10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-1868
Preprint. Discussion started: 29 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Comprehensive Treatment of C.-C. Alkanes and Their Oxidation
Products in CAM-chem: The MOZART-T3 Mechanism

Duseong S. Jo'", John J. Orlando?, Rebecca H. Schwantes®, Louisa K. Emmons?, Rebecca S. Hornbrook?,
Eric C. Apel?, Alan J. Hills?, Kirk Ullmann?, L. Gregory Huey*, Claire Granier*>®, Chelsea R. Thompson®,
and Jeff Peischl’®

"Department of Earth Science Education, Seoul National University, Seoul, 08826, South Korea

2Atmospheric Chemistry Observations & Modeling Laboratory, NSF National Center for Atmospheric Research, Boulder, CO,
80301, USA

3Chemical Sciences Laboratory, National Oceanic and Atmospheric Administration, Boulder, CO, 80305, USA

4School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, 30332, USA

SLaboratoire d'Aerologie, University of Toulouse, CNRS, UPS, Toulouse, France

%Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado, Boulder, CO 80309, USA

Correspondence to: Duseong S. Jo (duseong@snu.ac.kr)

Abstract. Most global atmospheric chemistry models represent >Cy4 alkanes using lumped surrogates, limiting both detailed
simulation of their oxygenated products and evaluation against comprehensive observational datasets. We present MOZART-
T3, which replaces the lumped BIGALK representation with a more explicit treatment of individual C4—Cs alkane species and
resolves propane peroxy radical isomers, enabling more mechanistically consistent alkane chemistry in the Community
Atmosphere Model with chemistry (CAM-chem). Global simulations demonstrate that T3 maintains similar total alkane
burdens compared to previous mechanisms, while substantially altering oxygenated product budgets and distributions. Relative
to MOZART-T1, T3 significantly reduces the global burden of methyl ethyl ketone (MEK) primarily through incorporation
of more comprehensive n-butane oxidation chemistry, with additional contributions from increased photolysis rates and
updated emission speciation. T3 introduces six additional Cs—C¢ ketone species that contribute ~40% to global ketone sources
but only ~2% to the total burden due to their short lifetimes. The acetaldehyde burden decreases by 8—-14% through compound-
specific yields that replace the fixed yield in previous mechanisms. The choice of anthropogenic emission inventory drives
larger variations in alkane burdens (~24%) than does mechanism complexity (~4%), but mechanism choice dominates for
oxidation products. T3 enables evaluation of previously unrepresented species including individual alkanes, propanal, and
peroxypropionyl nitrate, with generally improved simulation of oxygenated compounds, although the evaluation results vary
temporally and spatially. While lumped approaches sufficiently represent global-scale major pollutant concentrations, T3’s
detailed treatment enables more comprehensive evaluation and is expected to be more important for urban air quality

applications using higher-resolution regional simulations.
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1 Introduction

Atmospheric chemical mechanisms serve as the fundamental core of atmospheric chemistry models (Kaduwela et al.,
2015), providing the essential framework for both box and three-dimensional models. These mechanisms form the basis for
most atmospheric chemistry research applications, including air quality forecasting, climate change predictions, top-down
emission estimates, and calculations of trace gas and aerosol lifetimes. Consequently, the accuracy of chemical mechanisms
is crucial not only for specialized atmospheric chemistry models but also for comprehensive Earth system models that integrate
atmospheric composition with climate and biogeochemical cycles.

Previous studies have shown that the choice of chemical mechanisms can lead to different concentrations of gases
and aerosols (Bates and Jacob, 2019; Schwantes et al., 2020; Lin et al., 2024). However, there cannot be a perfect chemical
mechanism because the atmosphere contains millions of species and reactions (Goldstein and Galbally, 2007; Ervens et al.,
2024). Most of these species and reactions are not directly measured but are instead predicted by automated chemical
mechanisms using structure-activity relationships (SARs) (Aumont et al., 2005; Mouchel-Vallon et al., 2020). Therefore,
atmospheric models typically simulate only representative species and use simplification approaches such as lumping minor
species together to make the mechanisms computationally feasible.

The complexity of chemical mechanisms varies dramatically depending on the research purpose and application. For
example, the Master Chemical Mechanism (MCM) v3.3.1, designed for detailed atmospheric chemistry studies in 0D box
models, contains 5,832 species and 17,224 reactions (Jenkin et al., 2015). In contrast, 3D atmospheric models require more
simplified approaches: GEOS-Chem version 14.1.1 uses 286 species and 914 reactions (Lin et al., 2024), while the Community
Regional Atmospheric Chemistry Multiphase Mechanism (CRACMM) v1.0 includes 229 species and 508 reactions (Pye et
al., 2023). At the most simplified end, climate models such as the Community Atmosphere Model (CAM) version 6 use only
25 species and 7 reactions for aerosol simulations (Jo et al., 2023a). This variation reflects the fundamental trade-off between
chemical fidelity and computational feasibility that governs atmospheric chemistry modeling.

While detailed chemistry with more compounds does not necessarily guarantee better model performance, it provides
valuable insights into atmospheric processes and enables comprehensive evaluation of chemical reaction sets. Recent advances
in measurement techniques have made more chemical species available from observations (Thompson et al., 2022; Asher et
al., 2025), offering additional tracers for model evaluation when these species are included in the mechanisms. These species
include both volatile organic compounds (VOCs) and oxygenated VOCs, particularly alkane and alkane-derived species such
as isobutane, organic nitrates, and methyl ethyl ketone (MEK), which provide critical constraints on alkane oxidation pathways.

Traditionally, >C,4 alkanes and their oxidation products have been lumped together for computational efficiency in
widely used mechanisms, including the Model for Ozone and Related chemical Tracers (MOZART) series (Brasseur et al.,
1998; Emmons et al., 2020) and GEOS-Chem mechanisms (Bey et al., 2001; Tzompa-Sosa et al., 2019). While this lumping
approach is computationally efficient, it cannot distinguish several major VOCs and OVOC:s in the atmosphere. Additionally,

the implicit treatment of major OVOC formation limits accurate simulation and evaluation of alkane oxidation pathways
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against increasingly available observations. For example, MEK in MOZART-T1 and GEOS-Chem mechanisms is formed
through reactions of NO with peroxy radicals from lumped >Cs alkanes with a fixed yield. Consequently, the MEK tracer in
these mechanisms represents not only MEK itself but also implicitly includes higher ketones such as pentanones. Furthermore,
lumping of >C, alkanes can lead to underestimation of OH reactivity (Kim et al., 2022). To address this issue, a recent study
by Travis et al. (2024) introduced a new lumped species in GEOS-Chem for >Cs alkanes (ALK6) while maintaining ALK4
for lumped butanes and pentanes.

In this study, we extend the MOZART chemical mechanisms to include detailed alkane chemistry by considering
isomers of propane oxidation products and expanding the single surrogate compound (BIGALK) for >C4 alkanes and their
oxidation products. We refer to this enhanced mechanism as MOZART-T3. The newly added species include four additional
explicit alkane species (two for butanes and two for pentanes) and various OVOCs derived from alkanes, such as peroxy
propionyl nitrate (PPN), butanal, and 2- and 3-pentanone. Section 2 describes the updates to the existing mechanism, including
newly added species, kinetic and photolysis reactions, emissions, and parameters such as effective Henry's law constants.
Section 3 describes the model simulation setup, including emissions, meteorology, and simulation periods. Section 4 presents
a comparison of simulations using MOZART-T1, MOZART-T2, and MOZART-T3 mechanisms in terms of global features
including burden, vertical profiles, and lifetimes. Additionally, we employ two different anthropogenic emission inventories
to compare the effects of emission differences versus chemical mechanism differences on various chemical species. Section 5
provides model evaluation results against the NASA Atmospheric Tomography (ATom) global aircraft campaign (Thompson
et al., 2022), to globally assess the relative importance of chemical mechanism updates versus emission inventory changes in

model performance.
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90 Figure 1. Simplified comparison of alkane oxidation schemes in MOZART-T1 versus MOZART-T3 mechanisms. Reaction pathways show
ROz + NO chemistry with branching ratios where applicable. COALKANES pathway illustrates the complete oxidation scheme including
ROz + NO, ROz + HOz reactions, and hydrogen shift reactions. MOZART-T2 chemistry is identical to T1 for alkanes.
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95  Figure 2. Simplified comparison of alkane oxidation schemes in MOZART-T1 versus MOZART-T3 mechanisms. Reaction pathways show
ROz + HOz chemistry with branching ratios where applicable. COALKANES pathway is shown in Fig. 1. MOZART-T2 chemistry is identical
to T1 for alkanes.
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2 Chemical Mechanism Development

Previous versions of the MOZART mechanism, including MOZART-T1 (Emmons et al., 2020 , hereafter “T1”’) and
MOZART-T2 (Schwantes et al., 2020 , hereafter “T2”), represent all >C4 alkanes using a single surrogate compound
(BIGALK). In contrast, MOZART-T3 (hereafter "T3"), developed in this work, explicitly resolves five alkane species: n-
butane (NBUTANE), i-butane (ISOBUTANE), n-pentane (NPENTANE), i-pentane (IPENTANE), and C>6 alkanes
(C6ALKANES), as illustrated in Figs. 1 and 2. Additionally, T3 includes more detailed propane (C3H8) chemistry with
explicit simulation of propyl peroxy radical isomers (Figs. 1 and 2). Complete descriptions of all T3 kinetic reactions (Table
S1), photolysis reactions (Table S2), species list (Table S3), and parameters (effective Henry's law constants and reactivity

factors) for dry and wet deposition (Table S4) are provided in the Supplement.

2.1 Main sources used for T3 mechanism

The development of T3 is guided by comprehensive reviews of alkane chemistry (Atkinson and Arey, 2003; Orlando
et al., 2003; Atkinson, 2007; Calvert et al., 2008, 2011, 2015; Dibble and Chai, 2017) and explicit mechanisms such as MCM
v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003). Reaction rate constants are primarily taken from [UPAC recommendations
(Atkinson et al., 2004, 2006) and JPL Publication 19 (Burkholder et al., 2019). For reactions lacking experimental rate data,
we employ SARs following the methodologies established by Jenkin et al. (2018, 2019), Vereecken and Peeters (2009), and
Vereecken and Noziére (2020), analogous to the treatment in MCM v3.3.1.

2.2 The initial reactions of alkanes with OH

All alkanes are oxidized through bimolecular reaction with OH followed by O, addition to form alkyl peroxy radicals.
For propane (C3HS8) and n-butane (NBUTANE), we explicitly simulate the hydrogen abstraction site based on the temperature-
dependent primary to secondary branching ratios reported by Droege and Tully (1986). We apply these ratios to the total
reaction rates recommended by ITUPAC for the 200-330 K temperature range and fit the resulting site-specific rates to
Arrhenius expressions. The derived Arrhenius equations accurately reproduce the temperature dependence of both primary
and secondary peroxy radical formation, with 7* of 0.998 and a regression slope of 0.996. For i-butane (ISOBUTANE), we
neglect primary peroxy radicals for computational efficiency, as the tertiary channel is dominant. For pentanes (NPENTANE
and IPENTANE), we use branching ratios from Calvert et al. (2015), again neglecting primary peroxy radicals to reduce
computational cost. For >C¢ alkanes (COALKANES), we use a single reaction rate averaged from the >C¢ alkane rates reported

in Calvert et al. (2015).

2.3 The reactions of peroxy radicals with NO, HO2, and NOs

The reaction of alkyl peroxy radicals with NO proceeds through two competing channels: (1) formation of alkoxy

radicals with NO-to-NO; conversion, and (2) formation of organic nitrates. To account for the temperature and pressure
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dependence of organic nitrate formation (with higher yields at lower temperatures), we employ the branching ratio
parameterization from Jenkin et al. (2019). This method produces results consistent with the carbon-number-dependent
formula from Arey et al. (2001) at 298 K and 740 Torr. For example, the organic nitrate yields for Co—Cs alkanes in this study
are 0.022, 0.041, 0.067, 0.105, and 0.162, respectively, compared to 0.003, 0.041, 0.079, 0.118, and 0.156 from Arey et al.
(2001).

We do not apply additional adjustments based on peroxy radical structure (i.e., primary, secondary, or tertiary) due
to unresolved uncertainties. As detailed by Orlando and Tyndall (2012) and Wennberg et al. (2018), significant disagreement
exists among past studies regarding the influence of molecular structure on organic nitrate yields, warranting further
experimental investigation. In T3, all alkane-derived organic nitrates are represented by a single surrogate species (ALKNIT),
parameterized to behave like a pentyl nitrate. This choice reflects the dominance of C4—Cs alkyl nitrates in the global budget
due to their higher yields from longer-chain alkanes (Arey etal., 2001; Jenkin et al., 2019). For example, using CEDS emissions
with T3 organic nitrate yields, global ALKNIT production in 20162018 consists of contributions from C; (9%), Cs (8%), C4
(12%), Cs (17%), and Cs (54%) alkyl peroxy radicals (Sect. 4).

Reaction rates of alkyl peroxy radicals with NO are assumed constant for all >C; species, as experimental data show
no significant dependence on peroxy radical identity or structure (Jenkin et al., 2019). Ethyl peroxy radical uses a slightly
different rate constant from JPL recommendations, following the T1 mechanism.

For non-acyl peroxy radical reactions with HO,, only the hydroperoxide formation pathway is considered (Fig. 2), as
it dominates under atmospheric conditions. Rate constants are calculated using the parameterization recommended by
Wennberg et al. (2018), derived from the sum of carbon, oxygen, and nitrogen atoms (excluding peroxy radical oxygen atoms).
For acyl peroxy radicals (acetyl and propionyl peroxy), we use temperature-dependent rate constants from IUPAC for three
product channels including ozone formation and OH production. Note that T1 and T2 treat these channels without temperature
dependency (i.e., fixed branching ratios; see Table S6 in Schwantes et al., 2020).

Peroxy radical reactions with NOj3 are also included, producing alkoxy radicals and NO as in the first channel of RO,
+ NO (alkoxy radical formation), with O, as an additional product. Following Jenkin et al. (2019), the same temperature-
dependent rate constant is applied for all >C, non-acyl peroxy radicals, yielding 2.4 x 1072 cm? molecule! s at 298 K,

comparable to the [IUPAC recommendation of 2.3 x 10"'? cm? molecule™! s°!.

2.4 The permutation reactions of peroxy radicals

Given the computational cost of explicitly treating all possible RO> self- and cross-reactions, we approximate these
reactions by considering only the reactions of alkyl peroxy radicals with methyl peroxy radical (CH30-) and acetyl peroxy
radical (CH3C(0)O,). For reactions with CH30,, the radical channel accounts for 60% of primary and secondary peroxy
radicals, and 80% for tertiary peroxy radicals, following Jenkin et al. (2019). Reaction rate constants are calculated from the
self-reaction rates of each peroxy radical and CH30,, combined with additional scaling factors from Jenkin et al. (2019). One

exception is the reaction of tertiary butyl peroxy radical (TBUO2) with CH30,, which uses the [IUPAC-recommended rate

7
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constant based on laboratory measurements. For reactions with CH3C(O)O,, we apply the rate constant of C;HsO, +
CH3C(0)0: to all >C3 alkyl peroxy radicals. The CH3C(O)O radical is not explicitly simulated, as it undergoes rapid thermal
decomposition to form CH30, and CO» (Roehl et al., 1996).

2.5 Alkoxy radical pathways (reaction with O, H-shift, and decomposition)

All tertiary alkoxy radicals are assumed to decompose instantaneously. Primary and secondary alkoxy radicals react
with O using a generic rate constant of 2.5 x 107* exp(-300/T) cm® molecule™! s estimated by Atkinson (2007). For <C;
alkoxy radicals, explicit simulation is omitted for computational efficiency, as their H-shift and decomposition rates are
negligibly slow (Atkinson, 2007). Therefore, only the final products from alkane alkoxy radical reactions with O, are
considered (HO, and carbonyl species). Decomposition rate constants for primary and secondary alkane-derived alkoxy
radicals are estimated using SARs from Vereecken and Peeters (2009), based on decomposition barrier heights derived from
quantum chemical calculations. H-shift rates are estimated using SARs from Atkinson (2007). This treatment is consistent
with the approach used in the Generator of Explicit Chemistry and Kinetics for Organics in the Atmosphere (GECKO-A)
(Aumont et al., 2005).

Recent work has demonstrated that peroxy radical H-shifts in n-hexane oxidation can compete with bimolecular
reactions with NO under ambient atmospheric conditions (Praske et al., 2018). Although much remains unknown about these
peroxy radical H-shifts and their applicability to longer-chain alkanes, they are likely particularly important in the remote
atmosphere, which is the focus of this work. In T3, as shown in Fig. 1, C)ALKOHO?2 (an oxidation product from OH reaction
with C6ALKANES) undergoes peroxy radical H-shift to form a hydroperoxy ketone. The temperature-dependent rate constant
is taken from measurements for 2-hydroxy-5-peroxy hexane reported by Praske et al. (2018). We note that this rate constant
has large uncertainties (within a factor of 10), and its extrapolation to all =Cs alkanes represented by the COALKANES
surrogate is even more uncertain due to limited experimental data and incomplete characterization of =Cg alkane composition

in emission inventories. However, we include this reaction to evaluate its atmospheric importance (Sect. 4). As more data

become available, this reaction parameterization should be refined in future versions of T3.

2.6 Lumped species for Cs or higher alkanes

The C6ALKANES surrogate represents all =Cs alkanes in the mechanism, including their initial OH oxidation and
subsequent peroxy radical (C6ALKO?2) reactions with HO, and NO. To account for alkoxy radical H-shift reactions, we
introduce an additional species (C6ALKOHO?2), a hydroperoxy alkyl peroxy radical formed from H-shift of the alkoxy radical.
Based on measured hydrocarbon ratios (Apel et al., 2010; Swarthout et al., 2013) and considering that some multigenerational
products (e.g., from methylcyclopentane) can undergo H-shift, we assume 60% of =Cg alkoxy radicals can undergo H-shift to

form C6ALKOHO?2 (in competition with NO and HO; reactions), while 40% do not.
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Alkoxy radicals that do not undergo H-shift are lumped with the 3-methyl-2-butoxy radical (IPENTOB) from i-
pentane (IPENTANE) oxidation for computational efficiency. COALKOHO?2 reacts with HO, and NO following standard
peroxy radical chemistry, and additionally undergoes peroxy radical H-shift based on Vereecken and Noziére (2020), as
discussed in Sect. 2.5. Hydroperoxides from both C6ALKO2 and C6ALKOHO?2 are combined into a single surrogate species
(C6ALKOOH). Both C6ALKOOH and C6KETOOH (the hydroperoxy ketone from CO6ALKOHO2 H-shift) undergo OH-
initiated reactions leading to either peroxy radical regeneration or carbonyl formation. As with other ketones in the mechanism
(e.g., NELSON, PENTANONE?2, etc.), further reaction chains from ketone + OH are treated implicitly, generating

decomposed products that are already represented in the mechanism.

2.7 Photolysis

Photolysis reactions are added to T3 for some newly introduced species, including hydroperoxides, aldehydes,
ketones, and peroxy propionyl nitrate (PPN). For hydroperoxides, we apply the photolysis rate of methyl hydroperoxide
(CH30O0H) to all alkane hydroperoxides, as experimental data for =C, hydroperoxides are not available. For PPN, we use the
photolysis rate of PAN, as both compounds have similar absorption cross sections and quantum yields (Burkholder et al.,
2019).

For =C;3 aldehydes, we apply a uniform photolysis rate that is twice that of acetaldehyde, based on quantum yield
differences between acetaldehyde and propanal (which have similar absorption cross sections) (Horowitz and Calvert, 1982;
Atkinson and Lloyd, 1984; Heicklen et al., 1986; Chen and Zhu, 2001; Barnes and Rudzinski, 2006; Burkholder et al., 2019).
This is consistent with photolysis rates calculated by the Tropospheric Ultraviolet and Visible (TUV) radiation model
(Madronich and Flocke, 1999; Kinnison et al., 2007). In T1 and T2, MEK photolysis was assumed equal to that of acetone,
but we have updated it to be five times that of acetone in T3, as discussed in Sect. 2.8. For C>5 ketones, we assume the same

photolysis rate as methyl ethyl ketone (MEK).

2.8 Updates for T1 and T2 mechanisms

The T1 mechanism has undergone several updates since its original publication (Emmons et al., 2020). In this study,
we refer to the version prior to this work as T1.2, which includes NOx-dependent SOA yield parameterization (Jo et al., 2021;
Schwantes et al., 2022) and reaction rate constants updated based on JPL Publication 19 (Burkholder et al., 2019). The version
incorporating the additional updates described in this section is referred to as T1.3, which serves as the basis for all updated
T1- and T2-based simulations in this study (Table 1).

Several kinetic and photolysis reactions common to all mechanisms (T1, T2, and T3) have been updated in T1.3
relative to T1.2, as listed in Table S5. Key updates include: reactions of <C, peroxy radicals (CH30,, C,Hs0,, CH3CO3) with
NO; added for consistency with T3 chemistry; the reaction rate constant for ALKNIT + OH updated from 1.6 x 107> cm?

molecule™ s't0 2.2 x 1012 cm® molecule™ s™! based on the average of seventeen C4—Cs alkyl nitrate rate constants from Calvert
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et al. (2011); and reaction rate constants for CsH;0, with NO, HO,, and CH30; in T1 and T2, which were based on Brasseur
et al. (1998), have also been updated, based on IUPAC, Jenkin et al. (2019), and Wennberg et al. (2018).

The photolysis rate of MEK has been updated based on recent evidence showing MEK photolyzes faster than acetone.
This difference is attributed to quantum yield variations between the two compounds (Raber and Moortgat, 1987; Atkinson et
al., 2004; Pinho et al., 2005; Romero et al., 2005; Burkholder et al., 2019) as their absorption cross sections are similar (Brewer
et al., 2019; Burkholder et al., 2019). However, significant uncertainty remains regarding the magnitude of this difference.
While acetone photolysis is well-established, MEK quantum yields remain highly uncertain. The TUPAC recommendation for
MEK quantum yield at 275-380 nm is 0.34 at 1000 mbar (Raber and Moortgat, 1987), similar to the value of 0.38 used in
TUYV, yielding photolysis rates approximately 10 times higher than acetone. In contrast, Pinho et al. (2005) derived a value of
0.17 from MEK-NOy chamber experiments, comparable to the SAPRC-99 value of 0.15 (Carter, 2000). MCM v3.3.1 uses an
intermediate value of 0.16.

Considering these studies and the altitude-dependent analysis of Romero et al. (2005), which found MEK photolysis
rates approximately 5 times higher than acetone at 0 and 15 km, we increase the MEK photolysis rate by a factor of five in all
mechanisms. Photolysis rates for =Cs aldehydes in T2 (terpene aldehyde products) are similarly increased by a factor of two,

consistent with the treatment of aldehydes in T3.

2.9 Henry’s law constants and reactivity factors

Dry and wet deposition processes in CAM-chem require effective Henry's law constants and reactivity factors. The
reactivity factor is used for dry deposition with values ranging from 0 to 1, with 1 being as reactive as ozone. For effective
Henry's law constants, we prioritize experimental data over theoretical estimates. When available, we use Henry's law constants
from JPL Publication 19 (Burkholder et al., 2019), which provides critically evaluated data for key atmospheric species. For
species not covered by JPL19, we adopt values from the comprehensive compilation by Sander (2015). When experimental
data are unavailable, we estimate Henry's law constants using GROMHE (GROup contribution Method for Henry’s law
Estimate; Raventos-Duran et al., 2010), a SAR method that predicts solubility based on molecular structure. The temperature
dependence of Henry's law constant is characterized by AH/R (enthalpy of dissolution divided by the gas constant). When
experimental values of AH/R are unavailable, we assume a value of 6014 K (corresponding to AH = 50 kJ mol™'), which is
consistent with GECKO-A (Aumont et al., 2005).

Following Schwantes et al. (2020), we assign reactivity factors based on molecular functionality: 1 x 103¢ for non-
oxygenated VOCs, 0.1 for species with one oxygenated functional group, and 1.0 for species with two or more oxygenated
functional groups. Complete listings of Henry's law constants and reactivity factors for all T3 species are provided in Table

S4.
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3 Model Configuration and Simulations
3.1 CAM-chem

This study uses the Community Earth System Model (CESM) version 2.2.2 (Danabasoglu et al., 2020), with
additional updates applied to its atmospheric component, the Community Atmosphere Model (CAM) version 6.3.133. Among
the various configurations available in CESM, we employ CAM-chem, the detailed chemistry configuration of CAM (Emmons
et al., 2020).

CESM/CAM-chem supports various horizontal and vertical grid options. We use the spectral element dynamical core
(CAM-SE) with a cubed sphere grid at approximately 1-degree resolution globally (ne30pg3), where the grids are created by
subdividing each cube face into 30 x 30 elements (Lauritzen et al., 2018), and the elements are divided into 3 x 3 equiangular
physics grid cells (Herrington et al., 2019). For vertical levels, we use the 58-layer version, which is expected to be the default
number of vertical layers in CESM version 3 (Lauritzen, 2025), instead of the 32 vertical levels used in previous studies
(Schwantes et al., 2020; Jo et al., 2023b; Tang et al., 2025).

Horizontal winds (U, V) and temperature (T) are nudged toward the Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2) reanalysis (Gelaro et al., 2017) with a 3-hour frequency throughout the 2015-2018

period, with the first year results discarded for spin-up.

3.2 Emissions

Biogenic emissions are calculated online in the Community Land Model version 5 (CLMS5) using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN) v2.1 (Guenther et al., 2012) with satellite-derived plant functional
type (PFT) and leaf area index (LAI) from AVHRR and MODIS data (Lawrence and Chase, 2007). We use the extended list
of biogenic VOCs implemented in Schwantes et al. (2020) (Table S3 in their paper). For T3, MEGAN emissions are remapped
as follows: oxopentanal to CODIKETONE, pentane to NPENTANE, and all other species previously mapped to BIGALK in
T2 are now mapped to COALKANES.

For anthropogenic emissions, we use the Community Emissions Data System (CEDS) v2021 04 21 (McDuffie et
al., 2020) and the Copernicus Atmosphere Monitoring Service (CAMS-GLOB-ANT) v5.3 (Soulie et al., 2024). While these
inventories provide absolute emission amounts for propane, butanes, pentanes, and hexanes and higher alkanes, they do not
provide i/n ratios for butanes and pentanes. Therefore, we derive sector-specific i/n ratios from near-source ambient
measurements compiled from the literature (Conner et al., 1995; Hwa et al., 2002; Stemmler et al., 2005; Martins et al., 2006;
Baker et al., 2008; Lanz et al., 2008; Ho et al., 2009; Gilman et al., 2010, 2013; Simpson et al., 2010, 2014, 2020; Araizaga et
al., 2013; Gentner et al., 2013; Swarthout et al., 2013, 2015; Ammoura et al., 2014; Pang et al., 2014; Ait-Helal et al., 2015,
Baudic et al., 2016; Dominutti et al., 2016, 2020; Deng et al., 2018; Rossabi and Helmig, 2018; Zhang et al., 2018; Hecobian
et al., 2019; Song et al., 2020; Santos and Azevedo, 2021; Wilde et al., 2021), as detailed in Tables S6 and S7. Because

transport and energy/industry sectors dominate butane and pentane emissions, we derive separate i/n ratios for these two sectors
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along with a general ratio applied to all other sectors. As shown in Table S7, observed i/n ratios vary substantially across
studies, but it is apparent that transport sector pentane emissions consistently show much higher i/n ratios than energy/industry
emissions. The resulting i/n ratios for butane emissions used in this study are 0.482 (transport), 0.523 (energy/industry), and
0.564 (other sectors). For pentane, the ratios are 2.734 (transport), 1.027 (energy/industry), and 2.037 (other sectors).

Both inventories also report oxygenated VOC (OVOC) emissions by functional groups (e.g., alcohols). CAM-chem
applies certain fractions to distribute them to specific species in the model (Emmons et al., 2020). For T3, we derive new
speciation fractions for alcohols, aldehydes, and ketones based on measurements made using the NSF NCAR Trace Organic
Gas Analyzer (TOGA) (Apel et al., 2015) obtained during various airborne field campaigns (McDuffie et al., 2018; Flocke et
al., 2020; Thompson et al., 2022; Pan et al., 2025 ; see Table S8). We also update the fractions used in T1 and T2, as shown
in Table S8. The effects of these updated OVOC speciation profiles are discussed in Sect. 4.

For fire emissions, we use the Fire Inventory from NCAR version 2.5 (FINNv2.5) (Wiedinmyer et al., 2023), which
provides emissions for MOZART-T1 chemical species. However, it does not provide emissions for newly added T3 species.
To generate speciated fire emissions for T3 alkanes, we partition BIGALK emissions using the molar fractions of emission
factors for n-butane, i-butane, n-pentane, i-pentane, 2- and 3-methylpentane, n-hexane, and n-heptane reported by Akagi et al.
(2011) for each land cover type (Table S9). For land cover types without available data, we use emission factors from the most

similar land cover type.

Table 1. Model configurations and chemical mechanism complexity for different MOZART mechanism versions (T1, T2, T3)
with two anthropogenic emission inventories (CEDS and CAMS). The number of chemical species, photolysis reactions, and
kinetic reactions for each mechanism configuration are shown for each case. Note that the numbers include stratospheric

chemistry reactions.

. Number of ~ Number of
. Anthropogenic Number of . L
Case name Mechanism S . photolysis kinetic
Emission species . .
reactions reactions

CEDS T1.2 T1.2 CEDSv2021 04 21 231 123 418
CEDS T1.3 T1.3 CEDSv2021 04 21 232 124 424
CEDS T2.3 T2.3 CEDSv2021 04 21 320 168 743
CEDS T1.3 T3 T3 based on T1.3 CEDSv2021 04 21 278 142 557
CEDS T2.3 T3 T3 based on T2.3 CEDSv2021 04 21 366 186 876
CAMS T1.2 T1.2 CAMSvS.3 231 123 418
CAMS T1.3 T1.3 CAMSvVS.3 232 124 424
CAMS T2.3 T2.3 CAMSVv5.3 320 168 743
CAMS T1.3 T3 T3 based on T1.3 CAMSvVS.3 278 142 557
CAMS T2.3 T3 T3 based on T2.3 CAMSvVS.3 366 186 876
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3.3 Simulation Cases

In this study, while we focus on changes in global VOCs and OVOCs due to chemical mechanism updates, we also
examine the impacts of anthropogenic emission inventory selection to compare the effects of chemical mechanism uncertainty
against emission inventory uncertainty. Five simulation cases are set up with different chemical mechanism configurations,

and two different emission inventories are used for each case, resulting in 10 simulations total, as shown in Table 1.

Table 2. Global annual anthropogenic emissions (Tg yr'!) by species for CEDS v2021_04 21 and CAMS v5.3 inventories
used in model simulations, averaged over 2016-2018. Only VOC species relevant to this study are listed; other NMVOCs such
as aromatics and alkenes are excluded. NMVOC represents the total non-methane volatile organic compound emissions from
each inventory, including all speciated and unspeciated VOCs. BC and OC refer to black carbon and organic carbon aerosols,
respectively. NOyx emissions are calculated assuming a molecular weight of NO.

Species CEDS CAMS
Ethane 5.2 4.7
Propane 4.8 6.2
Butanes 12.6 9.5
Pentanes 15.4 5.0
Hexanes 26.0 21.3
Alcohols 6.1 15.5
Aldehydes 1.8 9.3
Ketones 3.8 7.9
Formaldehyde 2.0 4.4

NMVOC 148.4 144.8
BC 5.9 4.7
oC 13.8 11.7
SO, 85.7 95.6

CO 540.1 567.2
NOx 77.7 77.5
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4 Global Budget and Distribution

This section examines how more comprehensive alkane chemistry in T3 affects global budgets and distributions of
VOCs and OVOCs. We compare T1, T2, and T3 mechanisms by analyzing monthly time series, vertical profiles, and spatial
distributions. To separate chemistry-driven changes from emission-driven variability, we also evaluate differences between
CEDS and CAMS anthropogenic emission inventories. The analysis covers primary alkanes (C3H8 and BIGALK) and their
oxidation products (ketones, aldehydes, and organic nitrates), assessing whether mechanism choice or emission inventory

selection has a greater influence on the budget variations for each species group.

4.1 Propane

Although the total reaction rate of C3H8 with OH is consistent across all mechanisms, T3 introduces explicit treatment
of propyl peroxy radical isomers and their distinct oxidation products (propanal, propanol, and PPN). The global burden of
propane shows minimal sensitivity to mechanism choice (<5% variation between cases), while emission inventory selection
drives much larger differences (~20% variation: 231-241 Gg for CEDS vs. 285-297 Gg for CAMS) (Table 2). However, the
key advantage of T3 lies in its ability to explicitly track hydrogen abstraction sites on the propane molecule. This explicit
tracking enables improved evaluation of altitude-dependent formation of acetone and related OVOCs, which cannot be
assessed in lumped mechanisms. Global simulations quantify the branching ratios at 75% for secondary carbon and 25% for
primary carbon hydrogen abstraction. Additionally, T3 demonstrates that the fraction of secondary carbon hydrogen

abstraction increases with altitude (Fig. S1), indicating relatively enhanced acetone formation at higher altitudes.

4.2 BIGALK (NBUTANE, ISOBUTANE, NPENTANE, IPENTANE, C6ALKANES)

Figure 3 shows the global burden time series of BIGALK across T1, T2, and T3, along with the relative contributions
of individual species. Although BIGALK is divided into five distinct alkane species with different OH reaction rates in T3, the
total =C, alkane global budgets remain remarkably consistent across mechanisms (Fig. 3b), indicating that the average reaction
rate constant for BIGALK assumed in T1 and T2 performs well globally. Similar to propane, emission inventory selection
drives larger variations in BIGALK burden than mechanism choice (Fig. 3a). T3 resolves the contributions of individual
alkanes to OH reactivity (Fig. 3¢), while maintaining total reactivity consistent with T1 and T2. T3 produces higher BIGALK
mixing ratios over remote regions (Fig. 3f) and in the free troposphere (Fig. 3i), indicating that explicitly resolving individual
alkane species results in longer lifetimes for less reactive species (Cs) despite enhanced removal of more reactive species (C).
Vertical profiles of individual alkanes (Fig. S2) confirm this behavior, showing that Cs alkanes dominate in the boundary layer
while lighter alkanes (C4—Cs) become relatively more important at higher altitudes due to their longer lifetimes. Note that T2
also shows differences in BIGALK concentrations near biogenic source regions (Fig. 3e, h) because T2 includes updated
isoprene and terpene chemistry which affects OH concentrations in these regions. In summary, T3 maintains global budget

consistency with T1 and T2 while capturing more detailed spatial and vertical distributions of individual alkane species.
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4.3 Ketones (CH3COCH3, MEK, PENTANONE2, PENTANONE3, NELSON, HYDROXYKETONE, C6KETOOH,
C6DIKETONE)

Figure 4 shows the global burden of ketones across different mechanisms and emission inventories. While T1 and T2
simulate acetone (CH3COCH3) and MEK as the primary ketone species, T3 introduces six additional Cs—Cs ketones
(PENTANONE2, PENTANONE3, NELSON, HYDROXYKETONE, C6KETOOH, and C6DIKETONE; see Table S3 for
chemical formulas). Unlike C3H8 and BIGALK, ketone budgets are more sensitive to chemical mechanism choice than
emission inventory selection. As shown in Table S10, global acetone burden decreases by ~23% in T2 compared to T1 due to
updated terpene chemistry (Schwantes et al., 2020), which reduces acetone chemical production. Although T3 increases
acetone chemical production slightly (0.41-3.06 Tg yr™) through multiple acetone production channels from anthropogenic
species, the T2 terpene updates dominate the overall acetone budget changes.

MEK burden is dramatically reduced in T1.3 and further decreased in T1.3 T3 compared to T1.2. Three major factors
contribute to this reduction (Table S10). The most important is that T3 explicitly represents MEK formation from n-butane
oxidation rather than using the lumped BIGALK approach, leading to a factor of 4-5 decrease in MEK chemical production
(Table S10). In T1 and T2, MEK forms from the BIGALK alkoxy radical pathway (via HO, generation channel) with a fixed
yield of 0.8. However, this yield overestimates MEK production because n-butane (the primary MEK precursor) contributes
far less than 80% to total BIGALK mass (Sect. 4.2). The second most important factor is increased MEK photolysis rates,
which decrease its atmospheric lifetime by ~30%. Finally, VOC emission speciation ratios are adjusted based on TOGA
measurements over source regions, reducing MEK emissions. The latter two changes are incorporated into T1.3 and T2.3.
Since chemical production dominates over anthropogenic emissions, adjusting ketone speciation emission ratios has minimal
impact on the global MEK budget.

T3 introduces six additional Cs—Ce ketone species that were not explicitly represented in previous MOZART
mechanisms. PENTANONE2 and PENTANONE3 are formed through n-pentane oxidation pathways with different hydrogen
abstraction positions. NELSON (methyl isopropyl ketone) forms from i-pentane oxidation. HYDROXYKETONE represents
hydroxy-substituted ketones formed during =Cs alkane oxidation via hydrogen-shift reactions. COKETOOH, formed through
hydrogen shifts from peroxy radicals followed by O, addition, represents a hydroperoxy ketone species. CODIKETONE is
primarily formed through oxidation of COKETOOH and HYDROXYKETONE, with minor contributions from biogenic
sources. These six Cs—Cs ketones contribute ~40% to global total ketone sources in T3 but only ~2% to the total ketone burden
due to their short atmospheric lifetimes (Fig. 4a, Table S10).

Comparing total chemical production and burden across mechanisms reveals two major factors driving the ketone
budget differences. First, acetone chemical production and burden decrease significantly in T2 (~25%), representing the
dominant change in total ketone budgets. This decrease is primarily driven by differences in monoterpene oxidation pathways
between T1 and T2, where T2 reduces CH3COCH3 yields from both ozonolysis and OH-initiated oxidation of monoterpenes
(see Table S6 in Schwantes et al., 2020 and Table S2 in Emmons et al., 2020 for more details). Second, while adding Cs—Cs

ketones increases global ketone chemical production by ~30% in T3, the total burden decreases slightly because these higher-
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carbon ketones have shorter atmospheric lifetimes, reducing the average ketone lifetime. Overall, mechanism choice has a
larger impact on ketone budgets than emission inventory selection, contrasting with the simulated behavior of alkanes (C3HS8
395 and BIGALK).
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Figure 4. (a) Annual mean global burden of ketones showing individual C3—Cg¢ ketone species contributions. (b-c) Monthly time series of

global (b) CH3COCH3 and (c) MEK burdens across different mechanisms and emission inventories. In (c), the CEDS/CAMS T1.3 T3
lines (purple) closely overlap with the CEDS/CAMS_T2.3 T3 lines (green).
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4.4 Aldehydes (CH3CHO, PROPANAL, BUTANAL)

While T1 and T2 use acetaldehyde (CH3CHO) as a lumped surrogate for aldehydes derived from =C, alkane
oxidation, T3 explicitly represents propanal and butanal from propane and butane oxidation, respectively. Compared to
acetaldehyde, propanal and butanal have much smaller atmospheric burdens (Table S11), justifying the computational
efficiency of the lumped approach in T1 and T2. However, T3 chemistry modifies acetaldehyde concentrations by changing
its production pathways from =Cs alkanes. The chemical production of acetaldehyde varies by up to ~16% across mechanisms
(T1.2 vs. T2.3_T3), exceeding the <5% variation from emission inventory selection. T3 decreases acetaldehyde concentrations
because the effective yield is lower than the fixed yield assumed in T1 and T2. In T1 and T2, acetaldehyde forms from BIGALK
alkoxy radicals (via RO2+NO reactions or hydroperoxide photolysis) with a fixed yield of 0.4. In contrast, T3 applies
compound-specific yields, and some alkanes such as i-butane produce no acetaldehyde. Consequently, the global acetaldehyde
burden decreases by 8—14% in T3 compared to T1 and T2 (Table S11).

Propanal, explicitly represented only in T3 through propane oxidation, exhibits distinct characteristics compared to
acetaldehyde. While acetaldehyde shows relatively weak seasonal variation (Fig. 5a) due to its multiple sources including
biomass burning and biogenic sources, propanal displays pronounced seasonality with higher burdens during Northern
Hemisphere winter and lower burdens in summer (Fig. 5b), reflecting the seasonal cycle of propane. Butanal, derived only
from n-butane oxidation, shows similar patterns to propanal (not shown) but with even smaller atmospheric burdens due to its
shorter lifetime (Table S11). These characteristics are also reflected in their spatial distributions (Fig. 5c-d), where propanal

shows stronger anthropogenic patterns while acetaldehyde reflects contributions from multiple sources.
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Figure 5. Monthly time series of global burden for (a) CH3CHO and (b) PROPANAL. Annual mean surface mixing ratios of (¢c) CH3CHO
and (d) PROPANAL from the CAMS_T2.3 T3 simulation. Note that PROPANAL is only explicitly represented in T3 mechanism. In (b),
the CEDS/CAMS_T1.3 T3 lines (purple) closely overlap with the CEDS/CAMS_T2.3 T3 lines (green).

4.5 Organic Nitrates (PAN, PPN, and ALKNIT)

Similar to acetaldehyde, PAN burden decreases in T3 compared to T1 and T2 (Fig. 6a), as acetaldehyde is one of

PAN's key precursors. However, the magnitude of PAN burden reduction in T3 relative to T1 and T2 is smaller than that of

acetaldehyde (7-9% for PAN vs. 8—14% for acetaldehyde). This difference occurs because the peroxyacetyl radical (CH3COs3),

which reacts with NO» to form PAN, is generated not only from acetaldehyde oxidation but also from other pathways such as

biogenic VOC oxidation and photolysis of ketones.
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PPN, explicitly simulated only in T3 as a product of propanal oxidation, represents a small contribution to the total
organic nitrate budget. With a global burden of 40-50 Gg, PPN represents only ~2% of PAN burden (2000-2300 Gg, Table
S11), justifying its omission in computationally efficient mechanisms like T1. However, explicit representation of PPN in the
MOZART-T3 mechanism enables more comprehensive model evaluation against observational datasets as discussed in Sect.
5.

T3 more comprehensively represents alkyl nitrates from individual alkane oxidation pathways. While T1 and T2
simulate ALKNIT as a lumped species from BIGALK oxidation, T3 produces compound-specific alkyl nitrates from C,—Cs
alkanes. Despite this increased chemical detail, total ALKNIT burden shows small variation across mechanisms, with up to
20-24% difference between T1.2 and T1.3 T3, and only 7-10% between T1.3 and T1.3 T3 (Table S10). Among the Co—Cs
species, C¢ compounds (C6ALKO2 and COALKOHO2) dominate ALKNIT chemical production (Fig. S3), contributing more
than half (54% in CEDS and 60% in CAMS), consistent with the general increase in alkyl nitrate yields with carbon number
as discussed in Sect. 2.3 (Arey et al., 2001; Jenkin et al., 2019). Despite the very low alkyl nitrate branching ratio from ethyl
peroxy radical (Fig. S4), ethyl peroxy radicals produced from decomposition of higher carbon number alkoxy and peroxy
radicals (e.g., from isopentane oxidation), as well as from ethane oxidation, collectively contribute 9-10% to total ALKNIT
chemical production.

T3's explicit representation fundamentally alters the spatiotemporal patterns of ALKNIT. Rather than uniformly
scaling concentrations, T3 produces stronger seasonal variations with pronounced NH winter maxima and NH summer minima
(Fig. 6¢). The vertical distribution also shifts dramatically: T3 simulates higher ALKNIT at the surface but lower ALKNIT at
200 hPa compared to T1 (Fig. S5). These contrasting patterns arise from fundamentally different chemistry in the two
mechanisms. T1 relies on a single BIGALK pathway to produce ALKNIT (Fig. S3), whereas T3 employs 13 distinct pathways,
each with unique precursor lifetimes and nitrate yields. This mechanistic complexity is evident in the altitude dependence of
alkyl nitrate formation. In T1, only temperature affects ALKNIT production rates (Emmons et al., 2020), causing branching
ratios to increase monotonically with altitude as temperature decreases (Fig. S4). In contrast, T3 incorporates both temperature
and pressure dependencies following Jenkin et al. (2019), where decreasing air density at higher altitudes partially offsets the
temperature effect, suppressing nitrate yields in the upper troposphere. Additionally, as discussed in Sect. 4.2 (Fig. S2), higher
carbon alkanes have shorter lifetimes and thus lower concentrations in the upper troposphere. Consequently, T3 redistributes
ALKNIT toward lower altitudes compared to T1, which may influence NOy partitioning and transport. The ALKNIT
distribution shift in T3 thus reflects the complex interplay of VOC speciation from emission inventories, precursor lifetimes,

and temperature- and pressure-dependent branching ratios—factors that cannot be captured by a single lumped species.
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Figure 6. Monthly time series of global burden for (a) PAN, (b) PPN, and (c) ALKNIT across different mechanisms and emission inventories.
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5 Comparison with ATom observations

To illustrate the value of representing butanes and pentanes and their oxidation products, we evaluate the model
simulations against global observations to assess the performance of different mechanisms in CAM-chem. While much of the
new chemistry of T3 occurs near source regions, it also improves the representation of long-lived oxidation products (e.g.,
MEK) in the remote atmosphere. We focus on VOCs and OVOCs whose production and loss processes are added or modified
in the T3 mechanism, as well as major air pollutants such as ozone, NOy, HOy, and formaldehyde.

The ATom mission conducted airborne measurements over the Pacific and Atlantic Ocean basins during four
deployments spanning different seasons from 2016 to 2018 (Thompson et al., 2022). ATom specifically targeted the remote
atmosphere, which is distant from, but still influenced by, anthropogenic pollution sources. This makes ATom observations
particularly suitable for evaluating global chemical mechanisms, as the remote atmosphere allows us to assess the long-range
transport and chemical evolution of pollutants without the complexity of local influences. The campaign measured a
comprehensive suite of VOCs and OVOCs relevant to this study, including alkanes, aldehydes, ketones, and organic nitrates,
along with major air pollutants. With measurements spanning from the surface to the upper troposphere (~12 km) across four
seasons and two ocean basins, ATom provides systematic global coverage for evaluating both spatial distributions and seasonal
variations simulated by global atmospheric chemistry models such as CAM-chem. For species with measurements below their
detection limits, we assign a value of zero rather than excluding those data points, to avoid sampling biases toward higher
concentrations.

We first evaluate general model performance for major air pollutants and oxidants including ozone, NO, NO,, CO,
OH, HO., formaldehyde, and acetaldehyde (Fig. S6). Overall, the model captures the observed vertical distributions reasonably
well across different altitude bins, indicating that CAM-chem successfully reproduces the average oxidation conditions and
meteorological fields of the global atmosphere during ATom. CO is underestimated, especially in the lower troposphere,
consistent with pervasive negative biases of CO reported in previous global chemistry model studies (Stein et al., 2014; Huang
etal., 2016; Emmons et al., 2020; Gaubert et al., 2020). OH and HO, are generally well captured within the observed variability,
showing good agreement across most altitude bins. Acetaldehyde is significantly underestimated across all model cases,
consistent with a known missing source in the remote troposphere. Wang et al. (2019) showed that oceanic emissions primarily
affect the marine boundary layer, while organic aerosol photolysis can only partially explain the gap in the free troposphere,
suggesting the existence of additional unidentified gas-phase precursors.

Importantly, all model cases show similar performance for these major pollutants and oxidants, with differences
between emission inventories generally larger than those between chemical mechanisms. This suggests that additional
speciated alkane chemistry does not significantly affect major air pollutant simulations at the global scale, confirming that the
T1 mechanism adequately captures atmospheric chemistry without detailed alkane speciation, at least in terms of global
averages. While the impacts of detailed alkane chemistry in polluted urban areas will be evaluated using higher horizontal

resolution (~7 km) simulations such as Multi-Scale Infrastructure for Chemistry and Aerosols (MUSICA, Pfister et al., 2020;
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Jo et al., 2023D), this result suggests that studies primarily interested in global-scale major pollutant concentrations can use the
T1 mechanism without requiring detailed alkane speciation.

In contrast to major air pollutants, alkanes and their OVOC products show more distinct differences among model
cases (Fig. 7). Propane and =Cj4 alkanes show underestimations with normalized mean biases (NMBs) of -65 to -73% for
propane and -32 to -53% for =C, alkanes. Note that applying exact detection limit values instead of zero for below-detection-
limit measurements changes these NMBs by only ~1% for propane and ~7% for =C, alkanes, indicating that this choice does
not significantly affect the results. The differences among chemical mechanisms (T1, T2, T3) are minimal for propane, as
expected since only the oxidation pathways differ among mechanisms while the reaction rate of propane with OH remains
unchanged. This is also the case for =C4 alkanes, as OH levels are similar and the reaction rate for BIGALK in T1 is
comparable to the average reaction rate of =C, alkanes in T3. Nevertheless, T3 slightly improves the =Cjy alkane bias by ~5%.
In contrast, =Cs alkanes (available only in T3) show overestimation with NMBs of 132 to 170%. However, these NMBs are
greatly reduced to 22 to 41% when below-detection-limit measurements are set to their detection limit values instead of zero,
as a large fraction of =Cg alkane measurements fall below the detection limit. Given that TOGA does not report all Cg alkane
species (TOGA measured five =Cs alkanes during ATom: 2-methylpentane, 3-methylpentane, n-hexane, n-heptane, and 2,2,4-
trimethylpentane) and that =Cs alkanes concentrations are lower than propane and =C, alkanes by a factor of ~10 (Fig. 7),
the apparent overestimation likely reflects uncertainties in both the observations and the VOC speciation in emission
inventories.

When examining individual C4—Cs alkane species (Fig. S7), all species (n-butane, i-butane, n-pentane, and i-pentane)
show similar underestimation patterns (NMBs of -14% to -67%). However, the ratios of branched to total alkanes (i-
butane/butanes and i-pentane/pentanes) are well captured by the model, with mean ratio differences of less than 0.04 (~10%)
for both butanes and pentanes. This agreement validates the i/n emission ratios presented in Tables S6 and S7 and the reaction
rates with OH, suggesting that while absolute emission magnitudes may be underestimated, the relative composition of alkane
isomers is reasonably represented in the model.

PAN concentrations are relatively well captured across all model cases and altitude bins, with model results following
the observed vertical distributions. However, all model cases tend to overestimate upper troposphere values. The degree of
overestimation decreases with increasing chemical complexity: NMBs are 68—80% for T1.2 and T1.3 cases, 61-72% for T2.3
cases, 54-61% for T1.3_T3 cases, and 47-54% for T2.3 T3 cases.

Unlike PAN, PPN concentrations are substantially underestimated with NMBs of -66 to -72%. This underestimation
may be due to underestimated propanal levels, a precursor of PPN, with models showing an NMB of -75% for propanal. In
contrast, acetone shows good agreement with observations, especially when using T2.3 T3 chemistry (NMB of -1% to 1%).
Because the lifetime of propanal (less than a day) is much shorter than that of acetone (~12 days), propanal concentrations can

be more strongly affected by available propane. The ratios between OVOCs (acetone, PPN, and propanal) and their parent
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hydrocarbon (propane) show different patterns (Fig. S7): overestimation of the acetone-to-propane ratio and underestimation
of the propanal-to-propane and PPN-to-propane ratios.

Among the OVOCs, MEK shows the most pronounced differences between mechanisms, as discussed in Sect. 4.3.
The model results fall into three distinct groups: the base mechanism (T1.2), T1.3 and T2.3 with updates from this study (Sect.
2.8 — updates to photolysis rates and OVOC emission ratios), and T3 cases (T1.3_T3 and T2.3 T3). The base mechanism
(T1.2) significantly overestimates MEK concentrations throughout the vertical profile, while T1.3 and T2.3 show much better
agreement with observations. However, these cases still overestimate MEK above 3 km altitude, and these overestimations
shift to underestimations when the new chemistry in T3 is added. The NMBs are 302—-374% for T1.2, 117-173% for T1.3 and
T2.3, and -29 to -33% for all T3 cases.

While these updates bring MEK into reasonable agreement with observations in terms of NMB, detailed evaluation
reveals a more complex situation (Fig. S8). The evaluation results differ by individual ATom campaign and by region. For
example, T3 cases show good agreement with observations for ATom-2, but T1 and T2 with photolysis rate updates show
better agreement for ATom-4. Regional evaluation also shows varying performance. One consistent finding is that the base
configuration (T1.2) without any updates always shows substantial overestimation for each campaign and region, regardless
of the emission inventory used. Comparison over the North America domain shows better agreement for T3 cases, and given
that n-butane (a MEK precursor) is also underestimated during ATom, this may indicate that the T3 chemical mechanism is
accurate in terms of MEK.

Finally, we evaluate alkyl nitrates from alkane oxidation (ALKNIT). The model ALKNIT represents the sum of all
alkyl nitrates produced from alkane oxidation pathways. ATom measurements of isopropyl nitrate, a single alkyl nitrate species
from propane oxidation, show mixing ratios comparable to or even higher than the total model ALKNIT, indicating substantial
underestimation of total alkyl nitrates in the model. In contrast, the model simulates approximately three times higher ALKNIT
values below 3 km over North America (not shown), suggesting that photolysis rates or OH reaction rates of alkyl nitrates may
need to be revisited in future studies. However, given that precursor alkanes (propane and =Cjy alkanes) are also underestimated,

it is difficult to attribute the ALKNIT underestimation solely to chemistry, as emission uncertainties may also contribute.
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Figure 7. Vertical profiles of alkanes (propane, C4 or higher, C¢ or higher), PANs (PAN, PPN), and OVOCs (MEK, acetone, propanal,
isopropyl nitrate) compared with ATom observations. Box-and-whisker plots show the distribution of ATom measurements at each altitude
bin, with the box representing the interquartile range, the orange line indicating the median, and whiskers extending to the 10th and 90th
percentiles. Black dots represent the mean of observations. Model median values from different mechanism and emission inventory
combinations are shown as colored lines and symbols. Numbers on the right y-axis indicate the number of observations in each altitude bin.
Note that PPN and propanal are represented only in T3 mechanism, and the model results for isopropyl nitrate represent total lumped alkyl
nitrates (ALKNIT) for approximate comparison with observations.

6 Conclusions

This study presents MOZART-T3, an atmospheric chemistry mechanism that replaces the lumped alkane compound
(BIGALK) representation in MOZART-T1 and T2 with more comprehensive treatment of individual C4—Cs alkane species.
T3 also implements more detailed propane chemistry by resolving propyl peroxy radical isomers. This more comprehensive
representation fundamentally alters how alkane oxidation and alkane-derived OVOCs are simulated in CAM-chem, enabling
more mechanistically consistent evaluation of these species.

Global budget analyses show that T3 maintains consistency with T1 and T2 for total alkane burdens while providing
mechanistic detail that enables more comprehensive model evaluation. For propane, T3 quantifies hydrogen abstraction
branching ratios at 75% for secondary carbon and 25% for primary carbon, with the secondary fraction increasing with altitude.
For >C, alkanes, T3 demonstrates that the lumped BIGALK approach in T1 and T2 adequately captures average global
reactivity, but the more comprehensive representation can simulate altitude-dependent distributions driven by species-specific

lifetimes.
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The oxidation products of alkanes show greater sensitivity to mechanism choice than the parent alkanes. In particular,
MEK shows the most pronounced mechanism differences, with T3 reducing MEK burden substantially compared to T1
through three factors: adjusted emission speciation ratios, increased photolysis rates, and explicit representation of n-butane
oxidation. T3 introduces six additional Cs—Cg ketone species that contribute approximately 40% to global ketone sources but
only 2% to total ketone burden due to their short atmospheric lifetimes. For aldehydes, T3 decreases acetaldehyde burden by
8—14% through compound-specific yields that replace the fixed 0.4 yield in T1 and T2, while explicitly representing propanal
and butanal.

Evaluation against ATom observations demonstrates that all mechanisms adequately capture major air pollutants and
oxidants (e.g., O3, NOy, and HOy) at the global scale, with emission inventory differences generally exceeding mechanism
differences. However, T3 enables evaluation of species not previously represented, including individual C4—Cs alkanes,
propanal, and PPN. The model captures observed i/n ratios for butanes and pentanes well, validating the emission ratios and
OH reaction rates, though absolute alkane concentrations are underestimated. MEK evaluation reveals complex spatial and
temporal variability, with T3 showing improved performance but results vary by region and season.

The development of T3 represents a balance between chemical complexity and computational efficiency. While T3
adds detail for alkane oxidation, it demonstrates that lumped approaches in T1 and T2 adequately represent global-scale major
pollutant concentrations. However, the explicit treatment in T3 enables more comprehensive evaluation against observations,
particularly for OVOC:s that are increasingly measured in field campaigns.

This study focuses on global-scale evaluation of the T3 mechanism as a necessary first step in mechanism
development. However, the impact of detailed alkane chemistry is expected to be more pronounced in polluted urban
environments or biomass burning hot spots, where VOC concentrations and photochemical activity are substantially higher.
Future work should prioritize evaluating T3 performance in urban areas using higher-resolution regional simulations such as
MUSICA, where the explicit representation of individual alkane species and their oxidation products may more significantly
affect ozone and secondary pollutant formation. Such high-resolution urban simulations will provide critical insights into
whether the added chemical complexity in T3 translates to improved air quality predictions in populated regions. Additionally,
this study reveals substantial underestimation of alkane concentrations in both CEDS and CAMS emission inventories,
suggesting that alkane emissions need to be revisited. The explicit representation of individual alkane species and their isomer
ratios in T3 provides a valuable tool for diagnosing missing emission sources, as isomer ratios can help distinguish between
different source types. Improving emission inventories in conjunction with more detailed chemical mechanisms such as T3
will be essential for accurately simulating alkane chemistry and its impacts on ozone and secondary pollutant formation across

different environments.
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Code and Data Availability. Community Earth System Model is an open-source community model and is publicly available
at https://github.com/ESCOMP/CESM. The chemical mechanism files used in this study are available on the Zenodo
repository (https://doi.org/..... to be assigned upon publication). Global simulation output used in this study has been archived
and is available from the corresponding author upon request. ATom measurements are publicly available at NASA Earthdata:

https://www.earthdata.nasa.gov/data/projects/atom.
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