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Abstract
China has experienced accelerated decline in surface NO2 concentrations under the condition
of steady reduction in NOx emissions over the past decade, but the reasons for such a nonlin-
ear response in the changes of surface NO2 to reduction in NOx emissions remain unexplored.
Through integration of measurements, a chemical transport model (GEOS-Chem), and a ran-
dom forest (RF) model, we comprehensively quantified the contributions of emissions, meteor-
ology, and chemical transformation to the observed trend in surface NO2 during 2015–2022.
After removing meteorological influences using the RF model, the anthropogenically-driven tend-
ency was estimated to be−0.36 ppb y−1 for 2015–2018 (observed tendency:−0.09 ppb y−1) and
−1.23 ppb y−1 for 2019–2022 (observed tendency:−1.00 ppb y−1), confirming the dominant role
of anthropogenic drivers. Supported by long-term satellite measurements and GEOS-Chem model
sensitivity simulations, we attributed this accelerated decline in surface NO2 to the shift in emis-
sion sectors from power plants to transportation and industry after 2018. In addition to emissions,
we demonstrated that the increased atmospheric oxidation capacity (i.e. higher ozone) played a
key role in shifting NO2 production from ozone-limited to NO-limited conditions, thereby mak-
ing NO2 concentration more sensitive to NOx emission reductions. Further, measurement interfer-
ence from oxidized nitrogen species for observing NO2 can also contribute to the observed decline
in surface NO2, and its contribution doubled from 2015–2018–2019–2022. Our results elucidate
the nonlinear response of the trend in surface NO2 to reduction in NOx emissions, and highlight
the importance of understanding rapid changes in sectoral emissions and the chemical radicals in
relation to future NO2 controls.

1. Introduction

Air pollution is a major threat that greatly affects
human health globally (Murray et al 2020, Xu et al
2023). As a typical urban pollutant, NO2 is not only
an important precursor of O3 and PM2.5, but also
has substantial impacts on public health (Sun et al
2019, Copat et al 2020, Shen et al 2021, Xue et al
2023). Urban surface NO2 is derived mainly from the

combustion of fossil fuels by automobiles, industrial
sectors, and thermal power plants. In 2021, theWorld
Health Organization (WHO) proposed new air qual-
ity guidelines (Carvalho 2021, Kan 2022), which sug-
gested that the annual average standard for surface
NO2 concentration should be reduced from 40 to
10 µg m−3 (1 ppb = 1.88 µg m−3 under 298 K and
1013 hPa). According to WHO data, in 2022, 77%
of the population of 4000 cities in 74 countries was
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exposed to an annual average concentration of surface
NO2 above this new standard (WHO 2021). Thus,
this revision represents a substantial challenge in rela-
tion to controlling surface NO2 pollution.

China is one of the countries exposed to the
highest surface NO2 concentration. In 2022, China’s
annual NO2 concentration nationally was 12 ppb,
and the city-level highest annual concentration was
up to 21 ppb, much higher than the 2021 WHO
standard. In fact, the Chinese government has imple-
mented strict air pollution controls since 2013, and
national NOx emissions declined steadily by 21%
during 2013–2017 and by 14% during 2018–2022.
However, the observed concentrations of surface
NO2 in China did not decease correspondingly. For
example, the observed change in surface NO2 con-
centration between 2015 and 2018 was almost flat
(Shen et al 2021, Li et al 2021b) and even increased
by 3.5% during 2015–2017 on a national basis (Fan
et al 2020). This demonstrates the complexity of the
response in the trend of surface NO2 concentration to
reduction in NOx emissions, which could be related
to the interplay between pollutant emissions, met-
eorology, and chemical transformations within the
atmosphere.

The concurrent rapid decline in NOx emis-
sions and surface NO2 concentration following the
COVID-19 lockdown serves as an example. Previous
studies analyzed the changes in surface NO2 dur-
ing the period of the pandemic, and found that the
remarkable decline in surface NO2 concentrations in
urban areas could be attributed predominantly to
the ramping down of human activities while met-
eorology continued to affect the variation in concen-
tration (e.g. Zhao et al 2020, Chu et al 2021, Hua
et al 2021). These quantifications can be enabled
by taking advantage of three-dimensional chemical
transport models (e.g. GEOS-Chem) and machine
learning models (e.g. random forest; RF) to separ-
ate anthropogenically-driven and meteorologically-
driven contributions to the decline in NO2 following
the lockdown (Shi et al 2021, Guo et al 2022, Colombi
et al 2023). The complex changes in air quality dur-
ing the time of the COVID-19 pandemic highlight
the importance of disentangling meteorologically-
driven variability from the observed concentrations
for short-term variability (Kroll et al 2020), but it is
also important for long-term trends.

Previous studies on decadal-scale trends of NO2

in China focused mainly on national changes in con-
centration, health impact assessments, and attribu-
tion of trends to anthropogenic emissions and met-
eorology (Lin et al 2021, Huang et al 2023, Xue
et al 2023). For example, Qian et al (2023) used
machine learning to analyze the changes in surface
NO2 concentrations during 2015–2022, and iden-
tified that anthropogenic emissions dominated the
overall decline in surface NO2. However, it failed to
further quantify the role of multiple anthropogenic

factors in driving the trend in surface NO2, in par-
ticular its nonlinear response to continuous reduc-
tion in NOx emissions from a decadal perspective
(Fan et al 2020, Gao et al 2023, He et al 2017, Lin
et al 2021, Li et al 2022a, Shen et al 2023, 2021). This
is critical because ground-based observation sites in
China are predominantly located around urban areas
and sectoral contributions to NOx emissions have
changed substantially over the past decade. Thus, it
remains unclear how such a transition might have
already affected the observed trend in surface NO2

concentrations.
In this study, we analyzed the spatiotemporal

variation in observed NO2 concentration in China
over the past decade, and identified the driving factors
of theNO2 trends using the chemical transportmodel
(GEOS-Chem) and the RFmachine learningmethod.
After separating the meteorological influence from
observed NO2 changes, we determined that there was
accelerated decline in the anthropogenically-driven
NO2 after 2018 while NOx emissions decreased stead-
ily. This nonlinear response in the trend of surface
NO2 concentrations to reduction in NOx emissions
was further attributed to a shift in sectoral emission
reductions, as well as the rapid changing of chemical
radicals.

2. Materials andmethods

2.1. NO2 measurements
Data of hourly observations of surface NO2 concen-
tration at∼360 cities across China during 2015–2022
were obtained from the China environmental monit-
oring platform (https://air.cnemc.cn:18007/), which
forms part of the routine monitoring of urban air
quality in China. Satellite-derived NO2 column data
have been used widely to evaluate changes in NOx

emissions (Lamsal et al 2011, Liu et al 2017, Shah et al
2020). In this study, we used monthly tropospheric
NO2 columndata from theOMI instrumentwith spa-
tial resolution of 0.25◦ × 0.25◦ (see supplementary
material).

2.2. RFmodel
The RF model has better performance than tradi-
tional statistical models in meteorological normal-
ization (Grange et al 2018). In recent years, many
studies have employed the RF method to separate the
effects of meteorological conditions and anthropo-
genic emissions in relation to variations in air pol-
lutants (e.g. Shi et al 2021, Guo et al 2022, Colombi
et al 2023). In this study, the RFmodel was developed
for each city based on eight predictors: three time
variables (day of the week, day of the year, and Unix
time) to represent anthropogenic emission changes
and five key meteorological variables (surface tem-
perature, wind speed, wind direction, relative humid-
ity, and boundary layer height) (see table S1). These
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five meteorological variables have been widely adop-
ted in previous studies to capture the NO2 variations
using the RF model (e.g. Shi et al 2021, Li et al 2022b,
Schatke et al 2022, Wei et al 2022). The training data-
set comprised 80% of the dataset, and the remaining
20% was reserved for evaluation.

To remove the meteorological influence on
observed NO2 trends at each city, after the RF model
was trained for each city, we performed 1000 res-
amplings to construct a new dataset of predictor
features, including time variables (but not the Unix
time) and meteorological variables from the original
dataset. For each resampled dataset, daily NO2 con-
centrations were predicted using the city-specific RF
model. The 1000 predicted values were then aver-
aged to represent NO2 concentrations under ‘aver-
age’ meteorological conditions for 2015–2022. This
procedure was applied to every city and every day
from 2015 to 2022, and the resulting meteorology-
normalized NO2 concentrations were used to recal-
culate the 2015–2022 NO2 trends, which we interpret
as anthropogenically-driven trends (see supplement-
ary material).

2.3. GEOS-Chemmodel
Changes in surface NO2 concentration in China dur-
ing 2015–2022were simulated using theGEOS-Chem
model (version 13.3.3; https://geoschem.github.io)
driven by theGEOS-5 forward processing (GEOS-FP)
meteorological reanalysis. The model combines com-
plex O3–NOx–VOC–aerosol–halogen tropospheric
chemistry. Model simulations were performed over
a nested domain (15◦–55◦N, 90◦–135◦E) with hori-
zontal resolution of 0.25◦ × 0.3125◦ and 47 ver-
tical layers. The chemical boundary conditions were
provided every 3 h by a global GEOS-Chem simula-
tion with resolution of 4◦ × 5 ◦.

The monthly sectoral anthropogenic emissions
for China were taken from the MEIC inventory
developed by TsinghuaUniversity (http://meicmodel.
org.cn/). Given that data in this inventory up until
only 2020 are publicly available, anthropogenic emis-
sions ofNOx andVOCs for 2021 and 2022were estim-
ated using data reported by the Ministry of Ecology
and Environment (table S2). It should be noted that
the scaling factors adopted in this study were highly
consistent with the reported TROPOMI-constrained
NOx emission reduction of 13% during 2019–2022
(Li et al 2024). The configuration for natural NOx

emissions, including lightingNOx and soil NOx emis-
sions are calculated on the basis of the assimilated
GEOS-FP meteorology.

In this study, we performed two sets of multi-year
simulation experiments using the high-resolution
GEOS-Chemmodel of 0.25◦ × 0.3125◦, as detailed in
table S3. Observed national NO2 levels are the highest
of 16.5 ppb in January and the lowest of 7.4 ppb in
July in 2022. To save computational resources, we use
January and July to represent the different pollution

levels of NO2 over China. The model experiments are
detailed as follows:

(1) To quantify the effects of changes in anthro-
pogenic emissions, we conducted separate
8 year model simulations (2015–2022) for both
January and July. All the runs were performed
with fixed meteorology for 2015 but varying
anthropogenic emissions.

(2) To explore the impact of reductions in emis-
sions by different sectors on surface NO2 con-
centrations, we conducted the baseline 2015
(2019) simulation and perturbation simulations
in which sectoral NOx emissions from power
plant, industry, and transportation were respect-
ively reduced to reflect their changes during
2015–2018 (2019–2022). Emissions of NOx by
the residential sector are low and were not per-
turbated in the experiments.

3. Results and discussion

3.1. Observed accelerated decline in surface NO2
concentrations during 2015–2022
We focused on the four major urban agglomerations
in China: the North China Plain (NCP; 35◦–40◦N,
114◦–118◦E), Yangtze River Delta (YRD; 30◦–33◦N,
119◦–122◦E), Pearl River Delta (PRD; 21.5◦–24◦N,
112◦–115.5◦E), and Sichuan Basin (SCB; 28.5◦–
31.5◦N, 103.5◦–107◦E). During 2015–2018, the SCB
region recorded the highest annual average NO2 con-
centration of 38 ppb, followed by the PRD (32 ppb),
the NCP (31 ppb), and the YRD (22 ppb). During
2019–2022, surface NO2 concentration in China
declined quickly. By 2022, the annual NO2 concentra-
tion had reduced to 27, 22, 20, and 14 ppb in the SCB,
PRD, NCP, and YRD, respectively (figures S2 and S3).
These widespread reductions in annual NO2 concen-
tration suggest remarkable improvement in NO2 pol-
lution across China.

The spatial distributions of the observed NO2

tendencies in the two periods during 2015–2022 are
shown in figures 1(a) and (b). The magnitude of
the overall tendency in surface NO2 concentration in
China during 2015–2018 was only −0.09 ppb y−1,
and the small scale of this tendency is attributed
mainly to the strong regional heterogeneity in the
NO2 tendency. For example, the NO2 concentration
declined by−0.73 ppb y−1 in the NCP, but increased
by 0.35 and 0.37 ppb y−1 in the PRD and SCB,
respectively. In contrast, during 2019–2022, there was
extensive decline in the NO2 concentration across the
country, leading to an accelerated rate of reduction in
the overall tendency of −1.00 ppb y−1 nationally. It
should be noted that we excluded data from January–
February 2020 in the calculation of the NO2 tend-
ency to minimize the impact of the COVID-19 pan-
demic. Seasonally, surface NO2 concentration dur-
ing 2019–2022 exhibited the fastest rate of decline
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Figure 1. Observed and RF-corrected tendencies in surface NO2 concentration (ppb y−1) during 2015–2022. The RF-corrected
tendencies were estimated using the RF model to remove the effects of meteorology. (a) and (b) Observed tendencies in NO2

concentration during 2015–2018 and 2019–2022, respectively. (c) and (d) RF-corrected tendencies in NO2 concentration dur-
ing 2015–2018 and 2019–2022, respectively. Black dots indicate estimated tendencies that are statistically significant above the
95% confidence level. It should be noted that NO2 data for January–February 2020 was removed to eliminate the impact of the
COVID-19 pandemic.

in autumn (−1.15 ppb y−1), followed by winter
(−0.94 ppb y−1), spring (−0.86 ppb y−1), and sum-
mer (−0.76 ppb y−1). It demonstrates that the accel-
erated rate of decline in surface NO2 concentration
during 2019–2022 had no obvious seasonal difference
(figure S4).

Considering that meteorology might play a role
in the spatial and temporal differences of NO2 tend-
encies, the next section separates the role of anthro-
pogenic emissions and meteorology in the observed
NO2 tendencies using both machine learning and
chemical transport modeling approaches.

3.2. Anthropogenic contributions to observed NO2
tendencies
The tendencies of the surface NO2 concentration
after removing meteorological influences using
the RF model (see section 2.2) are shown in
figures 1(c) and (d), which can be treated as the
anthropogenically-driven tendency. During 2015–
2018, the anthropogenically-driven tendency was
estimated as −0.36 ppb y−1 and it increased to
−1.23 ppb y−1 during 2019–2022. It indicates that
anthropogenic emissions were the dominant factor

driving the reduction in NO2 concentration in both
two periods, while meteorological factors were unfa-
vorable for supporting the decline in NO2. Spatially,
during 2019–2022, the contribution of anthropo-
genic emissions to the observed tendency was close
to 100% in the NCP (102%) and PRD (106%), sug-
gesting a very minor contribution frommeteorology.
However, meteorological conditions were condu-
cive to the reduction in NO2 in the YRD (anthropo-
genic contribution: 54%) but unfavorable in the SCB
region. Thus, after isolating the influence of meteor-
ology in the observed NO2 tendencies, we still found
that the accelerated rate of reduction in NO2 dur-
ing 2019–2022 can be attributed to anthropogenic
drivers.

Next, we conducted simulations for 2015–2022
using the nested GEOS-Chem model with the fixed
meteorological conditions of 2015. The model shows
that the NO2 change in January (July) during 2015–
2018 was 0% (3.7%), while there was notable reduc-
tion of −9.8% (−13%) in January (July) during
2019–2022 (figure 2). For comparison, the RF model
also shows rapid decline inNO2 of−11.4% (−17.5%)
in January (July) during 2019–2022, and that the
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Figure 2. The GEOS-Chem-simulated changes in NO2 during 2015–2022 with fixed meteorology and their comparison with the
RF-corrected NO2. (Left) Using the RF and GEOS-Chem methods, the simulated changes (unit: %) in NO2 in January (blue)
and July (red) relative to 2015 were driven by emission changes during 2015–2022 but with the fixed meteorological conditions
of 2015. (Right) Comparison of surface NO2 percentage changes between the GEOS-Chem-modeled and RF-corrected values
during 2015–2022.

change in NO2 during 2015–2018 was small. While
the RF-corrected NO2 decline (−7.3%) in July dur-
ing 2015–2018 also suggests a declining tendency,
this is not captured by the GEOS-Chem model. This
model-observation discrepancy may be attributed to
the strong spatial heterogeneity in NOx emission
changes over 2015–2018, which makes the GEOS-
Chem model difficulty in simulating the observed
city-level NO2 changes. The very short lifetime of
NOx in summer (Shah et al 2020) can also results in
a worse model performance in this season. Overall,
the RF andGEOS-Chemmodels demonstrate reason-
able consistency in the overall declines (particularly
for 2019–2022) in NO2, confirming that changes in
anthropogenic emissions were the main driver of the
rapid decline in NO2 during 2019–2022.

Furthermore,we compared the anthropogenically-
driven tendencies in NO2 in January and July during
2015–2022, as estimated by the GEOS-Chem and
RF models. For the period of rapid decline in sur-
face NO2 during 2019–2022, it is evident that the
GEOS-Chem model driven by fixed meteorology
reproduces the RF-corrected NO2 decline by 86%
and 74% in January and July, respectively (figure 2).
It demonstrates the strong capability of the GEOS-
Chem model in capturing the response of surface
NO2 concentration to reduction in NOx emissions.
Thus, we took advantage of the skill of this model to
further elucidate the anthropogenic drivers by con-
ducting a set of sensitivity experiments, as discussed
in the following sections.

3.3. Satellite andmodeling evidence of shifting
contributions of sectoral emissions
The magnitudes of the reduction in NOx emissions
by 2.8 Tg during 2015–2018 and by 2.6 Tg during
2019–2022 are similar (figure S1), but there is marked
inconsistency with the associated tendency in surface
NO2. Based on the changes in NOx emissions by dif-
ferent source sectors obtained from theMEIC invent-
ory, we found that NOx reductions during 2015–2018
were contributed predominantly by power plants, but
subsequent NOx emission controls shifted toward the
transportation and industry sectors (Li et al 2024). To
verify this shift in sectoral emissions, we selected the
NCP region as an example case.

We took the three power plant grid pointswith the
largest emissions in theNCP region (results were sim-
ilar when 5 or 10 grid points were selected) to focus on
their changes in the bottom-up emissions and satel-
lite NO2 columns. Similar results can be also found
for other regions (such as the YRD) where power
plant emissions are much smaller than those in the
NCP region (figure S5). In contrast, we selected the
four provincial capital cities in the NCP region (i.e.
Beijing, Shijiazhuang, Tianjin, and Jinan) to show the
NO2 changes at the surface and derived from space
that would be affected mainly by transportation and
industrial sources.

Figure 3 shows that along with the rapid reduc-
tions in power plant emissions during 2015–2018, the
satellite NO2 columns for the corresponding grid cells
also declined substantially, whereas both the surface
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Figure 3. Satellite evidence of shifting sectoral contribution to NOx reductions. Time series of observed annual mean quantities
(values are presented as ratios relative to 2015) averaged over the NCP: surface NO2 (blue, solid) and OMI NO2 columns (red,
solid) for the four provincial capital cities (i.e. Beijing, Shijiazhuang, Tianjin, and Jinan) are used to represent the changes from
megacity. MEIC NOx emissions (black, solid) and corresponding OMI NO2 columns (dark red, solid) at the three grid cells with
the highest MEIC NOx emissions from power plant in the NCP region are used to represent the changes from power plant sector.
Dashed back line shows the relative changes in power plant NOx emissions inferred by a top-down method (Li et al 2024). It
should be noted that the results were similar for changes in power plant emissions if the top 5 or 10 grid points were selected.

NO2 concentrations and the satellite-derived NO2

columns for the provincial cities exhibited only small
reduction. After 2018, in contrast, there was rapid and
continuous decline in the observed NO2 values at the
surface and fromderived from satellite over these pro-
vincial cities. The flat satellite-derived NO2 columns
over the power plant grid cells are consistent with the
reported sectoral emission changes from the bottom–
up inventory. The different trends from the satellite
observations suggest a clear shift in NOx emission
controls from power plants to other anthropogenic
sources after 2018.

Such a shift in sectoral reductions could be
important in explaining the diverse tendencies in
observed NO2. On the one hand, this is because
power plants are generally located far from urban
observation sites, and the lifetime of NO2 (a few
hours with smearing distances of less than 100 km)
is too short for it to be dispersed from power plants
to urban regions. On the other hand, power plants
are mainly located in northern China and their
impacts on the tendency of NO2 nationally should
be limited. Therefore, the rapid reductions in power
plant emissions before 2018 had less impact on the
observed urban NO2 concentrations, and the sub-
sequent decline in surface NO2 concentrations could
have been drivenmainly by urban transportation and
industrial controls.

To further demonstrate the dependence of urban
NO2 concentrations on different sectoral emis-
sions, we conducted model sensitivity simulations

by perturbing NOx reductions in different sectors.
Figure 4(S6) show the simulated impact of reduc-
tions in sectoral emissions on the percentage changes
in surface NO2 in different periods during 2015–2022
in July and January, respectively. It is evident that
during 2015–2018, emission changes of power plants,
industry, and transportation led to changes of−2.6%
(−2.1%), 2.0% (3.7%), and 0.5% (0.9%) in NO2 in
July (January), respectively. This sectoral offset resul-
ted in small changes in the tendency of surface NO2

during 2015–2018. During 2019–2022, the acceler-
ated rate of decline inNO2 can be attributedmainly to
the impact of reductions in the emissions of industry
and transportation. During 2019–2022, decline in the
emissions of power plants, industry, and transporta-
tion reduced surface NO2 concentrations by −0.1%
(−1.5%), −4.1% (−7.1%), and −4.4% (−6.3%) in
July (January), respectively. Overall, our sensitiv-
ity modeling with sectoral emission perturbations
further clarifies the individual role of the emissions
of different sectors on the tendency of urban NO2

concentrations.

3.4. Role of changing chemical radicals in
accelerated NO2 tendencies
In addition to emissions, the surface NO2 concen-
tration is also affected by chemical transformations
within the atmosphere. Table S4 lists themajor chem-
ical sources and sinks ofNO2 inwhich chemical radic-
als could play an important role. Recent studies repor-
ted increased atmospheric oxidation capacity over
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Figure 4. Simulated impact of reductions in sectoral NOx emissions on the changes (unit: %) in surface NO2 concentrations in
July in two periods of 2015–2018 and 2019–2022. (Top) the results represent the differences between the baseline 2015 simula-
tion and the perturbation simulations in which sectoral NOx emissions from power plant, industry, and transportation were
respectively reduced to reflect their changes during 2015–2018. (Bottom) similarly, but for the differences between the baseline
2019 simulation and the perturbation simulations with sectoral emission reduction during 2019–2022. Emissions of NOx by the
residential sector are low and were not considered here.

urbanChina after 2013 (Chen et al 2020, Fu et al 2020,
Wang et al 2024), which enhanced the chemical pro-
duction of airborne pollutants (e.g. nitrates). The fol-
lowing examines whether the observed NO2 declines
in China over the past decade were influenced by the
changing chemical radicals in response to emission
reductions.

To quantify changes in the NO₂ chemical budget
in response to emission reductions, we archived the
simulated reaction rates for all chemical sources and
sinks of NO2 (listed in table S4) at every GEOS-Chem
time step. The relative importance of each reaction
was then calculated as the ratio of its reaction rate to
the total chemical sources or sinks of NO2. Figure 5
shows the relative contributions of different chem-
ical pathways to the total NO2 budget within the
boundary layer over the NCP during 2015–2018 and
2019–2022.

Firstly, the total rate of chemical reactions (K)
declined notably by 11% during 2019–2022, and the
decline was only 3% during 2015–2018, demonstrat-
ing that the change in the total rate of chemical reac-
tion followed the change in the simulated NO2 con-
centration during 2015–2022. The dominant path-
way of NO2 sources was O3 + NO reaction, which is
determined by the relative availability of O3 and NO.
By examining the ratio of NOx–O3, we find a remark-
able decrease in the ratio of NOx–O3 during 2019–
2022 in relative to 2015–2018 (figure S7), suggesting
a clear shift from O3-limited to NO-limited condi-
tion for the O3 + NO reaction. Such a transition is
more evident in January which is consistent with the
stronger titration effect of O3 by NO.

In addition to O3, other chemical radical (e.g.
NO3) mainly played a role in summertime during

2015–2018. The NO2 budget in July is more com-
plex owing to themore active photochemistry in sum-
mer. The major chemical sources were O3 + NO
reaction and N2O5 decomposition, and the chemical
sink reactions were dominated byNO2 photolysis and
NO2 + NO3 reaction. The relative contribution by
NO2 +NO3 reaction to the total sink in July increased
from 23.7% to 26.7%, suggesting increased contri-
bution from NO3 radicals. In contrast, during 2019–
2022, there was almost no change (∼0.5%) in the
relative importance of NO2 + NO3 reaction. These
results highlight the important role of the changed
atmospheric oxidation capacity in the observed NO2

tendencies.
Furthermore, the observed NO2 tendencies could

also be affected the observation error that has been
noted in previous work (Lamsal et al 2008, Liu et al
2018). NO2 concentration from routine monitor-
ing sites is observed through molybdenum-catalyzed
conversion to nitric oxide and a subsequent chemilu-
minescence measurement, which could be interfered
by other oxidized nitrogen species. Here, we took
advantage of the GEOS-Chem simulated nitrogen
species (i.e. NO2, HNO3, PAN, and all alkyl nitrates)
to calculate correction factors for this observation
error by introducing the summation of all alkyl
nitrates, 95% of PAN, and 35% of HNO3 (Lamsal
et al 2008, Liu et al 2018). It means that changes
in these reactive species over the past decade could
have affected the observed NO2 tendencies. Our
calculation shows that this observation error could
have contributed to reduction in the NO2 tenden-
cies by 4% (14%) in January (July) during 2015–
2018, and 10% (29%) in January (July) during 2019–
2022. Compared with January, this observation error
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Figure 5. Simulated contributions of different chemical pathways to the total source and sink of NO2 for the boundary layer
over the North China Plain (NCP) during 2015–2022. (Left to right) Simulated contributions by different chemical reactions
in 2015, 2018, 2019, and 2022, respectively. In the figure legend, the naming convention such as ‘APNO2’ means that NO2 is
produced by reaction with ‘A’; ‘ALNO2’ means that NO2 is consumed by reaction with ‘A’; ‘Others’ represents the summation of
the remaining reactions that are not listed here. All of the chemical source and sink reactions of NO2 are listed in table S4. The K
(unit: 108 molec cm−3 s−1) means the total reaction rate of NO2 production or consumption.

had greater impact in July owing to the faster pro-
duction of reactive nitrogen species in summer. In
short,measurement interference fromoxidized nitro-
gen species played an important role in the decline
in surface NO2 concentration and its contribution
doubled from 2015–2018–2019–2022.

4. Summary and policy implications

In this study, we analyzed the variation tendencies
of surface NO2 concentration in China across dif-
ferent periods during 2015–2022, and our results
revealed notable acceleration in the observed decline
in NO2 from 2015–2018 (−0.09 ppb y−1) to 2019–
2022 (−1.00 ppb y−1). After removing the meteor-
ological influence using the RF model, the estim-
ated anthropogenically-driven tendency was −0.36
and −1.23 ppb y−1 for 2015–2018 and 2019–2022,
respectively, confirming the dominant role of anthro-
pogenic emissions in driving the reduction in NO2.

We attributed this accelerated rate of decline in NO2

to the shift in anthropogenic emission sectors from
power plants to the transportation sector, supported
by long-term satellite measurements andmodel sens-
itivity simulations. In addition to emissions, we found
that increased O3 played an important role in shifting
the O3 + NO reaction from O3-limited condition to
NO-limited condition, and NO2 measurement inter-
ference from oxidized nitrogen species could also res-
ult in the declining of surface NO2 and its contribu-
tion doubled from 2015–2018–2019–2022.

Our results identified the key emission sec-
tors driving the accelerated rate of NO2 decline.
Considering that urban surface NO2 is most respons-
ive to changes in transportation sources, future prior-
itization of green transportation, e.g. promoting elec-
tric vehicles, improving the utilization rate of public
transportation, and developing clean-energy trans-
portation modes, will play a crucial role in further
reducing NO2 pollution. This has been demonstrated
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by the concurrent decline in anthropogenic NOx

emissions and surface NO2 concentrations during the
COVID-19 lockdown (Le et al 2020, Liu et al 2020,
Zhao et al 2020, Chu et al 2021, Li et al 2021a, Yang
et al 2021).

With the introduction of new WHO air qual-
ity standards in 2021, the annual and daily NO2

guidelines were updated to 10 and 25 µg m−3

(1 ppb = 1.88 µg m−3 under 298 K and 1013 hPa),
respectively. However, in 2022, the annual NO2 con-
centration in China’s major urban agglomerations
remained 2–3 times the WHO standard, and the
average number of days on which the standard was
exceeded was 100–200 among urban clusters. Even
if the rate of decline in surface NO2 concentrations
observed during 2019–2022 could be maintained, it
will still take approximately 10 years before the new
WHO air quality standards are met, highlighting the
importance of sustainable reductions in emission in
the future.

In addition to strict emission controls, meteoro-
logical and chemical factors also affect the concen-
tration of surface NO2. For example, the observed
NO2 tendency during 2015–2018 was corrected from
−0.09 to −0.36 ppb y−1 after the meteorological
influence was removed, highlighting the important
role of meteorology in affecting short-term NO2

formation and dispersion. However, in the long term,
changing chemical radicals in the process of emis-
sion reductions could play a more important role
than meteorology in affecting the surface NO2 tend-
ency. Consequently, these factors should be con-
sidered when formulating future emission reduc-
tion strategies to ensure that long-term air quality
improvement targets are achievable.
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