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precursor-based O3 isopleth diagrams are widely used to infer O3 control strategy at a partic-
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ular location. However, there is frequently a large gap between the O3 -precursor nonlinearity
delineated by the O3 isopleths and the emission source control measures to reduce O3 lev-
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els. Consequently, we developed an emission source-based O3 isopleth diagram that directly
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illustrates the O3 level changes in response to synergistic control on two types of emission

Ozone-precursor nonlinearity

sources using a validated numerical modeling system and the latest regional emission in-

Source-based ozone isosurface

ventory. Isopleths can be further upgraded to isosurfaces when co-control on three types

Pearl River Delta

of emission sources is investigated. Using Guangzhou and Foshan as examples, we demonstrate that similar precursor-based O3 isopleths can be associated with significantly different emission source co-control strategies. In Guangzhou, controlling solvent use emissions
was the most effective approach to reduce peak O3 levels. In Foshan, co-control of on-road
mobile, solvent use, and fixed combustion sources with a ratio of 3:1:2 or 3:1:3 was best to
effectively reduce the peak O3 levels below 145 ppbv. This study underscores the importance
of using emission source-based O3 isopleths and isosurface diagrams to guide a precursor
emission control strategy that can effectively reduce the peak O3 levels in a particular area.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Tropospheric ozone (O3 ) is a secondary pollutant formed
by chemical reactions between nitrogen oxides (NOx ) and
volatile organic compounds (VOCs) in the presence of sun-
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light (Monks et al., 2015). During the past decade, O3 pollution
in Europe and North America has typically been mitigating,
whereas in developing countries such as China and India, O3
pollution has tended to worsen, despite the continuous efforts
towards the emission control of O3 precursors (Simon et al.,
2015; Jonson et al., 2018; Lu et al., 2018; Young et al., 2018). O3
pollution threatens human health, food, and wood productivity. In China, it led to an economic loss equivalent to 7% of the
gross domestic product in 2015 (Feng et al., 2019a). The development of an effective O3 control strategy to limit and reverse
the continuous deterioration trend is urgently required.
The complexity of O3 control lies in the fact that ambient O3 levels respond nonlinearly to the emission changes
of NOx and VOCs, and such nonlinearity also varies significantly under different meteorological conditions that regulate
both O3 local formation and carry-over by long-range transport (Li et al., 2013; Xue et al., 2014; Yin et al., 2019). Hence,
the accurate characterization of O3 -precursor nonlinearity is
a prerequisite for formulating effective O3 control measures
in a particular area.
The O3 -precursor nonlinearity was first depicted in 1977
when the United States Environmental Protection Agency developed the Empirical Kinetic Modeling Approach (EKMA) by
computer simulations of chemical reactions occurring in a
well-mixed box (Kinosian, 1982). Dividing EKMA diagrams into
NOx -limited and VOC-limited areas assists policy-makers determine whether NOx or VOC emissions should be controlled
preferentially in strategies to address ground-level O3 pollution (Carter et al., 1982; Kumar, 1983; Kelly, 1985). An O3 isopleth plotting program (OZIPP) model was subsequently developed (Gery and Crouse, 1991), enabling a quick plot of the
EKMA curves. However, the first generation of EKMA suffered
from three major limitations, i.e., an oversimplified chemical mechanism, a limited area coverage, and the absence of
the majority of meteorological processes (Corrêa et al., 2012;
Jin et al., 2012; Thayukorn et al., 2012; Alvim et al., 2017;
Silva et al. (2018)).
Models with greater sophistication have been applied with
the aim of overcoming these limitations and delineating
the O3 -precursor relationship more accurately. They included
the observation-based model (OBM) (Squire et al., 2015) and
emission-based numerical model (EBM) (Sharma et al., 2017).
OBM retrieves O3 changes in response to precursor emission reductions based solely on ambient observational data,
thereby avoiding the uncertainty arising from emission inventory (Shiu et al., 2007; Orlando et al., 2010; Jia et al., 2012;
Pires, 2012). OBM requires a full set of observations on O3 ,
NOx , speciated VOCs, and the relevant pollution and meteorology parameters as inputs; such a demanding requirement
largely limits its application area (Cardelino and Chameides, 1995). As a zero-dimensional model, OBM cannot distinguish local production and the non-local transport of O3 ,
and can only reflect the relationship between concentrations of O3 and its precursors. It therefore does not include
the capability to examine O3 response to emission reduction from specific sources (Cardelino and Chameides, 1995;
Chen and Brune, 2012; Kanaya et al., 2016; Wang et al., 2017;
Tan et al., 2018). Alternatively, EBM plots O3 EKMA isopleths
using a series of scenario analyses with different combina-
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tions of NOx and VOC emissions, and identifies the relationship between O3 and its precursor emissions in greater detail (Kinosian, 1982; Chang, 2008; Xing et al., 2017; Wang et al.,
2019). The reliability of the O3 EKMA isopleths using EBM depends essentially on the accuracy of the emission inventory
and meteorological simulation (Goldstein and Galbally, 2007;
Yang et al., 2016; Simayi et al., 2019; Zhu et al., 2019; Li et al.,
2020).
After decades of evolution, OBM and EBM have become mature tools in the investigation of O3 nonlinearity. However, the
EKMA curves by both models are plotted in the function space
of the O3 precursors, NOx and VOCs. Such precursor-based
plots can identify what species should be the preferential target for O3 reduction (Chang, 2008; Xing et al., 2011). However,
they cannot directly inform policy-makers as to what emission sources should be targeted, especially over areas with diverse sources having simultaneous NOx and VOC emissions
(Li et al., 2018; Liu et al., 2019). It is difficult to translate the
appropriate NOx and VOC reductions obtained from conventional O3 isopleths into actual emission source control measures (You et al., 2017). In this regard, precursor-based O3 isopleth diagrams provide limited information on the explicit
measures required for O3 control.
In this study, we develop “source-based” O3 isopleth diagrams that depict how O3 changes in response to the synergistic control of multiple emission sources of VOCs and NOx .
We apply the source-based O3 isopleth approach to investigate O3 control strategies over the Pearl River Delta (PRD) of
China using a three-dimensional modeling system with the
most up-to-date emission inventory (Bian et al., 2019). From
2013 to 2019, ambient PM2.5 (particles with aerodynamic diameter equal to or less than 2.5 μm) levels have been reduced
by greater than 40%, whereas the 90th percentile of maximum
daily 8-hour (MDA8) average O3 mixing ratio has increased by
8% over the PRD (Feng et al., 2019b; Wu et al., 2019; Yang et al.,
2019). Previous studies attributed the O3 increase over the PRD
to inappropriate O3 control strategies, which were essentially
formulated under the guidance of the conventional precursorbased O3 isopleths (Ou et al., 2016; Li et al., 2019). A set of
scenarios with synergistic control on two and three emission
sources are designed to track O3 responses to different control
strategies. Source-based O3 isopleth and isosurface diagrams
are plotted, and methods to infer a co-control strategy of multiple emission sources for O3 control are discussed.

1.

Materials and methods

1.1.

Modeling system and analysis period

A localized WRF/SMOKE-PRD/CMAQ numerical modeling system was employed for the O3 simulation in this study. A detailed description of the modeling system is provided in Section 1 of the Supplementary Material. As illustrated in Fig. 1,
three nested domains were used in the modeling system. The
outermost domain (D1) covered East Asia, Southeast Asia, and
the northwestern Pacific with a spatial resolution of 27 km,
the middle domain (D2) covered the majority of Guangdong
Province with a resolution of 9 km, and the innermost domain
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Fig. 1 – Nested domains used in WRF/SMOKE-PRD/CMAQ modeling system with two cities, Guangzhou and Foshan,
highlighted in green and blue, respectively.
(D1: 27 km × 27 km, D2: 9 km × 9 km, D3: 3 km × 3 km).

(D3) included the PRD with a resolution of 3 km. Simulations
were conducted for the entire month of September 2017 with
long-lasting O3 pollution. As indicated by the model performance statistics in Tables S5 and S6, the meteorology and O3
simulations generally captured the observations well, with an
underestimation of the peak O3 levels in Guangzhou, Shenzhen, and Hong Kong possibly related to an inaccurate depiction of the underlying surface roughness of the urban area due
to the rapid urbanization in recent years. Detailed information
on the model performance is provided in Section 3 of the Supplementary Material.
In September 2017, the number of days with an MDA8 O3
level exceeding Stage II of China’s National Ambient Air Quality Standard of 160 μg/m3 was 20, 65% of the entire month.
They were defined as elevated O3 days. Guangzhou and Foshan were selected as target cities in this study, as highlighted
in Fig. 1. Guangzhou and Foshan are located in the geographical center of the PRD and have dense road networks and intense industrial activities, as indicated in Fig. S1. The peak O3
levels reached 135 ppb and 157 ppb during the elevated O3
days at Guangzhou and Foshan, respectively. These O3 levels
were the highest among all cities within the PRD in the same
period. In addition, selection of two neighboring cities would
minimize the influence of different meteorological conditions
on the O3 levels; hence, the differences in O3 characteristics
should be primarily driven by the emission co-control strategies.

1.2.

Emission inventory

The latest high-resolution PRD regional emission inventory
with the base year of 2015 was adopted and transformed
by the SMOKE-PRD emission processor into hourly gridded

model-ready emission data. The emission inventory covered
comprehensive anthropogenic sources including, yet not limited to, on-road mobile, solvent-use, fixed combustion, shipping, industrial process, cooking, biomass burning, and nonroad mobile sources. Pollutants of sulfur dioxide (SO2 ), carbon monoxide (CO), NOx , anthropogenic VOCs (AVOCs), black
carbon, organic carbon, and particulates (PM10 and PM2.5 )
were included in the emission inventory. The Model of Emissions of gases and Aerosols from Nature (MEGAN) model
was used to estimate the biogenic VOC (BVOC) emissions
(Guenther et al., 2006). Emissions from D2 and D3 within
Guangdong Province were derived from the Guangdong emission inventories (Zheng et al., 2009; Bian et al., 2019). The
model-ready emission data from the Multiresolution Emission Inventory for China (MEIC) Model with 1° × 1° resolution
and Regional Emission Inventory in Asia (REAS) were adopted
for D1 and D2 outside Guangdong. Details can be found in
Wang et al. (2011) and Liu et al. (2015).

1.3.

Scenario design for O3 isopleths and isosurfaces

An emission reduction matrix including one base case and
39 emission reduction scenarios (% change in grams) was designed to develop the O3 isopleth diagrams. Precursor-based
O3 isopleths were plotted in the function space of AVOC and
NOx emissions. It should be noted that both AVOCs and BVOCs
were included in the O3 simulation; however, only AVOCs were
subject to the reduction schemes because BVOC emissions
cannot be controlled. Region-wide emission reductions were
conducted throughout the PRD in D3, and the emissions outside the PRD were maintained unchanged. The 39 scenarios
with different combinations of AVOC and NOx emission re-
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Fig. 2 – Emission reduction matrix of (a) 40 scenarios for precursor-based and source-based O3 isopleth and (b) 56 scenarios
for source-based O3 isosurface analysis. Point “a” in subfigure (a) represents scenario with both x- and y-axis reduced by
10%. Point “a” in subfigure (b) represents scenario with x-axis reduced by 30% and other two axes unchanged.

ductions in the PRD are displayed in Fig. 2a. The O3 isopleths
were retrieved from the interpolation of the peak O3 levels
simulated for all scenarios.
Solvent use (solvent), on-road mobile (mobile), and fixed
combustion (combustion) are the main anthropogenic sources
of O3 precursors over the PRD, as indicated in Table S4. Therefore, they were selected for source-based sensitivity analysis.
Identical to the precursor-based O3 isopleth, 40 emission reduction scenarios in every combination of two sources, including one base case and 39 emission reduction scenarios, were
designed to plot the source-based O3 isopleths. Additionally,
56 emission reduction scenarios in the combination of three
types of sources, including one base case and 55 emission reduction scenarios, were designed to plot the source-based O3
isosurfaces, as indicated in Fig. 2b. The O3 isopleths and isosurfaces were retrieved from the interpolation of the peak O3
levels simulated for all scenarios.

2.

Results and discussion

2.1.

O3 isopleths in the function space of precursors

We first examined the conventional O3 isopleths in the function space of the precursors. Plotted in Fig. 3 (left) are the O3
isopleths interpolated from the 40 scenarios; Fig. 3 (right) displays the tracked O3 changes in response to five precursor reduction schemes, i.e., AVOC control only, AVOC-to-NOx reduction ratio = 3:1, 1:1, and 1:2 (% change in grams /% change in
grams), and NOx control only, highlighted in different colors.
As indicated by the O3 isopleths in Fig. 3, Guangzhou and
Foshan shared similar O3 nonlinearity in the function space of
the precursors. The base point at the upper right corner (100%
NOx emission, 100% AVOCs emission) was located above the
ridge (white dotted line) of the isopleths, indicating that both
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Fig. 3 – Precursor-based O3 isopleth curves with five emission reduction schemes highlighted in arrows (left) and response
of peak O3 levels to different precursor emission reduction magnitudes under same five schemes (right) at (a) Guangzhou
and (b) Foshan. Horizontal axis in right subfigure represents combined reduction percentage of AVOCs and NOx .
cities were located in the VOC-limited area with a marginal
difference in magnitude. AVOC emissions should be preferentially controlled to reduce O3 , whereas NOx emission control
would lead to an initial O3 increase (Guangzhou by 9% and
Foshan by 1%, maximum) followed by a significant decrease.
Our previous publication analyzed in detail a dialectical relationship between short-term despiking and long-term attainment of O3 in the VOC-limited area of the PRD (Ou et al., 2016).
AVOC emission controls could reduce O3 ; however, NOx emission controls are required to achieve O3 level attainment in
the long term. Hence, AVOC and NOx emissions should be reduced in parallel with a reduction ratio that could lead to O3
attainment in the long term without O3 elevation in the short
term. Such an AVOC-to-NOx reduction ratio “window” should
be carefully pinpointed. However, considering that both the
emission ratios of AVOCs and NOx , and the emission reduction potentials are different with different sources, it is possible that policy makers could not determine a source co-control
strategy with the AVOC-to-NOx reduction ratio falling into the
window. Hence, there is a large knowledge gap between the
information extractable from the precursor-based EKMA isopleth and explicit O3 control strategy.

2.2.

O3 isopleths in the function space of emission sources

With similarly shaped EKMA isopleths in the precursor function space, Guangzhou and Foshan should have shared sim-

ilar AVOC-to-NOx control ratios for an optimal O3 reduction.
In this section, we further examine the appropriate emission
source control strategies by depicting O3 isopleths in the function space of the emission sources over the two cities. We
started by examining the co-control of solvent and mobile,
and further added combustion where required.

2.2.1.

O3 isopleths by co-control of solvent and mobile

Fig. 4 displays the O3 isopleth curves for solvent and mobile
co-control on the elevated O3 days for Guangzhou and Foshan. We tracked the changes of the O3 levels in response to
five source reduction schemes including mobile control only,
mobile-to-solvent reduction ratio = 3:1, 1:1, and 1:2 (% change
in grams /% change in grams), and solvent control only.
Unlike the O3 isopleths in the precursor function space, the
O3 isopleths in the function space of solvent and mobile indicated distinct nonlinearity shapes between Guangzhou and
Foshan. In Guangzhou, the base point at the upper right corner
(100% solvent emission, 100% mobile emission) was located
above the ridge (white dotted line) of the isopleths, suggesting Guangzhou was in a solvent-limited regime. Hence, controlling solvent would be the most effective means to reduce
O3 . Solvent emissions are enriched with aromatic VOCs with
negligible amounts of NOx . The reduced aromatics would lead
to less production of HO2 and RO2 to consume NO, leading to
an O3 decrease (Wang et al., 2016; Ji et al., 2018). In comparison, controlling mobile emission would shift the O3 level to-
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Fig. 4 – Source-based O3 isopleth curves in function space of solvent and mobile emissions with five emission reduction
schemes highlighted in arrows (left) and response of peak O3 levels to different source emission reduction magnitudes
under same five schemes (right) at (a) Guangzhou and (b) Foshan. Horizontal axis in right subfigure represents combined
reduction percentage of mobile and solvent.

wards the ridge in the isopleths plot, thereby increasing the
O3 owing to less NO titration (Wang et al., 2016). Although the
O3 level did begin to decrease after 50% of the mobile emissions were reduced, the O3 level remained higher than that
at the base point, even when all mobile emissions were eliminated. The degree of the O3 increase was dependent on the
fraction of mobile in the co-control. Hence, sole control on the
solvent emission was the only approach to maximize O3 reduction in Guangzhou. Any simultaneous control on mobile
emission would negate the effect acquired by solvent control.
Foshan demonstrated a different picture. The base point
was located, virtually exactly, on the ridge, suggesting controlling solvent or mobile had a similar effect on the O3 reduction.
Although the blue curve (mobile only) dropped below the red
curve (solvent only) when 80% of the emissions were reduced,
the difference between the two curves was rather trivial. This
indicated that co-control in any ratio would not differ significantly on O3 reduction.
Currently, a series of mature techniques, both front-of-pipe
and end-of-pipe, are available to control emissions from mobile exhaust. In particular, China is implementing the National VI-A (on par with Euro VI) emission standard for new
heavy-duty diesel vehicles from July 2019 and light-duty vehicles from January 2021, with emission limits of different air
pollutants significantly tightened. For example, for vehicles
with weight less than 1305 Kg, the NOx limit is reduced by
67% (180 to 60 mg/km) and hydrocarbon limit by 70% (230 to

68 mg/km). Therefore, we can anticipate a significant decrease
of mobile emissions in the years to come with the gradual increase of National VI vehicles. Conversely, at this stage, it is
difficult to reduce emissions from solvent by a similar degree.
VOC emissions from solvent are primarily fugitive and from
a wide range of production processes and sectors. They tend
to dissipate in open or semi-open workshops and fail to channel through chimneys (Zheng et al., 2013; Wu and Xie, 2017),
which presents considerable challenges in their effective control. The replacement of oily solvents by aqueous solvents
can significantly reduce VOC emissions; however, its largescale promotion is hindered by economic and technological
reasons. Hence, we believe a mobile-focused control strategy
could be more practically feasible over the PRD in the near future (Huang et al., 2020). We therefore selected a mobile-tosolvent reduction ratio of 3:1 as a base for the O3 isosurface
analysis in Section 2.3.

2.2.2.

O3 isopleths by co-control with combustion

Considering that solvent control was the most effective
method for O3 reduction and any addition of mobile control
would offset the O3 reduction in Guangzhou, we retained solvent and examined the O3 isopleths for its co-control with
combustion. As illustrated in Fig. S2, the O3 isopleth plot in
the function space of solvent and combustion was similar to
the upper half of the O3 isopleth plot in the function space of
solvent and mobile (refer back to Fig. 4a). This implied that
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Fig. 5 – Source-based O3 isopleth curves in function spaces of (a) solvent and combustion and (b) mobile and combustion
emissions with five emission reduction schemes highlighted in arrows (left) and response of peak O3 levels to different
source emission reduction magnitudes under same five schemes (right) at Foshan. Horizontal axis in right subfigure
represents combined reduction percentage of two sources.

combustion had a similar role as mobile in its co-control with
solvent. Hence, within these three types of emission sources,
solvent emission control was the only means to reduce the O3
level in Guangzhou; that is, any control on mobile and combustion would be counterproductive.
Again, Foshan was a different case. As solvent and mobile
had a similar role in their co-control for O3 reduction, we examined their co-control with combustion separately. In the
co-control of solvent and combustion, as illustrated in Fig. 5a,
“solvent only” was the most effective approach to reduce O3 .
With 100% solvent control, which could reduce the peak O3
concentration to approximately 146 ppb, the addition of 100%
combustion control could merely reduce the peak O3 concentration another 2 ppb, and less addition of combustion control
might even lead to an O3 increase. It was interesting to note
that “combustion only” reduced O3 initially; then, rebounded
when 50% of the combustion emission was cut. This was primarily because of the small VOC/NOx ratio of 0.05 and that,
when combustion was controlled substantially, the O3 titration by NO decreased, leading to an O3 increase (Wang et al.,
2016). With the simultaneous control on solvent, this rebound
disappeared.
The O3 isopleth in the co-control of mobile and combustion
was similar, as indicated in Fig. 5b, with the major difference
being a more significant decrease of O3 concentration when
both sources were controlled substantially. Although “combustion only” was not, in any case, an ideal option for O3 reduction, the addition of combustion to other sources control
could be beneficial in further reducing the O3 under specific
circumstances. This prompted us to investigate the O3 isosur-

faces by co-control of solvent, mobile, and combustion in Foshan, as discussed in Section 2.2.2.

2.3.
O3 isosurfaces in the function space of emission
sources
In this section, O3 isosurface was plotted which may examine
O3 changes in response to co-control of three types of emission sources. We understand that mobile sources include a variety of vehicle types which might be associated with different
emission characteristics. Hence, we firstly separated mobile
into gasoline-fueled (gasoline) and diesel-fueled (diesel), and
discussed O3 changes in response to co-control of gasoline,
diesel and solvent by plotting O3 isosurface in the function
space of gasoline, diesel and solvent.

2.3.1.
bile

O3 isosurfaces by co-control of gasoline, diesel, and mo-

As pointed out in Section 2.2.1, a mobile-to-solvent reduction ratio of 3:1 is a practically feasible scheme in Foshan.
On this basis, we designed five controlling schemes with
gasoline:diesel:solvent reduction of 6:0:1, 4.5:1.5:1, 3:3:1 (corresponding to mobile:solvent reduction of 6:1), 1.5:4.5:1 and
0:6:1, and tracked the O3 changes under these five schemes. O3
responses to five reduction schemes in the function space of
gasoline, diesel and solvent are plotted in Fig. 6, together with
an O3 isosurface of 150 ppb. The color bars of the isosurface
plots represent the remaining total percentages of the three
source types after emission reductions (300% for no reduction). Greater percentages indicate less emission reduction.
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Fig. 6 – (a) Source-based O3 isosurfaces of 150 ppb in a three-dimensional function space of gasoline, diesel, and solvent
emissions with five emission reduction schemes highlighted in color at Foshan. Color bars on isosurfaces represent total
emissions of three sources after emission reductions. (b) Response of peak O3 levels to different source emission reduction
magnitudes under same five schemes at Foshan. Horizontal axis represents combined reduction percentage of gasoline,
diesel, and solvent.

As indicated in Fig. 6b, the five O3 tracks did not differ
much, which showed that controlling gasoline and diesel mobiles posed similar impact on O3 reduction. The 3:3:1 scheme,
which corresponds to mobile:solvent ratio of 3:1 in Fig. 4b,
could decrease peak O3 level to 145 ppb, due to more complete control on gasoline and diesel mobiles, whereas other
schemes could only decrease peak O3 level to 152 ppb. Therefore, we still used mobile:solvent ratio of 3:1 to investigate its
co-control with combustion in the following isosurface analysis.

2.3.2. O3 isosurfaces by co-control of solvent, mobile, and combustion
We plotted O3 isosurfaces of 150 ppb and 140 ppb in the threedimensional function space of mobile, solvent, and combustion emissions, as displayed in Fig. 7. We designed five controlling schemes with mobile:solvent:combustion reduction
ratios of 3:1:0 (base case), 3:1:0.5, 3:1:1, 3:1:2, and 3:1:3, and
tracked the O3 changes under these five schemes.
It should be noted from Fig. 7a and 7c that the five schemes
had insignificant differences when reducing the peak O3 concentration from 157 ppb to 150 ppb, which meant that the
combustion control had a minimal contribution in further reducing the O3 at this stage. However, without combustion control, the peak O3 concentration could decrease, at the most, to
145 ppb and could not achieve the isosurface of 140 ppb. As in-

dicated in Fig. 7b and 7c, to reduce the peak O3 concentration
to 140 ppb, the magnitude of the combustion control needed
to be at least two-thirds of that of the mobile control. When
the scheme of 3:1:2 was used, 93%, 31%, and 62% of mobile, solvent, and combustion emissions had to be reduced. In reality,
the extent to which O3 could be reduced was dependent upon
the proportion of combustion control in the co-control of the
three types of sources. When adopting the 3:1:3 scheme, the
peak O3 concentration could be reduced to 133 ppb. The two
isosurface plots suggested that to reduce the peak O3 concentration to 140 ppb or less, we should focus on solvent and mobile control at the initial stage. After reducing the peak O3 concentration to 150 ppb, combustion control should be strengthened to further reduce the O3 level.
From the above discussions, it is clear that, although
having similar shapes in the precursor-based O3 isopleths,
Guangzhou and Foshan should have distinct emission source
control strategies to reduce the peak O3 levels. Guangzhou
should preferentially target on solvent control, whereas cocontrol on all three types of sources are required at Foshan.
This highlighted the fact that the conventional precursorbased O3 isopleth, which is widely used to depict the O3 formation mechanism and guide precursor control strategies, has
limitations in inferring explicit source control measures for
O3 reduction. Moreover, by comparing the vertical scales of
Figs. 3 and 7, we can notice significant differences in the O3
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Fig. 7 – Source-based O3 isosurfaces of (a) 150 ppb and (b) 140 ppb in a three-dimensional function space of mobile, solvent,
and combustion emissions with five emission reduction schemes highlighted in color at Foshan. Color bars on isosurfaces
represent total emissions of three sources after emission reductions. (c) Response of peak O3 levels to different source
emission reduction magnitudes under same five schemes at Foshan. Horizontal axis represents combined reduction
percentage of mobile, solvent, and combustion.

reduction. This not only highlights the difficulty of O3 reduction, wherein O3 does not realize a significant decrease even if
emissions from important sources are cut, but also indicates
an “optimistic” illusion that the conventional EKMA isopleths
can provided an extent of O3 reduction that is practically difficult to achieve. In summary, conventional precursor-based
O3 isopleths are science-oriented and could offer a direction
of O3 control, whereas source-based O3 isopleths and isosurfaces provide policy makers a decision tool and identify the
actual O3 control steps, thereby having greater environmental
application potential.
Our previous study discovered a dialectical relationship between short-term despiking and long-term attainment of the
peak O3 level over the PRD (Ou et al., 2016). Over urban areas such as Guangzhou and Foshan, O3 formation is primarily in an AVOC-limited regime. AVOC control could reduce the
peak O3 level more efficiently in the short term; however, it
cannot reduce the peak O3 level into attainment (less than
160 μg/m3 ), even if all AVOCs were eliminated. The only approach to substantially reduce the O3 and bring this into attainment is to adopt a NOx -focused strategy; however, this
strategy would likely increase the peak O3 level in the short
term. Such a dialectical relationship was also discovered in the

source-based O3 isopleth and isosurface analysis. For example, at Guangzhou, solvent-focused strategies such as “solvent
only” reduced the peak O3 level the most efficiently, whereas
mobile-focused strategies such as “mobile only” and “mobile:solvent = 3:1 increased the peak O3 level initially, as indicated in Fig. 4. However, as also displayed in Figs. 6 and 7,
“mobile:solvent = 3:1 could only reduce the peak O3 concentration to 145 ppb at Foshan. A further reduction required the
incorporation of controls on combustion, a source with the
smallest VOCs/NOx ratio of 0.05 (Table S4), to substantially reduce the O3 level. This dialectical relationship also highlighted
the importance of formulating a city-specific emission source
co-control strategy to maximize the O3 reduction efficiency
and avoid an initial O3 increase.
It was inevitable that the effectiveness of the estimated
co-control strategy was closely dependent on the uncertainties in the meteorological simulation and emission inventory
used by the numerical model. However, we must emphasize
that the main objective of the current study was to introduce the source-based O3 isopleth and isosurface philosophy,
and to demonstrate its power in identifying the O3 precursor
emission control strategies practically feasible for O3 reduction in a particular area. Although only three types of sources
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were considered, our approach can be readily extended to n
sources by plotting emission source-based isosurfaces in an
n-dimensional space, by adding 1 source at a time. It was not
our intention to present an explicit emission source co-control
strategy for Guangzhou and Foshan, which would be considerably more complicated owing to the actual presence of a
greater number of emission sources. This deserves further investigation.
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3.

Conclusions

Tropospheric O3 pollution has been worsening in the majority of developing countries worldwide, even in the context of
stringent emission controls on O3 precursors, VOCs, and NOx .
Experiences in Europe and North America have demonstrated
that O3 pollution control is challenging, mainly owing to the
nonlinearity of O3 and its precursors. Traditionally, O3 isopleth
plots in the function space of VOCs and NOx have been widely
used to investigate O3 -precursor nonlinearity and to guide O3
control strategies. However, a knowledge gap continues to exist between the optimal VOC-to-NOx reduction ratio retrieved
from the O3 isopleth plots and the emission source co-control
strategy to achieve such a ratio.
To address this problem, we proposed the development of
a source-based O3 isopleth diagram in this study. The sourcebased O3 isopleth diagram was delineated by a set of sensitivity analyses on VOC and NOx emissions in the PRD regional air quality modeling system coupled with the latest regional emission inventory. We used Guangzhou and Foshan,
two highly populated and industrialized neighboring cities in
the PRD, to demonstrate this novel approach. We clearly confirmed that, although with similar O3 isopleth shapes in the
precursor-based isopleth diagram, the two cities should have
distinct precursor emission control strategies to reduce peak
O3 levels. At Guangzhou, controlling solvent emissions was
the most effective method to reduce the peak O3 levels. Any
simultaneous control on mobile and combustion emissions
would negate the O3 reduction. At Foshan, co-control on mobile, solvent, and combustion was required to most effectively
reduce the peak O3 levels. We also found that controlling mobile and solvent with a ratio of 3:1 was essential, whereas the
degree of simultaneous control on combustion determined
the extent to which the peak O3 level could be reduced.
We clearly demonstrated that the traditional precursorbased O3 isopleth approach had its intrinsic limitations in inferring an effective O3 control strategy. This could lead to ineffective O3 control, or at times, even the worsening of O3 pollution, similar to what is occurring in major city clusters of
China (Lu et al., 2018; Yang et al., 2019). Although only three
types of emission sources were considered in this study, we
are confident that the ideal co-control strategy of multiple
emission sources is attainable using the philosophy and approach provided in this study. The application of source-based
O3 isopleths and isosurfaces could be promoted to other photochemically active regions worldwide to elucidate effective
emission source co-control strategies to address tropospheric
O3 pollution.

references

Alvim, D.S., Gatti, L.V., Correa, S.M., Chiquetto, J.B., Rossatti, C.D.,
Pretto, A., et al., 2017. Main ozone-forming VOCs in the city of
Sao Paulo: observations, modelling and impacts. Air Qual.
Atmos. Hlth. 10, 421–435.
Bian, Y.H., Huang, Z.J., Ou, J.M., Zhong, Z.M., Xu, Y.Q., Zhang, Z.W.,
et al., 2019. Evolution of anthropogenic air pollutant
emissions in Guangdong Province, China, from 2006 to 2015.
Atmos. Chem. Phys. 19, 11701–11719.
Cardelino, C.A., Chameides, W.L., 1995. An observation-based
model for analyzing ozone precursor relationships in the
urban atmosphere. J. Air Waste Manag. Assoc. 45, 161–180.
Carter, W.P.L., Winer, A.M., Pitts, J.N., 1982. Effects of kinetic
mechanisms and hydrocarbon composition on
oxidant-precursor relationships predicted by the ekma
isopleth technique. Atmos. Environ. 16, 113–120.
Chang, K.H., 2008. Modeling approach for emission reduction of
O-3 precursors in Southern Taiwan. Atmos. Environ. 42,
6733–6742.
Chen, S., Brune, W.H., 2012. Global sensitivity analysis of ozone
production and O-3-NOx-VOC limitation based on field data.
Atmos. Environ. 55, 288–296.
Corrêa, S.M., de Souza, C.V., Sodre, E.D., Teixeira, J.R., 2012. Volatile
organic compound emissions from a landfill, plume
dispersion and the tropospheric ozone modeling. J. Braz.
Chem. Soc. 23, 496–504.
Feng, Z.Z., De Marco, A., Anav, A., Gualtieri, M., Sicard, P.,
Tian, H.Q., et al., 2019a. Economic losses due to ozone impacts
on human health, forest productivity and crop yield across
China. Environ. Int. 131.
Feng, Y.Y., Ning, M., Lei, Y., Sun, Y.M., Liu, W., Wang, J.N., 2019b.
Defending blue sky in China: effectiveness of the "Air
Pollution Prevention and Control Action Plan" on air quality
improvements from 2013 to 2017. J. Environ. Manag. 252.
Gery, M.W., Crouse, R.R., 1991. User’s guide for executing OZIPR.
Rept. for Apr 89 Apr 90.
Goldstein, A.H., Galbally, I.E., 2007. Known and unexplored
organic constituents in the earth’s atmosphere. Environ. Sci.
Technol. 41, 1514–1521.
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.
Huang, X.Y., Zhang, Y.L., Wang, Y.J., Ou, Y.B., Chen, D.H., Pei, C.L.,
et al., 2020. Evaluating the effectiveness of multiple emission
control measures on reducing volatile organic compounds in
ambient air based on observational data: a case study during
the 2010 Guangzhou Asian Games. Sci. Total. Environ. 723.
Ji, Y.M., Zheng, J., Qin, D.D., Li, Y.X., Gao, Y.P., Yao, M.J., et al., 2018.
OH-initiated oxidation of acetylacetone: implications for
ozone and secondary organic aerosol formation. Environ. Sci.
Technol. 52, 11169–11177.

148

journal of environmental sciences 105 (2021) 138–149

Jia, L., Xu, Y.F., Shi, Y.Z., 2012. Investigation of the ozone formation
potential for ethanol using a smog chamber. Chin. Sci. Bull. 57,
4472–4481.
Jin, L., Lee, S.-.H., Shin, H.-.J., Kim, Y.P., 2012. A study on the ozone
control strategy using the OZIPR in the Seoul Metropolitan
Area. Asian J. Atmos. Environ. 6, 111–117.
Jonson, J.E., Schulz, M., Emmons, L., Flemming, J., Henze, D.,
Sudo, K., et al., 2018. The effects of intercontinental emission
sources on European air pollution levels. Atmos. Chem. Phys.
18, 13655–13672.
Kanaya, Y., Tanimoto, H., Yokouchi, Y., Taketani, F., Komazaki, Y.,
Irie, H., et al., 2016. Diagnosis of photochemical ozone
production rates and limiting factors in continental outflow
air masses reaching Fukue Island. Jpn.: Ozone-Control
Implications. Aerosol. Air. Qual. Res. 16, 430–441.
Kelly, N, 1985. Ozone/precursor relationships in the Detroit
metropolitan area derived from captive-air irradiations and
an empirical photochemical model. Air Repair 35, 27–34.
Kinosian, J.R, 1982. Ozone-precursor relationships from EKMA
diagrams. Environ. Sci. Technol. 16, 880–883.
Kumar, S.J., 1983. Comments on "Ozone-precursor relationships
from EKMA diagrams. Environ. Sci. Technol. 17, 567–568.
Li, K., Jacob, D.J., Liao, H., Shen, L., Zhang, Q., Bates, K.H., 2019.
Anthropogenic drivers of 2013-2017 trends in summer surface
ozone in China. Proc. Natl. Acad. Sci. USA. 116, 422–427.
Li, L., Yang, W., Xie, S., Wu, Y., 2020. Estimations and uncertainty
of biogenic volatile organic compound emission inventory in
China for 2008–2018. Sci. Total. Environ. 733, 139301.
Li, Q., Zhang, L., Wang, T., Wang, Z., Fu, X., Zhang, Q., 2018. New"
reactive nitrogen chemistry reshapes the relationship of
ozone to its precursors. Environ. Sci. Technol. 52, 2810–2818.
Li, Y., Lau, A.K.H., Fung, J.C.H., Zheng, J.Y., Liu, S.C., 2013.
Importance of NOx control for peak ozone reduction in the
Pearl River Delta region. J. Geophys. Res.-Atmos. 118,
9428–9443.
Liu, F., Zhang, Q., Tong, D., Zheng, B., Li, M., Huo, H., et al., 2015.
High-resolution inventory of technologies, activities, and
emissions of coal-fired power plants in China from 1990 to
2010. Atmos. Chem. Phys. 15, 13299–13317.
Liu, H.J., Tian, H.Z., Hao, Y., Liu, S.H., Liu, X.Y., Zhu, C.Y., et al., 2019.
Atmospheric emission inventory of multiple pollutants from
civil aviation in China: temporal trend, spatial distribution
characteristics and emission features analysis. Sci. Total.
Environ. 648, 871–879.
Lu, X., Hong, J.Y., Zhang, L., Cooper, O.R., Schultz, M.G., Xu, X.B.,
et al., 2018. Severe surface ozone pollution in China: a global
perspective. Environ. Sci. Tech. Let. 5, 487–494.
Monks, P.S., Archibald, A.T., Colette, A., Cooper, O., Coyle, M.,
Derwent, R., et al., 2015. Tropospheric ozone and its precursors
from the urban to the global scale from air quality to
short-lived climate forcer. Atmos. Chem.Phys. 15, 8889–8973.
Orlando, J.P., Alvim, D.S., Yamazaki, A., Correa, S.M., Gatti, L.V.,
2010. Ozone precursors for the Sao Paulo Metropolitan Area.
Sci. Total. Environ. 408, 1612–1620.
Ou, J.M., Yuan, Z.B., Zheng, J.Y., Huang, Z.J., Shao, M., Li, Z.K., et al.,
2016. Ambient ozone control in a photochemically active
region: short term despiking or long-term attainment?
Environ. Sci. Technol. 50, 5720–5728.
Pires, J.C., 2012. Ozone weekend effect analysis in three European
urban areas. Clean-Soil Air Water 40, 790–797.
Sharma, S., Sharma, P., Khare, M.J.A.E., 2017. Photo-chemical
transport modelling of tropospheric ozone: a review. Atmos.
Environ. 159, 34–54.
Shiu, C.J., Liu, S.C., Chang, C.C., Chen, J.P., Chou, C.C.K., Lin, C.Y.,
et al., 2007. Photochemical production of ozone and control
strategy for Southern Taiwan. Atmos. Environ. 41, 9324–9340.
Silva, C.M.D., Correa, S.M., Arbilla, G., 2018. Isoprene emissions
and ozone formation in Urban conditions: a case study in the
city of Rio de. Janeiro. B. Environ. Contam. Tox. 100, 184–188.

Simayi, M., Hao, Y.F., Li, J., Wu, R.R., Shi, Y.Q., Xi, Z.Y., et al., 2019.
Establishment of county-level emission inventory for
industrial NMVOCs in China and spatial-temporal
characteristics for 2010-2016. Atmos. Environ. 211, 194–203.
Simon, H., Reff, A., Wells, B., Xing, J., Frank, N., 2015. Ozone trends
across the United States over a period of decreasing NOx and
VOC emissions. Environ. Sci. Technol. 49, 186–195.
Squire, O.J., Archibald, A.T., Griffiths, P.T., Jenkin, M.E., Smith, D.,
et al., 2015. Influence of isoprene chemical mechanism on
modelled changes in tropospheric ozone due to climate and
land use over the 21st century. Atmos. Chem. Phys. 15,
5123–5143.
Tan, Z., Lu, K., Jiang, M., Su, R., Dong, H., Zeng, L., et al., 2018.
Exploring ozone pollution in Chengdu, southwestern China: a
case study from radical chemistry to O3 -VOC-NOx sensitivity.
Sci. Total. Environ. 636, 775–786.
Thayukorn, P., Kasemsan, M., Wongpun, L., Jariya, S., Sebastien, B.,
2012. Ozone and its potential control strategy for Chon Buri
city. Thailand. J. Air Waste Manag. Assoc. 62, 1411–1422.
Wang, P., Chen, Y., Hu, J.L., Zhang, H.L., Ying, Q., 2019. Attribution
of tropospheric ozone to NOx and VOC Emissions: considering
ozone formation in the transition regime. Environ. Sci.
Technol. 53, 1404–1412.
Wang, S.S., Zheng, J.Y., Fu, F., Yin, S.S., Zhong, L.J., 2011.
Development of an emission processing system for the Pearl
River Delta Regional air quality modeling using the SMOKE
model: methodology and evaluation. Atmos. Environ. 45,
5079–5089.
Wang, T., Xue, L.K., Brimblecombe, P., Lam, Y.F., Li, L., et al., 2017.
Ozone pollution in China: a review of concentrations,
meteorological influences, chemical precursors, and effects.
Sci. Total. Environ. 575, 1582–1596.
Wu, R.R., Xie, S.D., 2017. Spatial distribution of ozone formation in
china derived from emissions of speciated volatile organic
compounds. Environ. Sci. Technol. 51, 2574–2583.
Wu, Z.Y., Zhang, Y.Q., Zhang, L.M., Huang, M.J., Zhong, L.J.,
Chen, D.H., et al., 2019. Trends of outdoor air pollution and the
impact on premature mortality in the Pearl River Delta region
of southern China during 2006-2015. Sci. Total. Environ. 690,
248–260.
Xing, J., Wang, S.X., Jang, C., Zhu, Y., Hao, J.M., 2011. Nonlinear
response of ozone to precursor emission changes in China: a
modeling study using response surface methodology. Atmos.
Chem. Phys. 11, 5027–5044.
Xing, J., Wang, S.X., Zhao, B., Wu, W.J., Ding, D.A., Jang, C., et al.,
2017. Quantifying nonlinear multiregional contributions to
ozone and fine particles using an updated response surface
modeling technique. Environ. Sci. Technol. 51, 11788–11798.
Xue, L.K., Wang, T., Gao, J., Ding, A.J., Zhou, X.H., Blake, D.R., et al.,
2014. Ground-level ozone in four Chinese cities: precursors,
regional transport and heterogeneous processes. Atmos.
Chem. Phys. 14, 13175–13188.
Yang, L.F., Luo, H.H., Yuan, Z.B., Zheng, J.Y., Huang, Z.J., Li, C., et al.,
2019. Quantitative impacts of meteorology and precursor
emission changes on the long-term trend of ambient ozone
over the Pearl River Delta, China, and implications for ozone
control strategy. Atmos. Chem. Phys. 19, 12901–12916.
Yang, Y.D., Shao, M., Wang, X.M., Nolscher, A.C., Kessel, S.,
Guenther, A., et al., 2016. Towards a quantitative
understanding of total OH reactivity: a review. Atmos. Environ.
134, 147–161.
Yin, Z.C., Cao, B.F., Wang, H.J., 2019. Dominant patterns of summer
ozone pollution in eastern China and associated atmospheric
circulations. Atmos. Chem. Phys. 19, 13933–13943.
You, Z.Q., Zhu, Y., Jang, C., Wang, S.X., Gao, J., Lin, C.J., et al., 2017.
Response surface modeling-based source contribution
analysis and VOC emission control policy assessment in a
typical ozone-polluted urban Shunde. China. J. Environ.
Sci.-China 51, 294–304.

journal of environmental sciences 105 (2021) 138–149

Young, P.J., Naik, V., Fiore, A.M., Gaudel, A., Guo, J., Lin, M.Y., et al.,
2018. Tropospheric Ozone Assessment Report: assessment of
global-scale model performance for global and regional ozone
distributions, variability, and trends. Elementa-Sci. Anthrop. 6,
49.
Zheng, J.Y., Yu, Y.F., Mo, Z.W., Zhang, Z., Wang, X.M., Yin, S.S., et al.,
2013. Industrial sector-based volatile organic compound (VOC)
source profiles measured in manufacturing facilities in the
Pearl River Delta. China. Sci. Total. Environ. 456, 127–136.

149

Zheng, J.Y., Zhang, L.J., Che, W.W., Zheng, Z.Y., Yin, S.S., 2009. A
highly resolved temporal and spatial air pollutant emission
inventory for the Pearl River Delta region, China and its
uncertainty assessment. Atmos. Environ. 43, 5112–5122.
Zhu, S.P., Mac Kinnon, M., Shaffer, B.P., Samuelsen, G.S.,
Brouwer, J., Dabdub, D., 2019. An uncertainty for clean air: air
quality modeling implications of underestimating VOC
emissions in urban inventories. Atmos. Environ. 211, 256–267.

