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Particulate nitrate (pNO3
-) pollution persists over the North China Plain despite

emission controls. We unravel a key mechanism: tall industrial stacks (≥210 m)
release ammonia which, under strong winter oxidizing conditions, forms
ammonium nitrate aloft. Utilizing a novel 3D high-resolution nitrate
assimilation dataset and machine learning (XGBoost-SHAP), we tracked a
major pollution event. Nitrate formed above 200 m accumulated in the
nocturnal residual layer. Morning boundary layer development mixed this
pollution downward, elevating surface concentrations by up to 35.5 μg m-3

within hours. Crucially, the Taihang and Yanshan Mountains south-westerly
winds channeled, transporting the plume ~400 km. Downwind urban heating
and enhanced oxidants during winter (including COVID-19-period anomalies)
further amplified nitrate production within the boundary layer. This study
establishes a complete 3D picture of elevated nitrate formation, transport, and
mixing, highlighting the need for targeted controls on elevated industrial sources
and cross-regional strategies.
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1 Introduction

Particulate nitrate (pNO3
-) constitutes a dominant and increasingly problematic

component of fine particulate matter (PM2.5) posing multifaceted environmental and
public health challenges. As a key driver of haze formation, it significantly degrades air
quality and visibility, particularly in densely populated and industrialized regions like
Beijing (Sun et al., 2015; Li et al., 2018; Brender, 2020; Kong et al., 2025). Since the Chinese
government launched the Air Pollution Prevention and Control Action Plan in 2013,
national PM2.5 levels have declined by roughly 30%–50% through 2018, thanks to stringent
emission controls. However, nitrate in PM2.5 did not decline in parallel with overall
reductions in emissions. Instead, pNO3

−concentrations increased during winter
pollution episodes, particularly over the North China Plain, and gradually replaced
sulfate as the predominant inorganic component of PM2.5 (Zhai et al., 2021; Zhai et al.,
2023; Geng et al., 2024; Zhang et al., 2024). Nitrate pollution not only reduces visibility but
also poses risks of respiratory and cardiovascular diseases (Xiao et al., 2014). Furthermore,
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nitrate aerosols affect climate by altering Earth’s radiation budget
through both direct and indirect mechanisms (Levy et al., 2013;
Zhang, 2020; Pohlker et al., 2023). As a crucial secondary inorganic
pollutant, the formation of pNO3

- is associated with atmospheric
reactive nitrogen concentrations and involves complex atmospheric
chemical reactions (Lin et al., 2020; Ye et al., 2023; Ge et al., 2025). In
China pNO3

- forms predominantly through two primary routes: the
daytime gas-phase oxidation of nitrogen dioxide (NO2) by hydroxyl
radicals (OH) and the nighttime heterogeneous hydrolysis of
dinitrogen pentoxide (N2O5) on aerosol surfaces (Chen et al.,
2018; Wang et al., 2018). Additional pathways include the
partitioning of gaseous nitric acid (HNO3) into particulate
ammonium nitrate in the presence of excess ammonia (NH3)
(Wen et al., 2018), the reaction of nitrate radical (NO3) with
hydrocarbons at night in VOC-rich environments (Ng et al.,
2017), and surface reactions on mineral dust under moderate to
high relative humidity (RH) (Golay et al., 2022). Furthermore
aqueous-phase reactions involving dissolved NO2 under high
humidity conditions have been shown to contribute to pNO3

-

formation in China (Zhang et al., 2022).
Regional transport plays a critical role in nitrate pollution (Chen

et al., 2014; Chen et al., 2017; Yang et al., 2022), enabling the long-
range movement of nitrate-containing pollutants and affecting areas
far from their emission sources (Li et al., 2019; Qu et al., 2021). In
China, pollutants originating in industrial zones can be transported
to urban and rural regions where they degrade air quality and
threaten public health as demonstrated by studies in the Pearl River
Delta, where cross-regional transport accounted for a significant
portion of particulate nitrate formation (Parveen et al., 2021; Qu
et al., 2021). Additionally, mixing of pollutants from different areas
leads to complex chemical interactions and amplification of nitrate
formation (Yu et al., 2020; Zhang et al., 2021b). As one of the most
severely polluted regions in China, the North China Plain (NCP)
experiences intricate pollutant formation and transport mechanisms
due to its complex topography andmeteorological conditions (Quan
et al., 2020; Liu et al., 2023). Modeling and observational research
show that over 60% of PM2.5 mass in Beijing during haze events
derives from non-local transport (Wu et al., 2021). Topographic
features such as the Taihang Mountains influence pollutant
distribution by trapping emissions on windward slopes and
promoting downwind advection along the range, which leads to
pollutant buildup in adjacent regions (Wang et al., 2010; Zhang
et al., 2021a). Emissions from elevated sources under favorable
meteorological conditions can travel long distances, making
understanding nitrate transport critical for air pollution control
(Wang et al., 2022). Recent GEOS-Chem modeling studies
emphasize the influence of both domestic regional transport and
transboundary transport from foreign anthropogenic sources on
nitrate aerosol levels. The foreign contribution involves long-
distance pollutant transport and enhanced nitrate production via
chemical interactions with local emissions, underscoring the need
for both domestic and international emission control strategies (Xu
et al., 2023).

In this study, a significant high-altitude pNO3
- pollution event

was observed over Beijing during winter. The analysis reveals that
pollutants from elevated sources, such as industrial emissions,
played a key role in the formation of nitrate pollution in the
upper boundary layer. By examining the vertical evolution of

nitrate, we identified the critical factors affecting its
concentration and investigated its three-dimensional transport
and transformation mechanisms. These findings provide a solid
scientific basis for a deeper understanding of the formation and
control of regional atmospheric pollution.

2 Data and methods

2.1 Inorganic components data

High resolution hourly pNO3
-, pNH4

+, and pSO4
2-

concentrations were derived from the vertical aerosol data
assimilation system NAQPMS PDAF v2.0 (Nested Air Quality
Prediction Model System with the Parallel Data Assimilation
Framework version 2.0). This chemical transport model (CTM)-
data assimilation framework employs a hybrid Kalman nonlinear
ensemble transform filter (KNETF) to combine ensemble Kalman
filter stability with nonlinear ensemble-transform capabilities
(Nerger, 2021; Li et al., 2024). Assimilating both surface
observations and lidar profiles produces physically consistent,
observation constrained representations of vertical mixing, plume
evolution and regional transport, which are essential for
characterizing nitrate formation in the lower troposphere. The
dataset covers the North China Plain at a horizontal resolution
of 5 km and a vertical resolution of 50 m (40 layers within the lowest
2 km), providing higher spatial detail. This resolution supports
detailed analysis of spatial evolution, vertical distribution and long-
range transport of nitrate in the lower troposphere. Performance
assessment used independent hourly measurements from
24 assimilation sites and 9 validation sites operated by the China
National Environmental Monitoring Center. The assimilation
achieved Pearson correlation coefficients (R) of at least 0.86, root
mean square error (RMSE) of at most 3.23 μg m-3, mean absolute
error (MAE) of no greater than 1.49 μg m-3 and R2 of at least
0.74 across all five PM2.5 components and R of at least 0.96 with R2 of
no less than 0.93 for nitrate, organic carbon and elemental carbon
(Li et al., 2024). We selected 11th February 2021 for detailed analysis
because a severe and abrupt pNO3

- pollution event occurred in the
lower troposphere (300–500 m above ground level) over Beijing
(Figure 1), mainly influenced by non-surface sources and vertical
transport rather than local surface emissions. This event typifies the
recurrent wintertime pollution episodes in northern China driven by
southwesterly inflow and mountain-blocking effects (Zhu et al.,
2011; Chang et al., 2018; Hu et al., 2022), providing a representative
case for examining vertical pollutant transport processes.

2.2 Meteorological data

The vertical concentration data of NO2 and ozone (O3) were
obtained from the Copernicus Atmosphere Monitoring Service
(CAMS) global reanalysis (EAC4) monthly averaged fields (grid
resolution 0.75 ° × 0.75 °, temporal resolution 3 h) (Inness et al.,
2019), which were also used to calculate the atmospheric oxidizing
capacity (AOC) as NO2 + O3. Meteorological variables including
temperature (T), RH, wind components (UVW), and Planetary
Boundary Layer Height (PBLH) were obtained from
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ERA5 hourly data on pressure levels (grid resolution 0.25 ° × 0.25 °,
temporal resolution 1 h) (Hersbach et al., 2023), provided by the
Copernicus Climate Change Service (C3S) Climate Data Store
(CDS). The CAMS reanalysis data were interpolated to a 0.25°

grid to ensure spatial consistency with the ERA5 meteorological
fields. To assess the accuracy of this interpolation, we compared
CAMS-derived NO2 and O3 concentrations with ground-based
observations from national air quality monitoring stations located
in Xingtai, Baoding, and Beijing (https://quotsoft.net/air/). The
resulting correlation coefficients (0.61–0.87) demonstrate strong
consistency between the two datasets (Supplementary Figure S1).
The turbulent kinetic energy (TKE) is computed using the
following equation:

TKE � 0.5 × δ2u + δ2v + δ2w( ) (1)
δ2w � 1

N − 1
∑

N

i�1 wi − �w( )2 (2)

δ2u �
1

N − 1
∑

N

i�1 ui − �u( )2 (3)

δ2v �
1

N − 1
∑N

i�1 vi − �v( )2 (4)

Here, N represents the total number of data points, calculated by
averaging the hourly data every 6 hours from 00:00 UTC on
8 February to 23:00 UTC on 15 February 2021 at 40 vertical
levels, resulting in 1,280 samples in total (N = 1,280). These
averaged data were then linearly interpolated back to hourly
resolution to ensure consistency with other variables. wi denotes
the ith vertical wind velocity (m s-1), while ui (vi) corresponds to the
ith horizontal wind speed (m s-1). Additionally, �w and �u (�v)
represent the mean vertical and horizontal wind speeds (m s-1),
respectively. It should be noted that although TKE was initially

derived from the ERA5 wind field gradients following standard
formulations, we no longer interpret it as a strict estimate of
turbulent kinetic energy. Instead, it is regarded as a proxy
indicator of atmospheric stability or vertical mixing potential,
reflecting the ease of vertical exchange rather than the detailed
turbulence structure. Due to its pronounced diurnal variability
(Supplementary Figure S2), this parameter effectively captures
variations in vertical mixing likelihood.

Due to the vertical extent limitations of reanalysis
meteorological data, which do not reach the surface, we
supplemented ground-level measurements using national air
quality data from the China National Environmental Monitoring
Center. This approach extended our study’s vertical range from
50 to 2,000 m.

2.3 Methodology

XGBoost (eXtreme Gradient Boosting) and SHAP (SHapley
Additive exPlanations) were used to quantify and interpret how
meteorological and photochemical factors drive pNO3

- at three
Chinese sites (Xingtai, Baoding, Beijing) across different altitude
layers ranging from 50 m to 2,000 m (Li, 2022; Jovanovic et al., 2023;
Song et al., 2024). For each layer we constructed a feature matrix
including T, RH, TKE, U, V, W, and AOC, then scaled them to the
zero-to-one range. Supplementary Table S1 lists the exact input
variables used in the XGBoost model, their symbols, units, and
temporal resolutions. The data from February 11th, when elevated
pollution was observed over Xingtai, Baoding, and Beijing, were
used as the test set, whereas the full 8-day period from February 8th
to 15th was used as the training set. The detailed training and testing

FIGURE 1
(a–c) Time-height cross-sections of pNO3

- vertical distribution in the boundary layer for Xingtai, Baoding, and Beijing; (d) Nitrate concentration
profiles for each site during their prevailing periods. Units of pNO3

- are μgm-3; (e) Locations of the three cities and surrounding topography, including the
Taihang and Yanshan mountains.
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sample sizes for each layer and region are now provided in
Supplementary Table S2. The number of training samples for
Xingtai, Baoding, and Beijing is 1,152, 1920, 1,536, and 3,072,
respectively, which is sufficient for robust model performance
(Stirnberg et al., 2021). A gradient-boosted decision tree model
was trained for 100 iterations with a maximum tree depth of five.
During training, 80% of the samples and 80% of the features were
randomly selected for each iteration. The model was optimized by
minimizing the RMSE. We reported hold-out mean squared error
(MSE) and applied a SHapley TreeExplainer to compute each
predictor’s contribution. The XGBoost model thereby quantified
the relationship between nitrate concentrations and meteorological
variables, while also assessing the importance of each factor. SHAP
values were used to analyze the influence of these factors, providing
insights into their spatial distribution and transport mechanisms.
Because the assimilated concentration fields originate from CTM
outputs, they inherently include both local and non-local influences,
such as precursor transport. This integrated chemical transport
model–machine learning (CTM–ML) architecture thus unites the
mechanistic foundation of physically based modeling with the
interpretability of explainable artificial intelligence, providing a
robust framework for diagnosing the drivers of long-range nitrate
transport and transformation over northern China.

3 Results and discussion

3.1 High-altitude transport process

Xingtai (XT), Baoding (BD), and Beijing (BJ) are three cities on
the eastern foothills of the Taihang Mountains, which form the
western boundary of the North China Plain (NCP). Xingtai lies in
southern Hebei Province, bordering Shanxi Province to the west and
the plain to the east. Baoding occupies central-western Hebei,
encompassing both mountainous terrain and flatland at the
mountain base. Western Beijing extends into the northern
terminus of the Taihang range. Consequently, the Taihang
Mountains act as a natural barrier that channels nitrate pollution
from Xingtai through Baoding to Beijing, following a southwest-to-
northeast trajectory (Figure 1e).

On 11 February 2021, a regional nitrate pollution episode was
captured simultaneously at the three sites. In the early hours of
11 February 2021, a sudden increase in nitrate concentrations was
detected in Xingtai at altitudes between 200 m and 800 m, with a
peak concentration of 230.83 μg m-3 at 300 m (Figure 1a). This
pollution episode persisted for approximately 6 hours. Between 09:
00 and 15:00 the same day, Baoding experienced a comparable event
from the surface up to 800 m, with a maximum concentration of
265.57 μg m-3 at 450 m (Figure 1b). Later, between 16:00 and 18:00, a
high-concentration nitrate plume was observed over Beijing
between 200 m and 700 m, with a maximum concentration of
218.10 μg m-3 at 450 m (Figure 1c). This plume subsequently
descended to the surface, leading to an increase in ground-level
nitrate concentration by 35.45 μg m-3 within 2 hours. Beyond
concentration evolution, meteorological analysis over Beijing
further supports this transport pattern. As shown by the time
series of horizontal wind components (Supplementary Figure S3),
the westerly component remained weak due to the blocking effect of

the Taihang Mountains, while the southerly component peaked
before the nitrate maximum and then declined. This configuration
suggests that southwesterly flows, after reaching northern Beijing
and encountering the east–west-oriented Yanshan Mountains, were
weakened and deflected, facilitating pollutant accumulation.
Therefore, the February 11th episode provides a clear and
representative case illustrating how complex mountain terrain
modulates the transport and buildup of elevated nitrate pollution
under typical winter conditions.

Accordingly, we defined the prevailing nitrate pollution periods
on 11th February as 00:00 to 10:00 in Xingtai, 08:00 to 17:00 in
Baoding and 15:00 to 19:00 in Beijing. During these intervals surface
nitrate concentrations peaked highest in Baoding, followed by
Beijing and Xingtai (Figure 1d). Within each prevailing period
the peak occurred at the highest altitude in Baoding followed by
Beijing and Xingtai. Peak nitrate concentrations also followed this
order, reflecting the influence of multiple interacting factors. The
time-shifted nitrate peaks from Xingtai to Baoding and Beijing
correspond well to the sequential transport of the plume along
the southwest–northeast corridor. Specifically, the slightly higher
pollution altitude in Baoding indicates that the plume ascended
adiabatically along the foothills of the Taihang Mountains under
persistent southwesterly flow, and then descended near Beijing as
the boundary layer deepened in the afternoon. This vertical motion
influenced regional accumulation and the distribution of nitrate
concentrations. AOC driven by NO2 and O3 enhanced conversion of
precursors into pNO3

-. Dynamic characteristics such as wind speed
and transport patterns governed regional accumulation. High
relative humidity and low temperatures during winter promoted
nitrate partitioning into the particle phase, while regional emission
intensity controlled the availability of precursors (Li et al., 2018;
Chen et al., 2020; Zhang et al., 2024).

3.2 Driving factors of nitrate formation

To characterize three dimensional nitrate transport in Xingtai,
Baoding and Beijing at altitudes between 50 m and 2,000 m, we
identified three key driving factors influencing nitrate
concentrations: dynamic processes represented by UVW and
TKE, thermodynamic processes represented by RH and T, and
photochemical processes represented by AOC and NO2 (Ge
et al., 2017). Based on the vertical trends in Figure 1d we defined
four height layers: h1 from 50 to 300 m, h2 from 300 to 800 m,
h3 from 800 to 1,200 m and h4 from 1,200 to 2,000 m. Figure 2
presents a layer-by-layer analysis of pNO3

- formation factors
in each city.

pNO3
- pollution from elevated sources in Xingtai was

transported towards Baoding and Beijing under increasing
southwest winds (Supplementary Figure S4). In Xingtai below
300 m (h1), significant positive contributions of AOC and NO2

to nitrate concentrations (mean |SHAP| >25, Figure 2d) indicated
dominant photochemical formation. Lower temperatures further
promoted nitrate formation. Westerly winds suggested nocturnal
downslope flow from the Taihang Mountains, transporting cold,
humid air masses that established shallow stable layers. A distinct
150 μg m-3 nitrate concentration peak at 300 m, exceeding surface
levels and occurring under weak regional transport winds,
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confirmed local elevated sources. Within 300–800 m (h2), high RH
and updrafts supported nitrate formation via nocturnal
heterogeneous reactions and vertical pollutant transport
(Figure 2c). Upon reaching Baoding within h2, the influence of
AOC and NO2 intensified substantially (mean |SHAP| >40 and >15,
respectively), exceeding contributions at other altitudes and along
the pathway (Figure 2g). Pollution persistence for approximately 7 h,
combined with low TKE, underscored the dominance of
photochemistry and dynamical processes here. Within h1,
southwesterly flow transported pollutants, while suppressed
turbulence (negative TKE contribution) drove sharp increases in
surface nitrate concentrations (Figure 2h). As the plume approached
Beijing, terrain blocking by the Yanshan Mountains altered
dynamics. Within h1, southerly winds became the primary
positive contributor to near-surface nitrate, with markedly lower
local photochemical influence compared to Xingtai (Figure 2l). This
indicated Beijing’s elevated ground-level nitrate results
predominantly from horizontal transport, not local production.
Within h2, dynamical transport processes remain secondary only
to photochemistry (Figure 2k). Above 800 m (h3 and higher), nitrate
production in Xingtai, Baoding, and Beijing continued to be driven

by AOC and was advected by southwesterly winds. However, the
absolute contribution of AOC was markedly reduced owing to the
sharp decline in nitrate concentrations at these heights
(Figures 2a,b,e,f,i–k).

As shown in Figure 2, the SHAP values are relatively small for
most predictors except AOC and NO2, which exhibit the largest
contributions because they are directly linked to nitrate chemistry.
This pattern is consistent with atmospheric chemical theory, as AOC
reflects the oxidizing capacity of the atmosphere and NO2 represents
the abundance of its key precursor. The smaller SHAP values for
other predictors indicate secondary but still meaningful influences
on nitrate variability. It is important to note that our interpretation is
not based solely on machine learning. The 3D structures of nitrate
transport and vertical gradients were first identified from the
assimilated NAQPMS-PDAF fields, and the ML SHAP analysis
was then applied to quantify how meteorological and chemical
conditions contributed to these observed features. Under this
analytical framework, SHAP values express the relative, rather
than absolute, influence of each predictor, allowing a mechanistic
interpretation of how assimilated atmospheric states respond to key
meteorological and photochemical processes.

FIGURE 2
SHAP contributions of meteorological factors to nitrate transport across four height levels in Xingtai (a–d), Baoding (e–h), Beijing (i–l).
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3.3 Three-dimensional evolution
mechanisms

pNO3
- pollution evolved through a three-dimensional mechanism

involving elevated source generation, regional transport, enhanced
atmospheric oxidation, and boundary layer processes, as illustrated in
Figure 3. In Xingtai, coal-fired power plants utilized flue gas treatment
systems including selective catalytic reduction (SCR) to ensure
compliance with the Emission Standards for Air Pollutants from
Coal-Fired Power Plants (Song et al., 2018; Li and Mao, 2020).
During SCR operation, ammonia injection reacted with SO2 and
nitrogen oxides (NOx) to form ammonium sulfate and ammonium
nitrate (Centi and Perathoner, 2007; Wang et al., 2023). However,
following the nationwide implementation of ultra-low-emission
retrofits, SO2 concentrations in flue gases have been substantially
reduced. Under these conditions, the residual excess NH3 released
from SCR units preferentially reacts with nitric acid (HNO3) to form
ammonium nitrate, rather than ammonium sulfate, leading to enhanced
nitrate formation from elevated emission sources. (Terrenoire et al.,
2022; Qi et al., 2023). This mechanism was supported by a very strong
observed correlation between nitrate and ammonium (r ≈ 0.9 on average
across h1–h4), which was substantially higher than the correlation
between nitrate and sulfate (Supplementary Figure S5). During winter
nights, the elevated AOC and high RH significantly enhanced the nitrate
concentration in the region. During nighttime, nitrate was
predominantly formed via the reaction of NO3 radicals with NO2 to
produce N2O5; under conditions of high ozone concentration that
further boosted atmospheric oxidation, the formation of N2O5 is
more efficient (Zhou, 2017). The low-temperature, high-humidity
environment then favored the heterogeneous hydrolysis of N2O5 to

produce HNO3, which subsequently underwent gas-to-particle
conversion to form pNO3

- (Liu et al., 2025). This mechanism
produced high ammonium nitrate concentrations above the
nocturnal boundary layer, accumulating within the residual layer.
Morning diffusion (08:00–10:00 LT) transported this pollution to
lower altitudes as the diagnosed planetary boundary layer height
(PBLH) increased by approximately 350 m.

When the high-altitude pollution plume from Xingtai reached a
residential area in Baoding, nitrate concentrations within h2 layer
increased markedly and remained elevated for an extended period.
Notably, this event occurred during the COVID-19 lockdown when
AOC was substantially enhanced (Gettelman et al., 2021; Li et al.,
2022). In addition, centralized heating and the extensive use of
fireworks during the Spring Festival released large amounts of NOx.
Daytime boundary layer development mixed surface-emitted
precursors to higher altitudes, amplified upper-level atmospheric
oxidation and accelerated local photochemistry. This process intensified
and sustained upper-level nitrate pollution. Gas-phase oxidation pathways,
particularly OH radical reactions with NO2, dominated urban nitrate
formation, exceeding contributions from other chemical mechanisms
(Chen et al., 2020). Consequently, the enhanced atmospheric oxidizing
environment in densely populated residential areas served as a key driver
for nitrate generation in particulate matter, thereby intensifying nitrate
pollution clusters across Baoding. Downward mixing of transported
nitrate from elevated sources further exacerbated lower-level pollution.

The nitrate pollution plume continued its northeastward transport,
reached Beijing by the evening of February 11th, and maintained
elevated nitrate levels in the upper atmosphere over Beijing.
Simultaneously, the deposition of the high-altitude pollution plume,
coupled with the northeastward transport of a low-altitude pollution

FIGURE 3
Schematic depicting the three-dimensional evolution of elevated pNO3

- transport mechanisms.
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plume originating from Baoding, further exacerbated surface-
level pollution.

Based on the identified high-nitrate concentration regions, two elevated
emission sources frompowerplants inXingtai,whose chimneys reachedup
to 210 m, were located using Google Maps, as shown in Figures 4a,b. On
11th February 2021, an anomalous hotspot was detected over a residential
area In Baoding (Figure 4c), supporting that nitrate produced by the
elevated sources in Xingtai was enhanced over the Baoding residential zone
and ultimately was transported to Beijing, thereby further corroborating the
accuracy and reliability of the three-dimensional analysis of nitrate transport
processes and mechanisms presented in this study.

4 Conclusion

Elevated industrial emissions from chimneys over 210 m released
ammonia through SCR processes, which reacted withNO2 in the highly
oxidative winter atmosphere to form pNO3

-. The resulting nitrate-laden
plumes entered the residual layer at night, where stable stratification and
weak turbulence allowed for accumulation. After sunrise, convective
mixing entrained this residual layer into the developing boundary layer,
promoted vertical dispersion and extended surface influence. The
Taihang and Yanshan mountain ranges acted as topographic
barriers, guided the plume eastward over more than 385 km and
affected air masses from the surface up to 1,200 m. In recent years,
elevated atmospheric oxidants during winter, together with widespread
residential heating and intensified fireworks emissions during the
Spring Festival, enhanced nitrate formation in the lower and middle
boundary layers. These nitrate-rich air masses were advected into
downwind urban centers such as Beijing, elevated nocturnal nitrate
levels and sustained pollution episodes. This study offers a detailed
three-dimensional perspective on the formation and transport of
elevated pNO3

- across the North China Plain, thereby establishing a
scientific basis for developing targeted, cross-regional strategies to
control nitrate pollution and improve air quality.
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