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Highlights

What are the main findings?

e  Analyzed the spatiotemporal differences and causes of ozone sensitivity between FNR
and GNR in four major urban agglomerations in China.

e  Revealed a common spatial distribution pattern for both indices: VOC-limited regimes
in urban centers and NOy-limited regimes in suburban areas.

What is the implication of the main finding?

e Due to its higher sensitivity to anthropogenic VOCs, GNR classifications exhibit a
stronger tendency toward NOy-limited regimes compared to FNR.

Abstract

Currently, ozone (O3) has become one of the primary air pollutants in China, underscor-
ing the importance of analyzing ozone formation sensitivity (OFS) for effective pollution
control. Ozone sensitivity indices serve as effective tools for OFS identification. Among
them, the ratio of volatile organic compounds (VOCs) to nitrogen oxides (NOx)—such as
the formaldehyde-to-nitrogen dioxide ratio (FNR, defined as HCHO/NO,, where HCHO
represents VOCs and NO, represents NOx)—is one of the most widely used satellite-
based indicators. Recent studies have highlighted glyoxal (CHOCHO) as another critical
ozone precursor, prompting the proposal of the glyoxal-to-nitrogen dioxide ratio (GNR,
CHOCHO/NOy) as an alternative metric. This study systematically compares the per-
formance of FNR and GNR across four major urban agglomerations in China: Beijing—
Tianjin-Hebei (BTH), the Yangtze River Delta (YRD), the Pearl River Delta (PRD), and the
Chengdu—Chonggqing (CY) region, by integrating satellite remote sensing with ground-
based observations. Results reveal that both indices exhibit consistent spatial trends in
OFS distribution, transitioning from VOC-limited regimes in urban centers to NOy-limited
regimes in surrounding suburban areas. However, differences emerge in threshold values
and classification outcomes. During summer, FNR identifies urban areas as transitional
regimes (or VOC-limited in regions such as YRD and PRD), while suburban areas are
classified as NOy-limited. In contrast, GNR, which shows heightened sensitive to anthro-
pogenic VOCs (AVOCs), exhibits a more restricted spatial extent in the transition regimes.
By autumn, most urban areas shift toward VOC-limited regimes, while suburban regions
remain NOy-limited. Thresholds for both VOCs and NOy increase during this period, with
GNR demonstrating stronger sensitivity to NOy. These findings underscore that the choice
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between FNR and GNR directly influences OFS determination, as their differing responses
to biogenic and anthropogenic emissions lead to different conclusions. Future research
should focus on integrating the complementary strengths of both indices to develop a more
robust OFS identification method, thereby providing a theoretical basis for formulating
effective ozone control strategies.

Keywords: ozone formation sensitivity; remote sensing; satellite; FNR; GNR

1. Introduction

Ground-level ozone (O3), a major component of atmospheric pollution, significantly
impacts human health, ecosystems, and climate change [1-3]. In the context of rapid
urbanization and industrialization in China, O3 pollution has become increasingly severe,
emerging as the primary air pollutant affecting the country’s air quality after PM; 5 [4]. The
frequent occurrence of urban O3 pollution in China in recent years is fundamentally driven
by high-intensity emissions of nitrogen oxides (NOx) and volatile organic compounds
(VOCs) [5]. The reaction of VOCs with hydroxyl radicals (OH) produces peroxyl radicals
(RO2), which compete with Os to oxidize NO to NO,, thereby photolyzing and accelerating
the net production of O3 [6,7]. In this process, VOCs act as catalysts, leading to the formation
of distinct O3 production sensitivity regimes. Effective control of O3 pollution requires
accurately identifying its formation sensitivity to determine whether it is in VOC-limited,
transition, or NOy-limited regimes.

Traditionally, formaldehyde (HCHO) is used as a proxy for VOCs [8-10] and nitrogen
dioxide (NOy) as a proxy for NOy [11], with their ratio, FNR (HCHO/NO,), being used
for ozone formation sensitivity (OFS) analysis [12-16]. Because FNR can be derived from
satellite data, which offer excellent spatial coverage and timeliness, it has been widely
applied in urban ozone sensitivity studies [17,18]. Research by Duncan et al. has shown
that an FNR < 1 indicates a VOC-limited regime, while an FNR > 2 indicates a NOx-
limited regime [19,20]. The advantages of FNR include convenient data acquisition, simple
calculation, and suitability for large-scale analysis. However, the sources of HCHO are
complex, encompassing both biogenic [21,22] and anthropogenic contributions [23]. This
complexity can lead to an underestimation of the role of anthropogenic VOCs (AVOCs),
particularly in regions with high VOC levels [9]. To optimize the limitations of FNR, recent
studies have proposed using glyoxal (CHOCHO) to represent VOCs and constructing the
GNR (CHOCHO/NOy) ratio [24,25]. CHOCHO is primarily derived from the secondary
oxidation of anthropogenic sources, making it a more representative indicator of VOCs in
urban environments and more sensitive to ozone formation [26-28]. Nevertheless, GNR
also has its limitations. CHOCHO has a lower atmospheric abundance and limited data
resources, and the accuracy of its satellite observation is significantly affected by instrument
sensitivity and cloud interference [29].

Given the limitation of FNR affected by HCHO and the higher sensitivity of GNR to
anthropogenic VOCs, it is crucial to compare the ozone formation sensitivity of these two
indices under the same environmental conditions. In this study, we used data from the
Tropospheric Monitoring Instrument (TROPOMI), which provides daily, global coverage,
high-resolution satellite data, including column concentrations of HCHO, CHOCHO, and
NO,, providing reliable data support for FNR and GNR.

Based on TROPOMI satellite data and ground-based monitoring data, this study
selects four major urban agglomerations in China—Beijing-Tianjin-Hebei (BTH), Yangtze
River Delta (YRD), Pearl River Delta (PRD), and Chengdu-Chongqing (CY)—as its research
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subjects. It compares the performance of FNR and GNR in ozone sensitivity classification,
analyzes their spatiotemporal differences and the underlying reasons, and compares the
classification results of both indicators with ground-based classification results.

2. Materials and Methods
2.1. Study Areas

The Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), Pearl River Delta (PRD),
and Chengdu-Chonggqing (CY) regions are areas in China that experience severe O3 pollu-
tion. Figure 1 illustrates the geographical locations of these four selected urban agglomera-
tions. These regions are among the most economically developed, densely populated, and
energy-intensive areas in the country. Each urban agglomeration has a unique industrial
structure, emission source profile, and set of meteorological characteristics.

Distribution of the four representative city groups in China
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Figure 1. Distribution of the four representative city groups in China.

The BTH and YRD serve as major centers for heavy industry and manufacturing; the
PRD, characterized by its warm and humid climate, is influenced by both biogenic and
anthropogenic emissions; while the CY region, located in a basin with complex topography,
facilitates the accumulation of pollutants under stagnant weather conditions. These differ-
ences make the four regions representative case studies for investigating ozone formation
sensitivity in varying environmental contexts.

2.2. Ground-Based Observation

Since 2012, the China National Environmental Monitoring Centre (CNEMC), estab-
lished by the Ministry of Ecology and Environment of China, has been responsible for na-
tional environmental quality monitoring. It encompasses domains such as the atmosphere,
water bodies, soil, and noise, providing crucial support for environmental governance,
policy-making, and scientific research through real-time, ground-based monitoring data.
Currently, CNEMC has established 1734 urban air quality monitoring stations nationwide
(Figure 2). These stations are distributed across various environmental settings, including
urban roadsides, parks, and industrial areas, ensuring a diversified monitoring of pollutant
concentrations, including ozone.
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Figure 2. Map combining satellite data with monitoring data from ground stations.

The ground-based monitoring data used in this study consist of hourly ozone concen-
tration data (O3-1h) provided by CNEMC, sourced from four major urban agglomerations:
the Beijing-Tianjin-Hebei (BTH, 69 sites), the Yangtze River Delta (YRD, 209 sites), the Pearl
River Delta (PRD, 56 sites), and the Sichuan—Chonggqing (CY, 95 sites). The data cover the
period from 2020 to 2024. For this study, O3-1h data from 13:00 and 14:00 local time daily
were selected to calculate the average ozone concentration at each station, which was then
matched with TROPOMI satellite data [30,31]. To ensure reliability, the data underwent
quality control, including the removal of missing values and outliers.

This dataset is characterized by several key advantages. Its high temporal resolution
(hourly) allows for the capture of peak afternoon ozone concentrations during periods of
active photochemical reactions, which aligns well with TROPOMI'’s overpass time. The ex-
tensive spatial coverage, with stations in urban centers, suburbs, industrial areas, and rural
settings, reflects ozone concentration disparities arising from different emission sources
and meteorological conditions. The data quality is stable, with O3 measurements having
a precision of approximately +5-10 ppb according to China’s environmental protection
standards. However, quality control is still necessary to filter out anomalies caused by local
pollution events or meteorological interferences. When combined with TROPOMI's NO,,
HCHO, and CHOCHO column concentrations, these ground-based O3 data are exception-
ally well-suited for analyzing the ozone sensitivity classifications of FNR and GNR. This is
particularly valuable for studying spatiotemporal variations in the complex atmospheric
environments of urban agglomerations, thereby providing a scientific basis for the precise
formulation of regional ozone control strategies.

2.3. TROPOMI Satellite Data

The VCD satellite data for NO,, HCHO and CHOCHO used in this study are from
the Sentinel-5P Level 2 data product, which can be downloaded free of charge from the
European Space Agency’s Sentinel Science Data Center (https://dataspace.copernicus.eu
accessed on 9 May 2025).

Sentinel-5P launched by the European Space Agency in 2017, is a satellite dedicated
to global atmospheric pollution monitoring [32]. Its atmospheric monitoring instrument,
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TROPOMI (Tropospheric Monitoring Instrument), can effectively observe a variety of
atmospheric trace gases on a global scale, including NO,, HCHO, and CHOCHO [29,33].
The relative error of the tropospheric NO, vertical column density (VCD) is about 30-50%
in polluted regions, with a precision of about 5.0-6.0 x 10'* molecules cm~2 [34]. The
relative error of the HCHO VCD is about 20—40% in polluted regions, with a precision of
about 0.5-1.5 x 10'® molecules cm~2 [35,36]. The relative error for the CHOCHO VCD
is higher, at approximately 30-70%, with a precision of about 1.0-3.0 x 10'* molecules
cm ™2, due to its low concentration and spectral interference [29]. These high-resolution
data provide reliable support for the spatiotemporal distribution analysis of trace gases.

TROPOMI provides daily global coverage and is able to revisit the same geographic re-
gion once a day, thus significantly improving the temporal resolution of atmospheric obser-
vations, with a transit time of 13:30 per day in China, a spatial resolution of 0.064° x 0.064°,
and a screened data quality of QA value > 0.5. The TROPOMI data used in this study
span from 1 January 2020 to 31 December 2024. Figure 2 shows the method of combining
satellite data with ground station monitoring data.

2.4. Methods

The method for determining threshold ranges for FNR and GNR was adapted from
the approach established by Jin et al. [12,37], with modifications to account for data charac-
teristics and uncertainty propagation.

Data preprocessing and uncertainty considerations. A regular 0.064° x 0.064° grid
was constructed to cover the study area. Daily TROPOMI retrievals of HCHO (precision:
0.5-1.5 x 10'® molecules cm 2, relative error: 20-40%), CHOCHO (precision: 1.0-3.0 x 1014
molecules cm ™2, relative error: 30-70%), and NO, (precision: 5.0-6.0 x 10'* molecules
cm ™2, relative error: 30-50%) were reprojected onto this grid [29,34-36]. Ground-based O3
monitoring data were obtained from CNEMC stations with a measurement precision of
£5-10 ppb according to national environmental monitoring standards.

Spatiotemporal matching and quality control. Ground-based monitoring stations were
assigned to their corresponding grid cells based on geographic coordinates. Hourly Os
measurements were averaged over the 13:00-14:00 local time window to match the satellite
overpass time (13:30 local time). When multiple stations resided within one cell, their
O3 observations were averaged to ensure spatial consistency (Figure 2). To mitigate the
influence of outliers, FNR and GNR values were truncated at the 1st and 99th percentiles,
reducing the impact of extreme values on statistical analysis.

Statistical analysis and threshold determination. The collocated O3-FNR and O3-GNR
pairs were grouped into 100 bins according to the satellite-derived ratios, and the average
O3 concentration was computed for each bin. A seventh-order polynomial regression was
employed to capture the non-linear relationship between binned O3 and the sensitivity
indices, as lower-order polynomials failed to reproduce the peak structure of the Os-
GNR relationship (Figure S1). The ozone maximum was identified mathematically at the
point where the first derivative of the fitted curve was zero and the second derivative
was negative.

The transition regime was defined as the FNR or GNR interval encompassing the top
10% of O3 values on the fitted curve [12,38]. The lower and upper bounds of this interval
set the thresholds for classifying VOC-limited (below the lower bound) and NOy-limited
(above the upper bound) regimes [39].
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3. Results

3.1. Ozone Pollution Characteristics

China’s urban agglomerations exhibit distinct ozone pollution patterns due to their
unique meteorological conditions and precursor emission characteristics. To delve deeper
into the complex chemical responses between O3 and its precursors in each region and
analyze their current pollution status, this study plots the monthly distribution of Os
concentrations for each urban agglomeration using boxplots based on ground-based obser-
vation data.

We compiled statistics on the distribution of ozone concentrations for each urban
agglomeration across different months. Figure 3 shows the results of the monthly ozone
concentration distribution in the study areas. It is evident that there are differences in ozone
pollution among the various regions. The Beijing-Tianjin—-Hebei (BTH) region, the Yangtze
River Delta (YRD), and the Chengdu—Chonggqing (CY) urban agglomeration primarily
experience ozone pollution from May to September, which corresponds to the peak ozone
pollution season in China. Furthermore, according to local climatological data, the Pearl
River Delta (PRD) exhibits elevated ozone concentrations throughout the year with less
distinct seasonal characteristics, and its O3 pollution mainly occurs from August to October.
Among these regions, the BTH region suffers from the most severe O3 pollution due to
the combined effects of human activities and natural conditions. The peak month for O3
pollution in the BTH region is June, with the median ozone concentration in the boxplot

03 Mean Concentration (ug/m?)
(5]
=3
(=}

BTH

YRD

exceeding 160 pg/m?3.

HH

Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

O3 Mean Concentration (gg/m?)

il \‘W
W‘ i H-H h »

Jan

Feb Mar Apr May Jun

Year

[
i

. 2022

Jul
Month

2020

Aug  Sep Oct Nov Dec sz eb  Mar Apr May  Jun Jul  Aug Sép

Month
N 2024

Oct  Nov  Dec

2021 . 2023

Figure 3. Boxplot distribution of monthly ozone concentrations in four typical urban agglomerations
of China (BTH, YRD, PRD, and CY) from 2020 to 2024.

3.2. Spatiotemporal Variations in Ozone Precursors and Indicator Indices

Ground-level O3, a major secondary pollutant, is formed through complex chemical
reactions involving its precursors: NOyx and VOCs. The relationship between O3 and
its precursors is not a simple positive linear correlation but exhibits highly non-linear
characteristics. Consequently, the ozone pollution status of a region is fundamentally
determined by the spatiotemporal distribution patterns of its precursors.
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This study utilizes TROPOMI satellite data to systematically analyze the spatiotempo-
ral distribution and seasonal variations in key O3 precursors—NO,, as well as formalde-
hyde (HCHO) and glyoxal (CHOCHO) as proxies for VOCs—across four major urban
agglomerations in China: the Beijing-Tianjin—-Hebei region (BTH), the Yangtze River
Delta (YRD), the Pearl River Delta (PRD), and the Chengdu—Chonggqing urban agglom-
eration (CY). Figure 4 visually presents the monthly average column concentrations of
these precursors.
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Figure 4. Temporal variation in tropospheric HCHO, CHOCHO and NO; column concentrations
from January 2020 to December 2024 in BTH, YRD, PRD and CY.

HCHO has two peaks in its annual variation: one in early summer (June-July), repre-
senting the highest levels of the year, and another smaller peak in November. In contrast,
HCHO concentrations are lowest during the winter months. The maximum HCHO concen-
trations for each region were 1.69 x 10'® molecules/cm? in BTH (June 2024), 1.68 x 10'¢ in
YRD (August 2022), 1.43 x 10'® in PRD (July 2021), and 1.48 x 10'® in CY (August 2022).
The corresponding minimum values were 9.23 X 10" in BTH (April 2021), 8.01 x 101
in YRD (February 2022), 7.08 x 10" in PRD (February 2020), and 7.47 x 10 in CY
(April 2021).

CHOCHO shows a distinct seasonal cycle, though its peak and trough timings vary
across the four regions. The highest monthly average concentrations were observed in PRD
(9.49 x 10™ molecules/cm?, December 2021), followed by BTH (9.20 x 10, October 2020),
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YRD (8.46 x 10'*, August 2022), and CY (7.93 x 10, June 2020). The lowest values were
6.06 x 10 in BTH (February 2024), 5.43 x 10'* in YRD (January 2022), 6.19 x 10'# in PRD
(August 2022), and 5.79 x 10 in CY (December 2020).

NO; concentrations show a typical seasonal pattern with higher values in winter and
lower values in summer, primarily driven by seasonal changes in photochemical activity,
emission intensity, and meteorological conditions. The maximum NO, concentrations
were recorded as 1.76 x 10'® molecules/cm? in BTH (December 2020), 1.29 x 10 in YRD
(December 2020), 9.65 x 10'° in PRD (January 2021), and 5.47 X 10" in CY (January 2021).
The lowest values were 2.94 x 10'° in BTH (August 2024), 2.87 x 10> in YRD (July 2024),
2.79 x 10'® in PRD (July 2020), and 2.10 x 10 in CY (August 2020).

Figure 5 illustrates the temporal variations in FNR (HCHO/NO,) and GNR (CHOCHO/
NO;) exhibit distinct seasonal patterns, with higher values in summer and lower values in
winter. Notably, the CY region consistently shows higher FNR and GNR values compared
to other regions. The maximum FNR values across the regions are: 4.48 in BTH (July 2024),
5.27 in YRD (August 2024), 4.49 in PRD (July 2021), and 6.12 in CY (August 2024). The
minimum FNR values are: 1.04 in BTH (December 2020), 0.86 in YRD (December 2020),
1.16 in PRD (January 2021), and 1.93 in CY (February 2022). For GNR, the maximum values
are: 0.29 in BTH (August 2024), 0.29 in YRD (July 2024), 0.25 in PRD (July 2020), and 0.36 in
CY (July 2024). The minimum GNR values are: 0.06 in BTH (December 2024), 0.05 in YRD
(December 2024), 0.10 in PRD (January 2021), and 0.12 in CY (January 2021).
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Figure 5. Temporal variation in the ozone sensitivity indices FNR and GNR in the BTH, YRD, PRD,
and CY regions from January 2020 to December 2024.

Figure 6 further illustrates the spatial distribution of average HCHO, CHOCHO
and NO; concentrations during the summer (June-August) and autumn (September—
November) of 2023. Spatially, HCHO and NO, are primarily concentrated in the central
areas of major urban agglomerations, showing clear urban-centered distribution patterns.
In contrast, CHOCHO exhibits a more uniform spatial distribution across regions, with
less apparent clustering in urban cores. Seasonally, HCHO concentrations are higher in
summer than in autumn, while CHOCHO shows slightly higher average concentrations
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in autumn. NO, concentrations are consistently higher in autumn than in summer across

all regions.
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Figure 6. Spatial distribution of ozone precursors in summer and autumn 2023: (a,b) HCHO;
(c,d) CHOCHO; and (e, f) NO,.

3.3. Threshold Determination of FNR and GNR

The relationship between O3 and its precursors is highly non-linear, creating distinct
chemical regimes [40]. To diagnose these regimes from space, the ratio of formaldehyde to
nitrogen dioxide (FNR) has been established as a robust indicator. A region is classified
as VOC-limited when its FNR value is below a defined lower threshold, indicating that
O3 production is more sensitive to changes in VOCs. Conversely, a region is classified as
NOy-limited when its FNR value exceeds an upper threshold, where O3 concentrations are
more sensitive to NOy levels [41,42]. Regions with FNR values between these thresholds
are considered transitional, where O3 concentrations are transition regime led by both NOx
and VOCs [43]. Figure 7 illustrates the relationship between FNR, GNR, and ground-level
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O3 concentrations in China during the summer and autumn of 2023. We analyzed the
relationships between FNR, GNR, and O3 to identify control regimes.
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Figure 7. (a,b) show the classification of control regimes based on the ozone sensitivity index FNR
in summer and autumn 2023, while (c,d) show the same for GNR. The green solid line is the fitted
seventh-order polynomial curve and the shadings represent 95% confidence and 95% prediction
bands, respectively. The blue solid line represents the peak of the fitted curve, the red star represents

the highest point of the fitted curve, and the orange vertical shading indicates the range over the top
10% of the fitted curve (transition regime).

Since ozone pollution in China typically occurs in summer and autumn, we selected
data from these seasons in 2023 to determine FNR and GNR thresholds. To ensure accuracy,
we used the quantile method to remove extreme outliers, preventing their influence on the
fitted curves. Figure 7 presents the results of determining FNR and GNR thresholds for the
2023 ozone pollution season, using high-order polynomial fitting with an R-value greater
than 0.93. The top 10% of the fitted curves were designated as the transitional control zone.
Across seasons, FNR and GNR thresholds increase from summer to autumn. The FNR
threshold rises from 1.92-3.77 in summer to 2.10-3.87 in autumn, while the GNR threshold
increases from 0.02-0.16 in summer to 0.10-0.26 in autumn.

3.4. Spatial Classification of Ozone Formation Sensitivity

In summer both FNR and GNR are dominated by NOy-limited and transition regimes.
The transition regime in FNR is larger than that in GNR, and the VOC-limited regimes are
almost absent (Figure 8a,b). In the middle of summer to fall, most of the transition regimes
changed to VOC-limited, and the area around the city cluster changed from NOy-limited
areas to transition regimes, and the spatial distributions of the control types of FNR and
GNR were similar, with VOC-limited in the center of the city, transition regimes around the
city, and NOy-limited areas in the other areas (Figure 8c,d). The relationship between FNR
thresholds and their best-match GNR thresholds (Figure 8e).
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Figure 8. Spatial distribution maps of ozone sensitivity indices FNR, GNR and precursors during
the ozone pollution severity seasons. Spatial distribution of (a) FNR [1.92, 3.77], (b) GNR [0.02, 0.16],
(c) FNR [2.10, 3.87], (d) GNR [0.10, 0.26] in ozone sensitive control area types in summer and autumn.
(e) The relationship between FNR thresholds and their best-match GNR thresholds. The blue points
represent optimal GNR thresholds for FNR thresholds, accompanied by a red fitted line. Red markers
indicate VOC-limited and NOx-limited thresholds, which are connected by a green dashed line. The
purple scatter illustrates the matching ratio between FNR and GNR classifications.

To investigate the differences in threshold-based classification between FNR and GNR,
we identified the GNR threshold that maximizes the matching ratio for each FNR threshold.
For a given FNR threshold, the spatial distribution of FNR is classified into three categories:
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above, equal to, and below the threshold, and the GNR threshold yielding the most similar
classification is determined. As shown in Figure 8e, a linear relationship exists between
FNR and GNR thresholds. The VOC threshold (distinguishing VOC-limited from transition
regime) shows a larger discrepancy between FNR and GNR classifications compared to the
NOy threshold (distinguishing NOy-limited from transition regime).

Specifically, the GNR VOC threshold, determined using the top 10% fitted curve
method, is lower than the FNR threshold with the highest classification similarity, while
the NOy threshold exhibits higher similarity between FNR and GNR classifications. The
matching ratio decreases as the FNR threshold increases, dropping from approximately
99% to 95%.

3.5. Comparison of FNR and GNR Ozone Formation Sensitivity

Figure 9 illustrates the spatial distribution of ozone sensitivity classifications, compar-
ing results from FNR and GNR across China’s four major urban agglomerations during
summer and autumn of 2023. Significant regional and seasonal differences between the
two indicators are evident. This difference also exists in other years, as shown in Figures S7
and S8.

BTH

¢ YRD
Jun-Aug -

Jun-Aug

PRD _
Jun-Aug &

cy ™~
Jun-Aug Y

2
23
2
-
/

BTH \ YRD
SepNov A Sep-Nov
(7 N

PRD .,
SepNov & A
3 L . N

75 km

FNR VOC-limited VOC-limited Transition regime Transition regime NO,-limited NO,-limited
same

GNR NO,-limited Transition regime NO,-limited VOC-limited Transition regime VOC-limited

Figure 9. Differences in ozone precursor control regimes between FNR and GNR across four major
urban agglomerations in China in 2023.

During the summer months, the control types in the urban cores of BTH and CY are
consistently classified as transition regime by both indicators. In contrast, the urban centers
of YRD and PRD show a divergence, where FNR indicates VOC-limited conditions while
GNR identifies them as transition regime. A notable feature across all agglomerations is
the prevalence of light-blue areas in the peripheries. In these regions, FNR designates a
transition regime, while GNR classifies them as NOy-limited regions, indicating that GNR
has a stronger tendency toward such areas.

In the autumn, the central and surrounding areas of BTH, YRD, and PRD generally
show consistent classifications between the two indicators. However, significant differences
emerge in regions near the classification thresholds. In these transitional regime areas, areas
identified by FNR as VOC-limited are classified as transition regime by GNR, and those
identified as transition regime by FNR are classified as NOy-limited by GNR. This pattern
further substantiates that GNR is more biased towards an NOy-limited designation than
FNR. In the suburban areas of CY, a different type of discrepancy is observed, with many
regions being classified as NOx-limited by FNR but as transition regime by GNR. We found
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similar differences between the two indicators in other years of our study. This indicates
that these discrepancies reflect the characteristics of FNR and GNR in their response to
different emission sources.

By counting the percentage of ozone precursor control types in different indices of
the four major urban agglomerations in China in summer and fall. As shown in Table 1, it
can be seen that in the summer the urban agglomerations are dominated by NOy-limited
and transition region, with the GNR preferred to NOy-limited. In the fall these areas are
dominated by VOC-limited or transition region, with the GNR preferred to classify them
as NOy-limited and transition region.

Table 1. Statistics on the percentage of ozone precursor control types in the four major urban
agglomerations in China with different indices in the summer and fall seasons.

June to August September to November
City O3 Formation Region
FNR (%) GNR (%) FNR (%) GNR (%)
vOC 0.02 0 55.09 47.09
BTH VOC-NOy 40.18 20.51 20.18 23
NOx 59.80 79.49 24.73 29.91
VOC 1.54 0 52.34 32.95
YRD VOC-NOy 39.24 19.22 38.22 53.34
NOx 59.21 80.78 9.44 13.71
vOC 3.09 0 35.67 13.03
PRD VOC-NOx 38.18 23.39 48.04 57.31
NOx 58.73 76.61 16.29 29.66
VOC 0.02 0.04 6.45 3.39
CY VOC-NOy 18.29 437 54.17 56.85
NOx 81.29 95.59 39.38 39.76

This Figures 53-56 illustrate the spatial distributions of FNR and GNR across the
BTH, YRD, PRD, and CY city clusters during summer and autumn. Using a 3 x 3 moving
window, the local minimum of each index is identified and treated as the center, around
which the relationship between index values and distance from the center is analyzed.
Results show that the centers generally align with urban cores—for instance, Tianjin in
BTH, Shanghai in YRD, Hong Kong in PRD, and Chonggqing in CY. The spatial extent of
influence varies with city scale, BTH is set at 200 km, YRD at 250 km, and PRD and CY at
150 km.

As the values of FNR and GNR increase, the distance from the center also increases,
exhibiting similar trends for both indices. Notably, the gradient between the center and
periphery is smaller in summer than in autumn, indicating a more gradual transition of
control regimes during the summer season.

Figure 10 presents the threshold-based differences between FNR and GNR as a func-
tion of distance from the center. It is evident that GNR thresholds are typically reached
closer to the center than FNR thresholds, resulting in a spatial offset between the two. This
implies that GNR tends to classify more areas as NOx-limited compared to FNR.

To further evaluate the reliability of FNR and GNR across different environments,
we compared our classification results with those from existing field observations and
modeling studies (Table 2).
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Figure 10. Relationship between thresholds and distances from city centers for BTH, YRD, PRD, and
CY in (a) summer and (b) autumn of 2023.
Table 2. Comparison of OFS studies in the regions of China.
No. ~ Observation  gjie pocation Site Type Method FNR GNR om0 Fomation Reference
1 17—2;£8gust Nanjing (YRD) Urban CMAQ&OBM  Transition region Transitionregion  Transition region Lietal., 2022 [44]
2 2‘5‘;‘;%::*25? ;l Ch(a;‘gg)‘ou Urban EKMA VOC-limited VOC-limited VOC-limited Liu etal., 2023 [45]
September to Guangzhou Chemical box L . L /
3 November 2018 (PRD) Urban model & EKMA VOC-limited VOC-limited VOC-limited Zhao etal., 2022 [46]
4 July 2019 Zhengzhou Urban OBM Transition region Transition region T};?lsciﬁgiﬁsgig‘n Wang etal., 2023 [47]
5 267305eptember Gu(a;‘ég)“’“ Urban CMAQ VOC imited ~ VOC-limited VOClimited ~ Wangetal, 2023 [48]
6 Szegpilrlr%l;l:: ;8230 Huadu (PRD) Suburban EKMA VOC-limited  Transition region VOC-limited Wang et al., 2023 [49]
7 2014-2019 Hongkong S‘iﬂl’frﬂfn RIR& EKMA VOC-limited VOC-limited VOC-limited Zeng et al., 2022 [50]
8 August 2022 Ch?)?\gcll;gr?gu(%Y) Urban OBM Transition region Transition region T;;gg;ilg:g:giitn Wang et al., 2024 [51]
9 June to August Chengdu (CY) Urban EKMA VOC-limited VOC-limited VOC-limited Wang etal., 2023 [52]
June to August Shijiazhuang - . . . - -
10 (BTH) Urban PMF Transition region Transition region VOC-limited Guanetal., 2023 [53]
11 September 2020 Shenzhen (PRD) Suburban VOCs/NOy ratio Transitionregion =~ NOy-limited NOy-limited Zhang et al., 2023 [54]
to February 2021 x 8 x X g i ’
12 10 August to 10 Chengdu (CY) Suburban RIR Transition region Transition region VOC-limited Lietal., 2023 [55]
September 2019 g ] g ” 5

In many urban areas, FNR and GNR both showed strong agreement with previously
reported sensitivity classifications. For instance, studies in Guangzhou conducted by Zhao
et al. [46] using chemical box models and by Wang et al. [48] using the CMAQ model
consistently diagnosed VOC-limited conditions, which were fully confirmed by both FNR
and GNR in our results. Similar consistency was observed in Changzhou, as reported by
Liu et al. [45], and in Hong Kong, as noted by Zeng et al. [50], where the regime was also
identified as VOC-limited by both satellite indicators and the literature. In Nanjing, Li
et al. [44] reported a transitional regime based on CMAQ and OBM modeling, which was
correctly captured by both FNR and GNR, indicating their reliability under transitional
chemical environments.

There were instances where FNR and GNR produced the same classification, yet
this classification did not align with the conclusions of previous studies. For instance, in
Shijiazhuang, Guan et al. [53] identified a VOC-limited regime using PMF, while both FNR
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and GNR indicated a transitional regime. A similar discrepancy occurred in suburban
Chengdu, where Li et al. [55] reported VOC-limited sensitivity, but both indicators again
suggested a transitional regime. These inconsistencies may be attributed to spatial scale
mismatches or the inability of satellite indicators to capture fine-scale VOC enrichment in
areas with complex terrain or meteorological conditions.

In some suburban and urban-fringe areas, FNR and GNR produced different results,
with only one of them aligning with literature-based classifications. In Huadu (PRD), Wang
et al. [49] diagnosed a VOC-limited regime using EKMA, which was confirmed by FNR,
whereas GNR suggested a transition regime, possibly due to its stronger sensitivity to
NO; variability. In contrast, in Shenzhen, Zhang et al. [54] identified a NOx-limited regime
based on the VOCs/NOjy ratio. GNR successfully captured this condition, while FNR
misclassified it as a transition regime.

4. Discussion

A comparative analysis of different ozone sensitivity indices in representative regions
of China is essential for identifying the primary drivers of ozone pollution and imple-
menting corresponding control measures. This study systematically compares the ozone
precursor control regimes defined by two satellite-based sensitivity indices, FNR and GNR,
across four major urban agglomerations in China (BTH, YRD, PRD, and CY, Figure 1)
during summer and autumn. The analysis reveals differences in the temporal and spatial
distributions of the two indices.

In summer, the FNR classification indicates that urban areas are predominantly under
transition regime, with some urban centers classified as VOC-limited. In contrast, the
GNR classification identifies urban centers as transition regime, while most remaining
areas are designated as NOx-limited. The FNR index is based on the HCHO/NO; ratio.
HCHO has both secondary sources from biogenic precursors (e.g., isoprene oxidation)
and significant primary sources from anthropogenic activities (e.g., industrial emissions
and vehicle exhaust) [56,57]. Although biogenic emissions increase during summer due
to high temperatures and strong solar radiation, HCHO concentrations in urban areas
are often higher than in suburban areas, indicating that anthropogenic emissions are the
dominant factor driving urban HCHO levels [58]. Consequently, FNR is influenced by
both HCHO and NO; in urban areas, leading to classifications of transition regime or
VOC-limited regimes. The GNR index, which uses the CHOCHO/NO, ratio, is more
sensitive to urban anthropogenic emissions because CHOCHO is primarily formed from
the secondary oxidation of anthropogenic VOCs (e.g., aromatics, alkanes) [59]. In urban
centers with high NO; concentrations, GNR values are low, resulting in classifications of
VOC-limited or transition regime. In suburban areas with lower NO, levels, however,
higher GNR values tend to classify these regions as NOx-limited [24]. In autumn, the FNR
classification identifies urban areas as VOC-limited, suburban areas as transition regime,
and regions far from cities as NOy-limited. The overall trend of the GNR classification is
similar to that of FNR, but discrepancies exist in suburban areas: some regions classified as
VOC-limited by FNR are designated as transition regime by GNR, and some areas classified
as transition regime by FNR are identified as NOx-limited by GNR [60]. This difference
primarily arises from the distinct response mechanisms of GNR and FNR to changes in
precursors [61]. While HCHO and CHOCHO concentrations are generally high in summer,
both tend to decrease entering autumn. However, CHOCHO exhibits a counter-trend in
some regions (such as BTH and PRD), with autumn levels slightly higher than in summer.
The spatial distribution of the RGF (CHOCHO/HCHO) ratio in Figure S9 shows that
this ratio is generally higher in autumn than in summer, indicating that although both
HCHO and CHOCHO decrease from summer to autumn, the decline in CHOCHO is less
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pronounced than that of HCHO. Therefore, in autumn, GNR is more likely than FNR to
classify certain areas as NOx-limited, exhibiting a stronger NOy sensitivity. This tendency
is more pronounced near the classification thresholds.

Furthermore, the interpretation of these satellite-derived indices must account for
atmospheric vertical structure. The tropospheric column-average value may not accurately
represent the chemical regime within the planetary boundary layer (PBL), where surface-
level ozone production occurs. As demonstrated by chemical transport models such as Jin
et al. [20] and Singh et al. [62], the PBL-FNR is often significantly lower (more VOC-limited)
than the full-column FNR over urban areas. This vertical gradient arises because NO,
concentrations are highly concentrated near the surface due to direct emissions, whereas
HCHO, as a secondary pollutant, can be produced through VOC oxidation at various
altitudes, leading to a more homogeneous vertical distribution. Consequently, the column
FNR is effectively diluted by HCHO in the free troposphere, biasing it toward higher values
(more NOx-limited) than the actual near-surface regime. This vertical smoothing effect
likely explains why strong NOy emission sources in urban cores are frequently classified as
“transitional” rather than unequivocally “VOC-limited” by column FNR. In contrast, the
GNR may be less affected by this bias due to the tighter coupling between its anthropogenic
VOC precursors and NOy emissions within the PBL, making it a potentially more reliable
indicator of near-surface chemistry in urban areas.

In summary, both FNR and GNR effectively reflect the spatiotemporal distribution of
ozone control regimes in China’s representative urban agglomerations [63]. They delineate a
consistent spatial pattern that transitions from VOC-limited or transition regime conditions
in urban cores to NOy-limited conditions in suburban and rural areas. However, the two
indicators exhibit certain differences rooted in their distinct chemical foundations. This
discrepancy primarily arises from the different response mechanisms of their respective
VOC proxies to various emission sources. FNR, which relies on HCHO, is responsive to
both biogenic and anthropogenic emissions. This leads to a tendency during summer, a
season of high temperatures and vigorous biogenic activity, to classify regions as either
transition regime or VOC-limited. In contrast, GNR relies on CHOCHO, which is less
influenced by biogenic sources and is more sensitive to urban anthropogenic emissions. As
a result, it more readily classifies suburban areas as NOy-limited, as shown in Figure 11.

June to August
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Transition regime

NO,-limited

September to November
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Figure 11. Characteristic map of the spatial distribution of ozone control types in summer and fall.

5. Conclusions

In this study, we utilized TROPOMI satellite-monitored tropospheric column densities
of HCHO, CHOCHO, and NO, from 2020 to 2024, alongside ground-based observation
data, to analyze the spatiotemporal characteristics of Ozone Formation Sensitivity (OFS) in
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China’s four major urban agglomerations: BTH, PRD, YRD, and CY. We also conducted
a comparative analysis of two ozone sensitivity indices: FNR (HCHO/NO;,) and GNR
(CHOCHO/NO).

The results indicate that tropospheric concentrations of CHOCHO, HCHO, and NO,
exhibit distinct periodic variations. Higher column densities of HCHO and CHOCHO were
consistently observed in summer, whereas higher NO; concentrations predominated in
winter, leading to pronounced cyclical changes in the FNR and GNR indices. By correlating
ground-level O3 measurements with TROPOMI-derived FNR and GNR data, we assessed
the regional and seasonal differences between these two indices. The variations in FNR and
GNR reveal complex interactions among O3 pollution sources, underscoring the importance
of comparing different ozone sensitivity indicators. We determined the FNR and GNR
thresholds for summer and autumn of 2023: FNR thresholds ranged from 1.92 to 3.77 in
summer and 2.10 to 3.87 in autumn; GNR thresholds ranged from 0.02 to 0.16 in summer
and 0.10 to 0.26 in autumn.

Furthermore, we analyzed the spatiotemporal characteristics of ozone control regimes
as classified by FNR and GNR. While the two indices showed consistency in their spatial
trends for OFS identification (Figures S3-56), they differed in their threshold-based clas-
sifications and seasonal variations. A linear relationship exists between FNR and GNR
thresholds, with greater classification discrepancies for the VOC threshold than for the NOx
threshold (Figure S2). Spatially, the minimum values for FNR and GNR typically appeared
in urban centers, increasing with distance from the city core (Figures S3-56). Seasonally,
the differences were significant (Figure 10): in summer, urban centers were predominantly
in a transitional state (with some VOC-limited areas in the urban centers of YRD and PRD),
and the area classified as transitional by GNR was smaller than that identified by FNR. In
autumn, both FNR and GNR shifted towards a VOC-limited regime in urban areas. Near
the VOC threshold, GNR approached the transition regime, while near the NOy threshold,
the classifications for FNR and GNR were similar.

Regarding the relationship between thresholds and distance from the urban center
(Figure 11), BTH, YRD, PRD, and CY exhibited similar patterns: in summer, GNR’s NOx
threshold was at a shorter distance from the urban center than FNR’s; in autumn, GNR’s
VOC threshold was at a shorter distance, while its NOy threshold distance was similar to
FNR’s. Additionally, upon comparing our FNR and GNR classifications with other methods,
we found that the results were identical in most cases, with discrepancies appearing in a
few suburban areas, suggesting that GNR has a similar ozone formation sensitivity to FNR.

In conclusion, we have analyzed the spatiotemporal characteristics of OFS in China’s
four major urban agglomerations and compared the differences between the FNR and GNR
ozone sensitivity indices. Our findings provide a valuable reference for ozone pollution
control initiatives and deepen our understanding of different ozone sensitivity indicators.
Future research should focus on integrating the advantages of both indicators to develop
a more comprehensive method for identifying ozone sensitivity, thereby providing a
theoretical basis for effective ozone control strategies.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/rs17193321/s1; Figure S1: Changes in threshold ranges of FNR
and GNR during the summer and autumn of 2023 and 2024 under different fitting orders; Figure S2:
Scatter plot of FNR versus Optimal GNR Threshold and Matching Ratio for TROPOMI data from
2022-2024. The blue points represent optimal GNR thresholds for FNR thresholds, accompanied by a
red fitted line. Red markers indicate VOC-limited and NOx-limited thresholds, which are connected
by a green dashed line. The purple scatter illustrates the matching ratio between FNR and GNR
classifications; Figure S3: Spatial distribution of FNR and GNR in BTH and the relationship between
FNR GNR and the distance to the lowest point. (a)(b)(c)(d) June to August (e)(f)(g)(h) September to
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November; Figure S4: Same as Figure S3, but for YRD; Figure S5: Same as Figure S3, but for PRD;
Figure S6: Same as Figure S3, but for CY; Figure S7: Differences in ozone precursor control regimes
between FNR and GNR across four major urban agglomerations in China in 2022; Figure S8: Same
as Figure S7, but for 2024; Figure S9: Spatial distribution of RGF (CHOCHO/HCHO) in four major
Chinese cities in 2023 (a) June to August (b) September to November.
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