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12 Abstract.

13 Biogenic secondary organic aerosol (SOA) makes up a substantial fraction of atmospheric fine
14 particulate mass, with important implications for climate and human health. However, its

15 chemical formation processes remain poorly understood and are often oversimplified in 3D

16 atmospheric models. Recent studies have found that the peroxy radical (RO2) isomerization and
17 the ROz accretion reactions (RO2 + RO») can lead to SOA formation. We expand the RO»

18 chemical mechanism in the Community Earth System Model version 2 to include these two

19 additional pathways for biogenic SOA formed through the OH oxidation of volatile organic

20 compounds (VOCs). Using this mechanism, we quantify the contribution of each RO, pathway
21 to biogenic SOA formation and examine how these contributions evolve from the pre-industrial
22 (PI) to present-day (PD) and future (F). We find that in PD conditions, RO, isomerization

23 accounts for 44-46% of monoterpene SOA, while the contribution from RO> + RO> pathways is
24 minor. From PI to F, the RO fate varies in response to atmospheric NOx levels and climate, but
25 the contribution from RO> isomerization is consistently high for monoterpenes, underscoring the
26 importance of representing this pathway in SOA parameterizations. In addition, total biogenic
27 SOA formed through OH oxidation decreases by 41% from PI to PD and increases by 113%

28 from PD to F, driven primarily by changes in biogenic VOC emissions. Our results highlight the
29 need to better constrain RO pathways for SOA formation through laboratory studies and

30 represent this RO, chemistry in SOA modeling.
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Short summary

We implement secondary organic aerosol (SOA) formation pathways due to peroxy radical (RO>)
isomerization and accretion reactions in the CESM2 model. The contribution of RO pathways to
SOA formation varies from the past to the future; for monoterpenes RO, isomerization remains
important under all climate conditions. We also quantify changes in total biogenic SOA burden
under different climates. Our study highlights the need to better represent RO, chemistry in SOA

modeling.
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40 1 Introduction

41 Aerosols impact the Earth’s climate by directly scattering and absorbing radiation as well
42 as indirectly altering cloud properties (Forster et al., 2021). They also contribute to air pollution
43 and the associated harm to human health (Burnett et al., 2018). Organic aerosol (OA) makes up a
44  substantial fraction (20-90%) of submicron particulate mass in the troposphere, with formation
45 of secondary organic aerosol (SOA) generally outweighing primary OA (Jimenez et al., 2009;
46 Zhang et al., 2007). Biogenic sources are estimated to be a major contributor to global SOA

47 formation (Hallquist et al., 2009; Hodzic et al., 2016; Kanakidou et al., 2005; Tilmes et al.,

48 2019). Despite this, there remain large uncertainties in our understanding of biogenic SOA,

49 largely due to the complex chemical processes involved in the formation of SOA.

50 SOA is formed through the oxidation of volatile organic compounds (VOCs) followed by
51 gas-to-particle conversion of the products. VOC oxidation generates organic peroxy radicals

52 (ROy), the chemical fate of which is a determining factor in SOA formation. Historically,

53 chamber studies explored SOA formation when RO; reacts with NO under high-NOx (polluted)
54  conditions and with HO; under low-NOx (clean) conditions (Kroll et al., 2005, 2006; Ng et al.,
55 2007; Song et al., 2005). For small biogenic VOC (BVOC) molecules (e.g., isoprene and

56 monoterpenes), the SOA yields (i.e., the mass of SOA formed per mass of VOC reacted) are

57 generally larger for the RO; + HO pathway than the RO, + NO pathway, because the products
58 formed from the former reaction are less volatile (Kroll et al., 2006; Presto et al., 2005). But this
59 NOx dependence is reversed in the oxidation of large VOC molecules (e.g., sesquiterpenes) (Ng
60 etal., 2007).

61 Recent studies have elucidated additional RO» reaction pathways for SOA formation.

62 Chamber experiments on a-pinene oxidation have shown that RO, unimolecular isomerization,



https://doi.org/10.5194/egusphere-2026-1570
Preprint. Discussion started: 26 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

63 also known as autooxidation, generates large amounts of extremely low-volatility products that
64 can easily condense to form SOA (Ehn et al., 2014). The reaction rates of isomerization highly
65 depend on the chemical structures of RO, (Bianchi et al., 2019; Vereecken and Noziére, 2020;
66 Otkjeer et al., 2018; Borcher et al., 2026). For some RO; species, the isomerization is sufficiently
67 fast and can outcompete bimolecular reactions (L. Xu et al., 2019; R. Xu et al., 2022). Also,

68 isomerization rates exhibit a large positive temperature dependence, enhancing the relative

69 importance of this pathway at higher temperatures (Bianchi et al., 2019). In addition, chamber
70 experiments with o-pinene and aromatic compounds have revealed that RO: self- and cross-

71 reactions (i.e., ROz + RO; reactions) can rapidly form accretion (dimer) products, which feature
72 remarkably low volatility and are thus effective sources for SOA (Berndt et al., 2018a, b; Zhao et
73 al., 2018). The reaction rates of the RO, + RO> reactions are highly uncertain, with measured

74 rates varying by up to 2 orders of magnitude in these chamber studies.

75 VOC oxidation and the subsequent RO> chemistry are often simplified in SOA

76 parameterizations in regional and global models. In earlier models lacking comprehensive

77 chemical mechanisms, emissions of SOA or gas-phase condensable organic products were scaled
78 directly from VOC emissions with fixed mass yields (Chin et al., 2002; Colarco et al., 2010; Liu
79 etal., 2012). A more advanced approach is to oxidize VOC into two or more condensable

80 product bins (Bergman et al., 2022; Chung and Seinfeld, 2002; Hoyle et al., 2007; Lou et al.,

81 2020; Tilmes et al., 2019; Tsimpidi et al., 2014). However, this method does not account for the
82 NOx dependence of the RO, fate, and some models use only the low-NOx conditions for biogenic
83 SOA, assuming that most biogenic emissions are oxidized in relatively clean environments (e.g.,
84 Louetal., 2020; Tilmes et al., 2019; Tsimpidi et al., 2014). The first explicit treatment of NOx-

85 dependent RO; chemistry was introduced by Henze et al. (2008), who parameterized aromatic
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86 SOA yields from both the low-NOy and high-NOyx pathways as products of the RO> + HO2 and
87 RO2+ NO reactions, respectively. Some large-scale models have adopted this approach for both
88 anthropogenic and biogenic SOA (Hodzic et al., 2016; Jo et al., 2021; Pye et al., 2010). More
89 recently, a few attempts have been made to include the isomerization and RO + RO; reaction
90 pathways with more comprehensive RO> chemistry in large scale models (Mayhew et al., 2025;
91 R.Xuetal, 2022; Zhao et al., 2020, 2024). R. Xu et al. (2022) represent the two pathways for
92 ROs generated from isoprene and monoterpene OH reactions and ozonolysis in a chemical
93 transport model. However, they do not couple the gas-phase chemistry with aerosol formation
94 and use the formed low-volatility gas-phase products as an analogue for SOA. Mayhew et al.
95 (2025) examined the accretion reactions for all the RO; generated in the same chemical transport
96 model, but the isomerization of terpene RO is precluded. Zhao et al. (2020) developed an RO»-
97 pathway (including autooxidation and dimerization) SOA formation scheme for monoterpenes,
98 which they implement in a regional model over the Amazon. This scheme was subsequently
99 implemented in a global climate model to better simulate organic-mediated nucleation (Zhao et
100 al., 2024). To our knowledge, the impact of these two newly identified RO> fates on total
101 biogenic SOA formation has not yet been explored in a global model.
102 The RO; fate and biogenic SOA formation under different climate conditions are
103  controlled by complex interactions between natural biogenic VOC emissions, anthropogenic
104 emissions, and climate factors (e.g., temperature, CO> concentrations). For example, global
105 biogenic VOC emissions are influenced by anthropogenic land use change (Heald and Geddes,
106 2016; Shi et al., 2025; Unger, 2014), temperatures (Guenther et al., 2012), and CO> level (Arneth
107 etal., 2007; Heald et al., 2009). Changes in anthropogenic NO emissions may perturb the RO, +

108 NO pathway and thus shift the RO, fate and SOA formation (Jo et al., 2021). Also, global
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109 warming from the past to the future may lead to opposing effects — increasing SOA formation
110 through accelerating RO isomerization while reducing SOA by pushing gas-particle partitioning
111 toward the gas-phase. The role of these factors on biogenic SOA formation remains poorly

112 constrained, partly due to a lack of representation of comprehensive RO> chemistry in the SOA
113 parameterizations in global climate models. As a result, the SOA loadings under different

114 climate conditions are not well assessed, which imposes large uncertainties in the aerosol-

115 induced climate radiative forcing and potential climate feedback involving biogenic SOA.

116 In this study, we incorporate the latest understanding of RO, chemistry for biogenic SOA
117 initially formed from gas-phase OH-initiated oxidation in a global climate model. We focus on
118 the fate of the initial RO, formed upon VOC oxidation. We note that SOA can also form through
119 VOC reaction with other oxidants (e.g., O3 and NO3) and through multiphase chemistry.

120  Although these pathways also involve RO> chemistry, their specific RO» fates are not the

121 primary focus of this study and thus they are excluded from our analysis. Our work aims to

122 answer three questions: (1) How does our recent understanding of RO, fate alter the global

123 simulated burden of OH-initiated biogenic SOA?; (2) What fraction of RO undergoes each

124 reaction pathway (i.e., RO> fate) and how much SOA is formed through each pathway?; and (3)

125 How does the burden of SOA and RO; fate change from the past to the present and to the future?
126 2 Methods

127 2.1 CESM2.2

128 Our study uses the Community Earth System Model version 2.2 (CESM2.2; Danabasoglu
129 et al., 2020). The atmosphere component of CESM2.2 is the Community Atmosphere Model

130 wversion 6 with full chemistry (CAM6-Chem; Emmons et al., 2020). CAM6-Chem incorporates
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131 the MOZART-TS2 gas-phase chemistry (Model of Ozone And Related chemical Tracers;

132 Schwantes et al., 2020) with the volatility basis set (VBS) scheme for SOA formation (Tilmes et
133 al., 2019). The VBS scheme considers the OH, O3, and NO3 gas-phase oxidation of six BVOC
134 species, including isoprene (ISOP), four monoterpenes (MTERP) — a-pinene (APIN), B-pinene
135 (BPIN), limonene (LIMON), and myrcene (MYRC) — and one lumped sesquiterpene, beta-

136 caryophyllene (BCARY). The OH-oxidation accounts for the high-NOx (RO + NO) and low-
137 NOx (ROz + HO3) conditions (Hodzic et al., 2016; Jo et al., 2021) (Table 1). The VBS reactions
138 produce semi-volatile SOA precursor gases (SOAG) into five logarithmically spaced bins based
139 on their saturation concentration (C*). These bins have C* of 0.01, 0.1, 1, 10, and 100 pg/m? at
140 300 K and are designated as SOAGO, SOAG1, SOAG2, SOAG3, SOAG4 in the model,

141 respectively. The SOAGs undergo gas-aerosol partitioning and form SOA in the Aitken and

142 accumulation modes of the 4-mode version of the Modal Aerosol Model (MAM4; Liu et al.,

143 2016). SOA is subject to photolysis loss at a constant rate of 0.04% of [y, (Hodzic et al., 2015).
144 The MOZART-TS2 gas phase mechanism includes a more comprehensive BVOC gas-phase

145 oxidation than is treated in the default VBS scheme. In addition to the reactions of RO2s with
146 HO- and NO, its OH-oxidation mechanism includes the reactions of terpene RO2s with NOs,

147 CH30,, CH3CO3, and selected RO; species, as well as reactions of ISOP ROzs with CH30» and
148 CH3COs, along with the isomerization and dissociation of ISOP RO:s. These additional RO: loss
149 pathways are not connected to SOA simulation. Also, the MOZART-TS2 reactions do not form

150 SOAG.
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151 Table 1. BVOC OH oxidation and RO; reactions in default CAM6-Chem VBS. For simplicity in
152 this table, we use MTERP to represent the four monoterpenes in CAM6-Chem (APIN, BPIN,
153 LIMON, and MYRC). ISOPO2VBS (CsH90O3), MTERPO2VBS (Ci0H1703), and

154 BCARYO2VBS (Ci5H2503) are first-generation peroxy radicals formed from isoprene (ISOP),
155 monoterpene (MTERP), and sesquiterpene (BCARY) oxidation in VBS, respectively. Chemical
156 formula for other species can be found in Table S2 of Schwantes et al. (2020).

Reactions Rate (cm® molecule !'s™!)

ISOP + OH = ISOP + OH + ISOPO2VBS 2.7 x 10711 x ¢(390/T)

ISOPO2VBS + HOz - HO» + 0.0031*SOAGO + 0.0035*SOAG! +

-13 (1300/T)
0.0003*SOAG2 + 0.0271*SOAG3 + 0.0474*SOAG4 212x107 xe

ISOPO2VBS + NO - NO + 0.0003*SOAGO + 0.0003*SOAG1 +

-12 (360/T)
0.0073*SOAG2 + 0.0057*SOAG3 + 0.0623*SOAG4 2.7%10 xe

MTERP + OH > MTERP + OH + MTERPO2VBS See note”

MTERPO2VBS + HO; = HO: + 0.0508*SOAGO + 0.1149*SOAG1 +

-13 y ,(1300/T)
0.0348*SOAG2 + 0.0554*SOAG3 + 0.1278*SOAG4 26x107+ xe

MTERPO2VBS + NO - NO + 0.0245*SOAGO + 0.0082*SOAGI1 +

-12 (360/T)
0.0772*SOAG2 + 0.0332*SOAG3 + 0.13*SOAG4 27x107 xe

BCARY + OH > BCARY + OH + BCARYO2VBS 2x 10710

BCARYO2VBS + HO; = HO; + 0.2202*SOAGO + 0.2067*SOAG1 +

-13 y, ,(1300/T)
0.0653*SOAG2 + 0.1284*SOAG3 + 0.114*SOAG4 275x107" x e

BCARYO2VBS +NO - NO + 0.1279*SOAGO0 + 0.1792*SOAG]1 +
0.0676*SOAG2 + 0.079*SOAG3 + 0.1254*SOAG4

157 *The reaction rates for the OH oxidation of APIN, BPIN, LIMON, and MYRC are

158 1.34 x 10711 x e(*#10/7) 1,62 x 10711 x e(*60/T) 3 41 x 10711 x e(479/T) 'and 2.1 x 10~1°
159 cm®molecule™' s, respectively.

2.7 x 10712 x e(360/T)

160 CAMO6-Chem is coupled with the land component of CESM2 — the Community Land
161 Model version 5 (CLMS5, Lawrence et al., 2019). The model is run with the satellite phenology
162 biogeochemistry configuration, where the land use and leaf area index are prescribed and not

163 impacted by changes in CO; and climate. CLMS5 includes the Model of Emissions of Gases and

164  Aerosols from Nature (MEGAN) version 2.1 (Guenther et al., 2012), which prognostically
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165 calculates BVOC emissions accounting for light, temperature, leaf age, and CO». In MEGAN,
166 ISOP emissions are inhibited by elevated CO> level (Heald et al., 2009), while this effect does

167 not influence MTERP and BCARY emissions.
168 2.2 Expanded RO: chemistry

169 To improve the representation of biogenic SOA formation, we expand the RO, chemistry
170 in the VBS scheme. As mentioned above, we focus on the RO, reactions related to OH-initiated
171 biogenic SOA formation, which represents 59% of total biogenic SOA in the baseline CAMO6-
172 chem under PD climate conditions (estimated from the BASE experiment as described in Section
173  2.4). Hereafter, the RO: reactions and the formed SOA exclusively refer to those initiating from
174 BVOC + OH reactions. We note that our mechanism focuses on gas-phase reactions, whereas the
175 SOA formation through heterogeneous chemistry is not considered. Also, we only represent the
176 fate of the first generation RO, though later generation RO are included in the ROz + ROz

177 reactions (see below for more details). The RO, formed from the four MTERPs are lumped

178 together in the modified VBS and assumed to have the same yields and reaction rates for the RO>
179 reactions.

180 Our modifications primarily focus on incorporating isomerization and RO> + RO>

181 reactions for the first-generation terpene RO, (MTERP-RO; and BCARY-RO) (Table 2).

182 Following Pye et al. (2019), we allow 22% of the formed MTERP-RO; to undergo isomerization
183 and with a 50% yield to the lowest volatility bin of SOA (SOAGO) (Table 2, part 1). This is

184 implemented by partitioning the total MTERP-RO: into two species (0.78 and 0.22 fractions)

185 that undergo identical chemistry, except that only the latter is allowed to isomerize. The

186 temperature-dependent isomerization reaction rate was estimated using a rate constant of 0.28 s

187 at 293K (Pye et al., 2019) and an activation energy barrier of 18 kcal/mol (Bianchi et al., 2019).

10
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188 It is important to note that the branching ratio, SOA yields, and reaction rates are subjected to
189 significant uncertainties. For example, the isomerization rate used in this study may lie at the

190 lower end — Xu et al. (2019) reported unimolecular rate constants of 4 £2 and 16 = 5 s at 296 K
191 for a-pinene and B-pinene, respectively. Nevertheless, even with these slower rates,

192 isomerization remains relatively fast compared with competing bimolecular reactions, especially
193 under clean and/or warm conditions (Figure 1). The fast rate, along with the high SOAG yields,
194 leads to rapid production of large amounts of SOA from isomerization. Also, isomerization is

195 highly temperature-dependent as compared to the bimolecular reactions (Figure 1).

196

11
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197 Table 2. Newly implemented reactions for MTERP-RO, (MTERPO2VBS) and BCARY-RO»
198 (BCARYO2VBS) in VBS. Units for isomerization reaction rate constants are s_' and those for

199 the RO, + RO, reactions and other terpene RO> reactions are cm? molecule™' s™'.

1

Reactions

Reaction rate constant

References

Part 1. Isomerization™

MTERPO2VBS - 0.5SOAGO [

7.48 x 1012(=9058/T) [a,b]

BCARYO2VBS - 0.5SOAGO [

7.48 x 1012 (~9058/T) [a,b]

[al Pye et al. (2019);
(®] Bianchi et al. (2019)

Part 2. RO: + RO: reactions

Fast Slow

MTERPO2VBS + ISOP-RO;" = 0.04SOAGO !

2x 10711 1 2x 10711

MTERPO2VBS + IEPOX00 - 0.04SOAGO [

2x10711 2x10711

MTERPO2VBS + MTERPO2VBS - 0.04SOAGO0
[c]

4 X 10—11 [d] 10—12 [c]

MTERPO2VBS + BCARYO2VBS - 0.04SOAGO0
[c]

4 x 10—11 [d] 10—12 [c]

MTERPO2VBS + TP2-RO>! = 0.04SOAGO [

2.6 x 107100 | 10712 [c]

BCARYO2VBS + ISOP-RO; = 0.04SOAGO !

2x 10711 2x10711 @

BCARYO2VBS + [EPOX00 - 0.04SOAGO !

2x10711 4 2x10711

BCARYO2VBS + BCARYO2VBS - 0.04SOAGO0
[c]

4x10711 @ | 107121

BCARYO2VBS + TP2-RO; = 0.04SOAGO [

2.6 X 10710 [l | 10712 [c]

[] Zhao et al. (2018);
[l Berndt et al. (2018b);
(el Berndt et al. (2018a)

Part 3. Other terpene RO; reactions that are newly added to VBS but do not form SOAG

MTERPO2VBS + NO3 = NO3 2.3 x 10712
MTERPO2VBS + CH302 - CH302 2 x 10712
MTERPO2VBS + CH3CO3 - CH3CO3 2 X 10712 x (500/T)
BCARYO2VBS + NO3 = NO3 2.3 x 10712
BCARYO2VBS + CH302 - CH302 2x 10712

BCARYO2VBS + CH3CO3 - CH3CO3

2 X 10—12 X e(SOO/T)

Schwantes et al. (2020)

200 *Only 22% of MTERPO2VBS can isomerize (Pye et al., 2019).
201 fISOP-RO; denotes six first generation ISOP-RO; species from MOZART-TS?2, including

202 ISOPED102, ISOPB102, ISOPZD102, ISOPED402, ISOPB402, and ISOPZD402.

203 *TP2-RO; denotes RO> formed through terpenes ozonolysis and those from the second and later
204 generation oxidation in MOZART-TS2, including TERP1OOHO2, TERP200OHO2,

205 TERPA102, TERPA2CO3, TERPA202, TERPA3CO3, TERPA302, TERPA402, TERPACO3,

206 TERPF102, and TERPF202.
207

12
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a) Beijing (39.9°N, 116.4°E) b) Seattle (47.6°N, 122.3°W) c) Amazon (3.5°S, 62.2°W)
107 4
7 108
w
lE 105 4 J ]
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£ RO2+HO,
g 10° i 1 — RO,+NO
& —— isomerization
102 E
RO,+RO; (slow)
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208 Temperature (K) Temperature (K) Temperature (K)

209 Figure 1. Loss rates for various MTERP-RO: reactions as a function of temperature at a)

210 Beijing, b) Seattle, and ¢) Amazon. The rates are calculated based on reactant concentrations in
211 June from the NEW_slow experiment, except for the fast RO> + RO; reactions, which use results
212 from the NEW_fast experiment.

213 Next, we introduce RO + RO, for MTERP-RO,, considering the reactions with first-
214 generation ISOP-RO,, IEPOXOO, first-generation MTERP-RO; and BCARY-RO», the terpene
215 RO; formed through terpene ozonolysis and the second or later generation oxidation (Table 2,
216 part 2). These reactants are produced in MOZART-TS2. The reactions with nitrogen-containing
217 biogenic RO, and RO; formed from the oxidation of other organics are not included. We note
218 that for the same set of reactions, the rate coefficients reported by different laboratory studies
219 vary by up to two orders of magnitude (Berndt et al., 2018a, b; Zhao et al., 2018), highlighting
220 the substantial uncertainty associated with these reactions rates. Therefore, following Xu et al.
221 (2022), we classified and tested the RO, + RO; reaction rates as either fast or slow combinations.
222 Moreover, the SOA yields of the RO2 + RO> reactions are another source of uncertainty. All of
223 the reactions are assumed to form 4% of SOAGO, representing the lower limit of the dimer

224 formation branching ratio reported by Zhao et al. (2018). For BCARY-RO;, we add these two
225 reaction pathways assuming they have the same behavior as MTERP-RO;, due to the limited
226 understanding of BCARY-RO; chemistry (Table 2). This assumption may result in an

227 underprediction of BCARY SOA, since accretion reactions involving BCARY oxidation have

13
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228 been found to generate products with lower volatility than those with monoterpene and isoprene
229 alone (Dada et al., 2023). Moreover, to examine the RO fate and contribution to SOA formation
230 from each reaction, we track SOA formed from individual BVOC reactions separately in our

231 experiments. SOA formed through MTERP-RO; + ISOP-RO2/BCARY-RO; are classified as
232 MTERP SOA, whereas those formed through the cross reaction between ISOP-RO- and

233 BCARY-RO:; are classified as BCARY SOA.

234 Finally, we characterize the fates of the RO, that are included in the MOZART chemistry
235 but do not form SOA in the VBS. For terpene ROz, we implement their reactions with NO3,

236 CH30», and CH3COs in the VBS (Table 2, part 3). For ISOP-RO;, instead of generating a new
237 ROz species (i.e., ISOPO2VBS in Table 1), we directly use the six ISOP-RO, (ISOPED102,
238 ISOPB102, ISOPZD102, ISOPED402, ISOPB402, and ISOPZD402) formed from the

239 MOZART chemistry in the RO> + HO2 and RO, + NO reactions in VBS (i.e., replace the ISOP
240 reactions in Table 1 with those in Table 3, part 1). In this way, the VBS and MOZART are

241 coupled for ISOP-RO,, and additional key ISOP-RO; reactions (isomerization, dissociation, and
242 reactions with CH302, and CH3CO3) (Table 3, part 2) are considered in the VBS. These reactions
243  do not form SOAG but represent additional loss pathways for RO> within the VBS, which would
244  reduce SOA formation via competition with the SOAG-producing reactions. In our mechanism,
245 we assume that ISOP-RO; isomerization does not form SOAG because the isomerization

246 products are volatile (D’ Ambro et al., 2017). However, a recent study found that isomerization of
247 ISOP-RO; forms SOA with molar yields of 0.13-0.35% (Berndt et al., 2025), suggesting that the
248 global total isoprene SOA yields in our simulations may be a lower limit.

249

14
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250 Table 3. ISOP-RO; reactions in the modified VBS and the related RO, fate in MOZART. Units

1

251 for reaction rate constants are cm?® molecule™ s™!, except for specific notations.

Reactions Rate constant

Part 1. ISOP-RO: reactions in VBS

ISOP-RO;" + HOz = ISOP-RO:" + HO; + 0.0031*SOAGO +
0.0035*SOAGI + 0.0003*SOAG2 + 0.0271*SOAG3 + 0.0474*SOAG4
ISOP-RO:" + NO = ISOP-RO;" + NO + 0.0003*SOAGO + 0.0003*SOAG1
+0.0073*SOAG2 + 0.0057*SOAG3 + 0.0623*SOAG4

Part 2. Related ISOP-RO; fate in MOZART
ISOPZD102 = 0.15*HPALDBIC + 0.25*HPALDI + 0.4*HO2 + 0.6*OH | 5.05 x 105 x

2.12 x 10713 x ¢(1300/T)

2.7 X 10712 x ¢(360/T)

+ 0.6*DHPMPAL + 0.6*CO £ (=12200/T) 3 o(108/T%)+
ISOPZD402 > 0.15*HPALDBA4C + 0.25*HPALD4 + 0.4¥*HO2 + 0.6*OH | 2.22 X 102 x e(=7160/T) x
+ 0.6*DHPMPAL + 0.6*CO e (108/T%)7

ISOPB102 > MVK + CH20 + OH 1.04 x 1011 x g(=9746/T)%
ISOPB402 > MACR + CH20 + OH 1.88 x 101 x ¢(=9752/T)%

ISOPED102 + CH302 = 0.25*CH30H + 0.25*ISOPOH + 0.75*CH20 +
0.72*HO2 + 0.28*CO + 0.28*OH + 0.28*MVKOOH + 0.47*HYDRALD
ISOPZD102 + CH302 = 0.25*CH30H + 0.25*ISOPOH + 0.75*CH20 +
0.72*HO2 + 0.28*CO + 0.28*OH + 0.28*MVKOOH + 0.47*HYDRALD
ISOPB402 + CH302 = 0.25*CH30H + 0.25*HYDRALD + 0.25*ISOPOH
+1.25*CH20 + HO2 + 0.5*MACR

ISOPZD402 + CH302 = 0.25*CH30H + 0.25*ISOPOH + 0.75*CH20 +
0.72*HO2 + 0.28*CO + 0.28*OH + 0.28*MACROOH + 0.47*HYDRALD
ISOPED402 + CH302 = 0.25*CH30H + 0.25*ISOPOH + 0.75*CH20 +
0.72*HO2 + 0.28*CO + 0.28*OH + 0.28*MACROOH + 0.47*HYDRALD
ISOPB102 + CH302 = 1.75*CH20 + 0.25*ISOPOH + 0.75*MVK +
1.5%HO2

ISOPED102 + CH3CO3 = 0.45*HO2 + 0.45*HYDRALD + 0.55*CO +
0.55*OH + 0.55*MVKOOH + CO2 + CH302

ISOPB102 + CH3CO3 = MVK + CH20 + HO2 + CO2 + CH302
ISOPZD102 + CH3CO3 = 0.45*HO2 + 0.45¥*HYDRALD + 0.55*CO +
0.55*OH + 0.55*MVKOOH + CO2 + CH302

ISOPED402 + CH3CO3 = 0.45*HO2 + 0.45*HYDRALD + 0.55*CO +
0.55*0H + 0.55*MACROOH + CO2 + CH302

ISOPB402 + CH3CO3 = MACR + CH20 + HO2 + CO2 + CH302

ISOPZD402 + CH3CO3 - 0.45*HO2 + 0.45*HYDRALD + 0.55*CO +
0.55*0OH + 0.55*MACROOH + CO2 + CH302

252 "ISOP-RO; denotes six first generation ISOP-RO; species from MOZART-TS?2, including
253 ISOPED102, ISOPB102, ISOPZD102, ISOPED402, ISOPB402, and ISOPZD402.
254 TUnits: s\

1.2 x 10712

1.4 x 10712

9.8 x 10713

1.6 x 10713

2 X 10—12 X e(SOO/T)
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255 2.3 Modifications to SOA photolysis

256 Another source of uncertainty lies in the representation of SOA photolysis. The standard
257 CAMG6-Chem assumes that all SOA is subject to photolysis at a constant rate. However,

258 laboratory studies have reported a photo-recalcitrant fraction ranging from 7% to 90% (O’Brien
259 and Kroll, 2019; Sun and Smith, 2024; Zawadowicz et al., 2020). Neglecting this fraction likely
260 results in an overestimation of SOA photochemical loss and thus an underprediction of SOA

261 mass in model simulations. Therefore, as a simple step to mimic the photo-recalcitrant fraction as
262 observed in laboratory studies, we turn off the photolysis of SOA in the lowest volatility bin.

263 This modification results in a mean photo-recalcitrant fraction of 29% in the modified

264 mechanism (calculated based on 1-year experiment using NEW_slow chemical mechanism; see
265 Section 2.4 for details about NEW_slow). We note that the SOA photolysis rate is also uncertain.
266 Some chamber experiments shows that the rate can reach as high as 2% of Jy,, (Henry and

267 Donahue, 2012; Krapf et al., 2016), while recent laboratory studies reported rate of 0.025% Jyo,
268 (Baboomian et al., 2020;_Sun and Smith, 2024). Since the rate used in standard CAM6-Chem
269 (0.04% Jyo,) is in general agreement with the more recent studies (Baboomian et al., 2020; Sun

270 and Smith, 2024), we leave the photolysis rate unchanged.

271 2.4 Experiments

272 We conduct three sets of experiments with CAM6-Chem. First, we compare the default
273 configuration with the modified RO, chemistry through three experiments: BASE, NEW _fast,
274 and NEW _slow. The BASE experiment represents the default chemical mechanism (with our
275 updates to the treatment of SOA photolysis), while NEW_fast and NEW_slow incorporate

276 modified RO> chemistry with fast and slow RO, + RO; reaction rates, respectively. These three
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277 experiments utilize sea surface temperature (SST), CO; concentrations, anthropogenic and

278 natural emissions, and land use data from 2010, representing PD conditions. Second, we perform
279 two experiments — the PI and F experiments — with modified RO, chemistry that incorporates
280 slow RO; + RO reaction rates under PI (1850) and F (2100) conditions (i.e., SST, CO>

281 concentrations, anthropogenic and natural emissions, and land use). The future conditions follow
282 the Shared Socioeconomic Pathway 5-8.5 (hereafter SSP5), which assumes a fossil-based

283 economy with high COz levels and projected temperature increase (Riahi et al., 2017). This is
284 also a strong pollution control scenario with reduced future anthropogenic emissions compared
285 to PD levels. By comparing PI and F with the NEW_slow (PD) experiment, we investigate how
286 the RO; fate and SOA formation change from the past to present and future. Finally, to isolate
287 the chemistry impacts, we conduct two additional experiments that are the same as Pl and F,

288 except with fixed BVOC emissions at PD level (i.e., PI PDB and F_PDB). All experiments are
289 performed with a horizontal resolution of 0.9° x 1.25° and 32 vertical layers. The model is

290 integrated for 11 years with the first year used for spin-up. Results are shown as 10-year

291 averages to minimize interannual climate variability.
292 3 Results

293 3.1 SOA formation in PD

294 We examine the globally and annually averaged RO, fate (fRO;) and the contribution of
295 each reaction pathway to total SOA (fSOA) in PD in Figure 2. To calculate fRO,, we scale the
296 fRO: for individual ROz species with the corresponding branching ratios and weight the gridded

297 ROz by RO> concentrations (see Text S1 for more details). Only results for ISOP-RO; and
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298 MTERP-RO; are shown because the contribution from BCARY-RO; to biogenic SOA is small

299  (less than 1% of total biogenic SOA).
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301 Figure 2. Vertically integrated and globally and annually averaged RO> fate (fRO2; left panel)
302 weighted by gridded RO2 concentrations and the percentage contribution of each reaction

303 pathway to total SOA burden (fSOA; right panel) for MTERP (upper panel) and ISOP (lower
304 panel). Results are shown for the BASE, NEW _fast, and NEW _slow experiments. Different
305 reactions are categorized by colors. For ISOP-ROz, the RO>+RO; reactions include ISOP-RO; +
306 MTERP-RO; and ISOP-RO; + BCARY-RO:; reactions (Table 2, part 2), while “Others” include
307 ISOP-RO: decomposition and the reactions with CH30; and CH3CO3. For MTERP-RO», the
308 RO: + RO; reactions include those between MTERP-RO, and ISOP-RO,, IEPOXOO, MTERP-
309 RO:; itself, BCARY-RO,, and later generations of terpene RO: (Table 2, part 2), while the

310 reactions with NO3, CH302, and CH3CO;3 are included in “Others” (Table 2, part 3). To avoid
311 double counting, we classify the SOA formed through ISOP-RO2/BCARY-RO; + MTERP-RO>
312 solely as MTERP SOA.
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313 For MTERP-RO,, isomerization accounts for ~19% of fRO; in the two NEW

314 experiments (Figure 2a). Since we assume that only 22% of MTERP-RO:> can isomerize, this
315 contribution is substantial, indicating that isomerization is nearly saturated in this branch because
316 the reaction rate of isomerization generally exceeds that of bimolecular reactions (Figure 1). This
317 agrees with Xu et al. (2022), who also found isomerization to be the dominant fate for the

318 MTERP-RO; branch that can undergo unimolecular reaction. Isomerization forms a large

319 amount of low volatility products, making it a major contributor to total MTERP SOA formation
320 (46% in NEW _fast and 44% in NEW_slow) (Figure 2b). This highlights the important role of
321 including MTERP-RO; isomerization in SOA formation parameterizations.

322 The contribution of MTERP RO> + RO; reactions to fRO, depends on the reactions rates
323 (36% with faster reaction rates in NEW_fast and 17% with slower reaction rates in NEW_slow).
324 However, their contribution to total MTERP SOA is minor (8% in NEW _fast and 3% in

325 NEW slow) because only 4% of SOAGO is formed through these reactions. As described in

326 Section 2.2 this is likely a lower limit. Overall, the newly included reactions account for 40 -

327 57% of fRO: and 47 - 54% of fSOA in the NEW experiments, significantly modifying the

328 MTERP-RO; chemistry from the BASE experiment. MTERP-RO; reactions with HOz and NO
329 account for 20% and 24% of fRO2 in NEW _fast, and 31% and 29% in NEW_slow, respectively
330 (Figure 2a). Compared with BASE (fRO; for the HO; pathway is 62%)), the contributions of RO»
331 + HO> to fRO; in the NEW experiments are largely supplemented by the isomerization and

332 accretion reactions, which also favor clean conditions. We note that Xu et al. (2022) show a

333 higher RO> fate from MTERP-RO> + HO; reaction, which may indicate different global

334 distributions of NO and VOCs. For fSOA, the contribution from MTERP-RO; + HO; (31 - 37%)

335 s higher than that from MTERP-RO, + NO (15 - 16%), as expected, because products formed
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336 through reactions with NO are generally more volatile than those formed through reactions with
337 HO..

338 The two NEW experiments have identical isoprene ROz chemistry and thus show similar
339 fRO:y distributions for ISOP-RO;, with the exception that the NEW_slow has a slightly larger
340 RO;+ RO, fate than NEW _fast due to higher terpene RO: concentrations resulting from slower
341 MTERP-RO; + RO; reaction rates (Figure 2¢). In NEW_slow, contributions from ROz + HO»,
342 RO, + NO, isomerization, RO> + RO», and other reactions are 50%, 30%, 11%, 1%, and 9%,

343 respectively. Compared to BASE, the NEW experiments show 20-21% additional RO; loss due
344 to the newly introduced reactions. However, these reactions do not produce SOA precursors and
345 thus the relative contributions to ISOP SOA are similar in all three experiments. The

346 contributions to fSOA in NEW_slow from RO + HO; and RO + NO are 72% and 28%,

347 respectively.

348 The global distributions of fRO; from NEW_slow are shown in Figure 3. The

349 contribution from MTERP-RO: isomerization is generally spatially uniform over the land, with
350 exceptions over highly polluted environments (e.g., Eastern China), where the isomerization

351 pathway is of little importance (Figure 3a). Its contribution maximizes in North Africa, tropical
352 South America, and Australia, driven by high temperatures over these regions. The MTERP-RO;
353 + RO:s reactions contribute significantly (up to 40%) over tropical forests, including the Amazon,
354 Congo Basin, and Southeast Asia (Figure 3b). These regions have strong MTERP emissions and
355 thus high RO; concentrations, favoring RO; cross and self-reactions. In addition, for both ISOP-
356 RO, and MTERP-RO;, reactions with NO dominate the RO> fate over terrestrial polluted regions
357 with high NO emissions, accounting for more than 50% of fRO; in the US, most of Eurasia, the

358 Sahel and surrounding areas, and Southern Africa (Figure 3d and 3g). In contrast, RO> + HO»
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reactions become more important in relatively clean regions, such as the tropical and boreal

360 forests as well as the ocean (Figure 3¢ and 3f). Spatial distributions of the annual mean surface

361

362
363

364
365
366

MTERP-RO> and ISOP-RO: reaction rates are shown in Figures S1 and S2, respectively.
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Figure 3. Vertically integrated and annually averaged fRO; in % for MTERP-RO:> reactions
(panel a-¢) and ISOP-RO; reactions (panel f-h) from NEW _slow. The sum of reactions for the
same ROz (i.e., the sum of a) to e) and f) to h), respectively) is equal to 100%. Global mean fRO:
weighted by gridded RO concentrations are shown at the top right of each panel.
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368 Figure 4. Vertically integrated and annually averaged fSOA in % for MTERP-RO: reactions

369 (panel a-d) and ISOP-RO:> reactions (panel e-f) from NEW_slow. The sum of reactions for the
370 same RO:; (i.e., the sum of a) to d) and e) to f), respectively) is equal to 100 %. Global mean
371 fSOA are shown at the top right of each panel.

372 Figure 4 shows the global distributions of fSOA in NEW _slow. Isomerization accounts
373 for more than 40% of MTERP SOA in the North Hemisphere and across land in the Southern
374 Hemisphere (Figure 4a). RO; + HO» reactions is another major pathway, contributing 20 - 40%
375 of MTERP SOA formation in the Northern Hemisphere and 30 - 60% in the Southern

376 Hemisphere (Figure 4c). MTERP-RO: + NO contributes 20-40% over the polluted regions in the
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377 Northern Hemisphere but less than 20% elsewhere (Figure 4d). The contribution from MTERP-
378 ROz + ROz reactions is minor globally (Figure 4b), due to the small SOA yields and the

379 relatively slow reactions rates. We note that our findings differ from Mayhew et al. (2025) — who
380 identify a critical contribution from the RO, + RO reactions to the SOA in tropical forest

381 regions. The conservative SOA yields for this pathway applied in our simulations may contribute
382 to this discrepancy. Moreover, Mayhew et al. (2025) did not account for isomerization of terpene
383 RO;, which may compete with the RO» + RO; reactions, and they include the accretion reactions
384 of a broader range of ROx species, including those of anthropogenic origin. The different

385 treatments and results from various studies highlight the substantial uncertainties that remain in
386 our understanding of ROz + RO; reactions. For ISOP SOA, RO + HO: is responsible for more
387 than 60% of SOA formation most of the globe, except in North America, Europe, and South and
388 East Asia (Figure 4e), where ROz + NO contributes 40-60% because of the high local NO

389 emissions (Figure 4f).

390 The newly added isomerization and RO, + RO; reactions compete with the RO2 + HO»
391 and RO; + NO reactions, leading to decreased MTERP SOA formation through the latter two
392 pathways in the NEW experiments compared with BASE (Figure 5a). At the same time,

393 including isomerization increases MTERP SOA by more than 50%, while the RO, + RO»

394 reactions account for additional 4-9% increase. The isomerization pathway produces a large

395 amount of low-volatility products and is thus more efficient in SOA formation than the RO, +
396 HO: and RO + NO pathways. Therefore, compared to BASE, total MTERP SOA increases by
397 19 % (0.029 Tg) in NEW _fast and 30 % (0.045 Tg) in NEW_slow. The increase in NEW_slow
398 is higher than that in NEW _fast, because ROz + HO2 and ROz + NO contribute more in

399 NEW _slow due to slower ROz + RO reaction rates (Figure 2a), and these two pathways form
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more SOA than the accretion reaction. The total MTERP SOA increases globally in the two

NEW experiments compared to BASE, except over the Amazon and in Congo Forest in

NEW _fast (Figure 6a-c), where the ROz + RO: reactions contribute substantially to the RO> fate.

For ISOP SOA, the newly implemented reactions introduce extra losses of ISOP-RO> that

compete with the RO> + HO, and RO, + NO reactions but do not form SOA. As a result, the

ISOP SOA decreases by 16 % in the two NEW experiments (0.038 Tg in NEW _fast and 0.037

Tg in NEW_slow) (Figure 5b), and the decrease is globally consistent (Figure 6d-f).
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Figure 5. Percentage changes from BASE to NEW_fast and NEW _slow in the global burden of
a) MTERP + OH SOA and b) ISOP + OH SOA. Different reactions are categorized by colors.
Panel c) shows the percentage change in the total BVOC + OH SOA burden, with VOC
precursors shown in shades of green. The percentages are calculated with respect to BASE.
Black dots in all three panels are global total changes.
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414 Figure 6. Global distributions of SOA column concentrations from BASE (left panel), and the
415 differences between NEW _fast and BASE (middle panel), as well as between NEW_slow and
416 BASE (right panel). Top, middle, and bottom panels show results for SOA burden from MTERP
417 + OH, ISOP + OH, and Total SOA burden from OH oxidation (including BCARY SOA). Dotted
418 regions on the middle and right panels are where the changes are significant to the 0.05 levels.
419 Global average changes in burden are shown above each panel.

420 The increase in MTERP SOA compensates for the ISOP SOA decrease, while the

421 changes in BCARY SOA are small (Figure 5c). As a result, even though the RO, chemistry and
422 SOA contribution are significantly altered (Figure 2), total biogenic SOA in the two NEW

423  experiments is similar to that in BASE (< 3% difference). Globally, the NEW experiment

424 predicts a decrease from BASE over the tropical forest regions and an increase over the rest of
425 the world (Figure 6g-i). We note that these results are based on our choices of SOA yields,

426 reaction rates, and branching ratios from various laboratory studies. The measurements from
427 different laboratory studies can vary widely, indicating large uncertainties associated with these

428 results. Moreover, a recent study suggests that previous chamber experiments used to inform
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429 SOA yields do not fully represent atmospheric RO; fates (Kenagy et al., 2024). Furthermore,
430 Goss et al. (2025) suggest that the reaction conditions and RO, fate in many experiments are

431 dynamic and may differ from previous interpretations. In particular, they infer that isomerization
432 was an important RO pathway for previous experiments under low-NOx conditions used to

433 estimate VBS yields for the RO, + HO: pathway. This suggests that some isomerization may
434 have already been included in the RO; + HO pathway yields, and our newly implemented

435 isomerization pathway may double count these contributions. Overall, these large uncertainties
436 highlight the urgent need to better constrain parameters related to SOA formation in the

437 laboratory.
438 3.2 Changes in SOA formation from PI to F

439 Biogenic SOA formation is impacted by biogenic VOC emissions, anthropogenic

440 emissions, and temperature. These factors vary globally over time and thus the biogenic SOA
441 formation can be different from the past to the future. In this section, we examine the RO> fate
442  and biogenic SOA formation in PI (1850), PD (2010), and F (2100 following SSP5).

443 Global mean CO; mixing ratios in our simulations are 284 ppm, 389 ppm, and 1135 ppm
444 in PI, PD, and F, respectively. In response to the elevated global CO; levels, global mean surface
445  temperature increases by 0.9 K from PI to PD and 5.9 K from PD to F (Figure 7a and 7b). The
446 temperature increase is more severe over the Arctic than the rest of the world, which is known as
447  Arctic amplification. The NO emissions increase by 86.7 Tg/yr from PI to PD (78% as compared
448 to PD; all the percentage changes in this section are reported as compared to PD hereafter) and
449  decrease by 37.2 Tg/yr (34%) from PD to F (Figure 7c and 7d). The changes in NO emissions
450 are dominated by changes in anthropogenic emissions. However, North Africa exhibits decreases

451 in NO emissions from PI to PD and increases from PD to F, driven by changes in biomass
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452  burning emissions. From PI to PD, global MTERP emissions decrease slightly by 7.9 Tg/yr (6%)
453 (Figure 7e), due to the compensating effects of deforestation and global warming. In contrast,
454 global ISOP emission decrease more substantially (85.3 Tg/yr; 22%) (Figure 7g), because the
455 ISOP emissions are further inhibited by increases in CO2. BVOC emissions decrease over

456 regions with strong deforestation, including Eastern US, South and East Asia, South America,
457 and Central Africa except the Congo Forest, while the temperature-driven emission increase

458 occurs over the areas with none or little deforestation (e.g., the center of the Amazon forest). The
459 increase over France and Central Europe is related to a local reforestation from PI to PD. In the
460 Congo forest and Southern Africa, MTERP emissions increase over this region in response to
461 temperature increases, while ISOP emissions decrease due to the dominating effect of CO:

462 inhibition and deforestation. From PD to F, the steep temperature increase in the SSP5 projection
463 results in strong BVOC emission increases — 177.6 Tg/yr (139%) for MTERP emission and

464 129.3 Tg/yr (33%) for ISOP emission (Figure 7f and 7h). The MTERP emissions increase

465 globally despite the impact of the moderate deforestation from PD to F, while localized ISOP
466 emission decreases occur over the US, Central Africa, Brazil, and Argentina due to the

467 deforestation and CO> inhibition. We note large uncertainties remain in modeling BVOC

468 emissions (Cao et al., 2021; Guenther et al., 2012), and the predicted changes between different
469 climate conditions may vary depending on whether/how changing vegetation is represented (e.g.
470 Jo et al., 2023). The oxidant levels also vary in response to the changes in NO and VOC

471 emissions (Figure 8). From PI to PD, the surface concentrations of HOx (i.e., OH and HO»)

472 generally increase, primarily due to NO emission increase (Figure 8a and 8c). However, in

473 regions characterized by increased NO and decreased VOC emissions (e.g., East US, Europe,

474 and East Asia), the OH-to-HO: ratio increases from PI to PD, leading to a reduction in HO:
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475 concentrations and thus decreasing the RO, + HO> fate over these regions. From PD to F, the NO
476 emission decrease and the substantial increase in VOC emissions reduces the OH-to-HO: ratio.
477 As aresult, OH (HO) surface concentrations generally decrease (increase) over land (Figure 8b
478 and 8d). The decrease in OH decreases total OH-initiated SOA formation, while the HO»

479 increase contributes to a higher RO2> + HO» fate. The oxidant changes aloft are in general

480 consistent with the surface changes (not shown), except that HO» increases slightly over the

481 polluted regions from PI to PD. Other than the abovementioned factors, the emissions of primary
482 organic aerosols increase from PI to PD and decrease from PD to F (not shown), which can

483 impact gas-particle partitioning accordingly.
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485 Figure 7. Global distributions of changes in surface temperatures (first row), NO emissions
486 (second row), MTERP emissions (third row), and ISOP emissions (fourth row) from PI to PD
487 (left column) and PD to F (right column). Global average changes in temperatures and global
488 total changes in emissions are shown above each panel.

489
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491 Figure 8. Global distributions of percentage changes in surface concentrations of OH (top row)
492 and HO; (bottom row) from PI to PD (left column) and from PD to F (right column). All
493 percentage changes are calculated with respect to PD levels.

494 The fRO; and fSOA for ISOP-RO, and MTERP-RO: in PI, PD, and F are shown in

495 Figure 9. Since NO emissions peak in PD, ISOP-RO> / MTERP-RO: + NO contributes the most
496 to fRO; and fSOA in this period compared to PI and F. Isomerization consistently dominates the
497 MTERP-RO:; fate in its branch under all climate conditions — accounting for 19% in PI and PD,
498 and slightly higher in F with 20% due to the extreme warming that further accelerates this

499 pathway in F (Figure 9a). Its contribution to total MTERP SOA is substantial and increases from
500 38% in PI to 44% in PD and further to 51% in F (Figure 9b), highlighting the critical role of

501 MTERP isomerization to SOA formation across all climate conditions. The isomerization fSOA
502 increases from PI to PD and to F reflect not only the fRO2, but also how SOA volatility responds
503 to temperature changes (i.e. the gas-phase is favored under higher temperatures for more semi-

504 wvolatile SOA), which favors the contribution from isomerization.
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506 Figure 9. Same as Figure 2, except that results are shown for PI, PD, and F climate conditions.
507 All the experiments follow the same RO chemistry as in NEW_slow.

508 From PI to PD, the MTERP and ISOP SOA burden decreases by 23% (0.045 Tg) and
509 59% (0.117 Tg), respectively (Figure 10a and 10b). The global distributions of SOA burden
510 changes generally follow the changes in BVOC emissions (Figures 11, 7e, and 7g), except for
511 the ROz + NO pathway. The changes in SOA formed through the MTERP-RO> + NO pathway
512 are associated with changes in NO emissions (Figures 11d and 7c), driven by the influence of
513 NO on both ROz chemistry (Figure 9a) and OH concentrations (Figure 8a). The impacts of NO

514 emission changes on SOA formed through ISOP-RO; + NO is also evident over the west coast of
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515 the US, East Asia, and Southeast Asia, despite the strong ISOP emission decrease (Figure 11f).
516 The decrease in MTERP and ISOP SOA burden are both dominated by the reduction in the RO>
517 + HO; pathway (Figure 10a and 10b), which is caused by VOC emission decreases (Figure 7e
518 and 7g) and higher NO fate in PD (Figure 9a and 9c). The shift in RO> fate from RO + HO» to
519 RO;+ NO reduces SOA formed through bimolecular reactions, since the products from the latter
520 pathway are more volatile. In addition, the overall SOA decrease results in less condensation,
521 which further decreases SOA burden. As a result, the decrease in SOA burden is stronger than
522 that in the corresponding VOC emissions.
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524  Figure 10. Same as Figure 5, except showing historical and future changes in SOA burden. All
525 the percentages are calculated with respect to PD.

32



https://doi.org/10.5194/egusphere-2026-1570
Preprint. Discussion started: 26 March 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

” a) MTERP-RO, isom.

60

30

-0,006 Tg _ b) MTERP-RO; +RO; _-0,003Tg

0

-30

-60

-90
-180 =120 -60 0

20 &) MTERP-RO, + HO,

60

120 -60 0 60 120 180

d) MTERP-RO, +NO ~-0.001Tg

~301

60 A

T —90 += u Y U
120 180 -180 -120 -60 180

-0.102Tg _ f)ISOP-RO; +NO -0.015 Tg

-180 -120 —60 (IJ

; —gQ T
120 180 —180 -120 -60 0 60 120 180

526

-1000 =500 —200 —-100 -50 -20 -10 O 10 20 50 100 200 500 1000

ug/m?

527 Figure 11. Changes in annual mean SOA column concentrations from PI to PD through a)

528 MTERP-RO; isomerization, b) MTERP-RO + RO, ¢) MTERP-RO; + HO», d) MTERP-RO; +
529 NO, e) ISOP-RO; + HO;, f) ISOP-RO; + NO reaction pathways. Dotted regions are where the
530 changes are significant to the 0.05 levels. Global changes in total burden are shown above each

531 panel.

532 From PD to F, the substantial increase in MTERP emissions enhances SOA formation via

533 all RO; pathways globally (Figure 7f, 10a, and 12a-d). This increase in SOA promotes additional

534 condensation, which in turn further amplifies SOA production. However, the warming in F tends

535 to push the gas-particle partitioning towards gas phase and reduces the condensation of precursor

536 gases, partly offsetting the SOA increase. Overall, the MTERP SOA burden increases by 205%
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537 (0.403 Tg) (Figure 10a). Isomerization is the dominant contributor to this increase, because the
538 low volatility products it forms are less prone to evaporation under increasing temperature. The
539 total ISOP SOA increases by 19% (0.037 Tg) from PD to F (Figure 10b). This is dominated by
540 the increase in SOA formed through the RO, + HO: pathway (Figure 12e), which is driven by
541 ISOP emission increases (Figure 7h) and a shift in RO; fate from the RO, + NO pathway toward
542 the ROz + HO; pathway (Figure 9c¢) due to reductions in NO emissions and increases in HO:

543 concentrations from PD to F (Figures 7d and 8d).
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545 Figure 12. Same as Figure 11, except for changes from PD to F.
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546 Overall, the total BVOC SOA decreases by 41% (0.162 Tg) from PI to PD, mainly due to
547 reductions in ISOP SOA (Figure 10c). In contrast, from PD to F, it increases by 113% (0.451
548 Tg), primarily due to enhanced MTERP SOA. These changes are largely driven by changes in
549 BVOC emissions, with contributions from changes in RO> chemical fate and gas-particle

550 partitioning.

551 To further isolate how the chemistry is perturbed in different climate conditions, we
552 compare PD with PI PDB and F_PDB (Figure 10) — these two experiments are the same as PI
553 and F, respectively, but have VOC emissions fixed at the PD level (see details in Section 2.4).
554  When removing the impacts of BVOC emission changes, MTERP SOA from isomerization
555 increases from both PI PDB to PD and PD to F_PDB, reflecting the acceleration of MTERP-
556 RO; isomerization with increasing temperatures. In contrast, the SOA formed through

557 bimolecular reactions declines continuously from the past to the present and the future. The
558 decrease from PI_PDB to PD is mainly due to the decreased SOA formation through the RO, +
559 HO: pathway as a result of the shift of RO; fate under higher NO emissions in PD, while the
560 reduction from PD to F_PDB results from stronger warming that shifts gas-particle partitioning
561 toward the gas phase. Overall, about half of the simulated decrease in total biogenic SOA from
562 Pl to PD is due to chemistry and thermodynamics (23% from PI PDB to PD compared to 41%
563 from PI to PD; Figure 10c). Chemical and thermodynamics factors lead to a moderate decrease
564 (14%) from PD to F_PDB (Figure 10c); this effect is overwhelmed by the increase in BVOC

565 emissions from PD to F.
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566 4. Conclusions

567 In this study, we expand the biogenic SOA formation mechanism in CESM2.2 based on
568 the latest understanding of RO> chemistry. Specifically, we implement the isomerization and
569 RO; + ROz reaction pathways for terpene SOA formation and add isoprene product reactions
570 included in MOZART but absent from the standard VBS. Both fast and slow ROz + RO reaction
571 rates combinations are tested.

572 We find that MTERP isomerization plays a critical role in SOA formation. The RO»

573 branch capable of isomerization is nearly saturated due to its fast reaction rate and this pathway
574 contributes almost half of MTERP SOA formation by producing large amounts of low-volatility
575 products. The ROz + RO: reactions contribute moderately to the MTERP RO, fate but make a
576 minor contribution to the MTERP SOA formation. The updated RO: chemistry increases

577 MTERP SOA by 19 - 30% compared with the baseline configuration, mainly due to the

578 isomerization pathway. In addition, because of extra RO loss introduced by the newly

579 implemented reactions, the ISOP SOA decreases by 16%. The increase in MTERP SOA and the
580 decrease in ISOP SOA compensate for each other. As a result, the total biogenic SOA burden is
581 similar in the baseline and new configurations, despite the substantial changes in RO> chemistry
582 and SOA formation pathways.

583 With the new chemistry, we investigate how the RO, fate and the SOA formation varies
584 from the past to the present and the future. We find that for MTERP, the isomerization pathway
585 is nearly saturated under all climate conditions, with a higher contribution in F because of the
586 extreme global warming that further accelerates this pathway. The contribution from the RO, +
587 NO pathway to both the RO fate and SOA formation peaks in PD, due to higher NO emissions

588 in PD than PI and F. The total biogenic SOA decreases by nearly half from PI to PD and is
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589 doubled from PD to F. The changes in SOA are dominated by changes in BVOC emissions, with
590 contributions from shifts in ROz chemical fate and gas-particle partitioning playing a more

591 important role in the changes from PI to PD.

592 We simulate large changes in the fate of biogenic RO; and SOA burden from the past to
593 the future. RO, chemistry plays an important role in determining SOA formation but is still

594 subject to substantial uncertainties. To improve the representation of SOA in 3D models and

595 better quantify their climate impacts, more laboratory studies are needed to constrain the

596 uncertainties on the reaction rates and SOA yields for isomerization and RO, + RO; reactions as
597 well as the isomerization branching ratio. Additional work is needed to translate laboratory SOA
598 yields into model parameterizations that balance chemical complexity with computational

599 efficiency.
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