
Response to reviewers for the paper “Real­time measurements of secondary organic 
aerosol formation and aging from ambient air in an oxidation flow reactor in the Los 
Angeles area.” – A. Ortega et al. ACPD, 15, 21907–21958, 2015 

We thank the reviewers for their comments on our paper. To guide the review process we have 
copied the reviewer comments​ in black text​. Our responses are in regular blue font. We have 
responded to all the referee comments and made alterations to our paper (​in bold text​).   

Anonymous Referee #1 

R1.0. The authors report a study investigating the aging of ambient air masses using an 
oxidation flow reactor. By exposing the samples in real­time to high OH exposures, they 
replicate the equivalent oxidative aging of 0.8 days to 6 weeks. A clear day/night cycle is 
observed in the enhancement of organic aerosol formation, attributed to the depletion of 
short­lived VOC precursors during daytime photo­oxidation. High reactor exposures were 
associated with a decrease in the SOA formation enhancement as heterogeneous oxidation 
leading to fragmentation and evaporation becomes dominant. The study highlights the 
advantages and insights that may be made by application of traditionally laboratory­based 
instrumentation to a field campaign, which may provide crucial measurements to help constrain 
model predictions of SOA formation. The scope of the study is fully appropriate for publication in 
ACP.  

Overall the manuscript is well­written and insightful. The following comments should be 
addressed to improve the clarity of the manuscript. 

R1.1. The authors should make the outlet configuration in the text (p21915 lines 1­4) and in the 
experimental schematic clearer. How narrow is the residence time distribution using this 
method? Have the “plug­flow” conditions been verified, either experimentally or using fluid 
dynamics simulations? 

The use of “plug flow” was not accurate, what we meant to say is that the residence time 
distribution should be narrower when the inlet plate is removed. We have rephrased this text to 
clarify these issues, and also added results of CFD simulations, as: 

“The configuration with the large inlet strongly reduces recirculation in the reactor and 
narrows the residence time distribution (RTD) (Fig. S1). To further reduce the width of the 
RTD, output flow was sampled from both a central stainless steel 1/4 inch OD tube at 2.0 
L min​−1​ for aerosol measurements and a 3/8 inch OD PTFE Teflon perforated ring with 14 
cm diameter for gas­phase measurements at 2.4 L min​−1​. In addition, Peng et al. (2015) 
has shown that variations in the residence time distribution in the OFR had limited 
impact on the estimated OH​exp​.” 
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Figure S1. Results of computerized fluid dynamics (CFD) simulations comparing two 
OFR configurations. (a) Tube inlet, similar to Lambe et al. (2011); (b) Large open face inlet 
(11.9 cm diameter) as used in this field study. Colors are contours of positive horizontal 
velocity. White regions involve negative horizontal velocities, i.e. recirculation regions. 
The extensive recirculation regions of case (a) are almost completely removed in case 
(b), resulting in a narrower residence time distribution. Simulations were conducted 
using the FLUENT software, using cylindrical symmetry, with air at 1 atm and 293 K. 

R1.2. Explain in more detail the particle loss correction. For instance, what does a “time varying 
way” mean in the context of applying the correction? A figure in the SI showing the uncorrected 
mass concentrations from the ambient and reactor sampling lines would help clarify. Further, 
might the temperature changes in the reactor with the lights on influence wall losses? Any 
temperature perturbation in the chamber should be reported. 

The text describing the particle loss correction has been expanded to read: 

“To correct for the effect of particle losses we compared concentrations measured in the 
reactor output when UV lights are turned off with those measured through the ambient 
inlet. The loss of particle mass in this aluminum reactor is small, of the order of a few 
percent of the ambient concentrations (see also Palm et al., 2016). Losses in an OFR with 
a quartz body were observed to be ~35% in a previous study (presumably due to nearly 
complete loss of charged particles), which led to our use of the all­aluminum reactor. A 
time­dependent correction factor was estimated by comparing each reactor output 
measurement (for each period when the lights were off) with the average of the two 
ambient measurements immediately before and after. This correction is interpolated in 
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time and applied to all reactor output measurements with lights on. The resulting average 
correction was +5.8 %. Although losses may have some size dependence, given the 
broad distributions covering the same size ranges for both ambient air and OFR output, 
and the small magnitude of the correction, this effect has not been considered in detail.” 

This correction seems too small and simple to warrant another supplementary figure.  

We have added the following text to P21915/L18 to describe the second question:  

“The lights are housed in Teflon sleeves which are purged with N​2​ gas to remove heat 
and avoid exposing the lamp surfaces to O​3​ or other oxidants. When operated at full 
power the lights result in an increase of ~2​o​C above ambient conditions. Given the low 
volatility of ambient OA (Huffman et al., 2009; see also Fig. S12 in this paper and 
associated discussion below), very little OA evaporation is expected in the reactor due to 
this heating.”  

R1.3. It seems the OH exposure is established in part by assuming the reactivity of the 
constituents. I’d be interested to see how an appropriate uncertainty placed on the assumed 
rate constant influences the inferred OH exposure. 

OH exposure is calculated using a retrieval in which ambient OH reactivity is an input, as 
detailed in Li et al., (2015).  During CalNex, an ambient direct measurement of total OH 
reactivity by the Stevens Group at the Indiana University was available, as stated on P21916/L9 
of the ACPD manuscript.  In this method, there is no assumption about the rate constants of 
different constituents. Other estimates of OH reactivity were available for the campaign, such as 
OH reactivity based on VOC measurements, but those values were not used due to the 
assumptions the reviewer highlights would be required. The following text has been modified to 
clarify this point: 
 
“The equation uses ambient H​2​O concentration, reactor output O​3​ concentrations, 
residence time, and ambient OH reactivity from collocated measurements (total OH 
reactivity data measurement from the Stevens Group, Indiana University; in this method 
there is no assumption about the rate constants of different constituents).” 

R1.4. In section 2.4, the possible reasons for underestimating SOA are discussed, all 
consequences of the short residence time and high oxidant concentration – (ambient) aerosol 
condensation, wall condensation, further reaction with OH, or reactor exit. The discussion that 
follows on the correction for these is unclear. Is all loss of SVOC by condensation onto aerosol, 
rather than formation of SOA, corrected? For example, at an exposure of 10​12​ (note units on 
x­axis of figure S6), approximately half of the SVOC is lost by condensation onto aerosol. Thus, 
dividing by this gives a correction of a factor 2×, much larger than the 1.2× reported. There is 
some confusion here that should be made clear. 
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We are confused by the reviewer’s question “Is all loss of SVOC by condensation onto aerosol, 
rather than formation of SOA, corrected?”, since condensation onto aerosol and SOA formation 
are the same thing.  

The following text is added to P21918/L9 to clarify: 

“The analyses leading to the correction terms were developed in Palm et al. (2016) and 
are applied here. As Palm et al. (2016) is now published in final form in ACP, we refer 
readers to that manuscript for the full details of the method.” 

The magnitude of the correction is different at different OH​exp​. The factor of x1.2 applies at the 
point of maximum SOA production, while larger corrections apply at higher ages. We have 
modified this text to give typical values as:  

“At OH​exp​ lower than 1×10​12 ​molec cm​−3​ s (∼ 10 days) the dominant LVOC fate (50­75%) is 
condensation to the aerosol (see Fig. S7). At higher OH​exp​, the fate of organic gases is 
dominated (>45%) by loss to reaction with OH rather than condensing on aerosol. LVOC 
lost to the walls (~7%) or exiting the reactor (~2%) play only small roles under the 
conditions of this study, due to the relatively high ambient aerosol surface area.” 

R1.5. In Figure 3, the pie charts display average fractions – are these averages over the whole 
sampling period or just for the time shown in panel b? Why are the inorganic components 
enhanced in the reactor relative to ambient (nitrate in particular)? Does this suggest NOx 
chemistry in the reactor? Does this distribution change as a function of exposure in the reactor? 

The pie charts are made from all data in panel (a), and this has been clarified in the figure 
caption. As stated in the figure caption the reactor data excludes dark reactor, “lights off” 
periods. I.e. periods are included only if OH​exp​ > ambient. We have added the following text for 
clarification on P21920/L1: 

“The fact that the inorganic components are enhanced in the reactor is not surprising but 
expected. SO​2​ and NO​x​ in ambient air are expected to be oxidized to H​2​SO​4​ and HNO​3​ by 
the OH in the reactor, and can then condense onto the aerosols (together with ambient 
NH​3​ for HNO​3​). See e.g. Kang et al. (2007) and Li et al. (2015) for further details.” 

R1.6. The discussion of Ox species suggests the enhancement is brought about due to there 
being less Ox (as stated in reference to the “steep inverse relationship”). Ox results from 
photochemistry, and SOA result from photochemistry. It should be made clearer than Ox as 
discussed here is a proxy for ambient photochemistry, and that Ox itself is not playing a role in 
the reactor (unless I’ve misinterpreted the discussion, in which case I recommend clarifying it). 
Also, the plot in Figure 5 needs appropriate error bars. 

The reviewer’s interpretation is correct. We note that the ACPD text reads (P21922/L7) 
“oxidants are generated internally and are not dependent on ambient Ox.”  To clarify the 
discussion, the following text has been added to P21922/L14:  
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”​As ambient O​x​ is not itself playing a role in reactor aging, but rather is a proxy for 
ambient photochemistry,​ ​these results further confirm that as the degree of ambient 
photochemical processing of the sampled air increases (during daytime), […]​”.  

We have also added the following text to the caption of Figure 5:  

“​Note that ambient O​x​ is not itself playing a role in reactor aging, but rather is a proxy for 
ambient photochemistry.​” 

Figure 5 has been updated with standard error bars for the quantiles and noted in the figure 
caption. The updated figure is shown below: 

 

R1.7. Please clarify line 14, starting “At the same…” on page 21925. 

We have modified the text to include an example for clarity (P21925/L14) as: 

“At the same OH exposure, i.e. 8 days, higher OS​C​ is observed (~1) for conditions of high 
reactor SOA production (ER​OA​~2) compared to no net SOA production (ER​OA​~1, OS​C​~0).” 

R1.8. In Figure 9, the reactor data with wall loss correction and without are binned differently, 
and the uncorrected data spans a wider range on the x­axis. Why is this? 

We note that, as stated in the legend and caption of the figure in the ACPD version,the figure is 
not “wall loss corrected”, but rather “vapor loss corrected” per the discussion in Section 2.4. We 
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have updated the figure legend and caption to say ​“LVOC loss corrected”​ to avoid confusion. 
The updated figure is reproduced below: 

 

As discussed in Section 2.4 of the ACPD version, we state the LVOC loss correction cannot be 
applied when reactor OA is less than ambient OA. The range of LVOC loss­corrected data is 
thus smaller due to this fact. The number of bins was chosen to best illustrate trends of the data 
while not allowing too high an influence of noise, which is observed for high bin numbers. We 
have added the following text to the figure caption to avoid confusion: 

“Note that the LVOC loss correction can only be applied when reactor output OA is larger 
than ambient OA, which reduces the number of datapoints.” 

R1.9. The errors bars used throughout do not appear to be representative of the variance in the 
data. Given that you are reporting on a single sample population, the standard deviation, rather 
than the standard error, is more appropriate. 

The standard error is used when presenting quantile averages of data. For each quantile we 
calculate the average of the X and Y data in that bin. The quantity of most interest is how well 
those averages are known, i.e. the standard error. The full variability of the data can be seen 
from the full 2.5 min dataset in several figures (e.g. Fig. 4, 5, 12). Showing the standard 
deviation as another measure of the full variability of the data would be redundant, would clutter 
the figures, and would prevent showing the more relevant quantity. We have double­checked 
that the error bars are clearly explained as standard errors in all the relevant plots.  

R1.10. On page 21930 line 20, a diameter of 285 nm is reported as the volume averaged value. 
From Figure S7, the average looks like it should be closer to 500nm. Please check this and 
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clarify any difference. Furthermore, for estimating the OH surface flux, the surface­weighted 
diameter should be used. How different are these values? 

Perhaps the reviewer is confusing the two different diameters (​d​va​ and ​d​ve​), which are clearly 
discussed in the main text and in the caption and X­axis label of Figure S8. To avoid confusion, 
the manuscript text has been updated with a reference to the key paper describing their 
relationship, as:  

“Heterogeneous oxidation calculations use surface­weighted diameter calculated from 
the peak of the mass distribution and estimated particle density from AMS components 
(DeCarlo et al., 2004) [...].” 

With a typical material density of 1.45 g cm​­3​ estimated from the composition of this study, ​d​va​ ~ 
density * ​d​ve​ ~ 415 nm.  

The value used in the calculation is an average of all size distribution observations, while only a 
subset of those is shown in (now) Figure S8 for clarity. 

We have modified the calculation using the surface­weighted average diameter, with the results 
discussed in response to comment R3.9 below. 
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Anonymous Referee #2 

R2.0. The authors present results from an experimental study in which the aging of ambient air 
is oxidized using a PAM reactor. This paper demonstrates of the PAM reactor as a tool 
evaluation of SOA formation during field studies. The study and the manuscript are well 
organized and documented and I recommend for publication. However, I have several 
comments (most minor and for my own curiosity) before this manuscript can be accepted for 
publication in Atmospheric Chemistry and Physics. 

Questions: 

Experimental Methods 

R2.1. Page 21914: Line 10: The PAM reactor operates similar to a batch reactor giving you the 
spatial average of oxidized particles rather than with a traditional flow­tube you have particles 
with the same oxidative lifetime. Do you expect this to affect your results? 

We are confused by this comment. The OFR (PAM reactor), at least as used in this study as 
described in the methods section, was used as a flow reactor with a short residence time. Thus 
its output corresponds to the processing of the air present at a given time at the field site, and 
not to a “spatial average.” The relevant text of the methods section in the ACPD version is:  

● (P21914/L15): “Ambient air was continuously sampled in an open flow­through 
configuration via a 14 cm diameter opening with coarse­grid mesh screen coated with an 
inert silicon coating (Sulfinert by SilcoTek, Bellefonte, PA).” 

● (P21915/L6) “The total flow rate through the reactor was 4.4 L min​−1​ corresponding to a 
residence time of 3 min.” 

● (P21915/L19): “Oxidant concentrations in the reactor were stepped in 20 min intervals, 
through six levels (including lights off, i.e. no added oxidants) comprising a two­hour 
cycle (Fig. 2). Only data from the last five minutes of each 20 min period are used, to 
avoid including reactor transient periods.” 

● (P21916/L4): “OH​exp​ was estimated using a calibration equation developed by 
multivariate fitting of the output from a kinetic model of reactor (OFR185) operation, and 
verified against data from several field and laboratory experiments including CalNex (Li 
et al., 2015)” 

Thus it is clear from the text already in the manuscript that the PAM is used here as a flow 
reactor and not a batch reactor. The use of a large inlet opening was also designed to narrow 
the residence time distribution, and this is a difference with how the reactor is run in laboratory 
studies. 

See also the response to comment R1.1. 
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R2.2. Page 21914; Line 10: How long does it take the PAM reactor to reach equilibrium, in other 
words how long does the reactor need in order for complete replacement of particles? (I think 
this is 20 minutes if so please make it clearer in the text) 

As stated in P21915/L6 of the ACPD version: “The total flow rate through the reactor was 4.4 L 
min​−1​ corresponding to a residence time of 3 min.” and (P21915/L19): “Oxidant concentrations in 
the reactor were stepped in 20 min intervals [...]. Only data from the last five minutes of each 20 
min period are used, to avoid including reactor transient periods.”  

We have added the following text at that point to further clarify this issue:  

“Thus, five full residence times have elapsed after changes to the UV lights and before 
starting to sample reactor outputs, to allow full replacement of the contents of the 
reactor.” 

See also response to R2.1, as well as Figure 2 in the ACPD manuscript.  

R2.3. Page 21914; Line 10: Since the output of your photolysis lamps are 254 nm do you expect 
any significant photo­degradgation from any of your organic species of interest? Do you expect 
any of these reactions to lead to SOA formation? 

The possibility of photolysis of gases or aerosols under the light conditions of the flow reactor 
during our specific study has been reported by Peng et al. (2016), which was submitted to 
ACPD shortly after this paper and is now published in final form in ACP. We have added the 
following text to summarize their findings at P21915/L13: 

“Peng et al. (2015) have investigated the possibility of photolysis of gases and aerosol 
species under the OFR conditions. OH reaction dominated the fate of all gases studied. 
Under most conditions in this study, photolysis was estimated to be responsible for only 
several percent of the fractional destruction of the gas­phase primary species most 
susceptible to it (aromatic species) even if photolysis quantum yield was assumed to be 
1. The upper limit of the fractional destruction of possible oxidation intermediates was 
~x2 that of primary species. Photolysis of SOA already present in the atmosphere may 
have played some role at the medium and high UV settings studied here when assuming 
upper limit quantum yields. However, photolysis e­fold decays in the reactor are 
estimated to be orders­of­magnitude lower than for the atmosphere for equivalent OH 
exposures.”   

R2.4. Page 21915; Line 11: Do you expect loss of your compounds to be from ozonolysis rather 
than OH given that O​3​ is being used as the precursor for OH? Were any experiments performed 
using HOOH? Were blank experiments performed to make sure there was not loss from 
photochemistry? 

The reviewer may be confusing our experimental method (in which O​3​ is NOT added to the 
reactor) with the method used in other applications of the PAM reactor, in which O​3​ is added to 
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the reactor as the OH precursor. This was discussed in the experimental section, although 
perhaps not clearly enough. We have clarified the text on P21915/L7 to read: 

“The reactor was used to expose ambient air to high levels of OH and O​3​, produced when 
UV light from two low­pressure mercury lamps (model no. 82­9304­03, BHK Inc., with 
discrete emission peaks at 254 and 185 nm) initiated O​2​, H​2​O and O​3​ photochemistry. This 
mode of operation is referred to as OFR185, and OH is formed from both H​2​O and O​3 
photolysis (Li et al., 2015). In this mode, O​3​ is formed in the reactor but is not added to 
the reactor, contrary to the OFR254 mode that has been used mainly in laboratory 
studies (Peng et al., 2015). Given that most known urban SOA precursors do not react 
with O​3​ (e.g. Hayes et al., 2015), we expect OH to dominate the observed SOA formation. 
Consistent with this, no SOA was formed in test experiments during CalNex when 
ambient air was exposed to O​3​ only without OH.” 

To avoid the possibility of contamination and the possibility of incomplete mixing, we prefer to 
not add anything other than ambient air and UV light to the reactor, whenever possible. We 
have not explored using HOOH as an OH precursor, but that is not necessary given that high 
OH concentrations can be produced from ambient H​2​O photolysis and from the photolysis of O​3 
formed in the reactor.  

R2.5. Page 21916; Line 1: Is there a reason a gas­phase tracer (for example hexane) was not 
used to monitor your OH concentrations? This seems like it would be a more accurate method 
of quantification. 

Using a gas­phase tracer is easy in a laboratory setting, but more difficult when adding to 
ambient air with a large inlet as used here. We have done so successfully on later field 
deployments, e.g. adding CO during the SOAS 2013 field study (Li et al., 2015), but during this 
initial field deployment of the reactor such a tracer delivery and detection system was not 
available.  

It is actually preferable to use the decay of species already present in ambient air, which 
removes the need to mix a flow of the tracer species, thus diluting the ambient air and creating 
the possibility of contamination and additional leaks, as well as additional cost and complexity. 
During CalNex we used ambient SO​2​ measured before and after the reactor to quantify OH​exp​. 
This was only possible during periods of higher SO​2​ concentrations (> 1 ppbv). The 
model­based OH​exp​ estimation equation was fit to the SO​2​ decay data from CalNex as well as to 
data from other studies, and used to estimate OH​exp​ in our study. To clarify this detail we have 
revised the text on P21916/L4 to read: 

“OH​exp​ was estimated using an equation developed by multivariate fitting of the output 
from a kinetic model of reactor (OFR185) operation, and verified against data from 
several field and laboratory experiments (Li et al., 2015). Data from the decay of ambient 
SO​2​ in the OFR during CalNex, which was only reliable during periods with higher 
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ambient SO​2​ concentrations (> 1 ppbv), was used to verify the OH​exp​ estimation 
equation.” 

R2.6. Page 21917; Line 15: Is there a reason why SVOC is not discussed in this manuscript? If 
there is could you please explain some of the issues of quantification of these species? (I 
assumed this will be a topic of an additional paper but this question is more out of curiosity) 

Primary SVOC as precursors of the SOA observed to form in the OFR are discussed in the 
paper, see section 4.3 and Figure 10 (Fig. 11 in the revised version).  

The formation of secondary SVOC in the reactor and their condensation to form SOA are not 
explicitly considered for several reasons. We have revised the text in P21917/L15 to clarify this 
point: 

“Semivolatile organic compounds (SVOC) will also be formed, but we focus this 
discussion on LVOC for several reasons. As shown in Figure S12 (discussed in Section 
4.4), the volatility distribution of the SOA present during CalNex shows very limited 
importance of SVOCs as SOA constituents. Second, discussion and modeling of LVOC 
fate in the reactor is conceptually simpler. Third, the amount of SOA formed in the 
reactor is significantly higher than can be explained by the speciated precursors, 
consistent with other studies (Palm et al., 2016). The assumption of LVOCs results in 
higher SOA formation than if SVOC were assumed, and is thus a the most conservative 
assumption in terms of closure of measured vs. predicted SOA. Thus adding complexity 
to the loss model for species that are likely of limited importance was not a priority for 
our study.” 

R2.7. Page 21918; Line 13: How much loss of LVOC did you measure on the walls or exiting 
the reactor? What is the percentage of wall loss? 

In this study, LVOCs were not measured directly, as instruments such as CIMS were not 
available to us at the time. To clarify this detail, we have modified the manuscript (P21917/L26) 
to read:  

“To account for vapor losses, we follow the modeling method detailed in Palm et al. 
(2016)...” 

See also response to R1.5. 

R2.8. Page 21918; Line 15: What are the rough percentages of LVOC fate of each pathway 
(condensation, wall loss, fragmentation) in each OH concentration regime (low, medium, high)? 

See responses to R1.5 and R2.7. 

Observations 
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R2.9. Page 21919; Line 5: It is explained later in the paper but it would help orient the reader if a 
brief discussion of the type of ambient precursors you might expect at your location? 

We have added the following text to P21919/L9 to clarify this point: 

“The precursors that are expected to be important contributors to SOA at this location 
include aromatic VOCs and semivolatile and intermediate volatility species (mostly 
alkanes and aromatics), with low importance for biogenic species (Hayes et al., 2015).” 

R2.10. Page 21919; Line 25: What type of precursors for SOA do you expect to be depleted in 
the ambient air? 

See response to R2.9, as well as sections 3.3.2 and 4.3 in the manuscript. We feel that 
repeating some additional details here would be confusing.  

R2.11. Page 21920; Line 28: Could the loss of OA be due to the high OH concentrations that 
are forcing chemistry through channels that don’t typically exist (ie, RO2 + RO2 chemistry)? 
How much of this OA loss do you expect to be through this pathway? (Reason I asked for rough 
percentages above). 

We have investigated in detail some of the pathways that could lead to deviations between OFR 
chemistry and that relevant to the ambient atmosphere. The pathway that comes closest to 
playing a role in the OFR chemistry in this study, while still being of minor importance, is 
photolysis, as discussed in the response to R2.3 above. 

Modeling results (unpublished) indicate that RO​2​+RO​2​ chemistry is typically unimportant in the 
reactor under the conditions of this study. HO​2​ concentrations are also greatly enhanced in the 
reactor (Li et al., 2015) and the rate constants of its reactions with RO​2​ are orders­of­magnitude 
higher than those of RO​2​+RO​2​. As a result, RO​2​+HO​2​ is faster than RO​2​+RO​2​ under most OFR 
conditions, and the main reaction channel of RO​2​ is RO​2​ + HO​2​. 

General Questions: 

R2.12. Was NOx measured and if so was there any effect you would expect in SOA formation? 

Ambient NO​x​ was measured, but it was not measured after the reactor. Previously published 
results (Li et al., 2015) indicate that NO​x​ is converted to HNO​3​ very rapidly in the reactor. Thus it 
is not expected to play an important role in our results. 

Figures​: 

R2.13. Page 21948: Please add part c to the figure which is a picture of the sampling site. 

We have added the following picture of the sampling site as requested: 
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And added the following text to the caption of Figure 1: 

“(c) Photograph of the sampling site showing the different trailers and inlets. The OFR 
can be seen on top of the leftmost trailer, next to the AMS and SMPS ambient inlets.” 

R2.14. Page 21949: What is the error in the concentration of O3 and OH in the reactor? 

We have added the following text to P21914/L24: 

“The uncertainty in the O​3​ measurement is +/­ 1.5 ppb or 2% of the measurement, 
whichever is greater.”  

We have added the following text to P21916/L12: 

“The uncertainty in the calculated OH​exp​ is estimated to be a factor of 3 (Li et al., 2015; 
Peng et al., 2015).”  

R2.15. Page 21950: The differences in the reactor and ambient colors are really difficult to see. 
Is there a way that you could make this clearer? 

We agree that this is a difficult figure, which is why the zoomed version in Figure 3b is essential. 
We have tried this figure with dashed lines for the reactor output as well as other alternatives, 
but they only complicated the visual appearance of this figure. As the five AMS species 
observed are the same for ambient and the reactor, and those colors are standardized within 
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the AMS community (and much of the larger community), showing the reactor in a lighter shade 
was the most intuitive option. 

R2.16. Page 21951: Please explain where the error bars come from and whether they are 1s or 
2s? Please put in the caption. 

The figure caption already states “... with vertical error bars indicating standard errors.” Standard 
errors are a standard statistical metric, and are understood to be 1σ. Thus we feel that this is 
already clear enough. See also response to R1.9. 
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Anonymous Referee #3 

R3.0. Ortega et al. report measurements of secondary organic aerosol generated by OH 
oxidation of ambient urban emissions in a PAM oxidation flow reactor during the CalNEX 
campaign. An aerosol mass spectrometer was used along with a scanning mobility particle sizer 
to obtain mass spectra, elemental ratios, and aerosol size distributions of the SOA. Selected 
VOCs were detected with a proton­transfer reaction mass spectrometer. The authors 
characterize organic aerosol enhancement factors as a function of OH exposure in the PAM 
reactor. The following results are obtained: 

1. SOA formation peaks at an intermediate photochemical age in the reactor (~1­6 days’ 
equivalent atmospheric OH exposure) prior to decreasing. This result is interpreted as a 
transition from functionalization­ to fragmentation­dominated reactions. 

2. SOA formation is largest during the nighttime. The authors interpret this result to suggest that 
the most SOA precursors have an atmospheric oxidation lifetime that is shorter than the 
source­>receptor transit time (0.3 day) during the day, but not at night. 

3. Campaign­average SOA oxidation state and Δ(SOA)/Δ(CO) emission factors are generally 
consistent with previous studies, although the magnitude and trend of observed Δ(SOA)/Δ(CO) 
emission factors is difficult to reproduce with conventional chemistry and transport models. 

Overall, this manuscript addresses an important research topic regarding the characterization of 
ambient SOA formation and chemical evolution with oxidative aging. It demonstrates the unique 
capability of oxidation flow reactors to simulate in situ photochemical aging of air masses and 
complements previous studies through its application in an urban receptor location. I would 
support publication in Atmospheric Chemistry and Physics after incorporation of my comments 
below. 

Main Comments 

R3.1. P21914, L19­21: Please add data to the Supplement to support the claim that removal of 
the inlet plate reduces losses. 

This text reads: “This configuration, with no inlet, was chosen because of the observation of 
reduced SOA formation when any inlet and/or an inlet plate was used in a previous experiment 
(Ortega et al., 2013).” The comparison of plate­on / plate­off SOA production was much easier 
to perform during the FLAME­3 study described in Ortega et al. (2013), as much higher 
concentrations of SOA precursors were maintained for several hours within a 3000 m​3​ chamber. 
Thus the variations in SOA production were obvious and could be reproduced multiple times in 
a short period of time. In an ambient air study such as CalNex, SOA production is smaller, 
especially during the day when operators are typically present at the site, and the result of such 
short experiments is very noisy. Thus we have no direct evidence that this was true to CalNex, 
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but we did not state otherwise in the manuscript. We only stated that a decision was made to 
run without the plate because of the observations during FLAME­3. 

R3.2. P21915, L1­4: Please add data (such as residence time distributions of tracer species) to 
the Supplement to support the claim that this flow configuration maintains plug flow 
characteristics. 

See response to R1.1. 

R3.3. P21915, L29: More information/clarification about the particle loss correction is needed. 
Specifically, it’s not clear to me how the UV dependence to particle losses was determined if 
particle losses are measured with the lamps off. Also, shouldn’t there be a size dependence to 
the magnitude of the particle losses? 

The text “and accounting for variations in UV intensity” was erroneous and has been removed. 
We are not aware of any results or evidence that suggest that particle losses depend on UV 
light intensity.  

See response to R1.2 for further details on the particle loss correction, including the size 
dependence. 

R3.4. P21918, L3­4: “It is assumed that products after five oxidation steps with OH at kOH….” I 
found this sentence confusing. Couldn’t you equivalently just state the OH exposure at which 
you assume that OH oxidation products no longer condense? For example, doesn’t 5 oxidation 
lifetimes at kOH = 1*10​­11​ cm­3 molec sec correspond to an OH exposure of 5*10​11​ molec cm­3 
sec? If so, the first sentence in the next paragraph states: “At OHexp lower than 1*10​12​ molec 
cm­3 sec … the dominant LVOC fate is condensation to the aerosol”. While self­consistent, 
these two statements suggest a different OH exposure at which the transition to 
fragmentation­dominated reactions occurs (unless I am misinterpreting the method that is being 
applied). Please clarify. 

5 oxidation lifetimes does approximately correspond to an OH​exp​ ~ 5 x 10​
11​ molec. cm​­3​ s. 

However, because of the concatenation of exponential processes, at that OH​exp​ only ~56% of 
the initial molecules have undergone the 5 generations of oxidation. After OH​exp​ = 10​

12​ molec. 
cm​­3​ s, 97% of the initial molecules have undergone all 5 generations of oxidation. This explains 
the factor of 2 difference that the reviewer brings up. To clarify this point we have modified the 
text on P21918/L3 to read: 

“It is assumed that products after five consecutive oxidation steps with OH at k​OH​ = 
1×10​−11​ molec cm​−3​ s​−1​ are lost (fragmented and too volatile to condense). We note that 
56% (97%) of the initial molecules will have undergone five oxidation steps after an 
OH​exp​= 5x10​11​ (1x10​12​) ​molec. cm​­3​ s.” 

R3.5. P21918, L10­24: After reading this section, I found it difficult to come away with definitive 
conclusions about the relative importance of LVOC loss pathways as a function of OH 
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exposure. Figure S6 demonstrates the corrections that are used, but the information in this 
figure does not come across clearly in the text. I suggest moving this figure out of the 
supplement and into the main paper because it seems to be important for interpretation of 
results. Some suggested text to incorporate is provided below (paraphrase and update 
highlighted quantities as appropriate), which I think would make it clearer: 

“The modeled fractional loss of LVOCs to condensation on pre­existing aerosols decreases 
from a maximum of 0.75 at OHexp = 1*10​11​ molec cm­3 sec to a minimum of 0.15 at OHexp = 
1*10​13​ molec cm­3 sec. Over the OHexp range, the modeled fractional loss of LVOCs to 
gas­phase fragmentation reactions with OH increases from a minimum of 0.15 to a maximum of 
0.83, and the fractional loss of LVOCs to the reactor walls and sampling line walls decreases 
from 0.10 to 0.02.” 

See the updated text in response to R2.7, which quotes the fraction of LVOCs undergoing the 
different fates, as also requested by reviewer #2. 

We have considered moving Figure S6 from the supplementary information to the main paper 
as suggested. However, the primary paper describing those corrections was published recently 
in ACP (Palm et al., 2016), and thus we think it is more appropriate to refer readers to that 
publication for more detail, while documenting the application of the method to our study is 
suitable for the Supp. Info.  

R3.6. P21919, L22­L24: I would be careful to avoid over­interpretation of a single event in 
claiming that the OFR can be used as a predictive tool. Figure 3b indicates that maximum 
nighttime OA concentrations ranging from 15 – 30 μg m­3 are observed at 6 separate intervals 
over 12 hours. Figure 2 shows a ~1.5 hr measurement cycle, suggesting that six OFR sampling 
cycles are conducted over this period. However, the corresponding OHexp at which these [OA] 
= 15 – 30 μg m­3 periods are attained is not discussed. If OHexp in the reactor is the same as 
the ambient OHexp during the following day (5­Jun­2010, peak OA ~ 25 μg m­3), over multiple 
days of the campaign (instead of just one day), then it might be appropriate to highlight “the 
reactor’s potential for estimating the next day’s OA concentrations.” Otherwise, it is an 
interesting observation but (in my opinion) inconclusive. For example, Figure 2 suggests that 
maximum reactor OA concentration during a nighttime cycle on 2­Jun­2010 are observed at 
OHexp ~ 2*10​12​ molec cm­3 sec (15 days of equivalent atmospheric oxidation), which is 
presumably much higher than the ambient OHexp later that day. 

Individual data points can be affected by noise and experimental uncertainties in both the X 
(OH​exp​) and Y (SOA produced) variables. However, the results shown later in the paper in 
Figure 9 show that this statement is approximately true on the average. Note in Figure 9 that the 
amount of SOA produced after ~15 days OH​exp​ and under the highest ambient OH​exp​ is still 
similar. The wording at this point in the paper is more tentative (“suggesting”), since the latter 
evidence has not been shown. We have revised that text to read: 

“The nighttime reactor­aged OA mass peaks at approximately the same concentration as 
the following day’s ambient OA concentration, suggesting the reactor’s potential for 
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estimating the next day’s OA concentrations. A more quantitative evaluation of this 
potential is discussed below (Sect. 4.1. and Figure 9).” 

R3.7. P21920, Section 3.2: The mean inorganic aerosol concentration is greater than the mean 
organic aerosol concentration (11 μg m­3 INORG versus 8.4 μg m­3 ORG in reactor, 8.2 μg m­3 
INORG versus 6.8 μg m­3 ORG in ambient). However, aside from a brief mention in the 
Supplement relating to discussion AMS collection efficiency, the magnitude and OH 
exposure­dependent inorganic aerosol enhancements in the reactor are never discussed 
despite being comparable to the organic aerosol enhancements. This is especially evident from 
the nitrate time series in Figures 3a and 3b. There is likely valuable information here that 
complements the discussion of OA enhancements: Nitrate, sulfate, ammonium and chloride 
enhancements as a function of photochemical age. Are the trends the same or different as OA 
trends, and what does this reveal about their sources? Are nitrate and sulfate neutralized by 
ammonium in the reactor and in ambient? At the moment this information is buried in L21­L29 of 
the Supplement. 

It is true that there are additional promising observations from this field deployment that are not 
reported in this manuscript. SOA formation was the topic of highest interest and resulted in a 
large paper already (12 figures in the main paper and another 12 in the Supp. Info, for a total of 
35 figure panels). The formation of inorganic species in the OFR, together with other 
observations that we did not include in this manuscript either such as the variation of new 
particle formation with time, should be the focus of future publications.  We have added the 
following text to the Supp. Info. (P1/L13) to briefly document these details: 

“Although the focus of this paper is OA formation and aging, a brief summary of the 
observed evolution of the inorganic species: (a) Sulfate formation proceeds as expected 
from the OH  + SO​2​ reaction. A quantitative analysis of sulfate formation is shown in Palm 
et al. (2016), which reports results from a similar experiment from our group, but in a 
forest environment. That analysis provides evidence that the corrections for losses of 
low volatility species developed in that work are appropriate. (b) Nitrate formation is 
more complex since OH + NO​2​ is a fast reaction, but HNO​3​ is semivolatile and the 
formation of NH​4​NO​3​ also depends on the availability of NH​3​(g). (c) The aerosols in the 
output of the flow reactor during CalNex are neutralized, similarly to the ambient aerosols 
(Hayes et al., 2013). 

As an aside, as noted in Comment #13 below, the mean “total mass” listed in Figure 3c (22.4 μg 
m­3 in reactor, 14.9 μg m­3 in ambient) is not equal to the sum of the organic, nitrate, sulfate, 
ammonium and chloride components (19.4 μg m­3 in reactor, 15.0 μg m­3 in ambient). If this is 
a typo it should be fixed, if it is a real difference it should be explained. 

This was a typo on the total mass, which has been corrected in the revised version. 

R3.8. P21930, L12­L15. It is not clear how you distinguish gas­phase fragmentation of 
condensable species from heterogenous oxidation of SOA here because to first order, the 
timescales for gas­phase fragmentation of condensable species and heterogeneous oxidation of 
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SOA appear to be similar. Because this comparison is speculative and doesn’t seem to add 
much to the discussion anyway, I would consider removing it. 

We have revised this text to clarify the point that we were trying to make:  

“Note that the George and Abbatt (2010) vs. Lambe et al. (2012) studies are qualitatively 
different, and thus the explanations of the decrease in OA at high ages may be different. 
George and Abbatt (2010) started their oxidation experiment with particles only, after 
removing gases with a denuder. Any decreases in OA in their study must result from 
heterogeneous oxidation. The Lambe et al. (2012) study started with gas­phase 
precursors only and no particles. Thus the reduction in SOA at high OH​exp​ may be due to 
either gas­phase fragmentation of condensable species, so that SOA is never formed, or 
to formation of SOA followed by its heterogeneous oxidation and revolatilization. Results 
in Fig. S7 suggest that gas­phase oxidation would prevent the formation of SOA, and 
thus the second explanation is more likely.” 

R3.9. P21930, L16­L29: To complement this discussion, I suggest adding a scatter plot of 
“measured oxygen added” versus “predicted oxygen added” to the main paper, and rephrasing 
the discussion accordingly. I am unable to draw this conclusion from Figure S10; I think this 
alternative figure would make the point a little clearer. Figure S10 could then be removed. 

We have made a new figure illustrating this point that should be clearer. We have also updated 
this calculation to use the surface­averaged diameter, as detailed in response to comment 
R1.10. The new figure S10 is reproduced below, and the ACPD Figure S10 has been removed 
as suggested (now Fig. S11 in revised manuscript). The text in P21930/L16­29 has been 
revised to read: 

“To evaluate directly whether heterogeneous oxidation could explain the gain of oxygen 
observed in the aerosol, we follow the method outlined in appendix A of DeCarlo et al. 
(2008). Figure S11 shows the ratio of the gain of oxygen of OA observed in the reactor 
(∆Oxygen in OA = O​atoms, reactor​ − O​atoms, ambient​) to the total number of OH collisions with OA 
in the reactor, plotted vs. total photochemical age. Heterogeneous oxidation calculations 
use surface­weighted diameter calculated from the peak of the mass distribution and 
estimated particle density from AMS components (DeCarlo et al., 2004), assume every 
collision results in reaction (γ = 1). If it is assumed that each OH collision with OA results 
in one O atom addition, the number of O atoms added is underpredicted by a factor of 5 
at ages ∼ 1 day, decreasing to a factor of 2 at ∼ 10 days, and lower values at high ages (> 
10 days). This analysis supports that heterogeneous oxidation is not dominant in 
contributing to SOA mass at low­to­intermediate ages, but it likely plays a role in OA 
evolution at the highest photochemical ages in the reactor.” 

 

 

19 



 

 

R3.10. P21932, L8­L29 and P21934­P21935, L28­2: In making the comparison with Tkacik et 
al. (2014), I would consider the following points in the discussion. High NO levels (>400 ppb) in 
Tkacik et al. might minimize the relative rate of RO2 + HO2 reactions in their reactor that would 
otherwise lead to multifunctional, condensable species (and possibly higher ΔOA/ΔCO). High 
NO and NH3 levels in Tkacik et al. result in nitrate and ammonium enhancements ~3x higher 
than the organic aerosol enhancements. Thus, while vehicle emissions presumably dominate 
SOA formation in both studies, the ensuing RO2 oxidation chemistry could be very different. 
Given that inlet losses of semivolatiles is pretty much discounted in this discussion, I would 
remove (or significantly shorten) that discussion and instead focus on the different 
photochemical conditions and how they might result in different secondary aerosol composition 
despite similar precursor makeup.The sum Δ(OA + Nitrate + Sulfate + Ammonium)/Δ(CO) would 
also be worth calculating and comparing between the two studies. 

We have added the following text to the manuscript (P21932/L26) to clarify these issues: 

“(3) It may appear at first that the tunnel SOA may have been dominated by RO​2​+NO, 
compared to RO​2​+HO​2​ for our ambient air results, thus making the results less 
comparable. However, while the initial NO levels in the tunnel may be high, the lifetime of 
NO under the conditions of the OFR is typically very low (Li et al., 2015). O​3​ levels in 
OFR185 are typically 1­25 ppm, which result in NO lifetimes of 0.1­2 s. Since HO​2​ levels 
are greatly enhanced by the reactor chemistry, the majority of the RO​2​ radicals are still 
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expected to react via RO​2​ + HO​2​ under the tunnel conditions, similar to our study. The 
model of Peng et al. (2015) was used to estimate the fraction of RO​2​ reacting with NO vs. 
HO​2​ for the tunnel study. At the point of peak SOA production we estimate that 81% of 
the RO​2​ radicals are reacting with HO​2​ and 19% with NO. Therefore the chemistry of the 
OFR in the tunnel study is proceeding mostly through the HO​2​ channel, similar to our 
ambient study.” 

We have also added the following text to address a related point: 

“(4) A difference between the studies that may explain somewhat higher SOA formation 
in the tunnel study is the larger partitioning of semivolatile species, given the higher OA 
concentrations (~50 μg m​­3​ in the tunnel vs ~15 μg m​­3​ for our study). However, this effect 
is estimated to be a factor of ~1.5 for the aromatic and alkane precursors that are thought 
to dominate SOA formation from vehicle emissions (Barsanti et al., 2013), and it reduces 
the difference observed here, thus further supporting our conclusions.” 

While the enhancements of the inorganic species are of some interest, those of sulfate are 
straightforward to explain (see response to R3.7), and those of nitrate depend on complex ways 
on NH​3​(g) present which may be quite different in the two studies. Thus a comparison would be 
a complex subject that exceeds the scope of this paper. 

In addition, during the revision process of Peng et al. (2015) we realized that there was an error 
on the inputs used for the simulation of OH​exp​ for the tunnel study of Tkacik et al. (2014), as 
discussed in Peng et al (AMTD, 8, C3671 ; see response to comment SC.2 in 
http://www.atmos­meas­tech­discuss.net/8/C3671/2015/amtd­8­C3671­2015­supplement.pdf). 
Figure 12 has been updated to add the results using the correct inputs, which result in improved 
agreement between the ambient and tunnel observations. We have corrected the text on 
P21932/L28 to read:  

“Thus it is most likely that the observed difference between the tunnel and our study is 
due to overestimation of OH​exp​ at lower ages in the tunnel study. We have used the model 
of Peng et al. (2015) to estimate the corrected OH​exp​ under the tunnel conditions. The 
corrected curve is also shown in Fig. 12b, and shows much improved agreement with our 
urban air observations.” 

The updated Figure 12b is shown below: 
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Figure Comments 

R3.11. Figure 1: This figure could be moved to the supplement. 

We prefer to keep the figure in the main paper, since this was the first time that anyone 
demonstrated this type of reactor operation or our knowledge, and thus a visual reference for 
the experiment may help reduce confusion about our setup and results. 

R3.12. Figure 2: 

­ Given the range of [O3] (up to ~16 ppm), I suggest plotting in parts per million instead of parts 
per billion. 

We have made this change as suggested. The updated figure is shown below: 
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­ I think it would be useful to have the colorbar scaled by the lamp voltages so that readers 
better the specific conditions that were used, especially if they want to reproduce the sampling 
protocols that were used here in their own work. 

The UV light intensity colorscale was actually already the sum of the voltages applied to both 
lamps. We have added the following text to the figure caption to clarify this point: 

“The UV light intensity color scale corresponds to the sum of the AC voltages applied to 
the two lamps in the reactor. Only at the highest lamp setting are both lamps on, while at 
lower settings only one of the lamps is used.” 

­ In the caption, “oxidant cycle” is vague ­ something like “A typical OFR sampling cycle” would 
better describe the figure. 

Figure caption text was changed to: 

“A typical OFR sampling cycle, including four steps in lamp intensity in the reactor.” 

R3.13. Figure 3c: The “total mass” is not equal to the sum of the non­refractory components 
listed here (OA + Nitrate + Sulfate + Ammonium + Chloride): 22.4 μg m­3 stated versus 19.4 μg 
m­3 calculated (PAM reactor) 14.9 μg m­3 stated versus 15.0 μg m­3 calculated (ambient). This 
discrepancy should be explained or sorted out as appropriate. Also, is there a reason why the 
reactor” and ambient pie charts are different sizes? 

23 



The comment for the total mass is the same as R3.7, and it has been addressed in that 
response. 

The following text has been added to the figure caption to explain the second point:  

“The pie chart areas are proportional to the total mass concentrations.” 

R3.14. Figure 4: Analogous figures should be made for nitrate, sulfate and ammonium. 

See response to R3.7. 

R3.15. Figure 5: This figure could be removed or moved to the Supplement (see Comment #40) 

See response to R1.6. 

R3.16. Figure 6: It would make sense to show toluene here as well (rather than in Figure S8). 

The VOCs highlighted in this figure were selected to serve as proxies for relative classes of 
reactivity. Thus, toluene has been left in supplemental as adding it would further complicate 
visually an already complex figure. 

R3.17. Figure 7: I assume that symbols representing the PMF factors are the same in Figures 
7a and 7b, but this should be made clear. The “ambient” and “reactor” symbols are also the 
same, but whereas they appear in two legends, the PMF factor symbols do not. 

PMF factor symbols have been made larger and the legend now appears in both Fig. 7a and 7b. 

R3.18. Figure 9: 

­ I suggest adding vertical lines at photochemical ages corresponding to one e­fold decay of 
1,3,5­trimethylbenzene, toluene, and benzene, to illustrate the relevant range of kOH for 
important SOA precursors. This would convey the added information in Figure S9a in the main 
paper (and perhaps make that figure unnecessary in supplemental) more directly than the 
decay curves that are shown in Figure S9a. 

This is an important figure for our conclusions and it is already pretty complex, and adding more 
lines would make its explanation more difficult. The issue of the VOC ages is already addressed 
also in Fig. 6, plus Fig. S9. Thus we prefer to keep Fig. 9 as is. 

­ Define “BG” as “background” and “POA” as “primary organic aerosol” in the figure caption. 

The figure caption text has been adjusted as requested. 

R3.19. Figure 10: 

­ The Hayes et al. 2014 ACPD citation shown in legend and caption is not in the listed 
references. Should this instead be Hayes et al. 2015? 
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Correct. The figure legend has been updated. 

­ In the figure caption, the text “This difference is due…photochemical ages less than 1.2 h” 
would probably be better in the main text. 

We believe that this is a small detail, as it concerns a difference of 5 units in a graph with a 
scale up to 220. Thus we prefer to keep this text in the caption to facilitate the readability of the 
main text. 

­ Is there a reason why Figures 10a and 10b are different sizes? 

Figure 10b was only meant as an inset. However we realize that the size difference may be 
distracting, and thus we have made both figures of the same size in the revised version (now 
Fig. 11). 

R3.20. Figure S6: Move to main paper 

See response to R3.5. 

R3.21. In addition to (or instead of) Figure S10, Add a scatter plot of “measured oxygen added” 
versus “predicted oxygen added” to the main paper. 

See response to R3.9. 

Minor/technical comments 

R3.22. P21909, L6: Define the “CalNEX” acronym (it is not definied until the last paragraph in 
the Introduction). 

The Abstract text has been adjusted to, “An Oxidation Flow Reactor (OFR) was deployed to 
study SOA formation in real­time during the ​California Research at the Nexus of Air Quality 
and Climate Change (CalNex)​ campaign in Pasadena, CA, in 2010.” 

R3.23. P21909, L7: Might it be useful to spell out “California” and indicate it’s in the United 
States? 

Now, spelled out in the CalNex acronym definition.  

We believe the fact that California is in the United States is already known for anyone who could 
be interested in our paper. 

R3.24. P21909, L11­13: “OH radical concentration was continuously stepped […] 0.8 days – 6.4 
weeks”. This sentence seems superfluous with the preceding sentence. 

We have consolidated the text in L9­13 to read: 
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“The reactor produced OH concentrations up to 4 orders of magnitude higher than in 
ambient air. OH radical concentration was continuously stepped, achieving equivalent 
atmospheric aging of 0.8 days–6.4 weeks in 3 min of processing every 2 hrs.”  

R3.25. P21909, L19: Define LA­Basin 

We have replaced “LA­Basin” with ​“greater Los Angeles area.” 

R3.26. P21909, L25­28: “The mass added […] fragmentation/evaporation.” I’m not certain if the 
abstract is the best place for this text. 

We believe that this is an important scientific contribution of our work, and thus that it should 
remain in the abstract. 

R3.27. P21911, L12: Quantify “long” aging timescales. 

Text has been modified to read, “SOA at long aging times ​(>1 day).​” 

R3.28. P21911, L19­21: “In order […] changing air masses.” This sentence is unclear. 

The sentence has been modified to read: 

“In order to characterize the SOA formation potential of urban emissions, a rapid field 
deployable experimental method is needed, so that rapid changes of ambient SOA 
formation potential can be captured.” 

R3.29. P21913, L12­14: “By combining results from the ambient aerosol and aged ambient 
aerosol measurements, we provide a stronger test of current SOA models.” Instead of ‘stronger’, 
I suggest “more rigorous.” Also, explain why the combination of ambient and PAM­oxidized 
ambient measurements is a better test of SOA models. 

The text “stronger​”​ has been changed to ​“more rigorous”​ as suggested.   

The last sentence of the paragraph has been updated to read: 

“By combining results from the ambient aerosol and aged ambient aerosol 
measurements, we provide a more rigorous test of current SOA models, since they can 
now be compared with data from a much wider range of photochemical ages.” 

R3.30. P21915, L23: Add “and” between “reactor” and “resultant” 

The text has been modified as requested. 

R3.31. P21916, L8: Isn’t residence time the governing parameter here (rather than flow rate)? 

Correct. The text has been modified accordingly. 
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R3.32. P21916, L18­19: “OH concentrations averaged up to 4*10​6​ cm­3 during the daytime.” 
This sentence is confusing ­ was the mean daytime OH concentration 4*10​6​ cm­3 ? If so, delete 
“up to”. 

This text has been modified, replacing “up to” with “​as high as.​” 

R3.33. P21916, L19­22: “Since a significant part of SOA formation … peak OH observed during 
CalNex.” This sentence is unclear; please clarify or rephrase. Also, “peak OH” should be “peak 
[OH]” or “peak OH concentration”. 

The text has been modified to read: 

“Since a significant part of SOA formation happens during the first few hours after 
emission, the 0.8 day minimum photochemical age probed with the reactor would 
correspond to ~0.3 days of transport age at the peak OH concentration observed during 
CalNex.” 

R3.34. P21918, L24: This is the first instance of “EROA” in the manuscript, so it needs to be 
defined here. 

This text has been modified to read: 

“Thus, correction is applied when reactor­measured OA is greater than ambient OA 
(relative OA enhancement ratio, ER​OA​ = reactor OA / ambient OA, ER​OA​>1; and the 
absolute OA enhancement factor, ΔOA Mass = reactor OA – ambient OA, ΔOA Mass>0, 
Sect. 3.2).”  

Text in Section 3.2 has been adjusted to remove the definition. 

R3.35. P21919, L17: Typo (“attributes”­>”attribute”) 

Text has been modified as requested. 

R3.36. P21919, L25: Replace “indicating” with “suggesting” 

Text has been modified as requested. 

R3.37. P21919­21920, L26­1: “At the peak of…removal by photochemical oxidation and 
condensation”. Delete, this is repetitive with the previous sentence. 

Text has been modified as requested. 

R3.38. P21921, L4­6: The last sentence of this paragraph is confusing. 

Text has been modified to read:  
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“A smaller enhancement is observed during the day ~2 μg m​­3​, or a factor of 1.2x of 
ambient, while at > 2 weeks of aging, day and night observations closely overlap, with a 
decrease up to ~2.5 μg m​­3​, or a factor of 0.5x of ambient.” 

R3.39. P21921, L14: Please provide a reference for the stated 0.5 day transit time from 
downtown Los Angeles to Pasadena. 

Reference has been added to Washenfelder et al. (2011). 

R3.40. P21922, Section 3.3.1 and Figure 5: In my opinion this section is somewhat self evident 
because the oxidant exposures attainable in the reactor are much higher than the ambient 
photochemical age. I don’t think it adds much to the paper and would delete or move to the 
Supplement. 

See response to R1.6. 

R3.41. P21922, L19­20: I suggest a slight modification to the title of Section 3.3.2: “Further 
constraints on urban SOA formation timescales from OH reactivity of measured VOCs.” 

Text has been modified as requested. 

R3.42. P21923, L6: Typo (“moelcule”­>”molecule”) 

Text has been modified as requested. 

R3.43. P21923, L14: Typo (“theses”­>”these”) 

Text has been modified as requested. 

R3.44. P21923, L24­25: Somewhere in the paper S/IVOCs should be briefly defined. This 
sentence could be explained slightly to point out why these species are not often measured. 

The definition of S/IVOCs is given here, and the following text has been added to the end of the 
sentence: 

“due to the difficulty in measuring these compounds.​” 

R3.45. P21924, L6: f43, f44, H:C and O:C are never defined. 

The text on p. 21917, line 3 was modified to define O:C and H:C: 

“The elemental analysis of OA (resulting in oxygen­to­carbon ratio, O:C, and 
hydrogen­to­carbon ratio, H:C).” 

The text was also modified to define ​f​43​ and ​f​44​ as: 

“​f​44​ is a tracer for aged OA (fractional organic contribution at ​m/z ​44, mostly CO​2​
+​), while 

f​43​ (fractional organic contribution at ​m/z​ 43, mostly C​2​H​3​O​+​), due to non­acid oxygenates, 
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with some contribution from C​3​H​7​
+​) is a tracer of POA and freshly formed SOA (Ng et al., 

2011a).” 

 

R3.46. P21924, L10: Rather than “move up and to the left”, I suggest “f44 increases and f43 
decreases.” 

Text has been modified as requested. 

R3.47. P21924, L13: Typo (“lay”­>”lie”) 

Text has been modified as requested. 

R3.48. P21924, L17­L18: “The Van Krevelen diagram … demonstrates results that are very 
consistent to those of the previous plot”. The connection between f44 – O/C and f43 – H/C has 
been documented in previous papers (e.g. the Ng et al. 2011b ref, among others), but is never 
made in this paper. Readers might not make this connection themselves. I suggest doing so 
here if you want to relate Figures 7a and 7b. 

We respectfully disagree. Both diagrams have been used in many publications, and we believe 
that our discussion and referencing (e.g. the Ng et al. citation) are sufficient to explain these 
figures. 

R3.49. P21925, L12­13: “While ambient OSc is within the range of …urban/anthropogenic OA”. 
Please provide reference(s). 

Reference is provided at the end of the sentence to Kroll et al. (2011). 

R3.50. P21925, L21: I suggest a modification to the title of Section 4.1: “Evolution of OA/ΔCO 
with photochemical age” 

We have changed the title to read: 

“Evolution of urban OA with photochemical age” 

R3.51. P21926, L8­L19 and PL22­23: “Ambient photochemical age … Fig. S9a for reference” 
and “Reactor data are shown… vapor loss­correction applied (see Sect. 2.3)”. Can this text be 
deleted or shortened significantly? Most of it is already in the Figure 9 caption or self­evident 
from viewing the figure, and it breaks up the flow of discussion of data in Figure 9. 

We have moved the following text to the figure caption, deleting duplicated text when 
necessary: 

● L8­11 , “Ambient photochemical age [...] and reactor age.”  
● L16­19: “Figure 9 [...] for reference.”  
● L22­23: “Reactor data [...] applied.” 
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R3.52. P21926, L27: “To further illustrate the lifetimes of important urban SOA precursors”. This 
sentence confuses the point. Benzene, toluene, and 1,3,5­trimethylbenzene are not important 
urban SOA precursors. Rather, their OH oxidation lifetimes – in conjunction with timescale over 
which OA/ΔCO increases ­­ constrain the range of OH reactivity (kOH) of important urban SOA 
precursors: 5*10­12 < kOH < 5*10­11 cm­3 molec sec. This should be clarified here and 
elsewhere in the discussion. 

While those specific species are not unimportant (e.g. see Hayes et al., 2015), this text was 
trying to make the same point that the reviewer is indicating. We gather that was not clear, and 
we have reworded this text as:  

“To constrain the lifetimes of the important urban SOA precursors, the OH decays of 
three example gas­phase species (benzene, toluene, and 1,3,5­trimenthylbenzene (TMB)) 
are shown are overlaid in Fig. S10, together with data from Fig. 9 that illustrates the 
timescale over which OA/ΔCO increases. The correlation of different VOCs with 
maximum SOA formation in the reactor is shown vs. their reaction rate constants with 
OH (k​OH​) in Figure 10. This analysis constrains the rate constants of the most important 
urban SOA precursors to the approximate k​OH​ ~ 3­5x10​­11​ cm​3​ molec.​­1​ s​­1​. This constraint 
suggests that polyalkyl monoaromatics (such as TMB), substituted polyaromatics such 
as alkyl naphthalenes (Phousongphouang and Arey, 2002), or large alkanes with ~23 or 
more carbons (Calvert et al., 2008), or branched / cyclic species of similar size are (as a 
group) important contributors. The latter species are semivolatile and intermediate 
volatility species (S/IVOCs), and thus our results suggests a very important role for such 
species in urban SOA formation. ” 
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Figure 10: R​2​ between the concentrations of different VOCs and the maximum amount of 
SOA formation in the OFR, plotted vs. the reaction rate constant of each VOC with OH 
(k​OH​). 

We have also modified the abstract to reflect this updated result as: 

“​Reactor SOA formation was inversely correlated with ambient SOA and Ox, which along 
with the short­lived VOC correlation, indicates the importance of relatively reactive (OH 
~0.3 day) SOA precursors (most likely semivolatile and intermediate volatility species, 
S/IVOC) in the greater Los Angeles Area.” 

R3.53. P21927, L15: I suggest a modification to the title of Section 4.2: “Fit to the observed 
ambient and reactor OA/ΔCO evolution” or perhaps “Parameterization of timescales for SOA 
functionalization and fragmentation processes.” 

We have modified the section title to:  

“Parameterization of the Amount and Timescale for Urban SOA Formation​” 

R3.54. P21927, L22: “However, the evolution…”: Evolution of OA/ΔCO? 

Text has been modified as requested. 
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R3.55. P21928, L22: Isn’t it implicit in the discussion that IVOCs and SVOCs are primary 
emissions? I suggest: “The second model variant represents SOA formation from IVOCs and 
SVOCs in addition to VOCs”. 

Text has been modified as requested. 

R3.56. P21930, L6: Define “TPOT”. 

Definition added as requested. 

R3.57. P21933, L14­L15: Didn’t the George and Abbatt (2010) and Tkacik et al. (2014) studies 
that are already cited here also use an oxidation flow reactor to perturb ambient urban air? 

Tkacik et al. (2014) was not a study of ambient urban air but a study of oxidation of vehicle 
emissions in a tunnel study. The George and Abbatt (2010) study used a denuder to remove 
VOCs and thus only studied heterogeneous oxidation. The latter point was not clear in the 
sentence that the reviewer is referring to, so we have updated that text to read: 

“This work represents the first application of an oxidation flow reactor to investigate SOA 
formation from ambient urban air, to our knowledge.” 
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 19 
Abstract 20 
Field studies in polluted areas over the last decade have observed large formation of secondary 21 

organic aerosol (SOA) that is often poorly captured by models. The study of SOA formation using 22 

ambient data is often confounded by the effects of advection, vertical mixing, emissions, and 23 

variable degrees of photochemical aging. An Oxidation Flow Reactor (OFR) was deployed to 24 

study SOA formation in real-time during the California Research at the Nexus of Air Quality and 25 

Climate Change (CalNex) CalNex campaign in Pasadena, CA, in 2010. A high-resolution aerosol 26 

mass spectrometer (AMS) and a scanning mobility particle sizer (SMPS) alternated sampling 27 

ambient and reactor-aged air. The reactor produced OH concentrations up to 4 orders of magnitude 28 

higher than in ambient air, achieving equivalent atmospheric aging from hours up to several weeks 29 

in 3 minutes of processing. OH radical concentration was continuously stepped, obtaining 30 

measurements of real-time SOA formation and oxidation at multiple equivalent ages from 0.8 31 

days–6.4 weeks of age.. OH radical concentration was continuously stepped, achieving equivalent 32 

atmospheric aging of 0.8 days–6.4 weeks in 3 min of processing every 2 hrs. Enhancement of OA 33 

from aging showed a maximum net SOA production between 0.8–6 days of aging with net OA 34 

mass loss beyond 2 weeks. Reactor SOA mass peaked at night, in the absence of ambient 35 

photochemistry and correlated with trimethylbenzene concentrations. Reactor SOA formation was 36 

inversely correlated with ambient SOA and Ox, which along with the short-lived VOC correlation, 37 

indicates the importance of relatively reactive (OH ~0.3 day) SOA precursors (most likely 38 
semivolatile and intermediate volatility species, S/IVOC) in the greater Los Angeles Area.Reactor 39 

SOA formation was inversely correlated with ambient SOA and Ox, which along with the short-40 

lived VOC correlation, indicates the importance of relatively reactive (OH ~0.3 day) SOA 41 

precursors in the LA-Basin. Evolution of the elemental composition in the reactor was similar to 42 

trends observed in the atmosphere (O:C vs. H:C slope ~ -0.65). Oxidation state of carbon (OSc) in 43 

reactor SOA increased steeply with age and remained elevated (OSC ~2) at the highest 44 

photochemical ages probed. The ratio of OA in the reactor output to excess CO (CO, ambient 45 

CO above regional background) vs. photochemical age is similar to previous studies at low to 46 

moderate ages and also extends to higher ages where OA loss dominates. The mass added at low-47 
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to-intermediate ages is due primarily to condensation of oxidized species, not heterogeneous 48 

oxidation. The OA decrease at high photochemical ages is dominated by heterogeneous oxidation 49 

followed by fragmentation/evaporation. A comparison of urban SOA formation in this study with 50 

a similar study of vehicle SOA in a tunnel supports the dominance of vehicle emissions in urban 51 

SOA. Pre-2007 SOA models underpredict SOA formation by an order of magnitude, while a more 52 

recent model performs better but overpredicts at higher ages. These results demonstrate the value 53 

of the reactor as a tool for in situ evaluation of the SOA formation potential and OA evolution 54 

from ambient air.   55 
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1 Introduction 56 

Atmospheric aerosols are the most uncertain aspect of the climate radiative forcing (Myhre et al., 57 

2013), and have negative impacts on human health (Pope et al., 2002) and visibility (Watson, 58 

2002). Organic aerosol (OA) represents a large fraction of fine particle mass (Murphy et al., 2006; 59 

Zhang et al., 2007) and is the least-characterized component of submicron aerosol due to its 60 

complexity and wide variety of emission sources and atmospheric processes (Jimenez et al., 2009). 61 

OA can be emitted directly into the atmosphere from primary OA sources (POA), such as traffic 62 

or biomass burning, or formed through atmospheric processing as secondary OA (SOA). SOA can 63 

be formed when volatile organic compounds (VOCs) react with atmospheric oxidants such as 64 

ozone and hydroxyl radicals (O3 and OH), to form less-volatile products that can partition into the 65 

aerosol phase (Pankow, 1994; Donahue et al., 2006), as well as through heterogeneous and 66 

multiphase processes (Ervens et al., 2011). An improved understanding of the sources, 67 

atmospheric processes, and chemical properties of SOA is necessary to constrain and predict 68 

current impacts on human health and climate as well as shifting impacts with changing climate 69 

and emissions (Hallquist et al., 2009).  70 

SOA concentrations are typically underestimated by over an order of magnitude when pre-2007 71 

models are applied in urban regions (Volkamer et al., 2006; de Gouw and Jimenez, 2009; Hodzic 72 

et al., 2010; Morino et al., 2014; Hayes et al., 2015). These “traditional” models treated SOA 73 

formation as partitioning of semivolatile products from gas-phase oxidation of VOCs, using 74 

aerosol yields and saturation concentrations from older environmental chamber studies. More 75 

recently updated models have incorporated (higher) SOA yields from VOCs from more recent 76 

chamber studies. Some studies have used artificially higher yields based on “aging” of the VOC 77 

products, although these are unconstrained by chamber studies (e.g. Tsimpidi et al., 2010), or 78 
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increased yields to account for losses of semivolatile gases to chamber walls (Zhang et al., 2014; 79 

Hayes et al., 2015). Donahue et al. (2006) developed the volatility basis set (VBS) formalism for 80 

modeling OA partitioning, in which organic species are distributed into volatility bins, which has 81 

been adopted by many SOA modeling schemes. Semi-volatile and intermediate volatility 82 

compounds (S/IVOCs) have been identified as additional precursors that were not considered in 83 

traditional models (Robinson et al., 2007). These updated approaches have been applied to several 84 

urban datasets leading to better closure between measured and modeled bulk OA, but have resulted 85 

in other problems such as several-fold overpredictions of SOA at long aging times (>1 day; 86 

Dzepina et al., 2011; Hayes et al., 2015; Zhang et al., 2015) or SOA that is much too volatile 87 

compared to observations (Dzepina et al., 2011). These models remain under-constrained, and it 88 

is unclear whether the updated models increase predicted SOA formation for the right reasons. 89 

Targeted field studies in urban areas, with sufficient constraints and with novel approaches for 90 

focused investigation of SOA formation, are essential for continued model testing and 91 

improvement.  92 

In order to characterize the SOA formation potential of urban emissions, an a rapid field deployable 93 

experimental technique method is needed, so that potentially rapid changes of ambient SOA 94 

formation potential can be captured. that is capable of rapid operation to allow examination of the 95 

variable potential of changing air masses. The “Potential Aerosol Mass” (PAM) oxidation flow 96 

reactor (OFR), was developed by Kang et al., (2007; 2011), and used in many laboratory 97 

experiments and recent field studies. It is a small flow reactor that exposes air samples to high 98 

oxidant levels (100-10,000 times atmospheric concentrations) with short residence time (<5 min). 99 

Recent work with the reactor has examined SOA yield, oxidation, and physicochemical changes 100 

using single precursors or simple mixtures in laboratory experiments, producing results similar to 101 
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environmental chamber experiments (Massoli et al., 2010; Kang et al., 2011; Lambe et al., 2011a; 102 

Lambe et al., 2011b; Bruns et al., 2015). SOA yields in the reactor are comparable or somewhat 103 

lower than for similar OH exposures in large environmental chambers, which has been suggested 104 

to be due to the short residence time of the reactor not being sufficient to allow complete 105 

condensation of semivolatiles (Lambe et al., 2015) or increased wall losses of gas-phase species 106 

due to the higher surface area to volume ratios of the reactor (Bruns et al., 2015). OH oxidation of 107 

alkane SOA precursors in the reactor show the effect of functionalization (oxygen addition) and 108 

fragmentation (carbon loss) reactions (Lambe et al., 2012). Recent reactor application to aging of 109 

biomass burning smoke showed that total OA after reactor oxidation was on average 1.42±0.36 110 

times the initial primary OA (POA) with similar aging of biomass burning tracers to that observed 111 

in aircraft measurements (Cubison et al., 2011; Ortega et al., 2013). Aging measurements of 112 

vehicular exhaust using the reactor in a highway tunnel in Pittsburgh, PA indicated peak SOA 113 

production after 2.5 days of atmospheric equivalent photochemical aging (at OH = 3106 molec 114 

cm-3) and concluded the chemical evolution of the OA inside the reactor appears to be similar to 115 

that observed in the atmosphere (Tkacik et al., 2014). Other studies also show that the reactor 116 

produces SOA with characteristics similar to that formed in the atmosphere for crude oil 117 

evaporation (Bahreini et al., 2012a; Li et al., 2013). The radical chemistry in the reactor has been 118 

recently characterized (Li et al., 2015; Peng et al., 2015).Thus, the reactor is a useful tool for 119 

elucidating SOA formation processes under field conditions where utilizing large-scale 120 

environmental chambers is not practical and/or if a higher degree of aging is targeted. 121 

Due to meteorological conditions (e.g. diurnal fluctuations in land-sea breeze patterns with weak 122 

synoptic forcing) and topography (e.g. the surrounding coastal mountain ranges) ventilation of air 123 

in the greater Los Angeles area (LA-Basin) can be limited, historically resulting in high pollution 124 
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levels. Several field campaigns have investigated SOA in the LA-Basin, including the 2005 Study 125 

of Organic Aerosol at Riverside (SOAR; Docherty et al., 2011) and the 2009 Pasadena Aerosol 126 

Characterization Observatory (PACO; Hersey et al., 2011). These studies identified SOA as a 127 

major fraction of total OA in the LA Basin in the summer, consistent with findings in previous 128 

urban field campaigns (Volkamer et al., 2006; de Gouw and Jimenez, 2009). This situation is in 129 

contrast to previous studies in this region which reported that primary OA was higher than SOA, 130 

other than during severe photochemical smog episodes; however, these estimates were likely 131 

affected by apportionment biases or the greatly underestimated SOA production of traditional 132 

models (Docherty et al., 2008). 133 

The 2010 California Research at the Nexus of Air Quality and Climate Change (CalNex) was a 134 

multiplatform large-scale field study, which utilized ground sites at Bakersfield and Pasadena, 135 

California, NOAA WP-3D and Twin Otter aircraft, and the research ship R/V Atlantis (Ryerson et 136 

al., 2013). In this study, we measured submicron aerosol size and composition alternately for 137 

ambient air and for ambient air that had been aged in an oxidation flow reactor by systematically 138 

changing the OH exposure. This work is compared to the previous literature but extends beyond it 139 

with the new information provided by the in situ aging studies. By combining results from the 140 

ambient aerosol and aged ambient aerosol measurements, we provide a stronger test of current 141 

SOA models, since they can now be compared with data from a much wider range of 142 

photochemical ages. By combining results from the ambient aerosol and aged ambient aerosol 143 

measurements, we provide a stronger test of current SOA models. In order to characterize the SOA 144 

formation potential of urban emissions, a field deployable experimental method is needed that is 145 

capable of rapid operation to allow examination of the variable potential of changing air masses. 146 

 147 
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2 Experimental Methods 148 

2.1 CalNex Field Campaign 149 

The work in this study will focus on measurements from the Pasadena ground site during CalNex. 150 

The Pasadena site was located on the California Institute of Technology (Caltech) campus in 151 

Pasadena, CA (34.1406 N, 118.1225 W, 236 m above mean sea level); the location, airmass 152 

transport, and key measurements have been described in detail previously (Washenfelder et al., 153 

2011; Hayes et al., 2013).  The measurement period for our reactor study is 29 May–10 June 2010, 154 

hereafter referred to as the “sampling period.” Meteorological conditions, including prevailing 155 

winds, boundary layer height, temperature, and relative humidity information are summarized by 156 

Washenfelder et al. (2011) and Hayes et al. (2013). An overview of the 2010 CalNex field 157 

campaign (Ryerson et al., 2013) and aerosol observations at the Pasadena Supersite (Hayes et al., 158 

2013) can be found in previous publications. A gas-chromatography mass spectrometer (GC-MS) 159 

from NOAA was located at the same field site (Hayes et al., 2013; Warneke et al., 2013) and used 160 

for VOC measurements reported in this study. The NOAA WP-3D research aircraft sampled in 161 

situ meteorological, trace gas, and aerosol conditions aloft during CalNex (Bahreini et al., 2012b; 162 

Ryerson et al., 2013). Non-refractory submicron aerosol composition measurements aboard the 163 

NOAA WP-3D were made using an Aerodyne compact time-of-flight aerosol mass spectrometer 164 

(C-ToF-AMS, Drewnick et al., 2005). Details of operation, analysis, and quantification can be 165 

found in Bahreini et al. (2012b).  166 

2.2 Oxidation Flow Reactor  167 

To study SOA formation and OA aging in-situ, we deployed a Potential Aerosol Mass (PAM) 168 

oxidation flow reactor (Kang et al., 2007; Kang et al., 2011) at the Pasadena ground site. Fig. 1a 169 
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shows a diagram of the operational setup. The reactor and ambient sample lines were located 170 

adjacent to one another, on the roof of the instrument trailer at 7.2 meters above ground (Fig. 1b). 171 

Ambient air was continuously sampled in an open flow-through configuration via a 14-cm 172 

diameter opening with coarse-grid mesh screen coated with an inert silicon coating (Sulfinert by 173 

SilcoTek, Bellefonte, PA). The mesh was designed to block debris and insects, as well as break up 174 

large eddies while allowing VOCs and oxidized gases to be sampled efficiently. This 175 

configuration, with no inlet, was chosen because of the observation of reduced SOA formation 176 

when any inlet and/or an inlet plate was used in a previous experiment (Ortega et al., 2013). The 177 

reactor output was measured by an AMS (described below), a scanning-mobility particle sizer 178 

(SMPS, TSI Inc., Model 3936 with TSI 3010 CPC), and an O3 monitor (2B Technologies, Model 179 

205). The uncertainty in the O3 measurement is +/- 1.5 ppb or 2% of the measurement, whichever 180 

is greater. Fast switching valves were used to automatically alternate AMS and SMPS sampling 181 

between the reactor and unperturbed ambient sample line every 5 minutes. Bypass lines were used 182 

to maintain constant flow in both the reactor and ambient sample lines while instrumentation was 183 

sampling the other channel, to avoid artifacts due to particle or gas losses or re-equilibration that 184 

could occur if flow had been stagnant in the lines or modulated in the reactor. To maintain plug-185 

like flow characteristics in the reactor, output flow was sampled from both a central stainless steel 186 

1/4-inch OD tube at 2.0 lpm for aerosol measurements and a 3/8-inch OD PTFE Teflon perforated 187 

ring with 14-cm diameter for gas-phase measurements at 2.4 lpm. This setup allowed continuous 188 

measurements of both photochemically-aged and ambient aerosol. The configuration with the 189 

large inlet strongly reduces recirculation in the reactor and narrows the residence time distribution 190 

(RTD) (Fig. S1). To further reduce the width of the RTD, output flow was sampled from both a 191 

central stainless steel 1/4 inch OD tube at 2.0 L min−1 for aerosol measurements and a 3/8 inch OD 192 
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PTFE Teflon perforated ring with 14 cm diameter for gas-phase measurements at 2.4 L min−1. In 193 

addition, Peng et al. (2015) has shown that variations in the residence time distribution in the OFR 194 

had limited impact on the estimated OHexp. 195 

The total flow rate through the reactor was 4.4 lpm corresponding to a residence time of 3 min. 196 

The reactor was used to expose ambient air to high levels of OH and O3, produced when UV light 197 

from two low-pressure mercury lamps (model no. 82-9304-03, BHK Inc., with discrete emission 198 

peaks at 254 and 185 nm) initiated O2, H2O and O3 photochemistry. This mode of operation is 199 

referred to as OFR185, and OH is formed from both H2O and O3 photolysis (Li et al., 2015).  In 200 

this mode O3 is formed in the reactor but is not added to the reactor, contrary to the OFR254 mode 201 

that has been used mainly in laboratory studies (Peng et al., 2015). Given that most known urban 202 

SOA precursors do not react with O3 (e.g. Hayes et al., 2015), d using we expect OH to dominate 203 

the observed SOA formation. Consistent with this, no SOA was formed in test experiments during 204 

CalNex when ambient air was exposed to O3 only without OH. The reactor was used to expose 205 

ambient air to high levels of OH and O3, produced when UV light from two low-pressure mercury 206 

lamps (model no. 82-9304-03, BHK Inc., with discrete emission peaks at 254 nm and 185 nm) 207 

initiated O2, H2O and O3 photochemistry. This mode of operation is referred to as OFR185 (Li et 208 

al., 2015). We use the term “aging” to refer to the combined effect of OH, O3, and light exposure 209 

in the flow reactor, although reactions in the reactor are understood to be dominated by OH under 210 

typical operating conditions (Peng et al., 2016). Peng et al. (2016) have investigated the possibility 211 

of photolysis of gases and aerosol species under the OFR conditions. OH reaction dominated the 212 

fate of all gases studied. Under most conditions in this study, photolysis was estimated to be 213 

responsible for only several percent of the fractional destruction of the gas-phase primary species 214 

most susceptible to it (aromatic species) even if photolysis quantum yield was assumed to be 1. 215 
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The upper limit of the fractional destruction of possible oxidation intermediates was ~x2 that of 216 

primary species. Photolysis of SOA already present in the atmosphere may have played some role 217 

at the medium and high UV settings studied here when assuming upper limit quantum yields. 218 

However photolysis e-fold decays in the reactor are estimated to be orders-of-magnitude lower 219 

than for the atmosphere for equivalent OH exposures. 220 

The intensity of aging was continuously stepped by computer-controlled lamp power supplies 221 

(custom made transformers from BHK Inc., controlled via Labview using a National Instruments 222 

analog output board NI USB-6501), resulting in systematic stepping of lamp input voltage from 223 

50–110 VAC. This voltage stepping modulates the photon flux and consequently the OH 224 

concentrations in the reactor (Li et al., 2015). The lights are housed in Teflon sleeves which are 225 

purged with N2 gas to remove heat and avoid exposing the lamp surfaces to O3 or other oxidants. 226 

When operated at full power the lights result in an increase of ~2oC above ambient conditions. 227 

Given the low volatility of ambient OA (Huffman et al., 2009; see Fig. S12 and associated 228 

discussion below), little OA evaporation is expected in the reactor due to this heating. 229 

Oxidant concentrations in the reactor were stepped in 20-minute intervals, through six levels 230 

(including lights off, i.e. no added oxidants) comprising a two-hour cycle (Fig. 2). Only data from 231 

the last five minutes of each 20-minute period are used, to avoid including reactor transient periods. 232 

Thus, five full residence times have elapsed after changes to the UV lights and before starting to 233 

sample reactor outputs, to allow full replacement of the contents of the reactor. As lamp intensity 234 

increased, O3 and OH concentrations increased in the reactor, and resultant OA concentrations 235 

were measured from the reactor after oxidant perturbation as seen in Fig. 2. To correct for the 236 

effect of particle losses we compared concentrations measured in the reactor output when UV 237 

lights are turned off with those measured through the ambient inlet. The loss of particle mass in 238 
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this aluminum reactor is small, of the order of a few percent of the ambient concentrations (see 239 

also Palm et al., 2016). Losses in an OFR with a quartz body were observed to be ~35% in a 240 

previous study (presumably due to nearly complete loss of charged particles), which led to our use 241 

of the all-aluminum reactor. A time-dependent correction factor was estimated by comparing each 242 

reactor output measurement (for each period when the lights were off) with the average of the two 243 

ambient measurements immediately before and after. This correction is interpolated in time and 244 

applied to all reactor output measurements with lights on. The resulting average correction was 245 

+5.8 %. Although losses may have some size dependence, given the broad distributions covering 246 

the same size ranges for both ambient air and OFR output, and the small magnitude of the 247 

correction, this effect has not been considered in detail. 248 

To account for particle losses in the reactor, reactor AMS concentrations have been corrected by 249 

comparing particles measured through the ambient inlet (averaging two concurrent ambient 250 

measurements just before and after lights off measurement) to the levels during the last 5 minutes 251 

of each period with lights off. This correction is applied over the sample period, in a time varying 252 

way and accounting for variations in UV intensity, resulting in an average correction of +5.8%.  253 

The OH exposure (OHexp, OH concentration integrated over the reactor residence time) achieved 254 

in this study is primarily a function of lamp photon flux (at 185 and 254 nm), residence time, and 255 

ambient H2O concentration and OH reactivity (Li et al., 2015; Peng et al., 2015). OHexp was 256 

estimated using an calibration equation developed by multivariate fitting of the output from a 257 

kinetic model of reactor (OFR185) operation, and verified against data from several field and 258 

laboratory experiments including CalNex (Li et al., 2015). Data from the decay of ambient SO2 in 259 

the OFR during CalNex, which was only reliable during periods with higher ambient SO2 260 

concentrations (> 1 ppbv), was used to verify the OHexp estimation equation. The equation uses 261 
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ambient H2O concentration, reactor output O3 concentrations, flow rateresidence time, and 262 

ambient OH reactivity from collocated measurements (total OH reactivity data measurement from 263 

the Stevens Group, Indiana University; in this method there is no assumption about the reactivity 264 

constituents). According to this equation, internal OHexp in the reactor typically ranged from 265 

1.1×1011–5.8×1012 molec. cm-3 s, 0.8 days–6.4 weeks of photochemical age assuming 24-hr 266 

average ambient OH concentrations of 1.5×106 molec. cm-3 (Mao et al., 2009). The uncertainty in 267 

the calculated OHexp is estimated to be a factor of 3 (Li et al., 2015; Peng et al., 2015). “Total 268 

photochemical age” refers to the sum of ambient photochemical age and reactor internally-269 

generated photochemical age, used throughout this work unless otherwise specified. Ambient 270 

photochemical age is calculated by the ratio of 1,2,4-trimethylbenzene to benzene (Borbon et al., 271 

2013), using collocated gas-phase measurements as described in Hayes et al. (2013). Subsequent 272 

figures use total photochemical age in day-units applying the average OH concentration of 1.5×106 273 

molec. cm-3.  During CalNex, OH concentrations averaged up toas high as 4×106 molec. cm-3 274 

during the daytime, from concurrent OH reactivity estimates. Since a significant part of SOA 275 

formation happens during the first few hours after emission, the 0.8 equivalent day minimum 276 

photochemical age probed with the reactor would correspond to ~0.3 days at the peak OH 277 

concentration observed during CalNex. 278 

2.3 Particle Measurements  279 

Particle concentration and composition were analyzed with a high-resolution time-of-flight aerosol 280 

mass spectrometer (HR-ToF-AMS, abbreviated as AMS hereafter; Aerodyne Research, Billerica, 281 

MA; DeCarlo et al., 2006; Canagaratna et al., 2007). The ambient measurement setup, instrument 282 

intercomparisons, scientific results, and their interpretation are reported in Hayes et al. (2013). he 283 

high-resolution (HR) fragmentation table (Aiken et al., 2008) and peak fitting (DeCarlo et al., 284 
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2006) were applied to the reactor measurements with no additional adjustments beyond those 285 

performed for the ambient CalNex data by Hayes et al. (2013). The elemental analysis of OA 286 

(resulting in oxygen-to-carbon ratio, O:C, and hydrogen-to-carbon ratio, H:C) was performed 287 

using the “improved-ambient” method published by Canagaratna et al. (2015) for both reactor and 288 

ambient measurements, which increases O:C on average by 27% and H:C on average by 11% over 289 

the previous “Aiken ambient” method (Aiken et al., 2008). Details of the quantification of AMS 290 

reactor measurements (i.e. collection efficiency, inlet and particle lens losses) and intercomparison 291 

with the SMPS are discussed in supplementary Section S1 (Figs. S1S2-S5S6). Hayes et al. (2015) 292 

performed a modeling study comparing the ambient AMS OA measurements with several box and 293 

3-D SOA models. Here, we only discuss the modifications in post-processing and data analysis 294 

necessitated by the alternating sampling of the reactor output. T 295 

2.4 Fate of Low-Volatility Organic Gases in the Reactor  296 

As organic gases are oxidized, they can form lower vapor pressure products, low-volatility organic 297 

compounds (LVOC). Semivolatile organic compounds (SVOC) will also be formed, but we focus 298 

this discussion on LVOC for several reasons. As shown in Figure S12 (discussed in Section 4.4), 299 

the volatility distribution of the SOA present during CalNex shows very limited importance of 300 

SVOCs as SOA constituents. Second, discussion and modeling of LVOC fate in the reactor is 301 

conceptually simpler. Third, the amount of SOA formed in reactor is significantly higher than can 302 

be explained by the speciated precursors, consistent with other studies (Palm et al., 2016). The 303 

assumption of LVOCs results in higher SOA formation than if SVOC were assumed, and is thus 304 

a the most conservative assumption in terms of closure of measured vs. predicted SOA. Thus 305 

adding complexity to the loss model for species that are likely of limited importance was a lower 306 

priority for our study.simplicity. In the atmosphere, the dominant fate of these LVOC is 307 
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condensation on aerosols, as OH lifetimes and dry deposition time scales are slower (Donahue et 308 

al., 2013; Knote et al., 2015).  However, given the limited residence time, high surface/volume 309 

ratio, and the high oxidant concentrations in the OFR, other LVOC fates can be competitive with 310 

condensation on aerosols.  LVOC in the reactor can either condense on aerosols, be lost due to 311 

condensation on the reactor walls, react further with OH resulting in condensable or non-312 

condensable products, or exit the reactor in the gas phase to condense on the sampling line walls. 313 

Aerosol sampling instruments only measure the LVOC that condense on aerosols in the reactor. 314 

Given the short residence time and high OHexp of the reactor, SOA formation could be 315 

underestimated due to these competing fates. To account for vapor losses, we follow the method 316 

detailed in Palm et al. (2016), using McMurry and Grosjean (1985) for wall loss estimation. The 317 

method of Pirjola et al. (1999) is used for estimating organic gas condensation to aerosols based 318 

on the measured SMPS size distributions with the Fuchs-Sutugin correction for gas diffusion in 319 

the transition regime (Seinfeld and Pandis, 1998). It is assumed that products after five oxidation 320 

steps with OH at kOH = 1 x 10-11 molec cm-3 s-1 are lost (fragmented and too volatile to condense). 321 

We note that 56% (97%) of the initial molecules will have undergone five oxidation steps after an 322 

OHexp= 51011 (11012) molec. cm-3 s.  This is used to simulate a typical C10 VOC oxidation in the 323 

reactor. Parameters used include the measured surface-area-to-volume ratio (A/V) of the reactor 324 

(25 m-1), a coefficient of eddy diffusion ke approximated as 0.0036 s-1, and a diffusion coefficient 325 

D = 4710-6 m2 s-1, corresponding approximately to the diffusivity of a molecule with a mass of 326 

200 g mol-1. The analyses leading to the correction terms were developed in Palm et al. (2016) and 327 

are applied here. As Palm et al. (2016) is now published in final form in  ACP, we refer readers to 328 

that manuscript for the full details of the method. 329 
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At OHexp lower than 1×1012 molec cm−3 s (∼ 10 days) the dominant LVOC fate (50–75%) is 330 

condensation to the aerosol (see Fig. S7). At higher OHexp, the fate of organic gases is dominated 331 

(>45%) by loss to reaction with OH rather than condensing on aerosol. LVOC lost to the walls 332 

(~7%) or exiting the reactor (~2%) play only small roles under the conditions of this study, due to 333 

the relatively high ambient aerosol surface area. At OHexp lower than 11012 molec. cm-3 s (~10 334 

days) the dominant LVOC fate is condensation to the aerosol (see Fig. S6). At higher OHexp, the 335 

fate of organic gases is dominated by loss to reaction with OH rather than condensing on aerosol. 336 

LVOCs lost to the walls or exiting the reactor play only a small role under the conditions of this 337 

study, due to the relatively high ambient aerosol surface area.  The amount of SOA formed in the 338 

reactor is corrected for the fraction of SOA that condense on the aerosol by fitting a line to the 339 

calculated fraction of LVOCs that condense on aerosol and dividing the measured SOA formed in 340 

the reactor by the fitted fraction of LVOCs that were lost by condensation on the aerosol (Fig. 341 

S6S7). This correction is a minimum at low to moderate ages, and highest at longest ages where 342 

net OA production is lowest (Sect. 3.2). Thus, the maximum net SOA production was typically 343 

corrected by a factor of 1.2. At increasing ages, where OA loss due to heterogeneous oxidation 344 

begins to dominate over gas-phase oxidation, it becomes unfeasible to apply the correction, as the 345 

net OA enhancement in the reactor is negative. Thus, correction is applied when reactor-measured 346 

OA is greater than ambient OA (relative OA enhancement ratio, EROA = reactor OA / ambient OA, 347 

EROA>1; and the absolute OA enhancement factor, OA Mass = reactor OA – ambient 348 

OAEROA>1, OA Mass>0, Sect. 3.2). 349 

 350 

3  Results and Discussion 351 
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3.1  Observations 352 

The time series of the reactor sample period is shown in Fig. 3a. The ambient aerosol during the 353 

first third (30 May–3 June 2010) of the measurement period is characterized by OA dominance, 354 

while the remaining two-thirds of the period (3–11 June 2010) is characterized by high 355 

concentrations of OA and nitrate, moderate sulfate and ammonium, and low chloride, with a 356 

marked diurnal cycle. This second period was strongly affected by in-basin pollution and is the 357 

most useful in terms of studying urban SOA formation (Hayes et al., 2013). The precursors that 358 

are expected to be important contributors to SOA at this location include aromatic VOCs and 359 

semivolatile and intermediate volatility species (mostly alkanes and aromatics), with low 360 

importance for biogenic species (Hayes et al., 2015). 361 

A 24-hour snapshot of the time series of ambient and reactor data is shown in Fig. 3b. This period 362 

is representative of the diurnal profiles observed from 3–9 June 2010. The oscillations (zig-zag 363 

pattern) in reactor output concentrations are due to OHexp stepping as shown in Fig. 2. Day and 364 

night periods are highlighted to indicate the period of inactive (20:00–8:00) and active ambient 365 

photochemistry (8:00–20:00) in Fig. 3b. Ambient nitrate and ammonium concentrations peak in 366 

early morning hours before sunrise, while OA peaks in the late afternoon, during the most 367 

photochemically active part of the day. Hayes et al. (2013) attributes this organic aerosol temporal 368 

pattern to the formation of fresh urban SOA as the LA-plume undergoes ~0.3 days of 369 

photochemical aging during transport to our field location, which is considered a receptor site as 370 

it experienced a strong impact from aged urban emissions. However, OA enhancement in the 371 

reactor peaked during night, ~12 h before the ambient OA peak. The nighttime reactor-aged OA 372 

mass peaks at approximately the same concentration as the following day’s ambient OA 373 

concentration, suggesting the reactor’s potential for estimating the next day’s OA concentrations. 374 
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A more quantitative evaluation of this potential is discussed below (Sect. 4.1. and Figure 9). While 375 

this peak likely occurs at OHexp higher than observed the following day, the similar OA mass added 376 

highlights the potential for further develop of the reactor as a predictive tool. Daytime reactor-aged 377 

OA mass shows very limited enhancement above the ambient OA mass, indicating suggesting that 378 

the precursors for SOA formation have been mostly depleted in ambient air. At the peak of the 379 

ambient photochemical age during daytime, only small amounts of precursors are available to 380 

contribute to further SOA formation from oxidation in the reactor, likely due to previous removal 381 

by photochemical oxidation and condensation.The nighttime reactor-aged OA mass peaks at 382 

approximately the same concentration as the following day’s ambient OA concentration, 383 

suggesting the reactor’s potential for estimating the next day’s OA concentrations. A more 384 

quantitative evaluation of this potential is discussed below (Sect. 4.1. and Figure 9). The fact that 385 

the inorganic components are enhanced in the reactor is not surprising but expected. SO2 and NOx 386 

in ambient air are expected to be oxidized to H2SO4 and HNO3 by the OH in the reactor, and can 387 

then condense onto the aerosols (together with ambient NH3 for HNO3). See e.g. Kang et al. (2007) 388 

and Li et al. (2015) for further details. Figure 3c shows the average speciated contribution to total 389 

aerosol for ambient and the reactor (excluding dark reactor periods, “lights off” periods, periods 390 

are included only if OHexp > ambientwhere OHexp = ambient), indicating overall enhancement of 391 

all species from reactor aging with very similar composition to ambient aerosol. 392 

Observations of the OA size distributions indicate reactor aging does not significantly shift the 393 

size of the accumulation mode for the average of nighttime ambient and three different reactor age 394 

ranges (age ~ ambient, 3.7 days, and 23.5 days), from  2–9 June 2010 (Fig. S7S8). The reactor size 395 

distribution changes in intensity and shape are most pronounced during low ages (~3.7 days and 396 

lower), with an enhanced smaller size mode (dva ~80 nm). While many daytime/nighttime average 397 
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size distributions and age ranges were explored, only ages at or below a few days at nighttime 398 

showed significant enhancement of small particle sizes. Highest ages (>14 days) show overall 399 

decrease in concentration across all size bins with the size of the accumulation mode unchanged 400 

from ambient within the uncertainty of the measurement. Given the high concentrations of large 401 

particles in this urban environment, we expect aging to enhance organic aerosol by condensation 402 

of semi- and low-volatile compounds on existing particles to dominate over new particle formation 403 

and growth. Reactor results are indicative of this process, although they also indicate the effect of 404 

new particle formation and/or of nanoparticle growth at lower OH exposures.  405 

3.2 Aerosol Enhancements 406 

Investigating reactor perturbation of ambient OA allows quantification of both relative and 407 

absolute OA changes vs. OHexp. The relative OA enhancement ratio, EROA = reactor OA / ambient 408 

OA, and the absolute OA enhancement factor, OA Mass = reactor OA – ambient OA, are plotted 409 

vs. OHexp in Fig. 4a and Fig. 4b respectively for the sample period. OA mass is enhanced up to 410 

four times from ambient OA, with the majority of maximum EROA peaking around a factor of two 411 

increase. OA enhancement peaks and plateaus between 0.8–6 days of OH aging, then decreases at 412 

higher aging, eventually showing net OA loss beyond two weeks of aging. When separated into 413 

daytime and nighttime EROA and OA mass (Fig. 4), the qualitative trends are the same in both 414 

cases, but OA was more enhanced from reactor aging during nighttime by 5 g m-3, or a factor of 415 

1.7x of ambient. A smaller enhancement is observed during the day ~2 g m-3, or a factor of 1.2x 416 

of ambient,  The data for greater thanwhile at > 2 weeks of aging, day and night observations 417 

closely overlaps for day and night, with a decrease up to ~2.5 g m-3, or a factor of 0.5x of ambient.  418 
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The substantial difference between day- and nighttime enhancements can be explained as during 419 

the night the boundary layer is shallow and reactive precursors accumulate due to the absence of 420 

ambient photochemistry, with lower ambient photochemical ages of ~0.1 day (Hayes et al., 2015) 421 

and minimal loss mechanisms as the dominant urban VOCs do not react with O3 or NO3 (other 422 

than a small concentration of monoterpenes). In contrast, during the day reactive precursors in 423 

ambient air are depleted due to reaction with OH. Transport times from downtown LA, the 424 

dominant precursor source region impacting Pasadena, is ~0.5 days (Washenfelder et al., 2011; 425 

Hayes et al., 2013), with ambient photochemical ages reaching ~0.3 days. Thus most of the SOA 426 

precursors that can become SOA already have by the time the air was sampled in Pasadena and 427 

only about 20% more SOA could be produced from the precursors that remained. The trends in 428 

Fig. 4 indicate increased oxidation transitioning from a dominance of functionalization reactions 429 

and condensation at low-to-moderate exposures, to fragmentation-dominated reactions and 430 

evaporation of reaction products at the highest photochemical ages. Fragmentation can occur in 431 

the gas phase by reactions of SVOCs with OH, leading to non-condensable products and 432 

decreasing SOA formation. Fragmentation can also be due to heterogeneous oxidation of existing 433 

OA, producing more volatile species that may evaporate leading to OA mass loss. Discussion of 434 

the relative importance of these processes for this study is presented in Section 4.4 below. 435 

3.3  Gas-Phase Observations  436 

3.3.1 Odd Oxygen (Ox) Relation to SOA Formation 437 

The day-night difference observed in both EROA and OA mass merits examination of the 438 

relationship with ambient odd-oxygen, Ox (O3 + NO2). Ambient Ox correlates with freshly 439 

produced SOA in urban areas (Herndon et al., 2008; Wood et al., 2010; Hayes et al., 2013; Morino 440 
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et al., 2014; Zhang et al., 2015), both resulting from recent photochemistry. For the reactor, 441 

oxidants are generated internally and are not dependent on ambient Ox. As seen in Fig. 5, there is 442 

a steep inverse relationship between OA mass and ambient Ox, at low to moderate aging (<4 443 

days). As daytime ambient photochemical production of oxidants increases (Ox >50 ppbv), the 444 

reactor’s SOA formation for moderate aging decreases to a near constant OA mass enhancement 445 

(2 g m-3). At high ages (>14 days), OA mass loss is fairly constant with ambient Ox, which is not 446 

surprising since the mechanisms responsible for OA depletion at long ages have little dependence 447 

on previous photochemical processing in the atmosphere. As Ox is not itself playing a role in 448 

reactor aging, but can be used as a proxy ambient photochemistry, These these results further 449 

confirm that as the degree of ambient photochemical processing of the sampled air increases 450 

(during daytime), SOA production in the reactor becomes more limited, likely due to the depletion 451 

of reactive SOA precursors in ambient air, consistent with the conclusions from Fig. 4.  452 

3.3.2 Further Constraints on Urban SOA Formation Timescales from OH 453 

Reactivity of Measured VOC Observations 454 

To further constrain the timescales and precursors of urban SOA formation, ambient and reactor 455 

OA data are plotted together with ambient VOCs in Fig. 6. The maximum reactor OA enhancement 456 

has a similar diurnal profile to 1,3,5–trimenthylbenzene (TMB). Both TMB and OA enhancement 457 

have diurnal profiles that are out of phase with ambient SOA. In contrast, the concentration of 458 

benzene shows little correlation with reactor SOA formation in the reactor. The lifetime of TMB 459 

by reaction with OH is nearly 2 orders of magnitude shorter, OH ~3 hours, kOH = 5.6710-11, than 460 

benzene, OH ~6 days, kOH = 1.2210-12 (Atkinson et al., 2006). The anti-correlation of TMB and 461 

reactor enhancement in OA and ambient SOA concentrations suggests that only in the absence of 462 
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ambient photochemistry, substantial amounts of short-lived SOA precursors are present to produce 463 

most of the SOA formed in the reactor. Toluene, a VOC with a lifetime of 1.4 days and kOH = 464 

5.6310-12 cm3 moelculemolecule-1s-1 does not have the same diurnal structure as reactor OA and 465 

TMB (Fig. S8S9). The shape of the diurnal-scale time series in Fig. 6 and S8 S9 can be explained 466 

as the sunrises ambient photochemistry begins at sunrise, very short lived precursors, such as 467 

TMB, begin decay rapidly due to gas-phase oxidation as well as boundary layer growth. As these 468 

gas-phase oxidation products condense, SOA forms and ambient OA reaches its daytime peak. At 469 

the daytime ambient OA peak, most of these short-lived precursors have been consumed, thus the 470 

reactor only forms an additional 1–2 g m-3 of SOA as opposed to the greater than 10 g m-3 471 

possible when theses precursors are allowed to build in a shallow boundary layer and in the absence 472 

of photochemical sinks. Note that in the afternoon the boundary layer is significantly deeper than 473 

at night, and thus the total afternoon SOA formation potential may not be that different than at 474 

night, even though the potential per unit volume of air is much smaller. 475 

The inset in Fig. 6 is a scatter plot of maximum reactor SOA formation (per OHexp cycle) vs. TMB 476 

(slope ~52, R2=0.7). TMB’s SOA yield is on the order of 10% (Cao and Jang, 2007). Thus its 477 

concentration is insufficient to explain reactor SOA formation by a factor of ~500, though it is not 478 

expected to be the sole SOA precursor. This correlation suggests species with a similar source 479 

footprint and lifetime as TMB produce most of the urban SOA. Such species likely include 480 

semivolatile and intermediate volatility precursors (S/IVOC) that are rarely measured in ambient 481 

air (Dzepina et al., 2009; Zhao et al., 2014; Hayes et al., 2015), due to the difficulty in measuring 482 

these compounds. A comparison of observed reactor SOA formation with a model that uses all the 483 

measured VOCs is discussed in section 4.3 below. 484 
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3.4 OA Chemical Composition and Evolution with Aging 485 

The evolution of OA chemical composition upon aging has been the subject of several studies, 486 

both for ambient (Heald et al., 2010; Kroll et al., 2011; Ng et al., 2011a; Ng et al., 2011b) and 487 

reactor conditions (Kang et al., 2011; Ortega et al., 2013; Tkacik et al., 2014; Lambe et al., 2015). 488 

This evolution results in characteristic trends in specific diagrams: AMS fragments f44 vs. f43, and 489 

H:C vs. O:C. Both diagrams are shown for the CalNex ambient and reactor data in Fig. 7. f44 is a 490 

tracer for aged OA (fractional organic contribution at m/z 44, mostly CO2
+), while f43 (fractional 491 

organic contribution at m/z 43, mostly C2H3O
+), due to non-acid oxygenates, with some 492 

contribution from C3H7
+) is a tracer of POA and freshly formed SOA (Ng et al., 2011a). In Figure 493 

7a, ambient and reactor data evolve consistently and as f44move up and to the left increases and f43 494 

decreases with aging, consistent with previous ambient field observations from multiple field 495 

campaigns (Ng et al., 2010)(Ng et al 2010). As expected, reactor data with the highest age has the 496 

highest f44. Positive Matrix Factorization (PMF) factors from Hayes et al. (2013) lay lie within 497 

ambient observations and data for lower OHexp in the reactor. Reactor data stays within the 498 

boundary of flow reactor results from Lambe et al. (2011a) and below the location of oxalic acid, 499 

as expected. 500 

The Van Krevelen diagram (H:C vs. O:C) is shown in Fig. 7b and demonstrates results that are 501 

very consistent to those of the previous plot. The reactor data follows a similar trend to ambient 502 

data, with slopes of -0.64 and -0.68, respectively. A slope between -1 and -0.5 is consistent with 503 

the addition of acid and alcohol functional groups without fragmentation or the addition of acid 504 

groups with carbon–carbon bond breakage (Ng et al., 2011b). The consistency of ambient and 505 

reactor OA aging suggest that the reactor produces similar SOA composition upon aging to that in 506 

the atmosphere within the LA-Basin. 507 
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Reactor O:C ratios increase with age and span a wider range than ambient observations (O:C up 508 

to 1.4). While O:C (and f44) continually increased with additional OHexp, peak reactor OA 509 

enhancement is observed at intermediate exposures and O:C ratios (0.8–6 days and O:C ~1.10–510 

1.25), as seen in Fig. 8a. OA mass loss, i.e. EROA< 1, is observed together with the highest O:C 511 

ratios at the highest ages, which suggests OA fragmentation by heterogeneous oxidation results in 512 

the highest oxygen content remaining in the aerosol. With increasing age, H:C decreases 513 

continuously with OHexp ( Fig. 8b), with H:C ~1.00–1.15 for the periods of maximum reactor OA 514 

enhancement. A qualitatively similar trend is observed in the reactor studies of Lambe et al. (2012) 515 

for SOA from OH oxidation of alkane precursors ( Fig. 8a) although starting with lower O:C and 516 

with a steeper slope at higher ages, and also by Ortega et al. (2013) for aging of biomass burning 517 

smoke.  518 

Average carbon oxidation state (OSC) has been proposed as a metric to characterize the formation 519 

and evolution of OA (Kroll et al., 2011). OSC can be approximated as ~2O:C–H:C. Figure 8c 520 

shows OSC vs. photochemical age for ambient and reactor data. While ambient OSC is within the 521 

range of previous observed urban/anthropogenic OA, reactor OSC extends this significantly up to 522 

+2.0, consistent with ambient low-volatility OA observations up to +1.9 (Kroll et al., 2011). At 523 

the same OH exposure, i.e. 8 days,  higher OSC is observed (~1) for conditions of high reactor 524 

SOA production (EROA ~ 2) at intermediate agescompared to no net SOA production (EROA ~ 1, 525 

OSC ~ 0). The highest values of OSC are observed for the highest ages, where heterogeneous 526 

oxidation leading to OA mass loss dominates. This indicates that heterogeneous oxidation adds 527 

substantial oxygen and reduces hydrogen from molecules to the particles to increase OSC despite 528 

overall mass loss. 529 

4 Discussion 530 
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4.1 Evolution of Net Urban OA with Photochemical Age 531 

The identity of the SOA precursors responsible for urban SOA formation remains unclear. 532 

Combustion emissions such as those from vehicles are thought to be a major source of urban 533 

SOA (e.g. Hayes et al., 2015), and urban non-combustion sources of SOA precursors, if 534 

important, are finely spatially intermingled with combustion sources. CO is often used as a tracer 535 

of the initial concentration of urban SOA precursors in an airmass and thus allow an implicit 536 

correction for dilution occurring in parallel with aging. For this reason, the ratio of OA to CO 537 

concentration (above background level) vs. photochemical age is often used to investigate the 538 

evolution of urban SOA (de Gouw et al., 2005; DeCarlo et al., 2010).  539 

Fig. ure 9 shows the results of this analysis for our reactor and ambient measurements. 540 

Background CO during CalNex-LA is on average ~105 ppb (ranging from 85—125 ppb, Hayes 541 

et al., 2013). A range of  20 ppb uncertainty in background CO, results in an average  6 g m-3 542 

ppm-1 uncertainty in OA/CO. Ambient photochemical age is calculated from the VOC ratio 543 

method as in Hayes et al. (2013). Reactor total photochemical age is the sum of ambient 544 

photochemical age (of the air ingested into the reactor at each time) and reactor age. The range 545 

observed in previous field campaigns in the Northeastern US and Mexico City are shown for 546 

reference (DeCarlo et al., 2010). LA Basin outflow data are also shown, from aircraft 547 

measurements aboard the NOAA WP-3D during CalNex (Bahreini et al., 2012b), averaged for 548 

1–2 days of photochemical age, falling in the middle of the range of previous ambient 549 

observations.  550 

Fig. 9 shows the data averages for 7% quantiles of total photochemical age, to better illustrate the 551 

average trends of the observations without the higher noise level of 2.5 min. measurements. All 552 
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data points for the sample period are shown for ambient and reactor measurements in Fig. S9a 553 

for reference. An increase in OA/CO with aging is observed for ambient and reactor dark data 554 

(where reactor age = ambient photochemical age in the absence of internal reactor OHexp), 555 

consistent with previous studies and as discussed in Hayes et al. (2013; 2015). Reactor data are 556 

shown without and with the vapor loss-correction applied (see Sect. 2.3). The reactor data is 557 

consistent with SOA formation being dominated by shorter-lived precursors, as little increase in 558 

OA/CO is observed after about a day of total age, consistent with the SIMPLE parameterization 559 

of urban SOA (Hodzic and Jimenez, 2011; Hayes et al., 2015). 560 

To constrain the lifetimes of the important urban SOA precursors, the OH decays of three example 561 

gas-phase species (benzene, toluene, and 1,3,5-trimenthylbenzene (TMB)) are shown are overlaid 562 

in Fig. S10, together with data from Fig. 9 that illustrates the timescale over which OA/ΔCO 563 

increases. The correlation of different VOCs with maximum SOA formation in the reactor is 564 

shown vs. their reaction rate constants with OH (kOH) in Figure 10. This analysis constrains the 565 

rate constants of the most important urban SOA precursors to the approximate kOH ~ 3–510-11 566 

cm3 molec.-1 s-1. This constraint suggests that polyalkyl monoaromatics (such as TMB), substituted 567 

polyaromatics such as alkyl naphthalenes (Phousongphouang and Arey, 2002), or large alkanes 568 

with ~23 or more carbons (Calvert et al., 2008), or branched / cyclic species of similar size are (as 569 

a group) important contributors. The latter species are semivolatile and intermediate volatility 570 

species (S/IVOCs), and thus our results suggests a very important role for such species in urban 571 

SOA formation. To further illustrate the lifetimes of important urban SOA precursors, OH-decay 572 

curves of gas-phase benzene, toluene, and 1,3,5-trimenthylbenzene (TMB) are overlaid in Fig. S9a 573 

with data from Fig. 9. The timescale of SOA formation is in between those of TMB and toluene 574 
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decays, mostly shorter than toluene decay and definitely shorter than benzene decay, again 575 

consistent with the previous discussion.  576 

We note that in Fig. 9 aging of CO (decay of CO from reacting with OH in the reactor or 577 

atmosphere) was not included in the evolution of OA/CO analysis, as the purpose of CO is to 578 

serve as an inert tracer of the urban SOA precursors emitted into each airmass. However, when 579 

comparing with aged pollution observed in the field after e.g. a week of transport, the aging to the 580 

urban CO needs to be taken into account. This is shown in Fig. S9bS10b, and indicates that ambient 581 

observations of very aged pollution would not show a decrease in OA/CO due to photochemistry 582 

since the decreases in OA and CO at long photochemical ages have similar timescales. We note 583 

that a decrease in the OA/CO ratio for ambient aged pollution may still be observed for other 584 

reasons such as wet deposition (Dunlea et al., 2009). Production of CO from urban VOCs is 585 

expected to be less than 1/10 of the directly emitted CO (Hallquist et al., 2009) and is neglected 586 

here. 587 

4.2 Fit to the Observed Ambient and Reactor Parameterization of the Amount 588 

and Timescale for Urban SOA FormationEvolution 589 

The evolution of urban SOA vs. photochemical age follows a similar trend in different field studies 590 

with a rapid increase in the first day followed by a plateau at longer ages. Previously, this evolution 591 

has been fit with the SIMPLE parameterization, a 2-parameter model in which a single VOC 592 

precursor (VOC*) is oxidized with a single rate constant with OH to produce non-volatile SOA. 593 

This parameterization has been shown to fit ambient data as well or better than more complex 594 

models (Hodzic and Jimenez, 2011; Hayes et al., 2015). However, the evolution of OA/ΔCO 595 

evolution  past the initial ~2 days is almost completely unconstrained by ambient observations, 596 
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due to the difficulty of identifying urban pollution-dominated air masses after advection for several 597 

days, and of determining CO when it is of the order of the uncertainties in the CO background. 598 

The reactor data from our study offer a unique opportunity to extend the model fit to much longer 599 

photochemical ages. The fit in Eqn. 1 was modified from Hayes et al. (2015)’s 2-parameter model 600 

for this purpose, where (POA+BGSOA)/CO is the primary OA plus background SOA, constrained 601 

at 16 g m-3 ppm-1 (Hayes et al., 2015), VOC*/CO is the VOC* emission ratio, and t is 602 

photochemical age, using measurements at local temperature and pressure.  603 

𝑂𝐴

∆𝐶𝑂
= {

𝑃𝑂𝐴 + 𝐵𝐺𝑆𝑂𝐴

𝐶𝑂
+
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𝐶𝑂
[1 − 𝑒

(
−𝑡
𝜏1

)
]} 𝑒

(
−𝑡
𝜏2

)
        (1) 604 

Fitting the reactor data in this way requires the addition of a 2nd timescale to account for loss of 605 

OA at long ages, as done in Eqn. 1. Fitting all ambient plus vapor loss-corrected data results in 606 

VOC*/CO = 565g m-3 ppm-1, 1 = 0.30.1 days, and 2 = 5010 days (Fig. 9, all data points, 607 

i.e. before averaged into quantiles is in Fig. S9aS10a). In this parameterization, 1 is the timescale 608 

for urban SOA formation and 2 is the timescale for net OA mass loss due to fragmentation, likely 609 

dominated by heterogeneous oxidation. Kroll et al. (2015)’s laboratory examination of 610 

heterogeneous oxidation of OA found a volatilization lifetime of 7020 days, supporting the 5010 611 

days timescales found in this work. 612 

4.3  Comparison of Reactor output to Urban SOA Model Results  613 

It is of interest to compare the SOA formation constrained from our reactor and ambient data to 614 

SOA models used in 3D modeling studies, as those models remain poorly constrained (e.g. Hayes 615 

et al., 2015). Here we used two of the model variants recently described in Hayes et al. (2015), and 616 

compare to our data in Fig. 1011. The first model variant is a “traditional model” with SOA 617 
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formation from VOCs using pre-2007 yields (Koo et al., 2003), which has been shown before to 618 

underpredict urban SOA formation by over an order-of-magnitude (Dzepina et al., 2009; Morino 619 

et al., 2014; Hayes et al., 2015). This comparison is still of interest as several SOA models still use 620 

this approach (e.g. Morino et al., 2014; Baker et al., 2015; Hayes et al., 2015).  621 

The second model variant represents SOA formation from VOCs and primary semivolatile and 622 

intermediate volatility precursors (P-S/IVOC; Robinson et al., 2007) in addition to VOCs, and has 623 

been shown to predict SOA formation adequately at short timescales (<1 day) but to overpredict 624 

at long ages (Dzepina et al., 2011; Hayes et al., 2015). SOA formation from VOCs uses the 625 

Tsimpidi et al. (2010) formulation, including “aging” of the SOA, and using the high NOx yields 626 

since the observed SOA formation mostly occurs in the urban environment where RO2 react 627 

mainly with NO (Hayes et al., 2015). SOA from P-S/IVOCs is represented using the Robinson et 628 

al. (2007) parameterization. Recent results suggest that P-S/IVOC are needed to explain SOA 629 

formation observed in ambient air during CalNex (Zhao et al., 2014; Hayes et al., 2015), consistent 630 

with other locations (Dzepina et al., 2009; Hodzic et al., 2010).  631 

 Figure 10a 11a shows the comparison of the SOA models against our ambient and reactor results. 632 

The traditional model predicts SOA a factor of 10 lower than our observations, consistent with 633 

previous studies. The updated model performance is mixed: the magnitude of SOA formation at 634 

short times (<1 day) is somewhat slower but similar to the ambient data. SOA formation at long 635 

ages (>1 day) is significantly overpredicted by a factor of ~3. This model does not include 636 

heterogeneous oxidation reactions leading to fragmentation which could decrease predicted OA at 637 

high photochemical ages, resulting in a wider discrepancy at very long ages (>10 days).  Figure 638 

10b 11b shows the same comparison using lower IVOCs as suggested from field measurements 639 

(Zhao et al., 2014). The same model was used, but with the initial concentrations of primary IVOCs 640 
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decreased by one-half to better match the ambient observations of Zhao et al. (2014), as described 641 

by Hayes et al. (2015). This difference is due to the different methods used to estimate the 642 

background SOA. Briefly, in this work as well as in Hayes et al. (2015), the background SOA is 643 

estimated to be equal to the minimum low-volatility oxygenated organic aerosol (LV-OOA) 644 

concentration in the diurnal cycle. Whereas in Hayes et al. (2013), the background SOA was 645 

estimated to be equal to the mean LV-OOA concentration for photochemical ages less than 1.2 h. 646 

Decreasing IVOCs brings down overall SOA predictions, increasing the discrepancy at shorter 647 

ages and still overestimating SOA concentrations compared to reactor measurements at the longest 648 

ages. This result suggests that the reduced IVOC concentrations cannot account for all model 649 

discrepancies. It is of interest to compare the reactor results with those of other SOA mechanisms 650 

in the future.  651 

4.4 Evolution at High Photochemical Ages 652 

The photochemical evolution of OA at long ages is of high interest as it partially controls the 653 

background of OA at remote locations where it may influence climate more strongly, due to the 654 

higher sensitivity of clouds to aerosols at low aerosol concentrations (Reutter et al., 2009). Heald 655 

et al. (2011) noted that a process that consumed OA with a timescale of ~10 days was needed in 656 

order to avoid overpredictions of OA in remote air. Heterogeneous oxidation is thought to play an 657 

important role for long photochemical ages, while being too slow to compete at timescales of a 658 

day or so (DeCarlo et al., 2008; George and Abbatt, 2010). Fig. 11a 12a compares our CalNex 659 

results to heterogeneous OH oxidation of ambient air from George and Abbatt (2010) using a 660 

similar oxidation flow reactor (Toronto Photo-Oxidation Tube, TPOT), but with gas-phase SOA 661 

precursors removed by a denuder. Note that no SOA formation is observed for the George and 662 

Abbatt case due to the use of a denuder, and thus only the data for EROA < 1 can be approximately 663 
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compared. The two datasets show a similar trend with the start of a net decrease around 2 weeks 664 

of oxidation and a similar evolution. A decrease in SOA yields at high ages (>7 days) was also 665 

observed by Lambe et al. (2012), in experiments where SOA was formed from gaseous precursors. 666 

Note that the George and Abbatt (2010) vs. Lambe et al. (2012) studies are qualitatively different, 667 

and thus the explanations of the decrease in OA at high ages may be different. George and Abbatt 668 

(2010) started their oxidation experiment with particles only, after removing gases with a denuder. 669 

Any decreases in OA in their study must result from heterogeneous oxidation. The Lambe et al. 670 

(2012) study started with gas-phase precursors only and no particles. Thus the reduction in SOA 671 

at high OHexp may be due to either gas-phase fragmentation of condensable species, so that SOA 672 

is never formed, or to formation of SOA followed by its heterogeneous oxidation and 673 

revolatilization. Results in Fig. S7 suggest that gas-phase oxidation would prevent the formation 674 

of SOA, and thus the second explanation is more likely.However it is likely that the decrease in 675 

that study is dominated by gas-phase fragmentation of condensable species leading to lack of SOA 676 

formation, rather than by SOA formation followed by its heterogeneous oxidation (e.g. Fig. S6).  677 

To evaluate directly whether heterogeneous oxidation could explain the gain of oxygen observed 678 

in the aerosol, we follow the method outlined in appendix A of DeCarlo et al. (2008). Fig. S10 S11 679 

shows the ratio of the gain of oxygen of OA observed in the reactor  (∆Oxygen in OA = Oatoms, reactor 680 

− Oatoms, ambient) to the total number of OH collisions with OA in the reactor, plotted vs. total 681 

photochemical age. Heterogeneous oxidation calculations use surface-weighted diameter 682 

calculated from the peak of the mass distribution and estimated particle density from AMS 683 

components (DeCarlo et al., 2004), assume every collision results in reaction (γ = 1). If it is 684 

assumed that each OH collision with OA results in one O atom addition, the number of O atoms 685 

added is underpredicted by a factor of 75 at ages ∼ 1 day, decreasing to a factor of 2 at ∼ 10 days, 686 
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and lower values at high ages (> 10 days). This analysis supports that heterogeneous oxidation is 687 

not dominant in contributing to SOA mass at low-to-intermediate ages, but it likely plays a role in 688 

OA evolution at the highest photochemical ages in the reactor.shows an estimate of the total 689 

number of OH collisions with OA in the reactor vs. total photochemical age. Heterogeneous 690 

oxidation calculations use volume equivalent diameter (dve) of 285 nm(DeCarlo et al., 2004) as 691 

calculated using the peak of the mass distribution and estimated particle density from AMS 692 

components, assume every collision results in reaction ( = 1). The measured net oxygen added 693 

(Oxygen in OA = Oatoms,reactor – Oatoms,ambient) vs. OHexp, is also shown. If it is assumed that each 694 

OH collision with OA results in one O atom addition, the number of O atoms added is 695 

underpredicted by a factor of 10 at ages ~ 1 day, decreasing to a factor of 2 at ~10 days, and lower 696 

values at high ages (>10 days). This analysis supports that heterogeneous oxidation is not dominant 697 

in forming SOA at low-to-intermediate ages, but it likely plays a role in OA evolution at the highest 698 

photochemical ages in the reactor.  699 

An alternative explanation for the loss of OA at high photochemical ages is that the reaction of 700 

semivolatile gas species with OH (leading to fragmentation and thus non-condensing species) can 701 

lead to OA evaporation as the semivolatile species in the particles evaporate to re-establish 702 

equilibrium partitioning. However, most of OA has too low volatility to evaporate in response to 703 

the removal of semivolatile species from the gas phase. Fig. S11 S12 shows the volatility 704 

distribution estimated for CalNex OA using concurrent thermal denuder measurements (Huffman 705 

et al., 2008; Faulhaber et al., 2009). As observed in other locations (Cappa and Jimenez, 2010), 706 

only ~20% of the OA is susceptible of evaporation upon removal of the gas phase. Losing ~60% 707 

of the OA would be the equivalent of heating to 100˚C in a thermal denuder. Thus, there is not 708 

enough semivolatile material available to account for that degree of loss observed in our reactor 709 
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measurements. We note that some models predict SOA that is too volatile (Dzepina et al., 2009), 710 

and if applied in a flow reactor context they may wrongly predict a large effect from semivolatile 711 

evaporation. Additionally, timescales for ambient OA evaporation upon removal of gas-phase 712 

organics from field measurements has been shown to be slow and size dependent, with fast 713 

evaporation up to only ~20% of OA mass happening on the order of ~100 min, followed by much 714 

slower evaporation of the order of days (Vaden et al., 2011). Given the short residence time utilized 715 

in the reactor during this study (< 5 minutes), there is not significant time to allow for substantial 716 

repartitioning of OA in equilibrium with semivolatile gas-phase organics.  717 

4.5 Comparison to a recent Reactor Study in a Tunnel 718 

It is of interest to compare the evolution of urban SOA vs. photochemical age determined in this 719 

work with a recently published study with a similar flow reactor in a vehicle tunnel in Pittsburgh, 720 

PA (Tkacik et al., 2014). Whether urban SOA is formed predominantly from vehicle emissions 721 

has been the subject of recent debate (Ensberg et al., 2014). The data are compared in Fig. 11b 12b 722 

as SOA/CO, where ambient POA and background OA have been subtracted from our reactor 723 

data to compare to Tkacik et al. (2014)’s SOA-only measurement. Since the tunnel data has not 724 

been corrected for vapor losses in the reactor, we only show uncorrected CalNex reactor data for 725 

this comparison.  726 

The tunnel experiment shows qualitatively similar results, with an initial increase to a peak of the 727 

same order, followed by a decrease in SOA/CO at high ages. The initial SOA rise and peak occur 728 

at higher OHexp than observed in CalNex ambient data and in previous ambient urban studies, as 729 

well as our flow reactor data. The difference at low ages between the tunnel and the other studies 730 

may be due to several reasons:  731 



33 

 

(1) Possible OHexp overestimation in the tunnel study. OHexp in flow reactors can be reduced by 1-732 

2 orders of magnitude by high levels of OH reactivity from high concentrations of very fresh 733 

emissions, such as those present in the tunnel environment (Li et al., 2015; Peng et al., 2015). 734 

OHexp was corrected for OH suppression in the tunnel study using laboratory experiments with NO 735 

levels similar to the tunnel. However, the OH reactivity of NOx is expected to decay much faster 736 

than that of VOCs and their reaction products. Thus the OH suppression in the tunnel study was 737 

likely underestimated (Peng et al., 2015) as OH suppression from VOCs was not considered. Since 738 

OH suppression is largest at low OHexp that effect may account for the deviation observed at low 739 

ages while having a much smaller effect on the tunnel data at high ages. 740 

(2) There may be substantial losses of semivolatiles in the inlet of the tunnel study. In contrast, our 741 

flow reactor was operated without an inlet to minimize the loss of semivolatiles, based on an 742 

observation in a previous study of a substantial reduction in SOA formation when any inlet or an 743 

inlet plate was used (Ortega et al., 2013). Since semivolatile primary species are larger molecules 744 

with faster OH rate constants (Ziemann and Atkinson, 2012), that could explain the lack of SOA 745 

formation at ages below a day, compared to the large amount of SOA formed for those ages in the 746 

ambient CalNex observations (Hayes et al., 2013; 2015). However the fact that the magnitude of 747 

eventual SOA formation is larger in the tunnel study argues against this possibility. 748 

(3) It may appear at first that the tunnel SOA may have have been dominated by RO2+NO, 749 

compared to RO2+HO2 for our ambient air results, thus making the results less comparable. 750 

However, while the initial NO levels in the tunnel may be high, the lifetime of NO under the 751 

conditions of the OFR is typically very low (Li et al., 2015). O3 levels in OFR185 are typically 1–752 

25 ppm, which result in NO lifetimes of 0.1–2 s. Since HO2 levels are greatly enhanced by the 753 

reactor chemistry, the majority of the RO2 radicals are still expected to react via RO2 + HO2 under 754 
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the tunnel conditions, similar to our study. The model of Peng et al. (2015) was used to estimate 755 

the fraction of RO2 reacting with NO vs. HO2 for the tunnel study. At the point of peak SOA 756 

production we estimate that 81% of the RO2 radicals are reacting with HO2 and 19% with NO. 757 

Therefore the chemistry of the OFR in the tunnel study is proceeding mostly through the HO2 758 

channel, similar to our ambient study. 759 

(4) A difference between the studies that may explain somewhat higher SOA formation in the 760 

tunnel study is the larger partitioning of semivolatile species, given the higher OA concentrations 761 

(~50 μg m-3 in the tunnel vs ~15 μg m-3 for our study). However this effect is estimated to be a 762 

factor of ~1.5 for the aromatic and alkane precursors that are thought to dominate SOA formation 763 

from vehicle emissions (Barsanti et al., 2013), and wouldit go in the opposite direction thanreduces 764 

the difference observed here, and thus it does not impactfurther supporting our conclusions. 765 

However the fact that the magnitude of eventual SOA formation is larger in the tunnel study argues 766 

against this possibility. Thus it is most likely that the observed difference between the tunnel and 767 

our study is due to overestimation of OHexp at lower ages in the tunnel study. We have used the 768 

model of Peng et al. (2015) to estimate the corrected OHexp under the tunnel conditions. The 769 

corrected curve is also shown in Fig. 12b, and shows much improved agreement with our urban 770 

air observations. 771 

A recent study examining the ambient SOA results from CalNex concluded that either vehicle 772 

emissions are not the dominant source of SOA in the LA Basin, or that the ambient SOA mass 773 

yields are much larger than what has been derived experimentally (Ensberg et al., 2014). Given 774 

the similar magnitude and timing (after correction for OH suppression) of SOA formation in the 775 

tunnel vs. ambient data and the fact that most urban CO arises from motor vehicles, as well as the 776 
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likely overestimation of OHexp at low ages in the tunnel study, the combination of both studies 777 

strongly suggests that motor vehicles are the dominant source of urban SOA, and that the SOA 778 

yields from vehicle emissions are much larger than estimated from measured VOCs as by Ensberg 779 

et al. (2014). The contribution of typically unmeasured S/IVOCs to SOA may explain the missing 780 

vehicle SOA, as discussed in section 4.3. 781 

5 Summary and Conclusions  782 

Real-time measurement of SOA formation and OA aging was carried out with a photochemical 783 

oxidation flow reactor coupled to an AMS and SMPS during the CalNex field campaign and 784 

targeted urban emissions. This work represents the first applications of an oxidation flow reactor 785 

to investigate SOA formation from ambient urban air, to our knowledge. Continuous ambient air 786 

sampling through the reactor provides complementary information to the analysis of ambient data 787 

at the site, and provides constraints on the evolution of urban SOA at long ages that are very 788 

difficult to observe with ambient measurements. Additionally, these uninterrupted reactor 789 

measurements over a two-week period allowed for observations over a prolonged period of 790 

stagnant air accumulating urban emissions. 791 

OA enhancement peaked between 0.8–6 days of atmospheric equivalent aging (OHexp = 1.0–792 

5.2×1011 molec. cm-3 s). Reactor OA mass showed net destruction decreasing below ambient 793 

concentrations after two weeks of atmospheric equivalent aging (OHexp above 2×1012 molec. cm-3 794 

s) suggesting a shift from chemistry dominated by functionalization/condensation to one 795 

dominated by heterogeneous oxidation leading to fragmentation/evaporation, but with 796 

functionalization still occurring. Comparison to reactor experiments of heterogeneous oxidation 797 

of ambient air shows similar trends to those observed for high ages in this study. High OA 798 
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enhancement was observed at night (EROA ~2, delta OA ~5g/m3) with reactor-aged OA mass 799 

peaking at concentrations similar to peak daytime ambient OA mass. Reactor-derived OA mass 800 

enhancement correlates with 1,3,5-trimethylbenzene, and has an inverse relationship with Ox and 801 

ambient OOA, suggesting that short-lived precursors (OH ~ few hours) dominate SOA formation 802 

in the LA-Basin. 803 

The chemical evolution of OA in the reactor was examined with a Van Krevelen diagram (H:C vs. 804 

O:C). Reactor-aged OA produces a similar slope (~ -0.65) to that observed in ambient OA, thus is 805 

consistent with the reactor producing similar functionalization to ambient oxidation. While total 806 

OA mass was observed to decrease at very high OH exposures, O:C continued to increase. 807 

Oxidation state of carbon peaked at high values (OSC ~2 at highest OHexp), similar to ambient 808 

observations of low volatility OA. 809 

Modeling results indicate predicted maximum SOA from traditional models is a factor of 10 less 810 

than the maximum OA mass enhancement observed from aging ambient air in the reactor, 811 

consistent with previous comparisons using ambient data. Updated VBS-based models including 812 

both VOC and S/IVOC overpredict SOA formation by a factor of 2–3 at intermediate to high ages. 813 

If the IVOC emissions are reduced by a factor of 2 in the updated model to fit recent CalNex 814 

observations, the discrepancy between model and observation is reduced but these models cannot 815 

capture the reduction of SOA mass concentration that is observed with the OFR at longer OH 816 

exposures. 817 

Evolution of the ratio of OA/CO vs. photochemical age shows the reactor produces results 818 

consistent with the ambient data. At ages beyond those reliably observed for ambient OA, the 819 

reactor observations show a leveling and then decrease in OA/CO. A fit of this data results in a 820 
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timescale of SOA formation ~0.3 days and fragmentation-dominated heterogeneous oxidation and 821 

net mass loss with a timescale of ~50 days. The fit derived in this work may be useful in future 822 

studies, e.g. as a check on proposed model-parameterizations of urban SOA formation. 823 

Comparison to a similar reactor experiment aging vehicular emissions in a tunnel shows consistent 824 

results with our study, especially ifonce a likely overestimation of OHexp at low ages in the tunnel 825 

is taken into account. The combination of both studies strongly suggests that vehicle emissions do 826 

dominate urban SOA formation and their SOA formation potential is higher than when only VOCs 827 

are considered.  828 

This study shows that oxidation flow reactors are useful tools as part of ambient field studies, as 829 

they allow real-time measurement of SOA formation potential and oxidation across a wide range 830 

of photochemical ages. These results help constrain SOA models not only for the growth phase of 831 

the SOA but also for the decay phase, when further aging removes SOA mass. Future studies 832 

should apply this technique in other cities and other environments such as forested regions and the 833 

outflow from polluted continents, in order to further constrain the SOA formation potential and 834 

timescales for different sources and regions.  835 
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 1177 

Figure Captions 1178 

 Figure 1: (a) Schematic of the oxidation flow reactor (OFR) coupled to an Aerodyne high-1179 

resolution time-of-flight aerosol mass spectrometer (AMS), scanning-mobility particle sizer 1180 

(SMPS), and ozone (O3) monitor. An ambient sampling line allowed for direct sampling of 1181 

ambient air. Computer-controlled switching valves allowed for sampling in alternation from the 1182 

reactor and ambient lines. Voltage supplied to UV lamps were varied via programmable computer 1183 

control to step through oxidant concentrations in the reactor. Ring flow was via a PTFE Teflon 1184 

line and was used for gas-phase measurements. Center flow was a copper line that continuously 1185 

pulled the sample for aerosol analysis. (b) Photograph of the reactor with a sun / rain cover and of 1186 

the ambient aerosol inlet (right, covered by foil insulation) on the trailer roof during CalNex. (c) 1187 

Photograph of the sampling site showing the different trailers and inlets. The OFR can be seen on 1188 

top of the leftmost trailer, next to the AMS and SMPS ambient inlets. 1189 

 Figure 2: A typical oxidant cycle showingOFR sampling cycle, including four steps in lamp 1190 

intensity in the reactor. Top: reactor oxidant concentrations. Bottom: OA concentration for 1191 

ambient and reactor output sampling. The UV light intensity color scale corresponds to the sum of 1192 

the AC voltages applied to the two lamps in the reactor. Only at the highest lamp setting are both 1193 

lamps on, while at lower settings only one of the lamps is used. 1194 

 Figure 3: (a) Time series of reactor and ambient species mass concentrations during the sampling 1195 

period. (b) Zoom on the time series of the species mass concentrations for one representative day. 1196 

Daytime and nighttime are marked. (c) Average fraction contribution from organic, nitrate, sulfate, 1197 

ammonium, and chloride to total AMS aerosol measurements for ambient and reactor (excluding 1198 

dark reactor, “lights off” periods, i.e. periods are included only if OHexp > ambient). The pie chart 1199 

areas are proportional to the total mass concentrations. 1200 
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 Figure 4: (a) Relative OA enhancement (EROA = reactor OA / ambient OA) vs.estimated 1201 

reactor photochemical age for the sampling period. (b) Absolute OA mass concentration 1202 

enhancement (OA Mass = reactor OA - ambient OA) versus photochemical age. The data has 1203 

been averaged into 6% quantiles for day and night measurements, with vertical error bars 1204 

indicating standard errors.  1205 

 Figure 5: Reactor OA mass enhancement vs. ambient Ox, (odd oxygen; O3+NO2) for all data in 1206 

~3.7 and ~23.5 day reactor age ranges during the sample period, colored by nighttime and 1207 

daytime. Average for 10% quantiles are shown for ~3.7 days and ~23.5 days of photochemical 1208 

age, with error bars indicating standard errors.. Note that ambient Ox is not itself playing a role in 1209 

reactor aging, but rather is a proxy for ambient photochemistry. 1210 

Figure 6: Times series of benzene, 1,3,5-trimethylbenzene, ambient total oxygenated organic 1211 

aerosol (OOA), reactor organic mass enhancement, and maximum reactor organic mass 1212 

enhancement. Inset is a scatter plot of maximum reactor OA mass enhancement (for each OHexp 1213 

cycle) vs. ambient 1,3,5-trimethylbenzene, with a linear ODR regression fit. 1214 

Figure 7: (a) Fractional contribution of m/z 44 (f44) vs. m/z 43 (f43) to OA for the ambient and 1215 

reactor data in this work. The region of ambient observations from Ng et al. (2011b), and for 1216 

reactor laboratory observations and oxalic acid from Lambe et al. (2011a) are shown. (b) Van 1217 

Krevelen diagram for ambient and reactor measurements for the sampling period. 1218 

Functionalization slopes from Heald et al. (2010), and oxidation state from Kroll et al. (2011) are 1219 

shown for reference. Elemental analysis has been calculated with the Improved-Ambient method 1220 

from Canagaratna et al. (2015). Reactor measurements are colored by total photochemical age in 1221 

days (at OH = 1.5106 molec. cm-3) and ambient PMF-derived HOA, SV- and LV-OOA factors 1222 

are shown from Hayes et al. (2013).  1223 

 Figure 8: (a) Oxygen-to-carbon (O:C) and (b) hydrogen-to-carbon (H:C) elemental ratios for OA 1224 

mass measured from the reactor vs. total photochemical age in days (at OH = 1.5106 molec. cm-1225 
3). Results using similar reactors for alkane oxidation from Lambe et al. (2012), and for aging of 1226 

biomass burning smoke (Ortega et al., 2013) are also shown. (c) Average oxidation state (OSC= 1227 

2O:C – H:C) vs. OHexp. Data are colored by the relative organic enhancement (EROA = reactor OA 1228 

/ ambient OA). 1229 

Figure 9: Ratio of OA to excess carbon monoxide (above background levels) vs. total 1230 

photochemical age in days (at OH = 1.5  106 molec. cm-3) for ambient and reactor data, with 1231 

vertical error bars indicating standard errors. Also shown in the value for LA Basin outflow from 1232 

aircraft measurements from the NOAA WP-3D during CalNex (Bahreini et al., 2012b). See 1233 

Hayes et al. (2013) for a discussion of the determination of CO background levels. Averages for 1234 

quantiles of ambient (7%), reactor (7%), reactor dark (25%, internal OHexp= 0) and reactor vapor 1235 

loss-corrected (12%) data are shown. A fit to reactor data is also shown, including background 1236 

(BG) SOA, and primary organic aerosol (POA; (see text for details). Results from field studies in 1237 

Formatted: Subscript



49 

 

the northeastern US and Mexico City are shown in the background (DeCarlo et al., 2010). Note 1238 

that the LVOC loss correction can only be applied when reactor output OA is larger than ambient 1239 

OA, which reduces the number of datapoints. 1240 

Figure 10: R2 between the concentrations of different VOCs and the maximum amount of SOA 1241 

formation in the OFR, plotted vs. the reaction rate constant of each VOC with OH (kOH). 1242 

Figure 1011: Comparison of reactor data with model results for evolution of OA/CO vs. total 1243 

photochemical age in days (at OH = 1.5106 molec. cm-3) with (a) traditional SOA formation 1244 

model, high NOx Robinson + Tsimpidi model from Hayes et al. (2015). Also shown is the 1245 

summary of urban aged ratios from de Gouw and Jimenez (2009). (b) High NOx Robinson + 1246 

Tsimpidi model from Hayes et al. (2015) run with one-half IVOCs per the results of Zhao et al. 1247 

(2014). (POA+BGSOA)/CO is 21 g m-3 ppm-1, which somewhat is higher than the value of 16 1248 

g m-3 ppm-1 previously reported by Hayes et al. (2013). This difference is due to the different 1249 

methods used to estimate the background SOA. Briefly, in this work as well as in Hayes et al. 1250 

(2015), the background SOA is estimated to be equal to the minimum low-volatility oxygenated 1251 

organic aerosol (LV-OOA) concentration in the diurnal cycle. Whereas in Hayes et al. (2013), 1252 

the background SOA was estimated to be equal to the mean LV-OOA concentration for 1253 

photochemical ages less than 1.2 h. 1254 

Figure 1112: (a) Relative organic aerosol enhancement (EROA) from all reactor data in this 1255 

study (including 6% quantiles), with vertical error bars indicating standard errors, and from a 1256 

heterogeneous oxidation study (George and Abbatt, 2010) plotted vs. total photochemical age in 1257 

days (at OH = 1.5106 molec. cm-3). (b) SOA/CO vs. photochemical age for our study and for 1258 

aging of vehicle exhaust with a similar reactor at a tunnel near Pittsburgh, PA (Tkacik et al., 1259 

2014). Results from field studies in the northeastern US and Mexico City are shown in the 1260 

background (DeCarlo et al., 2010). 1261 

 1262 
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 1 

1 Quantification of AMS Reactor Data 2 

All aspects of quantification of AMS data are the same as described by Hayes et al. (2013). Here 3 

we describe only those aspects where additional analysis or corrections are needed specifically for 4 

the reactor output data. 5 

1.1 AMS Collection Efficiency 6 

Quantification of AMS concentration data requires a correction for particle bounce at the 7 

vaporizer, referred to as the collection efficiency (CE; Canagaratna et al., 2007). The composition-8 

dependent CE formulation of Middlebrook et al. (2012) was used by Hayes et al. (2013) to estimate 9 

CE for the ambient data, leading to good intercomparisons with multiple collocated instruments as 10 

documented by that study. The same methodology has also been applied to reactor output 11 

measurements.  12 

Although the focus of this paper is OA formation and aging, a brief summary of the observed 13 

evolution of the inorganic species: (a) Sulfate formation proceeds as expected from the OH  + SO2 14 

reaction. A quantitative analysis of sulfate formation is shown in Palm et al. (2016), which reports 15 

results from a similar experiment from our group, but in a forest environment. That analysis 16 

provides evidence that the corrections for losses of low volatility species developed in that work 17 

are appropriate. (b) Nitrate formation is more complex since OH + NO2 is a fast reaction, but 18 

HNO3 is semivolatile and the formation of NH4NO3 also depends on the availability of NH3(g). 19 

(c) The aerosols in the output of the flow reactor during CalNex are neutralized, similarly to the 20 

ambient aerosols (Hayes et al., 2013). 21 

 22 
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Fig. S1a S2a shows the time series of reactor and ambient aerosol concentrations and estimated 23 

CE. Ambient CE periodically rises above 0.5 due to larger fractions of ammonium nitrate aerosol, 24 

which leads to reduced particle bounce (Middlebrook et al., 2012). The reactor typically formed 25 

additional ammonium sulfate and ammonium nitrate beyond ambient concentrations at the same 26 

time as ambient levels peak for those compounds, thus the reactor CE profile has a very similar 27 

temporal structure to ambient. However, Fig. S1b S2b shows that the estimated CE increases at 28 

the highest reactor OHexp, due to additional ammonium nitrate formation in the reactor with 29 

increased photochemical age. 30 

Highly acidic particles, as indicated by the ammonium balance, can also lead to increased CE in 31 

the AMS (Middlebrook et al., 2012). The ammonium balance method compares the measured 32 

ammonium to that required to fully neutralize observed sulfate, nitrate, and chloride (Zhang et al., 33 

2007), as shown in Fig. S2S3. Ambient and reactor results have near identical slopes that are 34 

indistinguishable from the one-to-one line within the uncertainties of the measurements, signifying 35 

full neutralization for both. Furthermore, this comparison indicates that the reactor is producing 36 

similar inorganic composition to that observed in the atmosphere as nitric acid and sulfuric acid 37 

gases are formed in the reactor and fully neutralized by ammonium forming ammonium nitrate 38 

and ammonium sulfate. Thus no correction of CE due to the presence of highly acidic particles are 39 

needed in this study. 40 

Comparison of AMS and SMPS measurements for ambient and reactor data, shows that ambient 41 

data falls along a one-to-one line, indicating both instruments are measuring the same amount of 42 

mass within the uncertainties ( Fig. S3aS4a). Reactor output data has a slightly higher slope of 43 

1.14, i.e. the AMS measures ~14% higher mass than the SMPS from the reactor and also shows a 44 

cluster of points where SMPS>AMS due to periods where substantial mass is formed at small 45 
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particle sizes (see below). Both slopes are within the combined uncertainties of the two 46 

measurements. Fig. S3b S4b shows the relative increase in aerosol concentration in the reactor (i.e. 47 

ratio of reactor to ambient concentrations) for the SMPS vs. AMS which also compare well, on 48 

average (slope = 1.05), but with considerable scatter, most of which is likely due to additional 49 

measurement noise introduced from ratioing multiple short measurements. Evaporation of freshly 50 

formed NH4NO3 in the longer residence times in the SMPS (compared to the faster AMS analysis) 51 

where the sheath flow may have reduced NH3 and HNO3 gas concentrations, has been observed 52 

with this experimental setup, and may be a cause of the slightly larger slope for reactor output 53 

conditions. An small underestimation of AMS CE for the reactor conditions could also result in 54 

this observation.  55 

It is also possible that the AMS relative ionization efficiency (RIE) of organic species is lower for 56 

more oxidized species (Jimenez et al., 2003; D. Murphy, pers. Comm. 2015), although no clear 57 

evidence has been reported for ambient data (e.g. Docherty et al., 2011). If that effect played a 58 

dominant role here, we would expect the reactor slopes to be lower, rather than slightly higher than 59 

1. Thus we conclude that any RIE changes are small and cannot be separated from other effects 60 

such as small changes in CE, nitrate evaporation in the SMPS, or differences in particle 61 

transmission (next section).  62 

1.2 Accounting for Particle Mass below the AMS Lens Transmission 63 

As the reactor exposed ambient air to high levels of OH and O3, new particle formation and growth 64 

was sometimes observed. To fully account for the mass of all particles formed in the reactor, it is 65 

necessary to quantify the mass of small particles below the AMS lens transmission size (Zhang et 66 

al., 2004). SMPS data was used to estimate the total mass concentration below the AMS size cut. 67 
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First, particle transmission from plumbing line losses was corrected using the Particle Loss 68 

Calculator (von der Weiden et al., 2009) for this experimental plumbing and flowrate configuration 69 

for both reactor and ambient SMPS data, with transmission curves as shown in Fig. S4S5. Second, 70 

the measured SMPS mass that is below the AMS transmission curve was estimated using a 71 

published AMS lens transmission parameterization (Knote et al., 2011) multiplying the SMPS 72 

size-dependent mass by the size-dependent AMS lens fractional loss (1-transmission). Figure S5a 73 

S6a shows a time series of estimated reactor and ambient mass missed by the AMS due to 74 

transmission losses. Since corrections needed to account for the contribution of these small sizes 75 

to total mass is small for ambient data (on average 1.7%), Hayes et al. (2013) did not apply a 76 

correction to AMS ambient data. Fig. S5b S6b shows the estimated fraction of the reactor output 77 

mass that is below the AMS lens transmission size vs. total photochemical age in days (at OH = 78 

1.5106 molec. cm-3). An average of 6.2% of the total reactor output mass is estimated to be below 79 

the AMS lens transmission, with no dependence on photochemical age except possibly at the 80 

highest values (>20 days of age).  81 

We note that the AMS measurements from the reactor may be biased ~6% low, on average, and 82 

sometimes as much as 20%. This non-measured mass likely has a large OA fraction (see Fig. 83 

S7S8). Thus, reactor-reported mass enhancement above ambient may be underestimated by these 84 

amounts. Given the 6.2% AMS underestimation from particle transmission of small sizes in the 85 

reactor, and the apparent 14% overestimation in the AMS vs SMPS comparison, but overall good 86 

agreement in the relative enhancement of total aerosol between both instruments, we have not 87 

corrected for these differences as the net correction would be small and within the uncertainties of 88 

the measurement, while the correction process would introduce additional noise. 89 

 90 
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 91 

Supplementary Captions 92 

Figure S1: Results of computerized fluid dynamics (CFD) simulations comparing two OFR 93 

configurations. (a) Tube inlet, similar to Lambe et al. (2011); (b) Large open face inlet (11.9 cm 94 

diameter) as used in this field study. Colors are contours of positive horizontal velocity. White 95 

regions involve horizontal velocities, i.e. recirculation regions. The extensive recirculation regions 96 

of case (a) are almost completely removed in case (b), resulting in a narrower residence time 97 

distribution. Simulations were conducted using the FLUENT software, using cylindrical 98 

symmetry, with air at 1 atm and 293 K.  99 

Figure S1S2: (a) Estimated AMS collection efficiency (CE) and corresponding AMS mass 100 

concentration time series for ambient and reactor data (after applying CE correction).  (b) 101 

Estimated CE vs. OH exposure (OHexp) in the reactor for all reactor measurements and averages 102 

for 7% quantiles. 103 

 Figure S2S3: Measured vs. predicted ammonium assuming full neutralization (“Ammonium 104 

balance”) for ambient and reactor data. Linear orthogonal distance regression fit lines, slope and 105 

R2 for each are also shown. 106 

 Figure S3S4: (a) Scatter plot of AMS mass vs. mass estimated from SMPS measurements for 107 

ambient and reactor data, with linear orthogonal distance regression fit slope and R2 for each. A 108 

one-to-one line and +/-15% region is shown for reference. (b) Relative enhancement ratio from 109 

AMS and SMPS data with raw data, 20-minute averaged smooth data, linear orthogonal distance 110 

regression, line, fit slope and R2 for each. 111 

Figure S4S5: Estimated particle transmission of inlet plumbing vs. particle diameter for reactor 112 

and ambient sampling lines for both AMS and SMPS measurements, calculated using the particle 113 

loss calculator of von der Weiden et al. (2009).  114 

 Figure S5S6: (a) Time series of SMPS mass measured below the AMS lens transmission size for 115 

ambient and reactor measurements. (b) Percent of estimated mass not measured by AMS, due to 116 

on particle losses in sampling lines and the AMS lens transmission at small sizes, for the reactor 117 

vs. total photochemical age in days (at OH = 1.5106 molec. cm-3), where all data is colored by 118 

OA mass with average 5% quantiles and standard error bars. 119 

Figure S6S7: Modeled fate of low volatility organic gases (LVOCs) formed in the reactor vs. 120 

OHexp including wall loss, reaction with OH, condensation on aerosol, and exiting the reactor, with 121 

a fit for the fraction condensing on aerosols in the reactor.  122 
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 Figure S7S8: AMS mass size distribution (vs. vacuum aerodynamic diameter, dva) for reactor and 123 

ambient OA, averaged from 20:00 on 2 June 2010 – 00:20 on 9 June 2010 for average nighttime 124 

ambient and reactor with no internal OHexp (dark reactor), and for ~3.7 days and ~23.5 days aging. 125 

Figure S8S9: Times series of benzene, 1,3,5-trimethylbenzene, and toluene on top panel. Time 126 

series of ambient OOA, reactor OA mass enhancement, maximum reactor mass enhancement, 127 

and Ox on bottom panel.  128 

Figure S9S10: Ratio of organic aerosol to excess carbon monoxide (above background) vs. total 129 

photochemical age in days (at OH = 1.5106 molec. cm-3) for (a) the same data as Fig. 9, 130 

showing all data used to produce averages for quantiles of ambient and reactor vapor-loss 131 

corrected data. Also shown are the expected decays of benzene, toluene, and 1,3,5-132 

trimethylbenzene in the reactor vs. total photochemical age in days (at OH = 1.5106 molec. cm-133 
3), using reaction rates from Atkinson et al. (2006). (b) The same data as Fig. 9, showing reactor 134 

vapor loss-corrected data, but where excess CO is decreased by reaction with OH in the reactor, 135 

including means for 12% quantiles. Results from field studies in the northeastern US and Mexico 136 

City are shown for comparison to previous observations (DeCarlo et al., 2010). A fit to the data 137 

when CO is assumed to react with OH is shown. 138 

Figure S10S11: The ratio of the gain of oxygen of OA observed in the reactor  (∆Oxygen in OA 139 

= Oatoms, reactor − Oatoms, ambient) to the total number of OH collisions with OA in the reactor vs. total 140 

photochemical age. Measured oxygen added to OA in the reactor vs. total photochemical age in 141 

days (at OH = 1.5106 molec. cm-3), along with a log normal fit to the Oxygen data. Reactor 142 

data is colored by OA mass enhancement. The estimated number of OH collisions with OA is 143 

shown,is calculated based on the methodology outlined in appendix A of DeCarlo et al. (2008). 144 

 Figure S11S12: Top panel: Mass fraction remaining (MFR) for OA vs. thermal denuder 145 

temperature for this CalNex-LA dataset, using the methods described in Huffman et al. (2008; 146 

2009). Bottom panel: estimated volatility distribution of particle- and gas-phase species, 147 

calculated from the thermal denuder profile using the method of Faulhaber et al. (2009), on 148 

bottom panel. 149 

 150 
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