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Tropospheric nitrogen dioxide levels vary diurnally in Asian cities
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Abstract

Satellite measurements of nitrogen dioxide have been used to infer nitrogen oxides emissions,
a critical component in tropospheric chemistry and pollution. New observations from the
Geostationary Environmental Monitoring Spectrometer offer a breakthrough by providing a
daytime record of nitrogen dioxide over Asia. Here we present the summertime diurnal patterns
of nitrogen dioxide at major cities, power plant regions, and Strait of Malacca. The
Geostationary Environmental Monitoring Spectrometer data across various regions show high
nitrogen dioxide in the morning that decrease in the afternoon, with varying hourly peaks,
troughs, and amplitudes reflecting diurnal characteristics of local emissions and chemistry.
Nitrogen oxides emissions inferred from Geostationary Environmental Monitoring
Spectrometer and the Weather Research and Forecasting model coupled with Chemistry also
show distinct patterns among regions: early morning peaks occur over Hanoi, Guangzhou, and
Bangkok; mid-to-late morning peaks appear over Seoul and Beijing; and late afternoon peaks
are noted in the Yangtze River Delta region. Top-down emissions incorporating temporal
changes in the Geostationary Environmental Monitoring Spectrometer nitrogen dioxide yield

the most accurate nitrogen dioxide simulations.
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Introduction

NOx (= NO + NO) is easily converted into nitrate aerosols and plays a key role in the
formation of tropospheric ozone and acid rain'. Regular NO2 monitoring with improved
capabilities can help control NOx emission levels. Near-surface concentrations of air pollutants,
including NO2, show variable diurnal changes depending on their source type and chemical
and meteorological conditions?. Hourly tropospheric NO2 monitoring afforded by space-borne
Geostationary Earth Orbit (GEO) spectrometers promise to play a crucial role in next
generation air quality monitoring. These GEO observations should have the benefit of diurnal
estimating top—down NOx emissions using more complete observations than based on twice—

a—day measurements from Low Earth Orbit (LEO) sensors®=.

Over the past two decades, satellite data have revealed substantial regional variations
in tropospheric NO: vertical column densities (VCDs) in industrial regions and cities
worldwide. From 2000 to 2019, approximately 71% of urban regions experienced an increase
in annual mean NO: concentrations, averaging +0.4% per year®”’. However, trends differed by
region. North America and Europe showed notable declines in NOz2 levels, reflecting the impact
of stringent air quality polices and emission reduction efforts®’. In contrast, sub-Saharan Arica,
the Middle East, and South Asia recorded increasing NO2 concentrations, largely attributed to
urban expansion and industrialization. Among these regions, South Asia recorded the highest
NOz2 exposures, which remained largely constant over the past two decades despite regional
variations. In this study, we refer to vertical column density (VCD) as simply “column”.
Although NO2 columns in some Asian countries have declined in recent years, they tend to
remain higher than those in Europe and North America®®. However, many Asian countries
have relatively few air quality sites that can continuously monitor NO2 ambient concentrations.

Until recently, this lack of spatial coverage of the surface monitoring networks has been
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complemented by twice-a-day space-borne observations from LEO spectrometers such as
Global Ozone Monitoring Experiment-2 (GOME-2) in the morning and Ozone Monitoring
Instrument (OMI) and TROPOspheric Monitoring Instrument (TROPOMI) in early afternoon.
This has recently changed with the launch of the two pioneering geostationary spectrometers:
the Geostationary Environmental Monitoring Spectrometer (GEMS), which started hourly
observations over Asia in 2020 and the Tropospheric Emissions: Monitoring Pollution
(TEMPO) started hourly observations in 2023 over North America. The upcoming
ESA/Copernicus Sentinel-4 geostationary spectrometer is planned for launch in 2025 for

hourly observations over Europe and northern Africa.

Hyperspectral sensors on sun-synchronous polar-orbiting satellites have contributed
substantially to identifying regional and global NO: spatial distribution characteristics and
long-term trends, improving NOx emissions estimates and elucidating atmospheric NOx

chemistry!®-18,

These instruments include the Global Ozone Monitoring Experiment
(GOME"?), the Global Ozone Monitoring Experiment-2 (GOME-2'3), the SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY!#), the Ozone
Monitoring Instrument (OMI'>!¢), and the TROPOspheric Monitoring Instrument
(TROPOMI'). These data have been retrieved twice—a—day (morning and early afternoon)
from the constellation of LEO measurements'®. However, the hourly daytime observations
from GEO spectrometers such as GEMS and TEMPO facilitate investigating diurnal processes
that determine the atmospheric composition?*22. In addition, top—down NOx emissions have
been estimated using tropospheric NO2 column data available at limited times in the morning
and/or afternoon from LEO measurements. When a single observation per day is available to
infer emissions, it is necessary to assume that the existing knowledge of diurnal variations in

chemistry and emissions are correct?. There is thus a need to evaluate previous assumptions

about diurnal variations in NOx emissions using tropospheric NO2 data from geostationary
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measurements. Studies have already examined the diurnal variations of observed NO2 columns

24-26 a5 well as the

over limited regions using ground-based and airborne observations
constellation of LEO measurements®’-?%, These studies demonstrate diverse diurnal changes in
column NOz2 concentrations, as well as a significant month-to-month and day-to-day variability
in diurnal changes at a single site. These variations are collectively influenced by emissions,
chemistry, and transport. Daytime spatial NO2 distributions are now available, for the first time,
at hourly resolution from Geostationary Environmental Monitoring Spectrometer (GEMS)
observations. Detailed field of regard (FOR) and times of GEMS measurements are provided
in Supplementary Fig. 1 and Supplementary Table 1. The unprecedented high spatiotemporal
resolution of GEMS measurements can provide spatially complete information on diurnal

variability in vertical column NO2 densities over Asia, which is often lacking in both in-situ

and remote-sensing observations.

Several papers regarding GEMS hourly data have been published recently?*3!. One of
them?® was focused on understanding the diurnal variation in the GEMS tropospheric NO2
column retrievals over Northeast Asia and Seoul in South Korea using a Multi-Scale
Infrastructure for Chemistry and Aerosols (Version 0, MUSICAv0) 3D chemical transport
model in January and June 2023. Another study?° shows similar variability and diurnal
variation of the NO:2 column in Beijing and Seoul using GEMS data, GEOS-Chem chemical
transport model and ground-based Pandora observations. In addition, they examined the role
of transport in the diurnal variation of NO2 column. The other study?! presents the correction
for the operational GEMS L2 NO2 columns using a machine learning model to train with
TROPOMI NOz2 columns measured in early afternoon around 1:30 pm local solar time, because
TROPOMI NO:z retrievals are more mature. In addition, in the previous studies®>3?, the surface

NO:2 concentration has been estimated using the GEMS L2 NO2 product, and uncertainty has
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been quantified. As presented in these studies the hourly data from GEMS can be used to gain

new insights in diurnal evolution in atmospheric composition.

Herein, we identify the diurnal characteristics of tropospheric NO2 column not only
East Asia but also major cities and hotspots over Asia, where a considerable portion of global
NOx emissions occur. Three emissions source types are considered: cities, power plants, and
ship tracks. This study focuses on the data collected during summer when the measurement
data are available for a longer time interval of the day than in other seasons. Top-down NOx
emissions for each source are estimated utilizing a chemical transport model combined with
GEMS observations. We also demonstrate the ability of GEMS to detect the transport of NO2

plumes across South Korea within a single day.
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Results and Discussion

Diurnal dependency of tropospheric NO:2 spatial distributions

To identify the dependency of the distribution on the time of the day, for the first time,
we investigated diurnal cycles of multiple source regions over Asia as observed by GEMS for
available times. We selected Seoul, Beijing, the Yangtze River Delta (including Shanghai),
Guangzhou, Bangkok, and Hanoi as cities; power plant complexes in China named “Wuhai”
and “Baotou” and clusters of power plants in India labeled “India P1”, “India P2, and “India
P3”; and one ship track region, the Strait of Malacca (see Fig. 1 and 2). In this study, in order
to investigate the characteristics of diurnal variation in NO2 column and estimate the NOx
emissions at hotspots over Asia, we focused on major cities and major hotspots that have huge
anthropogenic source regions over GEMS field of regards. Some of major cities such as Tokyo
were excluded due to insufficient observations. Locations of each source box and power plants,
along with the number of GEMS data for each source, are detailed in Supplementary Tables 2-
3 and Supplementary Figs. 3-6. Fig. 1 shows GEMS tropospheric NO2 columns during
weekdays and weekends for all source regions. The GEMS NO: values collected at a swath
passing through a specific source box area with cloud fraction < 0.3, solar zenith angle < 70°,
and viewing zenith angle < 70° for summer of 2021 (June 1-August 31) and 2022 (June
1-August 31) are used to generate the mean and standard deviation. With the exception of
Seoul, there are no significant differences in NO2 columns between weekdays and weekends
throughout the day across all source regions. A previous study indicated no significant
weekday-weekend differences in satellite NO2 columns in China®*. In Seoul, there are large
reductions in columns (up to 30%) on weekends compared to weekdays. There are some
weekend NOz2 reductions observed in Bangkok and Hanoi (Fig. 1 and Supplementary Figs. 4-

7).



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

In Fig. 1, the WRF-Chem NO:2 columns using constant NOx emissions are compared
with the GEMS columns to investigate how the satellite columns vary if there were no diurnal
changes in the emissions. The model results were normalized to have the same average column
values as the GEMS tropospheric columns for available times. Overall, the GEMS NO2
columns show peaks in the morning, decrease after the peaks, and increase in the late afternoon
in the cities (Fig. 1 and 2). The time of maximum in the morning ranges from 08:00 LT to
11:00 LT and the time of minimum in the afternoon varies from 13:00 LT to 16:00 LT. The
minimum column values in the afternoon are 17% to 40% lower than the maximum values.

Diurnal pattern of GEMS NO:2 and inferred NOx emissions for each region is presented below.

- Seoul

In Seoul, the average tropospheric NO2 column was low in the early morning (08:00—
09:00 LT), peaked in the late morning (11:00 LT), decreased in the early afternoon, and then
started to increase again in the late afternoon (15:00 LT). The minimum GEMS column value
in the afternoon is approximately 30% lower than the maximum value in the late morning. The
WRF-Chem model results using a constant emission over Seoul exhibit different diurnal
patterns, particularly before noon. The model shows the highest value in 08:00 LT, decreasing
until the early afternoon, and then increasing again after 14:00 LT. The minimum model
column value in the afternoon is approximately 40% lower than the maximum value at 08:00
LT (Supplementary Table 4). The observation that GEMS columns are lower than WRF-Chem
columns in the early morning, but higher from noon to early afternoon, suggests that NOx
emissions are lower than the assumed constant emissions during nighttime and higher than the

constant emissions during daytime.

In Fig. 2, GEMS shows broadly enhanced NO2 columns over the Seoul-Gyeonggi

region, peaking at its center, Seoul, where the column values reach approximately 20 x 10
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molec (molecular) cm™. The plot clearly shows increased columns over a large area in Seoul
around 10:00-12:00 LT, a shrinkage of these plumes at 14:00 LT, and slight increases again at

16:00 LT (follow dark red to black colored areas).

The NO2 columns from Pandora, a direct-sun spectrometer that retrieves the NO2 with
a spectral resolution of 0.5 nm using wavelength ranges from 270 to 530 nm, show a significant
peak from mid to late morning at several locations across the Seoul-Gyeonggi region, similar
to the GEMS columns over Seoul®. Additionally, NO2 columns measured from the Airborne
Compact Atmospheric Mapper (ACAM), which uses the ultraviolet and visible band from 304
to 520 nm with spectral resolution of 0.8 nm onboard the UC-12 aircraft, did not display an
early morning peak, which is consistent with the GEMS data®. Further validation®> of the
GEMS L2 NO:2 product using 1 year of the tropospheric NO2 columns [UP-UB (Institute of
Environmental Physics at the University of Bremen) product, TROPOMI product, and ground-
based measurements has demonstrated a correlation coefficient of 0.76, despite a general
overestimation in most regions. The diurnal variation captured by GEMS observation also
showed good agreement with ground-based observations, with variations depending on local
pollution levels. These findings further support the reliability of GEMS in monitoring NO2
diurnal variations and emphasize the importance of regional emission characteristics in
interpreting early morning peaks.

In Fig. 3, the top-down emissions in Seoul, estimated from GEMS data under a steady-
state assumption (TD_S) using a simple mass balance approach, exhibit a peak at 12:00 LT.
However, the model results using TD S did not reproduce the observed diurnal variations of
GEMS NO2 columns (correlation coefficient = -0.23) (Fig. 3). Another top-down emission
estimation based on a non-steady-state assumption (TD_NS) reproduces the observed columns;
it shows high emissions during the early to mid-morning (peaking between 9:00 and 11:00 LT)

and reduced emissions from noon to the afternoon. The recent studies also addressed the need
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for non-steady state approaches?®3’. The model results using TD NS closely replicated the
GEMS observations, which peaked between 10:00 and 12:00 LT, achieving the highest
correlation coefficient (0.88) and the lowest root-mean-square error (RMSE). Our study
highlights the importance of morning emission accumulation in driving maximum NO2
columns between 10:00 and 12:00 LT in Seoul.

Top-down emission estimations in this study are explained in the Methods section and
Supplementary Figs. 8-12 and Supplementary Table 5. Details on the top-down emission
estimation method with non-steady state assumption will be discussed later for certain source

regions in South Asia.

Beijing

Similar to Seoul, GEMS NO:2 columns in Beijing exhibits a peak at 10:00 LT and trough
at 16:00 LT. The model diurnal pattern, assuming constant emissions, shows higher NO2
columns than GEMS from 08:00 LT to 10:00 LT, and lower values from 10:00 LT to 14:00
LT. High nighttime emissions in the constant emission case cause large model columns in the
early morning (Fig. 3). The top-down NOx emissions with a steady state assumption (TD_S)
in Beijing peak between 11:00 LT and 12:00 LT (Fig. 3). The top-down NOx emissions under
a non-steady-state assumption (TD_NS) in Beijing show a higher peak at 11:00 LT and lower
trough values in the late afternoon compared to those under a steady-state assumption (Fig. 3).
The model results using the control emissions and both TD S and TD NS show higher NO2
column values than GEMS in the early morning but agree more closely with GEMS
observations in the mid-day. In the late afternoon, the model using TD_S and TD_NS shows
higher NO2 columns again, but TD NS compared to TD_S led to smaller biases. Among these,
the TD NS results exhibit the highest correlation and the lowest RMSE value. The discrepancy

between the model and GEMS values in the early morning may stem from elevated nighttime

10
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NOx emissions used in this study. These findings highlight the importance of accurately
representing nighttime NOx emissions and their associated chemistry to improve predictions of
NO2 columns in the early morning. The ratio of NOx to NOz2 is a parameter that is needed to
derive NOx emissions from NO2 observations. This parameter may add an uncertainty in
estimating top-down emissions in the morning. Beijing shows that emissions are higher in mid-
to-late morning than during early morning commuting hours in the top-down emissions with a
non-steady-state assumption. In this city, the minimum GEMS (model) column value in the
afternoon is approximately 30% (45%) lower than the maximum value in the late morning

(Supplementary Table 4).

- Yangtze River Delta (Shanghai and its surrounding areas)

The Yangtze River Delta region in this study is a large area including Shanghai and
nearby cities (Fig. 2). In Fig. 1, GEMS NO: columns in this area peaks at 08:00 LT and reach
a minimum at 13:00 LT, with a relatively small difference between maximum and minimum
(the ratio of minimum to maximum is 0.83). The model column also shows a peak at 08:00 LT,
but decreases more rapidly over time compared to the GEMS data (Fig. 1). Interestingly, the
top-down NOx emissions (both TD S and TD_NS) over the Yangtze River Delta exhibit the
lowest value at 08:00 LT and increases until 16:00 LT (Fig. 3). Note that GEMS NO: columns
at 16:00 LT is high and comparable to those at 10:00 LT (Fig. 2). This may reflect unique
traffic patterns in the Yangtze River Delta cities or be related to port activities. Due to minimal
temporal variations in GEMS NO:2 columns over the Yangtze River Delta, the results of TD S
and TD NS are similar. The model results based on top-down emissions demonstrate the
highest correlation with observations and the lowest RMSE, underscoring the value of GEMS

data. The increase in NOx emissions during the day may impact photochemistry relevant to
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surface ozone and aerosols. Further study using in-situ observations and chemical transport
models is needed to quantify the effects of diurnal variations of NOx emission over the Yangtze

River Delta.

- Guangzhou, Bangkok, and Hanoi

In Guangzhou, Bangkok, and Hanoi, GEMS NO: columns are slightly higher than the
model columns in the morning but slightly lower in the afternoon (Fig. 1). The spatial
distribution of GEMS NO:2 columns highlights large GEMS NO: plumes over these cities,
particularly in the early morning (Fig. 2). In contrast to Hanoi, Haiphong and Nam Dinh,
located east and south of Hanoi respectively, show persistently high NO2 columns throughout
the day (Fig. 2 and Supplementary Figs. 6-7). This pattern may be attributed to traffic routes
connecting Hanoi, Haiphong, and Nam Dinh. In Guangzhou and Bangkok, the minimum values
in GEMS columns show approximately a 30% reduction from the maximum values. This
reduction is even more significant in Hanoi, where it reaches 40% (Supplementary Table 4).
Guangzhou, Bangkok, and Hanoi exhibit notably high top-down NOx emissions early in the
morning, followed by a rapid decrease toward noon under the non-steady-state assumption
(TD_NS) (Fig. 3). Model results using TD NS achieve the highest correlation (R = 0.92—0.96)
and the lowest RMSE, whereas bottom-up emissions and top-down emissions under a steady-

state assumption show poor correlations with GEMS observations.

Unexpectedly, the NOx chemical lifetime (tc) in Hanoi, calculated based on chemical
loss through HNOs formation via reaction with OH or N>Os heterogeneous uptake, is the
longest among all source regions (Supplementary Table 5). In Hanoi, the modeled OH
concentration is the lowest among all source regions. Further analysis suggests that extremely

high isoprene emissions in this region deplete OH3%3, thereby potentially increasing the NOx
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chemical lifetime (Supplementary Figs. 10-114%4!). A comparison of WRF-Chem HCHO and
TROPOMI HCHO columns reveals significant positive model biases south of 30°N in the
domain, particularly in Hanoi, power plant regions in India, and countries near the Strait of
Malacca. These biases are partly attributed to overestimated biogenic volatile organic
compound emissions, including isoprene (Supplementary Fig. 11). This model deficiency
affects the accuracy of top-down emission estimates. Consequently, in this study, we utilized
Tr, a surrogate for the directly calculated chemical lifetime (tc). T is indirectly derived from a
non-steady-state mass balance equation based on WRF-Chem results (Methods section). Under
non-steady-state assumptions, tr yields non-negative top-down NOx emissions in Hanoi, unlike

Te.

- Chinese Power Plant Regions (Wuhai and Baotou)

Besides cities, the GEMS NO2 column was also analyzed for power plants and shipping
routes. Fig. 2 and Supplementary Fig. 3 provide enhanced GEMS columns near power plants
located in Wuhai and Baotou and their proximity in north China and northeastern India. Details
about power plants in each location are provided in Supplementary Fig. 2 and Supplementary
Table 3. Fig. 2 also illustrates NO2 plumes from ship tracks detected by GEMS in the Strait of
Malacca. In Wuhai and Baotou, similar to Seoul and Beijing, GEMS NO: columns peak in the
late morning around 11:00 LT and decrease over time (Fig. 1). The minimum GEMS values
are only 20% lower than the maximum values in Wuhai and Baotou, whereas the model using
constant emission shows approximately a 40-50% decrease. The model columns are
significantly higher than GEMS columns in the early morning and lower in the afternoon. Top-
down NOx emissions with a steady-state assumption (TD_S) peak at noon, but show small

variations throughout the day in the regions around Chinese power plants (Fig. 3). Top-down
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NOx emissions under a non-steady-state assumption (TD_NS) exhibit a moderate peak in the
late morning over Wuhai and a sharp peak in the early morning over Baotou. In the studied
region, both power plants and other area source regions play significant roles, contributing to
the diurnal variations in GEMS NO2 columns over power plants in China, which to some extent
resemble patterns observed in cities. The model results using both TD S and TD NS show
good correlation and low RMSE for Wuhai. For Baotou, the results using TD NS exhibit the

highest correlation and the lowest RMSE.

- Indian Power Plant Regions

In Indian power plant regions, the GEMS NO:2 columns typically peak around 08:30
LT, gradually decreasing thereafter (Fig. 1). These GEMS columns are slightly higher than the
model columns in the early morning but diminish in the afternoon. The GEMS minimum values
in the India P1, P2, and P3 regions experience significant reductions, with drops of 34%, 32%,
and 37%, respectively, from their maximum values. In contrast, the model exhibits smaller
reductions of 17%, 23%, and 25% for the India P1, P2, and P3 regions, respectively
(Supplementary Table 4). Top-down NOx emissions with a steady-state assumption for these
power plants in India peak in the early morning and gradually decrease over time, as shown in
Supplementary Fig. 12. In contrast, top-down NOx emission calculations based on a non-
steady-state assumption yield negative emissions for most power plant regions in India even
using Tr. This is attributed to the significant negative temporal change terms and smaller
chemical sink terms, which result from longer chemical lifetimes and lower OH concentrations
compared to the power plant regions in China (Supplementary Table 5 and Supplementary

Figs. 10-12).
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- Strait of Malacca (shipping source region)

GEMS NO: along the ship routes in the Strait of Malacca reach their peak at 09:00 LT,
declining over time (Fig. 1). The minimum GEMS value in the late afternoon is 40% lower
than the maximum observed in the early morning. The model exhibits an even more substantial
reduction, at 60%, in the Strait of Malacca (Supplementary Table 4). Interestingly, as shown
in Supplementary Fig. 12, the derived top-down NOx emissions with a steady-state assumption
increase steadily throughout the day. Top-down NOx emission calculations based on a non-
steady-state assumption yield negative emissions for the Strait of Malacca, similar to those
observed in power plant regions in India (Supplementary Table 5). Both model results using
bottom-up and available top-down emission show strong correlations (correlation coefficient

= ~1) with GEMS data (Supplementary Fig. 12).

Transport of NO2 plumes

When atmospheric species are transported to a receptor area, the transported species
can influence changes in both the temporal and spatial distribution of the species and their
products in the receptor area*>*3. GEMS have, for the first time, captured the hourly transport
of NO2 plumes from Seoul and several other hotspots in the Korean peninsula to receptor
regions several hundred kilometers away (Fig. 4). In this study, in order to present the
possibility of hourly scale observation for NO2 transport, we could briefly touch on this long-
range transport case study. Therefore, we just focused on two long-range transport events that
occurred in the same period (March 22, 2021) which were determined by method adopted from
the previous study**. The difference from this previous study is that we used a simple approach
with the ECMWF Reanalysis v5 (ERAS5) wind data®> to compare with the movement of the
NO:z2 plume, rather than using the more precise and advanced hybrid single particle Lagrangian
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integrated trajectory (HY SPLIT) model for event detection. Therefore, this brief case study can
be extended with more profound interpretations in future studies. On March 22, 2021, a large
NO:2 plume over Seoul and its surroundings at 09:45 LT (Fig. 4, red box; case (A)) was
transported southeast until 14:45 LT, reaching Jecheon, Yeongju, and Uljin, where it was
widespread. These three receptor cities had no substantial NOx emission sources, and their NO2
column values were low at 09:45 LT on March 22 but substantially higher between 11:45 and
14:45 LT (Supplementary Fig. 13). NOx emissions in Jecheon, Yeongju, and Uljin are 12%,
6%, 1% of the emissions in Seoul, respectively. NO2 was transported from hotspots including
Gwangyang, Busan, and Pohang (southeastern coastline, Korean Peninsula; blue box; case (B),
Fig. 4) to the Korea Strait between South Korea and Japan, with several distinct long NO2 trails
(Fig. 4, blue box; case (B)). The plume transport directions observed by GEMS were consistent
with the wind directions (based on ECMWF ERAS data) at 1,000 hPa (Supplementary Fig. 14).
The winds are weak and varies in direction during the morning (10:00—12:00 LT) in the regions
marked as red box. However, in the afternoon (13:00—15:00), the wind blows strongly toward
the east. In addition, winds blow from the southern part of the Korean Peninsula toward
Kagoshima, Japan at speeds greater than 5 m/s. In Fig. 4 (g and h), we included the spatial
distributions of NO2 at 13:45 and 14:45 to compare the long-range transport event on March

22 with March 23, when no long-range transport occurred.

The transported NO:z contributed to the enhancement at the receptor areas, which led to
substantial hourly changes in the NO: spatial distributions over the southern parts of the Korean
Peninsula and its surroundings. The NOx emissions estimated based on satellite measurements
can be biased depending on the transported amount and transport frequency in the receptor
areas. It is important to understand the temporal and spatial distribution of NOz2 in each area
because it can help establish an appropriate NOx control strategy by correcting the temporally

biased NOx levels available at a single time per day in each area.
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Conclusions

The findings from the GEMS reported in the present study reveal that diurnal
tropospheric NOz2 characteristics vary widely across various source regions. The top-down NOx
emissions obtained from tropospheric NO2 column data derived from twice-a-day LEO
measurements can be improved using GEO observations, such as GEMS. This improvement is
possible because the emissions were calculated based on the assumption that both the chemistry
and the diurnal variation of emissions are accurate, due to the absence of diurnally available
NO:z2 spatial distribution information. In addition, hourly tropospheric NO2 column data, which
can constrain both emissions and chemistry, can be utilized to assess diurnal NOx emissions
and improve the current NOx emissions estimations from bottom-up emission inventory. In
contrast to previous simple mass balance methods with a steady-state assumption, our study
emphasizes the importance of including the temporal change in GEMS NO2 columns, which
reflects the carry-over of NO:2 over time in top-down emission estimations. Top-down emission
estimations with non-steady-state assumption show an increase in NOx emissions at a given
time in the morning, followed by an increase in NO2 column at later times. Conversely, a
decrease in NOx emissions at noon or in the early afternoon is followed by a decrease in NO2
columns at later times. For example, in Seoul, our optimal top-down NOx emission peaks
between 9-11 LT, followed by NO2 columns peaking between 10-12 LT. Meanwhile, the
minimum NOx emissions occur at 14 LT, followed by the minimum NO:2 columns at 15 LT.
For most source regions, top-down NOx emission estimations based on non-steady-state
assumption utilizing hourly varying GEMS observations results in the most accurate NO2

column simulations.

This study also highlights the challenges associated with this top-down approach.

Accurate estimations of chemical lifetime, derived from relevant chemical reactions in the
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chemical transport model, can be difficult, as observed in Hanoi, power plants in India, and the
Strait of Malacca, where large biogenic emissions in the source region or nearby areas rapidly
deplete OH and, thereby increasing the chemical lifetime of NOx. In such cases, evaluating the
biogenic emission estimates in the model becomes crucial. Additionally, uncertainties
surrounding nighttime NOx emissions and the chemistry influencing early morning NO2
columns, which can vary by location, present another critical factor for improving model NO2
simulations in the morning. In general, uncertainties in the chemical transport model, stemming
from factors such as anthropogenic and biogenic emissions, chemical mechanisms, spatial

resolution, and other physical processes, need further investigation.

The possibility of increasing uncertainties in GEMS tropospheric NO2 column
retrievals rise with increasing solar zenith angle, such as in the early morning or late afternoon.
Therefore, a more thorough evaluation of GEMS data and model results using independent in-
situ and remote sensing observations from surface and aircraft (e.g., Airborne and Satellite

Investigation of Asian Air Quality, ASIA-AQ, https://www-air.larc.nasa.gov/missions/asia-

ag/index.html) is necessary to accurately assess diurnal profiles in bottom-up emission
inventories and to develop precise top-down NOx emission estimates utilizing GEMS
measurements. This study lays the groundwork and provides direction for future research

efforts.

Methods

Geostationary Environmental Monitoring Spectrometer

GEMS build on the technology and algorithms of heritage instruments and augments

various applications through unprecedented hourly observations. GEMS is the first UV—visible
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hyperspectrometer in geostationary orbit and was launched aboard GEO-KOMPSAT-2B on
February 18, 2020. It provides daytime measurements of solar radiance reflected at the surface
and scattered in the atmosphere. Measurements are made in the 300-500 nm range, with a
mean spectral resolution of 0.6 nm in full width at half maximum (FWHM)?°. The
backscattered solar radiance contains information on Rayleigh and Mie scattering, surface
albedo, and atmospheric trace gas absorption, including that of NO2. These measurements
allow the observation of key air quality components, such as NO2, sulfur dioxide (SO2), ozone
(03), formaldehyde (HCHO), glyoxal (CHOCHO), and aerosols, at a spatial resolution of 3.5
x 7.7 km?. GEMS is the first and only space-based instrument to provide daily time-resolved
(hourly) observations of these species. The field of regard of GEMS covers 20 countries in
Asia, extending E-W from Japan to India, and N-S from Mongolia to Indonesia

(Supplementary Fig. 1 and Supplementary Table 1)%.

Retrieval methods

This study introduces new GEMS primary products: diurnal total and tropospheric NO2
column variations retrieved in real-time over cities, industrial areas, and ports in Asia. In
addition, diurnal patterns are discussed. The NO:2 slant column density (SCD), i.e., the NO2
concentration integrated along the light path through the atmosphere, was retrieved from the
GEMS radiance and irradiance spectra using the differential optical absorption spectroscopy
(DOAS)*. Spectral fitting was applied over the wavelength range of 432-450 nm, with the
absorption cross-sections convoluted using the GEMS instrument function (FWHM = 0.6 nm).
The absorption cross sections used were NO2 (220 K*7), O3 (243 and 293 K*), 04*°, H20°°,
and ring spectrum’!. The SCD was converted to the NO2 column by dividing it by the air mass

factor (AMF; VCD = SCD/AMF). Here, the AMF represents the ratio of the NO2 column
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integrated along the light path to the vertical NO2 column for a selected spectral fitting
window?’. The AMF was calculated using the linearized pseudo-spherical scalar and vector
discrete ordinate radiative transfer model®?, a priori NO2 vertical profile shapes from the
regional chemical transport model with the horizontal resolution of 28 x 28 km? (WRF-Chem??
and the community atmosphere model with chemistry®*), and ancillary data such as aerosol
optical depth, aerosol effective height, surface reflectance, total ozone column, pressure, and
geometries. Details of the GEMS NO:2 column density retrieval method has been published

elsewhere?’.

The tropospheric NO2 column density was calculated by subtracting the stratospheric
NO: column density from the total NO2 column density. The stratospheric NO2 column density
was estimated by scaling the stratospheric NO2 column density from the single-layer isentropic
model of chemistry and transport (SLIMCAT)>>¢ using GEMS NO:2 column densities
observed over the Pacific Ocean, where negligible tropospheric NO2 concentrations are
expected. Over polluted areas, total NO2 column diurnal variations appear to be dominated by
tropospheric column variations. The mean value of the stratospheric NO2 column over the
GEMS domain, based on SLIMCAT estimation, was 0.1 x 10'® molec cm™? (Supplementary

Fig. 15).

Assessment of GEMS NO: data

GEMS vs. TROPOMI and OM1

GEMS total and tropospheric NO2 column data were compared with TROPOMI and
OMI data for observations at 04:45 coordinated UTC and 13:45 LT for June—August 2021

(Supplementary Table 6). TROPOMI, aboard the Sentinel-5P satellite, is the most recently
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launched instrument capable of monitoring NO2 column density from space with high
temporospatial resolution (up to 5.5 x 3.5 km? pixels with daily revisit). Extensive validation
of TROPOMI data has been published>*>%6!. The correlation coefficients between the GEMS
and TROPOMI (OMI) total NO2 column densities were 0.78 (0.58), slopes were 1.87 (0.58),
and intercepts were —0.36 (0.23) x 10'® molec cm2; for the GEMS and TROPOMI (OMI)
tropospheric NO2 column densities, the correlation coefficients were 0.63 (0.76), slopes were
1.27 (0.83), and intercepts were 0.06 (0.13) x 10 molec cm 2 for the period June—August 2021
(Supplementary Table 6). These differences in statistics between the comparisons of GEMS
and OMI, as well as GEMS and TROPOMI, can be influenced by the differences in spatial
resolution of each satellite®>. In addition, the differences in parameters between the total
columns of GEMS and TROPOMI can be partly attributed to differences in the input data used
to calculate their respective AMFs?%375%6% Differences between stratospheric and tropospheric
partition algorithms are likely to contribute to differences in the tropospheric columns. GEMS
tropospheric columns were obtained by subtracting SLIMCAT-based stratospheric NO2 data
from GEMS total columns, whereas those of TROPOMI were obtained using a data
assimilation system® based on the TM5-MP model data®. Although both the total and
tropospheric NO2 column data observed from GEMS tended to be higher than those of
TROPOMI, NO2 column data agreed well?>*133 with those of TROPOMI, which have already

been validated using ground-based MAX-DOAS and Pandora measurements>6->%-61,

GEMS vs. ground-based Pandora and MAX-DOAS

GEMS NO:2 data were compared with Pandora and MAX-DOAS data available for the
two metropolitan cities of Seoul (South Korea), Xianghe (China), and a suburban area of

Seosan (South Korea). The ground-based Pandora instrument, which uses direct sunlight as the
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light source, produces NO2 total column data®*%>. Pandora measurements have been used to
evaluate NO2 column densities retrieved by TROPOMI and OMI36-58:61.64-68 ' GEMS total NO2
column data were compared with the Pandonia Global Networks (PGN) NO2 column data
(https://pandonia-global-network.org/, last accessed March 16, 2024) in Seoul for the period
June—August 2021. The correlation coefficient, slope, and intercept against Pandora are 0.78,
0.93, and 0.13 x 10'® molec cm™2, respectively; (Supplementary Table 6). The GEMS total NO2
column data were also compared with those of Pandora at Seosan, a suburban area of South
Korea, for the first GEMS map of the air pollution campaign period from October 12 to
November 27, 2020. The spectral fitting interval and absorption cross-sections adopted by
PGN® were used to retrieve the NO2 column data from the Pandora measurements during the
campaign. The correlation coefficient, slope, and intercept were 0.74, 0.54, and 0.37 x 10'¢
molec cm 2, respectively; (Supplementary Table 6). The GEMS NO: column densities tended
to be lower than those of Pandora in both Seoul megacity and Seosan suburban areas. GEMS
tropospheric NO2 column data were also compared with those of the multi-axis differential
optical absorption spectroscopy (MAX-DOAS) at Xianghe city’® for the period June—August
2021. The correlation coefficient, slope, and intercept were 0.51, 0.13, and 1.42 x 10'® molec
cm 2, respectively, between GEMS tropospheric NO2 columns and those of MAX-DOAS
(Supplementary Table 6). This tendency of underestimation in GEMS NO2 columns can be due
to differences in vertical sensitivities in the lower atmosphere’! and the relatively large GEMS
footprint’?. A similar underestimation tendency was also found in the comparisons of
TROPOMI and OMI NO: data with those of Pandora and MAX-DOAS36-°8:61.64-74 GEMS
provides a representative value for an entire pixel, whereas MAX-DOAS measures NO2
concentrations at a specific location. This fundamental difference in spatial resolution can lead
to discrepancies in observed NO2 variations, particularly in highly polluted areas. In such

regions, localized emission sources and meteorological conditions can cause significant within
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pixel variability, which MAX-DOAS captures but GEMS averages over a broader area. As a
result, this differences in observation may contribute to differences in the timing and magnitude

of NO: peaks observed by the two observations®71-72,

To understand vertical sensitivities of the GEMS retrieval over the course of the day,
we investigated the discrepancy in either diurnal or measurement geometry variability between
GEMS NO:2 and those measured by MAX-DOAS. Especially, MAX-DOAS is known to have
a high sensitivity to surface NO27%’!. Supplementary Figs. 16-18 show tropospheric NO2
column measured from the GEMS and MAX-DOAS observation, SZA and VZA, and aerosol
optical depth (AOD) and cloud fraction (CF) as a function of local time (LT). The diurnal
variations captured in GEMS and MAX-DOAS are quite similar. Absolute difference between
GEMS and MAX-DOAS tropospheric NO2 columns tend to be large from 8:45 to 10:45 LT
when the SZA is large (from 24.0 to 49.6°) and decreases at noon when the SZA is small (from
13.5 to 19.7°), and then increases again after 14:45 LT when the SZA becomes larger (from
32.5 to 46.1°). CF does not have a significant effect on the difference between tropospheric
NO:2 from GEMS and MAX-DOAS, and AOD is higher in Seoul than in Kasuga, which leads
to the overall difference between GEMS and MAX-DOAS being larger in Seoul than in
Kasuga. These results mean that different geometry conditions and aerosols may affect the

sensitivities to retrieve the surface gases under certain conditions.

Bottom-up emission inventory

The bottom-up anthropogenic emissions inventory for Asia used in this study is based
on the Air Quality in Northeast Asia (AQNEA) emission inventory for Northeast Asia and the
Comprehensive Regional Emissions inventory for Atmospheric Transport Experiment

(CREATE) for the rest of Asian domain’>’6, The AQNEA is a research project studying air
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quality under various future carbon mitigation and air pollution control strategies using
multiple Integrated Assessment Models (IAMs) from participating regional and international
institutions. Emissions of six countries — China, South Korea, Japan, North Korea, Mongolia,
and Russia — in Northeast Asia were estimated in the AQNEA inventory. The inventory covers
eight criteria air pollutants - CO, SO2, NOx, non-methane volatile organic compounds
(NMVOCs), NHs, PMio, PM2s - across eight emission sectors; power generation, industry,
residential, on-road/nonroad mobile, agriculture, solvent use, and waste. Annual emissions in
AQNEA for the year 2019 are as follows: 126.8 Tg for CO, 8.2 Tg for SO2, 20.5 Tg for NOx,
26.1 Tg NMVOCs, 10.6 Tg for NHs, 11.6 Tg for PMio, and 8.3 Tg. for PM2s. The inventory
was further processed using the SMOKE-Asia’> emission processing model to generate spatio-
temporally allocated and chemically speciated emission fields in support of chemical transport
modeling. NOx emissions in 2021 were reduced by 20% from AQNEA that represents the year
2019, following the trends in surface and satellite observations in Seoul, South Korea”’. This

change does not represent whole region of interest.

Top-down NOx emission estimations with a steady-state assumption (TD_S)

Top-down emissions of NO (E) can be estimated from NO2 column (€2) by dividing it
by an effective time scale tefi’®. In this case, temporal change of column is ignored. The
observed column at a certain time is associated with the emission at the same time. The
effective time scale encapsulates the chemical loss of NOz, and the conversion of NO2 to NO,
depending on the special circumstances of the case. The advection effect is negligible
concerning a mass balance approach over a large source box. This effect may not be negligible

for small source regions or for spring, fall, and winter when NOx lifetime is long™.
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The effective time scale teff can be derived from chemical transport models. In this
study, we utilized the Weather Research Forecast-Chemistry (WRF-Chem) model results with
various emission option to determine tetr. We use the same version and configuration of WREF-
Chem as described in previous study and references therein” for July 2021. The bottom-up
emission inventory combines data from AQNEA and CREATE. The model has horizontal
resolution of 28 by 28 km? and 60 vertical layers up to 50 hPa. The Whole Atmosphere
Community Climate Model (WACCM) forecast data is used for the chemical boundary/initial

conditions.

QNO2 WRFChem
T = ——2= (2
eff ENo BU 2)

, where Qno2 wrrchem 18 NO2 columns calculated from WRF-Chem results and Exo gy 18
bottom-up emission inventories used for the model runs. The top-down NO emission, Exo tp
is calculated from GEMS tropospheric NO2 columns, Qyo2 gems and tefr from the chemical

transport model.

25



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607
608

_ QNo02.GEMS
Exo 1 = B 3)

In this study, we ran WRF-Chem from June 24 to July 31 using four different bottom-
up emission inventory values to account for uncertainties in the estimated effective lifetimes
and top-down NO emission (Table 1). Three emissions data used the same daily NO emissions
but adopt different diurnal variabilities, while one applied the minimum nighttime emission

value Exo pu pg throughout the entire day to estimate background NO:2 column value
Qno2 wRFCchem_BG- In practice, in the total GEMS tropospheric NO2 columns, the deviated part

from the background NO:2 columns is used to calculate the top-down NO emissions minimizing

the impacts of background value:

_ (ON02 GEMS—NO2_ WRFChem _BG)
Exo 0 = Torf + Exo BU BG- 4)

We estimated four different top-down NO emissions and primarily present the averaged
value. Details about four bottom-up and top-down emissions, corresponding WRF-Chem
simulations, and difference between top-down and bottom-up emissions are provided in

Supplementary Figs. 8, 9 and 12.

Table 1. Bottom-up emission inventories used for WRF-Chem simulations for development
of TD_S.

Bottom-Up (BU) Description
Emission Inventory
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(WRF-Chem case name)
BU1 (WRF-Cheml) AQNEAV?2 constant emissions using nighttime minimum

value

BU2 (WRF-Chem?2) AQNEAV?2 constant emissions (default value)

BU3 (WRF-Chem3) AQNEAV?2 with diurnal factor from EDGAR emission

inventory

BU4 (WRF-Chem4) AQNEAV?2 with diurnal factor from Kim et al. (2016)

Top-down NOx emission estimations with non-steady-state assumption (TD_NS)

The chemical lifetime of NO: (7.) against a reaction with OH during the daytime in
summer is relatively short, but generally exceeds one hour. As a result, the emissions at a given
time can influence NO2 columns at later times, even in summer. The temporal change term

(6 Q/ P t) helps account for this memory effect when estimating NOx emissions based on GEMS

hourly varying observations. With a non-steady-state assumption, emissions can be defined as:

E=a(3+2)

Tc
where a is a conversion factor (NOx/NO2) that can be obtained from the model results. tc can
be directly calculated with reaction coefficients and reactant concentrations (e.g. [OH]).

Alternatively, this time scale can be derived from the model results as a residual of the equation,

using known bottom-up emission values, such as:

QNO2 WRFChem (6)

(E 9QN02 WRFChem )
NO_BU 3t

T, =
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Here, 7 is referred to as a residual time scale and is acquired from the WRF-Chem model
results. With known 1: values, the top-down emission is calculated with GEMS tropospheric

NO: columns observations at a given time and the previous time, as follows:

90N026pys | NO2GEMs
Exom =@ ( 3t + . ) (7N

The temporal change term is calculated as an instantaneous gradient at the overpass time. In
this way, we estimated another set of top-down NOx emissions based on the non-steady state
assumption using the equation above and WRF-Chem model results (TD NS). In the
Supplementary Table 5, 7, and 7, and OH concentrations averaged from 11 to 13 LT are
summarized for each source. 7, and 7, are comparable for most sources, except for those with
very low OH values such as Hanoi and the Strait of Malacca. For these two regions, 7. is much
larger than 7,.. In these cases, using 7. instead of 7, can result in negative top-down NOx
emissions. Therefore, in this study, we utilized 7, values for estimating TD NS. Even with t,.
values, the estimated top-down emissions can still be negative for power plants in India and
the Strait of Malacca. As such, TD_NS for India P1, P2, and P3 and the Strait of Malacca are
not presented in the main text in this manuscript. The results for these source regions are

summarized in Supplementary Fig. 12.

Detection of long-range transport of NO2 plumes
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To determine the event case, we adopted a method from the previous study** that
focused on the sulfur dioxide (SO2) long-range transport detection and long-range transported
SO flowrate calculation using in-situ observation data, OMI satellite data, and the hybrid
single particle Lagrangian integrated trajectory (HY SPLIT) model. However, in this study, we
used satellite observation data and ECMWF Reanalysis v5 (ERA5) data® to detect the NO2
long-range transportation event. First, we selected several cities (Jaecheon, Yeongju, and Uljin),
located on the east side of Seoul, which have much lower NO2 column densities than Seoul.
The cities east of Seoul were considered for this study because the westerlies influenced the
Korean Peninsula. Second, we identified the specific times when the NO2 column densities
increased by more than twice compared to the NO2 column at the trough. This approach was
used because the daily variability of NOz2 is not significant in the background region. Then, we
found the dates when the peak of NO2 columns was more than twice the trough of the day NO2
column at Jaecheon, Yeongju, and Uljin. Lastly, we used ERAS model wind field data to verify
whether the movement of NO2 plumes observed in GEMS data aligned with the wind direction
in ERAS, and we selected the one event that was shown clearly visible in the satellite images
as a case study of this study. In this study, we employed a simpler detection method to suggest
the possibility of long-range transport. Therefore, a more precise approach would involve using
backward trajectory models such as the FLEXible PARTicle dispersion (FLEXPART) model
or HYSPLIT for long-range transport detection. Thus, a more detailed study is needed in the

future.
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970  Fig. 1. Hourly variations in GEMS tropospheric NO: columns over major source regions

971  during the study period (June, July, August 2021 and 2022). One standard deviation is
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shaded. Red (blue) lines show weekday (weekend) values. Black line is NO2 columns from
WRF-Chem using a constant emission over time that are normalized to have the same daytime
mean value as GEMS. Blue, red, and yellow labeled regions denote urban, power plant, and
ship track sources, respectively. The source attribution from the bottom-up emission inventory
is shown in top right corner. Contributions from on road, area, point, and ship emissions to the
total NOx emission (%) as in bottom-up emission inventory are provided. The largest and the
second largest sectors are noted in red and orange, respectively. Here, area source represents

mainly nonroad (offroad) and residential sources.
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Fig. 2. Hourly spatial distribution of average GEMS tropospheric NO2 columns over
major source regions. The observation times are indicated on the top of the plots. Different
times are noted in black on the map of Guangzhou (09 LT instead of 08 LT) and Bangkok (15
LT instead of 16 LT) according to the GEMS observation schedule. The latitude and longitude
information for each map is provided in Supplementary Data. Approximate local times are
shown for each source. The source boxes used for averaging data are exhibited with black

rectangles.
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Fig. 3. Hourly variations in bottom-up and top-down NO emissions and tropospheric NO2
columns from GEMS and model. Hourly variations in bottom-up and top-down NO
emissions (left) and GEMS tropospheric NO2 columns and model NO2 columns (right) over

major source regions during weekdays in the study period. Correlation coefficient and RMSE

995
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values are shown on the right panel. The unit of RMSE is 10'> molec cm™,
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Fig. 4. Transport of NO2, revealed by GEMS hourly column analysis over the Korean
Peninsula, Korea Strait, and Japan. a—f: Hourly GEMS NO2 observations for 09:45-14:45
LT, March 22, 2021. g and h: GEMS NO: observations for 13:45-14:45 LT, March 23, 2021
(these panels represent a day without NO:2 long-range transport). Red and blue boxes indicated

the regions for NO2 transport case (A) and case (B), respectively.
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