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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Analyzed long-range transport of NO₂ 
over East Asia using satellite and WRF- 
Chem

• Wintertime NOx lifetime of 1–3 days 
enables significant long-range transport.

• Strong winter westerlies drive NO₂ 
transport across the Yellow Sea to Korea 
Peninsula.

• FLEXPART-WRF simulations reveal sea
sonal shifts in transboundary pollutant 
pathways.
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A B S T R A C T

This study explores the broader spatial influence of nitrogen dioxide (NO₂) over East Asia by integrating satellite 
and aircraft observations with chemical transport and trajectory model analyses. Tropospheric NO₂ column 
densities observed by the TROPOspheric Monitoring Instrument (TROPOMI) over the Yellow Sea—located be
tween China and South Korea—are found to be 3.2 times higher in winter than the annual average, highlighting 
the role of prevailing westerlies in facilitating regional-scale transport during the cold season. Additional insights 
into the diurnal dynamics of NO₂ transport are provided by hourly observations from the Geostationary Envi
ronment Monitoring Spectrometer (GEMS). To further examine the mechanisms responsible for this transport, 
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satellite-based evidence is complemented by in situ aircraft measurements and chemical transport model sim
ulations. Aircraft profiles over the Yellow Sea confirm that NO₂ can be extensively transported at altitudes of 1–2 
km under favorable meteorological conditions. Model results indicate that the lifetime of NOₓ in major urban 
areas—such as the Beijing–Tianjin–Hebei region and the Seoul Metropolitan Area—can be extended from several 
hours to 1–3 days, depending on meteorological conditions. Trajectory analyses further suggest that NOₓ orig
inating from East Asia can reach downwind regions across adjacent seas within 12–24 h. These findings un
derscore the importance of accounting for the long-range transport of short-lived pollutants in the development 
of national air quality management strategies.

1. Introduction

The increase in anthropogenic pollutant emissions has significantly 
contributed to global air quality degradation, with East Asia emerging as 
a particularly critical region due to rapid industrialization and urbani
zation. Consequently, emissions of air pollutants from East Asia and 
their long-range transport across national and continental boundaries 
have become a major focus of scientific research (Carmichael et al., 
2002; Lee et al., 2019; Qu et al., 2016). While most studies on long-range 
transport have concentrated on pollutants with relatively long atmo
spheric lifetimes, such as carbon monoxide (CO), particulate matter 
(PM), and ozone (O₃) (Cooper et al., 2011; Liang et al., 2004; Parrish 
et al., 2004), the role of nitrogen oxides (NOx) has gained increasing 
attention in recent years.

NOx, including nitrogen monoxide (NO) and nitrogen dioxide (NO₂), 
are primarily emitted from anthropogenic sources such as trans
portation, industrial processes, power plants, and fossil fuel and biomass 
combustion (Jaeglé et al., 2005; van der A et al., 2008). These oxides 
serve as key precursors of secondary harmful pollutants, including 
tropospheric O3 and nitrate aerosols (Bassett and Seinfeld, 1983; Crut
zen, 1970; Kang et al., 2020; Wang et al., 2011). During transport, the 
chemical transformations of nitrate species significantly impact air 
quality in downwind regions (Derwent and Nodopt, 1986; Lee et al., 
2022; Uno et al., 2017; Zhang et al., 2008). Despite their relatively short 
atmospheric residence time—typically less than one day (Granier and 
Brasseur, 2003; Leue et al., 2001)—the lifetime of NOₓ varies consid
erably depending on environmental factors such as region and season. 
Within the boundary layer, NOₓ lifetime ranges from approximately 6 h 
in summer to 12–20 h in winter, influenced by changes in atmospheric 
photolysis rates and water vapor content (Lamsal et al., 2010; Martin 
et al., 2003; Shah et al., 2020). In the upper troposphere, NOₓ exhibits a 
longer lifetime of 5–10 days, allowing sufficient time for long-range 
transport (Jaeglé et al., 1998; Stohl et al., 2002). These spatiotem
poral variations in NOₓ lifetime critically determine its horizontal and 
vertical distributions, influencing its potential for long-range transport 
(Lee et al., 2014; Li et al., 2023; Matandirotya and Burger, 2021; Schaub 
et al., 2005; Stohl et al., 2002; Wenig et al., 2003).

Among NOx, NO₂ is particularly important for long-range transport 
studies due to its greater stability and longer atmospheric lifetime 
compared to NO. NO₂ is also well-suited for large-scale monitoring, as it 
can be precisely observed using advanced satellite and ground-based 
systems, such as the TROPOspheric Monitoring Instrument (TRO
POMI) (Veefkind et al., 2012) and the Geostationary Environment 
Monitoring Spectrometer (GEMS) (Kim et al., 2020). These instruments 
provide high-resolution data on NO₂ distribution, making it a practical 
and scientifically meaningful focus for investigating pollutant transport 
across East Asia. Over the course of the past two to three decades, sat
ellite sensors such as the Global Ozone Monitoring Experiment (GOME), 
SCanning Imaging Absorption SpectroMeter for Atmospheric Cartog
rapHY (SCIAMACHY) (Bovensmann et al., 1999), Ozone Monitoring 
Instrument (OMI) (Levelt et al., 2018), GOME-2 series (Callies et al., 
2000) and TROPOMI have provided valuable insights into global 
tropospheric NO₂ column distributions. Long-term analyses of these 
datasets have revealed consistent trends in NOₓ emissions, with East 
Asia consistently exhibiting high NO₂ concentrations (Kim et al., 2006; 

Richter et al., 2005; Stavrakou et al., 2008; van der A et al., 2006, 2008; 
Zhang et al., 2007). These satellite measurements can provide infor
mation on high-emitting regions and are capable of capturing enhanced 
NO2 columns over downwind areas, thereby offering insight into the 
long-range transport of gaseous nitrogen oxides.

In this study, we utilized data from state-of-the-art atmospheric 
monitoring technologies, including TROPOMI, GEMS, ground-based and 
aircraft measurements, as well as Weather Research and Forecasting 
model coupled with Chemistry (WRF-Chem) simulations, to investigate 
the long-range transport of NOₓ through an integrated approach. Spe
cifically, we analyzed the spatiotemporal characteristics of tropospheric 
NO₂ during its long-range transport and provide a numerical basis for 
the variability in NOₓ lifetime. Our analysis encompassed the horizontal 
and vertical pathways of long-range NO₂ transport in East Asia, as 
observed during the Satellite Integrated Joint Monitoring of Air Quality 
(SIJAQ) 2021 field campaigns. The findings of this study are intended to 
contribute to ongoing regional air-quality management efforts and 
support policy decisions aimed at mitigating the health impacts associ
ated with NO₂ pollution.

2. Materials and methods

2.1. Satellite observations

The TROPOMI, launched in October 2017, is a single payload aboard 
the European Space Agency (ESA)’s Sentinel-5 Precursor (S–5P) 
spacecraft (Lorente et al., 2021; Veefkind et al., 2012). It operates in a 
sun-synchronous orbit with an equatorial crossing local time of 13:30, 
providing 14 to 15 orbits and global coverage daily. The spatial reso
lution of initially 3.5 × 7 km2 at nadir was increased on 6 August 2019 to 
3.5 × 5.5 km2 (van Geffen et al., 2019). In this study, we utilized multi- 
year TROPOMI NO₂ data primarily to investigate the long-term seasonal 
variability of tropospheric NO₂ across East Asia, thereby providing a 
climatological context for the episodic transport events.

The GEMS was launched into space in February 2020 on the Geo
stationary Korea Multi-Purpose Satellite-2B (GK-2B), together with 
Geostationary Ocean Color Imager (GOCI) -2 (Kim et al., 2020). In this 
study, GEMS observations play a pivotal role in diagnosing trans
boundary pathways with their continuous daytime hourly monitoring 
capability over Asia, covering 5–45◦N latitude and 75–145◦E longitude. 
The GEMS provides full-scan images at least eight times from early 
morning to late afternoon (e.g., 8 am to 5 pm in Korea), a spatial reso
lution of approximately 3.5 × 8 km2 (Kim et al., 2020; Oak et al., 2024; 
Seo et al., 2025). Previous validation studies with Version 2.0 (V2.0) 
reported systematic seasonal biases, particularly an overestimation of 
NO₂ columns around local noon during winter and early spring at 
Northern Hemisphere midlatitudes (Bae et al., 2025). By contrast, V3.0 
exhibits an improvement exceeding 20 % in regression slopes relative to 
TROPOMI (Lee et al., 2024). In this study, we utilized the V3.0 Level 2 
NO₂ retrievals from GEMS at six observation times per day, corre
sponding to two high-concentration episodes (Table S1). The high 
temporal resolution of GEMS allowed us to capture and track the evo
lution of NO₂ plumes on an hourly basis during these transboundary 
events, providing unprecedented insight into their development and 
movement.
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The principle of the retrieval methodology is highly similar between 
GEMS and TROPOMI, comprising spectral fitting, stratosphere- 
troposphere separation (STS), and Air Mass Factor (AMF) correction 
(SCD to VCD conversion). The differential optical absorption spectros
copy (DOAS) (Platt and Stutz, 2008) fitting is applied to derive NO2 slant 
column density (SCD) from absorption signatures measured by GEMS 
(432–450 nm) (Lee et al., 2024) and TROPOMI (405–465 nm) (Griffin 
et al., 2019; van Geffen et al., 2019), which represents the total amount 
of NO2 integrated along the line of sight. To distinguish between 
stratospheric and tropospheric contributions to total SCDs, the strato
spheric column is determined by summing the model-derived quantities 
above the tropopause. For GEMS, a priori NO₂ profiles are simulated 
from the Goddard Earth Observing System Chemistry model (GEOS- 
Chem), with the tropopause fixed at 230 hPa (Lee et al., 2024). For 
TROPOMI, the Tracer Model version 5 - Massively Parallel (TM5-MP) 
chemistry transport model and data assimilation system are used to 
determine both NO₂ profiles and the tropopause (van Geffen et al., 
2019). The residual SCD, obtained by subtracting the stratospheric SCD 
from the total SCD, is finally converted into the tropospheric vertical 
column density (VCD) through AMF correction.

2.2. In situ observations during the SIJAQ 2021 campaign

The SIJAQ 2021 campaign was conducted from October 18 to 
November 25, 2021, focusing on the Seoul Metropolitan Area (SMA) and 
extending to broader regions across the Korean Peninsula. The campaign 
aimed to provide a comprehensive characterization of atmospheric 
composition, facilitating a detailed analysis of transboundary pollution 
and the impact of local emissions on regional air quality. To achieve 
these objectives, a multi-platform observational approach was adopted, 
integrating ground-based monitoring, airborne in situ measurements, 
satellite observations, and air-quality modeling, thereby ensuring robust 
analysis and cross-validation of results.

Ground-level measurements of NO₂ and fine particulate matter (PM₂. 
₅) were obtained from the National Institute of Environmental Research 
(NIER) in South Korea and the China National Environmental Moni
toring Center (CNEMC), with monitoring stations distributed across 
both countries (Fig. S1). Quality assurance (QA) and quality control 
(QC) procedures were implemented following the official regulations of 
the respective monitoring agencies. After further filtering to exclude 
missing or invalid values, the datasets formed the basis for identifying 
high-concentration episodes during SIJAQ 2021 and for evaluating the 
performance of the WRF-Chem model simulations.

In addition to ground-based monitoring, a total of 15 in situ aircraft 
flights were conducted during the campaign to characterize the vertical 
and horizontal distribution of air pollutants over the SMA and the Yel
low Sea. These flights collected comprehensive measurements of trace 
gases and meteorological parameters, including NO₂, which was 
measured using a Teledyne API T500U analyzer (San Diego, CA, USA) 
based on cavity attenuated phase shift spectroscopy (measurement 
range: 40 pptv to 1000 ppbv, precision: 0.5 %). The campaign dataset 
was released after undergoing QA and QC procedures. In particular, 
missing values had already been excluded, and measurements below 
250 m altitude during take-off and landing phases were not included in 
the dataset. Detailed information on the spatial and temporal coverage 
of the aircraft measurements is provided in Fig. 4 and Table S2. 
Collectively, these airborne and ground-based datasets served as a 
critical reference for interpreting satellite observations and for vali
dating model-based analyses of transboundary pollution episodes.

2.3. WRF-Chem

The regional air-quality model employed in this study is WRF-Chem 
v3.9.1 (Skamarock et al., 2008). This model operates as an online sys
tem, wherein chemical and meteorological processes are integrated in 
real time (Grell et al., 2005). We specifically aimed to simulate NO2 

concentrations within East Asia, including the Korean Peninsula, China, 
and Japan, as shown in Fig. S1. The simulation domain was configured 
with a horizontal resolution of 27 × 27 km2 and 28 sigma levels verti
cally. The National Centers for Environmental Prediction (NCEP) Final 
Analysis (FNL) data were used to establish the initial and boundary 
meteorological conditions, providing meteorological details at 1◦ × 1◦

horizontal resolution and updated every 6 h. The anthropogenic emis
sions dataset used to drive model is the updated Comprehensive 
Regional Emissions for Atmospheric Transport Experiment, version3 
(CREATEv3). This dataset is based on a bottom-up emission inventory 
approach, which combines the Multiresolution Emission Inventory for 
China (MEIC) for China’s emissions and the Clear Air Policy Support 
System (CAPSS) for Korea’s emissions (Kim et al., 2023b). A detailed 
description of the emission inventory is documented in Woo et al. 
(2020). The chemical mechanisms incorporated in this study include the 
Regional Atmospheric Chemical Mechanism (RACM) and the Modal 
Aerosol Dynamics modeling for the Europe/Volatility Basis Set (MADE/ 
VBS) scheme. These chemical options were selected to ensure a 
comprehensive depiction of the chemical transformations within the 
model. The physical and chemical processes integrated into the simu
lation are summarized in Table S3, offering a clear view of the model 
setup. The model performance was evaluated against observations of 
surface NO₂ showing generally good agreement (R = 0.77–0.82; Fig. S2). 
Simulation results were subsequently used to estimate the chemical 
lifetime of NOx under various atmospheric conditions, providing quan
titative insight into the persistence and transformation of NO₂ during 
long-range transport events across East Asia.

2.4. FLEXPART-WRF

The FLEXible PARTicle dispersion model (FLEXPART) is a 
Lagrangian particle dispersion model that has been extensively used to 
simulate atmospheric transport and dispersion processes on various 
scales (Brioude et al., 2013). It has been particularly applied to inves
tigate the long-range transport of air pollutants and local pollution 
events (An et al., 2014; Brioude et al., 2013; Karmakar et al., 2022; Lee 
et al., 2014; Madala et al., 2015; Stohl et al., 2011). In this study, we 
employed FLEXPART-WRF v3.3 (Brioude et al., 2013), which operates 
in conjunction with the mesoscale meteorological model, WRF 
(Skamarock et al., 2008). The WRF simulations were conducted over 
East Asia, including the Korean Peninsula, China, and Japan, with a 
horizontal resolution of 27 × 27 km2 and 30 vertical levels. The output 
fields were generated at an hourly temporal resolution. The FLEXPART- 
WRF simulations were performed at a horizontal resolution of 0.25◦ ×

0.25◦ with 7 vertical layers spanning from 100 m to 5000 m. Forward 
simulations were conducted using air tracers with a three-day atmo
spheric lifetime to understand the seasonal transport and dispersion of 
air parcels. The simulations were performed for each season of 2021. 
Emissions were released within an altitude range of 50–2000 m. To 
assess how far air masses travel within three days, the model was 
executed in three-day segments throughout one month in each season of 
2021. This setup provides a detailed representation of atmospheric 
dispersion and air mass transport pathways, enhancing understanding of 
pollutant movement and source-receptor relationships across the region. 
The FLEXPART-WRF simulations were specifically used to examine the 
seasonal trajectories of air parcels, revealing the primary directions and 
distances of pollutant transport for each season.

2.5. EDGAR v8.1 emission dataset

In this study, we used the Emissions Database for Global Atmospheric 
Research (EDGAR) version 8.1 Fast Track 2022 (FT2022) Air Pollutant 
(AP) emission dataset provided by the European Commission Joint 
Research Centre (JRC). This dataset reports monthly national total 
emissions of NOx for the period 2000–2022, covering more than 200 
countries worldwide. The total NOx emissions include all anthropogenic 
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sectors: power generation, industrial combustion and processes, trans
portation (including road traffic, aviation, and shipping), residential and 
commercial combustion (including heating and cooking), agriculture, 
and waste. For this study, we extracted the EDGAR v8.1 FT2022 total 
NOx emissions for South Korea, China, and Japan to investigate the long- 
term and seasonal variability of national-scale anthropogenic NOx 
emissions.

3. Results and discussion

3.1. Climatological overview of NO2 seasonality

Fig. 1 shows the monthly mean tropospheric NO2 columns from the 
TROPOMI measurements for 2021–2023. The spatial distribution during 
the summertime (June–August) indicates that major urban centers, 
including the Beijing–Tianjin–Hebei (BTH) region and Shanghai in 
China, the SMA and Busan in South Korea, and Tokyo and Osaka in 
Japan, exhibit relatively high concentrations of tropospheric NO2 (see 
Fig. S1 for a breakdown of each region). Satellite observations reveal a 
distinct seasonal variation in NO2 column concentrations across East 
Asia, with peak values from winter to early spring reaching approxi
mately 2.5 times the annual mean. A closer examination of seasonality in 
major cities shows that the BTH region in China; SMA in South Korea; 
Tokyo in Japan; and the Yellow Sea regions all experience a distinct 
seasonal variation with higher NO2 concentrations in winter and lower 
concentrations in summer. Notably, NOx emissions originating mainly 
from industrial and transportation sectors undergo little seasonal vari
ation (Qu et al., 2016; Zhang et al., 2009), and anthropogenic NOx 
emissions in China show limited seasonality, with a winter–summer 
ratio of 1.15 (Li et al., 2017; Zhang et al., 2007). The limited seasonality 
of NOx emissions is further corroborated by Fig. 2, which demonstrates 
minor seasonal fluctuations in NOx emissions. The observed seasonal 
patterns in NO2 columns across East Asia, with maxima in winter and 
minima in summer, can be attributed to seasonal variations in NOx 
lifetime. During the summer, NOx has a shorter lifetime due to enhanced 
oxidation by hydroxyl radical (OH) in the daytime, significantly influ
encing afternoon NO2 levels (Shah et al., 2020). In contrast, during 
winter, the NOx lifetime within the boundary layer extends to approxi
mately ~1 day, longer than in summer, supporting the hypothesis that 
NO2 columns peak in winter (Beirle et al., 2003; Lee et al., 2014; Shah 
et al., 2020; van der A et al., 2006).

Therefore, over the Yellow Sea between China and the Korean 
Peninsula, the NO2 column concentrations remain relatively low at 
~1–3 × 1015 molecules cm− 2 during summer but increases considerably 
by up to 5 × 1015 molecules cm− 2 during winter. Furthermore, as shown 
in Figs. 1b and S3, pronounced springtime increase in NO2 concen
trations—absent in the three major cities of the BTH region—were 
broadly observed across downwind zones located within the latitude 
band influenced by prevailing westerlies. In particular, our analysis of 
observed-surface wind patterns in regions adjacent to the Yellow Sea 
further confirms the frequent occurrence of strong northwesterly and 
westerly winds during both spring and winter (Fig. S4). This pattern is 
consistent with previous studies that have identified the seasonal 
dominance of westerly-type winds over East Asia throughout the win
ter–spring period (Itahashi et al., 2017; Jung et al., 2022; Lee et al., 
2014; Qu et al., 2016). Such meteorological conditions likely contribute 
to the elevated NO₂ concentrations observed in downwind regions, 
highlighting the critical role of seasonal wind patterns in pollutant 
transport. These findings are consistent with long-term OMI tropo
spheric NO2 column data (2005–2020) (Lee et al., 2014), which exhibit 
a consistent seasonal pattern (Fig. S5). Our study aims to provide a 
comprehensive analysis of NO2 long-range transport in East Asia, 
leveraging these seasonal characteristics observed in long-term 
measurements.

3.2. NO2 long-range transport in cases with prevailing westerlies

Due to the measurement characteristics of polar-orbiting satellites, 
TROPOMI and OMI provide global NO2 monitoring but they have 
limited capability for continuous hourly coverage of multiple weather or 
pollution events over short periods of time. South Korea’s GEMS satellite 
offers hourly observations of the East Asian region but suffers from 
significant measurement data gaps. Ground-based measurements pro
vide continuous monitoring; however, measurement gaps persist over 
regions such as the oceans. Consequently, additional measurements are 
needed to capture transboundary NO2 transport events comprehen
sively. To investigate NO2 behaviors over a large area in spring–winter 
under conditions favoring long-range transport, we employed intensive 
aircraft measurements over the Yellow Sea and integrated them with 
ground-based observations. As part of this, the aircraft measurements 
during the SIJAQ 2021 campaign were employed. We examined the 
long-range transport of pollutants from China driven by the prevailing 
westerlies, and compared it to atmospheric stagnation over the Korean 
Peninsula under high-pressure, low wind conditions. NO2 behavior was 
analyzed under conditions conducive to pollutant transport (Fig. 3). 
Fig. 3a presents the 24-h average surface concentrations of PM2.5 and 
NO2 during the SIJAQ 2021 campaign. We classified the periods as long- 
range transport (LRT) and stagnation (STG) cases based on criteria 
established from various measurements and synoptic weather chart 
analyses conducted during the previous SIJAQ 2021 campaign (Kim 
et al., 2023a). The distinction between the two cases was further vali
dated by satellite-derived AOD and model-simulated PM2.5 distribu
tions, which revealed clear spatial contrasts (Fig. S6). Under the 
influence of a migratory high, westerlies dominated the Shan
dong–Yellow Sea–Korea Peninsula region, facilitating the LRT of PM2.5, 
with concentrations peaking at 97.32 μg m− 3 in SMA on November 
18–21; this event was designated an LRT case. In contrast, during 
October 25–28, air masses arriving from the ocean and the presence of 
northerly or easterly winds around SMA limited pollutant transport, 
resulting in a relatively low peak PM2.5 concentration of 28.27 μg m− 3. 
This period was classified as an STG case. Maximum NO2 concentrations 
in the LRT and STG cases were 45.33 and 40.87 ppbv, respectively, 
indicating no substantial difference. This can be attributed to the fact 
that NO₂ concentrations are not only influenced by long-range transport 
but also strongly affected by local emissions, making their transport- 
related signals less distinct compared to PM₂.₅. Fig. 3b illustrates NO2 
concentrations and wind fields simulated by the WRF-Chem model for 
the LRT and STG periods. Comparative validation demonstrated strong 
agreement between model simulations and ground-based NO2 obser
vations in the SMA, with a correlation coefficient (R) of 0.77 and an 
index of agreement (IOA) of 0.86 (Fig. S2). Additionally, the WRF- 
Chem-derived tropospheric NO2 column revealed that in the LRT case, 
NO2 extended from China across the Yellow Sea along the westerlies, 
reaching the western coast of the Korean Peninsula—a pattern absent in 
the STG case. Spatiotemporal variations of the tropospheric NO2 col
umn, as observed by the GEMS satellite during both periods (Fig. 3c), 
indicated that during LRT events, concentrations exceeded 30 × 1015 

molecules cm− 2 over the BTH region in eastern China. The elevated NO2 
column was not confined to the BTH region but extended to adjacent 
areas such as the North China Plain and Shandong Province. Further
more, in the LRT case, the NO2 plume originating from China traversed 
the Yellow Sea, reaching concentrations of 3–6 × 1015 molecules cm− 2 

over both the Yellow Sea and Korean Peninsula. In contrast, during the 
STG case, high NO2 concentrations persisted in known emission hotspots 
such as the BTH region, Shanghai, and the SMA, but NO2 levels over the 
Yellow Sea remained below 2 × 1015 molecules cm− 2, with even lower 
concentrations along the coastline.

Satellite data typically provide column concentrations of pollutants 
in the atmosphere but do not offer detailed insight into their vertical 
distribution. To address this limitation and gain insight into the vertical 
distribution of long-range NO2 transport, we combined aircraft 
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Fig. 1. Monthly tropospheric NO2 column densities from TROPOMI over East Asia, with spatial distributions averaged over 2021–2023 (a) and monthly variations in 
selected regions (b).
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measurements with air-quality model simulations. Fig. 4 presents the 
vertical NO2 profiles obtained from aircraft measurements and WRF- 
Chem simulations during the LRT and STG periods. The STG case 
exhibited significantly lower NO2 concentrations than the LRT case. 
Additionally, in the STG case, both aircraft measurements and model 

simulations demonstrated a decreasing concentration trend with 
increasing altitude. In contrast, during the LRT case, the model tended to 
underestimate NO2 concentrations compared to measurements, 
although the vertical profile shapes remained similar. Notably, a con
centration peak appeared at an altitude of 0.5–1.5 km over the Yellow 

Fig. 2. Seasonal NOx emissions and winter-to-summer ratios in China, South Korea, and Japan from 2000 to 2022 based on EDGAR v8.1 data.

Fig. 3. Temporal and spatial distributions of NO2 during LRT and STG cases, including time series of ground-level PM2.5 and NO2 over South Korea and SMA during 
the SIJAQ 2021 campaign (a), WRF-Chem-simulated surface (top) and tropospheric NO2 (bottom), with wind streamlines at the surface (top) and the 850-hPa 
isobaric level (bottom) (b), and hourly GEMS-retrieved tropospheric NO₂ column densities on 19 November (LRT case) and 25 October (STG case) at six time 
points from 00:45 to 05:45 KST (09:45–14:45 UTC) (c).
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Sea. The WRF-Chem simulation of the NO2 distribution at the 850-hPa 
isobaric level (corresponding to 1.5 km altitude) in Fig. 5 further in
dicates that the BTH–Shandong–Yellow Sea region is connected by a 
high-concentration NO2 band in the LRT case, a structure absent in the 
STG case. Long-range transport of other long-lived air pollutants pre
dominantly occurs at altitudes between 1 and 1.5 km (Ge et al., 2022; 
Guerova et al., 2006; Thomas and Devasthale, 2017; Thompson et al., 
2019). Our findings suggest that NO2 can also undergo transboundary 
transport at this altitude, albeit in relatively smaller amounts compared 
to other long-lived pollutants.

3.3. Spatiotemporal variations in NOx lifetime

The LRT of NO2 is determined by its atmospheric lifetime and the 
advective speed of the air mass. The NOx lifetime is defined as the 
duration during which emitted NOx undergoes chemical processes, such 
as O3 production. This lifetime depends on the chemical environment, 
particularly the concentration of NOₓ (Cooper et al., 2017; Duncan et al., 
2013; Gu et al., 2016; Lamsal et al., 2011; Lu and Streets, 2012; 
Laughner and Cohen, 2019; Stavrakou et al., 2008; Valin et al., 2011). 
Laughner and Cohen (2019) reported a range of theoretically calculated 
NOₓ lifetimes under the assumption of a steady-state HOₓ family, 

Fig. 4. Vertical distributions of NO2 from aircraft measurements and WRF-Chem simulations during the SIJAQ 2021 campaign, sampled at aircraft measurement 
times (a), and comparisons along research flight paths mapped to the WRF-Chem model grid (b) (see Table S2 for details).
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demonstrating that in regions with significant NOₓ emissions, the life
time increases with NOₓ concentration. This phenomenon occurs 
because the reaction rate of NOₓ with O3 and other oxidants decreases as 
NOₓ levels rise, a trend particularly pronounced in urban areas with high 
NOₓ concentrations (Laughner and Cohen, 2019). In this study, we 
aimed to determine the NOₓ lifetime in the East Asian environment 
using WRF-Chem simulations to calculate the NOₓ lifetime during day
time. The results are presented in Fig. 6. Daytime was defined as 1–6 
UTC (10–15 Korean Standard Time, KST), corresponding to the obser
vation period of the GEMS dataset used in this study. Fig. 6a illustrates 
the NOₓ lifetime averaged over various longitudes across the simulation 
domain, revealing variations with latitude and altitude. The lifetime 
generally increases with latitude, consistent with previous findings 
(Levy II et al., 1999). Notably, the values are substantially higher in the 
LRT scenario compared to the STG case. At latitudes between 35 and 
40◦N, encompassing the BTH region, Shandong, and the SMA where 
high tropospheric NO2 column concentrations exist, near-surface NOₓ 
lifetimes were approximately 2–3 days in the LRT case, compared to 

~1–2 days in the STG case. Additionally, NOₓ lifetime exceeded 1 day at 
altitudes above 850 hPa, where transboundary transport could occur.

The calculated lifetime ranges are slightly higher than those reported 
by Shah et al. (2020), who estimated a winter residence time of 21–27 h 
in Eastern China using the GEOS-Chem model. This discrepancy likely 
arises from differences in study scope, as the previous study included 
suburban areas and an entire winter season. Satellite-based studies over 
East Asian megacities suggested NOx lifetimes of several hours in sum
mer and longer than one day in winter (Liu et al., 2022; Yang et al., 
2024), whereas aircraft observations over the United States indicated 
wintertime lifetimes of ~29 h (Kenagy et al., 2018). Fig. 6b presents 
calculated lifetimes for the BTH region (longitude 113.45–119.85◦E, 
latitude 36.04–42.63◦N), Shandong (longitude 114.84–122.60◦E, lati
tude 34.39–38.27◦N), SMA (longitude 126.77–127.18◦E, latitude 
37.43–37.70◦N), and the Yellow Sea (longitude 123.0–126.0◦E, latitude 
35.0–38.0◦N). In the BTH region, NOₓ lifetimes of up to 3 days or more 
were observed in the LRT scenario, suggesting significant potential for 
pollutant transport to downwind regions. Over the Yellow Sea, NO2 

Fig. 5. Spatial distributions of NO₂ concentrations with 850-hPa wind streamlines from WRF-Chem simulations during high-concentration cases, shown at 6-h 
intervals (00, 06, 12, and 18 UTC).

Fig. 6. Vertical distributions of NOx lifetime during the LRT and STG cases from WRF-Chem simulations, showing domain-wide zonal averages (a) and regional 
vertical profiles over BTH, Shandong, Yellow Sea, and SMA (b).
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persisted in the atmosphere for ~1 day under LRT conditions, further 
indicating the influence of transboundary transport.

To assess air mass transport speed during spring and winter, when 
LRT is most prevalent in East Asia, we conducted a trajectory analysis 
using the FLEXPART-WRF (Fig. 7). Considering WRF-Chem results, the 
BTH region, which exhibited a relatively long NOₓ lifetime, was 
assumed to be the primary emission source. In addition, receptor- 
oriented backward trajectory simulations with FLEXPART-WRF for the 
LRT case indicate that air parcels arriving in Seoul frequently passed 
over the BTH and Shandong regions, supporting their role as major 
source areas of NO₂ transport to the Korean Peninsula (Fig. S7). Our 
simulation indicates that airflows in the lower free troposphere (roughly 
1–2 km altitude) are frequently directed eastward. Nevertheless, the 
direction of air mass movement exhibits notable seasonal variability, 
alternating among northwesterly, westerly, and southwesterly flows 
depending on the time of year. Such seasonal shifts align well with the 
observed surface wind patterns shown in Fig. S4. In particular, during 
winter and spring—when strong northwesterly to westerly winds are 
frequently observed—the influence of the East Asian monsoon circula
tion appears to enhance zonal transport. Under these conditions, air 
masses originating from the BTH region are often rapidly advected 
eastward toward the Yellow Sea and the Korean Peninsula, further 
intensifying west-to-east pollutant transport. Both near the surface and 
at an altitude of 1.5 km, where LRT primarily occurs, air masses regu
larly cross the Yellow Sea within 12 h and reach the Korean Peninsula 
within 24 h during winter and spring. These findings suggest that, 
despite the relatively short atmospheric lifetime of NO2 in the lower 
atmosphere, it can still undergo long-range transport within a short 
period when westerly winds are strong.

Next, we examined whether NOₓ emissions could reach altitudes of 
1.5 km. To this end, we analyzed the NO2 vertical distribution in high- 
emission regions (35–38◦N latitude) using WRF-Chem simulations 
(Fig. 8). Near-surface NO2 concentrations exceeded 25 ppbv in the BTH 
region (115–120◦E) and the SMA (127◦E), both of which are major 
emission sources. In the LRT case, vertical mixing was enhanced due to 
the development of the atmospheric boundary layer and the updraft of a 

low-pressure system, resulting in well-defined plume structures 
extending from 950 to 850 hPa (0.5–1.5 km). Notably, these plumes 
extended from China toward the Korean Peninsula, consistent with the 
prevailing westerly winds shown by the wind vectors. Consequently, 
surface NO2 concentrations over the Yellow Sea were ~5 ppbv higher in 
the LRT case than in the STG case (Fig. S8). Given that ship emissions 
account for only a very small fraction of China’s total NOₓ emissions 
(Lee et al., 2014), the elevated NO2 levels in the Yellow Sea suggest a 
significant contribution from LRT. Further insights are provided in 
Fig. S9, where lower OH concentrations and higher NO2/OH ratios in 
the LRT case indicate prolonged NOₓ lifetimes due to reduced oxidation. 
This trend is particularly evident over the Yellow Sea and in densely 
populated regions such as BTH and SMA. Additionally, lower yields of 
alkyl nitrate (RONO2) from RO2 + NO reactions, compared to nitric acid 
(HNO3) formation from NO2 + OH (Atkinson et al., 1986; Atkinson, 
1990, Yeh and Ziemann, 2014), further contribute to NOₓ persistence, 
especially under LRT conditions. These findings underscore the inter
play between chemical processes and transport dynamics, supporting 
the extended NOₓ residence time in the LRT case.

4. Conclusions

Our analysis demonstrates that NOx exhibits a lifetime of 1–3 days in 
high-emission areas, increasing with altitude, with an average residence 
time of ~1 day for the same latitude band. Notably, NO2 can frequently 
reach altitudes of 1.5 km through slow photochemical processes after 
surface emissions. Unlike at ground level, where removal mechanisms 
are more efficient, NO2 aloft has a residence time exceeding 12 h and can 
be transported over long distances via fast-moving upper air currents. 
These results indicate that NOₓ lifetime in high-emission regions can be 
prolonged, facilitating transboundary NO2 transport at higher altitudes, 
albeit in smaller amounts than long-lived pollutants. Understanding NOₓ 
as a transboundary pollutant is critical, as transported precursor gases, 
even in trace amounts, can influence secondary pollutant concentrations 
along transport pathways and in receptor regions (Lee et al., 2022; Uno 
et al., 2017; Zhang et al., 2008). This underscores the necessity for 

Fig. 7. Seasonal air tracer transport pathways over East Asia from FLEXPART-WRF forward simulations for spring (MAM: March–April–May), summer (JJA: 
June–July–August), fall (SON: September–October–November) and winter (DJF: December–January–February).
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regional cooperation in air-quality management, including the imple
mentation of enhanced monitoring systems and improved emission 
control policies to effectively mitigate transboundary pollution.
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