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Abstract. Chemical mechanisms describe the atmospheric transformations of organic and inorganic species and connect air 

emissions to secondary species such as ozone, fine particles, and hazardous air pollutants (HAPs) like formaldehyde. Recent 20 

advances in our understanding of several chemical systems and shifts in the drivers of atmospheric chemistry warrant updates 

to mechanisms used in chemical transport models such as the Community Multiscale Air Quality (CMAQ) modeling system. 

This work builds on the Regional Atmospheric Chemistry Mechanism version 2 (RACM2) and develops the Community 

Regional Atmospheric Chemistry Multiphase Mechanism (CRACMM) version 1.0, which demonstrates a fully couples 

thecoupled representation of chemistry leading to ozone and secondary organic aerosol (SOA) with consideration of HAPs. 25 

CRACMM v1.0 includes 178 gas-phase species, 51 particulate species, and 508 reactions spanning gas-phase and 

heterogeneous pathways. To support estimation of health risks associated with HAPs, nine species in CRACMM cover 50% 

of the total cancer and 60% of the total noncancer health riskemission-weighted toxicity estimated for primary HAPs from 

anthropogenic and biomass burning sources in the U.S., with the coverage of risktoxicity higher (>80%) when secondary 

formaldehyde and acrolein are considered. In addition, new mechanism species were added based on the importance of their 30 

emissions for ozone, organic aerosol, or atmospheric burden of total reactive organic carbon (ROC): sesquiterpenes, furans, 

propylene glycol, alkane-like low to intermediate volatility organic compounds (9 species), low to intermediate volatility 

oxygenated species (16 species), intermediate volatility aromatic hydrocarbons (2 species), and slowly reacting organic carbon. 

Intermediate and lower volatility organic compounds were estimated to increase the coverage of anthropogenic and biomass 
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burning ROC emissions by 40% compared to current operational mechanisms. Autoxidation, a gas-phase reaction particularly 35 

effective in producing SOA, was added for C10 and larger alkanes, aromatic hydrocarbons, sesquiterpenes, and monoterpene 

systems including second generation aldehydes. Integrating the radical and SOA chemistry put additional constraints on both 

systems and enabled the implementation of previously unconsidered SOA pathways from phenolic and furanone compounds, 

which were predicted to account for ~30% of total aromatic hydrocarbon SOA under typical atmospheric conditions. 

CRACMM organic aerosol species were found to span the atmospherically relevant range of carbon number, number of 40 

oxygens per carbon, and oxidation state with a slight high bias in number of hydrogens per carbon. In total, eleven new emitted 

species were implemented as precursors to SOA compared to current CMAQv5.3.3 representations resulting in a bottom-up 

prediction of SOA, which is required for accurate source attribution and design of control strategies. CRACMMv1.0 will beis 

available in CMAQv5.4. 

1 Introduction 45 

Reactive organic carbon (ROC) (Safieddine et al., 2017) includes all atmospheric organic species excluding methane and is 

abundant throughout the troposphere. Particulate forms of ROC are found in fine particles (PM2.5) and gaseous ROC is a major 

precursor to ozone (O3) and secondary organic aerosol (SOA) (Heald and Kroll, 2020). Recent work indicates that 

preferentially controlling emissions of ROC could yield significant health benefits by mitigating the mortality associated with 

ambient air pollution in the U.S. (Pye et al., 2022). These predicted benefits come primarily from reductions in SOA which is 50 

strongly associated with cardiorespiratory mortality (Pye et al., 2021; Pond et al., 2022). ROC also includes hazardous air 

pollutants (HAPs) such as benzene and formaldehyde that result in cancer and noncancer risks to health (Scheffe et al., 2016).  

 

Atmospheric chemical mechanisms connect ROC emissions to endpoints like SOA, O3, and secondary HAPs and are used to 

inform air quality management strategies to mitigate the impacts of air pollution. Chemical mechanisms were traditionally 55 

designed for estimating ambient O3 although not necessarily the lower levels of O3 observed today in the U.S. (Kaduwela et 

al., 2015) or sources of growing importance like volatile chemical products (VCPs) (Coggon et al., 2021)around the globe 

such as volatile chemical products (VCPs, also referred to as solvents) (Coggon et al., 2021; Karl et al., 2018; McDonald et 

al., 2018; Zheng et al., 2018) and biomass burning (Jaffe and Wigder, 2012). Controls on combustion that are changing the 

composition of emissions are shifting cities in the U.S. towards increasingly oxygenated ROC (Venecek et al., 2018) compared 60 

to the alkane-dominated conditions of the 1990s (Middleton et al., 1990). While mechanisms may predict O3 reasonably well 

on broad spatial and temporal scales (fractional biases in O3 are typically much less than 20% for models examined by Simon 

et al. (2012)), model-predicted O3 can be biased low by 5 to 10 ppb (>20%) in wintertime western U.S. conditions and biased 

high by more than 5 ppb across the U.S. south in summer compared to observations (Appel et al., 2021). In addition, 

mechanisms. While mechanisms may predict O3 reasonably well on broad spatial and temporal scales (Simon et al., 2012; 65 

Xing et al., 2015; Young et al., 2018), regional biases in predicted O3 can exceed 10 ppb (Young et al., 2018; Solazzo et al., 
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2017) or 20% (Appel et al., 2012; Appel et al., 2021). Global model estimates of chemical production and loss of ozone also 

vary by a factor of ~2 (Young et al., 2018), and emerging chemical pathways missing from standard models, such as particulate 

nitrate photolysis, can increase free tropospheric ozone by 5 ppb (Shah et al., 2023) indicating a continued need for model 

development for ozone prediction. Furthermore, even when mechanisms are relatively similar in their O3 predictions, they can 70 

differ substantially in terms of predicted intermediates like the hydroxyl radical (HO) and nitrate radical (NO3) as well as 

products like formaldehyde and SOA even if they are relatively similar in their O3 predictions (Knote et al., 2015).. Model 

representations of organic aerosol are particularly diverse and span a factor of 10 in their estimates of global SOA source 

strength (Tsigaridis et al., 2014). Given parts of 22 different states are in marginal attainment to extreme nonattainment for the 

current U.S. 8-hour (2012) O3 standard (as of August 2022) (U.S. Environmental Protection Agency, 2022e)(U.S. 75 

Environmental Protection Agency, 2022d) as well as recent work demonstrating health effects below the current fine particle 

standards (Makar et al., 2017), increasingly accurate representations of emissions and how they connect to chemistry will be 

needed to inform air quality management strategies going forward. In addition, future implementation of global air quality 

guidelines, such as those from the World Health Organization, may need to account for the speciation of ambient aerosol since 

different species have different anthropogenic contributions (Pai et al., 2022). 80 

 

In most chemical transport models used for air quality prediction, SOA algorithms are disconnected from the gas-phase radical 

chemistry leading to O3 formation (Pye et al., 2010; Ahmadov et al., 2012; Koo et al., 2014; Tilmes et al., 2015) leading to 

duplication of mass in the O3 and SOA representations. Gas-phase chemical mechanisms also typically exclude non-traditional 

species with saturation concentrations, 𝐶∗, in the low volatility organic compound (LVOC, 10-2.5 ≤ 𝐶∗ < 10-0.5 µg m-3) and 85 

semivolatile organic compound (SVOC, 10-0.5 ≤ 𝐶∗ < 102.5 µg m-3) range. In addition, some gas-phase mechanisms also exclude 

intermediate volatility organic compounds (IVOCs, 102.5 ≤ 𝐶∗ < 106.5 µg m-3) (Shah et al., 2020) which are potent SOA 

precursors but are somewhat less important for O3 formation than volatile organic compounds (VOCs, 𝐶∗ ≥ 106.5 µg m-3). 

Recent studies (Qin et al., 2021; Zhu et al., 2019) have noted that the magnitude of VCP emissions exerts significant impact 

on model-predicted O3 but predicted SOA mass is relatively insensitive to VCP emissions due to a lack of suitable SOA 90 

precursors in standard mechanisms (Qin et al., 2021; Pennington et al., 2021; Zhu et al., 2019). This conclusion is consistent 

with ROC budget analysis for Pasadena, California by Heald et al. (2020) that suggests SOA formation requires consideration 

of precursors beyond traditional, non-oxygenated volatile hydrocarbons represented in most current SOA treatments. 

 

Due to the challenges in representing SOA chemistry in mechanisms, some chemical transport models have opted to use 95 

empirical representations of anthropogenic SOA. These parameterizations are not tied to the behavior of specific parent 

hydrocarbon compounds or emissions sources and fall into two classes: multigenerational and simplified. Multigenerational 

anthropogenic SOA treatments (Robinson et al., 2007) generally leverage the volatility basis set (VBS) framework and add 

IVOC and SVOC emissions thought to be missed by current measurement techniques (Koo et al., 2014; Ahmadov et al., 2012). 

Species throughout the 𝐶∗ < 106.5 µg m-3 volatility range are chemically processed over multiple HO reactions leading to 100 
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production of lower volatility species and SOA mass. Simplified representations use CO (Hodzic and Jimenez, 2011; Kim et 

al., 2015), primary organic aerosol (Murphy et al., 2017), or C4H10 (Dunne et al., 2020) as a surrogate for anthropogenic activity 

and precursor emissions that oxidize in one step to SOA. Since the SOA predicted from traditional anthropogenic hydrocarbon 

precursors has typically been small compared to observed SOA in urban locations (Woody et al., 2016), these schemes can be 

implemented in parallel to, or as a replacement for, explicit SOA precursor schemes based on traditional VOC precursors. The 105 

simplified surrogate approaches are fit to ambient data and thus have the advantage of reproducing observed levels of SOA 

(Qin et al., 2021; Nault et al., 2018; Murphy et al., 2017). For applications like calculation of present-day aerosol optical depth 

or PM2.5 mass (e.g., Pye et al. (2021)), empirical representations of anthropogenic SOA may be sufficient. However, the policy 

applications of empirical approaches are limited because they add emissions external to the regulatory reporting and model 

platform framework, do not allow for the separation of individual anthropogenic source contributions, and do not consider the 110 

representativeness of the emitted proxy in the context of changing emissions or chemical regime, all of which are needed for 

design of regulatory control strategies.  

 

In this work, the first version of the Community Regional Atmospheric Chemistry Multiphase Mechanism (CRACMM) is 

developed and presented. CRACMM v1.0 builds off the history of the Regional Atmospheric Chemistry Mechanism (RACM) 115 

development (Stockwell et al., 1997). RACM version 2 (Goliff et al., 2013) was chosen as a framework since it is implemented 

in regional models such as the Community Multiscale Air Quality (CMAQ) modeling system (Sarwar et al., 2013), provides 

competitive computational speed with mechanisms used in regulatory applications (Sarwar et al., 2013), retains the carbon 

backbone of emitted species, represents individual peroxy radicals, and relies minimally on aggregated species for radical 

cycling (operators). Because of these features, RACM2 facilitates comparison with observations, provides transparency in 120 

emissions mapping, and is relatively easy to modify and expand.  

 

The CRACMM effort includes development of rules for mapping emitted ROC to mechanism species and aims to improve 

representation of atmospheric chemistry by closely coupling the pathways to O3 and SOA as well as representing several HAPs 

explicitly. While the mechanism is presented hereThe purpose of the CRACMM version 1.0 effort described here is to 125 

demonstrate a coupled representation of NOX-ROC-O3 chemistry including SOA and consideration of HAPs. In addition, this 

work includes development of rules for mapping emitted ROC to mechanism species and updates to rate constants leading to 

a publicly available mechanism upon which further developments can be built. CRACMM is expected to become the default 

option in CMAQ in the future (U.S. Environmental Protection Agency, 2021c). While the mechanism is presented in the 

context of U.S. conditions, it is informed by conditions outside the U.S. (e.g., the work of Zhao et al. (2016) for China) and is 130 

meant to be generally relevant for tropospheric chemistry. CRACMM will be available in the public release of CMAQv5.4 

(expected in 2022) and is distributed as a stand-alone mechanism.CRACMM is available in the public release of CMAQv5.4 

(U.S. EPA Office of Research and Development, 2022) and is distributed as a stand-alone mechanism  (U.S. Environmental 

Protection Agency, 2022b). In this work, the aggregation of individual organic species to mechanism species (Sect. 2), the 



 

5 
 

chemistry (Sect. 3), and representation of HAPs (Sect. 4) are described for atmospheric ROC. The manuscript continues with 135 

a characterization of ROC in terms of oxidation state and van Krevelen space as well as estimated implications for O3 and fine 

particle mass (Sect. 5). The manuscript concludes with a discussion of the importance of mechanism development with 

recommendations for future work (Sect. 6). 

2 ROC Emissions 

Various aspects of the development of CRACMM are related to the identity of ROC emissions. The methods behind 140 

characterizing emitted ROC and how it maps to mechanism species are described in the following section.    

2.1 Individual emitted species  

To inform the aggregation of individual species to mechanism species as well as estimate the contributions of mechanism 

species to endpoints like O3 and SOA, an emission inventory of individual ROC species was created for 2017 U.S. conditions. 

Total ROC emissions from wildland fires, oil and gas extraction, vehicles, volatile chemical products (solvents), residential 145 

wood combustion, and other non-biogenic sectors were obtained following the EPA’s Air QUAlity TimE Series (EQUATES) 

methods (Foley et al., 2022) based on the U.S. National Emissions Inventory (NEI). The HAPs naphthalene, benzene, 

acetaldehyde, formaldehyde, and methanol (NBAFM) were included as specific species when available in the NEI. In the case 

of mobile emissions estimated with the MOVES model (U.S. Environmental Protection Agency, 2020) and solvents estimated 

with the Volatile Chemical Products in python (VCPy) model (Seltzer et al., 2021), total ROC and individual HAPs (e.g., ethyl 150 

benzene, acrolein, styrene, and others in addition to NBAFM) were estimated consistently. For the remaining sectors, HAP 

species were estimated as a fraction of total ROC based on speciation profiles for different sources. In addition to the base 

EQUATES emissions, L/S/IVOC emissions missing from the mobile-sector inventoried ROC mass, estimated at 4.6% of non-

methane organic gases (NMOG) for gasoline vehicles and 55% of NMOG from diesel vehicles, were added using the volatility 

distribution from the work of Lu et al. (2020). An additional 20% of NMOG from wood burning sources (wildland, prescribed, 155 

and residential) was estimated to be an IVOC (assigned a 𝐶∗ of 104 μg m-3) following the estimates of Jathar et al. (2014). 

L/S/IVOC emissions inventoried as part of primary PM2.5 were estimated using published volatility profiles for vehicles (Lu 

et al., 2020) and wood burning (May et al., 2013; Woody et al., 2016). Other sources of POA were assumed to behave as a 

species with 𝐶∗ of 10-2 µg m-3. 

 160 

The identity of the individual species within inventoried ROC as well as the L/S/IVOCs (Jathar et al., 2014; Lu et al., 2020) 

were characterized using the EPA SPECIATE Database (Simon et al., 2010) version 5.2 (pre-release expected in 2022version, 

see data availability). To provide chemical structure information and facilitate automated property estimation, compounds in 

the SPECIATE database were assigned a unique Distributed Structure-Searchable Toxicity Database Substance Identifier 

(DTXSID) (Grulke et al., 2019) using U.S. EPA’s CompTox Chemicals Dashboard (the Dashboard, U.S. Environmental 165 
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Protection Agency (2021c)U.S. Environmental Protection Agency (2021d)) (Williams et al., 2017). DTXSIDs allowed for 

each emitted species to be associated with structural identifiers like Simplified Molecular Input Line Entry System (SMILES) 

and IUPAC (International Union of Pure and Applied Chemistry) International Chemical Identifier (InChI) representations. In 

about two-thirds of cases, the emitted SPECIATE species could be exactly matched to a representative compound with a 

DTXSID in the Dashboard. In the other cases, an isomer or generally representative compound with similar functionality (e.g., 170 

presence of aromaticity or other functional groups) and carbon number (e.g., undecane for “isomers of undecane”) was 

manually selected. For the small number of cases in which the SPECIATE species was indicated as “unknown,” “unidentified”, 

or similarly undefined, n-decane was assigned as the representative compound. If the unidentified compound was also indicated 

as exempt from the regulatory definition of VOC (Code of Federal Regulations, 1986) (e.g., “Aggregated exempt compounds”, 

“other, lumped, exempts, individually <2% of category”), acetone was used as the representative compound. The representative 175 

compound’s preferred name from the Dashboard, DTXSID identifier, and a degree of assignment confidence score (1: species 

not well defined, 2: species manually mapped, 3: species automatically matched in Dashboard but some properties inconsistent, 

4: exact match in Dashboard) were added to SPECIATEv5.2 (U.S. Environmental Protection Agency, 2022a).(U.S. 

Environmental Protection Agency, 2022e). A logical (true/false) field in the SPECIATE database was also used to identify 

individual compounds classified as HAPs (see Sect. 4). 180 

 

By mapping each emitted species, i, to a unique structural identifier, properties of the emissions could be estimated in a 

traceable manner. The batch feature of the Dashboard (Lowe and Williams, 2021) was used to obtain molecular weights, 

SMILES strings, and molecular formulas as well as perform OPEn structure–activity/property Relationship App (OPERA) 

(Mansouri et al., 2018) calculations for the Henry’s Law coefficient, rate constant for atmospheric reaction with HO, (kOH), 185 

and vapor pressure of each ROC species. Vapor pressures 𝑃  and molecular weights (𝑀 ) were used to calculate pure-

species saturation concentrations (Donahue et al., 2006) at a temperature (T) of 298 K (𝐶∗ =  𝑃 𝑀 (𝑅𝑇)⁄ , where R is the 

gas constant and 𝐶∗ is reported in µg m-3). 

 

While actual mechanism calculations are required to estimate the contribution of any species to O3 and SOA in a specific 190 

location, two simple structure activity relationships (SARs) were created for screening level analysis of organic aerosol (OA) 

and O3 formation potentials of individual ROC species. In the case of OA potential, several sources, largely following what 

ishigh-NOX conditions outlined in the work of Seltzer et al. (2021), were aggregated to estimate the SOA yield of individual 

species. In this work, exponential or quadratic polynomial fits depending on what was most applicable were applied to data on 

the yield of SOA vs log (𝐶∗) by chemical class for oxygenated hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), 195 

substituted aromatics, and alkenes, and to the yield of SOA vs. number of carbons for normal, branched, and cyclic alkanes. 

Most systems showed a good correlation between predicted and expected SOA yield with coefficient of determination (r2) of 

0.67 in the case of oxygenated hydrocarbons and greater for the other species types. Explicit yield assignments were made 
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based on published data in the case of sesquiterpenes, monoterpenes, benzene, toluene, and xylene (Pye et al., 2010; Ng et al., 

2007). Published single-ring aromatic yields were scaled up by the vapor wall loss factor (Zhang et al., 2014). An OA 200 

concentration of 10 μg m-3 and equal RO2 (organic peroxy) reaction rates with HO2 (hydroperoxyl radical) (“low-NOx”) and 

NO (nitric oxide) (“NOX vs high-NOx”),NOX behavior, typical of northern hemisphere July conditions (Porter et al., 2021), 

were assumed for these explicit yield assignments. While this OA concentration is on the high end of the atmospherically 

relevant range, it is on the low end of concentrations probed in laboratory studies (Porter et al., 2021) thus providing a bridge 

between observations and ambient conditions. 205 

 

A second simple SAR was created to estimate the role of individual ROC species in O3 formation as indicated by maximum 

incremental reactivity (MIR). Input data for regression fits were obtained from the SAPRC database (Carter, 2019) which 

contains MIR data for over 1000 compounds. In the case of ill-defined compounds in the SAPRC database, representative 

compound structures with DTXSIDs were assigned. Compounds were filtered into various chemical classes (halocarbons, 210 

oxygenated, aromatic, alkenes, etc.). Within a given class, the MIR was fit via multiple linear regression, an 

exponential/logarithmic equation, or through averaging as a function of number of carbons per molecule, HO rate constant 

(from OPERA), number of oxygens, number of double bonds, number of ring structures, number of double bonded oxygen, 

and/or number of branches depending on the chemical class. The overall r2 between SAPRC-estimated and simple-SAR 

predicted MIRs (Fig. S8) was 0.72. The MIRs are most appropriate for comparing species under a given set of conditions as 215 

changes in chemical (or meteorological) regime, such as those in the U.S. between 1988 and 2010, have been found to decrease 

species MIRs by about 20% on average (Venecek et al., 2018). The SARs were used to estimate average SOA yields and MIR 

for all ROC species in the SPECIATE database. 

2.2 Mechanism species 

CRACMM species were designed to leverage the original RACM2 chemistry while also considering the properties of present-220 

day emitted species, including properties indicative of SOA formation potential, with a goal of maintaining a reasonable 

mechanism size (by species count) for computational efficiency. New explicit species were added for multiple reasons. First, 

certain species are known to contribute significantly to cancer and noncancer health risk (Scheffe et al., 2016). Second, recent 

advances in measurement techniques, particularly for VOCs, have increased the number of measured species available, which 

motivates adding these newly measured species explicitly into models for direct comparison. Third, some individual species 225 

are emitted in significant quantities and explicit representation facilitates better conservation of mass and representation of 

product distributions. New lumped species were also added when existing RACM2 species did not provide a good fit in terms 

of molecular properties, SOA yields, or O3 formation potential for emissions.  

 

A python mapper (see Code Availability) was developed to automate mapping of individual, emitted ROC species to 230 

mechanism species. Once initial rules were created with the intent of following RACM2, properties of the mechanism species 
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were visualized, and mapping rules were manually adjusted to better preserve mass (minimize the spread in number of carbon 

per molecule, molecular weight, and molar oxygen to carbon ratio within the model species), estimate SOA (minimized spread 

in saturation concentration, SOA yield, and Henry’s law coefficient within the model species), and predict O3 (minimize spread 

in HO rate constant and O3 formation potential within each model species). A decision tree summarizing the final mapper is 235 

provided schematically in Supplement Fig. S1-S4. The mapper uses as input the SMILES string for the ROC species, HO rate 

constant (kOH),, and pure component 𝐶∗. Both kOH and 𝐶∗ can be estimated from a SMILES string prior to mapper input using 

OPERA algorithms (Mansouri et al., 2018) available for any organic species through the EPA Chemical Transformation 

Simulator (U.S. Environmental Protection Agency, 2022b).(U.S. Environmental Protection Agency, 2022f). This emission 

mapping follows a hierarchy of rules in which explicit species are mapped first followed by lumped biogenic VOCs (α-pinene 240 

and other monoterpenes with one double bond, API; limonene and other monoterpenes with two or more double bonds, LIM; 

and sesquiterpenes, SESQ). Other lumped species and mapping rules were created to consider volatility, functional groups 

(parsed in python using the work of RDKit (2022)), and kOH. For L/SVOCs, mechanism assignment was based purely on 

volatility except in the case of PAHs (more than one aromatic ring) which were grouped with naphthalenes (NAPH, Sect. 3.5). 

For IVOCs, assignments considered volatility and presence of specific functional groups (aromatic, oxygenated, alkane). For 245 

VOCs, mapping considered only functional groups and kOH.  

 

Figures 1-3 (and Supplementary Fig. S5-S6) show the final U.S. 2017 emission-weighted distributions of compound properties 

for all emitted ROC species in CRACMMv1.0. Looking across multiple properties illustrates the hierarchy of emission 

mapping rules. For example, three classes of alkane-like species (discussed in Sect. 3.1) were inherited from RACM2: HC3, 250 

HC5, and HC10 (formerly HC8). In carbon-number space (Fig. 1), these species overlap in their coverage of individual 

compounds with all three classes including species with 2 to 8 carbons per molecule. Their saturation concentration 

distributions (Fig. 2) also show overlap. The log (𝑘 ) (Fig. 3) highlights that HC3, HC5, and HC10 are defined by distinct 

and mutually exclusive ranges of the HO rate constant. Indeed, the HO rate constant is the classifying property for the HC3, 

HC5, and HC10 species and is implemented after volatility, functional group identity, and other features of the species have 255 

been considered. As another example, SLOWROC is multimodal in number of carbons per molecule (𝑛 ) and 𝐶∗ (Fig. 1-2) 

which could necessitate separation into more species. However, SLOWROC reacts so slowly (Fig. 3) that additional speciation 

is not warranted. The systems in Fig. 1-3 indicated by color coding will be further discussed in the next section. 

3 ROC Chemistry 

Multiple data sources were used to build the chemistry of CRACMM. As CRACMM will be a community mechanism in which 260 

different chemical systems are developed by different investigators, individual systems are expected to evolve at different rates 

and will be informed by different sources of data. Development of CRACMM v1.0 leveraged existing chemical mechanisms 

including the Generator for Explicit Chemistry and Kinetics of Organics in the Atmosphere (GECKO-A, Aumont et al. (2005)), 
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Master Chemical Mechanism (MCM, Jenkin et al. (1997)), SAPRC-18 Mechanism Generation System (Carter, 2020b), and 

RACM2, as well as literature. ROC systems not previously represented in RACM2 (such as furans and L/S/IVOCs), precursors 265 

to SOA, and systems with new kinetic data (Sect. 3.10) were targeted for development in this initial CRACMM version. Future 

work will continue to expand this initial representation by extending it to new chemical systems and/or updating these 

parameterizations with new data. 

 

CRACMM v1.0 includes 178 gas-phase species (ROC species in Appendix A) and 508 reactions spanning gas-phase and 270 

heterogeneous pathways (Appendix B). In the CMAQv5.4 modal aerosol implementation, CRACMM includes 51 different 

chemical species in the particulate phase (81 model species across Aitken, accumulation, and coarse modes). These 51 

particulate species in CRACMM include inorganic aerosol species such as sulfate, nitrate, ammonium, calcium, and other trace 

metals as in previous versions of CMAQ. To fully describe the state of atmospheric aerosol in CMAQ, CRACMM interacts 

with ISORROPIA II (Fountoukis and Nenes, 2007) and other algorithms describing nucleation and condensation. CRACMM 275 

specifically builds on the implementation of RACM2 chemistry coupled with aerosol chemistry of AERO6 (411 reactions) in 

the CMAQ v5.3.3 model which differs slightly from the original RACM2 implementation (Goliff et al., 2013) (363 reactions) 

due to SOA pathways, parameterized effects of halogens on ozone (Sarwar et al., 2015), and other minor updates (see the work 

of Sarwar et al. (2013) and Code Availability section for the CMAQ implementation of RACM2).  

 280 

In contrast to almost all SOA representations in current chemical transport models, SOA systems in CRACMM are integrated 

with the gas-phase radical chemistry. Specifically, all condensible or soluble precursors to SOA are formed directly as gas-

phase products with the ability to condense (systems in Sect. 3.1-3.7) or react heterogeneously (Sect. 3.8) and form SOA. 

Formation of SOA thus removes mass from the gas phase, sequestering RO2, NO, and/or hydrogen oxide (HOX) radicals with 

implications for ozone and species modulated by oxidant abundance such as sulfate.  285 

 

All CRACMM species (both primary and secondary) have a representative structure (ROC species in Appendix A) based on 

the most abundantly emitted species or likely oxidation product. Representative structures were used to obtain properties such 

as the molecular weight, rate coefficient, solubility, and/or volatility of species except in 2 cases (SLOWROC in Sect. 3.1, 

ROCIOXY in Sect. 3.3). These representative structures can enable future prediction of other properties such as aerosol 290 

viscosity and propensity to phase separate as well as deviations from ideal partitioning. They can also be used to synthesize 

CRACMM chemistry as demonstrated in Sect. 5. The species and chemistry of the major ROC systems updated compared to 

RACM2, reactions for two additional new HAPs, as well as rate constant updates (including many for inorganic reactions) are 

described in this section. Table 1 summarizes the SOA pathways. 
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3.1 Alkane-like ROC 295 

CRACMM includes 14 classes of alkane-like species ranging from low-volatility compounds to ethane (Fig. 1-3 red series). 

Methane reaction with HO is from RACM2 and assumes a fixed background concentration (1.85 ppm for the late 2010s, 

Dlugokencky (2022)). After remapping all ROC species, the RACM2 alkane class HC8 (alkanes and other species with kOH > 

6.8×10-12 cm3 molec-1 s-1) was renamed to HC10 based on the 𝑛  (Fig. 1) and is consistent with a 𝐶∗~10  μg m-3 (Fig. 2). Nine 

new alkane-like mechanism species with high OA formation potential span the L/S/IVOC range and are grouped by 𝑙𝑜𝑔 (𝐶∗) 300 

into ROCN2ALK, ROCN1ALK, ROCP0ALK, ROCP1ALK, ROCP2ALK, ROCP3ALK, ROCP4ALK, ROCP5ALK, and 

ROCP6ALK, where the numbers indicate the negative (N) or positive (P) 𝑙𝑜𝑔 (𝐶∗[𝜇𝑔 𝑚 ]) value (Fig. 2). When the species 

reside in the gas-phase as a vapor, it is prepended with a “V” (as in Appendix B) and when in the particulate aerosol phase, an 

“A.” For example, VROCN2ALK is an alkane-like vapor species with 𝐶∗ of 10-2 µg m-3, and AROCN2ALK is a particulate 

species of the same volatility. 305 

 

The 9 new alkane-like model species roughly correspond to carbon numbers of 30, 29, 28, 27, 24, 21, 18, 14, and 12 (Fig. 1) 

and are not represented in traditional atmospheric chemical mechanisms due to low ozone formation potential per unit mass 

(Fig. S5). For example, ~C8 is the largest alkane category in RACM2 and SAPRC18, and n-dodecane (C12) is the largest alkane 

in MCM (Jenkin et al., 1997). Conceptually, for deposition and other processes, the gas-phase paraffinic species in Carbon 310 

Bond (CB6r3) is equivalent to a C4 species. Regardless of the chemical mechanism, regional modeling emission infrastructure 

previously used by CMAQ did not classify species with ~20 or more carbons (Pye and Pouliot, 2012), and S/IVOC emissions 

were not propagated to model-ready species for CMAQ mechanisms (Shah et al., 2020). The CRACMM species with 

𝑙𝑜𝑔 (𝐶∗) ≤ 3 can exist in the gas or particle phase based on the local organic aerosol loading and absorptive partitioning 

theory (Pankow, 1994) while ROCP4ALK-ROCP6ALK exist meaningfully in the gas-phase only (Appendix A). The low 315 

volatility alkanes, 𝐶∗ ≤ 1 μg m-3, are assumed to be primarily in the particulate phase and have a minor potential to react and 

contribute to O3 formation (Fig. S5) so do not participate in gas-phase radical chemistry (Appendix B). Most of the L/S/IVOC 

emissions are expected to be unresolved at the individual species level (Robinson et al., 2007) and are characterized through 

other means such as volatility analysis (e.g., Lu et al., 2018).  

 320 

Gas-phase chemistry for the alkane species with 10 μg m-3 ≤ 𝐶∗ ≤ 107 μg m-3 (ROCP1ALK-ROCP6ALK and HC10) is based 

on GECKO-A predictions for C10-C26 n-alkanes (Lannuque et al., 2018) and known H-shift pathways (Praske et al., 2018). 

The chemical reactions representing the major product channels and types of functionalities added to the parent hydrocarbon 

(RH) are: 

  RHM=7,6,5,4,3,2,1, 𝑛 =0 + HO → RO2 + H2O         (R1) 325 

  RO2 + NO → (1-β1) R(OH)O2 + β1 RNITM-2.15,3 + (1- β1) NO2       (R2) 

  RO2 + NO3 → R(OH)O2 + NO2          (R3) 
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  RO2 + HO2 → ROOHM-3.02,2          (R4) 

  R(OH)O2 → R(O)OOHM-3.40,3 + HO2         (R5) 

  R(OH)O2 + NO → β2 R(OH)NITM-4.33,4 + (1- β2) R(OH)KETM-2.96,2 + (1- β2) NO2 + (1- β2) HO2   (R6) 330 

  R(OH)O2 + NO3 → R(OH)KETM-2.96,2 + NO2 + HO2        (R7) 

  R(OH)O2 + HO2 → R(OH)OOHM-5.38,3         (R8) 

where stable products are subscripted with their saturation concentration in 𝑙𝑜𝑔 (𝐶∗) (relative to a parent hydrocarbon with 

𝑙𝑜𝑔 (𝐶∗) = M) and the number of oxygens per molecule (𝑛 ). The initial product, RO2, is the prompt peroxy radical resulting 

from hydrogen abstraction followed by O2 addition (R1). RO2 reactions lead to stable products like organic nitrates (RNIT) 335 

and peroxides (ROOH) (R2, R4) that can further react (following Sect. 3.2 for S/IVOCs and RACM2 for VOCs). The alkoxy 

radical generated from the prompt RO2 can also undergo a 1,5 H-shift followed by addition of O2 leading to a new hydroxy-

peroxy radical, R(OH)O2 (R2, R3). The R(OH)O2 can undergo standard bimolecular peroxy radical fates leading to 

multifunctional nitrates (R(OH)NIT), ketones (R(OH)KET), and peroxides (R(OH)OOH) or a 1,6 H-shift at a rate of 0.188 s-

1 (Vereecken and Nozière, 2020) producing a ketohydroperoxide (R(O)OOH) and HO2 (R5) as described by Praske et al. 340 

(2018). Following GECKO-A (Lannuque et al., 2018), the yield of organic nitrates in reaction R2, β1, is 0.28 for S/IVOC 

alkanes and 0.26 for HC10, consistent with the plateau at ~0.3 observed for C13 and larger alkanes (Yeh and Ziemann, 2014). 

The yield of organic nitrates for the hydroxy-peroxy radical, β2, is 0.14 for S/IVOC alkanes and 0.12 for HC10 (Lannuque et 

al., 2018). Rate constants are provided in Appendix B. 

 345 

Products are often 2-3 orders of magnitude lower in 𝐶∗ than their parent and can be 4-5 orders of magnitude lower in the case 

of the multifunctional nitrates and peroxides. For the alkane systems, product 𝐶∗ are based on vapor pressures obtained from 

GECKO-A output using the Nannoolal method (Nannoolal et al., 2008; Nannoolal et al., 2004). With one exception, all stable 

products from the VOC, HC10 (M=7), are expected to remain in the gas phase and thus map to the standard gas-phase species 

ONIT (organic nitrates), OP2 (organic peroxides), and KET (ketones) inherited from RACM2. The hydroxyhydroperoxide 350 

from HC10 oxidation is predicted to be sufficiently functionalized to be semivolatile. That C10 multifunctional peroxide along 

with all the stable products from alkane-like S/IVOCs are mapped to new CRACMM species of matching 𝐶∗ and molar oxygen 

to carbon (𝑛 : 𝑛 ) ratio (secondary, oxygenated L/S/IVOC species, Sect. 3.2).  

 

According to the SOA SAR (Fig. S5) as well as the prompt (one HO reaction) mechanism predictions (Table 1), SVOCs of 355 

ROCP2ALK and lower volatility have SOA yields that are near 100% by mole (up to 150% by mass), and the atmospherically 

relevant SOA yields will depend on competition between phase partitioning, reaction, and deposition. Much of the alkane-like 

L/SVOC contribution to ambient OA will be in the form of direct emission of the lower volatility species as primary organic 

aerosol (POA). The mechanism-predicted prompt SOA yields for ROC3PALK and ROCP4ALK by mass (Table 1) are very 

similar to the emission-weighted SAR-based prediction of 0.83 and 0.55 by mass (Fig. S5). The mechanism-based prompt 360 

SOA yields for the more volatile alkane-like ROC species (ROCP5ALK, ROCP6ALK, and HC10) are lower than those 
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predicted by the SOA SAR (28%, 18%, and 6% by mass). Note that the HC10 class is estimated to contain substantial emissions 

(Shown in Sect. 4 and accompanying Fig. 6b), some of which are poorly identified in SPECIATE (representative compound 

score of 1, Section 2.1). 

 365 

The alkane-like ROC species differ from the previous CMAQ S/IVOC species implemented in AERO6/7 (× symbols Fig. 1, 

3) in terms of the trend in 𝑛  with volatility as they are all conceptualized as alkane-like structures because those are the 

representative structures currently populated with emissions in the S/IVOC range. SVOCs with 𝑙𝑜𝑔 (𝐶∗[μg m ]) < 2.5 are 

lumped into ROCN2ALK-ROCP2ALK species based on volatility regardless of their functionality resulting in some higher 

𝑛 : 𝑛  species being included (Fig. S6). CMAQ AERO6/7 previously assumed a slight increase in 𝑛 : 𝑛  and corresponding 370 

decrease in 𝑛  as volatility decreased (Fig. 1, Fig. S6). CRACMM alkane-like SVOCs with kOH from OPERA are also less 

reactive than AERO6/7 SVOCs (Fig. 3). 

 

The reaction products of ethane (ETH), C3 alkanes and other slowly-reacting species (3.5×10-13 ≤ kOH < 3.4×10-12 cm3 molec-

1 s-1, HC3), and C5 alkanes and other moderately reacting species (3.4×10-12 ≤ kOH ≤ 6.8×10-12 cm3 molec-1 s-1, HC5) (Fig. 3) 375 

are obtained directly from RACM2 with the addition of a very small yield of SOA from HC3 (2.8×10-5 by mole) and HC5 ( 

1.3×10-3 by mole) (Table 1). Ethane is the only explicit alkane in CRACMM its rate constant with the hydroxyl radical is 

updated to follow recent recommendations (Burkholder et al., 2019). In addition, CRACMM includes a new species called 

SLOWROC with a lifetime of about one month (kOH < 3.5×10-13 cm3 molec-1 s-1) to prevent loss of emitted carbon that may 

contribute to the ambient atmospheric ROC burden (effective carbons per molecule of 2.1). SLOWROC also contains many 380 

HAPs (Sect. 4). Due to the highly empirical nature of SLOWROC, the molecular weight is based on an emission-weighted 

value rather than a representative compound. Oxidation of SLOWROC produces the ethylperoxy radical (ETHP) and a small 

yield of SOA (0.10% by mole).  

 

Effective SOA yields for the alkane-like VOC (𝑙𝑜𝑔 (𝐶∗[μg m ]) ≥ 6.5) systems except HC10 use the simple SAR for SOA 385 

and are driven by isopropyl acetate and methyl butanoate (estimated SOA yields of 2.8 and 2.2% by mass) in the case of HC3, 

by isopentane (estimated SOA yield of 1.9% by mass) in the case of HC5, and by two long-lived aromatic species in the case 

of SLOWROC. HC3, HC5, and SLOWROC SOA is mapped to species ASOAT, a general, nonvolatile SOA species with 

molecular weight of 200 g mol-1 (Table 1). HC3, HC5, and SLOWROC are estimated to contribute 0.003%, 0.062%, and 

0.0002% by mass, respectively of the total OA potential for anthropogenic and biomass burning emissions in the U.S. for 2017 390 

conditions.  

3.2 Secondary oxygenated L/S/IVOCs 

Gas-phase oxidation of S/IVOC alkanes readily leads to oxygenated L/S/IVOC products with 𝑛 : 𝑛  ratios up to 0.3 (Reactions 

R1-R8). The products of these prompt reactions continue to be processed in the atmosphere, resulting in further 
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functionalization as well as fragmentation (cleaving of the carbon backbone) with implications for increasing or decreasing 395 

SOA, respectively. Functionalization products of the secondary oxygenated L/S/IVOC chemistry can sequester radicals, but 

fragmentation products, like formaldehyde, can eventually release radicals via photolysis (Edwards et al., 2014).  

 

The chemistry of secondary oxygenated L/S/IVOCs is parameterized using the 2-D VBS framework (Donahue et al., 2012) 

with some modifications. The decrease in 𝑙𝑜𝑔 (𝐶∗) per oxygen in the 2-D VBS box model was set at -calculated using the 400 

parameterization from Donahue et al. (2011) with the oxygen-oxygen interaction term set to 2.3, roughly equivalent to the 

magnitude expectedthe carbon-oxygen interaction parameter set to -0.3 to correct for the behavior of diacids, and the carbon-

carbon interaction term set to 0.475 . As identified in Donahue et al. (2011), the resulting decrease in log10C* per oxygen is 1.7 

as nO:nC approaches zero and and is 1.93 at nO:nC approaches 0.6. These values are consistent with the effect of adding 

carboxylic acids to an alcoholalkane-like molecule (Pankow and Asher, 2008). The decrease in 𝑙𝑜𝑔 (𝐶∗) per carbon was set 405 

to 0.475 with a carbon-oxygen interaction parameter (-0.3) to correct for the behavior of diacids (Donahue et al., 2011). 

Homogeneous, gas-phase HO reaction rate constants were specified based on the parameterization proposed by Donahue et al. 

(2013): 𝑘 (𝑐𝑚 𝑚𝑜𝑙𝑒𝑐 𝑠 ) ≃ 1.2 × 10 (𝑛 + 9𝑛 − 10(𝑛 : 𝑛 ) ). Following the reaction with HO, the probability of 

functionalization was parameterized as 𝑓 = 1 − (𝑛 : 𝑛 ) . , with subsequent probabilities of adding one, two, or three 

oxygens set at 30%, 50%, and 20%, respectively, following the 2-D VBS functionalization kernel derived for photo-oxidation 410 

of POA and IVOCs (Zhao et al., 2016). The sensitivity of yields to NOx and formation of organic nitrates were not explicitly 

addressed in the 2-D VBS-based aging mechanism, although both are addressed by CRACMM more broadly and some 

products mapped to secondary L/S/IVOCs contain nitrate functionality. Rather than recycling hydroxyl radicals as is standard 

practice for VBS-style reactions that are only meant to capture SOA, CRACMM sequesters HOX in oxygenated L/S/IVOC 

products as might be expected when peroxides form. For example, reactions of type R1 followed by type R4 sequester two 415 

HOX for each initiating reaction.  

 

L/S/IVOC products predicted by the 2-D VBS were lumped into a reduced series of fifteen mechanism species spanning 𝐶∗ 

of 10-2 through 106 µg m-3 and n : n  of 0.1 through 0.8 for use in CRACMM: ROCN2OXY2, ROCN2OXY4, ROCN2OXY8, 

ROCN1OXY1, ROCN1OXY3, ROCN1OXY6, ROCP0OXY2, ROCP0OXY4, ROCP1OXY1, ROCP1OXY3, ROCP2OXY2, 420 

ROCP3OXY2, ROCP4OXY2, ROCP5OXY1, and ROCP6XY1. These species follow a similar naming convention as the 

S/IVOC alkanes, where numbers after N and P indicate the negative or positive 𝑙𝑜𝑔 (𝐶∗) value and the name ends in 

10×𝑛 : 𝑛  (e.g., ROCN2OXY2 is 𝐶∗ = 10-2 µg m-3 with 𝑛 : 𝑛  =0.2). VBS products of known 𝑛  and 𝑛  were mapped to the 

available CRACMM model species, first by interpolating to the two nearest 𝑙𝑜𝑔 (𝐶∗) points, and then to the two nearest 

species in n : n  space. The number of n : n  levels represented at a given volatility in CRACMM increases with decreasing 425 

𝐶∗ to reflect increasing diversity in chemical functionality and size of products with lower saturation concentrations. 
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The portion of reacted mass following the fragmentation pathway, 𝑓 = (𝑛 : 𝑛 ) . , was assumed to form fragments of 

sizes varying from one up to 𝑛  carbons. The distribution of fragments was estimated assuming the probability of attack on 

any carbon as 1/ 𝑛 . Fragments with greater than seven carbons were functionalized using the same oxygen addition 430 

probabilities and remapping to lumped model species as above. Stable fragmentation products with six or fewer carbons were 

mapped back to activeexisting gas-phase species from RACM2 based on their carbon number as follows: C1 to formaldehyde 

(HCHO), C2 to acetaldehyde (ACD), C3 to higher aldehydes (ALD), C4 to methyl ethyl ketone (MEK), C5 to dicarbonyls 

(DCB1), C6 from low 𝑛 : 𝑛  reactants to hydroxy ketones (HKET), and C6 from high n : n  reactants to higher ketones 

(KET). The choice of functionality of the product species (e.g. aldehydes versus ketones) is entirely determined by the RACM2 435 

species that were already available at each carbon number. Future measurements of the low molecular weight species produced 

by the oxidation of larger compounds would help constrain this choice and motivate the addition of new CRACMM species. 

A new semivolatile peroxide (OP3), equivalent to a C8H16O4 species with 𝐶∗  of ~10 μg m-3, in CRACMM provides an 

oxygenated peroxide species between the L/S/IVOC oxygenated series and RACM2’s higher organic peroxides (OP2). In 

addition, radical products are mapped to RACM2 peroxy radical species as follows: C1 to methyl peroxy radical (MO2), C2 to 440 

ethyl peroxy radicals (ETHP), C3 to isopropylperoxy radicals (HC3P), C4 to peroxy radicals from methyl ethyl ketone (MEKP), 

C5 to pentan-3-ylperoxy (HC5P) radicals, and C6 to ketone-derived peroxy radicals (KETP). OP3 can photolyze or react with 

HO. 

 

Overall, the CRACMM scheme performs similarly to the medium-yield 2D-VBS scheme optimized for S/IVOCs by Zhao et 445 

al. (2016) (Fig. 4). For precursors with 𝑛 : 𝑛  > 0.05 and 12 hours of chemical processing, the 2-D VBS and CRACMM aging 

schemes are almost the same in terms of OA yield (Fig. 4a-c) with values ranging from near 0.1 to above 1 as a function of 

volatility (Table 1). Some deviations occur between the schemes for the most oxygenated and volatile precursors (𝑛 : 𝑛  > 

0.45 and 𝑙𝑜𝑔 (𝐶 /𝐶∗) ≤ 0, where 𝐶  is the mass-based concentration of the condensed-phase partitioning medium) for 

which CRACMM predicts a stronger dependence of yield on precursor volatility and also predicts less OA formation. Both 450 

CRACMM and the 2-D VBS predict consistent trends in OA yield as a function of precursor properties with more oxygenated 

and volatile precursors having lower yields due to an increased likelihood of fragmentation. At very long processing times 

CRACMM predicts OA yields will decrease (which has been observed in experimental systems in the work by He et al. (2022)) 

while the 2-D VBS indicates yields continue to increase from 2.5 days (Fig. 4) to 5.5 days (Fig. S7). In CRACMM 𝑛 : 𝑛  

ratios are predicted to increase with time, which can be due to both functionalization (Heald et al., 2010) and fragmentation 455 

(Kroll et al., 2009) reactions. CRACMM generally predicts lower 𝑛 : 𝑛  ratios in OA products from oxygenated ROC (0.1 to 

0.5 for least oxygenated and 0.6 to 0.7 for most oxygenated precursors) than the 2-D VBS (Fig. 4d-f).  
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3.3 Primary oxygenated IVOCs 

Volatile chemical products emit significant amounts of oxygenated IVOCs (Seltzer et al., 2021; McDonald et al., 2018). Many 

of these oxygenated species are structurally different than what is conceptualized in the secondary oxygenated L/S/IVOCs 460 

(Section 3.2) since they include siloxanes and ethers, while secondary oxygenated species are primarily alcohols, peroxides, 

nitrates, and ketones. Emitted oxygenated IVOCs have a significantly lower potential to form SOA than hydrocarbon IVOCs 

of similar volatility (Pennington et al., 2021). In addition, oxygenated species generally differ from hydrocarbon-like emissions 

in their ability to form O3, peroxyacetyl nitrate (PAN), and formaldehyde (Coggon et al., 2021) and should be represented 

separately from hydrocarbon-like species.  465 

 

Two new types of oxygenated IVOCs with direct emissions are included as distinct species in CRACMM (Fig. 1-3 purple): 

propylene glycol (PROG) and oxygenated IVOCs (ROCIOXY). 1,2-propylene glycol is one of the most prevalent species in 

consumer product purchases (Stanfield et al., 2021) and is associated with increased allergic symptoms when inhaled (Choi et 

al., 2010). Propylene glycol is represented in CRACMM with chemistry based on MCM following the work of Coggon et al. 470 

(2021). The ROCIOXY class includes non-aromatic, saturated IVOCs with 𝑛 : 𝑛  > 0.1 and all species containing silicon. 

Decamethylcyclopentasiloxane is the most abundant individual species in ROCIOXY, and ROCIOXY has an emission-

weighted effective carbon number of 9.5. Due to the highly aggregated nature of ROCIOXY, the kOH and molecular weight 

are emission-weighted properties rather than based on a representative compound. ROCIOXY produces the ethylperoxy radical 

with an 85.2% molar yield and SOA with a 14.9% molar yield (Table 1) upon reaction with HO in CRACMM. While the SOA 475 

yield may appear high, the lifetime of ROCIOXY is 40 hours at typical daytime HO concentrations which should limit the 

amount of SOA in urban source regions, similar to siloxane behavior in the work of Pennington et al. (2021). Future versions 

of CRACMM emission processing could redirect alcohols, carbonyls, and other oxygenated S/IVOCs from ROCIOXY to the 

secondary oxygenated L/S/IVOC series (Sect. 3.2) and readjust the effective ROCIOXY SOA yield. 

3.4 Furans 480 

FURAN is a new lumped ROC species introduced in CRACMM with the most abundant individual species in the category 

being furfural followed by furan. Furans were not previously an independent category in RACM2, and Carter (2020a) 

recommended mapping 2-furfural to ~C8 hydrocarbons (now HC10) and furan to the lumped o-xylene (XYO in RACM2). 

Given the abundance of furans (140 Gg yr-1 of emission, primarily from wood burning for 2017 U.S. conditions), unique 

functional group structure, OHHO reactivity (Koss et al., 2018), and O3 formation potential (Coggon et al., 2019), FURAN 485 

was implemented in CRACMM as a new species (Fig. 1-3 blue). Furans have been shown to form SOA with yields between 

1.85% to 8.5% by mass depending on the structure (Gómez Alvarez et al., 2009) and the simple SAR predicts a yield of 2.6% 

by mass (Fig. S5). The furan SOA yield is about a factor of 4 lower than that of xylenes but products such as furanone 

(FURANONE, a new species in CRACMM) are also formed in aromatic systems like benzene (Section 3.5). The CRACMM 
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species, FURAN, includes small amounts of other species with 2 double bonds (Fig. S3) including 2.4 Gg yr-1 of anthropogenic 490 

dienes. 

 

The FURAN chemistry in CRACMM is based on a 5-species weighted average using furan emission factors reported by Koss 

et al. (2018) and the furan chemistry outlined by Wang et al. (2021) and Coggon et al. (2019). FURAN will predominantly 

react with hydroxyl radicals leading to gas-phase products including dicarbonyls (DCB1, DCB3), organic nitrates (ONIT), 495 

peroxides (OP2), furanone (FURANONE), and aldehydes (ALD) in addition to radicals (Appendix B). CRACMM assigns 

SOA from FURAN to further reactions in the ring-retaining product channel, FURANONE, which reacts to form ketones, 

glyoxal, and SOA.consistent with products detected by Jiang et al. (2019). The effective SOA yield from FURAN is 

approximately 5% by mass (Bruns et al., 2016) when branching between high- and low-NOX reactions is equal. The yield of 

SOA from FURANONE in CRACMM is set to 4% by mole or 8% by mass (Table 1). 500 

3.5 Aromatics 

Aromatic hydrocarbons (Fig. 1-3 blue) were reorganized in CRACMM to reduce the number of aromatic VOC model species 

and increase the number of aromatic IVOC species. Instead of 4 aromatic VOC categories based on reactivity (kOH), CRACMM 

uses two categories of xylene-like hydrocarbon species based on reactivity: m-xylene and more reactive aromatics (XYM) and 

aromatics less reactive than m-xylene (XYE). Toluene (TOL), a HAP (Sect. 4), is now explicit in CRACMM, and benzene 505 

(BEN) was already explicit in RACM2. The three new IVOC aromatic hydrocarbons (𝑛 : 𝑛  = 0) are: naphthalene and other 

polycyclic aromatic hydrocarbons (NAPH), single-ring aromatics of 𝑙𝑜𝑔 (𝐶∗) ≈ 5 (ROCP5ARO), and single-ring aromatics 

of 𝑙𝑜𝑔 (𝐶∗) ≈ 6 (ROCP6ARO). The ROCP5ARO and ROCP6ARO categories were previously found to be important for 

representing SOA from vehicle combustion sources (Lu et al., 2020), and the emissions for 2017 indicated insufficient mass 

and SOA formation potential to warrant another aromatic species at 𝑙𝑜𝑔 (𝐶∗) ≈ 4. 510 

 

MCM v3.3.1 chemistry (Bloss et al., 2005; Jenkin et al., 2003) was used to obtain a basic mechanism for aromatic reaction for 

seven hydrocarbon-like aromatics in CRACMM (BEN, TOL, XYE, XYM, NAPH, ROCP6ARO and ROCP5ARO). The MCM 

epoxide yield (which includes unidentified species mass, Birdsall and Elrod (2011)) was set to zero and product mass redirected 

to the bicyclic peroxy channel following Xu et al. (2020). In addition, the organic nitrate yield (β, Reaction R11) from RO2+NO 515 

is 0.2% in CRACMM (Xu et al., 2020). A fraction of the bicyclic peroxy radical channel is assumed to undergo autoxidation 

(Wang et al., 2017; Molteni et al., 2018; Xu et al., 2020). The following reactions describe this chemistry for a parent aromatic 

species, AROM: 

  AROMM,0 + HO → (1-αPL) ARO2 + αPL PLM-2.14,1 + αPL HO2        (R9) 

  ARO2+HO2 → αH/(1-αPL) ROOHH
M-2.48,2 + (1-αH-αPL-αA)/(1-αPL) ROOHB

M-4.529,5 + αA /(1-αPL) ROOHA
M-7.558,7  (R10) 520 

  ARO2+NO → β αH /(1-αPL) RNITH
M-2.23,3 + β (1-αH-αPL-αA)/(1-αPL) RNITB

M-4.279,6 + β αA /(1-αPL) RNITA
M-7.308,8  

+ (1-β) NO2 + (1-β) αH /(1-αPL) ROPH
M-1.35,1 + (1-β) (1-αH-αPL)/(1-αPL) ROPB  (R11) 
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  ARO2+NO3 → NO2 + αH /(1-αPL) ROPH
M-1.35,1 + (1-αH-αPL)/(1-αPL) ROPB      (R12) 

  ARO2+RRO2 → RRO2P + αH /(1-αPL) ROPH
M-1.35,1 + (1-αH-αPL)/(1-αPL) ROPB      (R13) 

Stable, individual species are subscripted with their 𝑙𝑜𝑔 (𝐶∗) relative to the parent volatility of M (estimated with SIMPOL 525 

(Pankow and Asher, 2008) based on expected functionality) and number of oxygens per molecule. The phenolic product (PL) 

yield (αPL, 53% for benzene and 16-18% otherwise) is from MCM (o-xylene if a species was not available) and independent 

of NO level, in good agreement with experimental data for conditions below a few hundred ppb NO (Bates et al., 2021). The 

PL product is mapped to phenol (for benzene), cresols (for toluene and xylenes), or a lumped secondary oxygenated product 

(described in Sect. 3.2) based on volatility and 𝑛 : 𝑛  (for all other aromatics). Aromatic peroxy radical (ARO2) products 530 

included peroxides, organic nitrates, and alkoxy radical decomposition products (ROP). ROP products are produced by H-

abstraction (H), traditional OHHO addition resulting in bicylic peroxy radicals (B), and/or autoxidation (A). The fraction of 

all AROM + HO through the H-abstraction route (αH) is from MCM with the product mapped to benzaldehyde in the case of 

toluene and xylenes or a product based on expected volatility and 𝑛 : 𝑛  (H-abstraction not applicable for benzene). ROPB 

products from the bicylic peroxy radical alkoxy radical decomposition channel follow MCM and include glyoxal and/or 535 

methylglyoxal, furanones, dicarbonyl(s), and HO2. αA is the fraction of products undergoing autoxidation and is a subset of 

the bicyclic RO2 products. Coefficients in Reactions R9-R13 (αH, αPL, αA) are relative to total AROM + HO except the fraction 

of RO2 + NO branching to organic nitrates (β) in Reaction R11.  

 

Aromatic peroxy radicals can react with other organic peroxy radicals (RRO2) with methyl peroxy radicals and acetylperoxy 540 

radicals being the most abundant and always represented in RACM2 (Stockwell et al., 1990). The RRO2 products (RRO2P) 

are based on MCM at yields specified independently of the ARO2 product channels. Specifically, methyl peroxy radicals 

(RRO2 as RACM2 species MO2), result in 0.68 formaldehyde, 0.37 HO2, and 0.32 higher alcohols (RRO2P = 0.68 HCHO + 

0.37 HO2 + 0.32 MOH). Acetylperoxy radicals (RRO2 as RACM2 species ACO3) result in 0.7 methyl peroxy radicals and 0.3 

acetic acid (RRO2P = MO2 + ORA2). 545 

 

Reactions R9-R13 produce condensible gases and SOA precursors. In the case of volatile aromatics like benzene, toluene, and 

xylenes, further reaction of the phenolic product along with autoxidation are proposed as the major SOA channels in 

CRACMM since traditional bimolecular RO2 products are generally not of sufficiently low volatility. For aromatic IVOCs, 

peroxides, nitrates, and aldehydes from bimolecular RO2 reactions can be semivolatile and partition based on their saturation 550 

concentration. Further oxidation of furanone produced from aromatic oxidation (e.g., Reaction 477, Appendix B) also results 

in small amounts of SOA (Sect. 3.4). For products in Reactions R9-R13 that are mapped to a corresponding surrogate of 

matching volatility and 𝑛 : 𝑛 , further chemical processing follows the secondary oxygenated S/IVOC chemistry in Sect. 3.2. 

 

CRACMM retains the three phenolic species of RACM2 (hydroxy substituted benzenes like phenol and benzene diols, PHEN; 555 

cresols, CSL; and methylcatechols, MCT) with the same gas-phase chemistry as RACM2 except for the addition of one, 
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nonvolatile SOA product for PHEN and CSL. The yield of SOA from phenols and cresols is set to reproduce the high-NOX 

SOA yields from benzene and toluene oxidation observed in chamber experiments by Ng et al. (2007) with wall loss corrections 

based on Zhang et al. (2014) (see the supplement information for a detailed derivation). The molar SOA yield using this method 

is estimated as 15% by mole for phenols and 20% by mole for cresols (Table 1), within the range of 24-52% by mass for 560 

phenols and 27-49% by mass for cresols as summarized by Bruns et al. (2016). Future work should expand upon this phenolic 

SOA treatment as improvements in the phenoxy-phenylperoxy radical chemistry have been shown to modulate O3 formation 

and could improve predictions for laboratory conditions over MCM, RACM2, and SAPRC by breaking the catalytic radical 

cycles (Bates et al., 2021). Products like methylcatechols could also lead to SOA with implications for O3 and HO production 

in aromatic systems. 565 

 

The bicyclic peroxy radical fate in aromatic hydrocarbon systems is not well characterized but includes autoxidation. Molteni 

et al. (2018) estimate molar yields of autoxidation products from aromatic oxidation of just under 3% by mole and that value 

is used for the aromatic IVOC systems in CRACMM (αA=0.03). Higher values are not needed to produce significant SOA in 

IVOCs systems since traditional bimolecular RO2 fates result in sufficiently functionalized products to contribute to SOA. 570 

Specifically, with αA=0.03, CRACMM predicts SOA yields for ROCP5ARO, ROCP6ARO, and NAPH of 37%, 21% and 21% 

by mole respectively (Table 1). However, such low levels of autoxidation, even when combined with phenolic (PHEN and 

CSL) SOA, are insufficient to explain observed SOA production for the more volatile aromatics, particularly in RO2 + HO2 

dominant conditions where SOA yields are around 27% by mole based on chamber experiments. Xu et al. (2020) indicate 

bicyclic peroxy radicals in the benzene system may predominantly form alkoxy radicals (even in RO2 + HO2 conditions) that 575 

continue to highly oxygenated organic molecules (HOM) in addition to other products. Given the current lack of carbon closure 

for gas-phase aromatic chemistry (Xu et al., 2020) and low-volatility of laboratory generated RO2 + HO2 aromatic SOA (Ng 

et al., 2007), the amount of autoxidation in the benzene, toluene, and xylene aromatic systems is set in CRACMM to reproduce 

observed RO2 + HO2 chamber SOA yields when combined with the phenolic channel (see supplementary information for molar 

yield derivation). The resulting estimates for the fraction of AROM + HO reaction leading to autoxidation (αA) are estimated 580 

as 19% by mole for benzene and 23% by mole for toluene and xylenes. This results in the phenolic channel contributing 30% 

of the SOA in the benzene system and 13% in the toluene systems for RO2 + HO2 conditions, similar to the previously published 

estimate of 20% for low-NOx conditions for benzene, toluene, and m-xylene (Nakao et al., 2011) and 20-40% for toluene 

(Schwantes et al., 2017) as well as the relative abundance of phenolic products in benzene versus toluene systems. 

 585 

In general, autoxidation of the bicyclic RO2 in the aromatic systems is assumed to involve one H-shift followed by O2 addition 

and result in peroxides and nitrates about seven 𝑙𝑜𝑔 (𝐶∗) values lower in volatility than the parent aromatic (products in 

Reactions R10-R11). The autoxidation product in benzene and toluene systems with only one H-shift would have a 𝐶∗ of 10 

µg m-3, making it semivolatile according to SIMPOL (Pankow and Asher, 2008). To improve consistency with Ng et al. yields 

and nonvolatile partitioning behaviors under low-NOX conditions at low organic aerosol concentrations (<10 µg m-3), the 590 
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products from autoxidation in the toluene and benzene systems are assumed to result from two H-shifts followed by O2 addition 

leading to two additional hydroperoxide functional groups and autoxidation products with 𝐶∗ = 0.01 µg m-3. Xylene-like 

(XYM and XYE) autoxidation products assume one H-shift with O2 addition resulting in autoxidation products with 𝐶∗ = 1 

µg m-3. ROOHB products from XYM and XYE are slightly lower in volatility than those from benzene and toluene and mapped 

to the new multifunctional C8 peroxide (OP3, see Sect. 3.2 and Table 1) resulting in SOA from channels other than autoxidation 595 

and phenolic routes for xylenes. SOA yields for benzene, toluene, and xylenes summarized in Table 1 generally reproduce 

wall-loss corrected laboratory values (Ng et al., 2007; Zhang et al., 2014) due to the imposed autoxidation channel. Benzene 

and toluene are predicted to have lower SOA yields than the IVOC aromatics NAPH, ROCP5ARO, and ROCP6ARO. 

However, the amount of autoxidation for aromatic IVOCs was not adjusted to match literature SOA yields since many 

traditional bimolecular products were already in the S/IVOC range and thus SOA for aromatic IVOCs could be underestimated 600 

compared to laboratory work (Srivastava et al., 2022). 

 

Figure 5 shows the molar flows to organic aerosol in the combined aromatic, phenolic, and furan systems based on 

anthropogenic and biomass burning emissions in the U.S. for 2017 and equal RO2 + HO2 vs RO2 + NO branching. Most (69%) 

phenol mass is directly emitted with the balance from benzene oxidation. In contrast, cresols are predominantly chemically 605 

produced (80% of source) rather than directly emitted. Approximately 22% of furanone is produced directly from furan 

oxidation but most furanone is predicted to be from oxidation of aromatic hydrocarbons like toluene and xylenes with smaller 

contributions from IVOC aromatics. About 32% of the aromatic system SOA is predicted to come from phenols, cresols, and 

furanone through the ASOATJ species. Peroxides (OP3) may be a substantial contributor to SOA mass. Autoxidation, leading 

to species such as ROCN1OXY6, also make meaningful contributions to the predicted SOA mass. By acknowledging further 610 

oxidation of phenolic species as contributors to overall aromatic hydrocarbon SOA, all phenolic emissions can now be 

considered SOA precursors. In addition, adding phenolic sources of SOA increases the overall amount of SOA from ROC 

emissions compared to previous CMAQ aerosol representations that did not include phenols or cresols as SOA precursors. 

3.6 Sesquiterpenes 

Sesquiterpenes (C15H24) are a new radical system in CRACMM (previously only considered for SOA formation in CMAQ, 615 

Fig. 1-3 green) with chemistry built using β-caryophyllene from MCM (Jenkin et al., 2012) and autoxidation based on 

literature. β-caryophyllene is an IVOC (𝑙𝑜𝑔 (𝐶∗) of 5.05 µg m-3) and MCM chemistry readily predicts sesquiterpene products 

that are S/IVOCs, consistent with the semivolatile nature of observed SOA (Griffin et al., 1999). Sesquiterpenes, SESQ, react 

with NO3, O3, and HO: 

  SESQ5.05,0 + NO3 → SESQNRO2          (R14) 620 

  SESQNRO2 + HO2 → ROOH0.34,5          (R15) 

  SESQNRO2 + NO → KET2.72,2 + 2 NO2         (R16) 

  SESQNRO2 + NO3 → KET2.72,2 + 2 NO2         (R17) 
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  SESQ5.05,0 +O3 → (1- αA) KET2.72,2 + αA PA-2,3        (R18) 

  SESQ5.05,0 + HO → SESQRO2          (R19) 625 

  SESQRO2 + HO2 → ROOH0.34,3          (R20) 

  SESQRO2 + NO3 → KET2.72,2          (R21) 

  SESQRO2 + NO → β ONIT0.59,4 + (1- β) KET2.72,2 + (1- β) NO2      (R22) 

Where αA is the fraction of ozonolysis products undergoing autoxidation and β is the fraction of RO2 +NO products resulting 

in organic nitrates (β = 0.25). The ozonolysis reaction (R18) is highly simplified and predicted to result in a ketone and 630 

autoxidation product, PA, of specified volatility and degree of oxygenation. Autoxidation is based on Richters et al. (2016) 

and αA set to 1.8% by mole. Observations indicate sesquiterpenes are not major contributors by mass to ambient SOA in the 

Amazon (Yee et al., 2018), southeastern U.S., or boreal forest (Lee et al., 2020). As a result, CRACMM does not retain the 

unique identity of sesquiterpene products and all stable products in reactions R14-R22 are mapped to the corresponding 

secondary oxygenated S/IVOC of corresponding volatility and degree of oxygenation with further chemistry specified in Sect. 635 

3.2.  

 

CRACMM predicts prompt (first generation) sesquiterpene SOA that is less volatile than previous CMAQ work (Carlton et 

al., 2010; Griffin et al., 1999), is NOx and oxidant dependent, and has the potential for higher yields through multigenerational 

chemistry. The yield of prompt SOA under RO2+HO2 dominant conditions is predicted to be 50% (OA = 1 µg m-3) to 91% 640 

(OA = 10 µg m-3) by mole for HO and NO3 oxidation. These low-NO NO3 yields are within the range of those observed in 

NO3 oxidation experiments (SOA yields of 56-109% by mole of C, Jaoui et al. (2013)) albeit laboratory values corresponded 

to a higher concentration of organic aerosol (60-110 µg m-3) and the RO2 fate was not characterized. Under higher NOX 

conditions (RO2+NO dominant) and moderate organic aerosol loading (OA = 10 µg m-3), prompt SOA yields are expected to 

be ~12% by mole from HO oxidation similar to the carbon-based yields of aerosol from laboratory work (19% by mole for β-645 

caryophyllene, Jaoui et al. (2013)). Nitrate oxidation is not expected to produce significant SOA when RO2 react with NO or 

NO3 (Reaction R16-R17), and prompt SOA yields from ozonolysis are 2.7% by mole, lower than the observed yield of 28% 

by mole C for ozonolysis (Jaoui et al., 2013). Thus, further chemical processing of first-generation sesquiterpene-derived 

ketones (mapped to CRACMM species ROCP3OXY2, chemistry in Sect. 3.2) likely results in lower volatility species that 

increase SOA yields beyond the prompt values, especially under high-NOx and ozonolysis conditions.  650 

3.7 Monoterpenes 

CRACMM retains the two monoterpene categories of RACM2 with α-pinene and Δ-limonene as the major representative 

compounds in each class (API and LIM, respectively, Fig. 1-3 green). The two classes differ in the number of double bonds 

per species which is expected to influence reactivity and SOA formation potential (Hoffmann et al., 1997). In addition, species 

with two double bonds in their initial structure likely experience faster autoxidation (Møller et al., 2020). The two classes of 655 

monoterpenes (API vs LIM) have different sources of emissions with α-pinene being predominantly from vegetation but 
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limonene having the potential for significant anthropogenic emissions from volatile chemical products (Coggon et al., 2021) 

in addition to biogenic sources. A new representation of API and LIM reaction with OHHO, NO3, and O3 was created to 

account for autoxidation leading to HOM and SOA. In addition, bimolecular peroxy radical reactions leading to dimers of 

extremely low volatility (CRACMM species ELHOM) with the potential to contribute to new particle formation via nucleation 660 

(Bianchi et al., 2019) were added.  

 

When a monoterpene species, MT, reacts with an oxidant like HO (or NO3), it directly forms a collection of peroxy radicals 

(MRO2 and MRO ), a fraction of which (αA) can undergo autoxidation and form HOM:  

MT + Oxidant → (1- αA) MRO2 + αA MRO .        (R23) 665 

Autoxidation is implemented as a fixed yield rather than competitive fate since autoxidation in monoterpene + HO systems 

proceeds rapidly (rates of 3 to >10 s-1) and only via specific peroxy radical isomers (Piletic and Kleindienst, 2022; Zhao et al., 

2018; Berndt et al., 2016; Xu et al., 2019). This assumption of a fixed yield is valid for bimolecular RO2 lifetimes (time scale 

for RO2 reaction with NO or HO2) greater than ~1 second (NO < ~1 ppb) which is consistent with most current conditions near 

earth’s surface except for select urban locations, more often in winter, (Porter et al., 2021) and episodically near sources. The 670 

fraction of prompt API + HO peroxy radicals undergoing autoxidation and forming monoterpene-derived HOM (tracked as 

CRACMM species, HOM) (αA) is set to 2.5% by mole (Berndt et al., 2016; Piletic and Kleindienst, 2022) with the uncertainty 

in the yield around a factor of two. Limonene is expected to have rapid H-shift reactions (Møller et al., 2020) and higher 

amounts of autoxidation products than α-pinene (Jokinen et al., 2015), and αA is 5.5% for LIM + HO (Piletic and Kleindienst, 

2022) (Table S7). 675 

 

The peroxy radicals from monoterpene (API and LIM) reactions with HO undergo traditional bimolecular RO2 fates leading 

to peroxides, alkoxy radical products, and nitrates: 

MRO2 + HO2 → ROOH          (R24) 

MRO2 + NO → (1 - β) NO2 + αALD × (1- β) ROPALD + (1-αALD) × (1- β) ROPFRAG + β RNIT   (R25) 680 

MRO2 also reacts with MO2 and ACO3 (See Sect. 3.5) (Appendix B). Peroxides from MRO2 reaction with HO2 (Reaction 

R24) map to a new organic peroxide, OPB, added specifically to represent the C10 hydroperoxides from monoterpene oxidation. 

Further reaction or photolysis of OPB is assumed to produce products like existing organic peroxide reactions in RACM2 with 

products fed back to the lumped aldehydes (ALD), ketones (KET), and a saturated C10 RO2 (HC10P). To better conserve 

carbon and track the identity of monoterpene-derived nitrates CRACMM includes a new C10 organic nitrate, TRPN (Reaction 685 

R25, RNIT product). The OPB peroxides and TRPN nitrates are assumed to remain in the gas phase (see representative 

structures in Appendix A).  

 

The yield of organic nitrates (β, R25) is 18% for API (Nozière et al., 1999) and 23% for LIM based on MCM v3.3.1. (Saunders 

et al., 2003). Further reaction of the terpene nitrates produces LVOCs with a 100% molar yield (Zare et al., 2019; Browne et 690 
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al., 2014) with products mapped to then new lumped CRACMM species for monoterpene HOM. While the yield of SOA from 

TRPN reaction is 100% by mole, chemical sinks will compete with deposition resulting in less than 100% of TRPN converted 

to SOA in chemical transport models.  

 

In addition to terpene nitrates, major organic products from RO2 + NO (Reaction R25) are alkoxy radicals which decompose 695 

to either aldehydes and HO2 (ROPALD) with a yield of αALD or other smaller carbon number fragmentation products and HO2 

(ROPFRAG). In the case of LIM (αALD = 64%), the alkoxy radical decomposition products are assumed to be smaller fragments 

(HCHO and UALD), but αALD = 1 for α-pinene according to MCM. Since the aldehydes from API and LIM could undergo 

autoxidation as hinted by Rolletter et al. (2020), new aldehydes, PINAL and LIMAL, were added for the monoterpene systems. 

Autoxidation for PINAL and LIMAL is added as competitive fate with plausible autoxidation rate constant for terpene systems 700 

(k = 1 s-1) for OHHO-initiated peroxy radicals formed at a yield of 23% (PINALP) or 70% (LIMALP) based on MCM v3.3.1. 

LIMAL and PINAL can also be lost via photolysis, and LIMAL can react with O3. In general, rate constants in monoterpene 

systems (Appendix B) are from RACM2.  

 

In the case of API and LIM reaction with nitrate radicals, Reactions analogous to R23-R25 generally apply but products are 705 

multifunctional and can release NO2. Nitrate radical reactions are assumed to behave similarly in terms of autoxidation and 

use the same αA as HO reactions which is likely in the case of limonene (Chen et al., 2021a) but an overestimate in the case of 

α-pinene (Kurtén et al., 2017). For reactions where multifunctional peroxy nitrates (or other multifunctional nitrates) are 

expected, the nitrate identity is prioritized for tracking and the product mapped to TRPN. Reaction of nitrate-derived MRO2 

with NO is expected to predominantly release all the nitrate as NO2 (β = 0) and convert NO to NO2 (additional NO2 product 710 

alongside aldehyde production) while yielding a terpene aldehyde (PINAL or LIMAL) (αALD = 1).  

 

MRO  from autoxidation in monoterpene + HO systems is implemented using two new peroxy radicals (labeled APIP2 and 

LIMP2) that are assumed to result in C10O7 radicals (Berndt et al., 2016) that can undergo traditional bimolecular fates. For all 

API and LIM reactions with HO and NO3, the MRO  + HO2 product is mapped to HOM. In the case of MRO  + NO, all 715 

products that release NO2 (1-β) are also assumed to re-release HO via different fragmentation routes and the highly oxidized 

terpene nitrate as well as other carbon-containing products were mapped to HOM. MRO  + MO2 and MRO  + ACO3 

aldehydes, ketones, and alcohols are also mapped to HOM. As a result, under all conditions, the yield of HOM from initial 

API or LIM reaction with HO or NO3 is αA.  

 720 

The speciation of HOM changes slightly when MRO  cross react with other monoterpene or isoprene RO2. In addition to the 

traditional peroxy radical cross reactions with other organic peroxy radicals (MO2 and ACO3), the monoterpene-derived 

peroxy radicals undergoing autoxidation, MRO , react with the most abundant MRO2 from α-pinene and limonene + HO to 

produce C20 dimers. These reactions followed the basic form: 
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MRO  + MRO2 → (1- αdim) HOM + 0.5×(1- αdim) ROH + 0.5×(1- αdim) ROPALD + 725 

0.5×(1- αdim) HO + 0.5×(1- αdim) HO2 + αdim ELHOM     (R26) 

where αdim is the fraction of MRO  incorporated in dimers and set to 4% based on the work of Zhao et al. (2018). Other products 

include highly oxygenated monomers (mapped to HOM), aldehydes (mapped to PINAL or LIMAL), and alcohols with 

branching between those products also as specified by Zhao et al. (2018). In the case of nitrate-initiated MRO , NO2 rather 

than HO is released. The same approach is used for monoterpene MRO  + isoprene RO2 with HCHO and MVK produced 730 

rather than PINAL or LIMAL. Dimer reactions are assumed to proceed quickly, and the rate constant was set to 1×10-10 cm3 

molecule-1 s-1 based on the work of Molteni et al. (2019). In both the monoterpene and isoprene cross reactions, the dimer 

products are predicted to have a 𝑙𝑜𝑔 (𝐶∗) < -3 and are mapped to ELHOM.  

 

The ozonolysis of monoterpenes in CRACMM also mimics reaction R23 where the oxidant in these reactions is O3. Initially, 735 

the ozonolysis reaction will break a monoterpene double bond and yield Criegee intermediates that self-react to release 

hydroxyl radicals and produce peroxy radicals which were classified into the same two types of peroxy radical categories as 

with HO reactions: either autoxidizable or non-autoxidizable. The yield of peroxy radicals able to undergo autoxidation 

(MRO ) for ozonolysis is set to 5% and 11% respectively in the API and LIM systems. These yields are doubled compared to 

HO to fall within the uncertainty of laboratory and computational studies that indicated autoxidation yields from O3-initiated 740 

reactions are universally higher than autoxidation from OHHO-initiated chemistry (Jokinen et al., 2015; Ehn et al., 2014; Chen 

et al., 2021a). The formation of OHHO, H2O2, CO and aldehyde products from the ozonolysis reactions alongside MRO  were 

prescribed following MCM and RACM2 and further reaction of the MRO2 and MRO  peroxy radicals is the same as in the 

HO system. 

 745 

Predicted SOA in the monoterpene systems comes from HOM and ELHOM products that are either promptly produced or 

from further reaction of terpene nitrates or terpene aldehydes. The yield of SOA from API reaction with HO or NO3 is expected 

to be 2.5% by mole (4.6% by mass) from the initial autoxidation HOM but is further increased to 11% by mole (21% by mass) 

when the terpene nitrates further react under typical ambient conditions (Table 1). Under high-NOx conditions (RO2+NO as 

the dominant bimolecular fate), the yield of SOA from API + HO approaches 37% by mass with most of the mass from terpene 750 

nitrate products highlighting the importance of the terpene nitrate fate which is currently assumed to be reaction with HO and 

functionalization. LIM SOA yields from HO and NO3 are similar with values of 16% by mole or 30% by mass for typical 

conditions but as much as 50% by mass if RO2+NO dominates and terpene nitrates react further. Yields also increase compared 

to the typical values if the terpene aldehydes react with HO which is estimated to yield SOA at 21% by mole (31% by mass) 

or 64% by mole (95% y mass) for PINAL and LIMAL, respectively. Terpene aldehyde photolysis, OPB (and OP3) reaction 755 

with OHHO, or LIMAL reaction with O3 can also lead to trace amounts of SOA via a C10 RO2 product (<1% molar yield, 

chemistry of Sect. 3.1 for HC10 peroxy radical).  
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The autoxidation derived HOM yield for -pinene from CRACMM is similar to the computed yield predicted by Weber et al. 

(2020) using a more detailed CRI-HOM mechanism that invoked multi-generational peroxy radical chemistry in a global 760 

atmospheric chemistry model. Other models have applied numerous autoxidation mechanisms of varying complexity including 

a steady state HOM yield assumption similar to CRACMM (Gordon et al., 2016), a volatility basis set model (Schervish and 

Donahue, 2020), and a near explicit autoxidation mechanism involving 1773 reactions (Roldin et al., 2019). While the fixed 

HOM yields implemented in CRACMM consolidate the mechanism, additional species and reactions are considered here 

including NO3 oxidation chemistry, the chemistry of reactive monoterpenes like limonene, and many accretion reactions that 765 

may produce ELHOM. Further refinements to the autoxidation mechanism will be considered in future CRACMM versions 

including an implementation of the temperature dependence of H-shift reactions, potentially revised volatilities for HOM and 

ELHOM, and fragmentation reactions of highly oxidized peroxy radicals that may limit HOM production.  

 

The CRACMM approach to monoterpene organic nitrates differs from previous CMAQ approaches where organic nitrates 770 

were incorporated into the particle via heterogenous uptake driven by hydrolysis reactions (Pye et al., 2015; Zare et al., 2019). 

CRACMM indicates a potentially significant role for TRPN in forming SOA but via a different mechanism than previous work 

which assumed a 3-hour lifetime against condensed phase hydrolysis (kHET (defined in footnote of Appendix B) of 1.13x10-7 

s-1). TRPN could also release NOX upon chemical reaction (Saunders et al., 2003) and fragment into smaller molecules (Weber 

et al., 2020) which are not considered here. Future versions of CRACMM should incorporate monoterpene nitrate hydrolysis 775 

and release NOX upon reaction where appropriate.  

 

Note that the identity of terpene nitrates when they are lumped into HOM or ELHOM is not retained. Lower volatility nitrates, 

peroxides, ketones, and alcohols from terpene oxidation are lumped together based on volatility with HOM having an effective 

𝑙𝑜𝑔 (𝐶∗) of 0 to -3 and a representative structure with 𝑙𝑜𝑔 (𝐶∗) of -2.2. ELHOM are nominally highly oxygenated C20 780 

dimers with an effective 𝑙𝑜𝑔 (𝐶∗) of -5 but species with C15 structures are also mapped to ELHOM based on their volatility 

(estimated as 𝑙𝑜𝑔 (𝐶∗) < -3). Given the importance of volatility as a driver of new particle formation events (McFiggans et 

al., 2019), the resolution in volatility for highly oxidized products should be investigated in future work in the context of 

predicting new particle formation events. 

3.8 Isoprene and aqueous aerosol pathways 785 

The treatment of isoprene chemistry in CRACMM version 1.0 is the same as in RACM2-AERO6 as implemented in CMAQ 

v5.3.3. Notably, the CMAQ implementation includes formation of isoprene epoxydiols (IEPOX) as a tracer. An investigation 

of isoprene chemistry in CRACMM using the Automated MOdel REduction (AMORE) condensation of a detailed isoprene 

mechanism (Wennberg et al., 2018) with isoprene nitrate hydrolysis (Vasquez et al., 2020), is available in the work of Wiser 

et al. (in prep.) and as CRACMM1AMORE in CMAQv5.4. 790 
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Precursors to SOA from aqueous reactions include IEPOX, glyoxal (GLY), and methylglyoxal (MGLY) and follow CMAQ 

AERO7. GLY is a lumped species and emissions include glycolaldehyde (total U.S. 2017 GLY emissions: 418 Gg yr-1). MGLY 

is also lumped and includes 2-oxobutanal and other carbonyl aldehydes (total U.S. 2017 MGLY emissions: 1129 Gg yr-1) 

(cite). SOA from IEPOX uptake follows the reactive uptake formulation of Pye et al. (2013) with the Henry’s law coefficient 795 

for IEPOX (3.0×107 M atm-1) and organosulfate condensed-phase formation rate constant (8.83×10-3 M-2 s-1) from the work of 

Pye et al. (2017). New in CRACMM compared to standard AERO7 in CMAQ are separate species for the organosulfate 

(AISO3OS) vs. non-sulfated (2-methyltetrol, AISO3NOS) IEPOX-derived SOA to facilitate tracking of sulfur. Reactive 

uptake of GLY and MGLY on aqueous particles uses a fixed uptake coefficient (2.9×10-3) (Liggio et al., 2005) as in CMAQ 

version 5.2-5.3.3 (Pye et al., 2015). Cloud-processed SOA from GLY and MGLY is based on the reaction with aqueous HO 800 

and the work of Carlton et al. (Carlton et al., 2008). Glyoxal SOA may include formation of salt-like structures in the aerosol 

phase,Glyoxal SOA may include formation of salt-like structures in the aerosol phase (Paciga et al., 2014), but for simplicity, 

the oligomeric structure of Loeffler et al. (2006) is used as the representative structure of all glyoxal and methylglyoxal SOA. 

Note that the molecular weight of GLY and MGLY SOA specified in CRACMM differs from the representative structure. 

Aqueous reaction products leading to SOA in CRACMM, as implemented in CMAQ, are not currently allowed to volatilize 805 

to the gas phase which likely occurs for a subset of IEPOX products (Riedel et al., 2015; D'ambroD'Ambro et al., 2019). 

3.9 Acrolein and 1,3-butadiene 

Acrolein (ACRO) is a major oxidation product of 1,3-butadiene (BDE13) and both species were added explicitly in CRACMM 

due to their importance for health (Scheffe et al., 2016) (see Sect. 4). For BDE13 reaction with OHHO, which is likely its 

dominant removal pathway (Agency for Toxic Substances and Disease Registry, 2012; Tuazon et al., 1999), the SAPRC18 810 

Mechgen utility (Carter, 2020b) was used to generate products that are mapped to the analogous CRACMM species. SAPRC18 

Mechgen is convenient since the products are already aggregated to a similar degree as RACM2 and CRACMM. A peroxy 

radical specific to BDE13 reaction with HO (BDE13P) is used so that formation of acrolein (from all channels except 

BDE13P+HO2) could be explicitly predicted. For BDE13 + O3, a Criegee biradical is predicted to be a significant product in 

SAPRC18 and MCMv3.3.1. Criegee biradicals are not implemented in CRACMM due to their short lifetime, so MCMv3.3.1 815 

was used to determine the likely products from Criegee decomposition. For simplicity, BDE13 reaction with nitrate follows 

the diene + NO3 products from RACM2 with acrolein instead of MACR specified as the product. Products from reaction of 

ACRO with HO and NO3 are taken from RACM2’s lumped MACR species. In the case of ACRO ozonolysis, prompt products 

as well as the expected Criegee biradical products are from MCM. ACRO photolysis products are from SPARC18 Mechgen. 

3.10 Additional rate constant updates 820 

The inorganic chemistry of RACM2 is retained in CRACMM with updated rate constants for some reactions. In CRACMM, 

rate expressions for 26 inorganic reactions and 2 organic reactions (carbon monoxide and methane with OHHO, ethane was 
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also updated as mentioned in Sect. 3.1) were updated compared to RACM2 values (IUPAC, 2010; Sander et al., 2011; Goliff 

et al., 2013) to follow the NASA/JPL evaluation number 19 (Burkholder et al., 2019) and IUPAC recommendations (Atkinson 

et al., 2004). Photolysis rate coefficients were updated for 5 chemical species: C3 and higher aldehydes (ALD), acetone (ACT), 825 

methyl ehtyl ketone (MEK), higher ketones (KET), and formaldehyde (HCHO). The photolysis rate coefficient for ALD is set 

to that of propionaldehyde from the NASA/JPL evaluation number 19 (Burkholder et al., 2019). CRACMM adds the acetone 

photolysis pathway producing methyl peroxy radical and carbon monoxide in addition to the existing RACM2 pathway that 

produces methyl peroxy and acetyl peroxy radicals. Quantum yields of ACT are updated following the NASA/JPL evaluation 

number 19 (Burkholder et al., 2019). In addition, the temperature and pressure effects on ACT photolysis rate coefficients now 830 

follow Blitz et al. (2004). Photolysis rate coefficients and products of MEK and KET use quantum yield from Raber and 

Moortgat (1996) and absorption cross sections from Brewer et al. (2019). The photolysis pathway for formaldehyde in RACM2 

contained an error in quantum yield data resulting in overestimated photolysis rate coefficients, which are now corrected in 

CRACMM using data from the NASA/JPL evaluation number 19. These general kinetic updates are expected to lead to minor 

decreases in O3 formation compared to RACM2-AERO6. 835 

4 ROC Hazardous Air Pollutants 

Hazardous air pollutants are known or suspected to cause serious adverse health or environmental effects and are therefore a 

priority to represent in chemical mechanisms. However, the number of HAPs routinely considered should be moderated for 

computational efficiency. While 189 substances are designated as HAPs by the U.S. EPA, HAP species such as polycylic 

organic matter (POM) and glycol ethers contain many individual compounds such that the actual number of individual species 840 

meeting the definition of a HAP is well over 3,000 (U.S. Environmental Protection Agency, 2022d)(U.S. Environmental 

Protection Agency, 2022c). The SPECIATE database, which includes a HAP identifier, was used as the initial source of 

identification for the species-level emission inventory and supplemented with additional data sources. POM was identified 

based on species with more than 1 benzene ring and 𝑛 : 𝑛  = 0 in their representative structure (an additional 56 species to the 

HAP category in SPECIATE). The POM requirement of a boiling point above 100° C was found to be duplicative with the 845 

aromaticity criteria based on the work of Achten and Andersson (2015). The identifier of 1-bromopropane, a newly designated 

HAP (U.S. Environmental Protection Agency, 2022c)The identifier of 1-bromopropane, a newly designated HAP (U.S. 

Environmental Protection Agency, 2022a), was updated. SPECIATE was also cross referenced with individual glycol ethers 

(U.S. Environmental Protection Agency, 2022d) (4 additional HAPs).(U.S. Environmental Protection Agency, 2022c) (4 

additional HAPs). CAS numbers of individual species and their representative structures were cross-referenced with the 850 

toxicity value file input to the Human Exposure Model (U.S. Environmental Protection Agency, 2021a) identifying an 

additional 39 HAPs. Overall, 491 HAPs were identified in SPECIATE of which 188 had nonzero ROC emissions in the 2017 

inventory used here.  
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To assess the coverage of HAPs and their risktoxicity in CRACMM, toxicity risk potentials were estimated using chronic 855 

inhalation metrics from the U.S. Environmental Protection Agency (2021b). EPA’s process for estimating a cancer risk is 

based on the unit risk estimate (URE) which is the estimated number of excess tumors per person due to inhalation of 1 µg m-

3 of the pollutant over a lifetime. Non-cancer (mutagenicity, developmental toxicity, neurotoxicity, and/or reproductive 

toxicity) risk uses a reference concentration (RfC) which is an estimate of the concentration that could be inhaled over a 

lifetime without an appreciable risk. Species in SPECIATE were matched to the inhalation RfC and URE values (U.S. 860 

Environmental Protection Agency, 2021a) by CAS number. A few SPECIATE species (2,4-toluene diisocyanate, an m & p-

xylene mixture, an m & p-cresol mixture, and a chrysene mixture) were manually mapped to relevant exposure risk values. In 

cases where a species in SPECIATE did not have a CAS or unique structure, a representative structure was used for mapping. 

A relative non-cancer toxicity potential was estimated based on the emitted mass of a species divided by the RfC, and a relative 

cancer toxicity potential was estimated as the product of the emissions and URE (Simon et al., 2010). For species designated 865 

as HAPs but not included in the toxicity value table (U.S. Environmental Protection Agency, 2021a), a RfC of 20 mg m-3 and 

URE of 1x10-8 µg-1 m3, corresponding to the maximum RfC and minimum URE values for known HAPs, were used to provide 

what is potentially a conservative underestimate of risk potential.  

 

Nine species in CRACMM cover 50% of the total cancer and 60% of the total noncancer health riskemission-weighted toxicity 870 

estimated for the anthropogenic and biomass burning emissions for 2017 U.S. conditions (Fig. 6a: ACD, ETEG, ACRO, TOL, 

NAPH, MOH, HCHO, BDE13, and BEN). Toluene (chemistry in Sect. 3.5) is now separated from other aromatics and explicit 

due to its role as a HAP and significant emissions on an individual basis (430 Gg yr-1 in 2017, Fig. 6b) as well as to facilitate 

comparison with routine measurements. Ethylene glycol, toluene, and methanol are, however, not particularly strong drivers 

of cancer and noncancer inhalation toxicity risk potential (Fig. 6b). NAPH (chemistry in Sect. 3.5), ACRO (chemistry in Sect. 875 

3.9), and BDE13 (chemistry in Sect.3.9) are new mechanism species and are estimated to carry significant riskemission-

weighted toxicity (Scheffe et al., 2016) (Fig. 6b). NAPH emissions are dominated by naphthalene (74%) but include POM as 

well, making it an aggregate of HAPs. Naphthalene alone accounts for 70% of the cancer and 98% of the non-cancer 

riskemission-weighted toxicity of NAPH. In the case of ACRO, significant secondary production (not shown in Fig. 6b) is 

expected, and acrolein has been previously shown to be the largest contributor to noncancer inhalation risk in the U.S. (Scheffe 880 

et al., 2016). Given acetaldehyde and formaldehyde are also produced by oxidation of biogenic and anthropogenic emissions, 

the actual coverage of risktoxicity by the 9 major HAP species is likely much higher than estimated based on the emissions 

alone. Previous work including secondary production estimated that acetaldehyde, benzene, formaldehyde, methanol, acrolein, 

1,3-butadiene, and naphthalene represented over 84% of the cancer risk and 93% of the non-cancer respiratory risk effects in 

the U.S. in 2011 (Scheffe et al., 2016). 885 

 

The lumped, slowly reacting ROC (SLOWROC, Sect. 3.1) is 61% HAP by mass with enough inhalation riskemission-weighted 

toxicity to make it the second leading contributor to cancer and noncancer health risk potential out of all CRACMM species 
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(Fig. 6b). Species within SLOWROC have a lifetime against chemical reaction of about 1 month and are typically discarded 

from chemical transport model calculations for that reason. SLOWROC includes ethylene oxide and 1,2-dibromoethane, 890 

among many other species, that individually contribute to high levels of potential cancer risk (2nd and 10th highest emission-

weighted toxicity out of all 188 individual HAPs in this work). Hydrogen cyanide is the most abundant individual species in 

SLOWROC and is the second largest contributor to noncancer health risk potential for all HAPs considered. In standard 

CRACMM applications, SLOWROC concentrations could be used to indicate areas warranting additional investigation, but 

individual compound tracers would be required for studies specifically addressing the health impacts of these longer-lived 895 

pollutants. In CMAQv5.4, additional individual HAPs needed for air toxic assessments (e.g., Scheffe et al., 2016), can be 

added to a chemical mechanism as tracers with reactive decay.  

 

In total, twenty-nine ROC species in CRACMM contain some amount of HAP emissions (Fig. 6a). In terms of species with 

significant HAP emissions by mass, the two lumped, single-ring aromatic hydrocarbon categories (XYE and XYM) are 61 and 900 

67% HAP by mass with ethylbenzene (in XYE) and indene (in XYM) being the largest contributors to cancer risk potential 

and m-xylene (in XYM) and o-xylene (in XYE) being the largest contributors to noncancer health risk potential. The gas-

phase chemistry of XYE is based on ethylbenzene (Sect. 3.5), so XYE could become an explicit HAP in CRACMM with 

changes only to emission mapping (redirecting single-ring species in XYE other than ethylbenzene to XYM). The two aromatic 

IVOCs are about 10% HAP by emitted mass with 2,4-toluene diisocyanate (ROCP5ARO) and aniline (ROCP6ARO) being 905 

the largest HAP contributors by mass as well as in terms of noncancer health risk potential (#5 and #10 out of 188 species). 

ALD (35% HAP) includes the HAP propionaldehyde. OLT (5% HAP by mass) includes acrylonitrile resulting in moderate 

cancer and noncancer health risk potential. Despite the low contributions by mass of HAPs to FURAN, FURAN shows 

moderate contributions to cancer risk potential due to the inclusion of chloroprene.  

 910 

HAPs added in CRACMM provide greater explicit coverage of species contributing to chronic inhalation health risks, and 

many of the species classified as HAPs also contribute substantially to criteria pollutant formation. In total, HAPs are estimated 

to account for about 8% of the total OA formation potential for 2017 U.S. anthropogenic and biomass burning emissions (using 

SAR methods from Sect. 2.1). HAPs, with major contributors being formaldehyde, toluene, acetaldehyde, m-xylene, 1,3-

butadiene, ethylbenzene, o-xylene, acrolein, ethylene glycol, and phenol, are predicted to contribute 31% of the O3 formation 915 

potential for 2017 U.S. anthropogenic and biomass burning emissions. Based on their potential for emission-weighted cancer 

risk (C),toxicity ©, noncancer health risktoxicity (N), and O3 formation potential (O), priority HAPs to consider for purposes 

of protecting public health are: formaldehye (CNO), ethylene oxide (oxi©(C), naphthalenenaphth©ne (C), 1,3-butadiene (CN), 

benzene),©nzene (C), acrolein (N), hydrogen cyanide (N), toluene 2,4-diisocyanate (N), acetaldehyde (O), toluene (O), m-

xylene (O), and methanol (O). 920 
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5 Implications for the Chemical Evolution of ROC 

In this section, CRACMM ROC species are visualized in terms of the carbon oxidation state and degree of oxygenation to 

understand if there are critical gaps in the atmospheric representation of ROC. The mean carbon oxidation state (OSC) of a 

species increases upon oxidation and compounds generally move towards lower 𝑛  and higher OSC as they are chemically 

processed in the atmosphere (Kroll et al., 2011). This view emphasizes SOA as a chemical intermediate on the path toward 925 

smaller and more functionalized compounds with carbon dioxide (OSC = 4) as the ultimate endpoint. Using the CRACMM 

representative structures (Appendix A), each stable ROC species was plotted in the OSC vs 𝑛  space (Fig. 7) using the OSC 

definition of Kroll et al. (2011) considering the number of carbon, hydrogen (𝑛 ), and oxygen (𝑛 ) per molecule and expanded 

to include nitrogen (𝑛 ) and sulfur (𝑛 ) (assuming sulfate and nitrate functionality) as follows: 

OSC = 2×𝑛 : 𝑛  – 𝑛 : 𝑛  – 5×𝑛 : 𝑛  – 6×𝑛 : 𝑛        (1). 930 

 

CRACMM species cover the atmospherically relevant range of ROC oxidation state and 𝑛  (Fig. 7). The largest 𝑛  species in 

CRACMM are alkane-like with 20 to 30 carbons and a low oxidation state consistent with observations of particulate vehicle 

exhaust and ambient hydrocarbon-like organic aerosol (Kroll et al., 2011). Other OA species in CRACMM generally fall in 

the range of 𝑛  and OSC reported for ambient observations of biomass burning organic aerosol, fresh ambient (less oxygenated) 935 

SOA, and aged (more oxygenated) ambient SOA. These ambient observations are based on bulk analysis (Kroll et al., 2011), 

and thus the observed ranges shown do not identify each possible SOA contributor at the molecular level. Monoterpene SOA, 

specifically C10 HOM monomers and C20 HOM dimers, have an oxidation state of ˗0.4 and -0.9, respectively, similar to 

laboratory data (Kroll et al., 2011). Monoterpene SOA has also been linked with the less oxidized (fresh ambient SOA) aerosol 

mass spectrometer (AMS) surrogate (Xu et al., 2018).  940 

 

Two species in CRACMM, the glyoxal and methylglyoxal SOA from uptake in aqueous particles (AGLYJ) and clouds 

(AORGC), have overlap with the observed ambient aged SOA which is often identified via positive matrix factorization 

analysis as a more oxidized oxygenated organic aerosol (MO-OOA) (Zhang et al., 2011). The MO-OOA factor has been linked 

to SOA from aqueous processing (Xu et al., 2017), and 10% by mass of the MO-OOA in the southeast U.S. has been attributed 945 

to low molecular weight carboxylic acids, of which dicarboxylic acids are primarily from aqueous processing (Chen et al., 

2021b). Aqueous isoprene SOA species such as isoprene-derived organosulfates and 2-methyltetrols (𝑛  = 5) match properties 

of known major isoprene SOA constituents (Kroll et al., 2011; Surratt et al., 2010), and aqueous isoprene SOA (not shown in 

Fig. 7) is often resolved separately from MO-OOA. If the aged SOA region described by MO-OOA does represent an 

intermediate through which significant amounts of carbon should pass, additional chemical pathways beyond those from 950 

glyoxal and methylgyloxal may be needed in CRACMM.  
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Other mechanisms besides CRACMM (top of Fig. 7) focus on the more volatile range of ROC. MCM and SAPRC18 include 

a sesquiterpene species with 15 carbons, but otherwise focus on smaller carbon number species. The range in 𝑛  for alkane-

like species in current mechanisms was highlighted in Section 3.1 and never exceeds 12. In terms of aromatics, the largest 955 

aromatic in MCM is a C11 diethyltoluene. SAPRC18 includes some naphthalene-like species with 12 carbons, and RACM2 

represents single ring aromatics with ~9 carbon (Fig. 1, XYM). CB6 has a xylene species with 8 carbons, and RACM2 and 

CB6 both include monoterpenes as their largest species by 𝑛 . CRACMM S/IVOCs with alkane, aromatic, and oxygenated 

structures populate the higher carbon number (𝑛  > 10) space that includes known organic aerosol species as well as precursors 

with high SOA yields and is not covered by current mechanisms due to their focus on gas-phase endpoints. 960 

 

As a complement to OSC, van Krevelen diagrams of 𝑛 : 𝑛  versus 𝑛 : 𝑛  for individual and bulk species have been used to 

provide insight into the evolution of ambient organic aerosol (Heald et al., 2010). Since hydrogen and oxygen are generally 

the most abundant non-carbon elements in organic aerosol, these diagrams can help identify types of chemical 

functionalization. Primary emissions, particularly for alkane-like sources like vehicles tend to reside near an 𝑛 : 𝑛  of two and 965 

𝑛 : 𝑛  of zero. Atmospheric processing generally moves OA towards higher 𝑛 : 𝑛  and lower 𝑛 : 𝑛  with the trajectory 

determined by the abundance of alcohol and peroxide (slope of zero) vs ketone and aldehyde (slope of -2) groups (Heald et 

al., 2010). Mean atmospheric transformation of OA has been observed to occur along a slope of -0.5 (Ng et al., 2011) to -0.6 

(Chen et al., 2015) which reflects either carboxylic acids or a combination of alcohols, peroxides, ketones, and aldehydes. 

Figure 8 (black line) shows the observed trend and range in 𝑛 : 𝑛  from the ambient atmosphere from multiple field campaigns 970 

extended to 𝑛 : 𝑛  of zero for primary source measurements. 

 

The 26 individual particulate organic species in CRACMM span the full range of observed 𝑛 : 𝑛  in bulk OA with excellent 

coverage for 𝑛 : 𝑛  < 0.5 (Fig. 8). The highest observed 𝑛 : 𝑛  conditions (~1.2) were only present in remote regions sampled 

by aircraft as described in the work by Chen et al. (2015). While CRACMM includes species with high 𝑛 : 𝑛 , those species 975 

(glyoxal SOA, isoprene organosulfate SOA, and non-sulfated isoprene SOA) tend to have much higher 𝑛 : 𝑛  than the ambient 

trend suggests. Note that 𝑛 : 𝑛  based on measurement techniques may not include all the oxygen in organosulfate compounds 

and oxidation state is likely a more robust way to measure degree of oxidation than 𝑛 : 𝑛  based on techniques like an AMS 

(Canagaratna et al., 2015). Particularly for the 𝑛 : 𝑛  > 0.5 OA species, CRACMM indicates more hydrogen than ambient 

observations suggest. If the ambient observations are correct, future versions of CRACMM could resolve the overestimate in 980 

𝑛 : 𝑛  by: (1) shifting the representative compound structures (for species like ROCN2OXY8) to reflect more ketones, (2) 

adjusting the assumed change in volatility per oxygen in the secondary oxygenated chemistry (Sect. 3.2), and/or (3) adding 

more chemical channels resulting in condensible ketones, carboxylic acids, or other high 𝑛 : 𝑛 , low 𝑛 : 𝑛  products (e.g., 

photolysis of SOA, Baboomian et al. (2020)). Chen et al. (2015) noted that SOA produced in laboratory experiments was 

generally too low in 𝑛 : 𝑛  at a given 𝑛 : 𝑛  and tended to reside below the black ambient line in Fig. 8. Combined with the 985 
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information from the oxidation state plot (Fig. 7), CRACMM may need SOA species that are both lower in H and higher in O 

and at smaller carbon numbers with implications for aerosol hygroscopicity and mass (Pye et al., 2017). 

 

Chen et al. (2015) noted that SOA produced in laboratory experiments was generally too low in 𝑛 : 𝑛  at a given 𝑛 : 𝑛  and 

tended to reside below the black ambient line in Fig. 8.  CRACMM species, informed by known gas-phase chemistry and 2-D 990 

VBS approaches, being above the ambient trendline suggests that our conceptual picture of atmospheric processing to SOA 

does not match what is observed in laboratory experiments.CRACMM species are above the ambient trendline suggests that 

our conceptual picture of atmospheric processing to SOA, informed by known gas-phase chemistry and 2-D VBS approaches, 

does not match what is observed in laboratory experiments. One possible reason is the preferential sampling of certain chemical 

space in laboratory experiments (Porter et al., 2021). 995 

 

Figures 7 and 8 suggest that chemistry leading to OA needs to be considered in mechanism development to obtain an accurate 

representation of gas and particulate ROC including the correct properties of OA. Accurate properties of OA are critical for 

estimating hygroscopicity with implications for climate (Haywood and Boucher, 2000) as well as fine particle mass (Pye et 

al., 2017). The linkages between gas and particulate endpoints are further emphasized by examining emissions from 1000 

anthropogenic and biomass burning sources of ROC by volatility class and their propagation to endpoints (Fig. 9). Total 

emissions of ROC in 2017 (excluding biogenic VOCs) are estimated at 21 Tg yr-1 with VOCs as the most abundantly emitted 

volatility class of compounds. VOCs dominate ROC HO reactivity accounting for 81% of the total. In addition, the total U.S. 

O3 formation potential is estimated as 47 Tg yr-1 with VOCs accounting for 90% of it (based on the MIR SAR, Fig. 9). Thus, 

across all anthropogenic and biomass burning sources and locations for 2017, VOCs are the dominant contributors to gas-1005 

phase endpoints such as HO reactivity and O3; however, emitted IVOCs (generally excluded from mechanism development) 

make appreciable contributions to estimated gas-phase endpoints (18% of HO reactivity and 10% of the O3 formation 

potential). As a class, the O3 from IVOCs (about 4.5 Tg yr-1) exceeds the O3 estimated for any individual CRACMM species 

in Figure 1. In terms of effective MIR, IVOCs (effective MIR of 1.1 g O3 g-1 ROC) are comparable to HC10 and exceed that 

of BEN, HC3, and ETH. L/SVOCs are not substantial contributors to HO reactivity or O3 formation (~1%) due to slower 1010 

reaction rates (kOH, Fig. 3) and alkane-like structures with less potential for O3 formation (effective MIR 0.14 to 0.27 g O3 g-1 

ROC). The OA potential from ROC emissions in the U.S. (excluding biogenic emissions) is estimated as 5 Tg yr-1 and 

emphasizes the need to consider L/S/IVOCs. Traditional VOCs (effective SOA yield of 5%), are important (14% of total) 

contributors to OA potential, but OA potential is dominated by IVOCs (38%) and S/IVOCs (48%) due to their initially lower 

volatility and ability to become condensible with only small additions in functionality.  1015 
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6 Discussion 

CRACMM provides an integrated approach to the representation of O3, organic aerosol, and many HAPs in air. These 

endpoints are linked as O3, SOA, and secondary HAPs such as formaldehyde and acrolein are products of gas-phase precursor 

emissions including primary HAPs. This section highlights reasons why mechanism development remains important and 

provides specific recommendations for future work based on lessons from CRACMM development. 1020 

 

First, the magnitude and compound identity of ROC emissions is an active area of research and mechanisms need to interface 

with this emerging information. Improving emissions characterization without the accompanying mechanism linkages hinders 

accurate source apportionment and effective air quality management decisions. Much of the work on emissions speciation is 

identifying new species in the IVOC range which has been historically neglected by gas-phase mechanisms but is necessary 1025 

for both O3 and SOA prediction. Emissions speciation work should continue to characterize source profiles in databases and 

other forums at the highest level of individual compound detail available using representative structures when necessary so 

compounds can be easily mapped to mechanisms. In addition, efforts to accurately determine the emissions of individual 

HAPs, especially formaldehyde, acetaldehyde, toluene, m-xylene, and methanol which are important for O3, should be 

leveraged in the preparation of emission inputs for regional chemical transport models even when HAPs are not the primary 1030 

objective. Development of emissions and mechanisms should continue to be an iterative process in which new measurement 

techniques better quantify and identify emissions resulting in new or refined mechanism species. Simultaneously, mechanisms 

can indicate which emitted species are high priority to constrain due to their role in secondary pollutant formation or health 

impacts. 

 1035 

Second, current chemical transport model mechanisms do not characterize the full range of atmospheric ROC and such analysis 

could help identify missing sources of SOA, HO reactivity, formaldehyde, and other secondary HAPs. The ability to account 

for all reactive tropospheric carbon and perform a ROC budget analysis in current mechanisms is limited due to the focus on 

the more volatile range of ROC which excludes lower volatility primary ROC. In addition, some carbon in secondary ROC, 

including species in the volatile range, is discarded in mechanisms like SAPRC07 and RACM2 because of product lumping 1040 

for computational efficiency. For example, the largest organic peroxide in RACM2 is OP2 with two carbons. So, peroxides 

formed from RO2+HO2 reactions for xylene-like aromatics (𝑛  = 9) result in a loss of seven carbon per reaction. In the RACM2 

monoterpene system, eight carbons or 80% of the parent carbon is lost each time a peroxide is formed; and SAPRC07 loses 4 

carbon for each monoterpene peroxide formed. While conservation of emitted mass was a priority for the design of CRACMM 

and more secondary mechanism species were added at the higher carbon numbers (e.g., a C8 and C10 peroxide), the chemical 1045 

scheme in CRACMM is like RACM2 and SAPRC07 in that it does not conserve mass upon reaction for all chemical systems. 

However, by curating structural identifiers (SMILES) for all species in CRACMM, conservation of carbon can now be 

calculated and the importance of lost (or gained) carbon can be examined. The CMAQv5.4 implementation of CRACMM 
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includes an updated chemical mechanism processor that creates an optional diagnostic file containing the elemental balance 

for each CRACMM reaction. Future work will aim to calculate mass balance across the mechanism and use it as a diagnostic 1050 

tool to guide development.  

 

Third, current gas-phase mechanisms do not couple radical chemistry with SOA formation and linking the development 

provides additional constraints for ozone-forming reactions as well as secondary inorganic aerosol production. Particles and 

ozone are inherently linked systems (Ivatt et al., 2022; Womack et al., 2019). Molar yields for SOA are often comparable to 1055 

molar yields of existing gas-phase product channels, and SOA mass should be removed from volatile gas-phase products. 

Properly sequestering products like peroxides in the particle will remove them as a potential photolytic source of radicals that 

release HOX back to the atmosphere. Similarly, sequestering one organic nitrate in the particle-phase could remove one HOX 

and one NO from the gas-phase system. Autoxidation, implemented in CRACMM primarily to produce SOA, effectively 

sequesters radicals since they are generally of sufficiently low volatility to condense. CRACMMv1.0 targeted SOA systems 1060 

for development, but CRACMM updates impact O3 as will be demonstrated for the Northeast U.S. in future companion work. 

(Place et al., in prep.). Future versions of CRACMM should continue to consider chemical channels that lead to both gas-phase 

and particulate products to better constrain O3. 

 

Fourth, linking gas-phase chemistry with SOA formation for the first time enabled the treatment of new SOA precursors with 1065 

implications for the magnitude and source attribution of OA. Organic aerosol is dynamic with properties that evolve as a 

function of precursor and chemical regime and thus need to be considered as part of a holistic treatment of atmospheric 

chemistry. The interconnected nature of aromatic, phenolic, and furan systems highlights why mechanism development should 

consider SOA production alongside gas-phase chemistry. Developing phenolic and furanone gas-phase chemistry without 

consideration of SOA (as in CMAQv5.3.3) neglects a significant SOA source. Specifying SOA yields for phenolic and 1070 

aromatic hydrocarbon precursors without recognizing they are also secondary would duplicate SOA mass. As a result, both 

phenolic and non-phenolic routes to SOA need to be specified consistently. The attribution of aromatic SOA to these two 

routes will affect how much SOA is predicted overall and how it is attributed to various sources. In the case of benzene SOA, 

the more SOA comes from phenol vs non-phenol channels, the higher the total SOA potential of U.S. emissions (as phenol > 

benzene emissions) and larger attribution to sources with high phenol to benzene ratios such as wildland fires and residential 1075 

wood combustion. Previous work estimated oxidation of phenol, naphthalene, and benzene alone can account for 80% of the 

SOA from residential wood combustion (Bruns et al., 2016). The importance of connecting SOA with multigenerational gas-

phase chemistry also applies to the monoterpene system where the fate of terpene nitrates and aldehydes will significantly 

modulate SOA formation. In the case of monoterpene SOA, the allocation of SOA between initial autoxidation, terpene nitrate, 

and aldehyde channels will affect the NOx dependence of total monoterpene SOA and therefore how much is considered 1080 

controllable vs. noncontrollable. The allocation of SOA among different later generation species should continue to be 

evaluated and revised as new information becomes available which will improve source apportionment of fine particle mass. 
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Fifth, new measurement techniques, observational studies, and computational methods are continually improving the 

characterization of many chemical systems, and their results need to be translated to model mechanisms. Autoxidation, a novel, 1085 

atmospherically relevant chemical pathway discovered just under a decade ago (Crounse et al., 2013), will be considered in 

CMAQ for the first time in CRACMMv1.0. Just this year, a new class of atmospherically relevant compounds, hydrotrioxides 

were identified (Berndt et al., 2022). Even for traditional systems, information continues to emerge. For example, benzene 

mechanisms have been historically built on data that characterized about half of the product mass with recent work used to 

inform CRACMMv1.0 reaching ~80% carbon closure (Xu et al., 2020). Measurement techniques and the availability of 1090 

observational data will only further improve, providing more complete data to design and evaluate mechanisms going forward.  

 

Finally, the chemistry of the atmosphere in the U.S. and elsewhere is changing, and previously acceptable representations of 

chemistry may need modification. Autoxidation is one example of a pathway likely to grow in importance, but indications of 

change can be seen in multiple systems. Deposition of nitrogen has shifted from primarily oxidized nitrogen (nitrate) to reduced 1095 

nitrogen (ammonia) (Li et al., 2016). Fine particle mass is no longer dominated by summertime sulfate (Chan et al., 2018), 

and the temperature dependence of summertime urban Northeast U.S. PM2.5 is now being modulated by organic aerosol 

(Vannucci and Cohen, 2022). Particulate sulfur is also becoming increasingly recognized as organic (Riva et al., 2019; Moch 

et al., 2018). At the same time sulfate and nitrate in cloud water have been decreasing at a mountaintop site in the Northeast 

U.S., total organic carbon in cloud water may be increasing (Lawrence et al., 2022). Organic compounds in air are changing 1100 

with total U.S. emissions of anthropogenic ROC going from ~30% lower than NOx in 2002 to exceeding NOx by ~40% in 

2019 (Pye et al., 2022). The composition of ROC is also changing to more oxygenated forms resulting in an average reduction 

in the O3 formation potential of an individual VOC of about 20% due to mixture effects (Venecek et al., 2018). Questions 

chemical transport modeling and mechanisms are being asked to answer are also changing with increasing interest in wildland 

fires (McclureMcClure and Jaffe, 2018), volatile chemical products (Seltzer et al., 2022), and per- and poly-fluoroalkyl 1105 

substances (D’ambro et al., 2021)(D’Ambro et al., 2021) among them. Changes in air pollution sources and questions of 

interest as well as chemical regimes over time require continued mechanism development, and CRACMM is now available as 

a community framework for further development. 

Code and data availability 

EPA’s CompTox Chemicals Dashboard is available at: https://comptox.epa.gov/dashboard (U.S. Environmental Protection 1110 

Agency, 2021c).(U.S. Environmental Protection Agency, 2021d). OPERA predictions of species properties can be obtained 

from the Chemicals Dashboard or for any species with a SMILES using the EPA’s Chemical Transformation Simulator at 

https://qed.epa.gov/cts/ (U.S. Environmental Protection Agency, 2022b).(U.S. Environmental Protection Agency, 2022f). 

SPECIATE is distributed at https://www.epa.gov/air-emissions-modeling/speciate. RDKit version 2020.09.01 was used in 
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python (RDKit, 2020). The implementation of RACM2-AERO6 is available in CMAQ v5.3.3 (U.S. Environmental Protection 1115 

Agency Office of Research and Development, 2019). RACM2 and CRACMMv1 in CMAQ v5.4 will be available on github 

(https://github.com/USEPA/CMAQ) and zenodo.RACM2 and CRACMMv1 in CMAQ v5.4 (released October 2022) are 

available on github (https://github.com/USEPA/CMAQ) and Zenodo (U.S. EPA Office of Research and Development, 2022). 

Supporting data for CRACMM, including the SPECIATE database mapped to CRACMM, input to the Speciation Tool, profile 

files output from Speciation Tool for input to SMOKE, python code for mapping species to CRACMM, chemical mechanism, 1120 

and mechanism metadata is available at https://github.com/USEPA/CRACMM. Specific analyses and scripts used in this 

manuscript such as the 2017 U.S. species-level inventory and code for figures are archived on data.gov and will be available 

at https://doi.org/10.23719/1527956.  
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Tables 

Table 1: Pathways to SOA in CRACMM by system. Some systems include a representation of autoxidation (Auto? = Yes). Actual 
SOA formation in CRACMM is modulated by oxidant concentration (OHHO, NO3, O3), RO2 bimolecular fate (NO/HO2), 
bimolecular RO2 lifetime (τRO2), abundance of the partitioning medium (OA), photolysis (hν), and/or aqueous environment (see 
heterogeneous reactions in Appendix B). When autoxidation is represented but τRO2 is not listed here, autoxidation is assumed to be 1155 
sufficiently fast that it is not modulated by ambient conditions. All SOA is modulated by temperature through gas-phase reaction 
rates and effect of temperature on volatility (not explicitly listed). For estimated yield calculations, typical population-weighted 
values (Porter et al., 2021) of the bimolecular RO2 fate (equal RO2+HO2 and RO2+NO), the bimolecular lifetime (10s), and the 
amount of organic partitioning medium (10 µg m-3) are assumed (if applicable). Estimated yields exclude multigenerational oxidation 
of secondary oxygenated ROC species unless explicitly mentioned. 1160 
 

System Precursor  
Main SOA 

Species 
Scientific Basis Auto? 

Factors 
affecting 

SOA 

Est. Yield 
(Mole 
Frac.) 

Est. Yield 
(Mass 
Frac.) 

Alkane-like systems (Sect. 3.1) 

~C27 
SVOCsa,b 

ROCP1ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

1.0 0.75 

~C24 
SVOCsa,b 

ROCP2ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.98 0.87 

~C21 IVOCsa,b ROCP3ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.86 0.72 

~C18 IVOCsa ROCP4ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.48 0.51 

~C14 IVOCsa ROCP5ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020)  

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.13 0.15 

~C12 IVOCsa ROCP6ALK 
secondary 
oxygenated 
L/S/IVOCs  

GECKO (Lannuque et al., 2018) + 
literature (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.040 0.043 

~C10 VOCs HC10 
secondary 
oxygenated 
L/S/IVOCs 

GECKO (Lannuque et al., 2018) + 
literature  (Praske et al., 2018; 
Vereecken and Nozière, 2020) 

Yes 
OHHO, 
HO2/NO, 
τRO2, OA 

0.0059 0.0083 

~C5 VOCs HC5 ASOAT Emission-based SAR No OHHO 0.0013 0.0037 

~C3 VOCs HC3 ASOAT Emission-based SAR No OHHO 2.8×10-5 0.00013 

Long-lived 
speciesa  

SLOWROC ASOAT Emission-based SAR No OHHO 0.0010 0.0027 

Oxygenated L/S/IVOCs (Sect. 3.2-3.3) 
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Secondary 
oxygenated 
L/SVOCsc 

ROCP0OXY02 
ROCN1OXY06 
ROCN1OXY03 
ROCN1OXY01 

secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 1.02-1.16d 

Secondary 
oxygenated 
SVOCsc 

ROCP1OXY01 
ROCP0OXY04 

secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.85-0.89d 

Secondary 
oxygenated 
SVOCsc 

ROCP2OXY02 
ROCP1OXY03 

secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.63-0.64d 

Secondary 
oxygenated 
IVOCsc 

ROCP3OXY02 
secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.52d 

Secondary 
oxygenated 
IVOCsc 

ROCP4OXY02 
secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.37d 

Secondary 
oxygenated 
IVOCsc 

ROCP5OXY01 
secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.36d 

Secondary 
oxygenated 
IVOCsc 

ROCP6OXY01 
secondary 
oxygenated 
L/S/IVOCs  

Multigeneration 2-D VBS No 
OHHO, 
OA 

d 0.23d 

Multi-
functional ~C8 
peroxides 

OP3 AOP3 
New lumped, semivolatile 
species; Chemistry like RACM 
OP2 

No 
OA, hν, 
OHHO 

0.50e 0.50e 

Emitted 
oxygenated 
IVOCsa 

ROCIOXY ASOAT Emission-based SAR No OHHO 0.15 0.12 

Aromatics and furans (Sect. 3.4-3.5) 

Furanonea  FURANONE ASOAT 
Literature on furans (Bruns et al., 
2016) 

No OHHO 0.040 0.080 

Less volatile 
aromatic 
IVOCsa 

ROCP5ARO 

secondary 
oxygenated 
L/S/IVOCs 
ASOAT 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.37f 0.47f 

More volatile 
aromatic 
IVOCsa 

ROCP6ARO 

secondary 
oxygenated 
L/S/IVOCs, 
ASOAT 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.21f 0.25f 

Naphthalene 
and PAHs 

NAPH 

secondary 
oxygenated 
L/S/IVOCs 
ASOAT 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.21f 0.34f 
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Benzene BEN 
AROCN1O
XY6, 
ASOAT 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018; Ng et al., 2007) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.18f,g 0.44f,g 

Toluene TOL 
AROCN1O
XY6, 
ASOAT 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018; Ng et al., 2007) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.15f,g 0.33f,g 

More reactive 
aromatic 
VOCs 

XYM 

AROCP0O
XY4, 
ASOAT, 
AOP3 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018; Ng et al., 2007) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.28f,g 0.54f,g 

Less reactive 
aromatic 
VOCs 

XYE 

AROCP0O
XY4, 
ASOAT, 
AOP3 

MCM (Bloss et al., 2005) + 
literature (Xu et al., 2020; Molteni 
et al., 2018; Ng et al., 2007) 

Yes 
OHHO, 
HO2, NO, 
OA 

0.28f,g 0.50f,g 

Phenol and 
aromatic diolsa  

PHEN ASOAT 
Literature including benzene 
constraints (Bruns et al., 2016; Ng 
et al., 2007; Zhang et al., 2014) 

No OHHO 0.15 0.28 

Cresolsa CSL ASOAT 

Literature including 
xylene+toluene constraints (Bruns 
et al., 2016; Ng et al., 2007; 
Zhang et al., 2014) 

No OHHO 0.20 0.29 

Sesquiterpenes (Sect. 3.6) + Monoterpenes (Sect. 3.7) 

Sesquiterpenes SESQ 
secondary 
oxygenated 
L/S/IVOCs 

MCM (Jenkin et al., 2012) + 
literature (Richters et al., 2016) 

Yes 

OHHO, 
NO3, O3, 
HO2, NO, 
OA 

OHHO: 
0.52,  

O3: 0.028, 
NO3: 0.46 

OHHO: 
0.60, O3: 

0.034, 
NO3: 0.45 

α-pinene and 
similar 

API 
AHOM, 
AELHOM 

Literature (Nozière et al., 1999; 
Berndt et al., 2016; Piletic and 
Kleindienst, 2022; Zhao et al., 
2018; Jokinen et al., 2015) 

Yes 
OHHO, 
NO3, O3, 
HO2, NO 

OHHO, 
NO3: 
0.11,h 

O3: 0.13h 

OHHO, 
NO3: 
0.21,h 

O3: 0.24h 

limonene and 
similar 

LIM 
AHOM, 
AELHOM 

Literature (Piletic and 
Kleindienst, 2022; Zhao et al., 
2018; Jokinen et al., 2015) 

Yes 
OHHO, 
NO3, O3, 
HO2, NO 

OHHO, 
NO3: 
0.16,h 

O3: 0.21h 

OHHO, 
NO3: 
0.30,h 

O3: 0.38h 

Pinonaldehyde
a 

PINAL AHOM 
MCM (Saunders et al., 2003) + 
RACM2 photolysis + assumed 
autoxidation 

Yes 
OHHO, 
τRO2 

Phot: see 
HC10 

OHHO: 
0.21 

OHHO: 
0.31  

Limonene-like 
aldehydesa  

LIMAL AHOM 
MCM (Saunders et al., 2003) + 
RACM2 photolysis + assumed 
autoxidation 

Yes 
OHHO, O3, 
τRO2 

Phot: See 
HC10 

OHHO: 
0.64, 

O3: <1% 

OHHO: 
0.95 

Terpene 
peroxides 

OPB see HC10 
New volatile biogenic peroxide, 
Chemistry like RACM2 OP2 

No 
OH, 
OHHO, hν 

OHHO: 
<1% 

-- 

Terpene 
nitrates 

TRPN AHOM Literature (Zare et al., 2019) No 
OHHO, 
NO3, O3 

1.0 1.16 
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Aqueous Systems (Sect. 3.8) 

Isoprene 
epoxydiols  

IEPOX 
AISO3NOS, 
AISO3OS 

CMAQ AERO6-7 (Pye et al., 
2017; Pye et al., 2013) 

No 

Particle 
pH, liquid 
water, 
sulfate, size 
distribution 

Variable Variable 

Glyoxal + 
methylglyoxal 
uptake to 
particles  

GLY, MGLY AGLY 
CMAQ AERO6-7 (Pye et al., 
2015) 

No 
Particle 
size 
distribution 

Variable Variable 

Glyoxal + 
methylglyoxal 
uptake in 
clouds  

GLY, MGLY AORGC 
CMAQ AERO5-7 (Carlton et al., 
2008)  

No OHHO Variable Variable 

aNew SOA precursor system compared to CMAQ AERO6-7 (Appel et al., 2021). 

bROCN2ALK, ROCN1ALK, ROCP0ALK, ROCP1ALK, ROCP2ALK, and ROCP3ALK can partition directly to particles 

and form POA (See Sect. 3.1). Yields here are for chemical reaction. 

cWhile these species are envisioned as secondary, oxygenated semivolatile emissions from sources such as biomass burning 1165 

could be mapped to this system based on volatility. 

dCalculated for 12 hours of reaction time across multiple generations. Only mass-based yields are provided. See Fig. 4. 

eBased on semivolatile partitioning of OP3. Further reaction of OP3 with HO produces <1% molar yield of SOA. 

fSOA yield includes furanone route contributions. 

gSOA yield includes phenolic (PHEN or CSL) route contributions. 1170 

hSOA yield includes complete further reaction of TRPN but not aldehydes (PINAL or LIMAL). 
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Figures 

Figure 1: Emission-weighted number of carbon per molecule of individual ROC species grouped by CRACMM species. Violin plots 1175 
(with shaded colors for families of species in Sect. 3)3 that are either new or substantially updated compared to RACM2.) are 
weighted by the magnitude of U.S. anthropogenic and biomass burning emissions in 2017. Overlaid boxplots indicate the 25th 
percentile, median, and 75th percentile values. Whiskers extend from the minimum to maximum properties for species with emissions 
>100 Mg yr-1. CMAQ v5.3.3 values are for RACM2 with the aerosol module AERO6 or represent an individual HAP from CMAQ. 
In some cases, the CMAQv5.3.3 values represent similar species from RACM2 (e.g., HC8 values at CRACMM HC10). Emission 1180 
magnitudes by species are available in supporting data Table D2. 
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Figure 2: Same as Fig. 1 except the property displayed is the saturation concentration in log10(𝑪𝒊
∗). 
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Figure 3: Same as Fig. 1 except the property displayed is the HO rate constant estimated by OPERA. 
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Figure 4: Organic aerosol yield and bulk 𝐧𝑶: 𝐧𝑪 predicted by the CRACMM oxygenated ROC aging mechanism (Sect. 3.2) and the 
2D-VBS configuration reported by Zhao et al. (2016). The saturation ratiox axis is defined as 𝒍𝒐𝒈𝟏𝟎(𝑪𝑶𝑨/𝑪𝒊

∗)(𝑪𝟎
∗ /𝑪𝑶𝑨) where COA 1190 

is the background OA concentration and 𝑪𝒊
∗𝑪𝟎

∗  is the saturation concentration of the precursor. The aging of each species is 
simulated at a constant HO concentration of 106 molec cm-3 for 12 hours (darker colors) and 2.5 days (lighter colors) at four 
different COA conditions (0.1, 1, 10, and 100 μg m-3). In cases where multiple predictions are present for the same saturation ratio, 
values are averaged. 

  1195 

  



 

46 
 

 

 

 

  1200 



 

47 
 

Figure 5: Molar flows to organic aerosol in the aromatic + phenolic + furan systems for 2017 U.S. emissions. Bimolecular RO2 
reactions are split equally between RO2+NO and RO2+HO2 with the fraction of products undergoing autoxidation as specified in 
CRACMM. Partitioning of semivolatile species is calculated for 10 μg m-3 of organic aerosol. Precursor species include: toluene 
(TOL), m-xylene and more reactive aromatic VOCs (XYM), benzene (BEN), ethylbenzene and less reactive aromatic VOCs (XYE), 
phenolic species (PHEN), cresols (CSL), naphthalene and PAHs (NAPH), and other IVOC aromatics of higher (ROCP6ARO) and 1205 
lower (ROCP5ARO) volatility. Aqueous pathways to SOA from glyoxal and methylglyoxal are not shown. Products that do not lead 
to OA are not shown but are indicated by the outflow from a species being smaller than the inflow. Red flows indicate emissions. 
Purple flows indicate hydroxyl radical oxidation chemistry. Blue flows indicate partitioning to the condensed phase. 
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Figure 6: Distribution of hazardous air pollutants (HAPs) across CRACMM emitted species. Panel (a) indicates the mass fraction 
of 2017 U.S. anthropogenic and biomass burning ROC emissions by CRACMM species that are HAPs (blue). Panel (b) indicates the 
magnitude of emissions in Tg yr-1 by CRACMM species (bars) and the relative potentialemission-weighted toxicity for cancer (x) or 
noncancer (+) risks to health effects. Cancer and noncancer health riskstoxicity are normalized for purposes of display such that the 
species with the maximum relative riskvalue in each category is 3. Health risks are only shown for CRACMM species that contain 1215 
non-zero amountsemissions of HAPs. This data is available in the supplementary archive as Table D3. 
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 1220 
Figure 7: Mean carbon oxidation state (OSC) and number of carbon atoms per molecule (nC) for all stable ROC species. Filled circles 
indicate at least one particulate species present in CRACMM. Black circles indicate the presence of at least one gas species in 
CRACMM. Grey ellipses indicate approximate ranges of observation-based bulk OSC and nC from the work by Kroll et al. (2011) 
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for hydrocarbon-like OA (vehicle emissions and ambient hydrocarbon-like organic aerosol), biomass burning OA, fresh ambient 
SOA, and aged ambient SOA. Grey bars indicate nC coverage in mechanisms other than CRACMM. 1225 
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Figure 8: Molar hydrogen to carbon (𝒏𝑯: 𝒏𝑪) and oxygen to carbon (𝒏𝑶: 𝒏𝑪) ratios of CRACMM particulate ROC species. Color 
indicates the mean carbon oxidation state (OSC). The observed trajectory trendline with slope of -0.6 is based on ambient 
measurements assembled by Chen et al. (2015) and extended to laboratory systems with 𝒏𝑶: 𝒏𝑪 near zero. Three CRACMM species 
are labeled: glyoxal SOA (AGLY), isoprene-derived organosulfates (AISO3OS), and non-sulfated isoprene SOA represented as 2-1235 
methyltetrols (AISO3NOS). 
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Figure 9: Anthropogenic and wood-burning ROC emissions and their relative potential HO reactivity (OHR), ozone (O3) formation, 1240 
and OA for 2017 U.S. conditions by volatility class. Biogenic VOCs (BVOC) are not considered here. Ozone and OA formation 
potentials are calculated using the MIR and OA simple SAR approaches from Sect. 2.1. Metrics are aggregated from the individual 
species level to volatility classes: low volatility organic compounds (LVOC), semivolatile organic compounds (SVOC), intermediate 
volatility organic compounds (IVOC), and volatile organic compounds (VOC). 
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Appendix A: ROC Species in CRACMM and their description, phase (Phs) in which they can exist (G=gas, P=particle), 
and SMILES for representative compound structure. Appendix A along with additional ROC species information is 1250 
also available in csv format in the data archive associated with this work (Table D1). Species properties such as 
molecular weights are determined from the representative structure except in the case of highly empirical species 
(SLOWROC, ROCIOXY, ASOAT). In CMAQ, aerosol species reside in Aitken, accumulation, and/or coarse modes 
and are appended with the letter to indicate the size mode. Prepending of species with a V or A (e.g., in Appendix B) 
indicates gas or particulate phase. 1255 

Species Description Phs Representative Compound 
ACD Acetaldehyde  G CC=O 
ACE Acetylene  G C#C 
ACO3 Acetyl peroxy radicals G CC(=O)O[O] 
ACRO Acrolein G C=CC=O 
ACT Acetone G CC(C)=O 
ACTP Peroxy radicals formed from ACT G CC(=O)CO[O] 
ADCN Aromatic-NO3 adduct from PHEN G OC1=C[C]C(O[N+]([O-])=O)C=C1 
ADDC Aromatic-HO adduct from CSL G CC1=CC(O)=CC([O])C1 
AGLY SOA from reactive uptake of glyoxal on particles P OC2OC(C1OC(O)C(O)O1)OC2O 
AISO3NOS Non-sulfated SOA from IEPOX uptake P C(O)C(O)(C)C(O)CO 
AISO3OS Organosulfate SOA from IEPOX uptake P C(O)C(OS(O)(=O)(=O))(C)C(O)CO 
ALD C3 and higher aldehydes G CCC=O 
AORGC SOA from cloud processing of GLY and MGLY P OC2OC(C1OC(O)C(O)O1)OC2O 
API Alpha-pinenes and cyclic terpenes with one double bond G CC1=CCC2CC1C2(C)C 

APINP1 
Peroxy radicals from API+NO3 that do not undergo 
autoxidation 

G [O]OC1(C)C(ON(=O)=O)CC2CC1C2(C)C 

APINP2 Peroxy radicals from API+NO3 that undergo autoxidation G [O]OC1(C)C(ON(=O)=O)CC2CC1C2(C)C 

APIP1 
Peroxy radicals from API+HO that do not undergo 
autoxidation 

G [O]OC1(C)C(O)CC2CC1C2(C)C 

APIP2 Peroxy radicals from API+HO that undergo autoxidation G [O]OC1(C)C(O)CC2CC1C2(C)C 
ASOAT An empirical SOA P CC(=O)C(C(C(C(CO)O)O)O)O 
BAL1 Peroxy radicals formed from BALD  G [O]OC1=CC=C(C)C=C1 
BAL2 Peroxy radicals formed from BALD  G [O]OC1=CC=CC=C1 
BALD Benzaldehyde and other aromatic aldehydes G O=CC1=CC=CC=C1 
BALP Peroxy radicals formed from BALD  G O=C(O[O])C1=CC=CC=C1 
BDE13 1,3-butadiene G C=CC=C 
BDE13P Peroxy radicals from BDE13 G C=CC(O[O])CO 
BEN Benzene G C1=CC=CC=C1 
BENP Peroxy radicals formed from benzene G [O]OC1C=CC2OOC1C2O 
CHO Phenoxy radical formed from CSL G [O]C1C=C(C)C(O)C(=C1)C 
CO Carbon monoxide G [C-]#[O+] 
CSL Cresol and other hydroxy substituted aromatics  G CC(C)(O)C1=CC=CC=C1 
DCB1 Unsaturated dicarbonyls G O=CC=C(C)C=O 
DCB2 Unsaturated dicarbonyls G O=CC(=CC(=O)C)C 
DCB3 Unsaturated dicarbonyls G O=CC=CC=O 

ELHOM 
Extremely-low volatility highly oxygenated molecules 
from terpenes 

GP 
OC1CC2C(OOC2(C)C)C(OOC3(C)C4 

C(C)(C)C(C4)CC3O)C1(C)OO 
EOH Ethanol G CCO 
ETE Ethene  G C=C 
ETEG Ethylene glycol G OCCO 
ETEP Peroxy radicals formed from ETE G OCCO[O] 
ETH Ethane  G CC 
ETHP Peroxy radicals formed from ethane and other species  G CCO[O] 
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FURAN Furans and other dienes G O=CC1=CC=CO1 
FURANO2 Peroxy radicals from FURAN oxidation G OC1C=CC(O1)(O[O])(C=O) 
FURANONE Ring-retaining ketone product from FURAN oxidation G C1=CC(=O)OC1O 
GLY Glyoxal and glycoaldehydes  G O=CC=O 

HC10 
Alkanes and other species with HO rate constant greater 
than 6.8×10-12 molec cm-3 sec-1 

G CCCCCCCCCC 

HC10P Peroxy radicals formed from HC10  G CCCCCCCC(CC)O[O] 
HC10P2 Hydroxy peroxy radicals from HC10P alkoxy product G CCCCC(O[O])CCC(O)CC 

HC3 
Alkanes and other species with HO rate constant less than 
3.4×10-12 molec cm-3 sec-1 

G CCC 

HC3P Peroxy radicals formed from HC3 G CC(C)O[O] 

HC5 
Alkanes and other species with HO rate constant between 
3.4×10-12 and 6.8×10-12 molec cm-3 sec-1 

G CCCCC 

HC5P Peroxy radicals formed from HC5 G CCC(O[O])CC 
HCHO Formaldehyde  G C=O 
HKET Hydroxy ketone  G CC(=O)CO 
HOM Highly oxygenated molecules from terpenes GP OC1CC2C(OOC2(C)C)C(OO)C1(C)OO 
IEPOX Isoprene epoxydiols  G OCC1OC1(C)CO 
ISHP Beta-hydroxy hydroperoxides from ISOP+HO2 G C=CC(OO)(CO)C 
ISO Isoprene  G CC(=C)C=C 

ISON 
Beta-hydroxyalkylnitrates from ISOP+NO alkylnitrates 
from ISO+NO3 

G OCC(C)(C=C)ON(=O)=O 

ISOP Peroxy radicals formed from ISO+HO  G OCC(O[O])C(C)=C 
KET Ketones G CCC(=O)CC 
KETP Peroxy radicals formed from KET G CCC(C(C)O[O])=O 
LIM Δ-limonene and other cyclic diene-terpenes  G CC(=C)[C@@H]1CCC(C)=CC1 
LIMAL Limonene aldehyde and similar LIM-derived aldehydes G O=CCC(CCC(=O)C)C(=C)C 
LIMALP Peroxy radicals from LIMAL G O=CCC(CCC(=O)C)C(C)(CO)O[O] 

LIMNP1 
Peroxy radicals from LIM+NO3 that do not undergo 
autoxidation 

G [O-][N+](=O)OC1CC(CCC1(C)O[O])C(=C)C 

LIMNP2 Peroxy radicals from LIM+NO3 that undergo autoxidation G [O-][N+](=O)OC1CC(CCC1(C)O[O])C(=C)C 

LIMP1 
Peroxy radicals from LIM+HO that do not undergo 
autoxidation 

G [O]OC1(C)CCC(CC1O)C(=C)C 

LIMP2 Peroxy radicals from LIM+HO that undergo autoxidation G [O]OC1(C)CCC(CC1O)C(=C)C 
MACP Peroxy radicals formed from MACR+HO G CC(=C)C(=O)O[O] 
MACR Methacrolein and other C4 aldehydes  G CC(=C)C=O 
MAHP Hydroperoxides from MACP+HO2  G C=C(C)C(OO)=O 

MCP 
Peroxy radical formed from MACR+HO which does not 
form MPAN 

G OCC(C)(O[O])C=O 

MCT Methyl catechol G CC1=CC(O)=C(O)C=C1 
MCTO Alkoxy radical formed from MCT+HO and MCT+NO3 G CC1=CC(O)=CC([O])=C1 
MCTP Radical formed from MCT+O3 reaction  G CC(/C=C\[C](O[O])O)=C/C(O)=O 
MEK Methyl ethyl ketone G CCC(C)=O 
MEKP Peroxy radicals formed from MEK G [O]OCCC(=O)C 
MGLY Methylglyoxal and other α-carbonyl aldehydes  G CC(=O)C=O 
MO2 Methyl peroxy radical G CO[O] 
MOH Methanol  G CO 

MPAN 
Peroxymethacryloylnitrate and other higher 
peroxyacylnitrates from isoprene oxidation 

G O=N(=O)OOC(=O)C(=C)C 

MVK Methyl vinyl ketone G CC(=O)C=C 
MVKP Peroxy radicals formed from MVK G CC(=O)C(O)CO[O] 
NALD Nitrooxyacetaldehyde  G O=CCON(=O)=O 
NAPH Naphthalene and other PAHs G C1=CC2=CC=CC=C2C=C1 
NAPHP Peroxy radicals from NAPH oxidation G C12=CC=CC=C1C3OOC(C3O[O])C2(O) 
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OLI Internal alkenes  G CC=C(C)C 
OLIP Peroxy radicals formed from OLI G [O]OC(C)(C)C(C)O 
OLND NO3-alkene adduct reacting via decomposition  G CC(O[O])CO[N+]([O-])=O 
OLNN NO3-alkene adduct reacting to form carbonitrates + HO2  G CC(O[O])CO[N+]([O-])=O 
OLT Terminal alkenes  G CC=C 
OLTP Peroxy radicals formed from OLT G CC(CO)O[O] 
ONIT Organic nitrates G CCC(C)O[N+](=O)[O-] 
OP1 Methyl hydrogen peroxide  G COO 
OP2 Higher organic peroxides  G CCOO 
OP3 Semivolatile organic peroxide GP CCC(=O)CC(OO)C(O)CC 
OPB Terpene-derived peroxides G OOC1(C)C(O)CC2CC1C2(C)C 
ORA1 Formic acid G OC=O 
ORA2 Acetic acid and higher acids  G CC(O)=O 
ORAP Peroxy radical formed from ORA2 + HO reaction G [O]OCC(=O)O 
PAA Peroxyacetic acids and higher analogs G CC(=O)OO 
PAN Peroxyacetyl nitrate and higher saturated PANs  G CC(=O)OON(=O)=O 
PHEN phenol and benzene diols G OC1=CC(O)=CC=C1 
PINAL Pinonaldehyde and similar APIN-derived aldehydes G O=CCC1CC(C(=O)C)C1(C)C 
PINALP Peroxy radicals from PINAL oxidation G O=CCC1(O[O])CC(C(=O)C)C1(C)C 
PPN Peroxypropionyl nitrate G CCC(=O)OO[N+](=O)[O-] 
PROG Propylene glyocol and other 3 carbon dialcohols G CC(O)CO 
RCO3 Higher saturated acyl peroxy radicals G CCC(=O)O[O] 

ROCIOXY 
Intermediate volatility oxygenated ROC species (directly 
emitted) 

G 
C[Si]1(C)O[Si](C)(C)O[Si](C)(C)O[Si](C)(C)O

[Si](C)(C)O1 

ROCN1ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  GP 
CCCCCCCCCCCCCCCCCCC(C)CCCC(C)CC

CC 
ROCN1OXY1 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.1 GP CCCCCCCCCCCCCCCCCCCC(=O)O 
ROCN1OXY3 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and n : n  of 0.3 GP C(CCCCCC(=O)O)CCCCC(=O)O 
ROCN1OXY6 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.6 GP C(CCC(C(=O)O)O)CCC(=O)O 

ROCN2ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚   GP 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C 
ROCN2OXY2 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.2 GP C#CCCC[C@H](CCCCCCCCCCC(=O)O)O 
ROCN2OXY4 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.4 GP C(CCCCC(=O)O)CCCC(C(=O)O)O 
ROCN2OXY8 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.8 GP CC(=O)C(C(C(C(CO)O)O)O)O 
ROCP0ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  GP CCCCCCCCCCCCCCCCC(C)CCCCCCCCCC 
ROCP0OXY2 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.2 GP CCCCCCCCCCCC(=O)CC(=O)O 
ROCP0OXY4 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.4 GP C(CCCCC(=O)O)CCCC(=O)O 
ROCP1ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  GP CCCCCCCCCCCCCCCCCCCCCCCCCCC 

ROCP1ALKP Peroxy radicals from ROCP1ALK oxidation G 
CCCCCCCCCCCCCCCCCCCCCCCCC(CC)O

[O] 

ROCP1ALKP2 Hydroxy peroxy radicals from ROCP1ALK alkoxy product G 
CCCCCCCCCCCCCCCCCCCCCC(O[O])CCC

(O)CC 
ROCP1OXY1 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.1 GP CCCCCCCCCCCCCCCCC(=O)O 
ROCP1OXY3 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.3 GP C(CCCCCO)CCCCC(=O)O 
ROCP2ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  GP CCCCCCCCCCCCCCCCCCCCCCCC 
ROCP2ALKP Peroxy radicals from ROCP2ALK oxidation G CCCCCCCCCCCCCCCCCCCCCC(CC)O[O] 

ROCP2ALKP2 Hydroxy peroxy radicals from ROCP2ALK alkoxy product G 
CCCCCCCCCCCCCCCCCCC(O[O])CCC(O)C

C 
ROCP2OXY2 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.2 GP CCCCCCCCCCCC(=O)O 
ROCP3ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  GP CCCCCCCCCCCCCCCCCCCCC 
ROCP3ALKP Peroxy radicals from ROCP3ALK oxidation G CCCCCCCCCCCCCCCCCCC(CC)O[O] 
ROCP3ALKP2 Hydroxy peroxy radicals from ROCP3ALK alkoxy product G CCCCCCCCCCCCCCCC(O[O])CCC(O)CC 
ROCP3OXY2 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.2 GP C(CCCCCO)CCCCC=O 
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ROCP4ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  G CCCCCCCCCCCCCCCCCC 
ROCP4ALKP Peroxy radicals from ROCP4ALK oxidation G CCCCCCCCCCCCCCCC(CC)O[O] 
ROCP4ALKP2 Hydroxy peroxy radicals from ROCP4ALK alkoxy product G CCCCCCCCCCCCC(O[O])CCC(O)CC 
ROCP4OXY2 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.2 G CCCCCC(CC)C(=O)O 
ROCP5ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  G CCCCCCCCCCCCCC 
ROCP5ALKP Peroxy radicals from ROCP5ALK oxidation G CCCCCCCCCCCC(CC)O[O] 
ROCP5ALKP2 Hydroxy peroxy radicals from ROCP5ALK alkoxy product G CCCCCCCCC(O[O])CCC(O)CC 
ROCP5ARO Aromatic ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  G CCCCCCCCC1=CC=CC=C1 
ROCP5AROP Peroxy radicals from ROCP5ARO oxidation G CCCCCCCCC1(OO2)C=CC(O[O])C2C1O 
ROCP5OXY1 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.1 G CCCCCCCCCCC=O 
ROCP6ALK Alkane-like ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  G CCCCCCCCCCCCC 
ROCP6ALKP Peroxy radicals from ROCP6ALK oxidation G CCCCCCCCCCC(CC)O[O] 
ROCP6ALKP2 Hydroxy peroxy radicals from ROCP6ALK alkoxy product G CCCCCCCC(O[O])CCC(O)CC 
ROCP6ARO Aromatic ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  G CCCCCCC1=CC=C(C)C=C1 
ROCP6AROP Peroxy radicals from ROCP6ARO oxidation G OC1C2C(CCCCCC)(O[O])C=CC1(C)OO2 
ROCP6OXY1 Oxygenated ROC, 𝐶∗ = 10 𝜇𝑔 𝑚  and 𝑛 : 𝑛  of 0.1 G CCCCCCCCC=O 
ROH C3 and higher alcohols  G CCCO 
SESQ Sesquiterpenes  G C/C1=C/CCC(=C)C2CC(C)(C)C2CC\1 

SESQNRO2 Peroxy radicals from SESQ reaction with nitrate radicals G 
[O]OC1(C)CCC2C(CC2(C)C)C(=C)CCC1O[N

+](=O)[O-] 
SESQRO2 Peroxy radicals from SESQ reaction with OHHO G [O]OC1(C)CCC2C(CC2(C)C)C(=C)CCC1O 
SLOWROC Slowly reacting ROC with kOH< 3.5×10-13 molec cm-3 sec-1 G C#N 
TOL Toluene  G CC1=CC=CC=C1 
TOLP Peroxy radicals formed from TOL G [O]OC1C=CC2(C)OOC1C2O 
TRPN Terpene nitrates G O=N(=O)OC1(C)C(O)CC2CC1C2(C)C 
UALD Unsaturated aldehydes G CC=C(C)C=O 
UALP Peroxy radicals formed from UALD  G CC(O[O])C(C)(O)C=O 

XYE 
O- and p-xylene and other less reactive volatile aromatics 
with kOH < 1.46×10-11 molec cm-3 sec-1  

G CCC1=CC=CC=C1 

XYEP Peroxy radicals formed from XYE G [O]OC1C=CC2(CC)OOC1C2O 

XYM 
M-xylene and other more reactive volatile aromatics with 
kOH > 1.46×10-11 molec cm-3 sec-1 

G CC1=CC(C)=CC=C1 

XYMP Peroxy radicals formed from XYM G [O]OC1C=CC2(C)OOC1(C)C2O 
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Appendix B: Chemistry of CRACMM v1.0. For photolysis and heterogenous reactions (rate constant values not 
provided), rates depend on radiation, predicted concentrations, and/or other conditions, so a reference to the 
underlying data and formulation is provided. Rate constant values (k), if provided, are specified at 298.15 K, 
M=2.4615×1019 molecules cm-3, and 1.00 atm. This information is also available in the supporting data archive as a 1260 
mechanism text file (mech_cracmm1_aq.def) compatible with CMAQand in CMAQv5.4. Partitioning of condensible 
organics is not listed here, and CMAQ assumes equilibrium partitioning calculated via operator splitting separate from 
the kinetic chemistry. 

N CMAQ Label Reaction Rate Constant Formulaa,b,c k (molec cm-3 
sec-1 or s-1) 

1 
R001 O3 → O3P σ from Sander et al. (2011); 

φ = 1.0 - φ of O3 (Reaction 
2) 

Not 
Applicable 

2 
R002 O3 → O1D σ and φ from Sander et al. 

(2011)  
Not 

Applicable 

3 
R003 H2O2 → 2.000*HO σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

4 
R004 NO2 → O3P + NO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

5 
R005 NO3 → NO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

6 
R006 NO3 → O3P + NO2 σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

7 
R007 HONO → HO + NO σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

8 
R008 HNO3 → HO + NO2 σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

9 
R009 HNO4 → 0.200*HO + 0.800*HO2 + 0.800*NO2 + 0.200*NO3 σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

10 
R010 HCHO → CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

11 
R011 HCHO → 2.000*HO2 + CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

12 
R012 ACD → HO2 + MO2 + CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

13 

R013 ALD → HO2 + ETHP + CO σ from Burkholder et al. 
(2019);  

φ from Heicklen et al. (1986) 
and IUPAC datasheet P3 
(updated 16th May 2002) 

Not 
Applicable 

14 
R014 ACT → MO2 + ACO3 σ and φ from Burkholder et 

al. (2019) 
Not 

Applicable 

15 
R014a ACT → 2.000*MO2 + CO σ and φ from Burkholder et 

al. (2019)  
Not 

Applicable 

16 
R015 UALD → 1.220*HO2 + 0.784*ACO3 + 1.220*CO + 0.350*HCHO 

+ 0.434*ALD + 0.216*KET 
σ and φ from Magneron et 

al. (2002); uses 
crotonaldehyde 

Not 
Applicable 

17 
TRP01 PINAL → HO2 + HC10P + CO Uses data for ALD (Reaction 

13) 
Not 

Applicable 

18 
TRP02 LIMAL → HO2 + HC10P + CO Uses data for ALD (Reaction 

13) 
Not 

Applicable 

19 
R016 MEK → 0.100*MO2 + ETHP + 0.900*ACO3 + 0.100*CO σ from Brewer et al. (2019); 

φ from IUPAC datasheet P8 
(5th December 2005) 

Not 
Applicable 
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N CMAQ Label Reaction Rate Constant Formulaa,b,c k (molec cm-3 
sec-1 or s-1) 

20 
R017 KET → 1.500*ETHP + 0.500*ACO3 + 0.500*CO σ from Brewer et al. (2019); 

φ from IUPAC datasheet P8 
(5th December 2005) 

Not 
Applicable 

21 

R018 HKET → HO2 + ACO3 + HCHO σ from Yujing and Mellouki 
(2000); φ from IUPAC 

datasheet P8 (5th December 
2005)  

Not 
Applicable 

22 
R019 MACR → 0.340*HO + 0.660*HO2 + 0.670*ACO3 + 0.330*MACP 

+ 0.340*XO2 + 0.670*CO + 0.670*HCHO 
σ and φ from Sander et al. 

(2011)   

Not 
Applicable 

23 
R020 MVK → 0.300*MO2 + 0.300*MACP + 0.700*CO + 0.700*UALD σ and φ from Sander et al. 

(2011)  
Not 

Applicable 

24 
R021 GLY → 2.000*CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

25 
R022 GLY → HCHO + CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

26 
R023 GLY → 2.000*HO2 + 2.000*CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

27 
R024 MGLY → HO2 + ACO3 + CO σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

28 
R025 DCB1 → 1.500*HO2 + 0.250*ACO3 + 0.200*XO2 + CO + 

0.500*GLY + 0.500*MGLY 
Uses data for MGLY 

(Reaction 27) 
Not 

Applicable 

29 
R026 DCB2 → 1.500*HO2 + 0.250*ACO3 + 0.200*XO2 + CO + 

0.500*GLY + 0.500*MGLY 
Uses data for MGLY 

(Reaction 27) 
Not 

Applicable 

30 
R027 BALD → CHO + HO2 + CO σ and φ from SAPRC07 

(Carter, 2010) 
Not 

Applicable 

31 
R028 OP1 → HO + HO2 + HCHO σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

32 
R029 OP2 → HO + HO2 + ALD Uses data for OP1 (Reaction 

31) 
Not 

Applicable 

33 
TRP03 OPB → HO + HO2 + ALD Uses data for OP1 (Reaction 

31) 
Not 

Applicable 

34 
R029a OP3 → HO + HO2 + ALD Uses data for OP1 (Reaction 

31) 
Not 

Applicable 

35 
R030 PAA → HO + MO2 σ from Sander et al. (2011); 

φ = 1.0 
Not 

Applicable 

36 
R031 ONIT → HO2 + NO2 + 0.200*ALD + 0.800*KET σ from Talukdar et al. 

(1997); φ = 1.0 
Not 

Applicable 

37 
R032 PAN → ACO3 + NO2 σ and φ from Sander et al. 

(2011) 
Not 

Applicable 

38 
R033 PAN → MO2 + NO3 σ from Sander et al. (2011); 

φ = 1.0 - φ of PAN in 
Reaction 36 

Not 
Applicable 

39 R034 O3 + HO → HO2 1.70×10-12exp(-940.00/T) 7.26×10-14 
40 R035 O3 + HO2 → HO 1.00×10-14exp(-490.00/T) 1.93×10-15 
41 R036 O3 + NO → NO2 3.00×10-12exp(-1500.00/T) 1.96×10-14 
42 R037 O3 + NO2 → NO3 1.20×10-13exp(-2450.00/T) 3.24×10-17 
43 R038 O3P + O2 + M → O3 6.10×10-34(T/300) -)-2.40 6.19×10-34 
44 R039 O3P + O3 → 8.00×10-12exp(-2060.00/T) 7.99×10-15 
45 R040 O1D + O2 → O3P 3.30×10-11exp(55.00/T) 3.97×10-11 
46 R041 O1D + N2 → O3P 2.15×10-11exp(110.00/T) 3.11×10-11 
47 R042 O1D + H2O → 2.000*HO 1.63×10-10exp(60.00/T) 1.99×10-10 
48 R043 HO + H2 → HO2 2.80×10-12exp(-1800.00/T) 6.69×10-15 

Formatted: Superscript
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N CMAQ Label Reaction Rate Constant Formulaa,b,c k (molec cm-3 
sec-1 or s-1) 

49 R044 HO + HO2 → 4.80×10-11exp(250.00/T) 1.11×10-10 

50 
R045 HO2 + HO2 → H2O2 k0= 3.00×10-13exp(460.0/T); 

k1= 2.10×10-33exp(920.0/T) 
2.53×10-12 

51 
R046 HO2 + HO2 + H2O → H2O2 k0= 4.20×10-

34exp(2660.0/T); k1= 
2.94×10-54exp(3120.0/T) 

5.68E-30 

52 R047 H2O2 + HO → HO2 1.80×10-12exp(0.00/T) 1.80×10-12 

53 

R048 NO + O3P → NO2 ko= 9.10E-
32exp(0.0/T)(T/300)-1.50;  

ki = 3.00×10-

11exp(0.0/T)(T/300)0.00; n= 
1.00;F= 0.60 

1.68×10-12 

54 

R049 NO + HO → HONO ko= 7.10E-
31exp(0.0/T)(T/300)-2.60 ; 

ki = 3.60×10-

11exp(0.0/T)(T/300)-0.10; n= 
1.00;F= 0.60 

7.46×10-12 

55 R050 NO + HO2 → NO2 + HO 3.44×10-12exp(260.00/T) 8.23×10-12 

56 

R051 NO + HO2 → HNO3 k0= 6.0950×10-

14exp(270.0/T)(T/300)-1.00; 
k2= 6.8570×10-

34exp(270.0/T)(T/300)1.00; 
k3= -5.9680×10-

14exp(270.00/T) 

4.56×10-14 

57 R052 NO + NO + O2 → 2.000*NO2 4.25E-39exp(663.50/T) 3.93E-38 
58 R053 HONO + HO → NO2 3.00×10-12exp(250.00/T) 6.94×10-12 
59 R054 NO2 + O3P → NO 5.30×10-12exp(200.00/T) 1.04×10-11 

60 

R055 NO2 + O3P → NO3 ko= 3.40E-
31exp(0.0/T)(T/300)-1.60; 

ki = 2.30×10-

11exp(0.0/T)(T/300)-0.20; n= 
1.00;F= 0.60 

4.02×10-12 

61 

R056 NO2 + HO → HNO3 ko= 1.80E80×10-

30exp(0.0/T)(T/300)-3.00; ki = 
2.80×10-

11exp(0.0/T)(T/300)0.00; n= 
1.00;F= 0.60 

1.06×10-11 

62 

R057 HNO3 + HO → NO3 k0= 2.40×10-14exp(460.0/T); 
k1= 2.70×10-

17exp(2199.0/T); k3= 
6.50×10-34exp(1335.0/T) 

1.54×10-13 

63 R058 NO3 + HO → HO2 + NO2 2.00×10-11 2.00×10-11 
64 R059 NO3 + HO2 → 0.700*HO + 0.700*NO2 + 0.300*HNO3 3.50×10-12 3.50×10-12 
65 R060 NO3 + NO → 2.000*NO2 1.70×10-11exp(125.00/T) 2.59×10-11 
66 R061 NO3 + NO2 → NO + NO2 4.35×10-14exp(-1335.00/T) 4.94×10-16 
67 R062 NO3 + NO3 → 2.000*NO2 8.50×10-13exp(-2450.00/T) 2.29×10-16 

68 

R063 NO3 + NO2 → N2O5 ko= 2.40E40 ×10-

30exp(0.0/T)(T/300)-3.00; ki = 
1.60×10-

12exp(0.0/T)(T/300)0.10; n= 
1.00;F= 0.60 

1.35×10-12 

69 
R064 N2O5 → NO2 + NO3 1.72×1026exp(-

10840.00/T) *R063 
3.76E-28 

Formatted: Superscript

Formatted: Superscript



 

60 
 

N CMAQ Label Reaction Rate Constant Formulaa,b,c k (molec cm-3 
sec-1 or s-1) 

70 R065 N2O5 + H2O → 2.000*HNO3 1.00E-22 1.00E-22 

71 

R066 NO2 + HO2 → HNO4 ko= 1.90E90×10-

31exp(0.0/T)(T/300)-3.40; ki = 
4.00×10-12exp(0.0/T)(T/300)-

0.30; n= 1.00;F= 0.60 

1.31×10-12 

72 
R067d HNO4 → HO2 + NO2 4.76×1026exp(-

10900.00/T) *R066 
8.28E-28 

73 R068 HNO4 + HO → NO2 4.50×10-13exp(610.00/T) 3.48×10-12 

74 

R069 SO2 + HO → HO2 + SULF + SULRXN ko= 2.90E90×10-

31exp(0.0/T)(T/300)-4.10; ki = 
1.70×10-

12exp(0.0/T)(T/300)0.20; n= 
1.00;F= 0.60 

9.58×10-13 

75 
R070 CO + HO → HO2 k0= 1.44×10-13exp(0.0/T); 

k1= 2.74×10-33exp(0.0/T); 
2.45×10-12exp(-1775.00/T) 

2.11×10-13 

76 R071 HO + CH4 → MO2 2.45×10-12exp(-1775.00/T) 6.36×10-15 
77 R072 ETH + HO → ETHP 7.66×10-12exp(-1020.00/T) 2.50×10-13 
78 R073 HC3 + HO → HC3P + 0.000*ASOATJ 7.68×10-12exp(-370.00/T) 2.22×10-12 
79 R074 HC5 + HO → HC5P + 0.001*ASOATJ 1.01×10-11exp(-245.00/T) 4.44×10-12 

80 

R076 ETE + HO → ETEP ko= 1.00E00×10-

28exp(0.0/T)(T/300)-4.50; ki = 
8.80×10-12exp(0.0/T)(T/300)-

0.85; n= 1.00;F= 0.60 

8.20×10-12 

81 R077 OLT + HO → OLTP 5.72×10-12exp(500.00/T) 3.06×10-11 
82 R078 OLI + HO → OLIP 1.33×10-11exp(500.00/T) 7.11×10-11 

83 

R080 ACE + HO → 0.650*HO + 0.350*HO2 + 0.350*CO + 0.650*GLY 
+ 0.350*ORA1 

ko= 5.50E50×10-

30exp(0.0/T)(T/300)0.00; ki = 
8.30×10-

13exp(0.0/T)(T/300)2.00; n= 
1.00;F= 0.60 

7.47×10-13 

84 ROCARO31 BEN + HO → 0.470*BENP + 0.530*PHEN + 0.530*HO2 2.33×10-12exp(-193.00/T) 1.22×10-12 
85 ROCARO41 TOL + HO → 0.820*TOLP + 0.180*CSL + 0.180*HO2 1.81×10-12exp(354.00/T) 5.93×10-12 
86 ROCARO51 XYM + HO → 0.830*XYMP + 0.170*CSL + 0.170*HO2 2.33×10-11 2.33×10-11 
87 ROCARO61 XYE + HO → 0.820*XYEP + 0.180*CSL + 0.180*HO2 7.16×10-12 7.16×10-12 
88 R086 ISO + HO → ISOP 2.70×10-11exp(390.00/T) 9.99×10-11 
89 R087 API + HO → 0.975*APIP1 + 0.025*APIP2 1.21×10-11exp(440.00/T) 5.29×10-11 
90 R088 LIM + HO → 0.945*LIMP1 + 0.055*LIMP2 4.20×10-11exp(401.00/T) 1.61×10-10 
91 TRP04 PINAL + HO → 0.230*PINALP + 0.770*RCO3 5.20×10-12exp(600.00/T) 3.89×10-11 
92 TRP05 LIMAL + HO → 0.700*LIMALP + 0.300*RCO3 1.00×10-10 1.00×10-10 
93 R089 HCHO + HO → HO2 + CO 5.50×10-12exp(125.00/T) 8.36×10-12 
94 R090 ACD + HO → ACO3 4.70×10-12exp(345.00/T) 1.50×10-11 
95 R091 ALD + HO → RCO3 4.90×10-12exp(405.00/T) 1.91×10-11 

96 
R092 ACT + HO → ACTP 4.56×10-14exp(-

427.00/T)(T/300)3.65 
1.06×10-14 

97 R093 MEK + HO → MEKP 1.50×10-12exp(-90.00/T) 1.11×10-12 
98 R094 KET + HO → KETP 2.80×10-12exp(10.00/T) 2.90×10-12 
99 R095 HKET + HO → HO2 + MGLY 3.00×10-12 3.00×10-12 

100 R096 MACR + HO → 0.570*MACP + 0.430*MCP 8.00×10-12exp(380.00/T) 2.86×10-11 
101 R097 MVK + HO → MVKP 2.60×10-12exp(610.00/T) 2.01×10-11 
102 R098 UALD + HO → 0.313*ACO3 + 0.687*UALP 5.77×10-12exp(533.00/T) 3.45×10-11 
103 R099 GLY + HO → HO2 + 2.000*CO 1.10×10-11 1.10×10-11 
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104 R100 MGLY + HO → ACO3 + CO 9.26×10-13exp(830.00/T) 1.50×10-11 

105 
R101 DCB1 + HO → 0.520*HO2 + 0.330*CO + 0.400*ALD + 

0.780*KET + 0.100*GLY + 0.010*MGLY 
2.80×10-11exp(175.00/T) 5.04×10-11 

106 
R102 DCB2 + HO → 0.520*HO2 + 0.330*CO + 0.130*MEK + 

0.100*GLY + 0.010*MGLY + 0.780*OP2 
2.80×10-11exp(175.00/T) 5.04×10-11 

107 
R103 DCB3 + HO → 0.560*HO2 + 0.210*MACP + 0.110*CO + 

0.270*GLY + 0.010*MGLY + 0.790*OP2 
1.00×10-11 1.00×10-11 

108 R104 BALD + HO → BALP 5.32×10-12exp(243.00/T) 1.20×10-11 

109 
R105 PHEN + HO → 0.152*ASOATJ + 0.619*HO2 + 0.170*ADDC + 

0.059*CHO + 0.619*MCT 
6.75×10-12exp(405.00/T) 2.63×10-11 

110 
R106 CSL + HO → 0.200*ASOATJ + 0.584*HO2 + 0.160*ADDC + 

0.056*CHO + 0.584*MCT 
4.65×10-11exp(0.00/T) 4.65×10-11 

111 R108 MCT + HO → MCTO 2.05×10-10exp(0.00/T) 2.05×10-10 
112 R109 MOH + HO → HO2 + HCHO 2.85×10-12exp(-345.00/T) 8.96×10-13 
113 R110 EOH + HO → HO2 + ACD 3.00×10-12exp(20.00/T) 3.21×10-12 
114 R111 ROH + HO → HO2 + 0.719*ALD + 0.184*ACD 2.60×10-12exp(200.00/T) 5.09×10-12 
115 R112 ETEG + HO → HO2 + ALD 1.47×10-11 1.47×10-11 
116 R113 OP1 + HO → 0.350*HO + 0.650*MO2 + 0.350*HCHO 2.90×10-12exp(190.00/T) 5.48×10-12 

117 
R114 OP2 + HO → 0.010*HO + 0.440*HC3P + 0.070*XO2 + 

0.080*ALD + 0.410*KET 
3.40×10-12exp(190.00/T) 6.43×10-12 

118 
TRP06 OPB + HO → 0.010*HO + 0.440*HC10P + 0.070*XO2 + 

0.080*ALD + 0.410*KET 
3.40×10-12exp(190.00/T) 6.43×10-12 

119 
R114a OP3 + HO → 0.010*HO + 0.440*HC10P + 0.070*XO2 + 

0.080*ALD + 0.410*KET 
3.40×10-12exp(190.00/T) 6.43×10-12 

120 R115 ISHP + HO → HO + MACR + 0.904*IEPOX 1.00×10-10 1.00×10-10 
121 R116 MAHP + HO → MACP 3.00×10-11 3.00×10-11 
122 R117 ORA1 + HO → HO2 4.50×10-13 4.50×10-13 
123 R118 ORA2 + HO → 0.640*MO2 + 0.360*ORAP 4.00×10-14exp(850.00/T) 6.92×10-13 

124 
R119 PAA + HO → 0.350*HO + 0.650*ACO3 + 0.350*XO2 + 

0.350*HCHO 
2.93×10-12exp(190.00/T) 5.54×10-12 

125 R120 PAN + HO → XO2 + NO3 + HCHO 4.00×10-14 4.00×10-14 
126 R121 PPN + HO → XO2 + NO3 + HCHO 4.00×10-14 4.00×10-14 
127 R122 MPAN + HO → NO2 + HKET 3.20×10-11 3.20×10-11 
128 R123 ONIT + HO → HC3P + NO2 5.31×10-12exp(-260.00/T) 2.22×10-12 
129 TRP07 TRPN + HO → HOM 4.80×10-12 4.80×10-12 
130 R124 NALD + HO → NO2 + XO2 + HKET 5.60×10-12exp(270.00/T) 1.39×10-11 
131 R125 ISON + HO → NALD + 0.070*HKET + 0.070*HCHO 1.30×10-11 1.30×10-11 

132 
R126 ETE + O3 → 0.080*HO + 0.150*HO2 + 0.430*CO + HCHO + 

0.370*ORA1 
9.14×10-15exp(-2580.00/T) 1.60×10-18 

133 

R127 OLT + O3 → 0.220*HO + 0.320*HO2 + 0.080*MO2 + 
0.060*ETHP + 0.040*HC3P + 0.020*HC5P + 0.068*H2O2 + 

0.430*CO + 0.020*ETH + 0.015*HC3 + 0.006*HC5 + 0.032*BEN 
+ 0.560*HCHO + 0.010*ACD + 0.440*ALD + 0.030*ACT + 
0.020*BALD + 0.060*MEK + 0.010*HKET + 0.030*ORA1 + 

0.060*ORA2 

4.33×10-15exp(-1800.00/T) 1.03×10-17 

134 

R128 OLI + O3 → 0.460*HO + 0.070*HO2 + 0.320*MO2 + 0.070*ETHP 
+ 0.040*HC3P + 0.090*ACO3 + 0.370*CO + 0.026*H2O2 + 
0.010*ETH + 0.010*HC3 + 0.090*HCHO + 0.457*ACD + 
0.730*ALD + 0.110*ACT + 0.017*KET + 0.044*HKET + 

0.017*ORA2 

4.40×10-15exp(-845.00/T) 2.59×10-16 
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135 
R130 ISO + O3 → 0.250*HO + 0.250*HO2 + 0.080*MO2 + 0.100*ACO3 

+ 0.100*MACP + 0.090*H2O2 + 0.140*CO + 0.580*HCHO + 
0.461*MACR + 0.189*MVK + 0.280*ORA1 + 0.153*OLT 

7.86×10-15exp(-1913.00/T) 1.29×10-17 

136 
R131 API + O3 → 0.900*HO + 0.900*APIP1 + 0.050*APIP2 + 

0.050*PINAL + 0.050*H2O2 + 0.140*CO 
5.00×10-16exp(-530.00/T) 8.45×10-17 

137 
R132 LIM + O3 → 0.840*HO + 0.840*LIMP1 + 0.110*LIMP2 + 

0.050*LIMAL + 0.050*H2O2 + 0.140*CO 
2.95×10-15exp(-783.00/T) 2.13×10-16 

138 
TRP08 LIMAL + O3 → 0.040*HO + 0.670*HC10P + 0.790*HCHO + 

0.330*KET + 0.040*HO2 + 0.200*CO 
8.30×10-18 8.30×10-18 

139 TRP09 TRPN + O3 → HOM 1.67×10-16 1.67×10-16 

140 
R132 MACR + O3 → 0.190*HO + 0.140*HO2 + 0.100*ACO3 + 

0.220*CO + 0.500*MGLY + 0.450*ORA1 
1.36×10-15exp(-2112.00/T) 1.14×10-18 

141 
R134 MVK + O3 → 0.160*HO + 0.110*HO2 + 0.280*ACO3 + 

0.010*XO2 + 0.560*CO + 0.100*HCHO + 0.540*MGLY + 
0.070*ORA1 + 0.070*ORA2 + 0.100*ALD 

8.50×10-16exp(-1520.00/T) 5.19×10-18 

142 

R135 UALD + O3 → 0.100*HO + 0.072*HO2 + 0.008*MO2 + 
0.002*ACO3 + 0.100*XO2 + 0.243*CO + 0.080*HCHO + 
0.420*ACD + 0.028*KET + 0.491*GLY + 0.003*MGLY + 

0.044*ORA1 

1.66×10-18 1.66×10-18 

143 
R136 DCB1 + O3 → 0.050*HO + HO2 + 0.600*RCO3 + 0.600*XO2 + 

1.500*CO + 0.050*HCHO + 0.050*GLY + 0.080*MGLY + 
0.650*OP2 

2.00×10-16 2.00×10-16 

144 
R137 DCB2 + O3 → 0.050*HO + HO2 + 0.600*RCO3 + 0.600*XO2 + 

1.500*CO + 0.050*HCHO + 0.050*GLY + 0.080*MGLY + 
0.700*DCB1 + 0.650*OP2 

2.00×10-16 2.00×10-16 

145 
R138 DCB3 + O3 → 0.050*HO + HO2 + 1.500*CO + 0.480*GLY + 

0.700*DCB1 + 0.250*ORA1 + 0.250*ORA2 + 0.110*PAA 
9.00×10-17 9.00×10-17 

146 R140 MCTO + O3 → MCTP 2.86×10-13 2.86×10-13 

147 
R141 ETE + NO3 → 0.800*OLNN + 0.200*OLND 4.39×10-13exp(-

2282.00/T)(T/300)2.00 
2.06×10-16 

148 R142 OLT + NO3 → 0.430*OLNN + 0.570*OLND 1.79×10-13exp(-450.00/T) 3.96×10-14 
149 R143 OLI + NO3 → 0.110*OLNN + 0.890*OLND 8.64×10-13exp(450.00/T) 3.91×10-12 
150 R145 ISO + NO3 → ISON 3.03×10-12exp(-446.00/T) 6.79×10-13 
151 R146 API + NO3 → 0.975*APINP1 + 0.025*APINP2 1.19×10-12exp(490.00/T) 6.16×10-12 
152 R147 LIM + NO3 → 0.945*LIMNP1 + 0.055*LIMNP2 1.22×10-11 1.22×10-11 
153 TRP10 TRPN + NO3 → HOM 3.15×10-14exp(-448.00/T) 7.01×10-15 
154 R148 HCHO + NO3 → HO2 + CO + HNO3 2.00×10-12exp(-2440.00/T) 5.58×10-16 
155 R149 ACD + NO3 → ACO3 + HNO3 1.40×10-12exp(-1900.00/T) 2.39×10-15 
156 R150 ALD + NO3 → RCO3 + HNO3 3.76×10-12exp(-1900.00/T) 6.42×10-15 

157 
R151 MACR + NO3 → 0.680*HCHO + 0.320*MACP + 0.680*XO2 + 

0.680*MGLY + 0.320*HNO3 + 0.680*NO2 
3.40×10-15 3.40×10-15 

158 
R152 UALD + NO3 → HO2 + XO2 + 0.668*CO + 0.332*HCHO + 

0.332*ALD + ONIT 
5.02×10-13exp(-1076.00/T) 1.36×10-14 

159 R153 GLY + NO3 → HO2 + 2.000*CO + HNO3 2.90×10-12exp(-1900.00/T) 4.95×10-15 
160 R154 MGLY + NO3 → ACO3 + CO + HNO3 3.76×10-12exp(-1900.00/T) 6.42×10-15 

161 
R155 PHEN + NO3 → 0.152*ASOATJ + 0.339*CHO + 0.850*ADDC + 

0.424*ADCN + 0.424*HNO3 
3.78×10-12 3.78×10-12 

162 
R156 CSL + NO3 → 0.200*ASOATJ + 0.320*CHO + 0.080*ADDC + 

0.400*ADCN + 0.400*HNO3 
1.06×10-12 1.06×10-12 

163 R158 MCT + NO3 → MCTO + HNO3 2.01×10-10 2.01×10-10 
164 R159 MPAN + NO3 → MACP + NO2 2.20×10-14exp(-500.00/T) 4.11×10-15 
165 TRP11 PINALP → HOM 1.00E+00 1.00E+00 
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166 TRP12 LIMALP → HOM 1.00E+00 1.00E+00 

167 

R166 ACO3 + NO2 → PAN ko= 9.70E70×10-

29exp(0.0/T)(T/300)-5.60; ki = 
9.30×10-12exp(0.0/T)(T/300)-

1.50; n= 1.00;F= 0.60 

8.68×10-12 

168 
R167 PAN → ACO3 + NO2 1.11×1028e-

14000.00/T) *R166 
3.90×10-48 

169 

R168 RCO3 + NO2 → PPN ko= 9.70E70×10-

29exp(0.0/T(T/300)-5.60; ki = 
9.30×10-12exp(0.0/T(T/300)-

1.50; n= 1.00;F= 0.60 

8.68×10-12 

170 
R169 PPN → RCO3 + NO2 1.11×1028e-

14000.00/T) *R168 
3.90×10-48 

171 R170 MACP + NO2 → MPAN 2.80×10-12exp(181.00/T) 5.14×10-12 
172 R171 MPAN → MACP + NO2 1.60×1016exp(-13486.00/T) 3.63×10-04 
173 R172 MO2 + NO → HO2 + NO2 + HCHO 2.80×10-12exp(300.00/T) 7.66×10-12 
174 R173 ETHP + NO → HO2 + NO2 + ACD 2.60×10-12exp(365.00/T) 8.84×10-12 

175 
R174 HC3P + NO → 0.660*HO2 + 0.131*MO2 + 0.048*ETHP + 

0.089*XO2 + 0.935*NO2 + 0.504*ACD + 0.132*ALD + 
0.165*ACT + 0.042*MEK + 0.065*ONIT 

4.00×10-12 4.00×10-12 

176 

R175 HC5P + NO → 0.200*HO2 + 0.051*MO2 + 0.231*ETHP + 
0.235*XO2 + 0.864*NO2 + 0.018*HCHO + 0.045*ACD + 
0.203*ALD + 0.033*MEK + 0.217*ACT + 0.033*KET + 

0.272*HKET + 0.136*ONIT 

4.00×10-12 4.00×10-12 

177 R177 ETEP + NO → HO2 + NO2 + 1.600*HCHO + 0.200*ALD 9.00×10-12 9.00×10-12 

178 
R178 OLTP + NO → 0.780*HO2 + 0.970*NO2 + 0.780*HCHO + 

0.012*ACD + 0.440*ALD + 0.060*ACT + 0.130*MEK + 
0.030*ONIT 

4.00×10-12 4.00×10-12 

179 
R179 OLIP + NO → 0.830*HO2 + 0.950*NO2 + 0.810*ACD + 

0.680*ALD + 0.200*ACT + 0.090*KET + 0.020*HKET + 
0.050*ONIT 

4.00×10-12 4.00×10-12 

180 
ROCARO33 BENP + NO → 0.000*ONIT + 0.001*VROCP4OXY2 + 

0.001*VROCN1OXY6 + 0.998*NO2 + 0.998*HO2 + 0.000*BALD 
+ 0.998*GLY + 0.499*FURANONE + 0.249*DCB2 + 0.249*DCB3 

2.70×10-12exp(360.00/T) 9.03×10-12 

181 

ROCARO43 TOLP + NO → 0.000*ONIT + 0.001*VROCP4OXY2 + 
0.001*VROCN1OXY6 + 0.998*NO2 + 0.998*HO2 + 0.085*BALD 

+ 0.548*GLY + 0.365*MGLY + 0.365*FURANONE + 
0.548*DCB1 

2.70×10-12exp(360.00/T) 9.03×10-12 

182 

ROCARO53 XYMP + NO → 0.000*ONIT + 0.001*VROCP3OXY2 + 
0.001*VROCP0OXY4 + 0.998*NO2 + 0.998*HO2 + 0.048*BALD 

+ 0.703*GLY + 0.247*MGLY + 0.351*FURANONE + 
0.598*DCB2 

2.70×10-12exp(360.00/T) 9.03×10-12 

183 

ROCARO63 XYEP + NO → 0.000*ONIT + 0.001*VROCP3OXY2 + 
0.001*VROCP0OXY4 + 0.998*NO2 + 0.998*HO2 + 0.085*BALD 

+ 0.548*GLY + 0.365*MGLY + 0.456*FURANONE + 
0.456*DCB2 

2.70×10-12exp(360.00/T) 9.03×10-12 

184 
R188 ISOP + NO → 0.880*HO2 + 0.880*NO2 + 0.200*HCHO + 

0.280*MACR + 0.440*MVK + 0.120*ISON + 0.021*GLY + 
0.029*HKET + 0.027*ALD 

2.43×10-12exp(360.00/T) 8.13×10-12 

185 
R189 APIP1 + NO → 0.820*HO2 + 0.820*NO2 + 0.820*PINAL + 

0.180*TRPN 
4.00×10-12 4.00×10-12 

186 TRP13 APIP2 + NO → 0.820*HO + 0.820*NO2 + HOM 4.00×10-12 4.00×10-12 
187 TRP14 APINP1 + NO → 2.000*NO2 + PINAL 4.00×10-12 4.00×10-12 
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Formatted: Superscript
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188 TRP15 APINP2 + NO → 0.820*NO2 + 0.820*HO + HOM 4.00×10-12 4.00×10-12 

189 
R190 LIMP1 + NO → 0.770*HO2 + 0.770*NO2 + 0.490*LIMAL + 

0.280*HCHO + 0.280*UALD + 0.230*TRPN 
4.00×10-12 4.00×10-12 

190 TRP16 LIMP2 + NO → 0.770*HO + 0.770*NO2 + HOM 4.00×10-12 4.00×10-12 
191 TRP17 LIMNP1 + NO → 2.000*NO2 + LIMAL 4.00×10-12 4.00×10-12 
192 TRP18 LIMNP2 + NO → 0.770*NO2 + 0.770*HO + HOM 4.00×10-12 4.00×10-12 

193 
TRP19 PINALP + NO → 0.950*HO2 + 0.950*NO2 + 0.050*TRPN + 

0.950*HCHO + 0.950*KET 
2.70×10-12exp(360.00/T) 9.03×10-12 

194 
TRP20 LIMALP + NO → 0.940*HO2 + 0.940*NO2 + 0.060*TRPN + 

0.940*HCHO + 0.940*KET 
2.70×10-12exp(360.00/T) 9.03×10-12 

195 R191 ACO3 + NO → MO2 + NO2 8.10×10-12exp(270.00/T) 2.00×10-11 
196 R192 RCO3 + NO → ETHP + NO2 8.10×10-12exp(270.00/T) 2.00×10-11 
197 R193 ACTP + NO → ACO3 + NO2 + HCHO 2.90×10-12exp(300.00/T) 7.93×10-12 
198 R194 MEKP + NO → 0.670*HO2 + NO2 + 0.330*HCHO + 0.670*DCB1 4.00×10-12 4.00×10-12 

199 
R195 KETP + NO → 0.770*HO2 + 0.230*ACO3 + 0.160*XO2 + NO2 + 

0.460*ALD + 0.540*MGLY 
4.00×10-12 4.00×10-12 

200 
R196 MACP + NO → 0.650*MO2 + 0.350*ACO3 + NO2 + 0.650*CO + 

0.650*HCHO 
2.54×10-12exp(360.00/T) 8.50×10-12 

201 R197 MCP + NO → NO2 + 0.500*HO2 + 0.500*HCHO + HKET 2.54×10-12exp(360.00/T) 8.50×10-12 

202 
R198 MVKP + NO → 0.300*HO2 + 0.700*ACO3 + 0.700*XO2 + NO2 + 

0.300*HCHO + 0.700*ALD + 0.300*MGLY 
2.54×10-12exp(360.00/T) 8.50×10-12 

203 
R199 UALP + NO → HO2 + NO2 + 0.610*CO + 0.030*HCHO + 

0.270*ALD + 0.180*GLY + 0.700*KET + 0.210*MGLY 
2.54×10-12exp(360.00/T) 8.50×10-12 

204 R200 BALP + NO → BAL1 + NO2 4.00×10-12 4.00×10-12 
205 R201 BAL1 + NO → BAL2 + NO2 4.00×10-12 4.00×10-12 

206 
R202 ADDC + NO → HO2 + NO2 + 0.320*HKET + 0.680*GLY + 

0.680*OP2 
2.70×10-12exp(360.00/T) 9.03×10-12 

207 R203 MCTP + NO → MCTO + NO2 2.70×10-12exp(360.00/T) 9.03×10-12 
208 R204 ORAP + NO → NO2 + GLY + HO2 4.00×10-12 4.00×10-12 
209 R205 OLNN + NO → NO2 + HO2 + ONIT 4.00×10-12 4.00×10-12 

210 
R206 OLND + NO → 2.000*NO2 + 0.287*HCHO + 1.240*ALD + 

0.464*KET 
4.00×10-12 4.00×10-12 

211 R207 ADCN + NO → 2.000*NO2 + GLY + OP2 2.70×10-12exp(360.00/T) 9.03×10-12 
212 R208 XO2 + NO → NO2 4.00×10-12 4.00×10-12 
213 R209 BAL2 + NO2 → ONIT 2.00×10-11 2.00×10-11 
214 R210 CHO + NO2 → ONIT 2.00×10-11 2.00×10-11 
215 R211 MCTO + NO2 → ONIT 2.08×10-12 2.08×10-12 
216 R212 MO2 + HO2 → OP1 4.10×10-13exp(750.00/T) 5.07×10-12 
217 R213 ETHP + HO2 → OP2 7.50×10-13exp(700.00/T) 7.85×10-12 
218 R214 HC3P + HO2 → OP2 1.66×10-13exp(1300.00/T) 1.30×10-11 
219 R215 HC5P + HO2 → OP2 1.66×10-13exp(1300.00/T) 1.30×10-11 
220 R217 ETEP + HO2 → OP2 1.90×10-13exp(1300.00/T) 1.49×10-11 
221 R218 OLTP + HO2 → OP2 1.66×10-13exp(1300.00/T) 1.30×10-11 
222 R219 OLIP + HO2 → OP2 1.66×10-13exp(1300.00/T) 1.30×10-11 
223 ROCARO32 BENP + HO2 → 0.602*OP2 + 0.398*VROCN1OXY6 2.91×10-13exp(1300.00/T) 2.28×10-11 
224 ROCARO42 TOLP + HO2 → 0.720*OP2 + 0.281*VROCN1OXY6 2.91×10-13exp(1300.00/T) 2.28×10-11 

225 
ROCARO52 XYMP + HO2 → 0.048*OP2 + 0.675*OP3 + 

0.277*VROCP0OXY4 
2.91×10-13exp(1300.00/T) 2.28×10-11 

226 ROCARO62 XYEP + HO2 → 0.085*OP2 + 0.634*OP3 + 0.281*VROCP0OXY4 2.91×10-13exp(1300.00/T) 2.28×10-11 
227 R228 ISOP + HO2 → ISHP 2.05×10-13exp(1300.00/T) 1.60×10-11 
228 R229 APIP1 + HO2 → OPB 1.50×10-11 1.50×10-11 
229 TRP21 APIP2 + HO2 → HOM 1.50×10-11 1.50×10-11 
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230 TRP22 APINP1 + HO2 → TRPN 1.50×10-11 1.50×10-11 
231 TRP23 APINP2 + HO2 → HOM 1.50×10-11 1.50×10-11 
232 R230 LIMP1 + HO2 → OPB 1.50×10-11 1.50×10-11 
233 TRP24 LIMP2 + HO2 → HOM 1.50×10-11 1.50×10-11 
234 TRP25 LIMNP1 + HO2 → TRPN 1.50×10-11 1.50×10-11 
235 TRP26 LIMNP2 + HO2 → HOM 1.50×10-11 1.50×10-11 
236 TRP27 PINALP + HO2 → OPB 2.91×10-13exp(1300.00/T) 2.28×10-11 
237 TRP28 LIMALP + HO2 → OPB 2.91×10-13exp(1300.00/T) 2.28×10-11 

238 
R231 ACO3 + HO2 → 0.440*HO + 0.440*MO2 + 0.150*ORA2 + 

0.410*PAA 
4.30×10-13exp(1040.00/T) 1.41×10-11 

239 
R232 RCO3 + HO2 → 0.440*HO + 0.440*ETHP + 0.150*ORA2 + 

0.410*PAA 
4.30×10-13exp(1040.00/T) 1.41×10-11 

240 
R233 ACTP + HO2 → 0.150*HO + 0.150*ACO3 + 0.150*HCHO + 

0.850*OP2 
1.15×10-13exp(1300.00/T) 9.00×10-12 

241 R234 MEKP + HO2 → OP2 1.15×10-13exp(1300.00/T) 9.00×10-12 
242 R235 KETP + HO2 → OP2 1.15×10-13exp(1300.00/T) 9.00×10-12 
243 R236 MACP + HO2 → MAHP 1.82×10-13exp(1300.00/T) 1.42×10-11 
244 R237 MCP + HO2 → MAHP 1.82×10-13exp(1300.00/T) 1.42×10-11 
245 R238 MVKP + HO2 → OP2 2.91×10-13exp(1300.00/T) 2.28×10-11 
246 R239 UALP + HO2 → OP2 2.91×10-13exp(1300.00/T) 2.28×10-11 
247 R240 ADDC + HO2 → OP2 3.75×10-13exp(980.00/T) 1.00×10-11 
248 R241 CHO + HO2 → CSL 1.00×10-11 1.00×10-11 
249 R242 MCTP + HO2 → OP2 3.75×10-13exp(980.00/T) 1.00×10-11 
250 R243 ORAP + HO2 → OP2 1.15×10-13exp(1300.00/T) 9.00×10-12 
251 R244 OLNN + HO2 → ONIT 1.66×10-13exp(1300.00/T) 1.30×10-11 
252 R245 OLND + HO2 → ONIT 1.66×10-13exp(1300.00/T) 1.30×10-11 
253 R246 ADCN + HO2 → OP2 3.75×10-13exp(980.00/T) 1.00×10-11 
254 R247 XO2 + HO2 → OP2 1.66×10-13exp(1300.00/T) 1.30×10-11 
255 R248 MO2 + MO2 → 0.740*HO2 + 1.370*HCHO + 0.630*MOH 9.50×10-14exp(390.00/T) 3.51×10-13 

256 
R249 ETHP + MO2 → HO2 + 0.750*HCHO + 0.750*ACD + 

0.250*MOH + 0.250*EOH 
1.18×10-13exp(158.00/T) 2.00×10-13 

257 
R250 HC3P + MO2 → 0.894*HO2 + 0.080*MO2 + 0.026*ETHP + 

0.026*XO2 + 0.827*HCHO + 0.198*ALD + 0.497*KET + 
0.050*GLY + 0.250*MOH + 0.250*ROH 

9.46×10-14exp(431.00/T) 4.02×10-13 

258 
R251 HC5P + MO2 → 0.842*HO2 + 0.018*MO2 + 0.140*ETHP + 

0.191*XO2 + 0.777*HCHO + 0.251*ALD + 0.618*KET + 
0.250*MOH + 0.250*ROH 

1.00×10-13exp(467.00/T) 4.79×10-13 

259 
R253 ETEP + MO2 → HO2 + 1.950*HCHO + 0.150*ALD + 0.250*MOH 

+ 0.250*ETEG 
1.71×10-13exp(708.00/T) 1.84×10-12 

260 
R254 OLTP + MO2 → HO2 + 1.500*HCHO + 0.705*ALD + 0.045*KET 

+ 0.250*MOH + 0.250*ROH 
1.46×10-13exp(708.00/T) 1.57×10-12 

261 
R255 OLIP + MO2 → HO2 + 0.750*HCHO + 1.280*ALD + 0.218*KET 

+ 0.250*MOH + 0.250*ROH 
9.18×10-14exp(708.00/T) 9.87×10-13 

262 
ROCARO35 BENP + MO2 → 0.680*HCHO + 1.370*HO2 + 0.320*MOH + 

0.000*BALD + GLY + 0.500*FURANONE + 0.250*DCB2 + 
0.250*DCB3 

3.56×10-14exp(708.00/T) 3.83×10-13 

263 
ROCARO45 TOLP + MO2 → 0.680*HCHO + 1.285*HO2 + 0.320*MOH + 

0.085*BALD + 0.549*GLY + 0.366*MGLY + 0.366*FURANONE 
+ 0.549*DCB1 

3.56×10-14exp(708.00/T) 3.83×10-13 

264 
ROCARO55 XYMP + MO2 → 0.680*HCHO + 1.322*HO2 + 0.320*MOH + 

0.048*BALD + 0.704*GLY + 0.247*MGLY + 0.352*FURANONE 
+ 0.600*DCB2 

3.56×10-14exp(708.00/T) 3.83×10-13 
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265 
ROCARO65 XYEP + MO2 → 0.680*HCHO + 1.285*HO2 + 0.320*MOH + 

0.085*BALD + 0.549*GLY + 0.366*MGLY + 0.457*FURANONE 
+ 0.457*DCB2 

3.56×10-14exp(708.00/T) 3.83×10-13 

266 
R264 ISOP + MO2 → HO2 + 1.310*HCHO + 0.159*MACR + 

0.250*MVK + 0.250*MOH + 0.250*ROH + 0.023*ALD + 
0.018*GLY + 0.016*HKET 

3.40×10-14exp(221.00/T) 7.14×10-14 

267 
R265 APIP1 + MO2 → HO2 + 0.680*HCHO + 0.600*PINAL + 

0.070*KET + 0.320*MOH + 0.250*ROH 
3.56×10-14exp(708.00/T) 3.83×10-13 

268 TRP29 APIP2 + MO2 → HO2 + 0.750*HCHO + 0.250*MOH + HOM 1.00×10-10 1.00×10-10 

269 
TRP30 APINP1 + MO2 → 0.370*HO2 + 0.860*NO2 + 0.680*HCHO + 

0.860*PINAL + 0.320*MOH + 0.140*TRPN 
3.56×10-14exp(708.00/T) 3.83×10-13 

270 
TRP31 APINP2 + MO2 → 0.750*HO2 + 0.750*NO2 + 0.250*MOH + 

0.750*HCHO + HOM 
1.00×10-10 1.00×10-10 

271 
R266 LIMP1 + MO2 → HO2 + HCHO + 0.420*LIMAL + 0.300*KET + 

0.320*MOH + 0.270*ROH 
3.56×10-14exp(708.00/T) 3.83×10-13 

272 TRP32 LIMP2 + MO2 → HO2 + 0.750*HCHO + 0.250*MOH + HOM 1.00×10-10 1.00×10-10 

273 
TRP33 LIMNP1 + MO2 → 0.370*HO2 + 0.680*HCHO + 0.700*LIMAL + 

0.700*NO2 + 0.320*MOH + 0.300*TRPN 
3.56×10-14exp(708.00/T) 3.83×10-13 

274 
TRP34 LIMNP2 + MO2 → 0.750*HO2 + 0.750*HCHO + 0.750*NO2 + 

0.250*MOH + HOM 
1.00×10-10 1.00×10-10 

275 
R267 ACO3 + MO2 → 0.900*HO2 + 0.900*MO2 + HCHO + 

0.100*ORA2 
2.00×10-11exp(500.00/T) 1.07×10-10 

276 
R268 RCO3 + MO2 → 0.900*HO2 + 0.900*MO2 + HCHO + 

0.100*ORA2 
2.00×10-11exp(500.00/T) 1.07×10-10 

277 
R269 ACTP + MO2 → 0.500*HO2 + 0.500*ACO3 + 1.500*HCHO + 

0.250*MOH + 0.250*ROH + 0.125*ORA2 
7.50×10-13exp(500.00/T) 4.01×10-12 

278 
R270 MEKP + MO2 → 0.834*HO2 + HCHO + 0.334*DCB1 + 

0.250*MOH + 0.250*ROH 
6.91×10-13exp(508.00/T) 3.80×10-12 

279 
R271 KETP + MO2 → HO2 + 0.750*HCHO + 0.500*DCB1 + 

0.250*MOH + 0.250*ROH 
6.91×10-13exp(508.00/T) 3.80×10-12 

280 
R272 MACP + MO2 → 0.500*HO2 + 0.269*ACO3 + 0.500*CO + 

1.660*HCHO + 0.067*ORA2 + 0.250*MO2 + 0.250*MOH + 
0.250*ROH 

3.40×10-14exp(221.00/T) 7.14×10-14 

281 
R273 MCP + MO2 → NO2 + HO2 + 1.500*HCHO + 0.500*HKET + 

0.250*MOH + 0.250*ROH 
3.40×10-14exp(221.00/T) 7.14×10-14 

282 
R274 MVKP + MO2 → HO2 + 1.160*ACO3 + 1.160*XO2 + 

1.500*HCHO + 1.750*ALD + 0.500*MGLY + 0.250*MOH + 
0.250*ROH + 0.292*ORA2 

8.37×10-14 8.37×10-14 

283 
R275 UALP + MO2 → HO2 + 0.305*CO + 0.773*HCHO + 0.203*ALD + 

0.525*KET + 0.135*GLY + 0.105*MGLY + 0.250*MOH + 
0.250*ROH 

3.40×10-14exp(221.00/T) 7.14×10-14 

284 R276 BALP + MO2 → HO2 + BAL1 + HCHO 3.56×10-14exp(708.00/T) 3.83×10-13 
285 R277 BAL1 + MO2 → HO2 + BAL2 + HCHO 3.56×10-14exp(708.00/T) 3.83×10-13 

286 
R278 ADDC + MO2 → 2.000*HO2 + HCHO + 0.320*HKET + 

0.680*GLY + 0.680*OP2 
3.56×10-14exp(708.00/T) 3.83×10-13 

287 R279 MCTP + MO2 → HO2 + MCTO + HCHO 3.56×10-14exp(708.00/T) 3.83×10-13 
288 R280 ORAP + MO2 → HCHO + HO2 + GLY 7.50×10-13exp(500.00/T) 4.01×10-12 
289 R281 OLNN + MO2 → 2.000*HO2 + HCHO + ONIT 1.60×10-13exp(708.00/T) 1.72×10-12 

290 
R282 OLND + MO2 → 0.500*HO2 + 0.500*NO2 + 0.965*HCHO + 

0.930*ALD + 0.348*KET + 0.250*MOH + 0.250*ROH + 
0.500*ONIT 

9.68×10-14exp(708.00/T) 1.04×10-12 

291 
R283 ADCN + MO2 → HO2 + 0.700*NO2 + HCHO + 0.700*GLY + 

0.700*OP2 + 0.300*ONIT 
3.56×10-14 3.56×10-14 
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292 R284 XO2 + MO2 → HO2 + HCHO 5.99×10-15exp(1510.00/T) 9.48×10-13 

293 
R285 ETHP + ACO3 → 0.500*HO2 + 0.500*MO2 + ACD + 

0.500*ORA2 
1.03×10-12exp(211.00/T) 2.09×10-12 

294 
R286 HC3P + ACO3 → 0.394*HO2 + 0.580*MO2 + 0.026*ETHP + 

0.026*XO2 + 0.130*HCHO + 0.273*ALD + 0.662*KET + 
0.067*GLY + 0.500*ORA2 

6.90×10-13exp(460.00/T) 3.23×10-12 

295 
R287 HC5P + ACO3 → 0.342*HO2 + 0.518*MO2 + 0.140*ETHP + 

0.191*XO2 + 0.042*HCHO + 0.381*ALD + 0.824*KET + 
0.500*ORA2 

5.59×10-13exp(522.00/T) 3.22×10-12 

296 
R289 ETEP + ACO3 → 0.500*HO2 + 0.500*MO2 + 1.600*HCHO + 

0.200*ALD + 0.500*ORA2 
9.48×10-13exp(765.00/T) 1.23×10-11 

297 
R290 OLTP + ACO3 → 0.500*HO2 + 0.500*MO2 + HCHO + 

0.940*ALD + 0.060*KET + 0.500*ORA2 
8.11×10-13exp(765.00/T) 1.06×10-11 

298 
R291 OLIP + ACO3 → 0.500*HO2 + 0.500*MO2 + 1.710*ALD + 

0.290*KET + 0.500*ORA2 
5.09×10-13exp(765.00/T) 6.62×10-12 

299 
ROCARO36 BENP + ACO3 → 0.700*MO2 + HO2 + 0.300*ORA2 + 

0.000*BALD + GLY + 0.500*FURANONE + 0.250*DCB2 + 
0.250*DCB3 

7.40×10-13exp(765.00/T) 9.63×10-12 

300 
ROCARO46 TOLP + ACO3 → 0.700*MO2 + 0.915*HO2 + 0.300*ORA2 + 

0.085*BALD + 0.549*GLY + 0.366*MGLY + 0.366*FURANONE 
+ 0.549*DCB1 

7.40×10-13exp(765.00/T) 9.63×10-12 

301 
ROCARO56 XYMP + ACO3 → 0.700*MO2 + 0.952*HO2 + 0.300*ORA2 + 

0.048*BALD + 0.704*GLY + 0.247*MGLY + 0.352*FURANONE 
+ 0.600*DCB2 

7.40×10-13exp(765.00/T) 9.63×10-12 

302 
ROCARO66 XYEP + ACO3 → 0.700*MO2 + 0.915*HO2 + 0.300*ORA2 + 

0.085*BALD + 0.549*GLY + 0.366*MGLY + 0.457*FURANONE 
+ 0.457*DCB2 

7.40×10-13exp(765.00/T) 9.63×10-12 

303 
R300 ISOP + ACO3 → 0.500*HO2 + 0.500*MO2 + 1.048*HCHO + 

0.219*MACR + 0.305*MVK + 0.500*ORA2 
8.40×10-14exp(221.00/T) 1.76×10-13 

304 
R301 APIP1 + ACO3 → 0.630*HO2 + 0.700*MO2 + 0.600*PINAL + 

0.300*ORA2 + 0.070*KET + 0.250*ROH 
7.40×10-13exp(765.00/T) 9.63×10-12 

305 TRP35 APIP2 + ACO3 → 0.500*HO + 0.500*MO2 + 0.500*ORA2 + HOM 1.00×10-10 1.00×10-10 

306 
TRP36 APINP1 + ACO3 → 0.860*NO2 + 0.140*TRPN + 0.860*PINAL + 

0.700*MO2 + 0.300*ORA2 
7.40×10-13exp(765.00/T) 9.63×10-12 

307 
TRP37 APINP2 + ACO3 → 0.500*NO2 + 0.500*MO2 + 0.500*ORA2 + 

HOM 
1.00×10-10 1.00×10-10 

308 
R302 LIMP1 + ACO3 → 0.630*HO2 + 0.700*MO2 + 0.420*LIMAL + 

0.300*KET + 0.300*ORA2 + 0.320*HCHO + 0.270*ROH 
7.40×10-13exp(765.00/T) 9.63×10-12 

309 
TRP38 LIMP2 + ACO3 → 0.500*HO + 0.500*MO2 + 0.500*ORA2 + 

HOM 
1.00×10-10 1.00×10-10 

310 
TRP39 LIMNP1 + ACO3 → 0.700*NO2 + 0.700*LIMAL + 0.300*TRPN + 

0.700*MO2 + 0.300*ORA2 
7.40×10-13exp(765.00/T) 9.63×10-12 

311 
TRP40 LIMNP2 + ACO3 → 0.500*MO2 + 0.500*NO2 + 0.500*ORA2 + 

HOM 
1.00×10-10 1.00×10-10 

312 R303 ACO3 + ACO3 → 2.000*MO2 2.50×10-12exp(500.00/T) 1.34×10-11 
313 R304 RCO3 + ACO3 → MO2 + ETHP 2.50×10-12exp(500.00/T) 1.34×10-11 

314 
R305 ACTP + ACO3 → 0.500*MO2 + 0.500*ACO3 + HCHO + 

0.750*ORA2 
7.51×10-13exp(565.00/T) 5.00×10-12 

315 
R306 MEKP + ACO3 → 0.330*HO2 + 0.500*MO2 + 0.330*HCHO + 

0.334*DCB1 + 0.500*ORA2 
7.51×10-13exp(565.00/T) 5.00×10-12 

316 
R307 KETP + ACO3 → 0.500*HO2 + 0.500*MO2 + 0.500*DCB1 + 

0.500*ORA2 
7.51×10-13exp(565.00/T) 5.00×10-12 
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317 
R308 MACP + ACO3 → 0.635*ORA2 + 0.500*MO2 + 0.269*ACO3 + 

0.500*CO + HCHO 
8.40×10-14exp(221.00/T) 1.76×10-13 

318 
R309 MCP + ACO3 → NO2 + 0.500*HO2 + HCHO + 0.500*HKET + 

0.500*MO2 + 0.500*ORA2 
8.40×10-14exp(221.00/T) 1.76×10-13 

319 
R310 MVKP + ACO3 → 0.500*HO2 + 0.500*MO2 + 1.160*ACO3 + 

1.160*XO2 + HCHO + 2.300*ALD + 0.500*MGLY + 1.083*ORA2 
1.68×10-12exp(500.00/T) 8.99×10-12 

320 
R311 UALP + ACO3 → 0.500*HO2 + 0.500*MO2 + 0.500*CO + 

0.030*HCHO + 0.270*ALD + 0.700*KET + 0.180*GLY + 
0.105*MGLY + 0.500*ORA2 

1.68×10-12exp(500.00/T) 8.99×10-12 

321 R312 BALP + ACO3 → MO2 + BAL1 7.40×10-13exp(765.00/T) 9.63×10-12 
322 R313 BAL1 + ACO3 → MO2 + BAL2 7.40×10-13exp(765.00/T) 9.63×10-12 

323 
R314 ADDC + ACO3 → 2.000*HO2 + MO2 + 0.320*HKET + 

0.680*GLY + 0.680*OP2 
7.40×10-13exp(708.00/T) 7.95×10-12 

324 R315 MCTP + ACO3 → HO2 + MO2 + MCTO 7.40×10-13exp(708.00/T) 7.95×10-12 
325 R316 ORAP + ACO3 → MO2 + GLY 7.51×10-13exp(565.00/T) 5.00×10-12 
326 R317 OLNN + ACO3 → HO2 + MO2 + ONIT 8.85×10-13exp(765.00/T) 1.15×10-11 

327 
R318 OLND + ACO3 → 0.500*MO2 + NO2 + 0.287*HCHO + 

1.240*ALD + 0.464*KET + 0.500*ORA2 
5.37×10-13exp(765.00/T) 6.99×10-12 

328 
R319 ADCN + ACO3 → HO2 + MO2 + 0.700*NO2 + 0.700*GLY + 

0.700*OP2 + 0.300*ONIT 
7.40×10-13exp(708.00/T) 7.95×10-12 

329 R320 XO2 + ACO3 → MO2 3.40×10-14exp(1560.00/T) 6.37×10-12 
330 R321 RCO3 + RCO3 → 2.000*ETHP 2.50×10-12exp(500.00/T) 1.34×10-11 
331 R322 MO2 + NO3 → HO2 + HCHO + NO2 1.20×10-12 1.20×10-12 
332 R323 ETHP + NO3 → HO2 + NO2 + ACD 1.20×10-12 1.20×10-12 

333 
R324 HC3P + NO3 → 0.254*HO2 + 0.140*MO2 + 0.092*XO2 + 

0.503*ETHP + NO2 + 0.519*ACD + 0.147*ALD + 0.075*MEK + 
0.095*ACT 

1.20×10-12 1.20×10-12 

334 
R325 HC5P + NO3 → 0.488*HO2 + 0.055*MO2 + 0.280*ETHP + 

0.485*XO2 + NO2 + 0.024*HCHO + 0.241*ALD + 0.060*KET + 
0.063*MEK + 0.247*ACT + 0.048*ACD + 0.275*HKET 

1.20×10-12 1.20×10-12 

335 R327 ETEP + NO3 → HO2 + NO2 + 1.600*HCHO + 0.200*ALD 1.20×10-12 1.20×10-12 

336 
R328 OLTP + NO3 → 0.470*ALD + 0.790*HCHO + 0.790*HO2 + NO2 

+ 0.180*MEK + 0.020*ACD + 0.090*ACT 
1.20×10-12 1.20×10-12 

337 
R329 OLIP + NO3 → 0.860*HO2 + 0.720*ALD + 0.110*KET + NO2 + 

0.200*ACT + 0.850*ACD + 0.040*HKET 
1.20×10-12 1.20×10-12 

338 
ROCARO34 BENP + NO3 → NO2 + HO2 + 0.000*BALD + GLY + 

0.500*FURANONE + 0.250*DCB2 + 0.250*DCB3 
2.30×10-12 2.30×10-12 

339 
ROCARO44 TOLP + NO3 → NO2 + 0.915*HO2 + 0.085*BALD + 0.549*GLY 

+ 0.366*MGLY + 0.366*FURANONE + 0.549*DCB1 
2.30×10-12 2.30×10-12 

340 
ROCARO54 XYMP + NO3 → NO2 + 0.952*HO2 + 0.048*BALD + 0.704*GLY 

+ 0.247*MGLY + 0.352*FURANONE + 0.600*DCB2 
2.30×10-12 2.30×10-12 

341 
ROCARO64 XYEP + NO3 → NO2 + 0.915*HO2 + 0.085*BALD + 0.549*GLY 

+ 0.366*MGLY + 0.457*FURANONE + 0.457*DCB2 
2.30×10-12 2.30×10-12 

342 
R338 ISOP + NO3 → HO2 + NO2 + 0.750*HCHO + 0.318*MACR + 

0.500*MVK + 0.024*GLY + 0.033*HKET + 0.031*ALD 
1.20×10-12 1.20×10-12 

343 R339 APIP1 + NO3 → HO2 + NO2 + ALD + KET 1.20×10-12 1.20×10-12 

344 
R340 LIMP1 + NO3 → HO2 + NO2 + 0.385*OLI + 0.385*HCHO + 

0.615*MACR 
1.20×10-12 1.20×10-12 

345 R341 ACO3 + NO3 → MO2 + NO2 4.00×10-12 4.00×10-12 
346 R342 RCO3 + NO3 → ETHP + NO2 4.00×10-12 4.00×10-12 
347 R343 ACTP + NO3 → ACO3 + NO2 + HCHO 1.20×10-12 1.20×10-12 
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348 
R344 MEKP + NO3 → 0.670*HO2 + NO2 + 0.330*HCHO + 

0.670*DCB1 
1.20×10-12 1.20×10-12 

349 R345 KETP + NO3 → HO2 + NO2 + DCB1 1.20×10-12 1.20×10-12 
350 R346 MACP + NO3 → HCHO + 0.538*ACO3 + CO + NO2 1.20×10-12 1.20×10-12 
351 R347 MCP + NO3 → NO2 + HO2 + HCHO + HKET 1.20×10-12 1.20×10-12 

352 
R348 MVKP + NO3 → 0.300*HO2 + 0.700*ACO3 + 0.700*XO2 + NO2 

+ 0.300*HCHO + 0.700*ALD + 0.300*MGLY 
2.50×10-12 2.50×10-12 

353 
R349 UALP + NO3 → HO2 + NO2 + 0.610*CO + 0.030*HCHO + 

0.270*ALD + 0.700*KET + 0.180*GLY + 0.210*MGLY 
2.50×10-12 2.50×10-12 

354 R350 BALP + NO3 → BAL1 + NO2 2.50×10-12 2.50×10-12 
355 R351 BAL1 + NO3 → BAL2 + NO2 2.50×10-12 2.50×10-12 

356 
R352 ADDC + NO3 → HO2 + NO2 + 0.320*HKET + 0.680*GLY + 

0.680*OP2 
1.20×10-12 1.20×10-12 

357 R353 MCTP + NO3 → NO2 + MCTO 1.20×10-12 1.20×10-12 
358 R354 ORAP + NO3 → NO2 + GLY + HO2 1.20×10-12 1.20×10-12 
359 R355 OLNN + NO3 → HO2 + NO2 + ONIT 1.20×10-12 1.20×10-12 

360 
R356 OLND + NO3 → 2.000*NO2 + 0.287*HCHO + 1.240*ALD + 

0.464*KET 
1.20×10-12 1.20×10-12 

361 R357 ADCN + NO3 → 2.000*NO2 + GLY + OP2 1.20×10-12 1.20×10-12 
362 R358 OLNN + OLNN → HO2 + 2.000*ONIT 7.00×10-14exp(1000.00/T) 2.00×10-12 

363 
R359 OLNN + OLND → 0.500*HO2 + 0.500*NO2 + 0.202*HCHO + 

0.640*ALD + 0.149*KET + 1.500*ONIT 
4.25×10-14exp(1000.00/T) 1.22×10-12 

364 
R360 OLND + OLND → NO2 + 0.504*HCHO + 1.210*ALD + 

0.285*KET + ONIT 
2.96×10-14exp(1000.00/T) 8.47×10-13 

365 R361 XO2 + NO3 → NO2 1.20×10-12 1.20×10-12 
366 R362 XO2 + RCO3 → ETHP 2.50×10-12exp(500.00/T) 1.34×10-11 
367 R363 XO2 + XO2 → 7.13×10-17exp(2950.00/T) 1.41×10-12 

368 
TRP41 APIP2 + APIP1 → 0.960*HOM + 0.480*ROH + 0.480*PINAL + 

0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

369 
TRP42 APIP2 + LIMP1 → 0.960*HOM + 0.480*ROH + 0.480*LIMAL + 

0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

370 
TRP43 APIP2 + ISOP → 0.960*HOM + 0.480*ROH + 0.480*HCHO + 

0.480*MVK + 0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

371 
TRP44 LIMP2 + APIP1 → 0.960*HOM + 0.480*ROH + 0.480*PINAL + 

0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

372 
TRP45 LIMP2 + LIMP1 → 0.960*HOM + 0.480*ROH + 0.480*LIMAL + 

0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

373 
TRP46 LIMP2 + ISOP → 0.960*HOM + 0.480*ROH + 0.480*HCHO + 

0.480*MVK + 0.480*HO + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

374 
TRP47 APINP2 + APIP1 → 0.960*HOM + 0.480*ROH + 0.480*PINAL + 

0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

375 
TRP48 APINP2 + LIMP1 → 0.960*HOM + 0.480*ROH + 0.480*LIMAL + 

0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

376 
TRP49 APINP2 + ISOP → 0.960*HOM + 0.480*ROH + 0.480*HCHO + 

0.480*MVK + 0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

377 
TRP50 LIMNP2 + APIP1 → 0.960*HOM + 0.480*ROH + 0.480*PINAL + 

0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

378 
TRP51 LIMNP2 + LIMP1 → 0.960*HOM + 0.480*ROH + 0.480*LIMAL 

+ 0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

379 
TRP52 LIMNP2 + ISOP → 0.960*HOM + 0.480*ROH + 0.480*HCHO + 

0.480*MVK + 0.480*NO2 + 0.480*HO2 + 0.040*ELHOM 
1.00×10-10 1.00×10-10 

380 SA14 IEPOX + HO → HO 5.78×10-11exp(-400.00/T) 1.51×10-11 
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381 R001c VROCIOXY + HO → 0.852*ETHP + 0.149*ASOATJ 6.89×10-12 6.89×10-12 
382 R002c SLOWROC + HO → ETHP + 0.001*ASOATJ 6.55×10-14 6.55×10-14 
383 T17 ACRO + HO → 0.570*MACP + 0.430*MCP 8.00×10-12exp(380.00/T) 2.86×10-11 

384 
T18 ACRO + O3 → 0.840*CO + 0.560*HO2 + 0.280*HO + 

0.720*HCHO + 0.620*GLY 
2.90E90×10-19 2.90E-19 

385 
T19 ACRO + NO3 → 0.680*HCHO + 0.320*MACP + 0.680*XO2 + 

0.680*MGLY + 0.320*HNO3 + 0.680*NO2 
3.40×10-15 3.40×10-15 

386 

T20 ACRO → CO + 0.477*HO2 + 0.250*ETE + 0.354*ACO3 + 
0.204*HO + 0.150*HCHO + 0.027*MO2 

φ from MVK (Atkinson et 
al., 2006; Gierczak et al., 

1997), σ from Sander et al. 
(2006) as implemented by 

Hutzell et al. (2012) 

Not Available 

387 T10 BDE13 + HO → 0.667*BDE13P + 0.333*UALD + 0.333*HO2 1.48×10-11exp(448.00/T) 6.65×10-11 

388 
T10a BDE13P + NO → 0.968*HO2 + 0.968*NO2 + 0.895*ACRO + 

0.895*HCHO + 0.072*FURAN + 0.032*ONIT 
9.05×10-12 9.05×10-12 

389 
T10b BDE13P + NO3 → HO2 + NO2 + 0.925*ACRO + 0.925*HCHO + 

0.075*FURAN 
2.30×10-12 2.30×10-12 

390 T10c BDE13P + HO2 → OP2 1.61×10-11 1.61×10-11 

391 
T10d BDE13P + MO2 → 0.320*MOH + 1.143*HCHO + 0.870*HO2 + 

0.463*ACRO + 0.250*OLT + 0.231*MVK + 0.037*FURAN + 
0.019*UALD 

2.39×10-12 2.39×10-12 

392 
T10e BDE13P + ACO3 → 0.700*MO2 + 0.300*ORA2 + 0.800*HO2 + 

0.740*ACRO + 0.740*HCHO + 0.185*MVK + 0.060*FURAN + 
0.015*UALD 

1.37×10-11 1.37×10-11 

393 
T11 BDE13 + O3 → 0.620*ACRO + 0.630*CO + 0.420*HO2 + 

0.080*HO + 0.830*HCHO + 0.170*ETE 
1.34×10-14exp(-2283.00/T) 6.33×10-18 

394 T12 BDE13 + NO3 → 0.900*OLNN + 0.100*OLND + 0.900*ACRO 1.00×10-13 1.00×10-13 
395 R003c FURAN + HO → 0.490*DCB1 + 0.490*HO2 + 0.510*FURANO2 5.01×10-11 5.01×10-11 

396 
R004c FURANO2 + NO → 0.080*ONIT + 0.920*NO2 + 

0.920*FURANONE + 0.750*HO2 + 0.170*MO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

397 
R005c FURANO2 + HO2 → 0.600*OP2 + 0.400*FURANONE + 

0.400*HO + 0.320*HO2 + 0.080*MO2 
3.75×10-13exp(980.00/T) 1.00×10-11 

398 
R006c FURANONE + HO → 0.650*KET + 0.310*GLY + 0.660*HO2 + 

0.340*MO2 + 0.430*CO + 0.040*ASOATJ 
4.40×10-11 4.40×10-11 

399 R007c FURAN + O3 → 0.020*HO + ALD 3.43×10-17 3.43×10-17 
400 R008c FURAN + NO3 → NO2 + 0.800*DCB1 + 0.200*DCB3 8.99×10-12 8.99×10-12 
401 R010c PROG + HO → 0.613*HKET + 0.387*ALD + HO2 1.20×10-11 1.20×10-11 
402 R011c SESQ + NO3 → SESQNRO2 1.90×10-11 1.90×10-11 
403 R012c SESQNRO2 + HO2 → VROCP0OXY4 2.84×10-13exp(1300.00/T) 2.22×10-11 
404 R013c SESQNRO2 + NO → VROCP3OXY2 + 2.000*NO2 2.70×10-12exp(360.00/T) 9.03×10-12 
405 R014c SESQNRO2 + NO3 → VROCP3OXY2 + 2.000*NO2 2.30×10-12 2.30×10-12 
406 R015c SESQ + O3 → 0.982*VROCP3OXY2 + 0.018*VROCN2OXY2 1.20×10-14 1.20×10-14 
407 R016c SESQ + HO → SESQRO2 1.97×10-10 1.97×10-10 
408 R017c SESQRO2 + HO2 → VROCP0OXY2 2.84×10-13exp(1300.00/T) 2.22×10-11 
409 R019c SESQRO2 + NO3 → VROCP3OXY2 2.30×10-12 2.30×10-12 

410 
R020c SESQRO2 + NO → 0.247*VROCP1OXY3 + 

0.753*VROCP3OXY2 + 0.753*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

411 
HET_GLY GLY → AGLYJ γ=2.9×10-3, based on Liggio 

et al. (2005) as implemented 
by Pye et al. (2015) 

Not 
Availableb 

Formatted: Superscript
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412 
HET_MGLY MGLY → AGLYJ γ=2.9×10-3, based on Liggio 

et al. (2005) as implemented 
by Pye et al. (2015) 

Not 
Availableb 

413 
HET_N2O5 N2O5 → 2.000*HNO3 Davis et al. (2008) equation 

15 
Not 

Availableb 

414 
HET_N02 NO2 → 0.500*HONO + 0.500*HNO3 νγ= 4×10-4 m s-1 

(Vogel et al., 2003) 
Not 

Availableb 

415 

HAL_Ozonee O3 → min( 6.701×10-

11exp(1.074×10+1P)+ 
3.415E-08exp(-6.713×10-

1P), 2.000×10-06) 

 
2.00×10-6 

416 

HET_IEPOX IEPOX → IEPOXP Uptake coefficient calculated 
based on particle 

composition following Pye 
et al. (2013) with parameter 
updates of Pye et al. (2017) 

Not 
Applicableb 

417 

HET_ISO3TE
T 

IEPOXP → AISO3NOSJ Ratio of 2-
methyltetrols+IEPOX-
derived organonitrate 

formation rates to total 
condensed phase reaction 

rate 

Not 
Applicable 

418 

HET_IEPOX
OS 

IEPOXP + ASO4J → AISO3OSJ Ratio of Organosulfate 
formation rate to total 

IEPOX condensed phase 
reaction rate 

Not 
Applicable 

419 ROCALK1c VROCP6ALK + HO → VROCP6ALKP 1.53×10-11 1.53×10-11 
420 ROCALK2c VROCP5ALK + HO → VROCP5ALKP 1.68×10-11 1.68×10-11 
421 ROCALK3c VROCP4ALK + HO → VROCP4ALKP 2.24×10-11 2.24×10-11 
422 ROCALK4c VROCP3ALK + HO → VROCP3ALKP 2.67×10-11 2.67×10-11 
423 ROCALK5c VROCP2ALK + HO → VROCP2ALKP 3.09×10-11 3.09×10-11 
424 ROCALK6c VROCP1ALK + HO → VROCP1ALKP 3.38×10-11 3.38×10-11 
425 HC1001 HC10 + HO → HC10P 1.10×10-11 1.10×10-11 

426 
ROCALK7c VROCP6ALKP + NO → 0.720*VROCP6ALKP2 + 

0.280*VROCP4OXY2 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

427 
ROCALK8c VROCP5ALKP + NO → 0.720*VROCP5ALKP2 + 

0.280*VROCP3OXY2 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

428 
ROCALK9c VROCP4ALKP + NO → 0.720*VROCP4ALKP2 + 

0.280*VROCP2OXY2 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

429 
ROCALK10c VROCP3ALKP + NO → 0.720*VROCP3ALKP2 + 

0.280*VROCP1OXY1 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

430 
ROCALK11c VROCP2ALKP + NO → 0.720*VROCP2ALKP2 + 

0.280*VROCP0OXY2 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

431 
ROCALK12c VROCP1ALKP + NO → 0.720*VROCP1ALKP2 + 

0.280*VROCN1OXY1 + 0.720*NO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

432 HC1002 HC10P + NO → 0.740*HC10P2 + 0.260*ONIT + 0.740*NO2 2.70×10-12exp(360.00/T) 9.03×10-12 
433 ROCALK13c VROCP6ALKP + NO3 → VROCP6ALKP2 + NO2 2.30×10-12 2.30×10-12 
434 ROCALK14c VROCP5ALKP + NO3 → VROCP5ALKP2 + NO2 2.30×10-12 2.30×10-12 
435 ROCALK15c VROCP4ALKP + NO3 → VROCP4ALKP2 + NO2 2.30×10-12 2.30×10-12 
436 ROCALK16c VROCP3ALKP + NO3 → VROCP3ALKP2 + NO2 2.30×10-12 2.30×10-12 
437 ROCALK17c VROCP2ALKP + NO3 → VROCP2ALKP2 + NO2 2.30×10-12 2.30×10-12 
438 ROCALK18c VROCP1ALKP + NO3 → VROCP1ALKP2 + NO2 2.30×10-12 2.30×10-12 
439 HC1003 HC10P + NO3 → HC10P2 + NO2 2.30×10-12 2.30×10-12 
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440 ROCALK19c VROCP6ALKP + HO2 → VROCP3OXY2 2.17×10-11 2.17×10-11 
441 ROCALK20c VROCP5ALKP + HO2 → VROCP2OXY2 2.20×10-11 2.20×10-11 
442 ROCALK21c VROCP4ALKP + HO2 → VROCP1OXY1 2.25×10-11 2.25×10-11 
443 ROCALK22c VROCP3ALKP + HO2 → VROCP0OXY2 2.26×10-11 2.26×10-11 
444 ROCALK23c VROCP2ALKP + HO2 → VROCN1OXY1 2.27×10-11 2.27×10-11 
445 ROCALK24c VROCP1ALKP + HO2 → VROCN2OXY2 2.27×10-11 2.27×10-11 
446 HC1004 HC10P + HO2 → OP2 2.66×10-13exp(1300.00/T) 2.08×10-11 
447 ROCALK25c VROCP6ALKP2 → HO2 + VROCP3OXY2 1.88E-0188×10-1 1.88E-01 
448 ROCALK26c VROCP5ALKP2 → HO2 + VROCP2OXY2 1.88E-0188×10-1 1.88E-01 
449 ROCALK27c VROCP4ALKP2 → HO2 + VROCP1OXY1 1.88E-0188×10-1 1.88E-01 
450 ROCALK28c VROCP3ALKP2 → HO2 + VROCP0OXY2 1.88E-0188×10-1 1.88E-01 
451 ROCALK29c VROCP2ALKP2 → HO2 + VROCN1OXY1 1.88E-0188×10-1 1.88E-01 
452 ROCALK30c VROCP1ALKP2 → HO2 + VROCN2OXY2 1.88E-0188×10-1 1.88E-01 
453 HC1005 HC10P2 → HO2 + VROCP4OXY2 1.88E-0188×10-1 1.88E-01 

454 
ROCALK31c VROCP6ALKP2 + NO → 0.140*VROCP2OXY2 + 0.860*NO2 + 

0.860*VROCP3OXY2 + 0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

455 
ROCALK32c VROCP5ALKP2 + NO → 0.140*VROCP1OXY3 + 0.860*NO2 + 

0.860*VROCP2OXY2 + 0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

456 
ROCALK33c VROCP4ALKP2 + NO → 0.140*VROCP0OXY2 + 0.860*NO2 + 

0.860*VROCP1OXY1 + 0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

457 
ROCALK34c VROCP3ALKP2 + NO → 0.140*VROCN1OXY1 + 0.860*NO2 + 

0.860*VROCP0OXY2 + 0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

458 
ROCALK35c VROCP2ALKP2 + NO → 0.140*VROCN2OXY2 + 0.860*NO2 + 

0.860*VROCN1OXY1 + 0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

459 
ROCALK36c VROCP1ALKP2 + NO → VROCN2OXY2 + 0.860*NO2 + 

0.860*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

460 
HC1006 HC10P2 + NO → 0.120*ONIT + 0.880*NO2 + 0.880*KET + 

0.880*HO2 
2.70×10-12exp(360.00/T) 9.03×10-12 

461 ROCALK37c VROCP6ALKP2 + NO3 → NO2 + VROCP3OXY2 + HO2 2.30×10-12 2.30×10-12 
462 ROCALK38c VROCP5ALKP2 + NO3 → NO2 + VROCP2OXY2 + HO2 2.30×10-12 2.30×10-12 
463 ROCALK39c VROCP4ALKP2 + NO3 → NO2 + VROCP1OXY1 + HO2 2.30×10-12 2.30×10-12 
464 ROCALK40c VROCP3ALKP2 + NO3 → NO2 + VROCP0OXY2 + HO2 2.30×10-12 2.30×10-12 
465 ROCALK41c VROCP2ALKP2 + NO3 → NO2 + VROCN1OXY1 + HO2 2.30×10-12 2.30×10-12 
466 ROCALK42c VROCP1ALKP2 + NO3 → NO2 + VROCN2OXY2 + HO2 2.30×10-12 2.30×10-12 
467 HC1007 HC10P2 + NO3 → NO2 + KET + HO2 2.30×10-12 2.30×10-12 
468 ROCALK43c VROCP6ALKP2 + HO2 → VROCP1OXY3 2.17×10-11 2.17×10-11 
469 ROCALK44c VROCP5ALKP2 + HO2 → VROCP0OXY2 2.20×10-11 2.20×10-11 
470 ROCALK45c VROCP4ALKP2 + HO2 → VROCN1OXY1 2.25×10-11 2.25×10-11 
471 ROCALK46c VROCP3ALKP2 + HO2 → VROCN2OXY2 2.26×10-11 2.26×10-11 
472 ROCALK47c VROCP2ALKP2 + HO2 → VROCN2OXY2 2.27×10-11 2.27×10-11 
473 ROCALK48c VROCP1ALKP2 + HO2 → VROCN2OXY2 2.27×10-11 2.27×10-11 
474 HC1008 HC10P2 + HO2 → VROCP2OXY2 2.66×10-13exp(1300.00/T) 2.08×10-11 

475 
ROCARO01 VROCP6ARO + HO → 0.840*VROCP6AROP + 0.160*HO2 + 

0.160*VROCP4OXY2 
1.81×10-11 1.81×10-11 

476 
ROCARO02 VROCP6AROP + HO2 → 0.059*VROCP4OXY2 + 

0.905*VROCP1OXY3 + 0.036*VROCN2OXY4 
2.91×10-13exp(1300.00/T) 2.28×10-11 

477 

ROCARO03 VROCP6AROP + NO → 0.000*VROCP4OXY2 + 
0.002*VROCP2OXY2 + 0.000*VROCN1OXY3 + 0.998*NO2 + 

0.998*HO2 + 0.059*BALD + 0.469*GLY + 0.469*MGLY + 
0.469*FURANONE + 0.469*DCB2 

2.70×10-12exp(360.00/T) 9.03×10-12 

478 
ROCARO04 VROCP6AROP + NO3 → NO2 + 0.941*HO2 + 0.059*BALD + 

0.470*GLY + 0.470*MGLY + 0.470*FURANONE + 0.470*DCB2 
2.30×10-12 2.30×10-12 
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479 
ROCARO05 VROCP6AROP + MO2 → 0.680*HCHO + 1.310*HO2 + 

0.320*MOH + 0.059*BALD + 0.470*GLY + 0.470*MGLY + 
0.470*FURANONE + 0.470*DCB2 

3.56×10-14exp(708.00/T) 3.83×10-13 

480 
ROCARO06 VROCP6AROP + ACO3 → 0.700*MO2 + 0.941*HO2 + 

0.300*ORA2 + 0.059*BALD + 0.470*GLY + 0.470*MGLY + 
0.470*FURANONE + 0.470*DCB2 

7.40×10-13exp(765.00/T) 9.63×10-12 

481 
ROCARO11 VROCP5ARO + HO → 0.840*VROCP5AROP + 0.160*HO2 + 

0.160*VROCP3OXY2 
1.81×10-11 1.81×10-11 

482 
ROCARO12 VROCP5AROP + HO2 → 0.059*VROCP3OXY2 + 

0.905*VROCP0OXY2 + 0.036*VROCN2OXY4 
2.91×10-13exp(1300.00/T) 2.28×10-11 

483 

ROCARO13 VROCP5AROP + NO → 0.000*VROCP3OXY2 + 
0.002*VROCP1OXY3 + 0.000*VROCN2OXY4 + 0.998*NO2 + 

0.998*HO2 + 0.059*VROCP4OXY2 + 0.469*GLY + 0.469*MGLY 
+ 0.469*FURANONE + 0.469*DCB2 

2.70×10-12exp(360.00/T) 9.03×10-12 

484 
ROCARO14 VROCP5AROP + NO3 → NO2 + 0.941*HO2 + 

0.059*VROCP4OXY2 + 0.470*GLY + 0.470*MGLY + 
0.470*FURANONE + 0.470*DCB2 

2.30×10-12 2.30×10-12 

485 
ROCARO15 VROCP5AROP + MO2 → 0.680*HCHO + 1.310*HO2 + 

0.320*MOH + 0.059*VROCP4OXY2 + 0.470*GLY + 
0.470*MGLY + 0.470*FURANONE + 0.470*DCB2 

3.56×10-14exp(708.00/T) 3.83×10-13 

486 
ROCARO16 VROCP5AROP + ACO3 → 0.700*MO2 + 0.941*HO2 + 

0.300*ORA2 + 0.059*VROCP4OXY2 + 0.470*GLY + 
0.470*MGLY + 0.470*FURANONE + 0.470*DCB2 

7.40×10-13exp(765.00/T) 9.63×10-12 

487 
ROCARO21 NAPH + HO → 0.840*NAPHP + 0.160*HO2 + 

0.160*VROCP3OXY2 
2.31×10-11 2.31×10-11 

488 
ROCARO22 NAPHP + HO2 → 0.059*VROCP3OXY2 + 0.905*VROCP1OXY3 

+ 0.036*VROCN2OXY8 
2.91×10-13exp(1300.00/T) 2.28×10-11 

489 
ROCARO23 NAPHP + NO → 0.060*VROCP4OXY2 + 0.002*VROCP2OXY2 + 

0.000*VROCN2OXY8 + 0.998*NO2 + 0.998*HO2 + 0.469*GLY + 
0.469*MGLY + 0.469*FURANONE + 0.469*DCB2 

2.70×10-12exp(360.00/T) 9.03×10-12 

490 
ROCARO24 NAPHP + NO3 → NO2 + 0.941*HO2 + 0.059*VROCP4OXY2 + 

0.470*GLY + 0.470*MGLY + 0.470*FURANONE + 0.470*DCB2 
2.30×10-12 2.30×10-12 

491 
ROCARO25 NAPHP + MO2 → 0.680*HCHO + 1.310*HO2 + 0.320*MOH + 

0.059*VROCP4OXY2 + 0.470*GLY + 0.470*MGLY + 
0.470*FURANONE + 0.470*DCB2 

3.56×10-14exp(708.00/T) 3.83×10-13 

492 
ROCARO26 NAPHP + ACO3 → 0.700*MO2 + 0.941*HO2 + 0.300*ORA2 + 

0.059*VROCP4OXY2 + 0.470*GLY + 0.470*MGLY + 
0.470*FURANONE + 0.470*DCB2 

7.40×10-13exp(765.00/T) 9.63×10-12 

493 
ROCOXY1c VROCN2OXY8 + HO → HO + 0.085*VROCN2OXY8 + 

0.258*DCB1 + 0.258*MEK + 0.258*ACD + 0.258*ALD + 
0.258*MO2 + 0.258*ETHP + 0.258*HC3P + 0.258*MEKP 

5.90×10-11 5.90×10-11 

494 

ROCOXY2c VROCN2OXY4 + HO → HO + 0.464*VROCN2OXY8 + 
0.198*VROCN2OXY4 + 0.012*VROCN1OXY6 + 
0.015*VROCN1OXY3 + 0.062*VROCP0OXY4 + 
0.039*VROCP1OXY3 + 0.049*VROCP2OXY2 + 

0.040*VROCP3OXY2 + 0.018*VROCP4OXY2 + 0.031*OP3 + 
0.004*OP2 + 0.079*DCB1 + 0.079*MEK + 0.079*KET + 
0.079*ACD + 0.079*ALD + 0.079*MO2 + 0.079*ETHP + 

0.079*HC3P + 0.079*MEKP + 0.079*HC5P + 0.079*KETP 

6.07×10-11 6.07×10-11 

495 

ROCOXY3c VROCN2OXY2 + HO → HO + 0.104*VROCN2OXY8 + 
0.564*VROCN2OXY4 + 0.214*VROCN2OXY2 + 
0.015*VROCN1OXY6 + 0.030*VROCN1OXY3 + 
0.010*VROCN1OXY1 + 0.019*VROCP0OXY4 + 

5.54×10-11 5.54×10-11 
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0.046*VROCP0OXY2 + 0.031*VROCP1OXY3 + 
0.020*VROCP1OXY1 + 0.046*VROCP2OXY2 + 
0.045*VROCP3OXY2 + 0.045*VROCP4OXY2 + 

0.033*VROCP5OXY1 + 0.037*VROCP6OXY1 + 0.003*OP3 + 
0.039*DCB1 + 0.039*HKET + 0.039*MEK + 0.039*ACD + 
0.039*ALD + 0.039*MO2 + 0.039*ETHP + 0.039*HC3P + 

0.039*MEKP + 0.092*HC5P 

496 

ROCOXY4c VROCN1OXY6 + HO → HO + 0.204*VROCN2OXY8 + 
0.007*VROCN2OXY4 + 0.184*DCB1 + 0.184*MEK + 0.184*KET 

+ 0.184*ACD + 0.184*ALD + 0.184*MO2 + 0.184*ETHP + 
0.184*HC3P + 0.184*MEKP + 0.184*HC5P 

5.63×10-11 5.63×10-11 

497 

ROCOXY5c VROCN1OXY3 + HO → HO + 0.279*VROCN2OXY8 + 
0.403*VROCN2OXY4 + 0.009*VROCN2OXY2 + 
0.032*VROCN1OXY6 + 0.008*VROCN1OXY3 + 
0.019*VROCP0OXY4 + 0.010*VROCP0OXY2 + 
0.051*VROCP1OXY3 + 0.007*VROCP1OXY1 + 
0.051*VROCP2OXY2 + 0.046*VROCP3OXY2 + 

0.051*VROCP4OXY2 + 0.014*VROCP5OXY1 + 0.013*OP2 + 
0.065*DCB1 + 0.065*HKET + 0.065*MEK + 0.065*ACD + 
0.065*ALD + 0.065*MO2 + 0.065*ETHP + 0.065*HC3P + 

0.065*MEKP + 0.175*HC5P 

5.46×10-11 5.46×10-11 

498 

ROCOXY6c VROCN1OXY1 + HO → HO + 0.007*VROCN2OXY8 + 
0.119*VROCN2OXY4 + 0.726*VROCN2OXY2 + 
0.012*VROCN1OXY6 + 0.030*VROCN1OXY3 + 
0.007*VROCN1OXY1 + 0.029*VROCP0OXY4 + 
0.045*VROCP0OXY2 + 0.023*VROCP1OXY3 + 
0.035*VROCP1OXY1 + 0.062*VROCP2OXY2 + 
0.052*VROCP3OXY2 + 0.051*VROCP4OXY2 + 

0.035*VROCP5OXY1 + 0.075*VROCP6OXY1 + 0.016*OP3 + 
0.006*OP2 + 0.024*DCB1 + 0.024*HKET + 0.024*MEK + 
0.024*ACD + 0.024*ALD + 0.024*MO2 + 0.024*ETHP + 

0.024*HC3P + 0.024*MEKP + 0.054*HC5P 

4.50×10-11 4.50×10-11 

499 

ROCOXY7c VROCP0OXY4 + HO → HO + 0.282*VROCN2OXY8 + 
0.117*VROCN2OXY4 + 0.032*VROCN1OXY6 + 
0.018*VROCN1OXY3 + 0.001*VROCP0OXY4 + 
0.066*VROCP2OXY2 + 0.053*VROCP3OXY2 + 

0.025*VROCP4OXY2 + 0.005*OP2 + 0.107*DCB1 + 0.107*MEK 
+ 0.107*KET + 0.107*ACD + 0.107*ALD + 0.107*MO2 + 

0.107*ETHP + 0.107*HC3P + 0.107*MEKP + 0.107*HC5P + 
0.107*KETP 

5.17×10-11 5.17×10-11 

500 

ROCOXY8c VROCP0OXY2 + HO → HO + 0.066*VROCN2OXY8 + 
0.458*VROCN2OXY4 + 0.116*VROCN2OXY2 + 
0.033*VROCN1OXY6 + 0.066*VROCN1OXY3 + 
0.005*VROCN1OXY1 + 0.031*VROCP0OXY4 + 
0.002*VROCP0OXY2 + 0.040*VROCP1OXY3 + 
0.021*VROCP1OXY1 + 0.054*VROCP2OXY2 + 
0.052*VROCP3OXY2 + 0.052*VROCP4OXY2 + 

0.037*VROCP5OXY1 + 0.042*VROCP6OXY1 + 0.011*OP3 + 
0.044*DCB1 + 0.044*HKET + 0.044*MEK + 0.044*ACD + 
0.044*ALD + 0.044*MO2 + 0.044*ETHP + 0.044*HC3P + 

0.044*MEKP + 0.105*HC5P 

4.73×10-11 4.73×10-11 

501 
ROCOXY9c VROCP1OXY3 + HO → HO + 0.178*VROCN2OXY8 + 

0.192*VROCN2OXY4 + 0.000*VROCN2OXY2 + 
0.074*VROCN1OXY6 + 0.045*VROCN1OXY3 + 

4.60×10-11 4.60×10-11 
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0.063*VROCP0OXY4 + 0.001*VROCP0OXY2 + 
0.001*VROCP1OXY3 + 0.023*VROCP2OXY2 + 
0.059*VROCP3OXY2 + 0.065*VROCP4OXY2 + 

0.017*VROCP5OXY1 + 0.015*OP3 + 0.017*OP2 + 0.082*DCB1 + 
0.082*HKET + 0.082*MEK + 0.082*ACD + 0.082*ALD + 

0.082*MO2 + 0.082*ETHP + 0.082*HC3P + 0.082*MEKP + 
0.222*HC5P 

502 

ROCOXY10c VROCP1OXY1 + HO → HO + 0.002*VROCN2OXY8 + 
0.134*VROCN2OXY4 + 0.335*VROCN2OXY2 + 
0.008*VROCN1OXY6 + 0.119*VROCN1OXY3 + 
0.076*VROCN1OXY1 + 0.029*VROCP0OXY4 + 
0.077*VROCP0OXY2 + 0.028*VROCP1OXY3 + 
0.012*VROCP1OXY1 + 0.065*VROCP2OXY2 + 
0.071*VROCP3OXY2 + 0.067*VROCP4OXY2 + 

0.042*VROCP5OXY1 + 0.091*VROCP6OXY1 + 0.007*OP3 + 
0.003*OP2 + 0.030*DCB1 + 0.030*HKET + 0.030*MEK + 
0.030*ACD + 0.030*ALD + 0.030*MO2 + 0.030*ETHP + 

0.030*HC3P + 0.030*MEKP + 0.065*HC5P 

3.80×10-11 3.80×10-11 

503 

ROCOXY11c VROCP2OXY2 + HO → HO + 0.044*VROCN2OXY8 + 
0.173*VROCN2OXY4 + 0.010*VROCN2OXY2 + 
0.051*VROCN1OXY6 + 0.112*VROCN1OXY3 + 
0.001*VROCN1OXY1 + 0.134*VROCP0OXY4 + 
0.040*VROCP0OXY2 + 0.051*VROCP1OXY3 + 
0.007*VROCP1OXY1 + 0.024*VROCP2OXY2 + 
0.029*VROCP3OXY2 + 0.073*VROCP4OXY2 + 

0.052*VROCP5OXY1 + 0.059*VROCP6OXY1 + 0.004*OP3 + 
0.002*OP2 + 0.063*DCB1 + 0.063*HKET + 0.063*MEK + 
0.063*ACD + 0.063*ALD + 0.063*MO2 + 0.063*ETHP + 

0.063*HC3P + 0.063*MEKP + 0.149*HC5P 

3.93×10-11 3.93×10-11 

504 

ROCOXY12c VROCP3OXY2 + HO → HO + 0.032*VROCN2OXY8 + 
0.076*VROCN2OXY4 + 0.001*VROCN2OXY2 + 
0.053*VROCN1OXY6 + 0.049*VROCN1OXY3 + 
0.155*VROCP0OXY4 + 0.015*VROCP0OXY2 + 
0.105*VROCP1OXY3 + 0.001*VROCP1OXY1 + 
0.053*VROCP2OXY2 + 0.009*VROCP3OXY2 + 
0.043*VROCP4OXY2 + 0.058*VROCP5OXY1 + 

0.066*VROCP6OXY1 + 0.051*OP3 + 0.011*OP2 + 0.070*DCB1 + 
0.070*HKET + 0.070*MEK + 0.070*ACD + 0.070*ALD + 

0.070*MO2 + 0.070*ETHP + 0.070*HC3P + 0.070*MEKP + 
0.166*HC5P 

3.52×10-11 3.52×10-11 

505 

ROCOXY13c VROCP4OXY2 + HO → HO + 0.012*VROCN2OXY8 + 
0.017*VROCN2OXY4 + 0.048*VROCN1OXY6 + 
0.025*VROCN1OXY3 + 0.088*VROCP0OXY4 + 
0.092*VROCP1OXY3 + 0.007*VROCP1OXY1 + 
0.097*VROCP2OXY2 + 0.046*VROCP3OXY2 + 
0.002*VROCP4OXY2 + 0.048*VROCP5OXY1 + 

0.074*VROCP6OXY1 + 0.061*OP3 + 0.015*OP2 + 0.079*DCB1 + 
0.079*HKET + 0.079*MEK + 0.079*ACD + 0.079*ALD + 

0.079*MO2 + 0.079*ETHP + 0.079*HC3P + 0.079*MEKP + 
0.173*HC5P 

3.12×10-11 3.12×10-11 

506 

ROCOXY14c VROCP5OXY1 + HO → HO + 0.010*VROCN2OXY4 + 
0.001*VROCN2OXY2 + 0.009*VROCN1OXY6 + 
0.015*VROCN1OXY3 + 0.070*VROCP0OXY4 + 
0.015*VROCP0OXY2 + 0.104*VROCP1OXY3 + 

2.40×10-11 2.40×10-11 
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0.003*VROCP1OXY1 + 0.165*VROCP2OXY2 + 
0.157*VROCP3OXY2 + 0.072*VROCP4OXY2 + 

0.006*VROCP5OXY1 + 0.140*VROCP6OXY1 + 0.022*OP3 + 
0.038*OP2 + 0.053*DCB1 + 0.053*HKET + 0.053*MEK + 
0.053*ACD + 0.053*ALD + 0.053*MO2 + 0.053*ETHP + 

0.053*HC3P + 0.053*MEKP + 0.128*HC5P 

507 

ROCOXY15c VROCP6OXY1 + HO → HO + 0.006*VROCN1OXY6 + 
0.005*VROCN1OXY3 + 0.022*VROCP0OXY4 + 
0.050*VROCP1OXY3 + 0.002*VROCP1OXY1 + 
0.088*VROCP2OXY2 + 0.138*VROCP3OXY2 + 
0.146*VROCP4OXY2 + 0.043*VROCP5OXY1 + 

0.096*VROCP6OXY1 + 0.032*OP3 + 0.059*OP2 + 0.057*DCB1 + 
0.057*HKET + 0.057*MEK + 0.057*ACD + 0.057*ALD + 

0.057*MO2 + 0.057*ETHP + 0.057*HC3P + 0.057*MEKP + 
0.154*HC5P 

2.05×10-11 2.05×10-11 

508 

ROCOXY16c OP3 + HO → HO + 0.119*VROCN2OXY8 + 
0.001*VROCN2OXY4 + 0.039*VROCN1OXY6 + 

0.011*VROCP0OXY4 + 0.227*DCB1 + 0.227*MEK + 0.227*ACD 
+ 0.227*ALD + 0.227*MO2 + 0.227*ETHP + 0.227*HC3P + 

0.227*MEKP 

4.69×10-11 4.69×10-11 

 

aReaction rate constants following Arrhenius behavior are specified as k = Ae-Ea/RT. Fall-off or pressure dependent reaction 1265 

rate constants are specified as follows (M equals air number density):  

for rate constants with ko, ki, n, F values: k = [ koM/(1+koM/ki)]FG, where G=(1+(log10(koM/ki)/n)2))-1;  

for rate constants with k1, k2: k = k1 + k2M;  

for rate constants with k0, k2, k3: k = k0 + k3M/(1+k3M/k2);  

for rate constants with k1, k2, k3: k = k1 + k2M + k3. 1270 

bHeterogeneous rates are specified as, 𝑘 =
/ /

, where SA is the fine aerosol surface area, rp is the effective particle radius, 

Dg is the gas-phase diffusivity, ν is the mean molecular speed, and γ is the uptake coefficient. In the case of heterogeneous NO2 reaction, 

the gas-phase diffusivity term in the denominator is neglected. 

cCMAQ calculates photolysis rate coefficients (J-values) as follows: 

   J = ∫ 𝐹(𝜆)𝜎 (𝜆)𝜙 (𝜆)𝑑𝜆          1275 

  where F(λ) is the actinic flux (photons cm-2 min-1 nm-1), σi(λ) is the absorption cross section for the molecule undergoing 

photolytic reaction (cm2 molecule-1), φi(λ) is the quantum yield of the photolysis reaction (molecules photon-1), and λ is the 

wavelength (nm). CMAQ uses 7-binned absorption cross-section and quantum yield data for calculating J-values. Sources of 

absorption cross-section and quantum yield data are provided in the table. 

dThe rate constant for R067 is scaled to the reverse equilibrium of R066.  1280 
eThe HAL_Ozone reaction represents loss of ozone over ocean surfaces due to halogen chemistry. The rate is set to zero if 

the sun is below the horizon and if the surface does not include sea or surf zones (P = air pressure in atmospheres) (Sarwar 

et al., 2015).  
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Derivation of aromatic system SOA yields 

SOA from phenolic species (PHEN and CSL) were set to reproduce SOA yields under RO2+NO dominant conditions 

for benzene (BEN), toluene (TOL), and m-xylenes (XYM) assuming all SOA under RO2+NO dominant conditions 

comes from the phenolic route. The yield of phenolic compounds from BEN, TOL, and XYM is insensitive to NOX. 65 

Mass-based yields from Ng et al. (2007) were wall loss corrected using information from Zhang et al. (2014). Using 

the OM/OC ratio of the SOA (Pye et al., 2017) and assuming the carbon backbone was retained, a molar SOA yield 

from BEN, TOL, and XYM, consistent with laboratory data was calculated following: 

Molar Yield = Mass Yield * Wall Loss Correction / MWT SOA * MWT Parent   (S1) 

where MWT is the molecular weight (Table S3). Using the molar yield of PHEN and CSL from BEN, TOLU, and 70 

XYM, the molar yields of SOA from PHEN and CSL was calculated following (Table S4): 

SOA from Phenolic = SOA from Parent / Molar Phenolic Yield    (S2) 

This resulted in an estimated PHEN SOA yield of 0.15 by mole and from CSL of 0.20 by mole (average of toluene 

and xylene inferred yields). XYE was treated the same as XYM. 

 75 

The fraction of products undergoing autoxidation, αA, in BEN, TOL, XYE, and XYM systems was set to reproduce 

observed SOA yields when combined with the phenolic route under RO2+HO2 dominant. Mass-based yields from Ng 

et al. (2007) were wall loss corrected using information from Zhang et al. (2014) following equation (1) (Table S5). 

The autoxidation fraction (Table S6) was calculated following: 

αA = (RO2+HO2 SOA Yield by mole) – (RO2+NO SOA Yield by mole)    (S3) 80 

For IVOC aromatics (NAPH, ROCP5ARO, ROCP6ARO), the autoxidation fraction is set to 3% following the work 

of Molteni et al. (2018). 

 

 

 85 

 

 

 



 

4 
 

Table S1: Species-level mapping of SPECIATE to CRACMM. Species from SPECIATE (ID and Species) with 

nonzero emissions are mapped to CRACMM using the Representative Compound Structures. This information is also 90 

available in the data archive along with 2017 ROC anthropogenic and biomass burning emission rates as Table D2. 

ID Species Representative Compound CRACMM 
1 (1-methylpropyl)benzene (or sec-butylbenzene) sec-Butylbenzene XYE 
3 (2-methylpropyl)benzene (or isobutylbenzene) Isobutylbenzene XYE 
4 1,1,1-trichloroethane 1,1,1-Trichloroethane SLOWROC 
7 1,1,2-trichloroethane 1,1,2-Trichloroethane SLOWROC 
9 1,1,2-trimethylcyclopentane 1,1,2-Trimethylcyclopentane HC10 

12 1,1,3-trimethylcyclohexane 1,1,3-Trimethylcyclohexane HC10 
13 1,1,3-trimethylcyclopentane 1,1,3-Trimethylcyclopentane HC10 
14 1,1,4-trimethylcyclohexane 1,1,4-Trimethylcyclohexane HC10 
15 1,1-dichloro-1-fluoroethane 1,1-Dichloro-1-fluoroethane SLOWROC 
16 1,1-dichloroethane (or Ethylidene dichloride) 1,1-Dichloroethane SLOWROC 
17 1,1-dichloroethene (or Vinylidene chloride) 1,1-Dichloroethylene OLT 
19 1,1-dimethylcyclohexane 1,1-Dimethylcyclohexane HC10 
20 1,1-dimethylcyclopentane 1,1-Dimethylcyclopentane HC10 
21 1,1-Methylethylcyclopentane Cyclopentane, 1-ethyl-1- methyl- HC10 
22 1,2,3,4-tetramethylbenzene 1,2,3,4-Tetramethylbenzene ROCP6ARO 
23 1,2,3,5-tetramethylbenzene 1,2,3,5-Tetramethylbenzene XYM 
25 1,2,3-trimethylbenzene 1,2,3-Trimethylbenzene XYM 
26 1,2,3-trimethylcyclohexane 1,2,3-Trimethylcyclohexane HC10 
27 1,2,3-trimethylcyclopentane 1,2,3-Trimethylcyclopentane HC10 
28 1,2,4,5-tetramethylbenzene 1,2,4,5-Tetramethylbenzene XYM 
29 1,2,4-triethylbenzene 1,2,4-Triethylbenzene ROCP6ARO 
30 1,2,4-trimethylbenzene 1,2,4-Trimethylbenzene XYM 
31 1,2,4-trimethylcyclopentane 1,2,4-Trimethylcyclopentane HC10 
32 1,2,4-trimethylcyclopentene Cyclopentene, 1,2-dimethyl-4-methylene- FURAN 
33 1,2-butadiene 1,2-Butadiene FURAN 
34 1,2-dichloropropane (or Propylene dichloride) 1,2-Dichloropropane HC3 
36 1,2-diethylbenzene (or o-diethylbenzene) o-Diethylbenzene XYE 
37 1,2-dimethyl-3-ethylbenzene 3-Ethyl-o-xylene XYE 
39 1,2-dimethyl-4-ethylbenzene (or 2-Methyl-p-ethyltoluene || 4-Ethyl-o-

xylene || 4-Ethyl-1,2-dimethylbenzene || 3,4-Dimethyl-1-ethylbenzene) 
1,2-Dimethyl-4-ethylbenzene XYE 

40 1,2-dimethylcyclopentane 1,2-Dimethylcyclopentane HC10 
42 1,2-propadiene 1,2-Propadiene FURAN 
43 1,3,5-triethylbenzene 1,3,5-Triethylbenzene ROCP6ARO 
44 1,3,5-trimethylbenzene 1,3,5-Trimethylbenzene XYM 
45 1,3,5-trimethylcyclohexane 1,3,5-Trimethylcyclohexane HC10 
46 1,3-butadiene 1,3-Butadiene BDE13 
47 1,3-butadiyne 1,3-Butadiyne HC10 
48 1,3-cyclopentadiene 1,3-Cyclopentadiene FURAN 
49 1,3-dichlorobenzene  (or m-dichlorobenzene) 1,3-Dichlorobenzene XYE 
51 1,3-diethylbenzene (or m-diethylbenzene) 1,3-Diethylbenzene XYE 
52 1,3-dimethyl-2-ethylbenzene 2-Ethyl-m-xylene XYE 
53 1,3-dimethyl-4-ethylbenzene (or 4-Ethyl-m-xylene || 2,4-Dimethyl-1-

ethylbenzene || 4-Ethyl-1,3-dimethylbenzene) 
1,3-Dimethyl-4-ethylbenzene XYE 

54 1,3-dimethyl-4-isopropylbenzene Benzene, 2,4-dimethyl-1-(1-methylethyl)- XYM 
55 1,3-dimethyl-5-ethylbenzene 5-Ethyl-m-xylene XYE 
57 1,3-dipropylbenzene Benzene, 1,4-dipropyl- ROCP6ARO 
59 1,4-diethylbenzene ( or p-diethylbenzene) 1,4-Diethylbenzene XYE 
60 1,4-dimethyl-2-ethylbenzene 2-Ethyl-p-xylene XYE 
61 1,4-dioxane (or p-Dioxane || 1,4-Diethyleneoxide) 1,4-Dioxane HC10 
63 1-(1,1-dimethylethyl)-3,5-dimethylbenzene  (or tert-butyl-3,5-

dimethylbenzene) 
5-Tert-butyl-m-xylene XYM 

64 1-butene 1-Butene OLT 
65 1-butyne (or Ethylacetylene; Ethylethyne) 1-Butyne HC10 
71 1-ethyl-2-npropylbenzene 1-ethyl-2-propylbenzene XYM 
75 1-ethyltertbutylether Ethyl T-butyl ether HC10 
76 1-heptene 1-Heptene OLT 
77 1-hexanol 1-Hexanol ROH 
78 1-hexene 1-Hexene OLT 
80 1-Methyl-2-ethylbenzene (or o-ethyltoluene || 1-Ethyl-2-methylbenzene 

|| 2-ethyltoluene || 2-Ethylmethylbenzene) 
1-Ethyl-2-methylbenzene XYE 
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ID Species Representative Compound CRACMM 
81 1-Methyl-2-isopropylbenzene (or o-cymene || Ortho-Isopropyltoluene) 1-Isopropyl-2-methylbenzene XYE 
83 1-Methyl-2-n-butylbenzene Benzene, 1-butyl-2-methyl- XYM 
84 1-Methyl-2-n-propylbenzene (or 2-propyltoluene) 2-Propyltoluene XYE 
85 1-Methyl-2-pyrrolidinone N-Methyl-2-pyrrolidone ROCIOXY 
86 1-Methyl-2-tert-butylbenzene Benzene, 1-(1,1-dimethylethyl)-2-methyl- XYE 
88 1-Methyl-3-butylbenzene Benzene, 1-butyl-3-methyl- XYM 
89 1-Methyl-3-ethylbenzene (or 1-Ethyl-3-methylbenzene || 3-

Ethyltoluene) 
3-Ethyltoluene XYM 

90 1-Methyl-3-isopropylbenzene (or 1-Methyl-3-(1-methylethyl)-benzene 
|| 3-isopropyltoluene || m-cymene) 

m-Cymene XYE 

92 1-Methyl-3-propylbenzene (or 3-n-propyltoluene) 1-Methyl-3-propylbenzene XYE 
94 1-Methyl-4-ethylbenzene (or 1-Ethyl-4-methylbenzene || 4-

ethyltoluene) 
4-Ethyltoluene XYE 

95 1-Methyl-4-ethylcyclohexane trans-1-ethyl-4-methyl-Cyclohexane HC10 
96 1-Methyl-4-isobutylbenzene 1-(Butan-2-yl)-4-methylbenzene XYM 
97 1-Methyl-4-isopropylbenzene (or p-Cymene || p-Isopropyltoluene || p-

Methylisopropylbenzene || Camphogen || Dolcymene || 1-Isopropyl-4-
methylbenzene) 

p-Cymene ROCP6ARO 

98 1-Methyl-4-isopropylcyclohexane 1-Isopropyl-4-methylcyclohexane HC10 
100 1-Methyl-4-n-propylbenzene p-Propyltoluene XYE 
103 1-Methylcyclopentene 1-Methylcyclopent-1-ene OLI 
104 1-Methylindan (or 1-Methylindane) 1-Methyl-2,3-dihydro-1H-indene ROCP6ARO 
105 1-Methylnaphthalene 1-Methylnaphthalene NAPH 
106 1-nonene 1-Nonene OLT 
107 1-octene 1-Octene OLT 
108 1-pentene 1-Pentene OLT 
109 1-propyne 1-Propyne HC5 
112 2,2,3-trimethylbutane 2,2,3-Trimethylbutane HC5 
113 2,2,3-trimethylpentane 2,2,3-Trimethylpentane HC5 
114 2,2,4,6,6-pentamethylheptane 2,2,4,6,6-Pentamethylheptane HC10 
115 2,2,4-trimethyl-1,3-pentanediol isobutyrate 3-Hydroxy-2,2,4-trimethylpentyl 2-

methylpropanoate 
ROCIOXY 

116 2,2,4-trimethylheptane 2,2,4-Trimethylheptane HC10 
117 2,2,4-trimethylhexane 2,2,4-Trimethylhexane HC10 
118 2,2,4-trimethylpentane 2,2,4-Trimethylpentane HC5 
120 2,2,5-trimethylheptane 2,2,4-Trimethylheptane HC10 
121 2,2,5-trimethylhexane Hexane, 2,2,5-trimethyl- HC10 
122 2,2-dimethylbutane 2,2-Dimethylbutane HC3 
124 2,2-dimethylhexane Hexane, 2,2-dimethyl- HC5 
125 2,2-dimethyloctane Octane, 2,2-dimethyl- HC10 
126 2,2-dimethylpentane Pentane, 2,2-dimethyl- HC3 
127 2,2-dimethylpropane (or Neopentane || 1,1,1-Trimethylethane || 

Dimethylpropane) 
Propane, 2,2-dimethyl- HC3 

128 2,3,3-trimethylpentane Pentane, 2,3,3-trimethyl- HC5 
129 2,3,4-trimethylhexane hexane, 2,3,4-trimethyl- HC10 
130 2,3,4-trimethylpentane 2,3,4-Trimethylpentane HC10 
132 2,3,5-trimethylhexane 2,3,5-Trimethylhexane HC10 
133 2,3-dimethyl-1-butene 1-Butene, 2,3-dimethyl- OLT 
135 2,3-dimethyl-2-pentene 2-Pentene, 2,3-dimethyl- OLI 
136 2,3-dimethylbutane 2,3-Dimethylbutane HC5 
137 2,3-dimethylheptane 2,3-Dimethylheptane HC10 
138 2,3-dimethylhexane 2,3-Dimethylhexane HC5 
139 2,3-dimethyloctane 2,3-Dimethyloctane HC10 
140 2,3-dimethylpentane Pentane, 2,3-dimethyl- HC5 
141 2,4,4-trimethyl-1-pentene 2,4,4-Trimethyl-1-pentene OLI 
142 2,4,4-trimethyl-2-pentene 2,4,4-Trimethyl-2-pentene OLI 
143 2,4,4-trimethylhexane 2,4,4-Trimethylhexane HC10 
145 2,4,5-trimethylheptane 2,4,6-Trimethylheptane HC10 
146 2,4-dimethyl-1-pentene 2,4-Dimethylpent-1-ene OLT 
147 2,4-dimethyl-2-pentene 2,4-Dimethylpent-2-ene OLI 
148 2,4-dimethylheptane 2,4-Dimethylheptane HC10 
149 2,4-dimethylhexane 2,4-Dimethylhexane HC5 
151 2,4-dimethyloctane 2,5-Dimethyloctane HC10 
152 2,4-dimethylpentane 2,4-Dimethylpentane HC5 
154 2,4-toluene diisocyanate Toluene 2,4-diisocyanate ROCP5ARO 
155 2,5-dimethylheptane 2,5-Dimethylheptane HC10 
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ID Species Representative Compound CRACMM 
156 2,5-dimethylhexane 2,5-Dimethylhexane HC5 
158 2,5-dimethyloctane 2,5-Dimethyloctane HC10 
159 2,6-dimethyldecane 2,6-Dimethyldecane HC10 
160 2,6-dimethylheptane 2,6-Dimethylheptane HC10 
161 2,6-dimethylnonane 2,6-Dimethylnonane HC10 
162 2,6-dimethyloctane 2,6-Dimethyloctane HC10 
167 2-(2-butoxyethoxy)ethanol 2-(2-Butoxyethoxy)ethanol ROCIOXY 
168 2-(2-ethylhexyloxy)ethanol 2-(2-Ethylhexyloxy)ethanol ROH 
169 2-amino-2-methyl-1-propanol 2-Amino-2-methylpropan-1-ol ROH 
170 2-butyne 2-Butyne HC10 
172 2-ethoxyethanol (or cellosolve || EGEE) 2-Ethoxyethanol ROH 
173 2-ethoxyethyl acetate (or cellosolve acetate) Ethylene glycol monoethyl ether acetate HC10 
177 2-hexene 2-â€‹Hexene OLI 
180 2-methoxyethanol (or methyl cellosolve || EGME) 2-Methoxyethanol ROH 
181 2-methyl-1-butene 2-Methylbut-1-ene OLT 
182 2-methyl-1-butyl acetate 2-Methylbutyl acetate HC10 
184 2-methyl-1-pentene 2-Methylpent-1-ene OLT 
185 2-methyl-2-butene 2-Methyl-2-butene OLI 
186 2-methyl-2-hexene 2-Hexene, 2-methyl- OLI 
187 2-methyl-2-pentene 2-Methyl-2-pentene OLI 
188 2-methyl-2-propenal (or Methacrolein || Methacrylaldehyde; Isobutenal 

|| Methacrylic aldehyde) 
Methacrylaldehyde MACR 

189 2-methyl-3-ethylpentane 3-Ethyl-2-methylpentane HC5 
190 2-methyl-trans-3-hexene 3-HEXENE, 2-METHYL-, (E)- OLI 
192 2-methyldecane 2-Methyldecane HC10 
193 2-methylheptane 2-Methylheptane HC10 
194 2-methylhexane 2-Methylhexane HC5 
195 2-methylindan 1H-Indene, 2,3-dihydro-2-methyl- ROCP6ARO 
196 2-methylnaphthalene 2-Methylnaphthalene NAPH 
197 2-methylnonane 2-Methylnonane HC10 
198 2-methyloctane 2-Methyloctane HC10 
199 2-methylpentane (or isohexane) 2-Methylpentane HC5 
203 3,3-dimethyl-1-butene (or 3,3-Dimethylbutene) 3,3-Dimethyl-1-butene OLT 
205 3,3-dimethylheptane Heptane, 3,3-dimethyl- HC10 
206 3,3-dimethylhexane 3,3-Dimethylhexane HC5 
207 3,3-dimethyloctane 3,3-Dimethyloctane HC10 
208 3,3-dimethylpentane 3,3-Dimethylpentane HC5 
209 3,4-dimethyl-1-pentene 3,4-Dimethylpent-1-ene OLT 
211 3,4-dimethylheptane 3,4-Dimethylheptane HC10 
212 3,4-dimethylhexane 3,4-Dimethylhexane HC5 
215 3,5-dimethylheptane Heptane, 3,5-dimethyl- HC10 
217 3,5-dimethyloctane 3,5-Dimethyloctane HC10 
218 3,6-dimethyloctane Octane, 3,6-dimethyl- HC10 
220 3-ethyl-2-methylheptane 3-Ethyl-2-methylheptane HC10 
221 3-ethyl-2-pentene 2-Pentene, 3-ethyl- OLI 
225 3-ethylheptane 3-Ethylheptane HC10 
226 3-ethylhexane 3-Ethylhexane HC10 
228 3-ethyloctane Octane, 3-ethyl- HC10 
229 3-ethylpentane Pentane, 3-ethyl- HC5 
230 3-methyl-1-butene 3-Methyl-1-butene OLT 
231 3-methyl-1-hexene 1-Hexene, 3-methyl- OLT 
232 3-methyl-1-pentene 3-Methylpent-1-ene OLT 
233 3-methyl-3-ethylpentane Pentane, 3-ethyl-3-methyl- HC5 
235 3-methyl-cis-2-hexene 2-HEXENE, 3-METHYL-, (Z)- OLI 
236 3-methyl-cis-2-pentene (or cis-3-Methyl-2-pentene) 2-Pentene, 3-methyl-, (2Z)- OLI 
237 3-methyl-cis-3-hexene 3-hexene, 3-methyl-, (z)- OLI 
239 3-methyl-trans-2-pentene (or trans-3-Methyl-2-Pentene) (E)-3-Methylpent-2-ene OLI 
240 3-methyl-trans-3-hexene (E)-3-Methyl-3-hexene OLI 
242 3-methylcyclopentene 3-Methylcyclopent-1-ene OLI 
243 3-methyldecane 3-Methyldecane HC10 
244 3-methylheptane Heptane, 3-methyl- HC10 
245 3-methylhexane 3-Methylhexane HC5 
246 3-methylnonane 3-Methylnonane HC10 
247 3-methyloctane 3-Methyloctane HC10 
248 3-methylpentane 3-Methylpentane HC5 
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ID Species Representative Compound CRACMM 
253 4,4-dimethylheptane Heptane, 4,4-dimethyl- HC10 
255 4,5-dimethyloctane 2,3-Dimethyloctane HC10 
257 4-methyl-1-hexene 4-Methylhex-1-ene OLT 
258 4-methyl-1-pentene 4-Methyl-1-pentene OLT 
260 4-methyl-cis-2-pentene (or cis-4-Methyl-2-Pentene) 2-pentene, 4-methyl-, (z)- OLI 
261 4-methyl-trans-2-hexene 2-HEXENE, 4-METHYL-, (E)- OLI 
262 4-methyl-trans-2-pentene (2E)-4-methylpent-2-ene OLI 
263 4-methyldecane 4-Methyldecane HC10 
264 4-methylheptane 4-Methylheptane HC10 
265 4-methylindan 4-Methylindan ROCP6ARO 
266 4-methylnonane 4-Methylnonane HC10 
267 4-methyloctane 4-Methyloctane HC10 
268 4-methylundecane 4-Methylundecane HC10 
271 5-methyl-cis-2-hexene 2-Hexene, 5-methyl- OLI 
272 5-methyldecane 5-Methyldecane HC10 
273 5-methylindan 5-Methylindan ROCP6ARO 
279 Acetaldehyde Acetaldehyde ACD 
280 Acetic acid Acetic acid ORA2 
281 Acetone Acetone ACT 
282 Acetylene (or ethyne) Ethyne ACE 
283 Acrolein (or 2-propenal) Acrolein ACRO 
285 Acrylonitrile Acrylonitrile OLT 
287 Aggregated VOCs Decane HC10 
290 Aliphatics Decane HC10 
291 Alkene ketone Methyl vinyl ketone MVK 
295 Amyl acetate Pentyl acetate HC10 
299 Î²-methylstyrene (or Î²-Methylstyrol || Ï‰-Methylstyrene || 

Isoallylbenzene || Propenylbenzene || 1-Phenyl-1-propene || 1-
Phenylpropene || 1-Propene, 1-phenyl-|| 1-Propenylbenzene) 

Propenylbenzene XYM 

301 Benzaldehyde Benzaldehyde BALD 
302 Benzene Benzene BEN 
306 Benzyl alcohol Benzyl alcohol CSL 
308 Bromodichloromethane Bromodichloromethane SLOWROC 
310 Butyl cellosolve (or 2-butoxyethanol || EGBE || ethylene glycol 

monobutyl ether) 
2-Butoxyethanol ROH 

311 Butylbenzylphthalate Benzyl butyl phthalate ROCP2ALK 
312 Butylcyclohexane Butylcyclohexane HC10 
313 Butyraldehyde (or butanal) Butyraldehyde ALD 
315 C10 aromatics Naphthalene NAPH 
316 C10 internal alkenes (2E)-2-Decene OLI 
318 C11 dialkyl benzenes 1-ethyl-2-propylbenzene XYM 
320 C12 dialkyl benzenes 1,2,4-Triethylbenzene ROCP6ARO 
323 C5 aldehyde Pentanal ALD 
324 C6 aldehydes Hexanal ALD 
326 C9 aromatics 1,2,3-Trimethylbenzene XYM 
327 C9-c12 isoalkanes 2-Methyldecane HC10 
330 Camphor Camphor KET 
331 Carbitol ( or DEGEE || 2-(2-ethoxyethoxy)ethanol) 2-(2-Ethoxyethoxy)ethanol ROCIOXY 
332 Carbon disulfide Carbon disulfide SLOWROC 
333 Carbon tetrachloride Carbon tetrachloride SLOWROC 
335 Carbonyl sulfide Carbonyl sulfide SLOWROC 
340 Chlorobenzene Chlorobenzene XYE 
341 Chlorodifluoromethane Chlorodifluoromethane SLOWROC 
342 Chlorofluorohydrocarbons 1,1,1-Trichloro-2,2,2-trifluoroethane SLOWROC 
343 Chloroform (or Trichlormethan; Methane trichloride) Chloroform SLOWROC 
344 Chloropicrin Chloropicrin SLOWROC 
346 Chlorpyrifos Chlorpyrifos ROCP5ARO 
350 Cis, cis, trans-1,2,4-trimethylcyclohexane 1,2,4-Trimethylcyclohexane HC10 
351 Cis-1,2-dimethylcyclohexane (Z)-1,2-Dimethylcyclohexane HC10 
352 Cis-1,3-dimethylcyclohexane (Z)-1,3-Dimethylcyclohexane HC10 
353 Cis-1,3-dimethylcyclopentane Cyclopentane, 1,3-dimethyl-, (1R,3S)-rel- HC10 
354 Cis-1,4-dimethylcyclohexane 1,4-Dimethylcyclohexane HC10 
356 Cis-1,cis-3,5-trimethylcyclohexane 1,3,5-Trimethylcyclohexane HC10 
357 Cis-1,trans-2,3-trimethylcyclopentane rel-(1R,3R)-1,2,3-Trimethylcyclopentane HC10 
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358 Cis-1,trans-2,4-trimethylcyclopentane (or 1-trans-2,cis-4-

Trimethylcyclopentane; 1-trans-2-trans-4-Trimethylcyclopentane) 
1,2,4-Trimethylcyclopentane HC10 

359 Cis-1,trans-2,trans-4-trimethylcyclohexane 1,2,4-Trimethylcyclohexane HC10 
361 Cis-1-ethyl-2-methylcyclohexane CYCLOHEXANE, 1-ETHYL-2-METHYL-, 

CIS- 
HC10 

362 Cis-1-ethyl-2-methylcyclopentane (Z)-1-Ethyl-2-methylcyclopentane HC10 
363 Cis-1-ethyl-3-methylcyclohexane (Z)-1-Ethyl-3-methylcyclohexane HC10 
364 Cis-1-ethyl-3-methylcyclopentane CYCLOPENTANE, 1-ETHYL-3-METHYL-

, CIS- 
HC10 

367 Cis-2-butene 2-Butene, (2Z)- OLI 
368 Cis-2-heptene (2Z)-Heptene OLI 
369 Cis-2-hexene (2Z)-2-Hexene OLI 
370 Cis-2-octene (Z)-Oct-2-ene OLI 
371 Cis-2-pentene (2Z)-2-Pentene OLI 
372 Cis-3-hexene (3Z)-3-Hexene OLI 
373 Cis-3-nonene (3Z)-non-3-ene OLI 
377 Citrus lemon peel oil D-Limonene LIM 
381 Cresylic acid (mixed cresols) o-Cresol CSL 
382 Crotonaldehyde (or 2-Butenal) Crotonaldehyde MACR 
383 Cumene hydroperoxide Cumene hydroperoxide ROCP5ARO 
385 Cyclohexane Cyclohexane HC10 
386 Cyclohexanol Cyclohexanol ROH 
387 Cyclohexanone Cyclohexanone OLI 
388 Cyclohexene Cyclohexene OLI 
390 Cyclopentane Cyclopentane HC5 
391 Cyclopentene Cyclopentene OLI 
392 D-limonene (or 4-isopropenyl-1-methylcycohexane || 1-methyl-4-(prop-

1-en-2-yl)cyclohexene) 
D-Limonene LIM 

394 Di(2-ethylhexyl)phthalate (or Bis(2-ethylhexyl) phthalate) Di(2-ethylhexyl) phthalate ROCP0ALK 
395 Di(propylene glycol) methyl ether 1-(2-Methoxypropoxy)-2-propanol ROCIOXY 
396 Diacetone Diacetone alcohol HKET 
398 Dibutyl phthalate Dibutyl phthalate ROCP2ALK 
399 Dichlorobenzene (mixed isomers) 1,2-Dichlorobenzene XYE 
400 Dichlorodifluoromethane Dichlorodifluoromethane SLOWROC 
401 Dichloromethane (or methylene chloride) Dichloromethane SLOWROC 
402 Diethanolamine Diethanolamine ROCIOXY 
404 Diethylamine Diethylamine HC10 
405 Diethylcyclohexane 1,4-Diethylcyclohexane HC10 
406 Diethylene glycol Diethylene glycol ROCIOXY 
407 Diethylene glycol butyl ether acetate (or 2-2-(butoxyethoxy)ethyl 

acetate) 
2-(2-Butoxyethoxy)ethyl acetate ROCIOXY 

411 Diisobutyl ketone Diisobutyl ketone KET 
412 Diisopropyl adipate Diisopropyl adipate ROCIOXY 
413 Diisopropylene glycol 1,1'-Oxybis-2-propanol ROCIOXY 
415 Dimethoxymethane Dimethoxymethane HC5 
417 Dimethyl ether Dimethyl ether HC3 
418 Dimethyl formamide N,N-Dimethylformamide HC3 
419 Dimethyl phthalate Dimethyl phthalate ROCP5ARO 
420 Dimethyl succinate Dimethyl succinate HC3 
421 Dimethyl sulfide Dimethyl sulfide HC5 
422 Dimethyl sulfoxide Dimethyl sulfoxide ROCIOXY 
425 Dimethylcyclopentane Cyclopentane, 1,3-dimethyl-, (1R,3S)-rel- HC10 
428 Dimethylheptanes 2,4-Dimethylheptane HC10 
430 Dimethylundecane 2,6-Dimethylundecane HC10 
432 Dipropylene glycol 1,1'-Oxybis-2-propanol ROCIOXY 
434 Mineral spirits Methylcyclohexane HC10 
435 Dl-limonene Limonene LIM 
438 Ethane Ethane ETH 
439 Ethanolamine Ethanolamine ROCIOXY 
440 Ethyl acetate Ethyl acetate HC3 
441 Ethyl acrylate Ethyl acrylate OLT 
442 Ethyl alcohol (or ethanol) Ethanol EOH 
443 Ethyl chloride (or Chloroethane) Chloroethane HC3 
444 Ethyl cyanoacrylate Ethyl cyanoacrylate ROCP6ARO 
445 Ethyl ether Diethyl ether HC10 
446 Ethyl mercaptan Ethanethiol HC10 
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447 Ethyl propylcyclohexanes cyclohexane, 1-ethyl-2-propyl- HC10 
448 Ethyl-3-ethoxypropionate Ethyl 3-ethoxypropionate HC10 
449 Ethylbenzene Ethylbenzene XYE 
450 Ethylcyclohexane Ethylcyclohexane HC10 
451 Ethylcyclopentane Ethylcyclopentane HC10 
452 Ethylene (or ethene) Ethylene ETE 
453 Ethylene dibromide (or 1,2-Dibromomethane) 1,2-Dibromoethane SLOWROC 
454 Ethylene dichloride (or 1,2-dichloroethane) 1,2-Dichloroethane SLOWROC 
455 Ethylene glycol Ethylene glycol ETEG 
456 Ethylene glycol butyl ether acetate (or 2-butoxyethyl acetate) 2-Butoxyethyl acetate HC10 
459 Ethylene oxide Ethylene oxide SLOWROC 
461 Ethylmethylcyclohexanes Cyclohexane, ethylmethyl- HC10 
463 Ethyloctane Octane, 3-ethyl- HC10 
464 Ethyltoluenes (or methylethylbenzenes) 4-Ethyltoluene XYE 
465 Formaldehyde Formaldehyde HCHO 
466 Formic acid Formic acid ORA1 
467 Fragrances D-Limonene LIM 
469 Gamma- butyrolactone (or Dihydro-2(3H)-furanone || 4-

Hydroxybutanoic acid lactone) 
4-Butyrolactone ROCP6ARO 

470 Glutaraldehyde (or a dialdehyde) Glutaraldehyde DCB1 
472 Glyceryl triacetate Triacetin ROCIOXY 
473 Glycol ether dpnb (or 1-(2-butoxy-1-methylethoxy)-2-propanol) 1-[(1-Butoxy-2-propanyl)oxy]-2-propanol ROCIOXY 
474 Glycolic acid (or hydroxyacetic acid) Glycolic acid ROCIOXY 
478 1,1-Difluoroethane 1,1-Difluoroethane SLOWROC 
479 Hexachlorobenzene Hexachlorobenzene SLOWROC 
480 Hexylcyclohexane Hexylcyclohexane ROCP6ALK 
482 Hexylene glycol (or 2-methyl-2,4-pentanediol) 2-Methyl-2,4-pentanediol ROCIOXY 
483 Hydrocarbon propellant (LPG, sweetened) Propane HC3 
484 Hydrocarbon propellant (LPG) Propane HC3 
485 Indane (or Indan || Benzocyclopentane || Hydrindene; Indene, 2,3-

dihydro- || 1,2-Hydrindene || 2,3-Dihydroindene || 2,3-Dihydro-1H-
indene) 

Indan XYE 

486 Indene Indene XYM 
490 Isobornyl acetate (or 2-camphanyl acetate) Isobornyl acetate ROCIOXY 
491 Isobutane (or 2-Methylpropane) Isobutane HC3 
492 Isobutyl acetate Isobutyl acetate HC5 
493 Isobutyl alcohol 2-Methyl-1-propanol ROH 
494 Isobutyl isobutyrate Isobutyl isobutyrate HC10 
496 Isobutylcyclopentane Isobutylcyclopentane HC10 
497 Isobutylene Isobutene OLT 
498 Isocyanic acid (or Isocyanate) Isocyanic acid OLI 
499 Isomers of butylbenzene Butylbenzene XYE 
500 Isomers of decane Decane HC10 
502 Isomers of diethylbenzene 1,4-Diethylbenzene XYE 
503 Isomers of dodecane Dodecane ROCP6ALK 
504 Isomers of tridecane Tridecane ROCP6ALK 
505 Isomers of undecane Undecane HC10 
507 Isomers of xylene m-Xylene XYM 
508 Isopentane (or 2-Methylbutane) 2-Methylbutane HC5 
510 Isophorone (or 3,5,5-trimethyl-2-cyclohexenone) Isophorone OLI 
511 Isoprene Isoprene ISO 
512 Isopropyl acetate Isopropyl acetate HC3 
513 Isopropyl alcohol (or 2-Propanol) Isopropanol ROH 
514 Isopropylbenzene (or cumene || 2-Phenylpropane) Cumene XYE 
515 Isopropylcyclohexane (or 1-methylethylcyclohexane) Cyclohexane, (1-methylethyl)- HC10 
517 Isovaleraldehyde 3-Methylbutanal ALD 
522 M & p-xylene (or m,p-xylene) m-Xylene XYM 
523 M-cresol (or 3-methyl-benzenol) m-Cresol CSL 
524 M-xylene m-Xylene XYM 
527 Menthol dl-Menthol ROCIOXY 
531 Methyl alcohol (or methanol) Methanol MOH 
532 Methyl amyl ketone 2-Heptanone KET 
533 Methyl bromide (or Bromomethane) Methyl bromide SLOWROC 
534 Methyl carbitol (or 2-(2-methoxyethoxy)ethanol || degme) Diethylene glycol monomethyl ether ROCIOXY 
535 Methyl chloride (or Chloromethane) Chloromethane SLOWROC 
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ID Species Representative Compound CRACMM 
536 Methyl ethyl ketone (or MEK || 2-butanone) Methyl ethyl ketone MEK 
537 Methyl ethyl ketoxime 2-Butanone oxime HC5 
538 Methyl hexane 2-Methylhexane HC5 
539 Methyl isobutyl ketone (or 4-Methyl-2-pentanone || Hexone) 4-Methyl-2-pentanone KET 
540 Methyl mercaptan Methanethiol HC10 
541 Methyl methacrylate Methyl methacrylate OLT 
542 Methyl n-butyl ketone (or 2-hexanone) 2-Hexanone KET 
544 Methyl propyl ketone (or 2-pentanone) 2-Pentanone KET 
545 Methyl propylcyclohexanes 1-Methyl-3-propyl-cyclohexane HC10 
547 Methyl styrene (mixed) (or vinyl toluene) alpha-Methylstyrene XYM 
548 Methyl tert-butyl ether (or Methyl t-butyl ether || MTBE) Methyl tert-butyl ether HC3 
550 Methylcyclohexane Methylcyclohexane HC10 
551 Methylcyclopentane Methylcyclopentane HC10 
552 Methyldecalins 1-methyldecahydronaphthalene HC10 
553 Methyldecene 2-Methyl-1-decene OLT 
554 Methylene(b)4-phenylisocyanate (or methylene diphenyl diisocyanate) 4,4'-Diphenylmethane diisocyanate ROCP2ALK 
557 Methyltri(ethylmethylketoxime) silane Methyltri(2-butanoneoximyl)silane ROCP5ARO 
558 Methyltrimethoxysilane Trimethoxymethylsilane ROCIOXY 
559 Methylvinylbis(n-methylacetamido) silane Acetamide, N,N'-

(ethenylmethylsilylene)bis[N-methyl- 
ROCP6ARO 

560 Mineral oil Linoleic acid ROCP1ALK 
562 Misc. acids Decanoic acid ROCIOXY 
563 Misc. alcohols Pent-1-en-1-ol OLI 
568 Misc. esters Propyl acetate HC3 
570 Misc. glycol ethers and acetates 2-Methoxyethanol ROH 
572 Misc. hydrocarbon propellants Propane HC3 
574 Misc. lvp VOC distillates Heptadecane ROCP3ALK 
578 Misc. silanes Fluorotrimethylsilane ROCIOXY 
588 Monoterpenes alpha-Pinene API 
589 Morpholine Morpholine HC10 
590 N,n-dimethylethanolamine Dimethylaminoethanol ROH 
592 N-butane Butane HC3 
593 N-butyl acetate Butyl acetate HC5 
594 N-butyl acrylate Butyl acrylate OLT 
595 N-butyl alcohol (or 1-Butanol) 1-Butanol ROH 
596 N-butylbenzene Butylbenzene XYE 
598 N-decane Decane HC10 
599 N-dodecane Dodecane ROCP6ALK 
600 N-heptane Heptane HC10 
601 N-hexane n-Hexane HC5 
602 N-hexylbenzene Benzene, hexyl- ROCP6ARO 
603 N-nonane Nonane HC10 
604 N-octane Octane HC10 
605 N-pentane Pentane HC5 
606 N-pentylbenzene Pentylbenzene XYE 
607 N-propyl alcohol (or 1-Propanol) 1-Propanol ROH 
608 N-propylbenzene Propylbenzene XYE 
609 N-tridecane Tridecane ROCP6ALK 
610 N-undecane Undecane HC10 
611 Naphthalene Naphthalene NAPH 
614 Nitromethane Nitromethane SLOWROC 
616 Nonadiene 1,8-Nonadiene FURAN 
618 O-cresol (or 2-Methylphenol) o-Cresol CSL 
619 O-dichlorobenzene (or 1,2-Dichlorobenzene) 1,2-Dichlorobenzene XYE 
620 O-xylene o-Xylene XYE 
621 Octahydroindenes trans-Octahydro-1H-indene HC10 
626 Organic carbon Triacontane ROCN2ALK 
636 Other exempt propellants 1,1,1-Trichloro-2,2,2-trifluoroethane SLOWROC 
637 Other glycol ethers 2-Butoxyethanol ROH 
638 Other, lumped VOCs, individually < 2% of category Decane HC10 
640 Misc./other VOC -duplicate Decane HC10 
641 Other, misc. VOC compounds aggregated in profile Decane HC10 
642 Other, misc. exempt compounds aggregated in profile Acetone ACT 
646 P-cresol (4-methyl phenol) p-Cresol CSL 
647 P-dichlorobenzene (or 1,4-Dichlorobenzene) 1,4-Dichlorobenzene SLOWROC 
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ID Species Representative Compound CRACMM 
648 P-xylene p-Xylene XYE 
652 Parachlorobenzotrifluoride 1-Chloro-4-(trifluoromethyl)benzene SLOWROC 
655 Pentamethylbenzene Benzene, pentamethyl- ROCP5ARO 
656 Pentanedioic acid, dimethyl ester Dimethyl glutarate ROCIOXY 
657 Pentylcyclohexane Pentylcyclohexane ROCP6ALK 
661 Perchloroethylene (or Tetrachloroethylene) Tetrachloroethylene SLOWROC 
663 Phenol (or carbolic acid) Phenol PHEN 
664 Phenoxyethanol 2-Phenoxyethanol CSL 
667 Pine oil alpha-Pinene API 
671 Propane Propane HC3 
672 Propenylcyclohexane Cyclohexene, 1-(2-propenyl)- FURAN 
673 Propionaldehyde (or Propanal || 1-Propanone || 1-Propanal) Propanal ALD 
674 Propyl acetate Propyl acetate HC3 
676 Propylcyclohexane Propylcyclohexane HC10 
677 Propylcyclopentane Propylcyclopentane HC10 
678 Propylene (or Propene || 1-Propene) 1-Propene OLT 
679 Propylene carbonate Propylene carbonate ROCIOXY 
680 Propylene glycol 1,2-Propylene glycol PROG 
681 Propylene glycol butyl ether (or 1-butoxy-2-propanol) 1-Butoxy-2-propanol ROH 
682 Propylene glycol methyl ether (or 1-methoxy-2-propanol) 1-Methoxy-2-propanol ROH 
684 Propylene glycol monomethyl ether acetate (or 2-(1-methoxy)propyl 

acetate) 
1-Methoxy-2-propyl acetate HC10 

685 Propylene glycol n-propyl ether 1-Propoxy-2-propanol ROH 
686 Propylene glycol t-butyl ether (or 1-(1,1,-dimethylethoxy)-2-propanol) 1-tert-Butoxy-2-propanol ROH 
687 Propylene oxide 1,2-Propylene oxide HC3 
692 Sec-butyl alcohol (or 2-butanol) 2-Butanol ROH 
698 Styrene Styrene XYM 
703 T-butylbenzene tert-Butylbenzene XYE 
705 Terpene D-Limonene LIM 
706 Tert-butyl alcohol tert-Butyl alcohol ROH 
707 Tetrahydrofuran Tetrahydrofuran HC10 
709 Tetramethylcyclopentane 1,1,2,2-Tetramethylcyclopentane HC10 
711 Tetramethylthiourea 1,1,3,3-Tetramethyl-2-thiourea ROCP6ALK 
716 m-Tolualdehyde (or m-Methylbenzaldehyde || 3-Methylbenzaldehyde) Benzaldehyde, 3-methyl- BALD 
717 Toluene Toluene TOL 
720 Cis-1,trans-2,trans-4-trimethylcyclohexane -duplicate 1,2,4-Trimethylcyclohexane HC10 
721 Trans,trans-1,2,4-trimethylcyclohexane 1,2,4-Trimethylcyclohexane HC10 
722 Trans,trans-1,3,5-trimethylcyclohexane 1,3,5-Trimethylcyclohexane HC10 
723 Trans-1,2-dichloroethene (E)-1,2-Dichloroethylene OLI 
724 Trans-1,2-dimethylcyclohexane 1,trans-2-Dimethylcyclohexane HC10 
725 Trans-1,2-dimethylcyclopentane (rel)-trans-1,2-Dimethylcyclopentane HC10 
726 Trans-1,3-dimethylcyclohexane (+/-)-trans-1,3-Dimethylcyclohexane HC10 
727 Trans-1,3-dimethylcyclopentane trans-1,3-Dimethylcyclopentane HC10 
728 Trans-1,3-pentadiene (3E)-1,3-Pentadiene FURAN 
729 Trans-1,4-dimethylcyclohexane trans-1,4-Dimethylcyclohexane HC10 
730 Trans-1,cis-2,3-trimethylcyclopentane rel-(1R,3R)-1,2,3-Trimethylcyclopentane HC10 
732 Trans-1-ethyl-2-methylcyclohexane CYCLOHEXANE, 1-ETHYL-2-METHYL-, 

TRANS- 
HC10 

736 Trans-1-ethyl-3-methylcyclopentane -duplicate CYCLOPENTANE, 1-ETHYL-3-METHYL-
, TRANS- 

HC10 

737 Trans-2-butene (2E)-2-Butene OLI 
739 Trans-2-heptene (2E)-2-Heptene OLI 
740 Trans-2-hexene (2E)-2-Hexene OLI 
741 Trans-2-octene (2E)-2-Octene OLI 
742 Trans-2-pentene (2E)-2-Pentene OLI 
743 Trans-3-heptene (3E)-3-Heptene OLI 
744 Trans-3-hexene (3E)-3-Hexene OLI 
745 Trans-3-nonene TRANS-3-NONENE OLI 
746 Trans-4-octene (4E)-4-Octene OLI 
747 Trichloroethylene Trichloroethylene OLI 
748 Trichlorofluoromethane Trichlorofluoromethane SLOWROC 
749 Trichlorotrifluoroethane-F113 1,1,2-Trichloro-1,2,2-trifluoroethane SLOWROC 
750 Triethanolamine Triethanolamine ROCP1ALK 
751 Triethylamine Triethylamine HC10 
755 Misc. trimethylbenzenes -duplicate 1,2,4-Trimethylbenzene XYM 
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ID Species Representative Compound CRACMM 
760 Trimethyloctanes Octane, trimethyl- HC10 
761 Turpentine alpha-Pinene API 
766 Urethane prepolymer 4,4'-Diphenylmethane diisocyanate ROCP2ALK 
768 Vinyl acetate Vinyl acetate OLT 
769 Vinyl chloride Vinyl chloride OLT 
770 Vinylacetylene (or Butenyne || Ethynylethene || 1-Butenyne || 

Vinylethyne) 
1-Buten-3-yne OLT 

771 Vinyltrimethoxysilane Vinyltrimethoxysilane OLT 
772 VOC ingredients Decane HC10 
773 Volatile methyl siloxanes Decamethylcyclopentasiloxane ROCIOXY 
774 Witch hazel Decane HC10 
776 Xylenol 2,6-Dimethylphenol CSL 
839 Glyoxal Glyoxal GLY 
840 Hexaldehyde (or hexanal || Hexanaldehyde) Hexanal ALD 
845 Valeraldehyde (or n-Pentanal || 1-pentanal) Pentanal ALD 
846 Acenaphthene Acenaphthene NAPH 
847 Acenaphthylene Acenaphthylene NAPH 
849 Anthraquinone (or Anthradione || Hoelite || Morkit || 9,10-

Anthraquinone) 
Anthraquinone ROCP0ALK 

852 Anthracene Anthracene NAPH 
854 Benz(a)anthracene Benz(a)anthracene NAPH 
855 Benzo[a]pyrene BaP Benzo(a)pyrene NAPH 
859 Bibenzyl Bibenzyl NAPH 
860 Biphenyl Biphenyl NAPH 
867 Chrysene Chrysene NAPH 
871 1,4-dimethylnaphthalene; 1,5-dimethylnaphthalene; 2,3-

dimethylnaphthalene 
1,4-Dimethylnaphthalene NAPH 

873 Dibenzofuran (or DBZFUR) Dibenzofuran FURAN 
881 9-fluorenone (or Fluorenone) 9-Fluorenone ROCP5ARO 
882 Fluoranthene Fluoranthene NAPH 
883 Fluorene Fluorene NAPH 
886 1-methylphenanthrene 1-Methyl phenanthrene NAPH 
889 2-methylphenanthrene 2-Methylphenanthrene NAPH 
902 Phenanthrene Phenanthrene NAPH 
903 Perinaphthenone (or Phenalenone || 7-Perinaphthenone || 1H-phenalen-

1-one) 
Phenalen-1-one ROCP2ALK 

904 Pyrene Pyrene NAPH 
905 Retene Retene NAPH 
909 Xanthone Xanthone ROCP2ALK 
934 Acetovanillone (or acetva) Acetovanillone ROCP2ALK 
935 2-methoxy-4-(2-propenyl)phenol (or eugenol || â€œa4guclâ€  ||  4-

Allylguaiacol) 
Eugenol CSL 

937 Benzoic acid Benzoic acid ROCP5ARO 
941 Decanoic acid Decanoic acid ROCIOXY 
947 Guaiacol 2-Methoxyphenol CSL 
950 Hexanoic acid Hexanoic acid ROCIOXY 
951 Hexanedioic acid Hexanedioic acid ROCP0ALK 
954 Lauric acid (or dodecanoic acid) Dodecanoic acid ROCP2ALK 
956 2-methoxy-4-methylphenol (or 4-methylguaiacol || m4gucl) 2-Methoxy-4-methylphenol CSL 
957 4-methyl-syringol (or m4syrg) 4-Methyl-2,6-dimethoxyphenol ROCP2ALK 
958 Myristic acid(or n-Tetradecanoic Acid) Tetradecanoic acid ROCP1ALK 
961 Palmitic acid Hexadecanoic acid ROCP1ALK 
962 Pentadecanoic acid Pentadecanoic acid ROCP1ALK 
966 Stearic acid (or Octadecanoic Acid) Octadecanoic acid ROCP1ALK 
970 Tridecanoic acid Tridecanoic acid ROCP2ALK 
976 Acetophenone (or 1-phenylethanone || Methyl phenyl ketone) Acetophenone ROCP6ARO 
977 Beta-pinene beta-Pinene API 
981 Butylbenzene Butylbenzene XYE 
992 Benzonitrile (or Benzoic acid nitrile || Cyanobenzene || Phenyl cyanide || 

Benzenenitrile) 
Benzonitrile SLOWROC 

996 1-decene 1-Decene OLT 
997 Decanal Decanal ROCIOXY 
998 2-decanone 2-Decanone ROCIOXY 

1001 1,2-dihydronaphthalene 1,2-Dihydronaphthalene ROCP6ARO 
1002 1,3-diisopropylbenzene 1,3-Diisopropylbenzene XYM 
1003 1,4-diisopropylbenzene 1,4-Diisopropylbenzene ROCP6ARO 
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ID Species Representative Compound CRACMM 
1007 Dodecene 1-Dodecene ROCP6ARO 
1012 2-methylbenzofuran (or 2-Methyl-1-benzofuran) 2-Methyl-1-benzofuran FURAN 
1013 2,3-benzofuran (or Benzofurfuran || Benzo[b]furan || Coumarone || 1-

Oxindene) 
2,3-Benzofuran FURAN 

1018 Heptanal Heptanal ALD 
1030 Dl-limonene -duplicate Limonene LIM 
1036 4-methylstyrene 4-Methylstyrene XYM 
1042 Eicosane Eicosane ROCP2ALK 
1043 Heptadecane Heptadecane ROCP3ALK 
1045 Hexadecane Hexadecane ROCP4ALK 
1047 Nonadecane Nonadecane ROCP3ALK 
1048 Octadecane Octadecane ROCP4ALK 
1049 Pentadecane Pentadecane ROCP5ALK 
1051 Tetradecane Tetradecane ROCP5ALK 
1057 Nonanal Nonanal ROCIOXY 
1065 Octanal Octanal ALD 
1079 1,2,3,4-tetrahydronaphthalene Tetralin ROCP6ARO 
1082 1-undecene 1-Undecene OLT 
1083 Alpha-pinene alpha-Pinene API 
1093 1-butene & isobutene 1-Butene OLT 
1098 1,2,4-trimethylbenzene & t-butylbenzene 1,2,4-Trimethylbenzene XYM 
1118 1,3-hexadiene (trans) Hexa-1,4-diene FURAN 
1125 Isopropyltoluene p-Cymene ROCP6ARO 
1153 3-methyl-2-pentene 2-Pentene, 3-methyl- OLI 
1161 Propyltoluene p-Propyltoluene XYE 
1170 Triphenylene Triphenylene NAPH 
1172 Benzo[ghi]fluoranthene Benzo[ghi]fluoranthene NAPH 
1173 Cyclopenta[cd]pyrene Cyclopenta[cd]pyrene NAPH 
1462 p-Tolualdehyde 4-Methylbenzaldehyde BALD 
1463 2,3-Butanedione (or Biacetyl || Butane-2,3-dione || Butanedione || 

Diacetyl || Dimethyl diketone || Dimethyl glyoxal) 
2,3-Butanedione SLOWROC 

1464 Methylglyoxal Methyl glyoxal MGLY 
1465 1-Dodecene 1-Dodecene ROCP6ARO 
1466 1-Tridecene 1-Tridecene ROCP6ARO 
1467 o-Tolualdehyde 2-Tolualdehyde BALD 
1468 2,5-Dimethylaldehyde 1,1-Dimethoxyethane HC10 
1469 2,2-Dimethyl-3-ethylpentane 3-Ethyl-2,2-dimethylpentane HC10 
1471 4-ethylheptane Heptane, 4-ethyl- HC10 
1472 Cis,trans,cis-1,2,3-Trimethylcyclohexane 1,2,3-Trimethylcyclohexane HC10 
1473 1-Methyl-3-isopropylcyclohexane -duplicate 1-Methyl-3-(propan-2-yl)cyclohexane HC10 
1474 trans-1-methyl-3-propylcyclohexane 1-Methyl-3-propyl-cyclohexane HC10 
1476 1-Methyl-2-isopropylcyclohexane -duplicate 1-Methyl-2-(propan-2-yl)cyclohexane HC10 
1477 Cyclohexane, 1,2,4-trimethyl-, (1Î±,2Î²,4Î±)- 1,3,5-Trimethylcyclohexane HC10 
1478 Trans-1-ethyl-3-methylcyclohexane -duplicate Cyclohexane, ethylmethyl- HC10 
1479 Bicyclo[3.3.1]nonane Bicyclo(3.3.1)nonane HC10 
1480 Cis,cis,cis-1,2,3-trimethylcyclohexane 1,2,3-Trimethylcyclohexane HC10 
1482 Trans octahydro Indene trans-Octahydro-1H-indene HC10 
1484 Cyclohexane, 1-ethyl-2,3-dimethyl- -duplicate 1-Ethyl-2,4-dimethylcyclohexane HC10 
1485 1,1,2,3-tetramethylcyclohexane -duplicate cyclohexane, 1,1,2,3-tetramethyl- HC10 
1486 Cyclohexane, 1-methyl-4-propyl, trans 1-methyl-4-propylcyclohexane HC10 
1487 3-ethylnonane -duplicate 3-Ethylnonane HC10 
1488 Heptane, 2,3,4-trimethyl 2,3,4-Trimethylheptane HC10 
1490 1-methyl-2-propyl cyclopentane 1-Methyl-2-propylcyclopentane HC10 
1491 Cyclohexane, 1,3-diethyl, cis (1R,3S)-1,3-Diethylcyclohexane HC10 
1492 4-ethyl Nonane 4-ethylnonane HC10 
1499 Cyclohexane, 1,3-diethyl, trans cyclohexane, 1-ethyl-2-propyl- HC10 
1501 u-Paraffin, C10 Octane, 3-ethyl- HC10 
1502 u-Paraffin, C9 Nonane HC10 
1503 c-Paraffin, C10 Decane HC10 
1504 i-Paraffin, C10 Octane, 3-ethyl- HC10 
1505 i-Paraffin, C11 Undecane HC10 
1506 u-Paraffin, C11 Undecane HC10 
1507 u-Paraffin, C12 Dodecane ROCP6ALK 
1508 c-Paraffin, C11 Undecane HC10 
1516 4-methyl dodecane 4-Methyldodecane ROCP6ALK 
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1518 3,6-dimethyl decane 3,6-Dimethyldecane HC10 
1521 3,7-dimethyl decane 3,7-Dimethyldecane HC10 
1522 3,8-dimethyl decane 3,8-Dimethyldecane HC10 
1523 5-ethyl nonane Nonane, 5-ethyl HC10 
1527 Cyclohexane, 1,4-diethyl, trans 1,4-Diethylcyclohexane HC10 
1529 Cyclohexane, 1,4-diethyl, cis 1,4-Diethylcyclohexane HC10 
1536 Cis-1-ethyl-3-methylcyclopentane -duplicate CYCLOPENTANE, 1-ETHYL-3-METHYL-

, CIS- 
HC10 

1537 cis,trans,cis-1,2,3-trimethylcyclopentane 1,2,3-Trimethylcyclopentane HC10 
1539 2,4-dimethylhexane -duplicate 2,4-Dimethylhexane HC5 
1540 Cis,trans,cis-1,2,4-trimethylcyclopentane 1,2,4-Trimethylcyclopentane HC10 
1541 1,3-diethyl, trans cyclopentane 1,3-Diethylcyclopentane HC10 
1547 p-xylene, 2-propyl- 1,4-Dimethyl-2-propylbenzene XYM 
1548 5-propyl-m-xylene 1,3-Dimethyl-5-propylbenzene XYM 
1550 4,5-dimethyldecane -duplicate 4,5-Dimethyldecane HC10 
1551 Cyclohexane, 1-methyl-2-propyl, trans 1-Methyl-2-propyl-cyclohexane HC10 
1554 4-propyl-o-xylene (or 1,2-dimethyl-4-propylbenzene) 1,2-Dimethyl-4-propylbenzene XYM 
1555 4-propyl-m-xylene 1,2-Dimethyl-4-propylbenzene XYM 
1556 1,3-Diethyl-4-methylbenzene 1,3-Diethyl-4-methylbenzene XYM 
1557 4,7-dimethyl-2,3,dihydro-1-h-indenes 4,7-Dimethylindan ROCP6ARO 
1558 3,5-Diethyltoluene (or 1,3-Diethyl-5-methylbenzene) 3,5-Diethyltoluene XYM 
1560 C10 aromatics -duplicate Naphthalene NAPH 
1561 Dimethyl indan 2,4-Dimethyl-2,3-dihydro-1H-indene ROCP6ARO 
1562 1-ethyl-2,4,5-trimethyl benzene (or 1,2,4-trimethyl-5-ethylbenzene) Benzene, 1-ethyl-2,4,5-trimethyl- XYE 
1563 Toluene, 3,4-diethyl- 1-Methyl-3,4-diethylbenzene XYM 
1564 1-ethyl-2,3,5-trimethyl benzene (or 1,2,5-Trimethyl-3-ethylbenzene) Benzene, 1-ethyl-2,3,5-trimethyl- XYE 
1565 2-ethyl-1,3,4-trimethyl benzene (or 1,2,4-Trimethyl-3-ethylbenzene) 2-ethyl-1,3,5-trimethylbenzene XYE 
1566 Dimethyl, isopropyl benzene Benzene, 2,4-dimethyl-1-(1-methylethyl)- XYM 
1567 Unknown C11 aromatics 1,3-Dimethyl-5-propylbenzene XYM 
1569 Ethyl isopropyl benzene Benzene, ethyl(1-methylethyl)- XYM 
1572 2-ethyl-mesitylene (or 1,3,5-trimethyl-2-ethylbenzene) 2-ethyl-1,3,5-trimethylbenzene XYE 
1573 1,2-dimethyl-3-propyl benzene Benzene, 1,2-dimethyl-3-propyl- XYE 
1574 1,3-diethyl-2-methyl benzene Benzene, 1,3-diethyl-2-methyl- XYE 
1575 2-ethenyl-1,4-dimethyl benzene Benzene, 2-ethenyl-1,4-dimethyl- XYM 
1576 1,3-dimethyl-2-propyl benzene 1,3-Dimethyl-2-propylbenzene XYE 
1577 1,2-dimethyl-4-ethenyl benzene Benzene, 4-ethenyl-1,2-dimethyl- XYM 
1579 1-ethyl-2,4-dimethylcyclohexane -duplicate 1-Ethyl-2,4-dimethylcyclohexane HC10 
1583 4-ethyldecane -duplicate 4-Ethyldecane HC10 
1584 1-Decene, 6-ethyl 1-Decene, 4-ethyl OLT 
1586 trans-1-Ethyl-2-methylcyclopentane -duplicate Cyclopentane, 1-ethyl-2-methyl-, (1R,2R)-

rel- 
HC10 

1588 1,1,3,3-Tetramethylcyclopentane 1,1,3,3-Tetramethylcyclopentane HC10 
1594 Cis, cis, trans-1,2,4-trimethylcyclohexane -duplicate 1,2,4-Trimethylcyclohexane HC10 
1595 N-heneicosane Heneicosane ROCP3ALK 
1596 N-docosane Docosane ROCP1ALK 
1597 n-Tricosane Tricosane ROCP2ALK 
1598 n-Tetracosane Tetracosane ROCP2ALK 
1599 n-Pentacosane Pentacosane ROCP1ALK 
1604 n-Triacontane Triacontane ROCN2ALK 
1614 methyl vanillate Benzoic acid, 4-hydroxy-3-methoxy-, methyl 

ester 
ROCP2ALK 

1617 Octanoic acid Octanoic acid ROCIOXY 
1618 Nonanoic acid Nonanoic acid ROCIOXY 
1619 Undecanoic acid Undecanoic acid ROCIOXY 
1620 Heptadecanoic acid Heptadecanoic acid ROCP0ALK 
1629 Sandaracopimaric acid Methyl 7-ethenyl-4a,7-dimethyl-

1,2,3,4,4a,4b,5,6,7,9,10,10a-
dodecahydrophenanthrene-1-carboxylate 

ROCP1ALK 

1635 4-formyl-guaiacol -duplicate 4-Hydroxy-3-methoxybenzaldehyde BALD 
1641 Beta-Amyrin Hopane ROCN2ALK 
1649 3-Ethylpentene 3-Ethyl-1-pentene OLT 
1651 2-Butene 2-Butene OLI 
1652 Methylindane 1-Methyl-2,3-dihydro-1H-indene ROCP6ARO 
1654 Cis-2-Nonene Non-2-ene OLI 
1655 1-Methyl-2-tert-butylbenzene -duplicate Benzene, 1-(1,1-dimethylethyl)-2-methyl- XYE 
1658 Undecanal Undecanal ROCP6ALK 
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1659 Dodecanal Dodecanal ROCP5ALK 
1660 Tridecanal trans-2-Tridecenal ROCP5ARO 
1661 Tetradecanal Tetradecanal ROCP5ALK 
1662 Pentadecanal Pentadecanal ROCP5ALK 
1663 Hexadecanal Hexadecanal ROCP4ALK 
1664 Heptadecanal Heptadecanal ROCP3ALK 
1665 2-Nonanone 2-Nonanone KET 
1666 2-Undecanone 2-Undecanone ROCP6ALK 
1667 2-Tridecanone 2-Tridecanone ROCP5ALK 
1668 2-Pentadecanone 2-Pentadecanone ROCP5ALK 
1669 2-tetradecanone Tetradecan-2-one ROCP5ALK 
1670 Furfural Furfural FURAN 
1671 2-Decenal 2-Decenal API 
1672 2-undecenal 2-Undecenal ROCP5ARO 
1673 Heptanoic acid Heptanoic acid ROCIOXY 
1674 Heptadecan-2-one 2-Heptadecanone ROCP4ALK 
1675 5-butyldihydro-2(3H)-furanone 4-Hydroxyoctanoic acid lactone ROCIOXY 
1676 G-nonanoic lactone -duplicate gamma-Nonanolactone ROCIOXY 
1677 G-decanolactone -duplicate gamma-Decanolactone ROCIOXY 
1678 5-ethyldihydro-2(3H)-furanone gamma-Caprolactone HC5 
1679 5-propyldihydro-2(3H)-furanone gamma-Heptalactone ROCIOXY 
1690 2,6,10-Trimethyldodecane (or farnesane) 2,6,10-Trimethyldodecane ROCP6ALK 
1691 Undecane, 2,6,10-trimethyl -duplicate Undecane, 2,6,10-trimethyl- HC10 
1692 2,6,10-trimethyltridecane 2,6,10-Trimethyltridecane ROCP5ALK 
1693 Norpristane 2,6,10-Trimethylpentadecane ROCP5ALK 
1694 N-Nonylcyclohexane Cyclohexane, nonyl- ROCP4ALK 
1695 Decylcyclohexane Decylcyclohexane ROCP4ALK 
1697 3-methylphenanthrene 3-Methylphenanthrene NAPH 
1698 2-methylanthracene 2-Methylanthracene NAPH 
1699 9-methylphenanthrene 9-Methylphenanthrene NAPH 
1700 C2-MW 178 PAH Anthracene NAPH 
1701 C3-MW 178 PAH Anthracene NAPH 
1702 Acephenanthrylene Acephenanthrylene NAPH 
1703 C1-MW 202 PAH Pyrene NAPH 
1704 Pristane Norphytane ROCP4ALK 
1705 Phytane 2,6,10,14-Tetramethylhexadecane ROCP4ALK 
1706 C3-naphthalenes 1-Ethyl-7-methylnaphthalene NAPH 
1707 C4-naphthalenes Naphthalene, 2,6-diethyl- NAPH 
1708 N-Pentadecylcyclohexane Cyclohexane, pentadecyl- ROCP1ALK 
1709 8B,13a-dimethyl-14B-n-butylpodocarpane Decane HC10 
1711 M- & p-tolualdehyde 4-Methylbenzaldehyde BALD 
1712 2,5-Dimethylbenzaldehyde 2,5-Dimethylbenzaldehyde BALD 
1713 1-Indanone 1H-Inden-1-one, 2,3-dihydro- ROCP6ARO 
1714 Dibenzothiophene Dibenzothiophene NAPH 
1716 Undecylcyclohexane Undecylcyclohexane ROCP4ALK 
1717 Dodecylcyclohexane Cyclohexane, dodecyl- ROCP3ALK 
1718 tridecylcyclohexane Cyclohexane, tridecyl- ROCP2ALK 
1728 Nonadecanedioic acid Nonadecanedioic acid ROCN1ALK 
1731 Heptadecylcyclohexane Heptadecylcyclohexane ROCP2ALK 
1732 octadecylcyclohexane Cyclohexane, octadecyl- ROCP2ALK 
1734 Eicosylcyclohexane Cyclohexane, eicosyl- ROCP0ALK 
1745 20R&S-5a(H),14B(H),17B(H)-sitostane Stigmastane ROCP0ALK 
1746 P-diethylbenzene & n-butylbenzene 1,4-Diethylbenzene XYE 
1747 5-Methyl-2-furaldehyde (or 5-methyl-2-furanaldehyde || 5-

Methylfurfural || 2-Furancarboxaldehyde, 5-methyl- ) 
2-Furancarboxaldehyde, 5-methyl- FURAN 

1748 Hydroxymethylfurfural 5-(Hydroxymethyl)-2-furfural FURAN 
1750 1,2-dimethoxy-4-methyl benzene Benzene, 1,2-dimethoxy-4-methyl- ROCP5ARO 
1751 2-oxobutanal Butanal, 2-oxo- MGLY 
1752 Phenol, 2-methoxy-4-propenyl-, (E)- (or trans-iso-eugenol) (E)-Isoeugenol CSL 
1753 Propylgyaiacol  -duplicate 2-Methoxy-4-propylphenol CSL 
1754 4-ethyl-2-methoxyphenol -duplicate 4-Ethyl-2-methoxyphenol CSL 
1755 1,2-Benzenediol 1,â€‹2-â€‹Benzenediol PHEN 
1756 Hydroquinone (or p-benzenediol || 1,4-Benzenediol) Hydroquinone ROCP2ALK 
1757 Resorcinol (or m-benzenediol || 1,3-Benzenediol) Resorcinol PHEN 
1759 1,6-Dimethylnaphthalene 1,6-Dimethylnaphthalene NAPH 
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ID Species Representative Compound CRACMM 
1762 Hydroxybenzaldehydes p-Hydroxybenzaldehyde BALD 
1763 Guaiacylacetone -duplicate 2-Propanone, 1-(4-hydroxy-3-

methoxyphenyl)- 
ROCP2ALK 

1764 4-ethylsyringol -duplicate Phenol, 4-ethyl-2,6-dimethoxy- ROCP2ALK 
1768 Syringyl acetone 2-Propanone, 1-(4-hydroxy-3,5-

dimethoxyphenyl)- 
ROCP2ALK 

1777 3,4-dimethoxybenzaldehyde (or veratraldehyde) Veratraldehyde BALD 
1786 Dodecenal 2-â€‹Dodecenal ROCP5ARO 
1787 Tridecanal -duplicate trans-2-Tridecenal ROCP5ARO 
1788 Tetradecenal (Z)-9-Tetradecenal ROCP5ARO 
1789 Pentadecenal 2,4-pentadecadienal ROCP5ARO 
1790 Heptadecan-2-one -duplicate 2-Heptadecanone ROCP4ALK 
1800 Neophytadiene 7,11,15-Trimethyl-3-methylidenehexadec-1-

ene 
ROCP5ARO 

1801 C2-Naphthalenes 2,6-Dimethylnaphthalene NAPH 
1802 C1-MW 178 PAH Anthracene NAPH 
1803 Solanone (E)-6,10-Dimethylundeca-5,9-dien-2-one ROCP6ARO 
1804 Geranyl acetone (E)-6,10-Dimethylundeca-5,9-dien-2-one ROCP6ARO 
1805 Nicotine Nicotine ROCP6ARO 
1806 Bipyridyl 2,2'-Bipyridine ROCP5ARO 
1807 Cotinine Cotinine ROCP5ARO 
1808 Carbazole Carbazole NAPH 
1809 Indole Indole ROCP5ARO 
1810 Nornicotine Pyridine, 3-(2S)-2-pyrrolidinyl- ROCP5ARO 
1811 Phenylpyridine 4-Phenylpyridine ROCP5ARO 
1812 Quinoline Quinoline ROCP6ARO 
1813 Isoquinoline Isoquinoline ROCP6ARO 
1814 2-Ethylphenol 2-Ethylphenol CSL 
1815 Ethenylphenol 2-Ethenylphenol CSL 
1816 2,5-Pyrrolidinedione, 1-methyl- (or N-Methylsuccinimide) 2,5-Pyrrolidinedione, 1-methyl- HC3 
1817 Beta-Nicotyrine Pyridine, 3-(1-methyl-1H-pyrrol-2-yl)- ROCP5ARO 
1818 1-Methylindole 1H-Indole, 1-methyl- ROCP6ARO 
1819 Pyrolo[2,3-b]pyridine 1H-Pyrrolo[2,3-b]pyridine ROCP5ARO 
1820 5-(Hydroxymethyl)-2-furaldehyde (or 2-Furancarboxaldehyde, 5-

(hydroxymethyl)- || 5-Hydroxymethylfurfural) 
5-(Hydroxymethyl)-2-furfural FURAN 

1825 Pyruvic acid Pyruvic acid KET 
1828 Furancarboxylic acid 2-Furancarboxylic acid FURAN 
1830 Anteiso-triacontane Isotriacontane ROCN2ALK 
1836 2-(2-butoxyethoxy)ethanol -duplicate 2-(2-Butoxyethoxy)ethanol ROCIOXY 
1837 2,2,4-Trimethyl-1,3-pentanediol diisobutryate 2,2,4-Trimethyl-1,3-pentanediol 

diisobutyrate 
ROCIOXY 

1838 2,2,4-trimethyl-1,3-pentanediol isobutyrate -duplicate 1-Hydroxy-2,2,4-trimethylpentan-3-yl 2-
methylpropanoate 

ROCIOXY 

1840 Heptylcyclohexane Heptylcyclohexane ROCP6ALK 
1841 Octylcyclohexane Cyclohexane, octyl- ROCP5ALK 
1843 Tetradecylcyclohexane Cyclohexane, tetradecyl- ROCP2ALK 
1845 8B,13a-dimethyl-14B-[3'-methylbutyl]podocarpane -duplicate 8,13-Dimethyl-14-(3-

methylbutyl)podocarpane 
ROCP3ALK 

1879 4-Methylcyclopentene Cyclopentene, 4-methyl- OLI 
1880 Methylsyringol Benzene, 1,2,3-trimethoxy- ROCP5ARO 
1883 Methyl fluorene 2-Methylfluorene NAPH 
1886 1-Methylcyclohexene Cyclohexene, 1-methyl- OLI 
1887 1-Nitropropane 1-Nitropropane HC3 
1888 Dichloronitroaniline Dicloran ROCP1ALK 
1891 2-Ethyl hexanol 2-Ethyl-1-hexanol ROCIOXY 
1892 2-methyl-3-hexanone 2-Methyl-3-hexanone KET 
1894 3,4-dimethyloctane -duplicate 2,3-Dimethyloctane HC10 
1896 4,4-Methylene dianiline 4,4'-Diaminobiphenyl methane NAPH 
1897 4-Chloro-3,5-xylenol 4-Chloro-3,5-dimethylphenol CSL 
1898 4-Methylaniline N-Methylaniline ROCP6ARO 
1899 4-Phenyl-1-butene 3-Butenylbenzene XYM 
1901 Acetic anhydride Acetic anhydride HC3 
1902 Acetonitrile Acetonitrile SLOWROC 
1903 Acrylic acid Acrylic acid OLT 
1904 Alpha-terpineol alpha-Terpineol API 
1905 Aminoanthraquinone 1-Aminoanthraquinone ROCN1ALK 
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ID Species Representative Compound CRACMM 
1906 Aniline Aniline ROCP6ARO 
1909 Benzyl chloride Benzyl chloride XYE 
1914 B-phellandrene beta-Phellandrene LIM 
1915 Bromodinitroaniline 2-Bromo-4,6-dinitroaniline ROCP2ALK 
1916 Bromodinitrobenzene 1-Bromo-3,5-dinitrobenzene ROCP5ARO 
1918 Butoxybutane Butyl ether HC10 
1920 Butyl benzoate Butyl benzoate ROCP5ARO 
1921 Butylisopropylphthalate Butyl isobutyl phthalate ROCP5ARO 
1923 C10 Aromatic Naphthalene NAPH 
1924 C-10 Compounds Octane, 3-ethyl- HC10 
1925 C10 Olefins 1-Decene OLT 
1926 C10 Paraffins Octane, 3-ethyl- HC10 
1929 C-11 Compounds Undecane HC10 
1930 C11 Olefins 3-methyl-1-decene OLT 
1932 C12 Olefins 1-Dodecene ROCP6ARO 
1934 C13-Branched alkane 2-Methyldodecane ROCP6ALK 
1936 C14-Branched alkane 2-Methyltridecane ROCP6ALK 
1938 C15-Branched alkane 2-Methyltetradecane ROCP5ALK 
1939 C16 Branched alkane 2-Methylpentadecane ROCP4ALK 
1941 C16 Branched alkane -duplicate 2-Methylpentadecane ROCP4ALK 
1943 C-18 Compounds Octadecane ROCP4ALK 
1945 C2 Alkyl indan 2-Ethylindan ROCP6ARO 
1947 C2 Cyclohexane 1,2-Dimethylcyclohexane HC10 
1963 C3 Cyclohexane 1,3,5-Trimethylcyclohexane HC10 
1964 C3/C4/C5 Alkylbenzenes p-Cymene ROCP6ARO 
1975 C-3-Hexene 1-Hexene OLT 
1976 C-4 Compounds Butane HC3 
1977 C4 Substituted cyclohexane cyclohexane, 1-ethyl-1,4-dimethyl-, trans- HC10 
1978 C4 Substituted cyclohexanone 4-N-Butylcyclohexanone ROCIOXY 
1983 C4-Alkylphenols 4-Butylphenol CSL 
1985 C4-Benzene p-Cymene ROCP6ARO 
1986 C-5 Compounds Pentane HC5 
1987 C5 Cyclohexane Pentylcyclohexane ROCP6ALK 
1988 C5 Ester Ethyl propionate HC3 
1989 C5 Olefin 1-Pentene OLT 
1990 C5 Paraffin Pentane HC5 
1992 C5 Substituted cyclohexane Pentylcyclohexane ROCP6ALK 
1993 C5-Alkylbenzenes Pentylbenzene XYE 
1995 C5-Alkylphenols 4-Pentylphenol CSL 
1996 C5-Benzene Pentylbenzene XYE 
1997 C5-Cyclohexane Pentylcyclohexane ROCP6ALK 
1998 C5-Ene 1-Pentene OLT 
1999 C-6 Compounds n-Hexane HC5 
2000 C6 Olefins 1-Hexene OLT 
2001 C6 Substituted cyclohexane Hexylcyclohexane ROCP6ALK 
2003 C6H18O3SI3 Hexamethylcyclotrisiloxane ROCIOXY 
2005 C-7 Compounds Heptane HC10 
2006 C-7 Cycloparaffins 1,2-Dimethylcyclopentane HC10 
2008 C7 Paraffins Heptane HC10 
2009 C7-C16 Paraffins Decane HC10 
2011 C-8 Compounds Octane HC10 
2012 C-8 Cycloparaffins Cyclooctane HC10 
2013 C-8 Olefins 1-Octene OLT 
2014 C8 Paraffin Octane HC10 
2015 C8 Phenols Methyl salicylate CSL 
2017 C8H24O4SI4 Octamethylcyclotetrasiloxane ROCIOXY 
2018 C-9 Compounds Nonane HC10 
2019 C-9 Cycloparaffins Cyclooctane, methyl- HC10 
2020 C9 Olefins 1-Nonene OLT 
2022 C9 Phenols 4-Propylphenol CSL 
2023 Camphene (+)-Camphene API 
2024 Carbaryl Carbaryl ROCP1ALK 
2026 Chloropentafluoroethane Chloropentafluoroethane SLOWROC 
2027 Chloroprene Chloroprene FURAN 
2029 Chlorotrifluoromethane Chlorotrifluoromethane SLOWROC 
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ID Species Representative Compound CRACMM 
2034 Creosote m-Cresol CSL 
2036 Cyclopentylcyclopentane Bicyclopentyl HC10 
2037 Decalins Decalin HC10 
2039 Denaturant Methanol MOH 
2040 Di(ethylphenyl) ethane Benzene, 1,1'-ethylidenebis(4-ethyl- NAPH 
2045 DI-C8 Alkyl phthalate Bis(6-methylheptyl) phthalate ROCP2ALK 
2046 1,2-dichloro 1,1,2,2-tetrafluoroethane 1,2-Dichloro-1,1,2,2-tetrafluoroethane SLOWROC 
2050 Dihydroxyacetone Dihydroxyacetone ROCIOXY 
2052 Diisopropyl benzene Benzene, 1,2-bis(1-methylethyl)- XYM 
2053 Dimethyl alkyl amines Ethanamine, N-methyl- HC10 
2054 Dimethyl napthalene 2,6-Dimethylnaphthalene NAPH 
2055 Dimethyl terephthalate Dimethyl terephthalate ROCP5ARO 
2057 Dimethylamine Dimethylamine HC10 
2061 Dimethylcyclohexane 1,4-Dimethylcyclohexane HC10 
2067 Dimethylhexanes 3,3-Dimethylhexane HC5 
2068 Dimethylhexene 2,3-Dimethylhex-2-ene OLI 
2072 Dimethylnonanes -duplicate 2-Methyldecane HC10 
2073 Dimethyloctanes -duplicate 2-Methylnonane HC10 
2079 Dipropyl phthalate Di-n-propylphthalate ROCP5ARO 
2081 Divinyl benzene 1,4-Divinylbenzene XYM 
2083 Epichlorohydrin (or 2-(Chloromethyl)oxirane) Epichlorohydrin HC3 
2084 Ethylstyrene 4-Ethylstyrene XYM 
2089 Ethyldimethylcyclohexane 2-Ethyl-1,1-dimethylcyclohexane HC10 
2091 Ethyleneamines Vinylamine OLT 
2094 Ethylheptene 3-Ethyl-3-heptene OLI 
2097 Ethylisopropyl ether Propane, 2-ethoxy- HC10 
2098 Ethylmethylcyclopentane Cyclopentane, 1-ethyl-1- methyl- HC10 
2099 Ethylmethyloctane 5-â€‹ethyl-â€‹2-â€‹methyl-octane HC10 
2100 Ethyloctene 3-Ethyl-3-octene OLI 
2102 Ethyl-phenyl-phenyl-ethane 1-Ethyl-2-(1-phenylethyl)benzene NAPH 
2103 Ethyl propylcyclohexanes -duplicate cyclohexane, 1-ethyl-2-propyl- HC10 
2105 Furfuryl alcohol (or 2-Furanmethanol || 2-Furylmethanol || 2-

(Hydroxymethyl)furan) 
Furfuryl alcohol FURAN 

2108 Heptene 1-Heptene OLT 
2109 Hexachloroethane Hexachloroethane SLOWROC 
2111 Hexafluoroethane Perfluoroethane SLOWROC 
2112 Hexamethylcyclotrisiloxane Hexamethylcyclotrisiloxane ROCIOXY 
2113 Hexamethylenediamine 1,6-Hexanediamine ROCP6ALK 
2114 Hexenal Hexobarbital ROCP1ALK 
2116 Hexyne 1-Hexyne HC10 
2117 Isoamyl alcohol (or 3-Methyl-1-butanol) Isopentyl alcohol ROH 
2118 Isobutyl acrylate Isobutyl acrylate OLT 
2119 Isobutyraldehyde (or Î±-Methylpropionaldehyde || Isobutanal || 

Isopropylaldehyde || Isopropylformaldehyde || 2-Methylpropanal || 2-
Methyl-1-propanal) 

2-Methylpropanal ALD 

2120 Isomers of butene 1-Butene OLT 
2121 Isomers of C10H18 Decalin HC10 
2123 Isomers of C9H16 1-Nonyne HC10 
2124 Isomers of ethyltoluene 4-Ethyltoluene XYE 
2125 Isomers of heptadecane Heptadecane ROCP3ALK 
2126 Isomers of heptane Heptane HC10 
2127 Isomers of hexane n-Hexane HC5 
2128 Isomers of nonane Nonane HC10 
2129 Isomers of octadecane Octadecane ROCP4ALK 
2130 Isomers of octane Octane HC10 
2131 Isomers of pentadecane Pentadecane ROCP5ALK 
2132 Isomers of pentane Pentane HC5 
2133 Isomers of pentene 1-Pentene OLT 
2134 Isomers of propylbenzene Propylbenzene XYE 
2135 Isomers of tetradecane Tetradecane ROCP5ALK 
2137 Ketones - general Pentanal ALD 
2138 Lactol spirits Heptane HC10 
2140 Maleic anhydride 2,5-Furandione ROCP6ARO 
2144 Methyl acrylate Methyl acrylate OLT 
2145 Methyl biphenyl 4-Phenyltoluene NAPH 
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ID Species Representative Compound CRACMM 
2146 Methyl C11 ester Methyl decanoate ROCIOXY 
2148 Methyl C13 ester Methyl dodecanoate ROCIOXY 
2149 Methyl C14 ester Methyl tridecanoate ROCIOXY 
2150 Methyl C15 ester Methyl tetradecanoate ROCIOXY 
2151 Methyl C19 ester Methyl stearate ROCP2ALK 
2152 Methyl C20 ester Methyl nonadecan-1-oate ROCP2ALK 
2153 Methyl dodecanoate Methyl dodecanoate ROCIOXY 
2154 Methyl formate Methyl formate SLOWROC 
2157 Methylnaphthalenes -duplicate 1-Methylnaphthalene NAPH 
2158 Methyl palmitate Methyl hexadecanoate ROCIOXY 
2159 Methyl octadecanoate Methyl stearate ROCP2ALK 
2160 Methyl acetate Methyl acetate SLOWROC 
2161 1,2-butadiene -duplicate 1,2-Butadiene FURAN 
2164 Methylbenzaldehyde 4-Methylbenzaldehyde BALD 
2170 Methylcyclooctane Cyclooctane, methyl- HC10 
2172 Methyldecanes 4-Methyldecane HC10 
2174 Methyldodecane 2-Methyldodecane ROCP6ALK 
2175 Methylene bromide Dibromomethane SLOWROC 
2184 Methyl hexane -duplicate 2-Methylhexane HC5 
2185 Methylhexenes 2-Methylpent-1-ene OLT 
2186 Methylindans 1-Methyl-2,3-dihydro-1H-indene ROCP6ARO 
2188 Isopropylmethylcyclohexane -duplicate cyclohexane, 1-isopropyl-1-methyl- HC10 
2191 Methylnonane 2-Methylnonane HC10 
2192 Methylnonene 2-Methyl-2-nonene OLI 
2193 Methyloctanes 2-Methyloctane HC10 
2194 Methylpentane 3-Methylpentane HC5 
2197 Methylpropylcyclohexanes 1-Methyl-3-propyl-cyclohexane HC10 
2198 Methylpropylnonane 5-(Butan-2-yl)nonane HC10 
2199 Methylundecane 2-Methylundecane HC10 
2201 Myrcene Myrcene LIM 
2203 Naphtha n-Hexane HC5 
2206 Nitrobenzene Nitrobenzene SLOWROC 
2207 Nonenone 3-Nonen-2-one OLI 
2209 N-pentylcyclohexane Pentylcyclohexane ROCP6ALK 
2211 Octamethylcyclotetrasiloxane Octamethylcyclotetrasiloxane ROCIOXY 
2215 Oxygenates 2-(Hydroxymethoxy)ethanol ROCIOXY 
2216 Paraffins (C16-C34) Pentacosane ROCP1ALK 
2217 Paraffins/Olefins (C12-C16) Tetradecane ROCP5ALK 
2220 Pentadiene (3E)-1,3-Pentadiene FURAN 
2225 Pentyne 1-Pentyne HC10 
2227 Phenyl isocyanate Phenyl isocyanate XYE 
2228 Phthalic anhydride Phthalic anhydride ROCP5ARO 
2230 Piperylene 1,3-Pentadiene FURAN 
2233 Propionic acid (or Propanoic acid || Carboxyethane || Ethanecarboxylic 

acid || Ethylformic acid || Luprisol) 
Propionic acid ORA2 

2234 1,1-dichloropropane (or Dichloropropane) 1,1-Dichloropropane HC3 
2235 Propylene glycol phenyl ether 2-Phenoxy-1-propanol CSL 
2240 Siloxane Decamethylcyclopentasiloxane ROCIOXY 
2242 Substituted C9 ester (C12) 3-Hydroxy-2,2,4-trimethylpentyl 2-

methylpropanoate 
ROCIOXY 

2243 Trans-1-phenylbutene (E)-1-Phenyl-1-butene XYM 
2244 Trans-2-nonene (2E)-2-Nonene OLI 
2246 Terephthalic acid (or 1,4-Benzenedicarboxylic Acid) Terephthalic acid ROCP2ALK 
2248 Terpenes alpha-Pinene API 
2250 Tetrachlorobenzenes 1,2,4,5-Tetrachlorobenzene SLOWROC 
2252 Tetrafluoromethane Carbon tetrafluoride SLOWROC 
2254 Tetramethylcyclobutene 2-Ethenyl-1,1-dimethylcyclobutane OLT 
2256 Total aromatic amines Aniline ROCP6ARO 
2257 Total C2-C5 aldehydes Propanal ALD 
2258 Trans-1,3-dichloropropene trans-1,3-Dichloropropene OLI 
2259 Trichlorobenzenes 1,2,4-Trichlorobenzene XYE 
2261 Triethylene glycol Triethylene glycol ROCIOXY 
2262 Triethylene glycol monobutyl ether 2-[2-(2-Butoxyethoxy)ethoxy]ethanol ROCIOXY 
2263 Trifluoromethane Trifluoromethane SLOWROC 
2266 Trimethyldecene 3,3-Dimethyldec-1-ene OLT 
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2267 Trimethylfluorosilane Fluorotrimethylsilane ROCIOXY 
2268 Trimethylheptanes 2,2,4-Trimethylheptane HC10 
2278 UNC peaks to CBM xylene o-Xylene XYE 
2279 Undefined aromatic 1,2,4-Trimethylbenzene XYM 
2283 Undefined VOC Decane HC10 
2284 Unidentified Decane HC10 
2285 Unknown #1 Decane HC10 
2295 Xylene base acids o-Xylene XYE 
2297 Unknown Decane HC10 
2313 3-methyloctane; 3,3-diethylpentane; 3-ethylheptane 3-Methyloctane HC10 
2329 1-tert-butyl-4-ethylbenzene p-tert-Butylethylbenzene XYM 
2333 Propylcyclopentane -duplicate Propylcyclopentane HC10 
2334 Isooctane 2,2,4-Trimethylpentane HC5 
2335 o-Vinyltoluene (or 1-Methyl-2-vinylbenzene || 2-Methylstyrene || 2-

Vinyltoluene || 1-Ethenyl-2-methylbenzene || 2-Ethenylmethylbenzene || 
2-Methyl-1-vinylbenzene) 

o-Vinyltoluene XYM 

2336 Chrysene;Triphenylene Chrysene NAPH 
2337 2,2'-Dithiobisbenzothiazole 2,2'-Dithiobisbenzothiazole NAPH 
2338 Xylenol -duplicate 2,6-Dimethylphenol CSL 
2339 Methyl benzenediols 4-Methylcatechol MCT 
2341 Cis-iso-eugenol Isoeugenol CSL 
2355 Diethyl phthalate Diethyl phthalate ROCP5ARO 
2367 M & p-cresol (or 3-Methylphenol & 4-Methylphenol) m-Cresol CSL 
2368 Dicyclopentadiene Dicyclopentadiene FURAN 
2372 1,2,4-Trichlorobenzene 1,2,4-Trichlorobenzene XYE 
2560 Cyclopentane, (1-methylethyl)- -duplicate Isopropylcyclopentane HC10 
2562 Methyl vinyl ketone (or 2-Butenone || 1-Buten-3-one || Butenone || 3-

Butenen-2-one) 
Methyl vinyl ketone MVK 

2564 Methyl isopropyl ketone (or Isopropyl methyl ketone || Ketone, 
isopropyl methyl || Methyl butanone-2 || 3-Methyl-2-butanone) 

3-Methyl-2-butanone KET 

2568 2-methyl-butyl-benzene (or 1-phenyl-2-methylbutane) Isopentylbenzene XYM 
2637 Cyclopentanol Cyclopentanol ROH 
2638 Heptanone 2-Heptanone KET 
2639 Octanone 2-Octanone KET 
2640 Furan Furan FURAN 
2641 2-methyl-furan 2-Methylfuran FURAN 
2642 3-methyl-furan 3-Methylfuran FURAN 
2643 2-ethylfuran Furan, 2-ethyl- FURAN 
2644 2,4-dimethyl-furan Furan, 2,4-dimethyl- FURAN 
2645 2,5-dimethyl-furan 2,5-Dimethylfuran FURAN 
2646 2,3-dihydrofuran Furan, 2,3-dihydro- OLI 
2647 Methyl iodide Methyl iodide SLOWROC 
2669 Particulate Non-Carbon Organic Matter Triacontane ROCN2ALK 
2673 2,6-dimethylheptane, propylcyclopentane 2,6-Dimethylheptane HC10 
2681 4-methyl-cis-2-pentene; 2-methylpentane (isohexane) 2-pentene, 4-methyl-, (z)- OLI 
2684 Allylbenzene (or 1-Phenyl-2-propene; 1-Propene, 3-phenyl-; 2-

Propenylbenzene; 3-Phenyl-1-propene; 3-Phenylpropene) 
benzene, 2-propenyl- XYM 

2688 3-Hydroxy-2-butanone (or Acetoin) Acetoin ROCIOXY 
2692 Dimethyl Disulfide Methyl disulfide HC10 
2693 1,2-Dichloroethene (Z)-1,2-Dichloroethylene OLI 
2694 2,4,6-Trichlorophenol 2,4,6-Trichlorophenol PHEN 
2695 2,4-Dinitrophenol 2,4-Dinitrophenol PHEN 
2696 2,4-Dinitrotoluene 2,4-Dinitrotoluene ROCP5ARO 
2697 2-Nitrophenol (or o-Nitrophenol) 2-Nitrophenol PHEN 
2698 3-Carene 3-Carene API 
2699 4,6-Dinitro-o-cresol 2-Methyl-4,6-dinitrophenol CSL 
2700 4-Nitrophenol 4-Nitrophenol PHEN 
2701 Bis(2-chloroisopropyl) ether bis(2-Chloroisopropyl)ether HC10 
2702 2-Chlorophenol 2-Chlorophenol PHEN 
2703 Decachlorobiphenyl Decachlorobiphenyl SLOWROC 
2704 Dichlorobiphenyl 4,4'-Dichlorobiphenyl NAPH 
2705 Di-n-octyl phthalate Di-n-octyl phthalate ROCP0ALK 
2706 2,2',4,4',5,5'-Hexachlorobiphenyl 2,2',4,4',5,5'-Hexachlorobiphenyl NAPH 
2707 Hexachlorocyclopentadiene Hexachlorocyclopentadiene ROCP6ARO 
2708 2,3,3',4,4'-Pentachlorobiphenyl 2,3,3',4,4'-Pentachlorobiphenyl NAPH 
2709 Pentachlorophenol Pentachlorophenol SLOWROC 
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ID Species Representative Compound CRACMM 
2710 Tetrachlorobiphenyl 2,2',4,4'-Tetrachlorobiphenyl NAPH 
2711 2,2',3-Trichlorobiphenyl 2,2',3-Trichlorobiphenyl NAPH 
2712 Gamma-Terpinene gamma-Terpinene LIM 
2713 1,2-Dimethoxyethane Ethylene glycol dimethyl ether HC10 
2723 Heptanol 1-Heptanol ROCIOXY 
2724 3-Pentanone 3-Pentanone KET 
2754 Butanoic acid (or Butyric acid) Butanoic acid ORA2 
2755 2-Isopropyl-5-methylanisole (or Methyl thymol ether) 2-Isopropyl-5-methylanisole ROCP6ARO 
2756 Bornyl acetate Bornyl acetate ROCIOXY 
2757 Pinene alpha-Pinene API 
2758 Eucalyptol 1,8-Cineol HC10 
2759 Heptyl Hexanoate Heptyl hexanoate ROCIOXY 
2760 3-Methyl-butanoic acid Isovaleric acid ROCIOXY 
2761 2-Methyl-propanoic acid 2-Methylpropanoic acid ORA2 
2762 1-Methyl cycloheptene 1-Methylcycloheptene OLI 
2763 Pentanoic acid Pentanoic acid ROCIOXY 
2764 Thujen-2-one (or Umbellulon || 4-Methyl-1-(propan-2-

yl)bicyclo[3.1.0]hex-3-en-2-one) 
Umbellulone OLI 

2796 Î±-Methylstyrene alpha-Methylstyrene XYM 
2811 Tetradecene 1-Tetradecene ROCP5ARO 
2812 cis-1,3-Pentadiene (3Z)-1,3-Pentadiene FURAN 
2815 Octadiene Octa-1,6-diene FURAN 
2830 trans-1-Phenyl-1-butene (or Trans-1-butenylbenzene) (E)-1-Phenyl-1-butene XYM 
2831 1,2,3-trimethylnaphthalene 1,2,3-Trimethylnaphthalene NAPH 
2936 Dimethyl itaconate (or Itaconic acid, dimethyl ester || 

Methylenesuccinic acid, dimethyl ester) 
Dimethyl itaconate OLI 

2937 Diethyl itaconate (or Itaconic acid diethyl ester || 2-methylene, diethyl 
ester || Butanedioic acid, methylene-, diethyl ester) 

Ethyl itaconate ROCP6ARO 

2939 4-Ethylphenol (or 1-Hydroxy-4-ethylbenzene || p-Ethylphenol) 4-Ethylphenol CSL 
2940 p-Propylphenol (or Dihydrochavicol || 4-Propylphenol || p-

Hydroxypropylbenzene) 
4-Propylphenol CSL 

2941 Acetamide (or Acetic acid amide || Ethanamide || Methanecarboxamide) Acetamide ROCIOXY 
2942 3-Methylindole (or Scatole || Skatol || 3-Methyl-1H-indole) 3-Methylindole ROCP5ARO 
2943 4,5-Dimethyloxazole (or 5-Methyl-4-methyloxazole) 4,5-Dimethyloxazole FURAN 
2944 2,4,5-Trimethyloxazole 2,4,5-Trimethyloxazole OLI 
2945 2,3,5,6-Tetramethylpyrazine Tetramethylpyrazine FURAN 
2946 Dimethyl sulfone Dimethyl sulfone ROCIOXY 
2948 Isopropylcyclobutane Isopropylcyclobutane HC10 
2949 1,2-Pentadiene Penta-1,2-diene FURAN 
2950 Hexadiene 1,5-Hexadiene FURAN 
2951 Allyl alcohol (or Allylic alcohol || 1-Propen-3-ol || 2-Propenol || 2-

Propenyl alcohol) 
Allyl alcohol OLT 

2952 2-Pentanol (or Methyl butanol || 2-Pentyl alcohol) Pentan-2-ol ROH 
2953 2-Phenyl-2-propanol (or Î±-Cumyl alcohol || 2-Phenylisopropanol || 

Î±,Î±-Dimethylbenzyl alcohol) 
2-Phenylpropan-2-ol CSL 

2954 3-Hexanone (or Ethyl propyl ketone || Hexan-3-one) 3-Hexanone KET 
2955 2-Methylbutanal (or Î±-Methylbutyric aldehyde || 

Methylethylacetaldehyde || 2-Formylbutane) 
2-Methylbutanal ALD 

2956 1,3,5-Trichlorobenzene 1,3,5-Trichlorobenzene ROCP6ARO 
2957 1-Propanamine (or n-Propylamine) Propylamine HC10 
2998 Dimethylbenzaldehyde 2,3-Dimethylbenzaldehyde BALD 
2999 Hydrogen cyanide (or Hydrocyanic acid || Formonitrile) Hydrogen cyanide SLOWROC 
3000 Ethyl formate (or Ethylformic ester || Ethyl ester formic acid) Ethyl formate HC3 
3001 cis-1,3-hexadiene (E)-1,3-Hexadiene FURAN 
3002 Ethylpyrazine (or 2-Ethylpyrazine) Ethylpyrazine FURAN 
3003 1,6-Heptadiyne 1,6-Heptadiyne HC10 
3005 Glycolaldehyde (or Diose || Glycolic aldehyde || Hydroxyacetaldehyde || 

Methylol formaldehyde) 
Acetaldehyde, hydroxy- GLY 

3006 1,1-Dimethylhydrazine (or Dimazine) 1,1-Dimethylhydrazine HC10 
3007 Propanenitrile (or Propionitrile || Cyanoethane || Ether cyanatus || Ethyl 

cyanide || Hydrocyanic ether || Propionic nitrile) 
Propionitrile SLOWROC 

3008 Carbon suboxide (or 1,2-Propadiene-1,3-dione || Carbon oxide) Carbon suboxide FURAN 
3009 Pyrrole (or Azole || Divinylenimine || Imidole || Monopyrrole) Pyrrole FURAN 
3010 1,3-Cyclopentadiene, methyl- (or Methyl-1,3-cyclopentadiene || 

Methylcyclopenta-1,3-diene || Methylcyclopentadiene || 
Monomethylcyclopentadiene) 

1,3-Cyclopentadiene, methyl- FURAN 
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ID Species Representative Compound CRACMM 
3011 1-Methyl-1,3-cyclopentadiene -duplicate 1,3-Cyclopentadiene, methyl- FURAN 
3012 2-Methyl-1,3-cyclopentadiene 2-Methyl-1,3-cyclopentadiene FURAN 
3013 2,5-Dihydrofuran (or 1-Oxa-3-cyclopentene || 3-Oxolene) 2,5-Dihydrofuran OLI 
3014 2-Cyclopenten-1-one (or Cyclopenten-3-one || Cyclopentenone || 2-

Cyclopentenone 3-Cyclopenten-2-one; 2-Cyclopentenone-1; 
cyclopenten-2-one) 

Cyclopent-2-en-1-one FURAN 

3015 2,3-Dihydro-1,4-dioxine 1,4-Dioxin, 2,3-dihydro- OLI 
3016 Methyl propionate (or Propanoic acid, methyl ester) Methyl propanoate HC3 
3017 1-Penten-3-yne 1-Penten-3-yne OLT 
3018 1-Methylpyrrole (or Pyrrole, 1-methyl- || N-Methylpyrrole || 1-Methyl-

1H-pyrrole) 
1-Methylpyrrole FURAN 

3019 1-Penten-3-one (or Ethyl vinyl ketone) Ethyl vinyl ketone OLT 
3020 Cyclopentanone (or Adipic ketone || Adipinketon || Dumasin || 

Ketocyclopentane || Ketopentamethylene) 
Cyclopentanone OLI 

3021 2-Methyl-2-butenal (or 2-Methylcrotonaldehyde || 2,3-Dimethylacrolein 
|| 2-Methylbut-2-enal) 

2-Methylbut-2-enal UALD 

3022 3-Methylpyridazine 3-Methylpyridazine FURAN 
3023 4-Methylpyridazine 4-Methylpyridazine FURAN 
3024 3-Furaldehyde 3-Furaldehyde FURAN 
3025 3-Cyclopentene-1,2-dione Cyclopent-3-ene-1,2-dione FURAN 
3026 Butyric acid, methyl ester (or Methyl butanoate || Methyl butyrate) Methyl butyrate HC3 
3027 1,5-Hexadien-3-yne (or Divinylacetylene) Divinylacetylene FURAN 
3028 1-Hexen-3-yne (or Ethylvinylacetylene || Vinylethylacetylene) 1-Hexen-3-yne OLT 
3029 Pyrazole, 1-methyl- (or 1-Methylpyrazole) 1H-Pyrazole, 1-methyl- OLI 
3030 Ethynyl Benzene (or Phenylacetylene || 1-Phenylethyne || Acetylene, 

phenyl- || Ethinylbenzene) 
Phenylacetylene XYM 

3031 m-Methylstyrene (or m-Vinyltoluene || 1-Methyl-3-vinylbenzene || 3-
Methylstyrene || 3-Vinyltoluene || Benzene, 1-ethenyl-3-methyl-) 

3-Methylstyrene XYM 

3032 3-Methyl-1-benzofuran 3-Methylbenzofuran FURAN 
3033 1-Methyl-2-benzofuran 1-Methyl-2-benzofuran FURAN 
3035 1,4-Dihydronaphthalene 1,4-Dihydronaphthalene ROCP6ARO 
3036 1-Phenyl-1-butene (or Î²-Ethylstyrene || 1-Butenyl-benzene) (E)-1-Phenyl-1-butene XYM 
3037 (E)-(1-Methylpropenyl)benzene (or trans-2-Phenyl-2-butene) BENZENE, (1-METHYL-1-PROPENYL)-, 

(E)- 
XYM 

3038 p-Mentha-1,4(8)-diene (or Terpinolene||Terpinolen||Î±- Terpinolen||Î±-
Terpinolene||4-Isopropylidene-1-methyl-cyclohexene p-Menth-1,4(8)-
diene|| 1-methyl-4-(1-methylethylidene)-cyclohexene (Î±-
terpinolene)||1-Methyl-4-(1-methylethylidene)-cyclohexene) 

Terpinolene LIM 

3039 Isolimonene (or 3-Isopropenyl-6-methyl-cyclohexene || trans-
Isolimonene || (3R-trans)-3-methyl-6-(1-methylvinyl)cyclohexene) 

(3R-trans)-3-Methyl-6-(1-
methylvinyl)cyclohexene 

LIM 

3040 Cadinene (or Sesquiterpene || Naphthalene, decahydro-1,6-dimethyl-4-
(1-methylethyl)-, (1S,4S,4aS,6S,8aS)-, didehydro deriv) 

Cadinene SESQ 

3054 Diethylenetriamine Diethylenetriamine ROCP6ALK 
3056 3-Methoxy-1-Butanol (or 3-Methoxybutanol || Methoxybutanol || 3-

methoxybutan-1-ol) 
3-Methoxybutan-1-ol ROH 

3073 Formamide (or Carbamaldehyde; Methanamide || Amid kyseliny 
mravenci || Formimidic acid) 

Formamide ROCIOXY 

3079 2,2,4,4,6,8,8-Heptamethylnonane 2,2,4,4,6,8,8-Heptamethylnonane ROCP6ALK 
3096 3,7-Dimethylocta-1,6-Dien-3-Ol Linalool LIM 
3098 Ethylene Glycol Monohexyl Ether 2-Hexyloxyethanol ROCIOXY 
3100 Hydroxyethyl Methacrylate 2-Hydroxyethyl methacrylate ROCP6ARO 
3104 Ethyltriacetoxysilane Ethyltriacetoxysilane ROCIOXY 
3129 Alkyl (C16-C18) Methyl Esters Methyl pentadecanoate ROCIOXY 
3135 3-Aminopropyl-Triethoxysilane 3-Aminopropyltriethoxysilane ROCIOXY 
3148 2- Pyrrolidone 2-Pyrrolidinone ROCP5ARO 
3153 Tetrahydrofurfuryl Methacrylate Tetrahydrofurfuryl methacrylate ROCP6ARO 
3156 2-(Methylamino)-2-methyl-1-propanol 2-methyl-2-(methylamino)propan-1-ol ROCIOXY 
3157 Dipropylene Glycol Monopropyl Ether Butyl dipropasol solvent ROCIOXY 
3158 2-Ethylhexyl Benzoate 2-Ethylhexyl benzoate ROCP5ARO 
3162 4,4-Dimethyloxazolidine 4,4-Dimethyl oxazolidine HC10 
3164 Dimethylhexanedioate -duplicate Dimethyl adipate ROCIOXY 
3165 Dipropylene Glycol Methyl Ether Acetate 1-Methoxy-2-propyl acetate HC10 
3168 Ethyl Lactate Ethyl lactate ROH 
3171 Hexahydro-1,3,5-tris(2-hydroxyethyl)-s-triazine Triazinetriethanol ROCN1ALK 
3175 Nitroethane Nitroethane SLOWROC 
3179 Triethoxyoctylsilane Triethoxyoctylsilane ROCIOXY 
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ID Species Representative Compound CRACMM 
3181 Troysan 174 2-(Hydroxymethylamino)ethanol ROCIOXY 
3183 Tributyl phosphate Tributyl phosphate ROCIOXY 
3186 1,1,1,2-Tetrafluoroethane (or HFC-134a) 1,1,1,2-Tetrafluoroethane SLOWROC 
3191 Methyltriacetoxysilane Methylsilanetriyl triacetate ROCIOXY 
3195 Methoxysilane Silane, methoxy- ROCIOXY 
3196 Branched C10 Alkanes 2-Methylnonane HC10 
3197 Branched C11 alkanes 2-Methyldecane HC10 
3198 Branched C12 Alkanes 2-Methylundecane HC10 
3199 Branched C17 Alkanes 2-Methylhexadecane ROCP4ALK 
3200 C5 branched alkanes 2-Methylbutane HC5 
3201 Branched C6 Alkanes 2-Methylpentane HC5 
3202 Branched C7 Alkanes 2-Methylhexane HC5 
3203 Branched C8 Alkanes 2-Methylheptane HC10 
3204 Branched C9 Alkanes 2-Methyloctane HC10 
3205 C10 Monosubstituted Benzenes Isobutylbenzene XYE 
3206 C10 trialkylbenzenes 2-Ethyl-m-xylene XYE 
3207 C11 Monosubstituted Benzenes Pentylbenzene XYE 
3208 C11 Tetrasubstituted Benzenes Benzene, pentamethyl- ROCP5ARO 
3209 C11 Tetralin or Indane 4,6-Dimethylindan ROCP6ARO 
3210 C12 Monosubstituted Benzenes Benzene, hexyl- ROCP6ARO 
3211 C12 Trisubstituted Benzenes 1,3,5-Triethylbenzene ROCP6ARO 
3212 C12 naphthalenes 2-Ethylnaphthalene NAPH 
3215 C13 Trisubstituted Benzenes 1-Methyl-2,4-diisopropylbenzene ROCP6ARO 
3216 C13 naphthalenes 1,6,7-Trimethylnaphthalene NAPH 
3219 C14 trisubstituted benzenes 1,2-dibutylbenzene ROCP6ARO 
3220 C14 naphthalenes Naphthalene, 2,6-diethyl- NAPH 
3224 C15 naphthalenes 1-Butyl-4-methylnaphthalene NAPH 
3226 C10 Cycloalkanes Cyclononane, methyl HC10 
3227 C11 cycloalkanes Methylcyclodecane ROCP6ALK 
3228 C12 cycloalkanes Methylcycloundecane ROCP5ALK 
3229 C13 Cycloalkanes Methylcyclododecane ROCP5ALK 
3230 C14 Cycloalkanes Ethylcyclododecane ROCP4ALK 
3231 C15 Cycloalkanes Cyclopentadecane ROCP3ALK 
3232 C16 Cycloalkanes Cyclohexadecane ROCP2ALK 
3233 C17 cycloalkanes Cycloheptadecane ROCP2ALK 
3234 C6 Cycloalkanes Methylcyclopentane HC10 
3235 IVOCP6, C* = 1e6 ug m-3 Tridecane ROCP6ALK 
3236 IVOCP5, C* = 1e5 ug m-3 Pentadecane ROCP5ALK 
3237 IVOCP4, C* = 1e4 ug m-3 Octadecane ROCP4ALK 
3238 IVOCP3, C* = 1e3 ug m-3 Heneicosane ROCP3ALK 
3239 SVOCP2, C* = 1e2 ug m-3 Tetracosane ROCP2ALK 
3240 SVOCP1, C* = 1e1 ug m-3 Heptacosane ROCP1ALK 
3241 SVOCP0, C* = 1e0 ug m-3 11-Methylheptacosane ROCP0ALK 
3242 SVOCN1, C* = 1e-1 ug m-3 5,9-Dimethylheptacosane ROCN1ALK 
3243 Aromatic IVOCP6, C* = 1e6 ug m-3 1-Hexyl-4-methylbenzene ROCP6ARO 
3244 Aromatic IVOCP5, C* = 1e5 ug m-3 Benzene, octyl- ROCP5ARO 
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Table S2: CRACMM ROC species information. DTXSID are for the representative structures in Appendix A. 95 

DTXSIDs can be found in the EPA Chemicals Dashboard (https://comptox.epa.gov/dashboard/). This information is 

also available in the data archive as part of Table D1. 

Species Explicit/Lumped Stable Molecular Weight (g/mol) DTXSID 
ACD E Yes 44 DTXSID5039224 
ACE E Yes 26 DTXSID6026379 
ACO3 E No 75 DTXSID40957943 
ACRO E Yes 56.1 DTXSID5020023 
ACT E Yes 58 DTXSID8021482 
ACTP E No 89 Not Applicable 
ADCN L No 155 Not Applicable 
ADDC L No 125 Not Applicable 
AGLY L Yes 66.4 Not Applicable 
AISO3NOS L Yes 136.2 Not Applicable 
AISO3OS L Yes 216.2 Not Applicable 
ALD L Yes 58 DTXSID2021658 
AORGC L Yes 177 Not Applicable 
API L Yes 136.4 DTXSID4026501 
APINP1 L No 230 Not Applicable 
APINP2 L No 230 Not Applicable 
APIP1 L No 185 Not Applicable 
APIP2 L No 185 Not Applicable 
ASOAT L Yes 200 DTXSID80956455 
BAL1 L No 123 Not Applicable 
BAL2 L No 109 Not Applicable 
BALD L Yes 106 DTXSID8039241 
BALP L No 137 Not Applicable 
BDE13 E Yes 54.1 DTXSID3020203 
BDE13P L No 103 Not Applicable 
BEN E Yes 78.11 DTXSID3039242 
BENP L No 159.12 Not Applicable 
CHO L No 139 Not Applicable 
CO E Yes 28 DTXSID5027273 
CSL L Yes 136.2 DTXSID3027247 
DCB1 L Yes 98 Not Applicable 
DCB2 L Yes 112.1 Not Applicable 
DCB3 L Yes 84 Not Applicable 
ELHOM L Yes 402 Not Applicable 
EOH E Yes 46.1 DTXSID9020584 
ETE E Yes 28.1 DTXSID1026378 
ETEG E Yes 62.1 DTXSID8020597 
ETEP E No 77 Not Applicable 
ETH E Yes 30.1 DTXSID6026377 
ETHP L No 61 DTXSID90953652 
FURAN L Yes 96.1 DTXSID1020647 
FURANO2 L No 145.1 Not Applicable 
FURANONE L Yes 100.1 DTXSID10930763 
GLY L Yes 58 DTXSID5025364 
HC10 L Yes 142.28 DTXSID6024913 
HC10P L No 173.27 Not Applicable 
HC10P2 L No 189.27 Not Applicable 
HC3 L Yes 44.1 DTXSID5026386 
HC3P L No 75 Not Applicable 
HC5 L Yes 72.1 DTXSID2025846 
HC5P L No 103 Not Applicable 
HCHO E Yes 30 DTXSID7020637 
HKET L Yes 74 DTXSID8051590 
HOM L Yes 250 Not Applicable 
IEPOX E Yes 118.1 Not Applicable 
ISHP L Yes 118 Not Applicable 
ISO E Yes 68.1 DTXSID2020761 
ISON L Yes 147 Not Applicable 
ISOP L No 117 Not Applicable 
KET L Yes 86 DTXSID6021820 
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Species Explicit/Lumped Stable Molecular Weight (g/mol) DTXSID 
KETP L No 117 Not Applicable 
LIM L Yes 136.3 DTXSID1020778 
LIMAL L Yes 168 Not Applicable 
LIMALP L No 217 Not Applicable 
LIMNP1 L No 230 Not Applicable 
LIMNP2 L No 230 Not Applicable 
LIMP1 L No 185 Not Applicable 
LIMP2 L No 185 Not Applicable 
MACP L No 101 Not Applicable 
MACR L Yes 70 DTXSID0052540 
MAHP L Yes 102 Not Applicable 
MCP L No 119 Not Applicable 
MCT L Yes 124.1 DTXSID5020861 
MCTO L No 123 Not Applicable 
MCTP L No 172 Not Applicable 
MEK E Yes 72.1 DTXSID3021516 
MEKP L No 103 Not Applicable 
MGLY L Yes 72 DTXSID0021628 
MO2 E No 47 DTXSID10944007 
MOH E Yes 32 DTXSID2021731 
MPAN L Yes 147.1 DTXSID10236878 
MVK E Yes 70.1 DTXSID3025671 
MVKP L No 119 Not Applicable 
NALD E Yes 105 Not Applicable 
NAPH L Yes 128.17 DTXSID8020913 
NAPHP L No 209.17 Not Applicable 
OLI L Yes 70.1 DTXSID8027165 
OLIP L No 119 Not Applicable 
OLND L No 136 Not Applicable 
OLNN L No 136 Not Applicable 
OLT L Yes 42 DTXSID5021205 
OLTP L No 91 Not Applicable 
ONIT L Yes 119 DTXSID00871813 
OP1 E Yes 48 DTXSID10184401 
OP2 L Yes 62 DTXSID70184402 
OP3 L Yes 176.2 Not Applicable 
OPB L Yes 186.2 Not Applicable 
ORA1 E Yes 46 DTXSID2024115 
ORA2 L Yes 60.2 DTXSID5024394 
ORAP L No 91 Not Applicable 
PAA L Yes 76 DTXSID1025853 
PAN L Yes 121 DTXSID4062301 
PHEN L Yes 110.1 DTXSID2021238 
PINAL L Yes 168 Not Applicable 
PINALP L No 199 Not Applicable 
PPN E Yes 135 DTXSID90206675 
PROG E Yes 76.1 DTXSID0021206 
RCO3 L No 89 Not Applicable 
ROCIOXY L Yes 247 DTXSID1027184 
ROCN1ALK L Yes 408.8 DTXSID40823452 
ROCN1OXY1 L Yes 312.5 DTXSID1060134 
ROCN1OXY3 L Yes 230.3 DTXSID3027297 
ROCN1OXY6 L Yes 190.2 Not Applicable 
ROCN2ALK L Yes 422.83 DTXSID0060935 
ROCN2OXY2 L Yes 282.4 Not Applicable 
ROCN2OXY4 L Yes 232.3 DTXSID90726525 
ROCN2OXY8 L Yes 194.2 DTXSID80956455 
ROCP0ALK L Yes 394.77 DTXSID40333900 
ROCP0OXY2 L Yes 242.4 DTXSID10332384 
ROCP0OXY4 L Yes 202.3 DTXSID7026867 
ROCP1ALK L Yes 380.75 DTXSID6058637 
ROCP1ALKP L No 411.74 Not Applicable 
ROCP1ALKP2 L No 427.73 Not Applicable 
ROCP1OXY1 L Yes 270.5 DTXSID5021596 
ROCP1OXY3 L Yes 202.3 DTXSID40190136 
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Species Explicit/Lumped Stable Molecular Weight (g/mol) DTXSID 
ROCP2ALK L Yes 338.66 DTXSID8060955 
ROCP2ALKP L No 369.65 Not Applicable 
ROCP2ALKP2 L No 385.65 Not Applicable 
ROCP2OXY2 L Yes 200.3 DTXSID5021590 
ROCP3ALK L Yes 296.58 DTXSID9047097 
ROCP3ALKP L No 327.57 Not Applicable 
ROCP3ALKP2 L No 343.57 Not Applicable 
ROCP3OXY2 L Yes 186.3 Not Applicable 
ROCP4ALK L Yes 254.5 DTXSID9047172 
ROCP4ALKP L No 285.49 Not Applicable 
ROCP4ALKP2 L No 301.49 Not Applicable 
ROCP4OXY2 L Yes 158.2 DTXSID40880929 
ROCP5ALK L Yes 198.39 DTXSID1027267 
ROCP5ALKP L No 229.38 Not Applicable 
ROCP5ALKP2 L No 245.38 Not Applicable 
ROCP5ARO L Yes 190.33 DTXSID2062240 
ROCP5AROP L No 271.33 Not Applicable 
ROCP5OXY1 L Yes 170.3 DTXSID4021688 
ROCP6ALK L Yes 184.37 DTXSID6027266 
ROCP6ALKP L No 215.36 Not Applicable 
ROCP6ALKP2 L No 231.36 Not Applicable 
ROCP6ARO L Yes 176.3 DTXSID30333914 
ROCP6AROP L No 257.3 Not Applicable 
ROCP6OXY1 L Yes 142.2 DTXSID9021639 
ROH L Yes 60 DTXSID2021739 
SESQ L Yes 204.4 DTXSID8024739 
SESQNRO2 L No 298.4 Not Applicable 
SESQRO2 L No 253.4 Not Applicable 
SLOWROC L Yes 75.4 DTXSID9024148 
TOL E Yes 92.14 DTXSID7021360 
TOLP L No 173.14 Not Applicable 
TRPN L Yes 215 Not Applicable 
UALD L Yes 84.1 DTXSID00859414 
UALP L No 133 Not Applicable 
XYE L Yes 106.2 DTXSID3020596 
XYEP L No 187.17 Not Applicable 
XYM L Yes 106.2 DTXSID6026298 
XYMP L No 187.17 Not Applicable 
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Table S3: Observed aromatic SOA in RO2+NO conditions. 

Species RO2+NO 

Mass Yield 

(Ng et al., 

2007; Pye et 

al., 2010) 

(g/g) at 10 

µg/m3 

Wall Loss 

Correction 

(Zhang et al., 

2014) 

OM/OC of 

SOA 

(CMAQ 

C*= 1 

µg/m3 bin 

value) 

MWT SOA MWT 

Parent 

(g/mol) 

Molar 

SOA 

Yield 

RO2+NO 

BEN 0.14 1.25 2.35 6×12×2.35= 

169.2 

78 0.0807 

TOL 0.08 1.13 2.35 7×12×2.35= 

197.4 

92 0.0421 

XYM 0.05 1.2 2.35 8×12×2.35= 

225.6 

106 0.0282 

Table S4: Estimated PHEN and CSL SOA Yields. 100 

Parent System Phenolic Species (Goliff 

et al., 2013) 

Molar Phenolic Yield 

(Bloss et al., 2005) 

SOA Molar Yield 

from Phenolic 

BEN PHEN 0.53 0.1523 

TOL CSL 0.18 0.2339 

XYM CSL 0.17 0.1659 

  



 

28 
 

Table S5: Observed aromatic SOA yields in RO2+HO2 conditions. 

Parent 

Species 

RO2+HO2 

Mass Yield 

(Ng et al., 

2007) (g/g) 

Wall Loss 

Correction 

(Zhang et al., 

2014) 

OM/OC of 

SOA 

(CMAQ 

value) 

Molecular 

weight 

(MWT) of 

SOA  

MWT of 

Parent 

(g/mol) 

Molar 

SOA 

Yield 

RO2+HO2 

 g/g - g/g g/mol g/mol mol/mol 

BEN 0.37 1.8 2.7 6×12×2.7= 

194.4  

78 0.2672 

TOL 0.30 1.9 2.7 7×12×2.7= 

227 

92 0.2662 

XYM 0.36 1.8 2.7 8×12×2.7= 

259 

106 0.2642 

Table S6: Estimated aromatic autoxidation fraction, αA. 

Parent System RO2+NO SOA by 

mole from phenolic 

RO2+HO2 SOA by 

mole 

Ratio phenolic 

to total SOA 

αA 

BEN 0.0807 0.2672 0.30 0.19 

TOL 0.0360 0.2662 0.13 0.23 

XYM, XYE 0.0340 0.2642 0.13 0.23 

IVOCs NA NA NA 0.03 
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Table S7: Yield parameters in the monoterpene systems. The fraction of peroxy radicals undergoing autoxidation 105 

in monoterpene systems is αA. αALD is the molar yield of aldehydes from alkoxy radical decomposition (other alkoxy 

radical products are smaller carbon number fragments). β is the molar yield of organic nitrates from RO2+NO. In cases 

where autoxidation was implemented as a competitive RO2 fate (PINAL AND LIMAL), the autoxidation rate constant 

(kautox) is specified rather than a yield. See Section 3.7 for the corresponding chemical reactions. Note HO2 formation 

accompanies many products. 110 

Precursor Oxidant αA αALD β kautox (s-1) 

API OH 0.025 1 0.18 NA 

API NO3 0.025 1 0 NA 

LIM OH 0.055 0.64 0.23 NA 

LIM NO3 0.055 1 0 NA 

PINAL OH <23% NA NA 1 

LIMAL OH <70% NA NA 1 

API O3 0.05 NA NA NA 

LIM O3 0.11 NA NA NA 
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Figure S1: Flowchart mapping ROC emissions to CRACMM species (Schematic A). kOH in cm3 molec-1 s-1, C* in μg m-3.  
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Figure S2: Flowchart mapping ROC emissions to CRACMM species (Schematic B: Single-Ring Aromatics) 
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Figure S3: Flowchart mapping ROC emissions to CRACMM species (Schematic C: IVOCs and Double Bonds) 
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Figure S4: Flowchart mapping ROC emissions to CRACMM species (Schematic D: Oxygenates and Alkanes) 
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Figure S5: Emission-weighted SOA yield (left) and MIR (right) of individual species grouped by CRACMM 

species. Violin plots (in shaded colors corresponding to families of species in Section 3) are weighted by the magnitude 

of U.S. anthropogenic and biomass burning emissions in 2017. Overlaid boxplots indicate the 25th percentile, median, 125 

and 75th percentile values. Whiskers extend from the minimum to maximum properties for species with emissions 

>100 Mg yr-1. CMAQ v5.3.3 values are for RACM2 with the aerosol module (AERO6). Species that are not emitted 

according to the 2017 inventory are not shown. 
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Figure S6: Same as Figure S5 but for the Henry’s law coefficient predicted by OPERA (left) and molar oxygen 

to carbon ratio (right). 
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Figure S7: Organic aerosol yield and bulk O:C predicted for oxygenated ROC. Predictions are from the 

CRACMM oxygenated ROC aging mechanism and the 2D-VBS configuration reported by Zhao et al. (2015). The 

saturation ratiox axis is defined as 𝑙𝑜𝑔 (𝐶 /𝐶∗)(𝐶∗/𝐶 ) where COA is the background OA concentration and 𝐶∗𝐶∗ 140 

is the saturation concentration of the precursor. The aging of each species is simulated at a constant OH concentration 

of 106 molec cm-3 for 12 hours (black/blue) and 5.5 days (grey/cyan) at four different COA conditions (0.1, 1, 10, and 

100 μg m-3). In cases where multiple predictions are present for the same saturation ratio, values are averaged. This 

figure is the same as main text Figure 4 except the longer aging timescale is 5.5 days. 

 145 

 



 

37 
 

 

  



 

38 
 

Figure S8: Predicted ozone formation potential from the SAR vs MIR in g/g from SAPRC database. 
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