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Abstract The Chinese government has identified volatile organic compounds (VOCs) management as a
key priority in the fourteenth Five-Year Plan (2021-2025) to alleviate ground-level ozone (O,) air pollution. To
provide scientific support for VOCs management, we developed the localized maximum incremental reactivity
(MIR) for 57 VOC:s species (prescribed by the Photochemical Assessment Monitoring Stations (PAMS))

in eight representative cities and averaged urban conditions over Central-Eastern China, with application of
the Master Chemical Mechanism box model coupled with solid observational constraints. Though the exact
environmental conditions differ among cities, all of them are in VOCs-limited O, formation regime, underlining
the importance of VOCs to O, formation. The MIRs constructed based on regional average scenarios are well
representative of those constructed based on individual cities, with Guangzhou as an exception due to its vast
variance in chemical environments. The localized MIRs displayed the same overall pattern as the U.S. MIRs,
but differed largely with respect to a few species (especially alkenes), owing to a combined influence of many
factors. We applied the localized MIRs to quantify the concentration-weighted ozone formation potential
(OFP), which elucidate the importance of aromatics to O, formation in the Chinese metropolitan areas. The top
10 key VOC species together with their explicitly tracked emission sources were determined, which could offer
references for the formulation of effective control policies. The localized MIRs developed in this study can be
applied to quantify OFPs for VOCs in Chinese cities, which has a great significance to VOCs management and
O, pollution control.

Plain Language Summary Tropospheric ozone is a key component of photochemical smog and
would adversely affect human health and climate change. The ozone formation in Chinese metropolitan areas

is usually limited by volatile organic compounds (VOCs) that include a large variety of species. Evaluating the
reactivity of individual VOC species and their effects on ozone formation has been hindered due to the lack of
localized Maximum Incremental Reactivity (MIR) values. In this study, we addressed this issue by developing
the MIRs based upon a combination of representative Chinese urban conditions and detailed chemical box
modeling. We reveal that regional average MIRs are well representative of MIRs for most individual cities via
inter-comparison of the localized results in China. In contrast, there is a noneligible difference in MIRs between
China and the U.S., owing to influence of the chemical mechanisms and atmospheric environmental conditions.
These findings have great significance for VOCs control in China and other countries suffering from serious
ozone air pollution.

1. Introduction

Ground-level ozone (O,) air pollution has emerged as a major environmental concern in China in the recent
decade (Lu et al., 2018; Wang et al., 2017, 2022). Since 2013, the Chinese government has taken a series of strict
measures to reduce anthropogenic emissions, and the observed decreases in the concentrations of nitrogen oxides
(NO, = NO + NO,; one of the major O, precursors) and other routinely monitored pollutants (such as sulfur
dioxide, carbon monoxide, and particulate matters) demonstrate the great success of air pollution control (Liu &
Wang, 2020b; Zheng et al., 2018). However, the ambient O, concentrations exhibited significant upward trends as
evidenced by multiyear observations in a number of studies (Sun et al., 2016; Wang et al., 2019, 2022; Xu, 2021;
Xu et al., 2020). The persistently worsening O, pollution stimulated the Chinese government and atmospheric
chemists to devote more efforts on another type of major O, precursors, that is, volatile organic compounds
(VOCs), the control of which is still largely lagged in China (Li et al., 2019).
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There is a large variety of VOCs species in the ambient air, and their contribu-
tions to O, formation vary largely depending on both chemical reactivity and
i mass/concentration (Guo et al., 2017). Integrated scales taking both chemical
reactivity and mass/concentration into consideration are in high demand to
, provide scientific support for VOCs management and O, pollution control.
S 404 S P A One of the widely used metrics is the ozone formation potential (OFP), and
é), - g zr ! ) its déflmtlon and cz.llculatlon Varfed among literature (Chang & Rudy, 1990;
. S 4 ) ~.Ienkm et al., ‘2017, NRC, 1999; Ru§5611 et al., 1995?, .Currently, thf) QFP
E @ [NJ]e is usually defined as the product of incremental reactivity (IR) multiplying
T 301 =l ¥ : by emission quantity (i.e., emission-weighted OFP) (Li et al., 2019; Sha
5 § 7 ) ' et al., 2021; Shi et al., 2022) or observation data (i.e., concentration-weighted
:8 / OFP (Conw_OFP)) (Mo et al., 2022; Pei et al., 2022; Shi et al., 2022). The
i é el IR values are generally determined by model simulations (Carter, 1994a,
L lo ‘ch 1994b, 2009, 2010; Qiu et al., 2020; Venecek et al., 2018; Zhang et al., 2021)
— ) \ ‘ and then can be used for the OFP calculation. The choice of IR scale is heav-
80 110 120 130

Figure 1. Map showing the locations of major Chinese cities analyzed in
this study. The names for individual cities are as follows. BJ: Beijing; SJZ:
Shijiazhuang; JN: Ji'nan; ZZ: Zhengzhou; JZ: Jinzhong; NJ: Nanjing; SH:
Shanghai; GZ: Guangzhou. The emission data of NMVOCs (non-methane
volatile organic compounds) were taken from Li et al. (2017).

Longitude (Deg E)

ily dependent on the NO, condition (Carter, 1994b; Zhang et al., 2021), for
example, the maximum incremental reactivity (MIR), maximum O, reac-
tivity (MOR), and equal benefit incremental reactivity (EBIR) scales are
most appropriate for application in VOCs-limited (high-NO, conditions),
mixed-limited (median-NO,), and NO,-limited (low-NO,) areas, respec-
tively. A rough application of MIR scales to identify reactive VOCs species
or calculate OFPs in NO_-limited regimes (generally rural or remote areas)
would result in large uncertainties (Zhang et al., 2021).

Most of the Chinese urban areas are currently under high-NO_ environment (Lu et al., 2019; Wang et al., 2022),
and thereby, the MIR scales are appropriate for application. The existing studies in China tended to directly adopt
the MIR scales developed by Carter (2010) for the U.S. urban conditions (Li et al., 2019; Mo et al., 2020; Shi
et al., 2022), owing to the lack of localized results. Such simplified adoption has introduced some concerns, since
there is a large discrepancy in the atmospheric conditions between China and the U.S. (Li et al., 2019; Venecek
et al., 2018). Recently, some studies developed the localized MIR scales in Chinese cities and found a noneligi-
ble discrepancy between the localized results and those built upon the U.S. scenarios (Qiu et al., 2020; Zhang
et al., 2021, 2022). Further inspection revealed that the differences in chemical mechanisms (RACM vs. MCM
vs. SAPRC) and/or environmental conditions between China and U.S. were possible reasons for the discrepancy.
However, the above comparison is not sufficient to reflect the real difference between China and the U.S., due
to the very limited number of urban scenarios in China. Analogously, more Chinese urban scenarios are needed
to see how VOCs reactivity differ among major cities of China, and to confirm whether the MIRs constructed
based on regional average scenarios could serve as a general scale that can apply to a large variety of urban areas.
Addressing this point has great significance to VOCs management and O, pollution control, especially over areas
suffering from the lack of localized IR products.

In this study, we adopted the Master Chemical Mechanism version 3.3.1 (MCMv3.3.1) box model to establish
the localized MIR scales in 8 major cities over Central-Eastern China (Figure 1). We first present the typical
environmental conditions during the O, pollution episodes (defined as the day with the maximum daily 8-hr
average O, (MDAS8 O,) mixing ratio exceeding the Class II Chinese National Ambient Air Quality Standard (i.e.,
160 pg-m~3)). We then examine the representativeness of regional average MIR scales and compare them with
those constructed based on the U.S. urban conditions. Finally, we quantify the Conw_OFP for VOCs based on the
Chinese localized MIRs and identify key species together with their sources to provide scientific and effective
support for VOCs management across China.

2. Materials and Methods
2.1. Study Areas and Observation Data

The information of study areas and observation data used for the MIR calculation are summarized in Figure 1
and Table 1. Totally 8 sets of observations were involved. These observations were conducted in urban areas of
major Chinese cities, and the observation periods were concentrated around July—September 2020 (apart from
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Table 1
Overview of Urban Field Observations Used for MIR Calculation in the Present Study
Region Site Location Observation period MDAS O, non-attainment frequency
Beijing-Tianjin-Hebei and surrounding areas ~ Beijing 116.33°E, 39.94°N 1 August to 20 September 2020 29%
Shijiazhuang  114.53°E, 38.06°N 1 July to 20 September 2020 50%
Ji'nan 117.05°E, 36.66°N 1 July to 13 September 2020 43%
Zhengzhou 113.61°E, 34.75°N 1 July to 20 September 2020 29%
Fenwei Plain Jinzhong 112.73°E, 37.71°N 1 July to 20 September 2020 29%
Yangtze River Delta Nanjing 118.75°E, 32.06°N 1 July to 20 September 2020 21%
Shanghai 121.45°E, 31.17°N 10 August to 20 September 2020 17%

Pearl River Delta

Guangzhou 113.27°E, 23.12°N 1 January 2018 to 31 December 2019 -

Note. The information of observations in Guangzhou were taken from Zhang et al. (2021). Here MDA8 O, non-attainment day is defined as a day with MDAS8 O,

concentration exceeding 160 pg-m=.

3

Guangzhou). The selected cities are both economically developed and densely populated, and located in repre-
sentative regions suffering from serious O, pollution, such as Beijing, Shijiazhuang, Ji'nan, and Zhengzhou in
Beijing-Tianjin-Hebei and surrounding areas (BTHs), Jinzhong in Fenwei Plain (FWP), and Nanjing and Shang-
hai in the Yangtze River Delta (YRD). The MIRs in Guangzhou (located in the Pearl River Delta (PRD)) were
calculated previously (Zhang et al., 2021) and directly used for analyses in this study. Scenarios for the 8 major
cities should have a good representation of a large variety of urban environments over Central-Eastern China
(Figure 1).

Real-time measurement data of trace gases, VOCs, and meteorological parameters were obtained to drive the
MIR calculation. Briefly, the data of trace gases, including O,, NO,, SO,, and CO, were obtained from the
national air-quality monitoring stations (https://air.cnemc.cn:18007/). These species were routinely monitored
by commercial instruments with strict quality assurance and quality control procedures (CNEMC, 2018). The
data of VOCs were obtained from the local Environmental Protection Agencies, where 57 compounds (includ-
ing 29 alkanes, 10 alkenes, 1 alkyne, and 17 aromatics) prescribed by the Photochemical Assessment Moni-
toring Stations (PAMS) of U.S. Environmental Protection Agency were detected in real-time by commercial
GC-FID/MS VOC analyzers with strict quality assurance and control procedures (CNEMC, 2019). Meteorologi-
cal parameters including temperature, relative humidity, and pressure were obtained from the China Meteorolog-
ical Data Service Center (http://data.cma.cn).

2.2. Calculation of MIRs for VOCs

A chemical box model constructed on the FOAM (Framework for 0-D Atmospheric Modeling) platform was
applied for the MIR calculation (Wolfe et al., 2016). The model was based on the MCMv3.3.1, a gas-phase
chemical mechanism that near-explicitly describes the degradation reactions of 143 primary VOCs (Jenkin
et al., 2003, 2015; Saunders et al., 2003). Physical processes including solar radiation, planetary boundary layer
evolution, dry deposition, and exchange with background air were also considered within the model. Detailed
information of model configuration has been provided in previous studies (Xue et al., 2013; Zhang et al., 2021).

As Table 2 shows, 8 scenarios (including 7 Base Case Scenarios for individual cities and 1 Averaged Chinese
Urban Condition Scenario) were designed for the MIR calculation. For Base Case Scenarios, the median diurnal
profiles of NO,, CO, SO,, HONO, C,—C,, VOCs, oxygenated VOCs (OVOCs), temperature, relative humidity,
and pressure on O, episode days of each city were processed as 1-day model inputs to constrain the model. Obser-
vation data for most of the above species and parameters were available, and those without available data but
with large importance (e.g., HONO and OVOCs, as demonstrated by Chen et al. (2020), Gu et al. (2022), and Gu
et al. (2020)) were processed as follows. The HONO input was assumed to be 2% of NO, concentrations, and the
1-day OVOC:s input and initial concentrations of OH and HO, radicals were approximated as model-simulated
values with pre-run of 2 days. The inputs of Averaged Chinese Urban Condition Scenario were obtained by
averaging 1-day model inputs for the 7 Base Case Scenarios and Base Case Scenario for Guangzhou. The model
was initiated at 6:00 local time (LT), and the integration had a step of 1 hr and duration of 1 day. For consistency
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Table 2
Summary of Atmospheric Conditions for the Averaged Chinese Urban Condition Scenario (AveCon) and Base Case
Scenarios for Individual Cities

Relative
NO, VOCs Temperature  humidity VOCs/NO, [NOJyr/ [NOlyor/ [NO,lgpr/
Site (ppbv) (ppbv) ((®) (%) (ppbv/ppbv)  [NO,Ipsse  [NO Jgasp  [NO,Ipase

Beijing 93+43 182+27 278+3.1 66 + 12 22+0.6 1.15 0.59 0.27
Shijiazhuang 14.0+49 334+36 272+33 70 £ 12 2.6 +0.7 1.86 0.94 0.36
Ji'nan 138 +49 200+39 262+3.7 67 + 14 15+03 1.10 0.56 0.26
Zhengzhou 187+64 292+47 27.0+33 73+ 19 1.7+ 04 1.34 0.66 0.26
Jinzhong 139+49 146+21 240+43 60 + 16 12+04 0.79 0.40 0.22
Nanjing 133+53 203+3.6 282+38 70 + 21 1.8 +0.7 1.75 0.75 0.32
Shanghai 234+53 302+59 285+3.1 58+ 14 1.4+04 1.04 0.54 0.27
Guangzhou  30.7+89 26.7+49 27.7+3.7 48 + 14 1.0+0.5 1.15 0.60 0.28
AveCon 158+4.6 255+33 270+33 65+ 15 1.7+04 1.37 0.69 0.30

Note. The NO, conditions for Base Case, MIR, MOR, and EBIR scenarios were presented as [NO,|g.sg> [NO, lyr» [INO,]
mor» and [NO, Jppir, respectively. The NO, concentrations were used as a proxy for NO, concentrations for all cities apart
from Guangzhou.

with Carter (1994a, 1994b), we extracted simulation results during 6:00-16:00 LT for the MIR calculation. The
O, concentrations were initialized using median value observed at 6:00 LT on O, episode days, and then O,
chemistry and concentrations were simulated freely with inputs of related species and parameters in the following
integration.

There were two major procedures for IR calculation (Carter, 1994a, 1994b, Zhang et al., 2021), that is,
NO,-adjusted runs and VOCs-adjusted runs. The NO_-adjusted runs were performed to determine the exact NO,
inputs for MIR, MOR, and EBIR scenario as well as to diagnose the O, formation regimes (an example was
provided in Figure S1 in Supporting Information S2). For a given city, [NO,],ox (i-€., the NO, conditions under
MOR scenario) represents the boundary between the VOCs-limited and mixed-limited O, formation regime, and
[NO_Jggr (-€., the NO, conditions under EBIR scenario) represents the boundary between the mixed-limited and
NO,-limited O, formation regime. Then, the O,-NO,-VOC sensitivity can be determined by comparison between
[NO,_JgasE (€., the NO, conditions under Base Case Scenario) against [NO, ],;or and [NO Jgp. As documented
in Table 2, the comparison between [NO, ;¢ against [NO_]y;or and [NO,]gp indicates that the O, formation
persists in VOCs-limited and NO,-saturated regime in major Chinese cities, and thus the MIRs are suitable for
application. Note that [NO ], ¢ for Shijiazhuang is very close to [NO, ],;or. Which indicates that the applied IRs
should be updated over a short period along with changes in the chemical regimes of O, formation.

In the second procedure, we calculated the localized MIRs for individual VOC species by VOCs-adjusted runs
(including VOCs-base runs and VOCs-addition runs). We adopted the same method as introduced by Zhang
et al. (2021) to determine and quantify the addition mass of the target VOC (/AAVOC, in Equation 1). With
prescribed NO, inputs for a MIR scenario, a series of VOCs-base runs and VOCs-addition runs were performed.
For a given species, the model-simulated maximum concentrations of O, in VOCs-base runs and VOCs-addition
runs were extracted for the MIR calculation (/AAO, in Equation 1). The MIR values for totally 46 PAMS species
were directly determined according to Equation 1. Due to the unavailable degradation chemistry in the MCM
v3.3.1, the MIRs for the other 11 PAMS species were indirectly estimated by using their associated kg, (see
Table S1 in Supporting Information S3) and approximating their degradation chemistry to the mechanism of
the identified surrogate VOCs. The identified surrogate VOCs were i-pentane (for cyclopentane), cyclohexane
(for methyl cyclopentane), 2-methyl hexane (for 2,4-dimethyl pentane and 2,3-dimethyl pentane), n-heptane
(for methyl cyclohexane), n-octane (for 2,2,4-trimethyl pentane, 2,3,4-trimethyl pentane, 2-methyl heptane,
and 3-methyl heptane), m-ethyl toluene (for m-diethyl benzene), and p-ethyl toluene (for p-diethyl benzene), in
consideration of both carbon numbers and functional groups.

A\O;

MIR; = ——
AVOC;

ey
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where MIR, represents the MIR value of VOC,, AO,; is the mass of additional O, formed (unit: pg-m~?), and
A\VOC, is the mass of VOC, added to the scenario (unit: pg-m~).

In the present modeling, the NO concentrations were not treated as model constraints due to lack of available
NO data (except for Guangzhou), instead, the NO evolution and chemistry were determined with constraints of
related species or parameters during each integration step. As shown in Figure S2 in Supporting Information S2,
the model-simulated NO concentrations were overall comparable to the measured data during the daytime in
Guangzhou. Sensitivity test was conducted by taking Guangzhou as a case to evaluate the uncertainty caused by
such treatment on the MIR scales. As shown in Figure S1 in Supporting Information S2, the MIRs obtained from
sensitivity test showed strong correlations with those obtained from base scenario (R?: 0.96), but the lack of NO
data would result in lower MIR values (by —10%), which should be attributed to the higher VOCs/NO, ratios in
sensitivity test (see Section 3.2).

2.3. Calculation of OFPs for VOCs

The localized MIR values were applied to quantify the Conw_OFPs for VOCs according to Equation 2 (Mo
et al., 2022; Pei et al., 2022).

Conw_OFP; = [VOC;] * MIR; 2)

where Conw_OFP; represents the Conw_OFP value of VOC,, MIR; is the above-calculated MIR value of VOC,,
and [VOC|] represents the observed concentrations of VOC,. Caution should be taken when using observation
data to quantify the OFPs, since such treatment would somewhat underestimate the importance of reactive VOCs
to O, production (Zhang et al., 2021, 2022). To better reflect local emission characteristics, we used averages of
observation data for anthropogenic VOCs during 6:00-7:00 LT and for biogenic VOCs during 12:00-14:00 LT
for the Conw_OFP calculation.

3. Results and Discussion
3.1. Overview of Urban Ozone Pollution Scenarios

During the observation period, the O, pollution showed a clear spatial distribution pattern (Table 1). In the
YRD region, a MDA8 O, non-attainment frequency (defined as days with MDA8 O, > 160 pg-m~) of 17%
was recorded in Shanghai during the 42-day campaign, and of 21% was recorded in Nanjing during the 82-day
campaign. The O, pollution situation in Shanghai seemed to be lighter than Nanjing and the other cities, partly
owing to its strong NO titration effect (see Figure S3 in Supporting Information S2 for the time series of NO,
and O, concentrations) (Xue et al., 2014). In the FWP region, a MDAS8 O, non-attainment frequency of 29% was
recorded in Jinzhong during the 82-day campaign. The urban O, pollution situation in the BTHs region was more
serious than that in the above two regions. For example, a MDAS O, non-attainment frequency of 29% and 50%
was recorded in Zhengzhou and Shijiazhuang, respectively, during the 82-day campaign, of 30% was recorded in
Beijing during the 50-day campaign, and of 43% was recorded in Ji'nan during the 75-day campaign. A compar-
ison with the monitoring results in developed countries indicates the serious O, pollution situation in China. On
one hand, the number of days with MDA8 O, > 150 pg-m~3 (a benchmark level for the U.S.) recorded in these
Chinese cities during the campaigns (short than 3 months) was even larger than that in most U.S. and European
urban sites determined on an annual basis (Figure S4 in Supporting Information S2) (Fleming et al., 2018). On the
other hand, the average diurnal O, amplitudes (54—67 ppbv; defined as the daily maximum minus the minimum
O, concentration recorded prior to the daily maximum) (Xu et al., 2020) were even larger than those recorded
in Los Angeles (<50 ppbv in August 2016) (Solomon et al., 2020), a megacity widely recognized to suffer from
serious O, pollution. In particular, the average diurnal O, amplitudes were even enhanced to 76-96 ppbv over
Chinese urban areas on episode days, indicating a strong in situ O, formation capacity.

The observed chemical environments and meteorological parameters were presented and compared (Table 2).
The PRD region was included for comparison and the data of Guangzhou were obtained from Zhang et al. (2021).
For all city-clusters, the meteorological parameters showed similar characteristics with warm temperatures
(24.0-28.5°C) and moderate relative humidity (58%—73%). Such weather conditions are conducive to O, forma-
tion and typical of O, episodes (Liu & Wang, 2020a). The diurnal patterns of NO_ and VOCs were similar among
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Figure 2. VOCs compositions of concentrations (ppbv/ppbv; the left panel) and OH reactivities (s~!/s~!; the right panel) in
the Averaged Chinese Urban Condition Scenario (AveCon) and the Base Case Scenarios for individual cities. The VOCs data
of Guangzhou were taken from Zhang et al. (2021). The kg, data were obtained from Jenkin et al. (2018a, 2018b), McGillen
et al. (2020), Atkinson and Arey (2003) and EPA Atmospheric Oxidation Program estimation (see details in Table S1 in
Supporting Information S3).

individual cities with bimodal morning and evening concentration peaks (Figure S5 in Supporting Informa-
tion S2), owing to a combined influence of shallow boundary layer and intense traffic emissions at rush hours.
However, the magnitudes of NO, and VOCs differed largely between cities, even within the same city-cluster. For
example, the average NO, and VOCs concentrations (+standard deviation) were 23.4 + 5.3 ppbv and 30.2 + 5.9
ppbv in Shanghai, respectively, higher than those observed in Nanjing (NO,: 13.3 & 5.3 ppbv; VOCs: 20.3 + 3.6
ppbv). Besides, the spatial distributions of NO, and VOCs were not that consistent. The highest average NO,
concentrations were observed in Guangzhou (27.1 + 3.6 ppbv) and Shanghai (23.4 + 5.3 ppbv), with the lowest
observed in Beijing (9.3 + 4.3 ppbv). In comparison, the highest average VOCs concentrations were observed in
Shijiazhuang (33.4 + 3.6 ppbv) and Shanghai (30.2 + 5.9 ppbv), with the lowest observed in Jinzhong (14.6 + 2.1
ppbv). This inconsistency led to a wide distribution of average VOCs/NO, ratios (ppbv/ppbv), which ranged from
1.0 + 0.5 in Guangzhou to 2.6 + 0.7 in Shijiazhuang. As described in Section 2.2, we also examined the relative
availability of NO, and VOCs with application of the MCM chemical box model (i.e., by the NO,-adjusted runs)
and found a widespread existence of VOCs-limited O, formation regime in selected Chinese cities. The results
demonstrate the importance of VOCs to O, formation in urban areas of Central-Eastern China, and thereby
highlight the need for localizing MIRs to quantitatively evaluate the contributions of different VOCs species to
O, formation.

The detailed VOCs chemical compositions (classified into alkanes, anthropogenic alkenes, aromatics, alkynes,
and biogenic VOCs (BHC)) were examined (Figure 2). Overall, alkanes were the dominant class based on
observed concentrations (59%-76%). A very interesting result is the increasing contributions of aromatics to
total VOCs along with a lower latitude (though not strictly), reflecting the distinct industrial structures and VOCs
emission sources over individual areas. For instance, the average fraction of aromatics was 10 + 2% in Beijing,
which increased to 15 + 4% and 21 + 2% in Nanjing and Guangzhou, respectively. Anthropogenic alkenes were
the dominant class based on OH reactivities (Ly,), which is the product of VOCs concentration and its reaction
rate constant with OH radical. Specifically, anthropogenic alkenes were the dominant reactive class in Beijing
(35 £+ 2%), Shijiazhuang (51 + 7%), Ji'nan (34 + 8%), Jinzhong (51 + 16%), Nanjing (27 + 8%), and Shanghai
(33 + 3%), while aromatics played a dominant role in Guangzhou (34 + 6%) and BHC dominated in Zheng-
zhou (26 + 24%). The results underline the large variance in chemical environments among Chinese cities, the
effects of which on MIRs will be discussed in Section 3.2.

3.2. Localized MIRs for VOCs in China

Figure 3 and Table 3 present the localized MIRs for 57 PAMS species. The distribution of MIRs among VOCs
species was generally the same for the involved city scenarios. Within the defined major VOCs groups, the MIR
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Figure 3. Distribution of MIRs for 57 individual PAMS species over eight major Chinese cities (indicated by the blue box and whiskers) and comparison with those
obtained from the Averaged Chinese Urban Condition Scenario (the black circles) and with the extensively used U.S. MIRs (the red circles). The box plot provides the
1%, 25%, 50%, 75%, and 99% the data. The MIRs for VOCs in Guangzhou and U.S. were obtained from Zhang et al. (2021) and Carter (2010), respectively.

values for anthropogenic alkenes (2.18-9.27 g/g), BHC (4.62-7.09 g/g), and aromatics (0.24-8.27 g/g) were
large, while those for alkanes (—0.04-2.91 g/g) and alkynes (0.15-0.22 g/g) were relatively small. The MIRs
for species within aromatic class showed wider distributions than alkene class, mainly due to the low reactiv-
ity of benzene (0.49-0.73 g/g) and styrene (0.24-0.70 g/g). On species level, trans-2-butene (6.42-9.27 g/g),
cis-2-butene (6.21-8.58 g/g), 1,2,3-trimenthyl benzene (6.90-8.27 g/g), 1,2,4-trimenthyl benzene (6.16-7.81 g/g),
1,3,5-trimenthyl benzene (4.87-7.47 g/g), isoprene (4.62-7.09 g/g), propene (4.03-6.83 g/g), o-xylene
(5.06-6.13 g/g), m-xylene (4.50-5.72 g/g), and ethene (4.07-5.54 g/g) ranked as the top 10 reactive species, but
the exact ranks differed slightly among individual cities.

The localized MIRs constructed based on individual cities and the Averaged Chinese Urban Condition were
compared to evaluate the representativeness of regional average MIRs (Figure 3 and Figure S6 in Supporting
Information S2). A strong correlation in MIRs for 57 PAMS species was shown by the linear regression analysis
with R? in the range of 0.94-1.00, which was also the case specific to individual major VOCs groups (R? for
alkanes: 0.83—1.00; anthropogenic alkenes: 0.95-1.00; and aromatics: 0.92—1.00). Despite a strong correlation,
the magnitudes of MIRs showed discrepancy. Taking the MIRs obtained from the Averaged Chinese Urban
Condition as a benchmark (i.e., x-axis), the MIRs for VOCs in Ji'nan showed the lowest RMA (reduced major
axis) (Leduc, 1987) slope (0.95), while those in Guangzhou showed the largest RMA slope (1.35), and the RMA
slopes exhibited by the other cities fell in the range of 0.97—1.11. The obviously higher MIR values in Guangzhou
should be attributed to its lower VOCs/NO, ratio (1.0) and higher aromatics contribution (21%) (other cities:
1.2-2.6 for VOCs/NO, ratio and 8%—15% for aromatics contribution) (see Table 2 and Figure 2). Under high
NO, conditions, a lower VOCs/NO, ratio tends to enhance the importance of VOCs to O, formation, and a larger
contribution of aromatics (together with their chemical degradation products) tends to strengthen NO, sinks and
hence promotes O, formation (i.e., higher MIR values) (Zhang et al., 2021). It should be noted that the different
treatment of input for NO_ and OVOCs between this study and Zhang et al. (2021) might exert effects on the
VOCs/NO, ratio. We used the NO, concentrations as a proxy for NO_ input and approximated the OVOCs input
as model-simulated values, while Zhang et al. (2021) used real NO, concentrations as input and approximated
the input for major OVOC species as 0.10 ppbv, which somewhat contributed to the lower VOCs/NO, ratio in
Guangzhou scenarios. On species level, the MIRs of n-octane, n-nonane, n-decane, n-undecane, and n-dodecane
showed the largest variability (see coefficient of variation in Table 3), due to their strong dependence on the
chemical environmental conditions (Zhang et al., 2021).

Overall, the MIRs obtained from the Averaged Chinese Urban Condition are well representative of those obtained
from the individual cities apart from Guangzhou, which indicates that the regional representative MIR scales
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Table 3
Tabulation of MIRs (g Oyg VOC) for VOCs in Individual Cities and Averaged Chinese Urban Condition Scenario
(Represented as AveCon)
Species BJ SJZ IN 77 1Z NJ SH GZ Ave + VD  AveCon
Ethane 023 027 023 019 021 020 022 0.19 022+0.12 0.19
Propane 048 055 047 041 043 042 046 025 043 +0.20 0.42
n-Butane 122 140 1.17 100 1.08 1.08 1.17 083 1.12+0.15 1.03
i-Butane 1.30 1.41 1.23 1.09 1.19 1.14 1.22 0.91 1.19 + 0.12 1.12
n-Pentane 1.80 199 1.71 144 157 158 171 094  1.59+0.20 1.49
i-Pentane 136 151 130 1.14 123 120 1.28 093 124 +0.14 1.16
Cyclopentane 1.25 1.17 125  0.99 1.19 1.11 1.19 - 1.16 + 0.08 1.05
n-Hexane 1.64 1.8 1.60 134 142 146 1.58 0.75  1.46 +£0.22 1.37
2,2-Dimethyl butane 1.04 115 099 08 091 093 1.00 0.67 094 +0.15 0.88
2,3-Dimethyl butane 1.46 1.56 1.39 1.24 1.31 1.31 1.35 0.75 1.30 + 0.19 1.27
2-Methyl pentane 1.99 2.11 187 1.63 177 175 1.84 1.04 1.75+0.18 1.67
3-Methyl pentane 185 202 177 152 165 1.63 175 1.18  1.67 £0.15 1.56
Cyclohexane 291 281 252 231 234 280 253 - 2.60 + 0.09 2.33
Methyl cyclopentane 1.74 148 158 129 142 160 1.53 - 1.52 + 0.09 1.37
n-Heptane 1.00 122 1.03 085 083 090 098 034  0.89+0.29 0.85
2,3-Dimethyl pentane 085 080 091 065 080 076 0.86 - 0.80 + 0.10 0.71
2,4-Dimethyl pentane 078 073 0.84 060 074 069 0.80 - 0.74 £ 0.11 0.65
2-Methyl hexane .51 173 150 126 132 136 148 - 1.45 £ 0.11 1.29
3-Methyl hexane 211 230 203 171 184 183 201 1.04 1.87+0.20 1.76
Methyl cyclohexane 069 062 080 049 065 060 0.70 - 0.65 +0.15 0.56
n-Octane 052 069 058 048 038 050 049 -0.00 0.46=+045 0.44
2,2,4-Trimethyl pentane 0.14 013 020 010 013 0.I11 0.16 - 0.14 + 0.25 0.11
2,3,4-Trimethyl pentane 024 020 032 0.5 021 019 025 - 0.23 +0.25 0.18
2-Methyl heptane 028 023 037 017 025 023 028 - 0.26 +0.24 0.21
3-Methyl heptane 028 023 038 0.17 025 023 029 - 0.26 + 0.24 0.21
n-Nonane 057 078 0.65 050 040 057 059 -0.02 0.51+044 0.47
n-Decane 080 1.03 0.86 063 057 075 0.81 0.06  0.69 +0.42 0.62
n-Undecane 078 098 0.83 060 054 075 078 -0.00 0.66+0.45 0.59
n-Dodecane 071 090 076 053 047 069 070 -0.04 0.60+0.44 0.52
Ethene 478 472 433 407 450 418 4.17 554 454+0.11 4.16
Propene 524 488 460 4064 485 403 4.60 6.83 496 +0.17 4.69
1-Butene 281 270 240 246 253 259 235 377  270+0.17 248
cis-2-Butene 698 687 659 662 621 681 758 858 7.03+0.11 6.95
trans-2-Butene 7.40 7.23 7.04 7.05 6.42 7.22 8.13 9.27 747 +0.12 7.41
1-Pentene 250 244 218 219 226 232 218 393 250+0.24 222
cis-2-Pentene 372 3,68 356 355 328 3.67 4.05 - 3.64 + 0.06 3.74
trans-2-Pentene 365 3.64 355 352 326 366 4.03 - 3.62 + 0.06 3.73
Isoprene 538 530 4.67 466 497 494 462 7.09 520+0.16 4.75
1-Hexene 256 256 229 224 230 244 227 - 2.38 +£0.06 2.28
Benzene 068 073 065 059 062 059 0.68 049  0.63+0.12 0.61
Toluene 279 272 249 232 257 242 247 233 2.51+0.07 2.37
Ethyl benzene 281 263 245 232 260 242 238 1.95 245+0.10 2.37
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Table 3
Continued

Species BJ SIZ IN Y#4 JZ NJ SH GZ Ave + VD  AveCon

m-Xylene 546 496 459 452 499 486 450 572 4.95+0.09 4.61
o-Xylene 6.13 562 530 506 572 540 523 520 546 +0.06 5.21
p-Xylene 452 426 398 374 419 402 391 - 4.09 + 0.06 3.87
Styrene 053 0.70 052 0.60 024 066 047 046  0.52 +0.27 0.53
n-Propyl benzene 2.43 230 217 200 223 2,12 2.16 1.61 2.13 +0.11 2.07
i-Propyl benzene 280 2.68 251 232 259 245 252 1.87 247 +0.11 2.40
m-Ethyl toluene 477 419 390 389 436 414 374 423  4.15+0.08 3.94
o-Ethyl toluene 467 418 392 377 430 403 381 3.61  4.04 +0.08 3.86
p-Ethyl toluene 391 354 334 317 360 339 3.19 - 3.45+0.08 3.24
1,2,3-Trimethyl benzene 827 753 7.02 690 770 734 694 725  7.37 +0.06 7.06
1,2,4-Trimethyl benzene 7.43 6.74 6.26 6.22 6.94 6.59 6.16 7.81 6.77 £ 0.09 6.35
1,3,5-Trimethyl benzene 593 541 487 498 526 534 490 747  552+0.16 5.00
m-Diethyl benzene 339 299 282 270 3.06 286 2.69 - 2.93 +£0.08 2.74
p-Diethyl benzene 234 212 207 18 217 199 196 - 2.07 £ 0.08 1.93
Acetylene 0.19 020 0.17 0.5 018 015 0.17 022  0.18+0.04 0.16

Note. Also shown are the averages and coefficient of variation for MIRs in individual cities (represented as Ave + VD). The
MIR values for VOCs in Guangzhou were obtained from Zhang et al. (2021).

could serve as approximate reactivities in urban areas of Central-Eastern China, as long as their chemical envi-
ronments and meteorology of O, episodes days are not largely different.

3.3. Comparison With the MIR Scales in the U.S.

The MIRs constructed based on Averaged Chinese and U.S. Urban Conditions were compared (Figure 3) to infer
the difference in VOC reactivities between China and the U.S. The U.S. MIRs were obtained from Carter (2010),
which were calculated based upon the 1988 U.S. pollution scenario and have been extensively used in previous
studies. A strong correlation was shown in MIRs for the 57 PAMS species (R?: 0.83) between China and the
U.S., despite difference in environmental conditions and chemical mechanisms (MCM v3.3.1 vs. SAPRCO07).
However, the localized MIRs in China were significantly lower than U.S. MIRs (by 119%, p < 0.01, tested by the
one-way analysis of variance method). Such large discrepancy in MIR magnitudes should partly be attributed to
the interference introduced by model inputs, since MIRs obtained from observation-based inputs (adopted in this
study) tended to be lower than those from emission-based inputs (adopted in Carter (2010)), as demonstrated in
Zhang et al. (2021).

The relative reactivity (RR) scale is defined as the IR value for a given species divided by that for a reference
species (Carter, 1994b). It can minimize the interference introduced by background conditions and hence was
chosen for further comparison to infer the difference in VOCs reactivity between China (referred to as CHN_
MCM; constructed based on the Averaged Chinese Urban Conditions) and the U.S (Figure 4). Ethene was selected
as a reference species for consistency with Derwent et al. (2010). The U.S. RRs were actually constructed based
on California scenarios, whose satisfactory ability to represent the Averaged U.S. Urban Condition has been
demonstrated in Zhang et al. (2021). Two sets of U.S. RR values were chosen for comparison, with one developed
using SAPRCO7 (US_SAPRC) (Carter, 2010) and the other developed using MCM v3.1 (US_MCM) (Derwent
et al., 2010), but the MIRs for the selected 44 species (whose MIR values were calculated for both Chinese and
U.S. Urban Conditions) derived from them were fairly similar (RMA slope: 0.92; R?: 0.94). Analogously, a strong
correlation was found in RRs for these 44 species between CHN_MCM and US_SAPRC/MCM, as indicated
by R? (US_MCM: 0.84; US_SAPRC: 0.79). The correlation was improved with the same chemical mechanism
(i.e., MCM), elucidating the influence of different representations for VOCs degradation between MCM and
SAPRC. We further examined the comparison results for major VOCs groups (i.e., alkanes (18 species), alkenes
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Figure 4. Comparison of the RRs (calculated as the MIR values for a given species divided by the MIR value for ethene) for (a) 44 common VOC species, (b) alkanes,
(c) alkenes, and (d) aromatics between Averaged Chinese (RR_CHN) and U.S. (US_MCM in blue circle and US_SAPRC in red circle) Urban Condition Scenario. The
RRs for VOCs in U.S. were obtained from Carter (2010) and Derwent et al. (2010).

(10 species; including both anthropogenic and biogenic species), and aromatics (15 species)), and found that the
improvement mainly resulted from alkenes (R CHN_MCM vs. US_MCM: 0.85; CHN_MCM vs. US_SAPRC:
0.66). This conclusion is also supported by the comparison between US_SAPRC and US_MCM, as RRs for
alkenes showed the lowest correlation between two chemical mechanisms (R? for alkenes: 0.71; alkanes: 0.81;
aromatics: 0.92), but the detailed reason remains unclear (Derwent et al., 2010).

We then compared the magnitudes for RRs between CHN_MCM and US_SAPRC/MCM based on RMA slope,
which showed insignificant variations for the 44 species (US_SAPRC: higher by 13% than CHN-MCM, p = 0.96;
US_MCM: higher by 3% than CHN-MCM, p = 0.59). Specific to individual major VOCs groups, the RR magni-
tudes for alkanes, alkenes, and aromatics were all higher in China than in U.S., both with the same (MCM v3.3.1
vs. MCM v3.1; by 69% (p < 0.01), 25% (p = 0.44), and 11% (p = 0.19), respectively) and different chemical
mechanisms (MCM v3.3.1 vs. SAPRCO07; 54% (p = 0.07), 24% (p = 0.09), and 2% (p = 0.24), respectively).
The inconsistency can be explained by the large intercept for alkenes obtained from the linear regression analy-
sis (Figure 4c), and hence, we focused on the variations of total VOCs, alkanes, and aromatics in the following
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Figure 5. The contributions of major VOCs groups (i.e., alkanes, anthropogenic alkenes, BHC, aromatics, and alkynes) to total Conw_OFPs for 57 PAMS species in
eight major cities of Central-Eastern China. The Conw_OFPs were quantified using averages of observation data during 6:00-7:00 LT for anthropogenic VOCs and
during 12:00-14:00 LT for biogenic VOCs.

analyses. The discrepancy in RR magnitudes still existed with the same chemical mechanism, thereby implying
the influence of other factors in addition to chemical mechanism. A further inspection revealed the remarkable
difference in chemical environmental conditions between China and the U.S. (a lower VOCs/NO, ratio (4.9 vs.
6.5) and higher contribution of alkanes (66% vs. 52%) in China), which would certainly exert effects on RR
magnitudes as demonstrated by our previous study (Zhang et al., 2021). For instance, one-fourth of the base
VOCs/NO, ratios tended to decrease the RR magnitudes for total VOCs (—9%), but would increase the RRs
for alkanes (4%) and aromatics (2%); 1.5-fold of the base proportion of the alkane class would increase the RR
magnitudes for total VOCs (15%), alkanes (6%), and aromatics (7%). The discrepancy in RR magnitudes between
China and the U.S. should be a complex coupling of these factors.

3.4. Implications for VOCs Management

The localized MIRs were used to quantify Conw_OFPs and identify key VOCs group (Figure 5). The exact key
VOCs group varied among cities. In the BTHs region, alkanes and aromatics were key groups in Ji'nan (46%)
and Zhengzhou (44%), respectively, while these two groups made comparable contributions in Beijing (37% and
38%) and Shijiazhuang (30% and 33%). The dominant role of alkanes to O, formation in Ji'nan was attributed
to its high contributions of alkane species (76% vs. 59%—71% in other cities; see Figure 2), especially of C,—C;
alkane species. In the FWP region, anthropogenic alkenes were the dominant group with an average contribu-
tion of 43%. In the YRD and PRD regions, aromatics were key group with average contributions of 51%, 44%,
and 54% in Nanjing, Shanghai, and Guangzhou, respectively. Though the concentrations of BHC made small
contributions (1%-2%) to total VOCs, they made a non-negligible contribution to O, formation (5%-10%) based
on Conw_OFPs. Notably, the key VOCs groups identified based on L (see Figure 2b) and Conw_OFPs are
not that consistent, as L, only considers the first step of VOCs oxidation (i.e., reactions with OH radicals) and
ignores the contributions from its chemical degradation intermediates and products. Overall, the Conw_OFPs
results highlight the importance of aromatics to O, formation in the vast Chinese urban areas, and its importance
increased toward lower latitudes, which is consistent with findings from previous studies (Wang et al., 2022).

Figure 6 presents the top 10 VOC species with relatively large Conw_OFPs over individual cities. These 10
species made important contributions (62%—79%) to the summed Conw_OFPs for total 57 PAMS species, and
reduction in emissions for these species would effectively alleviate O, pollution. Lists for the top 10 species
varied among cities, but ethene, isoprene, toluene, n-butane, i-pentane, and m-xylene were found to make impor-
tant contributions to O, formation in most cities. Though species such as propane were relatively unreactive (i.e.,
with a low MIR value), their importance could be enhanced by heavy loads of emissions (see Figure 6 for the
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Figure 6. Source-specific contributions to the individual top 10 VOC species with large Conw_OFPs in eight major cities of Central-Eastern China. The Conw_OFPs
were determined with the application of localized MIRs. The data caption rates of cis/trans-2-butene in Guangzhou were below 75% and hence excluded for source

apportionment analyses.
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Conw_OFPs in Beijing, Shijiazhuang, Ji'nan, Jinzhong, Nanjing, and Shanghai). Both chemical reactivity and
mass/concentration for VOCs species should be considered in the formulation of control policy against VOCs
and O, pollution.

Sources for these key species were quantitatively tracked using the positive matrix factorization (PMF) model
(Figure 6 and Figure S7 in Supporting Information S2; Paatero, 1997; Paatero & Tapper, 1994). Detailed infor-
mation about the PMF model setup, factor contributions and factor profiles of VOCs were provided in the SI.
Here we focused on the source-specific contributions to the Conw_OFPs for these species. Two important points
are noteworthy. First, the dominant sources varied largely among individual cities. In the BTHs region, gasoline
exhaust and evaporation and painting solvent usage were dominant contributors to the summed Conw_OFPs for
key species in Beijing (29% and 26%, respectively); petrochemical industry and gasoline exhaust and evapora-
tion made dominant contributions in Ji'nan (24% and 23%); while LPG usage and painting solvent usage were
dominant contributors in Shijiazhuang (21% and 21%) and Zhengzhou (35% and 31%). In the FWP region,
combustion source made the largest contribution (41%) in Jinzhong. In the YRD region, industrial activity made
the largest contribution in Nanjing (44%), while painting solvent usage and gasoline exhaust and evaporation
made dominant contributions in Shanghai (42% and 40%). In the PRD region, painting solvent usage made the
largest contribution (37%) in Guangzhou. The above-identified dominant VOCs sources were generally consist-
ent with those reported in previous studies (Liu et al., 2019; Lyu et al., 2019; Yang et al., 2021; Zhao et al., 2020).
Second, the dominant VOCs sources identified based on concentrations and Conw_QOFPs are not that consistent.
For example, the concentration-based results indicate that LPG usage made the largest contribution in Beijing,
while that is gasoline exhaust and evaporation with the OFP-based results. Similar conclusion was also drawn
by Zhao et al. (2020) in which diesel vehicular exhaust and industrial emission were identified as the dominant
VOC:s sources in Nanjing with concentration-based and OFP-based results, respectively. These results underline
the importance of city-specific refined VOCs emission control strategies.

The key VOC species and source contributions determined based upon localized MIRs and the extensively
used U.S. MIRs were compared to examine to what extent the ongoing air quality management strategies would
change. Lists for the top 10 species remain unchanged in Ji'nan, but varied (with 1-2 species changed) in other
cities (labeled in Figure S8 in Supporting Information S2). With the application of U.S. MIRs, the importance
of alkenes (especially propene) was enhanced, but that of alkanes was reduced. Correspondingly, the contribu-
tions of combustion source (characterized by high concentration levels of acetylene, benzene, and/or ethene and
propene) became larger (by 0%—4%), but of gasoline exhaust and evaporation (characterized by high concentra-
tion levels of n/i-pentane and/or toluene and ethyl benzene) were lowered (by —4% to 0%). In particular, LPG
usage (localized MIRs: 21% vs. U.S. MIRs: 19%) and painting solvent usage (21% vs. 19%) were replaced by
combustion source (19% vs. 22%) to be the dominant contributor in Shijiazhuang; petrochemical industry (24%
vs. 25%) alone (rather than with gasoline exhaust and evaporation: 23% vs. 20%) was identified as the dominant
contributor in Ji'nan. These results indicate that the application of U.S. MIRs would lead to uncertainties in the
identification of key VOC species and major sources, and thus highlight the necessity of MIR localization.

The MIR scales are suitable for application for areas or episodes in VOCs-limited O, formation regime, which is
the case for a large variety of urban areas over China in the current stage. Previous studies found an spatial expan-
sion in mixed-limited O, formation regime, owing to decreasing NO, and increasing (or at least non-decreasing)
VOCs emission in recent years (Jin & Holloway, 2015). In consideration of the high dependence of IR values on
NO, condition (Zhang et al., 2021), we need to regularly update the applied IR scales based on changes in NO,
condition in the future.

4. Conclusions

The localized MIRs for 57 PAMS VOC species were developed in eight major cities over Central-Eastern China,
with application of the MCM box model coupled with comprehensive observation inputs. The observations
reveal a serious O, pollution situation in China, particularly in the BTHs. Though differ largely in chemical
environments (such as the concentration of VOCs and NO,, VOCs/NO, ratio, and VOCs composition), all of the
cities are in VOCs-limited O, formation regime, and thus the MIR scales are appropriate for application. The
localized MIRs are highly consistent among individual cities and well agreed with the regional representative
average MIRs (except for Guangzhou), which indicates that the regional average MIR scales could serve as a
general scale to approximate reactivities in urban areas without significant changes in atmospheric conditions.
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Despite a same overall pattern, the localized MIRs differed from those obtained based on the U.S. urban condi-
tions with respect to a few compounds, owing to a combined influence of chemical mechanisms and chemical
environmental conditions. The localized MIRs were applied to quantify the Conw_OFPs. Ethene, isoprene, tolu-
ene, n-butane, i-pentane, and m-xylene were identified as key species over Chinese urban areas, the control of
which would effectively alleviate local O, formation. The source-specific contributions to the Conw_OFPs for
top 10 key species showed large variance among cities, underlining the importance of city-specific refined VOCs
emission reduction measures. This study fills the gap of localized MIRs for VOCs in urban areas of China, and
the findings provide important references for the formulation of control strategies against VOCs and O, pollution.
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