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Abstract. Ozone (O3) concentrations in the Pearl River Delta (PRD) during summer are typically low and of-
ten overlooked. However, integrated observational data indicate a consistent increase in summer O3 levels over
recent decades (+0.96 ppb yr~!), contradicting China’s efforts to reduce anthropogenic emissions. Our dynami-
cally calculated natural emissions show that biogenic volatile organic compound (BVOC) emissions in the region
significantly increased between 2001 and 2020, primarily due to climate change and alterations in vegetation
cover, with climate-driven BVOC emissions accounting for approximately 80 % of the increase. Furthermore,
parallel simulations using the Weather Research and Forecasting—Community Multiscale Air Quality (WRF-
CMAQ) model indicate that climate-driven BVOC emissions, by enhancing atmospheric oxidative capacity and
accelerating O3 formation, have weakened or even offset the benefits of anthropogenic emission reductions,
contributing 6.2 ppb to O3 formation and leading to an unexpected rise in O3 levels. This study enhances our
understanding of the mechanisms behind natural emissions in urban O3z formation under climate change and

provides insights for future O3 pollution control strategies.

Key points.

— Summer O3 concentrations in the Pearl River Delta region have
increased over the past 2 decades.

— Climate-driven biogenic volatile organic compound (BVOC)
emissions account for ~ 80 % of the total increase in BVOC
emissions from 2001 to 2020.

— The rising BVOC emissions serve as a key factor in the unex-
pected rise in O3 levels.

1 Introduction

Tropospheric ozone (O3) is formed through photochemi-
cal reactions involving its precursors, volatile organic com-
pounds (VOCs), carbon monoxide (CO), and nitrogen oxides
(NOy), under ultraviolet light. High concentrations of tropo-
spheric O3 not only pose a threat to human health but also
harm agricultural crops and other aspects of the ecosystem
(Lippmann, 1989; West et al., 2006; Xiao et al., 2021; Feng
et al., 2022). Despite the strict emission reduction measures
implemented since the so-called “National Ten Measures”
(State Council of China, 2013) and the “Blue Sky Protec-
tion Campaign” (State Council of China, 2018) in China, O3
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pollution has been rapidly increasing and spreading across
larger areas, becoming the primary pollutant in many regions
of China (Wang et al., 2017; Lu et al., 2018; Wang et al.,
2019; Lyu et al., 2023).

Current research on O3 pollution in China primarily fo-
cuses on anthropogenic emissions, with limited attention
given to natural sources, such as biogenic volatile organic
compounds (BVOCs). BVOCs are highly reactive and, once
released, rapidly interact with atmospheric oxidants such as
hydroxyl radicals (OH), leading to increased concentrations
of O3 and other oxidative products (Jenkin and Clemitshaw,
2000; Fry et al., 2014; Cao et al., 2022; Gao et al., 2022;
Wang et al., 2022b). In urban environments with high ni-
trogen oxide levels, O3 formation is particularly sensitive to
VOCs, meaning that even low concentrations of BVOCs can
significantly impact O3 levels. For instance, BVOC emis-
sions from urban greening spaces, in combination with an-
thropogenic emissions, can contribute to an additional in-
crease of approximately 5 ppb in O3z concentrations in Bei-
jing (Ma et al., 2019). Likewise, the intermediate oxidation
products of BVOCs, such as methyl vinyl ketone (MVK) and
methacrolein (MAC) from South China’s forests, can interact
with anthropogenic emissions from the Yangtze River Delta
(YRD) and Pearl River Delta (PRD) urban clusters through
regional transport, leading to elevated O3 levels in down-
stream cities (Wang et al., 2022b).

It is important to note that BVOC emissions, particu-
larly isoprene emissions, are closely related to meteorolog-
ical conditions. Typically, isoprene emissions increase with
rising temperatures (or solar radiation); however, when tem-
peratures become too high, vegetation growth is inhibited,
and isoprene emissions may decrease due to stomata clos-
ing (Seco et al., 2022). Recent research has found that under
mild to moderate heat stress, reduced stomatal conductance
in vegetation leads to increased leaf temperatures, which can
indirectly enhance isoprene emissions from plants (Wang
et al., 2022a). Numerous studies have found that synoptic
weather systems with high temperatures significantly exacer-
bate BVOC emissions from vegetation. For instance, several
studies have reported that the rare heatwave during the sum-
mer of 2022 exacerbated O3 pollution by intensifying BVOC
emissions in the YRD, PRD, and Sichuan Basin regions (Li
et al., 2024; Wang et al., 2024b; Wang et al., 2024a).

The PRD is a typical developed urban cluster located in
southern China. This region is characterized by distinct ge-
ographical features: urban areas are characterized by high
levels of anthropogenic emissions, while the surrounding ar-
eas are densely vegetated. Due to climate change and on-
going greening efforts, vegetation in this region has signifi-
cantly increased, particularly the evergreen broadleaf forests,
which are known for their high BVOC emissions (Guenther
et al., 2006; Guenther et al., 2012; Wang et al., 2023a). Cur-
rently, air quality issues in the PRD have shifted from PM5 s-
dominated haze pollution to O3-dominated photochemical
pollution. A substantial amount of research has been con-
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ducted on the characteristics of O3 pollution. For example,
Yin et al. (2019) found that summer O3 concentrations in
the region are relatively low due to monsoon influence, with
higher values observed in autumn. Jin and Holloway (2015)
discovered seasonal variations in the sensitivity of O3 to its
precursors, indicating that the cold season is VOC-limited,
while summer often exhibits a NO,-limited or synergistic
control regime. However, past studies have primarily focused
on the impact of anthropogenic emissions, with limited at-
tention given to the effects of natural sources. The impact
of increased natural emissions from vegetation and climate
warming on local O3 levels remains unclear.

In this study, we combined comprehensive observations to
analyze the summer O3 and vegetation trends in the PRD re-
gion. Using the dynamic Model of Emissions of Gases and
Aerosols from Nature (MEGAN) for biogenic emissions, we
quantified the changes in BVOC emissions caused by vegeta-
tion and climate change, and the meteorological factors driv-
ing these BVOC changes were also identified. Finally, we
assessed the impact of BVOC variations and anthropogenic
emission reductions on O3 levels. This study aims to provide
scientific insights into the mechanisms of O3 pollution and
emphasize the importance of control strategies that account
for the synergistic effects of both anthropogenic and natural
emissions in the context of climate warming.

2 Material and methods

2.1 Data

We integrated surface O3 observations with O3 sounding data
to investigate the spatiotemporal variations of O3 in the Pearl
River Delta (PRD) region. The surface O3 data were sourced
from the monitoring network established by China’s Ministry
of Ecology and Environment (MEE), comprising 89 opera-
tional stations across the PRD (Fig. 1). These networks pro-
vide in situ observations of ambient hourly O3, CO, SO,
NO,, PM; 5, and PM;g concentrations after 2013. In ad-
dition, complementary O3 sounding data were sampled at
King’s Park, Hong Kong (114.17°N, 22.31° E), where oper-
ational O3 sounding has been conducted since 1993. Sound-
ings are performed weekly at 14:00 LT using balloons, pro-
viding vertical profiles with a resolution of approximately
10 m, reaching altitudes of up to ~30km. In this study,
we collected O3 soundings from the surface up to 900 hPa
(within the boundary layer) to represent the background O3
levels in the PRD region.

In order to understand the nitrogen oxides (NOy), a pre-
cursor of O3z, satellite observations and emission inventory
data were analyzed. Monthly tropospheric NO,. column data
(Level 3) were obtained from the Ozone Monitoring Instru-
ment (OMI) (data accessed via: https://avdc.gsfc.nasa.gov/
pub/data/satellite/Aura/OMI, last access: 20 August 2024).
Anthropogenic NO, emissions were derived from the Multi-
resolution Emission Inventory for China (MEIC), developed
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Figure 1. (a) Changes in tropospheric NO, column concentrations and anthropogenic NOy emissions in the PRD from 2011 to 2020.
(b) PRD map showing surface-observed summer O3 trends (2013-2020) and leaf area index trends (LAI 2001-2020). (¢) Changes in LAI
and proportion of broadleaf trees in the PRD between 2001 and 2020. (d) Variation of summer O3 soundings and temperature, with the

dashed lines showing the linear plot.

by Tsinghua University (http://meicmodel.org.cn/, last ac-
cess: 20 August 2024).

2.2 MEGAN

Biogenic emissions were computed offline using the Model
of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.1, developed by Guenther et al. (2012). MEGAN
is capable of estimating the emissions of over a hundred bio-
genic volatile organic compounds (BVOCs), with a horizon-
tal resolution that can range from ~500m to hundreds of
kilometers. The theoretical calculations are based on the fol-
lowing concept:

Fi=vi ) X ey

where F;, ¢ j, and x; are emission amounts, the standard
emission factor, and the fractional coverage of each plant
functional type (PFT) j of chemical species i. y; is the emis-
sion activity factor, which is calculated based on the canopy
environment coefficient (Ccg), leaf area index (LAI), light
(yL), temperature (yr), leaf age (yL.a1), soil moisture (ysm),
and CO; uptake (ycr)-

(@)

In China, most researchers using MEGAN rely on the
model’s default surface data. However, these default data
are based on conditions from the year 2000, with no annual

¥i = CceLAIyL i YT,i VLA,i YSM.,i VCLi
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variation. Considering the significant changes in land cover
due to China’s reforestation policies and climate change,
the outdated land surface data fail to capture current con-
ditions accurately. Therefore, this study employs satellite-
derived, high-resolution land data with monthly dynamic up-
dates to achieve more representative and accurate estimates
of BVOC emissions. In detail, the LAI data are sourced from
the MODIS MCDI15A2H product covering the period from
2001 to 2020, with a temporal resolution of 8d. The land
cover type data are derived from the MODIS MCD12Q1
product, which uses an LAl-based classification scheme and
includes eight vegetation types. These were further mapped
to the 16 plant functional types (PFTs) used in MEGANvV2.1,
considering the methodology outlined by Bonan et al. (2002).
The detailed mapping scheme is provided in the Supple-
ment (Table S1). Meteorological conditions were provided
by Weather Research and Forecasting (WRF) simulations.

Using this method, we were able to separately quantify the
impact of vegetation emissions driven by changes in vegeta-
tion distribution and those driven by climate change. For in-
stance, by fixing the meteorological conditions while allow-
ing the vegetation data to change annually, we could isolate
the contribution of vegetation distribution variations to emis-
sions (land impact). Similarly, by holding the vegetation data
constant and allowing meteorological conditions to vary year
by year, the emissions attributable to climate change could be
quantified (climate impact).

Atmos. Chem. Phys., 25, 8859-8870, 2025
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2.3 Random forest (RF) model

To investigate the relationship between BVOC emissions and
meteorological factors, we employed an RF machine learn-
ing model. Since BVOC emissions were calculated based
on the MEGAN-calculation framework, emissions are driven
by inputs such as temperature, humidity, solar radiation, and
other factors. This context makes the RF model particularly
suitable, as it is adept at handling non-linear relationships and
interactions among variables, making it effective for com-
plex environmental data sets. We trained the RF model us-
ing the WRF-simulated meteorological variables alongside
corresponding BVOC emissions. To interpret the results and
gain insights into the contribution of each meteorological
factor to BVOC emissions, we utilized SHapley Additive ex-
Planations (SHAP) values. SHAP values provide a robust
framework for understanding the impact of individual fea-
tures on model predictions by attributing the contribution of
each factor to the overall output. This approach not only en-
hances the interpretability of the RF model but also facilitates
a deeper understanding of how different meteorological con-
ditions influence BVOC emissions, thereby informing future
research and environmental management strategies.

3 WRF-CMAQ model

We employed the Weather Research and Forecasting—
Community Multiscale Air Quality (WRF-CMAQ) chemi-
cal transport model to assess the effects of climate and land-
change-induced BVOC emissions, alongside anthropogenic
emission reductions, on O3 concentrations. The WRF model
(version 3.9.1) is a mesoscale numerical weather prediction
system designed for both operational forecasting and atmo-
spheric research. Atmospheric chemistry was simulated us-
ing CMAQ (version 5.3), with the Carbon Bond version 06
(CB06) and Aerosol Module version 6 (AERO6) mecha-
nisms. In this study, we utilized a single domain with a hor-
izontal resolution of 25km, covering the entirety of China
and its surrounding regions, centered at 30° N, 106.8° E. The
model includes 31 vertical layers with a top pressure bound-
ary of 100 hPa. The WRF model was driven by ERAS re-
analysis data, providing meteorological inputs for the sim-
ulation. The chemical boundary conditions for the CMAQ
domain were sourced from the Community Earth System
Model (CESM).

The key WRF-CMAQ configurations include the Rapid
Radiative Transfer Model (RRTM) for longwave and short-
wave radiation, the Noah Land Surface Model for land—
atmosphere interactions, the Kain—Fritsch scheme for cumu-
lus parameterization, the Lin microphysics scheme, and the
YSU boundary layer scheme. Anthropogenic emissions for
China were obtained from the MEIC, and biogenic emis-
sions were calculated by an improved version of MEGAN
(described in Sect. 2.2). The performance of the model was
validated by comparing it with observations. Generally, the
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statistical comparisons showed that the model-simulated re-
sults matched those observed well, indicating reliable model
performance, as summarized in Table S2.

Using the WRF-CMAQ model, we conducted paral-
lel comparison experiments to address the importance of
BVOC emissions: for example, scenarios that consider
only anthropogenic volatile organic compounds (AVOCs)
(AVOC_Only) versus those that include both anthropogenic
and vegetation emissions (Add_BVOC). To explore the com-
plex non-linear relationships between Oz and its precur-
sors, we employed the high-order decoupled direct method
(HDDM). In the HDDM, sensitivity coefficients (S;) rep-
resent the response of a chemical concentration to pertur-
bations in a sensitivity parameter, such as emissions, initial
conditions, boundary conditions, or reaction rates (Simon et
al., 2013; Itahashi et al., 2015). The semi-normalized first-
and second-order sensitivity coefficients, S;l and S(.z) are

J.k
defined as follows:
1) aC
= 3
=3 (3)
92C
2)
S4 = -, 4
Ik 0E;0Ey @

where S;l) represents the first-order sensitivity to changes

in parameter j. 552,)( refers to the second-order sensitivity to
simultaneous changes in parameters j and k. When j =k,
SEZ) represents the sensitivity to an individual parameter, and
when j # k, it refers to a cross-sensitivity coefficient. The
equation for approximating O3 concentrations under the per-
turbations of parameters j and k through a Taylor-series ex-
pansion of the sensitivity coefficients is as follows:

1 1
1 2 1 2
Cie,.5 = Co+ SV E; + §S§. 'E2 4+ SV Ei + ES’E 'E}

2
+EESY). (5)

where Cy refers to the chemical concentration in the base
scenario.

In addition, the O3 formation budget, based on the per-
spectives of anthropogenic emission reductions and changes
in vegetation emissions, was quantified over the last 2
decades (2001-2020). This algorithm maximally accounts
for the influences of anthropogenic and biogenic sources to
highlight their respective contributions on a climatic scale.
For instance, anthropogenic NO, emissions peaked in 2012
and have continuously declined over the past decade. There-
fore, we assessed the impact of human emission reductions
by comparing O3 simulations driven by emissions from 2012
and 2020. Similarly, considering the continuous increase in
surface vegetation data, we utilized surface vegetation data
from 2001 and 2020 to drive the vegetation emissions, aim-
ing to maximize the differences in O3 simulations resulting
from changes in vegetation. To account for the impact of
climate-change-driven vegetation emissions, we calculated
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BVOC emissions using both current and historical meteo-
rological data. We then examined the differences in O3 sim-
ulations driven by current and past meteorological data. The
impact of climate-driven meteorology on chemical O3 for-
mation was also assessed using similar methods (see details
in Table S3). Although this algorithm does not operate within
a unified time frame, it emphasizes the contributions of both
anthropogenic and vegetation emissions, aiding in the assess-
ment of their combined effects.

4 Results

4.1 Rising summer Oz concentrations and vegetation in
the PRD

Since China implemented the National Ten Measures in
2012, aimed at controlling PM> 5 pollution, NO, emissions
have shown significant improvement in the PRD, as evi-
denced by the substantial annual decline in NO, column den-
sity and emissions from 2011 to 2020 (Fig. 1a). However,
surface monitoring of summer O3 concentrations in the PRD
region has exhibited an upward trend with an increasing rate
of 0.51 ppb/month (Fig. 1b). We also examined background
O3 sounding data within the boundary layer (between the sur-
face and 900 hPa); the results revealed an increasing rate of
0.96 ppbyr~—! between 1995 and 2020, consistent with the
surface network observation (Fig. 1c). It has been widely ac-
knowledged that summer O3 levels in the PRD are generally
low due to the monsoon-prevailing southerly winds, which
bring relatively clean air from the South China Sea. However,
the rising O3 concentrations in recent summers suggest that
photochemical O3 pollution is becoming increasingly severe
in the PRD.

Driven by the government’s reforestation policies and the
impact of climate change, we also observed an increasing
trend in vegetation coverage in the PRD, as indicated by the
broad positive LAI trend over the last 2 decades (Fig. 1b).
Additionally, through the analysis of changes in vegetation
types, it was found that there was a significant increase in the
proportion of evergreen broadleaf forests, a tree type known
for high BVOC emissions, rising from 17.9 % to 28.6 % be-
tween 2010 and 2020 in the PRD (Fig. 1d). The increase in
vegetation coverage implies a potential rise in BVOC emis-
sions, which appears to be a possible contributor to the ob-
served O3 increment. Additionally, against the backdrop of
global climate warming, the PRD has experienced a tempera-
ture increase of +-0.02 °C yr~! over the past decade (Fig. 1c),
which would further enhance BVOC emissions due to ele-
vated temperatures.

4.2 Significant BVOC emissions increment due to
climate change

As detailed in the “Materials and methods” section, we
updated MEGAN by incorporating dynamically varying
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Table 1. Comparisons of isoprene emissions and their proportion
of total BVOCs.

Isoprene emission  Isoprene/BVOCs  Reference

(Tg) (%)

17.5 53.9  This study

15.94 46.5 Wangetal. (2021a)
9.6 50 Caoetal. (2018)
9.59 50.9  Fuand Liao (2012)
13.3 56.5 Wuet al. (2020)

15 52.8  Guenther et al. (1995)
19.13-27.09 52.4  Liand Xie (2014)
20.7 42,5 Lietal. (2013)
28.23-37.45 57.6-63.6  Lietal. (2020)

satellite-derived vegetation data. To assess the model’s re-
liability, we calculated the BVOC emissions for the entire
year of 2020 in China, utilizing 2020-based meteorology and
land data, and compared the findings with results from previ-
ously published studies (Table 1). The BVOC inventory es-
tablished in this study indicates that total isoprene emissions
in China reached 17.5 Tg, falling within mid-range estimates
from previous studies (Table 1), suggesting overall consis-
tency with earlier findings. Notably, isoprene accounts for
53.9 % of all BVOC emissions, a proportion that also aligns
well with earlier findings. This not only supports the validity
of our calculations but also underscores the significance of
isoprene across all BVOC species.

By using different combinations of meteorological condi-
tions and land cover data (including LAI and PFT), we em-
ployed MEGAN to quantify the impact of land use and cli-
mate changes on the BVOC emissions trend from 2001 to
2020, respectively. The two major components of BVOC:s,
isoprene and terpenes, were both quantified in response to
changes in vegetation cover and climate (Fig. 2). Our find-
ings indicate a significant upward trend in both isoprene and
terpene emissions in southern China (including the PRD) and
northern China, which stand in stark spatial contrast to the
emissions patterns observed in western and central China.
By attributing the emission changes to vegetation and cli-
mate shifts, we found that, unlike northern regions of China,
such as the Loess Plateau, where increased BVOC emis-
sions are primarily attributed to afforestation efforts (Zhang
etal., 2016), the rise in BVOC emissions in southern China is
mainly influenced by climate change. For example, the iso-
prene emission trend was 30.0 t per summer over 2001-2020
in the PRD, making up ~ 80 % of the total isoprene varia-
tions. The significant increase attributed to climate change
suggests that BVOC emissions in this area are highly sensi-
tive to climatic variations.

The climate impact could be simply attributed to the com-
bined effects of multiple meteorological parameters, such as
ambient temperature, soil temperature, relative humidity, and
other factors. It is crucial to identify the dominant meteoro-
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logical factors in the context of climate warming. To this end,
we established a diagnostic method that coupled a numer-
ical model with machine learning. Specifically, we utilized
meteorological parameters simulated by the WRF model to
drive an RF model for predicting BVOC emissions. To en-
sure the robustness of the results, we performed a 10-fold
cross-validation, achieving an R? (coefficient of determina-
tion) of 0.78 and an MAE (mean absolute error) of 0.73 (Sup-
plement Fig. S1). These metrics indicate that the machine
learning model effectively reproduces BVOC emissions. To
assess the significance of each meteorological parameter, we
employed the SHAP method (see details in the “Materials
and methods” section). The results indicate that ambient tem-
perature, soil temperature, soil water vapor, radiation, surface
pressure, and relative humidity are the dominant meteorolog-
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ical parameters, with temperature being the most influential
(Fig. 3). This finding is further supported by the observed
upward trend in these parameters over the past 20 years
(Fig. S2). Our investigation reveals that BVOC emissions in
the PRD are highly sensitive to climate, and the rising tem-
perature has become the dominant factor driving the increase
in BVOC emissions. Noting that the PRD is a developed city
cluster with high anthropogenic emissions, the annual rise
in BVOC emissions is likely to exacerbate the interactions
between natural and human-made emissions. Therefore, the
impact of BVOC emissions warrants further exploration in
addressing the issue of increasing summer O3 levels in the
region.

4.3 Climate-induced BVOCs alleviate O3 control

To quantify the influence of BVOCs on O3 concentrations,
the CMAQ-HDDM model was employed to assess the sen-
sitivity of O3 to its precursors during the summer of 2020 in
southern China. The response of atmospheric oxidation ca-
pacity to BVOC emissions was evaluated under two scenar-
ios: one considering only the impact of anthropogenic VOCs
(AVOC_ONLY scenario) and the other accounting for both
anthropogenic and biogenic emissions (ADD_BVOC sce-
nario). It should be noted that the AVOC_ONLY scenario
is an unrealistic scenario, and removing BVOC emissions
from the real world may result in uncertainties due to the
non-linear relationship between O3 and its precursors. How-
ever, studying and comparing the parallel numerical exper-
iments (AVOC_ONLY and ADD_BVOC scenarios) could
greatly help us understand the mechanisms and significance

https://doi.org/10.5194/acp-25-8859-2025
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of BVOC emissions for O3 formation. In each scenario, we
primarily focused on the responses of O3 to NO, emission
reductions, aligning with China’s emission control strategy
that predominantly targets NO, emissions.

Taking the 2020-based simulation as an example, we an-
alyzed the spatial distribution of the first-order sensitiv-
ity coefficient of O3 to its precursors (Fig. 4). Under the
AVOC_ONLY scenario, the central region of the PRD ex-
hibited significant sensitivity to volatile organic compound
(VOC) emissions (i.e., high sensitivity coefficients greater
than 15 ppb), while the surrounding areas were more NO,-
sensitive (Fig. 4a and ¢). When BVOC emissions were in-
cluded, the VOC-sensitive region expanded beyond the core
of the PRD to its surrounding areas, with an increase in
the sensitivity coefficient value. This implies that there are
more favorable conditions for O3 production. Additionally,
in remote areas that belong to NO,-sensitive regions, for
instance, the northern PRD, a notable increase in the sen-
sitivity coefficient value was found, meaning the sensitiv-
ity of O3 to NO, emissions also became more pronounced
(Fig. 4b and d). This suggests that even in NO,-limited re-
gions, BVOCs could significantly enhance atmospheric reac-
tivity, facilitating easier O3 formation. The underlying mech-
anism by which BVOC emissions influence ozone forma-
tion can be attributed to their impact on NO, production lev-
els (Fig. 4e). By comparing the reaction rates of RO, + NO
and HO; + NO, both key pathways determining O3 forma-
tion, we found that the addition of BVOCs increased these
reaction rates by 4.1 and 1.8 ppbh~!, respectively. In other
words, the presence of BVOCs enhanced atmospheric oxi-
dizing capacity, leading to an additional O3 production rate
of approximately 4.7 ppbh~!. Further, we simulated O3 re-
sponses to NO, emission perturbations under both scenarios
(Fig. S3). The results showed that O3 levels initially rose and
then fell as NO, reductions increased, with a turning point
around a 10 % emission reduction. Compared to our previ-
ous study conducted in winter, which identified the O3 for-
mation regime as transition-limited, with a turning point at
approximately 35 % NO, emission reduction (Wang et al.,
2021b), it is believed that O3 formation sensitivity in the
PRD during summer is more closely aligned with a NOy-
limited regime. However, after considering the influence of
BVOC emissions, the benefits of NO, reduction were offset
by the influence of BVOC emissions, which contributed an
additional ~ 5 ppb of O3 formation.

Next, leveraging scenario simulations with the CMAQ
model, we quantified the O3 formation budget from the per-
spectives of anthropogenic emission reductions and changes
in vegetation emissions over the past 2 decades (Fig. 5). De-
spite the implementation of China’s “Ten Measures™ (State
Council of China, 2013) and the “Blue Sky Protection Cam-
paign” (State Council of China, 2018) pollution control
strategies, observational data have shown a rise in O3 lev-
els, which contradicts expectations and has puzzled policy-
makers in formulating effective O3 control strategies. These
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contrasting effects largely stem from shifts in O3-NO,—
VOC sensitivity. Past studies have suggested that O3 lev-
els would temporarily increase in the short term following
NO, emission controls (Wang et al., 2019; Huang et al.,
2021). However, after long-term (nearly a decade) emission
reductions, our findings reveal that, when considering only
anthropogenic emissions (AVOC_ONLY scenario), emission
reductions could lead to varying degrees of O3 decline in
southern China. For example, the average O3 concentrations
in Guangzhou could potentially decrease by 9.8 ppb due to
human-made emission control (Fig. 5a). This result is con-
sistent with a recent study by Wang et al. (2023b). How-
ever, the benefit has been overshadowed by the increase in
BVOC emissions (ADD_BVOC scenario). Our research in-
dicates that the key driver of rising summer O3 levels was the
significant impact of BVOC emissions. Specifically, BVOC
emissions driven by climate warming significantly impacted
O3 concentrations, showing a pronounced positive effect in
the core of the PRD urban areas (Fig. 5b). In Guangzhou,
climate-driven BVOC emissions have contributed to an in-
crease in O3 levels of as much as 6.2 ppb. In comparison,
BVOC emissions resulting from vegetation distribution vari-
ations (vegetation-change BVOCs) contributed less to O3
formation but still had a positive impact, with a contribu-
tion ranging from 0.8 to 1.5 ppb. It is noteworthy that the
contribution of climate impact on O3 chemistry (climate-
driven chemistry) varied significantly, with values ranging
from —19.3 to 16.2 ppb. This substantial difference might
be attributed to perturbations caused by extreme weather
events. For instance, extreme stable weather conditions, such
as heatwaves, are conducive to O3 pollution, while intense
heavy rainfall facilitates O3 removal. By analyzing historical
monthly average temperature and precipitation in the PRD
from 2000 to 2020, we found that both summer temperature
and precipitation exceed the climatic monthly average, rank-
ing the highest among the four seasons (Fig. S4). This result
aligns with our description. On one hand, hot days (i.e., the
periphery of typhoons and heatwaves) enhance photochem-
ical O3 formation, while on the other, extreme precipitation
(i.e., squall lines) suppresses O3 concentration. As an over-
all effect, BVOC emissions have undermined or offset the
progress achieved through anthropogenic emission controls,
leading to only marginal reductions or, in some cases, even
increases in O3 concentrations (Fig. 5e).

5 Conclusion and implications

Due to the influence of the summer monsoon, O3 concentra-
tions in the PRD during summer are typically low and of-
ten overlooked. However, observational data indicate a ris-
ing trend in summer O3 levels over the past 2 decades, with
an increase of approximately 1 ppb per summer. Based on
the current understanding of O3 formation sensitivity, it is
widely acknowledged that the O3 formation regime in the
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PRD tends to exhibit either a transitional or NO,-limited
regime during summer (Jin and Holloway, 2015; Wang et al.,
2019). China’s emphasis on reducing nitrogen oxide emis-
sions over the past decade was expected to have contributed
to lower summer O3 levels. In response to the unexpected
rise in summer O3, our dynamically calculated natural emis-
sions reveal a significant increase in BVOC emissions in
the region between 2001 and 2020. This increase was pri-
marily driven by climate change and changes in vegetation
cover, with climate-driven BVOC emissions accounting for
approximately 80 % of the rise. The concurrent increase in at-
mospheric and soil temperatures emerged as the key factors
driving this increase in BVOC emissions. Based on paral-
lel numerical simulations using the WRF-CMAQ model, we
found that vegetation emissions driven by climate warming
have mitigated and, in some cases, even offset the effects of
anthropogenic emission reductions, serving as a key factor in
the unexpected rise in O3 levels in the PRD (Fig. 6). It should
be noted that recent studies have demonstrated that certain
anthropogenic VOCs, like emissions from gasoline use and
volatile chemical products, show temperature-dependent in-
creases in their emission rates (Pfannerstill et al., 2024; Wu et
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al., 2024). These enhancements are particularly pronounced
during high-temperature and heatwave conditions and could
also contribute to elevated O3 levels (Qin et al., 2025). There-
fore, the observed fluctuations in summertime O3 concen-
trations may also result from sources other than BVOCs.
Though the present study did not consider these temperature-
responsive anthropogenic emission mechanisms, the conclu-
sion that temperature-induced increases in biogenic emis-
sions amplify O3 pollution remains valid, as it is supported
by rigorous computational analysis conducted in this study.
China has proposed its ambitious strategies for carbon
peaking and carbon neutrality and will continue to enhance
its efforts to reduce anthropogenic emissions. In the con-
text of global warming, rising temperatures and carbon-
neutrality-induced greening are likely to enhance biogenic
emissions, underscoring the increasing importance of natural
sources in urban areas. Our findings highlight the significant
role of climate-induced natural sources in tropospheric O3
formation, even in regions with high anthropogenic activity,
and emphasize the importance of mitigating climate warm-
ing. Lastly, it is recommended that future pollution control
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strategies take into account the synergistic effects of both an-
thropogenic and natural sources.
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Kong can be downloaded from https://woudc.org/data/explore.php
(WOUDC, 2023). Meteorological data from ERAS are available
at https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2023).
The MODIS land data are from https://e4ftl01.cr.usgs.gov/MOTA/
(LP DAAC, 2023). The numerical simulation results were stored
on the Tianhe-2 supercomputer, and results can be acquired from
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