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• Almost 500 numerical experiments by
perturbing anthropogenic emissions
were designed.

• The synergic effect of biogenic and an-
thropogenic emissions on ozone is ex-
amined.

• We found more enhanced role of bio-
genic emissions in the ozone formation
in future.
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Biogenic emissions are widely known as important precursors of ozone, yet there is potentially a strong interac-
tion and synergy between biogenic and anthropogenic emissions, including volatile organic compounds (VOCs)
and nitrogen oxides (NOx), in modulating ozone formation. To a large extent, the synergy affects the effective-
ness of anthropogenic emission control, thereby reshaping the O3-NOx-VOC empirical kinetic modeling
approach (EKMA) diagram. Focusing on the ozone pollution period of June 2017 in the North China Plain, we de-
sign almost 500 numerical experiments using regional air quality model Community Multiscale Air Quality
(CMAQ) that revealed an interesting synergic effect, defined as the contribution of biogenic emissions to ozone
concentrations concomitant with a reduction in anthropogenic emissions. A quasi-EKMA diagram is constructed
to delineate the contribution of biogenic emissions to ozone concentrations, indicative of a linearly amplified or
nonlinearly weakened result associated with reductions in anthropogenic VOCs or NOx emissions, respectively,
illustrating the dipole characteristics of the synergic effect. The reduced ozone contribution from biogenic emis-
sions alongwith NOx emission reduction can be used to represent controllable biogenically induced ozone (BIO).
Both the amplified and controllable BIO are tightly linked to both local emissions and regional transport,
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implicative of an essential role in joint regional emission control. In regard to ozone exceedance, the role of bio-
genic emissionsmay be evenmore important, in that its contribution is comparable to or even larger than that of
anthropogenic emissionswhen associatedwith a reduction in anthropogenic emissions, which is clearly demon-
strated based on the near carbon neutrality scenario shared socioeconomic pathway (SSP) 126. Meanwhile, the
biogenic emissionsmay steer themodulation of anthropogenic emissions in the change rate ofMDA8 ozone con-
centration. Therefore, the synergic effect of biogenic and anthropogenic emissions elucidated in this study should
be carefully considered in future ozone pollution control.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Biogenic emissions are important precursors of ozone, and quantifi-
cation of their impact on ozone concentration, primarily through nu-
merical sensitivity experiments, demonstrates that biogenic emissions
contribute substantially to ozone accumulation (Li et al., 2018; Wu
et al., 2020). For example, the regional air quality modeling results in
Wu et al. (2020) revealed as large as 47 μg m−3 of ozone enhancement
in eastern and southwestern China in July 2017 due to biogenic volatile
organic compound (VOC) emissions.

In addition to biogenic emissions, the effect of anthropogenic VOC
and nitrogen oxides (NOx) emissions on ozone formation has been
well established in particular through the examination of O3-NOx-VOC
relationship based on the empirical kinetic modeling approach
(EKMA) diagram and identification of VOC-limited or NOx-limited re-
gimes (Sillman, 1999; Sillman and He, 2002; Ou et al., 2016). Specifi-
cally, based on the ratio of formaldehyde (HCHO) to NO2, Wang et al.
(2021) found VOC-limited regime tending to occur in urban areas of
China, and further indicated that the changes in anthropogenic emis-
sions such as NOx may steer the shift from VOC-limited regime to
NOx-limited regime from 2016 to 2019.

The role of biogenic emissions in affecting the ozone concentration
may be modulated by the changes in anthropogenic emissions. For in-
stance, Tao et al. (2003) conducted sensitivity simulations by comparing
two scenarios, onewith biogenic emissions only and the other onewith
both anthropogenic and biogenic emissions, and found strong synergy
between anthropogenic and biogenic emissions across the US. By fur-
ther applying the factor separation (FS) technique, originally proposed
by Stein andAlpert (1993) to elucidate the factors affecting atmospheric
circulation, they found that a large portion of biogenic contributions to
ozone was influenced by anthropogenic emission sources, indicating
that biogenic effects can be mediated through the control of anthropo-
genic emissions. Recently, Li et al. (2018) conducted simulations apply-
ing the FS technique in four scenarios, including cases with both
anthropogenic and biogenic emissions, anthropogenic emissions only,
biogenic emissions only and neither type of emissions. The results indi-
cated that the synergy between anthropogenic and biogenic emissions
was of vital importance,with amagnitude even comparable to the effect
of anthropogenic emissions over some locations in the Guanzhong
Basin, China.

The interaction between biogenic and anthropogenic emissions has
been examined more comprehensively in relation to the influence of
biogenic emissions on secondary organic aerosol (SOA) formation
(Carlton et al., 2010; Xu et al., 2015;Wu et al., 2020). Based on observa-
tional data, Xu et al. (2015) found that levels of biogenic SOA derived
from isoprene in the southeastern United States may be affected by an-
thropogenic emissions, such as SO2, through the modulation of sulfate
as well as the subsequent uptake of epoxydiols (IEPOX). Combining 22
numerical simulations over the United States based on a regional air
quality model from August 15 to September 4, 2003, Carlton et al.
(2010) found that decrease in anthropogenic emissions may induce a
reduction of more than 50% in biogenic SOA in the eastern United
States. This could possibly be attributed to the decrease in SOA conden-
sation and implied a strong interaction between anthropogenic and
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biogenic emissions, suggesting that biogenic SOA formation might be
controlled.

The synergic effect of biogenic emissions on ozone formation,
however, has not been systematically investigated so far. Particularly
in situations with gradually tightened controls of anthropogenic
emissions, i.e., in the scenarios of Coupled Model Intercomparison
Project Phase 6 (CMIP6) shared socioeconomic pathway (SSPs;
(Rao et al., 2017; Riahi et al., 2017)) and carbon neutrality in China
(Cai et al., 2021), the interactions between biogenic and anthropo-
genic emissions may even reshape the O3-NOx-VOC relationship in
EKMA diagram. To examine the synergic effect, the period of June
2017 over the North China Plain (NCP) was selected due to the se-
vere and persistent ozone pollution during this period (Ma et al.,
2019; Yan et al., 2021) resulting from heat waves and stagnant
weather conditions that are conducive to ozone formation and accu-
mulation (Gao et al., 2013; Zhang et al., 2018b; Gao et al., 2020b). The
NCP region was selected primarily because it was prone to ozone
pollution, which had been well acknowledged in a number of studies
(Li et al., 2019; Lu et al., 2019; Shen et al., 2020). Mimicking the O3-
NOx-VOC EKMA diagram, this study aims to thoroughly elucidate
the synergic effect of biogenic and anthropogenic emissions through
the construction of a quasi EKMA diagram in the context of anthro-
pogenic emission control, and potentially provide guidance to allevi-
ate ozone exceedance.

2. Model configurations and scenario designs

The coupled Weather Research and Forecasting (WRF; version
3.8) and Community Multiscale Air Quality (CMAQ; version 5.2)
model is used to conduct the simulations, and model configurations
are the same as those in our previous studies (Ma et al., 2019; Gao
et al., 2020a; Yan et al., 2021). The simulation domain covers China
and a few other areas (Fig. 1), with the region of NCP (red square
in Fig. 1) as one of the major focuses in this study. In brief, Carbon
Bond version 6 (CB6) is used as the gas chemistry mechanism, and
Aerosol Module Version 6 (AERO6) is used to model the aerosol pro-
cesses in CMAQ. The initial and boundary conditions are from the
NCEP Climate Forecast System Reanalysis (CFSR) version 2 (Saha
et al., 2014) for WRF simulations and from the Model for Ozone
and Related chemical Tracers, version 4 (MOZART-4; (Emmons
et al., 2010)) for CMAQ simulations. The emission inventory is the
same as that detailed in Yan et al. (2021). The spatial resolution is
36 km by 36 km, and the simulation starts approximately one week
prior to June 1 2017 as spin up, with the analysis focusing on June 1
to June 30, 2017.

Considering the primary ozone precursors of VOCs and NOx, as well
as the O3-NOx-VOC EKMA diagram, four groups of scenarios are de-
signed by perturbing the anthropogenic VOC and NOx emissions
(Table 1), with each group including eleven by eleven cases, totaling
121 scenarios. To identify the synergic effect of biogenic and anthropo-
genic emissions, biogenic emissions are only included in groups① and
③. Anthropogenic emission reduction is applied over either the NCP
(groups ① and ②) or the entire domain (groups ③ and ④) to isolate
the effect of regional transport on ozone pollution in the NCP. The



Fig. 1. The simulation domain with the region of North China Plain (NCP; red square).
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simulated results including all anthropogenic (without reduction) and
biogenic emissions are compared with observations in our previous
study (Fig. 2c in Yan et al. (2021)), showing relatively low bias of −8%
for maximum daily 8-hr average (MDA8) ozone over NCP, warranting
high confidence in interpreting the model results. Furthermore, the
findings discussed in the following sections should not be affected by
the bias considering they are largely compared between the numerical
sensitivity experiments with the basis scenario.

The simulation period is fixed in June 2017, and the analysis focuses
on either the entire month or high ozone episodes (June 14–21, June
26–30). The selection of the episode is based on the previous study
(Ma et al., 2019), with the criteria set as the long-lasting ozone events
in the upper range of class III (82–110 ppbv). The MDA8 ozone concen-
tration averaged over urban Beijing or NCP is focused on for the analysis
below, whereas the emission reduction is operated on either NCP or the
entire domain.

To estimate the possible changes in future ozone concentrations as-
suming comparable weather conditions, the new generation of emis-
sion projection designed in CMIP6 SSPs (Kriegler et al., 2012) are
applied in this study. Compared to the previous scenarios such as Rep-
resentative Concentration Pathways (RCPs; (van Vuuren et al., 2011))
which does not take into account the socioeconomic narratives, there
are five different socio-economic conditions for global futures in regard
Table 1
The emission control scenarios designed in this study.

Anthropogenic emissions Biogenic emissions

VOCs emissions NOx emissions

① 0–100%a 0–100%a On
② 0–100%a 0–100%a Off
③ 0–100%b 0–100%b On
④ 0–100%b 0–100%b Off

a 10% interval from 0 to 100% emission reduction over the NCP.
b 10% interval from 0 to 100% emission reduction over the entire domain.
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of climate change adaptation andmitigation in SSPs (SSP1-5; (Rao et al.,
2017; Riahi et al., 2017)). Please note that emissions may increase par-
ticularly during 2020–2040 in SSP2 or SSP5 (i.e., Supplementary
Table 1) partly due to delays in global cooperation with regions (Rao
et al., 2017; Gidden et al., 2019).

3. Results and discussions

To elucidate the effectiveness of emission reductions on ozonepollu-
tion in urban Beijing, we show in Fig. 2 the EKMA diagram that illus-
trates MDA8 ozone concentrations as emissions of VOCs and NOx are
reduced over the NCP area (scenarios ① and ② listed in Table 1).
When including both anthropogenic and biogenic emissions, the
monthly mean MDA8 ozone concentration in urban Beijing is 84 ppbv
(top right grid (corner) in Fig. 2a). The EKMA diagram reflects the tran-
sition from VOC-limited to NOx-limited regimes as NOx emissions are
reduced, i.e., it shows that the ozone concentration increases when
NOx emissions start to decrease and then decreases onceNOx emissions
are further reduced. A comparable EKMA diagram is created by elimi-
nating biogenic emissions in Fig. 2b, although it has smaller magnitude
of ozone concentrations and a left shift of the ozone peak (Fig. 2b vs.
Fig. 2a) due to the decrease in VOC emissions. The effect of biogenic
emissions on MDA8 ozone concentrations associated with reduction
in anthropogenic emissions (Fig. 2c), calculated based on the subtrac-
tion of the results shown in Fig. 2b from those in Fig. 2a, is defined in
this study as the synergic effect. Interestingly, the synergic effect is en-
hanced with the reduction of anthropogenic VOCs, whereas the oppo-
site pattern is observed with the reduction of anthropogenic NOx
emissions.

The mean monthly synergic effect over urban Beijing ranges from
2.1 ppbv to 12.0 ppbv (Fig. 2c). The features exhibited in the ozone var-
iations during the high ozone episodes (June 14–21, June 26–30;
Fig. 2d–f) closely mimic those displayed in the monthly data despite a
weaker titration effect due to stronger photochemical reactions, with a
somewhat larger synergic effect, ranging from 3.4 ppbv to 18.6 ppbv.

Image of Fig. 1


Fig. 2. The EKMAdiagram ofMDA8ozone concentrations over urban Beijing. TheMDA8ozone is averaged over themonth of June (top) and the episodic events (June 14–June 21, June 26–
June 30; bottom), as emissions are reduced over the NCP. Shown are cases with both anthropogenic and biogenic emissions (left column), anthropogenic emissions only (middle column)
and the biogenic emissions only (right column: differences between the left and middle columns). The numbers on the X and Y axes indicate the ratio of anthropogenic emissions in
different sensitivity cases, and the value 1.0 represents the case without the respective emission (VOCs or NOx) change and 0.0 means the respective emissions (VOCs or NOx) are
zeroed out. Themarkers and connecting lines in panel (a) show the emission changes relative to June 2015 over the NCP every 10 years during 2020–2060, under the four SSP pathways.
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Compared with those in urban Beijing (Fig. 2), the variations in MDA8
ozone concentrations over the NCP region (Supplementary Fig. 1)
under the same emission reductions show generally similar characteris-
tics, with a clearly discernible diminished titration effect. With emission
reductions over the entire domain, the variations in MDA8 ozone con-
centrations over urban Beijing (Supplementary Fig. 2) and the NCP
(Supplementary Fig. 3) are also comparable.

To estimate the possible changes in future ozone concentrations,
four emission pathways in SSPs, including SSP119, 126, 245 and 585,
are delineated with markers and lines in Fig. 2a. Please note that the
emission baseline is calculated over theNCP in June 2015, and the emis-
sion change rate is then achieved using the baseline emission divided by
the emissions in June of each 10-year interval from 2020 to 2060, when
carbon neutrality is scheduled to be achieved in China; the long-term
emission variation trends are generally consistent on monthly and an-
nual scales. The markers reflecting reduced emissions in SSPs are used
to estimate the correspondingMDA8 ozone concentration in urban Bei-
jing under the same respective conditions, which can be used to infer
what ozone concentration might be in the future assuming invariable
meteorological conditions. Please note that anthropogenic emissions
in China are projected to decrease in three of the four SSP projections
mentioned above, except SSP245, where emissions in the near future
are projected to increase instead (Fig. 2a). SSP126 is quite close to the
mission of carbon neutrality in terms of both CO2 (Cai et al., 2021) and
air pollutant emission pathways, although an alternative intermediate
case between SSP 119 and 126 could be designed based on Cheng
4

et al. (2021). There is an apparent decrease in ozone concentrations in
most of the SSP scenarios, with the lowest concentrations of 69.4 ppbv
and 76.6 ppbv occurring in SSP126 in 2060 as averaged in June
(Fig. 2a) and during the ozone episodic events (Fig. 2b), respectively.

One question we ask is at what ratio the reduction in anthropogenic
VOC to NOx emissions may yield the optimal effect, i.e., the fastest rate
in ozone concentration decrease per unit change of emissions. In Fig. 3,
different reduction ratios of VOC to NOx emissions are selected to illus-
trate their modulation of ozone, and the 1:1 ratio can be considered the
separation line (black dashed line). Dots located in the same column
represent fixed NOx emission reduction rate and show that larger re-
duction of VOC emissions corresponds to lowerMDA8 ozone concentra-
tions, consistent with the discussions above. Similarly, the cyan dots
located on the Y axis indicate that without NOx emission changes, the
mean MDA8 ozone concentration in urban Beijing decreases linearly
along with the reduction in VOC emissions. The monthly mean MDA8
ozone concentration in June 2017 including all anthropogenic and bio-
genic emissions shows an increase at the beginning particularly when
only NOx emissions are reduced (red dots in Fig. 3a), indicative of the
effect of NO titration (Gao et al., 2013) and ozone production inhibition
(Romer et al., 2018), which is more obvious when only anthropogenic
emissions are included (Fig. 3b). The titration effect also leads to a situ-
ation in which the decrease in VOC emissions alone is even more effec-
tive in reducing MDA8 ozone concentration than the simultaneous
decrease in VOC andNOx emissions at the same rate until the VOC emis-
sion reduction reaches a fairly large amount around 70% (cyan dots vs.

Image of Fig. 2


Fig. 3.MDA8 ozone concentration change rate over urban Beijing. Shown are results during June 2017 (top) and the ozone episode (June 14–June 21, June 26–June 30; bottom) under
different reduction ratios of anthropogenic NOx to VOC emissions, with both anthropogenic and biogenic emissions included (left column) or anthropogenic emissions only (right
column) included. The X axis implies the percentage reduction in NOx emissions, and the reduction in VOCs can be inferred based on the ratio of NOx to VOCs (listed in the top left
panel). The ratio of NOx to VOCs at 1:0 means no emission reduction of VOCs (red dots), while 0:1 means no emission reduction of NOx (cyan dots in Y axis). The dashed gray line
parallel to X axis is used to demarcate the MDA8 ozone values above which indicative of the effect of NO titration.
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black dots in Fig. 3a, b, d). Note there is an exceptionwith biogenic emis-
sions included during the episode when stronger photochemical reac-
tions occur (cyan dots vs. black dots in Fig. 3c), stressing the
important role of biogenic emissions in steering the modulation of an-
thropogenic emission reduction on the change rate ofMDA8 ozone con-
centration. Another unique feature is the convergence asNOx emissions
are reduced, meaning that when NOx is reduced to a large extent, the
concurrent reductions of NOx and VOC emissions yield almost the
same effect as the reduction of NOx emissions alone (i.e., red dots vs.
black dots in Fig. 3); this result highlights the essential role that NOx
emissions have in ozone modulation and the dramatic efficacy of a
greater reduction in NOx emissions.

Below the 1:1 ratio reduction line (dashed black), the larger reduc-
tion of VOC relative to NOx emissions generally lies in the lower flank
of MDA8 ozone concentrations (i.e., green vs. blue lines in Fig. 3)
when their total percentage reduction of VOCs and NOx are the same,
implying a faster MDA8 ozone decrease rate with larger VOC to NOx
emission ratio. Above the 1:1 line, due to the existence of NO titration
and ozone production inhibition, the larger ratio of NOx to VOC emis-
sions triggers a faster ozone decrease when the emission reduction par-
ticularly of NOx reaches a relatively larger amount to potentially shift
the regime from VOC-limited to NOx-limited one. If the same total per-
centage of emissions is reduced, VOC emissions only seem to be the
most efficient, followed by larger reduction rate of VOC to NOx emis-
sions or NOx to VOC emissions. A comparable conclusion was drawn
based on close to 40 numerical simulation cases, illustrating that the
most effective way in reducing the maximum hourly ozone is the VOC
only reduction, followed by a reduction ratio of VOCs to NOx at 3:1,
2:1 and 1:1 in the manufacturing city of Foshan located in the Pearl
River Delta (PRD) region, China (Chen et al., 2019).
5

To investigate the possible nonlinear behavior of the synergic effect
of biogenic emissions, Fig. 4 shows the evolution of MDA8 ozone con-
centrations in urban Beijing contributed by biogenic emissions under
selected scenarios of anthropogenic VOC and NOx emission control
over the NCP during June (top) and episodic events (bottom) and de-
picts a couple of unique features. As anthropogenic VOC emissions are
reduced by intervals of 10% from 1.0 (no reduction) to 0.0 (100% reduc-
tion) under a fixed amount of NOx emissions, the MDA8 ozone concen-
tration contributed by biogenic emissions shows a linearly monotonic
increase with a correlation coefficient of almost 1.0, implicative of an
amplified synergic effect (Fig. 4a). It is interesting to note that the syn-
ergic effect amplification rate (the slopes in Fig. 4a) along with the re-
duction in VOC emissions is nonlinearly modulated by the variation in
NOx emissions, exhibiting first an enhanced trend (from 1.9 (green
line in Fig. 4a) without NOx emission reduction to 3.4 (blue line in
Fig. 4a) when half NOx emissions are reduced) and then a decrease.
When episodic events are considered, although the general features
are consistentwith themonthlymean scale, the synergic effect is ampli-
fied even faster and to a greater extent with the reduction in anthropo-
genic VOC emissions.

The synergic effect of biogenic emissions tends to be larger during
the ozone episodic events compared to the monthly scale. For instance,
during the ozone episode of June 14–21 and June 26–30 (or June 2017),
biogenic emissions contribute to 14.4 ppbv (or 10.2 ppbv)MDA8 ozone
concentration over urban Beijing when all emissions are included, and
biogenic emissions reaches a maximal contribution of 18.6 ppbv (or
12.0 ppbv) when anthropogenic VOCs are turned off (green line in
Fig. 4a, c), corresponding to a maximum of 27% (Supplementary
Fig. 4c) (or 20%, Supplementary Fig. 4a) of the contributions from an-
thropogenic emissions. In terms of the MDA8 ozone concentration

Image of Fig. 3


Fig. 4. The synergic effect of biogenic emissions onMDA8ozone over urban Beijing. Shown are the contributions of biogenic emissions associatedwith the reduction of anthropogenic VOC
(under fixed NOx; left column) or NOx (under fixed VOCs; right column) emissions in the month of June (top) and ozone episodic events (June 14–June 21, June 26–June 30; bottom).
Please note the emission reduction is conducted over NCP. The numbers on the X axis indicate the ratio of changes in the anthropogenic emissions, with the value of 1.0 representing
the case without the respective emission (VOCs or NOx) change and 0 meaning the emissions (VOCs or NOx) are zeroed out. All correlation coefficients of the linear regression (left
column) are close to 1.0, showing statistical significance (P < 0.05).
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over the entireNCP,whereas the amplification rate of the synergic effect
with the reduction of anthropogenic VOC emissions still holds, the be-
havior associated with the NOx emissions differs, showing a monotonic
decrease in the amplification ratewhenNOx emissions are reduced (left
column in Supplementary Fig. 5), in contrast to the dipole pattern
exhibited in the rate changes over urban Beijing (left column in Fig. 4).

The effect of transport on MDA8 ozone concentrations in Beijing is
further examined by considering emission reductions over the entire
domain (Supplementary Fig. 4b,d and Supplementary Fig. 6), which in-
dicates a more enhanced synergic effect from biogenic emission reduc-
tion along with anthropogenic emission reduction. As an example, the
episode (Supplementary Fig. 6c, d) shows that theMDA8 ozone concen-
tration change rate may reach 8.2 ppbv (maximum) per 10% reduction
in anthropogenic VOCs when the reduction is higher than 60%. For the
same rate of emission reduction, the amplification rate of the synergic
effect in urban Beijing is larger when the emission control is across
6

the entire domain in comparison to the NCP. Specifically, biogenic emis-
sions contribute to a maximum of 21.5 ppbv (Supplementary Fig. 6c) or
18.6 ppbv (Fig. 4c) when anthropogenic VOCs are eliminated over the
entire domain or NCP, corresponding to a maximum of 36% (Supple-
mentary Fig. 4d) or 27% (Supplementary Fig. 4c) of the contribution
from anthropogenic emissions. Thus, there are vital implications that
under a wide-area emission control scenario, regional transport may
foster biogenic emissions with a further strengthened role in triggering
the accumulation of ozone in megacities, as well as regions such as the
NCP (Supplementary Figs. 5, 7).

When VOC emissions are unchanged, the synergic effect with the re-
duction in NOx emissions nevertheless reveals distinctive characteris-
tics. The contributions of biogenic emissions to ozone concentrations
display a predominant decrease as NOx emissions are reduced, tending
to convergewhenNOx emissions are quite low (the leftmostmarkers in
Fig. 4b, d). The feature of convergence leads to a nonlinear effect

Image of Fig. 4
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characterized by a change in the weakening rate of the synergic effect
associated with a reduction in NOx emissions. Overall, the diminished
synergic effect concomitant with the reduction in NOx emissions is
quite promising and can potentially be used in the quantification of con-
trollable biogenically induced ozone. For instance, when all VOC emis-
sions are included, the synergic effect is reduced from 10.2 ppbv (or
14.4 ppbv) to 2.1 ppbv (or 3.3 ppbv) over urban Beijing in June (or
the ozone episode) alongwith the relative magnitude of NOx emissions
from 1.0 (no reduction) to 0.0 (completed excluded), which implies
that more than 70% of biogenically induced ozone concentrations may
potentially be controlled therein (green markers in Fig. 4b, d).

Ozone, PM2.5 and trace elements, are the leading air pollutants
associated with human health effects (Kim et al., 2015; Wang et al.,
2017; Zhang et al., 2020); therefore, ozone exceedance of national
standards is of great interest to evaluate concerns from a health
perspective. To achieve better statistics by utilizing a larger sample, all
grids over the NCP in June 2017 are included in the analysis, and an
MDA8 ozone concentration of 160 μg/m3 (approximately 82 ppbv at
298 K, 1 atm.), based on the Chinese National Ambient Air Quality
Standard (tier II), is used in the evaluation of ozone exceedance (Fig. 5).

When only anthropogenic emissions are considered (top row of
Fig. 5), there is a total MDA8 ozone exceedance of 36% over NCP. Keep-
ing the NOx emissions unchanged, the monotonic reduction (10% each
step) in anthropogenic VOC emissions over NCP yields an almost linear
Fig. 5. The rate of MDA8 ozone exceedance of 82 ppbv. Shown are results over the NCP in June
emissions (bottom), including emission reduction in the NCP (red bars) and the entire domain
emissions, with the value of 1.0 representing the casewithout the respective emission change, i
the same rate (1:1 ratio) of VOC and NOx (right column) and 0.0 meaning the emissions (VOC

7

decrease in ozone exceedance (1% per 10% VOC emission reduction; red
bars in Fig. 5a). Under invariable VOC emissions (Fig. 5b), the reduction
in NOx emissions over NCP corresponded to a comparable decrease in
the ozone exceedance rate of 1%–2% per 10% emission reduction when
the emission reduction is smaller than 40%; however, a higher rate at
3% to 5% may be achieved for the same emission change interval
(10%) when the total NOx level reduction reaches 50% or more. The
weaker change rate of ozone exceedance under high NOx conditions
is primarily attributable to the titration effect. The response rate in-
crease concomitant with the larger reduction in NOx emissions reveals
that a larger benefit may be achievable upon continuous NOx emission
control (red bars in Fig. 5b). The simultaneous reduction in both VOC
and NOx emissions at the same rate leads to an even larger decrease
in ozone exceedance compared to that seen when either the VOC or
NOx emissions change alone (red bars in Fig. 5c vs. Fig. 5a, b). This is
seemingly contradictory to what is displayed in Fig. 3a, in which the de-
crease in VOCs alone tends to bemore effective than the same rate of re-
duction in both VOCs and NOx (cyan dots vs. black dots in Fig. 3a). This
phenomenon can be understood from two perspectives. On the one
hand, the NO titration effect in Fig. 3a is over urban Beijing, and the
ozone exceedance discussed in Fig. 5 is over the region of NCP. As dis-
cussed earlier, the MDA8 ozone EKMA diagram based on NCP (Supple-
mentary Fig. 1) infers much weaker titration effect than urban Beijing
(Fig. 2). On the other hand, ozone exceedance is likely to be weighted
2017 with anthropogenic emissions only (top) and with both anthropogenic and biogenic
(blue bars). The numbers on the X axis indicate the ratio of changes in the anthropogenic
ncluding anthropogenic VOC emissions (left column), NOx emissions (middle column) and
s or NOx) are zeroed out.

Image of Fig. 5
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toward higher ozone concentration days/areas, which in turn means it
is less likely to be affected by the titration effect in view of the stronger
photochemical reactions therein.

Another parallel set of numerical experiments is conductedwith the
only difference being that emission reduction is considered across the
entire domain instead of only in the NCP, aiming to illustrate the effect
of regional transport on MDA8 ozone exceedance in the NCP (blue
bars in Fig. 5a–c). The results in general indicate that with the simulta-
neous emission reduction inside and outside of the NCP, the impact of
transport, reflected by the differences between the red and blue
bars in Fig. 5, becomes much larger, from ~1% at the beginning
(i.e., emission reduction of 10%) to more than 15% when emission re-
duction reaches more than half. By reducing emissions of NOx alone
or both VOCs and NOx, the transport (differences between the red and
blue bars in Fig. 5b, c) yields a larger impact compared to that from
the emissions over NCP (the difference of each red bar to the rightmost
red bar in Fig. 5b, c). When only reducing VOCs (Fig. 5a), the NCP local
emissions play a larger role than the transport at the beginning, but
their impact is smaller once VOCs are reduced by more than 50%. This
demonstrates the essential efficacy of mutual emission control on a
broadly regional scale to better address the ozone exceedance issue.

When both anthropogenic and biogenic emissions are considered
(bottom row of Fig. 5), an additional 11% (a total of 47%; rightmost
red bar in Fig. 5d) of ozone exceedance in the NCP is induced relative
to the scenario with anthropogenic emissions alone (36%; rightmost
red bar in Fig. 5a). The comparison between the top and bottom rows
in Fig. 5 illustrates that the influence of biogenic emissions on ozone ex-
ceedance overall delineates a dipole feature upon the changes in an-
thropogenic emissions; that is, it has a larger role when accompanied
by the decrease in anthropogenic VOC emissions but a smaller effect
when NOx emissions are reduced. This emphasizes the importance of
NOx emission reduction in further weakening the influence of biogenic
emissions on ozone exceedance. Specifically, when the anthropogenic
VOC or NOx emissions inside the NCP are reduced (red bars in Fig. 5d
vs. Fig. 5a, Fig. 5e vs. Fig. 5b), the maximal contributions of biogenic
emissions to ozone exceedance over theNCP occurs during the 100% re-
duction of VOC or no reduction of NOx, with values of 17% or 11%, re-
spectively. This effect is consistent with the preceding discussions of
the amplified or weakened role in modulating the mean ozone concen-
tration along with the reductions of anthropogenic VOCs or NOx emis-
sions, respectively. In contrast, direct comparison of the impacts of
anthropogenic and biogenic emissions on ozone exceedance reveals
that biogenic emissions contribute to approximately one-third of
ozone exceedance without emission reduction, while a gradual reduc-
tion in anthropogenic emissions, regardless of VOCs or NOx, leads to a
uniformly enhanced contribution (%) in biogenic emissions relative to
anthropogenic emissions, even yielding comparable or larger contribu-
tions from biogenic emissions than anthropogenic emissions.

When the ozone episode is considered (Supplementary Fig. 8), sim-
ilar conclusions to those described above can be drawn, with the
Table 2
The MDA8 ozone exceedance rate (%).

Emission reduction over the NC

Year
MDA8 O3 exceedance of 82 ppbv (%) SSPs 2020 2030 2040

SSP119 44 33 25
SSP126 44 39 33
SSP245 47 46 40
SSP585 46 44 44

Year
MDA8 O3 exceedance of 70 ppbv (%) SSPs 2020 2030 2040

SSP119 65 58 50
SSP126 65 62 58
SSP245 66 65 64
SSP585 66 66 66

8

starting ozone exceedance rate higher (71%/57% in the episode vs.
47%/36% in June 2017; with/without biogenic emissions) during favor-
able meteorological conditions. When 70 ppbv is selected based on
the National Ambient Air Quality Standards (NAAQS) set by the US
Environmental Protection Agency (EPA) (Supplementary Fig. 9), the ex-
ceedance rate is approximately one-third higher than that based on 82
ppbv. In particular, the rate of exceedance to 70 ppbv during the
ozone episode (Supplementary Fig. 10) may reach 83% or 78% with or
without biogenic emissions, and even with all anthropogenic emissions
eliminated over the NCP, there are still correspondingly 42% (with bio-
genic emissions) or 30% (without biogenic emissions) of the days with
ozone exceedance.

To gain further insight into ozone exceedance under the SSP scenar-
ios, linear interpolations are performed based on the ozone exceedance
(Fig. 5) and the emission reduction rate (Supplementary Table 1) under
the assumption of invariable meteorological conditions. The results are
shown in Table 2. The MDA8 ozone exceedance generally decreases,
consistent with the emission reductions in most of the SSPs. In 2060, if
only NCP emissions are controlled, even under the quasi carbon neutral-
ity scenario (SSP126), there is still 20% ozone exceedance of 82 ppbv
and 44% ozone exceedance of 70 ppbv. When the emission reduction
is carried out in amuch larger area, there is almost no ozone exceedance
of either 82 ppbv or 70 ppbv (only 1%). The results, on the one hand, il-
lustrate the challenge in achieving substantially reduced ozone exceed-
ance and, on the other hand, emphasize the importance of coordinated
emission control on a large regional scale. More importantly, the role of
biogenic emissionsmay be evenmore important than that of anthropo-
genic emissions in the context of irreversible anthropogenic emission
reduction and the need for an increase in carbon sinks.

4. Conclusions and implications

This study describes the systematic investigation of the synergic ef-
fect of biogenic and anthropogenic emissions on MDA8 ozone concen-
trations and exceedance of two selected standards (82 ppbv and 70
ppbv). The synergic effect, primarily characterized as the effect of bio-
genic emissions on ozone concentrations alongwith changes in anthro-
pogenic emissions, is nicely delineated in an EKMA diagram, mimicking
the O3-NOx-VOC relationship and revealing distinct interactions
between biogenic and anthropogenic emissions. The synergic effect on
both ozone concentrations and exceedance is generally amplified
concomitantwith the reduction of anthropogenic VOC emissions but di-
minished in response to NOx emissions.

The effect of carbon neutrality is also examined under the assump-
tion of invariable meteorological conditions. Based on the EKMA dia-
gram based on the numerical experiments, we find that the emission
reduction in the projected SSPs is crucial in alleviating ozone pollution,
quantified based on MDA8 ozone concentrations and exceedance. Spe-
cifically, the carbon neutrality in 2060 corresponds to a high emission
reduction (91% VOCs, 81% NOx relative to 2015 in SSP 126), triggering
P Emission reduction over the entire domain

2050 2060 2020 2030 2040 2050 2060
20 15 41 11 0 0 0
25 20 41 27 9 0 0
34 29 46 44 29 13 4
44 41 44 40 40 39 33

2050 2060 2020 2030 2040 2050 2060
44 36 63 40 13 1 0
49 44 63 53 38 12 1
60 54 66 64 55 40 23
65 64 65 63 62 62 58
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a large alleviation of ozone pollution. Nevertheless, climate change may
project more frequent extreme weather events including heat waves,
stagnation and drought

(Gao et al., 2012; Gao et al., 2014; Zhang et al., 2018a), which could
represent a strong challenge in ozone pollution control under a
warming climate. Global warming and the potential increase in vegeta-
tion due to the urgent need for carbon sink enhancementmay unavoid-
ably trigger an increase in biogenic emissions, which may substantially
reinforce the synergistic effect and pose a high challenge in ozone air
quality improvement. The main findings in this study are based on the
simulations of June 2017; nevertheless, the conclusions should be ro-
bustly applicable to other periods when ozone is a concern.
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