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Abstract 16 
Secondary organic aerosol (SOA), atmospheric particulate matter formed from low-volatility 17 
products of volatile organic compound (VOC) oxidation, impacts both air quality and climate. 18 
Current 3D models, however, cannot reproduce the observed variability in atmospheric organic 19 
aerosol. Because many SOA model descriptions are derived from environmental chamber 20 
experiments, our ability to represent atmospheric conditions in chambers directly impacts our 21 
ability to assess the air quality and climate impacts of SOA. Here, we develop a new approach that 22 
leverages global modeling and detailed mechanisms to design chamber experiments that mimic the 23 
atmospheric chemistry of organic peroxy radicals (RO2), a key intermediate in VOC oxidation. 24 
Drawing on decades of laboratory experiments, we develop a framework for quantitatively 25 
describing RO2 chemistry and show that no previous experimental approaches to studying SOA 26 
formation have accessed the relevant atmospheric RO2 fate distribution. We show proof-of-concept 27 
experiments that demonstrate how SOA experiments can access a range of atmospheric chemical 28 
environments and propose several directions for future studies. 29 
 30 
Introduction 31 
 32 
Atmospheric aerosols are integral to two of today’s most important environmental concerns: air 33 
pollution and climate. Exposure to aerosol pollution is associated with over 8 million premature 34 
deaths each year, making it the leading environmental risk factor for premature mortality (1, 2). 35 
Atmospheric aerosols also impact the global climate by absorbing and scattering sunlight, as well 36 
as by altering cloud properties, with these impacts representing the largest source of uncertainty in 37 
our understanding of global radiative forcing (3). Organic aerosol (OA) constitutes a large, and 38 
sometimes dominant, fraction of fine aerosol mass (4). Much of this OA is secondary (secondary 39 
organic aerosol, SOA) (4, 5), produced from volatile organic compounds (VOCs) that are oxidized 40 
in the atmosphere to form lower-volatility species. Despite the importance of SOA in the 41 
atmosphere and the decades of SOA-focused laboratory experiments, field measurements, and 42 
modeling studies, the complex chemical processing that leads to SOA formation is still not well 43 
constrained (6). 44 
 45 
The first laboratory experiments examining SOA formation were recorded by Tyndall in the late 46 
19th century; he observed the formation of a ‘blue cloud’ when irradiating organic vapors in a glass 47 
tube and attributed his observations to the formation of particles (7). Haagen-Smit’s ‘smog 48 
chamber’ experiments in the 1950s demonstrated that a mixture of vehicular hydrocarbon pollutants 49 
(e.g., alkenes), O3, and NO2 formed particles upon irradiation by sunlight, helping to explain the 50 
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chemistry of urban smog (8). Later, Went (9) extended these experiments to include the oxidation 51 
of natural hydrocarbons, and postulated that photochemistry involving biogenic VOCs contributed 52 
‘blue hazes’ in the atmosphere. ‘Smog chamber’ experiments throughout the 1980s continued to 53 
show evidence for SOA production from photochemistry involving biogenic and anthropogenic 54 
VOCs with O3 and NOx (10, 11). 55 
 56 
By 1990, researchers began to quantitatively determine SOA yields for oxidation of individual 57 
VOCs (11, 12), which would eventually enable yield-based parameterizations in atmospheric 58 
models. A dependence of SOA yields on NOx concentrations emerged from these chamber 59 
experiments, suggesting that atmospheric SOA formation depends on the chemical environment 60 
(13–16). Because of this observed NOx-dependence, studies began to characterize experiments by 61 
their initial hydrocarbon-to-NOx ratio as is common in descriptions of tropospheric ozone formation 62 
(13, 14, 16). The mechanism for the dependence of SOA yield on this ratio was initially uncertain, 63 
but by 1999 it was generally assumed to solely result from the changes in the relative importance 64 
of different oxidants (e.g. OH, O3, NO3) with varying NOx concentrations (17, 18). The first 65 
regional and global models of SOA also reflected this understanding: NOx influences on O3 and 66 
OH were included, but SOA yields for a given oxidant were assumed not to vary with NOx 67 
concentration (19–21). 68 
 69 
In the early- and mid-2000s, chamber studies demonstrated that changes in SOA yields with NOx 70 
were a result of both changes in oxidant ratios and changes in the fate of RO2, organic peroxy 71 
radicals produced in most VOC oxidation processes (22). For example, chamber experiments 72 
demonstrated that the relative importance of hydroperoxides (products of the reaction of RO2 73 
radicals with HO2) to the oxidation product distribution could help explain the dependence of the 74 
SOA yield on NOx (23–25). With the understanding that RO2 chemistry is influenced by NOx 75 
concentrations (26, 27), chamber experiments were designed to access ‘limiting conditions’ in 76 
which the fate of RO2 was dominated entirely by reaction with a single co-reactant: ‘low-NO’ 77 
experiments were designed to mimic ‘clean’ atmospheric conditions with RO2+HO2 as the 78 
dominant RO2 fate, whereas ‘high-NO’ experiments were designed to mimic ‘polluted’ atmospheric 79 
conditions with RO2+NO dominating RO2 reactivity (27–32). The development of a chemical 80 
coordinate to track the competition between NO and HO2 for reaction with RO2 followed; this 81 
coordinate was gradually refined and by 2010 was defined by Pye et al. (33) as:  82 

𝛽 = 	 !!"#$%"[#$]
!!"#$%"[#$]&!!"#$&"#['$#]

    Equation (1) 83 

Using SOA yields measured under limiting RO2 fate conditions,  β could be interpreted as a ‘mixing 84 
parameter’ to estimate SOA yields at intermediate-NOx conditions (34, 35). By the late 2000s, SOA 85 
parameterizations in global models began to reflect the newly understood importance of NOx for 86 
RO2 fate by incorporating β-based SOA parameterizations (33, 36–38). 87 
 88 
Recent chamber experiments, however, have demonstrated that SOA yields may also depend on 89 
three additional RO2 fates: RO2 isomerization, RO2+NO2, and RO2+RO2 reactions (Figure 1). 90 
Laboratory and computational studies over the last decade have demonstrated that for some RO2 91 
species, unimolecular isomerization pathways have sufficiently short lifetimes (τuni) that they can 92 
be competitive with bimolecular reactions  (i.e., τuni ≤ τbi, where τbi is the RO2 lifetime to 93 
bimolecular reactions) (39, 40). Such isomerization reactions and subsequent rapid molecular 94 
oxygen additions can lead to the production of highly oxidized products, which can contribute to 95 
the formation of low-volatility SOA (41). Recent chamber studies have also demonstrated that the 96 
NO/NO2 ratio during an experiment, which controls what fraction of acyl-RO2 (RC(=O)O2) react 97 
with NO versus NO2, has a measurable effect on the oxidative product distribution and/or amount 98 
of SOA formed. At lower NO/NO2 ratios, RO2+NO2 reactions can dominate the chemistry of acyl-99 
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RO2 radicals, thereby altering the oxidative product distribution and increasing the formation of 100 
peroxy acyl nitrates (PANs) (42, 43) which can have an influence on SOA formation (44). Other 101 
chamber studies have demonstrated that SOA yields are affected by the RO2/HO2 ratio, which 102 
controls what fraction of RO2 react with HO2 versus with other RO2 radicals (23, 45–47). The 103 
direction and magnitude of this effect on SOA yields is determined by the volatility of RO2+RO2 104 
products, which include alkoxy radicals (RO+RO), alcohol and carbonyl products (ROH+R’CHO), 105 
and organic peroxides (ROOR)). Numerous studies have highlighted ROOR products in particular 106 
as potential contributors to SOA formation (48–50). As such, current evidence indicates that four 107 
bimolecular RO2 fates (reactions with NO, HO2, NO2, and RO2), as well as unimolecular RO2 108 
reactions, may all affect SOA formation. 109 
 110 
Current model parameterizations of SOA that include NOx dependence, however, are still based on 111 
chamber experiments run under high-NO and low-NO extremes, with the untested assumption that 112 
SOA yields can be parameterized as a linear combination of yields measured at the two limiting 113 
cases (β=0 and β=1). By design, these ‘limiting condition’ experiments include high radical 114 
abundances that shorten the RO2 bimolecular lifetime, thereby limiting RO2 isomerization, and do 115 
not control for the role of RO2+NO2 or RO2+RO2 reactions. Moreover, experiments run at limiting 116 
‘high-NO’ and ‘low-NO’ conditions that underlie today’s model parameterizations are likely not 117 
fully relevant for SOA produced over multiple generations in the atmosphere, since the RO2 fate 118 
might differ from one generation of oxidation to the next. As a result, current model 119 
parameterizations of SOA are mimicking SOA produced under idealized chamber conditions rather 120 
than representing realistic atmospheric chemical environments. This likely contributes to the 121 
inability of current large-scale models to reproduce the observed variability in atmospheric OA (51, 122 
52). 123 
 124 
Because model parameterizations are informed by laboratory experiments, model accuracy hinges 125 
on the atmospheric relevance of both the physical and chemical conditions of laboratory 126 
experiments. Porter et al. (53) identified that chamber studies of SOA are often run under dry, room-127 
temperature conditions, which are not representative of much of the atmosphere, and began to 128 
quantify what chemical space chamber experiments of SOA need to match in order to represent the 129 
atmosphere. Further quantification of atmospheric and chamber chemical environments and 130 
development of strategies for maximizing overlap between the two is the focus of this work. 131 
 132 
Given the importance of bimolecular and unimolecular RO2 chemistry for SOA production, here 133 
we define a four-parameter chemical space that allows us to track the fate of RO2 in both the 134 
atmosphere and in laboratory studies. We use these parameters in conjunction with global modeling 135 
to define the chemical environments in which SOA is formed in the atmosphere, and we use 136 
mechanistic box modeling of environmental chambers to assess what parts of this chemical space 137 
are accessible in the laboratory. We discuss the challenges associated with mimicking the 138 
atmospheric chemical environment in chamber studies, show proof-of-concept experiments that 139 
demonstrate how SOA experiments can access a range of atmospheric chemical environments, and 140 
present pathways forward for furthering our understanding of SOA production in the atmosphere 141 
in light of the challenges. 142 
 143 
Results  144 
Atmospheric RO2 fate distribution 145 
 146 
A complete, quantitative description of RO2 fates is needed to fully characterize an atmospheric 147 
chemical environment (54). Though β describes the competition between RO2+HO2 and RO2+NO 148 
reactions, the contributions of RO2 isomerization, RO2+RO2 reactions, and RO2+NO2 reactions to 149 
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atmospheric RO2 reactivity necessitate additional chemical coordinates to fully describe the RO2 150 
fate distribution. Here we combine four parameters (β, τbi, RO2/HO2, and NO/NO2) which have 151 
been used independently to characterize subsets of RO2 reaction pathways (23, 33, 44, 53, 55, 56) 152 
to complete a parameter space that fully describes atmospheric RO2 fates as outlined in Figure 1. 153 
To our knowledge, this is the first time that these parameters have been considered together, and 154 
that more than one has been considered at a time, to describe RO2 chemistry in the atmosphere and 155 
within chambers. 156 
 157 
We adopt the bimolecular RO2 lifetime against reaction with NO and HO2, as originally defined by 158 
Teng et al. (2017): 159 

𝜏() =	
*

!!"#$%"[#$]&!!"#$&"#['$#]
    Equation (2) 160 

A comparison between τbi and τuni, the RO2 lifetime to unimolecular isomerization, indicates the 161 
relative contribution of bimolecular and unimolecular reactions. We also adopt the RO2/HO2 ratio 162 
to quantify the relative importance of RO2+RO2 chemistry and thus ROOR formation (23), as well 163 
as the NO/NO2 ratio to denote the relative importance of PANs to the RO2 fate (43, 44). Ideally a 164 
ratio of rates (analogous to β) instead of a ratio of radical concentrations (RO2/HO2 and NO/NO2) 165 
would be used to define the relative importance of RO2+RO2 and RO2+NO2 reactions to the RO2 166 
fate distribution, and a complete τbi definition would also include the lifetime of RO2 against 167 
reaction with other RO2 and with NO2. However, because RO2+RO2 rate constants are both highly 168 
variable and uncertain (48, 49), here we use the RO2/HO2 ratio to indicate the relative importance 169 
of RO2+RO2 reactions and omit RO2+RO2 reactions from the τbi determination (Eq. 2). Similarly, 170 
because RO2+NO2 reactions only produce stable products for acyl-RO2, we use the NO/NO2 ratio 171 
instead of a ratio of rates to simplify accounting and omit RO2+NO2 reactions from the τbi 172 
calculation, noting that τbi will be shorter for acyl-RO2 than for other RO2 (Eq. 2) . 173 
 174 
To examine the fate of RO2 in the atmosphere, we focus our analysis here on the oxidation of 175 
isoprene. Multi-generation isoprene oxidation is an important contributor to global SOA production 176 
(36), and the gas-phase oxidation chemistry of isoprene (including its RO2 chemistry) has been 177 
studied extensively over the last decade (57). We also include a parallel set of analyses for 178 
monoterpene-derived SOA (Figures S1-S2); the results for monoterpenes are similar to those 179 
presented here for isoprene. 180 
 181 
Understanding atmospheric RO2 chemistry requires identifying which parts of the 4D chemical 182 
space defined here are populated during VOC oxidation in the atmosphere. Figure 2 shows the 183 
atmospheric distribution of β, τbi, RO2/HO2, and NO/NO2 for isoprene-derived RO2, calculated from 184 
hourly output from the GEOS-Chem chemical transport model (version 13.4.0, 185 
https://doi.org/10.5281/zenodo.7254268) for January and July 2016. We show the entire calculated 186 
global distribution of these four parameters, weighted by the rate of isoprene+OH oxidation; as 187 
such, any references to the ‘atmospheric distribution’ refer to the atmospheric distribution in regions 188 
where isoprene is undergoing OH-initiated oxidation (and any references to isoprene oxidation refer 189 
to OH-initiated oxidation), unless otherwise specified. 190 
 191 
We note that the use of a global chemical transport model means our analysis is inherently at coarse 192 
spatial resolution (here 2°x2.5°), a scale relevant for considering global SOA production where 193 
most isoprene oxidation occurs. However, the model does not capture the distribution of RO2 fates 194 
at fine spatial scales. For example, highly polluted environments would likely tend toward higher 195 
β and lower τbi than seen in the global distribution, resulting in conditions where RO2+NO reactions 196 
are more likely to dominate the RO2 reactivity. Even so, as NOx emissions decrease in cities as a 197 

https://doi.org/10.26434/chemrxiv-2024-82644 ORCID: https://orcid.org/0000-0002-0096-530X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.5281/zenodo.7254268
https://doi.org/10.26434/chemrxiv-2024-82644
https://orcid.org/0000-0002-0096-530X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Page 5 of 29 
 

result of emissions controls, values of τbi in urban areas are increasing (58), meaning future urban 198 
chemical environments may be better reflected in the global distributions shown here. 199 
 200 
As shown in Figure 2, β spans the full possible range but, in most regions of the global atmosphere, 201 
does not lie at either extreme (median = 0.44, 25th percentile = 0.27, 75th percentile = 0.61). Rather, 202 
the ‘intermediate-β’ values that dominate the distribution indicate that RO2 bimolecular reactions 203 
with NO and HO2 are in competition with each other throughout most of the global atmosphere. 204 
 205 
Moreover, values of τbi mostly lie between 20 and 300 seconds throughout the atmosphere (Figure 206 
2a). Within this distribution, τbi is generally longer in regions with lower β (where reaction with 207 
HO2 dominates) and shorter in higher-β environments (where reaction with NO dominates). The 208 
relative importance of RO2 isomerization is determined by the relative rates of each process (i.e., 209 
τbi vs. τuni). However, values of τuni are highly variable, as RO2 isomerization rates are highly 210 
structure-dependent and vary over orders of magnitude for different RO2. In some cases, 211 
isomerization is fast (τuni ≪ 1 s), meaning it will dominate throughout virtually the entire 212 
atmosphere (55, 59). In contrast, the atmospheric fate of any RO2 with very slow isomerization 213 
rates (τuni > 1,000 s) will be dominated by bimolecular reactions. RO2 radicals with intermediate 214 
τuni that are within an order of magnitude of atmospheric τbi (i.e., 1 s < τuni < 1,000 s), per contra, 215 
may react by both bimolecular and unimolecular pathways in the atmosphere. Additionally, we note 216 
that the temperature dependence of unimolecular isomerization rates is much steeper than the 217 
temperature dependence of most bimolecular RO2 reactions (39, 55); as such, the relative 218 
importance of unimolecular and bimolecular reactions for a given RO2 in the atmosphere can 219 
change with temperature.  However, the temperature variability for regions of the atmosphere with 220 
substantial isoprene oxidation is relatively narrow (10th percentile = 285 K, median = 295 K, 90th 221 
percentile = 302 K).  222 
 223 
Figure 2b also shows that atmospheric RO2/HO2 ratios are largely below 1 and generally increase 224 
as β decreases. Determining the relative importance of RO2+HO2 and RO2+RO2 reactions relies 225 
critically on uncertain and variable RO2+RO2 rate constants. Assuming an RO2+RO2 rate constant 226 
of 10-12 at 298 K (49), an average atmospheric RO2/HO2 ratio of ~0.5 indicates that 5% of 227 
RO2+peroxy radical reactions in the atmosphere are RO2+RO2. Faster RO2+RO2 rate constants of 228 
10-11 and 10-10 (48) would suggest that 33% and 83%, respectively, of RO2+peroxy radical reactions 229 
are RO2+RO2. 230 
 231 
The atmospheric NO/NO2 ratio is centered around 0.4 (Figure 2c) and is largely controlled by O3 232 
abundance and NO2 photolysis rates. In the GEOS-Chem mechanism, this average value 233 
corresponds to net formation (production minus loss) of PANs in ~90% of atmospheric acyl-234 
RO2+NOx reactions at atmospheric temperatures. 235 
 236 
RO2 fate distributions during SOA chamber experiments: previous experiments and challenges 237 
 238 
The global distributions of RO2 fates in the atmosphere shown in Figure 2 can be viewed as 239 
providing ‘targets’ for RO2 chemistry in laboratory studies. However, as shown in Figure 3, 240 
previous SOA chamber experiments have generally simulated RO2 reactivities that differ 241 
substantially from those in the atmosphere. The classic smog photochemistry chamber experiments 242 
of the 1990s (e.g., Griffin et al., 1999), involving the irradiation of hydrocarbon-NOx mixtures, 243 
achieved the high-β conditions typical of highly polluted urban areas, but at much lower values of 244 
τbi and NO/NO2 than are typical in the atmosphere. The ‘limiting condition’ SOA experiments of 245 
the mid-2000s (e.g., Kroll et al., 2005, 2006; Ng et al., 2007a) achieved the extreme-β conditions 246 
they were designed for, but they did not capture all possible atmospheric RO2 isomerization 247 
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products, nor did they fully match atmospheric distributions of RO2/HO2 and NO/NO2 ratios (60, 248 
61). Traditional dark ozonolysis experiments (62) did access atmospheric τbi, but achieved 249 
RO2/HO2 ratios much higher than those found in the atmosphere. Recent ultraclean experiments 250 
measuring HOM yields from ozonolysis at low NO concentrations in the CLOUD chamber (63) 251 
accessed a range of β at longer RO2 lifetimes, but also had RO2/HO2 ratios that far exceeded than 252 
those of the atmosphere. Oxidation flow reactors (OFRs), which can be considered as a limiting 253 
case for small chambers, have become increasingly popular for studying SOA formation over 254 
longer aging timescales. Though OFRs can access the full range of β (64, 65), most OFR 255 
experiments have accessed τbi for RO2 that are shorter than those in the atmosphere (66, 67). Further 256 
details about the chemical environments achieved in these previous approaches are included in 257 
Section S1. 258 
 259 
Though the aforementioned previous approaches to SOA studies span a wide range of RO2 fates, 260 
no previous approach has overlapped with the atmospheric distribution of RO2 reactivity. The 261 
longstanding challenges in matching atmospheric conditions in SOA chamber experiments derive 262 
from two fundamental laboratory constraints (Figure 4): (1) a sufficiently high quantity of products 263 
is needed to surpass instrumental limits of detection (LOD), and (2) oxidation timescales must be 264 
fast enough to outcompete lab-specific loss processes, namely wall loss and dilution. In order to 265 
produce enough OA to surpass instrument LODs (~1 μg m-3), experiments must start with large 266 
quantities of the VOC precursor (typically 100s of ppbC). Together, the need for large precursor 267 
concentrations and the requirement for fast oxidation timescales mean that experiments must be run 268 
at relatively high oxidant levels, resulting in the production of high HO2 and RO2 concentrations 269 
and/or requiring the addition of large amounts of NO. Ultimately, the chemical conditions of the 270 
chamber are driven by the VOC oxidation itself, in contrast to the atmosphere where the ambient 271 
chemical environment controls VOC oxidation conditions. When VOC oxidation controls the 272 
chemical environment, which is the case not only in standard laboratory experiments but also in 273 
outdoor perturbation experiments where a VOC is added to a chamber filled with ambient air, 274 
control of RO2 reaction conditions can be challenging. 275 
 276 
Possible RO2 fates in chamber experiments of SOA formation 277 
 278 
A key question is what chemical conditions can be accessed in laboratory chamber experiments 279 
measuring SOA yields and to what extent chambers can span the range of RO2 reaction conditions 280 
found in the global atmosphere (as shown in Figure 2). Using a box model with near-explicit 281 
chemistry (F0AM (68) with MCM v3.3.1 (69, 70)), we assess the RO2 fate distribution accessible 282 
during photochemical isoprene oxidation in a typical environmental chamber at 298 K, as shown 283 
in Figure 5. We span combinations of initial concentrations of H2O2, HONO, and NO with 100 ppb 284 
initial isoprene, a mixing ratio sufficiently high to allow for SOA yield measurements. For each 285 
simulated experiment, we determine whether the initial conditions allow for two generations of 286 
oxidation during an 8-hour experiment, and for those experiments that satisfy this criterion, we 287 
assess the corresponding distribution of RO2 fates. The results we present here use experimental 288 
parameters (dilution rates, light intensities) from a single chamber (the 7.5 m3 MIT environmental 289 
chamber (71)), but the overall conclusions are applicable to most indoor environmental chambers. 290 
The challenges presented here would be exacerbated in smaller-volume chambers (including OFRs) 291 
because the timescales for dilution and wall loss are shorter, necessitating even higher oxidant 292 
concentrations.  293 
 294 
Figure 5 shows results from these box-modeling simulations. The entire range of β between 0 and 295 
1 can be achieved by careful selection of precursor concentrations. Achieving atmospheric 296 
RO2/HO2 ratios is possible at intermediate and high β, but is more difficult at low β, when very 297 
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high quantities of H2O2 are required to achieve sufficiently fast oxidation (72). However, RO2 298 
speciation also differs between chambers and the atmosphere: CH3O2 is ≈ 50% of atmospheric RO2 299 
whereas it only makes up ≈1-10% of chamber RO2 (Figure S3). As such, chamber RO2+RO2 300 
product distributions likely differ from those in the atmosphere. NO/NO2 ratios are generally lower 301 
in chamber conditions than in the atmosphere as a result of high HO2 concentrations (see Figure 302 
S4) and low NO2 photolysis rates (jNO2). While increasing the chamber light intensity would result 303 
in increased NO/NO2 ratios, the high chamber HO2 concentrations preclude reaching atmospheric 304 
NO/NO2 ratios even at atmospheric jNO2. 305 
 306 
With various initial conditions, bimolecular lifetimes (τbi) between 2 and 20 seconds can be 307 
achieved at low β, but are orders of magnitude lower at high β. At moderate β, experimental 308 
conditions can access τbi in the 10s of seconds, but the lower oxidant levels at these longer τbi mean 309 
it becomes increasingly difficult to achieve two generations of oxidation in an 8-hour experiment. 310 
However, in order to capture the atmospheric distribution of bimolecular and unimolecular RO2 311 
products in a chamber experiment, it is not always necessary to have values of τbi in the chamber 312 
directly overlap with those in the atmosphere. Instead, experiments need only to access a regime 313 
where the relative importance of bimolecular and unimolecular reactions is largely the same as it is 314 
in the atmosphere. Accessing atmospherically relevant RO2 fates for RO2 with fast or slow 315 
isomerization (τuni <	1 s or τuni > 1,000 s) is achievable with many combinations of initial conditions 316 
in the chamber. Careful selection of initial conditions is required, however, for RO2 with 317 
intermediate isomerization rates (1 s < τuni < 1,000 s) to ensure that competition between 318 
bimolecular and unimolecular fates in the chamber match that of the atmosphere. 319 
 320 
In the case of isoprene, eight different first-generation RO2 radicals are formed, but only two (the 321 
Z-δ isomers) undergo isomerization reactions at atmospheric conditions. Both Z-δ isomers 322 
isomerize rapidly enough (4-OH Z-δ τuni = 0.3 s, 1-OH Z-δ τuni = 3 s at 297 K (55)) that 323 
isomerization almost always outcompetes their bimolecular reactions in the atmosphere. SOA 324 
chamber experiments can mimic atmospheric conditions where the fates of these RO2 are 325 
dominated by isomerization across the entire β range for the 4-OH Z-δ isomer and at high- and 326 
intermediate-β for the 1-OH Z-δ isomer. Low-β experiments can achieve conditions in which 327 
isomerization outcompetes bimolecular reactions of the 1-OH Z-δ RO2 but cannot access 328 
atmospheric conditions where isomerization entirely dominates the 1-OH Z-δ RO2 fate. We note 329 
that β and τbi derived from GEOS-Chem shown in Figure 5 are calculated at the corresponding 330 
atmospheric temperatures and pressures, whereas the β and τbi that describe chamber chemistry are 331 
all calculated at 298 K. Over the range of atmospheric isoprene oxidation temperatures, however, 332 
variation in τuni for isoprene-derived RO2 is constrained to within an order of magnitude (shaded 333 
rectangles in Figure 5) and therefore does not significantly alter the atmospheric competition 334 
between bimolecular and unimolecular fates for isoprene-derived RO2. 335 
 336 
Ratios of oxidants also vary between extreme-β experiments and intermediate-β experiments. As 337 
shown in Figure S5, extreme-β experiments can access conditions in which nearly all the isoprene 338 
is oxidized by OH, without contributions from other oxidants (O3 and NO3). At β=0, the lack of 339 
NO prevents production of O3 or NO3, while at β=1, there is sufficient excess of NO to titrate away 340 
any O3 and NO3 produced. However, at intermediate-β conditions, photochemical cycling will 341 
produce O3 and NO3, which will persist because the levels of NO are too low to titrate them. In fact, 342 
intermediate-β experiments involve OH/O3 ratios that are similar to those in regions of the 343 
atmosphere characterized by intermediate-β conditions. NO3 concentrations at intermediate-β, 344 
however, will be higher in most indoor chambers compared to daytime tropospheric conditions 345 
because of the lower visible light intensities. The presence of multiple oxidants does complicate 346 
experimental interpretation and subsequent model parameterization since most current model SOA 347 
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parameterizations are based on yields for a single oxidant. However, the SOA produced during 348 
intermediate-β experiments is arguably more representative of atmospheric photochemical SOA 349 
production than single-oxidant studies.  350 
 351 
Changes in chemical conditions during an experiment resulting from the oxidation of both NOx and 352 
VOCs are another consideration during intermediate-β experiments (73). The decreases in NO 353 
concentrations over time lead to reductions in β and increases in τbi. As shown in Figure S6, changes 354 
in τbi over a typical experiment are on the order of seconds to tens of seconds. Changes in β vary 355 
and are minimized at the extremes, but intermediate-β experiments can transverse nearly the full 356 
range of β values over time, and these time-dependent changes in chemical conditions make it more 357 
challenging to locate these experiments in chemical space. Addition of a small amount of NO (or 358 
NO precursor) throughout an experiment (28, 64, 74) may reduce the time-dependent changes in 359 
chemical conditions. 360 
 361 
Chamber experiments spanning a range of RO2 fates 362 
 363 
Using the global model- and box model-informed approach to experimental design described here, 364 
we carried out a series of isoprene+OH oxidation chamber experiments. In Figure 6, we focus on 365 
three experiments that span the chamber-accessible β-τbi parameter space. These proof-of-concept 366 
experiments are, to our knowledge, the first that explicitly and systematically attempt to span the 367 
atmospheric chemical environment during SOA production, despite the aforementioned challenges. 368 
Initial conditions for these experiments (shown in Table S1) are used as box modeling inputs to 369 
predict RO2 fate parameters (β and τbi) for each experiment. To assess whether we achieved the 370 
predicted ranges of β and τbi in these experiments, we examine the first-generation gas-phase 371 
oxidative product distribution, shown in Figure 6 and Figure S9. At low-β conditions (β=0.02), the 372 
first-generation product distribution is dominated, as expected, by C5H10O3; this corresponds to 373 
ISOPOOH, the main product formed from RO2+HO2 chemistry. At intermediate- and high-β 374 
conditions (β=0.61 and 1.0, respectively), isoprene hydroxy nitrate (C5H9O4N, the RO2+NO 375 
termination product) becomes an increasingly larger contributor to the product distribution. The 376 
relative importance of the isomerization product (HPALD, C5H8O3) to the product distribution is 377 
highest at intermediate-β conditions in which τbi is expected to be highest. These first-generation 378 
gas-phase product distribution trends confirm that our experiments did indeed span ranges of β and 379 
τbi, demonstrating that chamber experiments can be run under a wider range of atmospheric RO2 380 
fates than have been accessed previously.   381 
 382 
The limitations of our experimental instrumentation preclude measurements of unique RO2+RO2 383 
and RO2+NO2 products. However, modeling of our experiments indicates that the relative 384 
contribution of these pathways to RO2 fate in our experiments is in line with what is shown in 385 
Figure 5: RO2/HO2 ratios fall within the atmospheric RO2/HO2 distribution whereas NO/NO2 ratios 386 
are far below the atmospheric NO/NO2 distribution. As a result of the high HOx concentrations in 387 
typical chamber SOA experiments, faster photolysis rates or higher NO concentrations than those 388 
under typical atmospheric photochemical conditions are required to achieve atmospheric NO/NO2 389 
ratios. 390 
 391 
Discussion  392 
Pathways forward 393 
 394 
The results of the proof-of-concept experiments described above confirm the possibility of 395 
designing and executing experiments to mimic many of the key features of the atmospheric 396 
chemical environment in laboratory chambers, including chemical environments where multiple 397 
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RO2 fates compete (e.g., the intermediate-β, longer-τbi experiment in Figure 6). As such, this model-398 
informed approach to experimental design represents a useful approach for future chamber 399 
experiments of SOA production.  The next generation of SOA chamber studies and model 400 
treatments of SOA production, however, must find ways to tackle the remaining challenges. Here, 401 
we suggest some directions for future research aimed at enabling progress in our understanding of 402 
SOA formation chemistry. 403 
 404 
As discussed earlier, one of the key limitations of SOA chamber experiments is the need to produce 405 
enough products such that they surpass instrument limits of detection. This is particularly 406 
challenging for VOCs with low SOA yields, such as isoprene. The ability to measure SOA mass 407 
concentrations with ng/m3-level sensitivity would relax this constraint, allowing experiments to be 408 
run with lower initial VOC concentrations. For example, as shown in Figure S7, longer τbi are 409 
accessible during experiments with lower initial isoprene concentrations, including τbi up to 200 s 410 
for high-β experiments initialized with 0.1 ppb isoprene, because of lower HO2 and RO2 411 
concentrations. Such improvements to analytical instrumentation for measuring OA mass, 412 
especially for experiments with added seed particles, could involve increased sensitivity for hard-413 
ionization quantitative aerosol mass measurements (e.g., the aerosol mass spectrometer or aerosol 414 
chemical speciation monitor) as well as the development of sensitive (non-mass spectrometric) 415 
approaches for measuring OA mass. Better quantification methods for highly sensitive soft 416 
ionization techniques (e.g., chemical ionization mass spectrometry and extractive electrospray 417 
ionization mass spectrometry) could also help relax this constraint. 418 
 419 
Quantifying SOA yields through new particle formation (NPF) could alleviate some of the LOD 420 
constraint by improving signal-to-noise ratios. However, ultrafine particles produced during 421 
nucleation events are lost to chamber walls more quickly than the accumulation mode particles 422 
typically present during seeded experiments. Therefore, NPF experiments that accommodate multi-423 
generation chemistry require large chambers and fast oxidation, resulting in increased HOx 424 
concentrations and thus altering the radical balance. 425 
 426 
In addition, inclusion of the role of all RO2 reactions involved in SOA formation may require more 427 
complex SOA parameterizations in models. The untested linear mixing assumption between 428 
RO2+NO and RO2+HO2 yields should at least be tested, and SOA parameterizations may need to 429 
increase in complexity to account for more than two RO2 fates. For example, existing RO2-fate-430 
based SOA parameterizations that include SOA yields for RO2+HO2 and RO2+NO (37) may need 431 
to include yields for other RO2 reaction pathways. Future experimental work is required, however, 432 
to evaluate how much a given RO2 reaction pathway actually affects atmospheric SOA production 433 
and therefore how many dimensions are required to accurately model SOA formation chemistry. If 434 
SOA yields do not vary significantly over the atmospheric ranges of an RO2 fate, that reaction 435 
pathway does not need to be carefully studied or included in models. For example, variation within 436 
the atmospheric distribution of τbi are likely to matter only for systems with isomerization reactions 437 
that have lifetimes within an order of magnitude of atmospheric τbi (i.e., 1 s < τuni < 1,000 s). Recent 438 
work has demonstrated that SOA yields from some monoterpene reactions are sensitive to RO2/HO2 439 
only when this ratio is changed dramatically (47, 75), suggesting that the atmospheric variation of 440 
RO2/HO2 between 0 and 2 has an insignificant effect on biogenic SOA yields. Other laboratory 441 
studies, however, have suggested that this narrow atmospheric range may affect SOA yields from 442 
anthropogenic VOCs (46). Additional experiments have shown that isoprene SOA yields more than 443 
halve between NO/NO2 ≈ 0.1 and 0.3 (44), suggesting that changes in NO/NO2 across the range 444 
found in the atmosphere (≈ 0.2-0.7) can affect isoprene SOA yields. Similar tests are required across 445 
these atmospheric ranges for an assortment of VOCs. 446 
 447 
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An alternative to the parameterized approach for modeling SOA production is a semi-mechanistic 448 
approach, which describes SOA formation in terms of key condensable species generated from gas-449 
phase chemical mechanisms. This approach combines laboratory measurements of gas-phase 450 
products with estimates of their volatilities to predict particle-phase products and aerosol yields  451 
and was recently implemented in the Community Regional Atmospheric Chemistry Multiphase 452 
Mechanism (CRACMM) (76). Such an approach has the advantage of inherently including the 453 
effects of changes in atmospheric variables (e.g., RO2 chemistry, temperature) on SOA production, 454 
in contrast to a parameterized approach where such effects require explicit consideration. However, 455 
a semi-mechanistic approach generally requires uncertain estimates of oxidation product volatilities 456 
as well as thoughtful consideration of what species are included given resource constraints, and 457 
predicted SOA formation has generally not been validated by yields measured in laboratory studies. 458 
More model species will also increase computational demand, and so may not be appropriate for 459 
large-scale models, including global chemistry-climate and/or Earth system models.  460 
 461 
Regardless of the model approach used to describe SOA formation, a crucial component is 462 
continual interfacing between laboratory measurements, models, and field observations. Updated 463 
laboratory-based model predictions of SOA should be compared to ambient observations, and 464 
further experiments should then be targeted to chemical environments in which the model-465 
measurement difference is greatest. Validation of model SOA descriptions against SOA yields 466 
measured in chamber experiments that match the atmospheric chemical environment will also aid 467 
model parameterization and further development.  468 
 469 
Conclusions 470 
 471 
The mechanistic advances in our understanding of RO2 chemistry over the last two decades have 472 
enabled us to replace the high- and low-NOx binary used in the past to describe RO2 fates with a 473 
more nuanced description of the complex, multi-dimensional space that controls the product 474 
distribution of atmospheric VOC oxidation. Leveraging 3D- and box-modeling tools with our 475 
understanding of the complexity of RO2 chemistry along with careful control of chamber inputs 476 
will help ensure that experimental resources are dedicated to experiments that span chemical 477 
parameter spaces that best match those of the atmosphere. 478 
 479 
Because laboratory studies are the foundation for model parameterizations of SOA, their limitations 480 
inherently become the limitations of models. Modeling SOA based on experiments run at extreme-481 
β conditions has major shortcomings: extreme-β conditions do not describe the chemical 482 
environment in most of the atmosphere, the assumption of linearity between extremes has never 483 
been tested, and extreme-β chamber conditions generally do not mimic the role of other RO2 484 
reactions (RO2 isomerization, RO2+RO2, and RO2+NO2) that may occur in the atmosphere. 485 
However, improvements are possible, via the use of modeling to explicitly design the chemical 486 
environment for SOA chamber experiments. The fact that models are fundamentally limited by 487 
laboratory constraints also means that model results should be interpreted with the limitations of 488 
chamber experiments in mind. The work presented here indicates that some atmospheric RO2 fate 489 
distributions can be better represented in chambers than others. For example, achieving τbi that 490 
allows for the same competition between bimolecular and unimolecular RO2 reactions as what 491 
occurs in the atmosphere is most challenging for low-β environments, but can be reasonably well-492 
captured under more polluted high-β conditions. As such, interpretation of model results, and their 493 
ability to reproduce field observations, should be done with awareness of the relevant RO2 chemical 494 
environment. 495 
 496 
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Experimental chamber work over the last several decades has advanced our understanding of the 497 
complexity of the multi-generation oxidative chemistry involved in VOC oxidation and SOA 498 
production. To achieve the ultimate goal of fully understanding the processes that control the 499 
spatiotemporal distribution of pollutants in the atmosphere, the next generation of chamber studies 500 
must be more tightly connected to true atmospheric reaction conditions of RO2 radicals. Such 501 
studies are the essential foundation for interpreting past and future field observations, and for 502 
building the accurate model parameterizations that are required to fully understand and predict 503 
atmospheric SOA, and ultimately its impacts on air quality and climate. 504 
 505 
Materials and Methods 506 
Modeling 507 
 508 
We use the GEOS-Chem chemical transport model (version 13.4.0) at a horizontal grid resolution 509 
of 2°x2.5° and with 47 vertical layers. Results shown are from simulations of January and July 2016 510 
after a 1-year spin-up with output saved every hour. The model is driven by assimilated 511 
meteorology from the Modern-Era Retrospective analysis for Research and Applications, Version 512 
2 (MERRA-2), from the NASA Global Modeling and Assimilation Office (GMAO). Our 513 
simulations use the full gas-phase chemistry available in GEOS-Chem, including a coupled HOx-514 
NOx-VOC-O3-halogen chemical mechanism (77–80). Biogenic emissions are calculated online 515 
using the MEGANv2.1 framework (81) and anthropogenic emissions are from the global CEDS 516 
inventory (82). 517 
 518 
Box model simulations were run using the Framework for 0D Atmospheric Modeling (F0AM) (68) 519 
with near-explicit chemistry described by the Master Chemical Mechanism (MCM v3.3.1) (69, 70). 520 
Our simulations use a measured light spectrum scaled by a measured jNO2 rate of 0.12 min-1. In 521 
order to span possible chamber initial conditions, we run a series of 8-hour simulations where we 522 
logarithmically permute initial isoprene (4 values between 0.1 and 100 ppb, inclusive, shown in 523 
Figure S7), HONO (18 values between 0 and 1,000 ppb, inclusive), H2O2 (12 values between 10 524 
and 10,000 ppb, inclusive), and NO (18 values between 0 and 1,000 ppb, inclusive) concentrations 525 
that vary over orders of magnitude (Figures 5 and S8). We run a separate series of simulations 526 
where we permute initial CH3ONO and NO concentrations (Figure S8). We consider a simulation 527 
in which the final methyl vinyl ketone (MVK) concentration is less than half of the maximum MVK 528 
concentration as an experiment that achieved second generation oxidation chemistry. For each 529 
simulation, we calculate β, τbi, RO2/HO2 and NO/NO2. For experiments that achieve second-530 
generation chemistry, the experiment end is defined as the time at which the MVK concentration 531 
decreases to half of its maximum. Other experiments are assumed to end at 8 hours. β is calculated 532 
from the cumulative integrated rates of RO2 loss over the course of the experiment; τbi, RO2/HO2, 533 
and NO/NO2 are calculated from the mean value during the simulated experiment. 534 
 535 
Chamber experiments 536 
 537 
Experiments were conducted in a 7.5 m3 temperature-controlled environmental chamber (71) held 538 
at 20°C and RH < 10%. The chamber is constructed of PFA Teflon and is surrounded by 48 UV 539 
lamps whose emission is centered at 340 nm and whose intensity drives NO2 photolysis at a rate of 540 
0.12 min-1. The chamber is operated in ‘semi-batch’ mode in which clean air is continuously added 541 
to make up for instrument sample flow to maintain a constant volume. Between experiments, the 542 
chamber is flushed by zero air for at least 12 h to ensure a clean background. Prior to the start of 543 
each experiment, ammonium sulfate seed particles are injected to serve as condensation nuclei, 544 
followed by injection of acetonitrile (dilution tracer), isoprene, and the oxidant precursors (HONO 545 
and/or H2O2). Seed particles are atomized from a 2 g/L solution of ammonium sulfate in water. 546 
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Isoprene and H2O2 are added through a silicone septum into a 10 lpm flow. HONO is generated by 547 
adding sulfuric acid via a syringe to a constantly stirred solution of sodium nitrite; the HONO 548 
produced, as well as any NO and NO2 produced as co-products, are carried into the chamber via a 549 
1 lpm air stream. Experiments are initiated by turning on the chamber lights. 550 
 551 
The gas-phase composition of the reaction mixture was monitored with a proton-transfer-reaction 552 
time-of-flight mass spectrometer (Vocus PTR-MS, Aerodyne Research Inc.) (83) and an 553 
ammonium time-of-flight chemical ionization mass spectrometer (NH4+ CIMS, Ionicon Analytic) 554 
(84). Though not discussed here, particle-phase measurements were also made with an aerosol mass 555 
spectrometer (AMS, Aerodyne Research Inc.) and a scanning mobility particle sizer (TSI). 556 
Additional measurements include those from a NO-NO2-NOx analyzer (Thermo Scientific), a 557 
Cavity Attenuated Phase Shift Spectroscopy NO2 monitor (CAPS NO2) (Aerodyne Research Inc.), 558 
and an ozone monitor (2B Technologies). 559 
 560 
Parameters that describe RO2 fate (β, τbi, RO2/HO2, and NO/NO2) for these experiments are 561 
calculated using MCM v3.3.1 box model simulations in F0AM as described above. Simulations are 562 
initialized with initial measured NO (from the NO channel of the Thermo Scientific NO-NO2-NOx 563 
analyzer), NO2 (from the CAPS NO2 monitor), HONO (estimated by subtracting the CAPS NO2 564 
signal from the NOx analyzer NO2 signal), and isoprene concentrations (from the Vocus PTR-MS). 565 
Initial H2O2 concentrations were estimated based on injection amount. 566 
 567 
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Figures and Tables 1041 
 1042 

 1043 
Fig 1. Schematic of atmospheric RO2 chemistry and its role in SOA production. RO2 are 1044 
formed during VOC oxidation after initial oxidant attach and subsequent molecular oxygen 1045 
addition. Atmospheric RO2 can react bimolecularly with NO, HO2, RO2, and NO2, or they can 1046 
undergo unimolecular isomerization. These RO2 reaction products can then undergo further 1047 
chemistry and/or gas-particle partitioning, leading to the formation of SOA. 1048 
  1049 

https://doi.org/10.26434/chemrxiv-2024-82644 ORCID: https://orcid.org/0000-0002-0096-530X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-82644
https://orcid.org/0000-0002-0096-530X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Page 25 of 29 
 

 1050 

 1051 
Fig. 2. Global atmospheric distribution of RO2 fates. Shaded regions are 2D histograms of the 1052 
global distribution of (A) β and τbi, (B) β and RO2/HO2, and (C) β and NO/NO2, as predicted by 1053 
GEOS-Chem in hourly output from January and July and weighted by the rate of isoprene + OH 1054 
oxidation. Surrounding the 2D histograms are projections (1D histograms) of τbi (a, top), 1055 
RO2/HO2 (b, top), NO/NO2 (c, top) and β (c, right). β and τbi are calculated for RO2 specific to 1056 
OH-initiated oxidation of isoprene; RO2/HO2 is calculated with the sum of all RO2 radicals 1057 
(including CH3O2). 1058 
  1059 
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 1060 
 1061 

 1062 
Fig. 3. Comparison of the RO2 fate distribution achieved during previous approaches to 1063 
chamber experiments with atmospheric RO2 fate distributions. Gray ovals show the average 1064 
values achieved with previous approaches to chamber experiments for (A) β and τbi, (B) β and 1065 
RO2/HO2, and (C) β and NO/NO2. In purple are the corresponding 2D histograms showing the 1066 
global distribution of each parameter as predicted by GEOS-Chem (as in Figure 2). NO/NO2 1067 
ratios are not shown for experiments with β = 0 (no NOx). Note that RO2+RO2 reactions are 1068 
included in the τbi calculation only for experiment type 5 and 6; in all other instances RO2 + RO2 1069 
reactions contribute <10% to τbi and are thus omitted for simplicity. 1070 
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 1072 

 1073 
Fig. 4. Challenges of matching atmospheric conditions in chamber experiments. Left: 1074 
fundamental constraints of SOA studies and implications for photochemical conditions within 1075 
chambers.  Right: simplified radical chemistry of the VOC oxidation chemistry that underlies 1076 
such challenges. 1077 
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 1079 

 1080 
Fig. 5. Comparison of RO2 fate distributions achievable in chambers and in the atmosphere. 1081 
Points correspond to values of (A) β and τbi, (B) β and RO2/HO2, and (C) β and NO/NO2 1082 
achievable during theoretical chamber experiments calculated with F0AM initiated with 100 ppb 1083 
isoprene and different combinations of initial HONO, H2O2, and NO.  Solid points correspond to 1084 
8-hr experiments that achieve second-generation chemistry (defined as final MVK concentration 1085 
less than half of the maximum MVK concentration); lines correspond to 8-hr experiments that do 1086 
not achieve sufficient second-generation chemistry.  Points are overlaid on 2D histogram of the 1087 
global distribution of β, τbi, RO2/HO2, and NO/NO2 as predicted by GEOS-Chem (as in Figure 2). 1088 
Note that β and τbi from GEOS-Chem are calculated with the corresponding atmospheric 1089 
temperature and pressure whereas the chamber points are all calculated for experiments at 298 K. 1090 
The unimolecular lifetimes for the two isoprene-derived RO2 isomers that isomerize in the 1091 
atmosphere are indicated in pink and orange (Teng et al, 2017).  Shaded pink and orange regions 1092 
indicate the range of unimolecular lifetimes that exist over the 10th – 90th percentile temperature 1093 
range in the atmosphere during isoprene + OH oxidation. 1094 
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 1096 
Fig. 6. Demonstration of the range of RO2 fate distributions achievable in chamber 1097 
experiments of isoprene oxidation. First generation (uncalibrated) gas-phase product yields 1098 
from isoprene oxidation at a variety of β and τbi are overlaid on the atmospheric distribution of β 1099 
and τbi as shown in Figure 2.  The entire product distribution is not represented; rather, three 1100 
masses measured by NH4+-CIMS representative of the three first-generation product channels are 1101 
shown. Product yields are calculated as the ratio of product growth (measured by NH4+- CIMS) to 1102 
the isoprene decay (measured by Vocus PTR) and then normalized to give the relative yields 1103 
shown in the pie charts here (see Figure S9). Because the data are uncalibrated, fractions shown 1104 
here should be used only to assess relative differences and are not representative of absolute 1105 
product distributions.  β and τbi for each experiment are calculated from modeled experiments 1106 
(F0AM with MCM v3.3.1 chemistry) initialized with measured initial isoprene, HONO, NO, and 1107 
NO2 concentrations and with estimated initial H2O2 concentrations. Structures shown in the 1108 
legend are isomers derived from the Z-𝛿 4-OH, 1-OO isoprene RO2. The unimolecular lifetimes 1109 
for the two isoprene-derived RO2 isomers that can isomerize are indicated in pink and orange 1110 
(Teng et al, 2017). 1111 
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