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Abstract: Ozone (O3) is becoming an increasingly concerning air quality problem in China, and pre-
vious O3 control strategies focused primarily on reducing anthropogenic volatile organic compounds
(AVOCs), while neglecting the role of biogenic VOCs (BVOCs) in O3 formation. In this study, a
field campaign was conducted at a suburban site in the Pearl River Delta region of China with high
BVOC emissions from 29 August to 3 September 2020. An empirical kinetic modelling approach
(EKMA) showed that VOC-limited was the dominant feature for O3 formation at the site. The relative
incremental reactivity (RIR) values calculated by the box model (AtChem2-MCM) revealed that
isoprene, formaldehyde, methylglyoxal and acetaldehyde had the highest RIRs. Simulation results
from the box model also showed that isoprene played a substantial role in the formation of secondary
carbonyls, especially contributing 32–92% to the formaldehyde production rate. Box model simula-
tions further showed that during the O3 pollution period with high BVOC emissions, only near zero
AVOC emissions could prevent O3 if the levels of nitrogen oxides (NOx) remained unchanged. The
results suggest that the presence of high BVOC emissions can greatly impact efforts to control O3 by
reducing AVOCs, particularly in regions with relatively high NOx levels (up to 51 ppbv in this study).
In the long term, it may be essential to control NOx and choose low BVOC-emitting tree species in
urban planning to address this issue, particularly as BVOC emissions are projected to become a more
significant source of reactive VOCs with enhanced control of AVOCs.

Keywords: ozone; biogenic volatile organic compounds; Master Chemical Mechanism (MCM);
EKMA; RIR

1. Introduction

In the past three decades, severe ozone (O3) pollution events have become more
frequent, which has aroused public concern worldwide [1–4]. As a secondary product,
surface O3 is produced by a series of photochemical oxidation reactions between volatile
organic compounds (VOCs) and nitrogen oxides (NOx = NO + NO2) in the presence of
sunlight [5,6]. Elevated O3 concentrations not only impact vegetation growth, crop yields
and climate change [7–10], but also have severe adverse effects on human health [11,12].

Due to the nonlinear relationship between O3 and its precursors, O3 pollution is be-
coming an increasingly distinctive air pollution problem, especially in developing countries
such as China [13–19]. O3 formation is mostly in the VOC-limited regime in major urban
agglomerations of China [20–25] and the transition regime or NOx-limited regime typically
occurs in suburban/rural areas [26–28]. Alkenes were found to be important O3 precursors
in the North China Plain (NCP) and Chengdu-Chongqing region [25,29,30], while aromatics
and alkenes dominated O3 formation in the Yangtze River Delta (YRD) region, such as
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Shanghai and Hangzhou [31–34]. Studies in the suburban and rural sites of the Pearl River
Delta (PRD) region have revealed that aromatics (such as xylenes and toluene) are the key
precursors for O3 formation [31,35,36], while both aromatics and alkenes contribute greatly
to O3 formation in downtown areas [30,37,38]. Nevertheless, recent studies revealed that
biogenic VOCs (BVOCs) were among the more sensitive species to O3 formation in terms
of their incremental relative reactivity (RIR) in the PRD region in the tropical/subtropical
southern China [39–41], or even in other areas of China [42,43]. The early studies in Atlanta,
USA, with strong BVOC emissions showed that neglecting the impact of BVOCs on O3
formation might overestimate the effectiveness of O3 abatement strategies based on reduc-
ing anthropogenic VOCs, emphasizing that while controlling anthropogenic emissions of
VOCs, attention should also be paid to the control of anthropogenic NOx emissions [44,45].
As a matter of fact, BVOC emissions have been on the rise in China since 2010 [46]. There-
fore, elucidating the role of BVOCs in O3 formation is crucial for effectively regulating O3
air pollution, especially in regions such as the PRD in south China, with relatively higher
BVOC emissions [47].

The PRD region is one of the most developed urban agglomerations in China, where
intensive anthropogenic VOC and NOx emissions lead to O3 air pollution, especially in
the warm seasons [48,49]. In addition, the PRD region has a subtropical ocean monsoon
climate characterized by abundant rainfall, high temperature and wide vegetation coverage.
The vegetation type in this region is mainly subtropical evergreen broadleaf forest with
high BVOC emission potentials [50–52]. BVOC emission inventories have shown that the
annual average BVOC emission flux is much higher in the PRD region than in other parts
of China [53,54]. Air quality modelling studies in the PRD region have indicated that
BVOC emissions greatly impact the surface O3 peak levels in summer and autumn, with a
maximum increase of 20.0–34.0 ppbv [55–57], yet observation-based studies are needed to
verify and deeply understand the effects of BVOCs at varied locations.

In this study, we conducted field measurements of O3 and its precursors (VOCs and
NOx), as well as other trace gases, at a suburban site in the PRD region in 2020. The
characteristics of BVOCs and their contributions to O3 formation were investigated and
compared with those of other VOC species. In addition, based on the box-model with the
Master Chemical Mechanism (MCM v3.3.1), we explored to what extent reducing VOCs
under the influence of BVOCs can alleviate O3 air pollution.

2. Methodology
2.1. Site Description

The intensive field campaign was conducted from 29 August to 3 September 2020 at
a site approximately 17 m above the ground on the roof top of a 6-storey building on the
campus of Huadu Vocational and Technical School (23.39◦ N, 113.23◦ E; Figure S1), ~25 km
away from the urban center in the north of Guangzhou. The vegetation coverage rate in
Huadu District is 38.3% (data source: https://www.huadu.gov.cn/gkmlpt/content/8/80
23/mpost_8023183.html (accessed on 20 February 2023)), and the plants around the site
are eucalyptus, which has a high isoprene emission potential [58,59]. A state-controlled
air quality monitoring station is located at this site. There are forest parks, residential
buildings, traffic roads and scattered industrial blocks in the neighborhood (Figure S1).

2.2. Sample Collection and Chemical Analysis

Trace gases (i.e., NO-NO2-NOx, CO, SO2 and O3) and meteorological parameters (i.e.,
pressure, relative humidity (RH), temperature (T), solar radiation, wind speed and wind
direction) were determined simultaneously during the campaign. The O3 pollution days
were defined as the days with a maximum daily 8-h average (MDA8) O3 concentration
exceeding the secondary standard limit of China’s current National Ambient Air Quality
Standard (NAAQS) of 160 µg m−3 (equivalent to 75 ppbv). According to the MDA8 O3
levels, the whole observation period could be divided into a heavy O3 pollution period
(>95 ppbv; 29 August; P1), a light O3 pollution period (75–85 ppbv; 1 September; P2), a mod-
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erate O3 pollution period (85–95 ppbv; 1–2 September; P3) and a non-O3 pollution period
(≤75 ppbv; 30–31 August; NP). Trace gases were monitored by online Thermo Scientific
Environmental Instruments at the HD site, including the NOx analyzer (Model 42i, Thermo
Scientific Inc., Boston, Mass, USA), the gas filter correlation method CO analyzer (Model 48i,
Thermo Scientific Inc., Boston, Mass, USA), the pulsed fluorescence SO2 analyzer (Model
43i, Thermo Scientific Inc., Boston, Mass, USA) and the UV photometric O3 analyzer (Model
49i, Thermo Scientific Inc., Boston, Mass, USA). Meteorological parameters were measured
by an automatic weather station at the HD site. The solar radiation data were obtained from
the monitoring data of the Guangzhou Meteorological Monitoring and Warning Center.
The 3-h planetary boundary layer heights (PBLH) for the HD site were obtained from the
Global Data Assimilation System (GDAS) (https://ready.arl.noaa.gov/READYamet.php
(accessed on 12 November 2022)).

During the sampling period, 2-h average samples were consecutively taken at
6:00–8:00, 8:00–10:00, 10:00–12:00, 12:00–14:00, 14:00–16:00, 16:00–18:00, 18:00–20:00 and
20:00–22:00 local time (LT) every day. Cleaned and evacuated stainless-steel canisters
were used to collect air samples with a model 910 canister sampler (Xonteck Inc., Fre-
mont, CA, USA) to allow each canister to be filled within 120 min at a constant flow of
33.4 mL/min [41]. Ambient carbonyls were sampled simultaneously by drawing am-
bient air through 2,4-dinitrophenylhydrazine (DNPH)-coated sorbent cartridges. The
nonmethane hydrocarbons (NMHCs) in the collected air samples were analyzed with
an Agilent 5973N gas chromatography-mass selective detector/flame ionization detector
(GC-MSD/FID, Agilent Technologies, USA). CH4 in the air samples was also analyzed
by a gas chromatography (Agilent 6890 GC, Agilent Technologies, Santa Clara, CA, USA)
equipped with an FID (flame ionization detector) and a packed column (5A Molecular
Sieve 60/80 mesh, 3 m × 1/8 inch). The detailed chemical analysis, quality control and
quality assurance for NMHCs and CH4 were given in our previous studies [60–64]. The
carbonyls samples were analyzed by a high-performance liquid chromatography (HPLC)
system (HP1200, Agilent Technologies, Santa Clara, CA, USA) and detected with an ultra-
violet detector (the detecting wavelengths of monocarbonyl and dicarbonyl were 360 nm
and 420 nm, respectively). The detailed laboratory analysis of carbonyls can be found
elsewhere [65]. The method detection limits (MDLs) and average concentrations for the
measured VOCs are listed in Table S1.

2.3. AtChem2-MCM Model
2.3.1. Model Description and Input

In this study, a zero-dimensional chemical box model coupled with Master Chem-
ical Mechanism (version 3.3.1; http://mcm.leeds.ac.uk (accessed on 3 November 2022))
(AtChem2-MCM) was applied to investigate the relationships between O3 and its pre-
cursors. This model provides near explicit gas-phase chemistry involving 6700 chemical
species and 17,000 reactions [66–68]. The deposition processes of inorganic gases, oxy-
genated VOCs, PANs, peroxides and organic acids within the boundary layer were also
considered in the model [31]. However, the model considered neither the heterogeneous
reactions nor the transport process. Detailed descriptions about the parameters and model
running can be found elsewhere [41,69].

The input data, including the NMHCs (alkanes, alkenes, alkynes, aromatics and
BVOCs), carbonyls (formaldehyde, acetaldehyde, acetone, propionaldehyde, 2-butanone,
benzaldehyde, glyoxal and methylglyoxal), CH4, NO, NO2, O3, CO, SO2 and meteorological
parameters (temperature, pressure, relative humidity, boundary layer height and j(NO2))
were averaged or interpolated with a time resolution of 1 h as the constraints of the model.
The model was run at 00:00 local time (LT) as the initial time.

https://ready.arl.noaa.gov/READYamet.php
http://mcm.leeds.ac.uk
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2.3.2. Model Performance

The index of agreement (IOA) with a value between 0 and 1, calculated by Equation (1) [70],
is used to indicate the model performance. A higher value represents a better agreement
between observation and simulation.

IOA = 1− ∑n
i=1 (Oi − Si)

2

∑n
i=1

(
|Oi −

–
O|+ |Si −

–
O|
)2 (1)

where Oi and Si represent the observed and simulated values, respectively;
–
O represents the

average of observations; and n is the number of samples. Figure S2 presents the comparison
between the simulated model and the observed O3 during the campaign, with an IOA value
of 0.6. It is worth noting that during the study period, the daytime O3 peak (15:00–18:00)
appeared later than the solar radiation peak (12:00–13:00), and a small O3 peak was also
observed at night (up to 75.6 ppbv), indicating significant regional transport of O3 at the
HD site. This is the main reason affecting the performance of the box model considering
only local production.

2.3.3. Relative Incremental Reactivity (RIR)

Relative incremental reactivity (RIR), which is defined as the ratio of the decrease
in the O3 production rate to the decrease in precursor concentrations without detailed
knowledge of these emissions [71], has been widely applied in previous studies to indicate
the sensitivity of O3 formation to precursors [30,36,38,40,72,73]. With the AtChem2-MCM
model, the RIR for a specific precursor X at site “S” is given by:

RIRS(X) =

[
PS

O3−NO(X)− PS
O3−NO(X− ∆X)

]
/ PS

O3−NO(X)

∆S(X) / S(X)
(2)

PO3−NO = kHO2+NO[HO2][NO] + kRO2+NO[RO2][NO]− kO1D+H2O

[
O1D

]
[H2O]−kO3+alkenes[O3][alkenes]

−kO3+OH[O3][OH]− kO3+HO2 [O3][HO2]− kNO2+OH[NO2][OH]
(3)

where X represents the relevant precursor (VOC species, CO or NO); S(X) is the observed
concentrations of species X, which represents the combined flux of regional transport and
the amounts emitted at the site; ∆X is the change in the concentration of X caused by a
hypothetical change in S(X) (20% S(X) in this study); and PS

O3−NO is defined as the O3
formation potential from 07:00 to 19:00, which is the net amount of O3 production and NO
consumed (Equation (3)).

2.3.4. Empirical Kinetic Modelling Approach (EKMA)

The empirical kinetic modelling approach (EKMA) refers to a series of O3 isopleths
made by the photochemical reaction model, reflecting the nonlinear relationship between
O3 and its precursors to improve reduction strategies, as shown in Equation (4) [28,74].
EKMA judges its effect on the peak O3 concentration by changing the initial concentration
of O3 precursors VOCs and NOx to identify the response relationship between O3 and
its precursors. Generally, from the perspective of the feasibility of implementing control
measures, only emission reduction control research is conducted on precursors emitted by
anthropogenic sources, while VOCs emitted by biogenic sources remain at their original
levels. In this study, the EKMA was based on MCM, and the measured 1-h averages of
species except NOx and VOCs during the whole campaign were used as the constraint
conditions of the box model. The campaign-averaged concentrations of VOCs and NOx
from 7:00 to 19:00 were selected as the original concentrations (base case), and the concen-
trations of VOCs and NOx were scaled under the base case. The daily maximum value of
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O3 generation was taken as the concentration after the reaction. The simulation period is
from 6:00 to 20:00, where outdoor air quality has a greater impact on human activities.

PO3 = f(NOx ± ∆NOx, VOCs± ∆VOCs) (4)

3. Results and Discussion
3.1. Overviews
3.1.1. Levels of Meteorological Parameters and Measured Species

Statistical descriptions about the levels of meteorological parameters and measured
species at the HD site during the four periods are provided in Table 1, and their time
series are presented in Figure 1. The daily averaged O3 level in NP (50.6 ± 22.6 ppbv)
was higher than that in P2 (43.3 ± 25.9 ppbv) or P3 (48.6 ± 35.0 ppbv), but lower than
that in P1 (69.2 ± 33.1 ppbv), while the 1-h O3 maximum value in NP (77.5 ppbv) was
the lowest among that in P1 (127.0 ppbv), P2 (82.6 ppbv) and P3 (100.0 ppbv). MDA8 O3
concentrations ranged from 63.4 ppbv (NP) to 98.6 ppbv (P1), which was comparable to
those reported in polluted NCP and YRD regions [75–77]. The average concentrations of
SO2 and CO in NP were 1.8 ± 0.5 ppbv and 725.0 ± 96.8 ppbv, respectively, which were
lower than those in the other three O3 pollution periods. The levels of SO2 and CO at the
HD site were similar to those in some polluted suburban areas in the PRD region [31,40,78].

Table 1. Statistical descriptions about levels of meteorological parameters and measured species
during the four periods (S.D.: standard deviation; BVOCs: biogenic VOCs; TVOCs: total VOCs).

P1 P2 P3 NP

Average ±
S.D. Maximum Average ±

S.D. Maximum Average ±
S.D. Maximum Average ±

S.D. Maximum

Temperature
(◦C) 32.5 ± 2.13 35.2 31.5 ± 2.66 36.2 32.4 ± 2.43 35.9 31.2 ± 2.61 35.5

Solar
radiation
(W m−2)

459 ± 330 886 544 ± 378 1016 511 ± 348 1018 434 ± 293 939

Relative
humidity (%) 60.7 ± 8.91 78.0 66.4 ± 11.1 84.0 60.1 ± 11.0 80.0 67.3 ± 13.7 94.0

Wind speed
(m s−1) 0.928 ± 0.351 1.90 0.900 ± 0.411 2.60 0.898 ± 0.283 1.40 1.01 ± 0.318 1.70

O3 (ppbv) 69.2 ± 33.1 127 43.3 ± 25.9 82.6 48.6 ± 35.0 100 50.6 ± 22.6 77.5

SO2 (ppbv) 2.06 ± 1.21 5.60 2.65 ± 1.50 5.60 1.76 ± 0.565 3.85 1.75 ± 0.473 3.50

CO (ppbv) 759 ± 80.5 913 779 ± 59.9 893 810 ± 87.0 1038 725 ± 96.8 879

NO (ppbv) 2.57 ± 1.82 7.47 1.71 ± 0.560 3.73 2.84 ± 3.82 22.4 2.05 ± 1.63 10.5

NO2 (ppbv) 21.1 ± 10.4 47.7 13.8 ± 7.56 32.6 18.6 ± 12.3 46.3 16.1 ± 12.3 48.7

Alkanes
(ppbv) 18.6 ± 12.6 41.8 14.5 ± 11.4 31.2 17.0 ± 18.1 75.1 15.1 ± 13.2 54.8

Alkenes
(ppbv) 1.42 ± 0.441 1.97 1.25 ± 0.474 1.96 1.43 ± 0.624 2.92 1.39 ± 0.605 3.09

Aromatics
(ppbv) 3.31 ± 2.48 7.42 1.66 ± 1.88 5.97 2.45 ± 2.58 10.6 3.45 ± 3.37 11.9

Alkynes
(ppbv) 1.08 ± 0.475 1.87 0.868 ± 0.228 1.07 1.07 ± 0.480 1.94 1.09 ± 0.444 1.74

Carbonyls
(ppbv) 18.8 ± 4.57 25.3 11.0 ± 0.773 11.8 15.6 ± 2.17 19.6 16.0 ± 2.86 22.3

BVOCs
(ppbv) 1.24 ± 1.90 4.70 2.11 ± 2.12 5.55 2.14 ± 1.76 5.39 1.68 ± 1.41 4.41

TVOCs
(ppbv) 44.5 ± 16.7 76.2 25.9 ± 14.1 52.0 39.7 ± 18.8 96.5 38.7 ± 17.6 84.1
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Figure 1. Time series of meteorological parameters and measured species observed at HD during
three O3 pollution periods (P1, P2, P3; 29 August and 1–3 September 2020) and one non-O3 pollution
period (NP; 30–31 August 2020). Due to instrument failure, the carbonyl data from 6:00–12:00
on 1 September are missing. Other data gaps were mainly due to instrument maintenance and
calibration. Temp: temperature; RH: relative humidity; BVOCs: biogenic VOCs; MDA8: maximum
daily 8-h average.

As for the O3 precursors, the average NOx concentration was approximately 20 ppbv
(up to 51 ppbv), which was higher than in some polluted suburban areas and even a
few urban areas [38,40,73,79], and lower than most urban areas [41,73,80,81]. Due to the
morning peak, the peak of NO usually occurred around 8:00 and could reach up to 22.4 ppbv,
while the NO2 concentration level was very high during 21:00–9:00, up to 48.7 ppbv, which
might be related to the higher NOx emissions from diesel vehicles at night. The average
TVOCs concentration (~37.2 ppbv) was between the values previously reported in the PRD
region, ranging from 21.1 to 73.8 ppbv [36,41,49,82,83]. Both NOx and total VOCs (TVOCs)
(including 62 NMHCs and 8 carbonyls) showed higher mixing ratios in P1 (23.6± 11.6 ppbv
and 44.5 ± 16.7 ppbv, respectively) compared with the other three periods (Table 1). A
comparison between P3 and NP revealed that TVOCs were comparable in P3 and NP, while
NOx was 18% higher in P3 than in NP (Table 1). The average concentrations of NOx and
TVOCs in P2 were 15.5 ± 7.7 ppbv and 25.9 ± 14.1 ppbv, respectively, which were not only
lower than those in P1 or P3, but even lower than those in NP. However, the proportion of
active VOCs (BVOCs and carbonyls) in P2 (51%) was much higher than that in P1 (45%),
P3 (45%) or NP (46%), especially the BVOCs concentration, which was up to 5.6 ppbv. The
mean temperature (31.2 ± 2.6 ◦C) and solar radiation (434 ± 293 W m−2) in NP were lower
than that in P1 (32.5 ± 2.1 ◦C, 459 ± 330 W m−2), P2 (31.5 ± 2.7 ◦C, 544 ± 378 W m−2) and
P3 (32.4 ± 2.43 ◦C, 511 ± 348 W m−2), while the mean relative humidity (67.3 ± 13.7%) was
higher than that in P1 (60.7 ± 8.9%), P2 (66.4 ± 11.1%) and P3 (60.1 ± 11.0%). In all four
periods, the mean wind speeds were similar (~1 m s−1). The ratio of toluene to benzene
(T/B) has been widely used to represent the source contribution of aromatic solvents, with
a value greater than 3 indicating the presence of solvent-related sources [84–86]. Although
T/B ratios averaged 11 in NP, which were over 20% higher than that of 7 in P1, 9 in P2 or
6 in P3 (Figure S3), the adverse meteorological conditions (the weakest solar radiation, the
lowest temperature and the highest relative humidity) in NP offset the impact of aromatic
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solvents on O3 formation. Therefore, meteorological factors might be the main reason
affecting whether the MDA8 O3 concentration exceeded the guideline standard (75 ppbv)
in this O3 pollution process.

3.1.2. Diurnal Variation

Figure 2 presents the average diurnal variations in meteorological parameters and
major trace gases at HD during the four periods. These diurnal variations reflected the
interplay of primary emissions, atmospheric photochemical processes, and meteorological
conditions. With the gradual increase in solar radiation, the O3 concentration began to
increase in the early morning (approximately 06:00). Different from previous studies
showing a unimodal O3 diurnal variation (reaching a peak at approximately midday and
then decreasing) in some urban areas [21,25,87,88], the O3 concentrations in this study
exhibited a broadened peak in the afternoon (12:00–18:00 LT) at the HD site due to the
influence of regional transport [89]. Compared with the three O3 pollution periods, the
daytime O3 levels in NP were significantly lower, accompanied by a lower temperature,
weaker solar radiation and higher humidity. However, at night and in the early morning
(0:00–9:00 and 21:00–24:00), the O3 concentrations in NP were higher than that in P2 and
P3, which might be due to regional transport (wind speeds up to ~2 m s−1).
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Figure 2. Diurnal variations in meteorological parameters and major trace gases during the four
periods. It should be noted that only daytime (6:00–20:00 LT) data were measured.

Diurnal variations in NO, NO2 and CO all showed peaks in the morning rush hour at
approximately 9:00, with the lowest concentrations at approximately 15:00 in the afternoon,
and NO2 and CO also showed high concentrations during the evening. The diurnal vari-
ations in the VOC groups (including alkanes, alkenes, aromatics, alkynes and carbonyls)
showed variations similar to those of CO and NOx, which might be related to significant
primary emissions (e.g., vehicle exhaust), photochemical reaction consumption and bound-
ary layer uplift at noon. In comparison, the diurnal variation in BVOCs was different from
that of other VOCs, with the maximum value appearing at 12:00–15:00, corresponding
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to the maximum temperature value, and the maximum value in NP was smaller than in
the other three O3 pollution periods. Previous studies have shown that high temperature
could promote BVOC emissions [90–92]. In addition, the average levels of carbonyls in
all periods were higher in the morning and evening and peaked at noon (approximately
12:00), reflecting the combined impact of primary emissions and secondary formation.

3.2. O3-Precursor Relationships
3.2.1. O3–VOCs–NOx Sensitivity

The change of NOx and VOCs will influence the O3 production, and this O3–VOCs–
NOx sensitivity can be reflected by the O3 isopleth diagram. The base case model input data
can be found in Section 2.3.4. Based on the base case, VOCs and NOx were scaled to obtain
77 model scenarios (11 NOx × 7 VOCs), and the maximum O3 under each scenario was
selected to plot the O3 isopleth, as shown in Figure 3a. The grid line divides the diagram
into two parts, namely VOC-limited (upper) and NOx-limited (lower) regimes. It was
clear that the whole sampling period was above the grid line, except 31 August, which
was slightly below the grid line, indicating that VOC-limited was the dominant feature
for O3 production at this site. This result was consistent with previous studies in the PRD
region [30,83,93,94], indicating that reducing VOCs could depress O3 formation.
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Figure 3. The O3–VOCs–NOx sensitivity study for the HD site. (a) The O3 isopleth diagram versus
NOx and VOCs using EKMA (the horizontal and vertical axes represent the percentage of original
mixing ratios of VOCs and NOx: the percentage change of VOCs from 0.5% to 140% and the
percentage change of NOx from 0.5% to 150%. The isopleths give the peak O3 in the unit of ppbv.);
(b) RIR (relative incremental reactivity) values of major VOC groups during the four periods, i.e.,
alkanes, alkenes, aromatics, carbonyls and BVOCs.

Figure 3b shows the model-calculated RIR values of the VOC groups including alkanes,
alkenes, aromatics, carbonyls and BVOCs. In all the VOC groups, except for carbonyls with
the highest RIR value in P1, BVOCs had the highest RIRs (0.55 ± 0.13) in the other three
periods, which was similar to the results previously reported in urban Guangzhou [41] and
suburban Wuhan [95] on O3 episode days. Carbonyls (0.22 ± 0.08) showed a lower RIR
value than BVOCs, but the level was also much higher than those of aromatics (0.05 ± 0.02),
alkenes (0.04 ± 0.01) and alkanes (0.03 ± 0.01) during P2, P3 and NP. Similarly, it was
also found that the pattern of diurnal variations in the RIRs of VOC groups in P1 was
completely different from the patterns of the other three periods (Figure 4). In P1, the
RIRs of carbonyls were significantly higher than those in the other three periods, with the
maximum occurring at approximately 9:00 and the minimum occurring at approximately
18:00, which was similar to the diurnal variations of their concentrations (Figure 2). The
RIRs of BVOCs showed a trend of being higher in the morning and evening and lower
around noon in P1 due to the lower concentrations of BVOCs in the 9:00–13:00 period
(<1 ppbv), contrary to the other three periods. Our results demonstrate that the dominant
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roles of BVOCs in O3 formation in the suburban area of the PRD region were associated
with higher BVOC emissions.
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3.2.2. Relative Importance of VOCs in O3 Formation

The RIR values of each VOC species were further calculated, and the top 5 VOC
species with average RIR values were selected during the four periods, as shown in
Figure 5. The daily top 10 VOC species with RIR values can be found in Table S2. It was
found that formaldehyde was the most sensitive to O3 formation in P1, while isoprene
was the most sensitive to O3 formation in the other three periods. The RIR values of
isoprene, formaldehyde, methylglyoxal and acetaldehyde ranked in the top 5 in all four
study periods. The difference was that the RIRs of m/p-xylene also ranked in the top 5 in
P1 and NP, while those of α-pinene ranked in the top 5 in P2 and P3. It was found that
isoprene was also ranked first by RIRs at a suburban site in Hong Kong and a rural site in
Zhuhai, Guangdong [40]. Isoprene was also found to be most sensitive to O3 formation in
central and southwestern China, which has high forest coverage [42,43].
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In this study, isoprene was also an important precursor of carbonyls, especially the
contribution to formaldehyde, methylglyoxal and glyoxal, which ranked first (Figure S4),
and these carbonyls were more sensitive to O3 formation, which meant that isoprene was the
most sensitive species to O3 formation. Figure 6 shows the model-calculated formaldehyde
production rate from the degradation of VOC species during the four periods. In P1,
P2, P3 and NP, the contribution of isoprene to the total formaldehyde production rate
far exceeded that of other VOC species, with contribution rates of 32%, 92%, 92% and
78%, respectively. The contribution of isoprene to the formaldehyde production rate was
different in the fourth period, which was mainly related to the isoprene concentration,
and the higher the concentration, the greater the contribution. It is worth noting that the
factors affecting the difference of BVOC levels in the four periods are different. BVOC
concentrations in P1 were very low (<1 ppbv) from 7:00 to 13:00, but more than 1 ppbv after
13:00 (Figure 2). The change of BVOC concentrations in P1 corresponded to the change
of wind direction, that is, from easterly wind (7:00–13:00) to northerly wind (14:00–17:00),
while in other periods, northerly wind dominated during the day (Figure 1), indicating
that the change of wind direction might affect the contribution of emission sources to the
VOCs’ concentrations. The contribution of isoprene to the formaldehyde production rate
in NP was less than that in P2 and P3, mainly related to the lower temperature in NP
(31.2 ± 2.6 ◦C) than in P2 (31.5 ± 2.7 ◦C) and P3 (32.4 ± 2.43 ◦C), and previous studies
have shown that a high temperature could promote BVOC emissions [90–92]. In addition
to isoprene, aromatics (e.g., toluene, xylenes and ethylbenzene) and alkenes (e.g., propene,
trans-2-butene and cis-2-butene) were also important precursors of carbonyls. Moreover,
in previous studies in some areas of the PRD, aromatics and alkenes were still the most
important O3 precursors [35,37,41,81,96]. In the case of difficult control of isoprene, the
effectiveness of controlling anthropogenic VOC (AVOC) emissions to alleviate O3 pollution
is discussed further below.
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3.3. AVOCs Control Strategies under the Influence of High BVOC Levels

From the discussions and results above, it can be seen that the sensitivity of BVOCs to
O3 formation is dominant, but the emission of BVOCs is difficult to effectively control in
the short-term. Therefore, more attention should be paid to controlling AVOC emissions,
especially in areas where O3 formation is VOC-limited but BVOC levels are high. AVOCs
are emitted from various sources, among which alkanes mainly come from gasoline-related
emission sources (e.g., on-road mobile source and fuel oil storage and transportation),
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alkenes from combustion sources (e.g., mobile source and biomass combustion), aromatics
from industrial-related emission sources, and primary carbonyls mainly come from cooking
processes [85,97–100]. Then, under the existing atmospheric conditions, it is a question of
to what extent to control the AVOCs to effectively alleviate O3 pollution.

Considering that formaldehyde was the most sensitive to O3 formation among the
carbonyls and mainly came from the secondary oxidation process of isoprene, we designed
a series of AVOC concentration reduction schemes while keeping the concentrations of NOx,
BVOCs and formaldehyde unchanged. The results are shown in Figure 7. There were four
O3 pollution days during the whole observation period, August 29 (P1), 1 September (P2)
and 2–3 September (P3), with the maximum concentration of MDA8 O3 concentrations on
29 August being approximately 99 ppbv. It was found that with the decreasing percentage
of AVOC concentrations gradually increasing from 0 to 100%, the MDA8 O3 concentrations
in P1 rapidly decreased from 99 ppbv to 41 ppbv by ~59%. However, when the AVOCs
levels were reduced by 100%, the MDA8 O3 concentrations in P2 and P3 decreased by only
~20%, and for each day, the MDA8 O3 concentrations decreased from 76 ppbv to 59 ppbv
on 1 September, from 92 ppbv to 74 ppbv on 2 September, and from 85 ppbv to 70 ppbv
on 3 September. For P2, when the MDA8 O3 concentration only slightly exceeded the
guideline standard (75 ppbv), it only needed to reduce the AVOC levels by 10% to make
the MDA8 O3 concentration meet the standard. For P1 and P3 with serious O3 pollution,
cutting the AVOC levels by 50% could make the MDA8 O3 concentration meet the standard
in P1 with low BVOC emissions, while in P3 with high BVOC emissions, reducing the
AVOC concentrations to zero could eliminate the occurrence of O3 pollution in the region,
suggesting that the presence of high BVOC emissions can greatly impact efforts to control
O3 by reducing AVOCs, particularly in regions with relatively high NOx levels.
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4. Conclusions

In this study, O3 and its precursors were measured at a suburban site in South China
with large BVOC emissions during four periods, including a heavy O3 pollution period (P1),
a light O3 pollution period (P2), a moderate O3 pollution period (P3) and a non-O3 pol-
lution period (NP), and the AtChem2-MCM box model was applied to investigate the
O3-precursor relationships. Although the average concentrations of NOx and TVOCs in NP
were lower than those in P1 and P3, both were higher than those in P2, and the proportion
of active VOCs in NP (46%) was slightly higher than that in P1 (45%) and P3 (45%), but
lower than that in P2 (51%). The T/B ratios in NP (~11) were also over 20% higher than that
during the O3 pollution period (P1, P2 or P3), but the adverse meteorological conditions
(the weakest solar radiation, the lowest temperature and the highest relative humidity) in
NP offset the impact of aromatic solvents on O3 formation, demonstrating meteorological
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factors might be the main reason affecting whether the MDA8 O3 concentration exceeded
the guideline standard (75 ppbv).

The box model simulations revealed that VOC-limited was the dominant feature for
O3 formation during this whole sampling period, implying that controlling VOCs was more
effective than NOx in mitigating O3 formation. BVOCs had the highest relative incremental
reactivity (RIR) values in P2, P3 or NP, while carbonyls had the highest RIR value in P1.
The pattern of diurnal variations in the RIRs of the VOC groups in P1 was also completely
different from the patterns of the other three periods, especially for BVOCs, which was
mainly related to their concentration levels. Isoprene, formaldehyde, methylglyoxal and
acetaldehyde had the highest RIRs in all four study periods. Isoprene also played a
substantial role in the formation of secondary carbonyls, especially contributing 32–92%
to the formaldehyde production rate. In addition to isoprene, aromatics and alkenes were
also important precursors that dominated the secondary formation of carbonyls, indicating
that controlling them was the key to controlling O3 pollution. However, the emission of
BVOCs is difficult to control effectively in the short term, and more attention should be
paid to controlling AVOC emissions. Box model simulations showed that during the O3
pollution period with high BVOC emissions, only near zero AVOC emissions could prevent
O3 if the levels of NOx remained unchanged. The results suggest that the presence of high
BVOC emissions can greatly impact efforts to control O3 by reducing AVOCs, particularly
in regions with relatively high NOx levels (up to 51 ppbv in this study).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14040609/s1, Figure S1: Location of the HD sampling
site; Figure S2: Simulated and observed O3 during O3 pollution (O3 episode days) and clean
(non-O3 episode days) days; Figure S3: Scatter plots of toluene to benzene during four periods;
Figure S4: Average RIR values of the top 10 VOC species for (a) formaldehyde, (b) acetaldehyde,
(c) glyoxal and (d) methylglyoxal during the whole campaign; Table S1: The average mixing ratios
and 95% confidence intervals (95% C.I.) of TVOCs (pptv) measured during the four periods; Table S2:
Top 10 VOC species with RIR values.
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