
1 

Competing multiple oxidation pathways shape 1 

atmospheric limonene-derived organonitrates simulated 2 

with updated explicit chemical mechanisms 3 

Qinghao Guo1, Haofei Zhang2, Bo Long3, Lehui Cui1, Yiyang Sun1, Hao Liu1, Yaxin 4 

Liu1, Yunting Xiao1, Pingqing Fu1 and Jialei Zhu1,* 5 

1 Institute of Surface-Earth System Science, School of Earth System Science, Tianjin University, Tianjin, 300072, China; 6 
2 Department of Chemistry, University of California, Riverside, California 92521, USA; 7 
3 College of Materials Science and Engineering, Guizhou Minzu University, Guiyang 550025, China. 8 

Correspondence to: Jialei Zhu, Email: zhujialei@tju.edu.cn 9 

Abstract. Organonitrates (ON) are key components of secondary organic aerosols (SOA) with 10 

potential environmental and climate effects. However, ON formation from limonene, a major 11 

monoterpene with unique structure, and its sensitivity to oxidation pathways remain insufficiently 12 

explored due to the absence of models with explicit chemical mechanisms. This study advances the 13 

representation of limonene-derived ON formation by incorporating 90 gas-phase reactions and 39 14 

intermediates across three oxidation pathways (O₃, OH, NO₃) into both a chemical box model and a 15 

global model. Box model sensitivity experiments revealed that competition among major oxidation 16 

pathways, coupled with the high yield of limonene-derived ON from O₃-initiated oxidation, leads to 17 

increased limonene-derived ON production when the O₃-initiated pathway is enhanced, whereas 18 

strengthening the OH- or NO₃-initiated pathways reduces ON formation. Compared to the box model, 19 

the global simulation exhibits stronger nonlinear responses and great spatiotemporal variability in 20 

limonene-derived ON formation across different oxidation pathways. This is primarily driven by the 21 

complex distribution of precursors and oxidants, as well as changing in dominate chemical pathways 22 

under various meteorological conditions. In the presence of the other two pathways, increasing the O₃- 23 

or NO₃-initiated oxidation pathway reduces the global limonene-derived ON burden by 19.9% and 24 

17.3%, respectively, whereas enhancing the OH-initiated pathway increases it by 44.7%. limonene-25 

derived ON chemistry developed in this study not only enhances the global model’s ability to simulate 26 

ON formation evaluated through comparison with observations but also demonstrates an approach 27 

based on explicit chemical mechanisms that establishes a methodological framework for simulating the 28 

chemical formation processes of SOA. 29 
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1 Introduction 31 

Secondary organic aerosols (SOA) represent a substantial fraction of fine particulate matter and 32 

contribute to global public health risk, deterioration of air quality and climate change (Collaborators, 33 

2024; Lelieveld et al., 2015; Tao et al., 2017). Among chemical constituents, organonitrates (ON) are 34 

of particular interest owing to their large fraction in SOA (5%-77%) (Farmer et al., 2010; 35 

Kiendler‐Scharr et al., 2016). The rate of particulate ON formation contributes strongly to the rate of 36 

SOA formation at night, which emphasizes the important roles of particulate ON in ambient SOA (Guo 37 

et al., 2024). The nitrate group in ON would influence the physical and chemical properties of SOA, 38 

such as decreasing saturated vapor pressure of the product molecule (Capouet and Müller, 2006). ON 39 

are secondary compounds formed via the oxidation of volatile organic compounds (VOCs) in the 40 

presence of nitrogen oxides (NOx = NO + NO2), substantially influencing NOx cycling and formation 41 

of ozone (O3) and HONO (Perring et al., 2013). In global scale, VOCs are mainly emitted from 42 

biogenic sources, while NOx are emitted from a wide variety of anthropogenic sources (Ng et al., 2017; 43 

Glasius and Goldstein, 2016). Therefore, a thorough investigation of ON is warranted to advance our 44 

understanding of interaction between biogenic and anthropogenic emissions. 45 

The chemical formation mechanisms of ON are complex, hampering efforts to simulate and control 46 

SOA. In the daytime, hydroxyl radicals (OH) and ozone (O3) oxidation of VOCs can produce peroxy 47 
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radical (RO2), which reacts with NOx to produce ON (Perring et al., 2013), while the reaction between 48 

nitrate radicals (NO3) and VOCs dominates the generation of ON in the nighttime (Rollins et al., 2009; 49 

Perring et al., 2013; Ng et al., 2017). Furthermore, the coexistence among OH, O3 and NO3 has been 50 

investigated in VOCs nocturnal oxidation (Brown and Stutz, 2012; Barber et al., 2018; Kwan et al., 51 

2012; Chen et al., 2022). Compared with single oxidant, the introduction of multiple oxidants leads to 52 

the possible complex reaction mechanisms for VOCs. The regeneration of OH would change the O3 53 

oxidation process to form SOA (Sato et al., 2013). Chamber experiments show that SOA from NO3 54 

oxidation of VOCs are affected by oxidation of NO2 by O3 (Ng et al., 2017). Therefore, VOCs are 55 

oxidized through the synergistic effects of multiple oxidants, driving the chemical formation of ON. 56 

However, ON formation from the VOCs oxidation governed by mixing oxidants has not been fully 57 

understood. In particular, the impact of oxidation pathways on the ON formation and spatial 58 

distribution are still unclear. 59 

As one of typical biogenic volatile organic compounds (BVOCs) (10% of monoterpenes), limonene 60 

is mostly emitted from citrus plants and coniferous trees, with a total emission rate of ~11 Tg·yr−1 61 

(Guenther et al., 2012; Sindelarova et al., 2014). Limonene has a unique structure with an endocyclic 62 

double bond and an exocyclic double bond, which makes it reactive towards atmospheric oxidants 63 

(Surratt et al., 2008). Higher ON (30–72%) and SOA yields (17–40%) through NO3-initiated oxidation 64 

of limonene than other monoterpenes have been observed in laboratory experiments (Fry et al., 2014; 65 

Hallquist et al., 1999; Spittler et al., 2006; Moldanova and Ljungström, 2000; Fry et al., 2011). It has 66 

been well demonstrated that limonene + NO3 is most important pathway to form limonene-derived ON 67 

(Kilgour et al., 2024; Ehn et al., 2014; Jokinen et al., 2015; Zhao et al., 2015). Furthermore, recent 68 

study found the primary nitrooxy RO2 formed through NO3 addition to limonene occurs at both at 69 

endocyclic double bond and the exocyclic double bond. These products could undergo autoxidation, 70 

which is fast enough to RO2 bimolecular reactions (Mayorga et al., 2022). The molecular compositions 71 

and formation mechanism of limonene-derived ON have been well investigated through observations 72 

and laboratory studies, while their description in models remains not explicit and advanced. 73 

The early atmospheric model utilizes empirical yields and empirical coefficients for predicting 74 

limonene-derived SOA production in simulation (Yu et al., 2019). Currently, chemical mechanisms are 75 

simplified according to analogies with structurally similar compounds in most of regional and global 76 



4 

models due to simplicity and efficiency in calculation (Fisher et al., 2016; Li et al., 2023a). 77 

Nevertheless, previous model studies have not included the formation mechanism of limonene-derived 78 

ON in detail (Pye et al., 2015; Li et al., 2023a; Zare et al., 2019). Thus, incorporating explicit 79 

mechanisms is helpful to understand limonene-derived ON formation process and the influence of 80 

interaction between multiple oxidation pathways on ON formation. 81 

Herein, we investigated the impacts of multiple oxidation pathways on limonene-derived ON using 82 

both chemical box model and global model, which were developed to include explicit chemical 83 

mechanisms for limonene-derived ON formation. The effect of competition among individual 84 

oxidation pathways on limonene-derived ON formation were discussed using a chemical box model 85 

based on proposed mechanisms. The simulation framework of explicit chemical mechanisms was 86 

integrated into global model to evaluate the spatial distributions of limonene-derived ON and 87 

contributions of individual oxidation pathways. This study presents a numerical simulation framework 88 

for atmospheric chemical processes and aims at enhancing the ability of models to simulate ON and 89 

understand the competition effects among atmospheric oxidation pathways on SOA formation, 90 

improving atmospheric composition forecasts and informing interaction between biogenic and 91 

anthropogenic emissions. 92 

2 Methodology 93 

2.1 Limonene-derived ON formation mechanism 94 

In order to simulate ON via the gas-phase oxidation of limonene, the chemical mechanism used in our 95 

model was updated with gas-phase chemical mechanisms of limonene-derived ON based on recent 96 

laboratory studies (Mayorga et al., 2022) and Master Chemical Mechanism (MCM, v3.3.1). The 97 

explicit chemical mechanism of limonene-derived ON involves three initial oxidation pathways: OH-, 98 

O3- and NO3-initiated oxidation (Fig. 1). The detailed formulas of species could be found in Table S1. 99 

The updated explicit formation mechanisms were list in Fig. S1 and Table S2. Compared to the MCM 100 

mechanism, the chemical mechanism of limonene-derived ON formation used in this study is 101 

developed to include: (1) NO3 addition at three different carbonsites. Based on previous laboratory 102 

studies, the exocyclic double bond oxidation branching ratio is ∼0.03 (Fry et al., 2011; Donahue et al., 103 

2007), while the branching ratios of the two endocyclic C10H16NO5-RO2 isomers are 0.65:0.35 104 
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(Mayorga et al., 2022). Thus, these branching ratios of the three C10H16NO5-RO2 isomers were used in 105 

our work. (2) Sequential NO3 oxidation reactions to form ON for all the products that contain double 106 

bonds from OH- and O3-initiated oxidation in MCM. The rate constants were set to be the same as 107 

those used in MCM for limononaldehyde. (3) The formation of a ring-opened nitrooxy RO2 in the 108 

presence of O2 due to bond scission of the two endocyclic nitrooxy RO, and its branching ratio was 109 

estimated (Draper et al., 2019; Kurten et al., 2017; Guo et al., 2022). (4) H-shifts of the exocyclic 110 

C10H16NO4-RO. (5) Bimolecular and unimolecular reactions of the C10H16NO6-RO2 and C10H16NO7-111 

RO2. The rate constants for the bimolecular reactions are the same as those used in MCM, and 112 

autoxidation rate constants are calculated by quantum chemical calculations (Mayorga et al., 2022). In 113 

addition, photolysis, widely recognized as the predominant removal pathway of limonene-derived ON 114 

(Picquet-Varrault et al., 2020; Wang et al., 2023), is included in our mechanism. While heterogeneous 115 

processes and hydrolysis of limonene-derived ON are not included in our model, potentially resulting 116 

in a slight overestimation of simulated limonene-derived ON concentrations, their contributions to ON 117 

removal are expected to be substantially smaller than that of photolysis. Consequently, this omission 118 

introduces only minor uncertainties in our results. In our explicit chemical mechanism, more 119 

intermediates and chemical processes of limonene-derived ON were distinguished than simplified 120 

mechanisms used in previous models.  121 
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 122 

Figure 1. Schematic diagram of the limonene-derived ON formation pathways included in this work. 123 

We assumed highly oxidated ON products (C10H13NO7, C10H15NO4, C10H15NO5, C10H15NO6, 124 

C10H15NO7, C10H15NO8, C10H17NO5, C10H17NO6, C10H17NO7) to be semi- to low-volatile which can 125 

condense into the particulate phase upon formation. Their vapor pressures are estimated to calculate 126 

gas-particle partitioning (Table S3). 127 

The vapor pressures of the above-mentioned ON species were estimated using two group 128 

contribution methods: EVAPORATION (Compernolle et al., 2011) and SIMPOL (Pankow and Asher, 129 

2008). They are both widely used structure activity relationship (SAR)-based group contribution 130 

models to predict molecular vapor pressures. The key difference is that EVAPORATION considers 131 

proximity-based functional group interactions, so it considers differences in the locations of functional 132 

groups, while predictions from SIMPOL do not vary based on functional group locations. As a result, 133 

isomeric compounds with the same functional groups but different structures may have different 134 

predicted vapor pressures using EVAPORATION but the same using SIMPOL. Therefore, the 135 
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EVAPORATION model is preferred when chemicals structures are known while the SIMPOL model 136 

could be biased. In a recent study, we showed that the EVAPORATION-based kinetic model predicts 137 

isoprene SOA more accurately than the SIMPOL-based model, which underpredicts by ~ 20% (Shen et 138 

al., 2024). 139 

In this work, because the chemical structures of the major ON species are known based on our 140 

recent work (Mayorga et al., 2022), we adopted the EVAPORATION method in all our simulations. As 141 

the EVAPORATION model input, the structures of the ON species from Mayorga et al. (2022) were 142 

converted to SMILES strings. To illustrate the difference between the two models, the 143 

EVAPORATION-predicted vapor pressures were compared with SIMPOL predictions (Table S3). The 144 

two methods predict vapor pressures within one order of magnitude in most cases, which is typically 145 

considered acceptable uncertainties for group contribution vapor pressure estimations. 146 

2.2 Chemical box model 147 

A zero-dimensional (0-D) chemical box model was used to examine the chemical processes of 148 

limonene-derived ON, investigating the contributions of atmospheric oxidants and oxidant pathways. 149 

The chemical mechanism presented in Fig. S1 and Table S2 was applied in this box model. To 150 

calculate the total production of limonene-derived ON, processes such as photolysis, dilution, and 151 

deposition were ignored for all chemical species in the model. The temperature was set to 298 K in the 152 

model. The initial concentrations of limonene and other atmospheric components for all cases were set 153 

as shown in Table S5. Limonene at a concentration of 1.0×1011 molecules·cm-3 was used as the 154 

precursor for ON, which falls within the range of values reported in laboratory and observation studies 155 

(Guo et al., 2022; Luo et al., 2023; Ham et al., 2016). The initial concentration of OH, O3 and NO3 156 

spanned 1.0×105 to 1.0×1019 molecules·cm-3, 1.0×1011 to 1.0×1018 molecules·cm-3 and 1.0×109 to 157 

1.0×1017 molecules·cm-3, respectively. The low values represent typical atmospheric concentrations of 158 

these species, which are within the range of those reported in previous studies (Shen et al., 2021; Liu et 159 

al., 2023; Matsunaga and Ziemann, 2019). The medium to high values represent extreme conditions, in 160 

order to investigate the significant impact of oxidants on limonene-derived ON across a broad spectrum 161 

of oxidant levels. Chamber experiments were simulated by the box model under ideal situation, which 162 

has been specifically design to analyze chemical processes, while simulations under real atmospheric 163 



8 

condition were carried using global model in sect. 2.3. We conducted sensitivity tests (Sect. S1 in the 164 

supplement) to examine oxidation pathways for formation of limonene-derived ON. Sensitivity tests 165 

under single initial oxidation were set. Building upon this foundation, sensitivity tests with multiple 166 

oxidation pathways were implemented: (1) introducing secondary oxidant across three concentration 167 

gradients under fixed primary oxidant levels, followed by (2) increasing concentration of third oxidant 168 

with three concentration gradients. A summary of all cases can be found in Table S4. 169 

2.3 Simulation of global limonene-derived ON 170 

We used the Community Earth System Model (CESM) version 1.2.2.1 coupled with the University of 171 

Michigan Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) aerosol model 172 

with a resolution of 1.9° × 2.5° for this study. The CESM/IMPACT model have included a fully 173 

explicit gas-phase photochemical mechanism to predict the formation of semi-volatile organic 174 

compounds (SVOCs) which then partition to an aerosol phase (Lin et al., 2014), facilitating the 175 

incorporation of explicit limonene-derived ON mechanism to simulate their global burden. The 176 

IMPACT aerosol module gets the meteorology field from the CESM model at each time step, while 177 

changes in the aerosols in IMPACT do not provide feedback to the CESM. The emission of precursors 178 

BVOCs are estimated by the Model of Emissions of Gases and Aerosols from Nature inventory 179 

(MEGAN) coupled to CESM/IMPACT model. The developed explicit gas phase chemical mechanism 180 

same as used in above chemical box model was applied to simulate the formation of limonene-derived 181 

ON. The highly oxidated limonene-derived ON considered as semi-volatile species partitioning from 182 

gas phase to particle phase contributes to SOA. A base case (Case0) was designed to simulate 183 

limonene-derived ON under all three initial oxidation pathways, and six sensitivity experiments were 184 

designed for simulating global burden limonene-derived ON under two initial oxidation pathways 185 

(Case 1-3) and single initial oxidation pathway (Case 4-6), respectively. Above seven cases were 186 

summarized in Supplementary Sect. S2 and Table S6. 187 
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3 Results and discussion 188 

3.1 Limonene-derived ON formation through individual initial oxidation pathway. 189 

We employed a chemical box model to simulate limonene-derived ON formed through three initial 190 

oxidation pathways, considering various oxidant concentrations (Fig. 2). These simulations were 191 

designed to evaluate the effect of increasing oxidant concentrations on the yield of limonene-derived 192 

ON from each initial oxidation pathway. In the case with individual OH oxidation pathway, the 193 

concentration of limonene-derived ON increases as the initial OH concentration increases (Fig. 2a), 194 

following a pattern to that of limonene consumption (Fig. S2a). Initial OH concentration increases from 195 

1.0×105 to 1.0×1019 molecules·cm-3, resulting in ~20.0-fold increase in the production of limonene-196 

derived ON. At this stage, limonene is not completely consumed by OH, indicating that higher initial 197 

OH concentration will increase consumption of limonene to produce more ON.  198 
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 199 

Figure 2. Variations of limonene-derived ON in individual oxidation pathway under different oxidant 200 

concentrations. The triangles represent concentration of limonene-derived ON in each experiment. The lines 201 

represent the trend of limonene-derived ON. The three datapoint colors represent three initial oxidation pathways 202 

(red for OH-initiated oxidation, yellow for O3-initiated oxidation, green for NO3-initiated oxidation). 203 

In the case with individual O3 oxidation pathway, the limonene-derived ON increases first and then 204 

maintains a relatively stable production with the increase of initial O3 concentration (Fig. 2b). 205 

Limonene is not completely consumed when initial O3 concentrations below 1.0×1014 molecules·cm-3. 206 

Increased consumption of limonene lead to an increase in ON production with increased O3 207 

concentration.  208 
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Same to the cases of the OH- and O3-initiated oxidation pathways, limonene-derived ON increases 209 

when initial NO3 concentrations below 1.0×1012 molecules·cm-3 could be caused by incompletely 210 

consumed limonene (Fig. 2c). The increased consumption of limonene with increase in concentrations 211 

of NO3 lead to the increased production of ON. However, different from the cases of OH- and O3-212 

initiated oxidation pathways, as initial NO3 concentrations continued to increase, limonene-derived ON 213 

production decrease. When limonene-derived ON concentrations reached steady state within 30 214 

minutes, compared to the case with initial NO3 concentration of 1.0×1012 molecules cm-3, reaction of 215 

LIMAL and NO3 become the dominant pathway in the case with initial NO3 concentration of 1.0×1017 216 

molecules·cm-3. The lower yield of the NO₃ oxidation pathway (9.2%) of LIMAL relative to OH 217 

oxidation pathway (28.8%) results in decreased limonene-derived ON (green box in Fig. S1). The 218 

results mean that at low initial oxidant concentration, limonene-derived ON shows a strong dependence 219 

on initial oxidant concentration, and the dependence on intermediate reaction rates becomes more 220 

important at high initial oxidant concentration. 221 

In addition, average concentration of ON of OH-, O3- and NO3-initiated oxidation pathways when 222 

oxidations are sufficient are calculated separately. The O3-initiated oxidation pathway (1.5×1010 223 

molecules·cm-3 limonene-derived ON produced) yields more ON than the OH- (2.1×109 molecules·cm-224 

3 limonene-derived ON produced) and NO3-initiated (7.1×108 molecules·cm-3 limonene-derived ON 225 

produced) oxidation pathways when limonene initial concentration is constant. This indicates that 226 

under initial conditions with sufficient oxidation, O3-initiated oxidation pathway of limonene has 227 

highest yield of ON, which is about 15.0%, while that is low by OH- (2.1%) and NO3-initiated (0.7%) 228 

oxidation pathway. This difference in the ON yield among various oxidation pathways will be used to 229 

explain the contributions of each oxidation pathway to ON concentration in the following discussion. 230 

3.2 Effects of multiple oxidation pathways on limonene-derived ON formation. 231 

Compared to the simulation scheme with individual oxidation pathway discussed above, introducing 232 

multiple oxidation pathways leads to comprehensive competition among them, which results in a 233 

nonlinear response of ON concentration to changes in the initial concentrations of oxidants. Figure 3 234 

shows the dependence of limonene-derived ON on initial concentration of oxidants when include two 235 

initial oxidation pathways. The addition of oxidants has various effects on the yield of limonene-236 
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derived ON. When the initial concentration of oxidant is low (1.0×105 molecules·cm-3 for OH, 1.0×1011 237 

molecules·cm-3 for O3, 1.0×109 molecules·cm-3 for NO3), the initial limonene will not be completely 238 

consumed. In all case with low concentration of oxidants, adding another oxidant with oxidation 239 

pathway will increase consumption of limonene, leading to increase in the limonene-derived ON 240 

production. When the initial concentration of oxidants is high, limonene will be nearly or completely 241 

consumed. In these cases, the production of limonene-derived ON will be determined by the 242 

competition between the two oxidation pathways. The product of limonene-derived ON steadily 243 

increased as the initial concentration of O3 increases from 0 to 1.0×1018 molecules·cm-3 when the initial 244 

concentration of OH or NO3 is constant (Fig. 3a, f). According to the chemical mechanism applied in 245 

the model, the reaction between limonene and O3 has higher rate than OH and NO3 in these cases 246 

(Table S7). As a result, in the presence of O3, the oxidation of limonene with O3 proceeds more rapidly 247 

than with OH or NO3, leading to higher concentration of limonene-derived ON due to the high yield of 248 

O3 oxidation pathway as discussed in above section (compare Fig. 2b with Fig. 2a and 2c). In contrast, 249 

compared to only including O3 oxidation pathway, adding oxidation pathways with OH or NO3 will 250 

result in a decrease in limonene-derived ON production (Fig. 3c, d), because some limonene that would 251 

have reacted with O3 is instead converted to ON through the OH or NO3 pathways with lower yield. 252 

Therefore, the dominant oxidation pathway and its ON yield determine the impact of the competition 253 

between the two oxidation pathways on the final limonene-derived ON production. A similar 254 

phenomenon observed in laboratory study shows that NOx influences γ-terpinene ozonolysis by 255 

enhancing NO3 production at high NOx levels, which subsequently leads to NO3 preferentially 256 

consuming γ-terpinene over O3 (Xu et al., 2020), illustrating the competition between oxidants. The 257 

addition of the OH-initiated oxidation pathway results in a small increase in ON production compared 258 

to NO3-initiated oxidation alone (Fig. 3e), due to the slightly higher yields of limonene-derived ON for 259 

OH-initiated oxidation pathway. The ON production would not change much when add the NO3-260 

initiated oxidation pathway compared to the case with OH-initiated oxidation pathway alone (Fig. 3b) 261 

because of unchanged the main initial oxidation pathway. These sensitivity experiments suggest that 262 

competition of oxidation pathways plays an important role in formation of limonene-derived ON.  263 
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 264 

Figure 3. Simulated limonene-derived ON in two initial oxidation pathways under different oxidant conditions, 265 

including variation of production of limonene-derived ON with adding (a) initial O3 concentration and (b) initial 266 

NO3 concentration in the three OH levels; variation of limonene-derived ON production with adding (c) initial OH 267 

concentration and (d) initial NO3 concentration in the three O3 levels; variation of limonene-derived ON 268 

production with adding (e) initial OH concentration and (f) initial O3 concentration in the three NO3 levels. 269 

Based on the production variations of limonene-derived ON in the cases with one and two initial 270 

oxidation pathways discussed above, the comprehensive impact of multiple oxidants on limonene-271 

derived ON formation in the cases with multiple initial oxidation pathways are analyzed (Fig. 4). The 272 

results can be summarized into three types. The Type 1 is the cases when limonene is not completely 273 

consumed (Fig. S4). When two initial oxidant concentration is low (Fig. 4a, d, g) and medium (Fig. 4d, 274 

g), the addition of third oxidant increases the production of limonene-derived ON because the addition 275 

of the third oxidant increases consumption of limonene. If the oxidant concentration is sufficient to 276 

consume up limonene, the production of limonene-derived ON will be determined by the competition 277 

between initial oxidation pathways. The Type 2 is the cases with large changes of limonene-derived 278 

ON. Under low NO3 and moderate and high O3 conditions, the production of limonene-derived ON 279 

decreases with adding OH (Fig. 4a, b), because some limonene that would have reacted with O3 is 280 
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instead converted to ON through the OH pathways with lower yield. The formation of limonene-281 

derived ON shows similar pattern for Type 2 in Figure 4h and i. On the one hand, the yield of 282 

limonene-derived ON from NO3-initiated oxidation is lowest, so the production of limonene-derived 283 

ON will decrease when the formation of limonene-derived ON from this pathway becomes the 284 

dominant formation route. On the other hand, adding NO3-initiated oxidation pathway also consumes 285 

NO3 that would have reacted with the product of the OH- and O3-initiated oxidation, resulting in 286 

decrease production of limonene-derived ON. The changes in ON production with constant initial 287 

concentration of limonene and various oxidation pathways indicate the interactions of different 288 

oxidation process of limonene. In contrast to OH- and NO3-initiated oxidation pathway, adding 289 

oxidation pathways with O3 will result in increase in limonene-derived ON production (Fig. 4e), due to 290 

higher yield of limonene-derived ON from O3-initated oxidation pathway than OH- and NO3-initated 291 

oxidation pathways. Since the yield of limonene-derived ON of OH-initiated oxidation is higher than 292 

NO3-initiated oxidation, the production of limonene-derived ON decreases (Fig. 4c) as the main 293 

oxidation pathway changes from NO3 to OH oxidation (Table S8). Additionally, in some sensitivity 294 

experiments (Fig. 4d-i), ON concentration do not change much with the addition of an oxidation 295 

pathway (Type 3). This could be explained by minimal competition with the rapid main oxidation 296 

pathway. These sensitivity experiments suggest that the limonene-derived ON production in the 297 

simulated system are not only controlled by limonene concentration, but also affected by synergic 298 

effect of multiple oxidants and oxidation pathways. 299 
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300 

Figure 4. The influence of adding OH-, O3- and NO3-initiated oxidation pathways on the production of limonene-301 

derived ON under different oxidant conditions, including variation of limonene-derived ON production with 302 

adding initial OH concentration in the three O3 levels under (a) low, (b) moderate and (c) high NO3 levels; 303 

variation of limonene-derived ON production with adding initial O3 concentration in the three OH levels under (d) 304 

low, (e) moderate and (f) high NO3 levels; variation of limonene-derived ON production with adding initial NO3 305 

concentration in the three OH levels under (d) low, (e) moderate and (f) high O3 levels. In each panel, the types 306 

marked on the columns show the cases when limonene is not completely consumed (type 1) and almost completely 307 

consumed (large (type 2) and small (type 3) changes in limonene-derived ON production). 308 

3.3 Contribution of each oxidation pathway to global limonene-derived ON. 309 

Global simulation using CESM/IMPACT model was performed to characterize the spatial and 310 

temporal distribution of limonene-derived ON and the contributions of each oxidation pathway to 311 

global burden. Incorporation of formation of limonene-derived ON reduces underestimation of 312 

simulated ON by comparison with observations summarized in the literature (Sect. S3 in the 313 

supplement) (Li et al., 2023b). The spatial distribution of limonene-derived ON is shown in Fig. 5a. 314 

The simulated global mean limonene-derived ON burden is about 60.5 μg·m−2, and the highest burdens 315 

(>500 μg·m−2) are predicted over tropical forest regions of central Africa. As the primary precursor of 316 

limonene-derived ON, the concentration of limonene dominates the yield of these ON compounds. The 317 

seasonal cycle of simulated limonene-derived ON is presented in Fig. S6, which is mainly depend on 318 
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limonene levels. Global average limonene-derived ON burden peaks in the summer (69.2 μg·m-2) due 319 

to highest global average limonene concentration (Fig. S7b), while the large burden of limonene-320 

derived ON in fall is driven by the presence of both high limonene concentration (Fig. S7c) and NO 321 

concentration (Fig. S8c) compared to spring and winter. In contrast, the burden of limonene-derived 322 

ON is lowest in winter (48.1 μg·m-2) because of lowest concentration of limonene (Fig. S7d). Beyond 323 

the effects of limonene and NO concentrations, oxidant levels and oxidation pathways also affect the 324 

formation mechanisms and production of limonene-derived ON, which may explain the highest burden 325 

in regions such as Central Africa, rather than Amazon where limonene concentrations are highest over 326 

the world (Fig. S9a). The concentration of oxidants is inherently low in Amazon (Fig. S9b-d) and 327 

oxidant scavenging in the presence of isoprene with high concentrations greatly reduce the 328 

photochemical formation of limonene-derived ON (Mcfiggans et al., 2019). Thus, oxidant competition 329 

with isoprene leads to low burden of limonene-derived ON in Amazon despite the highest burden of 330 

limonene there. Therefore, high concentrations of limonene-derived ON can only form when both high 331 

limonene and oxidant concentrations are present simultaneously. 332 
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 333 
Figure 5. Annual mean column concentration of limonene-derived ON with different simulation schemes. (a) Run 334 

with three initial oxidation pathways (Case0), (b) without OH-initiated oxidation pathway (Case1), (c) without O3-335 

initiated oxidation pathway (Case2), (d) without NO3-initiated oxidation pathway (Case3), (e) without O3- and 336 

NO3-initiated oxidation pathways (Case4), (f) without OH- and NO3-initiated oxidation pathways (Case5) and (g) 337 

without OH- and O3-initiated oxidation pathway (Case6). 338 
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To quantify the contribution of each oxidation pathway to the formation of limonene-derived ON in 339 

different regions, we conducted a series of sensitivity experiments (Case1 to 6 introduced in method 340 

section) on the oxidation pathways (Fig. 5b-g). Our simulations indicate that increasing O3 and NO3-341 

initiated oxidation pathways result in 15.5% and 18.0% increase of global average burden of limonene-342 

derived ON, respectively, compared to OH-initiated oxidation pathway alone (Fig. S10a, b). This is 343 

primarily because higher yields of limonene-derived ON associated with the O3- and NO3-initiated 344 

oxidation pathways compared to OH-initiated oxidation pathways. When compared to O3-initiated 345 

oxidation pathway alone (Fig. S10c, d), the addition of OH- or NO3-initiated pathways result in 346 

increased burden of limonene-derived ON in the limonene-sufficient region (e.g. Amazon), owing to 347 

adding a limonene-derived ON formation pathway to consume more limonene. However, in the 348 

limonene-deficient yet NO3-sufficient regions (e.g. Central Africa, Mediterranean, and middle and low 349 

latitude of Asia), increasing the OH- or NO3-initiated oxidation pathways reduces the burden of 350 

limonene-derived ON. This occurs because the oxidation of limonene by OH or NO3 suppresses O3-351 

initiated oxidation, which otherwise produces limonene-derived ON with a high yield. Additionally, if 352 

limonene undergoes oxidation by NO3, the availability of NO3 for the nitration of OH- and O3-initiated 353 

oxidation products of limonene will decrease, resulting in a reduction in limonene-derived ON. The 354 

addition of OH- and O3-initiated oxidation pathways reduces global average burden of limonene-355 

derived ON by 60.5% and 78.1% respectively, compared to the case with NO3-initiated oxidation 356 

pathway alone (Fig. S10e, f). This reduction is likely due to insufficient NO3 oxidation at night to 357 

further oxidize intermediates produced from OH- and O3-initiated limonene oxidation during the day, 358 

limiting the formation of limonene-derived ON at night. 359 

The burden of limonene-derived ON undergoes a noticeable change when an additional oxidation 360 

pathway is introduced to the existing two pathways (Fig. S11). Adding OH-initiated oxidation pathway 361 

increases the global average burden of limonene-derived ON from 41.8 to 60.5 μg·m-2, by 44.7%, 362 

while adding O3-initiated oxidation pathway decrease that from 75.5 to 60.5 μg·m-2, by 19.9% (Fig. 363 

S11a, b), which was attributed to the competition between the OH and O3 oxidation pathways for 364 

reactions with limonene. Compared to the simplified condition in simulation using chemical box model, 365 

global simulation considers diurnal variations of oxidation. When the O3-initiated oxidation pathway 366 

produces the same amount of limonene-derived ON as the OH-initiated pathway, it consumes more 367 
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NO3. As a result, increasing the O3 oxidation pathway reduces the availability of NO3 for the nitration 368 

of intermediate oxidation products in the nighttime, thereby lowering the total limonene-derived ON 369 

yield across all three pathways. In contrast, enhancing the OH oxidation pathway increases the total 370 

yield. Moreover, the addition of the NO3-initiated oxidation pathway increases burden of limonene-371 

derived ON in the limonene-sufficient region even over 150 μg·m-2 (Fig. S11c). However, in the region 372 

with high NO3 concentration, the burden of limonene-derived ON decreases (Fig. S11c) because the 373 

NO3-initiated oxidation pathway yields less limonene-derived ON than the O3- and OH-initiated 374 

oxidation pathways. These results highlight the different nonlinear responses of limonene-derived ON 375 

to multiple oxidation pathways under varying oxidation conditions and precursor concentrations. This 376 

discrepancy highlights differences between global-scale dynamics and idealized box model conditions, 377 

emphasizing the importance of developing explicit chemical mechanisms in global models for 378 

understanding SOA formation processes. Prior laboratory study has also demonstrated that 379 

investigating the response of ON reveals complex and nonlinear behaviour with implications that could 380 

inform expectations of changes to ON concentrations as efforts are made to reduce oxidant 381 

concentrations (Mayhew et al., 2023). 382 

4 Conclusion and implications 383 

In this work, the explicit chemical mechanism is developed to simulate formation and spatial 384 

distribution of limonene-derived ON using a chemical box model and global model CESM/IMPACT. 385 

Under multiple initial oxidation pathways, limonene-derived ON shows non-linear variations with 386 

different oxidant conditions, which is controlled by the synergetic effects of multiple oxidants. When 387 

limonene is not consumed, adding another oxidant with oxidation pathway will increase limonene-388 

derived ON due to increased consumption of limonene. When limonene is completely consumed, 389 

limonene-derived ON production is dominated by competition of oxidation pathways. The production 390 

of limonene-derived ON is increased by O3-initiated oxidation pathway while decreased by OH and 391 

NO3-initiated oxidation pathway. This is mainly because limonene oxidated by O3 produces more ON 392 

than OH and NO3, resulting from the simulation under individual initial oxidation pathway. 393 

The global model simulation indicates that oxidation process is important for limonene-derived ON 394 

formation in addition to limonene concentration. Global limonene-derived ON burden decreases by 395 
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19.9% and 17.3% due to O3- and NO3-initiated oxidation pathway, while OH-initiated oxidation 396 

pathway increases global limonene-derived ON burden by 44.7% compared the case only including the 397 

other two oxidation pathways. These differences can be attributed to the complex nonlinear response of 398 

limonene-derived ON yield to different reaction pathways under varying precursor and oxidant 399 

conditions. 400 

The chemical mechanism of ON formation may influence the formation and spatial distribution of 401 

ON. We only include main oxidation process published to date in the model, while some pathways (i.e. 402 

Heterogeneous NO3 reactions) of ON is missing in this work. Gas-phase oxidation in our mechanism is 403 

considered as the dominant formation pathway of ON (Fan et al., 2022; Perring et al., 2013). Future 404 

inclusion of newly identified and quantified ON chemistry may lead to unpredictable nonlinear impacts 405 

on simulation outcomes. Although uncertainties remain in simulating limonene-derived ON due to 406 

limited knowledge of its formation mechanism, this work offers an improvement in the global model's 407 

ability to simulate ON and presents a methodological framework for simulating SOA and their 408 

chemical processes. This framework can be used in the future to improve SOA burden predictions and 409 

provide a comprehensive understanding of the complex interactions between multiple oxidation 410 

pathways, which are crucial for SOA formation (Chen et al., 2022; Zang et al., 2024). Quantitative 411 

understanding of these complex interactions in contributing to SOA formation can definitely facilitate 412 

better understanding the contributions of interactions and antagonistic actions between anthropogenic 413 

and natural emissions to atmospheric aerosols. These works provide valuable insights for making more 414 

effective secondary aerosol pollution control strategies to improve air quality. 415 
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