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Abstract. Photochemical mechanisms are core components of air quality models, yet
differences among them can introduce substantial uncertainty in tropospheric ozone (O3)
simulations. We compared three mechanisms (CB06, SAPRC07, and RACM2) using
CMAQ during an O3 pollution episode in Chengdu, China. A customized volatile
organic compound (VOC) emission inventory was developed for RACM2. RACM?2
and SAPRC07 produced comparable O; levels (94.8-96.1 ppbv) with better
performance at high-NOx urban site, whereas CB06 simulated lower O3z (~80 ppbv) and
performed better at low-NOy site. Inter-mechanistic differences in O3 formation were
mainly associated with RO, + NO reactions, consistent with larger variability in RO,
than in HO,, while O3 loss differences mainly arose from OH + NO, and O3 + alkene
reactions. Differences in primary ROy production were most evident in carbonyl
photolysis, whereas termination differences mainly involved RONO, formation and
peroxy-radical self- and cross-reactions. Mechanism-dependent discrepancies were
more pronounced at high-NOy urban site. Despite these discrepancies, the three
mechanisms exhibited a broadly consistent photochemical framework, with O3
formation dominated by RO, + NO and ROy termination shifting from NOx-dependent
pathways at high-NOx urban site toward peroxy-radical reactions at low-NOy suburban
site. Sensitivity analysis showed O3 was most sensitive to anthropogenic aromatics and
alkenes at urban site and relatively more sensitive to biogenic VOCs at suburban site,
although response magnitudes remained mechanism dependent. These findings
demonstrate that mechanism choice substantially affects O3 formation and precursor
sensitivities, emphasizing the need for multi-mechanism approaches to improve model

reliability and support emission control strategies.
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1 Introduction

Ozone (03) is a potent oxidant in the atmosphere, playing a key role in the oxidation of trace gases in the

troposphere. However, the high concentrations of surface O3z representa significant environmental and

public health challenge, as they are known to cause serious harm to human health and vegetation

(Ashmore, 2005; Li et al., 2025b). Tropospheric O3 is also a significant greenhouse gas because of
radiative effect (Kuai etal.,2017; Lietal.,2018). Due to its impacts on air quality and climate change,

O3 has received sustained attention from the scientific community and policymakers over the past

decades. In China, despite substantial reductions in many primary air pollutants in recent years, surface

Os concentrations have remained persistently high and have even increased in some regions and periods

(Fuetal.,2020; Hanet al.,2024; Huanget al.,2021; Liu and Wang, 2020; Nelson et al.,2024; Yanet al,,

2024). This contrasting response of O3 concentrations to emission reductions is closely related to the

highly nonlinear photochemical dependence of O3 formation on its major precursors, nitrogen oxides

(NOx = NO + NO2) and volatile organic compounds (VOCs).

Although tropospheric Os is generated by NO:z photolysis (Dickerson et al., 1982), its net production of
O3 was governed by the coupling between the NOx cycle and ROx cycle, where ROx denotes the sum of
hydroxylradicals (OH), hydroperoxyl radicals (HO2),and organic peroxy radicals (ROz) (Tanetal.,2019;
Wang et al., 2017). Representative reactions involved in these coupled cycles are summarized in Table

S1 and a simplified schematic O3 formation mechanism and coupling of NOx cycle and ROx cycle was

shown as Fig. S1. Due to this coupled NOx-ROx cycleinvolves highly nonlinear photochemical reactions,

accurately simulating O3 formation remains challenging. Given the limitations of field observations and
laboratory experiments in capturing the regional-scale spatial distributions, temporal variabilities, and

the associated formation and transport processes of Os, air quality models have become essential tools

for quantitatively understanding O3 formation mechanisms and evaluating emission control strategies.

The accuracy of regional air quality model simulations of O3 are influenced by emission inventories,
meteorological inputs, grid resolution, boundary conditions and atmospheric chemical mechanisms (Gao
and Zhou, 2024; Du et al., 2026). Among these factors, gas-phase chemical mechanism is one of main

sources of the model uncertainties (Gao and Zhou, 2024), which plays an importantrole in determine the
chemical reactions rates governing O3 formation and loss pathways (Yu et al., 2010). Since the first
tropospheric chemical mechanism was proposed in the 1960s (Friedlander and Seinfeld, 1969), extensive
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researches on atmospheric chemical mechanisms has been conducted over the past few decades. The
commonly used atmospheric photochemical mechanisms include the Master Chemical Mechanism
(MCM) (Jenkin et al., 2015), Carbon Bond Mechanism (CBM) (Luecken et al., 2019), Statewide Air
Pollution Research Center mechanism (SAPRC) (Carter, 1996), and Regional Atmospheric Chemistry
Mechanism (RACM) (Goliffetal.,2013). Fromthe perspectiveof chemical species, these photochemical
mechanisms are generally classified as explicit or lumped mechanisms (Dodge, 2000). An explicit
reaction mechanism includes all species involved in a chemical reaction, while a lumped reaction
mechanism groups together species with similar chemical properties. Given the high computational
demands of explicit reaction mechanisms, lumped chemical mechanisms such as CBM, SAPRC and
RACM are the mainstream choices in the air quality models. These schemes utilize two distinct lumping
approaches: structural classification (i.e., carbon-bond or functional groups, such as CBM) and
reactivity-based classification (such as SAPRC and RACM).

The CBM classified by carbon-bond structures is the most widely applied chemical mechanism in air
quality modeling studies for its low computational cost and the relative ease of obtaining emission
inventories (Liu etal., 2023). Since it was firstreleased in 1980 (Whitten et al., 1980),the CBM has
retained its core carbon-bond lumping strategy while undergoing successive developments, with the
latest CB6 series as its most recentadvancement, in response to evolving research demands. However,
the representation of ROz chemistry in CBM remains highly lumped, employing a single generic
surrogate(e.g., XOz2) to approximate thecollective reactivity of structurally diverse alkyl peroxy radicals,
while a few key species (e.g., toluene peroxy radical, acetylperoxy radical) are treated explicitly (Zaveri
and Peters, 1999). The simplified peroxy radical chemistry may reduce the efficiency of radical chain
propagation and lead to lower O3 formation (Simonaitis et al., 1997). Unlike the highly lumped CBM,
the SAPRC mechanism classifies organic species according to their OH reactivity, features the detailed
description of reactions involving specific VOCs and provides a more mechanistically explicit treatment
of peroxy radical (Carter, 2010b; Carter et al., 2025). And SAPRC mechanism achieves a deliberate
balance between computational efficiency and chemical complexity through its chemical operator
approach (Carter, 2010b; Carter, 2010a). However, although this chemical operator method offers
advantages in computational efficiency, it sacrifices chemical specificity in distinguishing RO2 radicals

derived fromspecific VOCprecursors and thereby impedes the accurate quantification of RO2 production
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attributable to individual precursor VOCs. The RACM mechanism is similar to that of the SAPRC
mechanism, albeit with different criteria for classification by OHreactivity (Goliffetal.,2013; Stockwell
et al., 1997). It was developed based on the Regional Acid Deposition Model versions (RADM and
RADM?2) with substantial improvements in representation of alkene chemistry compared to RADM
(Stockwell et al., 1997; Goliff et al., 2013; Stockwell et al., 1990). It was subsequently updated to
RACM2 to further revise the oxidation pathways of isoprene, terpenes, and aromatic compounds (Goliff
et al., 2013). The RACM mechanism preserves the carbon structure of emitted species, explicitly
simulates individual peroxylradicals,and minimizes reliance on lumped species which are often referred
as operators for radical cycle. These attributes make RACM2 particularly well-suited for comparison
with observational data, ensure transparency in the mapping of emission inventories, and provide
flexibility for modification and further expansion, while maintaining computational efficiency
comparable to that of SAPRC mechanisms and suitable for regulatory applications.

Previous mechanism intercomparisons suggested that the selection of photochemical chemistry can
substantially affect simulated O3 and oxidant levels (Gupta and Mohan, 2015; Kitayama et al.,2019; Li
etal., 2025a; Shareefetal.,2022). CBMZ produced less O3 overestimation than RACM in WRF/Chem
simulations over Delhi (Gupta and Mohan, 2015). Over Japan, mechanism-dependent Os differences
reached 10 ppbv, with CBOSTUCL generally lower than SAPRCO7TC and RACM2 close to
SAPRCO7TC (Kitayama etal.,2019). Similarly, SAPRC07 and RACM2 yielded higher summer O3 than
CBO6R3 in Alberta, accompanied by OH increases of about 30% and 100%, respectively (Shareefetal.,
2022). Li et al. (2025a) also reported that SAPRCO7 outperforms CBO6 in predicting peak O during
exceedances in the Great Bay Area in China, due to the more detailed VOC treatment in SAPRCO7.
Moreover, a recent comparative study using box models hasdemonstrated that CB06 and SAPRC07 both
tended to underestimate OH than RACM2, which may subsequently lead to lower O3 production (Liu et
al.,2023). Considering the availability of compatible emission inventories, three-dimensional air quality
simulations in China have relied primarily on CBM and SAPRC-family mechanisms, whereas RACM
has been largely used in box-model analyses (Liu et al., 2023). The limited use of RACM in three-
dimensional models leaves its effects on simulated Os difficult to assess, although mechanism
intercomparison studies have shown that photochemical chemistry choices can substantially affect O3

simulations. Despite these advances, the influence of different photochemical mechanisms on three-
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dimensional O3 simulations over China remains poorly constrained, and systematic evaluations of the

resulting uncertainty are still scarce (Huang et al., 2025; Liu et al., 2023).

Chengdu, a megacity in southwest China, covers a total area of about 14,335 km?, and the resident
population was more than 20 million in 2025. In recent years, the total gross domestic product (GDP) of
Chengdu was increasing rapidly, around 2.35 trillion dollars CNY in 2024 (available at
https://www.sc.gov.cn/, in Chinese). It is designated as a major regional center in western China, and
expected to become one of the economic centers in western China. It features dense urban population,

advanced industry and the highest car ownership in China, leading to high intensity of anthropogenic
emissions (Wangetal., 2022; Zhou et al., 2019). Affected by the terrain of the unique deep basin and
unfavorable meteorological conditions (Shu etal., 2021; Zhang et al., 2019), O3 and its precursors in

Chengdu areprone to accumulate and further intensify chemical recycling in the local atmosphere (Wang
etal., 2024; Tan etal.,2018). During 2022-2024 year, the 90th percentile of the maximum daily 8-hour
average (MDAS) O3 concentration in Chengdu (https://sthj.chengdu.gov.cn/) was 168-181 ug/m3,
continuously exceeding the secondary standard of the Ambient Air Quality Standard (GB3095-2012).

Therefore, sustained investigation into the photochemical formation mechanisms and mitigation

frameworks for O3 pollution in Chengdu is imperative. A more profound understanding and mechanistic
discrepancies under varying NOx conditions within this region is essential for refining model evaluation

and enhancing the reliability of predictive simulations.

To assess the uncertainties associated with gas-phase photochemical mechanisms under varying NOx

conditions, we simulated an O3 episode in Chengdu from August 9 to 18, 2019 using the Community

Multiscale Air Quality (CMAQ) model (Byunand Schere, 2006) with three chemical mechanisms (CB06,
RACM2 and SAPRCO07). A mechanism-specific VOC emission inventory was additionally developed

for RACM2 through species mapping to ensure consistent representation of precursor emissions across

the simulations. We systematically compared the three mechanisms in terms of simulated O3 and key

photochemical species, O3 budgets, ROx cycle, and O3 sensitivities to precursor emissions under high-
NOx urban and low-NOx suburban conditions. This study helps to profoundly understand the difference
among the photochemical mechanisms and identify the key drivers of O3 formation under varying NOx

condition, and benefits the mechanism selection for provide scientific and the formulation of precise

emission control strategies.
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2 Data and methods

2.1 Site descriptions and observational data
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Figure 1 (a) Land-use types in Chengdu and surrounding areas. The light blue and dark blue triangles indicate the
locations of the Sichuan Academy of Environmental Sciences (SAES) site and Xinjin (XJ) sites, respectively. (b)
Distribution of NO,, NO, and NO concentrations at the SAES site and XJ site during the pollution episode. NO, is
defined as the sum of NO and NO,. The units of concentrations are in ppbv. The box plots present the 10th, 25th,
50th, 75th, and 90th percentiles of the concentrations individually.

Chengdu, located in southwestern China, features a heterogeneous landscape that transitions from dense
urban environments to peripheral croplands and woodlands (Fig. 1a). To investigate mechanistic
discrepancies under varying NOx conditions, we conducted in-situ field observations at two contrasting
sites during an Os pollution episode from August9 to 18,2019. The Sichuan Academy of Environmental
Sciences (SAES)site, situated in urban core, represents a typical high-NOx environment. Conversely, the
Xinjin (XJ) site, characterized by more extensive vegetation cover, represents a relatively low-NOx
suburban environment. During this Os episode, the concentrations of NOx at SAES were significantly
higher than those at XJ (Fig. 1b), reflecting a sharp urban-suburban emission gradient.

Hourly meteorological parameters and trace gases were obtained. The meteorological parameters
included wind speed at 10 m(WS10M), temperature at 2 m (T2M) and relative humidity (RH). The trace
gases include O3, NOx, isoprene (ISOP), nitric acid (HNOs) and nitrous acid (HONO) at the urban site
(SAES), and O3, NOx, HONO, ISOP, and formaldehyde (HCHO) at the suburban site (XJ). The details
of'instruments for measuringtrace gasesare summarizedin Table S2. Furthermore, hourly concentrations

of atmosphericradicals (OH and HO2) were measured at the XJ site using the Peking University laser-
7
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induced fluorescence system (PKU-LIF). This system, which utilizes the fluorescence assay by gas
expansion (FAGE) technique (Fuchs et al., 2008), has been widely applied to high-fidelity radical
measurements in field campaigns cross China(Luetal.,2012; Tanetal.,2017). Details of the LIF system
used in this study are provided by Yang et al. (2021). Network monitoring hourly O3 and NO; data were

obtained from the China National Environmental Monitoring Center (https:/air.cnemc.cn:18007/).

Detail location information of the monitoring sites is as shown in the Table S3.

2.2 WRF-CMAQ Modeling

The CMAQ (version 5.5) simulations were performed using two-way nested domains, consisting ofa 27
km outer domain covering Chinaanda 3 km inner domain focused on the Chengdu Plain (Fig. S2). Three
photochemical mechanisms were evaluated using their respective gas-phase and aerosol modules:
cb6r5_ae7 aq(Lueckenetal.,2019),saprc07tic_ae7i_aq(Xieetal.,2013) and racm2_ae6_aq (Sarwar
etal., 2013), representing the CB06, SAPRC07, and RACM2 photochemical mechanisms, respectively.
Meteorological forcing was provided by the Weather Research & Forecasting Model (WRF) version 4.6,
with specific physics configurations detailed in Table S4. Biogenic emissions were prepared using the
Model of Emissions of Gases and Aerosols from Nature version 3.2 (Guenther et al., 2012), while
anthropogenic emissions were derived from the Multi-resolution Emission Inventory for China (MEIC)
(Zhengetal.,2018; Liet al., 2017; Geng et al., 2024). To address discrepancies in VOC species across
mechanisms, different mapping strategies were employed. While VOCs emissions for SAPRCO07 are
directly obtained by the MEIC inventory, those for CB06 were derived by mapping from the CB05 and
SAPRC07 schemes following the methodology described in Huang et al. (2023). To ensure inter-
mechanistic consistency, a customized VOC emission inventory for RACM2 was specifically
constructed through species mapping based on the MEIC database (see Section 2.3 and Table 1 for
details). A summary of the VOCs inputs for all three mechanisms is provided in Table S5-S7. For each
simulation, a 3-day spin-up period was utilized to minimize the influence of initial conditions.

To quantify the reaction rates of individual chemical reaction or combinations of chemical reaction, the
Integrated Reaction Rate (IRR) analysis module of CMAQ was employed. This diagnostic tool allows
fora detailed assessment of the influence of specific chemical pathways on O3 concentrations. Moreover,
to identify key primary precursor emission driving O3 formation, the Decoupled Direct Method in Three

Dimensions (DDM-3D) module in CMAQ was used to calculate the sensitivities of Oz to NOx and
8
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primary VOC emission. CMAQ-DDM-3D can directly calculate the first-order sensitivity of pollutant
concentrations to emission changes, eliminating the need for re-simulations and greatly reducing
computational costs and simulation uncertainties (Cohan et al., 2005; Dunker, 1984; Dunker et al., 2002;
Napelenok et al., 2006; Napelenok et al., 2008).

The WRF simulation was evaluated against meteorological observations of T2M, RH and WS10M at the
SAES and XJ sites. The corresponding time series was shown in Figure S3-S5 and model performances
were quantified using several statistical metrics, including correlation coefficient (R), mean bias (MB),
root-mean-square error (RMSE), and gross error (GE). The definitions and calculation formulas for these
metrics are provided in Table S8, and the corresponding evaluation results are summarized in Table S9.
The WRF simulation generally captured the observed variations in T2M and RH, with correlation
coefficients ranging from0.81t0 0.93. The RMSE for WS10M (1.4—1.6ms™!) were below the commonly
benchmarkof2.0 ms™! recommended by (EmeryandTai,2001). Moreover, compared to previous studies
(T2M: 2.8 <RMSE < 3.3 K; RH: 14.3%<RMSE <16.2%and 11.0%< GE <12.6%; WS10M: 0.5 m
sT<MB<1l.1ms'and1.8ms!'<RMSE <2.3 m s™!)over SCB in summer (Qiao etal., 2019), the
statistical indices of T2M (2.2 K <GE < 3.1 K),RH (10.6% <RMSE < 12.6% and 8.1% < GE < 10.3%)
and WSIOM (-0.3ms'<MB<0.9ms'and 1.4 ms™' <RMSE < 1.6 m s™!) in this study was closer to
observation. Overall, the simulated meteorological fields provided a reasonable basis for the subsequent

CMAQ simulations.

2.3 Development of a customized emission inventory for RACM?2

To evaluate the performance of the RACM2 mechanism in simulation atmospheric photochemical
pollution, we developed a customized VOC emission inventory. This was necessitated by the fact that
the mainstream MEIC database does not directly provide anthropogenic VOC emissions tailored for
RACM2. Consequently, we constructed this inventory through species mapping, leveraging existing
MEIC data for other chemical mechanisms including CB0S5, SAPRC99, SAPRC07, and RADM2. The
detailed mapping protocols are summarized in Table 1. Moreover, the conversion of RADM2 XYL to
RACM2 XYM, RACM2_ XYP, and RACM2 XYO was informed by sector-specific proportions of

these species in established VOC emission profiles (Sha et al., 2021).
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Table 1 Mapping of VOC emission species from other chemical mechanisms to RACM2 in the MEIC inventory.

RACM2 Species

MEIC

Inventory Species

Factor

Description

ACD
ACE
ACT
ALD

API

BALD

BEN

CSL

EOH
ETE
ETH
GLY

HC3

HC3

HCs

HC8

HCHO
ISO
KET
MACR
MEK

MGLY

MOH
MVK
OLI
OLT
ORA1

SAPRC99 CCHO
SAPRC07_ACYE
SAPRC07_ACET
SAPRC99 RCHO

CBO05_TERP

SAPRC07_BALD
SAPRC07 BENZ
SAPRC99 CRES

CB05_ETOH
RADM2_OL2
RADM2 ETH
RADM2 GLY

RADM2_HC3

SAPRC07_ACYE

RADM2_HC5

RADM2_HC8

RADM2_HCHO
RADM2_ISO
RADM2_KET
SAPRC07_MACR
SAPRC07_MEK

RADM2_ MGLY

SAPRC07 MEOH
RADM2 MVK
RADM2 OLI
RADM2 OLT
RADM2 ORAI

10

Acetaldehyde

Acetylene

Acetone

C3 and higher aldehydes
Alpha-pinenes and other cyclic
terpenes with one double bond
Benzaldehyde and other aromatic
aldehydes

Benzene

Cresol and other hydroxy
substituted aromatics

Ethanol

Ethene

Ethane

Glyoxal

Alkanes, esters and alkynes with
OH rate constant (298 K, 1 atm)
less than 3.4x10-12

Alkanes, esters and alkynes with
OH rate constant (298 K, 1 atm)
less than 3.4x10-12

Alkanes, esters and alkynes with
OH rate constant (298 K, 1 atm)
between 3.4x10 -13 and 6.8x10-
12

Alkanes, esters and alkynes with
OH rate constant (298 K, 1 atm)
greater than 6.8x10-12
Formaldehyde

Isoprene

Ketones

Methacrolein

Methyl ethyl ketone
Methylglyoxal and other alpha-
carbonyl aldehydes

Methanol

Methyl vinyl ketone

Internal alkenes

Terminal alkenes

Formic acid
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238
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240

241

242

243

244

245

246

247

248

249

ORA2 RADM2 ORA2 1 Acetic acid and higher acids

PHEN SAPRC99_PHEN 1 Phenol

Toluene and less reactive
TOL RADM2 TOL 1

aromatics
UALD SAPRCO7_IPRD 1 Unsaturated aldehydes
XYM RADM2_ XYL / M-xylene
XYP RADM2 XYL / P-xylene
XYO RADM2 XYL / O-xylene

2.4 Analytical framework for O; budget

In the troposphere, photolysis of NO2 produces NO and O(*P) atom, which subsequently reacts with Oz
to form O3 (Dickerson et al., 1982). In the absence of other chemical species, newly formed O3 can
rapidly react with NO and regenerate NO., resulting in a closed cycle withno net Oz accumulation (R1-
3 Table S1). However, in the real atmosphere, other key oxidizing agents such as HO2 and ROz in the
troposphere can also oxidize NO to NO2 (Monks, 2005). The combination of these reactions (R1-2 and
R11-12 in Table S1) lead to net O3 production in the troposphere (Tan et al., 2018). Following this
mechanism, the gross Os formationrate (F(O3)) given approximately by the rate at which the HO2 and
each ROz species i oxidize NO to NO: is calculated using Equation (1), where k represents the

bimolecular reaction rate constant.
F(02) = Koy ol HOLINO] + ) Ko, woj Kino,wol [RO21INOJ M
7

Conversely, Os loss pathways include Os photolysis to O(!D) (followed by the reaction of O('D) with
water vapor) and ozonolysis of alkenes, and reactions with OH and HO». Additionally, the reaction of
NO2 with OH, which effectively removes NOx from the cycle by forming HNOs, is also accounted for
one of the O3 loss pathways. The total O3 destruction rate (D(0O3)) is determined by Equation (2).
D(03) = jocpy[0s] X fac + ko, atkenesi[Alkenes][05] + kg, o1 [05][OH] (2)
+ ki0,,10,1[031[HO,] + k[no, 0m [NO,][OH]

k[O(lD),HZO] [Hz 0]
(kto(),0,11021 + Kjopyn, N2+ Kjogipy 01 [H0])

fac =

It noted that the first term for O3 photolysis in Equation (2) is only including the reaction of O('D) with

H20 to generate OH, which leads to net O3 loss. Other O('D) loss channels (e.g., quenching by N2 or Oz)

11
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regenerate O3 through O(?P) + Oz and thus have no net effect on Os destruction, resulting in that they are
excluded from this term accordingly.
Consequently, the net Os production rate P(Os) is defined as the difference between the gross O

formation rate and the O3 destruction rate, as shown in Equation (3).

P(03) = F(O3) —D(03) (3)

2.5 Analytical framework for RO, radical budget

The ROx radical budget is determined by the initial and termination reactions. The main sources of
primary ROx radicals that initiate the ROx cycle include the O('D) channel of O3 photolysis, and
photolysis of HONO, HCHO, and other carbonyls, as well as the ozonolysis of alkenes (Zhou et al., 2024;
Yangetal., 2021; Xueetal.,2016; Wang et al.,2017), shown as in R4-R7 in Table S1. The production

rate of primary ROy radicals is calculated as Equation (4).

P(RO,) = 9onjocpyl0s] + juono[HONO] + 2jycyo[HCHO] 4)

+ Z (pf"x jilother carbonyls;]
i

+ Z(%H + @hio, + Pho,)klakeneo, [alkene] '[0;]
i

— 2 . k[o(lD)'HZO] [HZ 0]
(k1o 0,0,11021 + ko (pyw,1 [N2] + Ko iy 1,01 [H201)

Poy

@op in the first term for O3 photolysisin Equation (4) is the yield of OH from the reactionof O(*D)
with H20. @by, qo}',oz, and ‘Pﬁeoz are the yields of OH, HO», and RO» radicals, respectively, generated
in the ozonolysis of each alkene species i with Os. (pfo" denotes the yield of primary ROx radicals
from photolysis of other carbonyls species i.

The termination reactions of ROx cycle are governed by the reactions of OH with NOx, ROz with NO to
form organicnitrate and the self-reaction among peroxy radicals (R14-20 in the Table S1). It removes
radicals or NOx and prevents the explosive of ROx radicals in the atmosphere. The destruction rate of

ROx radicals is calculated as Equation (5).
D(RO,) = konno,)[OHI[NO,] + kjoy noj [NOI[OH] (5)

+(p0rganic nitrate k[ROZ,NO] [NO] [ROZ]

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286
287
288
289

+2 ) k[ROZ,ROZ][ROZ][ROZ] + 2" k[ROZ,HOZ] [ROZ][HOZ] + 2- k[HOZ,HOZ][HOZ][HOZ]

@ organic nitrate 10 the third term for the formation organic nitrate (RONO2) of in Equation (5) is the yield
of organic nitrate from the reactions of RO> with NO.

The dominant termination reactions of ROx radicals vary under different NOx conditions. Under high
NOx conditions, the terminations of the ROx and NOx cycles are primarily controlled by OH + NO: and
the organic-nitrate-forming branch of ROz + NO, which sequester reactive nitrogen as HNO3 and RONOg,
respectively. In contrast, under low NO conditions, the terminations of ROx cycle were mainly driven by
the self-reaction of HO2, and cross-reactions between HO2 and ROz, which further produce hydrogen
peroxide (H20:) and organic hydroperoxides (ROOH). Therefore, the ratios of major products or its
productionrates from termination reactions, such as H2O2/HNO;3, can provide a useful indicator of the
prevailing radical-termination regime and the associated NOx chemical environment. Previous studies
examined that the H>O2/HNO;s can be used as a robust indicator for determining O3 formation regimes
(Weietal.,2018; Liuetal.,2010; Cordineret al., 2002). The classic threshold of H2O2/HNO3 separating
the O; formationregimesthreshold rangeis [0.35,0.65], whereas the threshold also varies with theregion

and season (Li et al., 2011; Wei et al., 2018; Xing et al., 2019).

3 Results and discussion
3.1 Inter-mechanistic evaluation of modeled O; and key precursors

3.1.1 Evaluation of inter-mechanistic O; simulation

(@) CB|06 (b) ' SAPRCO07 (c) RACM2

°| - 0| = &= 3
31.5°N 35N Mean=96.1.44
ey

31°NF 1 31°Nf

30.5°N | 4305°N | 2
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50 60 70 80 % 100 110 120
MDAS8 O3 (ppbv)

Figure 2 Spatial distribution of maximum daily 8-hour average (MDAS) O; concentration simulated by CB06,
SAPRCO07, and RACM2 mechanisms. The solid dots represent the mean site-observed MDAS8 O; concentrations at

monitoring sites.
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Fig. 2 illustrates the spatial distribution of MDAS8 O3 concentrations simulated by the CB06, SAPRC07,
and RACM2 mechanisms during the O3 pollution episode (9-18 August 2019). In general, the CB06
mechanism simulated the lowest O3 concentrations, while the SAPRC07 and RACM2 mechanisms
simulated higher, comparable levels with largely consistent spatial patterns. Specifically, the regional
mean MDA8 O; for SAPRC07 and RACM?2 in the Chengdu area were 96.1 ppbv and 94.8 ppbv,
respectively, which were 16.1 and 14.8 ppbv higher than the 80.0 ppbv simulated by CB06. Compared
with monitoringstationobservations, the MDAS8 O3 concentrations simulated by SAPRC07 and RACM2
in the Chengdu urban area were in better agreement with the observations, while those simulated by
CBO06 were significantly lower. In contrast, at suburban sites such as XJ, SAPRC07 and RACM2 tended
to overestimate MDAS O3, whereas CB06 simulated lower concentrations and showed better agreement

with the observations.
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Figure 3 Performance statistics of hourly O; simulated using CB06, SAPRC07, and RACM2 mechanisms at urban
sites and suburban sites across Chengdu region. The statistical metrics, including mean fractional bias (MFB),
mean fractional error (MFE), index of agreement (IOA) and correlation coefficient (R), are presented. MFB and
MFE are given as percentages. The unit of MFB and MFE is percent (%). The box plots present the 10th, 25th,
50th, 75th, and 90th percentiles of the statistical metrics individually.

The performance of the three photochemical mechanisms in simulating O3 pollution was further
evaluated using mean fractional bias (MFB), mean fractional error (MFE), index of agreement (IOA),
and correlation coefficient (R) atboth urban and suburban sites (Fig. 3). The specific calculation methods

forthe statistical metricsare presentedin Table S8. The locations information of sites used in this statistic
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analysis are provided in the Table S3. Statistical evaluation indicates that all three mechanisms met the
established benchmarks for model performance (MFB < £35%, MFE < 65%, R > 0.6, and IOA > 0.7)
(Huang et al., 2025). However, the performances of the three gas-phase chemical mechanisms in
reproducing O3 exhibited pronounced differences between urban and suburban environments.
Aturbansites, the three mechanisms tendto underestimate Oz concentrations, with the median MFB less
than zero. Among them, CB06 demonstrated the largest negative bias (with a median MFB of -20.9%)
with a wider range, while the MFB values for SAPRCO07 (with a median MFB of -13.1%) and RACM2
(with a median MFB of -12.5%) are similar. Meanwhile, CB06 shows higher MFE (median value of
38.3%) and lower IOA (median value 0f0.87), whereas SAPRC07 and RACM?2 have smaller simulation
errors (with median MFE values of around 37%) and better agreement (with median IOA values of
around 0.89). The R values across the three mechanisms display similarity, with median values of around
0.8.

At suburban sites,the MFB values ofthe three mechanisms were similar and were overall slightly greater
than zero (median values of around 5%), suggesting these mechanisms overestimate O3 concentration.
However, the MFE of CB06 (median value of 31%) was lower than those of SAPRC07 and RACM2
(median MFE values ofaround 34%),and its IOA (median value 0£0.92) is also significantly higher than
those of the other two mechanisms (median IOA values of around 0.89). The R values of the three
mechanisms are all close to 0.86, with very small differences. Overall, at suburban sites, CB06 showed
better agreement with observed O3, whereas SAPRC07 and RACM2 have similar simulation pattern. In
addition, the smaller spread of the statistical metrics at suburban sites among the three mechanisms also
suggests that inter-mechanistic differences in Oz simulation performance were less pronounced under
low-NO suburban than high-NO urban conditions.

In general, the impact of gas-phase chemical mechanisms on the performances of simulating O3 varied
markedlybetween urbanand suburban sites. Aturbansites, SAPRC07 and RACM2 mitigated the general
underestimation of O3. At suburban sites, in contrast, all three mechanisms slightly overestimated O3,
and the comparatively lower O3 concentrations simulated by CB06 resulted in closer agreement with
observations. This discrepancies among the mechanisms for O3 simulation at urban and suburban sites
were likely associated with the distinct NOx condition and dominant precursor species in urban and

suburban environments. To comprehensively evaluate the performance of the three photochemical
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mechanisms in simulating O3 pollution, further in-depth comparative analysis with other indicators is

essential.

3.1.2 Discrepancies in key photochemical intermediates under distinct NO, environments
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Figure 4 Distributions of simulated-to-observed concentration ratios for key photochemical species obtained with
CB06, SAPRC07, and RACM2 mechanisms at the urban site (SAES) and suburban site (XJ). The analysis covers
daytime hours (08:00-18:00 local time). The box plots present the 10th, 25th, 50th, 75th, and 90th percentiles of the

ratios individually. The dashed horizontal line denotes a ratio of 1.

The accuracy of simulation key photochemical species such as NO2, NO, HONO, ISOP, HCHO, and
HNO:s is also one of the critical factors in evaluating the ability of different photochemical mechanisms,
particularly under varying NOx concentrations. On the whole, all the three photochemical mechanisms
significantly overestimated daytime NO2 concentrations at the urban site. At the suburban site, while
SAPRCO7 and RACM2 continued to exhibit notable overestimations, CB06 demonstrated superior
agreement with observations (Fig.4a, f). Specifically, at the urbansite, the median simulated -to-observed
NO: ratios for SAPRC07, RACM2, and CB06 were 1.60, 1.54, and 1.46, respectively. In contrast, at the
suburban site, SAPRC07 and RACM2 maintained higher biases with median ratios of 1.24 and 1.20,
whereas CB06 yielded a near-perfect ratio of 1.01. The overestimation NO> at the urban site in Chengdu
is consistent with the findings of She et al. (2024). The possible reasons might be attributed that
overestimation of NOx emission (Du etal.,2021) or inadequate representation of NO2 recycling pathways
in the model (Luecken et al., 2019).

The simulated NO exhibited a more pronounced site-dependent simulation bias than NO: (Fig. 4b, g). At

the urban site, the median simulated-to-observed NO ratios for CB06, RACM?2, and SAPRCO07 were 2.0,
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1.8, and 1.6, respectively. These values indicated that all three mechanisms overestimated NO, with
SAPRCO7 showing the lowest median bias. At the suburban site, the corresponding median ratios were
2.1,2.2,and 1.9, respectively. The ratio distributions at the suburban site were also substantially broader
and exhibited pronounced upper tails, reflecting greater variability and severe overestimation. Overall,
SAPRCO07 yielded thelowest medianbiasatbothsites,although none ofthe three mechanisms eliminated
the positive bias in NO simulations, particularly at the suburban site. Consistent with previous studies,
the overall performance of current air quality models in simulating NO remains limited (Kaynak et al.,
2013). The biasmay be associated with theuncertainties of emissioninventories (Penningtonetal.,2024)
and the effects of numerical diffusion on simulated chemical processes (Zhu et al., 2024).

HONO, an important primary source of OH, plays a key role in atmospheric oxidation chemistry and the
formation of secondary pollutants (Tan et al.,2017; Tanet al., 2026). Therefore, accurately representing
HONO in air quality models is essential for reliably simulating atmospheric photochemistry and
secondary pollution. Unlike the simulated NOx concentrations, HONO concentrations were substantially
underestimated by all three photochemical mechanisms at both the urban and suburban sites (Fig. 4c, h).
Theunderestimation may be partly related to missing HONO sources in the current modeling framework,
including direct emissions (e.g., soil emissions (Wang et al.,2021; Wang et al.,2025b), vehicles (Trinh
etal.,2017) and biomass combustion (Cui et al., 2021)), heterogeneous processes (e.g., heterogeneous
reactions of NOz on aerosols and ground (Xuanetal., 2025; Zhanget al.,2021)) and nitrate photolysis
(Scharko et al., 2014; Ye et al., 2017). Notably, although the underestimations were particularly
pronounced at the suburban site, inter-mechanistic discrepancies were larger under urban environment.
Specifically, the median ratios of simulated-to-observed HONO at the urban site were 0.40 (RACM?2),
0.38 (CB06) and 0.32 (SAPRCO07), whereas at the suburban site, they droppedto 0.21,0.19, and 0.18,
respectively,. RACM2 exhibited the smallest overall HONO underestimation among the three
mechanisms. The substantial negative biases across all mechanisms highlight the need for improved
representation of HONO sources and chemistry in CMAQ.

We further evaluated the simulation performance of ISOP, a key precursor originating from biogenic
volatile organic compounds (BVOCs), across the three mechanisms. Similar to HONO, all the three
chemical mechanisms systematically underestimated ISOP concentrations at both sites (Fig. 4d, i), with

the pronounced negative biases at suburban site. These discrepancies may arise from a combination of
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factors, including underestimated anthropogenic isoprene sources (e.g., vehicle isoprene emission (Park
et al., 2011)), uncertainties in biogenic emission associated with coarse-resolution land-use data (Wang
etal.,2025a), and uncertainties in the representation of ISOP oxidation chemistry (Von Kuhlmann et al.,
2004).

HNO:s is a primary product ofradical chain termination, particularly in high-NOx environments. Overall,
the simulated HNO; concentrations across all three chemical mechanisms were anomalously higher than
observations at the urban site, with median simulated-to-observed ratios ranging from 9.13 to 10.27. The
RACM2 exhibited the most pronounced bias, yielding a median ratio of 10.27 (Fig. 4e). The
overestimations may be associated with the previously noted positive bias in NO2, which enhances the
OH + NO: reaction and consequently accelerates the production of HNO:3.

HCHO is predominantly produced from the atmospheric oxidation of VOCs and represents an important
primary source of ROx radicals through photolysis. Previous studies have shown that HCHO photolysis
can contribute approximately 10%—34% of primary ROx production in China (Lu etal.,2013; Tan et al,,
2017; Tanetal.,2019; Xue etal.,2016), highlighting the importance of accurately representing HCHO
in air quality models for characterizing radical chemistry and atmospheric oxidation capacity. SAPRC07
showed the closest agreement with observations, with a median simulated -to-observed HCHO ratio of
0.51, compared with 0.42 and 0.41 for RACM2 and CBO06 (Fig. 4j). This behavior is broadly consistent
with previousmodeling studies reporting substantial negative biases in simulated HCHO, including those
using CB05 and MCM, which have been linked in partto uncertainties in the representation of isoprene

oxidation chemistry (Marvin et al., 2017).

3.1.3 Comparisons in spatial-temporal RO, radicals

OH, HO», and RO: radicals are key components of atmospheric oxidation chemistry, mediating radical
cycling and O3 formation. Their concentrations can serve as important metrics for assessing atmospheric
oxidation capacity. To quantify inter-mechanistic differences in radical chemistry, we compared the
spatial distributions of simulated OH, HOz, and RO> across the region and examined their diurnal

variations at the XJ site (Fig. 5).
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Figure 5 Spatial distributions and diurnal variations of OH, HO, and RO, concentrations simulated by CBO06,
SAPRCO07, and RACM2 mechanisms. Maps show the mean regional distribution at 14:00 local time. The righthand
panels show diurnal variations at the suburban XJ site. The dark blue triangle marks the location of the X1J site.
Generally, the three chemical mechanisms generally exhibited similar spatial distribution patterns for
OH, HOz, and RO:; radicals, with comparable locations of high- and low-concentration regions across
Chengdu (Fig. 5). For specific, the high-value region of OH concentrations across Chengdu region are
mainly concentrated around the main urban area, while the a low-valueregion in the urban center. The
response characteristics of OH to NOx concentrations are consistent with the distinct response patterns
of OH concentration to varying NO levels across urban, forest, and marine environments revealed by
Tan et al. (2026). The low OH concentration zone in heavily polluted urban may result from the reaction
of OH and NO», which is an important loss process for OH in urban (Ehhalt et al., 1990). In contrast to
the spatial distribution of OH, HO: exhibited a pronounced minimum over central Chengdu, with
substantially higher concentrations in the surrounding areas. This urban HO2 depletion may be attributed
to elevated NO levels. Under high-NO conditions, the reaction of HO2 with NO becomes a major HO2

loss pathway (Tang et al., 2006), leading to rapid HO2 consumption and consequently lower HO>
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concentrations in the urban core thanin the surrounding suburban areas. Across all three mechanisms,
the spatial distribution of ROz closely mirrors that of HOx.

Despite broadly consistent spatial patterns, the three mechanisms exhibited substantial differences in
simulated radical concentrations and associated model performance. For OH, the RACM2 simulated the
highest regional mean concentration (1.8 x 107 molecules cm-3), compared with 1.5 x 107and 1.4 x 107
molecules cm for CB06 and SAPRCO7, respectively. Consistently, the diurnal profiles at the XJ site
further showed that RACM?2 produced substantially higher daytime OH peaks than the other two
mechanisms. This pattern is broadly consistent with previous studies reporting that CBM and SAPRC
tend to predict lower OH levels than RACM2 (Liu et al., 2023). However, comparison with in situ
observations at the XJ site indicates that all three mechanisms overestimated the observed peak OH
concentrations, with the largest positive bias occurring in RACM?2. This OH overestimationmay enhance
the OH + NO: reaction and consequently contribute to excessive HNO3 production, particularly in
RACM2, which also showed the largest positive HNO3 bias (Fig. 4¢). In contrast to the OH behaviors,
SAPRCO07 producedthe highest daytime HO2 peaks atthe X7 site, corresponding to the simulated highest
mean HO» concentration (10%108 molecules cm3), followed by CB06 (9.4x10% molecules cm3) and
RACM2 (9.1x108molecules cm-3). This feature coincided with the higher simulated-to-observed HCHO
ratio for SAPRCO7 (Fig. 4j). Because HCHO photolysis is one of important primary sources of HOx
radicals, the enhanced HCHO abundance in SAPRC07 may partly contribute to its higher simulated HO>
concentrations. For ROz radicals, the CB06 mechanism yielded a regional mean RO2 concentration of
8.2x108 molecules cm3, markedly lower than the 9.2x108 and 9.7x10® molecules cm™ simulated by
RACM2 and SAPRCO7, respectively—a gap of approximately 11%-16%. And the diurnal variations
further confirm that CB06 yields lower RO2 peak concentrations compared to RACM2 and SAPRCO07.
Overall, the spatial distributions suggest greater inter-mechanistic variability in radical concentrations
over the high-NOx urban area than over the surrounding regions, pointing to stronger mechanism
dependence ofradical chemistry under urban conditions. Moreover, the relatively similar simulated HO2
levels and the substantially larger inter-mechanistic differences in ROz suggestthatthe differences in O3

formation may be largely related to variations in simulated ROz abundance rather than HOx.
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3.2 Budget analysis of O; formation and loss pathways
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Figure 6 O; formation and loss rates (ppbv h'') simulated by CB06, SAPRC07 and RACM2 mechanisms at the
urban site (SAES) and suburban site (XJ). The black curve plotted with circle markers represents the net O;

production rate. The analysis covers daytime hours (08:00 to 18:00 local time).

To analyze inter-mechanistic discrepancies in Os production, we evaluated mean diurnal reaction rates
for O; formation and loss pathways (Fig. 6). Clear inter-mechanistic differences were found in the
simulated net O3 production rate P(O3), at bothsites, with a consistent orderingof RACM2 > SAPRC07 >
CBO06. Specifically, P(O3) values for RACM2, SAPRC07, and CB06 were 31.0,29.6, and 25.0 ppbv h!
attheurbansiteand 17.6,17.4,and 15.1 ppbv h-! atthe suburban site, respectively. The inter-mechanistic
differences in P(O3) were more pronounced under the high-NOx urban conditions than at the suburban
site.

A similar inter-mechanistic pattern was found for the gross O3 formation rates, which were 40.1,37.0,
and 32.5 ppbv h! for RACM2, SAPRCO07, and CB06 at the urban siteand 22.1,21.5,and 19.0 ppbv h!
at the suburban site, respectively. Further decomposition of gross Oz formation into the two major
pathways, HO2 + NO and ROz + NO, revealed a somewhat larger inter-mechanistic spread in the RO, +

NO pathway, particularly at the urban site. Atthe urbansite, the HO> + NO reaction rates were 18.1,17.5,
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and 14.7 ppbv h! for RACM2, SAPRCO07, and CBO06, respectively, decreasing to 9.9, 10.0, and
8.5 ppbv h! at the suburban site. The corresponding RO2 + NO reaction rates were 22.0, 19.5, and
17.8 ppbv h'lat theurbansiteand 12.2, 11.5,and 10.5 ppbv h-! at the suburban site. The relatively small
inter-mechanistic spread in HO2 + NO reaction rates are broadly consistent with the similar HO» levels
(Fig. 5d-f, k). In contrast, the larger spread in RO2 + NO reaction rates among the mechanisms were
consistent with the more pronounced inter-mechanisticdifferencesin ROz levels (Fig. 5g-i,1), suggesting
the mechanism-dependent in ROz and chemistry can contribute substantially to the inter-mechanistic
variability in O3 formation.

Clear inter-mechanistic differences were also found in the total O3 loss rates. At the urban site, the O3
loss rates for RACM2, SAPRCO07, and CB06 were 9.1, 7.4, and 7.5 ppbv h-!, respectively, while the
corresponding values at the suburban site were 4.5,4.1,and 3.9 ppbv h-. RACM2 consistently simulated
the strongest Os loss at both sites and the inter-mechanistic spread was again larger under the high-NO«
urban conditions. These inter-mechanistic differences in O3 loss rates were mainly associated with
reactions of OH+ NO: and O3 + alkenes. The OH + NO: reaction rates for RACM2, SAPRCO07, and
CBO06 were 6.5,5.4,and 5.6 ppbvh-! at the urban site and 2.6,2.2, and 2.2 ppbv h-! at the suburban site,
respectively. The largest OH + NOz reaction rate in RACM2 is broadly consistent with the inter-
mechanistic differences in OH levels (Fig. 5a-c,j), particularly at the urban site, although differences in
NO:z levels and kinetic parameters may also influence this pathway. Differences in O3 + alkenes were
also apparent, especially at the urban site, where the corresponding rates for RACM2, SAPRCO07, and
CBO06 were 1.2, 0.8, and 0.8 ppbv h-!, respectively. These differences likely reflect the mechanism-
dependent representation of alkene species and their reactivities toward O3. For example, the more
reactive internal-alkene group in RACM2 (OLI, 2.58 x 10-'6 cm? molecule™ s-!) has a higher O3 reaction
rate constantat 298 K than the corresponding highly reactive alkene groups in SAPRC07 (OLE2, 1.27 x
10-1¢ cm? molecule™! s"')and CB06 (IOLE, 1.57 x 10-'° cm? molecule! s!). By comparison, the Oz + hv,
O3 + OH and O3 + HO: pathways showed relatively similar reaction rates among the three mechanisms
at both sites.

Overall, the three mechanisms showed clear differences in the magnitudes of both O3 formation and loss,
with these discrepancies being more pronounced under the high-NOx urban conditions. RACM2

generally simulated the highest net O3 production, along with the strongest O3 formation and loss rates,
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whereas CB06 yielded the lowest net O3 production. The inter-mechanistic differences in O3 formation
were primarily attributable to variations in the RO2 + NO pathway, particularly under high-NOx urban
conditions, indicating a strong dependence of O3 formation on mechanism-specific RO2 chemistry. In
comparison, differences in O3 loss rates among the mechanisms were primarily attributable to OH+ NOz
and Os + alkenes pathways, while the Oz + hv, Os + OH, and Os + HO2 pathways showed relatively
minor differences among the mechanisms. Despite these quantitative discrepancies, the three
mechanisms reproduced a broadly consistent overall O3 chemical budget structure at both sites. The O3
formation at both sites was dominated by RO2 + NO reaction, contributing more than 50%. O3 loss was
primarily governed by the OH + NO: reaction at both sites. At the suburban site, however, the
contribution of this pathway decreased by approximately 14-19 percentage points, while O3 photolysis

and the reactions of O3 with HO» and OH became relatively more important.

3.3 Mechanistic insights into RO, cycle

3.3.1 Characterizing primary sources of RO, radicals
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Figure 7 Primary RO, production rates (ppbv h'!) simulated by CB06, SAPRC07 and RACM2 mechanisms at the
urban site (SAES) and suburban site (XJ). The primary RO, production pathways include HONO photolysis, O;
photolysis, alkene ozonolysis, HCHO photolysis, and photolysis of other carbonyls. The analysis covers daytime
hours (08:00 to 18:00 local time).

The coupling between the NOx and ROx cycles promotes radical propagation and recycling, facilitating

the conversion of NO to NO2 and net photochemical Os production. Therefore, quantifying the budget
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and cycling of ROx radicals is important for understanding mechanism-dependent differences in

atmospheric oxidation capacity and O3 production.

We further analyzed the primary ROx production (P(ROx)) at both sites (Fig. 7). These results

demonstrated that P(ROx) was substantially higher at the urban site than at the suburban site. Specifically,

P(ROx) values for RACM2, SAPRCO07, and CB06 were 7.9, 6.9, and 7.0 ppbv h-! at the urban site and

5.0, 4.6 and 4.3 ppbv h'! at the suburban site, respectively. RACM?2 yielded the highest P(ROx) at both

sites, and the absolute inter-mechanistic differences were more pronounced at high-NOx urban site

(1.0 ppbv h'!) than at the low-NOx suburban site (0.7 ppbv h-1).

Despite these quantitative differences, the three mechanisms showed a broadly consistent primary ROx

source structure atboth sites. Atthe urban site, HONO photolysis was the dominant primary ROx source,
accounting for 29.2%-35.2% of P(ROx), consistent with the important role of HONO photolysis under

polluted urban conditions reported by Zhou et al. (2024). The corresponding production rates were 2.3,
2.1, and 2.5 ppbv h'! for RACM2, SAPRC07, and CB06, respectively. The next largest contributions

were from O3 photolysis (23.2%-24.0%) and photolysis of other carbonyl compounds (20.7%—-26.3%),
while HCHO photolysis and Oz + alkenes contributed 11.2%—16.3% and 7.9%—9.7%, respectively.

Among these pathways, the most pronounced inter-mechanistic difference occurred in the photolysis of
other carbonyl compounds. Its contribution reached 26.3% in RACM2, compared with 20.7%-22.5% in

SAPRCO07 and CB06, corresponding to production rates of 2.1, 1.6, and 1.4 ppbv h-! for RACM2,

SAPRCO07, and CBO06, respectively. The larger contribution and production rate of carbonyl-photolysis

in RACM?2 suggest that mechanism-dependent differences in the representation and photochemistry of
carbonyl species may contribute to its enhanced primary ROx production under high-NO urban

conditions.

At the suburban site, Oz photolysis became the dominant primary ROx source, contributing 38.2%-40.5%.
The next largest contributions were from HONO photolysis (19.9%-22.4%) and photolysis of other

carbonyl compounds (18.5%-21.9%), while HCHO photolysis and O3 + alkenes accounted for 13.6%—
18.9% and 3.8%—4.6%, respectively. Compared with the urban site, the relative importance of the more

mechanism-sensitive pathways, particularly carbonyl photolysis and O3 + alkenes, decreased, whereas

Os photolysis became more dominant and showed similar contributions among the three mechanisms.

This increased contribution from O3 photolysis reduced the relative importance of VOC-dependent
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primary radical sources in the P(ROx) and may partly account for the smaller inter-mechanistic
differences in P(ROx) budgetat the suburban site. Overall, the three mechanisms reproduced a broadly
similar hierarchy of primary ROx sources, while the largest pathway-level discrepancies were associated

with VOC- and carbonyl-related radical production, particularly under the high-NOx urban conditions.

3.3.2 Termination mechanisms and radical fate in urban and suburban environments
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Figure 8 Radical chain termination reaction rates and H,0,-to-HNO; ratio simulated by CB06, SAPRCO07 and
RACM2 mechanisms. Panels (a-f) show termination rates (ppbvh-') atthe urban site (SAES) and suburban site (XJ).
Panel (g) compares the H,O,/HNO; ratio between the two sites during daytime (08:00 — 18:00 local time).

We further quantified the termination reaction rates of the ROx radical chainat bothsites (Fig. 8). Overall,
all three mechanisms consistently simulated substantially higher total ROx radical loss rates (L(ROx)) at
the urban site than that at the suburban site, with large the inter-mechanistic differences under the high-
NOx conditions.

At the high-NOx urban site, ROx termination was mainly driven by OH+NO: to form HNOs, which
accounted for 64.8%-66.3% of total termination. OH+NO contributed 16.9%-24.4%, while RONO;
formation accounted for 6.9%-14.6%. Previous work also reported that ROx termination in Chengdu was
dominated byreactions of OHwith NOx (Tan etal.,2018). The relatively narrow range in the contribution
of OH + NO among the three mechanisms indicates a broadly consistent representation of this dominant
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termination pathway. In contrast, the contribution of RONO: formation varied more widely among the
three mechanisms (6.9%—14.6%). This variability may reflect differences in the representation of RO2 +
NO branching and organic nitrate yields among the mechanisms. Thus, although the three mechanisms
agreed on the dominant role of NOx-related termination at the urban site, they differed appreciably in the
partitioning of RO2 toward RONO: formation.

In contrast, the ROx termination became more distributed across multiple pathways at the suburban site.
Although OH+ NO; remained the largest individual ROx radical loss pathway, its contribution decreased
to 47.0%—50.8%. Similar to the urban site, the relatively small spread in this contribution among the
three mechanisms suggests that OH + NO> remained comparatively consistent across mechanisms.
Meanwhile, the relative contributions of peroxy-radical termination pathways increased, including HO»
+ ROz (13.1%-20.6%) and HO2 + HO: (10.5%—13.4%). Among these pathways, HO2 + ROz exhibited
the largest inter-mechanistic variability, whereas the differencesin HO2> + HO> were comparatively
smaller. The noticeable spread in HO2 + RO2 and HO» + HO: also highlights the increasing influence of
mechanism-dependent peroxy-radical chemistry on ROx termination under lower-NOx conditions.
These results indicate that the mechanisms differ not only in the overall magnitude of L(ROx) butalso in
the partitioning of radical termination among individual pathways. Under high -NOx urban conditions,
the fractional contribution of RONO: formation to ROy termination varied appreciably among the three
mechanisms., whereas under low-NOx suburban conditions, greater variability emergesin peroxy-radical
termination, particularly through HO2 + ROz and HO2 + HOz reactions. This transition is consistent with
the reduced relative importance of NOx-dependent ROx termination as NOx levels decreases, thereby
increasing the influence of mechanism-dependent peroxy-radical chemistry on the ROx loss budget.
The change in ROx termination chemistry is further supported by the H2O2/HNO;3 ratio, which increased
substantially from 0.24—0.33 at the urban site to 0.6—0.83 at the suburban site (Fig. 8g). Differences in
H202/HNO3 among the three mechanisms also reflect their different partitioning between peroxide-
forming and NOx-related termination pathways. RACM2, SAPRC07, and CB06 yielded H2O2/HNO;s
ratios 0f 0.24,0.33, and 0.27 at the urban site and 0.6, 0.83, and 0.7 at the suburban site, respectively.
Despite these quantitative differences, all three mechanisms reproduced the same systematic increase in
H>02/HNOs from the urban to suburban site, providing consistent evidence for a shift toward greater

importance of peroxy-radical termination under lower-NOx conditions.
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Overall, all three mechanisms reproduced a broadly consistent urban-to-suburban transition in ROx
termination chemistry but differed in both the magnitude of total ROx loss and the relative importance of
individual termination pathways. At the urban site, the predominance of NOx-related pathways reflects
strong NOx-dependent radical termination under high-NOx conditions, with the larger inter-mechanistic
variability in RONO:2 formation, highlighting greater sensitivity to the treatment of organic nitrate
chemistry. In contrast, the increased contribution of HO2 + HO2 and HOz + ROz at the suburban site
enhances the influence of mechanism-dependent peroxy-radical chemistry on the ROx budget. Thus, the
dominant source of inter-mechanistic variability in ROx termination shifts from organic-nitrate-related
chemistry under high-NOx urban conditions toward peroxy-radical self- and cross-reactions under lower-

NOx suburban conditions.

3.3.3 Propagation pathways: OH-initiated oxidation of primary VOC emission

The OH-initiated oxidation of VOCs is one of the key propagation steps in the ROx cycle, generating
ROz radicals and triggering subsequent radical chain propagation reactions. In order to identify the key
chemical drivers of the ROx cycle across varying NOx environments, we quantified the reaction rates of
OH with major primary VOC emissions at urban and suburban site (Fig. 9).
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Figure 9 OH-initiated oxidation rates (ppbv h-!) of major primary VOCs simulatedby CB06, SAPRC07 and RACM2
mechanisms atthe urban site (SAES) and suburban site (XJ). The analysis covers daytime hours (08:00— 18:00 local

time).

Alkanes represent the most abundantVOC class in Chengdu, whilealkenes and aromatics are the primary

high-reactivity components of anthropogenic emissions (Deng etal.,2019; Tanetal.,2018).ISOPis also
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an important BVOCs with high reactivity toward OH. Accordingly, we examined the OH-initiated
reaction rates of these major anthropogenic and biogenic VOCs classes to characterize their respective
roles in driving the ROx cycle.

Across all the three mechanisms, OH-initiated oxidation rates of the major anthropogenic VOC classes
were consistently higher at the urban site compared to the suburban site, revealing the more rapid OH-
initiated VOC oxidation at the urban site. At the high-NOx urban site, the OH-initiated VOC oxidation
was primarily driven by anthropogenic volatile organic compounds (AVOCs). The OH + Aromatics
reaction rates were the highest, reaching 2.9, 2.6, and 2.4 ppbv h-! for RACM2, SAPRCO07, and CB06,
respectively, followed by OH + alkenes, with corresponding rates of 2.7, 2.5, and 2.3 ppbv h-!. In
comparison, OH + alkanes exhibited lower reaction rates (1.3-2.0 ppbv h'!), while OH + isoprene (04—
0.5 ppbv h'!') was relatively less important under the urban conditions. These results indicate that
anthropogenic aromatics and alkenes were the major VOC categories undergoing initial OH oxidation at
the urban site, while also revealing appreciable quantitative differences among the three mechanisms.
At the low-NOx suburban site, the OH + isoprene reaction exhibited the highest reaction rate among the
major VOC classes (~1.1 ppbv h'!), whereas the OH reaction rates with aromatics, alkenes, and alkanes
were 0.8-0.9, 0.9, and 0.6—0.7 ppbv h-!, respectively. Compared with the urban site, the greater
contribution of isoprene indicates an increased importance of BVOCs in the initial OH-driven VOC
oxidation at the suburban site, although oxidation of anthropogenic VOCs remained appreciable.
The three mechanisms showed broadly consistent patterns among the major VOC classes butdiffered in
the magnitude of OH-initiated oxidation, with larger inter-mechanistic discrepancies at the urban site. In
particular, relatively large differences were found for OH + aromatics and OH + alkenes, whereas the
corresponding differences among the mechanisms were smaller at the suburban site. The lower OH-
initiated oxidation rates simulated by CB06 for several major VOC classes are qualitatively consistent
withits lower ROz concentrations (Fig. 5g-i,1). However, this correspondence does not necessarily imply
a direct causal relationship, because RO2 abundances are additionally controlled by mechanism-
dependent RO yields, branching, propagation, and termination chemistry. Moreover, the OH + VOC
reaction rates also depend on simulated OH levels, VOC abundances, and reaction kinetics. Fig. 9
characterizes mechanism-dependent differences in the initial VOC oxidation processes feeding the ROx

cycle. However, variations in OH-initiated VOC oxidation alone do not directly reveal the relative
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importance of individual VOC classes as O3 precursors. This issue is further examined in Section 3.4
using sensitivity analysis, which quantifies the O3 response to individual VOC categories and assesses
the consistency of the three mechanisms in identifying the dominant VOC precursors governing O3

formation.

3.4 Sensitivity of O; to NO, and VOC emissions
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Figure 10 First-order O; sensitivities (ppbv) to primary NO, emissions and major primary VOC emissions calculated
by CMAQ-DDM-3D with CB06, SAPRC07, and RACM2 mechanisms. The comparison covers daytime (08:00 —
18:00 local time) at the urban site (SAES) and suburban site (XJ).

We further quantified the first-order sensitivities of O3 concentrations to anthropogenic emissions (NOx,
aromatics, alkenes, and alkanes) and BVOCs using the CMAQ-DDM-3D with the three mechanisms
(Fig.10). The three mechanisms exhibited a broadly consistentpattern in the relative importance of major
Os precursors and in their urban-to-suburban transition. All three mechanisms simulated negative O3
sensitivities to NOx emissions at both sites, with substantially larger negative responses at the urban site
(—26.0 to —32.0 ppbv) than at the suburban site (approximately —5 ppbv) suggesting that NOx reductions
would be associated with O3 increases in both environments, with a stronger response in the urban area.
Among the VOC categories, anthropogenic aromatics and alkenes were associated with the highest O3

sensitivities at the urban site, whereas BVOCs emissions showed the highest sensitivity at the suburban
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site. Alkane emissions exhibiting relatively weak sensitivities at both sites. Specifically, at the urban site,
the first-order sensitivity coefficients of O3 were 12.6—14.6 ppbv for aromatics, 6.6—8.5 ppbv for alkenes,
3.8-5.3 ppbv for BVOCs, and 2.4-3.0 ppbv for alkanes. In contrast, at the suburban site, O3 showed the
highest sensitivity to BVOCs (2.6—3.3 ppbv), followed by aromatics (1.9-2.0 ppbv) and alkenes (1.5—
2.0 ppbv), while alkanes remained the least influential (0.8—0.9 ppbv). The magnitude of the inter-
mechanistic differences also varied substantially among major precursor categories and between the two
sites. At the urbanssite, the largest absolute spreads occurred for aromatics (~2.0 ppbv) and alkenes (~1.9
ppbv), followed by BVOCs (~1.5 ppbv). In comparison, the corresponding spreads at the suburban site
were substantially smaller, at approximately 0.1, 0.5, and 0.7 ppbv, respectively. These results indicate
that mechanism-dependent variability in O3 precursor sensitivity was more pronounced under the high-
NOx urban conditions, particularly for the highly reactive anthropogenic aromatic and alkene classes,
whereas the three mechanisms showed closer agreement under the lower-NOx suburban conditions.
Despite these quantitative differences, all three mechanisms consistently identified the same major
precursor categories and reproduced the shift from predominantly anthropogenic VOC sensitivity at the
urban site to greater BVOC sensitivity at the suburban site.

An important urban—suburban contrast was found for BVOCs. Although OH-initiated ISOP oxidation
was faster atthe suburban site (Fig. 9), the absolute first-order sensitivity of O3 to BVOCs emissions was
greater at high-NOx urban site. This apparent contrast indicates that the influence of BVOCs oxidation
on O3 formation depends not only on the initial oxidation rate but also on the subsequent fate of the
resulting peroxy radicals under different NOx regimes. Under high-NOx urban conditions, a larger
fraction ofthese peroxy radicals reacts with NO, efficiently converting NO to NO2 and sustaining radical
propagation and O3 formation. In contrast, under low-NOx suburban conditions, RO2+RO2, RO2+HOx,
and HO»+HO» reactions become relatively more important (Fig. 8), favoring peroxide formation and
radical termination and thereby reducing the efficiency with which BVOC oxidation contributesto O3
production. Overall, the three mechanisms consistently capture the NOx-dependent shift in the role of
major VOC precursors emissions, while their quantitative differences in O; sensitivity reflect
mechanism-dependent representations of VOC oxidation and subsequent peroxy-radical chemistry.

4 Conclusions and implications
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This study developed a customized VOC emission inventory for RACM2 and conducted a systematic
inter-comparison of three photochemical mechanisms (CB06, SAPRC07, and RACM2) using CMAQ
during an Os pollution episode in Chengdu under contrasting NOx environments. The results show that
chemical mechanism selection leads to substantial differences in simulated O3 levels and radical
chemistry, particularly under high-NOx conditions.

SAPRC07 and RACM2 simulated higher and comparable O3 concentrations (94.8-96.1 ppbv, MDAS)
than CB06 (~80 ppbv, MDAS). This result is broadly consistent with previous mechanism
intercomparisons (Kitayama et al., 2019; Shareef et al., 2022), which also reported that RACM2 and
SAPRCO7 yield similar O3 concentrations, while carbon-bond mechanisms produce lower values, with
inter-mechanism differences reaching up to 10 ppb over Japan (Kitayama et al., 2019). Despite
differences in simulated O3 concentrations, the three mechanisms exhibited a broadly consistent O3
photochemical framework, with O3 formation dominated by the ROz + NO pathway. The magnitude of
inter-mechanistic differences variability, however, was strongly dependent on the NOx regime.
Differences were more pronounced under high-NOx urban conditions, particularly in RO2-mediated O3
formation, O3 loss chemistry, and primary ROx production, with part of the variability in P(ROx)
associated with mechanism-dependent carbonyl photolysis. The ROx termination regime also shifted
markedly from NOx-related pathways under urban conditions toward greater contributions from peroxy-
radical self- and cross-reactions under lower-NOx suburban conditions. Although this regime transition
was reproduced consistently by all three mechanisms, the magnitude and partitioning of individual
termination pathways remained mechanism dependent. These differences were mainly associated with
RONO:; formation at the urban site, whereas HO> + HO> and HO: + ROz became more mechanism
dependent at the suburban site. The accompanying increase in the HoO2/HNO;j ratio further supported
the transition toward greater importance of peroxy-radical termination under lower-NOx conditions.
Sensitivity analysis also revealed a broadly consistent regime-dependent pattern across the three
mechanisms, with anthropogenic aromatics and alkenes dominating O3 sensitivity under high-NOx urban
conditions and BVOCs becoming more important at the suburban site. Notably, O3 sensitivity to BVOC
emissions was substantially greater under high-NOx urban conditions than at the lower-NOx suburban
site, despite lower urban BVOC emissions. This contrast highlights the importance of NOx-dependent

peroxy-radical fate in determining how efficiently VOC oxidation contributes to O3 formation.
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Overall, these findings highlight that chemical mechanism uncertainty is strongly dependent on NOx
regimes and is most pronouncedunder high-NOx conditions, underscoring theneed for multi-mechanism
ensemble simulations in air quality modeling. Furthermore, the clear urban—suburban transition in O3
formation regimes suggests that emission control strategies should be spatially differentiated, with
anthropogenic VOC emission reductions prioritized in urban cores. Although NOx emission reductions
alone were simulated to increase O3 at both sites, the weaker response at the suburban site indicates
spatial differences in the sensitivity of O3 formation to NOx controls. These findings highlight the need
for coordinated reductions in NOx and VOC emissions tailored to local chemical regimes. Importantly,
NOx notonly directly regulates O3 formation but alsomodulates radical cycling and thus the effectiveness
of VOC emission reduction, which should be explicitly considered in control strategies. Finally, the
amplified role of BVOCs under high-NOx conditions highlights the importance of accounting for
interactions between anthropogenic emissions and biogenic sources in future O3 mitigation, particularly

under a warming climate with increasing BVOC emissions.
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