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Summary 

This grant was originally funded for deployment of a suite of aerosol instrumentation by our 

group in collaboration with other research groups and DOE/ARM to the Ganges Valley in India 

(GVAX) to study aerosols sources and processing. Much of the first year of this grant was 

focused on preparations for GVAX. That campaign was cancelled due to political reasons and 

with the consultation with our program manager, the research of this grant was refocused to 

study the applications of oxidation flow reactors (OFRs) for investigating secondary organic 

aerosol (SOA) formation and organic aerosol (OA) processing in the field and laboratory through 

a series of laboratory and modeling studies. We developed a gas-phase photochemical model of 

an OFR which was used to 1) explore the sensitivities of key output variables (e.g., OH 

exposure, O3, HO2/OH) to controlling factors (e.g., water vapor, external reactivity, UV 

irradiation), 2) develop simplified OH exposure estimation equations, 3) investigate under what 

conditions non-OH chemistry may be important, and 4) help guide design of future experiments 

to avoid conditions with undesired chemistry for a wide range of conditions applicable to the 

ambient, laboratory, and source studies. Uncertainties in the model were quantified and modeled 

OH exposure was compared to tracer decay measurements of OH exposure in the lab and field. 

Laboratory studies using OFRs were conducted to explore aerosol yields and composition from 

anthropogenic and biogenic VOC as well as crude oil evaporates. Various aspects of the 

modeling and laboratory results and tools were applied to interpretation of ambient and source 

measurements using OFR. Additionally, novel measurement methods were used to study 

gas/particle partitioning. The research conducted was highly successful and details of the key 

results are summarized in this report through narrative text, figures, and a complete list of 

publications acknowledging this grant. 
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Introduction 

Aerosols play a critical but poorly understood role in the Earth’s climate forcing (Myhre et al., 

2013), since they can affect cloud brightness, lifetime, and precipitation (“indirect effects”) and 

they can scatter or absorb incoming solar radiation (“direct effect”) (Charlson et al., 1992; 

Hansen et al., 1997). Both climate effects depend strongly on the aerosol concentration, size and 

chemical composition. Compared to the other components of the total radiative budget such as 

CO2, the uncertainties associated with the effects of aerosols are very large, and account for most 

of the uncertainty in the latest IPCC estimates (Myhre et al., 2013) of net anthropogenic radiative 

forcing. In large part this uncertainty is due to the fact that aerosols, unlike well-mixed 

greenhouse gases, vary strongly in space and time in concentration, size, and composition. 

Submicron aerosols are the most active climatically, and organic aerosols (OA) represent a major 

fraction of their mass, with the balance composed of inorganic species, chiefly sulfate, nitrate, 

and ammonium, as well as black carbon (Jimenez et al., 2009). Sulfate sources and chemistry are 

better understood, but OA sources remain poorly characterized (Kanakidou et al., 2005; 

Hallquist et al., 2009; Spracklen et al., 2011; Tsigaridis et al., 2014). It has become clear in 

recent years that secondary organic aerosols (SOA), which are formed in the atmosphere from 

condensation of lower volatility oxidation products of volatile organic compounds (VOCs), 

dominate OA worldwide (de Gouw, 2005; Zhang et al., 2007; Jimenez et al., 2009). 

Despite the importance of SOA for urban, regional and global submicron aerosols and thus 

human health effects and climate forcing, its sources, sinks, and rates of formation in the 

atmosphere are poorly understood (e.g., de Gouw and Jimenez, 2009; Hallquist et al., 2009; 

Tsigaridis et al., 2014). Therefore, it is not surprising that there are often major discrepancies 

between modeled and observed SOA concentrations in the atmosphere. For example, measured 

SOA loadings have been shown to be an order-of-magnitude larger than traditional models in a 

variety of polluted environments, such as off the coast of New England (de Gouw, 2005), 

Mexico City (Volkamer et al., 2006; Dzepina et al., 2009), and off the coast of East Asia (Heald 

et al., 2005). Many possible explanations for these large discrepancies have been put forward 

that involve previously unrecognized sources or mechanisms of formation (Ziemann, 2002; 

Kalberer et al., 2004; Kroll et al., 2005). However, when these sources are combined, models can 

produce excessive amounts of SOA, and our current ability to distinguish between SOA formed 

from different sources and remains insufficient (Lane et al., 2008; Lim et al., 2010; Ervens et al., 

2011). SOA sinks are also likely underestimated (Hodzic et al., 2014; Knote et al., 2015). The 

inability of models to predict both SOA concentrations and degree of oxidation highlights a 

critical need for innovative observational approaches to constrain the processes controlling this 

important atmospheric component and climate forcing agent. Improving the ability of models to 

(a) characterize radiative forcing due to OA since preindustrial times and (b) predict the 

evolution of that forcing over the coming decades to centuries under a changing climate and 
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emissions will require a much better understanding of SOA sources and sinks, gas/particle 

partitioning, and atmospheric aging. 

For these reasons, in order to help elucidate the factors that control SOA formation and OA 

processing in the atmosphere, our group has invested considerable effort in development of a 

field-deployable Oxidation Flow Reactor (OFR). An OFR, commonly referred to as “PAM” 

(Potential Aerosol Mass) flow reactor, was recently developed for rapid quantification and 

characterization of secondary aerosol production (Kang et al., 2007, 2011). It is designed for fast 

response time and to minimize wall interactions characteristic of large chambers. It employs 1-4 

orders of magnitude higher OH (or O3 or NO3) concentrations than ambient levels for exposure 

times of ~5 minutes, resulting in integrated oxidant exposures equivalent of a few hours to 

several weeks of atmospheric oxidation. Despite the intense oxidative conditions in the OFR, 

SOA yields for various biogenic and anthropogenic precursor gases were shown to be similar to 

those of batch reactions in large environmental chambers for similar degrees of oxidation, with 

variations and differences mostly within the range of those observed for chamber results from 

different groups (Kang et al., 2007, 2011; Lambe et al., 2015). Also, the degree of oxidation of 

the OA produced has been shown to span values between fresh and very aged ambient OOA 

observations, compared to lower values commonly observed in chamber studies (Kang et al., 

2007, 2011; Aiken et al., 2008; Lambe et al., 2011a). Hygroscopicity and CCN activity of SOA 

produced in the OFR is similar to ambient SOA and depends on the oxygen-to-carbon ratio 

(O:C) in the same way as atmospheric OA (Massoli et al., 2010), providing further evidence that 

the OFR generates SOA similar to that in the atmosphere.  

Due to the short timescale and portability of this OFR, our group has pioneered its use as a field-

deployable tool for studying SOA in the ambient atmosphere including development of an 

automated system that steps through variable degrees of oxidant exposure, records O3, RH, and 

irradiation used to continuously monitor oxidant exposure, and control valves that allow for 

alternately sampling outflows of multiple OFRs and unperturbed ambient sampling with an 

AMS, SMPS, PTRMS and other instruments for gas and aerosol analysis.  

We have deployed the OFR-AMS-SMPS system during multiple field and lab campaigns using 

OH, O3, and NO3 as oxidants (Li et al., 2013; Ortega et al., 2013, 2015; Palm et al., 2015, 2016a, 

2016b). Results from those experiments have shown that OH-initiated oxidation of ambient air 

shows trends in elemental ratios similar to the atmosphere, and to ambient SOA at multiple 

locations, consistent with functionalization by a combination of carboxylic acid and hydroxyl 

addition (however favoring acid) or carboxylic acid addition with carbon-carbon fragmentation 

(Ng et al., 2011). Importantly, high degrees of oxidation (comparable to atmospheric 

observations) is achievable at the highest OH, demonstrating the ability of the OFR to generate 

highly aged SOA. Also, we have generally observed that with increasing OH exposure SOA 

enhancement increases and with increasing exposure the enhancement decreases, with net loss of 

OA observed at the highest exposures, due to a changing balance of 
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functionalization/condensation and fragmentation/evaporation. 

Despite the increasing use of OFRs by our group and others in the field and laboratory, 

systematic characterization of the radical chemistry in OFRs had not been conducted. Thus, 

quantifying the degree (and type) of oxidant exposure as well as ability to assess the 

representativeness of the OFR chemistry to atmospheric processes had been highly uncertain or 

not possible until recently (work supported by this grant), potentially leading to ambiguous or 

inaccurate representations of OFR measurements. The work funded by this grant and described 

herein has consisted of a systematic approach using modeling and laboratory studies of OFRs 

and provided major advances in the quantification and understanding of the application of OFRs 

for the investigation and SOA formation and OA processing. It has helped to demonstrate the 

utility of using OFRs, identify potential limitations, and provide recommendations for 

experimental design and interpretation. Results stemming from the improved implementation 

and interpretation of OFR measurements will help improve our understanding of aerosol life 

cycle and has the potential to be applied to regional and global modeling and help reduce the 

uncertainties in climate forcing by aerosols and on air quality prediction – in line with the goals 

of the ASR program. 
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1. GVAX Campaign Preparations 

In this section we summarize the preparations for the GVAX field campaign. Following the 

cancelation of the campaign, our project focus changed to laboratory experiments to aid in the 

interpretation of the application of the OFR SOA formation 

chamber to field studies, which is described next. 

1.1 Site Visit to India (June 2011)  

During June, 2011, Staff Scientist in our group, Doug Day, 

travelled to India for planning purposes. He traveled with 

Leah Williams (Aerodyne Research, Inc.), Rao Kotamarthi 

(Argonne Nat. Lab), Peter Daum (Brookhaven Nat. Lab), 

and Tim Martin (Argonne Nat. Lab). The trip included: 1) 

meetings at the Indian Institute of Science (IISc) in 

Bangalore with our 

contacts from the IISc (Dr. S.K. Satheesh) and Indian 

Space Research Organization (Drs. K. Krishnamoorthy 

and S. Suresh Babu), 2) visit to the ARIES/ARM-1 site 

in Nainital (Fig. 1) where an annual cycle of aerosol and 

radiation measurements had already begun and met 

contacts: Prof. 

Ram Sagar 

(ARIES), Manish 

Naja (ARIES), 

Carlos Sousa (ARM), and 3) two visits to Pantnagar 

University, the planned location of the winter 2012 ground 

supersite, to meet local contacts, survey the proposed 

measurement site, start identifying housing options, and 

identify other logistical issues (Figs. 2-4). Additionally, 

Doug took many photographs at the Nainital and Pantnagar 

sites to aid logistical 

planning. Please find 

pictures from the 

recon trip at 

http://tinyurl.com/reconGVAX: Pantnagar University and 

supersite location (88-182, 309-635); Nainital 

ARIES/ARM-1 (183-307). A report was prepared detailing 

the various aspects of the Pantnagar proposed site location 

including: power voltage and frequency monitoring, 

temperatures at difference building locations, site 

Figure 1. Visit to Nainital site June 

2011 where ARIES/ARM-1 annual-

cycle of aerosol, gas, radiation, and 

meteorological measurements were 

underway. 

Figure 2. Doug Day (CU) and 

Williams (ARI) survey proposed 

Pantnagar supersite compound. 

Figure 3. Surveying Pantnagar 

supersite compound (left 

background) from Physical Sciences 

building rooftop (proposed MAX-

DOAS location). Prof. K. P. Singh 

(Pant. Univ), Leah Williams (ARI), 

and Peter Daum (Brookhaven N.L.) 

in forground; DOE "Cool Roof" test 

location in right background. 

Figure 4. Surveying Pantnagar 

University library: tallest structure 

at University; potential location of 

MAX-DOAS and meteorological 

instrumentation. 

http://tinyurl.com/reconGVAX
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dimensions and distances, aerosol and gas inlet and filter sampler locations, and considerations 

for placement of the Volkamer group MAX-DOAS (with a focus on minimizing obstructions on 

the horizon).  

1.2 Continuing Site/Campaign Planning and Preparation (July-December 2011) 

Following the logistical planning trip to India, our group continued to prepare for the winter 

2012 intensive campaign in Pantnagar, India. This included partipating in monthly, then weekly 

phone conferences, packing all 

equipment to send to Aerodyne 

Research, Inc (ARI; Billerica, MA) for 

upload into DOE-funded seatainers, 

coordinating shared tools/equipment, 

documenting all equipment and supplies 

and values for upload at ARI 

(September 2011). Doug Day and CU 

graduate student Brett Palm spent over 

a week at ARI, integrating our 

equipment into the instrument and 

supplies and storage seatainers (HR-

ToF-AMS, OFR light controls and 

chamber, DustTrak, OPC, SMPS, 

thermal denuder, SO2 monitor, O3 

monitor). See Fig. 5 - additional 

pictures of the integration can be found 

at http://tinyurl.com/reconGVAX (745-

825). Additionally in September, 2011 

Doug Day participated in the ASR Fall 

Working Group meeting http://asr.science.energy.gov/meetings/fall-working-groups/, presented 

an update on the Pantnagar supersite planning on behalf of our group at the University of 

Colorado, and groups at ARI, University of Washington, Los Alamos Nat. Laboratory, Argonne 

Nat. Laboratory, and NOAA and participated in discussions about general GVAX campaign 

planning. The GVAX winter intensive campaign was cancelled by DOE on November 23, 2012. 

Following that cancellation, Doug Day and Brett Palm travelled to ARI to unintegrate our 

equipment and supplies from the ARI seatainers and ship them back to our laboratory. 

  

Figure 5. Instrument installation and packing at 

Aerodyne in preparation for seatainer shipment to 

India. Clockwise from upper left: i) installation of 

HR-ToF-MS in instrument seatainer, ii) Brett 

Palm - finished with all instrument installation, 

iii) all non-mounted instrumentation and supplies 

packed and catalogued for shipping/customs in 

non-instrument seatainer, and iv) Doug Day 

conducting final HR-ToF-AMS tests. 

http://tinyurl.com/reconGVAX
http://asr.science.energy.gov/meetings/fall-working-groups/
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2. Oxidation Flow Reactor (OFR) Lab Studies and Modeling 

Following the cancelation of the GVAX campaign in India (planned for winter 2012), our project 

focus changed (after consultation with DOE Program managers) to laboratory experiments 

coupled with modeling to aid in the interpretation of the application of the oxidation flow 

reactors (OFR) to field studies aimed at understanding secondary organic aerosol (SOA) 

formation and processing, as well as to advanced analysis of the field data. Large gaps exist in 

our understanding of SOA formation and processing in the atmosphere which in situ field 

measurements of rapid oxidation have a strong potential to help clarify. However, 

characterization of the OFRs through laboratory experiments and modeling is a critical step 

required to improve and validate and improve this method as an effective tool for the study of 

atmospheric photochemical SOA-forming/aging processes. 

 

2.1 Modeling Studies of Radical Chemistry in Oxidation Flow Reactors 

Understanding the gas-phase oxidation chemistry within the OFR is critical to interpret OFR 

studies of VOC oxidation and/or SOA formation and aging in the laboratory or field. However, 

despite the increasing use of OFRs to study SOA formation and aging, very little systematic 

study of the oxidation chemistry of OFRs has been reported. Factors such as the amount and type 

of oxidant exposure, the reaction partners of RO2 radicals (e.g., RO2, HO2, NOx), or the effects of 

photolysis can affect the extent and type of chemistry occurring within an OFR. Understanding 

and quantifying these effects and what controls them allows for assessment of whether (and in 

which ways) the conditions are representative of atmospheric oxidation chemistry as well as the 

ability to design operating conditions to optimize the reactors to achieve targeted conditions. In 

particular, having a robust method for determining oxidant exposures is required in order to 

confidently assign aging/oxidant timescales to air sampled from the atmosphere, controlled 

biomass burning, combustion source studies, or synthetic mixtures in the laboratory. Errors in 

oxidant exposures will hinder accurate prediction of timescales for SOA formation, chemical 

transformation, and losses and will thus be propagated into any products used in regional or 

global modeling efforts. For ozone oxidation experiments, quantification of exposure is 

relatively straightforward as it only involves direct ozone measurements and knowledge of the 

flow residence time. Quantifying OH exposure is far more challenging since OH is a very short-

lived radical and real-time OH measurements in the OFR are not practical. 

Therefore, we have developed a kinetic model to study the radical chemistry and its sensitivities 

and uncertainties, developed OH exposure calibration equations, evaluated the model and 

calibration equations with laboratory and field measurements, and provide recommendations for 

operating oxidation flow reactors. 

2.1.1 Modeling Radical Chemistry, Sensitivities, and OH Exposure in OFR185 

To better understand the chemistry in the “OFR185” we developed a model to simulate the 

formation, recycling, and destruction of radicals and to allow the quantification of OH exposure 
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(OHexp) in the reactor and its sensitivities (Fig. 6). The “OFR185” is a version of the OFR using 

primarily OH oxidation where the OH radicals are generated primarily by photolysis of H2O 

(H2O+hν (185 nm)OH+H) and photolysis of O3 formed from O2 photolysis: 

             O2
ℎ𝜈(185nm)
→       2O(3P)

         O2           
→       2O3

ℎ𝜈(254nm)
→       2O(1D)

        H2O       
→       2OH    (1) 

Thus both the 185 nm and 254 nm emission lines from the low-pressure mercury lamps are used 

to generate OH within the reactor. This is in contrast to the OFR254, which produces OH via 

injection of externally-generated O3 followed by photolysis by 254 nm UV light (second half of 

series in Reaction 1; no 185 nm light present). A sensitivity study was performed to characterize 

the dependence of the OHexp, HO2/OH ratio, and O3 and H2O2 output concentrations on reactor 

parameters. OHexp is strongly affected by the UV photon flux, absolute humidity, reactor 

residence time, and the OH reactivity (OHR) of the sampled air, and more weakly by pressure 

and temperature. OHexp can be strongly suppressed by high external OH reactivity (OHR; NOx, 

VOC, CO, SO2, etc.), especially under low UV light conditions. The effects are external OHR 

become significant when it is becomes comparable to the internal OHR (e.g., Fig. 7). The 

OFR185 model outputs of OH exposure (OHexp) were evaluated against laboratory calibration 

experiments by estimating OHexp from trace gas removal and were shown to agree within a factor 

of 2 (Fig. 8). An OHexp estimation equation as a function of easily measurable quantities was 

shown to reproduce model results within 10% (average absolute value of the relative errors) over 

the whole operating range of the reactor. OHexp from the estimation equation was compared with 

measurements in several field campaigns and showed agreement within a factor of 3 (Fig. 9). 

The improved understanding of the OFR185 and quantification of OHexp resulting from this work 

further establish the usefulness of such reactors for research studies, especially where 

quantifying the oxidation exposure is important. Further details of this work can be found in Li et 

al. (2015). 
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Figure 6. Schematic of OH185 model 

showing reaction fluxes and concentrations of 

HOx (other Ox, HOy species) for conditions of 

moderate UV lamp power (40% of max) and 

RH (50%) at room temperature. The top 

scheme (A) shows HOx as a single pool, while 

the bottom (B) shows OH and HO2 

separately. Fluxes are in units of 1010 molec 

cm-3 s-1) and arrows are sized by flux (except 

O2+h  which is scaled down by x5). 

Figure 7. Budget of OH reactivity (OHR), 

both “internal” and “external”. (a) Fraction 

of total OHR for the base case (moderate 

conditions), without external OHR. (b) 

Fraction of total OHR when 46 s−1 of external 

OHR is added to the base case (via a 10 ppmv 

initial CO mixing ratio).   
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Figure 8. Comparison between model results (y-axes) 

and measurements from calibration experiments (of SO2, 

CO decay) for OHexp (A,C) and O3 mixing ratios (B,D) 

under various UV flux and humidity conditions. Panels A 

and B show the comparisons using SO2 as the reactant 

trace gas (initial concentrations of 500 and 100 ppbv, 

i.e., 10 and 2 s−1 OHR) with different UV fluxes at 3.5% 

RH. Panels C and D show the comparisons using CO 

(initial concentration of 10 ppmv, i.e., 50 s−1 external 

OHR) at different UV fluxes and RH (color coded). Data 

are size-coded with lamp power settings, ranging from 

one lamp at 10% to two lamps at 100%. In CO 

experiments (C,D), the data are also color-coded with 

four different RH, ranging from 3.5 to 60%. 

Figure 9. OHexp from the estimation 

equation (see text) versus OHexp 

calculated from added/ambient tracer 

decay for different field studies and 

tracers. The uncertainty of OHexp 

obtained from the estimation equation 

(vertical bars) is estimated as a factor 

of 2. The uncertainty of OHexp 

calculated from tracer species decay in 

the field measurements (horizontal 

bars) was estimated for each case. On 

average, the uncertainties for OHexp 

estimated from SO2, CO, and 

monoterpenes are 34, 30, and 29%. 
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2.1.2 Modeling HOx Radical Chemistry, Sensitivities, Uncertainties in OFR185, OFR254 

In a follow-up modeling study, we further developed the plug-flow kinetic model (described in 

last section) to investigate OFR properties 

under a very wide range of conditions 

applicable to both field and laboratory studies 

for both OFR185 and OFR254 (Fig. 10). This 

modeling shows that the radical chemistry in 

OFRs can be characterized as a function of 

UV light intensity, H2O concentration, and 

total external OH reactivity (OHRext). OH 

exposure is decreased by added external OH 

reactivity (Fig. 11). OFR185 is especially 

sensitive to this effect at low UV intensity due 

to low primary OH production. OFR254 can 

be more resilient against OH suppression at 

high injected O3 (e.g., 70 ppm), as a larger 

primary OH source from O3, as well as 

enhanced recycling of HO2 to OH, make 

external perturbations to the radical chemistry 

less significant (Fig. 11). However, if the 

external OH reactivity in OFR254 is much 

larger than OH reactivity from injected O3, 

OH suppression can reach 2 

orders of magnitude (Fig. 14). 

For a typical input of 7 ppm O3 

(OHRO3 = 10 s-1), 10-fold OH 

suppression is observed at 

OHRext ~ 100 s-1
 (Fig. 11), which 

is similar or lower than used in 

many laboratory studies (Fig. 

14). The range of modeled OH 

suppression for literature 

experiments is consistent with 

the measured values except for 

those with isoprene. The finding 

on OH suppression may have 

important implications for the 

interpretation of past laboratory 

Figure 10. Schematic of modeled chemistry for 

OH185 (top) and OH254 (bottom, with 70 ppb O3 

injected) showing reaction fluxes and concentrations 

of HOx (other Ox, HOy species) as in Fig. 6 and with 

for moderate conditions and no OHRext.  

Figure 11. Effects of external OH reactivity (OHRext) OH exposure 

(OHexp) shown as percentage of remaining OH after suppression vs. 

photo flux and water vapor compared to a reference case with no 

OHRext. Left shows reactor using 185+254 nm UV light (OH185); 

Right shows reactor using 254 nm light only (OH254; 70 ppm O3 

injection). The 3-letter codes corresponds to high (H), medium (M), 

and low (L) water vapor, light flux, and OHR, respectively. 
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studies, as applying OHexp measurements acquired under different conditions could lead to over a 

1-order-of-magnitude error in the estimated OHexp (Fig. 14).  

As part of the modeling, the uncertainties on the model outputs due to the uncertainty in model 

parameters (rate constants and (partial) cross-sections) were quantified and compared to the 

dynamic ranges of some outputs to confirm the reliability of the results of interest (such as 

described above). The uncertainties of key model outputs due to uncertainty in all rate constants 

and absorption cross-sections in the model are within 25% for OHexp and within ±60% for other 

parameters (Fig. 12). These uncertainties are small relative to the dynamic range of outputs. 

Uncertainty analysis shows that most of the uncertainty is contributed by photolysis rates of O3, 

O2, and H2O2 and reactions of OH and HO2 with themselves or with some abundant species, i.e., 

O3 and H2O2.  

Differences in calculated OHexp due to assumptions of flow dynamics within the reactor were 

evaluated with the model since the base model assumes plug-flow, when in fact it has been 

shown to have a broader residence time distribution (Lambe et al., 2011b). OHexp calculated from 

direct integration and estimated from SO2 decay in the model with laminar and measured 

residence time distributions (RTDs) are generally within a factor of 2 from the plug-flow OHexp 

(Fig. 13). However, in the models with RTDs, OHexp estimated from SO2 is systematically lower 

than directly integrated OHexp in the case of significant SO2 consumption (Fig. 13). We thus 

recommend using OHexp estimated from the decay of the species under study when possible, to 

obtain the most appropriate information on photochemical aging in the OFR.  

Figure 12. Relative variances (left axes)/uncertainties (right axes) of the outputs (i.e., OH exposure, O3 

concentration, ratios between HO2 and OH exposure, and H2O2 concentration) of Monte Carlo 

uncertainty propagation, and relative contributions of key reactions to these relative variances in 

typical cases in OFR185 and OFR254-70. Relative variances are shown in linear scales (left axis), 

while corresponding relative uncertainties, equal to relative variances’ square roots, are indicated by 

the non-linear right axis. Only the reactions with a contribution of no less than 0.04 to at least 1 

relative variance are shown. 
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We also explored differences in the type of OHRext, i.e. the rate constant or whether an OHR 

compound recycled OH back to HO2 (such as VOCs often do or CO and SO2 always do) or 

permanently remove HOx upon reaction with OH (e.g., NO2). Using HOx-recycling vs. 

destructive external OH reactivity only leads to small changes in OHexp under most conditions. 

Changing the identity (rate constant) of external OH reactants can result in substantial changes in 

OHexp due to different reductions in OH suppression as the reactant is consumed. 

 

 

Figure 13. (upper) OH exposures estimated from 

SO2 decay in the models with residence time 

distributions (𝑂𝐻𝑒𝑥𝑝,𝑅𝑇𝐷
𝑆𝑂2 ) vs. those calculated 

from direct integration for the models with 

residence time distributions (𝑂𝐻𝑒𝑥𝑝,𝑅𝑇𝐷
MATH ). The 1:1, 

1:2, 2:1, 1:4 and 4:1 lines are also shown for 

comparison. (lower) Ratios between the two types 

of OH exposures as a function of the fractional 

consumption of SO2 in the reactor. The two 

methods give similar results under most 

conditions, but the SO2 decay method tends to 

underestimate the true average OHexp at highest 

exposures and lower fraction SO2 remaining.  

(a) 

(b) 

Figure 14. Fraction of OH remaining after suppression by external OH reactivity (OHRext) vs (top) the 

ratios of internal reactivity to total OHR or (bottom) O3 reactivity to OHRext. Small dots are for conditions 

run for the model in this study and symbols are for experimental studies where typically the effects were not 

(or only partially) accounted for. It is clear that under many conditions, failing to account for OH 

suppression (i.e. using calibrations where OHRext was absent) can lead to large underestimates in OHexp.  
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We also report two equations for estimating OH exposure in OFR254. We find that the equation 

estimating OHexp from measured O3 consumption performs better than an alternative equation 

that does not use it, and thus recommend measuring both input and output O3 concentrations in 

OFR254 experiments. This study contributes to establishing a firm and systematic understanding 

of the gas-phase HOx and Ox chemistry in these reactors, and enables better experiment planning 

and interpretation as well as improved design of future reactors.  

Further details of this work can be found in Peng et al. (2015a). 

2.1.3 Modeling Non-OH Chemistry in OFR185 and OFR254 

Although use of OFRs using low-pressure Hg lamp emission at 185 and 254 nm produce OH 

radicals are widely used in atmospheric chemistry and other fields, knowledge of detailed OFR 

chemistry is limited. In turn this knowledge gap has led to speculation in the literature about 

whether some non-OH reactants, including several not relevant for tropospheric chemistry, may 

play an important role in these OFRs. These non-OH reactants are UV radiation, O(1D), O(3P), 

and O3. Therefore, we investigated the relative importance of other reactants to OH for the fate 

of reactant species in OFR under a wide range of conditions via box modeling. The relative 

importance of non-OH species is less sensitive to UV light intensity than to relative humidity 

(RH) and external OH reactivity (OHRext), as both non-OH reactants and OH scale roughly 

proportional to UV intensity. We show that for field studies in forested regions and also the 

urban area of Los Angeles, reactants of atmospheric interest are predominantly consumed by OH 

(Figs. 15-17). We find that O(1D), O(3P), and O3 have relative contributions to VOC 

consumption that are similar or lower than in the troposphere (Fig. 15). The impact of O atoms 

can be neglected under most conditions in both OFRs and the troposphere. Under “pathological 

OFR conditions” of low RH and/or high OHRext, the importance of non-OH reactants is 

enhanced because OH is suppressed (Figs. 15, 16). Some biogenics can have substantial 

destructions by O3 (Fig. 17), and photolysis at non-tropospheric wavelengths (185 and 254 nm) 

may also play a significant role in the degradation of some aromatics under pathological 

conditions (Figs. 15, 16). Working under low O2 (and sufficient H2O) with the OFR185 mode 

allows OH to completely dominate over O3 reactions even for the biogenic species most reactive 

with O3. Non-tropospheric VOC photolysis may have been a problem in some laboratory and 

source studies, but can be avoided or lessened in future studies by diluting source emissions and 

working at lower precursor concentrations in lab studies, and by humidification. SOA photolysis 

is shown to be insignificant for most functional groups, except for nitrates and especially 

aromatics, which may be photolyzed at high UV flux settings (Fig. 18). This modeling work 

further establishes the OFR’s usefulness as a tool to study atmospheric chemistry and enables 

better experiment design and interpretation, as well as improved future reactor design. 

Further details of this work can be found in Peng et al. (2015b).  
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Figure 15. Fractional importance of the photolysis rate at 185 nm of several species of interest vs. the 

reaction rate with OH, as a function of the ratio of exposure to 185 nm photons (F185) and OH. The 

modeled range for OFR185 and for “pathological conditions” for OFR185 are also shown. The curves of 

aromatics and inorganic gases are highlighted by solid dots and upward triangles, respectively. The 

lower inset shows histograms of model-estimated F185/OH exposures for three field studies where 

OFR185 was used to process ambient air. The upper inset shows the same information for source studies 

of biomass smoke (FLAME-3; (Ortega et al., 2013)) and an urban tunnel (Tkacik et al., 2014). 

 

Figure 16. Same format as Fig. 15, but for 254 nm photolysis. The modeled range for OFR254-70 and 

OFR254-7 and for corresponding pathological conditions are also shown. The insets show histograms of 

model-estimated F254/OH exposures for three field studies where OFR185 was used to process ambient 

air. In addition to source studies of biomass smoke (FLAME-3) and urban tunnel (Tkacik et al., 2014), 

F254 exposure/OH exposure ratios in two laboratory studies (Kang et al., 2011; Lambe et al., 2011b) are 

shown in the upper inset (with corresponding colored). The lower/upper limits of F254 exposure/OH 

exposure ratios in the experiments with a certain source in a certain study are denoted by tags 

below/above the markers, respectively. Curves of ketones are highlighted by downward triangles. 
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Figure 17. Same format as Figs. 15/16, but for the fractional importance of the reaction rate with 

O3 vs. OH as a function of the relative exposure of O3 and OH. The curves of biogenics are highlighted by 

squares. Also shown are modeled distributions of the relative exposure of O3 and OH at the Earth’s 

surface (solid line) and throughout the column from the surface to a height with a pressure of 150 hPa 

(dashed line). The distributions were calculated from the mean daily concentrations of O3 and OH as 

simulated by the GISS ModelE2. 

 

 

Figure 18. Percentage of SOA photodegradation at (upper) 185 and (lower) 254 nm at different UV 

levels as a function of absorption cross-section under the assumption of unity quantum yield. Absorption 

cross-sections of some representative SOA components are also shown.  
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2.2 Laboratory Studies of SOA Formation in Oxidation Flow Reactors 

2.2.1 Secondary Organic Aerosol Yields from VOC standards  

In the laboratory, we conducted a series of aerosol yield studies and composition using different 

VOC reactants representative of important anthropogenic and biogenic SOA sources. These 

experiments included combustion byproducts (toluene, methyl naphthalene), terpenes (alpha-

pinene, beta-pinene, 3-carene), sesqueterpines (longifolene), and methyl butenol (MBO). During 

these experiments, SOA yields and chemical composition were determined using AMS and 

SMPS and initial and consumed VOC reactants were measured by PTR-MS. Our results indicate 

that SOA yields in the OFR are similar to those reported for large environmental chambers, 

bolstering the case that OFRs can be used to quantitatively simulate atmospheric processes and 

that it can be used as a “transfer tool” between laboratory and field applications (for which large 

environmental chamber are less practical since they are less portable, much slower, and have 

much more limited aging capacity). Also, as we have observed in the atmosphere, laboratory 

results show similar characteristic aging extents where the destruction (fragmentation, 

evaporation) of SOA appears to overtake formation as observed by a net decrease in SOA 

production. Unlike environmental chambers that typically can only conduct experiments that 

simulate up to 1/2 to 2 days equivalent atmospheric processing and require several hours to 

complete, with the OFR we age samples for up to several weeks of atmospheric equivalent aging 

at a range of oxidant exposures every hour. Thus, during these experiments, it has been possible 

to explore the complex relationship of SOA yields to both existing organic aerosol mass and also 

at a large range of oxidant exposures. This ability is helping to interpret field OFR measurements 

where we have scanned a large range in oxidant exposure and in comparing measured vs 

modeled SOA. 

2.2.2 Secondary Organic Aerosol from Crude Oil  

We conducted laboratory studies of SOA formation from crude oil to help interpret SOA 

formation observed during aircraft studies conducted over the Gulf of Mexico during the 2010 

Deep Water Horizon oil spill in collaboration with Dr. Joost de Gouw’s group at NOAA. Crude 

oil was exposed to a continuous clean air stream resulting in evaporation and gradual distillation 

as more volatile compounds are removed. The evaporated VOCs were photochemically 

processed in the OFR and compounds spanning a broad range of volatilities (3-16 carbons) were 

quantified before and after the reactor and the resulting aerosol volume, mass and chemical 

composition were quantified with an SMPS and AMS. The time dependence of the evaporation 

as a function of volatility classes and the amount of each class reacted in the chamber were 

determined using VOC measurements (PTR-MS) (Fig. 19). Combining this information with the 

measurements of aerosol formation, multivariate linear regression fitting was used to calculate 

the time-dependent contributions of the different volatility classes of VOCs to SOA formation 

(Fig. 20). It was shown that intermediate volatility organic compounds (IVOCs; saturation vapor 

pressure, C*=105-106 µg m-3) contributes much more to SOA formation than the more volatile 

organic compounds (C*  107 µg m-3; Figs. 20, 21), results consistent with analysis of the 

airborne measurements over the DWH oil spill (de Gouw et al., 2011). The chemical 
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composition of the aerosol produced was also similar to that observed over the spill (Fig. 22). 

Further details of this work can be found in Li et al. (2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 19. Time series of relative mass 

fraction of evaporated hydrocarbon 

vapors without photooxidation for 

C*(105–109 μg m-3). 

Figure 21. Volatility distribution of 

(A) crude oil including measured 

aromatics and estimated alkanes 

(assuming the same composition as 

DWH oil spill), (B) Estimated SOA 

concentrations produced from 

compounds of each C* bin (C) 

Estimated SOA yields. 

Figure 20. Measured SOA concentration 

and fit of SOA contribution from each C* 

class. SOA yields shown in the inset were 

estimated from the multi-variate fitting. 

Compounds with C* =105−106 μg m−3 

contribute most of the SOA mass. 

Figure 22. Fractional contribution to 

total OA of ions at m/z 44 (f44) vs. m/z 

43 (f43) in AMS spectra for Gulf SOA 

and laboratory data. The aerosol 

produced in the OFR has a similar 

mass spectrometric signature to SOA 

observed over the oil spill. 
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2.2.3 MOVI-HRToF-CIMS – OFR  

For the past five years, our group has been working 

on development of a Microorifice Volatilization 

Impactor High-Resolution Time-of-Flight 

Chemical-Ionization Mass Spectrometer (MOVI- 

HRToF-CIMS or with a newer version of inlet, 

FIGAERO-HRToF-CIMS) capable of detecting 

organic acids in both the particle and gas phases, 

quantitatively and with very high sensitivity. Using 

at prototype MOVI- HRToF-CIMS and OFR we 

acquired the first mass spectrum of SOA (-pinene 

precursor) using this technique (Fig. 23). We 

observed high molecular weight ions representing 

oligomeric units present in much greater relative 

abundance in the particle phase. These results, 

obtained in near real-time, were remarkably similar 

to spectra obtained from offline analysis methods 

that require complicated sample handling and post analysis. This powerful new technique is 

proving to be another useful tool in understanding SOA formation in OFRs (and the atmosphere) 

at a mechanistic level.   

 

 

 

 

 

 

 

 

  

Figure 23. Mass spectrum of OFR-

generated -pinene SOA desorbed from the 

MOVI impactor at ~130 oC.  These real-time 

data, which demonstrate the ability of the 

MOVI- HRToF-CIMS to detect high 

molecular weight oligomeric units, are 

similar to published data using offline 

techniques. 
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3. Applications of Laboratory and Modeling Studies to Field Measurements 

using OFRs and Modeling SOA Formation. 
The main motivation for conducting the series laboratory and modeling studies of gas-phase 

oxidation and SOA formation in the OFR (described above) was to provide the understanding 

and tools to better interpret OFR field measurements of SOA formation and aging. In this section 

we show examples of how some of the results have been utilized as well as further modeling 

efforts aimed at quantitatively investigating SOA formation and OA aging for ambient air with 

OFR. The information is presented as figures with descriptive captions summarizing the main 

aspects and relevance. 

 

Figure 24. OA enhancements (compared to ambient OA) as a function of OH exposure in the 

OFR for several field campaigns separated by day/night: CalNeX-LA (urban, (Ortega et al., 

2015)), BEACHON-RoMBAS (montane Colorado conifer forest, (Palm et al., 2015)), SOAS 

(mixed forest, semi-polluted SE US, (Hu et al., 2016b)), and GoAmazon2014/15 (Amazonia, 

periodically polluted, 2 sites (Palm et al., 2016b)). SOA production peaks at 1-4 days 

atmospheric equivalent aging then decreases at higher ages shows net OA loss at highest ages 

(>5-20 days). This show the shifting balance between functionalization and condensation at 

lower ages to fragmentation and evaporation at higher ages. Although the behavior is 

qualitatively similar for the different measurements, the OHexp ranges where the different 

processes appear to dominate are different, an observation that is only possible and accurate with 

the advanced understanding of quantifying OHexp gained through the modeling and laboratory 

work that was conducted. In practice for the field campaigns, the OHexp calibration equations 

we’ve developed are used in combination with any tracers species decay measurements to 

determine the most accurate and high-data coverage calculations of OHexp (Palm et al., 2015).  
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Figure 25. Ratio of OA to excess carbon monoxide (above background levels) vs. total 

photochemical age in days for ambient and reactor data during CalNex-LA (Pasadena, CA). Also 

shown in the value for LA-Basin outflow from aircraft measurements from the NOAA WP-3D 

during CalNex (Bahreini et al., 2012). Averages for quantiles of ambient (7%), reactor (7%), 

reactor dark (25%, internal OHexp = 0) and reactor vapor loss-corrected (12%; see Fig. 29) data 

are shown. A fit to reactor data is also shown. Results from field studies in the NE US and 

Mexico City are shown in the background (DeCarlo et al., 2010). This provides another example 

of the quantitative information on SOA formation and OA aging for ambient air possible using 

the OFR that relies on accurate OHexp determination. (Ortega et al., 2015) 

 

Figure 26. Comparison of OFR data with model 

results for evolution of OA/CO vs. total 

photochemical age with traditional SOA formation 

model, high NOx Robinson+Tsimpidi model from 

Hayes et al. (2015). Also shown is the summary of 

urban aged ratios from de Gouw and Jimenez 

(2009). Such observational vs modeling 

comparisons are important to testing and 

constraining modeling studies and in this case shows 

the large underestimation of SOA production for 

traditional SOA models and possibly overproduction 

of more updated models at higher ages. Comparison 

at the higher ages was only possible by use of the 

OFR to reach much higher aging that observed in 

ambient air. (Ortega et al., 2015)  
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Figure 28. OA enhancement vs. age for OH, O3, and NO3 oxidation, separated into daytime and 

nighttime data for the BEACHON-RoMBAS campaign (montane Colorado coniferous forest). 

OH oxidation produced several times more OA enhancement than O3 and NO3 oxidation, and 

loss of OA due to heterogeneous oxidation was only observed for OH oxidation for the ages 

explored. (Palm et al., 2016a) 

Figure 27. Mass fraction remaining of IEPOX-

SOA as a function of OHexp in the OFR during 

the SOAS and GoAmazon2014/15 (dry season) 

campaigns. The inset shows the RH-dependent 

calculated kOH for both studies. Individual data 

points from SOAS are color-coded by ambient 

RH. IEPOX-SOA, SOA formed through reactive 

uptake of IEPOX gas (formed through low-NOx 

oxidation of isoprene) onto particles, was 

separated from the bulk OA in the outflow of the 

OFR using Positive Matrix Factorization (PMF). 

The high exposures accessible with OFR, 

combined with accurately-determined OHexp, 

allowed for quantitative determination of the 

heterogeneous OH oxidation loss rate of 

IEPOX-SOA and thus an estimate of the lifetime 

in the atmosphere due to this loss process. (Hu et 

al., 2016a)  
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Figure 29. Modeled fractional fates of loss of low-volatility organic compounds (LVOCs) to 

OFR walls, condensation to aerosols, reaction with OH to produce volatile products, or exiting 

the OFR to be lost on sampling line walls as a function of photochemical age for (a) high 

condensational sink (CS) and (b) low CS cases; (c) LVOC lifetimes for each of these pathways 

(BEACHON-RoMBAS campaign). Lifetime for condensation to aerosols is shown for all data 

points (colored by OA enhancement after oxidation) using CS calculated from SMPS 

measurements. While in the atmosphere nearly 100% of LVOCs would condense on aerosols, in 

the OH-OFR for conditions at BEACHON, >20-70% condense at OHexp where maximum OA 

enhancement occurs. Limitations are due to the short timescale of the reactor (~3 min) and 

modest aerosol surface area. This model was developed to better understand the fate of 

functionalized compounds formed by OH oxidation within the OFR and quantify and correct for 

pathways that would reduce observed SOA formation in the OFR and not be present in the 

ambient atmosphere. The details of this model are described in detail in Palm et al. (2015) and 

examples of its application are shown in Figs. 30, 31. 
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Figure 30. Comparison of absolute OA enhancement from OH oxidation using the OFR185 and 

OFR254 methods (BEACHON-RoMBAS campaign), binned by photochemical age and 

separated into daytime (08:00–20:00 LT) and nighttime (20:00–08:00 LT) to reflect the changes 

in ambient SOA precursors between day and night. OHexp was calculated using the calibration 

equations we developed in Li et al. (2015) and Peng et al. (2015a) in combination with in-situ 

tracer decay measurements. Data are shown with (right axis, open symbols, and dashed lines) 

and without (left axis, closed symbols and solid lines) the LVOC fate correction described in 

Fig. 29. Inset: the maximum OA enhancement (all data 0.4–1.5 days eq. age) as a function of 

time of day, with (dashed) and without (solid) the LVOC fate correction. OFR254 measurements 

with positive OA enhancement were multiplied by the ratio of ambient MT concentrations 

measured during OFR185 vs. OFR254 sampling periods (ratio= 1.8). Negative OA 

enhancements were not normalized in this way since the amount of mass lost due to 

heterogeneous oxidation would not necessarily correlate with ambient MT concentrations. These 

results highlight the importance of applying condensation corrections to estimate 

atmospherically-relevant SOA production in ambient air with moderate-to-low aerosol loading 

and also the comparability of the OFR185 and OFR254 methods in terms of SOA mass 

production. (Palm et al., 2015) 
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Figure 31 (left panel). Measured vs. predicted SOA formation from OH oxidation of ambient air 

in an OFR using the OFR185 method (BEACHON-RoMBAS campaign). Only the range of 

photochemical ages with the highest SOA formation (0.4–1.5 eq. days) was used, and the LVOC 

fate correction was applied (see Fig. 29). Predicted SOA formation was calculated by applying 

OA concentration-dependent yields (average of 13.3, 14.9, 15.9, and 1.8% for monoterpenes, 

sequiterpenes, toluene+p-cymene, and isoprene, respectively, with average OA concentration of 

5.1 μgm-3) to VOCs reacted in the OFR (Tsimpidi et al., 2010). The amount of reacted VOCs 

was estimated using OHexp and ambient VOC concentrations. If a non-zero y intercept is 

allowed, the regression line becomes y = 7.0x -1.0. 

 

Figure 31 (right panel). Same data as shown in left panel except only including data when there 

was temporal overlap of measurements of volatility-separated semi/intermediate VOCs 

(S/IVOCS) using a novel TD-EIMS method (Cross et al., 2013; Hunter et al., 2016). Predicted 

SOA formation is estimated using VOCs (as in left panel) with (green filled circles) and without 

(open circles) including an empirical 80% SOA yield from S/IVOCs measured by the TD-EIMS 

(a lower limit of total S/IVOCs). Inset: average S/IVOC concentrations as a function of the log 

of the saturation vapor concentration, C*. 

 

The analysis shown in these figures (Fig. 31 left/right) demonstrates the synthesis of OFR 

measurements using OHexp estimations, LVOC-fate / condensation modeling corrections, VOC – 

SOA yields and novel S/IVOC measurements to better understand and quantify in situ SOA 

formation potential in a biogenic-dominated forest region. The results suggest that for the 

ensemble of instantaneous snapshots of SOA formation potential in this environment, 

compounds other than traditionally-measured VOC account for most of the SOA formation, 

which likely are photochemically-produced oxidation products. (Palm et al., 2015) 
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4. FIGAERO/MOVI-HRToF-CIMS for Studying Speciated & Bulk Gas-

Particle Partitioning 

In collaboration with U. Washington and Aerodyne Research Inc., our group has pioneered the 

development and application of new tools capable of measuring the chemical composition, 

gas/particle partitioning and particle-phase volatility - the Filter Inlet for Gases and Aerosols 

High-Resolution Time-of-Flight Chemical-Ionization Mass Spectrometer (FIGAERO-HRToF-

CIMS, hereafter FIGAERO-CIMS for short) and the MOVI (micro-orifice volatilization 

impactor) variant (Yatavelli et al., 2012; Lopez-Hilfiker et al., 2014). The technique allows 

simultaneous measurement of gas- and particle-phase compounds through use of an aerosol 

collector. Gases can be analyzed while aerosols are sampled by the aerosol collector, and 

aerosols are later thermally desorbed under a zero air or nitrogen atmosphere. Chemical 

ionization (CI), a soft ionization technique preserving the parent ion in most cases, is used, and 

when combined with a high-resolution ToF analyzer it allows determination of the elemental 

composition of the molecular ions. In addition, by using different CI reagent ions (e.g., 

CH3COO-, I-, H3O
+•(H2O)n, NO3

-) different compound classes can be detected. Gas and particle 

composition are quantified with the same HRToF detector at frequencies <1 hr making it ideal 

for capturing diurnal timescale changes in the atmosphere or tracking SOA formation and 

evolution in chamber studies. Our group successfully deployed the MOVI-CIMS for the first 

time in the field during BEACHON-RoMBAS, a study of biogenic aerosol in a pine forest in the 

Colorado Rockies (Yatavelli et al., 2014), and also successfully deployed a FIGAERO-CIMS in 

the SOAS field study in 2013 (Thompson et al., 2015). In both deployments, acetate (CH3C(O)O-

) was used as the reagent ion to selectively ionize acids. Using ambient BEACHON-RoMBAS 

data we have investigated gas/particle partitioning, as the fraction in particle phase (Fp), of C1-

C18 alkanoic acids, six ions having elemental compositions similar to known terpenoic acids, and 

total bulk organic acids. Figure 32 shows measurements of the Fp of C1-C18 alkanoic acids. With 

increasing carbon number (lower 

volatility), greater fractions were 

observed in the particle phase, the 

magnitude of which matched modeled 

partitioning within the range of 

published vapor pressures, indicating 

that, on a daily timescale, alkanoic acids 

were close to thermodynamic 

equilibrium with the gas phase and 

providing convincing evidence that the 

MOVI-CIMS is a useful tool for 

studying partitioning of semivolatile 

compounds in a complex environment.  

Figure 32. Gas/particle partitioning as a function of 

carbon number for measured (●) and modeled (lines) 

alkanoic acids using different published P°L,i and 

∆H
vap

 values (Yatavelli et al., 2014). 
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Figure 33 shows the partitioning of the 

bulk (total) acids as a function of carbon 

number, which to our knowledge was 

determined for the first time in that 

experiment. Also shown is the “excess 

oxygen” (in addition to the known 2 

oxygen atoms present in the organic acid 

functional group) as determined by the 

elemental analysis and mass 

quantification of each ion detected. The 

modeled partitioning assumes that the 

excess oxygen is contained in different 

organic functional groups (as indicated in 

Fig. 33). Carbon number and oxygen 

content were observed to be good predictors for partitioning, and the model assuming addition of 

an OH group to alkanoic acids (consistent with the conclusions of Ng et al. (2011) for the 

ambient evolution of SOA) reproduces the observed partitioning for C7-C17. While the more 

intermediate volatility species match the models relatively well, the lower volatility species 

tended to show higher apparent particle-phase fractions than the model predicted, suggesting 

possible adsorption or decomposition / fragmentation artifacts or that different isomeric 

compounds than those modeled may have been present.  

Figure 34 shows the time series of observed and modeled partitioning for pinic acid, a well-

known oxidation product of monoterpenes, from a study conducted in a terpene-dominated pine 

forest. The observed Fp is quite similar to the modeled values, and there are clear shifts in 

partitioning closely following ambient temperature (changes in total OA and particle water had 

only minor effects). Similar results 

were observed for other / bulk 

acids acids (Yatavelli et al., 2014), 

suggesting that they evaporate 

from the particle phase to re-

establish gas-particle equilibrium 

on short timescales of < 1-2 hrs, 

and thus partitioning appears to not 

be effected by large kinetic 

limitation as has been suggested 

for some conditions and chemical 

systems in several recent studies 

that use less direct and non-

Figure 34. Measured and modeled partitioning of pinic acid 

determined with the MOVI-HRToF-CIMS during the BEACHON-

RoMBAS field study (Yatavelli et al., 2014). 

Figure 33. Partitioning for bulk averaged acids binned 

into carbon number bins and modeled partitioning 

calculated using excess oxygen as different organic 

functional groups, for the average of the whole study 

(Yatavelli et al., 2014). 
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chemically-speciated methods (e.g., Virtanen et al., 2010; Vaden et al., 2011; Perraud et al., 

2012; Renbaum-Wolff et al., 2013). 

5. ASR/ARM Program Meeting Participation 

Our group participated in and presented results at all of the ASR/ARM Program meetings (Fall 

Working Group Meetings, Spring PI Science Meetings) over the duration of this grant period. 

This has included oral presentations on the GVAX recon/planning trip, OFR results and gas-

particle partitioning results at the Fall Working Group Meetings; poster presentations at the 

Spring PI Science Meetings (on OFR and partitioning); and co-organization of a break-out group 

on secondary organic aerosol at a FWGM. 

Conclusions  

The research conducted under this grant was highly successful. A wide range of topics were 

explored that focused on understanding the radical chemistry of oxidation flow reactors (OFRs) 

and applications of OFRs for investigating secondary organic aerosol (SOA) formation and OA 

aging. A gas-phase photochemical model was developed and was central to understanding and 

quantifying the radical chemistry in OFRs and then applying those results to better interpret 

laboratory and field applications of OFR. This work will have important impacts on the study of 

SOA formation on OA aging by providing a clear framework for designing and interpreting OFR 

studies in the lab and field. OFRs have recently become increasingly common for studying gas 

and aerosols chemistry of the atmosphere, and prior to this work, the lack of understanding of the 

basic chemistry and functionality of OFRs had a strong potential to result in poorly-designed 

experiments, inaccurate quantification, and speculation of weaknesses of the use of OFRs that 

lacked a sound basis. Much of results from the research conducted here has already been applied 

to several of our field and source studies, greatly improving the accuracy and ability to precisely 

interpret the scientific results. Improved knowledge of the formation of SOA and aging of OA is 

a critical component of better understanding aerosol life cycle in the atmosphere. This work 

demonstrates that use of OFRs can play an important role in gaining this new insight, 

complementing ambient field measurements, modeling and chamber studies. 
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