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to control ozone pollution in China.
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ABSTRACT

Volatile organic compounds (VOCs) are considered as important precursors of ozone in the air, while the
contribution of VOCs from pesticide application (PVOCs) to ozone production is unknown. Utilizing data from
the Ministry of Agriculture and Rural Affairs of the People’s Republic of China and ChinaCropPhenlkm, this
paper developed PVOC emission inventories with a resolution of 1 km for the main crops (rice, maize, and wheat)
from 2012 to 2019 in China. The results revealed that pesticide application is an important VOC emission source
in China. Specially, the PVOC emissions from the major grain-producing regions in June accounted for
approximately 30% of the annual total PVOC emissions in the local regions. The simulation with the Weather
Research and Forecasting Community Multiscale Air Quality model (WRF-CMAQ) indicated that the PVOC
emissions increased the mean maximum daily 8-hour average (MDAS8) ozone concentration across China by 2.5
ppb in June 2019. During the same period, PVOCs in the parts of North China Plain contributed 10% of the ozone
formation. Under the comprehensive emission reduction scenario, it is anticipated that by 2025, the joint
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implementation of measures including reducing pesticide application, improving pesticide utilization efficiency
and promoting solvent substitution will decrease PVOC emissions by 60% compared with 2019, thereby miti-

gating ozone pollution.

1. Introduction

Due to the continuous growth of the global population and the
increasing demand for food, modern agriculture faces significant chal-
lenges [1]. Crop pests and diseases threaten both food quantity and
quality, compelling the widespread application of pesticides in agri-
cultural practices [2]. These pesticides serve as efficient and
cost-effective tools for enhancing crop yields and safeguarding the
global food supply. However, their extensive application has raised
concerns due to adverse effects on the environment and human health
[3,4]. Although researchers have a comprehensive understanding of the
environmental fate of pesticide active ingredients [5], there remains a
notable gap in our knowledge regarding the contributions of volatile
organic compounds from the application of pesticides (PVOCs) to at-
mospheric ozone production.

Recent research has indicated that PVOCs contribute approximately
2% of the total anthropogenic VOCs in China [6]. Although the pro-
portion of PVOCs in the total anthropogenic VOCs seems small, their
impact on ozone formation cannot be overlooked. It was reported that
ozone formation potentials resulting from pesticide application range
from 0.1-3.2 kg ozone/kg product [6,7]. Furthermore, Kumar et al.
demonstrated that PVOCs contributed 15 ppb of the ozone concentra-
tion, which corresponded to approximately 20% of the local background
level during the summer of 2007 in a California citrus orchard [8]. These
findings underscore the importance of PVOC emissions in ozone
production.

Anthropogenic VOC emission sources in the Emissions Database for
Global Atmospheric Research (EDGAR) include industry, transportation,
agriculture (from the soil, waste burning and manure management),
etc., whereas pesticide application is not included [9]. Although the
Multi-resolution Emission Inventory for China (MEIC) [10] and China
High Resolution Emission Database 3.0 A (CHRED 3.0 A) [11] encom-
pass almost all VOC emission sources in China, pesticide application is
still missing in MEIC and CHRED 3.0 A. Wang et al. evaluated PVOC
emissions in China, but they did not provide a high-resolution emission
inventory and the compositions of PVOCs [12]. The absence of a PVOC
emission inventory makes it difficult to evaluate the contribution of
PVOCs to ozone formation with air quality models.

This study was to develop PVOC emission inventories with a reso-
lution of 1 km for the main crops in China at a multiyear scale from 2012
to 2019. Based on the PVOC emission inventories, the role of PVOCs in
ozone formation in China was assessed utilizing the Weather Research
and Forecasting Community Multiscale Air Quality (WRF-CMAQ)
model. We compared the contributions of PVOCs and other anthropo-
genic VOCs to ozone formation and proposed further measures for
reducing ozone production. Our findings in this paper aim to provide the
public with a comprehensive understanding of the spatiotemporal dis-
tribution of PVOCs at a national level and to offer decision-makers
valuable insights on ozone control strategies.

2. Method
2.1. Construction of PVOC emission inventory

2.1.1. Estimation of PVOC emissions
Annual PVOC emissions were determined using Eqs. (1) and (2):
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where the subscripts y, i, j and k represent the year, province, main crop
type (rice, maize and wheat) and pesticide species, respectively. Ejxy
(ton-year 1) represents the VOCs from pesticide k applied in province i
inyeary; Py (ton-year 1) is the amount of pesticide k applied in crop j
in province i during year y; EF;x represents the emission factor (gkg™H
for VOCs emitted from pesticide k applied in crop j; E, (ton-year 1)
represents the total PVOC emissions in year y in China.

2.1.2. Determination of pesticide application in crops
The mass of pesticides applicated in crops was determined using Eq.
3):

Sy
Pyijx = Pyix X S)J 3

where Py ; (ton-year 1) is the mass of pesticide k applied in province i
during year y. The annual provincial activity level data of pesticide
application (Py,;x) in the main crops were sourced from the Ministry of
Agriculture and Rural Affairs of the People’s Republic of China (MARA),
and it can be found in Fig. S1. Pesticide k applied in the main crops in
China included insecticides (pyrethroids, emamectin benzoate, organ-
ophosphorus, neonicotinoids and carbamate), fungicides and herbicides
(Fig. S2). Sy,ij (mz) represents the area of cultivated land for crops j in
province i during year y; Sy ; (m?) denotes the area of total cultivated
land for the main crops in province i during year y; Data for Sy ;; and Sy,;
were sourced from China Rural Statistical Yearbooks [13] and
High-resolution Crop Phenological Dataset for Three Staple crops in
China (ChinaCropPhenlkm) [14].

2.1.3. Determination of emission factors

The compositions of solvents in the applied pesticides were obtained
from a previous study [6]. According to the guidelines outlined in the
Compilation of Air Pollutant Emissions Factors (AP-42) [15], it is
assumed that all solvents in pesticides would volatilize into the air
within 30 days after application, regardless of the application methods,
temperature and other factors. Given this assumption, all solvents in the
pesticides applied in the main crops were considered to fully volatilize as
PVOCs into the air in this study.

2.1.4. Determination of temporal PVOC emission characteristics
Temporal PVOC emission characteristics were determined using Eqs.
(4) and (5):
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where subscript m represents the month. Pp,; ; (ton-month ') is the mass
of pesticide applied in crop j in province i during month m during the
farming seasons. The month of pesticide application is determined using
data from the phenological calendar [16,17]. T),;;x represents the
number of months that pesticide k applied in crop j in province i across
the farming seasons during year y; EF; represents the emission factor
(g'kg™) for VOCs emitted from pesticide k applied to crop j; Ep
(ton-month™ 1) represents PVOC emitted across China in month m.
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2.1.5. Spatial emission allocation

According to the Technical Guideline on City-level Air Pollutant
Emission Inventory Development, the area of cultivated land is recom-
mended as a surrogate parameter to spatially allocate PVOC emissions
into grids [18]. ChinaCropPhenlkm offers the spatial distributions of the
main crops at a 1 km resolution in China. Therefore, we mapped PVOC
emissions onto ChinaCropPhenlkm using the Geographic Information
System to obtain a PVOC emission inventory with a spatial resolution of
1 km.

2.2. WRF-CMAQ model configuration

We employed the WRF-CMAQ model to assess the contribution of
PVOCs to ozone formation. The simulation of ozone generation was
conducted using WRF version 3.9.2 and CMAQ version 5.2.1 on a
domain covering China with 9 km horizontal resolution and 37 vertical
layers. Final Operational Global Analysis (FNL) data (1°x1°) from the
National Centers for Environmental Prediction (NCEP) were used to
create the initial and lateral boundary conditions of meteorology. The
physical and chemical parameterization schemes are summarized in
Table S1. The CMAQ model encompasses 218 gas-phase reactions, 28
photolysis reactions, 77 gas-phase species and 21 emission species for
ozone formation, as detailed in Yarwood et al. [19]. The Chinese
anthropogenic emission inventory for 2019 from MEIC, the natural/-
biogenic VOC emissions from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) [20], the PVOC emission inventory for
2019 (9 km) from this paper and the data on meteorological fields and
environmental conditions were taken as the model input files for
WRF-CMAQ to calculate the ozone concentrations.

2.3. Uncertainties of PVOC emission inventory

The Monte Carlo simulation was applied to estimate uncertainties of
the PVOC emission inventory. The probability distribution of pesticide
application was assumed to follow a normal distribution with a coeffi-
cient of variation of 10% (Table S2) [21].

We entered the uncertainty parameters and the gridded activity level
data into the Monte Carlo model, enabling the generation of random
values for activity data in each spatial cell. These values were subse-
quently multiplied by their respective emission factors to compute PVOC
emissions. To assess the range of uncertainties in our estimates, we
conducted a comprehensive set of 10,000 simulations utilizing a 95%
confidence interval, as suggested by Zhou et al. [21].

2.4. Model verification

We adopted a model verification method akin to the one used in a
previous ozone simulation case [22]. This verification focused on the
simulation results of ozone concentration nationwide for June 2019,
especially in the North China Plain (NCP). Surface ozone data in China
were obtained from the China National Environmental Monitoring
Center (CNEMC) network (http://www.cnemc.cn/). The CNEMC
network has over 1500 air monitoring sites across more than 450 cities,
reporting hourly surface ozone concentrations.

Previous research has indicated that ozone concentrations are typi-
cally distributed in a log-normal pattern [23]. Consequently, we applied
a logarithmic transformation on both the observed and simulated ozone
concentrations for quality control. This transformation is represented by
Egs. (6) and (7). As indicated by Egs. (8) to (11), the Pauta criterion
method was utilized to perform quality control at the level of 5% sig-
nificance [24]. Specifically, data exceeding two standard deviations
from the sample mean are considered outliers.
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Where obs and sim represent the observed and simulated ozone con-
centration values, respectively. The terms x(;) and Xy(j) correspond to the
logarithmic transformations of the observed and simulated ozone con-
centration values, respectively. X, and X, are the average values of X,
and x(j), respectively. D, and D; are the absolute deviations of observed
and simulated values, respectively. s is the standard deviation.

2.5. PVOC emission projections for 2025

2.5.1. Basic scenario (BS)

The Chinese government initiated the "Program of Zero Growth in
Pesticides Use in 2015" and successfully achieved the "Zero Growth” goal
by 2020 [25]. Building upon this achievement, MARA proposed more
ambitious plans to further reduce pesticide application by 5% before
2025 [26]. In this scenario, the PVOC emissions in 2025 will be reduced
to 95% of the emissions in 2019.

2.5.2. Scenario of improving pesticide utilization (IPU)

According to the declaration announced by the Chinese government,
the current pesticide utilization efficiency in China stands at 35%, which
will increase to 43% by 2025 in this scenario [27]. This increase in
pesticide utilization efficiency is expected to reduce pesticide applica-
tion, thereby correspondingly decreasing PVOC emissions.

2.5.3. Scenario of solvent substitution in pesticides (SSP)

Under the SSP scenario, the Chinese government has taken the
initiative to replace current aromatic solvents with low-volatility or
other environmentally friendly solvents following the standard "Limit of
Harmful Solvents of Emulsifiable Concentrate Pesticide” [28]. The limits
on solvents specified in this standard are outlined in Table S3. Based on
these limits, an assessment was conducted to determine the anticipated
reduction in PVOC emissions in 2025.

2.5.4. Comprehensive emission reduction scenario (CER)

Under the CER scenario, we considered all the individual control
measures mentioned above and estimated the maximum emission
reduction potential of PVOCs in 2025.

3. Results and discussion

3.1. Spatiotemporal characteristics of VOC emissions from pesticide
application

The distribution of pesticides applied in the main crops at the pro-
vincial level in China is presented in Fig. S2. Taking 2019 as an example,
the application share of insecticides (pyrethroids, emamectin benzoate,
organophosphorus, neonicotinoids and carbamate) was the largest,
constituting 39.6% of the total pesticides applied in the main crops.
Specifically, the applications of pyrethroids, emamectin benzoate,
organophosphorus, neonicotinoids and carbamate made up 7.5%,
13.5%, 10.9%, 5.1% and 2.6% of the total pesticides, respectively. The
consumption of fungicides and herbicides accounted for 21.7% and
38.7% of the total pesticides, respectively. The province with the highest
amount of pesticide application was Shandong (7.5%), followed by
Guangdong (6.6%), Henan (6.3%), Heilongjiang (6.2%), Jiangsu
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(6.2%), Guangxi (5.8%), Yunnan (5.8%), Hubei (5.7%), Hunan (5.6%)
and Anhui (5.2%). The amount of pesticide application in each
remaining region was less than 5% of the total.

As illustrated in Fig. 1, the application of pesticides (insecticides,
fungicides and herbicides) decreased by 17.0% from 2012 to 2019,
resulting in a 16% reduction in PVOC emissions (Fig. S3). The reduction
in pesticide application and PVOC emissions is largely due to the
adoption of various practices, such as the "Unified Pest Prevention and
Control’, the "Precise Application of Pesticides’ and the "Program of Zero
Growth in Pesticides Use’. Additional pesticide-related policies are
detailed in Table S4. The PVOC emissions decreased by 9.5% in 19
provinces and increased by 10.6% in 11 provinces from 2012 to 2015
(Fig. S4). From 2015 to 2019, 28 provinces saw a decrease in PVOC
emissions, with 4 provinces (Guizhou 45%, Beijing 38%, Shanxi 33%
and Tianjin 32%) reducing the PVOC emissions by more than 30%
(Fig. S5).

Wang et al. estimated that the PVOC emissions in 2018 were
approximately 7.1 x 10° tons, using a constant emission factor of 0.47
tons VOCs/ton pesticide [12]. It should be noted that the emission fac-
tors for PVOCs vary depending on pesticide species. As reported by Chen
et al. [6], only 40% of pesticides contain organic solvents that can
volatilize into the air as PVOCs. Considering pesticide species and their
solvent compositions, this study provided a more accurate estimate of
PVOC emissions (3.9 x 10° tons) in 2018. Compared with other
anthropogenic VOC emissions [12], PVOC emissions were higher than
those from dry cleaning, catering industry, electronics manufacturing,
plastic processing industry, basic organic chemicals, petrol stations,
power, synthetic leather manufacturing, iron and steel and shoemaking.

A detailed understanding of PVOC compositions is crucial for an in-
depth analysis of their impact on the atmospheric environment. Based
on the PVOC compositions from pesticide solvents (Table S5) reported
by Chen et al. [6], this paper estimated the PVOC emissions from the
main crops in China for 2019. As shown in Figs. S6-510, aromatic hy-
drocarbons were the most important contributor to PVOCs, accounting
for 38.5% of the total PVOCs. Specifically, the emissions of p-xylene, 1,2,
4,5-tetramethylbenzene, o-xylene, ethylbenzene, pentamethyl-benzene,
m-xylene, and 1,2,4-trimethylbenzene accounted for 14.2%, 10.1%,
7.5%, 4.8%, 0.9%, 0.8% and 0.2% of the total PVOC emissions,
respectively. Methanol emissions accounted for 30.2% of the total PVOC
emissions. The remaining emissions were mainly from alkanes, alkenes,
chlorinated hydrocarbons, esters, etc., accounting for 31.3% of the total
PVOC emissions.

The Monte Carlo simulation indicated that the uncertainty of the
PVOC emission inventory fell within an acceptable range (Table S6),

[ ]Herbicide] ] Fungicidel ] Insecticide—@®— PVOCs

100 100
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40 | [TO—T1—eo—1—o - 40
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Fig. 1. Pesticide application and VOC emissions from pesticide application
(hereafter referred to as PVOC emissions) from 2012 to 2019.
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affirming the reliability of the emission inventory developed in this
study. A statistical analysis showed that there were significant differ-
ences (p <0.01) in PVOC emissions among provinces in 2019
(Table S7). As shown in Fig. 2a, the highest PVOC emissions occurred in
Shandong (10.2%), followed by Henan (7.4%), Yunnan (7.3%),
Guangdong (6.6%) and Hunan (6.2%). These provinces are the major
grain-producing regions in China, producing 27.3% of the national grain
in 2019 [13]. Given that our gridded inventory was derived by mapping
PVOC emissions onto ChinaCropPhenlkm, the spatial distribution of
PVOC emissions should be similar to that of the main crops in China.
Additionally, the application of pesticides in these regions accounted for
31.4% of the total pesticides applicated in the main crops in China,
resulting in 37.7% of the total PVOC emissions. In contrast, the PVOC
emissions in Beijing, Tianjin, Shanghai and Tibet accounted for less than
1% of the total PVOC emissions since these regions applied a few pes-
ticides in their limited cultivated land. Furthermore, the different types
and dosages of pesticides applied in the main crops also influence the
distribution of PVOC emissions. In 2019, the PVOC emissions from rice,
maize and wheat fields accounted for 41.4%, 41.4% and 17.2% of the
total PVOC emissions, respectively. In northern China, especially Inner
Mongolia, Ningxia, Jilin and Liaoning, the PVOC emissions from maize
fields accounted for more than 80% of their total. In southern provinces,
such as Guangdong, Fujian, Hainan, Zhejiang, etc., the PVOC emissions
from rice fields accounted for over 95% of their total. The PVOC emis-
sions from wheat fields in Tianjin, Shanxi and Hebei accounted for 30%
of their total.

A distinct monthly variation existed in PVOC emissions. As illus-
trated in Fig. 2b, the PVOC emissions in the summer of 2019 (June, July
and August) accounted for 70% of the annual total while the remaining

0 1,000 2,000 4,000 km
e S N RS — |

- = & e

0 5 100 200 500 1500 ( tons-km>-year™)
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30

25 F

20
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[ ]

T
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Fig. 2. Spatiotemporal distribution of PVOC emissions in 2019: (a) PVOC
emissions with a resolution of 1 km; (b) Monthly distribution of nationwide
PVOC emissions.
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30% of the annual total occurred in the other seasons. Pesticide appli-
cation in the agricultural production in China peaks in June each year,
resulting in the highest PVOC emissions, which account for approxi-
mately 30% of the annual total. This peak in pesticide application co-
incides with the annual peak in pest and disease incidence in the
agricultural production in China [16].

3.2. Impact of PVOC emissions on ozone formation in China

The contribution of PVOCs to ozone formation in June 2019 was
explored with the WRF-CMAQ model. At the national scale, the observed
and simulated mean maximum daily 8-hour average (MDAS8) ozone
concentrations in June 2019 were 46.46 and 39.75 ppb, respectively
(Fig. 3a and b). Fig. 3c shows that the correlation coefficient (r) between
the observed and simulated mean MDAS8 ozone concentrations was 0.81,
illustrating the reliability of the simulation results. As can be seen from
Fig. 3a and b, the mean observed and simulated MDAS8 ozone concen-
trations in NCP were higher than those in other regions. Consequently,
we conducted a special model verification in this region. The results
showed that the model accurately reproduced the spatial distribution of
ozone (r = 0.90) and exhibited a small positive mean bias of 0.3 ppb for
the mean MDAS8 ozone concentrations measured in NCP in June 2019
(Fig. 3d).

In June 2019, the PVOC emissions increased the mean MDAS8 ozone
concentration across China by 2.5 ppb. NCP is one of the major grain-
producing regions in China, and the estimated result indicated that
PVOCs increased the mean MDAS8 ozone concentrations in Hebei,
Shandong, Tianjin, Beijing, Henan, Anhui and Jiangsu by 15, 10, 9, 8, 6,
4 and 3 ppb, respectively. Obviously, the contribution of PVOCs to ozone
formation in major grain-producing regions mainly depends on the ratio
of PVOC emissions to cultivated area, i.e., the intensity of PVOC emis-
sions (ton/km?). In these regions, the PVOC emissions constituted 6% of
the total anthropogenic VOC emissions, with an average PVOC emission
intensity of 0.41 ton/km?2. Specifically, PVOCs contributed 10% of the
mean MDAS8 ozone concentrations in Tangshan and Qinhuangdao,
Hebei, as shown in Fig. 3e. In Qinhuangdao, the intensity of PVOC
emissions (0.43 ton/km?) was approximately 1.6 times higher than the
average intensity in Hebei (Table S8). Moreover, the estimated emission
intensity of PVOCs in Tangshan (4.1 ton/km?) was nearly 15 times
higher than the average intensity in Hebei.

Although the intensity of PVOC emissions in the major grain-
producing regions of southern China was still comparably high, the
contribution of their PVOC emissions to ozone formation was negligible.
This can be attributed to the fact that substantial VOCs emitted from
other anthropogenic sources dominated the ozone formation process
[29,30]. For instance, the total anthropogenic VOC emissions in Yangtze
River Delta (YRD) in June 2019 were 4.6 x 10° tons [10]. The research
conducted in YRD revealed that the primary contributors to ozone
enhancement were the transportation sector (63.1%) and the industrial
sector (23.4%) [29]. The PVOC emissions estimated in this study
constituted merely 1.40% of the total anthropogenic VOC emissions in
this region, exerting little impact on ozone enhancement. Similarly, the
total anthropogenic VOC emissions in Pearl River Delta (PRD) in June
2019 were 1.9 x 10° tons [10], and the estimated PVOC emissions
accounted for only 1.02% of the total anthropogenic VOC emissions in
PRD, with a limited contribution to ozone enhancement. Related
research also indicated that the ozone formation in southern China was
driven by VOCs from the transportation and the industrial sources [30].

In Beijing-Tianjin-Hebei (BTH), 1.5 x 10° tons of VOCs from in-
dustry and transportation contributed of 28 ppb to the mean MDAS
ozone concentration in the summer of 2007 [31]. The contribution of
anthropogenic VOCs (2.2 x 10° tons) to the mean MDAS8 ozone con-
centration in this region reached 17.4 ppb in the summer of 2017 [32].
Compared with the VOCs from other anthropogenic sources in BTH, the
mean MDAS ozone concentration seems more sensitive to PVOCs with a
high content of aromatic hydrocarbons (38.5%). According to a previous
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report [33], the maximum incremental reactivity (MIR) values of aro-
matic hydrocarbons are larger than those of other VOCs. This implies
that PVOCs contribute more to ozone formation than other VOCs under
the same emissions. Therefore, reducing PVOC emissions may be an
effective way to control ozone concentration in the air.

3.3. Implication of PVOC emission mitigation strategies

China has been actively addressing PVOC emissions to mitigate
ozone formation. Generally, the substitution of high-volatility solvents
with low-volatility ones, the restriction on the use of solvents in pesti-
cide production and the improvement in pesticide utilization efficiency
are considered as the effective paths of PVOC emission reduction [6,28].
Since 2009, the National Development and Reform Commission has no
longer issued new approval certificates for pesticide products with
harmful organic solvents [34], which accelerated the process of pesti-
cide solvent substitution. Bio-derived solvents [35,36], mineral oils [37]
and synthetic solvents [38] have been considered as suitable alternative
solvents. Among these options, synthetic solvents show substantial po-
tential in replacing harmful organic solvents due to their good solubility
and low volatility [39]. The Chinese pesticide administration has
introduced the "List of Prohibited Pesticide Additives (Draft for Solicit-
ing Opinions)” to prohibit the use of hazardous and high-volatility sol-
vents [40]. However, a detailed plan to achieve the goal of solvent
substitution has not been outlined by MARA. In 2014, the standard
"Limit of Harmful Solvents of Emulsifiable Concentrate Pesticide” [28]
stipulated that the harmful solvent content in pesticides should be less
than 22%. According to the results of previous research [6], many pes-
ticides still do not meet the requirements of this standard. Nonetheless,
solvent content limits for pesticide products in the standard may be met
in the future by promoting the solvent substitution process mentioned
above. During pesticide application, the low pesticide utilization effi-
ciency will increase pesticide dosage, thereby enhancing PVOC emis-
sions. In 2015, the pesticide utilization efficiency in China was 35%
[27], which is still below those (55%—60%) in developed countries
[41]. To reduce environmental pollution from pesticides, the Chinese
government has set a target to increase pesticide utilization efficiency to
43% by 2025 [42]. In response, MARA issued the order "Measures for the
Administration of Pesticide Labels and Instructions” [43], requiring
pesticide producers to provide clarifications on how to apply pesticides.
MARA also guided farmers to scientifically select pesticides and apply
them safely and efficiently [44], thereby decreasing PVOC emissions.

Based on the identified paths of PVOC emission reduction, four
scenarios are proposed in this study to assess the potential of PVOC
emission reduction. Compared with the BS scenario, pesticide utilization
efficiency will increase by 7% in the IPU scenario, resulting in a 17%
reduction in PVOC emissions (Fig. 4). By solvent substitution, the PVOC
emissions are expected to decrease by 33% in the SSP scenario. Although
PVOC emissions are projected to be reduced under each scenario, they
are expected to remain problematically high in 2025. Compared with
the effect of PVOC emission reduction driven by a single policy, the
comprehensive emission reduction scenario (CER) achieves a 60%
reduction in PVOC emissions, which may provide an effective approach
for the Chinese government to mitigate ozone formation in the future.

3.4. Uncertainty analysis

Many studies [45-47] have identified that major uncertainties in
atmospheric modeling primarily stem from emission inventories,
meteorological data and chemical reaction mechanisms rather than the
models themselves. This study utilized three emission inventories:
MEIC, MEGAN and PVOCs. MEIC was selected for its wide acknowl-
edgment and application in air quality assessments at various scales,
offering a credible basis for our simulation [29,30]. The MEIC team has
reported that the level of uncertainty in air pollutant emissions is
acceptable [48]. Furthermore, the reliability of the MEGAN inventory
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Fig. 3. (a) and (b) show the spatial distribution of observed and simulated
mean MDAS8 ozone concentrations at 1653 Chinese urban sites in June 2019,
respectively; (c) The correlation coefficient between observed and simulated
mean MDAS8 ozone concentrations; (d) Comparation of observed and simulated
mean MDAS8 ozone concentrations in North China Plain (NCP) in June 2019,
and black bars represent the standard deviation of mean MDAS8 ozone con-
centrations; (e) The contribution of PVOC emissions to ozone formation in
{une 2019.

was evidenced by the congruence between the tropospheric HCHO
concentration from CMAQ model simulations using MEGAN and
observed data [49]. Emission inventory uncertainties are commonly
quantified by employing the Monte Carlo method [46]. As can be seen
from Section 3.1, the uncertainties of the PVOC emission inventories fell
within acceptable levels.

The WRF model is a mesoscale meteorological model extensively
used for providing necessary meteorological fields in air quality models
[45]. The key meteorological variables output by WRF, such as tem-
perature, wind, boundary layer depth, clouds and radiation, can
significantly influence ozone formation and its concentration in the air
[50]. Aligning with common practices in this domain [10,22,51], we
entered the data from the NCEP FNL Operational Model Global Tropo-
spheric Analyses into the WRF model to simulate meteorological fields.
Our team has previously applied the WRF model with the same data to
evaluate the impact of air pollutant emissions from the iron and steel
industry [51] and aviation sector [52] on the national air quality. This
indicated that the meteorological variables output by WRF are reliable.

It is critical to select an appropriate chemical reaction mechanism
because it determines the pathways in which the precursors are con-
verted to ozone in the photochemical model. We have chosen the carbon
bond mechanism for version 6 (CB6) because it describes tropospheric
oxidant chemistry in a concise manner suitable for use in complex 3-
dimensional atmospheric models [19,53-56]. Previous studies have
widely applied CB6 to simulate ozone concentrations at home [57,58]
and abroad [59], proving the reliability of CB6.

In summary, although emission inventories, meteorological data,
and chemical mechanisms inherently possess uncertainties, our analysis
substantiates that these uncertainties are within a tolerable range. Many
studies have applied the WRF-CMAQ model to assess the contributions
of air pollutants to air quality for various purposes [60-62], and
demonstrated the reliable simulation results and acceptable un-
certainties of the modeling system. This affirmation underscores the
reliability of our modeling in evaluating the contribution of PVOCs to
ozone generation.

4. Conclusion

In this study, the first PVOC emission inventory at a 1 km spatial
resolution in China was constructed using pesticide application data and
corresponding emission factors. PVOC emissions were mainly distrib-
uted in the major grain-producing regions, and the emissions in June
accounted for approximately 30% of the annual total emissions.
Notably, the PVOC emissions were found to contribute 2.5 ppb of the
mean MDAS8 ozone concentration across China in June 2019. The
emission reduction strategy in the CER scenario will help reduce 60% of
PVOC emissions in 2025.

CRediT authorship contribution statement

Bo Xin: Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision, Writing —
review & editing. Xu Zhongjun: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Supervision, Writing — original draft, Writing —
review & editing. Ma Xiaotian: Data curation, Investigation, Method-
ology, Visualization. You Qian: Data curation, Investigation,



S. Chen et al.

40

w
=3
T

)
S
T

PVOC emissions (10* tons)

o
T

0 T T T T
BS IPU SSp CER

Scenario

Fig. 4. PVOC emissions under different scenarios at the end of 2025 in China.

Methodology, Visualization. Jiang Mengyun: Data curation, Investi-
gation, Methodology, Visualization. He Youjiang: Conceptualization,
Data curation, Investigation, Methodology, Writing — review & editing.
Chen Shaobo: Data curation, Formal analysis, Investigation, Method-
ology, Writing — original draft, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

The authors do not have permission to share data.
Acknowledgments

This work was supported by grants from the Fundamental Research
Funds for the Central Universities (buctrc202133), National Natural
Science Foundation of China (No. 72174125) and the special fund of the
State Key Joint Laboratory of Environment Simulation and Pollution
Control (22K07ESPCT).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2023.133385.

References

[1

—

Kopittke, P.M., Menzies, N.W., Wang, P., McKenna, B.A., Lombi, E., 2019. Soil and
the intensification of agriculture for global food security. Environ Int 132, 105078.
https://doi.org/10.1016/j.envint.2019.105078.

[2] Tudi, M., Daniel Ruan, H., Wang, L., Lyu, J., Sadler, R., Connell, D., et al., 2021.
Agriculture development, pesticide application and its impact on the environment.
Int J Environ Res Pub He 18, 1112. https://doi.org/10.3390/ijerph18031112.

[3] Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G.P.S., Handa, N., Kohli, S.
K., Yadav, P., Bali, A.S., Parihar, R.D., Dar, O.L, Singh, K., Jasrotia, S., Bakshi, P.,
Ramakrishnan, M., Kumar, S., Bhardwaj, R., Thukral, A.K., 2019. Worldwide
pesticide usage and its impacts on ecosystem. Sn Appl Sci 1, 1446. https://doi.org/
10.1007/542452-019-1485-1.

[4] Kim, K.-H., Kabir, E., Jahan, S.A., 2017. Exposure to pesticides and the associated

human health effects. Sci Total Environ 575, 525-535. https://doi.org/10.1016/j.

scitotenv.2016.09.009.

El-Saeid, M.H., Alghamdi, A.G., 2020. Identification of pesticide residues and

prediction of their fate in agricultural. Soil Water Air Soil Poll 231. https://doi.org/

10.1007/s11270-020-04619-6.

[6] Chen, S., Xu, Z., Liu, P., Zhuang, Y., Jiang, M., Zhang, X., et al., 2022. Assessment

of volatile organic compound emissions from pesticides in China and their

contribution to ozone formation potential. Environ Monit Assess 194, 737. https://
doi.org/10.1007/510661-022-10423-y.

Zeinali, M., McConnell, L.L., Hapeman, C.J., Nguyen, A., Schmidt, W.F.,

Howard, C.J., 2011. Volatile organic compounds in pesticide formulations:

Methods to estimate ozone formation potential. Atmos Environ 45 (14),

2404-2412. https://doi.org/10.1016/j.atmosenv.2011.02.015.

[5

—

[7

—

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Journal of Hazardous Materials 465 (2024) 133385

Kumar, A., Yang, W., Howard, C.J., Kleeman, M.J., Dean, S.W., 2008. Assessment
of the ozone formation potential from pesticide solvents using a mobile ozone
chamber assay approach. JAI 5 (7), 1-10. https://doi.org/10.1520/JAI101583.
Crippa, M., Solazzo, E., Huang, G., Guizzardi, D., Koffi, E., Muntean, M., et al.,
2020. High resolution temporal profiles in the emissions database for global
atmospheric research. Sci Data 7 (1), 121. https://doi.org/10.1038/541597-020-
0462-2.

Zheng, B., Zhang, Q., Geng, G., Chen, C., Shi, Q., Cui, M., et al., 2021. Changes in
China’s anthropogenic emissions and air quality during the COVID-19 pandemic in
2020. Earth Syst Sci Data 13, 2895-2907. https://doi.org/10.5194/essd-13-2895-
2021.

Gao, Y., Zhang, L., Huang, A., Kou, W, Bo, X., Cai, B., Qu, J., 2022. Unveiling the
spatial and sectoral characteristics of a high-resolution emission inventory of CO2
and air pollutants in China. Sci Total Environ 847, 157623. https://doi.org/
10.1016/j.scitotenv.2022.157623.

Wang, R., Wang, X., Cheng, S., Zhu, J., Zhang, X., Cheng, L., Wang, K., 2024.
Determining an optimal control strategy for anthropogenic VOC emissions in China
based on source emissions and reactivity. J Environ Sci 136, 248-260. https://doi.
0rg/10.1016/j.jes.2022.10.034.

National Bureau of Statistics of China, 2020. China Rural Statistical Yearbook
2020. China Statistics Press, Beijing.

Luo, Y., Zhang, Z., Chen, Y., Li, Z., Tao, F., 2019, ChinaCropPhenlkm: A high-
resolution crop phenological dataset for three staple crops in China during
2000-2019 based on LAI products. Figshare. https://doi.org/10.6084/m9.figsh
are.8313530.v7.

U. S. Environmental Protection Agency, 1995, Compilation of air pollutant
emission factors, AP-42.

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2019,
Agriculture information calendar. (http://zdscxx.moa.gov.cn:8080/nyb/pc/cal
endar.jsp). (In Chinese).

CropWatch, 2020, CropWatch bulletin (http://123.56.103.213/).

Chinese Society for Environmental Sciences, 2023, Technical guideline on city-
level air pollutant emission inventory development (Draft for solicitation of
comments). (http://www.chinacses.org/ttbz/yjzj/202308/t20230822_1039061.sh
tml). (In Chinese).

Yarwood, G., Whitten, G., Jung, J., Heo, G., Allen, D., 2010, Development,
evaluation and testing of version 6 of the carbon bond chemical mechanism (CB6),
final report to the texas commission on environmental quality. Work Order.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.I., Geron, C., 2006.
Estimates of global terrestrial isoprene emissions using MEGAN (model of
emissions of gases and aerosols from nature). Atmos Chem Phys 6, 3181-3210.
https://doi.org/10.5194/acp-6-3181-2006.

Zhou, M., Jiang, W., Gao, W., Gao, X., Ma, M., Ma, X., 2021. Anthropogenic
emission inventory of multiple air pollutants and their spatiotemporal variations in
2017 for the Shandong Province, China. Environ Pollut 288, 117666. https://doi.
0rg/10.1016/j.envpol.2021.117666.

Ly, X., Ye, X., Zhou, M., Zhao, Y., Weng, H., Kong, H., et al., 2021. The
underappreciated role of agricultural soil nitrogen oxide emissions in ozone
pollution regulation in north China. Nat Commun 12, 5021. https://doi.org/
10.1038/541467-021-25147-9.

Sharma, S., Sharma, P., Khare, M., Kwatra, S., 2016. Statistical behavior of ozone
in urban environment. Sustain Environ Res 26, 142-148. https://doi.org/10.1016/

j.s€rj.2016.04.006.

Li, L., Wen, Z., Wang, Z., 2016. Outlier detection and correction during the process
of groundwater lever monitoring base on Pauta criterion with self-learning and
smooth processing. In: Zhang, L., Song, X., Wu, Y. (Eds.), Theory, Methodology,
Tools and Applications for Modeling and Simulation of Complex Systems. Springer
Nature Singapore, Singapore, pp. 497-503.

Planting Industry Management Department Ministry of Agriculture, 2015, Zero
growth action plan for pesticide use by 2020. (http://www.moa.gov.cn/govpub
lic/ZZYGLS/201503/t20150318 4444765.htm). (In Chinese).

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2022,
The ministry of agriculture and rural affairs launched a new round of action plan
for the reduction of chemical fertilizers and pesticides. (https://www.ndrc.gov.cn/
fggz/jjmy/zyspqk/202212/t20221227_1344041.html). (In Chinese).

Chinese Academy of Agricultural Sciences, 2021, Agricultural green development
report for China, 2020. China Agriculture Press, Beijing,China (http://www.moa.
gov.cn/xw/bmdt/202107/t20210728_6372943.htm). (In Chinese).

China Pesticide Industry Association, Shenzhen Nopuxin Agrochemical Co., L.,
Sinochem Chemical Science and Technology Research Institute, Guangdong
Petrochemical Research Institute, Hailier Pharmaceutical Group Co., L., Guangxi
Tianyuan Biochemical Co., L., 2013. Limits of harmful solvents in pesticide
emulsions (HG/T 4576-2013). (In Chinese).

Li, L., Xie, F., Li, J., Gong, K., Xie, X., Qin, Y., Qin, M., Hu, J., 2022. Diagnostic
analysis of regional ozone pollution in Yangtze River Delta, China: A case study in
summer 2020. Sci Total Environ 812, 151511. https://doi.org/10.1016/j.
scitotenv.2021.151511.

Fang, T., Zhu, Y., Wang, S., Xing, J., Zhao, B., Fan, S., Li, M., Yang, W., Chen, Y.,
Huang, R., 2021. Source impact and contribution analysis of ambient ozone using
multi-modeling approaches over the Pearl River Delta region, China. Environ
Pollut 289, 117860. https://doi.org/10.1016/j.envpol.2021.117860.

Qu, Y., An, J., Li, J., Chen, Y., Li, Y., Liu, X., et al., 2014. Effects of NOx and VOCs
from five emission sources on summer surface O3 over the Beijing-Tianjin-Hebei
region. Adv Atmos Sci 31, 787-800. https://doi.org/10.1007/500376-013-3132-x.
Lu, X., Zhang, L., Chen, Y., Zhou, M., Zheng, B., Li, K., et al., 2019. Exploring
2016-2017 surface ozone pollution over China: source contributions and


https://doi.org/10.1016/j.jhazmat.2023.133385
https://doi.org/10.1016/j.envint.2019.105078
https://doi.org/10.3390/ijerph18031112
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1007/s11270-020-04619-6
https://doi.org/10.1007/s11270-020-04619-6
https://doi.org/10.1007/s10661-022-10423-y
https://doi.org/10.1007/s10661-022-10423-y
https://doi.org/10.1016/j.atmosenv.2011.02.015
https://doi.org/10.1520/JAI101583
https://doi.org/10.1038/s41597-020-0462-2
https://doi.org/10.1038/s41597-020-0462-2
https://doi.org/10.5194/essd-13-2895-2021
https://doi.org/10.5194/essd-13-2895-2021
https://doi.org/10.1016/j.scitotenv.2022.157623
https://doi.org/10.1016/j.scitotenv.2022.157623
https://doi.org/10.1016/j.jes.2022.10.034
https://doi.org/10.1016/j.jes.2022.10.034
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref13
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref13
https://doi.org/10.6084/m9.figshare.8313530.v7
https://doi.org/10.6084/m9.figshare.8313530.v7
http://zdscxx.moa.gov.cn:8080/nyb/pc/calendar.jsp
http://zdscxx.moa.gov.cn:8080/nyb/pc/calendar.jsp
http://www.chinacses.org/ttbz/yjzj/202308/t20230822_1039061.shtml)
http://www.chinacses.org/ttbz/yjzj/202308/t20230822_1039061.shtml)
https://doi.org/10.5194/acp-6-3181-2006
https://doi.org/10.1016/j.envpol.2021.117666
https://doi.org/10.1016/j.envpol.2021.117666
https://doi.org/10.1038/s41467-021-25147-9
https://doi.org/10.1038/s41467-021-25147-9
https://doi.org/10.1016/j.serj.2016.04.006
https://doi.org/10.1016/j.serj.2016.04.006
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref18
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref18
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref18
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref18
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref18
http://www.moa.gov.cn/govpublic/ZZYGLS/201503/t20150318_4444765.htm
http://www.moa.gov.cn/govpublic/ZZYGLS/201503/t20150318_4444765.htm
https://www.ndrc.gov.cn/fggz/jjmy/zyspqk/202212/t20221227_1344041.html
https://www.ndrc.gov.cn/fggz/jjmy/zyspqk/202212/t20221227_1344041.html
http://www.moa.gov.cn/xw/bmdt/202107/t20210728_6372943.htm
http://www.moa.gov.cn/xw/bmdt/202107/t20210728_6372943.htm
https://doi.org/10.1016/j.scitotenv.2021.151511
https://doi.org/10.1016/j.scitotenv.2021.151511
https://doi.org/10.1016/j.envpol.2021.117860
https://doi.org/10.1007/s00376-013-3132-x

S. Chen et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

meteorological influences. Atmos Chem Phys 19 (12), 8339-8361. https://doi.org/
10.5194/acp-19-8339-2019.

Venecek, M.A., Carter, W.P.L., Kleeman, M.J., 2018. Updating the SAPRC
maximum incremental reactivity (MIR) scale for the United States from 1988 to
2010. J Air Waste Manag 68, 1301-1316. https://doi.org/10.1080/
10962247.2018.1498410.

Ministry of Industry and Information Technology of the People’s Republic of China,
2009, Announcement by the ministry of industry and information technology of
China. (https://www.miit.gov.cn/jgsj/ycls/shhg/art/2020/art_12f93afbf28c484
5848c6b772aed086d.html). (In Chinese).

Liu, Y., Li, Y., Guo, T., Liu, F., 2009. Preliminary application of biodiesel as
substitute solventinstead of xylene for quizalofop-p-ethyl EC. Chin J Pest Sci 11,
31.

Chin, C., Lan, C., Wu, H., 2012. Application of biodiesel as carrier for insecticide
emulsifiable concentrate formulation. J Taiwan Inst Chem E 43, 578-584. https://
doi.org/10.1016/j.jtice.2012.02.003.

Liu, J., Gong, B., Lei, J., 2014. Study on the high boiling aromatic solvent
insteading of xylene solvent in pesticide EC. Pest Sci Adm 35 (3), 15-19.

Zhang, X., Jing, T., Zhang, D., Luo, J., Li, B., Liu, F., 2018. Assessment of ethylene
glycol diacetate as an alternative carrier for use in agrochemical emulsifiable
concentrate formulation. Ecotox Environ Safe 163, 349-355. https://doi.org/
10.1016/j.ecoenv.2018.07.090.

Guo, Y., L.iu, F., Wang, J., Peng, Q., 2020. Research progress on substitution of
harmful organic solvent in pesticide emulsifiable concentrates. Chin J Pest Sci 22
(6), 925-932.

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2015,
Notice on soliciting comments on the list of prohibited pesticide additives (draft for
soliciting opinions). (http://www.chinapesticide.org.cn/zgnyxxw/zwb/det
ail/17748). (In Chinese).

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2016,
Correctly understand and grasp the supply-side structural reform of agriculture.
(http://www.ghs.moa.gov.cn/zlyj/201904,/t20190418_6181028.htm). (In
Chinese).

State Council, 2021, Circular on further promoting the nationwide battle to
prevent and control pollution. (http://www.gov.cn/zhengee/2021-11/07/content
_5649656.htm). (In Chinese).

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2017,
Measures for the administration of pesticide labels and instructions. (http://www.
gov.cn/gongbao/content/2017/content_5240105.htm). (In Chinese).

Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2022,
Scientific purchase and rational use of pesticides. (http://www.chinapesticide.org.
cn/zgnyxxw/zwb/detail/13078). (In Chinese).

Li, J,, Yu, S., Chen, X., Zhang, Y., Li, M., Li, Z., et al., 2022. Evaluation of the WRF-
CMAQ model performances on air quality in China with the Impacts of the
observation nudging on meteorology. Aerosol Air Qual Res 22, 220023. https://
doi.org/10.4209/aaqr.220023.

Tian, D., Cohan, D.S., Napelenok, S., Bergin, M., Hu, Y., Chang, M., Russell, A.G.,
2010. Uncertainty analysis of ozone formation and response to emission controls
using higher-order sensitivities. J Air Waste Manag 60, 797-804. https://doi.org/
10.3155/1047-3289.60.7.797.

Russell, A., Dennis, R., 2000. NARSTO critical review of photochemical models and
modeling. Atmos Environ 34, 2283-2324. https://doi.org/10.1016/51352-2310
(99)00468-9.

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Journal of Hazardous Materials 465 (2024) 133385

Zheng, B., Tong, D., Li, M., Liu, F., Hong, C., Geng, G., et al., 2018. Trends in
China’s anthropogenic emissions since 2010 as the consequence of clean air
actions. Atmos Chem Phys 18 (19), 14095-14111. https://doi.org/10.5194/acp-
18-14095-2018.

Han, K.M., Park, R.S., Kim, H.K., Woo, J.H., Kim, J., Song, C.H., 2013. Uncertainty
in biogenic isoprene emissions and its impacts on tropospheric chemistry in east
asia. Sci Total Environ 463-464, 754-771. https://doi.org/10.1016/j.
scitotenv.2013.06.003.

Gilliam, R.C., Hogrefe, C., Godowitch, J.M., Napelenok, S., Mathur, R., Rao, S.T.,
2015. Impact of inherent meteorology uncertainty on air quality model
predictions, 12,259-212,280 J Geophys Res-Atmos 120. https://doi.org/10.1002/
2015JD023674.

Tang, L., Xue, X., Jia, M., Jing, H., Wang, T., Zhen, R., Huang, M., Tian, J., Guo, J.,
Li, L., Bo, X., Wang, S., 2020. Iron and steel industry emissions and contribution to
the air quality in China. Atmos Environ 237, 117668. https://doi.org/10.1016/j.
atmosenv.2020.117668.

Bo, X., Xue, X., Xu, J., Du, X., Zhou, B., Tang, L., 2019. Aviation’s emissions and
contribution to the air quality in China. Atmos Environ 201, 121-131. https://doi.
org/10.1016/j.atmosenv.2019.01.005.

Gery, M.W., Whitten, G.Z., Killus, J.P., Dodge, M.C., 1989. A photochemical
kinetics mechanism for urban and regional scale computer modeling. J Geophys
Res-Atmos 94, 12925-12956. https://doi.org/10.1029/JD094iD10p12925.
Emery, C., Jung, J., Koo, B., Yarwood, G., 2015, Improvements to CAMx snow
cover treatments and carbon bond chemical mechanism for winter ozone. Ramboll
Environ, Novato, CA.

Ruiz, L.H., Yarwood, G., 2013, Interactions between organic aerosol and NOy:
influence on oxidant production. Final Report for AQRP project, 12-012.

Chang, J.S., Brost, R.A., Isaksen, 1.S.A., Madronich, S., Middleton, P., Stockwell, W.
R., Walcek, C.J., 1987. A three-dimensional eulerian acid deposition model:
Physical concepts and formulation. J Geophys Res-Atmos 92, 14681-14700.
https://doi.org/10.1029/JD092iD12p14681.

Liu, S., Xing, J., Zhang, H., Ding, D., Zhang, F., Zhao, B., Sahu, S.K., Wang, S., 2019.
Climate-driven trends of biogenic volatile organic compound emissions and their
impacts on summertime ozone and secondary organic aerosol in China in the
2050s. Atmos Environ 218, 117020. https://doi.org/10.1016/j.
atmosenv.2019.117020.

Gao, Y., Yan, F., Ma, M., Ding, A., Liao, H., Wang, S., Wang, X., Zhao, B., Cai, W.,
Su, H., Yao, X., Gao, H., 2022. Unveiling the dipole synergic effect of biogenic and
anthropogenic emissions on ozone concentrations. Sci Total Environ 818, 151722.
https://doi.org/10.1016/j.scitotenv.2021.151722.

Luecken, D.J., Yarwood, G., Hutzell, W.T., 2019. Multipollutant modeling of ozone,
reactive nitrogen and HAPs across the continental US with CMAQ-CB6. Atmos
Environ 201, 62-72. https://doi.org/10.1016/j.atmosenv.2018.11.060.

Liang, X., Zhang, S., Wu, Y., Xing, J., He, X., Zhang, K.M.,, et al., 2019. Air quality
and health benefits from fleet electrification in China. Nat Sustain 2, 962-971.
https://doi.org/10.1038/541893-019-0398-8.

Hong, C., Zhang, Q., Zhang, Y., Davis, S.J., Tong, D., Zheng, Y., et al., 2019.
Impacts of climate change on future air quality and human health in China. Proc
Natl Acad Sci USA 116, 17193-17200. https://doi.org/10.1073/
pnas.1812881116.

Wang, H., He, X., Liang, X., Choma, E.F., Liu, Y., Shan, L., et al., 2020. Health
benefits of on-road transportation pollution control programs in China. Proc Natl
Acad Sci USA 117, 25370-25377. https://doi.org/10.1073/pnas.1921271117.


https://doi.org/10.5194/acp-19-8339-2019
https://doi.org/10.5194/acp-19-8339-2019
https://doi.org/10.1080/10962247.2018.1498410
https://doi.org/10.1080/10962247.2018.1498410
https://www.miit.gov.cn/jgsj/ycls/shhg/art/2020/art_12f93afbf28c4845848c6b772aed086d.html
https://www.miit.gov.cn/jgsj/ycls/shhg/art/2020/art_12f93afbf28c4845848c6b772aed086d.html
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref24
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref24
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref24
https://doi.org/10.1016/j.jtice.2012.02.003
https://doi.org/10.1016/j.jtice.2012.02.003
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref26
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref26
https://doi.org/10.1016/j.ecoenv.2018.07.090
https://doi.org/10.1016/j.ecoenv.2018.07.090
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref28
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref28
http://refhub.elsevier.com/S0304-3894(23)02669-9/sbref28
http://www.chinapesticide.org.cn/zgnyxxw/zwb/detail/17748
http://www.chinapesticide.org.cn/zgnyxxw/zwb/detail/17748
http://www.ghs.moa.gov.cn/zlyj/201904/t20190418_6181028.htm
http://www.gov.cn/zhengce/2021-11/07/content_5649656.htm
http://www.gov.cn/zhengce/2021-11/07/content_5649656.htm
http://www.gov.cn/gongbao/content/2017/content_5240105.htm
http://www.gov.cn/gongbao/content/2017/content_5240105.htm
http://www.chinapesticide.org.cn/zgnyxxw/zwb/detail/13078
http://www.chinapesticide.org.cn/zgnyxxw/zwb/detail/13078
https://doi.org/10.4209/aaqr.220023
https://doi.org/10.4209/aaqr.220023
https://doi.org/10.3155/1047-3289.60.7.797
https://doi.org/10.3155/1047-3289.60.7.797
https://doi.org/10.1016/S1352-2310(99)00468-9
https://doi.org/10.1016/S1352-2310(99)00468-9
https://doi.org/10.5194/acp-18-14095-2018
https://doi.org/10.5194/acp-18-14095-2018
https://doi.org/10.1016/j.scitotenv.2013.06.003
https://doi.org/10.1016/j.scitotenv.2013.06.003
https://doi.org/10.1002/2015JD023674
https://doi.org/10.1002/2015JD023674
https://doi.org/10.1016/j.atmosenv.2020.117668
https://doi.org/10.1016/j.atmosenv.2020.117668
https://doi.org/10.1016/j.atmosenv.2019.01.005
https://doi.org/10.1016/j.atmosenv.2019.01.005
https://doi.org/10.1029/JD094iD10p12925
https://doi.org/10.1029/JD092iD12p14681
https://doi.org/10.1016/j.atmosenv.2019.117020
https://doi.org/10.1016/j.atmosenv.2019.117020
https://doi.org/10.1016/j.scitotenv.2021.151722
https://doi.org/10.1016/j.atmosenv.2018.11.060
https://doi.org/10.1038/s41893-019-0398-8
https://doi.org/10.1073/pnas.1812881116
https://doi.org/10.1073/pnas.1812881116
https://doi.org/10.1073/pnas.1921271117

	Unveiling the importance of VOCs from pesticides applicated in main crops for elevating ozone concentrations in China
	1 Introduction
	2 Method
	2.1 Construction of PVOC emission inventory
	2.1.1 Estimation of PVOC emissions
	2.1.2 Determination of pesticide application in crops
	2.1.3 Determination of emission factors
	2.1.4 Determination of temporal PVOC emission characteristics
	2.1.5 Spatial emission allocation

	2.2 WRF-CMAQ model configuration
	2.3 Uncertainties of PVOC emission inventory
	2.4 Model verification
	2.5 PVOC emission projections for 2025
	2.5.1 Basic scenario (BS)
	2.5.2 Scenario of improving pesticide utilization (IPU)
	2.5.3 Scenario of solvent substitution in pesticides (SSP)
	2.5.4 Comprehensive emission reduction scenario (CER)


	3 Results and discussion
	3.1 Spatiotemporal characteristics of VOC emissions from pesticide application
	3.2 Impact of PVOC emissions on ozone formation in China
	3.3 Implication of PVOC emission mitigation strategies
	3.4 Uncertainty analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


