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Abstract. Sensitivity analysis is essential for developing effective ozone (O3) mitigation strategies. This study
aims to extensively investigate the diurnal, seasonal, and vertical chemical sensitivity of O3 using a photochem-
ical indicator, the secondary formaldehyde (HCHO)-to-nitrogen dioxide (NO») ratio (FNR.) as measured by
Pandora remote-sensing spectrometers located across Japan. Region-specific FNRg,. thresholds were determined
using the GEOS-Chem chemical transport model. Surface concentrations and vertical column amounts of HCHO
and NO, were obtained from in situ measurements and Pandora spectrometers. The concentrations of HCHO
and NO; varied with season and altitude. Moreover, external pollution transport affected the vertical profiles
and likely contributed to elevated concentrations. During exceedance events, the O3 sensitivity analysis showed
that NO, -limited conditions were dominant in summer, transitional regimes in spring and fall. Vertically, RO, -
limited conditions typically formed near the surface layers, followed by transitional regimes in the mid-levels,
and NO,-limited regimes aloft. Therefore, O3 mitigation strategies should target not only the surface level but
also elevated altitudes. This study contributes to fostering a comprehensive understanding of O3 sensitivity in
the troposphere using FNRg, retrieved from Pandora measurements.
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1 Introduction

Tropospheric ozone (O3) is a central secondary pollutant
formed through photochemical reactions involving its main
precursors: nitrogen oxides (NOy, including NO and NO;)
and volatile organic compounds (VOCs) in the presence of
sunlight. Increases in tropospheric O3 levels negatively affect
human health (Liu et al., 2018; Nuvolone et al., 2018), crop
productivity (Mahmood et al., 2020; Ramya et al., 2023), and
ecosystems (Feng et al., 2021; Grulke and Heath, 2020). Due
to its well-known impacts, enormous efforts have been made
in many cities and countries to mitigate O3 pollution (Hu et
al., 2024; Chang et al., 2025; Shi et al., 2025). A major chal-
lenge that hinders O3 pollution mitigation strategy is that O3
formation results from non-linear photochemical reactions of
its precursors, rather than from direct emissions (Mishra et
al., 2024; Sadanaga et al., 2017). Internally, O3 production
is initiated by the formation of peroxyl radical (RO,), gen-
erated through reactions between VOCs and hydroxyl radi-
cal (OH). O3 is subsequently produced when RO, radicals
(HO; or ROy) react with NO, leading to radical propagation
(Kleinman et al., 2001; Sillman and He, 2002). The radical
termination proceeds control the O3z production. These pro-
ceeds occur either through the reaction of OH with NO, to
form nitric acid (referred as LNO, ) or through radical-radical
reactions (referred as LRO,) (Schroeder et al., 2017).
Sensitivity analysis is of significant importance for de-
veloping effective O3 mitigation strategies. Tropospheric O3
production is conventionally categorized into three regimes:
NO,-limited (or NO,-sensitive) regime, transitional regime,
and radical-limited (also referred to as VOC-limited, VOC-
sensitive, or NO,-saturated) regime. Depending on the sensi-
tivity regime, controlling either NO, or VOC emissions can
be an effective approach to mitigating O3 pollution. Sensitiv-
ity analyses have been conducted using various approaches,
including model-based methods (Thorp et al., 2021), abso-
lute sensitivity analysis (Sakamoto et al., 2019), and pho-
tochemical indicators such as the formaldehyde-to-nitrogen
dioxide ratio (FNR) (Jung et al., 2022; Qian et al., 2024;
Souri et al., 2023b), the robust HyO,-to-HNO3 ratio (Ham-
mer, et al., 2002; Souri et al., 2023a), and the LRO,. /LNO,
ratio (Abdi-Oskouei et al., 2022; Schroeder et al., 2017).
O3 formation sensitivity can be visually represented using
empirical kinetics modeling approach (EKMA) that pro-
duces curves between NO, and VOCs (Tonnesen and Den-
nis, 2000). However, measuring hundreds of VOC species is
impractical. Meanwhile, HCHO reflects the VOC oxidation
strength and is widely used as a proxy for VOCs reactivity
(Irie et al., 2021). It should be noted that only secondary
HCHO, produced photochemically from VOCs, accurately
reflects the VOC oxidation capacity (Xue et al., 2022). Pri-
mary HCHO is directly emitted from anthropogenic activi-
ties; therefore, considering primary HCHO may be mislead-
ing in the assessment of VOCs reactivity. Previously, the
HCHO-t0o-NO,, ratio was used as an indicator of the chem-
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ical sensitivity. NO,, consists of NO, and NO, (including
HNOj3, HONO, organic nitrates, etc.). The HCHO-to-NO;
ratio has been proposed as a better indicator because HCHO
and NO» have similar lifetimes and better represent the com-
petition for OH radicals (Santiago et al., 2021; Tonnesen and
Dennis, 2000). The FNR has inherent limitations in repre-
senting O3 chemistry because it does not account for other
atmospheric dimensions, such as photolysis rates and water
vapor (Souri et al., 2023a, 2026). A wide transition/ambigu-
ous range of FNR values has been reported compared with
the more precise LNO, /LRO, ratio (Schroeder et al., 2017).
Consequently, under certain conditions, especially under low
photolysis rates, FNR may misclassify O3 formation sensi-
tivity. Nonetheless, FNR remains a commonly used indicator
because it can be readily obtained. In this study, we discuss
the application of FNR under conditions of strong photolysis
rates to minimize potential misclassification.

O3 formation occurs not only at the surface but also at ele-
vated altitudes in the troposphere (Hu et al., 2024). Moreover,
due to atmospheric convection, elevated O3 can be dispersed
downward to the near-surface layer (Souri et al., 2021). In-
deed, study of O3 production within the planetary bound-
ary layer (PBL) is more important than at the surface alone.
VOC s, such as isoprene emitted from vegetation, can be ver-
tically transported to higher layer, where they produce RO,
radicals and secondarily formed HCHO through photochem-
ical processes. The vertical distributions of HCHO is there-
fore primarily driven by vertical transport and chemistry,
which complicates the vertical formation of tropospheric O3
(Souri et al., 2023b). To investigate the vertical sensitivity of
O3 formation, previous studies have employed column FNR
observed by multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) (Irie et al., 2021; Zhang et al., 2021;
Ryan et al., 2023; Wang et al., 2025). Other studies have ap-
plied satellite-based techniques to assess the spatial sensitiv-
ity of O3 formation (Duncan et al., 2010; Jin et al., 2017;
Jung et al., 2022). By combining satellite and ground-based
remote sensing, column FNR sheds light on the development
of spatially and temporally targeted O3 mitigation strategies.

The Pandora instrument is a passive UV-VIS spectrome-
ter that observes solar photons over the 280-530 nm spec-
tral range (Herman et al., 2009). The Pandonia Global Net-
work (PGN) is a joint project supported by NASA and
ESA, providing real-time, standardized, calibrated, and ver-
ified air quality data along with associated uncertainty es-
timates (https://www.pandonia-global-network.org/, last ac-
cess: 1 September 2025). With more than 200 operational
stations worldwide, the PGN has been widely applied in at-
mospheric research. In particular, due to their high accuracy,
Pandora instruments have served as Fiducial Reference Mea-
surement (FRM) for validating satellite observations (Douros
et al., 2023; Judd et al., 2020; Kim et al., 2023) and airborne
spectrometers (Choo et al., 2023; Judd et al., 2019). Addi-
tionally, Pandora observations have successfully highlighted
the seasonal and diurnal variations of air pollutants (Herman
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and Mao, 2025; Liu et al., 2024). Mouat et al. (2024) reported
a complex, heterogeneous environment near an airport us-
ing Pandora data. With its two viewing geometries, namely
direct-sun and sky-scan modes, Pandora quantitatively ob-
serves total column amounts and lower tropospheric column
amounts of several trace gases, including NO,, HCHO, and
SO, (Cede et al., 2021a, b). Furthermore, the instrument
provides both column and vertical distribution information,
making it appropriate for investigating the O3 formation sen-
sitivity. Nevertheless, no studies have employed Pandora to
analyze O3 formation sensitivity.

Increased levels of air pollution not only influence health
but also place a burden on socioeconomic costs and health-
care resources (Xu et al., 2025). Japan is facing the problem
of an aging population that is more vulnerable to air pollu-
tion. A modeling study predicted that 80 % of Japan’s popu-
lation could be exposed to the highest levels of O3 between
2030 and 2050 if no climate change mitigation policies are
implemented (Chen et al., 2024). Looking back on history,
the first episode of photochemical air pollution occurred in
1970, leading to the hospitalization of schoolchildren and
high school students (Akimoto, 2017). In response, the gov-
ernment has implemented stringent emission controls since
the 1980s, leading to a 56 % reduction in NO, and a 50 %
reduction in VOCs emissions from 2000 to 2019 (Chatani et
al., 2023). Despite the emission reductions, O3 level remain
unpredictable due to non-linear photochemical processes and
an increase in transboundary transport (Akimoto, 2017; Irie
et al., 2021). Therefore, extensive studies on O3 formation
are needed to more efficiently mitigate human exposure.

In this study, we first utilized both Pandora direct-sun and
sky-scan modes to analyze O3 formation sensitivity at differ-
ent altitudes and latitudes across Japan. The Japan Pandora
Network (JPN), as part of the PGN, has established more
than 10 stations, providing real-time vertical measurements.
Because FNR threshold values depend on the study region,
meteorological conditions, and emissions, we applied the
GEOS-Chem chemical transport model to determine region-
specific FNR thresholds for Japan. To improve accuracy, we
accounted for secondary HCHO contributions. The findings
of this study provide scientific insights into the application of
Pandora measurements for mitigating regional O3 pollution.

2 Methodology

2.1 Surface measurements

To obtain surface concentrations of HCHO and NO,, we con-
ducted in situ measurements at Tokyo Metropolitan Univer-
sity (Tokyo-TMU) during the summer (1-19 July) and fall
(17-31 October) of 2022. NO, was measured using a cavity
attenuated phase shift (CAPS) analyzer, which directly de-
tects NO, by measuring absorption around 450 nm, with a
detection limit of less than 0.1 ppb (Choi et al., 2020). Mean-
while, HCHO was obtained using a selected ion flow tube
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mass spectrometer (SIFT-MS). SIFT-MS utilizes precursor
ions such as H301, NO™, and O, for ionization and de-
tection of target substances (Langford et al., 2023; Roberts
et al., 2022). This instrument is recommended as an efficient
method for the measurement of HCHO in both indoor and
outdoor environments (Zogka et al., 2022).

Surface O3z concentrations were obtained from nearby air
monitoring stations using the UV absorption method. These
stations are operated by the Atmospheric Environmental Re-
gional Observation System (AEROS) (https://soramame.env.
g0.jp/, last access: 24 July 2025).

2.2 Tropospheric column amounts and vertical profiles
derived from Pandora observations

Pandora spectrometer consists of a head sensor, an opti-
cal fiber transmission system, and a charge-coupled de-
vice (CCD) used as a spectral detector. The data retrieval
begins with the raw measurement spectra (L0O). The cor-
rected signal (L1) is obtained by applying complex cor-
rections, such as dark correction, latency correction, etc.
Spectral fitting (L2Fit) is performed to derive slant col-
umn densities relative to a reference spectrum using the dif-
ferential optical absorption spectroscopy (DOAS) method.
Finally, L2 data is produced by converting slant columns
into vertical columns utilizing geometrical air mass fac-
tors (AMFs) for the direct-sun mode and analytical meth-
ods for the sky-scan mode (Rawat et al., 2025). The
direct-sun mode measures total NO, column with high
precision (2.7 x 10'* molecules cm~2) and accuracy (2.7 x
10'5 molecules cm™?2). For total HCHO column, a statistical
error of 6% and a systematic error of 26 % have been re-
ported (Spinei et al., 2018). The bias of the sky-scan mea-
surement is approximately —0.02 x 10'® molecules cm™2 for
NO; and —0.05 x 10'® molecules cm~2 for HCHO (Tirpitz et
al., 2021; Verhoelst et al., 2021). In this study, we explored
both the tropospheric column FNR and vertical FNR profile
by combining the direct-sun and sky-scan modes of Pandora.
In the direct-sun mode, the tropospheric columns of NO, and
HCHO were derived by subtracting the stratospheric contri-
bution. This stratospheric information was derived from the
GEOS-Chem model (Sect. 2.3). In addition to column densi-
ties in the lower troposphere (up to an altitude of 3 km), the
sky-scan measurements provided vertical distributions from
the surface up to an altitude of 3 km with several layers of
measurements. These profiles are crucial for examining the
vertical characteristics of NO, and HCHO, as well as O3 pro-
duction in the troposphere.

We used the Pandora data at four JPN stations, Sapporo,
Tsukuba-NIES, Tokyo-TMU, and Fukuoka. These stations,
listed from north to south, were chosen to investigate FNR
across different latitude environments. A brief description of
these Pandora stations is provided in Table S1 in the Supple-
ment. These Pandora instruments routinely alternate between
direct-sun and sky-scan modes on a standard schedule (Cede
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etal., 2021a). Data processing was performed using the Blick
software, which converts LO (raw measurement spectra) to
L2 products (e.g., vertical column densities, profiles, etc.).
For FNR calculations, L2 products were employed. To max-
imize the available scientific data, we applied a new filtering
method adopted from Rawat et al. (2025). The cut-off val-
ues were defined as the mean plus three standard deviations
of the independence uncertainty for data with a high-quality
flag. Data with independence uncertainty exceeding the cut-
off value was removed. We also excluded data with a solar
zenith angle (SZA) > 75° (Mouat et al., 2024). Using this
filtering method, the data volume increased significantly by
5 %-30 % for NO, and 20 %-70 % for HCHO, compared to
the filtering method that uses high and medium data quality
flags.

2.3 Model simulations and determination of FNR
thresholds

To characterize the FNR thresholds, we investigated the re-
sponse of O3 to emission perturbations using the GEOS-
Chem model. GEOS-Chem is a three-dimensional chemical
transport model driven by assimilated meteorological obser-
vations from the Goddard Earth Observing System (GEOS)
of the NASA Global Modeling and Assimilation Office
(GMAO) (http://www.geos-chem.org, last access: 29 May
2025). To simulate O3, HCHO, and NO, for the year 2022,
we used the high-performance GEOS-Chem (GCHP) model,
version 14.4.0 (The International GEOS-Chem User Com-
munity, 2024). GCHP is described by Eastham et al. (2018).
Improved advection, resolution, performance, and commu-
nity access are described by Martin et al. (2022). In the cur-
rent study, we configured four model runs.

For Run-1, global anthropogenic emissions were based on
the Community Emissions Data System version 2 (CEDSv2)
(McDuffie et al., 2020). We used the Regional Emission in-
ventory in ASia version 3.2.1 (REASv3.2.1) (Kurokawa and
Ohara, 2020), as the regional anthropogenic emissions over-
ride the global anthropogenic emissions for Japan. Biomass
burning emissions were taken from the Global Fire Emis-
sions Database version 4 (GFED4) (Van Der Werf et al.,
2017). Additionally, dust, sea salt aerosol, soil NO,, light-
ning NO,, and biogenic VOCs emissions were computed
offline (Weng et al., 2020). All emissions were config-
ured at run-time using Harmonized Emissions Component
(HEMCO, version 3.9.3) (Lin et al., 2021). Table S2 provides
a detailed description of the emission inventories used in
the model simulation. For meteorology, we used MERRA-2
(0.5°x0.625°), a global atmospheric reanalysis data product.
The full-chem model simulations use chemical mechanism
kinetics following JPL/IUPAC recommendations (Bates et
al., 2024). Photolysis frequencies for stratospheric and tro-
pospheric chemistry are calculated with Cloud-J v7.7.3
(Prather, 2015). Stratospheric chemistry is represented by a
linear chemistry mechanism, the Linoz algorithm (McLin-
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den et al., 2000). The Linoz stratospheric chemistry pack-
age is recommended for GEOS-Chem simulations of O3.
More details on the chemical mechanisms are available at
http://www.geos-chem.org (last access: 29 May 2025). In our
study, the simulations were run using a 10 min time step for
chemistry and a 5 min time step for transport. Moreover, we
applied the grid-stretching capability to focus on the Japan
region. The grid-stretching procedure followed Bindle et al.
(2021), with an initial cubed-sphere grid of C90, a target lat-
itude of 37°, a target longitude of 137°, and a stretch factor
of 4. This procedure yielded an average horizontal resolution
of 27.78 km over Japan. The simulation generated the ver-
tical extent from the surface to approximately 80 km with a
72 vertical-layer grid. Surface concentrations were obtained
from the first model layer. The tropospheric column and the
stratospheric column were separated using tropopause infor-
mation. Furthermore, this troposphere-stratosphere distribu-
tion was used to derive the tropospheric column from the
Pandora direct-sun observations.

Run-2 was the same as Run-1 but with all anthropogenic
HCHO emissions turned off. Secondary HCHO reflects the
VOCs activity through photolysis reactions. Previous stud-
ies have highlighted the importance of separating secondary
HCHO from anthropogenic HCHO for a more accurate in-
terpretation of the FNR (Hong et al., 2022; Xing et al., 2022;
Xue et al., 2022). By comparing Run-1 and Run-2, we de-
termined the contribution of primary HCHO and excluded it
from the FNR calculation.

Run-3 and Run-4 were the same as Run-2 but with a 20 %
reduction in regional NO, and VOC emissions, respectively.
Ozone concentrations result from both in situ photochem-
ical creation and external transport processes (Hong et al.,
2022; Qian et al., 2024). A key advantage of the model-
based method is that it allows us to exclude external trans-
port processes, leading to a more precise classification of the
O3 chemical regime. The external O3 transport influence was
eliminated by subtracting Run-3 or Run-4 from Run-2. This
step further reflects the response of O3 to changes in NO,
and VOC:s. Figure S1 in the Supplement shows an example
of the surface O3 response to VOC and NO, emission reduc-
tions, resulting from GEOS-Chem simulations. Both nega-
tive and positive O3 changes were observed in response to
NO, emission reduction. In contrast, VOC emission reduc-
tion consistently led to decreases in O3 levels. The Greater
Tokyo Metropolitan Area was strongly influenced by these
emission perturbations.

Regarding the responses, the O3 sensitivity regime was
categorized following the method of Jin et al. (2017) and
Jung et al. (2022). Instead of the term VOC-limited regime,
here we used the term “RO,-limited regime” for more ac-
curacy present for the radical-limited regime. A negative
change in O3 owing to NO, emission reduction indicates a
RO, -limited regime. A NO,-limited regime is defined when
the positive change in O3 owing to VOC emission reduction
is smaller than that from NO, emission reduction. The FNR
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threshold values for RO,-limited and NO,-limited regimes
were determined as those corresponding to the 95th per-
centile of the cumulative probability distribution for each
regime.

3 Results and discussion

3.1 Model simulations of HCHO, NO», and O3

3.1.1  Comparison with in situ and Pandora
measurements

The correlation statistics between the GEOS-Chem sim-
ulations (Run-1) and in situ measurements are shown in
Fig. 1, and those with Pandora are shown in Fig. 2. The
GEOS-Chem simulations underestimated the surface HCHO
concentrations, with a slope of 0.37, a correlation coeffi-
cient (R) of 0.32, and a root mean square error (RMSE)
of 1.56 ppbv. Meanwhile, the GEOS-Chem overestimated
the surface NO, concentrations, with a slope of 1.34, R =
0.48, and RMSE = 14.65 ppbv. However, the GEOS-Chem
simulations aligned better with the Pandora tropospheric
column densities. Specifically, the correlation coefficients
between GEOS-Chem and Pandora for HCHO and NO,
were 0.51 and 0.56, respectively, for Sapporo, 0.87 and
0.72 for Tsukuba-NIES, 0.78 and 0.54 for Tokyo-TMU,
and 0.69 and 0.70 for Fukuoka. The RMSE varied from
2.99 to 5.93Pmoleccm™2 for HCHO and from 2.11 to
5.71 Pmolec cm™2 for NO,. The surface conditions are likely
more complex compared to the tropospheric column, which
could explain why the GEOS-Chem model imperfectly cap-
tured the surface characteristics. Additionally, the local emis-
sion inventory implemented in the model was based on the
year 2015, which might cause a significant bias in the model
results. The diurnal cycles of HCHO and NO; simulated by
the GEOS-Chem model were compared with in situ measure-
ments (Fig. S2) and Pandora (Fig. S3). The GEOS-Chem
model successfully reproduced the surface diurnal cycle of
HCHO. For surface NO», the simulation captured the diurnal
cycle in October quite well, but dramatically overestimated
NO, concentrations in July. Both the Pandora observations
and the GEOS-Chem simulations showed a midday decrease
in tropospheric NO; columns. The GEOS-Chem model also
simulated the growth in HCHO from the morning; however,
it showed a slight decrease after 14:00JST. A larger differ-
ence between the model and Pandora was observed at Tokyo-
TMU, where primary HCHO emissions are significant.

For surface O3z, we compared the GEOS-Chem model per-
formance with in situ measurements from nearby air mon-
itoring stations at the four Pandora locations. The GEOS-
Chem simulation was able to reproduce the inverted U-
shaped pattern of Oz but showed positive biases (15—
25 ppbv) (Fig. 3). The O3 depletion during nighttime was
not well generated by the GEOS-Chem model, resulting in
overestimated concentrations during photochemical periods.
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The faster nighttime depletion rate of O3 at Tokyo-TMU
and Tsukuba-NIES suggests stronger deposition, which was
not reflected by the model simulation. High positive biases
in surface O3 have been reported in the literature (Travis
et al., 2016; Travis and Jacob, 2019). The diurnal varia-
tions in mixed-layer dynamics and ozone deposition veloc-
ities in the model are one of the key factors contributing to
this bias (Travis and Jacob, 2019). However, GEOS-Chem
generally captured the observed variations in daytime Os,
such as large fluctuations at Tokyo-TMU and Tsukuba-NIES,
and narrower variations at Fukuoka and Sapporo. The agree-
ment between model simulation and in situ measurements
was moderate, with an R of 0.56, 0.61, 0.53, and 0.59 for
Sapporo, Tsukuba-NIES, Tokyo-TMU, and Fukuoka, respec-
tively. Overall, the GEOS-Chem model could capture O3
production at the study locations, indicating its suitability for
investigating the O3 sensitivity regime.

3.1.2 Contribution of secondary HCHO

Table 1 shows the contributions of secondary HCHO at
the study locations, derived from the GEOS-Chem simula-
tions. We only considered daytime simulation from 08:00
to 16:00, when photochemical reactions actively occur. Ba-
sically, secondary HCHO contributed the majority at the
surface level, with values of 86 %, 87 %, 76 %, and 90 %
at Sapporo, Tsukuba-NIES, Tokyo-TMU, and Fukuoka, re-
spectively. The contribution of primary HCHO was slightly
higher at Tokyo-TMU (24 %). The secondary HCHO contri-
bution increased in summer and decreased in winter. A di-
urnal variation of the contribution of secondary HCHO was
observed, with the highest contribution around noon (not
shown). For the tropospheric column, the seasonal contri-
bution of secondary HCHO remained consistent. Addition-
ally, the secondary HCHO contribution increased with alti-
tude (Fig. S4a). The contribution at altitudes above 2 km was
almost entirely attributed to secondary formation. This verti-
cal distribution depends on primary emission sources, VOC
oxidation, and photolysis rates. The higher photolysis fre-
quency above 2 km compared to surface (Fig. S4b) therefore
enhanced VOC oxidation as well as the magnitude of O3 pro-
duction. Secondary HCHO effectively represents a proxy for
VOC reactivity (Su et al., 2019; Xue et al., 2022). For more
accurate FNR calculation, these secondary HCHO contribu-
tions from the model simulations were adopted for both in
situ and Pandora measurements. The FNR using secondary
HCHO is referred to as FNR... This approach is particu-
larly important in areas with a high contribution of primary
sources of HCHO, for example, urban and industrial areas.

3.2 Overall levels of HCHO and NO»
3.2.1 Surface levels

The diurnal plots of HCHO and NO; obtained from in situ
measurements at the Tokyo-TMU site are shown in Fig. S2.
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Figure 2. Scatter plots of tropospheric vertical column densities of HCHO (top panels) and NO, (bottom panels) between the Pandora
direct-sun measurements and GEOS-Chem model simulations. The dashed line indicates the 1 : 1 line.

Near the surface, HCHO concentrations fluctuated within a
narrow range of a few ppbv throughout the day. The min-
imum occurred at mid night, while the peak was observed
around noon (in July) or late afternoon (in October). HCHO
concentrations are generally expected to be higher in sum-
mer due to enhanced photochemical reactions driven by
stronger solar irradiance and increased biogenic VOCs emis-
sions from the local flora (Irie et al., 2021). However, inter-
estingly, we found negligible differences in surface HCHO
concentrations between July and October. The mean HCHO
concentrations in July and October were 2.77 & 1.73 and
3.06 +2.10 ppbyv, respectively.

Surface NO; concentrations were twice as high in October
compared to July. In July, the NO, mixing ratio ranged from

Atmos. Chem. Phys., 26, 8275-8294, 2026

0.90 to 21.10 ppbv, with an average of 5.98 ppbv. In October,
the surface NO, ranged from 1.24 to 39.13 ppbv, with an av-
erage of 9.91 ppbv. Peaks in July were not clearly defined.
In contrast, October showed a small peak in the morning
and a larger one around 18:00, exhibiting traffic emissions,
while minimum concentrations occurred at noon due to pho-
tochemical loss. The finding that the diurnal trend of NO;
was opposite to that of HCHO can be explained by photo-
chemical reactions. These diurnal cycles have been well doc-
umented in previous studies (Irie et al., 2011; Itahashi and
Irie, 2022).

https://doi.org/10.5194/acp-26-8275-2026
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Table 1. Contribution of secondary HCHO (%) at the surface level and in the tropospheric columns, obtained from the GEOS-Chem model
simulation at the JPN sites. The statistical values were considered only for 8 h daytime simulations (08:00 to 16:00).

Location Spring  Summer Fall  Winter Annual average

Samnoro Surface 89413 9841 9149 65415 86417
PP Tropospheric column ~ 98+2 9940 9842 9343 9743
Surface 89411 9644 91410 74416 87414

Tsukuba-NIES 1y o oepheric column 9644 9941 9743 9046 9545
Tokvormy | Surface 76416 9248 77419 58422 76 +£21
4 Tropospheric column 91+£5 97+£2 93+£5 85+8 92+7
Fukuoka Surface 90+9 9743 9248 79413 90+ 11
Tropospheric column 97+3 99+0 98 +2 94+3 97+3

3.2.2 \Vertical column amounts

Figure 4 shows the variation in vertical column den-
sity (VCD) of HCHO measured by the Pandora spec-
trometer in 2022 at the study sites. The highest to-
tal VCD was observed at Tokyo-TMU, with a mean
value of 12.30 4 4.99 Pmoleccm™2. The levels at Sapporo,
Tsukuba-NIES, and Fukuoka were 6.01 +2.84, 8.97 +£5.05,
and 9.05 £ 4.02 Pmoleccm™2, respectively. According to
the GEOS-Chem simulations, the contribution of primary
HCHO at Tokyo-TMU was higher than that at the other
study sites (Table 1), indicating that the elevated column
amount at Tokyo-TMU was largely influenced by local
emission of anthropogenic sources. Clearly, the HCHO col-
umn amounts tended to be higher in summer and lower
in winter. As discussed in Sect. 3.2.1, the difference in
surface HCHO concentrations between July and Octo-
ber at Tokyo-TMU was not statistically significant. How-

https://doi.org/10.5194/acp-26-8275-2026

ever, the total HCHO VCD measured by Pandora in July
(16.47 4 5.05 Pmoleccm™2) was 1.5 times higher than that
in October (10.90 «+2.05Pmoleccm™2). Additionally, we
found a strong relationship between column densities and
surface concentrations, with a correlation of 0.7 for HCHO
(Fig. S5). The correlation slope was about three times higher
in July than in October, likely due to enhanced HCHO pro-
duction at higher altitudes during summer. This suggests that
column information is essential and complement to surface
measurements for fully representing atmospheric HCHO.
The lower tropospheric column (up to an altitude of 3 km)
of HCHO (obtained from the sky-scan mode) accounted
for 59.14 % + 18.83 % at Sapporo, 65.86 % £ 14.84 % at
Tsukuba-NIES, 49.04 % +£16.76 % at Tokyo-TMU, and
62.27 % + 16.66 % at Fukuoka, relative to the total column
amount (obtained from the direct-sun mode). This lower tro-
pospheric contribution was dominant in summer, ranging
from 61.27 % to 71.65 %, and decreased in winter, varying

Atmos. Chem. Phys., 26, 8275-8294, 2026
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from 32.92 % to 54.93 %. However, it should be noted the er-
ror budget in Pandora direct-sun HCHO (Spinei et al., 2018).
This error budget can overestimate the total column den-
sity. The diurnal cycle of the tropospheric HCHO column
is shown in Fig. S3. The tropospheric column measured by
Pandora exhibited a continuous increase from the morning to
the afternoon. The accumulation of HCHO and the decreas-
ing rate of photolysis in the afternoon can explain this daily
cycle of HCHO (Souri et al., 2023b; Zhang et al., 2021).

In contrast to the HCHO trend, the NO; column
amounts reached their minimum in summer (Fig. 4).
Tokyo-TMU was also polluted with NO;, with an average
of 9.73+£4.99Pmoleccm™  (12.55 £ 6.52 Pmoleccm ™2
in winter and 6.8042.17 Pmoleccm™2 in summer),
followed by Tsukuba-NIES with an average of 8.33+
3.88 Pmoleccm™2  (8.83 +4.42Pmoleccm™2 in  winter
and 7.84+2.50Pmoleccm™2 in summer). The to-
tal NO, VCDs at Sapporo and Fukuoka were 7.92+

Atmos. Chem. Phys., 26, 8275-8294, 2026

4.45Pmolecem™2 and 7.22 +3.01 Pmoleccm™2, respec-
tively. The lower tropospheric column contributed 51.38 % =+
20.86 %, 53.95% £18.06%, 59.55% £16.79%, and
56.29 % =+ 18.83 % to the total column at Sapporo, Tsukuba-
NIES, Tokyo-TMU, and Fukuoka, respectively. We also
found good agreement for NO;, between lower tropospheric
column densities and surface concentrations, with a corre-
lation of 0.6 (Fig. S5). The slope was similar in July and
October, reflecting that NO» is mainly concentrated near the
surface.

3.2.3 \Vertical profiles

The Pandora sky-scan mode measures scattered sunlight at
several angles, yielding the vertical profiles. The resolution
of the vertical profiles depends on the number of scanning
angles, referred to as elevation scan routines (i.e., detailed
elevation scan and quick elevation scan). Here, we used de-

https://doi.org/10.5194/acp-26-8275-2026
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tailed elevation scans around noon to investigate the vertical
distribution of HCHO and NO,. The detailed elevation scan
routine observes 14 angles without using filter and 12 angles
using the U340 filter, respectively (Rawat et al., 2025). We
converted these partial vertical columns to mixing ratios, as-
suming well-mixed conditions in each layer and the ideal gas
law. To obtain the seasonal vertical distributions of HCHO
and NO», after extrapolating into 0.1 km bins, the profiles
were averaged by altitude. Since the altitudes of these four
Pandora stations ranged from 45 to 135m, and the maxi-
mum vertical sensitivity of the sky-scan mode was generally
within 2 km, we only considered the vertical profile from 0.2
to 2km. Figures 5 and 6 present the seasonal and time-series
vertical profiles of HCHO and NO,, respectively.

The HCHO productions were significantly enhanced dur-
ing summer due to stronger solar intensity and increased bio-
genic VOCs emissions such as isoprene. Secondary HCHO
is associated with isoprene emitted from vegetation (Ryan
et al., 2023). Isoprene emissions exhibit a markedly posi-
tive exponential relationship with temperature (Ryan et al.,
2023; Wang et al., 2024). At higher temperatures in summer,
more isoprene is emitted, which triggers the formation of sec-
ondary HCHO. The higher HCHO production at Tsukuba-
NIES and Tokyo-TMU compared to Fukuoka suggests that,
in addition to biogenic VOCs, anthropogenic VOCs play
an important role in HCHO production (Fig. S6). Anthro-
pogenic VOC emission accounted for 20 % of the total emis-
sion at the two locations. The summertime increase in an-
thropogenic VOCs emissions is likely driven by enhanced
evaporation processes (Wu et al., 2024). The vertical vari-
ation of HCHO appeared to be relatively heterogeneous in
winter. However, we found less significant changes in the
seasonal profiles at the highest latitude site (Sapporo). Ver-
tically, HCHO formation was observed up to 2km, which
is consistent with previous studies (Lin et al., 2022; Shi et
al., 2025). HCHO extended to higher altitudes could be at-
tributed to vertical and horizontal transport and chemistry
(Souri et al., 2023b). For a more accurate FNR analysis, it is
essential to consider not only surface but also elevated mea-
surements (Souri et al., 2025).

The NO; distributions more rapidly decreased with in-
creasing altitude compared to HCHO. Unlike HCHO, the
bulk of NO; was generally concentrated below 1 km because
NO, emissions are mainly near the surface (i.e., traffic). Nor-
mally, the vertical NO; profile was enhanced in winter. How-
ever, we also observed several spikes of NO; during summer
at Tsukuba-NIES. Generally, NO; concentrations are low in
summer because of photochemical loss. The enhanced NO;
profiles observed at Tsukuba-NIES during summer could be
attributed to the transport of emissions from surrounding re-
gions. Irie et al. (2021) reported that summertime air masses
passing over Tokyo Bay area and reaching Tsukuba lead to a
greater O3 concentrations at this site.

To investigate whether any external transport affected the
vertical profiles, we applied the Hybrid Single-Particle La-

https://doi.org/10.5194/acp-26-8275-2026
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grangian Integrated Trajectory (HYSPLIT) model for the
Tsukuba-NIES case. The model, developed by the National
Oceanic and Atmospheric Administration (NOAA) Air Re-
sources Laboratory (ARL), has been widely used for atmo-
spheric trajectory and dispersion calculations (Stein et al.,
2015). We simulated 48 h backward trajectories for the year
2022, with endpoints at 13:00 local time (JST) at Tsukuba-
NIES, as a case study. The backward trajectories were as-
signed into four clusters: cl, c2, c3, and c4. The number
of clusters was optimized using total spatial variance (TSV)
analysis. The cluster frequencies were 15 %, 40 %, 36 %, and
9 % for cl, c2, c3, and c4, respectively (Fig. S7). Figure S8
shows the vertical profiles of NO; at Tsukuba-NIES during
summer as a function of air mass clusters. During summer,
cluster cl occurred on only one day, clusters c2, c3, and
c4 occurred on 34, 33, and 24 d, respectively. Thus, we ob-
served elevated in NO, profiles during cluster c4, in which
air masses passed through urban Tokyo and industrial areas,
transporting anthropogenic pollutants to the Tsukuba-NIES
site. This suggests that external pollution transport affected
the vertical distributions of NO;, and consequently, O3 pro-
duction.

3.3 Identification of the Oz sensitivity regime

The O3, HCHO, and NO; outputs from the GEOS-Chem
model simulations were utilized to identify the O3 sensi-
tivity regime (Fig. 7). From the scatter plots, the responses
of surface O3 to NO, and VOC emission reductions at
Sapporo and Fukuoka were within 5 ppbv, which were less
pronounced than those at Tsukuba-NIES and Tokyo-TMU
(within 10 ppbv). A positive O3 difference indicates that the
emission reduction results in a decrease in surface O3. Con-
versely, a negative difference means that the emission reduc-
tion enhances surface O3 concentrations. In our study, gen-
erally, VOC emission reductions led to a decrease in surface
O3 concentrations. NO, emission reductions could either de-
crease O3 through photochemical reaction or increase it due
to reduced LNO,, processes.

The FNRg,, threshold values were determined using both
surface and column information (Fig. 7, cuamulative graphs).
Based on surface FNRg,, the RO, -limited conditions were
distinguished with thresholds of FNR.. < 0.2 for Sapporo,
< 0.29 for Tsukuba-NIES, < 0.28 for Tokyo-TMU, and <
0.18 for Fukuoka. The NO,-limited regimes were associ-
ated with FNRg.. > 0.36 for Sapporo, and > 0.91, > 0.75,
and > 0.72 for Tsukuba-NIES, Tokyo-TMU, and Fukuoka,
respectively. The surface FNRg. thresholds were generally
lower than the column FNRg.. The finding of higher col-
umn FNR is consistent with previous studies (Jin et al., 2017;
Souri et al., 2023a). The column FNRge. thresholds for the
RO, -limited regimes and NO,-limited regimes at the Sap-
poro site were < 0.86 and > 1.52, respectively. The cor-
responding column FNRg. threshold ranges for Tsukuba-
NIES, Tokyo-TMU, and Fukuoka were 0.74—1.7, 0.62—1.53,

Atmos. Chem. Phys., 26, 8275-8294, 2026
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and 0.43-1.73, respectively. The transitional regime seemed
to occur over a wider range of column FNR, values at lower
latitudes (e.g., Fukuoka) compared to higher latitudes (e.g.,
Sapporo). The differences between surface and tropospheric
column FNRg.. could be attributed to the vertical character-
istics of HCHO and NO,. NO; molecules were concentrated
near the surface, while HCHO was present in the higher lay-
ers. As a result, surface FNRg. did not account for HCHO
at higher layers, leading to lower threshold values. The sur-

Atmos. Chem. Phys., 26, 8275-8294, 2026

face and column FNRg,. thresholds identified in this study
are consistent with those reported by Jin et al. (2017) for East
Asia (Table 2).

For the column, the transition range for Sapporo was
defined as 0.86-1.52 where the cumulative probability of
NO,-limited and RO, -limited condition reached 95 %, cor-
responding to a 5 % probability of misclassification. Con-
sequently, 15 % of NO,-limited and 15 % of RO,-limited
conditions were incorrectly classified as transitional (Fig. 7).

https://doi.org/10.5194/acp-26-8275-2026
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Similarly, the probabilities of misclassifying NO,-limited
and RO,-limited conditions as transitional were 20 % and
25 %, respectively, for Tsukuba-NIES, 35 % and 25 % for
Tokyo-TMU, and 15 % and 60 % for Fukuoka. Notably, the
probability of misclassification of RO,-limited condition at
Fukuoka was higher than at the other locations. Because we
simulated for the year 2022, this uncertainty could be re-
duced by extending the model simulations to longer time pe-
riods.

https://doi.org/10.5194/acp-26-8275-2026

Table 2 presents the column FNR regime thresholds re-
lated to surface O3 sensitivity from previous studies. These
threshold values vary depending on the methodology, geo-
graphic region, and atmospheric conditions. The FNR thresh-
olds using both primary and secondary HCHO (FNR,1) are
higher than those using only secondary HCHO (FNRg.). The
transitional regimes are reported for a column FNRy, of
2.5-4.0 in Guangzhou, China (Hong et al., 2022), and 1.6—
2.6 in United States (Jung et al., 2022), whereas the column

Atmos. Chem. Phys., 26, 8275-8294, 2026
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FNRge, thresholds identified in our study were lower than 2.
Column FNR regime threshold values are useful for examin-
ing global O3 production, as both satellite and ground-based
remote sensing techniques offer extensive spatial coverage
(Inoue et al., 2019; Ryan et al., 2023; Santiago et al., 2021).

Atmos. Chem. Phys., 26, 8275-8294, 2026

3.4 Og sensitivity during exceedance events

The diurnal and seasonal cycles of surface and column FNR
are shown in Figs. S9 and S10. Surface FNRg. developed
in the early morning and decreased in the afternoon. During
the 8 h daytime period (08:00 to 16:00), the average surface
FNRgec was 0.99 £ 0.46 in July and 0.72 + 0.64 in October.

https://doi.org/10.5194/acp-26-8275-2026
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Table 2. Comparison of column FNR threshold values for O3 sensitivity in previous studies using different methods.

Study area Indicator Method FNRpta] threshold  FNRgec threshold — Reference
values values

North America Column FNR¢yt;; GEOS-Chem model 0.9-1.4 — Jinetal. (2017)

Europe Column FNR¢4i,1 GEOS-Chem model 0.9-1.2 — Jinetal. (2017)

East Asia Column FNRy;;  GEOS-Chem mode 0.9-1.6 — Jinetal. (2017)

United States Column FNRor;; CMAQ model 1.6-2.6 — Jungetal. (2022)

Guangzhou, China  Column FNRy,1  Polynomial fit of O3 2.5-4.0 — Hong et al. (2022)

Sapporo Column FNRgec GEOS-Chem model - 0.86-1.52  This study

Tsukuba-NIES Column FNRgec GEOS-Chem model - 0.74-1.70  This study

Tokyo-TMU Column FNRgec GEOS-Chem model - 0.62-1.53  This study

Fukuoka Column FNRgec GEOS-Chem model - 0.43-1.73  This study
Using tropospheric vertical column densities derived from Sapporo
Pandora Sky_scan ObSGI‘V&tiOHS, the Column FNRSCC exhlb_ g 2022-01 2022-03 2022-05. 2022-07 2022-09 2022-11 2023-01
ited a higher value compared to those from surface measure- %60 >3 g
ments. Like surface FNRge, the tropospheric column FNRge. 2 v i:%
grew during the morning. The highest column FNRg.. val- g 1:02
ues were found during the summer months (JJA). In contrast, 2 20 050
these values were normally below 1 in winter (DJF). é 0 0.0

In this section, we analyze the O3 formation sensitivity
focusing on polluted days when the maximum daily 8 h av-
eraged surface O3 (MDAS) exceeded 60 ppbv. We identi-
fied 8, 30, 38, and 43 exceedance events in 2022 at Sap-
poro, Tsukuba-NIES, Tokyo-TMU, and Fukuoka, respec-
tively. During O3 exceedance events, photochemical reac-
tions were typically strong, allowing us to determine the
sensitive regime with minimum biases. Because the model
simulations did not reproduce surface NO, and HCHO as
well as the column densities, we will focus only on column
FNR. Although Pandora direct-sun mode provides highly ac-
curate NO;, measurements, the HCHO retrieval attains non-
negligible error budget, which can cause more uncertainty
and bias in the FNR. In contrast, Pandora sky-scan mode pro-
vides lower tropospheric columns of NO, and HCHO and
yields lower uncertainty in the HCHO data product. Addi-
tionally, the sensitivity diagnosis within the boundary layer
is better represent tropospheric Oz production processes.
Therefore, we discuss instead the column FNRg.. derived
from Pandora sky-scan observations which is sensitive to
the boundary layer. We averaged available sky-scan observa-
tions around noon (12:00 % 02:00), when photolysis rates are
highest. Figures 8—11 present column FNRg,. during O3 pol-
luted events at Sapporo, Tsukuba-NIES, Tokyo-TMU, and
Fukuoka, respectively. The advantage of Pandora observa-
tions is the ability to examine daily O3 production in greater
detail and investigate specific periods such as exceedance
events. Based on the analysis of these events, policy strate-
gies could be proposed to help mitigate O3z pollution.

At Sapporo, the O3 concentrations increased during spring
(Fig. 8). All eight events with MDAS8 O3 exceeding 60 ppbv
occurred in April and May 2022. Pandora observations were
unavailable on 21 and 22 May 2022. Given the transi-
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Figure 8. Sensitivity analysis of O3 during MDAS8 exceedance
events at Sapporo. The top panel presents MDAS surface O3, with
non-exceedance days indicated by black dots and exceedance days
shown as red points with grey shadows. Squares depict the column
FNRge¢ derived from Pandora sky-scan measurements around local
noon (12:00 = 02:00). The bottom panel illustrates the vertical for-
mation sensitivity of O3 corresponding to exceedance events. The
squares and color bars are colored according to FNRgec threshold
values determined from the GEOS-Chem model.

tion range determined at Sapporo (0.86 < FNRge. < 1.52),
the column FNRg. exhibited O3 sensitivity in transitional
and NO, -limited regime. Therefore, reducing NO, emission
would be the optimal strategy for mitigating O3 levels. The
vertical sensitivity indicated that the RO, -limited regime was
typically confined to the near surface layer during events
classified as transitional using column FNRg... Concurrently,
the NO,-limited regime frequently formed aloft, whereas
the transitional regime formed in the mid-levels. Figure S11
illustrates the corresponding HCHO and NO» profiles for
these exceedance events. Higher concentration of NO, on
21 and 22 April, concentrated below 0.5 km, led to a RO, -
limited regime within this layer. For events categorized as
NO,-limited (6-7 May) according to the column FNRge,
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Figure 9. Sensitivity analysis of O3 during MDAS8 exceedance
events at Tsukuba-NIES. The top panel presents MDAS surface O3,
with non-exceedance days indicated by black dots and exceedance
days shown as red points with grey shadows. Squares depict the col-
umn FNRge¢ derived from Pandora sky-scan measurements around
local noon (12:00 £ 02:00). The bottom panel illustrates the verti-
cal formation sensitivity of O3 corresponding to exceedance events.
The squares and color bars are colored according to FNRgec thresh-
old values determined from the GEOS-Chem model.

the NO,-limited regime dominated at higher altitudes and
expanded downward to the surface, while the RO, -limited
regime retreated. Even during periods of high MDAS, the
vertical profiles of both NO, and HCHO on 23 April and
6 May were low, suggesting that O3 could be influenced by
regional or vertical transport. This influence could be recog-
nized using Pandora HCHO and NO, observations; however,
further studies are needed to distinguish these events from
local photochemical O3 production.

Figure 9 is similar to Fig. 8, but for Tsukuba-NIES. Com-
pare with Sapporo, more O3 exceedance events were found
at Tsukuba-NIES, with 30 events in 2022. These events pri-
marily took place during spring and summer. Like the re-
sults at Sapporo, the column FNRg.. exhibited transitional
and NO,-limited conditions during spring events, whereas
O3 chemistry was almost entirely NO,-limited during sum-
mer events, likely due to substantial enhancement in HCHO
production (Fig. S11). Regarding vertical sensitivity, we de-
termined a lower probability of RO,-limited regime during
the spring events. During summer events, O3 formation sen-
sitivity throughout the lower troposphere was consistently
NO,-limited, consistent with the column FNR. classifica-
tion. Thus, emission policies focusing on continued reduc-
tions in NO, would effectively improve tropospheric O3 pol-
lution during summer.

The exceedance events of O3 spanned a broad period
from spring through fall at both Tokyo-TMU and Fukuoka
(Figs. 10 and 11). The column FNRg.. were higher during
summer leading to a dominant classification in the NO,-
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Figure 10. Sensitivity analysis of O3 during MDAS exceedance
events at Tokyo-TMU. The top panel presents MDAS surface O3,
with non-exceedance days indicated by black dots and exceedance
days shown as red points with grey shadows. Squares depict the col-
umn FNRge. derived from Pandora sky-scan measurements around
local noon (12:00 £ 02:00). The bottom panel illustrates the verti-
cal formation sensitivity of O3 corresponding to exceedance events.
The squares and color bars are colored according to FNRgec thresh-
old values determined from the GEOS-Chem model.

limited regime. Transitional conditions were observed more
frequently during spring and fall. At Tokyo-TMU, only one
exceedance event (7 April) was found to be sensitive to
RO, radicals. The locally elevated NO, emissions on that
event shifted the chemical environment downward to lower
FNRge. values (Fig. S12). Vertical sensitivity profiles showed
a RO, -limited regime within the lower 1 km on 7-8 April.
For Fukuoka, the transitional condition occurred more fre-
quently during the exceedance events, emphasizing the need
for simultaneous control strategies targeting both NO, and
VOC:s in this region.

Limitations and future scopes

The use of FNR indicator with satellite and ground-based
observations can be readily implemented. However, FNR
has inherent limitations in inferring the complex interactions
among O3 production, its precursors, photolysis rates, and
water vapor (Jin et al., 2025; Schroeder et al., 2017; Souri et
al., 2026; Yang et al., 2026). For example, during the early
morning and late afternoon, weak light intensity can lead to
large biases in the interpretation of FNR because O3 pro-
duction is less sensitive to its precursors under low photol-
ysis conditions. In this study, we minimized the potential bi-
ases in predicting O3 chemistry by using Pandora data under
conditions of strong photolysis rates. This may underutilize
the rich hourly observations provided by Pandora and geo-
stationary satellites. Jin et al. (2025) developed an approach
to link the FNR with O3 chemistry using a steady-state Oz-
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Figure 11. Sensitivity analysis of O3 during MDAS exceedance
events at Fukuoka. The top panel presents MDAS surface O3, with
non-exceedance days indicated by black dots and exceedance days
shown as red points with grey shadows. Squares depict the column
FNRgec derived from Pandora sky-scan measurements around local
noon (12:00 = 02:00). The bottom panel illustrates the vertical for-
mation sensitivity of O3 corresponding to exceedance events. The
squares and color bars are colored according to FNRgec threshold
values determined from the GEOS-Chem model.

NO,-VOC model combined with GOES-CF simulations, and
applied it to TEMPO observations. Additionally, Souri et al.
(2026) optimized the OMI and TROPOMI data to investigate
the daily mapping of net O3 production using a deep neural
network approach. A similar approach could also be applied
to Pandora data to derive accurate hourly net O3 production
estimates.

4 Conclusions

This study demonstrates the use of Pandora measurements to
investigate O3 sensitivity. Pandora provides vertical column
densities and profiles of NO, and HCHO, which are valu-
able for a comprehensive understanding of O3 production in
the lower to mid-troposphere. Additionally, with the aid of
the GEOS-Chem chemical transport model, we identified the
region-specific thresholds to improve sensitivity analysis.
By applying the grid-stretching capability of the high-
performance GEOS-Chem model, the diurnal cycles of NO»,
HCHO, and O3 were generally well reproduced. The correla-
tion coefficients between the model and in situ surface mea-
surements were 0.48 for NO; and 0.32 for HCHO, and from
0.53 to 0.61 for Os3. For the tropospheric columns, the corre-
lations between GEOS-Chem and Pandora ranged from 0.54
to 0.72 for NO,, and from 0.51 to 0.87 for HCHO.
According to the GEOS-Chem simulations, secondary
HCHO was the dominant contributor to total HCHO, with
its contribution increasing with altitude. Furthermore, the
region-specific thresholds for the O3 sensitivity regime were
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identified. The surface FNRg.. values tended to be lower
compared to the column FNRge.. The column FNRg. thresh-
old ranges were 0.86—1.52 in Sapporo, 0.74—1.7 in Tsukuba-
NIES, 0.62-1.53 in Tokyo-TMU, and 0.43—1.73 in Fukuoka.

Using the tropospheric column FNRg.. during high Oj
episodes, the formation regime was found to be mainly NO,-
limited during summer, due to increasing VOCs emissions
and strong photochemical activity. The vertical distribution
of O3 sensitivity regimes was also obtained from the Pan-
dora vertical profile. The diagnostics could assist regulators
in reducing the frequency of O3 exceedance events.

To mitigate O3 exposure, particularly for sensitive groups,
policymakers should prioritize VOC emission controls near
the surface layers in higher-latitude locations. During sum-
mertime, greater attention should be paid to controlling local
NO, emissions. Moreover, regional transport of NO, from
large emission sources can contribute to elevated NO,,, where
the NO,-limited regime is dominant, thereby enhancing O3
production.

The FNR indicator can be readily obtained from both
satellite and ground-based observations, enabling quick as-
sessment of O3 chemistry. However, the FNR indicator lacks
consideration of other factors, such as photolysis rates and
water vapor. For more precise interpretation, future studies
should incorporate these indicators and others atmospheric
dimensions. The combination of both modeling and machine
learning could also be beneficial for the interpretation.
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