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ABSTRACT: In China, emissions of ozone (Oj;)-producing pollutants have been (o0, Tomperane)

targeted for mitigation to reduce O; pollution. However, the observed O; decrease is A Y Qi

slower than/opposite to expectations affecting the health of millions of people. Fora ¢ _» %00 \@\ De-weathering
el

better understanding of this failure and its connection with anthropogenic emissions, .
we quantify the summer O; trends that would have occurred had the weather stayed Emissions —
constant by applying a numerical tool that “de-weathers” observations across 31 urban (g no, voc, Pu,) St e

Original
De-weathered

regions (123 cities and 392 sites) over 8 years. O; trends are significant (p < 0.05) -
over 234 sites after de-weathering, contrary to the directly observed trends (only 39 ) ’
significant due to high meteorology-induced variability). The de-weathered data allow ;‘\
categorizing cities in China into four different groups regarding O mitigation, with
group 1 exhibiting steady O, reductions, while group 4 showing significant (p < 0.05) B s
Oj; increases. Analysis of the relationships between de-weathered odd oxygen and s
nitrogen oxides illustrates how the changes in NO,, in anthropogenic volatile organic

compounds (VOCs), and reductions in fine particulate matter (PM, ;) affect the O; trends differently in these groups. While this
analysis suggests that VOC reductions are the main driver of O3 decreases in group 1, groups 3 and 4 are primarily affected by
decreasing PM, s, which results in enhanced O; formation. Our analysis demonstrates both the importance of and possibility for
isolating emission-driven changes from climate and weather for interpreting short-term air quality observations.
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Bl INTRODUCTION transition to a new era of effective O; mitigation based on
existing policies or it was an anomaly.

This entangled issue arises from the non-linear dependence
of O3 on various anthropogenic and natural factors. O3 is not

Surface ozone (O;) pollution is harmful to human health and
crop growth.'™* In 2019, ambient O; was estimated to cause

365,000 p ?ematu.re feaths worldw1f1e, with over a .quar'ter directly emitted. It is formed via the photochemical reactions
(93,300) in Chlna." FI‘OII.I the t.1me. of the nat.1onw1de involving atmospheric nitrogen oxides (NO,), volatile organic
deployment of an air quality monitoring netw<6)£l§ in 2013 compounds (VOCs), and hydrogen oxide radicals (HO,) (e.g.,
through 2019, O; across China steadily increased.” " This was Figure S1). In particular, O, formation exhibits strong non-
especially so during summer when the local production of O, linear dependence on NO, and could be promoted or inhibited

is the strongest.(”()’lO This trend cannot be intuitively by NO, under different chemical regimes7’25_27 (see also
understood in light of stringent measures adopted by China Figure 4). High aerosol loading also affects O; by suppressing
beginning 2013 to mitigate O;, particles, and associated HO,."**"*® Meteorological conditions significantly modify O
precursor emissions.''” Indeed, policy success is evidenced by variability by affecting the processes of transport, dilution, and
reductions in the concentrations of nitrogen dioxide wet and dry deposition.””*”~*> Meteorology also affects
(NO,)"”"* and ambient fine particulate matter (PM,s),""" chemistry throu§h altering emissions of NO, from soils and
for which emission mitigation policies have been recognized as other sources,”*** emissions of VOC from the biosphere,
the dominant driver.' "' In contrast, the lack of success of evaporative sources and other PrOC@SSES;26’36 and by affecting
these policies for reduction of O; is disappointing. A variety of

causes for failure to reduce O have been reported.”'*™** The Received: May 9, 2022

lack of consensus makes it difficult to assess and predict the Revised:  August 29, 2022

most effective policies to reduce O; in the future. Recent Accepted: August 30, 2022

observations have added to the confusion. In the summer of Published: September 9, 2022

2020, there was an unprecedented drop of observed O; versus

2019.5** 1t is unclear whether that signaled a sustainable
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reaction rates that produce and/or consume O’ Disen-
tangling the meteorological impacts is therefore a pre-requisite
for evaluating O; responses to emission changes. Apart from
model simulations,””*>*%*" regression-based weather adjust-
ment/normalization approaches that connect observed O; to
relevant meteorological parameters have been developed since
the 1990s°>***' and provided insightful attributions. These
statistical approaches rely strongly on the correctness of the
assumed/parameterized relationships and usually cannot
accurately represent the pollutant variabilities (especially
extreme events).””** Machine learning (ML) instead of
traditional statistical regression has received increasing
attention due to its inherently non-parametric nature and
ability to resemble a complex relationship between a pollutant
and its drivers including extremes. Capable of explaining
hourly variabilities, ML-based models have been developed to
attribute short-term and even episodic changes of air
pollutants, including O,"*~** and OH.***” Here, we develop
an ML-based approach to attribute the recently observed O,
changes in China and interpret their connections to emissions.
This explicit and quantitative connection between emissions
and O, trends is a unique contribution of this analysis.
Existing methods for separating the contribution of
emissions, chemistry, and meteorology to O; in Chinese cities
include multi-variable regressioné’mz’48 and chemical transport
modeling.29’32’38 In these studies, the recent increases of
summer Oj; pollution were attributed to the combined effects
of emissions and meteorology. Different studies reached
different conclusions about the attribution. The quantified
attribution of effects of meteorology and emission changes
varied regionally in these analyses due to the vast land area
with various climate zones as well as the rapid but regionally
imbalanced economic developments across China. For
example, Li et al® attributed about 1/3 of the observed
increase (0.7 of the 1.9 ppb/year) of summer O; across China
to meteorology. In contrast, comparing model simulations with
fixed and varying emissions, Liu and Wang29 found that the
rapid increases of O; over the urban areas of China were
mainly due to emission changes, although variations in
meteorology were more determinant over rural areas.
However, the specific anthropogenic drivers of these recent
O, trends remain elusive. Li et al.'®** used ground-based data
to reveal a strong influence of the PM,  decrease on the Oy
increase over North China and attributed that response to
aqueous uptake of hydroperoxyl radical (HO,). Their
interpretation was supported by model simulations with/
without such uptake. In contrast, Tan et al.'” found that gas-
phase chemistry could fully explain HO, and organic peroxy
radical concentrations during a summer campaign near Beijing,
questioning the significance of the proposed heterogeneous
chemistry on O; formation. Other studies”*"* attributed the
anthropogenic drivers mainly to gas-phase chemistry affected
by NO, reductions and the non-linear response of Oj in the
VOC-limited regime. Of note, changes in anthropogenic VOC
have been relatively less discussed than NO,, or aerosol in these
previous studies of Chinese urban O;. However, VOCs are well
known to be important and have been identified as
contributors to O trends elsewhere.”*”** 7> Although
China has initialized regular VOC monitoring plan since
2019, publicly accessible data set is not yet available. Although
anthropogenic VOC emissions in China were estimated to
change less than NO, since 2013,'"°” there is a lack of

observational evidence one way or the other on the role of
VOC control in the interpretation of O; trends in China.
We examine summer (JJA) and afternoon (13—19 in UTC +
8) O; trends during 2014—2021 in 31 Chinese urban regions
(123 cities and 392 sites) and develop a ML-based procedure
for assessing what would have happened if the weather had
stayed constant. Furthermore, we describe changes in the de-
weathered response of odd oxygen (O, = O; + NO,) to
nitrogen oxides (NO,) across the 31 regions. These de-
weathered changes reveal the effects of changing anthropo-
genic VOC and decreasing PM, s on O, and Oj; trends. The
trends and their drivers vary across the cities analyzed.
Recognition of these recent emission-driven O; trends and
their drivers leads to valuable and region-specific insights that
should guide future O; mitigation policies over urban China.

B MATERIALS AND METHODS

De-weathering of Observations. We collected 8 years of
summer observations of hourly air pollutants (NO,, O, and
PM, ) over China along with reanalysis meteorological fields
(see details in Section S1). The observations were de-
weathered following previous studies.*”™* Briefly (Figure
S2), a ML model (i.e., XGBoost) is built to relate the hourly
concentration with time variables (representing emission
changes) and meteorological parameters at each site. The
time variables include a monotonic time index (time)
representing the regular emission trends due to industrializa-
tion or environmental regulations, the hour of day representing
possible diurnal variabilities in emissions, and the day of week
to capture weekly emission cycles. We found that the
frequency of employed time index affected the regularity of
daily de-weathered NO, time series, and allowing too frequent
emission variations (e.g., daily frequency) in the XGBoost
model brought irregular changes of NO, variabilities and
weakened the weekly cycles (Figure S3). We adopted 1/2
month (i.e, 48 time indices over the 8 years) in the final
XGBoost model to avoid potential overfitting, while maintain-
ing the expected variation driven by emission trends. The nine
meteorological fields (Section S1) are consistent with those
used by Shi et al.*’ and are the most relevant for variation of
surface air pollutant concentrations.

A five-fold cross-validation®® (Section S4) is employed to
evaluate the XGBoost models for 828 sites that have long-term
observations (Section S1). We eliminated sites with the
coefficient of determination (R?) <0.45 for hourly NO, or
<0.65 for hourly O; to ensure model accuracy and to support
reliable de-weathering (690 sites remain after this strict filter).
We further screened sites with strong inter-annual variability of
background Oj (see Section S2, 525 sites remaining). Finally,
we identified 31 conventional city clusters that comprise 75%
(392) of these qualified sites (Figure S4 and Table S1) for
trend analysis. Their definitions were primarily from
authorized development planning documents such as the
NDRC.>* The distribution of qualified sites (i.e., including a
larger domain where sites are sparse) was also considered.
City-level time series were also used to slightly adjust the lists
of included cities, so that NO, and O; trends within each
region are similar (e.g., Figure S4). For each region, years that
contain <2/3 of the total qualified sites are eliminated from the
analysis to guarantee the representativeness of the calculated
time series and trends of regional mean air quality.

Figure SS shows the distribution of R* metrics of comparison
pairs during cross-validation, between the observed and
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predicted hourly concentrations across the 392 sites with data
sets that are adequate for this analysis. The overlapping R*
distributions found when employing varying time index
frequencies (1/2 and 1/4 months) further confirm the validity
of the employed time indices (i.e,, model performance stops
improving after 1/2 month). Overall, site-specific cross-
validation R* (5—95th percentiles) of 0.47—0.70 for NO,,
0.69—0.81 for O3, and 0.57—0.77 for PM,  are achieved. These
values are smaller by 0.1—0.2 than in Vu et al,* in part due to
the inclusion of only summer and afternoon data in this study.
The meteorological variability as well as effects on concen-
tration variability are thereby reduced relative to Vu et al.**
who investigated data at all hours and seasons. Figure S6 shows
the feature importance of each predictor in the XGBoost
models for each pollutant, summarized from all the
investigated sites. The time index (i.e., emission regulations)
is the largest contributor to the prediction of NO, and PM,,
while meteorological factors affect the prediction less. Surface
temperature is the most important for O3, as it significantly
affects biogenic/soil emissions and chemical reaction rates.
These rankings of predictor importance are consistent with
expectations, as well as with the findings of previous de-
weathering studies.””** In summary, the derived XGBoost
models successfully captured the summer and afternoon Oj
variabilities and their connections to specific drivers. The
models’ predictive power (i.e., R* > 0.7) and representativeness
of Oj; variability at hourly frequency are substantially stronger
than prior model simulations (e.g., Table 2 of Liu and Wang™”)
and multi-linear regressions (e.g., Figure S4 of Li et al®) at
daily/monthly scales, supporting the further application of the
model results to attribution of O; trends to emission and
meteorological effects. Similarly, the robust predictability of
NO, and PM, ; variabilities by the XGBoost models supports
the further connection of de-weathered O; changes to relevant
emissions.

We then used the trained XGBoost models (f) to predict the
de-weathered concentrations (C?) of NO,, O,, and PM, 5 for
each hour (i), as averaged from the ensemble predictions using
the corresponding time variables (T;) and all possible weather
conditions [W), k varies over n (at most 736) days in the 8
summers] at the same hour of the day (Figure S2).

o Zi ST
P n (1)

Similarly, the de-weathered NO is estimated as the ensemble
means of steady-state calculated NO®® using the corresponding
de-weathered NO, and O, and all possible temperatures at the
same hour of the day. In this manner, we predict the
concentration as if the weather were repeated every day during
all the eight summers, while the emissions varied realistically.
The ML de-weathering technique has been successfully
adopted to investigate both multi-year*”** and episodic***
air quality changes and is especially a powerful tool to isolate
changes due to emissions alone. Figure S7 shows that the
strong temperature dependence of O; has been massively
reduced over Shanghai in the de-weathered data. The reduced
sensitivity to temperature is uniformly observed in the de-
weathered O; over all the other regions (not shown).

Chemical Mechanism Calculation. We employed a
single-box model calculation, including emissions of NO,
and key photochemical reactions (Figure S1), to investigate
the theoretical responses of O, to NO, and its changes in

response to variations of VOC and PM,;. The model
configuration can be found in previous studies,”™’ from
which we further added Reactions R11 and R12 (Figure S1) to
facilitate quantifying the effects on O; formation from PM,
and existing background Oj.

PM,; + HO, — H,0, (R11)
hy
O, + H,0 — 20H (R12)

Reaction R12 is a combination of O photolysis to O'D and
sequential OH formation from O'D and water vapor. For
Reaction R11, the reactive uptake coefficient (y) of HO, by
PM,; is set to 0.2 following Li et al.'® The PM, mass
concentration is converted to the surface area concentration
assuming a monodispersed size of 0.8 ym and a density of 1 g/
cm®. For Reaction R12, the OH yield is estimated assuming
J(O'D) of 2 X 107° s7%, 3% of O'D to form OH, and furthered
scaled by 1.25 to account for other sources of OH production.

The temperature was set as 298 K, and wind was not
included while we added depositional sinks for NO, and O,
(first order loss rate of 107 s™') to facilitate steady-state in the
single box. Each simulation comprises 25 distinct values for
NO, emissions to derive a series of steady-state O, and NO,
concentrations (e.g,, gray circles in Figure 4). Initial O; (25
ppb), VOC (25 ppb, equivalent to VOC reactivity of 15 s™"),
and PM, (50 pug/m?®) were set for the base simulation and
varied in each sensitivity simulation (e.g,, colored lines in
Figures 4 and S13) to illustrate their effects on the O,—NO,
relationship. All these settings represent typical pollution

scenarios in summer over China and other urban re-
. 18,25,58,59
gions.

B RESULTS

Summer Trends in O;, NO,, and O, across China.
Surface observations of afternoon (13—19 in UTC + 8) NO,
and O; in 31 Chinese urban regions (Table S1 and Figure S4)
show distinctive changes during the summers (June, July, and
August) of 2014—2021 (e.g,, Figures 3 and S8). However, the
trends are masked by variability of the weather. Figure 1 (open
circles) shows the 8 year evolution of monthly mean NO, and
O; over Shanghai. NO, exhibits decreases averaging —0.4 =+
0.3 ppb/year through the entire period. In contrast, O; shows
fluctuating increases by about 0.9 + 2.4 ppb/year in the early
part of the record (2014—2018) and decreases afterward (—1.1
+ 2.4 ppb/year during 2018—2021). All these trends and the
O; trend over 2014—2021 (—0.3 =+ 1.0 ppb/year) are
insignificant (p > 0.0S, see also Figure S8). O; trends over
such short periods are subject to the strong monthly and inter-
annual variabilities determined by the combined changes in
precursors and meteorology. For example, from 2014 to 2018,
there was a trend of surface temperature of 1.0 + 0.8 K/year (p
< 0.05) (Figure 1, red).

The significant modulations of Oj inter-annual variability by
temperature are widespread across China, as indicated by
Figure 2, showing coincident yearly difference maps of surface
temperature (background, from the ERAS reanalysis) and O,
(circles). The inter-annual temperature changes and the
concurrent changes of O; show similar spatial patterns, with
positive spatial correlations (0.2—0.6). The abnormally high
temperatures during two consecutive years (2017 and 2018)
over North China have been identified as a significant driver of
O, increases.”””*® The temperature decreased in 2020 and
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Figure 1. Evolution of summer NO, and O; over Shanghai, China.
Circles represent the monthly means of the original (empty) and de-
weathered (filled) observations during the afternoons (13—19 in
UTC + 8) of June—August, 2014—2021 (x-ticks at each July). The
error bars represent typical standard deviation of hourly observations
in each month. Collocated monthly mean 2 m temperature (red)
from the ERAS reanalysis is superimposed in the O; panel.

then increased in 2021, making it challenging to interpret
recent O3 changes.

The ML-based de-weathering approach*~* isolates trends
(filled circles in Figure 1) that are solely due to changing
emissions. The de-weathering reasonably reduces the monthly
variability of the observed mixing ratios especially for O;. For
example, the abnormally high O; in the July of 2016 and 2017,
which were associated with high temperatures (Figure 1, red),
does not appear as an anomaly in the de-weathered data

(Figure 1, filled circles). Furthermore, the standard deviations
of hourly O; within each month are reduced from >20 to <8
ppb. This is consistent with the significantly reduced
dependence of the hourly O; concentration on ambient
temperature after de-weathering (Figure S7). Both the NO,
(—0.3 = 0.1 ppb/year) and O; (—0.4 = 0.1 ppb/year) trends
after the de-weathering are significant (p < 0.05) and negative.
Such strikingly different interpretations of O; trends highlight
the strong modulation of the emission-driven trends by
meteorology.

Figure 3 shows the de-weathered summer trends in O,,
NO,, and odd oxygen (O, = O; + NO,) over all the 31 urban
regions (392 sites). Compared with the raw observational
trends (Figure 3 vs S8 and S4 vs S9), one notable difference of
the de-weathered analysis is that many more sites and cities
have trends that are statistically significant (i.e., filled vs empty
for bars and circles). This observation is more pronounced for
O; than for NO,, as meteorological effects on NO, are
relatively weaker (e.g., Figure S6). Particularly, the number of
sites with significant (p < 0.05) O; trends increases from 39
(Figure S9) to 234 (Figure S4, S1 decreases and 183
increases). The de-weathered regional and monthly NO, and
O, time series appear to exhibit more steady and less
fluctuating changes, in contrast to the stronger variabilities in
the original data (Figure S10).

Based on the de-weathered O, trends and significance, we
categorize the 31 regions (123 cities) into four characteristic
groups (Figures 3 and S4):

Group 1: S regions (10 cities) from Changchun (CC) to
Beijing (BJ), where the de-weathered O, exhibits significant (p
< 0.05) decreases [from —0.8 + 0.4%/year in Ningbo (NB) to
—2.1 + 0.7%/year in CC] across 2014—2021 (i.e., the filled
green bars in Figure 3). The concurrent O, trends (i.e., purple
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Figure 2. Strong effects of surface temperature on Oj inter-annual variation across China. Circles represent the difference in the summer afternoon
mean Oj concentration for each year vs the previous year, plotted on the corresponding differences in surface (2 m) temperature from ERAS
reanalysis (background). Spatial correlations between them are inserted on the bottom-right of each panel. Differences prior to 2015 are not shown

due to significantly reduced site density.
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Figure 3. Trends of de-weathered summer O;, NO,, and O, over China. Bars (filled: p < 0.0S; empty: p > 0.0S, color-coded for different species)
represent fitted linear trends over 2014—2018, based on monthly mean mixing ratios for each urban region. The four groups of regions (group 1:
significant O, reductions; group 2: insignificant O, reductions; group 3: insignificant O, increases; and group 4: significant O, increases) are

indicated by the shaded background colors.

bars in Figure 3) are all negative (from —0.6 + 0.5%/year in BJ
to —1.6 + 0.7%/year in CC) and mostly significant (p < 0.0S),
except for BJ (p = 0.054). De-weathered NO, trends in group
1 (i.e., red bars in Figure 3) are also negative and significant (p
< 0.05), except for NB (0.4 + 1.0%/year, p = 0.5). Median
decreases in NO, were —2.5 + 0.6%/year over these 8 years.

Group 2: 9 regions (27 cities) from Dalian (DL) to
DianQian (DQ), where the de-weathered O, shows insignif-
icant (p > 0.05) decreases. The NO, trends are all significant
(p < 0.05) and negative [from —2.1 + 1.4%/year in DL to
—8.3 + 1.7%/year in Hohhot (HHT)], while O, trends start to
reverse from negative to positive in group 2 and finally become
significant (p < 0.05) for Nanjing (NJ, 0.5 + 0.3%/year) and
DQ (0.8 + 0.4%/year).

Group 3: 7 regions (32 cities) from Xiangnan (XN) to Jinan
(JN), where the de-weathered O, reveals insignificant (p >
0.05) increases. Both the increasing O [from 0.5 + 0.3%/year
in BaoOrYu (BOY) to 1.7 + 0.6%/year in Heilongjiang
(HLJ)] and decreasing NO, [from —4.1 & 1.3%/year in BOY
to —9.1 = 1.1%/year in Zhongyuan (ZY)] are significant (p <
0.05), with the sole exception of O; in XN (0.6 + 0.5%/year, p
= 0.053).

Group 4: 10 regions (54 cities) from ChuanYu (CY) to
Poyang (PY), where the de-weathered O, increases [from 0.5
+ 0.4%/year in Wuhan (WH) to 1.8 + 0.5%/year in Guangxi
(GX)] and the trends are significant (p < 0.05). Oy increases
[from 1.1 + 0.4%/year in Jiaodong (JD) to 2.4 + 0.4%/year in
Longxi (LX)] and NO, decreases [from —0.7 #+ 2.7%/year in
GX to 9.0 + 1.2%/year in JinJi (JJ)] are also significant, with
two exceptions for NO, (GX and JD).

Figure S4 (bottom) shows the locations of the four groups
of regions and the included sites. Under normalized weather
during 2014—2021, group 1 sites exhibit reductions of summer
O; and are mainly located over the Northeast (CC and LN)
and eastern China (SH and NB) as well as the Capital Beijing.
Groups 3 and 4 are regions with steadily increasing O;
pollution and are located across inland China, especially the
most polluted North China Plain (i.e,, BH, JJ, JN, JD, XA, ZY,
EY, and HH). O increases in these regions were consistently
reported in previous studies.”'®** The positive Oj trends after
de-weathering are also consistent with Li et al.” who showed
that emission changes are the dominant driver of these Oj
increases over the North China Plain. Group 2 roughly
characterizes the intermediate regions, usually bordering group
1 and group 3 regions.

The regional and monthly mean NO, and Oj; after de-
weathering have various correlations (Figure S10), which
evolves from positive in group 1 (0.20—0.72, median: 0.47) to

negative in groups 3 and 4 (—0.0S to —0.79, median: —0.55).
These variable correlations suggest different responses of Oj; to
emission controls in different region groups, which will be
further elaborated using the de-weathered O,—NO, relation-
ship (next section).

Figure S11 indicates that the magnitudes of temporal trends
for all the regions are tightly correlated with those arrived
without de-weathering (R* > 0.8), implying that emission
changes explain most of the 8 year trends. The small number of
significant trends in the O; data without de-weathering
indicates the meteorological modulations add substantial
noise and intervene in the clear interpretation of O; trends
due to emission policies.

Figure S12 shows that since 2019, negative trends in Oy
(264 sites, 106 significant) occur widely across China in the
de-weathered observations. The original data (327 negative
trends, 20 significant) again contain O, trends which are
mostly not significant, partially driven by the strong temper-
ature anomalies (Figure 2). These trends suggest a reversal
tendency of dominant O; changes in China, which could be
related to the second-phase of the “Blue-Sky-War” action that
extended and strengthened the clean-air actions during 2013—
2017.'*%°" The potentially reduced industrial production in
China during the global COVID pandemic (2020—2021)
might further reduce relevant activities that release Oj
precursors to the atmosphere.”” Continuous surveillance and
de-weathering of air quality observations across China will be
required to further confirm and evaluate if this trend reversal
will be sustained.

In summary, the de-weathered O; and NO, show robustness
against meteorological variability, with clearly recognizable and
more statistically significant trends than the data without de-
weathering. Over 2014—2021, the number of sites with
significant (p < 0.05) Oj trends increases six-fold, while only
three regional Oj trends are significant before de-weathering
(Figure S8). Such sharp differences highlight the effectiveness
of de-weathering at isolating the short-term response of O; to
emission changes.

0,—NO, Relationship and Implications for Future O;
Trends. The derived emission-driven O3 changes can be
interpreted using the changes in the de-weathered responses of
odd oxygen (O,) to nitrogen oxides (NO,). As O; and NO,
inter-convert rapidly (~100 s) during the daytime, we define
the sum of O; and NO, as O,, a quantity that is conserved on
longer time scales. The O, variation in response to NO, and
VOC has been studied extensively.”>%*>*7 Long-term changes
in O, are a robust indicator of changes in O3 production, but
we also note that decreasing O, can be associated with variable
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changes in O if driven by NO, reductions.”® Figure 4 is a
summary of expectations from evaluation of the chemical
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Figure 4. Changes in O,—NO, relationship in response to changing
VOC and PM, . Gray circles represent O, and NO, concentrations
from the base scenario calculation, which has a PM,  concentration of
50 pg/m® and a VOC reactivity of 15 s™', and the gray curve shows
the associated log—normal fit (R* = 0.997). The diamond point is the
peak (mod) of the log—normal curve, representing the separation of
the NO, limited (left) and VOC-limited (right) regimes. For other
scenarios (color-coded), either PM, ; (yellow to red, dotted) or VOC
(light to dark green, dashed) is varied, and only the log—normal fits
(R? > 0.996) and/or their peaks (diamonds) are shown for brevity.

mechanism (Materials and Methods and Figure S1). Since O;
over China has been identified to respond sensitively to
changes in PM,,'%** we also included the process of aqueous
HO, uptake by PM, in the calculation (i.e., Reaction 11 in
Figure S1. See the Materials and Methods section for more
details).

There are four factors that must be disentangled to
understand the de-weathered O; trends. These are the
background O;, the NO,, the VOC, and the PM, ;. Figure 4
shows the effects of the three emission-relevant factors, NO,,
VOC, and PM,;. At fixed values of VOC, PM,; and
background O, (e.g, the base case in gray), O, increases
with NO, within the NO,-limited regime (left), where the
abundance of organic peroxy radicals (RO,) is sufficient that
the production rate of O, (i.e., Reactions S and 9 in Figure S1)
is nearly linear with NO, and insensitive to VOC. At the VOC-
limited regime (right), increasing NO,, consumes HO,, through
the OH + NO, termination reaction (i.e., Reaction 3 in Figure
S1) and therefore reduces O, production, resulting in an anti-
correlation between O, and NO,. Following previous
studies,”** we find that a log—normal function (e.g, the gray
curve) could almost perfectly (R* > 0.995) describe this O,—
NO, behavior across both regimes, and the peak (ie., the
diamond points in Figure 4) of the log—normal fits could be
the benchmark to separate the two regimes.

In this model, increasing VOC (i.e., from light to dark green
curves in Figure 4) increases the O, yields in the VOC-limited
regime, as well as extends rightward the NO, concentration
range of the NO,-limited regime. These effects together shift
the O,—NO, curve toward the upper right (i.e., the direction
of the green arrow in Figure 4), as represented by the shifts of
the transition points (diamonds). Increasing PM, 5 (i.e., yellow
to red curves in Figure 4) enhances the HO, sink and
decreases the O, production without consuming NO,. The

effect is weaker at higher NO, concentrations in the VOC-
limited regime (i.e., converges at the right). As a result, the
0,—NO,, curves as well as the transition points shift lower-
rightward with increasing aerosol (i.e., the red arrow in Figure
4).

Changes to the background O; add an additional non-local
contribution to O; trends. Figure S13 further shows how
changing the background O; will also reshape the O,—NO,
relationship even without changes in VOC or PM,;. This is
due to the positive feedback of enhanced HO, production (i.e.,
Reaction 12 in Figure S1) at higher O;. To focus on the
discussion of potential changes in O,—NO, due to emissions,
we estimated the background O; for each year (Figure S14)
and filtered sites with yearly background Oj; varying by over
20% (e.g., Figure S15, left).

This conceptual model is applied to interpretation of the de-
weathered observations (see details in Section S2). Figure §

EY(16) CY(27)

510 15 10 20
NOy (ppb)

Figure S. Changes of de-weathered O,—NO, relationship over four
regions. Over CC, NJ, EYu (EY), and CY, lines represent the log—
normal fits of 3 year (colored from light to dark) hourly O, and NO,
concentrations after de-weathering, and shadings are their 25—75%
confidence intervals. The number of included sites is displayed in the
bracket following the region name. The O; background concen-
trations for each region were subtracted from total O, on the y-axis to
represent changes in the net O, production (AO,). Points placed the
3 year mean O, and NO, for each period.

shows the distributions of 3 year moving summer O,—NO,
relationships, as derived from the de-weathered observations
over four regions that are representative of the four city groups
(Figure S16 shows the results over all the 31 regions), each
belonging to one region group categorized in the previous
section.

Over CC (upper-left), the O,—NO, curves as well as the
25—75% ranges exhibit a continuous decrease and a lower-
leftward shift of the fitted log—normal lines. As PM, also
decreased continuously (Figure S4), this downward shift of de-
weathered O,—NO, should be a result of decreasing VOC.
Similarly steady downward shifts of the O,—NO, curves are
observed in the other group 1 regions (Figure S16). This
shows that VOC emission reductions were important to the
long-term O; reductions in the group 1 (de-weathered) O, and
O;. These effective O; reductions following VOC emission
controls also explain the positive correlations of the O; and
NO, time series (Figure S10) in group 1 since NO, has been
simultaneously reduced during the emission regulation
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activities. Future VOC regulations will remain a central
component for O; mitigation over these regions according to
this analysis, especially over the two southern cities (SH and
NB) where the mean NO, (i.e., circles in each panel of Figure
S16) concentration is in the VOC-limited regime, and
reducing NO, alone (i.e. leftward shifts following the same
curve) will not lead to decreases in O, or O;. Over the other
three northern regions (CC, LN, and BJ), however, the mean
NO, locates between the transition and NO,-limited regime in
the historical de-weathered data records, and so, future NO,
reductions will also further contribute to O; improvements in
these cities.

Over NJ (upper-right of Figure S), the de-weathered O,—
NO,, relationship exhibits reductions of O, that we identify as
occurring in the VOC-limited (right) regime. At the same
time, we also identify increases of O, in the NO,-limited
regime (left). The 25—75% ranges of the curves are largely
invariant over time even though the de-weathered NO,
decreases. We interpret these observations to indicate that
VOC reductions (causing the O, reductions on the right) were
counteracted by the concurrent decreases in PM, 5 (leading to
the O, increases on the left, Figure S4), in the net, yielding
small changes in the mean O,. Many other group 2 regions
(SY, HHT, HF, HZ, and DQ) do not exhibit significant
changes in their O, despite the large changes in NO, (Figure
S16). We interpret this result as due to similar counteracting
effects of VOC and PM, ;. For these regions, more stringent
regulations on VOC (to reduce O, production rates and
overcome the increased O; production occurring due to PM, g
decreases) are required to achieve future O; reduction.
Exceptions are found over DL, PRD, and CZT (also in
group 2), where stronger changes of O, are observed in the
VOC-limited regime relative to the NO,-limited regime,
namely, VOC changes are already driving these changes in
the de-weathered O,—NO, relationship. Over DL and CZT,
the insignificant trends in O, and O (Figure 3) are consistent
with the non-monotonic changes of the O, production in the
VOC-limited regime (i.e., decrease first and increase later after
2018-2019), indirectly implying variation in emissions of
VOC. Reinforcing VOC controls will likely migrate these two
regions into group 1 in the future. Over PRD, steady VOC
reductions can be inferred from the O,—NO, curve, while
most de-weathered observations are distributed toward the
NO,limited regime (reflected by the location of mean O, and
NO,), and responses of O; and O, changes to these VOC
regulations were relatively weaker. Controlling NO, emissions
thus will be more important for future O; regulations in PRD.

The main feature of such joint/counteracting VOC and
PM,; control of the O,—NO, curves over most group 2
regions also extends to three regions (XN, BOY, and HL],
Figure S16) of group 3, except that now the PM,  effects are
seen to be strong enough to surpass the VOC effects, resulting
in overall O, increases (see also Figure 3). As this trend
continues, for EYu (EY, lower-left of Figure 5) and most of the
other regions in groups 3 and 4 (i.e., from ZY to PY in Figure
S16, except for CY), the O,—NO, curves as well as the 25—
75% ranges finally become controlled by PM,  reductions
(Figure S4). This is consistent with the continuous O,
increases and upper-leftward shifts of the fitted log—normal
lines. The VOC effects, on the other hand, are less notable in
the de-weathered data across the investigated years. These
regions are mainly located in the eight city clusters across the
North China Plain, where O; and PM, 5 pollution are both the

most severe in China (e.g., Figure S4), as well several regions
near this plain (Figure S4) at the northwest (LX), south (WH
and PY), and southeast (SXC). The significant O; increases
(Figure 3) driven by PM, reductions following emission
regulations lead to the negative correlations of O; and NO,
time series (Figure S10) over these regions. In recent years
(i.e., comparing the 2018—2020 with the 2019—-2021 O,—NO,,
curves in Figure S16), such PM, ;-driven O,—NO, shifts within
the NO,-limited regime were reduced (except GX), relative to
the more notable O, increases in earlier years. This suggests
that the PM, g effects on O,—NO, are less important in recent
years as PM, s dropped significantly (Figure S4). Synthesized
from these observations, we conclude that in the future,
particulate pollution will be less critical for O5 production, and
the effectiveness of VOC and NO, regulations to reduce O;
will instead emerge and increase, similar to the cities in groups
1 and 2.

Over CY (lower-right of Figure 5), the O,—NO, relationship
is dominantly characterized by continuous increases of O,
production as well as an upper-rightward shift, indicative of
steady VOC emission growth. This is the only region among
the 31 investigated (Figure S16) that reveals such VOC-driven
Oj; increases. Overturning this inferred increase of anthro-
pogenic VOC is thus the prerequisite for O; mitigation in this
area.

B DISCUSSION

The complex dependence of O; on emissions and meteorology
could blur and confuse the interpretation of O; trends,
especially for the short period that O; has been monitored over
China. We show that applying numerical de-weathering to the
air quality data is a powerful step to simplify describing and
understanding the Oj; time series. After the de-weathering,
cities in China are more clearly positioned in different phases
(as characterized mainly by the groups in Figure 3) regarding
O; mitigation. While O; control policies that are aiming to
produce cleaner air have been effective across group 1 regions,
the roles of VOC and PM, 5 induced a variety of trends in O,
and Oj; in the other regions.

These insights are derived from our unique analysis of O,—
NO, relationships in response to emission regulations using
the de-weathered observations. We show that there was a
major role for VOC and aerosol changes in regulating O over
China. We inferred that VOC reductions contributed to both
the O; reductions in group 1 regions, as well as competed with
the PM, 5 effects over the group 2 regions. These regions in
groups 1 and 2 comprise the traditionally recognized nation-
level economic centers of Beijing (BJ), Yangtze River Delta
(SH, NB, HZ, and NJ), and Guangdong Province (PRD),
where vehicle emission standards (e.g., “China 5” and “China
6”) were enforced several years before the rest of China.**
Ambient VOC measurements have also revealed long-term
reductions due to emission controls over Beijing (2005—
2011), Shanghai (2006—2016), and Shenzhen (close to the
PRD region, 2014—2019),65_67 consistent with the inferred
reductions of anthropogenic VOC (Figure S16). The other
regions of groups 1 and 2 include the northeastern China (CC,
LN, SY, and DL). As the historical “rust belt” before 1980s,
these cities somehow had maintained the slowest GDP
growths across China®® and witnessed millions of population
loss in the last decade.”” A recent emission inventory also
suggests that the Northeast China dominantly had decreasing
industrial VOC emissions during 2013—-2019,”° consistent
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with the relatively stalled economy and the inferred VOC
reductions. The rest of group 2 regions (CZT, HHT, HF, and
DQ) exhibit unsteady or unclear VOC changes from the O,—
NO, graphs (Figure S16), likely driven by counteraction
between cleaner vehicles and rapid growing emissions from
industry and solvent use” that differs year-by-year. Finally, the
analysis over CY uniquely indicates steady increase of VOC,
consistent with Simayi et al.’”” that implies recent increases of
industrial VOC emissions over this region (as a new nation-
level economic center since 2010s) were among the strongest
across China. Notably, these unprecedentedly detailed insights
build a broad connection of current O3 mitigation over China
to historical success experienced over the United States during
the last three decades,*®
ence on effective VOC controls.

Our analysis of de-weathered observations also clarifies the
effects of PM, 5. PM, s reductions reducing the uptake of HO,
have been proposed as a trigger for the recent Oj increases

#31 both indicating strong depend-

over the North China Plain.'®** Our analysis confirms this
effect (i.e,, the upper-leftward shifts of the O,—~NO, curves)
from an independent perspective, especially for cities in groups
3 and 4. We also further identified that such PM,  effects were
reduced to be less discernible in recent years (e.g., since 2019),
consistent with model simulations and observed O;—PM,
relationships,”' " which suggested that this PM, s effect on
O; was only significant over strongly polluted (i.e,, PM, 5 > 40
pg/m?®) scenarios. Future O; mitigations over China will be
less affected by PM, 5. Conversely, future reductions of VOCs
will become increasingly important for these cities, once PM,
is low enough to become unimportant to O;.

It is unclear if the investigated 8-year weather would be
representative of the future climate, although the projected
more frequent summer temperature extremes "’> should
further interfere with the effectiveness of O3 mitigation policy.
With the emergence of high-resolution and realistic emission
inventories, comparing these observational-based emission
driven trends with simulations should reconcile observations
and models and provide additional quantitative insights and
guidance for regulatory policy, no matter what changes occur
in future weather or climate.
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