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22  Abstract

23 As China's emission reduction efforts enter a plateau phase due to the slow decline of
24 secondary pollutants, existing control strategies face diminishing returns. Atmospheric
25  Oxidation Capacity (AOC), a key driver of secondary pollutant formation, represents
26 a critical yet underutilized target for more effective control. The Atmospheric
27  Oxidation Capacity Path Tracing (AOCPT) approach was proposed in this study. This
28  approach quantitatively traces AOC to its precursors and sources, thereby facilitating
29  the coordinated control of secondary pollution, by integrating three modules: a
30  Radiation Equivalent Oxidation Capacity (REOC) method to quantify precursor
31  species contributions, a Relative Incremental AOC (RIA) metric derived from a
32 coupled box-receptor model to assess source impacts, and a modified source
33 apportionment technique to resolve the respective contributions of both precursor
34  species and sources to AOC. Successfully validated in a field study in Changzhi,
35 China, AOCPT identified industrial processes (26.8%) and diesel vehicle emissions
36 (24.1%) as the dominant AOC sources in a case city, driven largely by their
37  trans-2-butene emissions (49.3% and 20.6% of total trans-2-butene, respectively).
38  Crucially, secondary organic aerosols (SOA) were inadvertently enhanced by ozone
39  (Os)-targeted abatement, an AOC-centric strategy enables the co-mitigation of both
40  pollutants. By enabling the precise regulation of AOC through direct quantification of
41  precursor and source roles, the AOCPT approach facilitates the synergistic control of
42 secondary pollutants. It provides a robust technical pathway and theoretical
43 foundation to overcome current challenges in air quality management.

44  Key words: atmospheric oxidative capacity; secondary pollutants control; ozone;
45  self- reactions; methodological; observational study

46

47 1 Introduction

48 Atmospheric Oxidation Capacity (AOC), which comprises reactive oxidants such as
49  hydroxyl radicals (OH-), ozone (Os), and nitrate radicals (NOs-), etc. acts as the
50 chemical engine that governs the transformation efficiency of precursors such as
51  volatile organic compounds (VOCs), nitrogen oxides (NOx) and sulfur dioxide (SOz)
52 into secondary pollutants including Os, secondary organic aerosols (SOA), sulfates,
53 and nitrates, etc. (Yu et al., 2022). Modulation of AOC, which directly affect the
54  secondary pollutant formation potential.

55

56 In recent years, the Chinese government has achieved substantial reductions in
57  primary pollutant emissions, yet air quality challenges stemming from secondary
58  pollutants remain unaddressed. With the implementation of “the Air Pollution
59  Prevention and Control Action Plan” and “the Three-Year Action Plan on Defending
60 the Blue Sky”, the NOx and CO, etc. concentrations of China were reduced by 31%
61 and 33.3% respectively in 2024 compared to 2018 (Mep, 2024). However, the
62  environmental and health risks caused by secondary pollutants remain a major
63  concern. In 2024, the concentrations of O3-8H in the Beijing-Tianjin-Hebei and its
64  surrounding areas, the Yangtze River Delta, and the Fenwei Plain, which are the main
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65  population, economic, and industrial clusters in China, were still as high as 187 pg/m?,
66 169 ug/m?, and 182 ug/m?, respectively (Mep, 2024). From 2013 to 2020, there was a
67  significant decrease in primary organic aerosols (POA) in China, but the decrease in
68  secondary organic aerosols (SOA) was relatively small (Chen et al., 2024).
69  Anthropogenic sources have dominant contributors to SOA in central and eastern
70 China (Hu et al., 2017). Furthermore, the high contribution of secondary pollutants
71 during haze events in China has been shown to be directly correlated with strong AOC
72 (Huang et al., 2014; Wang et al., 2022a). Not only the photochemical formation of O3
73 is driven by the AOC, but a contribution of up to 80% to fine particulate matter
74 pollution was also attributed to the AOC-driven formation of SOA (Huang et al., 2014,
75  Zhao et al., 2020). Meanwhile, previous studies have shown that environmental issues
76  caused by secondary pollutants result in increased mortality from respiratory and
77  cardiovascular diseases (Zhang et al., 2022), a consequence that further entails
78  socioeconomic losses including medical costs, productivity declines, and analogous
79  economic burdens (Xie et al., 2017). It can be seen that current precursor emission
80  control policies have failed to substantially mitigate the environmental, health, and
81  economic impacts stemming from secondary pollution.

82

83  Studies have indicated that refined emission control strategies for primary pollutants,
84  which implement source-specific mitigation measures, demonstrate greater
85  environmental efficacy than broad reduction policies. Wu and Xie et al. (2017)
86  achieved refined control of O; pollution by constructing a speciated emission
87 inventory and analyzing the emission contributions of different species in different
88  emission sources (Wu and Xie, 2017). Ding et al. (2022) highlighted the necessity of
89  simultaneous VOCs and NOy emission source control for relieve secondary pollution
90  (Ding et al., 2022). Liang et al. (2024) employed RO:- radicals to identify critical
91  VOCs species that significantly influence Oz generation, further highlighting the
92  mainly emission source contributors of ozone formation (Liang et al., 2024). Most of
93  these studies neglected the importance of AOC. However, due to the uncertainty of
94  emission inventories and the complex chemical mechanisms of secondary pollutant
95  formation (Reis et al., 2009). It is necessitating prioritized investigation of AOC,
96  which the principal driver of secondary pollution generation (Li et al., 2024). Studies
97  demonstrate elevated SOA concentrations in densely populated regions (e.g., North
98  China Plain, Yangtze River Delta), where SOA strongly correlates with precursor
99  pollutants and enhanced AOC (Chen et al., 2024). However, North China Plain
100  maintains persistently high SOA levels despite substantial precursor pollutants
101 emission reductions. Especially the challenge of coordinated secondary pollution
102 control became evident, as previous studies showed that attempts to control O3 could
103 unexpectedly increase SOA levels due to the non-linear relationship with their
104  precursors (Niu et al., 2024; Lyu et al., 2022). Therefore, emission control that
105  focusing solely on single secondary pollutant impacts while overlooking source
106  contributions to AOC, may lead to deviations in the formulation of emission reduction
107  strategies (Le et al., 2020; Galbally, 2007). Culminating in substantial precursor
108  pollutants reductions yet persistent secondary pollution severity. Existing studies of
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109  AOC predominantly focus on chemical mechanisms and radical interactions (Yu et al.,
110 2022; Mochida et al., 2003), with limited exploration of emission-driven oxidation
111 dynamics. Compared with relying on source analysis and control strategies for
112 individual secondary pollutants, direct traceability analysis of AOC may be more
113 representative and regulatory efficacy for secondary pollution control.

114

115  Herein, we developed and applied an Atmospheric Oxidation Capacity Pathway
116  Tracing (AOCPT) approach to advance secondary pollution control. This approach
117 quantifies standardized precursor impacts on atmospheric oxidation capacity (AOC)
118  using a metric, the Radiation Equivalent Oxidation Capacity (REOC). It then directly
119 links emission sources to AOC by defining the Relative Incremental Atmospheric
120  Oxidation Capacity (RIA) through coupled observation box model (OBM) - positive
121 matrix factorization model (PMF) analysis. Finally, a refined source apportionment
122 method was proposed to quantitatively resolve the contributions of both specific
123 precursors and emission sources to total AOC. By applying this approach, our study
124 comprehensively evaluates emission source contributions and explicitly traces their
125  critical formation pathways through AOC, providing a scientific basis for the
126  synergistic control of both O3 and SOA through targeted AOC regulation.

127

128 2 Methodology

129 2.1 Site description and data collection

130 To test and apply the proposed methodology for secondary pollution control, a
131 continuous field campaign was carried out in Changzhi, a typical industrial city in
132 China, from August 21 to 28, 2024. A detailed description of the study site's industrial
133 characteristics and the specific sampling locations is provided in Supplementary
134 Material Text S1. The Environmental Monitoring Station of Changzhi provided
135  hourly data for key trace gases, including O3, NO, NO, and CO, as well as for
136 meteorological parameters (temperature, relative humidity, and atmospheric pressure,
137 etc.).

138

139 Atotal of 81 VOCs species were continuously sampled at 2 hours sampling frequency
140 by using 3 L stainless steel canisters (SUMMA canister, Entech Instruments Inc.,
141 California, USA), and were then stored at indoor temperature and analyzed within a
142 week of sampling. The ambient samples were analyzed using a pre-concentrator
143 (Entech 7200A Instruments Inc., USA) coupled with a gas chromatograph—mass
144 selective  detector/flame  ionization  detector = (GC-MSD/FID,  Agilent
145 7890GC/5975MSD/FID, USA). The detailed samplings and analysis steps were
146 presented in Text S2.

147

148 2.2 Atmospheric oxidation capacity path tracing approach (AOCPT)

149 Part 1: Calculation of the initial concentration of VOCs
150 In this study, initial VOCs (InVOCs) were considered as VOCs directly emitted from
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151  sources, calculated by Eq. (1) (Wang et al., 2022b).
152

i3 [ 1= 1+ ([ 18) (1)

154

155  where [VOC/1, and [VOCi/y were initial VOCs and measured VOCs concentration
156 for specie i, respectively (ppbv); k: denotes reaction rate constant between VOC; and
157  OH- radicals (cm?-molecule!-s!); /OH] represents the OH- radicals concentration
158  (molecule:cm™), which was simulated by box model; and Ar represents the
159  photochemical age or time that VOCi's reaction with OH- radicals (s), detail
160  information for k; and At calculation are presented in Text S3.

161

162 Part 2: Quantifying radical-specific contributions to AOC: A novel unified

163 approach via OBM and radical cycling analysis

164  Step 1: The AOC and the formation of secondary pollution O3 was simulated using
165 the Master Chemical Mechanism (MCM) in Framework for 0-D Atmosphere
166  Modeling (FOAM) software (Jenkin et al., 2015; Wolfe et al., 2016). This open-source,
167  zero-dimensional (0-D) box model has been widely used (Nault et al., 2024), and a
168  detailed introduction to its application can be found in our previous research (Niu et
169  al., 2024).

170

171 The AOC could be represented by the sum of the reaction rates of VOCs, CO, etc.
172 with OH-, O3, and NOs-(Yu et al., 2022).

173 = [ 101 2
174  where [ ] and [ ] are the number concentrations of molecule oxidant X and Yi,

175  respectively, and is the bimolecular rate constant of molecule ¥i with oxidant X.

176 The oxidants included OH-, NOs-, and O3(Chapleski et al., 2016). The AOC attributed
177  to each reaction rates was extracted during observation box model (OBM) simulations
178  using the model’s built-in extract rates function. Analyzing the atmospheric chemical
179  reactions of typical secondary pollutant O3 based on the same principle.

180

181  Step 2: Tracing and identified key precursor material species influencing AOC by
182 examining their roles in photochemical reaction pathways. As a key oxidant and
183 primary driver of AOC, OH- initiates VOC oxidation to produce HO» and
184 ROy radicals, which subsequently participate in Oz formation and SOA generation
185  (Chen et al., 2022; Tadic et al., 2021). Controlling OH-, HO-, and RO, radicals is
186  critical for regulating AOC, particularly through modulating OH- concentrations. The
187  study of Yang et al. (2024) demonstrated that alkene-Os reactions generate criegee
188  intermediates (CI), which enhance OH-, HO;', and RO>- radical concentrations and
189  accelerate ROy cycling (Yang et al., 2024). Elevated RO;- and HO»- concentrations
190  during ROy cycling enhances OH- production, which is the primary driver of AOC.
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191  We introduce the radiation equivalent oxidation capacity (REOC) metric based on

192 radical generation pathways from intermediate species. REOC quantifies precursor

193 contributions to OH-, HO,-, and RO»- radicals by normalizing their production to

194  equivalent OH- oxidation capacity, providing a unified measure of VOCs species

195  oxidative impacts. The REOC can be calculated by Eq. (3) - (5).

196

197 = [ 1+ <[ 21+ x[ 2] 3)
—_ 2 21-[ D

198 ——1 [ 1

199  (4)
—_ a2 21-[ D

200 = —1 [ 5

201 (5)

202

203 Wherethe [ ], [ ] and [ 5] are the directly generated rates of OH-,

204 HO;' and RO»- radicals at time ¢. Parameters a and f represent the conversion

205  efficiencies of HO>- and RO, to OH-, respectively, which can be calculated through

206  dividing the rate of conversion of all HO»- and RO»- to OH: by the rate of generation

207  of all HO2- and RO>-, respectively. Reaction pathway tracing and analyzing enables

208  systematic quantification of OH- radical production from VOCs, more effectively

209  characterizing precursor-specific contributions to atmospheric oxidation processes.

210

211  Part 3: Novel framework for source-resolved AOC sensitivity and attribution:

212 Integrating PMF with precursor-specific quantification

213 Step 1: VOC and NOx source apportionments were calculated by the PMF model (US
214  EPA 5.0). This study selected thirty-eight InVOCs species and NOx for PMF analysis,
215  and applies its core principle of decomposing the sampling data matrix into two
216  constituent matrices to estimate VOC species contributions (He et al., 2019; Yu et al.,
217 2022; Liu et al., 2025).

218

219 = + (6)

220

221  where x;; represents the concentration of species j in sample i; gi is the contribution of
222 source k in the sample i; source profile fj; is the mass percentage of species j in source
223 k; e; is the residual for species j in sample i; and p is the total number of source
224  categories. For other relevant calculation formulas of the PMF model can be found in
225 Text S4.

226

227  Step 2: The sensitivity of AOC to various emission sources was analyzed by
228  calculating their Relative Incremental Atmospheric oxidation capacity (RIA). This
229  was accomplished by integrating the OBM - PMF models to simulate AOC changes
230 under various emission reduction scenarios. Through this systematic scenario
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231  modeling, we quantified source-specific sensitivity coefficients to identify the most
232 influential sources. This methodology identifies dominant AOC-controlling emission
233 sources through response quantification. The calculation equations of relative
234  incremental reactivity (RIR) and RIA are shown in Eq. (7) and Eq. (8), respectively.

235
236 _ Net(X)—L\lSe(t)g(/—S?:))/Net(X) ™
237 = 11—X 8)
238

239  where RIR; represents the sensitivity of different emission sources after emission
240  reduction at time t, Net(X) represents the net production rate of a specific species X,
241  Group X, or source X. Net(X - AX) refers to the net production rate of X caused by the
242 hypothetical emission change 4X. S(X) is the total observed mixing ratio of precursor
243 X. AS(X) is the total mixing ratio change of precursor X caused by the hypothetical
244  emission change (assumed to be 20 % in this study), # is the number of emission
245  sources derived from PMF.

246

247  Step 3: We further establish a quantification framework assessing both emission
248  source contributions and species-specific impacts on AOC. Integrating PMF source
249  apportionment with relative AOC reactivity metrics, this method systematically
250  determines (1) source-level AOC contributions and (2) within-source VOC species
251  oxidation capacity, identifying dominant emission sources and pollutant species. The
252 species and emission source contribution of AOC are shown in Eq. (9) and Eq. (10).

253

254 = ©)
1

255 = 1x—>< (10)

256

257  Where SCAOCj is the contribution of species j in source i to AOC, kOH;; is the
258  reaction rate constant between VOCs species and OH- radicals of species j in source i,
259  which used to characterize the contribution of VOCs species to the chain reaction of
260 free radicals, CAOC:; is the contribution of source i to AOC, AOCi is the AOC of
261  source i derived from OBM-PMF, 7 is the number of emission sources derived from
262  PMF.

263

264  Part 4: The regulation results of AOC

265  Fig. 1. shows the workflow of the AOCPT method. Briefly, (1) the AOC of each time

266  steps during the study period was quantified by OBM, and identified the reactions and

267 oxidants that contribute significant to AOC. (2) Through pathway tracing and

268  analyzing of atmospheric chemical reactions, we developed the REOC metric to

269  systematically quantify VOCs-driven OH- radical production, identifying key reactive

270 VOCs species. (3) The PMF-based source apportionment identifies emission source
7
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271  sensitivities influencing AOC, while quantitatively assessing source-specific
272 contributions from individual VOC species and NOx to AOC variations, and analyzed
273 the contributions of different emission sources to AOC. Overall, achieving path
274  tracing and traceability of AOC. Compared to existing studies, the AOCPT method
275  proposed in this study conducts quantitative and qualitative analysis from the
276  perspective of secondary pollutant formation, rather than focusing solely on
277  individual secondary pollutant. It provides a methodological basis and research
278  direction for the synergistic control and management of secondary pollutants.
279
Atmospheric Oxidation Capacity Path Tracing Approach (AOCPT)
] Part 3:Path tracing-PMF
W)= (o) >8]
Mmodel
(Part 2:Path tracing-OBM i N
The contribution of The contribution of
[ AOC formation path )—4{ InVOC in the i source } [ NOx in the j source ‘
(Fo,) (P
[ "eg'raaig:‘éa‘s ] [ reagi:;"gam J Relative IncremsntalAtmosp?\ericoxidation capacity (RIA)
o e Rl"Ri x AOC J
TTAOC
[ Atmospheric chemical reaction path} - r | 3
— ] . ‘ (Species contribution of AOC (SCAOT( Contribution of AOC (CAOC) 1
Radiation Equivalent oxidation capacity (REOC) RAI X kOH,, RAI X 40C,
REOC = d[OH.], + ax d[HO, -], + 8 d[RO,] ScA0¢C;; = STRAIX KOH,, CAOC; = STRAT X 40C;
i ! Part 4:AOCPT out put
[Gﬁg Traceability of InVOCs species ]J Key emission sources and dominant precursor species for regulating AOC.
280 /
281  Fig. 1. The workflow of the AOCPT method.
282
283 3 Results and discussion
284 3.1 Overview characteristics
285  Studies have indicated that the concentration of measured volatile organic compounds
286  (MVOCs) was lower than Initial VOCs (InVOCs) (Wang et al., 2022b). Therefore, the
287  InVOCs have been analyzed in this study (Text S5 and Fig. S1.). During the daytime
288  (8:00 to 18:00), the average concentration of InVOCs (20.1 £+ 1.0 ppbv) was higher
289 than MVOCs (15.3 + 2.6 ppbv) 30.0%. Especially, undervalued the concentration of
290 alkene (Isoprene and anthropogenic alkene was undervalued 34.8% and 29.9%,
291  respectively), which play an important role in photochemical reaction processes (Yang
292 et al., 2024). This difference was defined as consumed VOCs, which the VOCs
293 consumed to participated in atmospheric photochemical reactions (Wang et al.,
294 2022b).
295
296  The average concentrations and diurnal variation characteristics of atmospheric
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pollutants (O3, InVOCs, CO and NO,) from study period were analyzed (Fig. 2.). O3
is a typical representative of secondary pollutants in summer. During pollution period
(O3 > 160 pg/m?), the average concentration of NO2, CO, O3 and InVOCs was higher
than clean period (O3 < 160 pg/m*) 21.9%, 21.7%, 22.9% and 77.2%, respectively.
The increase in concentration of oxidants (NO2, CO and Os etc.), which can helps to
enhance the AOC capability (Liu et al., 2021). The CO and NO> showed unimodal
variation characteristics (the highest in 8:00), and the concentration of pollution
period were higher than clean period during 8:00 to 12:00 46.7% and 119.6%,
respectively. However, the InVOCs showed bimodal variation characteristics (the
highest in 8:00 and 14:00), and the concentration of pollution period were higher than
clean period during 8:00 to 12:00 49.7% and 89.8%, respectively. This shown that the
precursors were accumulation in the morning and increased in daytime, which may
promote strong photochemical reactions, especially in the afternoon (12:00 to 16:00),
promote the enhancement of AOC capability and leading to O3 pollution (Liu et al.,
2022). The highest d-value of InVOCs and MVOCs was in 14:00 (50.1%), which also
indicated the strong photochemical reactions in afternoon (Fig. S1.). Especially
Isoprene and anthropogenic alkene between InVOCs and MVOCs, which d-value
were largest, due to the strong photochemical reactions during 12:00 to 16:00. Diurnal
variation patterns demonstrate that enhanced precursor emissions coupled with
chemical depletion drive summer secondary pollution events, which substantiating the
implementation basis for the secondary pollution control methods in this study.
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324 3.2 Species tracing and analyzing of atmospheric oxidizing capacity

325  3.2.1 Quantification of atmospheric oxidizing capacity

326 The AOC during the sampling periods was quantified, as shown in Fig. 3. The
327  calculated averaged value of total AOC was 5.5%107molec-cm-s”!, with a pollution
328  period AOC of 7.7x107molec-cm3-s!, which was 126.3% higher than the clean
329  period (3.4x10"molec-cm-s!). The AOC from pollution period was higher than
330  Zhengzhou (6.2x10’molec-cm-s'in 2020) (Yu et al.,, 2022), Shanghai (approx.
331 3.7x107molec-cm™-s")  (Zhu et al, 2020) and  Hongkong(approx.
332 6.78x107molec-cm3-s!) (Xue et al., 2016). Higher AOC serves as an important driver
333 of secondary pollution incidents in summertime (Zhu et al., 2020). Meanwhile, this
334  establishes favorable operational parameters for AOC investigations within the study
335  framework. During pollution period, OH- exhibited the highest average concentration
336 (3.8x107 molec-ecm™'s") in AOC, followed by Os (2.8x107 molec:ems!) and
337 NOjs- (1.2x107 molec-cm-s1), contributing 48.7%, 35.7%, and 15.5%, respectively.
338  Thus, OH- was the main contributor of atmospheric oxidation, aligning with findings
339  from other studies in diverse geographical regions (Yu et al., 2022; Guo et al., 2022;
340  Zhang et al., 2021).

341

342 Our further mechanistic analysis of AOC associated reactions elucidates summertime
343 secondary pollution formation (Fig. 3). The average contribution of O3 + NO»
344  reactions to AOC during pollution period (36.2%) exceeds that during clean period
345 (25.9%), particularly between 8:00 to 12:00, where it exceeded clean periods by an
346  average of 20.7%. Elevated ambient NO: concentrations (Fig. 2¢) combined with
347  attenuated Os titration establish critical preconditions for this reaction mechanism
348  (Dong et al., 2023). The O3 + NO>- promotes O, generation, facilitating RO- + O to
349  HOz-, which enhances the production of OH: radical from HO;- + NO reaction and
350  exacerbates the AOC (Wang et al., 2017). Diurnal NO: decline and VOCs
351  accumulation (Fig. 2), coupled with enhances photochemical activity driving
352 intensified the OH- + VOCs reactions. Especially polluted periods exhibit an 18.3%
353 higher daytime average in OH- + VOCs reactions compared to clean periods, which
354  directly supports the reactions of RO, + NO. That’s also why the maximum reaction
355 rates of HOz- + NO and ROz + NO during the pollution period were 85.5% and
356  113.9% higher than those during the clean period, respectively (Fig. S2.). During the
357  cleaning period, VOCs emissions are more prominent than NOx emissions (Fig. 2),
358  make the daytime OH- + VOCs dominate OH- reactions contributions of AOC during
359  clean period (37.9%). Overall, O3 + NO, and OH: + VOCs were the mainly reaction
360  of AOC, which collectively accounted for 48.5 to 56.1% of daytime AOC during the
361  sampling period. Therefore, controlling NO> and InVOCs emissions were essential to
362  mitigated AOC and secondary pollution incidents in summer. However, the emission
363 sources and species of InVOCs were complex. Thus, it is important to tracking and
364  identifying key VOCs that have a significant impact on AOC through free radical
365  chemistry.
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Fig. 3. Diurnal patterns of AOC simulated

3.2.2 Free radical budget analysis

The free radicals during different pollution periods in the study period were analyzed
through the FOAM model (Fig. 4.). The OH: and HO»- showed unimodal variation
characteristics during the pollution period, average concentration were 3.6x10°
molecules-cm™ and 0.4x10° molecules-cm, which higher than clean period 62.3%
and 38.6%, respectively. During the pollution period, the maximum of OH- in this
study (13.0 x10° molecules-cm?) was higher than Shanghai (approx. 9.5x10°
molecules-cm™) (Zhang et al., 2021), Lanzhou (4.5%10° molecules-cm) (Guo et al.,
2022), and Beijing (2.7x10° molecules-cm™) (Slater et al., 2020), and the maximum
of HO»* (1.31x10° molecules-cm) was higher than Beijing (7.3%108 molecules-cm)
(Jia et al., 2023) and Shanghai (approx. 3.77x10% molecules-cm™) (Zhu et al., 2020).
The OH- constitute the predominant regulator of atmospheric oxidation processes (Yu
et al., 2022), governing the initiation and propagation of radical chain reactions in the
troposphere (George et al., 2023). Meanwhile, OH- contributed to the decomposition
of precursor VOCs, which was important to the secondary pollution incidents in
summer. Moreover, the reaction of HO>* + NO can further promote the generation of
OH- radicals. The higher free radicals concentrations in this study indicated higher
atmospheric oxidation, which the linear relationships between AOC and OH: radicals
with a fitting degree of R?=0.77 (Text S7). Thus, the reaction pathways of
OH- radicals in photochemical processes were employed to trace critical VOCs and
primary emission sources, which enabled the regulation of AOC and thereby
subsequent reduction of secondary pollution, establishing this approach as a viable
control strategy.
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Fig. 4. Diurnal variations of free radical during the polluted and clean period.

3.2.3 source of free radical

During the observation period, the radicals cycling process in the daytime (8:00 to
18:00) was shown in Fig. 5. OH: plays a vital role in the ROy (OH- + HO;* + RO- +
RO»") cycle in photochemical reactions through InVOCs to the secondary pollution
formation in summer (Wei et al., 2023; George et al., 2023; Yang et al., 2024). The
OH- was mainly productid by HO;- + NO, the reaction rate of pollution period was
8.6 + 5.8 ppbv/h’! higher than clean period 32.3%, which was also the dominated
reaction of the secondary pollution formation during summertime (as shown in 3.2.1).
Subsequently, OH- + InVOCs to generated RO»-, which reaction rate was 5.3 £ 3.6
ppbv-h! in pollution period, higher than clean period (3.9 + 1.9). OH- + alkene was
the dominated reaction, which accounted for 50.9% during the pollution period.
RO, +NO to generated RO, the rate during pollution period (6.7 + 5.0 ppbv-h!) was
52.3% higher than the clean period (4.4 + 2.1 ppbv-h!), which was another dominated
reaction the secondary pollution formation in summertime (as also shown in 3.2.1).
Meanwhile, RO + O to generated HO, (reaction rate was 8.9 + 6.0 ppbv-h!), which
increased rapidly the HO»-. Noteworthily that alkene can directly reacted with O3 to
productid criegee intermediates (CI), which can increase the concentrations of RO,-,
OH-, and HO»- radicals (Yang et al., 2024). Therefore, the reaction of alkene + O3 and
OVOCs + hv can be considered as the direct source of OH-, ROz and HO:- radicals,
which produced from primary pollutant. To mitigate the radical reaction processes, it
is essential to regulating their emission sources and mainly species.
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+hv l
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419  Fig. 5. The average daytime (8:00 to 18:00) budget of the ROx- radical cycle, with
420  reaction rates shown in ppbv-h’. Primary radical sources and sinks are highlighted in
421  yellow and pink. Blue arrows denote ROx- recycling pathways. Reaction rates for
422 polluted and clean periods are displayed in orange and green text, respectively.

423

424 This study employed the REOC concept (Eq. (3)), which was used to unify
425  quantification the contribution of InVOCs to radical generation (Fig. 6.). Due to the
426  predominance of OH--related reactions in AOC (as also shown in 3.2.1), we used
427  REOC to normalizes the ability of InVOCs to generate different radicals as the ability
428  to generate OH- radicals, which indirectly reflecting the contribution of InVOCs to
429  AOC. The reaction of alkene + Os influenced the concentrations of RO,-, OH- and
430  HO;' contributing 93.4%, 73.9% and 58.0%, respectively. Trans-2-butene was
431  identified as a key source species, contributing 76.3% and 60.3% to the formation of
432 ROz, and OH:, respectively. Previous studies have demonstrated that
433 trans/cis-2-butene and pentenes readily react with Os, generating CH3CHOOB
434 criegee intermediates, which rapidly decompose into CH302, OH-, and CO (Yang et
435  al., 2024). This process propagates the ROy cycle, especially the OH- and CO are
436  both key oxidants in the AOC reaction (Fig. 3), which ultimately drives significant
437  AOC and secondary pollution formation in summertime. Therefore, to better assess
438  direct InVOCs contributions to AOC, we developed the REOC metric, which
439  quantifies radical-mediated oxidative impacts by normalizing VOC-derived RO»- and
440  HO;- production to OH--equivalent values through chemical reaction pathways. This
441  framework identifies localized InVOCs species critically influencing AOC, with
442 trans-2-butene demonstrating predominant REOC contributions (71.1%) followed by
443 trans-2-pentene (12.5%). Although the species identified by the method of REOC may
444  have a relatively small proportion in TVOC, but high reactivity allows it to have a
445  significant impact on atmospheric photochemical pollution even at lower
446  concentrations (Yang et al., 2020). Thus, precursor emission control strategies must
447  prioritize emission sources, that release key components and species demonstrating
448  considerable impacts on AOC, rather than focusing solely on total emission reduction
449  targets. The methodology of REOC establishes a reactivity-based prioritization
450  system for targeted precursor species management.

451
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453 Fig. 6. Daytime (8:00 to 18:00) average contributions of initial sources to OH-, HO»",
454  and RO»- during the observation period

455

456 3.3 Source apportionment and emission reduction

457  3.3.1 Secondary pollutant precursors source apportionment

458  This study applied the PMF 5.0 model to analyze the secondary pollutant precursors
459  sources (Fig. 7.). During the sampling period (Fig. 7. (a)), diesel vehicles emission
460  (26.3%), gasoline vehicles emission (25.3%), and industrial process (18.0%)
461  dominated InVOCs sources. Especially during pollution episodes (Fig. 7. (b)), the
462  contribution of diesel vehicles emission (30.7%) was dominated to InVOCs, followed
463 by industrial process (20.6%), and gasoline vehicles emission (23.8%). Notably,
464  diesel vehicles emission and industrial process exhibited 11.5% and 6.8% higher
465 InVOCs contributions during pollution periods than in clean periods, respectively.
466  NOx primarily originated from diesel vehicles emission (30.2%), gasoline vehicles
467  emission (29.1%), industrial process (20.6%), and combustion source (20.2%) (Fig. 7.
468  (d)). Contributions from diesel vehicles emission and industrial process to NOx during
469  pollution period exceeded clean periods by 11.2% and 6.3%, respectively. Collectively,
470  diesel vehicles emission and industrial process contributed more to both InVOCs and
471 NOx, particularly during pollution period, likely driven by industrial expansion and
472 heightened transport demands. In 2024, the mining industry (accounting for 76.2% of
473 the industrial total) registering a 6.3% growth in Changzhi City, which the location of
474  the research case (Czmbs, 2024). Coupled with an energy mix heavily reliant on
475  thermal power (91.8% vs. 8.5% from renewables) intensified emission pressures
476 (Czmbs, 2024). Thus, to mitigate the precursors of secondary pollution, industrial
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477  cities should prioritize emission controls for heavy industries.

478
479
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480 Solvent utilization Combustion source Biogenic source
481 Fig. 7. Source contribution of secondary pollutant O3 precursor from the PMF model.
482 a, b and ¢ were InVOC:s. d, e and f were NOx
483

484  3.3.2 Species and source apportionment of AOC

485  Based on the source apportionment results (section 3.3.1), critical sources affecting
486  the AOC were identified (Fig. 8.), and the contributions of key InVOCs species from
487  these sources were analyzed (Fig. 9.). During the sampling period, industrial process
488  (26.8%) and diesel vehicle emission (24.1%) were the dominant contributors to AOC,
489  followed by solvent utilization (17.9%), combustion source (13.4%), biogenic source
490  (10.3%) and gasoline vehicle emission (7.6%). Especially the industrial process
491  (33.0%) and diesel vehicle emission (28.8%) during polluted periods demonstrate
492 17.8% and 13.5% elevation compared to cleaning period, respectively.

493

494 Among VOCs species contributions across emission sources, we prioritized alkenes,
495  which demonstrating significant impacts to AOC (section 3.2.3). Industrial process
496  exhibited the highest alkene contributions (31.0%), followed by diesel vehicles
497  emission (20.7%). Source-specific alkene contributions were significantly correlated
498 (P < 0.05) with their respective impacts on AOC. This finding accounts for why
499  industrial process and diesel vehicle emission exhibited higher contributions to AOC
500 in this study case, highlighting the critical role of alkene chemistry in oxidation
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501  processes. Especially, with the analysis of the key alkene species trans-2-butene
502 (section 3.2.3), which disproportionately affects AOC, revealed its highest impact
503  from industrial process (49.3%), followed by diesel vehicle emission (20.6%).
504  Trans-2-butene emission magnitudes across sources exhibited significantly
505  correlations (P < 0.05, R?=0.91) with their corresponding AOC contributions.

506

507  However, gasoline vehicle emission exhibited 41.1% higher total VOCs emissions
508  than industrial process, primarily attributed to elevated contributions from ethane,
509  propane, isopentane, and ethylene. But for trans-2-butene, which has a higher impact
510 on AOC, gasoline vehicle emission exhibited 83.5% and 65.8% lower emissions
511  compared to industrial process and diesel vehicle emission, respectively. While
512 previous studies have shown that high emission levels may offset low chemical
513 reactivity of VOCs species (Tang et al., 2018), the case of this study demonstrates that
514  high-reactivity species remain critical concerns, particularly regarding their impacts
515  on AOC. This also indicated that if the current secondary pollution control strategies
516  focusing solely on high VOCs emission sources and neglecting the impact of source
517  emissions on AOC, particularly for sources with lower aggregate emissions but
518 elevated reactive species emissions, it may lead to survivorship bias in the
519  implementation effectiveness of control measures. This discrepancy may underlie
520  persistent summertime secondary pollution episodes despite substantial precursor
521  reductions.

522

523 For NOy, the predominantly influence AOC originate from diesel vehicle emission
524 (52.0%) and industrial process (28.5%), followed by combustion source (9.8%) and
525  gasoline vehicle emission (9.7%). A statistically significant correlation (P < 0.05)
526  exists between source-specific NOx contributions and their AOC impacts. This may be
527  attributed to elevated NOx emissions enhancing O; + NO: reactions, particularly
528  during morning period (section 3.2.1), thereby increasing the source contributions to
529  AOC. Therefore, necessitating integrated control strategies targeting both VOC and
530  NOx emission sources for effective AOC mitigation.

531

532 A comparison between AOC and O3 source apportionment was conducted using
533 summertime O3 pollution of the case study (Fig. S5). The analysis of O3 source
534  apportionment, which identified industrial emission (22.6%), gasoline vehicle
535 emission (22.1%), and combustion source (21.3%) as primary contributors,
536  systematically underestimated diesel vehicle emission (8.3% underestimation) and
537  industrial emission (4.2% underestimation) source impacts while overestimating
538  others. The differences in source apportionment results may directly affect the
539 direction of pollution emission control. Thus, compared to O3 source apportionment
540  approaches, AOC oriented source tracing may better facilitate coordinated secondary
541  pollution control, through its comprehensive consideration of the conversion process
542 from primary pollutants to secondary pollutants.

543
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545 Fig. 8. Source contribution of key primary pollutants from AOC source
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552 3.3.3 Analysis of emission reduction sensitivity

553 This study further analyzes source sensitivities of AOC, Os, and secondary organic
554  aerosols (SOA) to precursors (Fig. 10.). Given that the self-reaction rate between
555  peroxy radicals (self-reaction) is typically used to characterize the formation potential
556  of secondary organic aerosols (SOA) (Lyu et al., 2022), we used it as a marker to
557  evaluate the generation of secondary pollutants (detailed calculation method of
558  self-reaction showed in Text S9).

559
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560  AOC demonstrates the highest source sensitivity to industrial process (0.041),
561  followed by diesel vehicle emission (0.037) and solvent utilization (0.029). Compared
562 to AOC source sensitivities (Fig. 10. a), Os sensitivity analysis (Fig. 10. b) exhibits
563 28.7%, 26.5%, and 48.5% underestimation for industrial process (0.029), solvent
564  utilization (0.021), and diesel vehicle emission (0.019), respectively, while
565  overestimating gasoline vehicle emission (0.018) and combustion sources (0.024) by
566  48.8% and 14.4%. Similarly, self-reaction sensitivity analysis (Fig. 10. c¢) shows
567  25.7%, 13.4%, and 5.6% underestimation for industrial process (0.030), solvent
568  utilization (0.025), and diesel vehicle emission (0.035) compared to AOC, contrasted
569 by 172% and 25% overestimation for gasoline vehicles (0.033) and combustion
570  sources (0.026). Previous studies have identified industrial process and combustion
571  sources have a significant impact on O3 pollution, primarily due to their elevated
572 precursor pollutants emissions that in promoting Oz formation (Zhan et al., 2023).
573 Additional research has also established industrial process and vehicular emissions of
574  semivolatile and intermediate-volatility organic compounds (SVOCs and IVOCs) as
575  dominant precursors in SOA formation (Tang et al.,, 2021; Miao et al., 2021).
576 ~ However, these studies remain confined to single secondary pollutant analyses,
577  neglecting the control of secondary pollution from the perspective of AOC, especially
578  the lack of analysis of alkenes like trans-2-butene etc., which crucially AOC. Thus,
579  given that AOC quantifies secondary pollutant formation potential (Yu et al., 2022),
580  the source sensitivity divergence with both AOC and individual secondary pollutants
581  (e.g., O3 and SOA) indicates that it was necessitates prioritizing emission sources'
582  oxidation capacity impacts over their singular pollutant contributions (Wang et al.,
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585

586  Fig. 10. source sensitivity analysis. (a), (b) and (c) represents the sensitivity of AOC,
587  Os, and SOA to different emission sources, respectively.

588

589  3.3.4 impact of reduction scenarios on secondary pollutant generation

590  The isopleth diagram was used in this study to quantify the nonlinear relationship
591  between AOC, O3 and SOA(Fig. 11.) with the precursors (InVOCs and NOx), by
592 using the FOAM-MCM model (Niu et al., 2024; Mozaffar et al., 2021). Initially, the

593  average daytime concentrations of NOx and VOCs are used as baseline. Subsequently,
18
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594  VOCs and NOx are varied at 10 % intervals, respectively, and a total of 441 analysis
595  scenarios were constructed. Subsequently, VOCs and NOx are varied from —60% to
596  90% at 10 % intervals, respectively, to construct the scenario matrix.

597

598  As shown in Fig. 11, the isopleth analysis indicates that reductions in both VOCs and
599  NOx lead to a decrease in the AOC, net Oz production rate (Net Os), and self-reaction
600 in the studied city. Notably, NOx reduction has a more pronounced effect on the
601  decrease in AOC. This may be associated with the high contributions of OH- + VOCs
602  and O3 + NO; in the specific reaction of AOC in the case (as shown in 3.2.1). Firstly,
603 OH- + VOCs generates substantial RO»- radicals, and NO acts as a catalyst to
604  accelerate the regeneration of OH- radicals from ROz in the ROx- cycle, while AOC
605  is largely determined by OH- radicals. Secondly, NO: directly promotes the O3 + NO»
606  reaction. We established the reduction targets based on the average levels during the
607  cleaning period for AOC (5.8x107 molec-ecm-s), Net (O3) (9.3 ppbv-h!), and
608  self-reaction (1.1 ppbv-h), respectively. To achieve the AOC target, the VOCs
609  reduction of at least 60% was required if NOx emissions were unchanged, whereas the
610  40% NOy reduction was necessary if VOCs emissions remain constant. However,
611  achieving independent reductions is challenging due to the similarities in the sources
612 of VOCs and NOx emission. Therefore, to meet the target for AOC, a simultaneous
613 reduction of 60% in VOCs and 30% in NOx was required (Fig. 11, b). Meanwhile, to
614  meet the target for the Net (O3), a coordinated reduction of at least 20% in VOCs and
615 10% in NOx was needed (Fig. 11, d). Previous research has shown that the
616  co-reduction of VOCs and NOx is critical for controlling Oz pollution. Specifically,
617  the reduction strategy targeting AOC results in a more pronounced decrease in the Net
618  (03), as indicated by the red arrow from point (b) to (d) in Fig. 11. In contrast, a
619  reduction strategy designed solely for O3 was not sufficient to meet the reduction
620  target for self-reaction, by the blue arrow from point (d) to (f) in Fig. 11. A notable
621  complication is the observed negative correlation between self-reaction and NOy. This
622  implies that a substantial reduction in NOx could counter-intuitively cause
623  self-reaction to increase, which could be counterproductive for SOA control. Despite
624  this, when we assess self-reaction using the AOC-based reduction scenario (at least
625 60% for VOCs and 30% for NOy), it fully satisfies the reduction target for
626  self-reaction (as indicated by the red arrow from point (b) to (f) in Fig. 11). This result
627  provides compelling evidence that a reduction strategy based on AOC enables the
628  simultaneous mitigation of both O3 and SOA. Therefore, an AOC-centric approach
629  offers a viable pathway for the synergistic control of secondary pollutants.

630
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632 Fig. 11. Response of AOC, Net(O3) and self-reaction to different VOCs and NOy
633 reduction percentages derived from the empirical kinetic modeling approach. Red
634  dots from (a), (c), and (e) represent the baseline scenario (average levels without
635  precursor pollutant controls during the study period). Black lines from (b), (d), and (f)
636 indicate target levels to be achieved by precursor control schemes (average during
637  cleaning periods). Red arrows show the effects of the AOC reduction scheme on
638  achieving O3 and SOA targets. Blue arrows show the effects of the Os; reduction
639  scheme on achieving the SOA target.

640

641 4 Conclusion

642  This study developed and applied the atmospheric oxidation capacity formation path
643  tracing (AOCPT) approach, a framework for guiding secondary pollutant control.
644  This method employs the developed radiation equivalent oxidation capacity (REOC)
645 metric to systematically quantify VOCs driven OH- radical production, which

646  indirectly enables the standardized quantification of key precursor species influencing
20
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647  AOC. The defined relative incremental atmospheric oxidation capacity (RIA) method
648  directly quantifies the impact of emission sources on AOC. Furthermore, it further
649  quantifies the contributions of different precursor species and emission sources to
650  AOC, which using a refined AOC source analysis method. This AOCPT approach
651  offers new insights for secondary pollution control from the perspective of AOC.

652

653 A field application of this methodology revealed that OH related reactions were the
654  dominant driver of AOC (56.9%), and daytime contributions from Oz + NO: and
655 OH- + VOCs reactions being particularly prominent (48.5-56.1%). This underscores
656  the necessity of co-reducing both VOCs and NOx for effective AOC regulation. The
657 REOC analysis identified trans-2-butene as a critical contributor to AOC (71.1%).
658  Consequently, further analysis pinpointed industrial processes (26.8%) and diesel
659  vehicle emissions (24.1%) as the primary AOC sources, largely attributed to their
660  emissions of trans-2-butene (accounting for 49.3% and 20.6% of total trans-2-butene,
661  respectively). These findings provide direct, quantifiable evidence linking specific
662  VOCs species and emission sources to the overall AOC, offering clear and actionable
663  targets for regulatory action. Critically, conventional sensitivity analyses based on
664  ozone (O3) and self-reaction were found to significant underestimate the contributions
665  from industrial processes (by 28.7% and 25.7%, respectively) and diesel vehicles (by
666  48.5% and 13.4%, respectively) compared to our AOC-based assessment. This
667  discrepancy can introduce substantial bias into policymaking. Crucially, our scenario
668  analysis reveals that O;-targeted abatement can inadvertently increase secondary
669  organic acrosols (SOA) levels, leading to a skewed mitigation outcome akin to
670  “survivor bias”. In contrast, an AOC-centric strategy achieves significant and
671  simultaneous reductions in both Oz and SOA. This provides definitive evidence that
672  compared to traditional treatment of single secondary pollutants, pollution abatement
673  strategy based on AOC regulation can achieve refined co-mitigation of secondary
674  pollutants. Therefore, the AOC-based approach for secondary pollution control serves
675  not merely an alternative but also enhances the comprehensiveness and effectiveness
676  of control strategies to some extent.

677

678  As China confronts a plateau in air quality improvement, where significant reductions
679  in primary pollutants have not yielded proportional decreases in secondary pollution,
680 a new strategy is urgently needed. This study argues that breaking the current
681  bottleneck requires a fundamental shift in perspective. This paradigm shift, from
682  pollutant-specific control to regulating the atmosphere's overall oxidative capacity,
683  represents a pivotal step forward, offering a scientifically robust path to overcome the
684  current impasse and achieve sustainable, long-term air quality goals.

685

686  Author contributions

687  YK: Writing - original draft, Methodology, Investigation, Data curation. YY: Writing

688 - review & editing, Validation, Supervision, Project administration, Methodology,

689  Conceptualization. YN: Validation, Supervision, Investigation, Data curation. CY:

690  Data curation, Project administration, Conceptualization. JD & YZ & DW:
21



https://doi.org/10.5194/egusphere-2025-4355
Preprint. Discussion started: 17 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

691  Investigation, Data curation. JL & ZL: Validation, Methodology. LP: Validation,
692  Supervision, Project administration, Conceptualization.
693

694  Acknowledgements

695  This work was supported by the National Natural Science Foundation of China
696  (NSFC) (Grant, No. 42330606, 42422508, 42273058, 22106044), Fundamental
697  Research Funds for Central Universities (2024XKRC058, 2024JBZY016) and Shanxi
698  Provincial Basic Research Program (Free Exploration Category) Youth scientific
699  research project (Grant, No. 202303021212370).

700

701

702

703

704

705  References

706 Chapleski, R. C., Zhang, Y., Troya, D., and Morris, J. R.: Heterogeneous chemistry and

707 reaction dynamics of the atmospheric oxidants, O3, NO3, and OH, on organic surfaces,
708 Chem. Soc. Rev., 45, 3731-3746, 10.1039/C5CS00375J, 2016.

709 Chen, Q., Miao, R. Q., Geng, G. N., Shrivastava, M., Dao, X., Xu, B. Y., Sun, J. Q., Zhang, X,
710 Liu, M. Y., Tang, G. G., Tang, Q., Hu, H. W, Huang, R. J., Wang, H., Zheng, Y., Qin, Y.,
711 Guo, S., Hu, M., and Zhu, T.: Widespread 2013-2020 decreases and reduction challenges
712 of organic aerosol in China, Nature Communications., 15, 8,
713 10.1038/s41467-024-48902-0, 2024.

714 Chen, T, Zhang, P., Chu, B., Ma, Q., Ge, Y., Liu, J., and He, H.: Secondary organic aerosol
715 formation from mixed volatile organic compounds: Effect of RO2 chemistry and precursor
716 concentration, npj Climate and Atmospheric Science., 5, 95,
717 10.1038/s41612-022-00321-y, 2022.

718 Changzhi Municipal Bureau of Statistics: https://www.tjj.changzhi.gov.cn, last
719 Ding, D., Xing, J., Wang, S. X., Dong, Z. X., Zhang, F. F., Liu, S. C., and Hao, J. M.

720 Optimization of a NOx and VOC Cooperative Control Strategy Based on Clean Air
721 Benefits, Environ. Sci. Technol., 56, 739-749, 10.1021/acs.est.1c04201, 2022.

722 Dong, Z., Li, X., Kong, Z. H., Wang, L. L., and Zhang, R. Q.: Comparison and implications of
723 the carbonaceous fractions under different environments in polluted central plains in
724 China: Insight from the lockdown of COVID-19 outbreak*, Environ. Pollut., 330, 11,
725 10.1016/j.envpol.2023.121736, 2023.

726  Galbally, A. H. G. a. I. E.: Known and Unexplored Organic Constituents in the Earth's
727 Atmosphere, Environ. Sci. Technol., 41, 1514-1521, 10.1021/es072476p, 2007.

728 George, M., Andrés Hernandez, M. D., Nenakhov, V., Liu, Y., Burrows, J. P., Bohn, B., Forster,
729 E., Obersteiner, F., Zahn, A., HarlaR, T., Ziereis, H., Schlager, H., Schreiner, B., Kluge, F.,
730 Bigge, K., and Pfeilsticker, K.: Airborne observations of peroxy radicals during the
731 EMeRGe campaign in Europe, Atmos. Chem. Phys.,, 23, 7799-7822,
732 10.5194/acp-23-7799-2023, 2023.

733 Guo, W., Yang, Y., Chen, Q., Zhu, Y., Zhang, Y., Zhang, Y., Liu, Y., Li, G., Sun, W., and She, J.:

22



https://doi.org/10.5194/egusphere-2025-4355
Preprint. Discussion started: 17 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

734 Chemical reactivity of volatile organic compounds and their effects on ozone formation in
735 a petrochemical industrial area of Lanzhou, Western China, Sci. Total Environ., 839,
736 155901, https://doi.org/10.1016/j.scitotenv.2022.155901, 2022.

737 He, Z., Wang, X., Ling, Z., Zhao, J., Guo, H., Shao, M., and Wang, Z.: Contributions of different
738 anthropogenic volatile organic compound sources to ozone formation at a receptor site in
739 the Pearl River Delta region and its policy implications, Atmos. Chem. Phys., 19,
740 8801-8816, 10.5194/acp-19-8801-2019, 2019.

741 Hu, J., Wang, P, Ying, Q., Zhang, H., Chen, J., Ge, X,, Li, X,, Jiang, J., Wang, S., Zhang, J.,
742 Zhao, Y., and Zhang, Y.: Modeling biogenic and anthropogenic secondary organic aerosol
743 in China, Atmos. Chem. Phys., 17, 77-92, 10.5194/acp-17-77-2017, 2017.

744 Huang, R.-J., Zhang, Y., Bozzetti, C., Ho, K.-F., Cao, J.-J., Han, Y., Daellenbach, K. R., Slowik,
745 J. G, Platt, S. M., Canonaco, F., Zotter, P., Wolf, R., Pieber, S. M., Bruns, E. A., Crippa, M.,
746 Ciarelli, G., Piazzalunga, A., Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J.,
747 Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., Haddad, I. E., and Prévét, A. S. H.:
748 High secondary aerosol contribution to particulate pollution during haze events in China,
749 Nature, 514, 218-222, 10.1038/nature 13774, 2014.

750 Jenkin, M. E., Young, J. C., and Rickard, A. R.: The MCM v3.3.1 degradation scheme for
751 isoprene, Atmos. Chem. Phys., 15, 11433-11459, 10.5194/acp-15-11433-2015, 2015.

752 Jia, C. H,, Tong, S. R., Zhang, X. R,, Li, F. J., Zhang, W. Q., Li, W. R., Wang, Z., Zhang, G.,
753 Tang, G. Q, Liu, Z. R,, and Ge, M. F.: Atmospheric oxidizing capacity in autumn Beijing:
754 Analysis of the O3 and PM2.5 episodes based on observation-based model, Journal of
755 Environmental Sciences., 124, 557-569, 10.1016/j.jes.2021.11.020, 2023.

756  Le, T., Wang, Y., Liu, L., Yang, J., Yung, Y. L., Li, G., and Seinfeld, J. H.: Unexpected air
757 pollution with marked emission reductions during the COVID-19 outbreak in China,
758 Science, 369, 702-706, doi:10.1126/science.abb7431, 2020.

759 Li, J., Lian, C., Liu, M., Zhang, H., Yan, Y., Song, Y., Chen, C., Zhang, H., Ren, Y., Guo, Y.,
760 Wang, W., Xu, Y., Li, H., Gao, J., and Ge, M.: Characterization of nitrous acid and its
761 potential effects on secondary pollution in warm-season of Beijing urban areas,
762 EGUsphere, 2024, 1-29, 10.5194/egusphere-2024-367, 2024.

763 Liang, W. Q., Yu, H. F,, Xu, H., Wang, Z. Y., Li, T. T., Feng, Y. C., Russell, A., and Shi, G. L.:
764 Probing Into Ozone Production Through Photochemistry of Organic Peroxyl Radicals:
765 Implications for Source Control, Journal of Geophysical Research-Atmospheres., 129, 13,
766 10.1029/2023jd040124, 2024.

767 Liu, T., Hong, Y., Li, M., Xu, L., Chen, J., Bian, Y., Yang, C., Dan, Y., Zhang, Y., Xue, L., Zhao,
768 M., Huang, Z., and Wang, H.: Atmospheric oxidation capacity and ozone pollution
769 mechanism in a coastal city of southeastern China: analysis of a typical photochemical
770 episode by an observation-based model, Atmos. Chem. Phys., 22, 2173-2190,
771 10.5194/acp-22-2173-2022, 2022.

772 Liu, Y., Wang, K., Shi, X., Chen, L., and Li, H.: Analysis of microplastic sources in
773 Wauliangsuhai Lake, China: Implications to microplastic deposition in cold, arid region
774 lakes, J. Hazard. Mater., 492, 138135, https://doi.org/10.1016/j.jhazmat.2025.138135,
775 2025.

776 Liu, Z., Wang, Y., Hu, B., Lu, K., Tang, G, Ji, D,, Yang, X., Gao, W., Xie, Y., Liu, J., Yao, D.,
777 Yang, Y., and Zhang, Y.: Elucidating the quantitative characterization of atmospheric

23



https://doi.org/10.5194/egusphere-2025-4355
Preprint. Discussion started: 17 October 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

778 oxidation capacity in Beijing, China, Sci. Total Environ., 771, 145306,
779 https://doi.org/10.1016/j.scitotenv.2021.145306, 2021.

780 Lyu, X., Guo, H., Zou, Q. L., Li, K, Xiong, E. Y., Zhou, B. N., Guo, P. W., Jiang, F., and Tian, X.
781 D.: Evidence for Reducing Volatile Organic Compounds to Improve Air Quality from
782 Concurrent Observations and In Situ Simulations at 10 Stations in Eastern China, Environ.
783 Sci. Technol., 9, 10.1021/acs.est.2c04340, 2022.

784 Ministry of Ecology and Environment of the People’s Republic of China:
785 https://www.mee.gov.cn/ywdt/xwfb/202401/t20240125 1064784 .shtml, last

786  Miao, R., Chen, Q., Shrivastava, M., Chen, Y., Zhang, L., Hu, J., Zheng, Y., and Liao, K.:
787 Process-based and observation-constrained SOA simulations in China: the role of
788 semivolatile and intermediate-volatility organic compounds and OH levels, Atmos. Chem.
789 Phys., 21, 16183-16201, 10.5194/acp-21-16183-2021, 2021.

790 Mochida, M., Matsunaga, S., and Kawamura, K.: A model evaluation of the NO titration
791 technique to remove atmospheric oxidants for the determination of atmospheric organic
792 compounds, Environ. Sci. Technol., 37, 1589-1597, 10.1021/es0258778, 2003.

793 Mozaffar, A., Zhang, Y. L., Lin, Y. C., Xie, F., Fan, M. Y., and Cao, F.: Measurement report: High
794 contributions of halocarbon and aromatic compounds to atmospheric volatile organic
795 compounds in an industrial area, Atmos. Chem. Phys.,, 21, 18087-18099,
796 10.5194/acp-21-18087-2021, 2021.

797 Nault, B. A., Travis, K. R., Crawford, J. H., Blake, D. R., Campuzano-Jost, P., Cohen, R. C.,
798 DiGangi, J. P, Diskin, G. S., Hall, S. R., Huey, L. G., Jimenez, J. L., Min, K. E., Lee, Y. R.,
799 Simpson, I. J., Ullmann, K., and Wisthaler, A.: Using observed urban NOXx sinks to
800 constrain VOC reactivity and the ozone and radical budget in the Seoul Metropolitan Area,
801 Atmos. Chem. Phys., 24, 9573-9595, 10.5194/acp-24-9573-2024, 2024.

802 Niu, Y. Y, Yan, Y. L., Dong, J. Q., Yue, K., Duan, X. L., Hu, D. M,, Li, J. J., and Peng, L.:
803 Evidence for sustainably reducing secondary pollutants in a typical industrial city in China:
804 Co-benefit from controlling sources with high reduction potential beyond industrial process,
805 J. Hazard. Mater., 478, 10, 10.1016/j.jhazmat.2024.135556, 2024.

806 Reis, S., Pinder, R. W., Zhang, M., Lijie, G., and Sutton, M. A.: Reactive nitrogen in
807 atmospheric  emission inventories, Atmos. Chem. Phys.,, 9, 7657-7677,
808 10.5194/acp-9-7657-2009, 2009.

809 Slater, E. J., Whalley, L. K., Woodward-Massey, R., Ye, C., Lee, J. D., Squires, F., Hopkins, J.
810 R., Dunmore, R. E., Shaw, M., Hamilton, J. F., Lewis, A. C., Crilley, L. R., Kramer, L., Bloss,
811 W.,Vu, T, Sun, Y., Xu, W., Yue, S., Ren, L., Acton, W. J. F., Hewitt, C. N., Wang, X., Fu, P,
812 and Heard, D. E.: Elevated levels of OH observed in haze events during wintertime in
813 central Beijing, Atmos. Chem. Phys., 20, 14847-14871, 10.5194/acp-20-14847-2020,
814 2020.

815 Tadic, |., Nussbaumer, C. M., Bohn, B., Harder, H., Marno, D., Martinez, M., Obersteiner, F.,
816 Parchatka, U., Pozzer, A., Rohloff, R., Zdger, M., Lelieveld, J., and Fischer, H.: Central
817 role of nitric oxide in ozone production in the upper tropical troposphere over the Atlantic
818 Ocean and western  Africa, Atmos. Chem. Phys., 21, 8195-8211,
819 10.5194/acp-21-8195-2021, 2021.

820 Tang, J., Valolahti, H., Kivimdenpaa, M., Michelsen, A., and Rinnan, R.: Acclimation of
821 Biogenic Volatile Organic Compound Emission From Subarctic Heath Under Long-Term

24



https://doi.org/10.5194/egusphere-2025-4355
Preprint. Discussion started: 17 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

822 Moderate Warming, #N/A, 123, 95-105, 10.1002/2017jg004139, 2018.

823 Tang, R., Lu, Q., Guo, S., Wang, H., Song, K., Yu, Y,, Tan, R,, Liu, K, Shen, R., Chen, S., Zeng,
824 L., Jorga, S. D., Zhang, Z., Zhang, W., Shuai, S., and Robinson, A. L.: Measurement
825 report: Distinct emissions and volatility distribution of intermediate-volatility organic
826 compounds from on-road Chinese gasoline vehicles: implication of high secondary
827 organic aerosol formation potential, Atmos. Chem. Phys., 21, 2569-2583,
828 10.5194/acp-21-2569-2021, 2021.

829 Wang, T., Xue, L., Brimblecombe, P., Lam, Y. F., Li, L., and Zhang, L.: Ozone pollution in China:
830 A review of concentrations, meteorological influences, chemical precursors, and effects,
831 Sci. Total Environ., 575, 1582-1596, https://doi.org/10.1016/j.scitotenv.2016.10.081, 2017.
832 Wang, W., Parrish, D. D., Wang, S., Bao, F., Ni, R,, Li, X., Yang, S., Wang, H., Cheng, Y., and
833 Su, H.: Long-term trend of ozone pollution in China during 2014-2020: distinct seasonal
834 and spatial characteristics and ozone sensitivity, Atmos. Chem. Phys., 22, 8935-8949,
835 10.5194/acp-22-8935-2022, 2022a.

836 Wang, W. J., Li, X., Cheng, Y. F., Parrish, D. D., Ni, R. J., Tan, Z. F,, Liu, Y., Lu, S. H.,, Wu, Y. S.,
837 Chen, S.Y,, Lu, K. D., Hu, M., Zeng, L. M., Shao, M., Huang, C., Tian, X. D., Leung, K. M.,
838 Chen, L. F.,, Fan, M., Zhang, Q., Rohrer, F., Wahner, A., Péschl, U., Su, H., and Zhang, Y.
839 H.: Ozone pollution mitigation strategy informed by long-term trends of atmospheric
840 oxidation capacity (Nov, 10.1038/s41561-023-01334-9, 2023), Nature Geoscience., 17,
841 172-172, 10.1038/s41561-023-01360-7, 2024.

842  Wang, Z. Y., Shi, Z. B., Wang, F., Liang, W. Q., Shi, G. L., Wang, W. C., Chen, D., Liang, D. N.,
843 Feng, Y. C., and Russell, A. G.: Implications for ozone control by understanding the
844 survivor bias in observed ozone-volatile organic compounds system, Npj Climate and
845 Atmospheric Science., 5, 9, 10.1038/s41612-022-00261-7, 2022b.

846 Wei, N., Zhao, W, Yao, Y., Wang, H., Liu, Z., Xu, X., Rahman, M., Zhang, C., Fittschen, C.,
847 and Zhang, W.: Peroxy radical chemistry during ozone photochemical pollution season at
848 a suburban site in the boundary of Jiangsu—Anhui—-Shandong—Henan region, China, Sci.
849 Total Environ., 904, 166355, 10.1016/j.scitotenv.2023.166355, 2023.

850  Wolfe, G. M., Marvin, M. R., Roberts, S. J., Travis, K. R., and Liao, J.: The Framework for 0-D
851 Atmospheric Modeling (FOAM) v3.1, Geosci. Model Dev.,, 9, 3309-3319,
852 10.5194/gmd-9-3309-2016, 2016.

853 Wu, R. R. and Xie, S. D.: Spatial Distribution of Ozone Formation in China Derived from
854 Emissions of Speciated Volatile Organic Compounds, Environ. Sci. Technol., 51,
855 2574-2583, 10.1021/acs.est.6b03634, 2017.

856  Xie, Y., Dai, H., Zhang, Y., Hanaoka, T., and Masui, T.: Health and Economic Impacts of Ozone
857 Pollution in China: a provincial level analysis, Atmos. Chem. Phys. Discuss., 2017, 1-63,
858 10.5194/acp-2017-849, 2017.

859 Xue, L., Gu, R., Wang, T., Wang, X., Saunders, S., Blake, D., Louie, P. K. K., Luk, C. W. Y.,
860 Simpson, |., Xu, Z., Wang, Z., Gao, Y., Lee, S., Mellouki, A., and Wang, W.: Oxidative
861 capacity and radical chemistry in the polluted atmosphere of Hong Kong and Pearl River
862 Delta region: analysis of a severe photochemical smog episode, Atmos. Chem. Phys., 16,
863 9891-9903, 10.5194/acp-16-9891-2016, 2016.

864 Yang, J., Zeren, Y., Guo, H., Wang, Y., Lyu, X., Zhou, B., Gao, H., Yao, D., Wang, Z., Zhao, S.,
865 Li, J., and Zhang, G.: Wintertime ozone surges: The critical role of alkene ozonolysis,

25



https://doi.org/10.5194/egusphere-2025-4355
Preprint. Discussion started: 17 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

866 Environmental Science and Ecotechnology., 22, 100477,
867 https://doi.org/10.1016/j.ese.2024.100477, 2024.

868 Yang, Y., Wang, Y., Zhou, P, Yao, D., Ji, D., Sun, J., Wang, Y., Zhao, S., Huang, W., Yang, S.,
869 Chen, D., Gao, W., Liu, Z., Hu, B, Zhang, R., Zeng, L., Ge, M., Pet3ja, T., Kerminen, V. M.,
870 Kulmala, M., and Wang, Y.: Atmospheric reactivity and oxidation capacity during summer
871 at a suburban site between Beijing and Tianjin, Atmos. Chem. Phys., 20, 8181-8200,
872 10.5194/acp-20-8181-2020, 2020.

873 Yu, S., Wang, S., Xu, R., Zhang, D., Zhang, M., Su, F,, Lu, X,, Li, X., Zhang, R., and Wang, L.:
874 Measurement report: Intra- and interannual variability and source apportionment of
875 volatile organic compounds during 2018-2020 in Zhengzhou, central China, Atmos. Chem.
876 Phys., 22, 14859-14878, 10.5194/acp-22-14859-2022, 2022.

877 Zhan, J., Ma, W., Song, B., Wang, Z., Bao, X., Xie, H.-B., Chu, B., He, H., Jiang, T., and Liu, Y.
878 The contribution of industrial emissions to ozone pollution: identified using ozone
879 formation path tracing approach, Npj Climate and Atmospheric Science., 6, 37,
880 10.1038/s41612-023-00366-7, 2023.

881  Zhang, K., Huang, L., Li, Q., Huo, J., Duan, Y., Wang, Y., Yaluk, E., Wang, Y., Fu, Q., and Li, L.:
882 Explicit modeling of isoprene chemical processing in polluted air masses in suburban
883 areas of the Yangtze River Delta region: radical cycling and formation of ozone and
884 formaldehyde, Atmos. Chem. Phys., 21, 5905-5917, 10.5194/acp-21-5905-2021, 2021.
885 Zhang, X. X., Osei, F., Stein, A., Cheng, C. X., and Maji, K. J.: Temporal and spatial evolution
886 of short-term exposure to ozone pollution: Its health impacts in China based on a
887 meta-analysis, Journal of Cleaner Production., 373, 10, 10.1016/j.jclepro.2022.133938,
888 2022.

889 Zhao, D, Liu, G., Xin, J., Quan, J., Wang, Y., Wang, X., Dai, L., Gao, W., Tang, G., Hu, B., Ma,
890 Y., Wu, X., Wang, L., Liu, Z., and Wu, F.: Haze pollution under a high atmospheric
891 oxidization capacity in summer in Beijing: insights into formation mechanism of
892 atmospheric physicochemical processes, Atmos. Chem. Phys., 20, 4575-4592,
893 10.5194/acp-20-4575-2020, 2020.

894  Zhu, J., Wang, S., Wang, H., Jing, S., Lou, S., Saiz-Lopez, A., and Zhou, B.: Observationally
895 constrained modeling of atmospheric oxidation capacity and photochemical reactivity in
896 Shanghai, China, Atmos. Chem. Phys., 20, 1217-1232, 10.5194/acp-20-1217-2020, 2020.
897

26



