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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Background: A large gap exists between the latest Global Air Quality Guidelines (AQG 2021) and Chinese air
quality standards for NO,. Assessing whether and to what extent air quality standards for NOy should be

Keywords: tightened in China requires a comprehensive understanding of the spatiotemporal characteristics of population

Nitrogen dioxide exposure to ambient NO, and related health risks, which have not been studied to date.
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Objective: We predicted ground NO, concentrations with high resolution in mainland China, explored exposure
characteristics to NO5 pollution, and assessed the mortality burden attributable to NO5 exposure.

Methods: Daily NO; concentrations in 2019 were predicted at 1-km spatial resolution in mainland China using
random forest models incorporating multiple predictors. From these high-resolution predictions, we explored the
spatiotemporal distribution of NOg, population and area percentages with NOy exposure exceeding criterion
levels, and premature deaths attributable to long- and short-term NO2 exposure in China.

Results: The cross-validation R? and root mean squared error of the NO, predicting model were 0.80 and 7.78 pg/
mS, respectively, at the daily level in 2019. The percentage of people (population number) with annual NO,
exposure over 40 pg/m3 in mainland China in 2019 was 10.40 % (145,605,200), and it reached 99.68 %
(1,395,569,840) with the AQG guideline value of 10 pg/m>. NO, levels and population exposure risk were
elevated in urban areas than in rural. Long- and short-term exposures to NO, were associated with 285,036 and
121,263 non-accidental deaths, respectively, in China in 2019. Tightening standards in steps gradually would
increase the potential health benefit.

Conclusion: In China, NOy pollution is associated with significant mortality burden. Spatial disparities exist in
NO-, pollution and exposure risks. China’s current air quality standards may no longer objectively reflect the
severity of NO3 pollution and exposure risk. Tightening the national standards for NO is needed and will lead to
significant health benefits.

1. Introduction and morbidity from non-accidental diseases as well as respiratory and
cardiovascular diseases (Achakulwisut et al. 2019; Kaufman et al. 2016;

Nitrogen dioxide (NO) is a major ambient air pollutant that is Zhang et al. 2018). For example, a global study found that short-term
hazardous to public health. Previous health studies have reported exposure to 10 pg /m® increment of NO, was associated with an in-
adverse effects of NO, on multiple health outcomes, including mortality crease of 0.46 % in total mortality, and the association was nearly linear,
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with no discernible threshold (Meng et al., 2021a). Evidence from
cohort studies and recent meta-analyses support these adverse associa-
tions between long-term NO, exposure and mortality(Atkinson et al.
2018; Huang et al. 2021; Huangfu and Atkinson 2020; Mills et al. 2015).
After adjusting for the effects of other pollutants (e.g., fine particulate
matter [PMy 5] and ozone), the associations between NO, and health
outcomes in many studies remained robust, reflecting the independent
health effects of NO, (Huang et al. 2021; Meng et al., 2021a; Mills et al.
2015).

Based on evidence from health studies and systematic reviews con-
ducted in the past few years, the World Health Organization (WHO)
launched the Global Air Quality Guidelines in 2021 (AQG 2021), in
which the guideline value for NO5 at the annual level was strengthened
from 40 pg/m? to 10 ug/m® and a 24-h guideline value of 25 ug/m® was
added for NO; compared to the previous Air Quality Guidelines
launched in 2005 (World Health Organization, 2005; World Health
Organization, 2021). A large gap exists between the latest WHO
guideline values and current air quality standards in China for NO,, with
the latter including annual and 24 h average standards for NO of 40 pg/
m® and 80 pg/m3, respectively (Chinese Ministry of Environmental
Protection, 2012). Assessing whether and to what extent the air quality
standards for NO5 in China should be tightened requires a comprehen-
sive understanding of the spatiotemporal characteristics of population
exposure to ambient NO5 and associated health risks, which have not
been studied to date.

Strong spatial gradients of local variability of ambient NO5 concen-
trations have been reported in previous studies (Cyrys et al. 2012;
Gurung et al. 2017), as NOg concentrations decay sharply with
increasing distance from anthropogenic emission sources. The distri-
bution of NO, shows spatially disparities due to its relatively short
lifetime and various emission sources. The emission patterns of NO; also
lead to urban-rural disparities, with higher traffic-related NO, emissions
in urban areas than rural areas (Anenberg et al. 2022). These charac-
teristics of NO, complicate accurate exposure assessment based on fixed
monitoring stations. Because fixed stations are of limited numbers and
unevenly distributed, measurements from them could not fully represent
the spatiotemporal variation of ambient NO; levels and related exposure
levels in areas without stations. The exposure error may impact the
accuracy of NOy-related health estimates (Xiao et al. 2018).

For these reasons, modeling approaches are widely employed in
epidemiological studies to improve the resolution and accuracy of NO,
exposure assessment. Traditional geospatial statistical methods, repre-
sented by land-use regression (LUR) models, are good at capturing the
spatial variation in NOy at high resolution (Xu et al., 2019; Young et al.
2016). However, due to the limited update frequency of major predictor
variables, traditional geospatial statistical methods generally cannot
capture subtle temporal changes in exposure. The application of remote
sensing data to model development has helped to extend both the spatial
and temporal resolutions of NO» predictions (Xu et al., 2019; Yang et al.
2017). Previous studies have mainly relied on column NO, density data
from the Ozone Measuring Instrument (OMI) aboard the Aura satellite
for NO, modeling. However, this data has a relatively low spatial-
resolution and a high missing rate due to technical issues. Since 2018,
satellite retrievals from the TROPOspheric Monitoring Instrument
(TROPOMI) have become available with higher spatiotemporal resolu-
tion of 3.5 km x 7 km and less missing data. We found that column NO»,
density data from TROPOMI better represents ground-level NO, varia-
tion than data from OMI (Igbal et al. 2022; Wang et al. 2020). The use of
TROPOMI NO, data remains limited in China, which has the highest
NO;, pollution levels worldwide (Li and Wu 2021; Liu 2021).

Therefore, in this study, we developed models based on the random
forest algorithm incorporating satellite retrievals from TROPOMI to
predict ground NO, concentrations with full spatiotemporal coverage at
daily level and 1 km x 1 km resolution in mainland China; used the high-
resolution predictions to evaluate the spatiotemporal patterns of NO2
pollution levels, population exposure characteristics, and urban/rural
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disparity of NOy pollution according to guideline values in the WHO
AQG 2021 (World Health Organization, 2021) and current air quality
standards of China; and assessed the mortality burdens associated with
long-term and short-term exposure to NO; in China and potential health
benefits associated with decreasing NO, levels in the future.

2. Data and methods
2.1. Data

Data from 2019 were collected, reprojected and integrated in this
study. We selected 2019 because it was the latest year that was not
affected by the COVID-19 pandemic and lockdown policies in China in
recent years, which reduced NO; concentrations compared to previous
periods (Sannigrahi et al. 2021). We first constructed a grid of 1 km x 1
km spatial resolution covering the mainland of China based on the si-
nusoidal projection with geographic coordinate of WGS84, which is the
same with developing models for PM; 5 and ozone (Meng et al. 2022; Shi
et al. 2023). Then, the spatial datasets of different variables were all
reprojected to sinusoidal projection, if they are not. Finally, all data
were integrated into the 1-km grid with methods of spatial joining or
inverse distance weighting (IDW) interpolation.

2.1.1. Ground measurements of NO concentrations

The National Air Quality Monitoring Network in mainland China was
established in 2013 and monitoring data have been published at htt
ps://www.cnemc.cn/ since then. Hourly NOy concentrations at 1546
ground monitoring stations in 2019 were collected to calculate daily
mean NO; concentrations from at least 18 valid hourly measurements.
During data processing, ground measurement of NOy concentrations
over detection limits (1026 pg/mg) and observations with the same
values for at least 8 continuous hours were removed (Wu et al. 2018).
Monitoring stations were spatially joined with the 1 -km grid and mean
NO concentrations were calculated to present the average pollution
levels within the cell if multiple stations fell into it.

2.1.2. Satellite-derived NO2 column density

The TROPOMI instrument onboard the Sentinel-5 Precursor (S5P)
satellite was launched in October 2017 and TROPOMI tropospheric NO5
vertical column density (VCD) products have been available since July
2018. Based on TROPOMI NO; VCD, the Atmospheric Chemistry and
Modelling Group of Peking University developed the POMINO-
TROPOMI product (https://www.pku-atmos-acm.org/), which was
applied in our study. The POMINO-TROPOMI product considers aerosol
optical effects and their vertical profiles, angular dependence of surface
reflectance, and dynamically variable atmospheric profiles of air pres-
sure, air temperature and NOs at a high horizontal resolution (about 25
km). Therefore, this product captures the spatiotemporal variation in
NO; well and reduces the systematic sampling bias in heavy pollution
situations (Lin et al. 2015; Liu et al. 2020). Daily tropospheric NOz VCD
from POMINO-TROPOMI version-1 level-3 data with 0.05° x 0.05°
spatial resolution was downloaded, reprojected and interpolated into
the 1 km grid using the IDW method.

2.1.3. NO; simulation from community multiscale air quality (CMAQ)
Ground-level NO5 concentrations simulated by the CMAQ model
version 5.0.2 were applied in the model(Ying et al. 2015), with meteo-
rological inputs generated from the Weather Research and Forecasting
(WRF) model version 4.2.2. NO; simulations produced by CMAQ were
re-estimated at the 1km grid using IDW. The CMAQ model had a hori-
zontal resolution of 36 km and covered all land areas in and around
China, and the detail of the domain was described in (Wang et al. 2018).
The model initial and boundary conditions were taken from the default
CMAQ model. The anthropogenic emissions were from the Emission
Database for Global Atmospheric Research (EDGAR) version 5.0 (htt
ps://edgar.jrc.ec.europa.eu/, last accessed: 04 Nov. 2022). For input
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factor in CMAQ model, biogenic and wildfire emissions were generated
using the Model of Emissions of Gases and aerosols from Nature
(MEGAN) v2.1(Guenther et al. 2012) and the Fire Inventory from NCAR
(FINN) (Wiedinmyer et al. 2011), respectively.

2.1.4. Meteorological parameters

Meteorological parameters for 2019 were extracted from GEOS 5-FP
(the Goddard Earth Observing System Data Assimilation System GEOS-5
Forward Processing) at 0.25° x 0.3125° resolution (NASA 2013). The
parameters of air temperature and relative humidity at 2 m, total pre-
cipitation, wind speed at 10 m, surface pressure, total cloud fraction, and
planetary boundary layer height (PBLH) were included in this study. The
meteorological parameters were interpolated to the 1-km grid cells
using the IDW method and matched with NO, measurements at the daily
level. Precipitation and PBLH on the previous day were also included
(NASA 2013).

2.1.5. Other predictor variables

Ancillary variables included elevation, population, road networks
and land cover. Elevation data were extracted from the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Map (GDEM) at 30 m spatial resolution (Na-
tional Aeronautics and Space Administration 2019), and were averaged
within the 1-km grid cells. Population data from the LandScan Global
Population Database (https://landscan.ornl.gov/) were aligned with the
1 km grid cells using IDW method. Road length, defined as the total
length of all road types within a 1 km grid cell, was calculated.
Normalized Difference Vegetation Index (NDVI) values at 1 km resolu-
tion obtained from the MODIS 16-day NDVI product (MOD13A2) were
spatially joined to the grid (Land Processes Distributed Active Archive
Center 2021).

2.1.6. Urban/rural classification

Land-cover classification data of urban/rural regions at 30 m reso-
lution were downloaded from https://data.ess.tsinghua.edu.cn/ for use
in this analysis (Gong et al. 2019; Gong et al. 2019b). We assigned each
1-km grid cell as either urban or rural according to the majority of the
30 m urban/rural grid cells.

2.1.7. Baseline mortality

The annual baseline mortalities and populations of urban and rural
areas in 2019 were obtained from the China Health Statistics Yearbook
2020 published by National Health Commission of China and the China
Statistical Yearbook 2020 published by the National Bureau of Statistics
of China, separately. The nationwide annual non-accidental mortality
rate was calculated by weighting the populations and non-accidental
mortality rates in rural and urban areas. After obtaining nationwide
annual non-accidental mortality, we used the percentage of deaths
nationwide per month from the National Population Census (https:
//www.stats.gov.cn/) to calculate monthly mortality, and daily mean
mortality rate was calculated by dividing the monthly mortality by the
number of days in the corresponding month to calculate deaths attrib-
utable to short-term NO, exposure.

2.2. Methods

2.2.1. Model development

Ground NO, measurements were used as the dependent variable and
all variables described above, including POMINO-TROPOMI NO, VCD,
CMAQ simulated NO; concentrations, meteorological data, elevation,
population, road networks, and NDVI, were used as predictor variables
to train the random forest model (satellite model). A second model (non-
satellite model) was established with the same ancillary predictors
except satellite retrievals. Predictions with full spatiotemporal coverage
were produced using predictions from the satellite model for grid cells
and days with available satellite NO2 VCD and predictions from the non-
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satellite model where NOy; VCD were missing. This method has been
used to fill the gap in predictions of air pollutants led by missingness of
satellite data in previous studies (Meng et al. 2021b; Xiao et al. 2021).

Cross-validation (CV) was conducted to indicate the predictive ac-
curacy and test for overfitting of the models. In addition to the standard
10-fold CV, we also performed temporal and spatial CV to evaluate
model performance at temporal and spatial extrapolation. For 10-fold
temporal CV, a training model was developed using data from a
randomly selected 90% of days to predict NO, concentrations on the
remaining 10% of days, and this process was repeated 10 times. Simi-
larly, 10-fold spatial CV was conducted at each time using a training
model with data randomly selected from 90% of stations to make pre-
dictions for the remaining 10% of stations. The regression R, intercept,
slope, root mean square error (RMSE), and mean absolute percentage
error (MAPE) values were calculated between NO, measurements and
NO, predictions for CV (Li et al. 2022). RMSE was calculated as the
square root of the average of the squared differences between the pre-
dicted and observed values. MAPE was percentage calculated by using
the absolute difference between the predicted and observed values and
dividing it by the observed values. In addition, we explored the variation
of prediction performance by season and region to better display the
performance of models.

The spatiotemporal characteristics and population exposure levels
were analyzed based on NO; predictions as well as AQG criteria and the
Chinese air quality standard for NO,. First, the spatial distributions and
temporal trends were evaluated based on NO predictions in mainland
China. Second, the percentages of the total population and area with
NO; levels exceeding the AQG criteria and national standard were
assessed. AQG 2021 set interim targets (ITs) and guideline values of 40
ng/m?, 30 pg/m3, 20 pg/m3, and 10 pg/m? for long-term NO,, exposure,
and 120 pg/m3, 50 pg/m®, and 25 pg/m? for short-term NO, exposure
(World Health Organization, 2021). China has set air quality standards
of 40 pg/m® and 80 pg/m® for long-term and short-term exposure,
respectively (Ministry of Ecology and Environnmental of the People’s
Republic of China, 2012).

2.2.2. Long-term and short-term NOgy exposure-related mortality burdens

First, we calculated attributable deaths for long-term and short-term
NO; exposure under current pollution level. Then, we calculated pre-
ventable deaths, assuming that NO5 concentrations could reach different
NO,, criteria in the future. The formulas were showed as follows, with
attributable death and preventable death differing mainly in the selec-
tion of counterfactual concentrations.

Deaths related to long-term NO, exposure were calculated following
equations (1) - (4) (Cohen et al. 2017; Meng et al. 2023):

RR; = /t5i7x0) @

where RR; is the relative risk value of grid cell i; 8 is the pooled effect
estimate of long-term NO, exposure on total non-accidental deaths
calculated in a meta-analysis based on 41 cohort studies worldwide,
with a value of 0.0020 (95 %CI: 0.0010, 0.0039) (Huangfu and Atkinson
2020); x; is the estimated NO, concentration in grid cell i; x. is the
counterfactual concentration suggested in AQG 2021 as the starting
point for deriving a long-term guideline value, which is 8.8 pg/m>
(World Health Organization, 2021);

RR; —1
RR;

paf; = (2)

SPOP*(——
( 1 —/mﬂ) (3)

PAF =11/~ 200

where paf; is the population attributable fraction of non-accidental
death in grid cell i; PAF is the overall population attributable fraction
in the whole study domain; POP; is the population in grid cell i;

Attributable Death = PAF x POP x Mortality 4)
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where Attributable Death is the total attributable death in mainland
China; POP is the total population in 2019 reported by the China Sta-
tistical Bureau; and Mortality is the nationwide non-accidental mortality
in 2019 calculated as described in section 2.1.7. Based on the reported
95 % CI for the RR, the uncertainty ranges were calculated for the cor-
responding estimates of PAFs and attributable deaths. PAF values in
urban and rural areas and each province were also calculated separately
using equation (1) - (3), to explore the spatial disparity of NO, related
health risks.

For short-term NO5 exposure, premature deaths attributable to NOy
were also assessed using equations (1)- (4). The differences in this
analysis are that f is the pooled health effect calculated from a study
conducted in 272 cities in China, with a value of 0.0009 (95 % CI:
0.0007, 0.0011) (Chen et al. 2018); xs is the counterfactual concen-
tration suggested in AQG 2021 as the starting point for deriving the
short-term guideline value, which is 10 pg/m® (World Health Organi-
zation, 2021); and Mortality is the daily non-accidental mortality in 2019
calculated as described in section 2.1.7. The daily attributable deaths
nationwide were calculated first and then summed to obtain the total
attributable deaths in 2019.

For cause-specific death, deaths attributable to respiratory diseases
for long-term and short-term NO, exposure were calculated in the same
way with RR values from the above literature (Chen et al. 2018; Huangfu
and Atkinson 2020) and respiratory mortality data from the China
Health Statistics Yearbook 2020.

For preventable death, it was calculated using various NO; criteria
set as Its and guideline values for long-term and short-term NO; pollu-
tion in AQG 2021, and Chinese air quality standards as the counterfac-
tual concentration.

3. Results
3.1. Model performance

Approximately 500,062 NO, measurements collected from 1,546
monitoring stations in 2019 were used for model development, and the
station locations are shown in Figure S1. Based on NOy measurements,
the daily mean (standard deviation) NO5 concentration in 2019 was
29.34 (17.32) pg/m>, with a range of 1.32 pg/m? to 156.96 pg/m>. From
the NO; predicting models, the daily mean (standard deviation) NOy
concentration at the monitoring stations was 29.13 (14.25) pg/m3, with
a range of 2.67 pg/m° to 123.84 pg/m>. The results of model CV are
presented in Fig. 1. The density scatter plots indicate that most meas-
urement-prediction pairs fell along the 1:1 line, indicating high con-
sistency between measurements and predictions. For combined
predictions from the two models, the overall, temporal and spatial CV
R? (RMSE) values were 0.80 (7.78 ug/mg), 0.69 (9.74 pg/mg) and 0.73
(9.00 pg/m®), respectively. CV results of the combined model broken up
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by region and season were shown in Figure S2 and Figure S3. The model
performance was similar between regions with CV R? of 0.78 — 0.84 and
RMSE of 6.41 — 8.49 pg/m>. The predicting accuracy was slightly
different among seasons, which was higher in winter and autumn.

The results of CV for satellite model and non-satellite model were
comparable, with R? of 0.79 for the satellite model and 0.81 for the non-
satellite model, but the two models had their own advantages and lim-
itations. For satellite model, it was better at capturing the variation of
NO,, pollution. As shown in Figure S5, predictions from satellite model
captured higher concentrations of NO5 and contrast between urban and
rural areas. However, missingness of satellite data was high and
occurred non-randomly (Table S1), which could bias the predictions at
monthly and annual levels. For example, predictions derived from the
satellite model tended to overestimate NO5 concentrations in winter in
Central and East China, but underestimate NO5 concentrations in spring
in South China. Non-satellite model could provide full spatiotemporal-
coverage predictions, though was not as good as satellite model in
capturing high spatial-variability of NOy concentrations. Therefore, the
combination of the two models could improve both the accuracy and the
coverage of the predictions.

Importance rankings of predictors produced by the satellite model
and non-satellite model are shown in Figure S4. For the satellite model,
TROPOMI NO, VCD was the most important predictor, followed by NO,
estimates from CMAQ. For the non-satellite model, the NO, estimate
from CMAQ was the most important predictor. The predictors with high
ranks for both models were total precipitation on the previous day,
humidity at 2 m, wind at 10 m, surface pressure and elevation.

3.2. Spatiotemporal characteristics of NOz pollution

Temporally, as shown in Fig. 2(A), NOy concentrations showed sig-
nificant seasonal trends, with higher levels in winter (18.54 pg/m3) than
in summer (12.71 pg/m®) based on NO, predictions across all grid cells.
According to the 24 h NO, concentration guideline value (25 pg/m>)
recommended in AQG 2021, the months with the highest percentage of
grid-days exceeding this criterion were from November to January
(Table S2), ranging from 14.44 % to 17.79 %; while the lowest per-
centages were observed from June to August, ranging from 1.21 % to
2.61 %. Extreme NO, pollution exceeding IT-1 (120 pg/m®) of AQG
2021 or the Chinese air quality standard (80 pg/m>) occurred only be-
tween October and March (0.002-0.062 %). Light to moderate NO,
pollution exceeding IT-2 (50 pg/m>) occurred in all months
(0.001-2.257 %). Daily NO, concentrations exceeded the WHO guide-
line value (25 pg/m3) in more than 8% of all grid-days, while 0.01 % of
grid-days exceeded the Chinese air quality standard (80 pg/m®).

Spatially, the annual average NO, concentrations in 2019 were un-
evenly distributed nationwide, which were consistent with the spatial
distributions of population density and road networks, as shown in Fig. 2
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Fig. 2. Spatiotemporal distribution of annual mean NO, concentrations across mainland China in 2019. (A) Monthly mean NO, concentrations (left Y-axis) and
exceedance rates of daily NO, concentrations in each month (right Y-axis) according to the guideline value (25 pg/m®) for daily NO, concentrations in AQG 2021; (B)

spatial distribution of annual mean NO, concentrations at 1 km x 1 km spatial resolution in 2019.
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(B) and Figure S6. Based on full-coverage NO» predictions, the annual
mean (standard deviation) NO, concentration of all grids nationwide
was 15.63 (5.58) pg/m>, with a range of 5.60 pg/m> to 69.92 pg/m°.
Overall, NO; concentrations were high in central and eastern China, and
low in western China. In addition, NO, concentrations were high in city
clusters, such as Beijing-Tianjin—Hebei, the Yangtze River Delta, and the
Pearl River Delta, as well as major cities in each province. Several cities
in Xinjiang Province, western China, had elevated NO, concentrations,
indicating the path of the Silk Road. In addition, differences were found
in the distribution of NO5 concentrations between rural and urban areas.
In 2019, the annual average NO5 concentration was 27.94 ug/rn3 in
urban areas and 15.50 ug/m?’ in rural areas (Fig. 3(A)).

The national annual population-weighted NO, concentration was
25.82 pg/m®, higher than annual mean NO, concentration of 15.63 pg/
m?, indicating that more people lived in areas with higher NOy con-
centrations. The area proportion and population proportion living in
areas exceeding different criteria and standards were -calculated
nationwide and in urban and rural areas separately, and the results are
shown in Fig. 3(B). Regardless of the criteria or standards used, the
percentages of population exposed to NO; in excess of the criteria or
standard were consistently higher than the corresponding percentages in
terms of area. Based on the guideline value (10 pg/m3) for annual mean
NO; concentrations recommended in AQG 2021, only 7.10 % of the area
of mainland China met this criterion in 2019, representing a population
proportion of only 0.32 %. However, according to the Chinese air quality
standard, which is equivalent to the WHO AQG of IT-1 (40 ug/mS), most
of the area and population met the standard, with only 0.42 % of the
total area and 10.40 % of the total population exposed to NO, concen-
trations exceeding the standard.

In addition, the percentages of area and population exposed to
annual mean NO; concentrations exceeding various criteria or standards
were consistently higher in urban areas than in rural areas, suggesting
that the population in urban areas was at higher risk of exposure to NO2
pollution than people living in rural areas. For example, based on the
guideline value of 10 pg/m?, the proportions of total area meeting this
criterion were 7.25 % of rural areas and 0.14 % of urban areas, while the
impacted proportions of the population were 0.44 % and 0.09 % in rural
and urban areas, respectively.

3.3. Long-term and short-term NO2 pollution-related mortality burdens

3.3.1. Long-term NO; pollution-related mortality burdens

In China, the total PAF was 0.033 in 2019, indicating that 3.3 % of
total mortality was attributable to NO; pollution. In the spatial distri-
bution of PAFs at both grid and provincial levels, higher correlation with
population density and spatial disparity of PAF were found, which was
consistent with the distribution of population-weighted NOy
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concentration as shown in Fig. 4, Figure S7 and Figure S8. The gridded
PAF values for long-term NO3 exposure were higher in North China and
East China, ranging from 0.019 to 0.065, and lower in Southwest China,
ranging from 0.010 to 0.032. As shown in Fig. 4(C), the median PAF
increased with increasing population, and the median PAF in grid cells
with population higher than 10,000 was almost 5 times that in grid cells
with population less than 10.

Based on NO, pollution levels in 2019, the number of deaths
attributable to NO; pollution was 285,036 (95 % CI: 144,049, 558,139)
for long-term exposure. Reducing NO; concentrations to the levels of IT-
1 (40 pg/m®), IT-2 (30 pg/m®>), IT-3 (20 pg/m>) or the guideline value
(10 pg/m®) recommended in the WHO AQG 2021 could prevent 5,346
(95 % CI: 2,680, 10,633), 41,200 (95 % CI: 20,646, 82,035), 124,369
(95 % CI: 62,455, 246,596), and 265,394 (95 % CI: 134,018, 520,475)
non-accidental deaths, respectively (Table 1). Among all non-accidental
deaths attributable to long-term exposure, deaths attributable to respi-
ratory disease were 47,633 (95 % CI: 16,219, 77,737)).

3.3.2. Short-term NO; pollution-related mortality burdens

Daily mean PAF of NO5 in China was 0.014 in 2019, ranging from
0.005 to 0.030. Further, the monthly mean PAF of China ranged from
0.007 to 0.022, with lower values in summer and higher values in
winter, which was consistent with the seasonal distribution of NO,
concentrations. Based on the NO; pollution levels in 2019, the number
of non-accidental deaths attributable to short-term NO; pollution
exposure was 121,263 (95 % CI: 94,501, 147,921). Reducing the NO,
concentration to IT-2 (50 pg/m>) or the guideline value (25 pg/m?)
could prevent 5,337 (95 % CI: 4,149, 6,526) or 42,983 (95 % CI: 33,447,
52,509) non-accidental deaths, respectively (Table 1). Deaths attribut-
able to respiratory disease were 18,152 (95 % CI: 13,654, 22,623) for
short-term NO; exposure.

4. Discussion

We developed random forest models and predicted NO, concentra-
tions at daily level and 1 km x 1 km spatial resolution with full
spatiotemporal coverage of mainland China. Using those predictions, we
found that the distribution of NO5 was consistent with the locations of
cities and road networks. A large proportion of the population of China
was exposed to NO; concentrations exceeding the guideline value rec-
ommended by the WHO and an urban-rural disparity of exposure was
observed. The numbers of deaths (95 % CI) attributable to long-term and
short-term NO; exposure were 285,036 (144,049, 558,139) and
121,263 (94,501, 147,921), respectively, in mainland China in 2019.
Thus, tightening of NOa-related standards in the future would have
major health benefits.

The NO; prediction models developed in this study have relatively
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Fig. 3. Annual mean NO, concentrations (A) and exceedance rates in terms of area and population based on various criteria and standards (B) in China in 2019.
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Table 1
Long-term and short-term preventable deaths if NO, concentrations in 2019
could be reduced to different lower levels.

Long-term NO, National Short-term NO, National

counterfactual preventable counterfactual preventable

concentration (ug/ deaths (95 %CI)  concentration (ug/ deaths

m®) m?) (95 %CI)

40 (IT-1/ 5,346 (2,680, 120 (IT-1)

Chinese standard) 10,633)

30 (IT-1) 41,200 (20,646, 80 (Chinese 189 (147, 232)
82,035) standard)

20 (IT-3) 124,369 50 (IT-2) 5,337 (4,149,
(62,455, 6,526)
246,596)

10 (guideline value) 265,394 25 (guideline value) 42,983
(134,018, (33,447,
520,475) 52,509)

" At the daily average level in 2019, there were no days with NO, concen-
trations above 120 ug/m>, so related deaths were not calculated.

high accuracy and spatiotemporal resolution. In this study, the CV R?
between measured and predicted NO, concentrations at the daily level
was 0.80 in 2019. The RMSE and MAPE obtained from CV were 7.78 pg/
m® and 26.16%, respectively. Several previous studies conducted in
China have applied machine learning methods and satellite data to
predict NO, concentrations, with R? ranging from 0.77 to 0.80 (Huang
et al. 2022; Li et al. 2021; Zhu et al. 2019). Our study showed similar
model performance to those studies, reflecting the reliability of the
prediction model. In addition, previous studies often use satellite re-
trievals from OMI (Huang et al. 2022; Li et al. 2021; Li and Wu 2021),
while few studies have yet applied TROPOMI data to model develop-
ment. This study applied TROPOMI data, which have fewer missing data
and higher spatial resolution than OMI data, to better capture the spatial
variability of NO3 at small scales (Wang et al. 2020). The combination of
satellite and non-satellite models also improved both model perfor-
mance and prediction coverage.

Based on the high-resolution NO5 prediction model, we found that
NO, concentrations in China had a marked seasonal trend and an un-
even spatial distribution. NO, concentrations in China were lower in
spring and summer and higher in autumn and winter. Higher NOy
concentrations during cold seasons may be driven by the increased
burning of fuels for heating (Wang et al. 2019). The seasonal trend is
also influenced by weather conditions (Shen et al. 2021). Increased
temperature and ideal diffusion conditions in spring and summer cause
NO; concentrations to decrease. In terms of spatial distribution, NOy

concentrations were highest in city clusters and areas with high densities
of road networks and population, in accordance with NOy emissions
from traffic, residential and industrial sources (Bechle et al. 2013; Zhang
et al. 2013).

In addition to NO; concentrations, the PAF for NO, exposure was
also higher in urban areas than in rural areas of China, indicating the
disproportional exposure and health risks associated with NO, pollu-
tion. The United Nations estimates that by 2050, the global urbanization
rate will increase to 68% from 56% in 2021 in demographic terms, with
much of the population growth in urban areas concentrated in Asia and
Africa, and China’s urban population is expected to increase by 255
million from 2021 to 2050 (United Nations Human Settlements Pro-
gramme 2022). In the context of rapid urbanization, increasing people
are expected to expose to high levels of NOy pollution in China in the
future. Moreover, emissions from transportation and anthropogenic
activities would remain at relatively high levels, hindering the mitiga-
tion of NO, pollution in cities (Gan et al. 2021). The urban-rural
disparity in NO pollution levels and related exposure risks suggests that
policymakers should consider the urbanization trend and synergistic
relationship between increased population and air pollution levels when
developing future measures to improve air quality.

A large gap exists between the air quality standard enacted in China
and the WHO air quality guidelines for NO, regulation, and gradual
strengthening of the Chinese air quality standard in the future could
provide a great benefit to public health. The severity of NO5 pollution
differs among evaluation criteria. For example, 92.90% of the total area
and 99.68% of the population were exposed to NO, concentrations
higher than the AQG guideline value of 10 pg/m® in China in 2019,
while the corresponding percentages were only 0.42% and 10.40%,
respectively, based on the Chinese air quality standard of 40 pg/m°.
Deaths attributable to long-term NOy pollution numbered 285,036 in
2019, demonstrating a large amount mortality burden associated with
high NO3 concentrations in China. China has one of the highest NOy
concentrations worldwide; thus, the current air quality standards do not
objectively reflect the severity of NO5 pollution and its exposure hazards
to public health in China. Therefore, tightening of air quality standards
and targeted efforts to decrease NO, concentrations and thereby protect
public health are urgently needed.

Considering the current high NO, concentrations, tightening NO4
standards in steps to progressively reduce air pollution in China is
necessary. Previous studies have found a nearly linear association be-
tween short-term NOy pollution and mortality with no discernible
thresholds, suggesting that any degree of reduction in NO; pollution will
be protective for public health. We calculate that 5,346, 41,200, or
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124,369 deaths could be prevented in the future if the annual mean NO,
concentration were decreased to the IT-1 (40 pg/m®), IT-2 (30 pg/m),
or IT-3 (20 pg/m>) levels recommended by the WHO in AQG 2021,
respectively. Therefore, pollution reduction policies and air quality
standards that are achievable within realistic time frames should be
developed to improve air quality and provide health benefits in a step-
wise manner in China, with the aim of ultimately meeting WHO air
quality guidelines.

This study is subject to the following limitations. First, limited by
data accessibility, high-resolution traffic flow and emissions data were
not used in NO, model development. Instead, we used road length at 1-
km resolution to indicate the contribution of transportation to NO2
concentrations, in accordance with previous studies. We also included
CMAQ-simulated NO, data, which was produced based on emissions and
meteorological inputs. More effective predictors related to NO5 pollu-
tion are needed to improve prediction accuracy in future studies. Sec-
ond, the urban/rural classification data were from 2017, although the
distribution of urban and rural populations changes over time. Urban
areas are expanding each year in China with the rapid development of
urbanization; therefore, exposure risk in urban regions might be
underestimated in this study. Third, the mortality rate data used to
calculate the number of deaths attributable to NOy exposure was
collected at the national level, and thus may have introduced some
uncertainty. Mortality rates may vary between provincial and municipal
levels due to variations among demographics and economic levels;
therefore, comparisons of NO,-related disease burdens at smaller spatial
scales need to be made with great caution. Fourth, the temporal disag-
gregation of mortality data could not accurately reflect the potential
seasonal variation of deaths and therefore may also introduce some
uncertainty. Detailed mortality data could help improve the accuracy of
risk assessment in the future. Last, the study failed to assess attributable
deaths of cardiovascular disease (CVD) due to the lack of valid RR es-
timates of NO,-CVD associations, more epidemiological studies are
needed to validate the associations between NO, exposure and CVD to
support more accurate risk assessment in the future.

5. Conclusion

In summary, based on high-resolution NO, predictions, we found
that a large proportion of the population was exposed to NO, concen-
trations higher than the guideline levels recommended by WHO AQG
2021, and total deaths attributable to both long-term and short-term
NO; pollution was as high as 406,299 in 2019. Our research provides
new evidence to emphasize the need to strengthen air quality standards
for NO; in China to further protect public health from NO; pollution.
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