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Abstract

Peak summer surface ozone (O3) threatens human health, crop productivity, and ecosystem
stability in eastern China, but similar O3 trends may reflect contrasting anthropogenic
drivers. Using the Weather Research and Forecasting model coupled with Chemistry (WREF-
Chem) and the Multi-Resolution Emission Inventory for China (MEIC), we examined July
maximum daily 8 h average (MDAS8) O3 over the Bohai Plain and the Yangtze River Delta
(YRD) from 2014 to 2020. Emission substitutions under fixed 2014 meteorology isolated the
O3 responses to changes in total emissions and individual pollutants. Although O3 levels
were high in both regions by 2019 and declined sharply in 2020, the two regions showed
opposite responses to emission changes. Over the Bohai Plain, substituted inventories
reduced MDAS O3 in all later scenarios, with a 4.57 ppb decrease for the 2020 inventory.
Over the YRD, emission changes increased O3 by up to 4.70 ppb. VOC substitution
produced the largest decrease over the Bohai Plain at 5.46 ppb, whereas substituting
2020 NOy emissions increased YRD Oj by 4.22 ppb. The joint NOy and VOC substitution
increased YRD O3 by 4.97 ppb, revealing a nonadditive response. Formation sensitivity
also diverged, with the western Bohai Plain shifting toward VOC-sensitive conditions
and NOy sensitivity strengthening in the northern YRD. These results show that similar
peak summer O3 evolution can conceal fundamentally different emission responses. These
findings support region-specific multipollutant control strategies for the two regions.

Keywords: near surface ozone; emission hotspots; anthropogenic emissions; emission
substitution; ozone sensitivity

1. Introduction

Surface ozone (O3) is a secondary air pollutant formed through photochemical reac-
tions involving precursor compounds in the presence of sunlight, and its environmental
impacts are closely linked to regional development patterns [1]. Elevated O3 not only
increases health risks, including respiratory inflammation and cardiovascular impair-
ment [2,3] but also suppresses plant photosynthesis and damages chlorophyll structure,
thereby causing irreversible impacts on crop yields and ecosystem stability [4,5]. O3 has
therefore become a key environmental constraint on regional sustainable development.
Since the Air Pollution Prevention and Control Action Plan was implemented in 2013,
China has achieved substantial reductions in sulfur dioxide (SO;), nitrogen oxides (NOy),
and fine particulate matter (PM;5). However, near-surface O3 has shown a contrasting
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upward trend and has replaced PM; 5 as the primary pollutant in summer in most cities [6].
At the regional scale, the annual mean O3 concentration across major Chinese urban ag-
glomerations increased by 2.49 pg m~3 during 2013 to 2020, with particularly pronounced
increases over major emission-intensive regions in eastern China, including the North
China Plain and the Yangtze River Delta (YRD) [7]. Summertime represents a particularly
important period for evaluating the effects of anthropogenic emission changes on surface
O3 because high temperature and strong solar radiation accelerate radical cycling and the
photochemical oxidation of VOCs and CO in the presence of NOy. Analyses combining
national monitoring observations with chemical transport models have shown that changes
in anthropogenic emissions made substantial contributions to the summertime O3 increase
in eastern China after 2013, although meteorological variability also played an important
role [6,8,9]. For central-eastern China, July-specific simulations further attributed a region-
ally averaged MDAS O3 increase of approximately 4.0 &= 1.9 ppbv between 2003 and 2015
to emission changes [10]. These findings demonstrate the importance of evaluating O3
responses to changing anthropogenic emissions under active photochemical conditions
during peak summer, when inappropriate precursor controls may produce particularly
pronounced and nonlinear responses.

The nonlinear response of Oj to its precursors remains a major challenge for effective
O3 mitigation [11]. Existing studies have shown that NOx and volatile organic compounds
(VOCs) are the primary precursors, and their relative abundances directly determine O3
production rates and peak levels [12]. Reducing a single precursor can restructure chemical
equilibria and trigger an O3 rebound. For example, O3 increased in Beijing during 2000 to
2006 when NOy emissions declined but VOCs emissions increased [13], and O3 pollution
intensified in Shanghai in 2009 following decreases in NOy concentrations [14]. These cases
underscore the complexity of O3 control. In addition, carbon monoxide (CO), ammonia
(NH3), SO,, and PM; 5, although not canonical O3 precursors, can indirectly regulate
O3 formation by altering photochemical reaction efficiency and atmospheric oxidizing
capacity [15], which further complicates regional O3 mitigation.

The Bohai Plain and the YRD are two major emission hotspots in eastern China, where
dense urban, industrial, power, transport, residential, and agricultural activities coexist
within connected regional environments. Surface O3 in both regions is regulated by inter-
actions among anthropogenic and natural emissions, local photochemistry, and regional
transport. Observational and modeling studies have shown that urban plumes, combustion-
related emissions, soil NOy, and transported precursors can jointly affect O3 production
across eastern China [16-18]. The two regions were selected as a focused comparative pair
because they combine a common policy and temporal context with scientifically informative
regional contrasts. Both underwent substantial multipollutant emission changes during
the national clean air actions from 2014 to 2020, and observations documented significant
summertime O3 increases over both the broader North China Plain and the YRD during
much of this period [9]. At the same time, the two regions differ in latitude, monsoonal and
coastal influences, source composition, precursor emission trajectories, regional transport,
and evolving O3 formation sensitivity [19-21]. These commonalities and contrasts provide
a focused basis for examining whether shared broad features in July O3 evolution can arise
from different responses to changes in the multipollutant emission mixture.

Previous studies have demonstrated substantial spatial and temporal differences in O3
formation sensitivity across China [19-21], as well as regional differences in O3 responses to
emission changes and control measures [8,15]. Other studies have separated and quantified
the respective contributions of anthropogenic emissions and meteorological variability to
recent O3 changes [6,8]. However, the regional implications of the combined evolution of
multiple anthropogenic emissions remain less well understood. Similar temporal variations
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in O3 do not necessarily indicate similar emission-related responses because the effects of
emission changes depend strongly on regional precursor balance and chemical sensitivity. A
direct comparison of the Bohai Plain and the YRD within a consistent modeling framework
therefore provides an opportunity to examine how evolving emission mixtures produce
different regional O3 responses and to identify the factors underlying these differences.

In this study, we used WRF-Chem and annual MEIC inventories to investigate July
MDAS8 O3 over the Bohai Plain and the YRD from 2014 to 2020. Within each regional
domain, meteorological conditions were fixed at their July 2014 state while the complete
anthropogenic emission inventory was replaced year by year. Additional experiments
separately substituted NOy, VOCs, SO;, CO, NHj3, primary particulate matter, and the
combination of NOx and VOC emissions. Accordingly, the objectives were to (1) charac-
terize the baseline spatial and temporal evolution of peak summer O3 in the two regions,
(2) quantify and compare their responses to changes in the complete anthropogenic emis-
sion mixture under a fixed meteorological background, and (3) identify the individual
pollutant changes associated with the regional contrast and examine the roles of precursor
balance, O3 formation sensitivity, and the nonadditive response to combined NOy and VOC
changes. The principal contribution of this study is the use of a consistent experimental
framework across two major emission hotspots that combines annual complete inventory
substitutions with controlled individual pollutant and joint NOx and VOC substitutions.
This framework reveals that shared broad features in peak summer surface O3 evolution
can coexist with opposite responses to anthropogenic emission changes and clarifies the
emission and chemical conditions associated with this regional divergence.

2. Materials and Methods
2.1. Study Area

The Bohai Plain and the YRD were selected as two major emission hotspots in eastern
China (Figure 1). The Bohai Plain covers Beijing, Tianjin, central and southern Hebei,
and northern Shandong. The YRD domain covers Shanghai and major parts of Jiangsu,
northern Zhejiang, and eastern Anhui.

Both regions contain major urban agglomerations, industrial centers, transport cor-
ridors, power and residential sources, and extensive surrounding nonurban areas, but
they differ in geographic setting and emission structure. The Bohai Plain includes inland
urban and industrial centers together with broad nonurban areas surrounding the Bohai
Sea. The YRD contains a denser coastal network of industrial, port, transport, and urban
sources. Together, the shared policy period and the contrasting source, geographic, and
chemical characteristics make the two domains a focused comparative pair for evaluating
region-dependent O3 responses under a consistent emission substitution framework.
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Figure 1. Study areas and modeling domains. (a) Locations of the separate outer domains (d01;
30 km horizontal grid spacing) and inner domains (d02; 10 km horizontal grid spacing) configured
for the Bohai Plain and the Yangtze River Delta (YRD). Dashed and solid rectangles indicate the
outer and inner domains, respectively. (b,c) Land cover distributions and surface monitoring stations
used for model evaluation within the YRD and Bohai Plain inner domains, respectively. Land cover
was derived from the 2014 China Land Cover Dataset (CLCD) at a spatial resolution of 30 m and
reclassified into impervious surfaces, cropland, water, and other land types [22].

2.2. Data Source
2.2.1. Meteorological Data

We used the ERAS5 reanalysis produced by the Copernicus Climate Change Service
of the European Center for Medium-Range Weather Forecasts [23,24] to evaluate the
meteorological fields simulated by WRF-Chem. ERA5 provides hourly data at a spatial
resolution of 0.25° x 0.25° and includes multidimensional atmospheric, land, and ocean
variables from 1979 to the present (available from the Copernicus Climate Data Store at
https://cds.climate.copernicus.eu/ (accessed on 6 September 2026)). In this study, we
extracted July data for 2014 to 2020, including wind speed, relative humidity, and 2 m air
temperature, and compared these variables with the corresponding WRF-Chem simulations.
Using the same ERAS5 data source described above, we assessed whether the July 2014
meteorological background was markedly anomalous within 2014-2020. Regional values
of 2 m air temperature, 10 m wind speed, total precipitation, and surface solar radiation
downwards were calculated for the same simulation period using ERA5 grid cells within
each d02 boundary and cos(latitude) weighting. Wind speed was calculated from hourly
U10 and V10 before averaging. The July 2014 anomalies were standardized relative to the
corresponding 2014-2020 means and sample standard deviations.
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The meteorological initial and boundary conditions were generated from the Final
Operational Global Analysis reanalysis provided by the National Centers for Environmental
Prediction. This dataset has a horizontal resolution of 0.25° and a temporal resolution of
6 h, and was used to provide the large-scale meteorological background for the model.

Radiosonde observations were used to complement the surface evaluation by examin-
ing the vertical structures of air temperature, specific humidity, and wind speed in the lower
troposphere [25]. Radiosonde observations were obtained from the quality-controlled Inte-
grated Global Radiosonde Archive version 2.2 (IGRA 2.2) [26]. All IGRA stations located
within the two WRF-Chem inner domains and reporting during the analysis period were
included. These stations comprised Beijing and Zhanggiu in the Bohai Plain and Nanjing,
Shanghai (Baoshan), and Hangzhou in the YRD. All available 00 and 12 UTC soundings
from July 2014 were retained, yielding 120 profiles over the Bohai Plain and 180 profiles
over the YRD. Each sounding was paired with simultaneous output from the nearest 10 km
WREF-Chem grid cell. Modeled air temperature was calculated from perturbation potential
temperature and full pressure; specific humidity was derived from QVAPOR, and wind
speed was calculated from destaggered U and V components after rotation to Earth-relative
coordinates. Observed specific humidity was derived from pressure, temperature, and
relative humidity. Both observed and modeled variables were linearly interpolated to
common heights between 0.10 and 3.00 km above ground level. No stations or sounding
times were selected according to model performance.

2.2.2. Emissions Inventory Data

We constructed the anthropogenic emission inventory using the Multi-resolution
Emission Inventory for China (MEIC; available at http://meicmodel.org.cn/ (accessed on 6
September 2026)). MEIC provides emissions at a horizontal resolution of 0.25° x 0.25° and
covers five major sectors, including industry, residential, agriculture, power generation, and
transportation. This inventory captures the spatiotemporal characteristics of anthropogenic
emissions in the study regions and provides emission inputs for the model simulations.

2.2.3. Pollutant Observation Data

Observed pollutant concentrations were obtained from the China National Environ-
mental Monitoring Center (CNEMC) through the National Urban Air Quality Real Time
Distribution Platform (available at https://air.cnemc.cn:18007/ (accessed on 1 September
2026)). The dataset includes hourly observations of PM; 5, SO;, NO,, and O3. These obser-
vations were used as a reference to evaluate the accuracy of simulated chemical species
and the reasonableness of aerosol components.

To place the July simulations in seasonal context, we analyzed the monthly 1 km
ground-level MDAS8 O3 product from the ChinaHighOs; product (Version 3) during
2014-2020 [7,27]. The product combines ground observations, satellite data, atmospheric
reanalysis, emission information, and model simulations. For each region, valid land
grid cells within the native WRF-Chem d02 boundary were averaged using cos(latitude)
weighting. The seven-year mean and sample standard deviation were then calculated for
each calendar month.

Surface O3 observations were obtained from 34 CNEMC monitoring stations, includ-
ing 15 stations in the Bohai Plain and 19 stations in the YRD (Figure 1b,c). The surrounding
environments of the monitoring stations were characterized using the impervious surface
fraction derived from the 2014 China Land Cover Dataset, adapting the land cover-based
assessment approach of He et al. [28]. Of the 34 stations, 27 were located in predominantly
urban settings, while the remaining seven were situated in less urbanized peripheral set-
tings. The impervious surface fractions surrounding the stations ranged from 7.5% to
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99.0%, indicating that the monitoring network sampled a broad gradient of urbanization
and included both urban and suburban environments, although urban settings were more
strongly represented. Detailed station-level information, including station identifiers, coor-
dinates, impervious-surface fractions, and surrounding land-cover contexts, is provided in
Table Al.

2.3. WRF-Chem Model Configuration

The WRF-Chem model couples the Weather Research and Forecasting meteorological
model with the Chem chemical module. This integrated model can simulate and predict
physical quantities such as temperature, wind fields, cloud and precipitation processes, as
well as the concentration, diffusion, and interactions of gases such as particulate matter
and Oz. The model has demonstrated significant accuracy and reliability, particularly in O3
predictions [29].

In this study, WRF-Chem version 3.9.1 was used to simulate the effects of anthro-
pogenic emission changes on O3 concentrations over the Bohai Plain and the YRD. The
simulations were conducted for July of each year from 2014 to 2020 using two independent
regional domain configurations for the Bohai Plain and the Yangtze River Delta (YRD).
Each regional configuration employed a Lambert conformal projection and consisted of a
two-way nested outer domain (d01) with a horizontal grid spacing of 30 km and an inner
domain (d02) with a grid spacing of 10 km. For the Bohai Plain, d01 and d02 contained
30 x 39 and 34 x 49 WRF namelist grid points, corresponding to projected horizontal spans
of approximately 870 x 1140 km and 330 x 480 km, respectively. For the YRD, d01 and d02
contained 31 x 26 and 37 x 34 grid points, corresponding to approximately 900 x 750 km
and 360 x 330 km, respectively. Both regional configurations used 30 terrain-following
model layers bounded by 31 vertical interfaces, extending from the surface to a model top
pressure of 50 hPa. The boundaries of the outer and inner domains for the two regional
configurations are shown separately in Figure 1. Chemical initial and boundary conditions
were provided by the CAM-Chem model, while biogenic emissions were derived from the
MEGAN version 2.1 (Model of Emissions of Gases and Aerosols from Nature). Studies
have shown that the CBM-Z mechanism for gas phase reactions (Carbon Bond Mechanism
version Z) exhibits enhanced oxidative capacity, thereby improving the kinetic represen-
tation of O3 [30]. Consequently, this study employed CBM-Z chemistry in the gas phase
during the simulations, while the MOSAIC model was used for aerosol mechanisms. The
detailed physical and chemical parameterization schemes are presented in Table 1.

Table 1. Physical and chemical parameterization schemes used in the WRF-Chem simulations.

No. Physicochemical Parameter Options Scheme
1 Microphysics Purdue Lin [31]
2 Shortwave radiation Goddard [32]
3 Longwave radiation RRTMG [33]
4 Land surface NOAH [34]
5 Surface layer Revised MM5 Monin-Obukhov scheme
6 Planetary boundary layer Yonsei University Scheme (YSU) [35]
7 Cumulus Kain-Fritsch [36]
8 Gas-phase mechanism CBMZ
9 Aerosol module 4-bin MOSAIC aerosol with VBS [37]
10 Photolysis scheme Madronich photolysis (TUV) [38]

The physical and chemical parameterizations were selected as a consistent configu-
ration to represent the cloud, radiation, land surface, boundary layer, and atmospheric
chemistry processes relevant to regional summertime O3 simulations at horizontal grid

https://doi.org/10.3390/atmos17090885


https://doi.org/10.3390/atmos17090885

Atmosphere 2026, 17, 885

7 of 34

spacings of 30 and 10 km. The Purdue Lin microphysics scheme explicitly represents mixed-
phase cloud and precipitation processes, while the Kain—Fritsch cumulus scheme accounts
for convective transport that is not fully resolved at these grid spacings. The Goddard
shortwave and RRTMG longwave schemes were used to represent atmospheric radiative
transfer and the surface radiation budget, which influence surface heating and boundary
layer development. Surface exchange and turbulent mixing were represented through the
coupled use of the Noah land surface model, the Revised MM5 Monin-Obukhov surface
layer scheme, and the YSU planetary boundary layer scheme. Noah calculates soil states
and surface energy and moisture fluxes, the Revised MM5 scheme determines surface ex-
change coefficients, and YSU represents nonlocal turbulent mixing and entrainment at the
top of the planetary boundary layer [34,35,39]. The selection of YSU is further supported by
a systematic evaluation covering several regions of China, including the North China Plain
and the YRD, which found that YSU provided competitive performance for 10 m wind
simulations, although scheme performance varied with region, season, meteorological
variable, and vertical range [40]. Gas phase oxidation and O3 chemistry were represented
using CBM-Z, while the 4-bin MOSAIC aerosol module with VBS described aerosol com-
position, size-resolved processes, and the gas particle partitioning of semivolatile organic
compounds. The Madronich TUV scheme provided the photolysis rates required by the
chemical mechanism. The same configuration was applied consistently in both nested
domains and throughout all baseline and emission substitution simulations. While this
configuration provides a consistent basis for the emission substitution experiments, it is
not regarded as uniquely optimal because parameterization performance may vary with
region, season, meteorological variable, and vertical range.

2.4. Experiment Design

To systematically examine regional O3 responses to changes in anthropogenic emis-
sions, we designed three groups of simulations. July was selected to examine regional O
responses under peak summer photochemical conditions in eastern China. In this study,
peak summer refers to a midsummer period characterized by elevated O3 concentrations
and active photochemistry rather than to the single calendar month with the absolute
annual maximum O3 concentration. High temperatures and strong solar radiation during
this period promote rapid radical cycling, precursor oxidation, and O3 production. Sun
et al. [10] used July simulations to investigate the respective effects of anthropogenic emis-
sions and meteorology on summertime O3 changes over central eastern China, supporting
the use of July as an informative midsummer analysis window. Li et al. [9] further iden-
tified rising temperatures in June and July as a major meteorological contributor to the
recent summertime O3 increase over the North China Plain. For the YRD, Yang et al. [41]
identified July 2017 as the month with the most severe O3 pollution during 2013-2020
and attributed this event primarily to enhanced chemical production under hot and dry
conditions. The North China Plain has also been identified as a major hotspot where high
temperatures intensify warm-season O3 pollution [42]. Together, these studies support
the use of July as an informative period for examining peak summer O3 responses in both
regions. The 2014-2020 annual cycles further show that July falls within the high O3 season
in both regions, although it is not the unique annual maximum in both regions (Figure A1).
Using the same calendar month across the simulations also provides a consistent seasonal
basis for comparison. However, conditions during other warm season months can differ
in meteorology, natural emissions, and chemical sensitivity, and this broader seasonal
variability is not captured by the present analysis.
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2.4.1. Baseline Simulations

We simulated July MDAS8 O3 over the Bohai Plain and the YRD for each year from
2014 to 2020 using year-specific meteorological fields and the corresponding MEIC an-
thropogenic emissions (Table 2). These baseline simulations were used to character-
ize the spatiotemporal variability of O3 under the combined influences of meteorology
and anthropogenic emissions and to provide reference information for the subsequent
sensitivity experiments.

Table 2. WRF-Chem simulation experiments.

Type Experiment Meteorology MEIC Anthropogenic Emissions
S14AE14 July 2014 2014
S15AE15 July 2015 2015
S16AE16 July 2016 2016
Baseline S17AE17 July 2017 2017
S18AE18 July 2018 2018
S19AE19 July 2019 2019
S20AE20 July 2020 2020
S14AE15 2015
S14AE16 2016
Total emission substitution giiﬁgg July 2014 ggig
S14AE19 2019
S14AE20 2020
S14AE14_withNO420 2014 except 2020 NOy
S14AE14_withVOCs20 2014 except 2020 VOCs
Indivi S14AE14_withSO,20 2014 except 2020 SO,
ndividual .
ollutant substitution 514AE14_W1thCOZO July 2014 2014 except 2020 CO
P S14AE14_withNH;320 2014 except 2020 NHj
S14AE14_withPM20 2014 except 2020 PM
S14AE14_withNO,VOCs20 2014 except 2020 NOx and VOCs

Note: “S” denotes the simulation year, and “AE” represents anthropogenic emissions. In the baseline
simulations, both meteorological fields and MEIC anthropogenic emissions correspond to the same
year. For example, S20AE20 represents the July 2020 simulation using 2020 meteorology and 2020
MEIC anthropogenic emissions. In the total emission substitution experiments, meteorology was
fixed at July 2014 conditions, while the full MEIC anthropogenic emission inventory was replaced by
inventories from 2015 to 2020. In the individual pollutant substitution experiments, meteorology and
all non-target pollutant emissions were kept at 2014 levels, while only the target pollutant emissions
were replaced by their 2020 MEIC values.

2.4.2. Simulations of the Total Anthropogenic Emission Effect

To quantify the effects of changes in the complete anthropogenic emission mixture,
we designed a series of emission substitution experiments based on the 2014 baseline
simulation, S14AE14. The year 2014 was selected because it is the first year of the analysis
period and therefore provides a common reference state for evaluating all subsequent
emission inventories. The purpose of using 2014 meteorology is not to treat this year
as a climatological average. Rather, keeping the meteorological background constant
ensures that every annual inventory is evaluated under the same temperature, radiation,
humidity, boundary layer, circulation, and transport conditions. In these experiments,
the meteorological conditions were fixed at their July 2014 values, while the complete
MEIC anthropogenic emission inventory was replaced successively with the inventories
for 2015 to 2020. Differences from S14AE14 therefore quantify the O3 responses associated
with changes in the prescribed anthropogenic emissions after removing the influence of
interannual meteorological variability. Similar factorial and baseline substitution designs
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have been used to separate emission and meteorological influences on surface Oz and to
evaluate the effects of changes in individual pollutant emissions [10,15].

2.4.3. Simulations of Individual Pollutant Emission Effects

To quantify O3 responses to changes in different anthropogenic pollutants, we con-
ducted a set of controlled experiments using S14AE14 as the reference. In each experiment,
emissions of all pollutants other than the target species were held at 2014 MEIC levels,
and only the target pollutant was replaced with its 2020 MEIC emissions. We performed
this procedure for NOy, VOCs, SO,, NH3, CO, PM, and the combined NOy and VOCs
substitution. Comparison with S14AE14 quantified the O3 response to each individual
emission change and identified the pollutants most strongly associated with the contrasting
regional responses.

2.5. Model Evaluation Metrics

To comprehensively evaluate model performance in simulating meteorological fields
and air pollutant concentrations, we quantified model biases by computing a set of statistical
metrics based on comparisons between simulations and observations. The evaluation
metrics are described below.

2.5.1. Metrics for Meteorological Variables

We used root mean square error (RMSE), the correlation coefficient (R), mean bias (MB),
normalized mean bias (NMB), normalized mean error (NME), and the index of agreement
(IOA) to evaluate meteorological variables, including temperature, relative humidity, and
wind speed. NMB and NME help reduce potential evaluation bias caused by wide ranges
in observed values, and IOA is used to quantify the overall agreement between simulations
and observations.

2.5.2. Metrics for Pollutant Concentrations

In addition to MB, NMB, R, and IOA, we used mean fractional error (MFE) and
mean fractional bias (MFB) as core metrics for particulate matter and related pollutants.
Following the chemical transport model performance criteria proposed by Boylan and
Russell [43], model performance is considered acceptable when MFB is between negative
60% and 60%, and MFE is less than or equal to 75%. Performance is considered excellent
when MFB is between negative 30% and 30%, and MFE is less than or equal to 50%. To
further assess whether the model captured the observed interannual variability, annual
July mean O3 concentrations were calculated at nine representative monitoring stations in
each region using valid paired hourly observations and corresponding model values. The
stations were selected to provide broad spatial coverage and relatively complete paired
records during 2014-2020. The observed and modeled station-level series are presented in
Figures A2 and A3.

3. Results
3.1. Model Validation

To ensure the reliability and robustness of the subsequent analyses, we evaluated
WRF-Chem performance for meteorological fields and air pollutant concentrations. Model
skill was quantified using multiple metrics, including root mean square error (RMSE),
correlation coefficient (R), mean bias (MB), and normalized mean bias (NMB), to confirm
that agreement between simulations and observations was sufficient for the analyses
that follow.
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Overall, WRF-Chem reproduced the temporal variability of 2 m air temperature (T2)
and 2 m relative humidity (RH2) well, whereas its performance for 10 m wind speed (W10)
was comparatively weaker (Figure 2). Over the Bohai Plain, T2 was slightly overestimated,
with MB ranging from 0.94 to 1.65 K, while RH2 was slightly underestimated, with MB
ranging from —10.14 to —5.62 percentage points. Both variables met the performance
criteria of absolute NMB less than or equal to 15% and NME less than or equal to 25%. The
correlations were also high, with R values ranging from 0.93 to 0.97 for T2 and from 0.89
to 0.95 for RH2, indicating that the model captured their temporal variability well. The
performance for W10 was weakest, with positive NMB values ranging from 43% to 57%
and IOA values ranging from 0.51 to 0.74. Simulated wind speeds were generally higher
than the observations. The positive bias may reflect the combined influence of topographic
smoothing and unresolved land-surface heterogeneity at the 10 km grid spacing, together
with the representation of surface exchange and vertical momentum mixing in the surface-
layer and planetary-boundary-layer schemes [39,40,44]. Nevertheless, the W10 correlations
ranged from 0.55 to 0.84, indicating that the model captured the broad temporal variation
in wind speed, although its magnitude was generally overestimated.

.0 1.5 20 (b) 0 10 20 30 40 50 60 (c) -15 -10 -5 0 5 10 15

1.16

m

051 031 031 051 038 036 0.46 | NMB(%) |t ﬁ.ﬁ

059 045 0.41 056 045 0.47 0.50 | NME(%) @mm.un NME(%)..m
092 096 096 092 094 096 0.94 HHNH IOA| 0.84 092 091 083 091 0.89 0.90
093 095 093 096 097 094 0.97 Y 0.64 | 0.55 | 0.85 | 0.65 | 0.84 | 0.64 | 0.70 R[0.89 092 091 089 095 092 094
2014 2015 2016 2017 2018 2019 2020 2014 2015 2016 2017 2018 2019 2020 2014 2015 2016 2017 2018 2019 2020
-05 00 05 10 15 20 ©® o w0 2 2 w0 0 e P 5 40 5 0 5 w0 s

145 132 124 139 115 1.25 1.47 &V 1.18 | 1.23 | 1.02 | 1.00 | 0.88 | 0.90 : RMSE| 591 6.03 5.16 6.72 4.07 5.90 5.38
0.00 0.38 mm -0.00 0.66 Y[z} 0.83 MB|-1.71 -0.64 0.99 2.06 0.53 -1.43 -0.96
0.00 0.13 m.. -0.00 0.22 NMB(%)|27.80 28.26 21.30 23.47 12.81 20.93 32.99| NMB(%)|-2.02 -0.78 1.22 2.81 0.64 -1.76 -1.12
0.38 035 0.34 0.38 0.31 0.32 0.38 NME(%)|30.71 30.44 26.58 27.48 18.10 24.39 35.41 NME(%)| 5.16 5.81 5.22 7.23 3.96 571 517
096 095 095 096 094 0.95 0.93 10A KL ﬂ 0.72 IOA| 0.90 092 0.94 096 092 0.91 0.90
0.87 093 092 094 091 093 0.91 =} 0.83 | 0.92 | 0.62 | 0.67 | 0.90 | 0.78 | 0.75 R| 087 0.88 090 094 0.89 091 0.88
2014 2015 2016 2017 2018 2019 2020 2014 2015 2016 2017 2018 2019 2020 2014 2015 2016 2017 2018 2019 2020
Year Year Year

Figure 2. Model evaluation statistics for meteorological variables in the Bohai Plain (a—c) and the
YRD (d—f). (a) T2 (K); (b) W10; (c) RH2 (%); (d) T2 (K); (e) W10; (f) RH2 (%).

Meteorological performance over the YRD differed slightly from that over the Bohai
Plain. T2 and RH2 were mildly underestimated in most years, and W10 was overestimated,
with MB ranging from 0.48 to 0.94 m s~!. In terms of quantitative metrics, RMSE, MB,
NMB, and NME were generally smaller in magnitude than those over the Bohai Plain,
suggesting better meteorological performance over the YRD. This difference may be related
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to more homogeneous land surface conditions and more stable meteorological fields in
the region.

To complement the surface meteorological evaluation and examine the vertical struc-
ture of the wind speed bias, the lower troposphere was further evaluated using independent
IGRA radiosonde profiles (Figure A4). Across 0.1-3.0 km AGL, the model reproduced the
observed vertical variations in air temperature and specific humidity reasonably well. For
air temperature, MB, RMSE, R, and IOA were 1.02 °C, 2.07 °C, 0.97, and 0.98, respectively,
over the Bohai Plain, and 0.04 °C, 1.20 °C, 0.97, and 0.99 over the YRD. For specific hu-
midity, the corresponding values were —0.21 g kg1, 2.28 g kg1, 0.83, and 0.90 over the
Bohai Plain and —0.16 g kg~ !, 1.67 g kg1, 0.91, and 0.95 over the YRD. The wind-speed
bias showed a pronounced dependence on height. Within 0.1-1.0 km AGL, WRF-Chem
overestimated wind speed, with MB values of 2.07 and 1.40 m s~ ! and NMB values of 45.5%
and 29.6% over the Bohai Plain and the YRD, respectively. In contrast, the wind-speed
biases within 1.5-3.0 km AGL decreased to —0.35 and —0.06 m s~!, respectively. These
results show that the model reproduced the principal thermodynamic profile structures,
whereas the positive wind-speed bias was concentrated mainly in the lower atmosphere
rather than representing a uniform overestimate throughout the lower troposphere.

Separately, the July 2014 meteorological background was compared with the cor-
responding July conditions during 2014-2020 (Figure A5). In 2014, all meteorological
indicators for the two regions were close to their average values for the period 2014-2020.
The standardized anomalies of T2, W10, TP, and SSRD were —0.14, 0.55, —0.69, and 0.63
over the Bohai Plain and —0.46, —0.29, 0.31, and —0.36 over the YRD, respectively. All
absolute standardized anomalies were below 1. In 2014, all meteorological indicators for
the two regions were close to their average values for the period 2014-2020. July 2014
therefore did not show a marked departure from the 2014-2020 distributions of the four
examined regional mean indicators.

Model performance for air pollutant concentrations was generally strong, with biases
within reasonable ranges and high indices of agreement, and O3 was simulated most accu-
rately (Figure 3). For O3, R ranged from 0.74 to 0.91 in the two regions, while MB ranged
from —23.7 to 4.3 ug m 3. The observed and modeled July mean series at representative
stations in each region provide additional information on interannual model performance
(Figures A2 and A3). At most of the selected stations in both regions, the modeled concen-
trations generally captured the broad observed year-to-year variations, although O3 was
underestimated in most years. The agreement was stronger over the YRD and relatively
weaker over the Bohai Plain. Nevertheless, the model over the Bohai Plain reproduced
many of the observed increases and decreases, although the magnitude of the changes
differed in some years. The relatively high observed concentrations at several Bohai Plain
stations in 2019 and 2020 were underestimated by the model.

The interannual variation in O3 bias likely reflects the combined influence of mul-
tiple meteorological and chemical processes. The persistent positive bias in W10 may
affect simulated O3 through changes in dispersion and transport, but its relatively limited
variation among years cannot by itself explain the generally more negative O3 bias after
2016. Previous studies have shown that O3 variability over eastern China is jointly affected
by meteorological conditions, background contributions, and anthropogenic emissions,
while WRF-Chem simulations are also sensitive to the representation of precursor emis-
sions [9,45,46]. Uncertainties in the representation of meteorological processes, precursor
emission magnitude and chemical speciation, nonlinear chemistry, and regional transport
may therefore have contributed to the changing model bias.
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Figure 3. Model evaluation statistics for surface air pollutant concentrations in the Bohai Plain (a—d)
and the YRD (e-h). (a) O3 (ng/m?); (b) NO; (ug/m?); (¢) PMy 5 (ng/m?); (d) SOz (ug/m?); (e) Os
(ng/m®); (f) NO, (ug/m?); (g) PMy 5 (ug/m?); (h) SO, (ug/m3).

NO; exhibited clear regional contrasts. It was underestimated in most years over the
Bohai Plain, with MB between negative 12.23 and 8.84 g m~3, whereas it was overesti-
mated over the YRD, with MB between 8.04 and 15.17 ug m 3. These differences may reflect
spatial heterogeneity in industrial and traffic-related NO, emissions and local uncertainties
in the emission inventory. For SO,, simulated concentrations were slightly lower than
observed values in most years, with MB between negative 7.10 and 1.39 ug m 3, and met
the Boylan and Russell [43] acceptability criteria of MFB between negative 60% and 60%
and MEFE less than or equal to 75%. For PM; 5, MFB and MFE over the full study period
ranged from negative 31.26% to 12.73% and from 6.00% to 40.36%, respectively, indicating
acceptable performance. Except for 2020 in the YRD, PM; 5 IOA exceeded 0.70, further
supporting satisfactory model skill.

It should be acknowledged that model biases may arise from limitations in WRF-
Chem parameterizations, uncertainties in emission inventories, and errors in the initial and
boundary conditions [47]. Nevertheless, combined surface and radiosonde evaluations
using multiple metrics indicate that WRF-Chem reasonably reproduced the principal
thermodynamic variability, surface pollutant concentrations and their spatiotemporal
variations, and the general lower tropospheric profile structures in the two study regions.
The magnitude of wind speed, particularly within the lowest 1 km, remained an important
source of uncertainty and should therefore be considered when interpreting spatial features
associated with atmospheric transport. Overall, the model performance provides an
adequate foundation for attributing O3 responses to anthropogenic emission changes and
diagnosing regional differences in O3 formation sensitivity.

3.2. Spatial and Temporal Evolution of Peak Summer Surface O3 over Two Major Emission
Hotspots in Eastern China

The Bohai Plain and the YRD are strongly influenced by multiple anthropogenic emis-
sion sectors. Their surface O3 variability reflects the combined effects of emission changes,
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meteorological conditions, photochemical processes, and regional transport, resulting in
distinct spatial patterns and temporal evolution (Figure 4).
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Figure 4. Spatial distribution of WRF-Chem simulated MDAS Oj in July. (a—g) 2014~2020 of Bohai
Plain; (h-n) 2014~2020 YRD.

The two regions shared some broad temporal features, most notably relatively high
July MDAS O3 levels by 2019 followed by marked decreases in 2020, although their year
to year variations differed. Over the Bohai Plain, the July mean MDAS8 Oj increased
from 73.42 ppb in 2014 to 74.11 ppb in 2019 and then dropped to 68.58 ppb in 2020, a
7.46% decrease relative to 2019 and below the 2014 level. The abrupt decline in 2020 was
consistent with the combined influence of reduced anthropogenic activities and meteo-
rological variability reported across eastern China during the COVID-19 period [48-51].
Changes in regional transport and background O3 may have further contributed to the
widespread decrease. By contrast, the gradual increase during 2014 to 2019 is consistent
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with favorable meteorological conditions, including more clear sky days and more frequent
hot and dry conditions, and with nonlinear O3 responses to emission reductions [15]. In
highly polluted urban areas, NOy reductions can weaken Oj titration and partly offset the
benefits of precursor controls.

The YRD shows a more complex temporal pattern. The July mean MDAS O3 decreased
from 58.82 ppb in 2014 to 55.41 ppb in 2015 and then increased to 65.19 ppb in 2016,
remaining high during 2017 to 2019. In 2020, it decreased by 9.26 ppb relative to 2019,
consistent with the abrupt decline over the Bohai Plain. The 2014 to 2019 increase was
closely associated with an imbalance between NO, and VOC reductions. Controls targeted
NOy sources from industry and transportation, whereas VOC controls lagged for sources
such as industrial solvent use and coating production. Under predominantly VOC-limited
or transitional conditions, stronger NOy reductions relative to VOC reductions weakened
NO titration and modified radical cycling, thereby favoring O3 accumulation in urban and
industrialized areas [52,53]. The sharp decline in 2020 likely also reflects broader-scale
emission reductions during the pandemic, including decreases in free tropospheric O3 and
their influence on near-surface O3 [50,54].

In terms of spatial patterns, the distributions and evolution of high O3 areas show
distinct regional characteristics. Over the Bohai Plain, O3 generally exhibits higher con-
centrations in the west than in the east and in the north than in the south. Inland areas
farther from the coast, such as central and southern Hebei, show higher concentrations than
parts of the coastal zone. This contrast between inland and coastal areas likely reflects the
combined influence of precursor distributions, local photochemical production, boundary
layer development, regional transport, and coastal circulation. From 2014 to 2018, the high
O3 area, defined as MDAS8 Oj3 greater than 72 ppb, remained relatively stable and was
mainly concentrated over Beijing, Tianjin, Hebei, and surrounding areas with intensive
emissions. In 2019, the high O3 area expanded rapidly, covering most of Hebei and north-
ern Shandong, whereas it contracted across the entire domain in 2020, with the largest
simulated decreases occurring over less urbanized portions of the domain. This spatial
evolution reflects both regional differences in anthropogenic emissions and meteorological
control of pollutant dispersion. Marine inflow and coastal circulation may either enhance
ventilation or redistribute O3 and its precursors, while dense precursor emissions and
regional accumulation can favor elevated O3 over inland areas. These patterns provide an
initial indication of spatially heterogeneous O3 changes across areas with different levels of
urban development and offer a basis for further investigation.

Over the YRD, areas of elevated Oz were concentrated in the central and southern
parts of the region and alternately expanded northward and contracted. The core high
Oj area is located over northern Zhejiang, southern Jiangsu, and Shanghai, where dense
urban, industrial, and transport emissions maintain high precursor levels and active pho-
tochemical production, forming a regional O3 hotspot. From 2014 to 2018, the high Os
area expanded gradually from south to north and extended to surrounding areas in central
and northern Jiangsu and southeastern Anhui, indicating combined influences of regional
transport and local emissions. The high O3 area reached its largest extent in 2019 and then
contracted rapidly southward in 2020, with the core high-value area shrinking by more
than 50% and particularly large decreases over nonurban areas. This evolution reflects the
combined effects of emission distributions, transport pathways, and regional meteorologi-
cal conditions. The source strength of the central and southern core region dominated the
formation of high O3, while north-south dispersion pathways modulated expansion and
contraction. The widespread contraction in 2020 is consistent with the combined influence
of anthropogenic emission reductions, meteorological variability, and regional transport on
the spatial pattern.
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Overall, the two regions exhibited distinct spatial structures and different amplitudes
of interannual variation. The Bohai Plain showed a pronounced inland-to-coastal gradient,
whereas the YRD maintained a persistent hotspot along its central urban and industrial
corridor. Both regions reached relatively high O3 levels by 2019 and declined markedly
in 2020, but their year-to-year evolution differed, indicating that the baseline simulations
reflected varying combinations of meteorology, emissions, and regional transport.

3.3. Regional Evolution of Peak Summer O3 Formation Sensitivity

The H,O, to HNOj ratio was used to diagnose O3 formation sensitivity. This indicator
represents competition between radical termination through HO; self-reactions, which
favors HyO, formation under relatively low NOy conditions, and termination through
the reaction of OH with NO,, which produces HNO3; under NOy-rich conditions. Higher
ratios generally indicate greater sensitivity to NOy, whereas lower ratios indicate greater
sensitivity to VOCs [55,56]. Following previous modeling studies, grid cells with ratios
above 0.65 were classified as sensitive to NOy, those below 0.35 were classified as sensitive
to VOCs, and those between 0.35 and 0.65 were classified as mixed sensitive [18,57]. This
classification was applied consistently to characterize the spatial and temporal evolution of
O3 formation sensitivity in the two regions (Figure 5).

O3 formation sensitivity over the Bohai Plain shows a clear west—east contrast and a
shift in the dominant controlling factors. From 2014 to 2018, sensitivity was mainly charac-
terized by mixed sensitivity and NOy-sensitive regimes. In the central and eastern parts of
the domain, the regime gradually shifted from mixed sensitivity toward NOy sensitivity,
suggesting that changes in the relative abundance of NOy and VOCs favored stronger
NOy sensitivity in these areas. Meanwhile, VOC-sensitive areas over Beijing, Tianjin, and
surrounding locations contracted and ultimately disappeared, consistent with changes
in urban VOC-related controls and precursor conditions. A major transition occurred
in 2019, when the sensitivity pattern reversed. The western inland area became entirely
VOC-sensitive, the eastern part was dominated by mixed sensitivity, and NOy-sensitive
areas nearly vanished. In 2020, this pattern remained largely unchanged, except that parts
of the VOC-sensitive regime in the southwest shifted toward mixed sensitivity. Overall, the
sensitivity evolution corresponded closely to changes in the relative availability of NOx
and VOCs. During the earlier period, declining NOyx emissions accompanied by stable
or slightly increasing VOC emissions reduced effective NOy availability relative to VOCs,
favoring mixed regimes and regimes with greater sensitivity to NOx in parts of the region.
After VOC emissions began to decline, changes in the precursor balance and regional
photochemical processing were accompanied by a shift toward VOC-sensitive conditions
over the western part of the domain in 2019-2020. The eastern part retained predominantly
mixed sensitivity, indicating a more balanced influence of the two precursors.

O3 formation sensitivity varied spatially across the YRD, with strengthening NOy
sensitivity in the north and transitions in dominant control regimes. In 2014, sensitivity
was dominated by mixed sensitivity and NOy sensitivity, while VOC-sensitive areas were
confined to small locations near Suzhou and Wuxi and around the boundary between
Zhenjiang and Yangzhou. Spatially, the southwest and the eastern periphery were mainly
NOxy-sensitive, whereas the northern and central parts were largely mixed sensitivity,
reflecting relatively high NOy levels and more localized VOC influences. From 2014 to
2017, the pattern evolved gradually: NOy-sensitive areas in the east shifted toward mixed
sensitivity, and the VOC-sensitive regime expanded slightly without altering the overall
distribution, consistent with strengthened NOy controls and comparatively slower VOC
controls. In 2018, the sensitivity pattern briefly returned to a distribution similar to that in
2014, suggesting that interannual changes in meteorology, transport, and precursor avail-
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ability jointly modified regional photochemical conditions. During 2018 to 2020, sensitivity
shifted more rapidly. Mixed sensitivity areas in the north and southwest transitioned to
NOx sensitivity, whereas parts of the NOy-sensitive regime in the southeast shifted to
mixed sensitivity. Notably, the VOC-sensitive regime disappeared and was replaced by
mixed sensitivity. This transition indicates a substantial change in precursor emission
structure. Sustained NOy reductions increased the role of NOy in regulating O3 formation,
whereas strengthened VOC controls reduced the dominance of VOC limitation. In the
central and southern core areas, a more balanced NOy-to-VOCs ratio supported a stable

mixed sensitivity regime.
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Figure 5. Trends in the spatial distribution of O3 generation sensitivity in the Bohai Plain and YRD in
July 2014-2020. (a-g) 2014~2020 of Bohai Plain; (h-n) 2014~2020 of YRD.

The contrasting evolution of O3 sensitivity provides chemical context for the different
emission responses in the two regions. Over the Bohai Plain, the expansion of areas sensitive
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to VOCs increased the effectiveness of VOC reductions, particularly in the western domain.
Over the YRD, widespread mixed sensitivity and the changing influence of NOy created
conditions under which reductions in NOy without sufficient VOC control could increase
O3. These patterns indicate that the same nominal reduction in a precursor can produce
different outcomes when regional precursor balances and chemical environments differ.

3.4. Effects of Anthropogenic Emission Changes on Regional O3

Using the total and individual pollutant emission substitution results, we examined
how anthropogenic emission changes affected Oz under fixed meteorological conditions
and identified the major factors responsible for the regional differences (Figures 6-10).
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Figure 6. Differences in the change in monthly mean surface MDA8 O3 concentrations in

July, simulated for the Bohai Plain using S14AE15, S14AE16, S14AE17, S14AE18, S14AE19, and

S14AE20, compared to the baseline scenario S14AE14. (a) S14AE15-S14AE14; (b) S14AE16-S14AE14;
(c) SI4AE17-S14AE14; (d) S14AE18-S14AE14; (e) SI4AE19-S14AE14; (f) SI4AE20-S14AE14.

https://doi.org/10.3390/atmos17090885


https://doi.org/10.3390/atmos17090885

Atmosphere 2026, 17, 885

18 of 34

33°E
32°E
31°E |
33°E
32°E
31°E
& i > ;
119°E 120°E 121°E 122°E 119°E 120°E 121°E 122°E 119°E 120°E 121°E 122°E
0 2 4 6 8 10 12 14 16 18 20
O3 Concentration (ppb)
Figure 7. Differences in July surface MDA8 O3 monthly mean concentration changes in the YRD,
modeled by S14AE15, S14AE16, S14AE17, S14AE18, S14AE19, and S14AE20, compared to the
baseline scenario S14AE14. (a) S1I4AE15-S14AE14; (b) S14AE16-S14AE14; (c) S1I4AE17-S14AE14;
(d) S14AE18-S14AE14; (e) SI4AE19-S14AE14; (f) SI4AE20-S14AE14.
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Figure 8. Trends in pollutant emissions from the MEIC in the Bohai Plain and YRD from 2014 to 2020.

(a) NOy; (b) SO2; (¢) VOCs; (d) PM; 5; () NHj; (f) CO.
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Figure 9. Response of July mean MDAS8 Oj3 to single pollutant substitution experiments in the
Bohai Plain (a—g) and the YRD (h—n). In each single pollutant substitution experiment, emissions of
the target pollutant were replaced by their 2020 values, while meteorology and all other pollutant
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Change in July mean MDAS8 O; (ppb)

emissions were fixed at 2014 levels. Differences are relative to the 2014 baseline simulation, with
positive values indicating O3 increases and negative values indicating O3 decreases. Panels (a—g)
and (h-n) represent VOCs, NOy, NOx plus VOCs, PM; 5, SO,, CO, and NHj for the Bohai Plain and
YRD, respectively.

EZZ Bohai Region EEE YRD Region

4.97

-5.46

All

NO, VOCs NH; SO, PM; s CO NO,+VOCs

Figure 10. Regional mean changes in July MDAS8 O3 over the Bohai Plain and the YRD when 2014
total or individual pollutant emissions were replaced with those for 2020.

3.4.1. Contrasting Regional Responses to Total Anthropogenic Emission Changes

The direction of the O3 response to changes in total anthropogenic emissions differed
markedly between the two regions under fixed 2014 meteorological conditions, reflecting
differences in emission structure, geographic setting, and photochemical processes.

Over the Bohai Plain, substituting each annual anthropogenic emission inventory
after 2014 produced a negative regional mean O3 response. Relative to S14AE14, MDAS
O3 decreased by 0.98, 1.16, 2.11, 2.59, 3.79, and 4.57 ppb when the inventories for 2015
through 2020 were applied, respectively. The progressively larger decreases indicate that
the evolving regional emission mixture became increasingly favorable for O3 reduction.
Spatially, the strongest decreases occurred over the northern urban agglomeration and the
central and southern parts of the domain. Areas with weak positive responses under the
earlier emission substitutions gradually contracted, and nearly the entire region exhibited
a negative response when the 2020 inventory was applied (Figure 6).

The YRD exhibited the opposite response. Replacing the 2014 anthropogenic emission
inventory with each subsequent annual inventory increased regional mean O3. Relative
to S14AE14, the O3 responses were +3.40, +3.92, +3.13, +4.70, +4.18, and +3.88 ppb for the
2015, 2016, 2017, 2018, 2019, and 2020 emission inventories, respectively. Although response
magnitude varied among the inventory years, it remained positive in all six experiments.
The positive responses were concentrated along the central urban and industrial corridor
and extended into surrounding areas. This pattern was associated with a substantial
reduction in NOy emissions without a comparable decrease in VOC emissions. Under
VOC-sensitive and mixed-sensitive conditions, this imbalance weakened NO titration and
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altered radical cycling, allowing O3 to increase despite reductions in total anthropogenic
emissions. The outward extension of the positive response also suggests a role for regional
transport (Figure 7).

Together, the fixed meteorology results reveal the central regional contrast identified
in this study. Changes in anthropogenic emissions consistently reduced regional mean
O3 over the Bohai Plain but consistently increased it over the YRD. This contrast was
not directly apparent in the baseline simulations, which combined interannual variations
in meteorology and emissions. Similar features in baseline O3 evolution therefore do
not necessarily indicate common anthropogenic drivers. Instead, the direction of the
O3 response depends on the evolution of the complete regional emission mixture and
its interaction with the prevailing chemical regime, rather than simply on whether total
emissions increase or decrease. July 2014 showed no marked anomalies in the four regional
mean meteorological indicators relative to their 2014 to 2020 distributions (Figure A5),
indicating that it did not provide an evidently extreme regional meteorological background
for the controlled comparison. The fixed meteorology design provides a consistent basis for
isolating and comparing the O3 responses to prescribed emission changes under identical
meteorological conditions. Nevertheless, because regional mean indicators cannot fully
characterize interannual differences in circulation, the results should be interpreted as
controlled emission responses under July 2014 conditions. The extent to which the regional
contrast, response magnitude, and spatial expression vary under alternative meteorological
years remains to be examined.

3.4.2. Responses to Changes in Individual Pollutant Emissions

The O3 responses to changes in individual pollutant emissions differed markedly
between the two regions, reflecting differences in emission trajectories and regional atmo-
spheric chemistry. Under fixed 2014 meteorological conditions, the 2020 emissions of each
target pollutant were substituted individually to quantify the corresponding change in
regional mean O3. Over the Bohai Plain, emissions of all selected pollutants were lower
in 2020 than in 2014. SO, showed the largest decrease of 66.77%, followed by PM, 5, CO,
NOy, and NHj3, which decreased by 46.04%, 38.08%, 20.22%, and 18.53%, respectively. VOC
emissions increased slightly from 2014 to 2016 and subsequently declined, resulting in a
net decrease of 9.62% by 2020. Over the YRD, VOC emissions increased slightly by 1.31%,
whereas NOy, CO, NH3, PM, 5, and SO, emissions declined. The 20.95% reduction in
NOjy represented the most important change in the regional precursor emission structure
(Figure 8).

Over the Bohai Plain, the individual pollutant substitutions generally decreased re-
gional mean O3, although the magnitude and spatial pattern varied considerably among
pollutants (Figures 9 and 10). VOC substitution produced the largest decrease of 5.46 ppb,
with the strongest negative responses over Beijing, Tianjin, and parts of Hebei. These
areas contain dense industrial and urban VOC sources, and their response is consistent
with VOC controls suppressing photochemical O3 production [58]. The SO, and NHj3
substitutions decreased regional mean O3 by 3.39 ppb and 2.17 ppb, respectively. Both
produced negative responses over urban areas but weak positive responses over parts of
the central and southern rural areas. Because SO, and NHj influence secondary aerosol
formation, their spatially heterogeneous effects may reflect changes in photolysis, aerosol
surface area, heterogeneous radical loss, and atmospheric oxidation capacity [15,59]. The
NOy, CO, and PM; 5 substitutions produced smaller regional mean decreases of 1.19 ppb,
1.55 ppb, and 0.04 ppb, respectively. The NOy response differed between urban and rural
areas. Lower NOj increased O3 in urban centers by weakening titration and altering radical
termination under VOC-sensitive conditions, whereas it suppressed O3 production in sur-
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rounding areas with lower NOy availability. The negative response to the CO substitution
is consistent with reduced HO, production and weaker radical propagation following
lower CO emissions [12,60]. When the 2020 NOyx and VOC emissions were substituted
simultaneously, regional mean O3 decreased by 2.77 ppb. This decrease was smaller than
that produced by the VOC substitution alone and substantially smaller than the sum of
the separate responses, indicating that the NOy change offset part of the O3 reduction
associated with declining VOC emissions.

The YRD exhibited a fundamentally different response. Substituting the 2020 NOy
emissions increased regional mean O3z by 4.22 ppb, with the strongest increases along
the central urban and industrial corridor. This response is consistent with substantial
VOC sensitivity in the core area, where declining NOy weakens titration and modifies
radical termination, allowing O3 to accumulate. The slight increase in VOC emissions
produced an additional O3 increase of 0.83 ppb. Simultaneous substitution of NOx and VOC
emissions increased regional mean O3 by 4.97 ppb, exceeding either individual response
but remaining slightly below their arithmetic sum. This result further demonstrates that
O3 responses to concurrent precursor changes are not strictly additive. In contrast, the CO
substitution decreased regional mean O3 by 0.98 ppb and therefore partly offset the increase
associated with changes in NOy and VOC emissions. The NHj substitution produced only a
small increase of 0.07 ppb, while the SO, and PMj, 5 substitutions decreased O3 by 0.29 ppb
and 0.06 ppb, respectively. These comparatively small responses indicate that regional
mean O3 changes over the YRD were governed primarily by the evolving NOy and VOC
balance, with a secondary influence from CO.

Overall, the contrasting responses were determined by the interaction between re-
gional emission trajectories and O3 formation sensitivity. Over the Bohai Plain, declining
VOC emissions produced the strongest direct suppression of Oz, while changes in SO,
and NHj generated additional spatial variability through interactions between aerosol
processes and photochemistry. Over the YRD, substantial NOy reductions increased O3,
the slight rise in VOC emissions reinforced this response, and declining CO emissions
provided a partial offset. The strongly nonadditive responses to combined NOy and VOC
changes further show that the effects of individual pollutant controls cannot be interpreted
as independent contributions. Effective O3 mitigation should therefore coordinate NOy,
VOC, and CO controls according to regional chemical conditions rather than applying
uniform emission reduction priorities across both regions.

4. Discussion

This study focused on the Bohai Plain and the YRD, two representative regions, and
used WRF-Chem with a controlled variable approach to investigate how anthropogenic
emission changes affected July near-surface O3 during 2014 to 2020 and to characterize
the spatiotemporal differentiation of O3 formation sensitivity. The results corroborate
established understanding of nonlinear O3 chemistry while revealing substantial regional
contrasts in the direction and magnitude of emission-driven O3 responses, providing a
comparative basis for differentiated peak-summer mitigation.

4.1. Contrasting Anthropogenic Drivers of Regional O3 Evolution

The most important regional contrast identified in this study is that anthropogenic
emission changes produced persistently negative O3 responses over the Bohai Plain but
positive responses over the YRD under fixed meteorological conditions. This difference
was not directly evident from the baseline simulations because the effects of meteorological
variability and emission changes were superimposed. The positive response over the
YRD is broadly consistent with previous studies showing that O3 increased when NOy
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emissions declined without sufficiently strong VOC reductions [8,15,61,62]. Zhu et al. [21]
further associated the O3 increases over the North China Plain and YRD during 2016
to 2019 with shifts in formation regimes and enhanced atmospheric oxidation capacity.
The progressively negative response over the Bohai Plain, however, indicates that this
earlier relationship did not persist uniformly across regions and control stages. Recent
national assessments have similarly shown that sustained emission reductions increasingly
restrained O3 after 2017, although the timing and magnitude of this transition varied
regionally [63,64]. The present comparison further demonstrates that this transition could
occur over the Bohai Plain while the YRD retained a positive emission-driven response.

The regional divergence was closely related to differences in the composition of emis-
sion changes. Over the Bohai Plain, VOC emissions declined together with NOy, CO, SO,,
NHj3, and primary particulate matter. The reduction in VOC emissions weakened peroxy
radical production, while changes in the other pollutants modified radical propagation,
aerosol chemistry, and photolysis. Their combined effect produced an increasingly negative
regional O3 response. Over the YRD, the substantial decrease in NOx was not accompanied
by a comparable decline in VOC emissions. Under VOC-sensitive and mixed-sensitive
conditions, this imbalance weakened Oj titration by NO and reduced radical termination
through the OH + NO; reaction, allowing O3 to increase. Changes in particulate nitrate and
aerosol loading may have further modified photolysis and HO, availability [8,15,65,66].
These results show that the O3 response was governed by changes in the complete emission
mixture and its interaction with the regional chemical regime, rather than by the total
magnitude of emission reductions alone.

Beyond the regional mean responses, the July mean wind fields from the 2014 base
simulation (514AE14) illustrate potential regional transport pathways that may influence
the spatial distribution of O3 and its response to emission changes. Over the Bohai Plain,
southerly and southeasterly winds indicated potential pathways for the northward trans-
port of O3 and its precursors from southern and coastal upwind areas (Figure A6a). Over
the YRD, easterly and southeasterly winds prevailed across much of the region, indicating
marine inflow and westward or northwestward transport, while southerly flow in the
southern part provided an additional pathway from adjacent areas (Figure A6b). These cir-
culation features suggest that regional transport can redistribute O3 and its precursors and
may therefore affect the spatial pattern of the simulated O3 responses. Over the Bohai Plain,
relatively high O3 levels in the western and inland areas coincided with dense precursor
emissions and regional pollutant accumulation, whereas lower values occurred along parts
of the eastern coast. Previous studies have shown that both local formation and regional
transport contribute substantially to summertime O3 over the North China Plain [67,68].
In coastal areas, marine inflow and sea- and land-breeze circulations can alter pollutant
transport and atmospheric residence time. Marine air may promote ventilation under some
conditions, whereas recirculation between land and sea can return O3 and its precursors
to coastal areas and prolong O3 pollution [69]. The influence of coastal circulation can
therefore vary with the background flow, circulation intensity, and time of day.

Boundary layer structure further modulates the spatial distribution of surface O3.
Mixing layer depth affects the volume available for atmospheric mixing and regulates
exchange between the surface layer, the residual layer, and the atmosphere above the
boundary layer. Observations at multiple sites over the North China Plain have revealed
pronounced differences in mixing layer development between inland and coastal areas.
At Qinhuangdao, a coastal site on Bohai Bay, frequent sea breezes and the formation of a
thermal internal boundary layer were associated with relatively low mixing layer heights
in summer [70]. The importance of exchange between atmospheric layers is supported by
O3 process analysis over the North China Plain, which showed that transport from the
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residual layer and above the boundary layer can substantially influence surface O3 [71],
and by observations showing that vertical turbulent heat flux, low-level jets, and wind
shear can regulate exchange between atmospheric layers and near-surface pollutant concen-
trations [72]. Moreover, the response of MDAS O3 to mixing layer height can be nonlinear,
indicating that boundary layer depth influences surface O3 through interacting physical
and chemical processes rather than through dilution alone [73]. Cloud cover, precipitation,
and solar radiation can also regulate photochemical production and boundary layer de-
velopment. Strong solar radiation favors photolysis and O3 formation, whereas increased
cloud cover and precipitation are generally associated with weaker solar radiation and
changes in precursor and aerosol burdens. During a summertime O3 pollution event on
the North China Plain, weak solar radiation and low temperature suppressed photochem-
ical O3 production, while subsequent precipitation was accompanied by a reduction in
O3 pollution [68]. The spatial contrast across the Bohai Plain may therefore arise from
the combined effects of precursor availability, local photochemistry, horizontal transport,
vertical exchange, boundary layer development, and coastal circulation.

Over the YRD, the high O3 area was concentrated along the urban and industrial
corridor encompassing Shanghai and neighboring parts of Jiangsu and Zhejiang, where
O3 is jointly influenced by local emissions, transport from adjacent cities, and the regional
background [74,75].

4.2. Changes in O3 Formation Sensitivity and Implications for Regional Control

The regional divergence in O3 responses was consistent with the simulated evolution
of O3 formation sensitivity. Over the Bohai Plain, the dominant pattern shifted from mixed
regimes and conditions with greater NOy sensitivity toward mixed-sensitive and VOC-
sensitive conditions. During the earlier period, declining NOy emissions accompanied by
stable or slightly increasing VOC emissions moved parts of the region toward greater NOx
sensitivity. After VOC emissions began to decline, the changing precursor balance was
accompanied by an expansion of VOC-sensitive conditions over the western domain. Over
the YRD, the initial distribution consisted primarily of mixed-sensitive and NOx-sensitive
conditions, together with localized VOC-sensitive urban cores. Sustained NOy reductions
subsequently strengthened NOjy sensitivity in the north, while changes in both NOx and
VOC emissions supported mixed-sensitive conditions over the central region. These
spatially heterogeneous changes are consistent with previous assessments of O3 sensitivity
across eastern China and with the reported transition of the Yangtze River corridor from
predominantly VOC-sensitive toward mixed-sensitive chemistry [20,21,58,61].

These changes indicate that precursor control priorities should evolve with the regional
chemical regime. Effective reductions in reactive VOC emissions remain particularly
important in the western Bohai Plain, whereas coordinated NOy and VOC reductions are
more appropriate for the eastern domain. In the northern YRD, continued NOy reductions
are expected to become increasingly effective as the region moves toward greater NOy
sensitivity, but sufficient VOC control remains necessary in areas that retain VOC-sensitive
chemistry. Coordinated reductions in both precursors are also required over the central and
southern YRD, where mixed-sensitive conditions remain widespread. Regional strategies
should therefore be adjusted according to changes in chemical sensitivity rather than remain
fixed throughout the emission control period [15,61,63,66].

4.3. Chemical Interpretation of Individual Pollutant Responses

The individual pollutant substitutions identify different chemical pathways behind the
regional responses. Over the Bohai Plain, substitution of the 2020 VOC emissions produced
the largest regional mean O3 decrease of 5.46 ppb. VOC oxidation generates organic peroxy
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radicals that convert NO to NO; and support photochemical O3 production. The strong
negative response therefore indicates that declining VOC emissions substantially weak-
ened radical propagation and O3 formation [12,60,65]. The NOjy substitution produced a
smaller regional mean decrease but opposite responses between urban and surrounding
areas. In NOy-rich and VOC-sensitive urban environments, lower NOy weakens Oj titra-
tion and radical termination, whereas in surrounding areas with lower NOy availability,
it suppresses reactions between peroxy radicals and NO and consequently reduces O3
production [15,66,76].

Over the YRD, substitution of the 2020 NOy emissions increased regional mean O3
by 4.22 ppb, making NOy the dominant individual driver of the positive response. The
increase was strongest along the central urban and industrial corridor, where VOC-sensitive
and mixed-sensitive conditions remained important. The slight increase in VOC emissions
increased O3 by 0.83 ppb, while simultaneous substitution of NOx and VOC emissions
increased O3 by 4.97 ppb. This result demonstrates that the two precursors interacted
through nonlinear photochemistry rather than acting independently. By contrast, CO
reductions decreased O3 by 1.55 ppb over the Bohai Plain and 0.98 ppb over the YRD. Be-
cause CO oxidation contributes to HO, production and subsequent NO-to-NO, conversion,
lower CO emissions can shorten radical propagation chains and weaken photochemical O3
production [12,60,65].

The responses to SO,, NH3, and primary particles mainly reflected their indirect
influences on aerosol formation and multiphase chemistry. Changes in SO, and NHj3
emissions alter sulfate and nitrate aerosol formation, aerosol surface area, liquid water
content, and radiative extinction. These properties affect photolysis and the heterogeneous
uptake of HO,, NO,, and other reactive species, with the net O3 response depending on
aerosol composition, NOy abundance, and the prevailing chemical regime [8,15,65,66]. This
balance likely explains the spatially heterogeneous SO, and NHj responses over the Bohai
Plain and their much smaller regional mean effects over the YRD. The near-zero response
to primary PM, 5 substitution in both regions further indicates that changes in primary
particle emissions made only a minor contribution to the regional mean O3 response.

4.4. Study Limitations and Future Directions

July represents a high photochemical period in eastern China and provides a con-
sistent basis for comparing regional O3 responses under active photochemistry [10,19].
Nevertheless, a single month cannot capture the full variability of the O3 season from May
to September. Seasonal changes in temperature, solar radiation, precipitation, boundary
layer development, synoptic circulation, and biogenic emissions may alter O3 formation
and affect the magnitude and spatial distribution of its responses to emission changes.
Extending the analysis to other warm season months would help determine whether the
regional differences identified in July persist across the broader O3 season. Repeating the
emission substitution experiments using meteorological conditions from additional repre-
sentative years would also provide further insight into the influence of regional circulation
and weather conditions on response magnitude.

MEIC provides a consistent multipollutant emission framework for both regions,
although uncertainties remain in emission magnitude, temporal variation, chemical specia-
tion, and spatial allocation. These uncertainties are particularly relevant for VOCs, NHj3,
primary particulate matter, and soil-related emissions. Moreover, the 10 km model resolu-
tion may smooth fine-scale intraurban heterogeneity, as multiscale analysis of urban land
data has shown that spatial aggregation can obscure local patterns and alter the apparent
importance of their driving factors [77]. Future research combining higher-resolution in-
ventories with satellite retrievals, surface observations, and detailed diagnostics of radicals
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and aerosol processes would provide further evidence for the mechanisms inferred from
the substitution experiments.

5. Conclusions

This study reveals that peak summer O3 evolution across two major emission hotspots
in eastern China can conceal fundamentally different anthropogenic drivers. Although the
Bohai Plain and the YRD shared some broad temporal features, including relatively high
Os levels by 2019 and marked declines in 2020, the experiments with constant meteorology
showed opposite responses to annual anthropogenic emission changes. Over the Bohai
Plain, substitution of each post-2014 emission inventory lowered regional mean MDAS O3
relative to S14AE14. The decreases were 0.98 ppb with the 2015 inventory and 4.57 ppb
with the 2020 inventory. The comparison demonstrates that shared features in baseline O3
evolution do not necessarily indicate common anthropogenic drivers.

The regional divergence was associated with differences in emission composition and
chemical sensitivity. Over the Bohai Plain, a 9.62% reduction in VOC emissions produced
the strongest negative O3 response of 5.46 ppb and contributed to the progressively neg-
ative response of the complete emission mixture. Over the YRD, a 20.95% reduction in
NOy emissions increased O3 by 4.22 ppb, while the slight increase in VOC emissions pro-
duced an additional positive response, and the reduction in CO partly offset this increase.
The difference between the complete emission response and the separate substitution
responses further indicates chemical interactions among precursor availability, radical
cycling, titration, and aerosol processes. At the same time, the spatial expression of these
regional responses may also be modulated by precursor distributions, local photochemistry,
regional transport, boundary layer development, and coastal circulation.

Effective peak summer O3 mitigation should therefore be based on regional emission
composition and chemical sensitivity rather than on uniform reduction targets. Strong VOC
control remains important over the Bohai Plain and should be coordinated with continued
NOy management. Over the YRD, further reductions in NOy need to be accompanied by
sufficiently effective VOC control to avoid adverse O3 responses. More broadly, coordinated
management of emissions from industrial, power, transport, residential, and agricultural
sources across urban and surrounding nonurban environments is required to achieve
consistent regional O3 benefits. Extending this framework to other warm season months
and additional representative meteorological years would further clarify the seasonal
robustness and meteorological dependence of the regional differences identified here.

Author Contributions: Y.H.: conceptualization, methodology, writing—original draft and editing;
T.Y.: software, resources; L.Y.: investigation, supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: The project was supported by the Fundamental Research Funds for National Universities,
China University of Geosciences, No. BJCX2026044.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The publicly available ERA5 reanalysis data used in this study can
be obtained from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/datasets/
reanalysis-era5-single-levels (accessed on 1 September 2026)). The NCEP GDAS/FNL meteorological
data are available from the NCAR Research Data Archive (https://rda.ucar.edu/datasets/d083003/
(accessed on 1 September 2026)), and the CAM-Chem data used to generate the chemical initial and
boundary conditions are available from NCAR ACOM (https://www.acom.ucar.edu/cam-chem/
cam-chem.shtml (accessed on 1 September 2026)). The MEIC emission inventories and surface
air-quality observations are available from the respective data providers (http://meicmodel.org.cn/

https://doi.org/10.3390/atmos17090885


https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels
https://rda.ucar.edu/datasets/d083003/
https://www.acom.ucar.edu/cam-chem/cam-chem.shtml
https://www.acom.ucar.edu/cam-chem/cam-chem.shtml
http://meicmodel.org.cn/
https://doi.org/10.3390/atmos17090885

Atmosphere 2026, 17, 885

27 of 34

(accessed on 1 September 2026) and https:/ /air.cnemc.cn:18007/ (accessed on 1 September 2026)),
subject to their access and use conditions. The Integrated Global Radiosonde Archive Version 2
data are available from NOAA National Centers for Environmental Information (https://doi.org/
10.7289/V5X63K0Q (accessed on 6 September 2026)). The ChinaHighO3 dataset is available from
Zenodo (https://doi.org/10.5281/zenodo.21811088 (accessed on 6 September 2026)). The China
Land Cover Dataset (CLCD) used to characterize the monitoring-station environments is publicly
available from Zenodo (https://doi.org/10.5281/zenodo.4417810 (accessed on 6 September 2026)).
The processed data and WRF-Chem outputs supporting the findings of this study are available from
the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.
Appendix A

Table A1. CNEMC monitoring stations used for O3 model evaluation and their surrounding
land-cover contexts.

Impervious
Region StationID  Longitude (°E)  Latitude (°N) Surface Within
2 km (%)
Bohai Plain 1017A 117.2370 39.1082 97.3
Bohai Plain 1019A 117.1837 39.2133 85.9
Bohai Plain 1037A 118.1310 39.6363 92.7
Bohai Plain 1040A 118.1705 39.6506 96.2
Bohai Plain 1046A 119.5251 39.9041 80.7
Bohai Plain 1067A 116.6708 39.5111 77.7
Bohai Plain 1072A 116.8584 38.3254 83.7
Bohai Plain 1300A 116.9376 36.6650 96.1
Bohai Plain 1303A 117.0624 36.6868 99.0
Bohai Plain 1625A 115.9848 36.4372 83.1
Bohai Plain 1630A 117.9776 37.3930 49.9
Bohai Plain 1632A 118.0253 36.8406 86.2
Bohai Plain 1648A 119.1200 36.7019 98.0
Bohai Plain 1656A 117.1437 36.1937 95.6
Bohai Plain 1666A 118.6614 37.4309 84.7
YRD 1146A 120.9780 31.0935 7.5
YRD 1160A 120.5610 31.2472 47.0
YRD 1169A 120.8600 32.0005 95.0
YRD 1171A 120.9400 31.9300 59.2
YRD 1184A 119.4600 32.3878 92.5
YRD 1189A 120.2750 31.6219 84.4
YRD 1196A 119.9633 31.7620 96.3
YRD 1199A 120.0393 31.7638 50.1
YRD 1206A 119.9050 32.4878 88.9
YRD 1231A 120.3019 30.4183 83.5
YRD 1249A 120.1000 30.8867 66.7
YRD 1252A 120.7436 30.7780 85.3
YRD 1993A 120.5260 31.8740 90.2
YRD 1995A 121.1150 31.4530 89.6
YRD 1999A 120.2680 31.9200 80.4
YRD 2002A 119.8180 31.3540 79.3
YRD 2004A 119.5790 31.7510 82.3
YRD 2006A 119.4600 31.4000 33.1
YRD 2008A 121.1730 31.8960 82.3

https://doi.org/10.3390/atmos17090885


https://air.cnemc.cn:18007/
https://doi.org/10.7289/V5X63K0Q
https://doi.org/10.7289/V5X63K0Q
https://doi.org/10.5281/zenodo.21811088
https://doi.org/10.5281/zenodo.4417810
https://doi.org/10.3390/atmos17090885

Atmosphere 2026, 17, 885

28 of 34

a Bohai Plain
180

—_

o160 4 5 -
s) Z N July: 1405

4 7/ ‘m- 4
3 140 o K
L0 N\
o) / .
o 1201 7 O .
2 X
= 1004 4 \ E
c /
© K] \
©
g 80 ’ ° 1
= ,o/ \
=
g 601 4 % .
> o <

N
o
1

+ 2014-2020 mean + SD

b Yangtze River Delta

July: 107.4

W— = =0

N
Q
\
\
‘e
AN

Yo

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure Al. Annual cycles of monthly mean MDAS8 O3 concentrations over (a) the Bohai Plain and
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Figure A2. Interannual variations in observed and modeled July mean O3 concentrations at represen-
tative monitoring stations over the Bohai Plain during 2014-2020. (a) 1630A; (b) 1666A; (c) 1300A;
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(d) 1632A; (e) 1625A; (f) 1656A; (g) 1067A; (h) 1072A; (i) 1303A. Red squares and blue circles represent
observations and model simulations, respectively.
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Figure A3. Interannual variations in observed and modeled July mean O3 concentrations at rep-
resentative monitoring stations over the YRD during 2014-2020. (a) 2006A; (b) 20024A; (c) 1252A;
(d) 1171A; (e) 1231A; (f) 1189A; (g) 1160A; (h) 2004A; (i) 1196A. Red squares and blue circles represent
observations and model simulations, respectively.
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Figure A4. July 2014 mean vertical profiles of air temperature, specific humidity, and wind speed
from IGRA radiosonde observations and collocated WRF-Chem simulations over the Bohai Plain and
the YRD. The colored shaded bands indicate &1 standard error of the mean around the corresponding
mean profiles at each altitude.
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Figure A5. Interannual variations in July meteorological conditions over (a—d) the Bohai Plain and
(e-h) the YRD during 2014-2020. The horizontal gray dashed lines indicate the 2014-2020 means for

the corresponding variables.
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