Reply to Reviewer 1

This manuscript focuses on identifying global surface ozone formation regimes and their
long-term trends. The authors use satellite observations of HCHO/NO: ratio, together with
ground-based ozone observations, to determine whether a region is NOx-limited, VOC-limited,
or in a transitional regime. The main findings are (1) The HCHO/NO: ratio can be linked to the
ozone weekend-weekday effect (WE-WD). (2) Satellite and surface observations indicate similar
long-term changes in regimes across different continents. (3) There has been a global transition
from a VOC-limited regime toward a NO,-limited regime, and most urban areas remain
VOC-limited.

This study is valuable in demonstrating the effectiveness of this satellite indicator by linking it to
the surface WE-WD ozone effect and identifying long-term trends in global ozone chemical
regimes. However, I find the paper not well organized, with some sections being repetitive and
the analysis lacking depth. Therefore, this manuscript requires thorough editing before being
considered for acceptance in ACP.

Reply: We would like to thank the reviewers for their time to review this paper. We have
revised the manuscript following the reviewers’ suggestions. Below are our point-by-point
responses to the comments, along with the corresponding revisions.

Major issues:

1. In Section 3.1, the authors define HCHO/NO? thresholds at each site and find large spatial
variability across regions. However, in their later analysis, they use a uniform threshold
everywhere, which could lead to misidentification of regimes. An example of potential
misidentification: in the last section (Line 450), where they conclude that, unlike other places,
the southeastern US has entered an NOx-limited regime. However, this could simply be
because this region requires a higher threshold than 3.5 (as shown in Figure 3a). I would
recommend using at least region-specific thresholds, as derived in Figure 3c.

Reply: That’s a good point. In the revised manuscript, we have applied region-specific
thresholds to classify O3 production regimes (Figures 9 and 10). We have accordingly
updated all relevant discussions in Sections 3.3 and 3.4 of the revised manuscript. This
modification particularly enhances the interpretation of regional variations. Please see the
relevant revisions in Section 3.3 and Section 3.4 of the revised manuscript.
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Figure 9: Temporal evolution of tropospheric HCHO/NO: ratios by region, with symbols indicating annual O3 regimes:
VOC-limited (solid circle), transitional range (open circle), and NOx-limited (open triangles). Regional peak threshold
values (¥, marker on y-axis) correspond to Error! Reference source not found.c definitions.
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Figure 10: Spatial distribution of estimated transition years for Os regime shifts, based on annual HCHO/NO: ratios
crossing region-specific thresholds (identified in Error! Reference source not found.b).

2. The analysis should be more in depth. The authors provide little interpretation of (1) the
large regional variability in the HCHO/NO: threshold (e.g., what are the key driving factors,
and why is the threshold in East China much lower than in other countries), and (2) the
drivers of changes in HCHO, NO;, and the HCHO/NO: ratio outside of East Asia and the US,
including Europe, India, Australia, Africa, and South America (e.g., why is the
HCHO/NO: trend in Africa significantly positive). This lack of discussion makes it seem as
though the authors are only familiar with the background and policies of East Asia and the
US, despite the study's intended focus on global changes.

Reply: We acknowledge the importance of understanding these underlying causes and would
like to follow the reviewer’s suggestion to deepen analysis of regional threshold variability.
We have added discussions on the potential causes of the spatial variability of the regime
thresholds in the revised manuscript:



The variations of the regime threshold values of HCHO/NO; are likely caused by several
factors. First, here we use tropospheric column HCHO/NO: to represent the near-surface O3
chemistry, which is affected by the relationships between column and surface HCHO and
NO; (Jin et al., 2017). The column-to-surface relationship is determined by the boundary
layer height and the vertical profiles of HCHO and NO>, which should vary spatially (Adams
et al., 2023; Zhang et al., 2016b). Second, HCHO is used as an indicator of VOCs, but the
yield of HCHO from oxidation of VOCs varies with different species (Shen et al., 2019;
Chan Miller et al., 2016; Zhu et al., 2014). Regions dominated by biogenic VOC emissions
like southeast U.S., tropical regions generally have larger HCHO yield (Wells et al., 2020;
Palmer et al., 2007; Palmer et al., 2006). Third, the local chemical environmental may also
differ spatially. For example, the lower thresholds in China are consistent with elevated
regional NOxy levels (Jamali et al., 2020) and enhanced secondary aerosol formation in this
region, which may promote radical loss (Li et al., 2019; Liu et al., 2012). Here we use
statistical methods to derive the regime thresholds. Further attribution of the spatial
variations is beyond the scope of this study, which warrant further investigation.

We also have also expanded discussions of the drivers of the changes in HCHO/NO: in
global regions in the revised manuscript:

3.2.1 Spatial Patterns and Linear Trends

The observed trends mirror the global redistribution of O3 precursors since 1980, where
developed nations achieved emission reductions while developing Asia - particularly
Southeast, East and South Asia - experienced dramatic increases (Zhang et al., 2016a).
Specifically, Europe and North America achieved >60% NOy reductions between 1990-2022
through stringent air quality policies, while Asia experienced an 86% increase during the
same period, with India's emissions nearly tripling to 9.4 million metric tons by 2022
(https://www.statista.com/, note as Statista Data from here). Although VOC reductions in
developed regions (e.g., -46% in the U.S. since 1990 to 2023, Statista Data) would
theoretically drive HCHO/NO: ratios downward, the observed trends are primarily governed
by NOx dynamics, as evidenced by the stronger correlation between NO. and HCHO/NO:
trends compared to HCHO alone (Figure S3). Local-scale variations in either VOCs or NOy
may account for regional deviations from these general patterns. Japan represents a unique
case in East Asia, showing robust linear growth in HCHO/NO: ratios, resulting from its early
and rigorous regulatory framework targeting both mobile and stationary sources. The
country's vehicle emission controls, initiated in 1966 (initially CO-focused), evolved through
progressive NOy standards for light-duty vehicles (1973), stricter gasoline/diesel limits
(1989), and world-leading regulations by 2003 (NOx regulations surpassing contemporaneous
U.S. and European standards) (https://www.env.go.jp/air/). Parallel industrial policies revised
stationary source NOy limits four times since 1973. These measures drove a 33.7% reduction
in national NOx emissions from 2005 to 2014 (1.93 to 1.28 million metric tons; Statista Data),
positioning Japan’s emissions at merely 5.8% of China’s regional total (0.68 vs. 11.76 Tg
N/yr; Han et al., 2020). Satellite data corroborate a 27-year decline in tropospheric NO-
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columns.

Over the African continent, almost no change is detected, with one notable exception - the
Congo Basin. This finding aligns with previous satellite observations showing no significant
trends in either NO: (Hilboll et al., 2013) or HCHO (De Smedt et al., 2015) over most of
Africa. However, existing studies have not sufficiently explained the continental disparity
between Africa's overall trend stability and the Congo Basin's unique behavior. The Congo
Basin presents a particularly intriguing case, exhibiting anomalously strong negative
HCHO/NO: trend (Figure 5) and complex identified reversals (Error! Reference source not
found.). This region's distinct atmospheric chemistry likely stems from its status as one of
the world's most active biomass burning hotspots, where competing environmental factors
may drive the observed anomalies: a global reduction in burned area including Africa
(1998-2015; Andela et al. (2017)) versus persistent localized fire activity from slash-and-burn
agriculture (Tyukavina et al., 2018). These fires complicate the trends of HCHO and NO-,
both due to smoke aerosol interference with satellite retrievals, and transient spikes during
extreme events (Jin et al., 2023). Consequently, standard trend analysis cannot reliably
resolve emission signals in such fire-prone areas, necessitating specialized methodologies
beyond this study's scope.

Developed regions exhibited normally linear dominance with subtle shifts, yet displayed
distinct multi-phase patterns. In the U.S., initial localized positive trends emerged in the early
2000s. These transitions - from flat or weakly increasing baselines to rapid growth - were
more evident referring to Error! Reference source not found.b. From 1996 to 2015,
nationwide HCHO/NO: ratios increased by 52-124%, primarily driven by NOy reductions
mandated by the 1990 Clean Air Act Amendments (Amendments, 1990). This legislation
prompted a strategic shift from VOC-centric controls to integrated NOx-VOC management,
directly resulting in a sharp decline in NO- levels relative to 1996 values by 2015 (~46%)
(Figure S3a), while HCHO showed minor fluctuations. The HCHO stability likely stems
from persistent biogenic emissions, especially in the Southeast U.S. (De Smedt et al., 2008).
Over industrialized areas, anthropogenic emission changes drive HCHO column trends more
(Stavrakou et al., 2014; Zhu et al., 2014; De Smedt et al., 2010). Large regional HCHO
column variabilities are mainly attributable to fire events and temperature fluctuations
(Stavrakou et al., 2014). After 2015, localized reversals appeared, notably in California,
where HCHO/NO: ratios dipped slightly due to plateauing NOyx reductions and marginally
declining HCHO (Figue S3). However, these localized reversals did not coalesce into broader
regional trends.

Europe exhibits pronounced spatiotemporal heterogeneity in HCHO/NO: ratio trends
compared to the relatively uniform pattern observed across the U.S. The continental-scale
increase, initiated in the early 2000s, demonstrates strong NO: reduction dominance, while
temporal fluctuations primarily reflect HCHO variability (Figure S3). This overall upward
trajectory aligns with the EU’s 1996 Integrated Pollution Prevention and Control Directive,
which mandated sector-specific emission standards for refineries and chemical industries.
Despite coordinated EU-wide air quality policies, national outcomes vary significantly: The
UK achieved an 80% reduction in NOx emissions since 1990 (from over 3 million tons to



677,500 tons in 2021) (Statista Data), while France cut NOx by 61% over the past two
decades (reaching 651,000 metric tons in 2023), largely through transportation reforms.
Spain saw a 55% decline since 1990 (588,100 tons in 2022), likely due to power plant
emission controls (Curier et al., 2014). These divergent trends stem from variations in
national NOx sources and policy effectiveness (Jamali et al., 2020; Paraschiv et al., 2017), as
well as persistent non-compliance issues—particularly in road transport, which accounted for
94% of EU air quality standard exceedances in 2015 (European Environment Agency, 2015).
Under these circumstances, the reversal points also varied across nations: Central European
countries (e.g., Poland, Czechia) peaked around 2005, while Western Mediterranean nations
(e.g., Spain, Italy) and Germany reached their maxima circa 2020, with France and the
Netherlands still maintaining an upward trend (Error! Reference source not found.a).

In southeastern Australia, while the overall trend in HCHO/NO: ratios showed weak decline,
a distinct transition from negative to positive trends emerged around 2007. This reversal
coincides temporally with policy-driven emission reductions implemented following severe
haze events in Sydney during the early 1990s, which prompted federal action targeting
vehicular pollution. The 2003 National Clean Air Agreement marked a turning point,
achieving a 42% reduction in diesel vehicle smoke emissions within three years
(https://www.dcceew.gov.au/). The observed 2007 inflection point reflects the time lag
between policy implementation and measurable improvements in air quality.

Globally, linear trends predominantly characterize¢ HCHO/NO: ratio evolution in developed
regions (e.g., Western Europe, the U.S., Japan), resulting from sustained emission reduction
policies. In contrast, developing regions (e.g., East China) exhibit nonlinear trajectories with
marked reversals, attributable to rapid industrialization coupled with delayed implementation
of emission controls. These patterns consist with satellite-derived NO: trends (Georgoulias et
al., 2019) and VOC dynamics studies (Fan et al., 2023; Kuttippurath et al., 2022; De Smedt
et al., 2015; De Smedt et al., 2008). These studies confirm that meteorological factors could
explain sub-decadal fluctuations, whereas anthropogenic emissions represent the
fundamental driver of long-term trends.

The paper could be more concise and better organized. (1) Similar interpretations of trends
in HCHO/NO:; and the WE/WD effect for East Asia and US appear repeatedly without deeper
insight. These discussions could be condensed and analyzed within a single section.

Reply: In the revised version, we have consolidated the analyses of HCHO/NO: trends and
weekday-weekend (WE-WD) O; differences into a unified Section 3.3 to improve clarity and
eliminate redundancy. These two metrics provide complementary insights into Os regime
transitions: The WE-WD Os effect offers direct observational evidence of regime shifts,
which are valuable in regions with extensive monitoring records (e.g., Europe, the U.S., and
Japan), while satellite-derived HCHO/NO: ratios provide continuous spatial coverage,
enabling analysis in regions with shorter observational histories (e.g., urban China and India).
This integrated approach allows assessment across all regions regardless of surface
monitoring network maturity. We have revised Section 3.3, which presents a more
streamlined yet thorough examination of Os chemical regime shifts.



(2) The purpose of Table I and Figure 7 is unclear and somehow very confusing. Figure 8,
which presents regional time series of HCHO/NQ:, already conveys the information clearly.

We value the reviewer's comments on Table 1 and Figure 7. Figure 7(now Figure 10 in
revised paper) differ from Figure 8 (now Figure 9 in revised paper): Figure 8 shows regional
aggregated time series, while Figure 7 shows the spatial variabilities of the evolution of Os
production regimes, which could reveal regions with diverse production regimes. Figure 7
can also identify where and when the regime transition occurs, which represents a key
novelty of this study. Table 1 represents another key novelty of this study, which incorporates
the long-term changes of HCHO/NO: into the definition of regimes, which informs both the
status and the historical trends of the O3 production regimes. In response to the reviewer's
feedback regarding clarity of intent, we have improved the explanations of methods and
findings in the revised Section 3.4 ("Global Spatiotemporal Evolution in Os; Chemical
Regimes: Transition Status and Potential Transition Years"). The revised version has
described in detail the analytical approach's objectives, the classification methodology, and
how this complements the time series analysis.

The free-tropospheric (background) contribution to the satellite-observed NO; columns is
increasingly important, especially in the US and Europe, where surface emissions have
declined continuously. Could this alter the threshold (should the threshold remain fixed over
time?), given the reduced representativeness of the column for surface conditions due to
NOx reduction? Additionally, please consider discussing how background interference might
affect the results.

Reply: That’s a good point. We use tropospheric NO2 and HCHO columns to diagnose the
near surface O3 chemistry, which is affected by the varying column-to-surface relationships.
The column-to-surface relationships are affected by boundary layer dynamics and the
contribution from free troposphere. However, the impacts on the regime threshold values
should be small over source regions, where the spatial and temporal trends of NO, are
dominated by anthropogenic emissions. For the regions with decreasing NO, the
contribution of free tropospheric NO; is likely increase (Dang et al., 2023) , which could bias
the observed trends of HCHO/NO., but not the overall direction of the regime changes. In the
revised manuscript, we have added discussions about the contribution of free-tropospheric
NO: columns to interpretation of long-term trends of NOx:

However, it should be noted that using satellite HCHO/NO; to diagnose O3 production
regimes is subject to uncertainties of satellite retrievals and the regime threshold values. We
use tropospheric NO. and HCHO column densities to infer near-surface Os chemistry, but
this approach is influenced by variable column-to-surface relationships driven by boundary
layer dynamics and contributions from the free troposphere (Jin et al., 2017, Dang et al.,
2023, Wolfe et al., 2019). Especially for the regions with decreasing NO., the contribution of
free tropospheric NOx is likely increase (Dang et al., 2023), which could bias the observed
trends of HCHO/NO:.



Minor comments:
1.Section 2.1, this harmonized GOME, SCIAMACHY, OMI, and TROPOMI product should
be better described, including how biases across different platforms are addressed.

Reply: We have added detailed methodologies for the harmonization of the multi-satellite
products in the revised manuscript:

To investigate the long-term changes in HCHO/NOz, we construct annual average
tropospheric NO> and HCHO VCD data from the GOME (1996-2001), SCIAMACHY
(2002-2003) and OMI (2004-2020) and TROPOMI (2020 - 2022) datasets. GOME and
SCIAMACHY and TROPOMI data are harmonized with reference to OMI data with a
resolution of 0.25° x 0.25°. The retrieval and harmonization scheme are described in Jin et al.
(2020). Briefly, we use OMI as a reference to adjust GOME and SCIAMACHY columns as
OMI has the finest spatial resolution and the overpass time of interest where captures the
most active O3 formation chemistry. For NO», the difference among satellite instruments is
decomposed to two components: (1) difference due to resolution; (2) difference due to
overpass time. The difference due to resolution is adjusted by comparing the differences in
re-gridding Level-2 OMI NO: to fine-resolution (0.25° x 0.25°) grid versus a
coarse-resolution (2° x 0.5°, resolution closer to that of GOME) grid. The difference in
overpass time is derived from the mean difference between OMI and SCIAMACHY during
overlapping years (2004 to 2012) at a coarse resolution (2° x 0.5°). For HCHO, as the spatial
variations of HCHO are mostly regional, the harmonization only accounts for the difference
caused by overpass time (Jin et al., 2020). We grid all Level-2 satellite HCHO products to
0.25° x 0.25°, and adjust GOME and SCIAMACHY HCHO columns by adding the mean
difference between SCIAMACHY and OMI during the overlapping period. We do not adjust
for the difference between OMI and TROPOMI as their overpass time is close.

2. Line 97-99, what do you mean by “using the same a priori profile”? Does the TM5-MP
provide a priori shape factors for all instruments, and does its emission input change
annually/monthly?

Reply: We meant that the calculations of air mass factors for satellite retrievals of
multi-instrument HCHO and NO: uses the same model simulations from TM5-MP that
features consistent meteorology, emissions and chemical mechanisms. The details of the
model simulations can be found in (Williams et al., 2017) . We have clarified this point in the
manuscript as follows:

We use satellite-based products developed under the Quality Assurance for Essential Climate
Variables (QA4ECV) project, which retrieves NO> and HCHO consistently using the same



model simulations from TM5-MP as a priori profile that features consistent meteorology,
emissions and chemical mechanisms (Boersma et al., 2018; Boersma et al., 2017b, a; De
Smedt et al., 2017; Williams et al., 2017).

3. Figure 4, the presence of many discrete low values over Inner Mongolia in East Asia seems
unreasonable. Could this be an issue with satellite observations, or is there another
possible explanation?

Reply: That’s a good point. We also notice the anomalously low HCHO/NO: ratios observed
over Inner Mongolia (35-42°N, 105-110°E). In the original manuscript, the mean
HCHO/NO: is calculated from annual HCHO/NO,, which is affected by anomalously low
values in some years. We have revised the method to by first computing multi-year average
HCHO and NO: concentrations separately, then deriving the HCHO/NO: ratio. Using the
revised method removes all those noisy and anomalously low HCHO/NO: values. We have
revised this figure in the revised manuscript:
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It should be noted that low ratios in Inner Mongolia can still be found, which is consistent
with independent satellite observations (Wang et al. (2021), their Figure 2).This region
corresponds to the Hohhot-Baotou-Ordos urban cluster, a major industrial hub in northern
China. Key emission sources include: Coal-fired power plants and Heavy industry (Ordos
hosts one of China’s largest coal-power bases, while Baotou’s steel industry requires
significant coal combustion for coking. Baotou’s steel and rare earth industries account for
over 40% of municipal NOx emissions (Inner Mongolia Pollution Census Bulletin, 2020,
http://sthjt.nmg.gov.cn/). Ordos is a key national coal chemical industry base. Vehicular
growth (The combined vehicle fleet across the three cities exceeds 3 million, with annual
growth rates of 9-12% since 2012). In 2019 alone, Baotou’s industrial NOx emissions
reached 126,000 metric tons (23% of Inner Mongolia’s total; MEE’s 2+26 Cities Monitoring
Report, https://www.mee.gov.cn/). These emission intensities create a persistent high-NOx
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environment, suppressing satellite HCHO/NO: ratios. Satellite observations thus accurately
reflect real-world conditions, consistent with ground inventories.

4.Line 23, “WHO” should be capitalized.

Reply: Done.

5.Line 275, there is no label of “a” in Figure S3.

Reply: The missing panel label "(a)" has been added.

6. Line 285-286, please provide references to support this statement.

Reply: We have added new references in the revised manuscript as follows:

This legislation prompted a strategic shift from VOC-centric controls to integrated NOx-VOC
management, directly resulting in a significant reduction in NO: levels across the U.S. since
2000 (Duncan et al., 2016; Jin et al., 2020; Lamsal et al., 2015) , but the trends of HCHO are
flat, largely due to the contributions from biogenic VOCs (Jin et al., 2020; Zhu et al., 2017).
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