
Abstract  Biogenic volatile organic compounds (BVOCs) emitted from terrestrial plants contribute 
substantially to ozone (O3) and secondary organic aerosol (SOA) formation in the troposphere. Accurate 
estimation of BVOC emissions is highly challengeable with a variety of uncertainties, one of which is the use 
of default emission factors (EFs) particularly for underrepresented regions without local data. In this study, 
locally measured BVOC-EFs in south China, a subtropical region with abundant vegetation, were used to 
update regional BVOC emissions as estimated by the Model of Emissions of Gases and Aerosols from Nature 
(MEGAN). These EFs were recently determined in situ with characterized dynamic chambers for the emissions 
of isoprene, monoterpenes, and sesquiterpenes from tree species. The Community Multiscale Air Quality 
(CMAQ) model was then employed to see how much the regional O3 and SOA production is altered with the 
updated BVOC emissions. Results revealed lower BVOC emission estimates in south China when using the 
localized EFs than the MEGAN default ones, particularly for sesquiterpenes with a notable average reduction 
rate of approximately 40%. Using the updated BVOC emissions improved model O3 predictions in all seasons 
when compared to surface O3 monitoring, yet the lower BVOC emissions resulted in modeled O3 and SOA 
concentrations decreased by up to −6 ppb and −1.5 μg m −3, respectively, throughout south China. This study 
highlights the significance of localized EFs in refining emission estimates and air quality predictions in regions 
with a wealth of vegetation.

Plain Language Summary  Terrestrial plants can emit a variety of biogenic volatile organic 
compounds (BVOCs), such as isoprene and terpenes. These BVOCs significantly impact tropospheric ozone 
(O3) and secondary organic aerosol (SOA) formation, and therefore accurate BVOC emission estimates are 
crucial for air quality modeling particularly in regions with a wealth of vegetation. However, in many regions 
local BVOC emission factors (EFs) are unavailable and using the model default EFs may bias the regional 
BVOC emissions. Here we carried out in situ measurements of EFs with well characterized dynamic chambers 
in south China. With these local EFs, the BVOC emissions was estimated by the MEGAN model, revealing a 
reduction in BVOC emissions in south China than those using the default EFs. When compared the modeling 
results with those from surface monitoring network, model performance in the prediction of O3 was improved 
with updated BVOC emissions incorporated into the air quality modeling. Additionally, our modeling outcomes 
illustrated that by using the updated BVOC emissions, predicted O3 and SOA levels could be notably reduced 
in specific regions. This study highlights the importance of integrating region-specific data to enhance the 
precision of BVOC emission estimates and improve air quality predictions, particularly in regions with 
abundant vegetation.
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1.  Introduction
The biogenic volatile organic compounds (BVOCs) are regarded as the most important precursor to secondary 
organic aerosols (SOA) and ozone (O3) due to their high reactivity with the key oxidants such as hydroxyl (OH) 
radical and large amounts of emissions (Fuentes et al., 2000; Tuazon & Atkinson, 1990). Globally, the BVOCs 
play the dominant role compared to the anthropogenic sources, contributing 75%–90% of the total VOC emissions 
(Fuentes et al., 2000; Guenther et al., 1995). Especially in China, the average BVOC emissions reached up to 
34 Tg per year from 2001 to 2016, further enhancing the formation of secondary pollutants (Wang et al., 2021a; 
Zhang et al., 2007). In the summertime, the contribution of BVOCs to SOA was up to 74% in China, far exceed-
ing the contribution from anthropogenic emissions (Wang et al., 2018). Therefore, it is significant to study the 
variabilities of BVOC emissions in China to determine their impacts on air quality.

The emission flux models such as the Model of Emissions of Gases and Aerosols from Nature (MEGAN) 
and Biogenic Emission Inventory System (BEIS) are widely used to estimate the BVOC emissions (Guenther 
et al., 1995, 2012; Vukovich & Pierce, 2002). In these models, the BVOC emissions are determined by complex 
factors, including ambient temperature, radiation, CO2 concentrations, land-use and emission factors (EFs), 
which may lead to differences of approximately dozens of times among different studies in BVOC estimations 
(Carlton & Baker, 2011; Emmerson et al., 2020; Guenther et al., 2012; Hantson et al., 2017; Jiang et al., 2018; 
Li et al., 2020a, 2020b). Particularly, previous study stated the changes in land-use led to a 11.4% increase in 
BVOCs in China, and thus induced −10 to +20% and −20 to +30% changes in O3 and SOA concentrations, 
respectively (Fu & Liao,  2014). Most of these factors are well-studied (Bash et  al.,  2016; Fu & Liao,  2014; 
Guenther et al., 1993; Huang et al., 2015; Lun et al., 2020; Oderbolz et al., 2013; Opacka et al., 2021; Pressley 
et al., 2006; Sharkey et al., 1999; Wang et al., 2021b). For instance, Zhang et al. (2018) found that using satellite 
photosynthetically active radiation could improve the accuracy of BVOC estimation by increasing the correlation 
coefficient from 0.93 to 0.97. Ma et al. (2019) reported that higher temperature increased the BVOC emissions 
and then aggravated the O3 concentration (up to 4.74 ppb) in the North China Plain (NCP) in China.

However, scant attention has been devoted to standard emission factors (EFs) of BVOCs in China (Lun et al., 2020). 
In general, EFs are derived from different plant functional types (PFTs) and their uncertainties are considered the 
major contributor to the total BVOC emissions estimate uncertainty (Guenther et al., 2012; Misztal et al., 2016). 
Remarkably, EFs exhibit significant variability even within the same plant species. For instance, isoprene EFs 
from oak trees range from 39 to 258 µgC g −1 h −1, a range 2 to 28 times greater than previous estimations for 
the same species (Geron et al., 2001). In addition, the EFs also show prominent regional characteristics due to 
the different land-use and vegetation composition (Wang et al., 2011). Bai et al. (2015) underscored this fact, 
reporting measured EFs for isoprene and monoterpenes 12% and 20% lower than MEGAN default values in a 
temperate mixed forest in Northern China, respectively Moreover, improving the BVOC EFs also helped enhance 
the model performance. Wang et al. (2017) updated the MEGAN EF modules and significantly improved the 
isoprene prediction by reducing the mean fractional bias (MFB) from 0.91 to −0.11. As a result, an in-depth EFs 
study is required to better evaluate the BVOC emissions in China.

In recent decades, China leads in world greening, resulting from a series of land-use management plans (Chen 
et al., 2019), and contributes approximately 25% of the net increase in leaf area from 2000 to 2017. This burgeon-
ing greenery potentially amplifies BVOC emissions, which in turn could exert notable effects on air quality, 
particularly in regions like south China, characterized by elevated BVOC emissions (Cao et  al.,  2022; Fu & 
Liao, 2014). A recent study pointed out that the BVOC emissions in south China increased by approximately 
8.6%–11.7% in south China in 2013–2016 compared to 2001–2004 (Wang et al., 2021a). These higher BVOC 
emissions further led to a rapid increment of O3 in the Pearl River Delta (PRD) in south China (Cao et al., 2022). 
However, studies considering locally-measured EFs in south China have remained largely stagnant for over a 
decade (Leung et al., 2010; Tsui et al., 2009; Wang et al., 2011), which hardly represents recent changes in BVOC 
emissions. Thus, it is urgent to carry out a comprehensive study of BVOCs emissions with the updated EFs to 
re-evaluate the BVOC emissions and their impact on air quality in south China.

In this study, we updated the EFs of major BVOC species, including isoprene, monoterpene, and sesquiter-
pene in the MEGAN model in south China, which is based on recent in situ measurements in the PRD region 
(Zeng et al., 2022a). A source-oriented CMAQ model was applied to quantify their contributions to O3 and SOA 
formation. The temporal and spatial variations of BVOCs were discussed in this study. We aim to re-evaluate the 
BVOC emissions and their impacts on ozone and secondary organic aerosol formation in south China.
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2.  Methods
2.1.  BVOC EFs Development for MEGAN Model

Based on recent in situ measurements in Guangdong province (GD), a new BVOC EF database was developed 
for the MEGAN model. The field measurements were conducted from September 2019 to March 2021. A total 
of 15 broadleaf tree species and 5 needleleaf tree species were measured at the branch level, which covered the 
dominated tree types in GD. According to the 9th National Forest Census in China (http://www.forestdata.cn/, 
last access in May 2022), the major tree species were Pinus massoniana Lamb., Pinus elliottii Engelm., and 
Cunninghamia lanceolate (Lamb.) Hook. for needleleaf trees, and Quercus., Cinnamomum camphora (L.) Presl., 
and Eucalyptus robusta Smith. for broadleaf trees. The detailed information of the in situ measurements could be 
found in Zeng et al. (2022a).

Equation 1 was applied to convert the measured EFs from the branch to the canopy level under the standard 
conditions to meet the requirements of the MEGAN model (Purser et al., 2021; Wang et al., 2016):

EF = E × SLA𝑖𝑖 × LAI𝑖𝑖� (1)

where EF (μg m −2 h −1) and E (μg g −1 h −1) are the BVOC EFs from the MEGAN model and in situ measurement, 
respectively. SLA (g m −2) and LAI (m 2 m −2) stand for the specific leaf weight and the leaf area index for vegeta-
tion type i, respectively. Typically, the SLA values are 100, 150, 175 g m −2, and the LAI values are 5, 5, 2 m 2 m −2 
for the broadleaf, needleleaf, and shrubs, respectively (Wang et al., 2011; Zheng et al., 2010). By combining the 
recently measured BVOC EFs in Zeng et al. (2022a) with measurements from previous studies in this region, a 
new-localized BVOC EF database was obtained (Bai et al., 2001; Baker et al., 2005; Huang et al., 2011; Leung 
et al., 2010; Tsui et al., 2009). This new-localized EFs database contained three major BVOCs including isoprene, 
monoterpene, and sesquiterpene. Moreover, the explicit VOC species of monoterpene and sesquiterpene catego-
ries were also considered in this study as shown in Table 1.

2.2.  Model Setup and Application

In this study, a source-oriented CMAQ model was used to quantify the impacts of the updated BVOC EFs 
and the contribution of BVOC emissions on air quality in south China (Wang et  al.,  2019). The SAPRC-11 
(S11L) photochemical mechanism with updated isoprene reactions was coupled in the CMAQ model (Carter & 
Heo, 2013; Ying et al., 2015). The simulation periods were January, April, July, and October 2019 to investigate 
BVOC seasonal variations and matched the time of the associated field study (as mentioned in Section 2.1). To 
get better model performance, a nested domain setup was applied with horizontal resolutions of 36 km (China 

BVOCs Species Broadleaf Needleleaf Brush

Isoprene Isoprene 10,206.3 (10,000) 263.5 (600) 1,932.5 (2,000)

Monoterpenes Myrcene 37.3 (30) 56.2 (70) 47.8 (30)

Sabinene 32.3 (50) 195.7 (70) 79.7 (50)

Limonene 85.2 (80) 261.1 (100) 127.6 (60)

3-Carene 16.4 (30) 271.8 (160) 47.8 (30)

t-β-Ocimene 61.6 (120) 28.7 (70) 143.5 (90)

β-Pinene 68.7 (130) 335.4 (300) 159.5 (100)

α-Pinene 249.7 (400) 523.0 (500) 318.9 (100)

Other Monoterpenes 64.2 (150) 73.9 (180) 175.4 (110)

Sesquiterpenes Farnesene 24.3 (40) 12.3 (40) 63.8 (40)

β-Caryophyllene 25.5 (40) 14.6 (80) 79.7 (50)

Other Sesquiterpenes 50.2 (40) 79.2 (120) 159.5 (100)

Note. The number in parenthesis is the global average MEGAN EFs (as default model input).

Table 1 
The New-Localized Standard BVOC EFs (μg m −2 hr −1) for MEGAN
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and part of East Asia) and 12 km (south China, Figure S1 in Supporting Information S1), and the domain details 
were described in Wang et al. (2021c). In this study, we utilized the default ICON/BCON programs to generate 
initial and boundary conditions for the 36 km simulation, which represented a clean continental condition. For 
the 12 km simulation, the initial condition was obtained from the default ICON program, while the boundary 
condition was derived from the results of the 36 km simulation. Meteorological parameters were simulated by 
the Weather Research and Forecasting (WRF) model version 4.2.1, driven by the National Centers for Environ-
mental Prediction (NCEP) Final (FNL) reanalysis data (National Centers for Environmental Prediction/National 
Weather Service/NOAA/U.S. Department of Commerce, 2015) (ds083.3, https://rda.ucar.edu/datasets/ds083.3/, 
last accessed: May 2022). Anthropogenic emissions were from the Multi-resolution Emission Inventory for China 
(Zheng et al., 2021) (MEIC, http://meicmodel.org/, last accessed: May 2022) year 2019, and Emissions Data-
base for Global Atmospheric Research (EDGAR, https://edgar.jrc.ec.europa.eu/, last accessed: May 2022) year 
2015 for China and other countries, respectively. The biogenic emissions were generated by the MEGAN model 
version 2.1 (Guenther et  al.,  2012). To determine the changes by using the updated BVOC EFs, two sets of 
BVOC emissions were considered: (a) using the global average EFs from the MEGAN model (BASE case), and 
(b) using the new local-localized EFs mentioned in Section 2.1 (NEF case). Due to the vegetation diversity, EFs 
were substituted in the entire Guangdong province where the local EFs were measured in the NEF case (Zeng 
et al., 2022a).

3.  Results and Discussions
3.1.  WRF-CMAQ Model Evaluation

Meteorological perimeters play a key role in the estimation of BVOC emissions and the formation and transpor-
tation of pollutants (Guenther et al., 2012). The major hourly meteorological parameters, including temperature 
at 2 m (T2), wind speed and wind direction at 10 m (WS and WD), and relative humidity (RH) predicted by the 
WRF model, were used to conduct the model validation. The observation data were from the National Climatic 
Data Center (https://www.ncei.noaa.gov/products/land-based-station/integrated-surface-database, last accessed: 
May 2023), which had a total of 185 sites in south China. In general, the WRF model has a well performance 
based on the statistical indicators shown in Table S1 in Supporting Information S1, which is also comparable with 
previous studies (Hu et al., 2016; Liu & Wang, 2020; Wang et al., 2021a). For example, the T2 predictions in all 
months have met the criteria (Emery et al., 2001) except for the mean bias (MB) in April. The T2 has the best 
model performance (MB = 0.0) in July when the BVOC emissions are high. The predicted T2 can provide firm 
inputs for the MEGAN model since it is considered as the main environmental factor that divers the BVOC emis-
sions (Guenther et al., 2012). The WRF model over-predicts the WS in all months, as indicated by the positive 
MB values ranging from 0.3 to 0.7. This higher WS may enhance the regional transport of air pollutants. RH is 
slightly under-predicted in January and April but overestimated in July and October, suggesting by the variations 
in the MB values. In January, the predicted RH is 75.0% compared to 79.1% in the observation, and in April this 
underestimation gets alleviated.

In addition, the CMAQ model also provides a well prediction of the key pollutants compared to the observation 
from the National Air Quality Monitoring Network (Zhu, 2022) (https://figshare.com/articles/dataset/Observa-
tional _data/21709265/1, last accessed: March 2022, a total of 253 sites in the nested 12km domain). For both 
BASE and NEF cases, the predicted O3 and PM2.5 have all captured the seasonal variations of the observation 
and satisfied the criteria (Tables S2 and S3 in Supporting Information S1) (EPA, 2005, 2007). In particular, the 
highest O3 concentration occurs in October but in January for PM2.5 in south China. Similar to the meteorological 
evaluation, the best CMAQ model performance is found in July, suggesting the model is able to give robust results 
during the high BVOC emission season. For both simulation cases, the CMAQ model slightly overestimates the 
O3 concentration. On average, O3 predictions from NEF cases are closer to observations. From January to Octo-
ber, the O3 mean normal bias (MNB) values are 0.09, 0.09, 0.01, 0.0 for the NEF case, and 0.12, 0.17, 0.05, and 
0.02 for the BASE case. We further separate the observation sites into three categories as PRD (within the PRD 
region, 56 sites), noPRD (outside PRD but within Guangdong province, 50 sites), and noGD (outside Guangdong 
province, 148 sites) according to their locations to comprehensively evaluate the model performance (Figure S2 
in Supporting Information S1). In all these sites, the predictions in NEF case alleviate the overestimation in O3 
that is commonly reported in the air quality model when compared with the BASE case (Yang & Zhao, 2023) 
(Figure S3 in Supporting Information S1). The lower O3 in PRD and noPRD sites from the NEF is due to the 
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changes in the BVOC emission, which further help to reduce the overestimation of O3 in the noGD sites through 
regional transport. Particularly, in spring, the predicted O3 from the NEF case is 3 ppb lower on average than that 
of the BASE case in Guangdong province (including both PRD and noPRD sites), leading to a 5 ppb reduction 
in the noGD sites. In contrast, the CMAQ model predicts lower PM2.5 concentrations in both cases in all site 
categories (Figure S4 in Supporting Information S1). The average predicted PM2.5 concentrations are 30.4 and 
29.4 μg m −3 for BASE and NEF cases, respectively, compared to 34 μg m −3 of the observation. In January and 
April, the under-predicted PM2.5 may be partially attributed to the lower RH from the WRF model. Previous also 
reported that RH posed a significant impact on PM2.5 concentrations in winter and spring (Chen et al., 2020). 
Besides the BVOC emissions and metrological parameters, other factors such as the anthropogenic emissions and 
the simulation resolution also affect the PM2.5 prediction. A previous study reported that using different anthro-
pogenic emissions also leads to a distinct difference in PM2.5 and its component (Wang et al., 2018). Thus, a 
time-efficient anthropogenic emission with a high resolution is required to further improve the model prediction.

3.2.  Comparison of BVOCs in NEF and BASE Cases

3.2.1.  Comparison of BVOC EFs

As shown in Table 1, the NEF cases show obvious differences with the global average MEGAN EFs. The domi-
nant PFTs in the study domain are needleleaf evergreen temperate trees (up to ∼80%) and broadleaf deciduous 
temperate trees (up to ∼60%, Figure S5 in Supporting Information S1), so their EFs are selected to represent 
needleleaf and broadleaf categories, respectively. The impacts of the shrubs and bushes type are negligible since 
this vegetation type distributes sporadically with little coverage (<5%) in the study domain.

The new-localized isoprene EFs (10,206 μg m −2 h −1) are slightly higher than the MEGAN global average value 
(10,000 μg m −2 h −1) of the broadleaf function type, while they are 1.96 times the value (5,200 μg m −2 h −1) 
reported in the previous study in the PRD region (Wang et al., 2011). Opposite results are found in the needleleaf 
type. The new-localized needleleaf EFs are 1.3 and 2.0 times lower than that of the global MEGAN model and 
a previous study in the PRD (Wang et al., 2011), respectively. On a regional scale, the NEF case has the lower 
isoprene in the PRD and its surrounding regions with a difference of over −3,000 μg m −2 h −1 compared to the 
BASE case (Figure 1). This may help to improve the model performance of isoprene, as a recent study reported 
that the MEGAN model overestimated isoprene emissions by 20%–30% in the PRD region (Zhang et al., 2020). 
The higher isoprene EFs (>4,000 μg m −2 h −1) of the NEF case are predicted in scattered locations with more 
broadleaf coverage, such as Shaoguan and Qingyuan in GD.

The changes in monoterpene EFs varied by individual species (Table 1). Generally, the NEF case predicts a lower 
monoterpene EFs than the BASE case and Wang et al. (2011) for the broadleaf type, except for the myrcene and 
limonene. For instance, the β-pinene EF is 68.7 μg m −2 h −1 in the NEF case, which is only 53% and 21% of the 
BASE and the value in Wang et al. (2011), respectively. For the needleleaf type, the NEF case has larger EFs 
for most monoterpene species rather than the BASE case. Specifically, the limonene EF is 261.1 μg m −2 h −1, 
which is 2.6 times of the BASE case. In addition, different monoterpene species of the NEF case also show 
different spatial distributions (Figure 1). For α-pinene, the high EFs are located in the north of GD, which is 
50% larger than the BASE case. While the β-pinene EFs are ubiquitously lower than the BASE case throughout 
GD. The NEF derived the lower sesquiterpene EFs in both broadleaf and needleleaf types than the BASE case. 
Especially in the needleleaf type, the β-caryophyllene EFs in the NEF case are only 18% (14.6 μg m −2 h −1) of the 
BASE case, and thus leads to a lower EFs in the entire GD (Figure 1). This lower sesquiterpene EF is partially 
attributed to the underestimation during the field measurements, which was reported in previous studies (Zeng 
et al., 2022a, 2022b). In addition, the SLA used in Equation 1 can also induce significant differences in all BVOC 
EFs estimations (Guenther et al., 2020). In this study, the SLA is determined by the tree genera, such as the 
broadleaf type, but there are many diverse species even within one tree genera. This may also bring uncertainties 
in the calculation of SLA since it varies with tree species and environmental factors (Liu et al., 2017).

3.2.2.  Comparison of BVOC Emissions and Concentrations

In general, the NEF case estimates lower BVOC emissions than the BASE case in the study domain (Figure 2). 
The most significant difference is found in sesquiterpene emissions, with an average reduction rate of over −40% 
in the NEF case. In contrast, the average reduction rates of isoprene and monoterpene emissions are less than 5%. 
In both BASE and NEF cases, isoprene emerges as the dominant BVOCs throughout the year. During summer, its 
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emissions are 5-fold greater than those of monoterpenes, which is consistent with previous studies (Li et al., 2013; 
Wang et al., 2021a). In the PRD and its surrounding areas, the emission of isoprene is low, even in July, remaining 
below 0.5 mol s −1. In winter, monoterpenes are also major contributors to the total BVOC emissions (the sum of 
isoprene, monoterpene, and sesquiterpene) with a contribution of over 30%.

Figure 2.  The comparison of total BVOC emissions and their concentrations of isoprene (ISOP), monoterpenes (TERP), and 
sesquiterpenes (SESQ) in GD from January to October 2019.

Figure 1.  The EFs of BASE, NEF, and their difference (NEF-BASE) for (a) isoprene, (b) α-pinene, (c) β-pinene, and (d) 
β-caryophyllene. Units are ug m −2 h −1.
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On the regional scale, the NEF decreases major BVOCs emission rates in the PRD and its surrounding areas 
compared to that of the BASE case (Figures 2 and 3, Figures S6 and S7 in Supporting Information S1), which 
aligns with the findings of a previous study conducted in the same region (Situ et al., 2013). For isoprene, the 
reduction in NEF case is over 60%. In contrast, the higher isoprene emission rates are found in the west and east 
parts of the non-PRD region in GD, which is up to 0.6 mol s −1 larger than the BASE case in July. Besides the rela-
tively high EFs, the high temperature (>30°C, Figure S8 in Supporting Information S1) also promotes isoprene 
emissions (Guenther et al., 2012), which further leads to higher concentrations (Figure S9 in Supporting Infor-
mation S1). In west GD, the difference in isoprene concentration between the NEF and the BASE cases can reach 
∼+1 ppb. Unlike isoprene, monoterpene in the NEF case has higher emission rates in the north GD (Figure S6 in 
Supporting Information S1). In July, the NEF case estimates ∼30% higher monoterpene emissions than the BASE 
case, and thus more monoterpene concentrations (up to +0.4 ppb) (Figure S10 in Supporting Information S1). 
Similar to EFs, substantially lower sesquiterpene emissions and concentrations are calculated in the NEF case 
through the study domain (Figure 2 and Figures S6 and S11 in Supporting Information S1).

3.3.  O3 and SOA Changes Due To BVOC EFs and Associated Impacts on AOC

In most areas of GD, the maximum daily 8 hr average (MDA8) O3 is higher than 50 ppb in all simulation periods 
(Figure 4), exceeding Chinese national air quality standards Grade I (∼47 ppb). Even in winter, when the BVOC 
emissions are low, the average MDA8 O3 in south China can reach up to 45 ppb, which may be explained by the 

Figure 3.  The isoprene emissions of BASE, NEF, and their difference (NEF-BASE) for (a) January, (b) April, (c) July, and 
(d) October. Units are mol s −1.
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high temperature (>20°C) (Figure S8 in Supporting Information S1) in most of south China facilitates the O3 
formation. As an air pollution hotspot, the PRD region exhibits a consistent increase in O3 concentrations, rising 
at a rate of 1.1 ppb a −1. This surge notably surpasses the levels observed in major city clusters like the Sichuan 
Basin, which is largely attributed to the emerging BVOC emissions (Cao et al., 2022; Li et al., 2020a). The low 
levels of SOA occur in the summer in south China, but the concentration of biogenic SOA (BSOA) increases 
significantly at the same time (Figure 5 and Figure S12 in Supporting Information S1). In summer, the peak SOA 
concentration reaches 4 μg m −3 in the northern part of GD, which is approximately 4 times that in winter (Figure 
S12 in Supporting Information  S1). Despite a significant reduction in total PM2.5 levels in the PRD region, 
there has been a consistent rise in SOA concentrations over the past two decades, increasing at an average rate 
of 0.013 μg m −3 yr −1 (Cao et al., 2022; Shao et al., 2023). Moreover, distinct spatial distributions are simulated 
between these secondary pollutants (O3 and SOA) and BVOC emissions. This difference is mainly attributed to 
the prevailing south wind during the high BVOC emission seasons, which enhances regional transport and brings 
more precursors to form the secondary pollutants in the northern part (Wang et  al.,  2018). To have in-depth 
understanding of the BVOC emissions on SOA, the changes in major BSOA components including BSOA from 
isoprene (IBSOA), monoterpenes (TBSOA), and sesquiterpenes (SBSOA) are also investigated (Figures S13–
S15 in Supporting Information S1). In GD, the IBSOA plan an important role in the total BSOA, accounting 
for 63% and 65% of the annual BSOA in BASE and NEF cases, respectively. Notably, during winter, TBSOA 
contributes more to BSOA in both BASE and NEF cases compared to IBSOA. For all these BSOA components, 
the peak values are predicted in the autumn in northern GD, which is 3.3 times that of summer.

Figure 4.  The CMAQ predicted MDA8 O3 concentrations of BASE, NEF, and their difference (NEF-BASE) for (a) January, 
(b) April, (c) July, and (d) October. Units are ppb.
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From January to October, the lower MDA8 O3 and SOA concentrations are predicted in the NEF case than in the 
BASE (Figures 4 and 5). The remarkable decreases are simulated in the west of south China in July, with a reduc-
tion of up to 6 ppb and 1.5 μg m −3 for MDA8 O3 and SOA, respectively. Considering the O3 sensitivity regime, no 
noticeable changes are found between the BASE and NEF cases (Figure S16 in Supporting Information S1). The 
PRD region is recognized as the VOC-limited region (Jin & Holloway, 2015), and thus the lower BVOC emis-
sions reduce the O3 concentration (∼−1 ppb) in this region (Figure S17 in Supporting Information S1). Compared 
to O3, SOA concentrations are even more sensitive to the lower BVOC emissions in the NEF case (Figure S12 in 
Supporting Information S1). In particular, the declined BVOC emissions contribute more than 60% of the SOA 
reduction while causing less than 20% O3 reduction on average. Considering the BSOA components, the NEF 
has the lower concentration than that of the BASE cases. Similar to SOA, the most remarkable decrease is found 
in SBSOA with the average reduction rate over 30%.

This study also investigates the changes in atmospheric oxidation capacity (AOC) by using different BVOC 
EFs (NEF and BASE cases). The AOC plays a significant role in the formation of secondary pollutants, which 
is able to give an in-depth understanding of the BVOC emissions on air quality. In the CMAQ model, the 
AOC refers to the sum of major oxidants such as OH, HO2 and NO3 radicals. In this study, the HOx (sum of 
OH and HO2) and NO3 radical concentrations are used as the indicator to represent the AOC level. In most 
of south China, the lower HOx concentrations in the NEF case during the daytime result in decreases in the 
secondary pollutants (Figure S18 in Supporting Information S1), which is consistent with previous studies 
(Ren et al., 2013; Zhu et al., 2021). Surprisingly, the NEF still predicts a higher HOx concentration in a few 

Figure 5.  The CMAQ predicted SOA concentrations of BASE, NEF, and their difference (NEF-BASE) for (a) January, (b) 
April, (c) July, and (d) October. Units are μg m −3.
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regions of GD, although the lower concentrations of secondary pollutants are found in entire south China. In 
these regions, the NEF case consistently predicts higher BVOC concentrations compared to the BASE case. 
This elevated BVOC presence leads to increased rates of oxidation reactions, subsequently heightening the 
HOx levels. However, the resulting secondary pollutants, along with their precursors, might be transported to 
other locations due to regional dispersion, which could diminish the impact of the heightened HOx. Previous 
study also indicated that the relationship between SOA and HOx concentration is not unequivocally positive. 
Instances of low SOA concentration coinciding with high HOx levels have been reported, highlighting the 
complexity of their interplay (Wang et al., 2021b). In addition, the HOx diurnal variations are also investi-
gated in the PRD major cities including Guangzhou, Shenzhen, and Zhuhai (Figure S19 in Supporting Infor-
mation S1). Across these urban centers, HOx exhibits comparable seasonal patterns, characterized by higher 
levels during summer and autumn and lower levels in winter. During summer and autumn, the peak concen-
tration of HOx typically transpires at midday, while in winter, it tends to occur during the night and afternoon. 
In Guangzhou, the rise in HOx begins during spring, yet remains relatively stable compared to winter in the 
other cities. Notably, in all these locations, the diurnal concentration of HOx is higher in the BASE case 
compared to the NEF. Specifically, the BASE predicts a 31% increase in HOx concentration during summer 
noontime in Zhuhai compared to the NEF case. During the nighttime in the PRD region (Figure S20 in 
Supporting Information S1), lower NO3 concentrations are predicted in the NEF case, primarily due to the 
lower O3 levels (Figure S17 in Supporting Information S1), as NO3 is mainly formed by the oxidation of NO2 
by O3. A more comprehensive study is required to figure out the variations of AOC corresponding to BVOC 
emissions.

4.  Conclusion
This study re-evaluates the BVOC emissions and their impacts on air quality in south China in 2019. An 
up-to-date localized BVOC EFs are measured for the MEGAN model in order to improve the accuracy of BVOC 
emission estimations (NEF case). The BVOC emission estimates as well as the model prediction of O3 and SOA 
in south China were modeled with and without the updated EFs for comparison. The NEF case revealed reduced 
total BVOCs emissions, especially for sesquiterpenes with an average reduction rates up to 40%. More impor-
tantly, we found that with the updated BVOC emissions, O3 prediction performance of the CMAQ model was 
improved with the MNB value dropping from 0.09 (BASE case) to 0.05 (NEF case) if comparing the O3 levels 
from surface monitoring network with the modeled ones, signaling that the updating is in the right direction. In 
the NEF case with updated BVOC emissions, predicted concentrations of O3 and SOA were reduced throughout 
south China, particularly in July in which predicted O3 and SOA concentration could decrease by −6 ppb and 
−1.5 μg m −3, respectively. This study suggests that EFs play a significant role in the BVOC emission estimates 
and thereby in air quality modeling, and localized EFs of BVOC could potentially improve model performance 
particularly in regions with higher forest coverage. It is worth noting that other factors, such as meteorology 
parameters, land-use types, leaf area index and atmospheric chemistry, might also contribute to uncertainties in 
BVOC emission estimates, more extensive investigations and evaluations are required in the future to combine 
field measurements, lab experiments, and modeling studies for in-depth understanding of the role of BVOC in 
atmosphere.
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