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Abstract

Formaldehyde and acetaldehyde concentrations over the Eastern half of the United States are
simulated with a 3-D air quality model to identify the most important chemical precursors under
January and July conditions. We find that both aldehydes primarily result from photochemical
production, although 25% or more result from direct emissions in urban areas during winter.
Isoprene is the major precursor of formaldehyde in most areas during summer, contributing 20-
60% of total production, with the magnitude being spatially variable. Other alkenes from
anthropogenic and/or biogenic emissions dominate formaldehyde production in winter,
contributing 60-85% of total formation, and are prominent contributors in summer. Alkenes,
including biogenic alkenes, dominate acetaldehyde production during both seasons. These
conclusions are based on the degradation of emitted VOCs described by the SAPRC0O7TB
chemical mechanism, but even this detailed model has difficulty reproducing observed values
better than a factor of 2. The substantial role of isoprene and other alkenes in aldehyde
formation emphasizes that we examine and improve emission estimates of these compounds.
Until we can estimate the emissions and understand the chemistry of VOC precursors to
aldehyde formation with greater certainty, it will be difficult to accurately predict atmospheric

concentrations of aldehydes and develop strategies to reduce their concentrations.

Keywords: Formaldehyde, acetaldehyde, HAPs, photochemical production, isoprene

1.0 Introduction

Formaldehyde (HCHO) and acetaldehyde (CH3CHO) play important roles in atmospheric
photochemistry and air quality. They are a large component of the total VOC reactivity of the

atmosphere, providing sources of new radicals that drive ozone formation (Jeffries, 1995; Steiner
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et al., 2008; Xie et al., 2011a). They are hazardous air pollutants (HAPs) known or suspected as
carcinogens posing health risks (HEI, 2007; Tilgner and Herrmann, 2010; US EPA, 2011). They
participate in aqueous chemistry due to their high solubility and interactions with other dissolved
species in clouds (Adewuyi et al., 1984; Tilgner and Herrmann, 2010; Warneck, 1989), and
contribute to secondary organic aerosols by producing radicals that oxidize hydrocarbons. The
chemistry of these two compounds is an indicator of our overall understanding of atmospheric
photochemistry. A better understanding of aldehyde production and decay will enable us to
develop and analyze policies that consider the effects of air quality measures on a number of

different atmospheric pollutants.

Both compounds are emitted directly into the atmosphere from a variety of sources.
Anthropogenic emissions of HCHO and CH3;CHO are ubiquitous, concentrated in urban areas,
and are among the 25 highest-emitted anthropogenic VOCs in the US (Simon et al., 2010).
Mobile sources and stationary combustion dominate anthropogenic sources. Biogenic sources

include live and decaying plants, biomass burning, and seawater.

Another source of HCHO and CH3CHO is secondary formation from degradation of
VOCs (Atkinson, 1997; Seinfeld and Pandis, 1998), produced in multiple steps during
hydrocarbon oxidation. Equations 1a through 1c show a simple example of HCHO formation
from methane (CH4). Hydrogen abstraction from CHa, followed by fast addition of oxygen to the
alkyl radical (1a) creates a methyl peroxy radical which can oxidize NO to NO, (1b), creating a
methyl alkoxy radical and eventually leading to ozone formation. A hydrogen atom from the
alkoxy radical is abstracted during the reaction with oxygen (1c) along with elimination of HO,

to form formaldehyde:

CH4 + OH + O, & CH;307e¢ + H,O (1a)
CH305e+ NO = CH30e + NO, (1b)
CH30e + O; = HCHO + HO, (Ic)

Aldehydes can also be formed from alkoxy radicals after scission of a C-C bond, through
photolysis, and through alkoxy radical formation in the absence of nitrogen oxides (NOy), when

reactions of the peroxy radical with HO, and other peroxy radicals dominate.
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Because HCHO and CH3CHO sources include direct emissions and photochemical
production, both sources must be correctly characterized when predicting atmospheric
concentrations. The importance of emissions versus photochemistry depends on location, time of
day and season, and affects any conclusions about how emission changes might be expected to
change aldehydes. An earlier modeling study (Luecken et al., 2006) determined that over 80% of
formaldehyde and acetaldehyde was due to secondary production. In urban areas in winter,
emissions contributed up to 50%. Statistical techniques have been used with measurements to
separate out the two components, concluding that 42% of HCHO is due to primary emissions in
Mexico City (Garcia et al., 2006), 44-95% in Los Angeles (Grosjean et al., 1983), and
approximately 33%-47% in Houston (Friedfeld et al., 2002; Rappengliick et al., 2010). These
measurements represent a “true” value that models must attempt to match, but they are made in
cities with large emission sources, and include uncertainties such as unspeciated background
contributions. Measurements from a few sites may not represent atmospheric processes at other

places and times.

Both aldehydes are included in atmospheric chemical mechanisms although their
representation varies among mechanisms. A large number of organic compounds participate in
atmospheric chemistry and each cannot be explicitly represented in the sequence of secondary,
tertiary, quaternary, etc. reactions that result in the production of aldehydes, especially at
regional-to-global scales. The Master Chemical Mechanism (MCM) (Saunders et al., 2003)
contains over 12,600 reactions for 4500 species, but its size makes it unsuitable for repeated
simulations across a large area. Chemical mechanisms in 3-D air quality models (AQMs) are

significantly condensed, invoking various assumptions and simplifications in the chemistry.

In this study, we use the Community Multiscale Air Quality (CMAQ) model (Byun and
Schere, 2006) with the SAPRCO7TB chemical mechanism (Hutzell et al., 2011) to track sources
of ambient HCHO and CH3CHO. A recent evaluation of CMAQ with SAPRCO7TB has been
made for ozone and fine particulate matter (PM; 5) components (Hutzell et al., 2011). With this
system, we simulate detailed atmospheric photochemical formation and decay of HCHO and
CH3CHO in both low- and high-NOx conditions, within a realistic environment that is affected
by atmospheric transport, deposition, precipitation, actinic flux, temperature and pressure

gradients, and spatially- and temporally-varying emissions. An increasingly important use of
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CMAQ is to assess proposed emission changes on a multipollutant basis, where effects of
emission changes on ambient concentrations of ozone, PM; 5, and hazardous air pollutants are

predicted simultaneously.

The goal of this work is to characterize regional-scale concentrations and chemical
sources of atmospheric HCHO and CH3CHO, and identify which VOCs are the largest producers
of these aldehydes. Our analysis differs from previous studies by 1.) explicitly tracking direct
emissions and photochemical production, 2.) employing a smaller grid resolution than previous
aldehyde modeling studies, 3.) allocating production to specific, emitted compounds, and 4.)
examining spatial and temporal differences in contributions. The ability to identify direct and
indirect contributions to atmospheric HCHO and CH;CHO will help us predict how they will
respond to emission changes, and guide development of policies that reduce ozone and PM s
without increasing HAPs. This can also assist in prioritizing research efforts to improve aldehyde

predictions, by focusing on those processes likely to have the largest impact on concentrations.

2.0 Methods

The model and methods have been previously described (Hutzell et al., 2011) and are

briefly summarized here.

2.1 CMAQ model, domain, boundary conditions and meteorology

We applied CMAQ version 4.7.1 (Foley et al., 2009) with a 36x36 km® horizontal grid
covering the continental US and a nested 12x12 km’ grid over the Eastern half of the US (Figure
1). There are 14 vertical layers, extending from the surface up to about 16 km. Boundary
conditions for the continental simulations were extracted from the GEOS-CHEM model with
those for the nested domain provided by continental CMAQ simulations. Meteorological inputs
were obtained from the MMS5 meteorological model (http://box.mmm.ucar.edu/mm5/) version
3.6.1. Simulations were performed for two months, January and July, 2002, after al0-day model
spin up period.

We created emissions using the 2002 National Emissions Inventory (NEI)

(http://www.epa.gov/ttn/chief/net/2002inventory.html). The Sparse Matrix Operator Kernel

Emissions (SMOKE) emission processor version 2.4 (http://www.smoke-model.org) was used to
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create model ready emissions, with speciation rules (http://www.cert.ucr.edu/~carter/emitdb/) for

allocating explicit species to lumped model species. Biogenic emissions were calculated with
Biogenic Emissions Inventory System (BEIS) version 3.13. The 2002 HAP inventory was used
to estimate HAP emissions and other VOCs were derived from speciation of total VOC

emissions (Simon et al., 2010).

2.2 Chemical Mechanism

The SAPRCO07 mechanism has been extensively evaluated and described in detail
elsewhere (Cai et al., 2010; Carter, 2010). This study uses the SAPRCO7TB version, which
includes additional explicit high emission and HAP species, including propene, ethanol, 1,2,4-
trimethylbenzene, acrolein, 1,3-butadiene, toluene, three isomers of xylene, and a-pinene. The
CMAQ implementation of SAPRCO7TB (Hutzell et al., 2011) includes temperature and pressure

dependencies of the photolysis parameters and extensions for aerosol formation.

2.3 Process and Integrated Reaction Rate Analyses

To quantify contributors to aldehyde formation, we implement the Integrated Reaction
Rate (IRR) and Process Analysis (PA) capabilities within CMAQ (Gipson, 1999). This
technique has been useful for understanding ozone production and cycling of radicals and
nitrogen oxides (Jang et al., 1995; Jeffries and Tonnesen, 1994). We use IRR to track radical
and oxidized intermediates which form HCHO and CH3CHO, such as peroxy and acyl peroxy
radicals, methyl vinyl ketone and methyl ethyl ketone and allocate these intermediates to stable
species which are emitted. Products from all VOC reactions are tracked if they eVentually react
to form either HCHO or CH3;CHO. The entire chemical mechanism is utilized for the CMAQ
simulation (Hutzell et al., 2011), and we use IRR within the simulation to quantify the HCHO
and/or CH;CHO produced through 251 organic reactions (Supplementary Information, Table S-
1). This information is post-processed to quantify HCHO and/or CH3CHO produced from

emitted organic species.

Since some VOCs are both emitted and produced photochemically, we separate the
emitted portion from that formed photochemically, which we track to its precursors. For

example, the model species representing methyl ethyl ketone and similar ketones (MEK), an

5
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emitted VOC, produces HCHO via acetyl and methyl peroxy radicals. But MEK can itself be
produced by isoprene as a second generation product. We calculate the fraction of MEK
concentration at each hour due to emissions, which ranges from 10-95%, depending on location,
and use that to apportion HCHO to either MEK emissions or its precursors (in this example,
isoprene). Similarly, we separate the formation of HCHO from CH3CHO into that fraction due
to emissions and to chemistry. We assume that model species transported into the grid cell have
the same ratio of formation versus emission as the current grid cell. We list results for four
explicit species (isoprene, methane, acetaldehyde and ethanol) and 9 lumped chemical

categories:

e alkanes: non-methane alkanes lumped in model species ALK1 through ALKS

e cthene and propene

e lumped alkenes: model species OLE1 and OLE2

e aromatics: benzene, m-,p- and o-xylene, toluene, 1,2,4-trimethylbenzene, and
model species ARO1 and ARO2

e terpenes and pinenes: o-pinene and model species SESQ and TERP, representing
sesquiterpenes and other terpenes

e PANSs: peroxyacetyl nitrate, peroxymethacryloyl nitrate, and model species PAN2
(peroxypriopionyl nitrate and higher PANs) and PBZN (from aromatic aldehydes)

e (C3+ aldehydes: model species RCHO representing aldehydes with 3 or more
carbons

e lumped oxygenates: methylglyoxal, acetone, and model species MEK, lumped
ketones (PRD2 and IPRD) and isoprene products (IPRD)

e other: species that individually produce <1% of total formation.

We selected 10 locations throughout the domain, shown in Figure 1, for performing IRR
analyses, to examine how different chemical regimes and emissions mixes affect aldehyde
precursors. These locations include five grid cells examined previously (Hutzell et al., 2011) for
their oxidant chemistry (Louisville, Baltimore, Atlanta, Alabama, N. Georgia), three rural
locations (Alabama, E. Pennsylvania, N. Georgia), and five urban locations where measurements

are available in 2002 for comparison (Chicago, Baltimore, New York, Houston, Minneapolis).
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These locations, defined by processes within a 12x12 km” grid cell at the given location, are not
meant to fully characterize specific cities or regions, but do display the range of variability

expected in contributors to aldehyde formation.

3. Results and Discussion

3.1 Regional concentrations and impact of direct emissions versus photochemical production

We focus on results over the Eastern nested domain because the finer scale more
accurately characterizes spatial variability in meteorological and photochemical processes.
Figure 2 shows monthly-averaged concentrations of HCHO in January and July, and fraction of
overall concentration due to photochemistry. The remainder is attributed to direct HCHO

emissions.

In Figure 2, modeled HCHO concentrations are higher in July than January, by over a
factor of 4, due to higher actinic flux, radical concentrations and precursor emissions of biogenic
VOCs in summer. During winter, concentrations are highest in urban areas where emissions of
HCHO are largest; in these areas emissions account for 25-50% of total HCHO. During summer,
HCHO emissions contribute much less: 6-25% . The photochemical contribution and
concentration of HCHO is highest in the Southeast, consistent with satellite observations (Millet

et al., 2008; Palmer et al., 2006) and earlier modeling results (Luecken et al., 2006).

Figure 3 shows concentrations and emission fractions for CH;CHO. The seasonal
patterns are similar to HCHO, but concentrations are lower by half and the contribution of
photochemistry is greater, accounting for over 80% of total CH;CHO in winter and 95% in

summer.

Figure 4 displays seasonal differences in the role of emissions versus production at the 10
locations, and the average over the entire domain. For this sampling of grid cells, primary
emissions contribute at most 55% of the HCHO in January (Louisville). In summer, emissions

contribute less than 20% at all locations.

3.2 Chemical precursors of aldehydes
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Relative contributions of different VOCs to aldehyde production depend on the
magnitude of emissions and yield of aldehydes per molecule of reacting VOC. We use IRR and
PA analyses to quantify the role of different VOCs by summing reaction rates and yields over

two periods: January 14-16, 2002 and July 15-17, 2002, focusing on 10 locations.

Fractional HCHO formation attributed to individual VOCs and lumped classes is shown
in Figure 5. In general, isoprene is the dominant precursor of HCHO during July, although the
contribution varies spatially. In the Southeast, such as the location near urban Atlanta, isoprene
contributes approximately 50-65% of total formation. In the Mid Atlantic location near
Baltimore, isoprene contributes approximately 20% of HCHO formation. The reaction of
isoprene with OH dominates HCHO formation when isoprene is present, accounting for 75-95%
of HCHO attributed to isoprene, largely through an operator ( xHCHO) which yields 80-99%
HCHO in later sequences. Another operator produced by isoprene (xIPRD), produces reactive
oxygenated products (IPRD), providing an additional 3-8% HCHO formation. During January,
when emissions of isoprene are reduced, production is dominated by lumped and explicit
alkenes. In the locations near New York and Louisville, explicit and lumped alkenes are larger
contributors than isoprene, even in July. Methane and other alkanes also contribute to HCHO

formation.

Figure 6 displays VOC contributors to CH3;CHO production. Isoprene plays a minor role
in CH3CHO production, and alkenes contribute the largest amount. Terpenes and cyclic terpenes
are major contributors in Southeastern locations. Alkanes and PANSs, particularly
peroxyproprional nitrate, contribute in some locations. Ethanol contributes up to 5% of

CH3CHO production, and indirectly produces HCHO through CH3CHO decay.

While lumped alkenes are the largest relative contributors in January, the absolute
contribution of these compounds to HCHO and CH3CHO formation is smaller than in July. Both
compounds are formed in larger amounts in summer (20-50 times higher for HCHO and 7-40
times higher for CH;CHQO) because the major reaction involves the hydroxyl radical (OH), which
can be 5 times or more higher in summer than winter (Ren et al., 2006). Supplementary Figure
S-1 shows a comparison of the total production of HCHO and CH3CHO from lumped alkenes for

both periods. Additional factors, such as warmer temperatures, higher actinic fluxes and greater
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biogenic emissions increase formation in summer. The same seasonal factors that cause higher
production rates via OH also cause higher destruction through OH, so concentration differences
between summer and winter are not as large as suggested by formation rate differences (Figures

2 and 3).

3.3 Comparisons of model results with observations

Figure 7 compares modeled HCHO and CH3CHO with 1, 3 and 24 hr-averaged

observations from the PAMs network (www.epa.gov/air/oagps/pams), where the sites are

differentiated by state. The observations are limited and insufficient for fully evaluating the
model, but do serve as a touchstone to determine whether model predictions are realistic. One
limitation of these observations is that sampling frequency varies: some sites report every day,
others report every 3-12 days or longer, sometimes only one measurement is reported during the
month. In addition, the monitoring sites are sparse and unevenly distributed spatially, making it
difficult to evaluate predictions from a regional model. In July, 1299 observations from 96 sites
were available, versus over 41 million model surface predictions, so we are evaluating only a
small fraction of predicted values. In January, only 79 sites and 331 observations were available.
Observations are particularly lacking in rural areas and the Southeast where high isoprene

emissions and HCHO concentrations are predicted.

In comparison with these limited observations, both compounds are underestimated by
the CMAQ simulations, especially at higher concentrations. In July, the mean bias (MB) is -4
ppb, and normalized mean bias (NMB) is -0.59. When the highest 5% of observed values are
removed, some of which are extremely high, the MB is reduced to -2.43 and NMB to -0.47. In
January, the MB is -1.5 and NMB is -0.69, while with the top 5% of values removed, the MB is -
0.83 and NMB is -0.55. In many states the bias is much less. It is unclear why some states are
modeled well but others underpredicted. At some sites, such as those located around Chicago
(IL), and Minneapolis (MN), the model matches predictions well, while others, including New
York (NY) and RI are modeled 50% too low. Others, including the Baltimore site (MD) fall in

between.

Previous attempts to model HCHO had limited success; sometimes models overpredict,

but more often underpredict measured values at the surface. Previous comparisons of CMAQ
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predictions for HAPs (Luecken et al., 2006) showed that observations could generally be
predicted within a factor or two. Comparisons of a box model and GEOS-CHEM predictions
against data from the 2004 INTEX campaign (Fried et al., 2008) similarly showed 50%

underpredictions.

Several possible causes of differences between models and measurements have been
noted previously. One cause is error in the measurements. Numerous studies have identified
interferences in measurements of HCHO and CH;CHO (Arnts and Tejada, 1989; Herrington et
al., 2006; Karst et al., 1993; Sirju and Shepson, 1995), which can cause positive or negative
biases. Another possible cause is mismatch between point measurements and volume average
concentrations predicted by models.. The presence of large, localized sources may explain the
inability ofa 12 x 12 km’ grid cell to capture the highest values. In a few cases, these values are
abnormally high: one site in Michigan reports a 24-hour average HCHO concentration on July
13,2002 of 71.1 pg m™, while the next measurement on July 25 is 4.81 pg m?. This monitor is
south of downtown Detroit, in an area with industrial units, residential housing and highway
traffic, so it could be influenced by intermittent high point emissions. A nearby monitor reported

5.79 pg m> on July 13.

Other errors could occur in specification of emissions or chemistry. To identify the
largest potential sources of error causing underpredictions, we use information from Section 3 to
focus on those chemicals with the largest influence on aldehyde predictions. We discuss the
potential magnitude of uncertainties in emissions and chemistry of these VOCs, to prioritize

areas for improving aldehyde predictions.

4.0 Implications for modeling the atmospheric chemistry of aldehydes

Our ability to accurately predict ambient concentrations of formaldehyde and
acetaldehyde depends on our ability to predict concentrations of all VOCs. In this section, we
examine factors influencing the concentrations of the most important VOC precursors identified
in Section 3.2. We first discuss uncertainties involved in modeling emissions, and then

uncertainty in modeling the chemistry of these compounds.

4.1 Aldehyde emissions and decay

10
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Emissions of HCHO and CH3CHO can be important sources of ambient concentrations,
but atmospheric production is generally larger (Figures 2 and 3). For both aldehydes, emissions
derived from the NEI are less than emissions derived from total VOC emissions applying
speciation profiles (Simon et al., 2010). Differences between the two values may be caused by
lack of reporting requirements, different emission factors and speciation profiles. In the most
extreme case (Louisville in January), using speciation profiles instead of the NEI could increase
our modeled HCHO concentrations by a maximum of 50% and CH3;CHO by 30% in winter, and
HCHO up to 20% in summer, reducing some underprediction. In other areas, especially in
summer, the change would only be a few percent. This suggests that direct emissions of
formaldehyde and acetaldehyde are not likely to be the only cause of model underprediction.
Emissions of larger aldehydes and subsequent photochemical decay are also a source of smaller
aldehydes, and errors in these emissions could also increase the HCHO up to 24% and CH3;CHO
up to 29%.

The photochemical loss reactions of HCHO and CH3CHO have been well studied and are
not likely to have major errors. Slightly more than half of the photochemical loss is through

photolysis, with most of the remainder from reaction with OH.

4.2 Isoprene

Isoprene has been identified as a major contributor to HCHO in summer (Carslaw et al.,
2000; Millet et al., 2006; Sumner et al., 2001), consistent with our study. Our results also show a
substantial degree of spatial variability across the region, with contributions less than 20% in
some areas. In rural locations, isoprene contributes about half of the HCHO production in
summer. The ability to accurately predict HCHO concentrations in summer strongly depends on
accurately predicting isoprene concentrations, which depends on accurately representing both

isoprene emissions and chemistry.

[soprene is almost entirely emitted by biogenic sources and estimates of the source strength are
uncertain over regional scales. Several models of isoprene emissions are available, but they give
different estimates. A comparison of four models showed a factor of two differences among

models (Warneke et al., 2010). In modeling studies using BEIS, isoprene concentrations are

11
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underestimated (Doraiswamy et al., 2009), overestimated (Wiedinmyer et al., 2005) and
reasonably well estimated (Hogrefe et al., 2011). Table 2 shows examples of differences that
might be seen between inventories developed using two different models for biogenic emissions;
the BEIS and MEGAN (Guenther et al., 2006) models, at each of the 10 locations. Isoprene
emissions estimated by these two models can differ by 75% or more, with emissions from
MEGAN generally larger than BEIS. A factor of 2 error in isoprene emissions could increase
modeled formaldehyde by up to 80%. The large influence of isoprene on HCHO combined with
large uncertainties in the emissions of isoprene introduces significant uncertainties in HCHO

predictions.

The atmospheric chemistry of isoprene is currently being re-examined, and it is unclear
how updated isoprene chemistry will affect predictions of HCHO. Inclusion of the 1,5-H
isomerization reactions of B-hydroxyalkenyl peroxy radicals increased OH, and this channel
would increase the HCHO production proportionally (Archibald et al., 2010a). Similarly,
consideration of the 1,6-H shift leads to hydroperoxy aldehydes, yielding additional HCHO after
rapid photolysis, along with OH and HO, (Peeters, 2010; Stavrakou et al., 2010). Increased OH
radical regeneration in nonurban environments could increase production of HCHO through
other VOCs. Updated isoprene chemical reactions can have significantly higher HCHO yields
from 8-hydroxy isoprene nitrates (Paulot et al., 2009), and using this chemistry in CMAQ can
potentially increase modeled HCHO less than 10% overall (Xie et al., 2011b). A critical
evaluation of reaction products must be performed for any new isoprene mechanism. Because
no consensus has yet been reached on the best way to represent isoprene chemistry, we offer no

recommendation here on improvements, but do expect it will affect HCHO.

4.3 a-pinene, terpenes and sesquiterpenes

The terpenes and cyclic terpenes are known contributors to SOA formation, and this
analysis shows that they also contribute to aldehyde formation. Acetaldehyde (up to 25%) and
formaldehyde (6%) production depends on correctly estimating emissions of terpenes. These
results agree with a previous analysis over Europe (Dufour et al., 2009) in which terpene
emissions accounted for 8% of average CH3CHO in Western Europe, and up to 25% locally.

Like isoprene, these chemicals are almost entirely biogenic but their emissions have not been

12



364
365

366
367
368
369
370
371
372
373
374
= o

376
377
378

379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

studied in as much detail. We conclude that a similar uncertainty as isoprene is likely;

uncertainty of a factor of 2 could increase acetaldehyde concentrations by 25%.

The chemistry of terpenes beyond first generation products is also not well known, and
many assumptions were made in its condensed representation. A comparison of SAPRCO07 with
the MCM, which has a more complete description of intermediate chemistry, found that MCM
predicted 2.3 times the photochemical ozone creation potential (POCP) for a-pinene than
SAPRCO7, almost twice as much for B-pinene, and 2.8 times more than limonene. This was
attributed to different treatments of degradation chemistry beyond first generation products
(Derwent et al., 2010). While ozone reactivity is not the same as aldehyde formation, they both
occur through similar pathways and it is possible that aldehyde formation would be similarly
lower in SAPRCO7TB. If the mechanistic reactivity of the terpenes is underrepresented in
SAPRCO7TB by a factor of 2, the CH;CHO might be expected to increase up to 25%.

4.4 Other alkenes

Other alkenes, including ethene, propene, and larger alkenes and dienes, are major
contributors to both HCHO and CH3;CHO formation, especially in the January simulation. In a
previous allocation of acetaldehyde sources (Millet et al., 2010), alkenes were about half as
important as alkanes and slightly larger than ethanol. This contrasts with our findings, where
alkenes contribute the majority of acetaldehyde production, perhaps due to inclusion of biogenic
emissions. Many biogenic alkenes that are not isoprene or terpenes, such as 2-methyl-3-butene-
2-0l, are lumped in OLE1 and OLE2. Table 2 lists the fraction of lumped alkenes from biogenic
sources at each of the 10 locations (Supplementary Figure S-2 shows the fraction across the
Eastern US). In contrast to isoprene, alkenes from MEGAN are generally lower than BEIS for
most locations, so using MEGAN would lower aldehyde production through alkenes. Are there
reactive VOCs not predicted by MEGAN or BEIS that might contribute to HCHO formation?
Photochemical modeling at Blodgett Forest (Choi et al., 2010) could not reconcile measured and
modeled HCHO concentrations, postulating a missing reactive biogenic VOC source. Other
analyses (Kim et al., 2011) found no evidence for significant missing biogenic VOCs in a branch

enclosure measuring OH reactivity, and attribute discrepancies to unmeasured isoprene oxidation

13
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products. It is unclear whether errors in biogenic alkene emissions are a major source of

aldehyde model underpredictions.

Anthropogenic sources of lumped alkenes have equal or greater importance Ifor aldehyde
formation at all locations in winter, and urban locations in summer. Studies in Houston, Texas
(Wert et al., 2003) agree with our study by pointing to anthropogenic emissions of propene and
ethene as major HCHO precursors. Figure 8 shows fifteen alkenes with the highest emissions
and general source categories from which they are emitted (Simon et al., 2010). Mobile sources
are the largest source of alkenes, along with emissions from general industrial sources, stationary
combustion, and waste disposal, treatment and recovery. Mobile source estimation methods rely
on models that account for emission differences due to fuel type, vehicle technology, speed,
temperature, and modes of operation. There are uncertainties in the variability of vehicle fleets
and fuels across the country, and in parameters used to convert monthly modeled emissions to
hourly gridded emissions needed by models. For mobile sources, VOC speciation is generally
well-characterized, and comparisons for HAP species such as HCHO and CH3;CHO, which are
reported both in the NEI inventory and computed from VOC speciation, are generally within
25% (Simon et al., 2010). Comparisons between emissions from the current MOBILEG
emissions model and the newer MOVES model show that mobile source VOC emissions from
MOVES are similar to those from MOBILES6, sometimes slightly lower (Cook et al., 2010;
Houyoux et al., 2009), or slightly higher (Kite, 2011).

It is difficult to evaluate integrated emission inventories using ambient observations
because measured concentrations include effects of meteorology, deposition, chemistry and
emissions. In a comparison of measurements in the Pacific Northwest with CMAQ modeling,
the VOC reactivity of propene was overpredicted; reduction of the VOC inventory by 30% was
needed for the model to match afternoon observations of ozone production efficiency (Xie et al.,
2011a). Similarly, a modeling study using CMAQ in the Northeastern US found that modeled
ethene concentrations generally overpredicted moming measurements by 20-100% (Doraiswamy
et al., 2009). In contrast, an analysis using emission ratios found that inventories of alkenes in
the NEI were underpredicted (Warneke et al., 2007). It is unclear whether anthropogenic alkene
emissions in the NEI are too high or low; while errors in the inventory might increase HCHO

and CH3CHO by 22 and 24% in the winter, they might also decrease predictions.
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Beyond the simplest alkenes, chemistry becomes more complex, and reactions cannot be
easily generalized in a condensed mechanism. Numerous unsaturated compounds are emitted but
SAPRCO7TB only represents ethene and propene explicitly; the rest are grouped into two model
species, OLE1 and OLE2, depending on reaction with OH. On a regional basis, ethene, propene
and methyl-substituted butenes make up a majority of alkene emissions (Figure 8). Reactions of
these alkenes with OH - the most important decay pathway - have estimated uncertainties of 20-
30% (Calvert et al., 2000). In these reactions, the description of B-hydroxy peroxy and alkoxy
radical reactions that follow the initial reactions have either been measured or estimated, and
explicitly representing glycoaldehyde in SAPRCO7TB allows for accurate representation of the
fate of B-hydroxyalkoxy radicals from ethene. For larger alkenes, isomerization and reaction
with oxygen play a larger role. Reactions of alkenes with ozone are less straightforward -
reactions of Criegee intermediates and OH radical generation is an area requiring additional
laboratory and modeling studies (Calvert et al., 2000). A 30% uncertainty in chemistry could

change aldehyde predictions by 3-24%, although concentrations could increase or decrease.

4.5 Alkanes

Methane and other alkanes contribute to HCHO and CH3;CHO formation. Simulations
using the CHIMERE model (Dufour et al., 2009) also identified methane as the dominant source
of HCHO in Western Europe, with isoprene playing a lesser role. Despite the low reactivity of
methane (maximum incremental reactivity for ozone 0.001 times that of isoprene) and exclusion
from the definition of VOC in the United States (US GPO, 2011), large emissions make methane
an important hemispheric driver of atmospheric photochemistry. Methane contributes to ozone
formation (Fiore et al., 2008; Jeffries, 1995); our results finds methane is also an important

contributor to HCHO. Larger alkanes can contribute up to 20% of CH3CHO formation.

Anthropogenic sources of alkanes generally dominate biogenic sources in our
simulations. Figure 9 shows annual emissions of methane and the fifteen largest VOC alkanes.
Mobile sources are important, along with other industrial, waste and transport emissions.
Landfills are a major source of methane, while storage and transport of petroleum contributes to
n-butane emissions. Anthropogenic emissions from the NEI have been reported to differ from

emission ratios in the Northeastern US by up to an order of magnitude (Warneke et al., 2007)
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based on measurements and calculated photochemical age. These discrepancies with the NEI

must be further examined to quantify uncertainty in alkane emissions.

Alkane chemistry is generally better understood than other species, although the
representation of larger and multifunctional alkanes in air quality models is highly condensed.
Despite uncertainties inherent in representing a large number of species by a small subset,
Derwent et al. (2010) found that the POCP of alkanes modeled with SAPRCO7 correlated well
with those using MCM, a more detailed representation. This gives confidence that SAPRCO07 is
representing our knowledge of alkane degradation similarly to MCM.

4.6 Ethanol

Potential changes in acetaldehyde concentrations from fuel reformulation has been
recently studied (Cook et al., 2011; Jacobson, 2007). Our simulations predict ethanol contributes
only 3-6% of photochemically-produced acetaldehyde. One recent study (Millet et al., 2010)
calculated that converting the US vehicle fleet to 85% ethanol fuel would increase acetaldehyde
emissions by 21% and double ethanol emissions. We estimate that such a change would increase
acetaldehyde by an average of 6%, possibly more near roadways. Using ethanol fuels will affect
concentrations of other VOCs (Cook et al., 2011; Graham et al., 2008; Jacobson, 2007; US EPA,
2010), which could be as important as changes in CH3CHO or ethanol. Changes in alkene
emissions, in particular, would impact acetaldehyde. Effects of fuel reformulations on these
other VOCs must be accurately characterized to predict their impact on acetaldehyde.

4.7 Other chemicals

Our analysis does not find a major role for aromatic compounds in producing HCHO or
CH;CHO. While aromatic chemistry is still uncertain, even a major increase in HCHO formation

from aromatics would not make them significant compared to other chemicals.

Emissions of methanol and acetone (part of the lumped oxygenates category) contribute
less than 2% of total HCHO. Recent analyses of aircraft data in the Pacific Northwest (Xie et al.,
2011a) postulate that emissions of methanol and acetone would have to increase by factors of 30
and 25, respectively, to account for observed values of these compounds. If acetone emissions
were 25 times too low in the domain modeled here, HCHO could increase by nearly 20%,

bringing the modeled values closer to observations. Increasing methanol would increase its role
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in HCHO formation similarly, but isoprene would continue to remain the most important
precursor in most areas in summer. Neither methanol nor acetone is considered a VOC (US

GPO, 2011) and must be derived from inventories of total organic gas.

Lastly, is it possible that our simulations underestimate OH radical cohcentrations, thus
underestimating a critical first step in degradation of stable VOCs? Studies comparing box
model predictions to measurements find both underestimates (Chen et al., 2010; Hofzumahaus et
al., 2009) and some overestimates (Emmerson et al., 2007). Measurements of OH and HO; are
difficult so mechanisms have not been thoroughly evaluated for predictions of these radicals.
OH participates in both HCHO production and decay, so errors in OH will not change HCHO in
a linear fashion. If OH is larger than predicted by SAPRC0O7TB, this would explain some of the
HCHO and CH3CHO underpredictions.

5.0 Summary

Because the chemistry of HCHO and CH3CHO is integral to almost all VOC decay and
production pathways, it reflects our current understanding of VOC photochemistry and tests our
entire mechanistic understanding of atmospheric chemistry. To accurately model their
concentrations, we must correctly account for emissions, transport, deposition, and the
degradation chemistry of not only aldehydes, but also VOC precursors to aldehydes. In this

study we conclude that:

1. Atmospheric photochemical production accounts for most of the HCHO and
CH;3CHO concentrations in the ambient atmosphere. Aside from dense
urban/industrial areas, reduction of HCHO and CH3CHO emissions is expected to
have a small effect on reducing concentrations. In a few areas, especially in winter,
emissions are important and a large source of uncertainty is differences between
emissions from the NEI and emissions based on speciated VOC.

2. Substantial spatial and seasonal variation occurs in how much various VOCs
contribute to photochemical production of aldehydes. For example, isoprene is not

always the dominant VOC producing HCHO, even during summer.
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3. Biogenic emissions of compounds that photochemically react to produce HCHO and
CH3CHO are highly uncertain and a potential source of error in aldehyde predictions.

4. Resolving uncertainties in the chemistry of isoprene and other alkenes is critical for
chemical mechanisms to accurately predict concentrations of aldehydes. Newly
proposed isoprene mechanisms must be evaluated for a wide range of species,
including HCHO.

5. Anthropogenic alkenes, largely from mobile sources, play an important role in
aldehyde formation. While mobile sources are perhaps better represented in the NEI
than other categories, new uncertainties are constantly being introduced by changes in
vehicles and fuels.

6. The CMAQ air quality model tends to underpredict aldehyde concentrations. At

many sites this underprediction is close to 50%.

While much effort has spent developing condensed chemical mechanisms that are as
representative of the underlying chemicals as possible, there will necessarily be compromises.
Even the most explicit mechanisms, such as the MCM, rely on some degree of condensation. It
is encouraging that comparisons between explicit mechanisms and condensed mechanisms are
generally consistent (Archibald et al., 2010b; Derwent et al., 2010), although carbonyls tend to

be one class of compounds which are often predicted differently among mechanisms.

The general underprediction of air quality models for aldehydes is an area which requires
more investigation. Because aldehyde decay is a large source of new radicals which drive
photochemistry, this raises questions about the robustness of predictions for other photochemical
pollutants, such as ozone and PM, s; species which air quality models predict well. HCHO, in

particular, is an important ozone precursor.

Our findings on the most significant chemical sources of HCHO and CH;CHO are based
on our best assessment of emissions and chemistry on a regional scale. The existence of many
uncertainties implies that the contributions of different VOCs to aldehyde formation may change
somewhat as our knowledge of chemistry and emissions improves. Refining our understanding
of aldehyde behavior in the atmosphere is an iterative and imperfect process involving

measurements, modeling, and collecting improved data on emission sources. New information
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will help to more accurately bound our understanding of how air quality might change under
future emissions scenarios, and build confidence in using regional models for air quality

management and research.
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Listing of Tables

Table 1: Example of differences in emissions for alkene species predicted by two different models, BEIS
and MEGAN. The emissions are in moles/sec and are the sum over 1 day on July 16, 2002.

Table 2. Fraction of total emissions of alkenes from biogenic sources for January and July simulations,
based on the sum over one day on January 15, 2006 and one day on July 16, 2002.

Listing of Figures

Figure 1: Modeled 36km and 12km domains. The locations of ten sites that are used in additional analyses
are noted. Sites with an urban composition are shown by x and sites with large biogenic influences by #*.

Figure 2: Average HCHO concentration (left) and fraction of total HCHO due to photochemical production
(right) in January (top) and July (bottom). Concentrations are in pg/m3 and are averaged over the entire
month

Figure 3: Average CH3CHO concentration (left) and fraction of total due to photochemical production
(right) in January (top) and July (bottom). Concentrations are in pg/m’ and are averaged over the entire
month

Figure 4: Average fraction of HCHO and CH3CHO due to emissions at each of the 10 locations and the
mean over the entire domain. Values are averaged over 3 days in January (solid bars) and July (hatched
bars) at the 12 km grid cells sited at each of the locations .

Figure 5: Fraction of total formaldehyde attributed to primary VOC classes in January (top) and July
(bottom) at 10 locations. Values are calculated from the sum over 72 hours at the 12 km grid cells sited at
each location.

Figure 6: Fraction of total acetaldehyde attributed to primary VOC classes in January (top) and July
(bottom) at 10 locations. Values are calculated from the sum over 72 hours at the 12 km grid cells sited at
each location.

Figure 7: Comparison of observed and modeled HCHO in January (top, left) and July (top, right) and the
same comparison for CH3CHO in January (left) and July (right). Different colors represent different States,
which may have multiple monitors, and symbols represent whether sampling is 1 or 3 hour intervals (o) or
24-h intervals (+).

Figure 8: Annual anthropogenic emissions of 15 alkenes with the largest emission rates, and their allocation
by source categories in the NEI. The allocation of explicit species to SAPRC07 model species (OLE1 and
OLE2) is also shown.

Figure 9: Annual anthropogenic emissions of methane and the highest 15 non-methane alkanes and their
allocation by source categories in the NEI. The allocation of explicit species to SAPRCO07 model species
(ALK1 through ALKS) is also shown.



Table 1.

Location | Isoprene Ethene + Propene OLE1+OLE2
BEIS MEGAN | BEIS | MEGAN | BEIS MEGAN
New York 4.4 33.6 1 2.8 1.2 4
Baltimore 3.5 57.5 .6 5.1 1 L2
Louisville 4.5 12.8 12 4.4 1.5 i
Chicago 19.4 50.3 1 5.2 1.6 .8
Houston 2.9 220 1.3 2.9 1.6 .8
Minn 15.9 16.1 2 3.6 2.2 .6
Atlanta 19.1 26.8 2.3 3.7 2.0 9
Alabama 15.8 53.8 2.3 39 3.9 1.4
E. Penn 155 41.1 15 3.4 1.5 ¥ b
N. Georgia 20.5 34.2 1.5 3.1 1.2 .6
Table 2.
| Ethene + Propene | OLE1+OLE2 Emenes and
Location terpenes
January | July January | July | January | July
New York .00 .08 .00 .08 .02 .52
Baltimore .00 .06 .00 .14 .02 40
Louisville .00 .16 .01 24 .04 .65
Chicago .00 .08 .00 23 .01 34
Houston A2 .35 .10 21 .55 82
Minn .03 .70 .03 .69 33 .93
Atlanta 15 59 .14 .53 .86 .98
Alabama .07 B2 45 91 .99 1.00
E. Penn .07 .79 .09 .83 29 .94
N. Georgia 20 .83 21 .80 98 1.00
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CH;CHO concentration Fraction of CH;CHO from photochemistry
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Figure 9: Annual anthropogenic emissions of methane and the highest 15 non-methane alkanes and their allocation
by source categories in the NEI. The allocation of explicit species to SAPRCO7 model species (ALK1 through ALKS) is
also shown. '






Table S-1: Listing of reactions that are used in the IRR analysis. Reaction rates and names
correspond to those in the entire mechanism, as listed in Hutzell et al., (2010).

Variable Parameter Reaction Rates:

ROZNO = K<BRO7="[NO];

RO2HO2 = K<BR0&8=>"[HO2];

ROZNO3 = K<BR0OS>*[NO3]J;

ROZROZ = K<BR10>*[MEO2Z]+ K<BR11>"[RO2C] + K<BR11>"[RO2XC];

ROZRO3 = K<BR25>*[MECO3] + K<BR25>"[RCO3] + K<BR25>*[BZCO3] + K<BR25>*[MACO3]
ROZRO= ROZNO+ ROZNO3 + ROZR0O3 + 0.5"RO2R0O2

ROZXRO = RO2ZHO2+ 0.5"RO2R0O2

ROZRO2M= 0.5"RO2R0O2

RO22NN = RO2NO3 + RO2R03 + 0.5"RO2R0O2

name |reactants products rate expression
{BRO1} |MED2 +NO —> |nO2 + HCHO + HO2 k< 50> = 2.300E-12 * exp( 360.0/T)
{BRO2} |MEO2 +HO2 —> |COOH k<51>= 3.460E-13 * (T/300)**( 0.36) * exp( 780.0/T)
{BRO3} |MED2 +HO2 --->  |HCHO k< 52>= 3.340E-14 * (T/300)**{-3.53) * exp( 780.0/T)
{BRO4} |MEO2 +NO3 -->  |HCHO +  HO2 + NO2 k<53>= 1.300E-12
{BROS} |MEO2 +MEOQ2 >  |MEOQH + HCHO k< 54> = 6.390E-14 * (T/300)**(-1.80) * exp( 365.0/T)
{BRO6} |MEO2 +MEQ2  -->  [2.000*HCHO +2.000*HO2 k< 55> = 7.400E-13 * exp( -520.0/T)
{BR10} |RO2C +MEO2  —>  |0500*HO2 +0.750*"HCHO +0.250*MEOH k< 59> = 2.000E-13
{BR15} |RO2XC +MEO2 —=> |0.500*HO2 +0.750*HCHO +0.250*MEOH k< 64> = 1.000E+00 * k{ BR10)
{BR18} |[MECO3 +NO2 —> PAN k< 67>is a falloff expression using:
ko = 2. 700E-28 * (T/200)**(-7.10)
kinf= 1.210E-11 * (T/300)**(-0.90)
F= 030,n=141
{BR19} |PAN —— MECO3 + NO2Z2 k< 68> is a falloff expression using:
ko = 4.900E-03 * exp(-12100.0/T)
kinf= 4.000E+16 * exp(-13600.0/T)
F= 0.30,n=141
{BR20} |PAN --hv-> |0.600*MECO3 +0.600*NO2 +0.400*MEC2  |PAN
+0.4%C0O2 +0.4*NO3
{BR21} |MECO3 +NO --->  |MEQ2 +  Co2 + NO2 k< 70>= 7.500E-12 * exp(_ 290.0/T)
{BR22} |MECO3 +HO2 > |0.700"CCOO0OH _ +0.300°CCOOH +0.300"03 | k< 71>= 5.200E-13 * exp{ 980.0/T)
{BR23} |MECO3 +NO3 > MEQ2 + Cco2 + NO2 k< 72> = 1.000E+00 * k{ BR0O9)
{BR24} |MECO3 +MEO2 -—> |0.100*CCOOH +0.100*HCHO +0.900*HCHO | k< 73> = 2.000E-12 * exp( 500.0/T)
+0.9*HO2 +0.9*MED2 +0.9*C02
{BR25} |MECO3 +RO2C  --->  |MEO2 +  co2 k< 74> = 4.400E-13 * exp| 1070.0/T)
{BR26} |MECO3 +RO2XC --->  |MEDZ +  co2 k< 75>= 1.000E+00 * k( BR25)
{BR27} |MECO3 +MECO3 --->  |2.000*MED2 +2.000*CO2 k< 76>= 2.900E-12 * exp( 500.0/T)
{BR28} |RCO3 +NO2 —->  |PAN2 k< 77>= 1.210E-11 * (T/300)**(-1.07)
{BR29} |PAN2 -->  |RCO3 +  NO2 k< 78> = 8.300E+16 * exp(-13940.0/T)
{BR30} |PAN2 --hv-> |0.600*RCO3 +0.600*NO2 +0.400*RO2C PAN
40.4*xHO2 +0.4*yROOH +0.4*xCCHO
+0.4*C02 +0.4*NO3
{BR31} |RCO3 +NO —-> |nO2 + RO2C + xHO2 k< 80> = 6.700E-12 * exp{ 340.0/T)
+  yROOH +  XCCHO + C€o2
{BR32} |RCO3 +HO2 —>  |0.750*RCOOOH  +0.250*RCOOH +0.250*03 | k< 81>= 1.000E+00 * k{ BR22)
{BR33} |RCO3 +NO3 > NO2 + RO2C +  xHO2 k< 82>= 1.000E+00 * k( BR0O9)
+  yROOH +  xCCHO + CO2
{8r34} |rcO3 +MEO2  -->  [HCHO + HO2 + RO2C k< 83> = 1.000E+00 * k{ BR24)
+ xHO2 + xCCHO + yROOH
+  CO2
{BR35} |RCO3 +RO2C  --> |ROZ2C +  xHO2 +  XCCHO k< 84> = 1.000E+00 * k( BR25)

+  yROOH + CO2




{BR36} |RCO3 +RO2XC —> RO2C + xHO2 + xCCHO k< 85>= 1.000E+00 * k{ BR25)
+ yROOH + CO2
{BR37} |RCO3 +MECO3 --—-> 2.000%C0O2 + MEO2 + RO2C k<86>= 1.000E+00 * k{ BR27)
+  xHO2 + yROOH + xCCHO
{BR38} |RCO3 +RCO3 e 2.000*RO2C +2.000*xHO2 +2.000*xCCHO k< 87>= 1.000E+00 * k( BR27)
+2.000*yROOH +2*C02
{BR39} |BZCO3 + NO2 — PEBZN k< 88>= 1.370E-11
{BR40} |PBZN - BZCO3 + NO2 k< 89>= 7.900E+16 * exp(-14000.0/T)
{BR41} |PBZN --hw-> |0.600*BZCO3 +0.600*NO2 +0.400%C0O2 PAN
+0.4*BZ0 +0.4*R0O2C +0.4*NO3
{BR42} |BZCO3 + NO - NO2 + €02 + BZO k<91>= 1.000E+00 * k( BR31)
+ RO2C
{BR43} |BZCO3 + HO2 — 0.750*RCO0OOH +0.250*RCOOH +0.250*03 k<92>= 1.000E+00 * k{ BR22)
{BR44} |BZCO32 + NO3 — NO2 + COo2 + BZIO k<93>= 1.000E+00 * k( BRO9)
+ RO2C
{BR45} |BZCO3 +MEO2 - HCHO + HO2 + RO2C k=94>= 1.000E+00 * k{ BR24)
+ BZO + CO2
{BR46} |BZCO3 +RO2C m—— RO2C + BZO + CO2 k<95>= 1.000E+00 * k( BR25)
{BR47} |BZCO3 +RO2XC —> ROZC + BZO + CO2 k<96>= 1.000E+00 * k{ BR25)
{BR48} |BZCO3 +MECO3 - 2.000*CO2 + MEO2 + BZO k<97>= 1.000E+00 * k{ BR27)
+ RO2C
{BR49} |BZCO3 +RCO3 -—> 2.000*CO2 + RO2C + xHO2 k<98>= 1.000E+00 * k{ BR27)
+ yROOH + xCCHO + BZO
+ RO2C
{BRS0} |BZCO3 +BZCO3  -—> 2.000*BZO +2 000*RO2C +2.000*C0O2 k<99>= 1.000E+00 * k{ BR27)
{BR51} |MACO3 +NO2 > MAP AN k=100>= 1.000E+00 * k{ BR2 8)
_{_;BRSZ} MAP AN - MACO3 + NO2 k<101>= 1.600E+16 * exp(-13486.0/T)
{BR53} |MAPAN —hw> |0.600*MACO3 +0.600*NO2 +0.400*C0O2 PAN
+0.4*HCHO +0.4*MECO3 +0.4*NO3
{BR54} |MACO3 +NO —= NO2 + COo2 + HCHO k=103>= 1.000E+00 * k{ BR3 1)
+ MECO3
{BR55} |MACO3 +HO2 —> 0.750*RCOOOH +0.250*RCOOH +0.250*03 k<104>= 1.000E+00 * k{ BR22)
{BRSE} |MACO3 +NO3 —— NOZ + CO2 + HCHO k<105>= 1.000E+00 * k{ BRO9)
+ MECO3
{BR57} |MACO3 +MEO2  —-> 2.000*HCHO + HO2 + €02 k<106>= 1.000E+00 * k{ BR24)
+ MECO3
{BR58} |MACO3 +RO2C —> C02 ' + HCHO +  MECO3 k<107>= 1.000E+00 * k{ BR25)
{BR59} |MACO3 +RO2XC —-> co2 + HCHO + MECO3 k<108>= 1.000E+00 * k{ BR25)
{BR60} |MACO3  +MECO3 —>  |2.000*CO2 +  MEO2 + HCHO k<109>= 1.000E+00 * k( BR27)
+ MECO3
{BRE1} |MACO3 +RCO3 —> HCHO + MECO3 + RO2C k<110>= 1.000E+00 * k( BR27)
+ xHO2 + yROOH + xCCHO
2*C0o2
{BR62} |MACO3 +BZCO3 -—> HCHO + MECO3 + BZO k<111>= 1.000E+00 * k{ BR27)
+ RO2C +2*C02
{BR63} |MACO3 +MACQO3 -—> 2.000*HCHO +2.000*MECO3 +2.000*CO2 k<112>= 1.000E+00 * k{ BR27)
{BRG4) |TBUO +NO2 —> |RNO3 k<113>= 2 400E-11
{BR65} |TBUO -—> ACETONE + MEO2 k<114>= 7.500E+14 * exp(-8152.0/T)
{BREE} |BZO +NO2 -2 NPHE k<115>= 2.300E-11 * exp( 150.0/T)
{BR67} |BZO +HO2 2> CRES k<116>= 1.000E+00 * k{ BROS8)
BR6E8} |BZO — CRES + RO2C + xHO2 k<117>= 1.000E-03
{ROO7} |xMED2 —> MEQ2 k is variable parameter: RO2RO
{ROO8} |xMEO2 ———lr kis variable parameter: RO2 XRO
{RO09} | xMECO3 el MECO3 k is variable parameter: RO2ZRO
{RO10} |xMECO3 —> kis variable parameter: RO2XRO
{RO11} |xRCO3 s RCO3 kis variable parameter: ROZRO
{RO12} |xRCO3 e kis variable parameter: RO2 XRO
{RO13} |xMACO3 2> MACO3 kis variable parameter: RO2ZRO
{RO14} |xMACO3 — kis variable parameter: RO2ZXRO
{RO15} | xTBUOD > TBUO k is variable parameter: RO2RO
{RO16} |xTBUO e kis variable parameter: RO2 XRO




{BPO1} |HCHO —~hv-> 12 000*HO2 + CO HCHOR_06
{BPO2} |HCHO ~hv-> |co HCHOM_06
{BPO3} |HCHO +0OH s HO2 + €O k<147>= 5.400E-12 * exp{ 135.0/T)
{BPO7} |HCHO +NO3 > HNO3 +  HO2 + €O k<148>= 2.000E-12 * exp( -2431.0/T)
{BP0O8} |CCHO +0OH —>  |MmEco3 k<149>= 4.400E-12 * exp( 365.0/T)
{8PO9} |CCHO --hv-> |co + HO2 + MEO2 CCHO_R
{8P10} |CCHO +NO3 —>  |HNO3 +  MECO3 k<151>= 1.400E-12 * exp( -1860.0/T)
{8rP11} |RCHO +0H —-->  |0.965*RCO3 +0.035*R02C +0.035*xHO2 k<152>= 5.100E-12 * exp( 405.0/T)
+0,035*xCO +0.035*xCCHO +0.035*YROOH
{8P12} [RCHO —-hv-> |RO2C +  xHO2 + YROOH C2CHO
+  XCCHO + €O +  HO2
{BP13} |RCHO +NO3 —> HNO3 + RCO3 k<154>= 1.400E-12 * exp( -1601.0/T)
{8P14} |ACETONE +OH —> RO2C + xMECO3  + xHCHO k<155>= 4.560E-14 * (T/300)**{ 3.65) * exp( 429.0/T)
+  yROOH
{BP15} |ACETONE —hv-> [0.620*MECO3 +1.380*MEO2 +0.380*CO ACET_06
{BP16} |MEK +0H > |0.967*RO2C +0,039*RO2XC +0,039*2RNO3 | k<157>= 1.300E-12 * (T/300)**( 2.00) * exp( -25.0/T)
+0.376*xHO2 +0.51*xMECO3  +0.074*xRCO3
+0.088*xHCHO +0.504"xCCHO  +0.376*xRCHO
+  yROOH
{BP17} |MEK ~hv-> |MECO3 + RO2C +  xHO2
+  xCCHO +  yROOH
{8P18} |MEOH +0OH > HCHO +  HO2 k<159>= 2.850E-12 * exp( -345.0/T)
{8P19} |HCOOH _ +OH >  |HO2 +  co2 k<160>= 4.500E-13
{BP20} |CCOOH  +OH —>  |0.509*MEOD2 +0.491*RO2C +0.509*C0O2 k<161>= 4.200E-14 * exp( 855.0/T)
+0.481*xHO2 +0.491*xMGLY  +0.491*yROCH
{8P21} |[RCOOH  +OH —>  |RO2C + xHO2 +0.143*C02 k<162>= 1.200E-12
+0.142*xCCHO +0.4*xRCHO +0.457*xBACL
+__yROOH -0.455*XC
{8P22} |cOOH +0H —-->  |0.300*HCHO +0.300*0H +0.700*MEO2 k<163>= 3.800E-12 * exp( 200.0/T)
{8P23} |COOH =hv-> [HCHO +  HO2 + _OH COOH
{8P24} |ROOH +0OH —> |0.744*0H +0.251*R0O2C +0.004*RO2XC k<155>= 2.500E-11
+0,004*2RNO3 +0.744*RCHO +0,239*xHO2
+0.012*xOH +0.012*xHCHO +0.012*xCCHO
+0.205*xRCHO +0.034*xPROD2  +0.256*YROOH
{BP25} |ROOH --hv-> |RCHO +  HO2 + OH COOH
{8P26} |REOOH  +OH > |0.840*CH +0.222*RO2C +0.029*RO2XC k<167>= 5.600E-11
+0.029*zZRNO3 +0.84*PRD2 +0.09*xHO2
+0.041*x0H +0.02*xCCHO +0.075*xRCHO
+0.084*xPROD2 +0.16*yROOH
{BP27} |REOOH ~hv-> |OH +0,142*H02 +0.782*R0O2C COOH
+0.077*RO2ZXC +0.077*ZRNO3 +0.085*RCHO
+0.142*PRD2 +0.782*xHO2 +0.026*xCCHO
+0.058*xRCHO  +0.698*xPROD2 +0.858*yR60OOH
{8P28} |RAOCOH  +OH > |oa3se*oH +0.148*HO2 +0.589*RO2C k<169>= 1.410E-10
+0.124*RO2XC +0.124*zRNO3 +0.074*PRD2
+0.147*MGLY +0.133*IPRD +0.565*xH0O2
+0.024*x0H +0.448*xRCHO +0.026*xGLY
+0,03*xMEK +0.252*xMGLY +0.073 *xAFG1
+0.073*xAFG2 +0.713*yR6O0OH
{8P29} |RAOOH ~hv-> |oH + HO2 +0.500*GLY COOH
+0.5*MGLY +0.5*AFG1 +0.5*AFG2
{BP30} |GLY --hv-> |2.000*CO +2.000*HO2 GLY_O7R
{BP31} |GLY --hv-> |HCHO +  CO GLY_O7M
{8P32} |GLY +0OH —~>  10.630*HO2 +1.260*CO +0.370*RCO3 k<173>= 1.100E-11
{8P33} |GLY +NO3 —>  |HNO3 +0.630*H0O2 +1.260*CO k<174>= 2.800E-12 * exp( -2376.0/T)
+0.37*RCO3
{BP34} IMGLY --hv-> |HO2 + CO +  MECO3 MGLY_06
{BP35} |MGLY +OH > |co + MECO3 k<176>= 1.500E-11
{BP36} |MGLY +NO3 ->  |HNO3 + €O +  MECO3 k<177>= 1.400E-12 * exp( -1895.0/T)
{BP37} |BACL =hv-> |2 000*MECO3 BACL_07
{8P38} |CRES +0H - |o.zo0*BZO +0.800*R0O2C +0.800*xHO2 k<179>= 1.700E-12 * exp( 950.0/T)
+0.8*yR6OQOH +0.25*xMGLY




{BP39} |CRES  +NO3 > |HNO3 +  BZO k<180> = 1.400E-11
{BP40} [NPHE  +OH —> |BzO k<181> = 3.500E-12
{BP41} |NPHE ~hv-> |HONO 1.500E-03 * NO2_06
(8P42) {NPHE —hv-> 1.500E-02 * NO2_06
{BP43} |[BALD = OH —> |BZCO3 k<124>= 1.200E-11
{BP44} |BALD —~hv-> ) 6.000E-02 * BALD_06
{BP45} |BALD __ +NO3 —> _|HNnoO3 +__BZCO3 k<186> = 1.340E-12 * exp( -1860.0/T)
{BP46} [AFG1  +OH —> |0.217*MACO3  +0.723*RO2C  +0.060*RO2XC | k<187>= 7.400E-11
+0.06*z2RNO3  +0.521*xHO2  +0.201*xMECO3
+0.334*%CO +0.407*xRCHO  +0.129*XMEK
+0.107 *xGLY +0.267*xMGLY _ +0.783*yR600H
{BP47} |[AFG1  +03 —> |o.826*0H +0.522*HO2 +0.652*R0O2C k<188>= 9.660E-18
+0.522*C0O +0.174*CO2 +0.432*GLY
+0.568 *MGLY +0.652*xRCO3  +0.652*xHCHO
+0.652 "yR6OOH
{BP48} |AFG1 ~hv-> |1.023*H02 +0.173*MEO2 +0.305*MECO3 | AFG1
+0.5°MACO3  +0.695*CO +0.195*GLY
+0.305 *MGLY
{BP49} |AFG2  +OH —> |0.217*MACO3  +0.723°RO2C +0.060*RO2XC | k<190> = 7.400E-11
+0.06%ZRNO3  +0.521°xHO2 +0.201*xMECO3
+0.334*xCO +0.407*xRCHO  +0.129*xMEK
+0.107 *xGLY +0.267*xMGLY __ +0.783*yR600H
{BP50} |AFG2  +03 —> |o.826%0H +0.522°HO2 +0.652*R0O2C k<191>= 9.660E-18
+0.522*CO 40.174*CO2 +0.432*GLY
+0.568 *MGLY +0.652*xRCO3  +0.652*xHCHO
+0.652*R600H
{BP51} |AFG2 —-hv-> |pRDZ AFG1
{BP52} |AFG3  +OH > |0.206*MACO3  +0.733*RO2C +0.117*RO2XC | k<193> = 9.350E-11
+0.117*2RNO3  +0.561*HO2 +0.117 *xMECO3
+0.114*xCO 40.274*xGLY +0,153*xMGLY
+0.019*xBACL  +0.195%xAFG1  +0.195*XAFG2
+0.231*xIPRD____ +0.794*yR60OH
{BP53} [AFG3  +03 —> |0.471%OH +0.554*HO2 +0.013*MECO3 k<194>= 1.430E-17
+0.258°R0O2C +0.007*RO2XC  +0.007*zRNO3
+0.58*CO +0,19%CO2 +0.366*GLY
+0,184 *MGLY +0.35*AFG1 +0,35*AFG2
+0.139°AFG3 +0.003*MACR +0.004 *MVK
+0.003*IPRD +0.095 *xHO2 +0.163*xRCO3
{BP54} |[MACR  +OH —> |0500*MACO3  +0.500*RO2C +0.500*xHO2 | k<195> = 8.000E-12 * exp( 380.0/T)
+0.416°xC0O 40.084*xHCHO  +0.416 *xMEK
+0.084°*XxMGLY __ +0.5*yROOH
{BP55} [MACR  +03 —> |0.208*0H +0.108*HO2 +0.100*RO2C k<196> = 1.400E-15 * exp( -2100.0/T)
+0.45%CO +0,117*C02 +0.1*HCHO
+0.9*MGLY +0.333*HCOOH  +0.1*xRCO3
+0.1*xHCHO  +0.1*yROOH
{BP56} [MACR  +NO3  -—> |0500*MACO3  +0500*RO2C +0.500*HNO3 | k<197>= 1.500E-12 * exp(-1815.0/T)
+0.5*xHO2 +0.5*xC0 +0.5*yROOH
{BP57} |[MACR  +03P  —> |RCHO k<198> = 6.340E-12
{BP58} |MACR ~hv-> |0.330*0H +0.670*HO2 +0.340*MECO3  |MACR_06
+0.33*MACO3  +0.33°RO2C +0.67*CO
+0.34*HCHO 40.33*xMECO2  +0.33*XHCHO
+0.33*yROOH
{BP53} [MVK +OH —> |0.975%RO2C +0.025*ROZXC  +0.025*2RNO3 | k<200> = 2.600E-12 * exp( 610.0/T)
+0.3*xHO2 +0.675*xMECO3  +0.3*xHCHO
+0.675°xHOCCHO _ +0.3*xMGLY __ + yROOH
{BP6O} |[MVK +03 > |0.164%0H 40.064*HO2 +0.050*RO2C k<201> = 8.500E-16 * exp({ -1520.0/T)
+0.05*xHO2 +0.475*CO +0,124*CO2
+0.05*HCHO +0.95*MGLY +0.351*HCOOH
+0.05*xRCO3 __ +0.05°xHCHO  +0.05*yROOH
1{BP62} [MVK +03P —> _|0.450*RCHO +0.550 *MEK k<202> = 4.320E-12




{BP63} |MVK ~hv-> |0.400*MEO2 +0.600*CO +0.600*PRD2 MVK_06
+0.4*MACO3
{8P64} |IPRD +0OH — 0.289*MACO3 +0.670*RO2C +0,670*xHO2 | k<204>= 6.190E-11
+0.041*RO2XC +0.041*zRNO3 +0,336*xCO
+0.055*xHCHO  +0.129*xHOCCHO +0.013*xRCHO
+0.15*xMEK +0.332*xPROD2 +0.15*xGLY
+0.174*xMGLY +0.711*yR600H
{BP&5} |IPRD +03 > 0.285*0H +0.400*HO2 +0.048*RO2C k<205>= 4.180E-18
+0.048*xRCO3 +0.498*CO +0.14*C02
+0.124*HCHO +0.21*MEK +0.023*GLY
+0.742*MGLY +0.1*HCOOH +0.372*RCOOH
+0.047*xHOCCHO  +0.001*xHCHO +0.048*yR600OH
{BP66} |IPRD +NO3 — 0.150*MACO3 +0.150*HNO3 +0.799*RO2C | k<206>= 1.000E-13
+0.799*xHO2 +0.051*RO2XC +0.051*zRNO3
+0.572*xCO +0.227*xHCHO +0.218*xRCHO
+0.008*xMGLY +0.572*xRNO3  +0.85*yR600H
{BP&7} [IPRD —hv-> 11.233*HO2 +0.467 *MECO3 +0.300*RCO3 MACR_06
+1.233*CO +0.3*HCHO +0.467*HOCCHO
+0.233 *MEK
{8pPs8} |PRD2 +0H - 0.472*HO2 +0.379*xHO2 +0,029*xMECO3 | k<208>= 1.550E-11
+0.049*xRCO3 +0.473*RO2C +0.071*RO2XC
+0.071*zRNO3 +0.002*HCHO +0.211*xHCHO
+0.001*CCHO +0.083 *xCCHO +0.143*RCHO
+0.402 *xRCHO +0.115*xMEK +0.329*PRD2
+0.007 *xPROD2 +0.528*yR600H
{BPE9} |PRD2 —hv-> |0.913*xHO2 +0.400*MECD3 +0.600*RCO3 | 4.B6DE-03*MEK_06
+1.59*RO2C +0.087*RO2XC +0,087*zRNO3
+0.303*xHCHO +0.163*xCCHO +0.78%xRCHO
+  YR6OOH
{BP70} |RNO3 +0OH e 0.189*HO2 +0.305*xHO2 +0.019*NO2 k<210>= 7.200E-12
+0.313*xNO2 +0.976*R0O2C +0.175*RO2XC
+0.175*zRNO3 +0.011*xHCHO  +0.429%xCCHO
+0.001*RCHO +0.036*xRCHO  +0.004*xACETONE
+0.01*MEK +0.17*xMEK +0.008*PRD2
+0.031*xPROD2  +0.189*RNO3 +0.305*xRNO3
{BP71} |RNO3 ~hv-> |0.344*H0O2 +0.554 *xHO2 + NO2 1C30NOD2
+0.721*RO2C +0.102*RO2XC +0,102*zRNO3
+0.074*HCHO +0.061*xHCHO +0.214*CCHO
+0.23*xCCHO +0.074*RCHO +0.063 *xRCHO
+0.008*xACETONE  +0.124*MEK +0.083*xMEK
+0.19*PRD2 +0.261*xPROD2 +0.066*yROOH
{BP72} |HOCCHO __ +0OH - MECO3 k<212>= 1,000E+00 * k( BPOS)
{BP73} |HOCCHO —hv-> |co +2.000*HO2 + HCHO HOCCHO_IUPAC
{BP74} |HOCCHO  +ND3  —-> HNO3 + MECO3 k<214>= 1.000E+00 * k( BP10)
{BP75} |ACROLEIN +OH — 0.250*xHO2 +0.750*MACO3 +0250*RO2C | k<215>= 1.990E-11
+0.167*xCO +0.083*xHCHO +0.167*xCCHO
+0.083*xGLY +0.25*yROOH -0.75*%XC
{BP76)} |ACROLEIN +03 - 0.830*HO2 +0.330*0H +1.005*CO k<216>= 1.400E-15 * exp( -2528.0/T)
+0.31%C02 +0.5*HCHO +0.185*HCOOH
+0.5*GLY
{BP77} |ACROLEIN +NO3 —> 0.031*xHO2 +0.967*MACD3 +1.031*RO2C | k<217>= 1.180E-15
+0.002*RO2XC +0,002*zRNO3 +0,967*HNO3
+0.031*xCO +0.031*xRNO3 +0.033*yROOH
{BP78} |ACROLEIN +0Q3P > RCHO k<218>= 2.370E-12
{BP79} |ACROLEIN —hv-> |1.066*HO2 +0.178*0H +0.234*MEO2 ACRO_09
+0,33*MACO3 +1,188*CO +0.102*C0O2
+0.34*HCHO +0.05*CCOO0H -0.284*XC
{BP80} |[CCOOOH +0OH  =—-> 0.980*MECO3 +0.020*R0O2C +0.020*C0O2 k<220>= 5280DE-12
+0.02*%0OH +0.02 *xHCHO +0.02*yROOH
{BP21} |ccoooH =hv-> |MEO2Z + €Oz + OH PAA
{eP82} |RCOOOH +0OH ——> 0.806*RCO3 +0.194*RO2C +0.194*yROOH | k<222>= 6.420E-12
+0.11*CO2 +0.11*x0H +0.11*xCCHO
+0.084*xHO2 +0.084*xRCHO




{BP83} |[RCOOOH --hv-> |xHO2 + xCCHO + yROOH PAA

+ CO2 + OH
{POO1} |xHCHO - HCHO k is variable parameter: RO2RO
{PO0D2} | xHCHO —— k is variable parameter: RO2XRO
{POO3} |xCCHO — CCHO k is variable parameter: RO2ZRO
{PO04} | xCCHO > k is variable parameter: RO2ZXRO
{POO5} [XxRCHO - RCHO k is variable parameter: RO2RO
{POOE} | xRCHO ——2> kis variable parameter: RO2XRO
{POO7} | XACETONE —— ACETONE k is variable parameter: RO2ZRO
{POOS} | xACETONE — k is variable parameter: RO2XRO
{POO9} | xMEK — MEK k is variable parameter: RO2RO
{PO10} | xMEK > k is variable parameter: RO2XRO
{PO11} |xPROD2 - PRD2 kis variable parameter: RO2RO
{PO12} |[xPROD2 ———i kis variable parameter: RO2XRO
{PO13} [ xGLY — GLY kis variable parameter: RO2RO
{PO14} [xGLY — k is variable parameter: RO2ZXRO
{PO15} | xMGLY —-> MGLY kis variable parameter: RO2ZRO
{PO16} | xMGLY —— kis variable par. : RO2XRO
{PO17} |xBACL e BACL kis variable parameter: ROZRO
{PO18} |xBACL o kis variable parameter: RO2XRO
{PO13} |xBALD —-> BALD k is variable parameter: RO2RO
{PO20} |xBALD s kis variable parameter: RO2XRO
{PO21} |xAFG1 ——2 AFG1 kis variable parameter: RO2RO
{PO22} |xAFG1 —- k is variable parameter; RO2XRO
{PO23} | xAFG2 —— AFG2 kis variable parameter: RO2ZRO
{PO24} | xAFG2 — k is variable parameter: RO2XRO
{PO25} |xAFG3 o AFG3 k is variable parameter: RO2RO
{PO26} | xAFG3 —— k is variable parameter: RO2XRO
{PO27} | xMACR - MACR k is variable parameter: RO2ZRO
{PO28} |xMACR — k is variable parameter: RO2XRO
{PD25} [xMVK - MWK kis variable parameter: RO2ZRO
{PO30} | xMVK - k is variable parameter: RO2XRO
{PO31} |xIPRD e IPRD kis var'lablelaramegsr: ROZRO
{PO32} |xIPRD — k is variable parameter: RO2XRO
{PO33} | xRNO3 —2 RNO3 k is variable parameter: RO2ZRO
{PO34} | xRNO3 i k is variable parameter: RO2XRO
{PO35} [zRNO3 g RNO3 k is variable parameter: RO2ZNO
{PO36} |ZRNO3 e PRD2 + HO2 k is variable parameter: RO22NN
{PO37} |zRNO3 e k is variable parameter: RO2XRO
{PO38} |yROOH -2 ROOH k is variable parameter: RO2HO2
{PO39} [yROOH — MEK k is variable parameter: RO2ZRO2ZM
{PO40} [yROOH s k is variable parameter: RO2R0O
{PO41} |yRE0OOH -3 REOOH k is variable parameter: RO2HO2
{PO42} |[yREOOH — PRD2 k is variable parameter: RO2ZRO2M
{PO43} |yR6OOH > k is variable parameter: RO2ZRO
{PO44} |yRAQOH -l RAQOH kis variable parameter: RO2HO2
{PO45} [yRAOOH —- PRD2 kis variable parameter: RO2RO2 M
{PO46} |yRAOOH - kis variable parameter: RO2ZRO
{PO47} |*HOCCHO ——ir HOCCHO kis variable parameter: ROZRO
{PO48} |xHOCCHD — k is variable parameter: RO2XRO
{PO43} | RACROLEIN —- ACROLEIN kis variabl_eparametg: RO2ZRO
{POS0} | xACROLEIN - kis variable parameter: RO2XRO
{BEO1} |CH4 +OH —-3 MEQ2 k<274>= 1.850E-12 * exp{ -1690.0/T}
{BED2} |ETHENMNE +0H — xHO2 + RO2C +1.610*xHCHO k<275>is a falloff expression using:

+0,195*xHOCCHO  + yROOH ko = 1.000E-28 * (T/300)**(-4.50)

kinf= 8.800E-12 *(T/300)**(-0.85)
F= 0.60, n=1.00

{BEO3} |ETHENE +03 —= 0.160*HO2 +0,160*0H +0.510%*CO k<276>= 9.140E-15 * exp|( -2580.0/T)

+0.12*C02 + HCHO +0.37*HCOOH
{BED4} |ETHENE +NO3 — xHO2 + RO2C + XRCHO k<277>= 3.300E-12 * (T/300)** 2.00) * exp( -2880.0/T)

+ yROOH
{BED5} |ETHENE +03P ——— 0.B00*HO2 +0.290*xHO2 +0.510*MEO2 k<278>= 1.070E-11 * exp( -800.0/T)

+0.29*RO2C +0.51*CO +0.278*xCO

+0.278*xHCHO +0.1*CCHO +0.012 *xGLY

+0.29*yROCH




{BTO1} |PROPENE +OH — 0.984*xHO2 +0.984*R0O2C +0.016*RO2XC k<279>= 4 B50E-12 * exp( 504.0/T)
+0.016%zRNO3 +0.984 *xHCHO +0,984*xCCHO
+ yROOH
{BTO2} |PROPENE +03 -— 0.165*HO2 +0.350%0H +0.355*MEO2 k<280>= 5.510E-15 * exp( -1878.0/T)
+0.525%C0O +0.,215*C02 +0.5%HCHO
+0.5*CCHO +0.185*HCOOH +0.075*CCO0OH
{BTO3} |PROPENE +NO3 -—> 0.949*xHO2 +0.949*R0O2C +0.051*RO2XC k<281>= 4 .590E-13 * exp(-1156.0/T)
+0.051*2RNO3 +  yROOH
{BTO4} |PROPENE 4+ 03P -—> 0.450*RCHO +0.550*MEK k<282>= 1.020E-11 * exp( -280.0/T)
{BTOS} |BUTADIENE13Z +OH -—> 0.951*xHO2 +1.189%RO2C +0.049*RO2XC k<283>= 14B0E-11 * exp( 443.0/T)
+0.049%*zRNO3  +0.708*xHCHCO +0.48*xACROLEIN
+0.471*xIPRD + YROOH
{BTO6} |BUTADIENE13 +03 --—> 0.080%HO2 +0.080*0H +0.255*C0 k<284>= 1.340E-14 * exp(-2283.0/T)
+0.185%*C0O2 +0.5*HCHO +0.185*HCOOH
+0.5*ACROLEIN  +0.375*MVK +0.125*PRD2
{BTO7} |BUTADIENE13 +NO3 —> 0.815%xHO2 +0.120*xNO2 +1.055*R0O2C k<285>= 1.000E-13
+0.065*RO2XC +0.065%ZRNO3  +0.115*xHCHO
+0.46*xMVK +0.12*xIPRD +0.355*xRNO3
+ yROOH
{BTOZ} |BUTADIENELZ +03P —> 0.250%H02 +0.117*xHO2 +0.118*xMACO3 | k<286>= 2.260E-11 * exp( -40.0/T)
+0.235*RO2C +0.015*RO2XC +0.015*zRNO3
+0.115*xCO +0.115*xACROLEIN  +0.001*xAFG1
+0.001*xAFG2 +0.75*PRD2 +0.25*yROOH
{BEO6} |ISOPRENE +OH ——— 0.907*xHO2 +0.986*RO2C +0.093*RO2XC k<287>= 2.540E-11 * exp( 410.0/T)
+0.093*zRNO3 +0.624*xHCHO +0.23*xMACR
+0.32*xMVEK +0.357*xIPRD + yREOOH
+ |SOPRXN
{BEO7} |[ISOPRENE +03 ——— 0.066*HO2 +0.266%0H +0.192*xMACO3 k<288>= 7.860E-15 * exp( -1912.0/T)
+0.182*RO2C +0,008*RO2XC +0.008%zRNO3
+0.275*C0O +0.122*C02 +0.4*HCHO
+0,192*xHCHO +0.204*HCOOH +0.39*MACR
+0.16*MVK +0.15%IPRD +0.1*PRD2
+0.2*yR600OH
{BEO8} |[ISOPRENE +NO3 > 0.749*xHO2 +0.187*xNO2 +0.936°R0O2C k<289>= 3.030E-12 * exp( -448.0/T)
+0.064*RO2XC +0.064*zRNO3 +0.936*xIPRD
+  yREOOH
{BEQ3} [ISOPRENE <+ 03P -—> 0.250*MEO2 +0.240*xMACO3 +0.240*R0O2C | k<290>= 3 500E-11
+0.01*RO2XC +0.01*zRNO3 +0.24*xHCHO
+0.75*PRD2 +0.25*yR600H
{BTO9} |APIN +0OH — 0.799*xHO2 +0.004*xRCO3 +1.042%R0O2C k<281>= 1.210E-11 * exp( 436.0/T)
+0.197*RO2XC +0.197*zRNO3 +0.002*xCO
+0.022*xHCHO +0.776*xRCHO  +0.034*xACETONE
+0.02*xMGLY +0.023*xBACL + yR6OOH
+ TRPRXN :
{BT10} |APIN +03 — 0.009*HO2 +0.102*xHO2 +0.728%0H k<292>= 5.000E-16 * exp( -530.0/T)
+0.001*xMECO3 +0.297*xRCO3 +1.511*R0O2C
+0.337*RO2XC +0.337*2RNO3 +0.029*CO
+0.051*xCO +0.017*C0O2 +0.344*xHCHO
+0.24*xRCHO +0.345*xACETONE  +0.008*MEK
+0.002*xGLY +0.081*xBACL +0.255*PRD2
{BT11} |APIN +NO3 —— 0.056*xHO2 +0.643%*xNO2 +0.007*xRCO3 k<283>= 1.190E-12 * exp( 490.0/T)
+1.05*RO2C +0.293*RO2XC +0.293*zRNO3
+0.005*xCO +0.007 *xHCHO +0.684*xRCHO
+0.069*xACETONE +0.002*xMGLY +0D.056*xRNO3
+ yR6OOH +  TRPRXN
BT12} |APIN + 03P -—> FPRD2Z +  TRPRXN k<294>= 3.200E-11
{BE10} |ACETYLENE +OH - 0.300*HO2 +0.700*0H +0.300*CO k<285>is a falloff expression using:
+0.3¥HCOOH +0.7*GLY ko = 5.500E-30 * (T/300)**(-2.00}
kinf= 8.300E-13
F= 060, n=1.00
{BE11} |ACETYLENE +0O3 > 1.500%HO2 +0.500*0H +1.500*CO k<286>= 1.000E-14 * exp( 4100.0/T)

+0.5%C0O2




{BE12} |BENZENE +OH —= 0.570*HO2 +0.290*xHO2 +0.116*0H k<297>= 2.330E-12 * exp( -193.0/T)
+0.29*RO2C +0.024*RO2XC +0.024*2RNO3
+0.29*xGLY +0.57 *CRES +0.029*xAFG1
+0.261*xAFG2  +0.116*AFG3 +0.314*yRAOOH
+ BENZRO2
{BT13} |[TOLUENE +OH - 0.181*HO2 +0.454 *xHO2 +0.312*0H k<298>= 1.810E-12 *exp( 338.0/T)
+0.454*R0O2C +0.054*RO2XC  +0.054*zRNO3
+0.238%xGLY +0.151*xMGLY +0.181*CRES
+0.065*xBALD +0.195*xAFG1 +0.195*xAFG2
+0,312*AFG3 +0.073*yR600H +0.435*RA00H
+ TOLRO2
{BT14} |MXYL +0OH - 0.159*H02 +0.520*xHO2 +0.239%0H k<299>= 2.310E-11
+0.52*RO2C +0.082*RO2XC +0.082*zRNO3
+0.1*xGLY +0.38*xMGLY +0.159*CRES
+0.041*xBALD +0.336*xAFG1 +0.144 *xAFG2
+0.239%AFG3 +0.047*yR60O0OH +0.555*yRAOOH
< XYLRO2
{BT15} |OXYL +0OH - 0.161*HO2 +1.554 *xHO2 +0.198*0H k<300>= 1.360E-11
+0.554*RO2C +0.087*RO2XC +0.087*zRND3
+0.084*xGLY +0.238*xMGLY +0.185*xBACL
+0.161*CRES +0.047*xBALD +0.253*xAFG1
+0.253*xAFG2 +0.198*AFG3 +0.055*yR600OH
+0.586 *yRADOH +  XYLRO2
{BT16} [PXYL +0OH > 0.159*HO2 +0.487 *xHO2 +0.278*0H k<301>= 1.430E-11
+0.487*R0O2C +0.076*RO2XC +0.076*zRNO3
+0.286*xGLY 40,112*xMGLY +0.159*CRES
+0.088*xBALD +0.045*xAFG1 +0.067*xAFG2
+0.278*AFG3 +0.286*XAFG3 +0.102*yREOOH
+0.461*yRAOOH +  XYLRO2
{BT17} |TRIMETH_BENZ + OH ---> 0.022*HO2 +0,627*xHO2 +0.230*0H k<302>= 3.250E-11
+0.627*RO2C +0.121*RO2XC +0,121*zRNO3
+0.074*xGLY +0.405*xMGLY +0.112 *xBACL
+0.022*CRES +0.036*xBALD +0.088*xAFGL
+0.352 *xAFG2 +0.23*AFG3 +0.151*xAFG3
+0.043*yR600H  +0.705*yRAQOOH + XYLRO2
{BT18} |ETOH +0OH —> 0.950*HO2 +0.050*xHO2 +0.050*RO2C k<303>= 5.490E-13 * (T/300)**( 2.00) * exp( 530.0/T)
+0.081*xHCHO +0.95*CCHO +0.01*xHOCCHO
+0.05*yROOH
{BLO1} |ALK1 +OH il xHOZ2 + RO2C +  XCCHO k<304>= 1.340E-12 *(T/300)**( 2.00) * exp(-499.0/T)
+  yROOH
{BLO2} |ALKZ +0OH m—— 0.965*xHO2 +0.965*R0O2C +0.035*RO2XC k<305>= 1.490E-12 *(T/300)**{ 2.00) * exp( -87.0/T)
+0.035*2RNO3 +0.261*xRCHO  +0.704 *xACETONE
+ yROOH
{BLO2} |ALK3 +0H —> 0.695*xHO2 +0.236*xTBUO +1.253%RO2C k<306>= 1.510E-12 *exp( 126.0/T)
+0.07*RO2XC +0.07*2RNO3 +0.026*xHCHO
+0.445*xCCHO  +0.122*xRCHO  +0.024*xACETONE
+0.332*xMEK +0.983 *yROOH +0.017*yR60O0OH
{BLO4} |ALK4 +0H —> 0.830*xHO2 +0,010*xMEO2  +0.011*xMECO3 | k<307>= 3.750E-12 *exp( 44.0/T)
+1.763*RO2C +0.149*RO2XC +0.149*zRNO3
+0.002*xC0 +0.029*xHCHO +0.438*xCCHO
+0.236*xRCHO +0.426*xACETONE  +0.106*xMEK
+0.146*xPROD2 + yREOOH
{BLOS} |ALKS +0OH — 0.647*xHO2 +1.605*R0O2C +0.353*RO2XC k<308>= 2.700E-12 *exp( 374.0/T)
+0.353*zRNO3 +0.04*xHCHO +0,106*xCCHO
+0.209*xRCHO +0.071*xACETONE  +0.086*xMEK
+0.407 *xPROD2 + YyREOOH +  ALKSRXN




{BLO6} |OLE1 +0H - 0.871*xHO2 +0.001*xMEOQ2 +1.202*R0O2C k<309>= 6.720E-12 *exp( 501.0/T)
+0.128*RO2XC +0.128%zRNO3 +0.582*xHCHO
+0.01*xCCHO +0.007*xHOCCHO  +0.666*xRCHO
+0.007"xACETONE +0.036*xACROLEIN +0.001*xMACR
+0.012*xMVK +0.009*xIPRD +0.168*xPROD2
+0.169*yROOH +0.831*yR600OH
{BLO7} |OLE1 +03 - 0.095*HO2 +0.057 *xHO2 +0.128*0H k<310>= 3.190E-15 * exp( -1701.0/T)
+0.09*RO2C +0.005*RO2XC +0.005"zRNO3
+0.303*CO +0.088*C02 +0.5*HCHO
+0.011*xCCHO +0.5*RCHO +0.044*xRCHO
+0.003*xACETONE  +0.009*MEK +0.185*HCOOH
+0.159*RCOOH +0.268*PRD2 +0.011*yROOH
{BLOS} JOLE1 +NO3 - 0.772*xHO2 +1.463*RO2C +0.228*RO2XC k<311>= 5.370E-13 * exp{-1047.0/T)
+0.228%zRNO3 +0.013*xCCHO +0.003"xRCHO
+0.034*xACETONE +0.774*xRNO3  +0.169"yROOH
+0.831*yR600H
{BLO9} JOLE1 + Q3P - 0.450*RCHO +0.390*MEK +0.160"PRD2 k<312>= 1.610E-11 * exp( -326.0/T)
{BL10} |OLE2 +0OH - 0.912*xHO2 +0.953*R0O2C +0.088*RO2XC k<313>= 1.260E-11 *exp( 488.0/T)
+0.088%zRNO3 +0.179*xHCHO +0,835*xCCHO
+0.51*xRCHO +0.144*xACETONE  +0.08"xMEK
+0.002*xMVK +0.012*xIPRD +0.023*xPROD2
+0.315*yROOH +0.681*yR600OH
{BL11} |OLEZ2 +03 -2 0.084*HO2 +0.041*xHO2 +0.443*0H k<314>= 8.590E-15 * exp| -1255.0/T)
+0.307*MEO2 +0.156*xMECO3 +0.008*xRCO3
+0.212*RO2C +0.003*RO2XC +0.003*2RNO3
+0.299*CO +0.161*C02 +0.131*HCHO
+0.114*xHCHO #0.453*CCHO +0.071*xCCHO
+0.333*RCHO +0.019"xRCHO  +0.051*ACETONE
{BL12} |OLE2 +NO3 - 0.400%xHO2 +0.426"xNO2 +0.035*xMEO2 k<315>= 2.310E-13 *exp( 382.0/T)
+1.193*RO2C +0.14*RO2XC +0.14*zRNO3
+0.072*xHCHO +0.579*xCCHO +0.163*xRCHO
+0.116*xACETONE  +0,002*xMEK +0.32*xRNO3
+0.319*YROOH +0.681*yR600H
{BL13} |OLE2 +03P ---> 0.079*RCHO +0.751*MEK +0.170*PRD2 k<316>= 1.430E-11 *exp( 111.0/T)
{BL14} JARO1 +0OH - 0.123*HO2 +0.566*xHO2 +0.202*0H k<317>= 7.840E-12
+0.566*RO2C +0.11"ROZXC +0.11"zRNO3
+0.158*xGLY +0.1*xMGLY +0.123*CRES
+0.072*xAFG1 +0.185*xAFG2 +0.202%AFG3
+0.308*xPROD2 +0.369*YR600H + TOLRO2
{BL15} JARD2 +0H - 0.077*HO2 +0.617*xHO2 +0.178%0H k<318>= 3.090E-11
+0.617*RO2C +0,128"RO2XC +0.128*zRNO3
+0.088*xGLY +0.312*xMGLY +0.134*xBACL
+0.077*CRES +0.026"xBALD +0.221*xAFG1
+0.247*xAFG2 +0.178*AFG3 +0.068*xAFG3
+0.057*xPROD2 +0.101*yR600OH +  XYLRO2Z
{BL16} |TERP +0H - 0.734*xHO2 +0.064*xRCO3 +1.211*RO2C k<319>= 2.270E-11 *exp( 435.0/T)
+0.201*RO2XC +0.201*zRNO3 +0.001*xCO
+0.411*xHCHO  +0.385%xRCHO  +0.037*xACETONE
+0.007*xMEK +0.003*xMGLY +0.009*xBACL
+0.003 *xMVK +0.002*x1PRD +0.409*xPROD2
+ yR6OOH +  TRPRXN
{BL17} |TERP +03 -2 0.078*HO2 +0.046*xHO2 +0.499%0H k<320>= B.280E-16 * exp( -785.0/T)
+0.202*xMECO3 +0.059*xRCO3 +0.49*RO2C
+0.121*RO2XC +0.121*zRNO3 +0.249%C0O
+0.063%C0O2 +0.127*HCHO +0.033"xHCHO
+0.208*xRCHO +0.057*xACETONE  +0.002*MEK
+0.172*HCOOH  +0.068*RCOOH +0.003*xMGLY
{BL18} |TERP +NO3 - 0.227*xHO2 +0.287*xNO2 +0.026*xRCO3 k<321>= 1.330E-12 *exp( 490.0/T)
+1.786*R0O2C +0.46°RO2XC +0.46*ZRNO3
+0.012*xCO +0.023*xHCHO  +0.002*xHOCCHO
+0.403*xRCHO  +0.239*xACETONE +0.005™xMACR
+0.001*xMVK +0.004*xIPRD +0.228*xRNO3
+ yR6OOH +  TRPRXN
{BL19} |TERP + 03P —-> 0.237*RCHO +0.763*"PRD2 +  TRPRXN k<322>= 4.020E-11




{8T19} |SESQ +0OH e 0.734*xHO2 +0.064*xRCO3 +1.211*RO2C k<323>= 1.000E+00 * k( BL16)
+0.201*R0O2XC +0.201*2RNO3 +0.001*xCO
+0.411"xHCHO  +0.385*xRCHO  +0.03 7 *xACETONE
+0.007*xMEK +0.003*xMGLY +0.009*xBACL
+0.003 *xMVK +0.002*xIPRD +0.409*xPROD2
+ yREOOH +  SESQRXN
{BT20} |SESQ +03 e 0.078*HO2 +0.046*xHO2 +0.499*0H k<324>= 1.000E+00 * k( BL17)
+0.202*xMECO3 +0.058*xRCO3 +0.49*RO2C
+0.121*RO2XC +0.121%zRNO3 +0.249%C0O
+0.063*C0O2 +0.127*HCHO +0.033 *xHCHO
+0.208*xRCHO +0.057 *xACETONE  +0.002 *MEK
+0.172*HCOOH +0.068*RCOCH +0.003 *xMGLY
{BT21} |SESQ +NO3 — 0.227*xHO2 +0.287*xNO2 +0.026*xRCO3 k<325>= 1.000E+00 * k{ BL18)
+1.786%RO2C +0.46*RO2XC +0.46%zRNO3
+0.012*xCO +0.023 *xHCHO +0.002*xCCHO
+0.403*xRCHO  +0.239*xACETONE +0.005*xMACR
+0.001*xMVEK +0.004 *xIPRD +0.228%xRNO3
+ yREOOH + SESQRXN
{BT22) |SESQ + 03P —- 0.237*RCHO +0.763 *PRD2 +  SESQORXN k<326>= 1.000E+00 * k( BL19)
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Figure S-1: Comparison of absolute amount of HCHO and CH3CHO formed over 72 hours
periods from lumped alkenes in January and July. Totals are shown for 6 grids. Overall HCHO
formation is generally 20-50 times larger in July than January, and overall CH;CHO formation is

10-20 times larger in July.
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July 16, 2006 00:00:00 UTC
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Figure S-2: Fraction of total lumped alkene emissions due to biogenic sources in January (top)
and July (bottom).
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