterization has 199 

been developed using experimental results for SOA formation from n-dodecane (Loza et al., 200 

2014). 201 

 202 

2.2.3. Statistical Oxidation Model 203 

The SOM parameterizes multi-generational oxidation using a two-dimensional carbon-204 

oxygen grid to track the evolution of gas- and particle-phase organic products arising from the 205 

oxidation of SOA precursors (Cappa and Wilson, 2012;Cappa et al., 2013;Zhang et al., 2014). 206 

This evolution through the SOM grid is VOC-specific and defined by six parameters: (P1-P4) 207 

yields of the four products that add 1, 2, 3, and 4 oxygen atoms, respectively, without 208 

fragmentation; (P5) the probability of fragmentation; and (P6) the decrease in vapor pressure (or 209 

volatility) of the species per addition of oxygen atom. Details of the implementation and 210 

parameterization of the SOM model in the UCD-CIT are presented in (Jathar et al., 2015)Jathar 211 

et al. (accepted for publication). Briefly, six SOM grids with precursor-specific parameter sets 212 

were used to represent SOA formation from the same precursor classes in the Base model. 213 

Parameter sets were separately determined from high NOx (low yield) and low NOx
 (high yield) 214 

chamber data as the SOM in its current configuration cannot yet account for continuous variation 215 

in NOx. The SOM parameters were completely determined from explicit fitting to chamber data 216 

where the number of fit data points greatly exceeded the number of fitting parameters (6).  Thus, 217 

the SOM model will be referred to as “constrained” multi-generational oxidation. The SOM 218 

parameters and data sources are listed in Table S.3. 219 



The SOM model parameters used in the present study were determined without 220 

accounting for losses of vapors to chamber walls, which can lead to a substantial underestimation 221 

of the actual SOA formation potential of a given precursor (Matsunaga and Ziemann, 222 

2010;Zhang et al., 2014). A companion paper evaluates vapor wall-loss effects on the SOM 223 

results (Cappa et al., 2015). The SOM parameter fits were derived using dynamic gas-particle 224 

partitioning assuming an accommodation coefficient of unity, which tends to minimize the 225 

influence of vapor wall loss (McVay et al., 2014), and thus represents a conservative lower 226 

bound of SOA formation. The SOM model was additionally extended to consider the influence 227 

of oligomerization reactions by allowing irreversible conversion of particle-phase SOM species 228 

into a single non-volatile species using the same koligomer as in the Base model, referred to as 229 

SOM-OLIG. Oligomerization reactions were added a posteriori to the SOM model, i.e. 230 

oligomerization reactions were not included as part of the data fitting and parameter 231 

determination and are included in the present study only as a sensitivity case. 232 

 233 

2.2.4. Cascading Oxidation Model 234 

Additional simulations were performed using a contemporary multi-generational 235 

oxidation scheme, the Cascading Oxidation Model (COM). The COM builds on the two-product 236 

Base model but allows for additional reaction of the semi-volatile products using the scheme of 237 

Baek et al. (2011). Briefly, the two semi-volatile products from a given precursor react with OH, 238 

with the highest volatility product converted into the lowest volatility product and the lowest 239 

volatility product converted to a non-volatile product (see SI Section on Cascading Oxidation 240 

Model). Like most other schemes that have thus far been used to represent multi-generational 241 

oxidation of SOA from traditional VOCs in 3-D models (Lane et al., 2008), COM does not 242 

consider fragmentation reactions, is not fit or constrained to experimental data, and adds these 243 

ageing reactions on top of an existing parameterization. The COM model will be referred to as 244 

“unconstrained” multi-generational oxidation. 245 

 246 
Table 1: Simulations performed in this work. 247 
Simulation Description 
Base Equivalent to Carlton et al. (2010) without oligomerization 
Base-OLIG Equivalent to Carlton et al. (2010) 
BaseM (low yield) two-product model using new high NOx data (low yield) 
BaseM (high yield) two-product model using new low NOx data (high yield) 



SOM (low yield) New high NOx data, no vapor wall losses 
SOM (high yield) New low NOx data, no vapor wall losses 
SOM-OLIG (low yield) and 
SOM-OLIG (high yield) SOM with inclusion of oligomerization 

COM Base-OLIG model with added ageing reactions 
 248 
 249 
2.3. Simulations 250 

Table 1 lists the simulations performed in this work. We performed two simulations with 251 

the Base model (with and without oligomerization), two with the BaseM model (low and high 252 

yield), four with the SOM model (low and high yield and with oligomerization accounted for) 253 

and one with the COM model. These nine simulations were performed for both domains: SoCAB 254 

and the eastern US. Simulations were performed for 19 days with the first 5 days used for spin 255 

up. For the SoCAB, each simulated day using the SOM required approximately 4 h of elapsed 256 

time (on 40 Intel i5-3570 processor cores) so a 19-day episode was simulated in less than 4 days. 257 

For the eastern US, each simulated day required approximately 9 h of elapsed time so a 19-day 258 

episode was simulated in about 8 days. The SOM simulations were approximately four times 259 

slower than the BaseM simulations on account of the large number of model species. 260 

 261 

3. Results 262 

3.1. Base versus BaseM 263 

Although the main focus of the present study is on understanding the role of multi-264 

generational oxidation in SOA models, it is useful to begin by considering differences between 265 

the predictions from Base and BaseM (two-product parameters fit to more recent data sets). The 266 

14-day averaged, precursor-resolved SOA concentrations at two sites in the SoCAB (Los 267 

Angeles: urban, Riverside: urban outflow) and at two sites in the eastern US (Atlanta: urban, 268 

Smoky Mountains: remote) from Base and BaseM are compared in Figure 1. Base model 269 

predictions of total semi-volatile SOA concentrations (i.e. SOA exclusive of oligomers) at all 270 

four sites are similar to the BaseM (low yield) model predictions that were parameterized using 271 

high-NOx chamber data. This outcome is perhaps not surprising at Los Angeles, Riverside and 272 

Atlanta since these urban areas have higher NOx levels and, correspondingly, the Base 273 

simulations effectively used high-NOx parameters. While there are slight increases in SOA from 274 

some precursors and decreases from others, BaseM, in comparison to Base, predicted negligible 275 



contributions from alkane SOA. The general agreement between Base and BaseM (low yield) in 276 

rural/remote areas like the Smoky Mountains (where more than three-quarters of the SOA comes 277 

from terpene oxidation) also resulted from increases in SOA from some precursors and decreases 278 

from others. These precursor-specific differences are a result of slight differences between the 279 

two-product yields for these species in Base (Carlton et al., 2010) and BaseM. The comparison 280 

between Base and BaseM suggests that while the newer data might not dramatically affect the 281 

SOA concentrations in high-NOx (or urban) areas — at least those that still have marginal 282 

biogenic contributions — the newer data could increase SOA concentrations (factor of ~2) in 283 

low-NOx (or rural/remote) areas. One important difference is that the BaseM parameterizations 284 

for mono- and sesquiterpenes indicate a NOx dependence, whereas the Base parameterizations 285 

have no NOx dependence for these compounds. This has implications for the assessment of 286 

anthropogenic influences on biogenic SOA and whether biogenic SOA can, to some extent, be 287 

controlled (Carlton et al., 2007).  Further, the substantial decrease in alkane SOA concentrations 288 

in BaseM compared to Base suggests that the Base alkane parameterization might be over-289 

predicting SOA formation from alkanes, at least those that make up ALK5, making it an even 290 

smaller fraction of the total SOA mass.  291 

 292 

3.2. Effect of Constrained Multi-Generational Oxidation 293 

3.2.1. SOA Concentrations 294 

Predictions from BaseM and SOM, which were parameterized using the same data, were 295 

used to investigate the influence of multi-generational oxidation. Domain-wide, 14-day averaged 296 

SOA concentrations from BaseM and SOM for the SoCAB and for the eastern US, along with 297 

the ratio of the SOA concentrations between SOM and BaseM, are shown in Figure 2. The SOA 298 

concentrations presented are averages of the low-yield and high-yield simulations.  299 

Consideration of either the low-yield or high-yield simulations individually affects the details, 300 

but not the general conclusions about multi-generational oxidation below, even though the SOA 301 

mass concentrations from the high-yield simulations are typically 2-4 times larger than from the 302 

low-yield simulations (see Figure S.21). In both the SoCAB and the eastern US, the predicted 303 

spatial distribution of SOA is generally similar between BaseM and SOM, with only minor 304 

differences evident in some locations. For the SoCAB, the SOA concentrations in SOM are 305 

somewhat lower everywhere compared to BaseM, by 10-20% in the Los Angeles metropolitan 306 



area (marked by a red box) and by about 20-30% in regions dominated by biogenic SOA (e.g., 307 

Los Padres National Forest located in the northwest corner of the simulated domain). Similarly, 308 

the SOM predictions for SOA concentrations in the eastern US are 0-20% lower than BaseM 309 

predictions over most of the domain. The urban versus biogenic difference was not evident, 310 

probably owing to a coarser grid resolution (36 km for the eastern US versus 8 km for the 311 

SoCAB). It appears that multi-generational oxidation does not dramatically increase (from 312 

additional functionalization reactions) or decrease (from additional fragmentation reactions) the 313 

total SOA concentrations formed from the precursor compounds considered in either region. 314 

In Figure 1, at all sites, the SOM SOA concentrations are roughly the same or slightly 315 

higher than the BaseM SOA concentrations for the low-yield simulations but consistently lower 316 

for the high-yield simulations, by 18-25%. When averaged, the SOM SOA concentrations are 317 

slightly lower than the BaseM simulations, largely due to the lower predictions of SOA from 318 

mono-terpene and sesquiterpenes in the SOM high yield simulations. The low- versus high-yield 319 

distinction suggests that the SOM-predicted SOA is probably similar to BaseM-predicted SOA in 320 

urban areas (low yield or high NOx) but lower in rural/remote areas (high yield or low NOx). 321 

The seemingly limited influence of multi-generational oxidation on total SOA 322 

concentrations runs counter to the findings from previous work that suggests multi-generational 323 

oxidation is an important source of SOA (Robinson et al., 2007;Murphy and Pandis, 2009;Baek 324 

et al., 2011;Fast et al., 2014;Dzepina et al., 2009). However, these previous efforts accounted for 325 

multi-generational VOC oxidation by adding ageing reactions for semi-volatile products on top 326 

of an existing parameterization, similar to the COM model, and thus may suffer from “double 327 

counting” to some extent (we will return to this point later). These results also indicate that the 328 

two-product model parameterization inherently captures some of the influence of multi-329 

generational oxidation, at least over the timescales and conditions relevant for the SoCAB and 330 

the eastern US. This can be understood by considering that, although the two-product model 331 

assumes non-reactive products, the chamber-observed SOA formation is dependent on 332 

production from all reaction generations, even at short oxidation lifetimes (half to a full day of 333 

photochemistry); the extent to which multi-generational oxidation influences the two-product fit 334 

parameters will depend on the extent to which later generation products are responsible for the 335 

actual SOA formation in a given experiment. In summary, it is possible that the chamber-336 

observed SOA formation accounts for the majority of the multi- generational oxidation reactions 337 



that contribute to SOA mass and hence, a two-product approach to model SOA formation would 338 

already include the mass-enhancement associated with multi-generational oxidation. However, 339 

such a two-product model may not necessarily accurately represent the chemical composition of 340 

SOAIn summary, it is possible that the chamber-observed SOA formation accounts for the 341 

majority of the multi-generational oxidation reactions that contribute to SOA mass (but not 342 

necessarily to SOA composition) and hence, a two-product approach to model SOA formation 343 

would already include the mass-enhancement associated with multi-generational oxidation.  344 

The behavior of SOM vs. BaseM predictions is similar in the SoCAB and the eastern US, 345 

with minor differences likely related to the size of the domain and the average atmospheric 346 

lifetime of the simulated SOA, differences in the evolution of SOA from the various precursors, 347 

and the dominance of certain precursors in different domains. These precursor-specific SOA 348 

concentrations are visualized in Figure 1 and listed as domain-wide averages in Table S.4. These 349 

results indicate that SOM typically produced more SOA from alkanes (although very little 350 

overall) but less from terpenes and isoprene in both the SoCAB and the eastern US, compared to 351 

BaseM. For aromatics and sesquiterpenes the concentrations are generally similar between the 352 

two models, although slightly greater for sesquiterpenes for the eastern US SOM simulations. 353 

The use of the SOM model that inherently accounts for multi-generational oxidation leads to 354 

more SOA mass for some compounds (due to enhanced functionalization) but less SOA mass for 355 

others (due to fragmentation) compared to a static representation of the semi-volatile products. 356 

SOA concentrations in chamber photooxidation experiments have been observed to decrease at 357 

longer times for some VOCs, notably isoprene (Chhabra et al., 2011) and alpha-pinene (Henry 358 

and Donahue, 2012). Such behavior is captured by SOM but not by BaseM, which does not 359 

account for fragmentation.  Consequently, SOA concentrations in BaseM can never decrease 360 

from reactions. The general similarity in the total simulated SOA from BaseM and SOM results 361 

in large part from offsetting trends associated with different SOA precursors. This suggests that 362 

the use of constrained multi-generational oxidation SOA models, such as SOM, over two-363 

product models may help to provide a clearer picture of the sources of SOA in a given region, 364 

even if the different modeling approaches lead to similar total SOA mass concentrations. 365 

The simulated total OA concentrations (POA+SOA) are compared to ambient OA 366 

measurements made at the STN (Speciated Trends Network) and IMPROVE (Interagency 367 

Monitoring of Protected Visual Environments) air quality monitoring sites in the SoCAB and the 368 



eastern US. (IMPROVE sites tend to be remote and with lower OA concentrations compared to 369 

STN sites, which tend to be more urban.) Table 2 lists statistical metrics of fractional bias and 370 

fractional error that capture model performance for OA for all simulations for both domains at 371 

the STN and IMPROVE sites. The simulated SOA fraction of total OA differs greatly between 372 

the SoCAB (~10%) and the eastern US (~80%). Consequently, changes in the amount of SOA 373 

simulated will have a larger influence on the total OA in the eastern US, and thus on the 374 

comparison with observations. Despite these differences, there is no substantial change in model 375 

performance between Base, BaseM and SOM in either domain, with all simulations under-376 

predicting the total OA. In contrast, COM, which leads to substantial increases in the simulated 377 

SOA mass concentrations within both domains (see Section 3.3), improved model performance 378 

at the STN and IMPROVE sites for the SoCAB and at the STN sites for the eastern US.   379 

 380 

Table 2: Fractional bias and fractional error at STN and IMPROVE sites for the SoCAB and the 381 
eastern US for the Base, BaseM (average of low- and high-yield), COM and SOM (average of 382 
low- and high-yield) simulations. Green, yellow, and orange shading represent ‘good’, ‘average’ 383 
and ‘poor’ model performance (Boylan and Russell, 2006). 384 

Simulation 

SoCAB Eastern US 
STN IMPROVE STN IMPROVE 
Frac. 
Bias 

Frac. 
Error 

Frac. 
Bias 

Frac. 
Error 

Frac. 
Bias 

Frac.  
Error 

Frac. 
Bias 

Frac.  
Error 

Base -62 62 -34 43 -78 89 -10 57 
BaseM -61 62 -30 41 -78 87 -8 57 
SOM -62 63 -33 43 -80 89 -12 55 
COM -28 43 27 50 3 61 85 92 
 385 

3.2.2. SOA Volatility 386 

 The effective volatility of the SOA was characterized for the Base, BaseM and SOM 387 

simulations. SOA volatility influences the sensitivity of the SOA to dilution and temperature 388 

changes. Since Base, BaseM and SOM use model species that have very different volatilities, as 389 

characterized by the species saturation concentration, C*, volatility distributions were developed 390 

in which individual species are grouped into logarithmically spaced bins of effective C*, referred 391 

to as volatility basis set-equivalent (VBSeq) distributions (Donahue et al., 2006). In Figure 3(a,c), 392 

we show the normalized, episode-averaged VBSeq distributions of SOA at Los Angeles and 393 

Atlanta for the Base, BaseM and SOM simulations. Qualitatively, the SOA VBSeq distributions 394 

for Base and BaseM are similar, with the bulk of the gas+particle mass being in the C* = 1 to 395 



1000 µg m-3 range. In sharp contrast, the SOA volatility distribution for the SOM simulation had 396 

a substantial fraction of SOA mass in the C* = 0.0001 to 1 µg m-3 range, much lower than the 397 

Base/BaseM simulations. At atmospherically-relevant OA concentrations (1-10 µg m-3), the 398 

mass in these low C* bins would be exclusively in the particle-phase.  399 

 It is not possible to compare the simulated volatility distributions to ambient observations 400 

since direct measurement of volatility distributions has not been demonstrated for such low C* 401 

species. However, the effective volatility of SOA particles has been experimentally assessed by 402 

considering the response of particles to heating in a thermodenuder (Cappa and Jimenez, 403 

2010;Huffman et al., 2009). High volatility species generally evaporate at lower temperatures 404 

than low volatility species. The theoretical response of the predicted SOA mass, expressed as the 405 

mass fraction remaining (MFR), to heating in a thermodenuder over the range 25 to 105 °C was 406 

simulated using the model of Cappa (2010). The C* values varied with temperature according to 407 

the Clausius-Clapeyron equation and the enthalpy of vaporization was assumed to be a function 408 

of C* with Δ𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 = 131 − 11 × 𝑙𝑙𝑙𝑙𝑙𝑙10𝐶𝐶∗ (Grieshop et al., 2009b;Epstein et al., 2010). (See SI 409 

section Thermodenuder Model.) We plot the results in Figure 3(b,d). At both Los Angeles and 410 

Atlanta, differences in the predicted SOA volatility are quite evident. In general, the effective 411 

SOA volatility was higher in the Base and BaseM simulations than in the SOM simulations. The 412 

SOA from the Base and BaseM simulations is almost entirely evaporated when heated to 70 °C, 413 

and some evaporation occurs even at 25 °C as a response to vapor stripping in the denuder. In 414 

contrast, the SOA from the SOM simulations did not entirely evaporate until 100 °C and exhibits 415 

a more gradual decrease with temperature. The SOM-simulated SOA TD evaporation is much 416 

more similar to the behavior observed in both laboratory experiments and field assessments of 417 

SOA volatility (Cappa and Jimenez, 2010;Huffman et al., 2009;Lee et al., 2010). This suggests 418 

that SOM is producing SOA with more physically realistic properties even though the 419 

Base/BaseM and SOM simulations produced similar SOA concentrations. 420 

 421 

3.2.3. Influence of Oligomerization 422 

The Base-OLIG model includes an oligomerization pathway in which semi-volatile, 423 

condensed-phase material is converted to a non-volatile, yet absorptive material on a fixed 424 

timescale. This effectively “pumps” semi-volatile vapors to the particle phase and leads to 425 

increased SOA concentrations. It has the additional effect of making the SOA less sensitive to 426 



dilution and changes in temperature. To examine the influence of oligomerization, Figure 4 4 427 

shows predictions of the precursor-resolved SOA concentrations from the Base, Base-OLIG, 428 

SOM and SOM-OLIG simulations for Los Angeles and Riverside, CA. The total SOA 429 

concentrations in Base-OLIG are ~60% higher than Base but the SOA concentrations in SOM-430 

OLIG were only ~14% higher than SOM. This difference can be understood through the 431 

differences between the SOM and Base volatility distributions for semi-volatile species. For the 432 

Base model, a large fraction of the oxidation products have C* > 1 µg m-3, and thus a sizable 433 

fraction is in the gas-phase. This gas-phase material can be viewed as potential SOA, and as 434 

oligomers are formed this material is converted to actual SOA. For SOM, much of the material 435 

has C* ≤ 1 µg m-3, and thus most of it is already in the particle phase. Consequently, when it is 436 

converted to oligomers only a marginal influence on the total SOA concentration results. 437 

Overall, it is evident that the influence of oligomerization on simulated SOA concentrations is 438 

tightly linked to the semi-volatile product distribution. This may influence the timescales of SOA 439 

formation, since in SOM production of lower volatility material is related to the timescales of 440 

gas-phase oxidation, whereas in Base, the specified oligomerization rate coefficient, which is 441 

largely under-constrained, controls the timescale of low (essentially non-) volatile material. 442 

 443 

3.3. Comparing Constrained Multi-generational Oxidation to 444 

Unconstrained Schemes 445 

The 14-day averaged SOA concentrations from the COM, Base, and SOM simulations 446 

for the SoCAB and the eastern US are compared in Figure 5. Recall that COM allows for 447 

conversion of the semi-volatile products in the Base model to lower-volatility products on top of 448 

the original 2-product parameterization.  The COM simulations predict a factor of 4 to 8 increase 449 

in SOA concentrations over the Base and SOM simulations, attributable to the production of 450 

low-volatility and non-volatile SOA from the added oxidation reactions. Because COM, like 451 

many ad hoc ageing schemes (Simon and Bhave, 2011;Robinson et al., 2007;Pye and Seinfeld, 452 

2010;Baek et al., 2011), lacks fragmentation and adds ageing reactions on top of an existing 453 

parameterization, and with sufficient oxidation all semi-volatile products will be converted into 454 

non-volatile SOA.  This means that the ultimate SOA mass yield is equal to the sum of the mass 455 

yields of the individual products, independent of their vapor pressures. Given that SOM 456 

inherently accounts for multi-generational oxidation as part of the model parameterization, this 457 



comparison clearly suggests that the unconstrained schemes used in the COM simulations form 458 

too much SOA and that such schemes are not truly representative of multi-generational oxidation 459 

in the atmosphere.  460 

Some previous studies have defended the use of a COM-type model because its 461 

implementation improved model performance (Lane et al., 2008;Murphy and Pandis, 462 

2009;Shrivastava et al., 2008), as was also observed here (Table 2). However, given that COM-463 

type models remain generally unconstrained and have been inconsistently applied to different 464 

VOC precursor types (e.g. ageing of anthropogenics but not biogenics) (Farina et al., 2010;Lane 465 

et al., 2008;Murphy and Pandis, 2009), and since recent testing of a COM-type scheme in the 466 

laboratory demonstrated that such schemes do, indeed, lead to over-prediction of SOA mass 467 

concentration (Zhao et al., 2015), we suggest that this apparently improved agreement is more 468 

likely fortuitous than a true indication of improved representation of atmospheric chemistry.  It 469 

should be noted that the current study specifically assesses the performance of a COM-type 470 

model on the SOA production from traditional VOCs only, exclusive of potential contributions 471 

of IVOCs and semi-volatile POA vapors to the SOA burden. Previous studies that have 472 

examined the influence of multi-generational oxidation of traditional VOCs using COM-type 473 

models have typically combined the effects of VOC ageing and IVOC and POA vapor oxidation 474 

(e.g. Murphy and Pandis (2009);Jathar et al. (2011)}) together and have not investigated the role 475 

of each process separately Previous studies that have examined the influence of multi-476 

generational oxidation of traditional VOCs using COM-type models have typically not isolated 477 

the effects of VOC ageing from IVOC and POA vapor oxidation40, 42, 54. Consequently, our 478 

results, which isolate the influence of using a COM-type oxidation scheme, suggest COM-type 479 

models may be inappropriate for use in regional air quality models even though they can lead to 480 

improved model/measurement comparison (Table 2). They also imply that models that employed 481 

COM-like schemes have potentially underplayed the role of other important OA formation 482 

pathways such as aqueous (aerosol, fog, cloud) processing of water-soluble organics (Ervens et 483 

al., 2011) and particle-surface reactions (Liggio et al., 2005;Shiraiwa et al., 2013). Future work 484 

to integrate semi-volatile POA treatments with constrained multi-generational ageing schemes 485 

like SOM is needed.  486 

 487 
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4. Discussion 488 

 When constrained using the same chamber data, the BaseM (traditional two-product 489 

model that does not resolve multi-generational oxidation) and SOM models predict roughly the 490 

same SOA mass concentrations and spatial distribution for regional air pollution episodes in the 491 

SoCAB and the eastern US. This suggests that the chamber data used to constrain the BaseM and 492 

SOM parameterizations presumably already includes a majority of the SOA mass that would be 493 

attributable to multi-generational oxidation. The extent to which multi-generational oxidation 494 

influences the production of SOA in a given chamber experiment depends on both the volatility 495 

and reactivity of the first-generation products and the time-scale of the experiment (Wilson et al., 496 

2012). If SOA formation is dominated by first-generation products, then explicit accounting for 497 

multi-generational ageing will not be important. Alternatively, if most SOA is formed from 498 

second-generation products with little direct contribution from first-generation products, than a 499 

static representation (such as with the 2-product model) might be sufficient even when multi-500 

generational ageing is, in fact, dominant. But if SOA formation is balanced between 501 

contributions from first, second and later generation products, then the extent to which a static 502 

representation will capture the influence of multi-generational ageing may be highly variable and 503 

sensitive to the experimental conditions and number of oxidation lifetimes. Consequently, the 504 

appropriateness of extrapolating static model parameterizations to longer (global atmospheric) 505 

timescales remains unclear. The results presented here indicate that the 2-product model does 506 

capture the influence of multi-generational ageing as part of the parameterization in terms of 507 

mass concentration, at least for the regional episodes considered, but it is also apparent that the 508 

simulated SOA properties (e.g. volatility) and the explicit contributions of various SOA types are 509 

not fully captured by such simple models.  510 

The BaseM and SOM simulations show that the SOA concentrations in the SoCAB and 511 

eastern US vary by a factor of two when using parameterizations developed from low vs. high 512 

NOx chamber experiments. Hence, we can argue that for the present simulations NOx 513 

dependence is a much more important factor for SOA production than multi-generational 514 

oxidation. While most 3D3-D models include schemes to simulate the NOx dependence of SOA 515 

formation, these schemes remain ad hoc as they are based on limited experimental measurements 516 

and also rely on the ability of the model to accurately predict radical concentrations (RO2, HO2) 517 

or VOC-to-NOx ratios. In this work, the model predictions from the low- and high-yield 518 



simulations capture bound the NOx-dependent uncertainty in SOA concentrations and we 519 

recommend that future work examine this issue in much more detail.  520 

SOM predicts a modestly different composition of SOA than BaseM despite similar total 521 

mass concentrations of SOA. The composition predicted by SOM has a slightly higher 522 

contribution from alkanes, aromatics (anthropogenic) and sesquiterpenes and a lower 523 

contribution from isoprene and monoterpenes. These modest differences in the predicted 524 

composition of SOA have implications for understanding the sources of ambient aerosol and 525 

eventually the regulation of these sources to achieve compliance with National Ambient Air 526 

Quality Standards (NAAQS). These more accurate SOA predictions resolved by chemical 527 

families should be tested in epidemiological studies to determine if they are associated with 528 

adverse health effects.  Additionally, SOM predicted a much lower-volatility SOA than BaseM, 529 

and SOM predictions are in better qualitative agreement with ambient thermodenuder 530 

measurements of OA volatility. Since the SOA has a much lower volatility, there is very little 531 

enhancement (10-15%) with the inclusion of oligomerization reactions, implying that while 532 

oligomerization might affect composition, it may not be a source of additional SOA formation as 533 

the Base model suggests.  534 

In this work, we consider POA as non-volatile and non-reactive and do not consider SOA 535 

contributions from IVOCs or semi-volatile POA vapors. Oxidation of IVOCs and semi-volatile 536 

POA vapors (i.e. SVOCs) can lead to the production of new SOA mass, but evaporation of POA 537 

leads to a decrease in the total OA mass. To some extent, these effects are offsetting (especially 538 

for SVOCs, which do not contribute new carbon mass to a model). To the extent that the loss of 539 

POA is balanced exactly by the formation of SOA from IVOCs and ‘recycling’ of semi-volatile 540 

POA vapors, the simulations here represent a scenario in which the total OA mass is conserved, 541 

although possibly with the wrong spatial distribution (Robinson et al., 2007). Most efforts to 542 

incorporate SOA formation from IVOCs and SVOCs have simulated their oxidation using a 543 

version of the VBS model in which multi-generational ageing is implicit, but highly 544 

underconstrained and structured in such a way that the ultimate (long time) SOA yield is greater 545 

than unity because all mass is converted to low-volatility products and oxygen addition is 546 

assumed. The SOM framework provides a way to explicitly account for the influence of multi-547 

generational chemistry in SOA formation experiments that include semi-volatile POA vapors 548 

and IVOCs (Gordon et al., 2014a;Gordon et al., 2014b;Gordon et al., 2013;Grieshop et al., 549 
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2009a;Grieshop et al., 2009b;Hennigan et al., 2011;Miracolo et al., 2011;Miracolo et al., 550 

2012;Platt et al., 2013;Platt et al., 2014;Nordin et al., 2013;Chirico et al., 2010;Heringa et al., 551 

2011;Tkacik et al., 2014), and thus should be useful for constraining the contribution of these 552 

compound classes to the ambient OA budget. In addition, the simulations here do not consider 553 

the influence of vapor wall losses on SOA formation. Such losses can influence SOA yields in 554 

chambers, and consequently the parameterizations that result from fitting of such chamber data. 555 

The influence of vapor wall losses on simulated ambient SOA and OA concentrations within the 556 

SOM framework is examined in a companion paper (Cappa et al., 2015). Ultimately, models like 557 

the SOM can be applied to chamber experiments to better understand the role and contribution of 558 

POA, IVOCs and vapor wall-losses to total OA. In this work, we consider POA as non-volatile 559 

and non-reactive and do not consider SOA contributions from IVOCs. Barring spatial 560 

differences, we have simulated a scenario where the evaporation of POA mass is balanced by the 561 

SOA mass arising from ‘recycling’ POA and IVOC oxidation. Regardless, neither of those 562 

considerations influences the conclusions from this work. Rather, they imply that chamber 563 

experiments that include emissions of POA and IVOCs (Gordon et al., 2014a;Gordon et al., 564 

2014b;Gordon et al., 2013;Grieshop et al., 2009a;Grieshop et al., 2009b;Hennigan et al., 565 

2011;Miracolo et al., 2011;Miracolo et al., 2012;Platt et al., 2013;Platt et al., 2014;Nordin et al., 566 

2013;Chirico et al., 2010;Heringa et al., 2011;Tkacik et al., 2014) already include SOA products 567 

from their multi-generational oxidation. Furthermore, we do not consider the influence of vapor 568 

wall-losses on SOA formation. Models like the SOM need to be applied to chamber experiments 569 

to better understand the role and contribution of POA, IVOCs and vapor wall-losses to total OA.  570 

 Finally, the comparison between the constrained SOM and the under-constrained COM 571 

(commonly used in large-scale models) suggests that COM may be double counting SOA 572 

formation.  These simple ageing schemes should be refit to chamber data where all parameters 573 

can be matched to observed trends in a self-consistent manner.   574 

 575 
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Figure Captions 862 
 863 
Figure 1: 14-day averaged SOA concentrations at Los Angeles (a), Riverside (b), Atlanta (c) and 864 
Smoky Mountains (d) for the Base, BaseM, and SOM simulations resolved by the precursor/ 865 
pathway. 866 
 867 
Figure 2: (a-b) 14-day averaged SOA concentrations in SoCAB for the BaseM and SOM 868 
simulations. (c) Ratio of the 14-day averaged SOA concentration from the SOM simulation to 869 
that from the BaseM simulation. The BaseM and SOM results are averages of the low yield and 870 
high yield simulations. Red box indicates urban areas surrounding Los Angeles. 871 
 872 
Figure 3: Volatility distributions of the 14-day averaged gas+particle SOA mass at Los Angeles 873 
(a) and Atlanta (c) for the Base, BaseM and SOM simulations. Thermograms that capture the 874 
volatility of the 14- day averaged gas+particle SOA mass at Los Angeles (b) and Atlanta (d) for 875 
the Base, BaseM and SOM simulations. 876 
 877 
Figure 4: 14-day averaged SOA concentrations in SoCAB (a-c) and the eastern US (d-f) for the 878 
Base, COM and SOM simulations. The SOM results are averages of the low-yield and high-yield 879 
simulations. 880 
 881 
Figure 45: 14-day averaged SOA concentrations at (a) Los Angeles and (b) Riverside for the 882 
Base, Base- OLIG, SOM, SOM-OLIG simulations resolved by the precursor/pathway. 883 
 884 
Figure 54: 14-day averaged SOA concentrations in SoCAB (a-c) and the eastern US (d-f) for the 885 
Base, COM and SOM simulations. The SOM results are averages of the low-yield and high-yield 886 
simulations. 887 
 888 
Figure S.1: Schematic illustrating the differences between some of the different ways of 889 
modeling SOA. From top to bottom: the 2-product model; the COM-type model, i.e. 2-product 890 
with ageing; the VBS as applied to VOCs with no ageing; the VBS as applied to VOCs with 891 
additional ageing; the VBS as applied to S/IVOCs; and the SOM. The black arrows indicate the 892 
production of products directly from the parent VOC and the orange arrows indicate ageing 893 
reactions, i.e. reactions involving product species. For the SOM, all species are reactive and both 894 
functionalization and fragmentation are possible. In the other models that include ageing, only 895 
functionalization reactions are included, i.e. reactions that decrease compound vapor pressures.  896 
 897 
Figure S.12:14-day averaged SOA concentrations in SoCAB for the BaseM and SOM 898 
simulations for the low-yield and high-yield parameterizations. 899 
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Figure 1: 14-day averaged SOA concentrations at 
Los Angeles (a), Riverside (b), Atlanta (c) and 
Smoky Mountains (d) for the Base, BaseM, and 
SOM simulations resolved by the precursor/
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Figure 2: (a-b) 14-day averaged SOA concentrations in SoCAB for the BaseM and SOM simulations. (c) 
Ratio of the 14-day averaged SOA concentration from the SOM simulation to that from the BaseM 
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