Haetal Progress in Earth and
Progress in Earth and Planetary Science (2026) 13:26

https://doi.org/10.1186/540645-026-00813-y Planetary Science

s : ®
Validating tropospheric NO, o

column density from GEMS version 3.0

and Tropospheric Chemistry Reanalysis version
2 from background to urban conditions

over Japan: with a focus on diurnal variations

Phuc Thi Minh Ha'"®, Yugo Kanaya', Takashi Sekiya', Hisahiro Takashima?, Kengo Sudo?, Yongjoo Choi*,
Limseok Chang®, Hanlim Lee®, Hyunkee Hong® and Jhoon Kim’

Abstract

This study validates tropospheric NO, vertical column density (TropNO, VCD) data from the Geostationary Environ-
ment Monitoring Spectrometer (GEMS) version 3.0 and the Tropospheric Chemistry Reanalysis version 2 (TCR-2)
against Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) and Tropospheric Monitoring Instru-
ment (TROPOMI) data at three Japanese sites: Yokosuka (urban), Fukue (rural-remote), and Cape Hedo (remote). The
GEMS v3.0 dataset showed markedly improved agreement with MAX-DOAS compared to v2.0, especially at Fukue
and Cape Hedo remote islands, with significantly reduced normalized mean bias from 142-319% to 8-18%. GEMS
v3.0 showed agreement with MAX-DOAS observations at Yokosuka (R=0.75) and Fukue (R=0.50). It performed
particularly well in autumn and winter. There were positive biases in autumn at Yokosuka (NMB=3.5%), but negative
biases in the other seasons (NMB =—-0.4% to —51.2%). The reanalysis TCR-2 and aggregated TROPOMI TropNO, VCD
data (both at 1x 1° resolution) showed moderate to good correlation at all three sites (R=0.72 at Yokosuka; R=0.44

at Fukue; R=0.57 at Cape Hedo). While the spatial resolution of TCR-2 (1.1 x 1.1°) precluded meaningful comparisons
with MAX-DOAS at urban sites such as Yokosuka, TCR-2 exhibited lower biases than TROPOMI at Cape Hedo, which
represents a background environment (NMB=38% vs. 87%). GEMS v3.0 data effectively captured midday NO, reduc-
tions at Cape Hedo, consistent with TCR-2 and MAX-DOAS, marking this as the first study to explore daytime NO,
decreases in remote regions using GEMS. NO, loss pathways at Cape Hedo were examined using TCR-2 data and box-
model simulations. NO, levels from GEMS exhibited a decline between 10 AM and 3 PM in autumn, aligning with pat-
terns from MAX-DOAS and TCR-2, with NO, decay rates of 16+ 10h from GEMS, 21 +5h from MAX-DOAS, and 22+ 20h
from TCR-2. The box-model NO, budget analysis revealed that the NO, + OH reaction was the dominant pathway

for NO, loss. The markedly improved agreement of GEMS v3.0 data with MAX-DOAS and TCR-2 data will allow poten-
tial exploration of the oxidizing capacity of the atmosphere over the clean marine regions, after further characteriza-
tion of NO, chemistry.
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1 Introduction

Nitrogen dioxide (NO,), part of nitrogen oxides
(NO,=NO+NO,), plays a crucial role in tropospheric
chemistry. It controls the catalytic formation of O; and
the oxidizing capacity of the atmosphere, represented by
OH:

O3 + hv — O(ID) + O2(2 < 420nm) (R1)
O(ID) + HyO — 20H (R2)
H0 + NO — OH + NO» (R3)
NOs + hv + 05 27> NO + 03(% < 420nm) ~ (R4)

The termination reaction occurs when NO, is oxidized
to HNO,:

OH + NOy + M — HNO3 + M (R5)

The formed HNO; can be further converted to nitrates,
which are supplied to the ocean as nutrients. This
impacts the biogeochemistry and even the oceanic bio-
logical carbon pump (Honda et al. 2017; Yamaguchi et al.
2024).

Peroxyacetyl nitrate (PAN) is a secondary pollut-
ant formed through photochemical reactions involving
volatile organic compounds (VOCs) and affecting NO,
chemistry. Acetaldehyde (CH;CHO) reacts with OH to
form the peroxyacetyl (PA) radical, which then reacts
with NO, to form PAN (Reactions R6 —8). In the atmos-
phere, PAN acts as an important NO, reservoir.

CH3CHO + OH — CH3CO + H»,0 (R6)
CH3CO + Oy — CH3C(0)0Oy (R7)
CH3C(0)O9 + NOy <> CH3C(0)0O2NO>y (R8)

There are likely additional unknown NO,-related
chemical pathways, including the photolysis of nitrate
and the formation of HONO (e.g., Kasibhatla et al. 2018),
requiring more observational and process-oriented
studies.

Satellite observations of NO, have advanced to facili-
tate the analysis of NO, emission distribution and their
temporal changes over decades (Burrows et al. 1999;
Cifuentes et al. 2025; East et al. 2022; Jaeglé et al. 2005;
Kim et al. 2020). However, despite the detection limit of
TROPOMI with respect to TropNO, VCD being demon-
strated to be approximately 1x 10> molecules/cm?, the
evaluation of these levels in the cleanest regions has been
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limited to data from the Fukue Island (32.75° N, 128.68°
E) and Cape Hedo (26.87° N, 128.25° E) stations (see, for
example, Fig. 36 of https://mpc-vdaf.tropomi.eu/Proje
ctDir/reports//pdf/S5P-MPC-IASB-ROCVR-24.00.00_
FINAL_signed.pdf). Furthermore, the spatio-temporal
distribution of these levels over the oceans has received
scarce study. Kanaya et al. (2014) found that TropNO,
VCD decreased during daytime over Cape Hedo in sum-
mer, in a manner similar to the decreases seen in the
CHASER chemical transport model. They tentatively
attributed this phenomenon to the oxidative loss of NO,,
but did not provide any further quantitative evaluation.
With the launch in February 2020, a geostationary satel-
lite instrument GEMS has become operational in Asia,
possessing the capability to observe diurnal variations
of atmospheric species such as NO,, SO,, O;, HCHO.
Despite the fact that probing the exceptionally low NO,
levels is even more challenging from a geostationary
orbit than from a lower sun-synchronous orbit, there are
now opportunities to study NO, diurnal variations using
GEMS and TROPOMI satellite-based data, ground-
based remote sensing, and numerical model simulations
in both clean and polluted regions.

Reanalysis is a systematic approach that provides
long-term, observation-constrained datasets by
assimilating multi-platform and multi-species meas-
urements into chemical transport models, thereby
overcoming the limitations of sparse observations.
The TCR-2 dataset integrates multiple updated satel-
lite observations of O;, NO,, and other species using
the MIROC-CHASER model and an ensemble Kalman
filter (EnKF) to optimize both chemical concentrations
and precursor emissions. TCR-2 extends the earlier
TCR-1 dataset (2005-2012; Miyazaki et al. 2015) and
incorporates improvements in the EnKF data assimi-
lation system (Miyazaki et al. 2019a), with validation
against the KORUS-AQ aircraft campaign in 2016
(Miyazaki et al. 2019b) and shipborne measurements
during 2012-2017 (Kanaya et al. 2019). The current
version of the TCR-2 dataset has estimated NO, con-
centrations and NO, emissions using the TROPOMI
TropNO, VCD product (Miyazaki et al. 2021; Sekiya
et al. 2022). However, the TCR-2 dataset has not been
validated with ground-based MAX-DOAS remote
sensing and GEMS TropNO, VCD product.

The present study initiates the validation of
TropNO, VCD data from the satellite product GEMS
version 3.0 and TCR-2 reanalysis data against ground-
based MAX-DOAS and satellite TROPOMI measure-
ments at three Japanese sites: Yokosuka (urban), Fukue
(rural-remote), and Cape Hedo (remote). The GEMS
and TCR-2 data are evaluated for their ability to cap-
ture diurnal variations in different pollution levels. A
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case study on the NO, loss processes in a clean envi-
ronment will then be discussed. This discussion will
be preceded by a postulation of the similarity between
TCR-2, GEMS, and MAX-DOAS data at Cape Hedo
in terms of the daytime reduction trends at midday in
summer and autumn. A subsequent analysis of TCR-2
data, coupled with a NO,-budget analysis by the 0-D
box model version of the CHASER (MIROC-ESM)
chemistry—climate model, successfully identifies the
dominant NO, loss pathways at midday in summer at
Cape Hedo.

The following section details the methodologies and
datasets employed. Section 3 presents the validation
results for the GEMS version 3.0 TropNO, VCD prod-
uct and TCR-2, using MAX-DOAS and TROPOMI
as references. It also examines the nitrogen loss path-
way at Cape Hedo at midday in summer and autumn.
Finally, Sect. 4 presents the study’s conclusions and key
insights.
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2 Methods

In this study, we utilize TropNO, VCD data and NO,
concentrations to perform the analysis. This section pro-
vides information regarding the datasets used in Sect. 3.1,
including satellite data from GEMS and TROPOMI,
reanalysis TCR-2 data, and ground-based observations
made by MAX-DOAS. The simulations by the 0-D box
model used for Sect. 3.2 are also detailed. The domain of
the GEMS and the locations of the MAX-DOAS instru-
ments at the three sites in Japan are illustrated in Fig. 1.

2.1 Geostationary environment monitoring spectrometer
(GEMS)

The GEMS instrument on the GEO-KOMPSAT 2B sat-

ellite was launched on February 18 and commenced

operations since December 2020 (Kim et al. 2020, 2023).

The satellite is situated at 128.2°E over the Equator,

thereby encompassing a substantial portion of the Asian

NO2 Trop Data from GEMSv3.0 (2022/01/13)
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Fig. 1 GEMS TropNO, VCD (v3.0) retrieval before cloud- and quality-filtered, domain and locations of the three validation sites: Yokosuka, Fukue,

Cape Hedo
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continent (5°S—45°N and 75-145°E) with a nominal reso-
lution of approximately 3.5 kmx8 km. GEMS v2.0 and
v3.0 retrieve NO, in a fitting window of 432—450 nm with
a spectral resolution of 0.6 nm (Kim et al. 2020). In the
GEMS NO, algorithm, the air mass factor (AMF) look-
up table (LUT) is constructed using monthly and hourly
climatological Goddard Earth Observing System-Chem
Model (GEOS-Chem) a priori data. GEMS employs four
scan areas that progress from east to west: Half East
(HE), Half Korea (HK), Full Central (FC), and Full West
(FW). Each scan area is expected to be completed within
30 min, for example from 00:45 to 01:15 UTC. The cur-
rent version (3.0) has been developed to enhance the
accuracy of total, tropospheric, and stratospheric NO,
columns in comparison with version 2.0. The compari-
son between versions 3.0 and 2.0 will be addressed in
Sect. 3.1. This revision was achieved by modifying the
AMEF calculations, setting the tropopause to a fixed value
of 230 hPa, and incorporating the most recent GEMS L2
aerosol (AERAOD), total O; (O3T), cloud (CLD), and
background surface reflectance (BSR) data products. The
implementation of AERAOD and O3T version 2.1, along
with BSR and CLD version 3.0, ensures optimal consist-
ency between the NO, products and the ozone, aerosol,
and cloud data products (Lee et al. 2024).

The validation of GEMS NO, has been demonstrated
through studies conducted on urban scales in China
and South Korea (Kim et al. 2023; Lange et al. 2024),
as well as through comparisons with Pandora observa-
tions and TROPOMI, using a deep learning approach
to correct biases (Ghahremanloo et al. 2024). The
GEMS data have also been used in a Bayesian inversion

Table 1 The datasets employed in this study
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approach to update the NO, emissions inventory in
Asia (Park et al. 2024). However, it should be noted that
all of these studies were conducted using either scien-
tific GEMS NO, product versions or the operational
GEMS L2 NO, v2.0 or earlier (i.e., not v3.0). These
studies identified issues with v2.0, for example, the gen-
erally high biases in the Trop NO, VCD compared to
ground-based and TROPOMI data, especially at non-
urban sites.

In this study, hourly TropNO, VCD data from the
revised GEMS L2 NO, v3.0 and v2.0 products, both
spanning January 2022 to June 2024, are compared
to evaluate improvements in v3.0. Data for the analy-
sis were selected based on the following parameters:
data within+0.05° grids of each MAX-DOAS site, a
recording time of within + 30 min of the site’s record-
ing time, a cloud fraction measurement below 0.3,
and a Final Algorithm Flag value of zero (Table 1).
GEMS data within+0.2° of the MAX-DOAS sites are
utilized in Sect. 3.2 in order to increase data avail-
ability and statistical convergence, as compared to
near-surface TCR-2 data (1.1x1.1°) at Cape Hedo.
The current TropNO, VCD retrieval accuracy target
is 1x 10" molecules/cm? (Kim et al. 2020), but this
can be improved by statistical averaging, given that
its uncertainty is primarily random (Platt and Stutz
2008). At Cape Hedo in summer, with 18 — 25 observa-
tions between 10 AM —3 PM (with a measured value
range as low as (0.43 +0.15) x 10'®> molecules/cm?), the
detection limit could be improved by a factor of ~4—5
at best, compared to a single measurement. Thus, an
accuracy of ~0.25 x 10'®> molecules/cm? was estimated

GEMS MAX-DOAS TROPOMI TCR-2
Product GEMS v2.0 NO,, GEMS v3.0 Improved MAX-DOAS retrieval  TROPOMI/S5P NO, 1-Orbit Reanalysis NO,

L2 NO, L2 Swath processor_version:

240

Orbit type Geosynchronous Ground-based RS Sun-synchronous (mean

(nadir at 128°E) LST-13:35)
NO, Fitting window spectral ~ 432-450 nm 460-490 nm 425-494 nm
range
Spatial resolution 35%x8km 35%x5.5km 1x1°(~110x 100 km)

Extract data at MAX-DOAS
locations

+0.05° (~11x 10 km)

Time serries 1/2022 -6/2024

Filter criteria
Final Algorithm Flags=0

Chemistry-Transport Model GEOS-Chem
(CTM) used
References Kim et al. 2020

2021

1/2022-6/2024
Cloud Fraction< 0.3, SZA < 85°, SZA<85° Totalflag=0

Kanaya et al. 2014; Choi et al.

+0.05° (~11x 10 km)

1/2022-6/2024

ga value >50%, Cloud Frac-
tion<0.3

TM5-MP (1x1°)

7/2022-8/2023
surface to~5 km

CHASER (MIROC)

https://sentiwiki.copernicus.
eu/web/s5p-products; Veef-
kind et al. 2012

Miyazaki et al. 2020
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at Cape Hedo, supporting the analysis of these low
NO, levels.

2.2 Sentinel-5P tropospheric monitoring instrument
(TROPOMI)

The TROPOMI/S5P NO, 1-Orbit L2 Swath 5.5% 3.5 km
product, derived from the Tropospheric Monitoring
Instrument (TROPOMI) integrated within the Sentinel-5
Precursor satellite, is utilized in this study. TROPOMI,
which operates on a sun-synchronous orbit at an alti-
tude of 824 km, is capable of providing high-resolution
imaging; however, its observations are limited to daily
snapshots in the early afternoon for mid-latitudes. The
TROPOMI TropNO, VCD product has a spatial resolu-
tion of 5.5% 3.5 km at nadir and a fitting window for NO,
of 425-494 nm. Ground-based validation with global
networks indicates markedly negative biases at polluted
sites (Verhoelst et al. 2021). A comparison of TRO-
POMI NO, observations with the Copernicus Atmos-
phere Monitoring Service (CAMS) regional air quality
ensemble revealed close agreement during summer and
discrepancies during winter (Douros et al. 2023). Sekiya
et al. (2022) showed that TROPOMI provides more accu-
rate and consistent NO, measurements than OMI. This
improvement results in more reliable global analyses of
NO, and O; when TROPOMI is used instead of OMI in
global chemical data assimilation.

For this study, TROPOMI/S5P TropNO, VCD data
from 2022 to 2024 from collection 3 (version 2.4 or later
versions) were acquired from the TEMIS website: https://
www.temis.nl/airpollution/no2col/no2regio_tropomi.
php. Low-quality pixels were filtered by applying a qual-
ity assurance threshold of below 0.5, which included
cloud-covered scenes. For these scenes, only pixels with
a cloud fraction > 0.3 were analyzed (Table 1). Using data
with quality thresholds of 0.5 and 0.75 results in a 4-12%
difference in data count, with no effect on bias, slope or
correlation metrics relative to MAX-DOAS at the three
sites.

2.3 Tropospheric chemistry reanalysis version 2 (TCR-2)
data

The TCR-2 data (Miyazaki et al. 2020) were obtained
by assimilating multiple satellite measurements. These
included the OMI NO, QA4ECYV v1.1 product (Boersma
et al, 2017), the MLS v4.2 ozone and HNO; profiles
(Livesey et al. 2018), the OMI PBL SO, product (Li
et al. 2013), and the MOPITT v7 TIR/NIR CO prod-
uct (Deeter et al. 2017). The TCR-2 system employed
the Chemical Atmospheric General Circulation Model
for Study of Atmospheric Environment and Radiative
Forcing (CHASER) coupled with the Model for Inter-
disciplinary Research on Climate —Earth System Model

Page 5 of 19

(MIROC-ESM) with a resolution of 1.1°x1.1° and 32
vertical layers (Sudo et al. 2002; Sekiya et al. 2018), and a
local ensemble transform Kalman filter technique with 32
ensemble members (LETKF, Hunt et al. 2007). This rea-
nalysis has been validated against independent observa-
tions, including those from aircraft, satellites, and ozone
sondes, thus demonstrating its reliability and consistency
(Miyazaki et al. 2020). In this study, we extended the data
assimilation calculation for July 2022-August 2023 using
the TROPOMI NO, version 2.4 product (van Geffen
et al. 2022) instead of OMI NO,, as did in Miyazaki et al.
(2021). To enable comparison with other datasets, we
sampled the NO, profiles for the first nine layers (from
ground to~5 km altitude) at the observation sites and
aggregated them. Due to the comparatively coarse reso-
lution of TCR-2 data (1.1°X 1.1°) compared to other data-
sets, aggregated TROPOMI data was utilized within the
TCR-2 grid to enable more effective comparisons with
TCR-2 data.

2.4 Multi-axis differential optical absorption spectroscopy
(MAX-DOAS)
The MAX-DOAS instrument at Yokosuka (35.32° N,
139.65° E), designated as an urban site, Fukue (32.75°
N, 128.68° E) as a rural to remote site, and Cape Hedo
(26.87°N, 128.25°E) as a remote site, sequentially
recorded scattered sunlight spectra from 300-550 nm at
six elevation angles (3, 5, 10, 20, 30, and 90° (or 70° for
Cape Hedo to avoid saturation)) using a rotating prism
and a temperature-regulated spectrometer (Kanaya et al.
2014). The NO, fitting window was 460—490 nm. In this
study, we employed data that were processed using an
improved algorithm. In essence, the sequential retrieval
approach involves firstly retrieving aerosols based on
O, absorption features, followed by the NO, retrieval.
The settings for the aerosol retrieval remain consistent
with our original algorithm (Kanaya et al. 2014 and Choi
et al. 2021). However, in the second step, the altitude
layer depths for NO, to retrieve were refined (0-0.5 km,
0.5-1 km, 1-2 km, and 2-5 km) relative to the original
(0-1 km, 1-2 km, 2-3 km, and 3-5 km) in order to opti-
mize the utilization of observational data collected at
near-horizontal angles. The state vector contained three
parameters describing the NO, vertical profile besides
TropNO, VCD: vy_o5 km Yo5-1 km» @0d Vi_y 1. They are
the fractions of NO, present in the given altitude lay-
ers out of the total but after removing the fractions in
the lower layers. The a priori values and their respec-
tive uncertainties were optimized to 0.6+0.4, 0.5+0.4,
0.8+0.2. These settings resulted in better agreement
between the retrieved TropNO, VCD and the sur-
face NO, concentrations at Yokosuka and the values
obtained from a co-located Pandoral46 spectrometer
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and a surface NO, monitor (Kanaya et al, in prepara-
tion, 2025). The new retrieval results are hereafter sim-
ply referred to as MAX-DOAS. The dataset was further
restricted to include only data with solar zenith angles
(SZAs) of 85° (Table 1). MAX-DOAS TropNO, VCD
measurements at Yokosuka exhibited a strong correla-
tion with Pandora spectrometer results (R*=0.86), with
a MAX-DOAS/Pandora ratio of 1.04+0.22 (1o) (not
shown). Combining the 4% systematic and 22% random
uncertainties estimated from the comparison yielded
an estimated total uncertainties of £ 22% for the MAX-
DOAS TropNO, VCD. MAX-DOAS data at Cape Hedo
during 10 AM-3 PM in 2022 show a median error of
7.42x 10" molecules/cm? for the differential slant col-
umn density of NO, at an elevation angle of 3 degrees
(DSCD_3(NO,)). Using the typical enhancement ratio
of DSCD_3(NO,) to TropNO, VCD of 4.9, the TropNO,
VCD detection limit from MAX-DOAS was estimated to
be 3.0x 10" molecules/cm? with a signal-to-noise ratio
of 2 for a single observation. The proportion of MAX-
DOAS data above this threshold was found to be 90.1%
at Cape Hedo, 99.8% at Fukue, and 100% at Yokosuka.
TropNO, VCD as low as 1.3-5x 10" molecules/cm?
were also detectable over remote oceans by MAX-DOAS
and satellite instruments (Peters et al. 2012, Wang et el.,
2020). Given the naturally low NO, levels at Cape Hedo
and the absence of explicit detection limits for TropNO,
VCD retrievals in this study, high-quality low-TropNO,
VCD data are retained for analysis. It is important to
note that Cape Hedo has served as a critical observa-
tional site for satellite validation for decades, particularly
within the lowest range of tropospheric NO, column
(e.g., https://mpc-vdaf.tropomi.eu/ProjectDir/reports//
pdf/S5P-MPC-IASB-ROCVR-24.00.00_FINAL_signed.
pdf). In this study, we seek to assess GEMS NO, prod-
ucts at such low NO, levels for the first time.

2.5 0-D box model version of the CHASER (MIROC-GSM).
The zero-dimensional (0-D) box model is a valuable tool
for understanding chemical processes, testing hypotheses
through sensitivity simulations and comparisons with
observations (Wolfe et al. 2016), and analyzing labora-
tory experiments (Coates and Butler 2015; Stone et al.
2011; Paulot et al. 2009).

In this study, we used the 0-D box model version of
the CHASER/MIROC-ESM (Sudo et al. 2002; Sudo and
Akimoto 2007; Watanabe et al. 2011), to conduct chemi-
cal simulations for a typical clean environment similar to
Cape Hedo (Sect. 3.2). The box model includes identi-
cal chemical components to its 3-D model, encompass-
ing the O,-HO,-NO,-CH,-CO photochemical system
and oxidation of nonmethane hydrocarbons through
262 chemical reactions with 92 chemical species. Its 3-D
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model evaluations have been extensively reported in
the literature (e.g., Ha et al. 2021, 2023; He et al. 2022;
Hoque et al. 2024). However, the 0-D box-model does not
account for vertical and horizontal transport, emission
sources, dry and wet deposition, or meteorological pro-
cesses. Instead, the focus is on chemical processes and
their equilibrium.

In this study, we performed a simulation of a clean envi-
ronment resembling Cape Hedo, using initial concentrations
derived from the 3D CHASER model. NO, emissions were
set to align with observed NO, concentrations at Cape Hedo
(350-600 ppt). It should be noted that aerosol concentra-
tions were not included in this simulation, and the photolysis
frequency values incorporated diurnal cycles that suppose
sunrise at 6 AM and sunset at 6 PM, but does not consider
SZA at the given specific location and time. A detailed NO,
budget analysis was carried out over 7 days in the middle of
a 14-day simulation to avoid the spin-up period and ensure
flux stability. This analysis included 49 NO,-related reactions
and focused on midday NO, loss (10 AM-3 PM) to evaluate
the contributions of individual loss pathways.

2.6 NO, vertical profile preprocessing

The MAX-DOAS vertical grid consists of 51 layers,
extending from the surface to 5000 m. For Yokosuka,
layer 1 spans 0-10 m (thickness: 10 m), layer 2 spans
10-100 m (thickness: 90 m), layer 3 spans 100-200 m
(thickness: 100 m), and layers 4—51 have a uniform
thickness of 100 m. For Fukue, layer 1 spans 80—-86 m
(thickness: 6 m), layer 2 spans 86—100 m (thickness:
14 m), layers 3 and above have the same vertical struc-
ture as Yokosuka. For Cape Hedo, layer 1 spans 0-68 m
(thickness: 68 m), layer 2 spans 68—100 m (thickness:
32 m), layers 3 and above are identical to those used for
Yokosuka.

GEMS provides vertical pressure information across
47 retrieval layers, spanning approximately from 1000 to
0 hPa. For this study, we used the lowest 23 layers, cor-
responding to altitudes from the surface up to~ 5000 m.
The partial column of NO, in each layer was calculated
by scaling the a priori NO, profile:

AprioriN Og)
21221 AprioriNOg )
x PosterioriTropNOy VCD

PartialcolumnNOg) =

The NO, partial column was weighted by air density
and pressure, subsequently interpolated onto the 51-layer
vertical grid used in MAX-DOAS retrievals to enable
consistent comparison.
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https://mpc-vdaf.tropomi.eu/ProjectDir/reports//pdf/S5P-MPC-IASB-ROCVR-24.00.00_FINAL_signed.pdf
https://mpc-vdaf.tropomi.eu/ProjectDir/reports//pdf/S5P-MPC-IASB-ROCVR-24.00.00_FINAL_signed.pdf
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For the TCR-2 vertical profile, the NO, partial column
concentration for the first nine layers (corresponding to
the surface up to~5000 m) was extracted and redistrib-
uted in a similar way onto the 51-layer MAX-DOAS grid
using pressure-weighting (Table 2).

3 Results and discussion

3.1 Comparing TropNO, VCD across datasets

In this section, TropNO, VCD from multiple platforms
will be compared, aiming to evaluate the performance of
GEMS and TCR-2 against MAX-DOAS and TROPOMI
TropNO, VCD data, which are widely regarded as relia-
ble and consistent (Kanaya et al. 2014; Douros et al. 2023;
Verhoelst et al. 2021; Sekiya et al. 2022).

Figure 2, which incorporates all daytime data coincid-
ing with MAX-DOAS observations, demonstrates sub-
stantial improvements of GEMS v3.0 over v2.0 in terms
of seasonal agreement with MAX-DOAS across all three
locations, but particularly at Fukue and Cape Hedo. The
data statistical metrics presented in Table 3 show an
increase in the correlation coefficients (R), rising from
0.63 to 0.75 at Yokosuka. In addition, there was a sig-
nificant reduction in mean bias errors (MBE) at Fukue
and Cape Hedo, with values decreasing from 2.49 —2.69
to (=0.05)—(—0.28)) x 10'® molecules/cm?, and the nor-
malized mean bias (NMB) decreased from 142-319% to
8-18%. These improvements in version 3.0 may be due
to modifications in the AMF calculations and the strat-
osphere-troposphere separation process, which impact
remote sites more than urban areas.

The monthly mean GEMS v3.0 data clearly depict
seasonal variations at Yokosuka and Fukue, with MAX-
DOAS peaking during winter months at Yokosuka.
Data at Cape Hedo show nearly no seasonal variation
in NO,, with the MAX-DOAS recording approximately
0.5—1.0x 10" molecules/cm?, although there is a ten-
dency toward slightly lower NO, levels in summer across
all datasets. GEMS v3.0 demonstrated satisfactory per-
formance in Yokosuka and Fukue; however, it did not
reach the performance level of TROPOMI (Rggps=0.75
vs. Rrropomi=0.90 at Yokosuka and Rgpyg=0.50 vs.
Ripopromi=0.61 at Fukue). This discrepancy can be

Table 2 NO, and NO, decay rates (1, hours) during midday near-
surface layer (0-100 m; 10 AM-3 PM) in summer and autumn

T (hr) in summer T (hr) in autumn

MAX-DOAS 17+8 215
GEMS (+0.05°) / 8+2
GEMS (+0.2°) / 1610
TCR-2 30+8 22+20
TCR-2 (NO,) 26+6 25+26
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attributed in part to the weaker performance of GEMS
in the morning (later discussion in Sect. 3.1.2) relative
to its stronger performance in the afternoon and around
the TROPOMI overpass time (addressed subsequently in
Sect. 3.1.1).

The TCR-2 TropNO, VCD is lower than the MAX-
DOAS TropNO, VCD at Yokosuka because the low hori-
zontal resolution of TCR-2 (1.1°%x1.1°) leads to a poor
representation of elevated NO, levels in urban areas.
TCR-2 NO, data are more comparable with NO, from
MAX-DOAS and GEMS at Fukue and Cape Hedo. As
demonstrated in the scatter plots of Fig. 2 and the statisti-
cal metrics in Table 3, hourly TCR-2 versus MAX-DOAS
data revealed a regression line slope b of 1.80+0.09 with
a lower bias (NMB=38%) for Cape Hedo, which were
higher by TROPOMI (slope=3.84+0.60, NMB=_87%).
At Cape Hedo, there is a strong positive correlation
between the columns of TCR-2 and MAX-DOAS,
although the correlation coefficients are not particularly
high. Given the low levels of NO,, high hourly correla-
tions are not a viable expectation.

When examining the selected data matching the TRO-
POMI overpass time (i.e., periods during which hourly
TROPOMI data was available) (Fig. 3c), TCR-2 suc-
cessfully reproduced the low NO, levels in summer at
Cape Hedo, as detected by MAX-DOAS and GEMS
(~0.5%10"® molecules/cm?). In contrast, TROPOMI
exhibited a consistent positive bias, approximately a fac-
tor of two. Given the coarser resolution of TCR-2 com-
pared to the other datasets, the comparison accuracy was
enhanced by aggregating the hourly TropNO, VCD data
from TROPOMI to the TCR-2 horizontal grid resolution
(1.1°x1.1°) (Fig. 4). Compared to Figure S5, the correla-
tion coefficients and slope values both increase: Yoko-
suka (R from 0.45 to 0.72, slope from 0.45 to 1.04), Fukue
(R from 0.34 to 0.44, slope from 0.60 to 0.83), and Cape
Hedo (R from 0.42 to 0.57). The TCR-2 results indicate
a slight positive bias relative to TROPOMI at Yokosuka
(MBE=1.27x10" molecules/cm?), and negligible but
negative biases at Fukue (MBE=-0.17 x 10** molecules/
cm? and Cape Hedo (MBE=-0.08x10' molecules/
cm?).

3.1.1 Seasonality

Figure 5 presents scatter plots of hourly TropNO, VCD
data from GEMS, TROPOMI, and TCR-2 versus MAX-
DOAS at Yokosuka and Fukue+ Cape Hedo for each
season. The statistical metrics are listed in Tables 4 for
Yokosuka and Table S1 for Fukue+ Cape Hedo. GEMS
v3.0 performed very well against MAX-DOAS in autumn
and winter, with correlation coefficients of 0.80 at Yoko-
suka (Fig. 5g and h) and 0.60-0.66 at Fukue and Cape
Hedo (Fig. 5c and d). The slopes of the regression lines
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Fig. 2 Time-series and scatter plots for TropNO, VCD during all daytime a, d at Yokosuka, b, e at Fukue, and ¢, f at Cape Hedo. Panels (a, b, c)
display monthly mean values from MAX-DOAS (all data; black), GEMS v2.0 (orange), GEMS v3.0 (blue), TCR-2 (cyan); these three datasets showed
data coincident with MAX-DOAS observations; and TROPOMI (one measurement per day; red). The boxes represent the interquartile range (IQR)
of each dataset, and the whiskers extend to 1.5 times the IQR from the quartiles. Thin dashed lines indicate median values of each hourly dataset,
with outliers plotted as individual points. Panels (d, e, f) show scatter plots for hourly data from GEMS v2.0 (orange), GEMS v3.0 (blue), TROPOMI
(red), and TCR-2 (cyan) versus MAX-DOAS. Statistical metrics of these plots are displayed in Tables 3. All analyses have P values <0.05
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Table 3 Statistical metrics for TropNO, VCD data at the three
validation locations. Metrics include Y-intercept (a,x 10"
molecules/cm?), the regression line slope (b), the correlation
coefficients (R), the data counts (N), the mean bias error

(MBE, x 10" molecules/cm?), and the normalized mean bias
(NMB, %). These metrics correspond to the scatter plots of GEMS
v2.0, GEMS v3.0, TROPOMI, and TCR-2, compared with MAX-DOAS
in Fig. 2. Underlined values are referenced in the text

GEMSv2 GEMSv3 TROPOMI TCR-2
Yokosuka
a 547+038 1.36+£0.23 092+0.17 42+0.07
b 0.68+0.02 0.74+0.01 0.62+0.01 0.15+0.005
R 0.63 0.75 0.90 044
N 1052 1602 561 3530
MBE 0.19 —2.14 —3.53 -5.80
NMB (%) 12 -15.8 -30.5 —493
Fukue
a 400+0.05 0.66+0.03 0.62+0.06 1.17+£0.02
b 0.15+0.02 040+0.02 054+0.04 0.17+0.01
R 0.27 0.50 0.61 0.35
N 380 1305 227 1873
MBE 249 —0.28 -0.02 -0.39
NMB (%) 1415 -17.8 -16 -20.7
Cape Hedo
a 8.76+6.7 0.19+£0.03 -1.14+035 -0.26+0.06
b -6.19+£791 0.64+0.04 3.84+0.60 1.80+0.09
R 0.06 0.08 0.23 0.18
N 19 1319 275 1331
MBE 269 —0.05 0.51 023
NMB (%) 3186 -7.8 87.5 377

with MAX-DOAS at Yokosuka are 0.76 in autumn and
0.66 in winter, closer to unity than the slope of TRO-
POMI (0.62 in autumn and 0.60 in winter), as shown
in Table 4. However, GEMS exhibits a positive bias at
Yokosuka in autumn (MBE=0.47 x 10" molecules/cm?,
NMB=3.5%), while negative biases in other seasons
(NMB=-0.4% in winter, —29.5% in spring, and —51.2%
in summer) (Table 4). The large biases in GEMS obser-
vations at Yokosuka in summer may be attributed to its
poor performance in summer mornings (to be discussed
in Sect. 3.1.2), and the unavailability of afternoon data.
Due to diurnal bias variation in GEMS, the seasonality in
GEMS is different from TROPOMI, which shows no clear
seasonality at Yokosuka in terms of regression slopes and
their biases. TCR-2 do not perform well at Yokosuka due
to its coarse horizontal resolution of 1.1°x 1.1°.

At Fukue and Cape Hedo, the correlation of GEMS is
poor in the summer (R=0.15) with high NMB (—29%).
The strong seasonal differences in GEMS bias may be
related to its ability to capture near-surface data between
10 AM-1 PM, particularly during the early morning
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peak in NO, levels as observed by MAX-DOAS. This
ability may be less favorable in spring and especially in
summer (higher solar elevation), than in autumn and
winter. For TROPOM]I, it exhibits substantial biases dur-
ing summer and autumn (NMB=57-68%, Table S1) at
Fukue and Cape Hedo. This is due to the different sea-
sonal biases at Fukue and Cape Hedo compensating for
each other. For instance, the low bias in winter for the
Fukue + Cape Hedo group (NMB =6.6%, Table S1) results
from a negative bias at Fukue (NMB=-19.4%) and a pro-
nounced positive bias at Cape Hedo (NMB= +97.9%)
(data not shown; see Fig. 6h, 1). Another study reported
mostly negative biases of TROPOMI against MAX-
DOAS, but also noted a tendency toward positive bias in
cleaner conditions (Verhoelst et al. 2021). This tendency
aligns with our results at all three sites: negative biases of
TROPOMI at Yokosuka and in winter at Fukue, and posi-
tive biases at Cape Hedo and other seasons at Fukue. In
contrast to TROPOMI at Fukue and Cape Hedo, TCR-2
demonstrates regression slopes closer to unity, higher
correlation coefficients, and lower biases in summer and
autumn, although it has large negative bias in winter
(NMB=-31%). This may be due to stronger NO, trans-
port from continental sources (e.g., China) to Fukue in
winter, which the coarse resolution of TCR-2 fails to cap-
ture locally.

A comparison of GEMS, TROPOMI, and TCR-2 data
with MAX-DOAS confined to the TROPOMI overpass
time are shown in Figure S1, and the statistical metrics of
these scatter plots are shown in Tables S2 and S3. Limit-
ing GEMS observations to the TROPOMI overpass time
shows comparable or slightly better regression slopes
and correlation coefficients, as well as smaller biases, in
spring at Yokosuka (MBE=(-—3.8——1.6)x10" mol-
ecules/cm?, NMB=—-30%— —19%). In winter, however,
the bias increases slightly. In other seasons, data are
scarce due to the site lying outside the GEMS scan area
during afternoon (Tables 4 and S2). At Fukue+ Cape
Hedo, GEMS data at TROPOMI overpass time shows
relatively similar regression slopes and R values to GEMS
data at MAX-DOAS observation time across all seasons,
except in summer when data are limited (Tables S1 and
$3). Furthermore, GEMS biases are largely mitigated in
all seasons when confined to the TROPOMI overpass
time (NMB=6-29%—2-4%), except in winter. The
enhanced performance of GEMS at TROPOMI overpass
time is consistent with that of the prior version (v2.0)
when evaluated against ground-based data from South
Korea (Lange et al. 2024), although GEMS data are lim-
ited at our locations in certain seasons. For TCR-2 at
Fukue and Cape Hedo, good performance in summer and
autumn is preserved when confined to TROPOMI over-
pass time, with slightly reduced biases (NMB from 5% to



Ha et al. Progress in Earth and Planetary Science

TROPOMI

(2026) 13:26 Page 10 of 19

overpass time

(a) Yokosuka
0 = MAX-DOAS -—— GEMSv3.0 -~ TCR-2 -——— TROPOMI
T %0
13
v
3 40 -
=}
13
%
a 30 1
8 |
(=
o~
2 20 {1 1/ A
c
L |
5 I]!.:\Il ',4'!1|{||| e | |
8 10| VSEgN ;] / -,; !III"IHuu. Ul Ay
O LA [BE g 5 DPEIEY, i ":'--'-
ol
01 04 07 10 01 04 07 10 01 04
2022 2023 2024
Local time (Month, Year)
(b) Fukue
7 = MAX-DOAS -—— GEMSv3.0 ~—— TCR-2 -—— TROPOMI
~ 6
)
5
o 91
2
£ o
= |
3 3
|
2 l
c 244
5 ' |
s 1] I, ., .lll n] ';0:‘,
1 U
oi,.,r'.,rrjfj,,...,.r,..i.vv..
01 04 07 10 01 04 07 10 01 04
2022 2023 2024
Local time (Month, Year)
Cape Hedo
(C) = MAX-DOAS —— GEMSv3.0 —— TCR-2 —— TROPOMI
2511 ¢
A :
§ 2044 ,
v H N
§ ‘
a 15 ]
2 j ‘
: do 5 ;
g 1.0 1 I [N
= I
€ il i '
£ 0.5
8 27
] vl
ooblb— + i i i v i v b r v+ + v+ v+t
01 04 07 10 01 04 07 10 01 04
2022 2023 2024

Fig. 3 Time-series of TropNO, VCD during TRO
v2.0 data

Local time (Month, Year)

POMI overpass times, with legends consistent with Fig. 2a, b, and ¢, excluding any reference to GEMS



Ha et al. Progress in Earth and Planetary Science (2026) 13:26 Page 11 of 19

(a) Yokosuka . (b) Fukue 30 (C) Cape Hedo

I T "g

§ & $ 25

S S 2

< 9 °

o o

E E v 2.0

a ] [=]

=) S X

X X

= o 2151

S & (=

L = o

o a 9 1.0

g g =

& & o

o) o z

= - g 054",

o o = >

- j [

0+ . . r . 0¥ ' y ! ! 0.0 + y . . ' T
0 4 8 12 16 20 0 1 2 3 4 5 00 05 10 15 20 25 30
TropNO, VCD TROPOMI_agg (x10'® molec. cm~2) TropNO; VCD TROPOMI_agg (x10® molec. cm~2) TropNO; VCD TROPOMI_agg (x10'® molec. cm~2)

Y=a+bX MBE= 1.27 Y=a+bX MBE=-0.17 Y=a+bX MBE= -0.08
a=1.08+0.29 P-value < 0.01 a=0.09+0.1 P-value < 0.01 a=-0.61+0.11 P-value < 0.01
b=1.04 £0.05 b=0.83+0.07 b=1.56+0.11
R=0.72 N= 290 R=0.44 N= 207 R=0.57 N=223

Fig. 4 Scatter plots of hourly data of TropNO, VCD from TCR-2 and TROPOMI. TROPOMI data are aggregated at TCR-2 horizontal grid resolution
(1.1°). Statistical values including the Y-intercept (a, x 10'> molecules/cm?), slope of regression lines of the scatter plots (b), correlation coefficients
(R), number of data (N), mean bias error (MBE, x 10'> molecules/cm?), and P values are shown

(a) (b) (c)
Fukue + Cape Hedo Mar-Apr-May Fukue + Cape Hedo Jun-Jul-Aug Fukue + Cape Hedo Sep-Oct-Nov Fukue + Cape Hedo Dec-Jan-Feb
- 14 - 1 - 1 -
e GEMSv3.0 ¢« TROPOMI ¢ TCR-2 - e GEMSv3.0 « TROPOMI » TCR-2 e GEMSv3.0 ¢ TROPOMI o TCR-2 - e GEMSv3.0 e TROPOMI ¢ TCR-2 -

-
~
-
N
-
N

-
5
-
°

10 4

®
®

IS

TropNO; VCD (x10'* molec cm™?)

TropNO, VCD (x10** molec cm™2)
o

TropNO; VCD (x10%5 molec cm~?)
o

TropNO; VCD (x10** molec cm~?)
o

~

0 0 0
0o 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14 0 2 4 6 8 10 122 14 14
MAX-DOAS TropNO; VCD (x10'* molec.cm™~2) MAX-DOAS TropNO; VCD (x10'* molec.cm™?) MAX-DOAS TropNO; VCD (x10** molec.cm~?) MAX-DOAS TropNO; VCD (x10'* molec.cm?)

(e) Yokosuka  Mar-Apr-May (f) Yokosuka  Jun-Jul-Aug . (g) Yokosuka ~ Sep-Oct-Nov (h) Yokosuka ~Dec-Jan-Feb
e GEMSv3.0 ¢ TROPOMI ¢ TCR-2 e GEMSv3.0 « TROPOMI o TCR-2 e GEMSv3.0 e« TROPOMI » TCR-2 o GEMSv3.0 e« TROPOMI o TCR-2 5

~
o
~
=3
~
~
o

60

=3
=
)
S
@
S

50

v
=)
v
o
u
o

a
S
a
3
&
=)

N
5
N
°
.
N
=3

TropNO; VCD (x10%* molec cm~2)
TropNO; VCD (x10'® molec cm™?)
w
o
TropNO; VCD (x10'* molec cm™?)
w
g
o
.
*
TropNO; VCD (x10'* molec cm~2)
w
g

"
°
-
o
-
o

s 0 0 0
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
MAX-DOAS TropNO; VCD (x10'® molec.cm™2) MAX-DOAS TropNO, VCD (x10* molec.cm=?) MAX-DOAS TropNO; VCD (x10%* molec.cm™2) MAX-DOAS TropNO; VCD (x10%* molec.cm~2)

Fig.5 Scatter plots for hourly TropNO, VCD data at Fukue +Cape Hedo and Yokosuka shown by seasons. Data from GEMS v3.0 (blue), TROPOMI
(red), and TCR-2 (yellow) versus MAX-DOAS are presented across seasons: spring (a, e), summer (b, f), autumn (c, g), and winter (d, h). Data over all
of the daytime are used when plotting GEMSv3.0 and TCR-2. Statistical metrics of these plots are displayed in Tables 4 and S1. All analyses have P
values <0.05. It should be noted that different x/y ranges between a-d and e—h are used

2-3%). However, the regression slope is worse in sum-  and afternoon NO, peaks for analyses, while also under-
mer. The performance differences of GEMS and TCR-2  score the challenges that satellite instruments face in
between diurnal data and data at TROPOMI overpass  accurately capturing near-surface NO, at high SZA com-
time highlight the importance of the bimodal morning pared to ground-based instruments.
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Table 4 Similar to Table 3 but for Yokosuka for each season (in accordance with Fig. 5e to h)
GEMSv3 TROPOMI TCR-2 GEMSv3 TROPOMI TCR-2
March—April-May June—July-August
a 3.89£0.20 0.84+0.29 523£0.19 1.64+0.15 0.75+£0.19 340£0.07
b 040+0.01 0.62+0.03 0.12+0.01 031+£0.01 0.59+0.03 0.09+0.01
R 0.78 0.87 0.26 0.79 0.84 0.29
N 543 151 818 308 104 1432
MBE -3.79 —2.64 -5.03 —4.78 -1.06 -2.89
NMB (%) -29.5 -289 —43.2 —51.2 —24.1 —38.1
September-October-November December—January-February
a 3.70£047 1.11+036 470+£0.16 580041 1.28+£0.53 514+0.24
b 0.76+0.03 0.62+0.03 0.09+0.01 0.66+0.02 0.60+0.03 0.15+0.01
R 0.80 0.89 0.35 0.80 0.86 0.44
N 291 127 650 460 179 629
MBE 047 -3.27 -840 -0.08 -5.89 -10.72
NMB (%) 3.5 -286 -58.2 -04 -329 -574

3.1.2 Diurnal variations

As illustrated in Fig. 6, the dataset reveals diurnal vari-
ations in TropNO, VCD at the three sites across differ-
ent seasons. There is a high degree of similarity between
GEMS and MAX-DOAS diurnal variations in TropNO,
VCD, particularly during the spring season, when both
capture a morning peak just before noon, followed by
a midday reduction. This behavior resembles the diur-
nal patterns observed in Beijing and Seoul (Yang et al.
2024; Edwards et al. 2024). In spring, the early morning
structure observed by MAX-DOAS is also parallel in
the GEMS data. During autumn and winter, the midday
pattern remains consistent between the two datasets at
Fukue and Cape Hedo from~8 AM to~3 PM. MAX-
DOAS observations at Yokosuka and Fukue show con-
sistent midday NO, reductions across all seasons, and
partially at Cape Hedo. GEMS also detects this reduction
especially at Fukue, except in summer. TROPOMI also
partially reflect this reduction at all three sites, despite
its limited temporal coverage. In summer, GEMS suc-
cessfully represents the midday low levels at Cape Hedo.
These behaviors demonstrate the capacity of GEMS v3.0
to generally capture diurnal variations in TropNO, VCD,
even within relatively clean regions such as Fukue and
Cape Hedo.

Exceptions in GEMS that deviate from the typical
MAX-DOAS diurnal structure include early morning
patterns, especially the flat morning profiles in sum-
mer, and the absence of afternoon data at Yokosuka. The
GEMS data available for Yokosuka only encompasses the
morning period, as the site lies outside the GEMS scan
areas during afternoon. The flat summer morning pro-
files observed in GEMS at all three sites contrast with the
NO, enhancements captured by MAX-DOAS, suggesting

limited sensitivity to changes in early morning NO, lev-
els. This flat morning pattern in summer is not observed
at South Korean stations in the scientific GEMS IUP-UB
product (Seo et al. 2025). In summer, the HE and HK
scan modes are shorter (one hour each) and transition
quicker than in other seasons. At Cape Hedo in sum-
mer, the HE and HK scan modes also have a narrower
range of TropNO, VCD values than in autumn (see Fig-
ure S4). Therefore, the deviations in the diurnal variation
of the GEMS data compared to MAX-DOAS and TCR-2
may be due to indirect factors related to the GEMS scan
sequence, such as data retrieval sensitivity, despite higher
morning values and clear midday reductions present in
the MAX-DOAS data and partial visible in the TCR-2
data.

As illustrated in Figure S2, the diurnal ratio plots of
GEMS v3.0 compared to MAX-DOAS demonstrate
nearly constant ratios over the day within one sea-
son, but these can differ significantly between seasons,
from 0.5 to 1.5, especially for Yokosuka (plots b to d).
The GEMS/MAX-DOAS ratios in version 3.0 show an
apparent improvement compared to version 2.0 for
the autumn and winter periods at Yokosuka, while the
ratios are more constant over the day in v3.0 but with
larger biases in summer and spring, including around
noon (see Figure S2a and b). However, low ratios persist
at 7 AM in autumn at Yokosuka and Fukue (see also in
Fig. 6¢c and g), which is possibly due to the limited num-
ber of GEMS data available at this early hour (e.g., only
12 data counts at 7 AM for Yokosuka in autumn vs. ~ 80
in spring and summer). Therefore, the recommendation
is to refrain from using these data, even for v3.0. Lower
ratios in summer are observed at Yokosuka, Fukue,
and in the morning at Cape Hedo, resulting from the
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Fig. 6 Diurnal variations of TropNO, VCD at three stations are presented. Data from MAX-DOAS (black), GEMS (blue), TROPOMI (red), and TCR-2
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morning flat patterns of GEMS, as previously explained
(see Figs. 6 and S4a). Furthermore, as illustrated in
Fig. 6, the midday TropNO, VCD levels measured by
TROPOMI are mostly captured by MAX-DOAS and
GEMS at Yokosuka and Fukue (Fig. 6a—h). However,
these levels tend to be higher than those measured at
Cape Hedo (Fig. 6i-1). This finding suggests that the
GEMS NO, product may offer certain advantages for
studying cleaner sites in comparison to TROPOMI.
Diurnal variations in TCR-2 at Fukue and Cape Hedo
indicate elevated NO, levels during the night-time hours
(6—8 PM), with a gradual increase from the afternoon.

These variations cannot be captured by GEMS due to
the observation schedule, and are only partially cap-
tured by MAX-DOAS. During the spring season, when
continental outflow is prevalent, elevated NO, levels
are observed at Cape Hedo in both TCR-2 data and
partially MAX-DOAS measurements (~1.5x 10" mol-
ecules/cm?). These concentrations are comparable to
those recorded in Fukue and are likely influenced by
rapid transport from inland East Asia, a region with
high NO, emissions (Takashima et al. 2011; Figure
$3). The significant decline in NO, observed by MAX-
DOAS and GEMS from morning to noon at Fukue, but
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only partially at Cape Hedo, appears as a similar pattern
across both sites in the TCR-2 data. This likely reflects
the limited ability of TCR-2 to resolve regional variabil-
ity between the two locations, given that Fukue is with
greater proximity to emission sources (e.g., Korea and
China). In general, the spring NO, levels in TCR-2 data
were higher than in MAX-DOAS or GEMS data, sug-
gesting that the transport dynamics may not be repre-
sented well with the coarse resolution of TCR-2. During
summer and autumn, with more influence from oceanic
air masses, both TCR-2 and GEMS effectively capture
the midday NO, levels at Cape Hedo (Fig. 6j and k), as
observed by MAX-DOAS, underscoring their utility
for analyzing photochemical processes in this remote
region. This distinctive feature will be examined in fur-
ther detail in Sect. 3.2.

3.1.3 Vertical distributions

In this section, a comparison is made between the ver-
tical profiles of daytime NO, levels from TCR-2 and
GEMS with those from MAX-DOAS at Cape Hedo. The
vertical profiles of NO, mixing ratios are retrieved as
described in Sect. 2.6. This comparison highlights the
strong performance of TCR-2 in reference to MAX-
DOAS. It is important to note that the typical degrees
of freedom for signal (DOEFS) from MAX-DOAS are
only 2-3 (Tirpitz et al. 2021), even when the uncer-
tainties in the observed NO, slant column densities
are small. Moreover, the GEMS vertical profiles were
redistributed from the TropNO, VCD according to
the assumed vertical profile shape from GEOS-Chem.
The primary aim of this investigation is to verify the
qualitative agreement between the vertical profiles of
the datasets. Section 3.2 examines the diurnal varia-
tion of the near-surface layer at the background site

(b) Cape Hedo
— MAX-DOAS — GEMSV3

(a) Cape Hedo

—— MAX-DOAS —— GEMSv3 TCR-2 TCR-2
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of Cape Hedo. Due to variations in emissions at the
more polluted Fukue site, this section focuses solely
on the vertical NO, distribution during midday hours
(10 AM-3 PM) at Cape Hedo. Vertical distributions of
NO, at Fukue and Yokosuka can be found in Figure S8
in the Supplement.

As shown in Fig. 7, the TCR-2 reanalysis data exhib-
ited a considerable degree of accuracy in capturing NO,
concentrations ranging from ground level to approxi-
mately 1.5 km, as measured by MAX-DOAS at Cape
Hedo. This accuracy was particularly evident in the
near-surface layer (0-100 m) in summer, autumn, and
partially in winter. The elevated concentrations of NO,
below 1 km in TCR-2 in spring and winter, which per-
sist throughout the day (Fig. 6i, I; Figure S3a, d), poten-
tially reflect errors in the transport of emissions, likely
stemming from the coarse resolution of TCR-2. Addi-
tionally, GEMS demonstrated reasonable agreement
with MAX-DOAS in the near-surface layer (0—100 m)
and above 500 m, as well as with TCR-2 in summer and
autumn. However, GEMS tends to underestimate NO,
concentrations compared to MAX-DOAS and TCR-2
within the 100-500 m altitude range at Cape Hedo.
Meaningful quantitative transformation of the vertical
profiles of GEMS data may require further algorithmic
development to narrow the gap with observations. Nev-
ertheless, the results for the near-surface layer under-
score the potential of GEMS data to facilitate analysis,
even in remote regions.

3.2 Tracing midday NO, reduction in the remote
background environment

Given the strong performance of TCR-2 data during

midday in summer and autumn, this section analyzes

potential NO, loss processes observed by MAX-DOAS

(d) Cape Hedo
— MAX-DOAS — GEMSv3

(C) Cape Hedo

—— MAX-DOAS —— GEMSv3 TCR-2 TCR-2
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Fig. 7 Vertical profiles of midday NO, levels (ppt) from 10 AM-3 PM at Cape Hedo. Data from MAX-DOAS (blue), GEMS (red), and TCR-2 (yellow) are
scaled to MAX-DOAS vertical height profile. Vertical lines show mean values at each altitude in respective colors, with horizontal lines indicating
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and partially by the GEMS satellite during the midday
period (10 AM -3 PM) at Cape Hedo. Grid data from
TCR-2 and data from box-model simulations are utilized
to investigate NO, loss pathways in a clean environment
and calculate their relative contributions to the midday
NO, reduction.

Figure 8 presents the midday variations of NO, (or
NO,) and their decay rates in the near-surface layer
(0-100 m) at Cape Hedo during summer and autumn.
It should be noted that all datasets have been filtered
for common days and hours. NO, levels from TCR-2
closely match the midday concentrations measured by
MAX-DOAS in summer (380-500 ppt by TCR-2 and
400-540 ppt by MAX-DOAS) and autumn (400-660 ppt
by TCR-2 and 450-600 ppt by MAX-DOAS), resulting
in similar NO, decay curves. NO, levels from the GEMS
show a clear decrease (from 400 to 220 ppt) between
10 AM and 3 PM during the autumn months. This
decrease in NO, levels from the GEMS is consistent with
the observed patterns in the MAX-DOAS and TCR-2
data. The parallel decay curves of the MAX-DOAS and
TCR-2 NO, and NO, in both summer and autumn sug-
gest that the photochemical mechanism in the TCR-2
is also valid. The comparable decay of NO, and NO, in
the TCR-2 suggests that NO,-to-NO partitioning played
a negligible role. During the summer months, however,
the GEMS data reveal no decrease in NO, levels between
10 AM and 3 PM at Cape Hedo. This may be related to
the indirect influence of the scan sequence from morn-
ing to afternoon on retrieval sensitivities, as well as the

(a) Diurnal Variation at Cape Hedo
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insufficient near-surface data available between 10 AM
and 1 PM (see Sect. 3.1.2 and Figure S4a). Additionally,
the statistical conversion may be insufficient to fully cap-
ture the decreasing signal from the limited 2.5 year data-
set. During autumn, GEMS exhibits a more pronounced
diurnal decline, with a decay rate that closely aligns with
MAX-DOAS and TCR measurements.

Table 2 shows the midday-averaged NO, and NO,
decay rates near the surface, which have been derived
from the exponential curve fitting in Fig. 8. During the
autumn, the NO, decay rates derived from MAX-DOAS
exhibited a close correspondence with those from TCR-2
(r=21+5h vs. 22+20h). The NO, decay rate derived
from GEMS (16+10h) shows improved convergence
with both MAX-DOAS and TCR-2 when GEMS data
within+0.2° are allowed, compared to +0.05°. This con-
sistency may be attributed to the increased data avail-
ability and statistical convergence in this remote region
with low NO, levels (see Figure S4d). The large uncer-
tainty ranges in the autumn decay rates of TCR-2 and
GEMS account for the greater variability observed in
these datasets in Fig. 8b. During the summer months, the
NO, decay rate as estimated by MAX-DOAS showed a
reduced agreement with TCR-2 (t=17+8h vs. 30+ 8h) in
comparison to autumn.

The simulated diurnal variations of NO,, NO, and NO,,
as illustrated in Figure Sé6a, exhibit midday reductions in
NO, and NO,, which broadly align with trends observed
in TCR-2 and other datasets. The box-model NO, budget
analysis identifies four key pathways driving midday NO,

soo(b) Diurnal Variation at Cape Hedo
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Fig. 8 Midday variations (10 AM -3 PM) of NO, (or NO,) near the surface (~ 100 m) at Cape Hedo during summer (a) and autumn (b). Solid
lines represent hourly data, while dashed lines indicate exponential decay curve fitting. The data sources include TCR-2 (NO, in red, NO, in pink),
MAX-DOAS (blue), and GEMS (green), with GEMS data extracted within a 0.2° radius around the MAX-DOAS site
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loss (10 AM-3 PM) (Figure S6b), with OH reactions
dominating as the primary loss mechanism, contribut-
ing approximately 80% at 10 AM and increasing to nearly
90% by early afternoon. This primary loss mechanism is
consistent with the theoretical framework proposed by
Kanaya et al. (2014). It is clear that alternative pathways
are significantly less competitive when compared with
this OH-driven loss process. Residual NO,-to-NO par-
titioning contributes 5-15%, while PAN decomposition
and reformation account for a maximum of 10%, peaking
before noon and diminishing significantly in the after-
noon. Another pathway, the net contribution from the
thermal decomposition of peroxynitric acid (HNO,), was
minimal at 1-2%. However, the dominant loss pathway
identified in this analysis may not be applicable to other
sites, given that diurnal variations in emissions are much
more significant in urban areas. Further details on the
box model simulation, including oxidant mixing ratios
and the chemical decay rates of NO,, are provided in
Figure S7. Further investigation is necessary to establish
a quantitative relationship between the observed decay
rates and the 1/k[OH] rate under conditions involving
additional NO, sources and sinks, as well as in/outfluxes
driven by advection. The net PAN-NO, flux has to be re-
evaluated with the transport term in the 3D model. The
agreement between the GEMS data and the MAX-DOAS
and TCR-2 data in terms of the decrease in midday NO,
warrants the potential of GEMS for future chemical
budget analyses in remote regions.

4 Conclusions
This paper validated the TropNO, VCD data from GEMS
and TCR-2 against the MAX-DOAS and TROPOMI data
at three sites in Japan: Yokosuka (urban), Fukue (rural-
remote), and Cape Hedo (remote). GEMS v3.0 showed a
significant improvement in agreement with MAX-DOAS
compared to v2.0, particularly at Fukue and Cape Hedo.
The normalized mean bias was dramatically reduced
from 142-319% to 8-18%. GEMS v3.0 performed par-
ticularly well in autumn and winter (R=0.80 at Yokosuka;
R=0.60-0.66 at Fukue and Cape Hedo), exhibiting a
slight positive bias in autumn at Yokosuka (NMB=3.5%)
while negative biases in winter (NMB=-0.4%), notably
in spring (NMB=-29.5%) and summer (NMB=-51.2%).
GEMS v3.0 generally reproduced the diurnal variations in
TropNO, VCD in relatively clean regions like Fukue and
Cape Hedo. Notably, it captured the midday TropNO,
VCD observed by MAX-DOAS at Cape Hedo more accu-
rately than TROPOMI, demonstrating its advantages
over TROPOMI for studying low-NO, environments.
Due to the coarse spatial resolution of TCR-2 reanaly-
sis data, a meaningful comparison with MAX-DOAS at
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Yokosuka, an urban site, was not feasible. However, at
the background site of Cape Hedo, TCR-2 displayed a
significantly lower bias relative to MAX-DOAS com-
pared to TROPOMI (NMB=38% vs. 87%). Aggregating
TROPOMI TropNO, VCD data to the same 1.1° reso-
lution as the TCR-2 data improves comparison accu-
racy with TCR-2, yielding significant increases in the
correlation coefficients and the slope values across all
three sites. Moreover, both the TCR-2 and GEMS data
showed strong alignment with the MAX-DOAS data
in terms of capturing low NO, levels at midday in sum-
mer and NO, reductions at midday in autumn at Cape
Hedo. This underscored their utility in analyzing chemi-
cal loss processes, even within very low NO, concentra-
tion ranges. For the near-surface layer (0—100 m) at Cape
Hedo, NO, decay rates were comparable across MAX-
DOAS (r=21+5h), TCR-2 (r=22+20h), and GEMS
with broader coverage (+0.2°) (16 + 10h). The box-model
simulation indicated that the NO, + OH reaction was the
predominant pathway for NO, loss, while PAN-related
processes had only a minimal net impact. Quantitative
relationship between decay rates and chemical lifetime
must be a target of future studies. Moreover, future ver-
sions of GEMS should incorporate algorithmic improve-
ments to enable more precise data retrieval in the
near-surface layer during spring and summer.
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