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Abstract To achieve air quality improvement and carbon neutrality, China is simultaneously implementing
deep anthropogenic emission cuts and promoting large‐scale vegetation expansion. However, increased BVOC
emissions from growing vegetation may counteract the air quality benefits of emission controls. Using the
WRF‐Chem model for the Beijing‐Tianjin‐Hebei region, we find vegetation growth will increase July BVOC
emissions by 13.8% in 2040 and 27.4% in 2060 from 2019 levels. Crucially, the impact on O3 depends on the
stage of anthropogenic emission reductions. In 2040, increased BVOCs raise urban MDA8 O3 by 3.5 ppb,
offsetting 47.0% of the benefit from emission controls. However, by 2060, deep emission reductions induce a
transition to a NOx‐limited regime; consequently, the O3 penalty from BVOCs drops to 1.0 ppb (offsetting
7.0%). Our findings highlight that ignoring this strong BVOC‐NOx‐O3 interaction, which is highly dependent on
the reduction stage, can lead to significant biases in evaluating long‐term air quality policies.

Plain Language Summary Expanding vegetation cover is a widely adopted strategy to enhance
regional environments and support climate objectives. However, vegetation naturally emits BVOCs, which can
react with pollutants from human activities to form harmful ground‐level ozone. Our study utilized atmospheric
chemistry models to assess the future air quality impacts of the increased vegetation in China's Beijing‐Tianjin‐
Hebei region, alongside planned, deep reductions in anthropogenic emissions. The results reveal a complex,
time‐dependent interaction. Under the moderate emission reduction scenario for 2040, increased BVOCs from
vegetation growth are projected to significantly exacerbate ozone pollution, offsetting nearly half the air quality
benefits gained from emission controls. Conversely, under the deep emission reduction scenario for 2060, this
adverse effect is substantially diminished. This research highlights the necessity of strategically coordinating
greening policies with emission control timelines to achieve synergistic improvements in future air quality.

1. Introduction
Ozone (O3) is a major atmospheric pollutant that poses significant threats to both human health and crop yields
(Hua et al., 2025; S. Li et al., 2025; Yang et al., 2025). Biogenic volatile organic compounds (BVOCs) serve as
important precursors for O3 formation, which exhibit higher reactivity and generate O3 more efficiently during
photochemical processes compared to anthropogenic volatile organic compounds (AVOCs) (Di Carlo
et al., 2004). Globally, BVOC emissions (424–591 Tg C yr− 1) substantially exceed AVOC emissions
(139–163 Tg C yr− 1) (Duan et al., 2023). With ongoing climate warming and successful cuts in anthropogenic
pollution, BVOCs play an increasingly important role in O3 pollution processes (Gao et al., 2022; Wang
et al., 2021; Wu et al., 2020; Ren et al., 2014). This trend is critical for the future; as anthropogenic emissions
continue to fall, the relative contribution of BVOCs to ozone formation will shift dramatically.

In recent years, China has implemented effective measures to reduce atmospheric pollutant emissions, achieving
significant progress in controlling O3 pollution (Wang et al., 2023). However, as these reductions continue, the
cost of further measures is becoming prohibitive (Liu, Zhang, et al., 2023; Xie et al., 2019), shifting attention
toward the role of BVOCs in O3 formation. Over the past few decades, the expansion of vegetation in China has
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resulted in sustained increases in BVOC emissions (L. Y. Li & Xie, 2014; L. Li et al., 2021). Historical studies
have confirmed, from multiple perspectives—including land cover changes (M. Li et al., 2015), meteorological
conditions (L. Li et al., 2021), and leaf biomass variations (Cao et al., 2022)—that vegetation growth significantly
contributes to BVOC emissions and subsequent O3 concentration increases. On the path to carbon neutrality,
anthropogenic emissions are set to decline rapidly. This shift may trigger nonlinear changes in how vegetation‐
derived VOCs contribute to O3 pollution, creating an urgent need to investigate the underlying mechanisms and
quantify their impact.

Current studies investigating BVOC emissions and their effects on O3 concentrations under future pathways
typically assume that vegetation cover remains unchanged. These studies focus primarily on the role of meteo-
rological conditions (Liu et al., 2019; Makkonen et al., 2012; Sporre et al., 2019) and the influence of anthro-
pogenic emission changes on the contribution of BVOC to O3 formation (Gao et al., 2022; Liu et al., 2025). The
quantification of vegetation growth as a driving factor remains inadequate, with only limited studies incorporating
vegetation changes. For instance, Liu et al. (2022) projected a 50% increase in China's forest cover and LAI,
assessing the subsequent impacts on BVOC emissions and air pollutants. Following urban planning, Gu
et al. (2021) projected the tree cover fraction to be 36% for 2050, while Schlaerth et al. (2023) increased the
proportion of vegetation cover in the urban pervious land cover by 50% by 2045, to evaluate the differences in
current and future O3 responses in Los Angeles under combined changes in anthropogenic emission reductions
and meteorological conditions. However, a critical gap remains: these analyses are primarily confined to a single
future year, preventing a dynamic, multi‐year understanding of how O3 levels will evolve as both biogenic and
anthropogenic emissions shift over time. Furthermore, incorporating the spatial heterogeneity and long‐term
trajectory of future vegetation change remains a significant challenge in regional air quality modeling.

Consequently, this study aims to investigate how BVOC emissions will dynamically affect regional O3 pollution
under future scenarios of deep anthropogenic emission cuts and significant vegetation growth using several
numerical simulations. We predict future vegetation changes and use a chemical transport model to quantify
resulting changes in BVOC emission patterns and evaluate the contribution of increased BVOC emissions to
regional O3 pollution. Finally, we analyze how the sensitivity of O3 formation to BVOCs evolves dynamically as
anthropogenic emissions decline. This study will clarify the extent to which natural emissions may offset the
benefits of anthropogenic emission controls, filling a critical gap in our ability to project future air quality.

2. Data and Methods
2.1. Vegetation Growth Scenario

This study projects future vegetation changes by assessing two key components separately: the expansion of
urban green space and variations in the Leaf Area Index (LAI) across urban and rural areas. We assume the
expansion of urban green space follows a logistic growth pattern, stabilizing at an upper bound set by urban spatial
constraints.

While large‐scale land cover projections drive regional dynamics, they introduce significant limitations for
localized urban green spaces. Standard land cover products often severely underestimate high‐resolution urban
vegetation. Ma et al. (2022) demonstrated that even 10 m resolution Land use and land cover data missed
approximately half of the actual urban tree area compared to detailed surveys. Additionally, future land cover
projections primarily emphasize urban expansion and often omit localized greening policies (Woodman
et al., 2026; T. Zhang et al., 2023). To prevent the underestimation of biogenic emissions, this study utilizes a
logistic growth model based on official statistical data to accurately capture the policy‐driven trajectories. The
logistic model depicts resource‐limited growth as an S‐shaped curve that levels off at carrying capacity (Bert-
simas & King, 2017; Law et al., 2003; Sakanoue, 2007). Its application has since expanded to ecological and
environmental fields (R. Cao et al., 2015; El‐Rawy et al., 2022; Huang et al., 2021). By formulating the model's
equation and optimizing its parameters, we will fit a logistic growth curve to project future urban green space
coverage.

Ai =
Ki

1 + Cie− rix
(1)
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In this model, i denotes city, A denotes the urban green space coverage area and x is the time variable (year). The
parameter K denotes the model's predicted saturation value for urban green space which is the asymptote that A
approaches as the time variable x approaches infinity. r denotes the growth rate parameter. A higher r‐value
signifies a more rapid expansion of green space toward the saturation point (K). Finally, C is a constant parameter
related to the initial conditions. Data on urban green space coverage for cities in the Beijing‐Tianjin‐Hebei region
(BTH) from 1999 to 2022 were sourced from the China Urban Construction Statistical Yearbook series (Ministry
of Housing and Urban‐Rural Development of the People's Republic of China, 2007–2023). For future plant
functional type distributions, the fractional coverage is scaled proportionally according to the specific logistic
growth rate of urban green space projected for each city.

Changes in urban vegetation are more influenced by anthropogenic factors than those in rural areas, creating
distinct spatiotemporal patterns (Jin et al., 2024; Z. Zhang et al., 2023; T. Zhou et al., 2023). Given this distinction,
this study analyzes LAI trends in urban and rural areas separately. We quantified the interannual change in LAI
from 1999 to 2022 across 13 cities in the BTH region using linear regression, as shown in Equation 2. The
sustained increase in leaf area index through 2060 reflects the continuous crown volume expansion and biological
maturation of young trees, representing the ecological time lag between initial spatial planting and full canopy
maturity as supported by Moser et al. (2015).

Li = βix + αi (2)

where i denotes city, L denotes mean LAI value, x is the time variable (year), β denotes the average annual growth
rate of LAI, and α is a constant. For cities where the trend was not statistically significant, we assigned the average
LAI growth rate of the entire BTH region. Urban boundaries were defined using the Global Artificial Impervious
Area (GAIA) data set from Gong et al. (2020) (see Figure S1 in Supporting Information S1). LAI data were
sourced from the MODIS LAI product (MCD15A2H) at a 500m spatial resolution, provided by the NASA
LAADS DAAC (Myneni et al., 2021).

2.2. Atmospheric Chemistry Modeling

2.2.1. WRF‐Chem

Surface O3 concentrations over the BTH region were simulated using WRF‐Chem v3.9.1.1 (Mesoscale and
Microscale Meteorology Laboratory, 2017) for the first half of July 2019. July is a typical period for both BVOC
emissions and severe ozone pollution in our study region (Gao et al., 2022; Wu et al., 2020; Yang et al., 2024; Y.
Zhang et al., 2025). The model was configured with nested domains: an outer domain covering eastern China
(22.4°–47.3°N, 105.6°–124.4°E) at a 27 km resolution, and an inner domain focused on the BTH region (35.8°–
43.3°N, 112.6°–120.4°E) at a 9 km resolution (Figure 1). WRF‐Chem is an open‐source regional model that fully
couples atmospheric chemistry with meteorology. It simulates key processes such as pollutant emissions,
transport, diffusion, deposition, photolysis, and gas‐ and aerosol‐phase chemistry, and is widely used for studying
O3 pollution. In this study, initial and boundary meteorological conditions were derived from the ERA5 data set
from the European Centre for Medium‐Range Weather Forecasts (ECMWF) (ECMWF, 2019). Biogenic
emissions were calculated online using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) embedded within the WRF‐Chem framework. This module estimates hourly emissions for 138
BVOC species based on the Guenther et al. (2006) algorithms. A key advantage of this online coupling is that
MEGAN is directly driven by the real‐time meteorological variables simulated by WRF (e.g., temperature,
downward shortwave radiation, and soil moisture) and vegetation inputs (PFT distributions and LAI), ensuring
that BVOC emission rates respond dynamically to changing environmental conditions at each time step.
Anthropogenic emissions for 2019 were sourced from the Multi‐resolution Emission Inventory for Climate and
air pollution research (MEIC v1.4), developed by Tsinghua University (Geng et al., 2024). Future emissions were
based on the “On‐time Peak, Net‐zero Clean Air” scenario from the Dynamic Projection model for Emissions in
China (DPEC v1.2) (Cheng et al., 2023). Biomass burning emissions were incorporated from the Fire INventory
from NCAR (FINN) (Wiedinmyer & Emmons, 2022; Wiedinmyer et al., 2023). The chemical initial and
boundary conditions for all simulations, including the future scenarios for 2040 and 2060, were derived from the
Community Atmosphere Model with Chemistry (CAM‐Chem) model outputs (Buchholz et al., 2019) for the year
2019 and kept constant. This approach was specifically chosen to strictly isolate the regional air quality impacts of
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domestic anthropogenic emission cuts and vegetation growth. The key physical and chemical schemes selected
for this study are summarized in Table S1 of Supporting Information S1.

We evaluated the model's performance against observational data from the Beijing‐Tianjin‐Hebei (BTH) region.
Hourly O3 concentrations from 80 monitoring stations were sourced from the China National Environmental
Monitoring Centre (CNEMC). Meteorological data from 13 stations were obtained from the National Climatic
Data Center (NCDC) of the U.S. National Oceanic and Atmospheric Administration (NOAA). We performed an
evaluation comparing simulated and observed O3 concentrations, 2‐m air temperature, 10‐m wind speed, and
relative humidity. The evaluation metrics included the correlation coefficient (R), mean bias (MB), and root mean
square error (RMSE). As detailed in Figure S2 of Supporting Information S1, the model showed good agreement
with these observations.

2.2.2. Scenario Design

We designed seven simulation scenarios (Table 1) to disentangle the independent and combined effects of
vegetation growth and anthropogenic emission reductions on O3 concentrations. All simulations were driven by
identical meteorological conditions from the 2019 study period. The Base scenario serves as the benchmark, using
actual vegetation and emission data from 2019. The impact of vegetation growth alone is determined by
comparing the Vegetation Growth Only scenarios to the Base scenario, while the effect of emission reductions is
quantified by comparing the Emission Cuts Only scenarios to the Base. The combined influence of both factors is
assessed by comparing the Combined Scenario scenarios to the Base. Furthermore, to isolate the specific

contribution of vegetation growth under future emission conditions—a factor
often overlooked in previous research—we subtract the results of an Emission
Cuts Only scenario from its corresponding Combined Scenario
(e.g., Combined Scenario 2040 − Emission Cuts Only 2040).

3. Results
3.1. Projected Vegetation Growth

Our model accurately simulates the historical expansion of urban green space
in the BTH region from 1999 to 2022 (Figure 2a). The simulation demon-
strates an excellent fit with observations (R = 0.99, NMB = − 0.1%) and
aligns with the temporal dynamics reported in previous studies (Chen
et al., 2025; Feng et al., 2025). This confirms that the simulation successfully

Figure 1. Study area. Abbreviations: ZJK: Zhangjiakou, CD: Chengde, BJ: Beijing, TS: Tangshan, QHD: Qinhuangdao, BD: Baoding, LF: Langfang, TJ: Tianjin, SJZ:
Shijiazhuang, HS: Hengshui, CZ: Cangzhou, XT: Xingtai, HD: Handan.

Table 1
Description of Simulation Scenarios

Scenario Vegetation Anthropogenic emission

Base 2019 MEIC (2019)

Vegetation Growth Only 2040 2040 MEIC (2019)

Vegetation Growth Only 2060 2060 MEIC (2019)

Emission Cuts Only 2040 2019 DPEC (2040)

Emission Cuts Only 2060 2019 DPEC (2060)

Combined Scenario 2040 2040 DPEC (2040)

Combined Scenario 2060 2060 DPEC (2060)
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captures the temporal dynamics of urban green space expansion recorded in the China Urban Construction
Statistical Yearbook and aligns with the historical trends reported in previous studies. Our projections indicate
that the total urban green area in the BTH region is projected to approach saturation around 2040 (at
3.9 × 103 km2) and slowly reach 4.1 × 103 km2 by 2060. This represents a 36.5% increase from 2019, corre-
sponding to an average annual growth rate of 0.9% yr− 1. Detailed projections of urban green space for all BTH
cities are provided in Table S2 of Supporting Information S1.

Among individual cities, Tianjin is projected to have the largest expansion, reaching 884.5 km2 by 2060, growing
to 2.1 times its 2019 level. This rapid growth is likely due to Tianjin's large available land area and relatively low
initial green coverage. In contrast, the urban green area in Tangshan is projected to remain stable. This is
consistent with observational data showing that its green space expansion has already plateaued since 2010.
Detailed statistical metrics and projections for all BTH cities are provided in Figure S3 and Table S2 of Sup-
porting Information S1, respectively.

Across the BTH region, the average Leaf Area Index (LAI) grew at a rate of 13.6 × 10− 3 m2 m− 2 yr− 1. This rate is
consistent with low‐emission pathway scenarios (2.8–15.7 × 10− 3 m2 m− 2 yr− 1) reported by H. Li et al. (2024).
However, this regional average masks distinct trends between urban and rural areas (Figure 2b), which we
analyzed separately due to the strong influence of anthropogenic activity on urban vegetation (Jin et al., 2024; Z.
Zhang et al., 2023; T. Zhou et al., 2023). Specifically, LAI increased at a rate of 3.3 × 10− 3 m2 m− 2 yr− 1 in urban
areas and 14.2 × 10− 3 m2 m− 2 yr− 1 in rural areas, respectively.

In urban areas, Beijing and Tangshan showed the most rapid greening, with annual LAI increases of 15.0 and
10.0 × 10− 3 m2 m− 2 yr− 1, respectively. The analysis of rural areas revealed even more dynamic changes. For
instance, rural Beijing's LAI grew at 20.7 × 10− 3 m2 m− 2 yr− 1, a rate higher than its urban core. Similarly, rural

Figure 2. Projected changes in vegetation and their impact on BVOC emissions in the Beijing‐Tianjin‐Hebei (BTH) region, showing: (a) historical and projected urban
green space area based on a fitted logistic growth curve; (b) projected annual rate of change in LAI for urban and rural areas; (c, d) projected changes in BVOC emission
density for the period from 2019 to 2040 and from 2040 to 2060; and (e) a comparison of total BVOC emissions from urban and rural areas for 2019, 2040, and 2060.
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Xingtai experienced significant LAI growth (15.8 × 10− 3 m2 m− 2 yr− 1, p= 0.003), which contrasted sharply with
the weak positive trend in its urban center. Detailed fitted results for all cities are presented in Figures S4, S5 and
Table S3 of Supporting Information S1.

3.2. BVOC Emission Changes Induced by Vegetation Growth

Our simulations estimate that total BVOC emissions in the BTH region reached 128.2 Gg in July 2019. This
figure falls well within the 95.0–175.2 Gg range reported by previous studies (Cai et al., 2024; A. Li et al., 2023;
L. Li et al., 2023; Qi et al., 2022; Xia & Xiao, 2019). Spatially, emissions were highest in the northern BTH and
were predominantly from rural sources (Figure S6a). Urban areas contributed a total of 14.4 Gg, with the urban
core of Beijing being the largest single urban source (3.4 Gg). In terms of chemical composition, isoprene was the
largest contributor (35.4%), followed by oxygenated VOCs (30.1%), other VOCs (27.2%), and terpenes (7.2%)
(Figure S6b in Supporting Information S1).

We project that future vegetation growth will substantially boost BVOC emissions across the BTH region
(Figures 2c and 2d). Total emissions are expected to climb by 17.7 Gg (13.8%) by 2040 and by 35.1 Gg (27.4%)
by 2060, relative to 2019 levels. Urban areas are expected to contribute 8.4 and 11.8 Gg to these increases in 2040
and 2060, respectively, raising their average emission density by 368.6 kg km− 2 and 512.6 kg km− 2. The largest
change is projected for Tianjin, reflecting its significant potential for future green space expansion.

Our temporal analysis reveals a shift in the primary source of BVOC emission increases. Initially, from 2019 to
2040 (Figure 2e), urban (8.4 Gg) and rural (9.2 Gg) areas are projected to contribute almost equally to the overall
increase. However, this balance shifts dramatically after 2040 as urban green space nears its saturation point. In
the subsequent period (2040–2060), the increase from urban areas (3.4 Gg) is projected to be just 24.3% of that
from rural areas. This indicates that long‐term growth in regional BVOC emissions will be overwhelmingly
driven by rural vegetation.

3.3. Nonlinear Response of O3 Concentration to Vegetation Growth Under Anthropogenic Emission
Reduction Pathway

We quantified the impacts of anthropogenic emission reductions and vegetation‐driven BVOC increases on future
O3 concentrations using WRF‐Chem sensitivity experiments (Figure 3). With BVOC emissions fixed at 2019
levels, cuts in anthropogenic emissions alone will substantially decrease maximum daily 8‐hour average (MDA8)
O3. Driven by a 51.9% reduction in anthropogenic NOx and a 32.5% reduction in anthropogenic VOCs compared
to the 2019 baseline, regional MDA8 O3 is projected to fall by 7.8 ppb by 2040. By 2060, as the reductions in
anthropogenic NOx and VOCs deepen to 81.6% and 54.1% respectively, the MDA8 O3 decrease becomes more
pronounced, deepening to 13.7 ppb. The detailed emission reduction trajectories are illustrated in Figure S7 of
Supporting Information S1. Consistent with previous research, the O3 decrease was less pronounced in areas with
high emission intensity (Figures 3a and 3b) (Hou et al., 2023; Z. Liu et al., 2021; Liu, Wild, et al., 2023; Weng
et al., 2023).

However, our simulations show that increased BVOC emissions from vegetation growth will partially offset these
gains, although this effect diminishes over time. In 2040, vegetation growth is projected to increase regional
MDA8 O3 by 2.5 ppb (3.5 ppb in urban areas), counteracting 33.1% (47.0% in urban areas) of the benefit from
emission controls. This offsetting effect weakens to only 0.5 ppb regionally (1.0 ppb in urban areas) by 2060,
negating a mere 3.6% (7.0% in urban areas) of the gains from emission cuts. This diminishing influence of BVOCs
demonstrates a fundamental shift in atmospheric chemistry. The greater O3 impact in urban areas is due to higher
NOx densities, which enhance O3 production from BVOC precursors (Bell, 2004; Fitzky et al., 2019; Travis
et al., 2016; Xu et al., 2025). While the spatial pattern of the O3 increase from vegetation followed the pattern of
the BVOC emission increase (Figures 3c and 3d), the magnitude of the effect changed over time. The sharp
decline in the O3 response to BVOCs by 2060 indicates a significant reduction in O3 sensitivity to BVOCs. This
shift is driven by the substantial changes in anthropogenic emissions. Anthropogenic NOx emissions in the BTH
region will decrease sharply from 184.5 Gg in 2019 to 88.8 Gg in 2040, and further to 33.9 Gg by 2060. Although
anthropogenic VOCs are also projected to decline (from 181.6 Gg in 2019 to 83.3 Gg in 2060), the dispropor-
tionately larger reduction in NOx shifts the BTH region into a strongly NOx‐limited chemical regime (Y. Liu
et al., 2024). To better elucidate the underlying photochemical shifts, we evaluated the regional VOCs to NOx

emission ratios (Figure S8 in Supporting Information S1). The calculated emission ratio rises from 1.7 in the 2019
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baseline to 3.0 in 2040, and further escalates to 7.3 by 2060. This significant upward trajectory indicates the
transition of regional ozone chemistry. Driven by the combined effects of stringent anthropogenic NOx reductions
and continuous increases in BVOCs, the region shifts toward a NOx‐limited regime by 2060.

While vegetation growth led to increased MDA8 O3 in all BTH cities in 2040, a remarkable reversal is projected
by 2060 (Table S4 in Supporting Information S1). In this future scenario, vegetation growth is expected to lower
MDA8 O3 concentrations in several cities, such as Hengshui (− 1.9 ppb) and Xingtai (− 1.5 ppb). This reversal is
driven by the projected sharp decline in NOx emissions by 2060 (− 81.6% from 2019 levels), which shifts the
region into a strongly NOx‐limited O3 formation regime (G. Chen et al., 2024; Cheng et al., 2023). Under this
condition, the large BVOC increases in major urban centers like Beijing and Tianjin intensify hotspots of radical
cycling that efficiently sequester the scarce regional NOx to produce O3 locally. However, this process reduces the
rural availability of NOx, suppressing their O3 production and leading to the observed decreases (Malashock
et al., 2022; Sun et al., 2024). This spatial heterogeneity demonstrates that under future low‐NOx conditions, the
uneven distribution of BVOC emissions can lead to complex and counterintuitive O3 responses. Our findings
highlight a critical limitation of linear thinking: in strongly NOx‐limited regimes, historical air quality man-
agement experiences may not be a reliable guide for predicting the outcomes of deep emission cuts.

To understand the changing sensitivity of O3 to BVOCs, we simulated a fixed emissions scenario where
anthropogenic emissions were held at 2019 levels while only vegetation grew (Figures 3e and 3f). By 2060,
regional MDA8 O3 increased by only 1.1 ppb (3.1 ppb in urban areas). A key finding, however, is that mid‐term
(2040) anthropogenic emission reductions paradoxically amplify the O3 increase from vegetation growth
(Figure 4). Under the combined scenario (Combined Scenario), the O3 increase attributable to vegetation growth
(+2.5 ppb regionally, +3.5 ppb in urban areas) was substantially higher than when emissions were not cut
(Vegetation Growth Only scenario: +0.04 ppb regionally, +1.4 ppb in urban areas). This amplification occurs
because moderate NOx reductions shift the chemical regime into a transitional state that is highly sensitive to

Figure 3. Simulated impacts onMDA8O3 concentrations, illustrating: (a, b) O3 changes due solely to anthropogenic emission reductions in 2040 and 2060, respectively;
(c, d) O3 changes resulting from increased BVOC emissions from vegetation growth for the same years; and (e, f) the projected contribution of vegetation growth to
MDA8 O3 in 2040 and 2060 under the current anthropogenic emissions scenario.
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BVOCs. O3 responds nonlinearly to progressive NOx reductions, increasing toward a maximum at the transition
ridge before declining under NOx‐limited conditions (Z. Liu et al., 2021; Zeng et al., 2022; Liu et al., 2025). In our
simulations, the 2040 background is closer to this ridge, strengthening the O3 response to the same BVOC in-
crease, whereas stronger NOx limitation in 2060 weakens this response.

Changes in O3, NOx, and OH concentrations across simulation scenarios elucidate the nonlinear photochemical
interactions, as illustrated in Figure S9 of Supporting Information S1. During the daytime peak hours from 12:00
to 18:00, the 2040 combined scenario demonstrates that abundant BVOCs consume OH, decreasing its levels
from 3.2 × 10− 1 ppt to 3.1 × 10− 1 ppt compared to the Emission Cuts Only scenario. The concurrent oxidation of
biogenic precursors converts NO to NO2, driving the daytime average O3 from 68.7 ppb up to 70.8 ppb. This
dynamic shifts by 2060. Driven by deep anthropogenic cuts, daytime NO2 plummets to 0.4 ppb. Under this severe
NOx limitation, although expanding BVOCs continue to consume OH, dropping its levels from 2.4 × 10− 1 ppt to
2.2 × 10− 1 ppt, the lack of NOx prevents O3 production. Consequently, daytime O3 barely increases, shifting from
62.1 to 62.3 ppb. During the nighttime and early morning from 0:00 to 6:00, future O3 concentrations rise by
3.4–4.2 ppb compared to the 2019 baseline, driven by weakened NO titration. In 2040, enhanced biogenic
emissions increase NO2 and NO levels by 11.5% and 21.1% respectively. This phenomenon stems from BVOCs
competing for OH, which suppresses the conversion of NO2 to HNO3 (Qu et al., 2021; Wang et al., 2019).

However, the synergistic relationship between anthropogenic emission reductions and the O3‐forming potential
of vegetation reverses with the deep, long‐term (2060) emission cuts required for carbon neutrality. By 2060, the
O3 contribution from vegetation under the combined scenario (+0.5 ppb regionally, +1.0 ppb in urban areas) was
much lower than in the no‐cuts scenario (+1.1 ppb regionally, +3.1 ppb in urban areas). This occurs because the
massive decline in NOx availability pushes the region into a strongly NOx‐limited regime, where the capacity for
O3 formation is severely constrained, regardless of BVOC levels. Ultimately, accounting for vegetation growth
alters the projected trajectory of O3 decline. When vegetation is considered, the rate of O3 reduction is signifi-
cantly slower before 2040. Our results reveal a critical nonlinear relationship: as anthropogenic NOx is pro-
gressively cut, the sensitivity of summer O3 to rising BVOC emissions first increases and then decreases. This
evolving sensitivity is a crucial consideration for long‐term air quality management in a greening world.

Figure 4. Temporal changes in summer MDA8 O3 under different future pathways. The figure shows average concentrations for (a) the entire BTH region and (b) urban
areas only. Lines represent different pathways: vegetation growth with constant 2019 emissions (Vegetation Growth Only, red); emission cuts with constant 2019
vegetation (Emission Cuts Only, yellow); and the combined scenario with both changes (Combined Scenario, blue). The 2019 baseline concentration is shown as a black
dashed line. The gray hatched area highlights the additional O3 resulting from vegetation growth. Error bars indicate spatial standard deviations.
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4. Conclusions
To assess the dynamic impacts of BVOC emissions on regional O3 pollution within future scenarios characterized
by deep anthropogenic emission cuts and significant vegetation growth, we employed statistical models and the
WRF‐Chem atmospheric chemical transport model to project future vegetation coverage expansion and LAI
growth, evaluating their impacts on summer BVOC emissions and O3 concentrations in BTH region. The results
demonstrate that vegetation growth, a factor often overlooked, plays a critical and nonlinear role in shaping future
O3 pollution dynamics under ambitious emission reduction pathways. We project that urban green space in the
BTH region will increase by 36.5% by 2060 compared to 2019, approaching saturation around 2040, while the
average LAI is expected to grow at 13.6 × 10− 3 m2 m− 2 yr− 1. This greening is projected to increase regional
BVOC emissions by 35.1 Gg by 2060, with urban areas contributing 11.8 Gg of this increase. The impact of these
rising BVOC emissions on O3 is highly dependent on the level of anthropogenic emissions. In 2040, increased
BVOCs are projected to offset the benefits of emission controls by a substantial margin (33.1% regionally, 47.0%
in urban areas). However, as deep emission cuts create a strongly NOx‐limited environment by 2060, this off-
setting effect weakens dramatically (to 3.6% regionally and 7.0% in urban areas). This reveals a critical nonlinear
evolution: the sensitivity of O3 to BVOCs first increases under moderate NOx cuts, and then decreases under deep
cuts. Consequently, vegetation growth reverses the O3 reduction pattern from initially rapid to slow.

Our study has limitations that underscore the need for future research. First, our projections rely on static basal
emission factors. However, this assumption introduces uncertainty, as recent studies indicate that vegetation
composition and physiological traits are likely to evolve under a warming climate (Higgins et al., 2023; Ren
et al., 2024; Zhang et al., 2022). Second, emission uncertainties were evaluated using 100,000 Monte Carlo
simulations with literature‐based ranges of 22% variations for AVOC (M. Li et al., 2019), 95.0–175.2 Gg for July
2019 BVOC emissions, applied as relative scaling factors to each scenario (Cai et al., 2024; A. Li et al., 2023; L.
Li et al., 2023; Qi et al., 2022; Xia & Xiao, 2019), and − 13% to +49% for NOx (Zhao et al., 2011, 2018). The
resulting 95% intervals of the VOCs/NOx ratio were 1.2–2.0, 2.1–3.6, and 5.0–8.7 for 2019, 2040, and 2060,
respectively. The simulated VOCs/NOx ratio for 2040 is 3.0. These results are consistent with an emission‐
reduction trajectory that passes through an intermediate O3‐ridge region. These uncertainties could not alter
the conclusion that the BVOC‐induced O3 enhancement is strongest near the intermediate stage and weakens with
further NOx reductions, although they may shift the timing of the transition. Third, we employed fixed 2019
meteorological conditions to isolate the chemical impacts of vegetation changes. This approach excludes the
direct amplification effect of future climate change on BVOC emission rates. As BVOC emissions typically
increase exponentially with temperature (Moradi et al., 2025; Wang et al., 2025), the combined effect of vege-
tation expansion and climate warming would likely result in even higher emissions than reported here. To
evaluate the potential amplification effect of future climate change, we conducted a sensitivity analysis by
increasing the surface temperature in our model by 1°C while keeping other variables constant. Our results
indicate that this warming effect is relatively minor compared to the impact of vegetation expansion, as a 1°C
increase leads to a 6.1% increase in regional BVOC emissions. This aligns with Gu et al. (2021), who projected
that meteorological changes under the RCP8.5 scenario would increase BVOC emissions by 4.6% by 2050. Given
that future warming would further amplify BVOC emissions, excluding dynamic climate variables does not alter
our core conclusions. Future work integrating long‐term dynamic ecological and climate models will be crucial
for refining these projections. Finally, although the 9 km resolution is widely adopted for regional simulations
across urban agglomerations, it may smooth out subgrid emission gradients and introduce local uncertainties in
ozone chemistry. Future studies utilizing finer grid resolutions with correspondingly high‐resolution emission
inventories are needed.

Our findings show that ignoring the complex interactions between vegetation growth and emission reductions can
lead to significant biases when evaluating long‐term air quality policies. Given that the impact of BVOCs on O3

pollution is strongly nonlinear with respect to anthropogenic NOx emission levels, future air quality management
and urban planning policies must move beyond a singular focus on emission reduction targets to strategically
incorporate the deployment of green infrastructure. This requires coordinating urban greening goals with long‐
term deep NOx reduction targets and optimizing the spatial layout of green spaces based on nonlinear chemi-
cal sensitivity. Given that isoprene is the predominant contributor to O3 formation, we strongly recommend the
strategic selection and planting of low‐isoprene‐emitting tree species during future urban green space expansion.
By optimizing the vegetation composition, policymakers can maximize the ecological benefits of urban greening
while effectively minimizing the unintended chemical offset to regional anthropogenic emission control efforts.
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