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HIGHLIGHTS

e Spring ozone in NCP exceeded Califor-
nia by 50 % and the eastern U.S. by 85
% in 2018.

o Reactive Aromatics drive 73 % of ozone
production; model underestimates by up
to 22 %.

e Redistributing emissions and adding
diurnal cycles greatly improve simu-
lated ozone.

e Emission redistribution shifts NCP from
VOC-limited to more NOy-limited,
reversing NOy sensitivity.

e Misallocated aromatics emissions raise
ozone mortality by ~50,000 deaths/
year.
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ABSTRACT

Springtime ozone levels in the North China Plain (NCP) exceed those in California by 50 %. The difference is even
larger at 85 % when compared to the eastern U.S. Field measurements at a rural NCP site reveal reactive aro-
matics concentrations 6.2 times higher than California levels, respectively. Box model analysis demonstrates
reactive aromatics contribute 73 % of the total ozone production. By redistributing reactive aromatics emissions
based on industrial source patterns and implementing observation-constrained diurnal cycles, model perfor-
mance improves significantly across the NCP region. This redistribution shifts the chemical regime from pre-
dominantly VOC-limited into a transition zone towards NOy-limited regime, reversing the effect of NOy reduction
on ozone in the NCP region. The underestimation of reactive aromatics emissions has substantial public health
implications through increased ozone-related mortality. Our findings underscore the critical need for improved
characterization of industrial emissions in economically developing regions to enable effective air quality
management strategies.
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1. Introduction

Tropospheric ozone is a major secondary pollutant that poses sig-
nificant risks to health and vegetation, and acts as a short-lived climate
forcer (Bell et al., 2006; Cohen et al., 2017; Li et al., 2017; Liu et al.,
2018; Punger and West, 2013; Tanaka, 2015; Yue and Unger, 2014;
Zhang et al., 2019). China is facing severe ozone pollution, with con-
centrations in both urban and remote regions frequently exceeding
regulatory standards (Fu et al., 2019; Li et al., 2020a; Lu et al., 2018; Xue
et al., 2014). Compared to polluted U.S. regions such as California
(Demetillo et al., 2019; Huang et al., 2013; Jin et al., 2008), the North
China Plain (NCP) exhibits approximately 50 % higher springtime
(March and April) ozone levels based on maximum daily 8-h average
(MDAS). Previous studies have documented this seasonal challenge,
with Ni et al. (2018) highlighting springtime ozone pollution issues
particularly in the NCP region. Wang et al. (2022) reported elevated
ozone concentrations in the NCP during spring, daily average ozone
reaching 134.83 pg/m?® from 2016 to 2020.

Tropospheric ozone forms through photochemistry of nitrogen ox-
ides (NOx) and volatile organic compounds (VOCs) (Seinfeld and Pan-
dis, 2016). The ozone formation potential varies significantly among
VOC species. Because of their high OH reactivity and radical production
potential, reactive aromatics (e.g. xylenes) and small alkenes (<Cs) are
often more effective in driving ozone formation than alkanes (Zheng and
Xie, 2025). Aromatics have been identified as significant ozone pre-
cursors in China, accounting for approximately 37 % of ozone formation
potential in Beijing (Li et al., 2020b). Previous research indicates that
the NCP region is typically in VOC-limited or transitional regimes during
winter and summer (Li et al., 2021b; Liu et al., 2012b; Lyu et al., 2019;
Yang et al.,, 2021). However, springtime ozone production remain
insufficiently characterized, where current atmospheric models tend to
underestimate springtime ozone concentrations in the NCP, in part due
to inaccurate anthropogenic emission inventories (Li et al., 2021b; Ni
et al., 2018) and background ozone (Li et al., 2021a). In particular,
multiple studies have identified significant underestimations of aro-
matics emissions in China. Liu et al. (2012a) found that aromatics
emissions were underestimated by factors of 4-10 through top-down
inversions using glyoxal column measurements, while Li et al. (2017)
reported a threefold underestimation based on secondary organic
aerosol concentrations during autumn.

The complex emission source characteristics further complicate
ozone production in the NCP region. Provinces like Shandong and Hebei
are home to over 6000 and 4000 heavy industrial plants, respectively
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Fig. 1. Model domain and observation network configuration for North China
Plain ozone study. Map of East Asia showing the regional model domain (black
box) and the North China Plain region (blue box). The OPECE Dongying mea-
surement site is marked by an orange star, and blue dots indicate the locations
of CNEMC (China National Environmental Monitoring Centre) observation sites
across eastern China.
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(Wang et al., 2022). These facilities create complex patterns of ozone
precursor distributions that may not be accurately represented in cur-
rent emission inventories. Recent work by Oliveira et al. (2024) high-
lighted the significant contribution of industrial solvent sectors to
toluene and xylene emissions, while Wang et al. (2020) observed pro-
nounced diurnal cycles in aromatics emissions in Shanghai. Despite
these findings, understanding the impact of spatiotemporal variability in
aromatic emissions on springtime ozone production remains limited,
particularly in the NCP region.

To address this, we investigated the role of aromatics emissions in
springtime ozone pollution across the NCP using a multi-scale model
approach that integrates 3-D Chemical Transport Model (CTM) and 0-D
box model simulations with observations from the Ozone Photochem-
istry and Export in Coastal Environment (OPECE) campaign. We esti-
mated the contribution of different VOC species to ozone production
using box model simulations incorporating a near-explicit chemical
mechanism. We then evaluated two major model enhancements: redis-
tributing aromatic emissions spatially based on observed industrial
source patterns and incorporating observation-based diurnal emission
cycles. These modifications substantially improved model's accuracy in
predicting springtime ozone concentrations. The resulting shifts in
ozone production regimes across the region have significant implica-
tions for developing effective ozone control strategies in this rapidly
industrializing region.

2. Materials and methods
2.1. Ground observation

We utilized the observations from the OPECE campaign (Chong
et al., 2024a, 2024b; Lee et al., 2021), conducted at a rural coastal site
(37.76°N, 118.98°E) in the Yellow River Delta region near the Shandong
Yellow River Delta National Nature Reserve from March 23 to April 22,
2018. The remote measurement location, approximately 50 km north-
east of Dongying city and downwind from the NCP region, allowed us to
assess regional transport and photochemical processing of air pollutants.
Comprehensive in situ measurements during OPECE include trace gases
(03, NO,, NO, HNO,, CO, SO3) and non-methane volatile organic
compounds (NMVOCs), at minute and hourly data resolutions, respec-
tively, along with meteorological variables and photolysis rates (Lee
et al., 2021).

To extend our analysis beyond a single site and evaluate regional
pollutant distributions, we incorporated data from the China National
Environmental Monitoring Center (CNEMC) network. This extensive
monitoring infrastructure, established since 2013, provided hourly
measurements of six criteria pollutants (O3, CO, NO3, SO3, PM3 5, PM1)
from 1320 sites nationwide (China National Environmental Monitoring
Center Network, 2018; Kong et al., 2021). We applied rigorous data
filtering protocols following Qu et al. (2020) to eliminate measurement
outliers, ensuring high data quality for our regional analysis during
March-April 2018.

2.2. Regional atmospheric chemistry transport model

We used a multi-scale modeling approach combining three-
dimensional (3-D) and zero-dimensional (0-D) simulations to evaluate
photochemical processes. The Regional chEmical and trAnsport Model
(REAM) served as our primary modeling framework due to its proven
capability in simulating East Asian atmospheric chemistry (Chong et al.,
2024b; Li et al., 2019; Li et al., 2021a; Liu et al., 2012b; Qu et al., 2020;
Quetal., 2021; Yan et al., 2021). For the 3-D simulations, we configured
REAM with a 36 km x 36 km horizontal resolution across China with 30
vertical layers, balancing computational efficiency with the ability to
resolve regional pollution patterns. We incorporated meteorological
fields from the Weather Research and Forecasting (WRF-ARW v4) model
using Four-Dimensional Data Assimilation (FDDA) constrained by the
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ECMWEF Reanalysis v5 (ERA5) dataset (Hersbach et al., 2020), capturing
synoptic conditions during the study period. Chemical boundary con-
ditions were derived from monthly averages of the ECMWF Atmospheric
Composition Reanalysis 4 (EAC4) (Inness et al., 2019), which repre-
sented background conditions for long-lived species. The model was
initialized with a 10-day spin-up period to establish realistic chemical
conditions and minimize the influence of initial values on our analysis
period.

The chemical mechanism extends the GEOS-Chem framework with
aromatics reactions from SAPRC-07 (Carter, 2010), to capture the ozone
production from aromatics oxidation products (Yan et al., 2019). We
based all anthropogenic emissions on the Multiresolution Emission In-
ventory for China (MEIC) (Cheng et al., 2023; Cheng et al., 2021; Tong
et al., 2020) with a monthly resolution, including NOx, NMVOCs, CO,
and other pollutants participating in atmospheric chemical reactions,
and incorporating NOy weekday-to-weekend emission ratios and emis-
sion diurnal profiles following Li et al. (2021b). The spatial distributions
of all emission inventories are shown in Fig. S1. Biogenic emissions were
dynamically calculated using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN v2.1) (Guenther et al., 2012). The
observation site location and model domain are shown in Fig. 1.

To enable direct comparison and validate model performance, we
conducted parallel CONUS domain simulations using identical model
physics and chemical mechanisms. This comparative modeling
approach allowed us to evaluate regional differences in ozone simula-
tion performance and identify potential biases in the Chinese domain
results (detailed US domain configuration in Text S1).

Measured VOCs were aggregated into lumped species categories
following the GEOS-Chem chemical mechanism naming convention.
Explicit species include ethene (C3H4), ethane (CaHg), propane (CsHsg),
benzene (BEN), and isoprene (ISOP). Lumped categories include alkenes
(PRPE), saturated aliphatics (ALK4), and two reactive aromatics groups
differentiated by OH reactivity: ARO1 (OH rate constants <1 x 10~
cm® molecule™! s™1) and ARO2 (OH rate constants >1 x 10~ cm®
molecule ™ s71). Details about species classifications are provided in
Text S2.

For the 0-D box model simulations, we employed two chemical
mechanisms: the same mechanism used in the 3-D model for consis-
tency, and the more detailed Master Chemical Mechanism (MCM v3.3.1)
(Jenkin et al., 2003; Jenkin et al., 2015) for comprehensive analysis.
These simulations enabled us to simulate radical concentrations, quan-
tify radical budgets, and evaluate ozone production rates (detailed
methodology in Text S3).

To quantify ozone production rates, we applied the formulation from
Qu et al. (2020) and Hao et al. (2024):

Po, = kuto, 1no*[HO2]*[NOJ + Y _ kroi .no*[ROS] “[NO] €Y

where kpyo,+no is the chemistry reaction constant of HO; reacting with
NO, and kg .o is the chemistry reaction constant of each of the RO

species reacting with NO.

To characterize the photochemical regime, we performed sensitivity
simulations with 50 % NOy emission reductions (Li et al., 2013) and
analyzed the resulting changes in O3 concentrations. Additionally, we
developed a regime indicator based on the Ln/Q approach (Kleinman,
2005; Mazzuca et al., 2016), defined as the ratio between primary
radical loss rate due to the reaction of OH + NO, and the total radical
production rate from photolysis of H,O, and oxygenated VOCs (OVOCs):

Rateyo,on-H1NO3

(2)

IRe ime —
gime
Rateovoc+hv-Ho, + Rateoyoc+h-ro, + Rateo, th-o,,

+2*Ratey, o, thy-Ho,

Values of Iregime approaching 1 indicate that radical loss is predomi-
nantly associated with the reaction of OH + NO,, signifying a VOC-
limited regime, whereas Iregime values approaching O suggest a NOy-
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Table 1
Summary of simulation experiments with different emission configurations.
Case Description
Co Base case using monthly MEIC emissions with standard NOx diurnal
cycle
Cy Base case with observation-constrained aromatics diurnal cycle
Cy C, with redistributed aromatics emissions based on industrial source
patterns
Co-50 % Base case with a 50 % reduction in NOx emissions
NOx
C>-50 % C, with a 50 % reduction in NOx emissions
NOx

limited regime.

To estimate the contributions of individual VOCs to ozone produc-
tion, we assess how ozone production rates change upon the removal of
selected VOCs in model simulations (i.e., zero-out sensitivity analysis)
(Liaskoni et al., 2024; Qu et al., 2021; Zhang et al., 2020). This method
involved comparing ozone concentrations between a baseline simula-
tion (including all VOCs) and simulations where specific VOCs were
sequentially removed from the model. The difference in ozone concen-
trations between the full model and each sensitivity model represents
the ozone production contributions attributable to the eliminated VOC
species (Qu et al., 2021):

Apgg)ci _ Pg:se o szm VOC; (3)

The MCM mechanism explicitly represents all cross-reactions, radical
recycling, and synergistic effects among precursor groups, enabling
comprehensive assessment of VOC interactions in ozone formation.
Zero-out sensitivity analysis (Eq. 3) captures both direct and indirect
effects of individual VOC contributions within this chemical framework.

2.3. VOCs source apportionment and aromatics emission diagnosis

We applied the Positive Matrix Factorization (PMF) model v5.0
(Brown et al., 2015) to field measurements to differentiate VOC emis-
sions into five distinct source categories, following configurations
established by Cai et al. (2010). This analysis revealed that aromatic
compounds primarily originated from industrial rather than urban
sources, providing critical information for redistributing emissions,
which significantly reduced the bias in simulated ozone.

We also improved the diurnal emission profile of aromatics using the
mass-balance approach methodology described by Wang et al. (2020).
This approach calculates the emission rate by considering concentration
changes, chemical loss, and transport processes according to the
following equation:

J[ARO . .
Earomatics = [ ot ] + kARO+OH - [ARO} - [OH] + T (4)
where Egromaics represents the emission rate of aromatics, @ denotes

the rate of change in aromatics concentration, karoon*[ARO]*[OH]
denote the chemical reaction rate for hydroxyl oxidation of aromatics,
and T accounts for the net transport flux for advection. The transport
calculation uses the background concentration flux to determine the net
emission rate into or out of the observation site. We used a background
concentration of reactive aromatics of 2.0 ppbv according to Zhang et al.
(2016), Wu and Xie (2017) and Zhang et al. (2025). The ARO1 and
ARO2 speciation is based on OPECE in situ measurements.

To investigate the impact of the diurnal profile and spatial distri-
bution of aromatics emissions on ozone concentrations, we conducted
four simulation experiments with varying emission configurations
(Table 1). The base case (CO) employed monthly MEIC emissions with
NOx diurnal cycles from Li et al. (2021c). Case 1 (C1) implemented
observation-constrained aromatics diurnal emission profile derived
from OPECE measurements. Case 2 (C2) built upon C1 by redistributing
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Fig. 2. Elevated ozone concentrations in the NCP region and much higher reactive aromatics at the OPECE site compared to California. (a) Spatial distribution of
maximum daily 8-h average (MDAS) ozone concentrations across the North China Plain for March and April 2018. (b) Corresponding MDAS8 ozone distribution across
California for the same period, using identical color scaling for direct comparison. (¢) Comparison of daily mean concentrations for key atmospheric species between
California (blue bars) and the OPECE site (red bars), showing the concentration ratios for VOCs and NO,. PRPE denotes >C3 alkenes, ALK4 denotes >C4 alkanes, and

ISOP denotes isoprene.
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Fig. 3. Model simulated maximum daily 8-h average ozone concentrations for March and April 2018: (a) China and (b) United States. Observed concentrations are

shown by color-coded circles.

aromatics emissions based on OVOC industrial emission patterns iden-
tified through PMF analysis, which indicated that aromatics primarily
originate from industrial sources rather than urban centers. This redis-
tribution dispersed aromatics emissions more broadly across the NCP

region compared to the original MEIC inventory. To assess ozone
sensitivity to NOx reductions, we conducted additional simulations
(C0-50 %NOx and C2-50 %NOx) with 50 % reduced NOx emissions for
the base (C0) and redistributed aromatic emission (C2) cases, enabling
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evaluation of chemical regime transitions resulting from redistributed
aromatics emissions.

3. Results

3.1. Higher springtime ozone in NCP than California and eastern U.S. and
model simulation disparity

The NCP region exhibits substantially higher springtime ozone con-
centrations compared to California in March and April 2018. Maximum
daily 8-h average (MDAS8) ozone values in the NCP region exceed those
in California by 50 % on average (Fig. 2a-b). Among O3 precursors,
averaged concentrations of reactive aromatics (e.g., ARO1 and ARO2) at
the OPECE site were 5-7 times higher than those in California, while
NO: concentrations show only a modest 1.4-times increase (Fig. 1c).
Model simulations in this work suggest that elevated aromatic levels in
the NCP contribute to the marked MDAS ozone differences between the
NCP and California, as aromatic oxidation strongly modulates photo-
chemical ozone production pathways (e.g., Liu et al. (2012b) and Liu
et al. (2012a)).

The observed springtime ozone mixing ratios across the U.S.,
including elevated levels in southern California, are reasonably
explained by model simulations (Fig. 3). The gradual increase of
springtime ozone over the United States was analyzed extensively using
surface, aircraft, and satellite observations (Choi et al., 2008; Wang
et al., 2003). Despite a different meteorological year and considerably
higher NOx emissions than 2018, an earlier version of REAM reproduced
the observed surface ozone increase from February to May in 2000. The
observed and simulated ozone increase from March to April in the U.S.
(Choi et al., 2008) are comparable to 2018 (Fig. 3). The gradual
springtime ozone increase over North America largely corresponds to
the increases in primary HOx (OH + HO5) sources and partition of NOx
towards NO as solar radiation increases (Wang et al., 2003).

In contrast, simulated ozone concentrations are 10-40 ppbV lower
than the observations over the NCP region (Fig. 3b). The underestima-
tion reaches the ozone level over the northeastern U.S. in March, sug-
gesting fundamental gaps in our understanding of springtime ozone
formation in regions with significant precursor emissions from complex
sources. To diagnose the chemical mechanisms responsible for this
systematic underestimation, we examined the contributions of individ-
ual VOC species to ozone production using model simulations with
detailed chemical mechanisms implemented in both REAM and MCM.

The contrasting model performance between eastern China and the
U.S. using identical modeling framework and boundary condition source
demonstrates that the NCP ozone underestimation reflects region-
specific emission deficiencies rather than systematic model structural
biases. This comparative analysis effectively controls potential con-
founding factors, including background ozone, vertical exchange pro-
cesses, and fundamental model physics, which would similarly affect the
simulations for some regions of the U.S. if they were the primary bias
sources. Additionally, the similarity of observed and simulated surface
ozone increases from March to April in 2000 (Choi et al., 2008) and
2018 (Fig. 3) over the United States, a vast polluted region at northern
midlatitudes as eastern China, further strengthens this argument. The
EAC4 global reanalysis also simulated similar ozone concentrations
(Fig. S2), indicating that the substantial modeling biases over the NCP
region, absent in the U.S., are not model-specific. In fact, the global
simulation shows similar ozone concentrations over the polluted low-
elevation regions in China, U.S., and Europe during March-April 2018.

We quantitatively evaluated model performance using multiple sta-
tistical metrics including correlation coefficient (R), mean absolute error
(MAE), and root mean squared error (RMSE). Table S2 presents
comprehensive statistical validation for ozone and reactive aromatics at
the OPECE site across different emission scenarios. These metrics
demonstrate substantial improvement in ozone simulation accuracy
following aromatics emission redistribution, with correlation
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Fig. 4. Diagnostic analysis of 3D model bias impact on ozone production rates.
Box model simulations constrained by 3D CTM outputs versus observations
show decreased ozone production via HOz + NO (blue) and ROz + NO (orange)
pathways. Larger decreases indicate greater model underestimation of precur-
sor concentrations for each VOC category.

coefficients increasing from 0.77 to 0.81 and MAE decreasing by 18 %
for ozone concentrations.

3.2. Role of aromatics in ozone production

To identify the primary drivers of ozone underestimation, we
quantified individual VOC contributions to photochemical ozone pro-
duction. The box model simulations using the MCM indicate reactive
aromatics as the dominant contributor to ozone production at the
OPECE site (Fig. S3). ARO2 (high-reactivity aromatics with OH rate
constants >1 x 107! c¢m® molecule™ s™1) accounts for 63 % of total
ozone production, with ARO1 (low-reactivity aromatics with OH rate
constants <1 x 107! cm® molecule™! s71) contributing an additional
10 %. Together, these aromatics represent 73 % of total ozone produc-
tion. These contributions arise about equally via the HOz + NO and RO2
-+ NO reaction pathways. The five most important VOCs identified by
the MCM are 3-ethyltoluene (11 %), propene (10 %), 1,2,4-trimethyl-
benzene (7 %), o-xylene (5 %), and 4-ethyltoluene (4 %). Notably,
four of these five compounds are aromatic species, underscoring their
critical role in springtime ozone formation.

To evaluate the ozone underestimation by the 3-D CTM shown in
Fig. 3, we compare ozone production rates from box model simulations
constrained by either CTM outputs or the observations used in the base
case scenario. This model evaluation indicated that the largest 3-D
model bias in ozone production stems from aromatic compounds, with
the model similarly underestimating ozone production rates from both
HO:2 + NO and ROz + NO reaction pathways (Fig. 4). The 3-D model
significantly underestimates daytime average ARO2 (—2.08 ppbV)
@@@ and ARO1 (—0.69 ppbV) concentrations compared to observa-
tions (Fig. S4), which directly translates to the ozone production deficits
shown in Fig. 4. We further examined the model representation of key
OVOCs that contribute significantly to ozone production. As identified
by Qu et al. (2021), formaldehyde, methylglyoxal, diacetyl, and glyoxal
are the four most important OVOCs for ozone production in this region.
Fig. S5 shows the underestimation of these critical OVOCs, primarily
originating from underpredicted reactive aromatics. This connection
between aromatics and OVOC underestimation provides corroborating
evidence that insufficient aromatics concentrations in the model lead to
reduced photochemical reactivity, thereby explaining the observed
ozone underestimation.

3.3. Emission adjustments and their chemical regime impacts

We applied PMF analysis to examine the sources of reactive aro-
matics to improve aromatics emissions in model simulations. Fig. 5 in-
dicates that petrochemical manufacturing (e.g., plastics) and solvent-
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Fig. 5. Source apportionment of VOCs using PMF analysis. Stacked bar chart showing the percentage contribution of different emission sources to individual VOC
species concentrations. Each bar represents 100 % of the measured concentration for a specific VOC compound, with colored segments indicating the relative
contribution from coal combustion and coking industry (red), mixing processes (purple), solvent production and paint industry (green), natural gas (blue), and plastic
and gasoline industry (yellow) sources.
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industrial source patterns (green line). (b) Regional mean ozone concentrations across the North China Plain showing the same simulation comparisons as panel (a).
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Fig. 8. Spatial distribution of reactive aromatics concentrations before and after emission redistribution across East Asia. (a) Baseline ARO1 concentrations, (b)
redistributed ARO1 concentrations, (c¢) baseline ARO2 concentrations, and (d) redistributed ARO2 concentrations.

based industrial processes are the primary sources of ethylbenzene and
xylenes, both of which are lumped into ARO2 and important ozone
precursors (Fig. $3). This suggests that industrial emissions of aromatics
are substantially underestimated in current inventories.

The industrial source dominated reactive aromatics emissions imply
that (1) there is a diurnal cycle of aromatics emissions that are not
included in the model; and (2) the spatial distributions of the aromatic
emissions resemble industrial sources. We first derive the diurnal cycle
of reactive aromatics emissions based on OPECE observations using Eq.
(4). The resulting diurnal emission profile for each term in Eq. (4) is
shown in Fig. 6. The daytime mass-balance derived emission rate is a
factor of 4 higher than the nighttime rate. Implementing the
observation-constrained diurnal aromatics emission profile yielded
measurable improvements in ozone simulations. ARO1 and ARO2 con-
centrations increased by 29 % and 53 %, respectively, relative to the
base case during daytime (Fig. 7).

To demonstrate that transport processes and NOx emissions are
adequately represented in our simulations, we evaluated model perfor-
mance for NO, at the OPECE site. The model shows good temporal
correlation (R = 0.7) and good agreement during nighttime periods
(18:00-6:00 local time), when NOy concentrations are controlled pri-
marily by emissions and transport rather than photochemistry.
Observed nighttime NO, averages 11.18 ppbV while the model simu-
lates 10.79 ppbV, yielding only a 3.5 % mean difference. Fig. 7 provides
compelling evidence that the ozone underestimation is photochemically
driven rather than caused by background composition, stratosphere-
troposphere exchange, or long-range transport. The baseline simula-
tion (blue line) closely tracks observed nighttime ozone concentrations,
while underestimation occurs predominantly during daytime with bia-
ses of 20-40 ppbV from midday to afternoon periods in high-ozone

episodes. This diurnal pattern is diagnostic of the bias source: bound-
ary conditions or transport would cause persistent day-night biases,
while stratospheric intrusions would elevate ozone throughout the
diurnal cycle. Inspection of potential vorticity (PV) in ERA5 confirms no
high-PV air masses at 500 hPa when model underestimation exceeds 20
ppbV, ruling out stratospheric intrusions. The fact that nighttime ozone
is well-simulated but daytime ozone is severely underestimated directly
points to deficiencies in daytime photochemical production. Our box
model analysis (Fig. 4) attributes this deficit to underestimated reactive
aromatics, which drive ozone formation through OH-initiated oxidation
during sunlit hours. Implementing observation-constrained aromatics
diurnal cycles (orange line) and spatial redistribution (green line) pro-
gressively improves daytime ozone simulation while maintaining good
nighttime agreement, confirming that aromatics emissions are the
limiting factor.

Fig. 6 also shows that MEIC aromatics emissions for the NCP region
are approximately a factor of two lower than our observation-
constrained values during daytime, while nighttime emissions are
comparable, implying either the MEIC aromatics emissions are too low
or the spatial distributions of emissions are biased. An examination of
MEIC aromatics emission distributions reveals highly concentrated dis-
tributions around urban centers. We find that the primary OVOC emis-
sions, which are also released from solvent use and industrial sources
(Mo et al., 2016; Wang et al., 2023), have much more spatially
distributed emissions than aromatics in MEIC. Since the more spatially
spread emissions can help correct the model underestimation at the
remote OPECE site (Fig. 7, Fig. S4), we redistributed MEIC reactive ar-
omatics emissions with the observation-constrained diurnal profiles and
the spatial distribution of MEIC OVOC emissions.

Reactive aromatics are major precursors of glyoxal. Based on satellite
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Fig. 9. Spatial distribution of ozone concentrations before and after aromatic emission redistribution across East Asia. (a) Baseline case and (b) aromatic redis-
tribution case showing ozone mixing ratios. Filled contours represent model simulations and colored dots show CNEMC observational data.
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Fig. 10. Spatial distribution of photochemical regime indicator (Iregme) before and after aromatics emission redistribution. The left panel shows base case Iregime
values with the original MEIC emissions and the right panel shows Igegmevalues with redistributed aromatics emissions. Color scale ranges from 0.0 to 1.0, with blue
colors indicating NOx-limited conditions and red colors indicating VOC-limited conditions for ozone formation.

observations of glyoxal (Lerot et al., 2021; Liu et al., 2012a; Zhang et al.,
2017), Lerot et al. (2021) reported high glyoxal columns over the NCP
region in spring. The MEIC emission redistributions led to relatively low
reactive aromatic concentrations over the NCP region (Fig. S4) and
consequently low glyoxal columns in the region (Fig. S6). The redis-
tributed emissions significantly increased both reactive aromatics and
glyoxal columns in this region, achieving better agreement with
satellite-observed spatial patterns and providing an independent
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validation of our emission adjustments.

The spatiotemporal redistributions of aromatics emissions improved
model performance substantially. ARO1 daytime concentrations
increased by 43 % from the base case, while ARO2 concentrations
increased five-fold at the OPECE site, improving the model simulation of
reactive aromatics (Fig. S4). The much larger increase in ARO2 than
AROL1 is due to much more urban-centric emissions of the former in the
MEIC inventories. Fig. 8 shows that simulated high ARO1 and ARO2
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Fig. 11. Ozone changes due to 50 % reduction of NOy emissions: (a) base case with the MEIC emissions and (b) with redistributed aromatics emissions. Color scale
ranges from —18 % to +18 %, with blue colors indicating negative ozone response (NOx-limited regime) and red colors indicating positive ozone response (VOC-

limited regime) to NOy emission reductions.
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Fig. 12. Annual ozone-related premature mortality estimates in the NCP region
for base emission inventory versus aromatics-redistributed scenarios. The
aromatics-redistributed scenario incorporates observation-constrained aro-
matics emissions to account for previously underestimated aromatics contri-
butions to ozone formation.

concentrations are concentrated around urban regions using the MEIC
emissions. After emission redistributions, ARO1 and ARO2 are both
much more dispersed over eastern China. Since Fig. S4 still shows some
underestimations of ARO1 and ARO2 at the OPECE site, increasing ar-
omatics emissions in urban areas will further improve model simulation
results. We limited the scope of this work to regional emission patterns
of aromatics emissions since we do not have concurrent aromatics
measurements in urban regions. Further improvements in aromatics
emissions will require more observation constraints.

These adjustments also resulted in significant improvements in
ozone simulation. Fig. 2 shows that the redistributed emissions enable
the model to better capture the observed high ozone concentrations at
the OPECE site. The improvement is equally significant for improving
the ozone simulation over the NCP region (Fig. 9). The mean absolute
error (MAE) decreased from 31 ppb to 13 ppb at the OPECE site and from
14.5 ppb to 8.3 ppb for the NCP region (Fig. S7).

The redistribution of reactive aromatics emissions has significant
ramifications for effective ozone control since it fundamentally alters the
photochemical regime across the NCP region. We use Iregime (Eq. (2)) to
diagnose the chemical regime. Prior to the redistribution of aromatics
emissions, the NCP region was predominantly in the VOC-limited regime
(Fig. 10). Under this regime, a 50 % reduction of NOy emissions leads to
increasing ozone over the NCP region (Fig. 11). Following the re-
distributions of aromatics emissions, most of the NCP region is in a
transition zone towards NOy-limited regime except several urban centers
(Fig. 10). A 50 % reduction of NOx emissions leads to decreasing ozone
over the NCP region except a few urban areas (Fig. 11). This charac-
terization aligns with previous studies of summer chemical regimes in
the NCP region (Li et al., 2021¢; Qiao et al., 2024; Zhu et al., 2023). This
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shift to a transitional regime has critical implications for ozone control
strategies in the NCP region. In the transitional regime, ozone formation
is sensitive to both NOx and VOC concentrations, meaning that re-
ductions in either precursor type can effectively reduce ozone without
the adverse effects seen in purely VOC-limited conditions (e.g., Liu et al.,
2012b). Unlike the VOC-limited regime where NOx reductions can
paradoxically increase ozone due to reduced ozone titration, the tran-
sitional regime allows beneficial responses to NOx controls while
maintaining responsiveness to VOC reductions. This finding suggests
that coordinated reductions of both NOx and VOCs represent the most
effective approach for ozone control across most of the NCP region.

To evaluate the public health implications of redistributed aromatics
emissions, we calculated secondary ozone-related premature mortality
attributable to aromatics-induced ozone formation. Following estab-
lished methodologies (Achebak et al., 2024; Bell et al., 2006; Li et al.,
2023; Lin et al., 2018), we estimated premature mortality for both base
case and aromatics-redistributed scenarios. It is important to note that
we focus specifically on the secondary health impacts through ozone
formation pathways, as aromatics are important ozone precursors that
contribute to Os production through photochemical reactions. The
aromatics-redistributed scenario, constrained by observations, reveals
the previously underestimated contribution of aromatics to secondary
ozone formation and its associated health burden. The spatial distribu-
tion of secondary premature mortality reveals that the secondary effects
of aromatics emission redistributions increase ozone-related premature
mortality over the NCP region (Fig. S8). The regional total increases by a
factor of 2-3, corresponding to approximately 50,000 additional deaths
annually in the NCP region (Fig. 12). These findings highlight the sub-
stantial secondary health impacts of aromatics emissions and underscore
the potential health benefits of targeting aromatics emission controls to
reduce both primary and secondary air pollution impacts.

4. Conclusions

This study demonstrates that reactive aromatic compounds are the
dominant driver of elevated springtime ozone concentrations across the
North China Plain (NCP), which substantially exceeded levels observed
in polluted regions of California. While capturing the observed ozone
level over the U.S., the model fails to simulate the observed high ozone
concentrations over eastern China. Using observations from the remote
coastal OPECE site, we find that reactive aromatics account for 73 % of
photochemical ozone production. 3-D model simulations using the MEIC
emission inventories underestimate ozone concentrations by 5 % to 22
% at the OPECE site and the broad NCP region. Budget analysis of the
VOC measurements at the OPECE site indicates a large diurnal variation
in reactive aromatics emissions with daytime emissions a factor of three
higher than at night. Furthermore, modeling analysis reveals that MEIC
reactive aromatics emissions have concentrated distributions around
urban centers. Both OPECE aromatics measurements and satellite ob-
servations of glyoxal indicate broad regional emission distributions. The
current inventory likely underestimates or misallocates reactive aro-
matics emissions from plastic manufacturing and solvent-based in-
dustries. The spatiotemporal redistributions of reactive aromatics
emissions greatly improved the simulations of reactive aromatics and
ozone concentrations at the OPECE site and the ozone distribution over
the NCP region, significantly reduced the model's ozone low biases in the
spring.

The redistribution of reactive aromatics emissions has significant
ramifications for effective ozone control. With the MEIC emissions, most
of the NCP region is in the VOC-limited regime. Reducing NOx emissions
tends to increase ozone concentrations. However, after the spatiotem-
poral redistribution of reactive aromatics emissions, much of the NCP
region shifted into a transition zone towards the NOy-limited regime
except a few urban areas. Reducing NOyx emissions decreased NCP
regional ozone concentrations, indicating that effective ozone control
strategies must target both precursor types rather than focusing
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exclusively on VOC reductions. The emission redistribution also has
important public health implications. With the same emission total but
different distribution, aromatics-induced ozone formation causes an
additional 50,000 premature deaths annually over the NCP region.
These findings underscore the urgent need for improving the charac-
terization and control of reactive aromatics emissions in rapidly devel-
oping regions, where the spatial expansion of industrial activities
beyond traditional urban centers poses increasing challenges for air
quality management and public health protection. Future research
incorporating facility-level emission data and expanded measurement
networks across urban-industrial gradients will further refine emission
redistribution methodologies and improve understanding of spatial
emission variability within rapidly industrializing regions.
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