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ARTICLE INFO ABSTRACT

Keywords: Quantification of source impacts and contributions is a key element for the design of effective air pollution

O3 control policies. In this study, O3 source impacts and contributions were comprehensively assessed over the Pearl

Air quality model . River Delta (PRD) region of China using brute-force method (BFM), response surface modeling with BFM (RSM-

gszfggsifnsiftace modeling BFM) and differential method (RSM-DM) respectively, high-order decoupled direct method (HDDM), and ozone

Source corlftribution source apportionment technology (OSAT). The multi-modeling comparison results indicated that under typical
nonlinear atmospheric conditions during the Oz formation, BFM, RSM-BFM, and HDDM seemed to be appro-
priate for assessing the impact of single source emissions; however, the results of HDDM could deviate from those
of BFM when the emission reduction ratio was higher than 50 %. Under multi-source control scenarios, the
results of source contribution analyses obtained from RSM-DM and OSAT were reasonably well, but the per-
formance of OSAT was limited by its capability in representing the nonlinearity of O3 response to emission re-
ductions of its precursors, particularly NOy. The results of this pilot study in the PRD showed that the RSM-DM
appeared to replicate the nonlinearity of O3 chemistry reasonably well (e.g., O3 disbenefits due to local NOy
emission reductions in Guangzhou city). Based on the source contribution results, on-road mobile (including both
NOy and VOC emissions) and industrial process (mainly VOC emissions) sources were identified as two major
contribution sectors by both RSM-DM and OSAT, contributing an average of 31.5 % and 11.4 % (estimated by
RSM-DM) and 29.2 % and 13.0 % (estimated by OSAT) respectively to O3 formation in 9 cities of the PRD.
Therefore, the reinforced emission reductions on NOy and VOC from on-road mobile and industrial process
sources in the central cities (i.e., Guangzhou, Foshan, Dongguan, Shenzhen, and Zhongshan) were suggested to
effectively mitigate the ambient O3 levels in the PRD.

1. Introduction 2019). The yearly 90th percentile of the daily maximum 8-h average
(MDAS8) O3 concentrations in the PRD have continuously exceeded 160
pg m~> (the China grade II national air quality standard, ~80 ppbv)

from 2017 to 2019, even as the concentrations of fine particulate mat-

Tropospheric ozone (O3) is an important air pollutant that exerts
significant effects on human health and ecosystems (Feng et al., 2015;

Grulke and Heath, 2020; Li et al., 2019a; Liu et al., 2018; U.S. EPA,
2020; Wu et al., 2019). After a period of rapid economic growth and
urbanization, O3 pollution has emerged as a serious environmental issue
over the Pearl River Delta (PRD) region of China (Gao et al., 2020; Gong
et al., 2018; Li et al., 2019b; Liu et al., 2018; Liu et al., 2020; Shen et al.,

* This paper has been recommended for acceptance by Pavlos Kassomenos.

ters (PMy 5) have evidently decreased (DEPGP, 2020). Forming effective
emission control strategies for reducing O3 concentrations is usually
challenging due to the complexity of the photochemical reactions
involving nitrogen oxides (NOy) and volatile organic compounds (VOCs)
that drive the O3 formation (Liu et al., 2019; Wang et al., 2019), as well
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as the diversity of emission sources that contribute to O3 (Gao et al.,
2020; Li et al., 2012). Hence, identifying the influence of major emission
sources on O3 has become a key quest for policymakers and scientists
(Hallquist et al., 2016; Thunis et al., 2019).

The primary modeling techniques within the chemical transport
models (CTMs) used for air quality management can be classified into
source impact and source contribution methods (Baker and Kelly, 2014;
Clappier et al., 2017; Cohan et al., 2005; Dolwick et al., 2015; Thunis
et al., 2019). Source impact methods estimate the response of O3 con-
centrations to a reduction of individual source emissions to calculate the
single source impact (Luecken et al., 2018; Wang et al., 2011b), while
source contribution (or apportionment) methods attribute a fraction of
the O3 concentrations to precursor emissions from a given source to
compute the single source contribution (Li et al., 2016; Moghani et al.,
2018). In the case of linear relationships between pollutant concentra-
tions and precursor emissions, source impact and contribution methods
can be used interchangeably to estimate the impacts of individual
emission source reductions on O3 or the contributions of various emis-
sion sources to O3. However, under typical nonlinear atmospheric con-
ditions where the interactions among multiple emissions sources are
non-negligible, source impact methods are more suitable for air qual-
ity planning applications to assess the impact of a single source abate-
ment strategy, while source contribution methods are more applicable
for analyzing the apportionments of O3 concentrations attributed to
various source emissions (Clappier et al., 2017; Dunker et al., 2002;
Kwok et al., 2015; Thunis et al., 2019).

The brute-force method (BFM) and the high-order decoupled direct
method (HDDM) are source impact methods that have been broadly
applied in previous studies (Burr and Zhang, 2011a; Collet et al., 2017;
Couzo et al., 2016; Itahashi et al., 2020; Kim et al., 2017; Luecken et al.,
2018; Zhang et al., 2012). BFM involves conducting the baseline and
emission-perturbed simulations and estimating the source impact from
the difference in concentrations between these two CTM simulations
(Burr and Zhang, 2011a). BFM can exactly characterize the impact of a
specific emission source reduction scenario (Chen et al., 2019). How-
ever, it is computationally expensive for BMF to measure the impacts of
a large number of emission control scenarios, because BFM needs a
separate simulation for each perturbation (Cohan et al., 2005; Yang
et al,, 1997). HDDM numerically calculates the O3 sensitivities to
changes in precursor emissions by solving the derivatives of the partial
differential equations governing the CTM (Dunker, 1984; Hakami et al.,
2003, 2004; Itahashi et al., 2020; Itahashi et al., 2013; Luecken et al.,
2018), and the sensitivity coefficients estimated by the HDDM have been
proven to reliably represent the impacts of emission perturbations on O3
when the emission reduction ratio was less than about 50 % (Cohan
et al., 2005; Couzo et al., 2016; Itahashi et al., 2015). However, the
accuracy of HDDM degrades compared with the BFM for large emission
reductions (Cohan et al., 2005; Huang et al., 2017), and HDDM also
becomes relatively inefficient for cases where the number of emission
control factors is greater than 3 (Zhao et al., 2015).

Source contribution modeling techniques include ozone source
apportionment technology (OSAT) (Yarwood et al., 1996) and inte-
grated source apportionment method (ISAM) (Byun and Schere, 2006;
Foley et al., 2010), and both of them have been widely used for Og
source contribution analysis due to their simple formulations and high
efficiencies (Collet et al., 2018; Ge et al., 2021; Han et al., 2018; Kwok
et al., 2015; Li et al., 2016; Li et al., 2012; Lu et al., 2016; Shu et al.,
2020; Wang et al., 2009; Yang et al., 2021; Zhang et al., 2017). OSAT
and ISAM are capable of apportioning O3 source contributions from
multiregional and multisectoral emissions simultaneously based on a
single model run, in which the sum of individual contributions is
equivalent to the total Oz concentrations (Chatani et al., 2020; Moghani
etal., 2018; Thunis et al., 2019). Source apportionment techniques were
not developed to represent the nonlinear response of O3 to emission
changes (e.g. Os disbenefits associated with NOy reductions in NOy-sa-
turated areas (Chatani et al., 2020; Itahashi et al., 2015)), but under the
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assumption of linear response, source apportionment techniques may be
also used to estimate the impact of emission changes on O3 response in
some cases (Clappier et al., 2017; Kwok et al., 2015; Thunis et al., 2019).

Response surface models (RSMs) are another approach that has
recently been applied in estimating source impacts and contributions.
RSMs are developed by statistically fitting the results of multiple CTM
simulations with the emission changes relative to the base case, and
once established, RSMs can predict the O3 response to emission changes
in near real-time (Xing et al., 2011). The RSM technique was initially
developed by USEPA, 2006 and then continuously improved by our
research team over the past several years (Jin et al., 2020; Wang et al.,
2011a; Xing et al., 2019; Xing et al., 2018; Xing et al., 2020a; Xing et al.,
2011; Xing et al., 2017; Xing et al., 2020b; You et al., 2017; Zhao et al.,
2015; Zhao et al., 2017; Zhu et al., 2015). The traditional RSM with BFM
(RSM-BFM) has been used for assessing source impacts and contribu-
tions, but RSM-BFM has the limitation in effectively quantifying the
nonlinear contribution of precursor emissions from multiple source re-
gions (Fang et al., 2020; Pan et al., 2020), hence a new differential
method within the RSM (RSM-DM), which divides the emission per-
turbations into plenty of tiny ranges and regards the sum of the Oj
response in each range as the source contribution, was proposed by Fang
et al. (2020) to address this limitation.

Although the aforementioned modeling techniques (e.g., BFM, RSM-
BFM, HDDM, RSM-DM, and OSAT) have previously been applied for
both source impact and contribution analysis, the underlying algorithms
of individual techniques are fundamentally different, as they were
developed to address different questions (Clappier et al., 2017; Thunis
et al., 2019). Comparative analysis of different methods is needed to
understand the O3 source impacts and contributions more comprehen-
sively and appropriately, and clarify the applicability of each approach
for developing effective O3 control strategies; but such a comparative
evaluation was only conducted in limited case studies of the United
States, Europe and East Asia (Burr and Zhang, 2011b; Chatani et al.,
2020; Cohan et al., 2005; Dolwick et al., 2015; Dunker et al., 2002;
Itahashi et al., 2015; Koo et al., 2009; Kwok et al., 2015). In this study,
we conduct a comparative analysis of O3 source impacts and contribu-
tions over the PRD region of China using BFM, RSM-BFM, HDDM,
RSM-DM, and OSAT. The similarities and discrepancies among these
techniques are analyzed, and the applicability of each method in sup-
porting the policy-making is also discussed together with the suggestions
given for O3 mitigation in the PRD based on this study.

2. Methodology

This study follows the scheme shown in Fig. 1 to conduct O3 source
impact and contribution analysis over the PRD region. First, the emis-
sion sources of O3 for which impacts and contributions were estimated
were selected; second, the modeling domain and configuration were
determined to drive the Weather Research and Forecasting-Community
Multiscale Air Quality Model (WRF-CMAQ) and WRF-Comprehensive
Air Quality Model with Extensions (WRF-CAMx) simulations over the
PRD, and the RSM was constructed subsequently on the basis of the
CMAQ simulations; then, multiple numerical and chemical techniques,
including the RSM with BFM (RSM-BFM) and a newly differential
method (RSM-DM) respectively, BFM and HDDM based on the CMAQ,
and the built-in OSAT in the CAMx, were exploited to comprehensively
evaluate the multiregional O3 source impacts and contributions in the
case study of the PRD; lastly, for specifying the contribution from each
sector, the multiregional source contributions were further separated
into that from different sectors using RSM-DM and OSAT.

2.1. Modeling domain and configuration
The CMAQ in version 5.2 (http://www.epa.gov/cmaq) and CAMX in

version 7.0 (http://www.camx.com/) were utilized to perform the O3
simulations, and the meteorological inputs derived from the WRF in


http://www.epa.gov/cmaq
http://www.camx.com/
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Fig. 1. The flow scheme for source impact and contribution analysis of O3 using multiple modeling approaches over the PRD region.

version 3.9.1 (http://www2.mmm.ucar.edu/wrf/) were provided for the D3 domain were divided into Guangzhou (GZ), Foshan (FS),
both CMAQ and CAMx. The simulation domain of both two models was Zhongshan and Zhuhai (ZS&ZH), Jiangmen (JM), Dongguan and
three nested with 27 km, 9 km, and 3 km horizontal resolutions, while Shenzhen (DG&SZ), and Zhaoqing and all the other areas (ZQ&OTH) in
the third domain covered the entire PRD Region, which was similar to this study; the receptor regions included 9 cities in the PRD, and the air
that in our previous research (Fang et al., 2020). The source regions in quality in each city was represented by the overall of the state-controlled
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Fig. 2. (a) Three nested modeling domains with 27 km, 9 km, and 3 km horizontal resolutions, respectively, and (b) the Pearl River Delta (PRD) region in the D3
domain. Triangular points in the D3 domain represent the state monitoring sites in each city of the PRD; pentacle points represent the selected monitoring sites for
evaluation of the model performance.
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air-monitoring sites (Fig. 2). Both models generated the initial and
boundary conditions based on the default configuration, and the simu-
lations in the first and second domains were supplied to drive the
boundary conditions for 9-km in the middle and 3-km inside respec-
tively. Emission inventories of the first and second domains were offered
by Tsinghua University (Wang et al., 2014; Zhao et al., 2018), and the
inner 3-km domain utilized the recently developed 2017-based PRD
regional emission inventory. To estimate O3 source impacts and con-
tributions in the PRD, the regional emission groups were separated into
anthropogenic NOy and VOC emissions from 7 source regions in the D3
domain respectively, while the sectoral emission groups were catego-
rized by NOy emissions from on-road mobile, non-road mobile, sta-
tionary combustion, and other all sources, and VOC emissions from
on-road mobile, industrial process, solvent utilization and other sour-
ces (Table 1); the spatial distribution of each sectoral NOy and VOC
emissions was displayed in Fig. S1 and Fig. S2, respectively. The
chemical mechanism used in both CMAQ and CAMx was the Carbon
Bond version 6 (CB6) (Stockwell et al., 2020; Yarwood et al., 1997). The
detailed parameter configurations of CMAQ and CAMx are shown in
Table S1. It should be noted that the different parameter configurations
and schemes of CMAQ and CAMx could inevitably cause some additional
variabilities in the simulation results of the two models, but these var-
iabilities will not have an obvious effect on our source impact and
contribution analysis results, because the emissions and meteorology
inputs and the used gas-phase chemistry mechanism were the same for
CMAQ and CAMx in our study. The performance of CMAQ and CAMXx for
O3 simulation and the correlation between the two models are detailed
in Supporting Information (SI).

In 2017, the PRD suffered apparent Os pollution in the autumn
season, especially in September, when the monthly maxima of the
hourly averaged ozone in most sites of the Guangdong-Hong Kong-
Macao Pearl River Delta Regional Air Quality Monitoring Network
exceeded 200 pg m 2 (the China Grade II National Air Quality Standard,
~100 ppbv) (HKEPD, 2017). Accordingly, for evaluating O3 source
impacts and contributions in a typical ozone-polluted month, September
in 2017 was selected for conducting CMAQ and CAMx simulations, and a
spin-up time of 5 days was determined to eliminate the effect of initial
conditions in both models.

2.2. Multiple modeling approaches

For multiple methods utilized in this study, in the field of source
impact analysis, BFM, RSM-BFM, and HDDM can evaluate the impact of

Table 1
Emission groups for which source impacts and contributions were estimated.
Emission Precursors  Sources Estimations
Groups
Region NOy, VOC Guangzhou (GZ) Source impacts
Foshan (FS) and contributions
Zhongshan and Zhuhai (ZS&ZH)
Jiangmen (JM)
Dongguan and Shenzhen
(DG&SZ)
Huizhou (HZ)
Zhaoging and all the other areas
in the D3 domain (ZQ&OTH)
Sector NOy On-road mobile Source
Non-road mobile contributions

Stationary combustion
Others (industrial process, and
biomass burning)

voC On-road mobile
Industrial process
Solvent utilization
Others (storage & transportation,
waste treatment, biomass
burning, and non-road mobile)
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a given emission source on O3 based on the difference in O3 concen-
trations under the base and single source control scenarios, in which
BFM follows the “zero-out” theory to directly regarding this difference as
the single source impact; RSM-BFM follows the same principle as the
BFM but uses more flexible polynomial functions to represent the at-
mospheric processes and calculate the source impact mathematically;
HDDM builds a relationship between the Os response to emission
changes in individual sources through some defined sensitivity co-
efficients mathematically approximated from the BFM’s calculations
(detailed in Section 2.2.1). For source contribution analysis, RSM-DM
and OSAT can quantify the source contribution to Os through mathe-
matically and chemically attributing a fraction of the O3 concentrations
to specific source emissions, respectively, for which RSM-DM differen-
tiates the emission changes into plenty subtle intervals and sums up the
O3 response in each interval as the source contribution (detailed in
Section 2.2.3); OSAT tracks the O3 formation at any time through a
series of chemical tracers and allocates the contribution to the corre-
sponding source subsequently (detailed in Section 2.2.2). The funda-
mental difference between the impact and contribution is that the
“impact” usually contains the direct impact together with the indirect
effects (denoted as the influence of the interactions among multiple
emission sources under a nonlinear system), while the “contribution”
separates the indirect effects and mixes them with the direct impact to
represent the direct contribution of a specific source (Chatani et al.,
2020; Clappier et al., 2017; Cohan et al., 2005; Thunis et al., 2019).
Fig. 3 gives a simple illustration of the process of each method for
calculating the impact and contribution of an example source, NOy
emissions from source region A, and the principle of each method is
introduced in the following three sections.

2.2.1. Source impact modeling

The traditional BFM in an air quality model, which estimates the
impact of the changes in specific precursor emissions on Os through
running a scenario with only this precursor emissions varying, was
recognized as the simplest source impact analysis method and has been
broadly in previous researches (Chatani et al., 2020; Couzo et al., 2016;
Yang et al., 1997). Though BFM owns the advantages of simple imple-
mentation and ready application, which confronts the rapidly growing
computation burden when the number of control factors increases. Also,
the BFM’s estimation is only representative for the scenario that is
simulated if the atmospheric circumstances are highly nonlinear
(Clappier et al., 2017; Cohan et al., 2005).

Hence, the DDM was proposed as a computationally efficient alter-
native of the BFM for the conditions of multi-scenarios calculations.
DDM calculates the first-order sensitivity to a specific parameter by
solving the auxiliary equations derived from the air quality model, and
then estimates the single source impact based on this first-order sensi-
tivity (Dunker, 1984). The accuracy of DDM could only be insurable for
predicting the pollutant response in a linear system, but it was well
known that O3 was generated by the complex nonlinear interactions
between NOy and VOC in most cases (Cohan et al., 2005). Thus, a
Higher-Order DDM (HDDM) was developed to compute the higher-order
sensitivity through differentiating the governing equations of the
first-order sensitivity in the CTM (Hakami et al., 2003, 2004). With the
combination of the calculated first-order and higher-order sensitivities,
the nonlinear impact of the changes in specific precursor emissions on
O3 can be estimated by the HDDM. The detailed calculation process of
both BFM and HDDM is described in SI.

2.2.2. Source contribution modeling

The source contribution modeling technique for O3 analysis, which
mostly refers to the OSAT embedded in the CAMx that allocates the
source contributions through tracking the chemical tracers (Yarwood
et al., 1996). The O3 precursors (i.e., NOx and VOC) from each source
were followed by adding the tracer families to the CAMx model, and the
tracers were created where the O3 was generated. One tracer family was
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Fig. 3. Illustration of the calculation process of BFM, RSM-BFM, HDDM, RSM-DM, and OSAT for estimating the impact and contribution of an example emission

source, NOy emissions from source region A.

employed for one source group in OSAT, and each family consisted of
four tracers, including the tracers for NOy, VOC, O3 formed by NOy, and
O3 formed by VOC.

For determining the O3 formation regime and allocating the contri-
bution of each emission source to Os, the indicator of the ratio of nitric
acid (HNO3) and hydrogen peroxide (H;05) defined in former re-
searches was adopted in this study, for which a ratio exceeded 0.35
indicated that the O3 formation was NOy sensitive, otherwise, it was
VOC sensitive (Dunker et al., 2002; Itahashi et al., 2015). Based on the
identified O3 formation regime, the changes in O3 concentration caused
by NOx and VOC emissions from a specific source region can be esti-
mated for further calculation of source contributions. The detailed
calculation process of OSAT is also described in SI.

2.2.3. Response surface modeling

RSMs are the meta-models derived from the CMAQ simulations,
which can predict the pollutant response to any magnitude of pertur-
bations more flexibly and efficiently compared with the traditional air
quality models (USEPA, 2006). To effectively analyze the nonlinear
response of air pollutants to multiregional and multisectoral source
emissions, RSMs have been continuously improved using prior knowl-
edge, such as an extended version of the original RSM (ERSM) for
multiregional predictions (Xing et al., 2017; Zhao et al., 2015) and a
polynomial function-based RSM (pf-RSM) for improving the capability
in nonlinearity quantification (Xing et al., 2018). The integration of
ERSM and pf-RSM was also recently employed by us in the case study of
the PRD region, in which the relationship between the O3 and its pre-
cursors in each source region was constructed by a series of polynomial
functions (Fang et al., 2020). The development of RSM in this study is
similar to that in our previous research (Fang et al., 2020), in simple

terms, there is one scenario of baseline CMAQ simulation for reference,
21 scenarios for constructing the relationship between the O3 response
in each receptor region to emission changes in each source region, 21
scenarios for establishing the relation between the O3 response in each
receptor to simultaneous emission changes in all source regions, and
additional 10 scenarios for out-of-sample validation of the RSM. The
validation results of RSM are detailed in SI.

Based on the established RSM, various emission source contributions
to O3 can be numerically estimated by RSM-BFM and RSM-DM. RSM-
BFM is similar to the traditional BFM in an air quality model but utilizes
a more flexible mathematic equation to estimate the impact of a per-
turbed emission source. Regarding the RSM-DM, briefly, DM computes
the sum of the pollutant response to each tiny perturbation of a specific
source as the contribution, which can capture the negative contribution
on the one hand, and ensure that the accumulated contributions are
equal to the actual Os response derived from the CMAQ integrated
scenarios on the other hand; furthermore, a sectoral linear fitting tech-
nique (SL) in RSM was also previously proposed by us to draw the
emission weight of each sector and quantify the various sectoral con-
tributions to Os. Descriptions about both the development of DM and SL
have been detailed in our latest publication (Fang et al., 2020).

3. Results and discussion
3.1. Analysis of multiregional O3z source impacts and contributions
3.1.1. Apportionments of source impacts and contributions
BFM, RSM-BFM, HDDM, RSM-DM, and OSAT were applied for

assessing regional impacts and contributions in the case study of the
PRD, and the dynamic scenarios of 25 %, 50 %, 75 %, and 100 % control
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were implemented for a comprehensive analysis.

The three receptor regions (i.e., GZ, FS, and ZQ) relatively by the
north of the PRD usually experience more serious Os pollution in
September (Fig. 4), resulting from the intensive local precursor emis-
sions, and also the transported pollutants from the areas out of the PRD
brought by the prevailing north-easterly wind (Li et al., 2012). In GZ and
FS, local NOy emissions always exhibit a negative impact or contribution
even under the 100 % control, which is consistently reflected in the
calculations of BFM, RSM-BFM, HDDM, and RSM-DM; yet OSAT was not
designed to track the Os depletion process and thus does not provide
information about the Og disbenefits caused by the NO titration. In
addition, it is noticed that the negative impact assessed by BFM,
RSM-BFM, and HDDM is usually more obvious than the negative
contribution predicted by the RSM-DM in GZ and FS. It was because in
most cases, O3 exhibited a strong nonlinear relationship with its
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precursors, especially NOy, at this time the indirect effects among two or
more emission sources were found to exert a non-ignorable influence on
O3 formation. The indirect effects together with the direct impact were
both included in the impacts of single source emissions by source impact
methods, while the source contribution methods separated the indirect
effects and mixed them with the direct impact of a single source to
represent the individual source contributions (Clappier et al., 2017;
Cohan et al., 2005). Therefore, the impact (either negative or positive)
assessed by BFM, RSM-BFM, and HDDM will be higher than the
contribution apportioned by RSM-DM and OSAT in most conditions.
Besides, we notice that the impacts obtained by the HDDM are mostly
lower than those computed by BFM and RSM-BFM; for example, under
the 100 % control, the impact of each source to the O3 in GZ assessed by
the HDDM is 0.64-18.45 % lower than those estimated by the BFM; it
was because that the stronger nonlinear chemistry under strict control
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scenarios cannot be entirely represented by the high-order sensitivity
coefficients calculated by the HDDM (Itahashi et al., 2015). RSM-BFM
overall reproduces the BFM’s results directly obtained from the
CMAQ, demonstrating that RSM-BFM may be more capable of analyzing
the source impacts to an extensive extent. According to the results under
the 100 % cut down scenario, the influence of ZQ&OTH_NOy emissions
on O3 formation in GZ and FS is relatively high; while for the O3 in ZQ,
ZQ&OTH_NOy is the most influential emission source, which can be
viewed in the estimations of all the methods. Regarding the VOC, all the
methods suggest that GZ_VOC dominates the local Os formation, and
also has a great effect on the Os in FS; additionally, DG&SZ_VOC and
ZS&ZH VOC are found to exert a non-negligible effect on the O3 in GZ
and FS, respectively.

For the three regions (i.e., DG, SZ, and HZ) by the east of the PRD
(Fig. S6), where the Og levels are lower than those in northern regions.
In DG and SZ, the results of all the methods demonstrate that
DG&SZ_VOC accounts for a visible proportion in the apportionments of
source impacts and contributions, and it is also consistent for all the
methods that DG&SZ_NOy largely affect the O3 in DG under the 100 %
control; but for the negative contribution of DG&SZ_NOy emissions to
the O3 in SZ, which is also not caught by the OSAT as that in GZ and FS.
Another notable difference between the calculations of five methods is
found in DG, which is that for GZ_NOy, the impact of it computed by
BFM, RSM-BFM, and HDDM is lower than the contribution of it derived
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by RSM-DM and OSAT under the 100 % control; the possible reason for
this difference is that the indirect effects caused a negative impact,
which means that the interactions between GZ_NOy and other emission
sources may reduce the regional NOy emissions transported to DG and
then increase the O3 concentrations, because the O3 consumption was
weakened by the reductions in regional NOy emissions. In HZ, it is like
that in ZQ, local NOx emissions play a key role in Oz formation as
indicated by all the methods, and local VOC and ZQ&OTH_NOy emis-
sions are also worthy of attention for HZ.

The downwind regions in September of the PRD under the prevailing
north-easterly wind, including ZS, ZH, and JM (Fig. S6), suffering from a
more evident regional transportation from the northern areas in the D3
domain. In ZS, the agreement between all the methods is that local NOy
and VOC emissions account for most of the apportionments in source
impacts and contributions when at a 100 % reduction, and DG&SZ_NOy
and DG&SZ_VOC also influence the O3 in ZS to some extent; while the
inconsistency is that comparing with other three techniques, OSAT gives
more attention on some regional emission sources (i.e., FS_NOx,
JM_NOx, and ZQ&OTH_NOy). The probable reason for this inconsistency
is that the third version of OSAT (OSAT3) formulation embedded within
the CAMx v7.00 contained an updated technique to manage the NOy
recycling, which tended to allocate more Os concentrations to long-
range regional transport of precursor emissions and less to local pro-
duction, for the reason that the contribution from NOy accumulated
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during the downwind transport process (Price et al., 2015). In ZH and
JM, the southernmost regions of the PRD, the distribution of source
impacts and contributions acquired by all the methods is similar, in
which the Os in ZH is comparably affected by NOx and VOC emissions
from ZS&ZH, DG&SZ, and GZ, while the O3 in JM is mainly influenced
by NOx and VOC emissions from ZS&ZH and NOx emissions from FS.

3.1.2. Accumulative source impacts and contributions

To further analyze the consistency and inconsistency between BFM,
HDDM, RSM-DM, and OSAT, the accumulated source impacts and
contributions in 9 receptor regions of the PRD estimated from the four
methods, and the actual Os response directly derived from the CMAQ
under the synchronous control of all emission sources were also
compared together (Fig. 5). Since there was almost no difference be-
tween RSM-BFM and BFM for source impact analysis as described in
Section 3.1.1, RSM-BFM was not considered for comparison in this
section. As mentioned before, when the relationship between pollutant
concentrations and precursor emissions is linear, the contribution of a
specific emission source (individual contribution) can be viewed as the
impact of this source on pollutant concentrations (individual impact),
and the accumulation of individual contributions and impacts will be
also equal to the actual Os response resulting from a simultaneous
reduction of all emission sources. However, the O3z concentrations are
mostly nonlinearly response to changes in its precursors, in this case, the
individual impact will not equivalent to the individual contribution
because of the existence of the indirect effects, and the sum of individual
source abatement impacts will be also different from the actual Og
response resulting from a multiple source abatement scenario (Clappier
et al., 2017; Cohan et al., 2005; Dunker et al., 2002; Thunis et al., 2019).

As displayed in Fig. 5, when at a 25 % emission reduction, the
accumulated impacts acquired from both BFM and HDDM basically
agree with the actual O3 response in most receptors regions because of
the linear responsive conditions in this time, but the disagreement is
found in GZ and FS in which local NOy emissions exert a nonlinear
impact on O3; when the emission ratio is furtherly reduced to 50 %, the
accumulative impacts begin to larger than the actual O3 response in
some receptor regions (i.e., SZ, HZ, JM, and ZH), demonstrating that the
O3 concentrations are gradually nonlinearly response to precursor
emissions; reinforcing the emission reduction ratio to 75 % and 100 %,
the nonlinear conditions are stronger, hence the difference between the
cumulative impacts and the actual Os response is more obvious, as
exhibited by that the accumulative impacts in 9 receptor regions
calculated from the BFM are about 6.99-40.17 % higher than the actual
O3 response under the 100 % control. It is also noticed that the accu-
mulated impacts obtained from the HDDM are generally lower than
those derived from the BFM; this is because, as mentioned before, HDDM
can well measure the nonlinear process of O3 formation under small or
moderate control scenarios, but it exhibits obvious discrepancy
compared with the BFM when strengthening the emission reduction rate
to more than 50 %. For accumulated contributions obtained from the
RSM-DM, they are almost equal to the actual O3 response under different
control scenarios because RSM-DM fully considers the nonlinearity
(Fang et al., 2020). Concerning the OSAT, it can be seen that the vari-
ation trend of the calculated accumulative contributions under different
control scenarios is linear, in which the accumulative contributions
attained from the OSAT and the actual O3 response is consistent at the
100 % emission reduction; whereas, for other conditions with the
emission reduction ratio less than 100 %, OSAT is unable to ensure that
the cumulative contributions agreed with the actual Os response
because of its linear assumption.

3.1.3. Identification of top emission impact/contribution sources

While source impact and contribution analysis methods are different
in their underlying algorithms, both of them can provide information
about the importance of major emission sources which is of significance
to support the air quality planning (Dunker et al., 2002). Therefore,
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when at the 100 % emission reduction, the top-five emission sources
with the most distinct impact or contribution recognized by BFM,
HDDM, RSM-DM, and OSAT were selected for a comprehensive analysis
(Fig. 6 and Fig. S7). It is found that there are at least two consistent
sources among the top-five emission impact/contribution sources
identified by all the four methods, proving that whether the source
impact or source contribution methods, they are generally consistent in
determining the top emission sources of importance. For example,
GZ_VOC is identified as one of the top impact/contribution emission
sources by all the four methods to the O3 in GZ, with an impact/con-
tribution of 14.7 ppbv, 13.1 ppbv, 12.5 ppbv, and 5.0 ppbv as estimated
by BFM, HDDM, RSM-DM, and OSAT, respectively. In FS, the four
methods are also highly consistent in identifying the top impact/con-
tribution sources, in which GZ_VOC is the most influential emission
source as discerned by all the methods, with an impact/contribution of
8.3 ppbv, 7.5 ppbv, 6.5 ppbv, and 6.3 ppbv as estimated by BFM, HDDM,
RSM-DM, and OSAT, respectively. In addition, when comparing source
impact methods (i.e., BFM and HDDM) and source contribution methods
(i.e., RSM-DM and OSAT) separately, it is found that BFM and HDDM
agree on all the top-five impact sources of O3 in most receptor regions
except the FS; although there are inconsistencies in the ranking of some
factors in FS, the difference between the values is slight, suggesting that
BFM and HDDM are highly consistent in providing information about
the importance of major impact sources. RSM-DM and OSAT are also
consistent for at least three contribution sources among the identified
top-five contribution sources, and the most obvious discrepancy is also
that the OSAT regarded the negative contribution source (mostly the
local NOx emissions) as the top contribution source in receptor regions
existing the NO titration (i.e., GZ and SZ).

The inconsistency between source impact methods (i.e., BFM and
HDDM) and source contribution methods (i.e., RSM-DM and OSAT)
mostly occurs for the predictions of NOy-related factors, in which RSM-
DM and OSAT give more importance on regional NOy emissions, espe-
cially that from GZ; for example, for O3 in FS, DG, SZ, ZS and ZH,
GZ_NOy is regarded as one of the top-five emission sources by RSM-DM
and OSAT, whereas which is not reflected in BFM and HDDM. This
inconsistency possibly attributes to that the nonlinear effect of NOy is
stronger than that of the VOC on O3 formation, hence the indirect effects
of the synergy control of NOy emissions from GZ and other source re-
gions may be negative; in other words, the O3 concentrations will in-
crease because the NO titration was weakened by the simultaneous
reductions in NOy emissions from GZ and other source regions; thus the
direct impact of individual source approximated by BFM and HDDM will
be partially offset by this negative indirect effects, and lower than the
individual source contribution.

3.2. Analysis of multisectoral O3 source contributions

Quantification of the contributions of various emission sectors to O3
is also of significance for policymaking, hence the apportionments of
sectoral source contributions to O3 in 9 receptor regions of the PRD were
furtherly assessed by RSM-DM and OSAT. As listed in Table 1, both NOx
and VOC emissions were categorized into 4 sectors, and the contribution
of each sector from each source region to Oz was firstly analyzed as
displayed in Fig. 7 and Fig. S8, then the percentage of each sectoral
source contribution from the entire D3 domain was also quantified in
Fig. 8.

3.2.1. Apportionments of sectoral contributions from each source region
From Fig. 7 and Fig. S8, the distribution of sectoral source contri-
butions in each receptor region is generally similar. In GZ and FS, the
largest difference is also for the contribution of local NOy emissions,
especially that from the on-road mobile source, which is negative in
RSM-DM’s calculations because the intensive near ground NO dis-
charged from the vehicles can largely consume the ambient O3, whereas
OSAT also does not provide this information about the NO titration; for
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Fig. 6. Top-five emission impact/contribution sources identified by BFM, HDDM, RSM-DM, and OSAT in GZ, FS, and ZQ, in September 2017. GZ: Guangzhou, FS:
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the D3 domain.

others NOy emissions (i.e., industrial process and biomass burning) from
ZQ&OTH, both RSM-DM and OSAT estimate a visible contribution of
them to O3 in GZ and FS; on-road mobile NOy emissions from GZ,
7ZS&ZH, and DG&SZ are also observed to exhibit a non-negligible
contribution to the O3 in FS. For VOC-related emission sectors, RSM-
DM and OSAT are agreed that industrial process and solvent utiliza-
tion source emissions from GZ and DG&SZ exert an apparent contribu-
tion to O3 in GZ and FS. In ZQ, on-road mobile and others NOy emissions
from ZQ&OTH dominate the O3 generation as calculated by both RSM-
DM and OSAT.

As demonstrated by Fig. S8, both RSM-DM and OSAT manifest that
on-road mobile NOy emissions, and industrial process and on-road mo-
bile VOC emissions from DG&SZ and GZ, are of importance to O3 for-
mation in DG. One notable thing is that others NOy emissions from
ZQ&OTH occupy a certain amount of the contribution to the O3 in DG
according to the OSAT’s results, however, which is not presented by the
RSM-DM; the probable explanation for this is also the update of OSAT3
formulation in handling the NOy recycling as mentioned in Section
3.1.1, which caused the O3 was allocated more to long-range transport of
regional NOy emissions. About the situation in SZ, the reductions of on-
road mobile NOy emissions from DG&SZ will cause the disbenefits to Os,
and local on-road mobile VOC emissions play a key role in forming O3 as
reflected by the RSM-DM, but OSAT only estimates the slight contri-
bution of VOC and overvalues the local on-road mobile NOy emission
contributions; for solvent utilization VOC emissions from DG&SZ, RSM-
DM and OSAT are consistent for predicting its partial contribution to the
O3 in SZ. As for HZ, local on-road mobile and stationary combustion NOy
emissions are identified as major contributors by both RSM-DM and
OSAT.

For the three cities (i.e., ZS, ZH, and JM) by the south of the PRD
(Fig. S8), on-road mobile NOy and VOC emissions from ZS&ZH and GZ
greatly contribute to the O3 formation in ZS. For ZH, the southernmost
coastal city in the PRD, both RSM-DM and OSAT reveal that the
contribution of on-road mobile NOy emissions from ZS&ZH accounts for
a relatively large proportion, and non-road mobile NOy emissions from
GZ, which are probably emitted from the southern boundary of GZ
where the activities of agricultural machinery or ships are intensive, also
affect the O3 in ZH to a certain extent. In JM, according to the results of
RSM-DM and OSAT, others NOy emissions from FS, which are most

likely to be those from the biomass burning source on the border of FS
and JM, exert an apparent contribution to O3, and the contribution of
on-road mobile NOyx emissions from ZS&ZH is also noteworthy for JM.

3.2.2. Apportionments of sectoral contributions from the entire D3 domain

The percentage of the contribution from each sectoral emission
source within the entire D3 domain was also allocated using RSM-DM
and OSAT (Fig. 8 and Table S3). What is found is that the distribution
of the apportioned percentages in 9 receptor regions is generally similar
except for GZ and SZ, in which for on-road mobile NO, emissions, OSAT
predicts a considerable contribution of it to O3 formation, but RSM-DM’s
predictions are much lower and even negative in GZ, because that the
apparent negative contribution of local on-road mobile NOy emissions
was not considered by the OSAT. In FS, DG, ZS, and JM, RSM-DM and
OSAT are overall consistent for predicting the sectoral contributions, in
which on-road mobile NOy emissions are identified as the primary
contributor to O3 in DG, ZS, and JM by both RSM-DM and OSAT; while
in FS, on-road mobile NOy together with industrial process VOC emis-
sions are the greatest contributor with a contribution ratio of 16.6 % as
assessed by the OSAT, while RSM-DM gives the most importance on the
contribution of on-road mobile VOC emissions with a proportion of 16.2
%, following by on-road mobile NOy emissions with a contribution ratio
of 15.6 %. In the other three cities (i.e., ZQ, HZ, and ZH), consistency
between RSM-DM and OSAT is a little low, but they basically agree in
recognizing two emission sectors with the largest contribution ratios, for
example, NOx emission contributions from on-road mobile and others to
the O3 in ZQ, and NOy emission contributions from on-road mobile and
stationary combustion to the O3 in HZ; in ZH, the proportion of on-road
mobile NOy emission contributions estimated by RSM-DM and OSAT is
comparable, and the difference is that the most significant sector
recognized by the RSM-DM is NOy emissions from non-road mobile and
stationary combustion both with a contribution rate of 20.3 %, while
OSAT has a higher estimation for the contributions of VOC-related
sectoral emissions, especially those from industrial process source
compared with the RSM-DM. Further, we notice that in ZQ, HZ, JM, and
ZH, OSAT also pays more attention to the contributions of VOC-related
emission sectors particularly industrial process VOC emissions in com-
parison with the RSM-DM, which may be related to that OSAT employed
the specific OH reactivity to allocate the VOC emission contributions
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from different sectors to Oz, but RSM-DM relied on the emission weight
of each sector to numerically apportion the corresponding source
contribution. In general, RSM-DM and OSAT agree that on-road mobile
(including both NOy and VOC emissions) and industrial process (mainly
VOC emissions) sources were the main contribution sectors in the PRD,
contributing an average of 31.5 % and 11.4 % (estimated by RSM-DM)
and 29.2 % and 13.0 % (estimated by OSAT) respectively to O3 forma-
tion in 9 receptor regions of the PRD.

4. Conclusions

In this study, O3 source impacts and contributions in the PRD region
of China were comprehensively analyzed using multiple modeling ap-
proaches, namely BFM, RSM-BFM, HDDM, RSM-DM, and OSAT. All five
methods were utilized for analyzing source impacts and contributions of
NOy and VOC emitted from multiple source regions, and RSM-DM and
OSAT were selected for further analysis of NOy and VOC emission con-
tributions from multiple sectors in multiple source regions.

The multi-modeling evaluation results implied that due to the

10

nonlinearity of O3 response to emission reductions in its precursors,
particularly NOy, source impact methods may not be applicable to
apportion the contributions of various source emissions to Os, and
source contribution methods were also inappropriate to assess the im-
pacts of emission changes on Os. It was because that the nonlinear at-
mospheric conditions usually existed with the indirect effects (defined as
the effects of multi-source interactions on Os). The indirect effects
together with the direct impact of a single source were both included in
the impacts of individual source emissions by source impact analysis
methods, while the source contribution methods separated the indirect
effects and mixed them with the direct impact to represent the indi-
vidual source contributions, causing the difference between source
contributions and source impacts. Accordingly, under the typical
nonlinear atmospheric conditions during the O3 formation, BFM, RSM-
BFM, and HDDM seemed to be appropriate for single source impact
assessments to support the air quality planning, in which RSM-BFM can
reproduce the BFM results derived from the CMAQ simulations, but the
results of HDDM could deviate from those of BFM under moderate or
strict control scenarios in which the emission reduction ratio was more
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than 50 %. Under multi-source control scenarios, both RSM-DM and
OSAT can be reasonably applied for apportioning the various source
contributions to O3 concentrations, whereas OSAT had the limitation of
representing the nonlinear response of O3 to emission changes in its
precursor (e.g., Os disbenefits due to local NOy emission reductions in
major cities). RSM-DM was demonstrated to be able to well capture the
nonlinear negative contribution of local NOy emission reductions to O3
in major cities (e.g., GZ and FS) of the PRD, and ensured that the
accumulated contributions were agreed with the actual O3 response
simulated by the CMAQ under the integrated control scenarios. Besides,
despite source impact and source contribution methods exhibited
different principles and applicability, they can generally derive similar
information about the top emission sources of importance as shown in
this study.

The source contribution results obtained by RSM-DM and OSAT
manifested that on-road mobile (including both NOy and VOC emis-
sions) and industrial process (mainly VOC emissions) sources were two
major contribution sectors in the PRD, with an average contribution of
31.5 % and 11.4 % (estimated by RSM-DM) and 29.2 % and 13.0 %
(estimated by OSAT) respectively to O3 formation in 9 receptor regions
of the PRD. Consequently, the strengthened controls on NOy and VOC
emissions from on-road mobile and industrial process sources in the
central cities (i.e., GZ, FS, DG&SZ, and ZS) of PRD are recommended for
policymakers to effectively moderate the O3 pollution over the PRD.
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