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Abstract. Ozone (O3) is a secondary species formed and is considered a hazardous pollutant in the troposphere. Over the recent
decades, tropospheric O3 has undergone significant regional variations. This paper focuses on the impact of the evolution of
anthropogenic (ANT) and biomass-burning (BB) emissions in the tropics upon tropospheric and the chemical regimes of
O3 using numerical simulations performed of the last 15-years with the GEOS-Chem model. Satellite datasets derived from
OMI (HCHO and NO») and IASI-SOFRID (CO and Os3) are used as observational constraints to ensure the most reliable
representation of BB and ANT emissions. The results show that the simulation (REF) combining GFAS for BB and CAMS for
ANT emission provides the best match with the selected satellite observations.

The analysis of REF-simulation shows that positive trends in tropospheric ozone column (TOC) are observed mainly in the
Northern Hemisphere (NH), in Asia regions, Temperate North America, Europe, and some tropical regions (Equatorial Asia
and Southern Hemisphere (SH) South America), driven by increased of ANT and BB emissions and favourable photochemical
conditions.

Sensitivity tests with fixing emissions in the tropical band, reveal that the increase in tropical TOC is mainly due to tropical
ANT emissions, which occur in chemical regimes governed by VOC-limited. Further results highlight that effective mitigation
of future increases in TOC will depend mostly on control of ANT NOx emissions in tropical regions, where chemical conditions

favour high O3 production, while underlying the marginal role of BB in moderating regional O3 levels.

1 Introduction

Tropospheric ozone (O3) is a harmful pollutant to human health (e.g., Brunekreef and Holgate, 2002; WHO, 2003; Bates, 2005)
and impacts vegetation growth (Ainsworth et al., 2012; Monks et al., 2015). It is also a potent greenhouse gas particularly
important in the upper troposphere (e.g., IPCC, 2007, 2023; Shindell et al., 2006; Stevenson et al., 2013). Tropospheric O3 is
produced by the photochemical oxidation of volatile organic compounds (VOCs) in the presence of nitrogen oxides (NOx).

The temporal variations of tropospheric O3 over the last few decades is characterised by significant regional variabilities.
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Gaudel et al. (2018) highlighted that tropospheric Oj is the source of important discrepancies between observations and models,
particularly in the tropics. Over the last 20-years, O3 precursor emissions have shifted from the mid-latitudes towards the
equator resulting in the increase of the global tropospheric O3 burden because O3 photochemistry is favoured in the tropical
region (Zhang et al., 2016).

In tropics, strong solar radiation, high temperatures, and abundant biogenic VOC emissions enhance photochemical activity,
resulting in O3 formation features that are different from those observed in mid-latitude regions (Jacob and Winner, 2009). O3
production in these regions is governed by both VOCs and NOXx, as well as their relative abundance. The VOC/NOXx ratio is used
to characterize the O3 formation regimes, distinguishing between VOC-limited and NOx-limited conditions (Sillman, 1999).
The analysis of this ratio provides key information on the dominant photochemical processes controlling the O3 formation in
tropical regions and enables the implementation of region-specific emission control approaches. In many industrialized NH
mid-latitude regions (North America, Europe, China), regulations have led to declining NOx and VOC emissions (e.g., Zheng
et al., 2018). Conversely, large increases have been observed in South Asia, Southeast Asia, parts of Africa, and SH South
America, due to rapid urbanization, industrialization, and growing energy demand (Granier et al., 2011; Zheng et al., 2018).
Biomass-burning (BB) remains a large, variable source of NOx, CO, and VOCs, especially in tropical and subtropical regions,
contributing to interannual and seasonal variability (van der Werf et al., 2017; Wang et al., 2025).

Satellite observations and ozonesonde measurements have consistently shown rising trends in tropical tropospheric O3 over
the past two decades. Christiansen et al. (2022) and Froidevaux et al. (2025) report that O3 increases in the tropical free
troposphere, with higher values over regions influenced by BB and ANT activities. Wang et al. (2022) further support these
findings by combining IAGOS aircraft data and GEOS-Chem simulations to show significant increases in upper tropospheric
O3, especially between 30°S and 60°N.

Gaudel et al. (2024), show that between 1994 and 2019, tropospheric ozone columns (TOC) increased in the tropics with
strongest mid-to-upper tropospheric growth over India, Southeast Asia, and the Malaysia/Indonesia region. Trends in satellite
retrieved tropical TOC also exhibit positive increases, especially over Southeast Asia when full sampling is considered.
Moreover, studies of regional dynamics (e.g., Stauffer et al., 2024) have suggested that in highly convective tropical regions
such as equatorial Southeast Asia, changes in dynamic factors play a role in the observed increase in free tropospheric Os,
occurring alongside growth in local emissions.

The overall increase in Os in the troposphere therefore seems mainly coming from the tropics, where NOx emissions are
still increasing, although the interactions between emissions, transport and chemistry causing this increase remain poorly
understood. As part of the Tropospheric Ozone Assessment Report Phase IT (TOAR-II) initiative supported by the International
Global Atmospheric Chemistry (IGAC), a working group on O3 and its precursors in the tropics has been set up to better
understand the increase in tropical tropospheric Og (https://igacproject.org/opt-focusworking-group). Ozone and some of its
precursors have been observed globally by space-based sensors for several decades. In particular, the tropospheric content
of nitrogen dioxide (NOs) and formaldehyde (HCHO) is documented by UV-Visible spectrometers such as GOME-2 (since
2006), OMI (2005-2021), and more recently TROPOMI (2018-now).

Given the difficulty of constructing bottom-up emissions inventories, especially in tropical regions, we use the tropospheric
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columns of NO5 and HCHO products from the European Space Agency Climate Change Initiative (ESA CCI+) consortium to
constrain emissions inventories especially in tropical regions, which are more uncertain and less constrained by observations, in
order to establish the best possible emissions inventory (anthropogenic (ANT) and biomass-burning (BB)) for the GEOS-Chem
global chemistry transport model (CTM). We use NOy species because it is a useful proxy for both ANT and BB emissions
and directly involved in O3 production by oxidation of VOCs. Furthermore, in regions affected by pollution, the majority of
the NOs signal originates from NOx in the boundary layer, produced by combustion processes, and therefore the tropospheric
column is a useful indicator of surface emissions (e.g., Martin et al., 2002; Silvern et al., 2019), while HCHO is used as a
tracer to further constrain BB emission inventories. The HCHO tropospheric column, as observed from space, is widely used
to constrain VOCs emissions from BB, as HCHO is a high-yield tropospheric column to local emissions (e.g., Millet et al.,
2006; Gonzi et al., 2011). It also has important biogenic sources (Palmer et al., 2003; Millet et al., 2006). HCHO contributes
to the photochemical formation of tropospheric Os. Although HCHO itself is not a major greenhouse gas, it does contribute
indirectly to climate change by reacting in the atmosphere to form compounds that affect the climate.

In addition to NOy and HCHO (CCI products), we included CO and O3 from IASI-SOFRID products in the model-evaluation.
CO was taken into account based on its emissions and it has a relatively long atmospheric lifetime of approximately two to three
months. This extended lifetime allows CO to be transported over long distances, making it an effective tracer for identifying
emission sources at regional to global scales, while O3 provides insight into the distribution and evolution of global TOC. The
main purpose of this study is to assess the impact of the evolution of two surface emissions in the tropics upon tropospheric
and chemical regimes of O3 through numerical simulations of the last 15-years with the GEOS-Chem model using the best
emissions inventories for BB and ANT sources.

This paper is structured as follows. Section 2 describes the satellite datasets employed. Section 3 presents the GEOS-Chem
configuration, simulation setup and the strategy of the model assessment. Section 4 discusses the main results, including
spatial and temporal patterns, as well as comparisons with observations, TOC trends and chemical regime of O3 production
(VOC/NOx ratio) as well as the sensitivity test results, which are based on the best ANT and BB emissions inventories from
the model-evaluation. The emissions considered in the sensitivity test on the tropical belt were set at a climate-representative
average in order to investigate the impact of tropical emissions on global tropospheric O3. We focus on the VOC/NOXx ratio
in order to determine whether the HCHO/NO- ratio used in several studies, including O3 chemical regimes, are the proxy for
the VOC/NOXx ratio. Furthermore, previous studies have suggested that a change in chemical regimes explains the increase in
tropospheric O3 in mid-latitudes, while its precursors are decreasing. Therefore, we are interested in the VOC/NOX ratio to

examine its correlation with TOC trends. Finally, Section 5 summarizes the conclusions.

2 Satellite datasets
2.1 OMI satellite observations

The Ozone Monitoring Instrument (OMI), aboard the NASA’s Aura satellite, is a nadir-viewing imaging spectrometer mea-

suring solar backscattered radiation in the UV and VIS spectral ranges (270-500 nm) with a spectral resolution of 0.42-0.63
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nm (Levelt et al., 2006, 2018; Kleipool et al., 2022). It provides daily global coverage through a 2600 km swath, with a
nominal nadir pixel size of 13 x 24 km?, increased for affected detector rows following the 2007 row anomaly (Schenkeveld
et al., 2017). OMI retrievals of trace gases such as NO, O3, SO2, and HCHO use the Differential Optical Absorption Spec-
troscopy (DOAS) technique, with extensive validation against ground-based networks (e.g., Theys et al., 2015; Wang et al.,
2017; Ruiz Villena et al., 2020; De Smedt et al., 2021).

In this study, we used the CCI OMI Level 3 (L3) products, which consist of clear-sky sampled monthly mean gridded data
(NO2 and HCHO) at 2° x2.5° of horizontal grids, with improved uncertainty estimates and also monthly mean averaging ker-
nels. For NO5, we used the OMI version 1 (Anglou et al., 2024), while the HCHO tropospheric columns were obtained from
the OMI version 2 (De Smedt et al., 2025).

2.2 TASI-SOFRID data

The Infrared Atmospheric Sounding Interferometer (IASI) are nadir-viewing Fourier transform spectrometers onboard the
MetOp-A (2006), MetOp-B (2012) and MetOp-C (2018) satellites (Clerbaux et al., 2009). IAST measures the thermal infrared
radiation over the spectral range 645-2760 cm~! with an apodized resolution of 0.5 cm ™!, providing twice-daily global cov-
erage with a 2° x2° instantaneous field of view. IASI data are used to provide information about the atmospheric composition,
temperature, and humidity. The SOftware for a Fast Retrieval of IASI Data (SOFRID) allows the retrieval of CO and O3 ver-
tical profiles from IASI radiances. SOFRID-CO has been validated by in situ airborne data from the In-service Aircraft for
a Global Observing System (IAGOS) program (De Wachter et al., 2012; Barret et al., 2025), confirming their reliability for
global and regional air quality and climate studies. SOFRID-O3 have also been validated extensively against in-situ data from
O3-sondes from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) network (Dufour et al., 2012; Barret et al.,
2020). Comparisons made with homogenized Os-sonde data in the latest TOAR assessment report for satellite observations
shows that, for TOC, SOFRID-O3 v3.5 provides the highest correlation coefficients with sonde data in 9 regions out of 14
among 12 global satellite datasets (Hubert et al., in review).

In this paper, we use SOFRID-CO total columns v2.0 (De Wachter et al., 2012) and SOFRID-O3 tropospheric columns v3.5

(Barret et al., 2020), monthly averaged in 2°x2.5° grids, to complement the model-evaluation.

3 GEOS-Chem model overview, simulation setup, strategy of the model assessment, trend calculation and chemical

regime of O3
3.1 GEOS-Chem model overview

GEOS-Chem (GC) is a global three-dimensional CTM that has been used widely in the atmospheric sciences community for
studies of atmospheric composition, air quality, climate—chemistry interactions, long-range transport, and satellite data inter-
pretation (e.g., Bey et al., 2001; Fisher et al., 2011; Whaley et al., 2015; Eastham et al., 2014, 2018; Li et al., 2019; Hammer
et al., 2020; Jiang et al., 2022).



125

130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-1652
Preprint. Discussion started: 13 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

GC is an “offline” model, driven by assimilated meteorological fields from NASA’s Goddard Earth Observing System (GEOS)
(GEOS-FP, MERRA-2), which provide winds, temperature, humidity, and boundary layer parameters at high spatial and tem-
poral resolution (Bey et al., 2001). These datasets ensure that transport processes are consistent with observed atmospheric
circulation patterns. GC simulates detailed gas-phase and heterogeneous chemistry, including HOx-NOx—VOC-Oj interac-
tions, halogen chemistry, and aerosols (Park et al., 2004; Eastham et al., 2014).

GC can be run at different horizontal resolutions from a coarse 4°x5° global grid to finer 0.5°x0.625° regional grids and
covers both the troposphere and stratosphere. Its 72 vertical levels, with higher resolution near the surface and in the upper
troposphere lower stratosphere, capture key processes like boundary-layer mixing, convection, and stratosphere—troposphere
exchange (Bey et al., 2001). Photolysis is calculated using the FAST-JX scheme, accounting for clouds, aerosols, and sur-
face reflectivity, which is critical for O3 and radical formation (Eastham et al., 2014). Chemical transport includes advection,
convection, and turbulent mixing to realistically move species from local to global scales (Bey et al., 2001). The GC model
includes modules for transport, chemistry, wet and dry deposition, and photolysis (Liu et al., 2001; Wesely, 1989). And finally,
the emissions are handled with the HEMCO module (Keller et al., 2014; Lin et al., 2021), incorporating ANT, biogenic, BB,

soil, lightning, and volcanic sources with time variations.
3.2 Setup of the reference’s simulations

In this paper, we use GEOS-Chem High Performance (GCHP) v14.2.2 (https://geoschem.github.io), the parallelized version of
GC for efficient decadal, full-chemistry simulations. All GC simulations are performed from 01 January 2006 to 01 January
2022 on a c48 stretched grid, which corresponds to a nominal global resolution of 2°x2.5°. The “stretched” grid allows finer
resolution over regions of interest while maintaining coarser resolution elsewhere. We used 72 vertical levels and meteoro-
logical fields from the MERRA-2 reanalysis (Gelaro et al., 2017), providing realistic transport and chemistry throughout the
atmosphere.

The biogenic VOC emissions are from MEGAN v2.1 inventory (Guenther et al., 2012) and we use default emissions from other
natural sources such as lightning (e.g., Murray et al., 2012; Sauvage et al., 2007), soil NOx (Hudman et al., 2012), volcanoes.
Table 1 describes the couple of inventory emissions for the ANT and BB emissions. The first year (2006) of all GC simulation
periods is assumed to be a spin-up.

The first simulation named REF1 uses ANT emissions from CEDS v2 (Hoesly et al., 2018) and BB emissions from GFAS
(Kaiser et al., 2012). REF2 uses GFAS (BB) and CAMS-ANT v6.2 emissions (Soulie et al., 2024). The REF3 simulation uses
FINN v2.5 (Wiedinmyer et al., 2023) as BB emissions and CEDS and the REF4 simulation FINN and CAMS.
The GFAS and FINN are both a global BB emissions inventories, nevertheless, their methods for quantifying these emissions
and horizontal resolution are different. The GFAS uses Fire Radiative Power (FRP) from MODIS and scales emissions by fire
intensity at 0.5°x 0.5° horizontal resolution (Kaiser et al., 2012) while the FINN emissions inventories uses satellite-detected
active fires (MODIS hotspots) and fixed emission factors by vegetation type and fuel load at 1 km of horizontal resolution
(Wiedinmyer et al., 2023).

The CEDS emissions was developed for climate and earth system modelling, with a focus on long-term historical consistency
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Table 1. Characteristics of the GC simulation. The GFAS and FINN correspond the biomass-burning (BB) emissions, whereas the CEDS
and CAMS refer to the anthropogenic (ANT) sources.

Simulations  Couple of emission Period

REF1 GFAS & CEDS v2 2006 - 2021
REF2 GFAS & CAMS-ANT v6.2 2006 — 2021
REF3 FINN v2.5 & CEDS v2 2006 — 2021
REF4 FINN v2.5 & CAMS-ANT v6.2 2006 — 2021

and the harmonisation of ANT emissions by country, sector and fuel type, for applications ranging from CMIP6 simulations
(Hoesly et al., 2018). In contrast, the CAMS has been specifically developed for the operational forecasting of atmospheric
composition and air quality reanalyses, by providing emissions with higher resolution (spatial and temporal), suitable for chem-
ical transport models (CTM) and incorporates several datasets, including EDGAR and CEDS, and extends emissions data to

recent years using time series and near-real-time updates, which are necessary for forecasting applications (Soulie et al., 2024).
3.3 Strategy of model assessment and choice of the reference simulations

GC simulations are systematically evaluated against the latest satellite observations of tropospheric columns of NOy, and HCHO
retrieved from OMI, and of CO and Og retrieved from SOFRID. Os is a secondary pollutant which represents one of the main
targets of atmospheric chemistry modelling to simulate and forecast regional air quality. O3 and NOy are gathered in the Ox-
family as key air quality species because of their oxidation capacity which makes them harmful for human health.

By jointly analysing these species, the evaluation provides a robust constraint on the GC’s representation of emissions, chem-
istry, and transport processes, and helps identify the most consistent emission configuration to better constrain the emissions
inventories.

To assess the performance of the GC simulations, we selected several regions across the globe as represented in Fig. 1. Namely,
these regions include four oceanic zones, which are used as reference areas with negligible emissions, and a range of continen-
tal regions that are representative of either significant ANT NOs emissions or major BB emissions.

We also applied the mask defining oceanic and continental regions provided in the satellite products (NO5 and HCHO) to all
regions in the GC simulations for a more accurate comparison between the simulations and observations. The boxes in Fig.
1 delimit the regions to be analysed and evaluated. For example, the SHSAm rectangle covers both oceanic and continental
zones, but the mask will only include continental values for SHSAm and other regions with overlapping oceanic and conti-
nental zones. The model-evaluation considers only four oceanic regions: SPO, NAO, SAO and IO. The region acronyms are
detailed in Fig. 1 caption.

We finally performed statistical analyses of the model versus observations comparisons (Biases and Taylor Diagrams) for the
four key species (NOy, HCHO, O3 and CO) based on their global and regional (Fig. 1) monthly mean concentrations. We firstly

calculate the mean bias error (MBE) which is defined as the difference between the columns of the chemical species (NOs,
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Figure 1. Regional subdomains used for the model output analysis. The defined regions include Southeast Asia (SEAs), South Asia
(SAs), Southern Africa (SAf), Northern Africa (NAf), Central America (CEAm), Southern Hemisphere South America (SHSAm), Aus-
tralia (AUST), China, Equatorial Asia (EQAs), Europe (EURO), Temperate North America (TENAm), and the surrounding oceanic regions:
South Pacific Ocean (SPO), South Atlantic Ocean (SAQO), and Indian Ocean (I0)

HCHO, CO and O3) derived from the GC model and those obtained from satellite observations (OMI/IASI). To complement
the bias statistical analysis, we use Taylor diagrams in order to evaluate the variabilities of the columns from the different GC
simulations relative to the satellite products (OMI/IASI). The Taylor diagram used for climate model validation (Taylor, 2001)
takes advantage of the relationship between the Pearson coefficient (R), the Centered Root Mean Square Error (RMSE) and
the variabilities (standard deviations) of the two datasets to display these three parameters synthetically.

The RMSE between the GC simulations and OMI (NOy, HCHO)/SOFRID (CO, O3) datasets and the standard deviations of
the GC simulations results are normalised by the standard deviation of the reference raw OMI/SOFRID data to display the
results from multiple regions (Fig. 1) in a single diagram. The reference (here OMI/SOFRID datasets) corresponds to marker
1 on the x-axis (see green star-shaped symbol in Fig. 3). The RMSE is proportional to the distance from this reference point
(blue arcs of the circle centered on the reference point). The R between the reference (OMI/SOFRID) and all GC simulation
outputs is given by the azimuthal position of the point.

Finally, the radial distance from the origin is proportional to the standard deviation of the GC simulations. Each GC simulation
is represented by a different colour, and each region is represented by a marker of a different shape. The better the agreement
between GC simulations results and OMI/SOFRID data, the closer the markers will be to the reference point. It helps us to

select the couple of emission inventories (ANT and BB inventories emissions) that best matches the observed distributions.
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Table 2. Characteristics of the GC sensitivity tests

Simulations Couple of emission Period

ANT_Fix Best ANT emission fixed on tropics (25°N - 25°S) + BB 2006 — 2021
BB_Fix ANT + best BB emissions fixed on tropics (25°N —25°S) 2006 — 2021

3.4 Setup of the sensitivity tests

The selection of the most appropriate ANT and BB emission inventories was a crucial step in determining the reference sim-
ulation among the four configurations summarized in Table 1. This reference simulation (REF) represents the simulation that
best reproduces observed patterns of tropospheric O3 and its precursors and therefore serves as the foundation for subsequent
sensitivity experiments.

To investigate the influence of tropical emissions on global O3, we defined two sensitivity simulations (Table 2) based on this
REF simulation. In these tests, emissions within the tropical band (25°N - 25°S) were fixed to a representative climatological
mean, calculated as the average emissions over the first three years of the period (2006-2008) for both BB and ANT emissions
inventories. This approach effectively isolates the contribution of interannual changes in tropical emissions. Outside the trop-
ics, emissions were allowed to vary normally according to their year-specific values, thus preserving the temporal evolution of
extratropical sources. By contrasting these sensitivity tests with the REF simulation, we can better assess the extent to which
emission changes in the tropics have contributed to the observed increase in tropospheric O3 at both regional and global scales.
In addition to the ANT and BB emissions couple summarized in Table 2, all other emissions including natural and other sources

were kept consistent with those used in the four GC simulations described in section 3.2.
3.5 Trend calculation and chemical regime of O3
3.5.1 TOC trend calculation

The TOC temporal variations are different processes at different temporal scales : the annual, biannual and semi-annual cycle,
interannual variabilities such as the El Nifio-Southern Oscillation (ENSO) and long-term trends. In order to retrieve the long-
term trend from our time series we applied the following simplified model (equation 1) (Wespes et al., 2016) to SOFRID and
GC TOC monthly time series:

TOC(t) =C + Al.cos(%;m) + T—; + AQ.COS(W) + A3.COS(M) +a.ONI(t) (1)
Where:
— t: months

— C: monthly TOC

- Al.cos(W) : annual seasonal cycle (12 months period)
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AQ.COS(W)I biannual variability cycle (24 months period)

A3.COS(M): semi-annual variation (6-months period)

2L annual linear trend

@1, @2 and ¢3 : phase shifts of the respective cosine terms

a.ONI (t): Oceanic Nifio Index (ONI) version 5 (sensitivity to the ENSO events, NOAA Climate Prediction Center
website, last access: 24 March 2026).

3.5.2 Diagnostic of chemical regime

The formation of Og in the troposphere is a non-linear function of its precursors, mainly nitrogen oxides (NOx = NO + NO3)
and volatile organic compounds (VOCs). It is essential to determine whether O3 production is limited by NOx or by VOC in
order to interpret the factors behind the trends observed in tropical regions. A standard diagnostic approach is to calculate the
ratio between the total VOCs and NOX, usually in the following equation (2):

S VOC

hemical ime =
chemical regime NO=

2

Due to the various types of VOCs in the GC model, in the ratio calculation, we only use reactive VOCs such as Isoprene,
Toluene, Benzene, Xylene, HCHO, Acetaldehyde and Ethylene. Given to the coarse horizontal resolution (2°x2.5°) and the
diversity of VOC species represented in GC model, we assume that the VOC/NOx > 8 usually indicates a NOx-limited
regime while VOC/NOx < 4 corresponds to a VOC-limited regime. VOC/NOx values between these thresholds suggest a
transition regime. These thresholds reflect the use of total reactive VOC rather than proxy species and are broadly consistent
with observational diagnostics based on the HCHO/NO,, ratio, which typically place the transition between VOC- and NOx-
limited O3 production in the range of ~2—4 (e.g., Martin et al., 2004; Duncan et al., 2010; Elshorbany et al., 2024). This
approach has been successfully applied with global and regional CTMs to identify spatial and temporal variations in O3
sensitivity (Sillman, 1999).

In this paper, we computed the monthly tropospheric columns of NOx and key reactive VOC from the GC simulation to obtain
the VOC/NOx ratio. This diagnostic allows us to understand the chemical regime across the tropics and examine its evolution

over the past decades of O3, providing insight into the relative roles of ANT and BB emissions in driving observed TOC trends.
3.6 Data analysis period

In the analysis section, the results are discussed across different periods, which are distinguished by their scope and scientific
interest. The model-evaluation section, which includes the statistical analysis and the TOC trends from GC vs SOFRID-O3,
focuses on the 2008-2019 period. The GC model assessment was set for this period based on the quality and the availability
of observational data for chemical species and to disregard the impacts of the COVID-19 pandemic (lockdowns in 2020). NO,
and HCHO tropospheric columns from OMI are available from 2007 to 2021. Nevertheless, to include the 2021 year in the
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model-evaluation, TROPOMI columns available from July 2018 to December 2021 must be used, as the column from OMI is
less reliable after 2020. However, the columns derived from SOFRID-Os5 are available from 2008 to 2022, while SOFRID-CO
are available from 2008 to 2020. In order to harmonise the analysis, we used the common timeframe of 2008-2019 based on
the availability and the quality of the OMI/IASI-SOFRID datasets.

For the O3 chemical regime section, the period 2007 to 2021 is considered for examining the correlation between the VOC/NOx
ratio and TOC trends, and to evaluate whether the HCHO/NO., ratio can serve as a reliable proxy for the VOC/NOXx ratio, as
well as to enable comparison with recent studies using HCHO/NO, ratio. Furthermore, the 2007-2021 period is also examined
in terms of the TOC trends under emission perturbations in order to provide further understanding of TOC trends in tropical
regions and its connection to the chemical regime of Os. Finally, the sensitivity test analysis, focusing on the role of BB and

and ANT emissions, is performed over the 2017-2019 period to better quantify their impact on TOC in tropical regions.

4 Results and discussions
4.1 Assessment of the GC simulations with the satellite data constraint

This section examines the comparison of the NOy and HCHO tropospheric columns from GC simulations with the OMI ob-
servations, as well as the TOC and the CO total columns from SOFRID and the GC for the 2008-2019 period (sect 3.6).

The evaluation of GC simulations against satellite observations is performed on tropospheric columns (NO2, HCO and O3) and
total columns (CO), without the application of averaging kernel matrix to the model columns due to the short atmospheric life-
times of NO, and HCHO species, their concentrations are largely confined to the lower troposphere. In the model-evaluation,
we use the simulated concentrations on the model grid, sampled at the times corresponding to the overpass of the UV-Vis
sounders (OMI as 13h30 as LT) and the IASI (9h30 as LT). This allows us to choose the best inventory of ANT emissions and

BB to best reproduce satellite observations with the models.
4.1.1 Bias analysis

Figure 2 displays the biases for the global and regional domains from Fig. 1. The blue and black curves in Fig. 2a represent
results using the CEDS ANT emission inventory, while the red and magenta curves correspond to simulations using CAMS
ANT emissions. Figure 2a shows that CAMS and CEDS produce similar biases for both global and oceanic regions (SPO, NAO,
SAO and IO). For both inventories, the largest biases are located over Asian regions with the largest ANT emissions: China,
SAs, and SEAs. The other important NO, emitters, Europe and TENAm are characterised by much lower biases meaning that
the inventories better represent their emissions than those of Asian regions.

Over China and SAs the biases from the simulations with the CEDS inventory (REF1 and REF3) are significantly larger than
those from simulations with the CAMS inventory (REF2 and REF4). The differences may stem from their methodology, spatial
resolution, and data sources. The CEDS provides a long-term global emission record using generic proxies (e.g., population

density, land use, etc.) and larger horizontal resolution (0.5°x 0.5°), which may not capture local hotspots and/or seasonal
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Figure 2. MBE [molec.cm™?] for the GC relative to OMI/IASI column, over the 2008-2019 period for the global and the regional domains
(a) NO2, (b) HCHO, (c) total columns of CO and (d) tropospheric ozone column (TOC) (blue) REF1, (red) REF2, (black) REF3, (magenta)
REF4.

variations (e.g, McDuffie et al., 2020; Chen et al., 2025), whereas CAMS incorporates observations and region-specific data
with higher spatial and temporal resolution (0.1°x 0.1 °), offering more accurate emissions in complex regions such as China
and SAs (Soulie et al., 2024).

For the other regions, the differences between simulations with both ANT inventories concerning NOs is not significant.
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Concerning BB emissions, the use of GFAS (blue REF1/red REF2) provides a slightly lower NO» bias in regions with intense
BB activity (NAf and SAf) relative to FINN (black REF3/magenta REF4). GFAS also provides much lower biases over SEAs
which is a region with large BB emissions. The GFAS inventory therefore provides better BB emissions of NOy emissions
than FINN. This result is in agreement with Wiedinmyer et al. (2023) who have shown that the use of FINN tends to an
overestimation of tropospheric NO5 columns compared to other BB emission inventories in certain regions (e.g., SEAs, NAf,
SAf). BB emission inventories differ due to methodological approaches. FINN uses satellite-detected active fires (MODIS
hotspots) and fixed emission factors by vegetation type and fuel load at 1 km resolution, which can overestimate emissions
by counting many small fires, especially in regions with widespread low-intensity burning (Wiedinmyer et al., 2011, 2023).
However, GFAS uses Fire Radiative Power (FRP) from MODIS and scales emissions by fire intensity at 0.5° x 0.5° resolution,
producing lower totals and better capturing peatland fires that burn beneath the canopy and may be missed by hotspot-based
inventories (Kaiser et al., 2012).

For HCHO (Fig. 2b), the use of GFAS generally results in lower biases with OMI than the use of FINN, in regions with intense
BB emissions such as SHSAm, NAf and EQAs. GFAS and FINN show a similar order of magnitude of biases over oceanic
regions such as SPO, NAO, SAO and IO. However, for the whole globe, the use of GFAS results in an almost null bias while
FINN provides a significant positive bias.

The comparison between CO distributions from simulations with the CAMS and CEDS ANT emission inventories, (Fig.
2c¢, blue/black for CEDS vs. red/magenta for CAMS), does not reveal significant differences for the biases across all regions
(oceanic, regional, and global) throughout the analysed period (2008-2019). The use of CAMS or CEDS has therefore a limited
impact on modelled CO columns.

More significant discrepancies arise when comparing GFAS and FINN BB emission inventories, which exert a stronger impact
on CO distributions. The results clearly indicate that the use of GFAS leads to a systematic underestimation of the CO columns
compared to the use of FINN inventory. These results are not unexpected and have already been reported in studies using
GC-model especially in the NH and for other chemistry transport models (Huijnen et al., 2019), which may be due to an
overestimation of OH or missing CO emissions (e.g., Lin et al., 2024; Kopacz et al., 2010; Kim et al., 2022).

Figure 2d presents the distribution of the bias in the TOC (GC-IASI). Using the CEDS emission inventory (blue/black) leads
to slightly lower overestimations than using CAMS (red/magenta) across all regions. Therefore, the analysis of the biases only

is not sufficient to determine which emission inventory allows a more accurate representation of TOC.
4.1.2 Taylor Diagram analysis

In order to make the right choice of inventories, it is crucial to address the ability of the simulations to represent the spatiotem-
poral variations of the different target species. We present and discuss the Taylor diagrams (normalized) of the observation-
s/simulation’s comparisons (Fig. 3). The blue, red, black, and magenta colors in Fig. 3 represent the REF1, REF2, REF3, and
REF4 GC simulations, respectively, for the global and regional domains from Fig. 1. For NO, tropospheric column, the vari-
ability with the using FINN as BB inventory (black/magenta colors in Fig. 3a) is largely overestimated, with standard deviation
ratios larger than 1, particularly in regions impacted by BB such as SAs, CEAm, NAf, SAf, SHSAm, SEAs and EQAs (std
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ratios > 4.2) where the ratios is upper to 1.5.

The R-values from FINN simulations are generally much lower than those obtained using the GFAS inventory, especially over
some regions impacted by BB such as NAf, SHSAm, CEAm, SAs and SEAs (R-values around 0.2 with std.dev ratios > 4.2)
and over oceanic regions (SPO, NAO, SAO and 10). GFAS is therefore more able to reproduce the NOy columns variations
resulting from BB in both amplitudes (std.dev ratios) and phase (R-coefficient).

For HCHO (Fig. 3b), the simulations using GFAS generally exhibit higher correlation coefficients and standard deviation ra-
tios closer to the reference point compared to those using FINN. In major BB regions such as SHSAm, GFAS yields R-values
around 0.8 with a standard deviation ratio close to 1, while FINN gives lower correlations (R ~0.6) and higher variability
(std.dev ratio > 1), indicating an overestimation of the amplitude of the variability relative to OMI observations. At the global
scale, GFAS simulations remain better correlated (R ~0.6) with variability and RMSE ratios close to the reference, whereas
FINN simulations show much lower correlation coefficients (R ~0.4 and 0.7) and too large variability.

The overall analysis (MBE and Taylor diagram) indicates that the GFAS and CAMS emission inventories provide the best
consistency with NO5 observations from OMI. For HCHO, GFAS performs better than FINN, showing better variabilities and
lower biases.

Figures 3c and 3d summarize the overall performance of the GC simulations for the total columns of CO and TOC over the
2008-2019 period, based on comparisons with SOFRID products. Simulations using FINN (black/magenta) as BB emissions
exhibit too large CO variabilities with ratios from 1.2 to ~3.5 (Fig. 3c). It is noteworthy that the combinations FINN/CEDS
leads to the largest ratios meaning much too high variabilities relative. Simulations with GFAS (blue/red) provide better agree-
ment with the observations with standard deviation ratios between ~0.5 and 1.5. In addition, GFAS-based simulations generally
display higher correlation coefficient ratio (R-values) across the four oceanic regions (SPO, NAO, SAO and 10), as well as at
both global and regional scales (e.g., CEAm, EURO, TENAm) and result in lower centered RMSE ratios than FINN. These
results indicate that GFAS emission inventories provide a better representation of BB emissions than FINN.

Figure 3d clearly shows that all the GC-simulations are clustered between ocean regions (SPO, NAO, SAO and 10), regions
with high ANT emissions, and regions with high BB emissions. The weakest correlations with IASI-observations are found in
the NAf and CEAm regions. However, R-values exceed 0.55 for all GC simulations over all regions, with standard deviation
ratios ranging from 0.5 to 1.3. The agreement between GC and the SOFRID TOC is therefore good but the lack of differences
between simulations show that TOC is not a good proxy for emission inventories selection.

GC-evaluation indicates that CAMS is the best ANT emission inventory based on the ability of the simulations to reproduce
NO, with low biases and correct variabilities. Based on both biases for NOy and variabilities of the target species we also
conclude that GFAS offers the representation of BB emissions most consistent with satellite observations. It is noteworthy that
the CO underestimation with the GFAS inventory is general and therefore not related with the BB inventory itself but with a
known underestimation of CO with the GC model. The CAMS-GFAS simulation (REF2) shows the best overall agreement
with the satellite products.

For the following section, we focused on the REF2 GC simulation.
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Figure 3. Taylor diagrams for the GC simulations comparisons versus OMI/SOFRID datasets over the 2008 - 2019 period for (a) NOo, (b)
HCHO (c ) CO total columns and (d) TOC (blue) REF1, (red) REF2, (black) REF3, (magenta) REF4.

4.2 Global distributions of ozone and its precursors

Figure 4 displays a comparison of the 2008-2019 annual averages between satellite retrievals (OMI and IASI) and GC model
simulation. According to the previous section (Sect. 4.1), we selected the “best” (REF2) simulation which uses a combination
of CAMS ANT and GFAS BB emissions inventories, and defines the reference simulation (REF).

The distributions of the NOy tropospheric columns from OMI are largely consistent with the GC simulation (Figs. 4a, 4b)
and the model captures very well the overall spatial distribution and the emission hotspots. However, the model tends to
overestimate tropospheric NO5 (Figs. 4b, Ala) over regions that are heavily industrialised and densely populated, such as

China, TENAm, SAs and EURO regions. This discrepancy can be explained by clear-sky sampling bias in satellite NOy, which
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(f) GC and TOC (DU) from (g) SOFRID (h) GC averaged over the 2008-2019 period.

tend to underestimate tropospheric column values due to cloud screening, coarse spatial resolution and temporal sampling

limitations; moreover, the lifetime of NOs is generally shorter in clear-sky conditions (e.g., Geddes et al., 2012; Boersma et al.,

2016; Goldberg et al., 2017; Herman et al., 2019) compared to under all-sky in GC-modelled sampling.

HCHO tropospheric columns derived from the OMI and simulated by GC display similar features (Fig. 4c and 4d) with a

similar order of magnitude (1E+16 molec.cm™?2). The maxima, related to large biogenic (isoprene) emissions (e.g., Guenther

et al., 2006, 2012; Lathiere et al., 2006) are located over the same regions (Indochina peninsula, SHSAm, NAf).

In SAs and SEAs regions, the tropospheric HCHO column derived from OMI (Fig. 4c) are larger than the GC columns (Figs.

4d, A1b). This contrast may result from satellite retrieval bias. Clouds, aerosols and surface albedo can affect the measurement.
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Over regions with high aerosols (SAs) or bright surfaces (SEAs), OMI may slightly overestimate HCHO, though usually not
enough to explain very large differences (e.g., De Smedt et al., 2021; Zhang et al., 2025).

Furthermore, OMI HCHO data coverage is limited at high latitudes (north of 40°N and south of 40°S) because retrievals are
filtered under snow- and ice-covered conditions (De Smedt et al., 2018), which is not allowed to make a complete comparison.
The influence of BB emissions on HCHO is clearly overestimated by GC, particularly in the SHSAm, NAf and SAf regions (sec.
4.1 and Fig. 2). In these areas, GC tends to overestimate HCHO columns, reflecting uncertainties in the GFAS BB emission
inventories. Additionally, the chemical conversion of non-methane volatile organic compounds (NMVOCs) and isoprene to
HCHO can produce excess concentrations if oxidation or loss processes are oversimplified (e.g., Sun et al., 2025). Further
discrepancies may arise from limitations in the model’s representation of transport and deposition processes (e.g. Wang et al.,
2025).

Figure 4e shows that the general pattern of the CO annual distributions from SOFRID is correctly reproduced by the REF2
simulation (Fig. 4f). Nevertheless, GC clearly underestimates the CO total columns ( Fig. Alc) globally in agreement with
what has been previously shown in the evaluation of the simulations.

The distribution of TOC from the REF2 simulation agrees well with the SOFRID retrievals (Figs. 4g and 4h). However,
it displays bands of overestimated TOC at the tropical outer boundaries (30°S and 30°N, Fig. Ald). This discrepancy is
unlikely to reflect excessive stratospheric influence, as GC calculates TOC using MERRA-2 meteorology and a dynamically
defined tropopause. Instead, this discrepancy is likely derived from methodological differences in TOC definition and vertical
sensitivity: SOFRID derives TOC from vertically smoothed Oj retrievals, constrained by a priori climatological profiles linked
to the WMO tropopause, while GC integrates O3 up to a dynamic tropopause defined by the model.

Furthermore, the model overestimates values at the edge of the tropics (Fig. 4h), which correspond to long-distance transport,

particularly of fire plumes in the SH.
4.3 Tropospheric ozone trends
4.3.1 Regional linear trend

Figure 5 presents a time evolution of TOC between 2008 and 2019 for global and different regional domains, as derived from
SOFRID (green) and from GC simulations (red). As expected, extratropical regions (China, SAs, AUST) exhibit the clearest
annual cycles while regions close to the equator (EQAs, CEAm, NAf) display less seasonal variability. TOC from SOFRID
and GC (Fig. 5a) display similar seasonal variabilities, but GC produces a positive global trend of +0.182 DU yr—! when
SOFRID provides a much lower trend (+0.035 DU yr—!). The positive trend in GC is consistent with rising ANT emissions of
Oj3 precursors in SAs and SEAs regions, from CAMS emission inventories.

At the regional scale (SEAs, EQAs, CEAm, NAf and SAf), TOC trends are lower and close to zero, and the agreement between
GC and SOFRID is more uncertain, with significant differences in the magnitude of the seasonal cycle. In the SH, GC and
SOFRID display marked seasonal cycles, but overall the GC trends are more positive than SOFRID. In general, TOC trends

from GC simulations systematically overestimate the TOC trends from SOFRID (Fig. 5), with significant regional variations.
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Figure 5. Time series of the TOC (DU) between 2008 and 2019, as derived from SOFRID (green color) and REF simulation (red color). All

dashed lines correspond to the linear trends derived from the simplified model (equation 1) for global (a) and regional (b) to (1) domains.

GC simulation highlights strong regional differences in the evolution of TOC between 2008 and 2019. The most significant

positive trends appear in the mid-latitudes of the NH, especially in China, Europe, TENAm, SEAs and SAs regions (Figs. 5i,

5k, 51, 5b and 5c), where the increase is greater than 0.2 DU yr’1 due mainly to the increasing of the ANT emission in these

periods (Parrish et al., 2021; Bowman et al., 2022) and is associated with a strong seasonal variability. In contrast, tropical

Africa regions (NAf and SAf) show weaker trends and less pronounced seasonal cycles, reflecting variability dominated by
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tropical dynamics.

The CEAm (Fig. 5f) and the SH regions, including SHSAm, EQAs and AUST (Figs. 5g, 5j and 5h), shows moderate positive
trends, with strong variations but less significant compared to the NH regions. On a global scale (Fig. 5a), the GC trend is there-
fore mainly the product of the contribution of mid-latitude regions, while the tropical regions contribute less to the increase in
the TOC.

The TASI instrument, operating in the thermal infrared, is more sensitive to ozone concentrations in the mid-and upper tropo-
sphere and less near the surface where most of the TOC increase related to ANT activities occurs. A study from the TOAR-I
project has shown important discrepancies between UV-Vis and TIR sensors for the TOC trends (Gaudel et al., 2018). TOC
retrieved from UV-Vis sensors provided positive global trends while retrievals from TIR sensors resulted in negative (FORLI
algorithm) or insignificant trends (SOFRID). It has to be noted that UV-Vis sensors are more sensitive to O3 even at higher
altitudes (UTLS) than the IR sensors which cannot explain the trends discrepancies. Comparing three IASI retrievals, Pope
et al. (2024) confirm the absence of significant TOC trends with this sensor such as shown with SOFRID in Gaudel et al.
(2018). The reason for the discrepancy between UV-Vis and TIR sensors was not understood at the time of Gaudel et al. (2018)

but is confirmed in the TOAR-II satellite assessment report (Hubert et al., in review).
4.3.2 Global distribution of TOC trend

We present in Fig. 6 the TOC trends simulated by GC over 2007-2021 period (% decade 1), with statistically significant values
(p < 0.05) highlighted by an asterisk symbol. Figure 6 clearly shows that the spatial distribution of the trends reveals several
pronounced and regionally coherent features.

Figure 6 displays the strongest positive TOC trends occurring over SEAs and the wider EQAs regions, where values exceed
+8%. These very large increases are consistent with rapid regional growth in ANT emissions (NOx, CO, VOCs), and intense
BB activity, which together provide a highly favourable chemical environment for O3 formation.

Similar patterns of enhanced O3 growth over SAs and part of the South China sea have been documented in satellite analyses
and merged observations extending back to 1979, which reported net increases of roughly 6DU to 7DU over East and SAs
equivalent to about +15% to 20 % of typical background levels (Ziemke et al., 2019). Recent multi-platform observational
syntheses also confirm an upward trend in lower and mid-tropospheric O3 throughout SEAs and the tropical western Pacific,
driven by both emissions and large-scale transport variability (e.g., Gaudel et al., 2024; Thompson et al., 2025).

We also observe that the pattern of the TOC trend (Fig. 6) is consistent with the findings of Hubert et al. (in review) in their
TOC trend results over the 2005-2022 period. Hubert et al. (in review) is based on a robust product combining 10 satellite
retrievals from UV-Vis and IR sensors. They found the same positive TOC trend in SEAs and EQAs regions similar to GC
(Fig. 6). However, the results presented in Fig. 6 are much greater (-15% to +15% decade™!) than those found by Hubert
et al. (in review) which are between -6% and +6% decade™'. This discrepancy may be explained by the different years of
comparison (2005-2022 vs 2007-2021) and the horizontal resolution of GC vs. the combination of several satellites that were
used. By contrast, negative trends in TOC (Fig. 6), reaching -5% to -10%, are evident in the northern and southern tropical

Pacific, as well as in equatorial Africa. However, the middle latitudes of the SH display either a weak positive trend (Fig. 6),
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Figure 6. Global trends of the TOC (% decade™!) over the 2007 - 2021 period, as derived from GEOS-Chem simulation (REF). The asterisks

symbol mark grid cells where trends are statistically significant at p < 0.05

or nonsignificant trends (close to zero or slightly negative) in good agreement with many satellite datasets and the combined
satellite product presented in Hubert et al. (in review) especially in the Eastern South America region, suggesting relatively
stable O3 levels. This stability reflects lower precursor emissions, limited industrial development compared to the NH, and a
stronger oceanic influence.

In addition to the regional hotspots, Fig. 6 shows that large positive trends (+5% to +10%) extend across the mid-latitudes of
the NH, particularly in East Asia, Europe, the Middle East and the TENAm regions and these trends are consistent within the
results obtained by Hubert et al. (in review). Recent studies show that the positive trends in TOC observed in the mid-latitudes
of the NH (30°N - 60°N ) result from a combination by O3 precursor emissions and long-range transport of polluted air masses,
as well as by intrusions of stratospheric Og into the troposphere (e.g., Elshorbany et al., 2024; Li et al., 2024).

A significant positive trend (exceeding +10% decade™!) occurred at latitudes above 80°N (Fig. 6). These increases may result
by the transport of Os-rich air masses from mid-latitudes towards the polar regions, as well as increased exchange between
the stratosphere and troposphere in a warming climate, which have also been identified in previous analyses of satellite trends
(Ziemke et al., 2019). Seguel et al. (2025) have shown that TOC is higher in the NH compared to the SH, leading mainly to
this TOC trend in mid-latitudes and at the North Polar regions.

Similar increases at mid-latitudes have been reported in the TOAR-II global assessments and long-term satellite records, which
highlight that background O3 over the NH remains high relative to the end of the 20th century (e.g., Wang et al., 2022; Gaudel
et al., 2024; Van Malderen et al., 2025).

The consistency between the spatial patterns identified here and those reported by recent studies based on satellite products
(e.g., Elshorbany et al., 2024; Hubert et al., in review), indicates that the results from our REF-simulation (Fig. 6) are robust

and representative in general of the larger trend in TOC over the past decade. Overall, this analysis reinforces the current
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Figure 7. Monthly averages of VOC/NOXx in the tropospheric column derived from REF simulation for the period 2007-2021. Panel (a) Jan-
uary, (b) April, (c) July, and (d) October. The ratio is computed by taking account of the NOx tropospheric column above 1E+14 molec.cm ™2,
The "white" colour range, especially for January/October in the NH (above 60°N) and in April/July in the SH beyond 60°S is mainly due
to the lower tropospheric NOx column. Similarly, the high values of the ratio near the North Polar reflect the low NOx-levels approximately

~1E+14 molec.cm™2. The production of NOx species by photochemical reactions is slightly reduced.

scientific consensus about localised positive TOC trends, reflecting mainly a combination of ANT and BB emissions, long-
range transport, and climate variability especially in tropical regions.

Moreover, West and Fiore (2005) underline that the increase in CH,4 emissions contributes to raising the background level of
O3 on a hemispheric scale, reinforcing this positive trend despite emission control measures (NOx and NMVOCs) in certain
regions. The control of emissions in certain regions could also lead to an increase in O3 due to a more favourable chemical
regime. An additional reason may be the transport of O3 from other regions. Therefore, we focus in the following section on
the possible impact of chemical regime (e.g., Sillman, 1999) changes on the evolution of O3 in order to better understand this

increase in TOC trend derived from the GC simulations described above.
4.4 Og chemical regime and sensitivity results
44.1 VOC/NOX ratio

We computed the total VOC to NOXx ratio derived from REF-simulation to better understand the O3 chemical regime. We
present in Fig. 7 the spatial distribution of the average VOC/NOx ratio derived from the REF simulation for the months of
January, April, July and October averaged over the 2007-2021 period, highlighting the marked seasonal and regional contrasts
in O3 chemical regimes in tropical regions.

The high ratio values (VOC/NOx > 8) are consistently observed across equatorial regions dominated by strong biogenic VOC
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emissions, particularly in SHSAm and EQAs regions. In January and April (Figs. 7a and 7b), the tropical maxima is espe-
cially intense, reflecting strong isoprene emissions sustained by warm and humid conditions. In July (Fig. 7c), the shift of the
Intertropical Convergence Zone (ITCZ) enhances the ratio over central and northern southern America, equatorial Africa and
EQAs, while the southern Amazon shows a slight reduction linked to the transition toward the dry season. By October (Fig.
7d), ratios remain elevated over SHSAm and EQAs where both biogenic fluxes and BB activities contribute while a moderate
decline is detected over SHSAm region toward the end of the dry season. These regions are characterized by the regime of
NOx-limited, that means the abundance of the total VOC compared to the NOx. This could be explained by the abundance
of VOCs emission especially from the isoprene species in these regions; the production of the Oj is therefore controlled by
the VOC species abundance but in presence of the NOx. In contrast, the mid-latitude regions display systematically lower
ratios (VOC/NOx < 4) and/or transition regime, in line with dominant ANT NOx emissions and the associated VOC-limited
chemical regime typical of industrialized regions in TENAm, Europe, SAs, SEAs, and part of China. Hence, the moderate
TOC trend shown in SHSAm and EQAs regions (Figs. 5g and 5j) is associated with a NOx-limited regime, while the strong
TOC trend is generally associated with a VOC-limited regime. This suggests that the evolution of TOC in mid-latitude regions
is governed by NOx-ANT emissions, while the TOC trend observed in tropical regions (SHSAm, EQAs) is controlled by the
VOC-emissions that characterise rural regions.

Figure 8 displays the regional average time series of the VOC/NOX ratio for several regions (Fig. 1) over the 2007-2021 period.
The temporal evolution highlights contrasting behaviours between regions that have implemented emission control policies
and those undergoing rapid urbanisation, such as China. We have already described in section 3.5 the classification of two
chemical regimes related to the VOC/NOx value used to define the production of Os.

The Europe and TENAm regions (Fig. 8a) exhibit a continuous increase and China a decrease of the VOC/NOx ratio (Fig 8a).
In the Europe region, we note in Fig. 8a that there is significant variability compared to the TENAm region and China from
2010 onwards. This is due to the decrease in NOx concentrations in Europe (Fig. A3a), where the shift of major NOx sources
from power generation to industrial and transportation sectors has coincided with noticeable diminishing effects in emission
controls. Although ANT NOx emissions in the US have been declining since 2010 (e.g., EU, 2003; Crippa et al., 2016), the
VOC/NOX ratio remains low associated with the VOC-limited chemical or transition regime. In contrast, Fig. 8d (EQAs and
SHSAm) clearly shows that the VOC/NOXx ratio is higher which is associated by the NOx-limited chemical regime which is
due to the abundance of VOCs mainly from the isoprene emission and/or photochemistry efficiency.

For regions with high ANT activity such as TENAm and Europe (transition or VOC-limited regime), the TOC trend derived
from GC is positive (Figs. 5k and 51) and is generally a significant trend in relation with VOC/NOx trend positive (Fig. 8a).
This explains that the significant TOC trend observed in these regions is governed by the NOx emission. Especially the control
emissions in these regions influenced the change of chemical regime of O3 production. However, in the China region, the TOC
trend (Fig. 51) increases rapidly while the VOC/NOx ratio trend (Fig. 8a) decreases (and associated with VOC-limited regime)
, mainly, explained by the rapid decline of NOx tropospheric columns since 2010 (Fig. A3b).

The SAs and SEAs regions have a high TOC trend (Figs. 5b, 5¢) and are also associated with a transition and/or VOC-limited

regime (Fig. 8b) and negative VOC/NOX ratio trends. These results in regions associated with VOC-limited regimes do not
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Figure 8. Time series of the VOC/NOX ratio between 2007 and 2021, as derived from GC for the TENAm, EURO and China regions (a),
SAs, SEAs and AUST regions (b), CEAm, SAf and NAf regions (c) and for SHSAm and EQAs regions (d). The grey dashed lines correspond
to their respective linear trends. Black dashed line represents the threshold VOC/NOx = 8 and the blue dashed-line for VOC/NOx = 4.

allow us to conclude that the increasing TOC trend in these regions is explained by the VOC/NOx ratio trends. However, the
rapid reduction in NOx decreases Og titration and enhances photochemical efficiency, leading to an increase in TOC (Sillman,
1999; Duncan et al., 2010) despite the decrease in VOC/NOXx ratios.

Similarly, there is also a discrepancy between the SHSAm and EQAs regions, which both show moderate TOC trends (Figs.
5g and 5j) and chemical regimes controlled by NOx (Fig. 8d, NOx-limited). The higher ratio is mainly from BB and bio-
genics VOCs emissions. In the SHSAm region, TOC trends (Fig. 5g) and VOC/NOXx ratios trend (Fig. 8d) are both positive;
nevertheless, moderate TOC trend occured in the EQAs region (Fig. 5j) are associated with a negative trend of VOC/NOx
ratio (Fig. 8d). As presented in the regions with VOC-limited or transition regime (TENAm, Europe, China, SAs and SEAs
regions) discussed previously, the increase of TOC trend in the region with NOx-limited regimes (SHSAm and EQAs regions)
is not always related to the VOC/NOX ratio positive trend. Despite the non-statistically significant results for the VOC/NOx
ratio trend, the increase of TOC trend is not directly related to the VOC/NOXx trend. The suspected reasons are that the O3
chemistry is non-linear and as presented in the literature, meteorological conditions may play an important role in affecting the
O3 production since Oj is a secondary species.

Although the analysis presented in this study was based on total VOCs and NOx, unlike previous published analyses that use
specific indicators (HCHO and NOs) to determine the chemical regime of O3 given the limitations of observations. Overall,
our results concerning the VOC/NOXx ratio are generally consistent with those already reported in the literature regarding the
HCHO/NO:s ratio (e.g., Elshorbany et al., 2024; Tian et al., 2025). Elshorbany et al. (2024) report persistent high HCHO/NO

ratios over the tropical regions, highlighting strong NOx-limited while lower HCHO/NO,, ratios observed in certain regions of
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the NH regions (Western Europe, Northern Asia, Northeastern of US) from 2005-2019 period. Similar conclusions are drawn
from the TOAR-II assessments (Gaudel et al., 2024; Van Malderen et al., 2025) and GC/OMI model evaluations (Zhu et al.,
2016; Wang et al., 2022), all of which emphasize the stability of these tropical maxima and the contrasting regimes in ANT
hotspots. These features which are mainly based on multi-sensor analyses based on OMI and TROPOMI retrievals and on
model are consistent with our findings in terms of the chemical regime of O3 (VOC/NOX ratio).

The hemispheric contrasts reported by Tian et al. (2025) show positive trends in developed regions (TENAm, EURO) and
negative trends in rapidly industrialising region (China), while Elshorbany et al. (2024) highlighted the persistent influence of
NOx emissions on Og precursor ratios in the tropical regions. Previous studies (e.g., Duncan et al., 2010; Souri et al., 2020)
has shown that the HCHO/NOy, ratio effectively captures changes in photochemical regimes in response to ANT emission
controls. From 2007 to 2021, VOC/NOx ratio trends indicate that regions with declining NOx emissions are shifting towards
VOC-limited regimes, while the EQAs and SHSAm regions remain mostly NOx-limited. These findings confirm the agreement
between the GC model (VOC/NOx) and satellite diagnostics (HCHO/NO-) and highlight the importance of further supporting
efforts to control VOC and NOx emissions in order to reduce TOC on a global scale.

In addition to the consistency of our results with the literature on the HCHO/NO, studies, the VOC/NOXx ratio presented in
Fig. 7 is in good agreement with its proxy (HCHO/NO, ratio, Fig. A2) derived from GC for the same period 2007 to 2021. We
find the similar structure and pattern as well as the chemical regimes of O3 production associated with NOx-limited (SHSAm
and EQAs), and VOC-limited or transitions mostly in the NH mid-latitude region.

Even though there is no clear link between the increase in TOC and the chemical regime of O3 production, there is interest to

better understand the role of emission from BB and ANT on TOC.
4.4.2 Role of anthropogenic and biomass-burning emissions

We analyse in this section the results from two sensitivity simulations performed in order to quantify the impact of tropical
emissions on TOC on the regional and global scales. The global distribution of seasonal mean differences in TOC (DU) be-
tween the REF simulation with the two sensitivity tests: ANT_Fix and BB_Fix (see Table 2 for description) over the 2017-2019
period are displayed in Fig. 9.

The REF-BB_Fix (left panels) shows a consistent pattern of negative TOC anomalies in the major tropical regions affected by
BB emissions, with significant reductions in equatorial Africa and SHSAm regions. Regarding Fig. 9, the negative anomalies
are mainly stronger during the SON (Fig. 9g) and DJF (Fig. 9a), coinciding with the dominant burning seasons in the African
and in the SHSAm regions. The spatial signature of these anomalies is mostly limited to known fire hotspots, highlighting the
regional and seasonal role of the BB in tropical O3z formation. The relatively weak anomalies observed during MAM season
(Fig. 9c) corresponds to lower intensity of burning, while the JJA season (Fig. 9¢) shows moderate TOC difference but never-
theless significant anomalies in regions with high burning activity especially in SHSAm and SAf regions.

Previous studies reveal that anomalies in TOC caused by burning in tropical regions exhibit a marked seasonal cycle. The SON
season has the most significant negative anomalies in tropical regions in SHSAm and Africa, as well as in northern of AUST

and EQAs regions, reflecting the maximum BB emissions from dry-season under favourable photochemical conditions (e.g.,
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Figure 9. Seasonal differences in TOC [%] between the REF simulation and BB_Fix ((a), (c), (e), (g)) and ANT_Fix ((b), (d), (f), (h))

simulations tests over the 2017-2019 period.

Ziemke et al., 2009). Significant anomalies are observed during the DJF season (Fig. 9a), which probably result from a combi-
565 nation of several factors: regional burning intensity in equatorial Africa, part of Australia and of SHSAm regions, interannual

variability such as ENSO, and long-range transport from mid-latitude burning, which especially affects the free troposphere

(e.g., Young et al., 2018). The JJA season shows moderate anomalies in TOC over SHSAm, SAf, and EQAs regions, indicating

that burning activity and transport processes during this season contribute to O3 enhancement, although in general to a less

significant extent than during the SON season. In contrast, the MAM season shows relatively low anomalies in the tropics,
570 consistent with a transition season characteristic of reduced burning activity and less photochemical production.

The results from REF-ANT_Fix (Fig. 9, right panels) shows a persistent and widespread seasonal pattern of positive TOC
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anomalies, generally extending over much of the tropical belt. Figure 9 (right panels) clearly shows that TOC increases are
particularly strong in SAs and SEAs regions during JJA and SON seasons. Moderate anomalies are observed in equatorial
Africa and SHSAm regions for all four seasons. One of the reasons for the increase of TOC may be due to the increase in
ANT emissions and eventually the increase of tropospheric NOx columns (Fig. A3c). Since the photochemistry is abundant
in tropical and equatorial regions, then O3 production from the NOy photolysis reaction is also significant, that is the way the
EQAs region shows a moderate increase in TOC, in particular during DJF and MAM seasons. The spatial consistency and
persistence of these positive anomalies reflect the broader influence of ANT emissions. The results suggest that ANT emission
trends lead to a significant increase in TOC at the regional scale in tropical regions between 2017 and 2019, while the decrease
in BB emissions had a balancing effect. The combined results of the REF-BB_Fix and REF-ANT_Fix clearly reveal that the
ANT emissions dominate the positive TOC trend, while BB decreases contribute to offsetting reductions in Og in key regions
where burn intensity is highest.

Several studies have investigated long-term O3 variability and its drivers, highlighting the roles of ANT, BB emissions and
circulation patterns (e.g., Zhang et al., 2016; Gaudel et al., 2018; Jaffe et al., 2018; Bourgeois et al., 2021). However, many
of these analyses relied on global perturbation experiments or broad regional assessments. This present study contributes to
our understanding in several key ways. Firstly, by fixing emissions within the tropics (25°N-25°S), we directly quantify how
tropical emission trends alone influence TOC evolution, providing a more targeted attribution than global-scale sensitivity tests.
Secondly, we clearly separate opposing O3 trends : declining O3 due to reduced BB versus increasing O3 driven by rising ANT
emissions, highlighting a dual trend decomposition rarely presented with such clarity. Finally, by explicitly showing how BB
and ANT emissions differently affect TOC across seasons, our results from the GC model help reconcile the contrast of TOC
tropical trends observed by both satellites (OMI/TROPOMI) and chemistry transport models (CTMs). These contributions pro-
vide a high-resolution framework for understanding how TOC in tropical regions responds to changes in emissions, providing
insights that may have been considered in previous global or regional studies.

The correlation with the VOC/NOx (Fig. 7) and HCHO/NO,, (Fig. A2) also provides a basis for understanding O3 sensitivity
tests. Regions with high values of ratios (NOx-limited regime) in both diagnostics of O3 chemical regime show a negative
TOC response in REF-BB_Fix (Fig. 9, left panels) compared to REF-ANT_Fix (Fig. 9, right panels) results, demonstrating
that long-term TOC trends in these regions are mainly controlled by VOCs availability rather than NOx variability. In contrast,
the regions with lower ratios (Figs. 7, 8 and A2) show a significant positive TOC response to fixed ANT emissions, consistent
with VOC-limited or transition regime where NOx reductions only are less effective. Overall, the agreement between these two
chemistry regime indicators and their correspondence with sensitivity tests enhances the conclusion that spatial differences in

chemical regime might play a key role in tropical regions TOC trends.
4.4.3 Global and regional TOC trends under emission perturbations

To quantify long-term changes in TOC under different emission perturbation scenarios, we computed the TOC trends for REF,
BB_Fix and ANT_Fix simulations over the period 2007-2021 with respect to the simplified equation 1. Monthly mean TOC

values were first averaged over predefined domains (Fig. 1). Table 3 summarises the TOC trends from GC between 2007 and
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Table 3. TOC trends derived from the simplified model (equation 1) for 2007-2021 (DU yr™!)

Regions REF ANT_Fix BB_Fix REF-ANT Fix REF-BB_Fix

Glob 0.164 0.146 0.182 0.018 -0.017
SEAs 0.178 0.128 0.196 0.050 -0.018
SAs 0.142 0.102 0.155 0.040 -0.013
SAf 0.012 -0.028 0.057 0.040 -0.044
NAf 0.094 0.050 0.124 0.044 -0.031
CEAm 0.111 0.107 0.122 0.005 -0.010
SHSAm  0.091 0.066 0.122 0.025 -0.031
AUST 0.122 0.100 0.154 0.022 -0.032
China 0.212 0.201 0.221 0.012 -0.008
EQAs 0.136 0.112 0.150 0.024 -0.014
EURO 0.214 0.208 0.221 0.005 -0.007
TENAm 0.155 0.148 0.163 0.006 -0.008

2021 for the reference simulation (REF) and the two sensitivity simulations ANT_Fix and BB_Fix.
At the global scale (Glob), the REF simulation shows a positive trend of +0.164 DU yr~!, which indicates a continuous in-

1

crease in TOC over the last decade. Fixing tropical ANT emissions reduces this trend to +0.146 DU yr~", resulting in a REF-

ANT_Fix difference of +0.018 DU yr’l, while fixing tropical emissions from BB increases the trend to +0.182 DU yrfl,
corresponding to a REF-BB_Fix difference of -0.017 DU yr~!. This mismatch shows that ANT emissions have a major posi-
tive effect on the global TOC trend, while BB partly offsets this increase, possibly through enhanced chemistry with VOC and
regional redistribution of O3 production.

As expected, the influence of ANT emissions is particularly strong in the tropical and subtropical zones. The SHSAm and
EQAs regions show substantial reductions in TOC trends when tropical ANT emissions are fixed, with REF-ANT_Fix dif-
ferences ranging from +0.040 to +0.050 DU yr—!. These regions are characterised by BB intense and biogenic emissions,
rising VOCs emissions, which corresponds to NOx-limited regimes, as suggested by higher VOC/NOx ratios (Figs. 7 and 8d).
Similarly, in the regions (SEAs and SAs) with rapid economic development, increasing NOx emissions, consistent with VOC-
limited or transition regime (Figs. 7 and 8b). In these regimes, increases in NOx from ANT effectively enhance O3 production,
explaining the high sensitivity of TOC trends to ANT emissions.

On the other hand, fixing emissions from BB leads to a systematic decrease in TOC trends in most tropical regions (REF-
BB_Fix between -0.010 and -0.044 DU yr_l), with the largest response in SAf and SHSAm. The EURO, China and TENAm
regions show lower sensitivity to tropical emission disturbances (REF-ANT_Fix < 0.02 DU yr—!), reflecting the greater role
of regional emission controls and transport processes. Nevertheless, these regions show sustained positive trends in TOC in the

REF simulation (+0.214 DU yr~—! in Europe and +0.212 DU yr~! in China), consistent with the gradual transition to VOC-
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limited regime.

A combined analysis of Table 3 with the VOC/NOx ratio time series (Fig. 8) provides a consistent chemical regime interpre-
tation of these results. The regions showing consistently high VOC/NOx ratios (NOx-limited regime) are severely limited in
NOx and therefore very sensitive to ANT NOx perturbations, which explains the large differences between REF and ANT_Fix.
In contrast, regions with lower or declining VOC/NOX ratios (VOC-limited or transition regime) are less sensitive, as O3 pro-
duction is less affected by additional NOx emissions. These results suggest that the increase of the TOC tropical region is
due mainly by the ANT emission compared to BB emissions. Note that the ANT tropical emissions increase has a marginal
impact on the increase of TOC on the global scale according to Table 3. Meanwhile, BB emissions play a minor but nonethe-
less important role in modulating regional O3 production and partially offsetting ANT increases. This combined perspective
highlights the crucial importance of controlling ANT NOx emissions in tropical regions in order to constrain future growth in

tropospheric Os, especially in regions where high VOCs availability maintains high O3 production efficiency.

5 Conclusions

Tropospheric Os is a secondary pollutant produced by the photochemical oxidation of VOCs in the presence of NOx. Zhang
et al. (2016) highlighted that, over the last decade, emissions of O3 precursors have shifted from the mid-latitudes toward equa-
torial regions, causing to an increase in global tropospheric O3 burden, as tropical regions provide circumstances that favour
O3 photochemistry.

We present in this study the findings of a modelling study to assess the impact of the evolution for two surface emissions in
the tropics upon tropospheric and chemical regimes of O3 through numerical simulations of the last decade with the CTM
GEOS-Chem using the best emissions inventories for biomass-burning (BB) and anthropogenic (ANT) sources.

We have performed four 15-years full-chemistry simulations with the GC model at 2° x2.5° of horizontal resolution using the
MERRA-2 as meteorological forcing in order to evaluate and constrain emission inventories. The GFAS and FINN v2.5 for
BB emissions inventories and the CAMS-ANT v6.2 and CEDS v2 for ANT emissions were evaluated against OMI for NO,
and HCHO and against SOFRID-IASI retrievals for TOC and CO columns. From this model-evaluation we concluded that the
combination of GFAS for BB and CAMS for ANT emission provides the best overall agreement with the selected satellite
observations. GFAS clearly improves the representation of the variabilities of HCHO and CO columns compared to FINN
which largely overestimates these variabilities. The use of CAMS allows reducing the positive biases of NOy columns over
highly polluted Asian regions compared to CEDS.

The REF simulation (GFAS & CAMS couple of emission) reproduces the annual spatial distributions of NOy and HCHO
reasonably well compared to OMI retrievals. TOC and CO columns are also consistent with SOFRID. Significant TOC overes-
timations are found around the tropical belt, probably related to long-distance transport, particularly of burning plumes in the
SH.

TOC trends [% decade ~'] show clear regional heterogeneity. Strong positive trends occur over SEAs and EQAs regions. These

increases are consistent with rapid regional increase in ANT emissions and burning activity, providing a highly favourable
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chemical environment for O3 formation. Moderate increases of TOC are observed across the NH in mid-latitudes, reflecting
hemispheric-scale transport despite emission controls. In contrast, negative trends appear in the central and eastern tropical
Pacific, likely linked to ENSO variability, while the SH in mid-latitudes remain relatively stable due to lower emissions and
stronger oceanic influence. Finally, a significant positive trend occurred at high latitudes in NH which may result from the
transport of Os-rich air masses from mid-latitudes towards the polar regions, as well as increased exchange between the strato-
sphere and troposphere. These findings are consistent with the study of Hubert et al. (in review) in their TOC trend results over
the 2005-2022 period which is based on a robust product combining 10 satellite retrievals from UV-Vis and IR sensors.
Previous studies have reviewed the long-term variability of O3 and its controlling factors (e.g., Zhang et al., 2016), highlighting
the role of ANT, BB emissions, and circulation patterns. However, many of these studies relied on global-scale perturbation ex-
periments or overall regional assessments. This current study provides an advance to our understanding by fixing emissions in
tropical regions, quantifying directly the influence of tropical emission on TOC evolution, providing a more specific attribution
than global-scale sensitivity tests, and clearly separating opposing O3 trends. Throughout the results, we show that the increase
in tropical TOC is driven by tropical ANT emissions, operating within predominantly VOC-limited regimes. The VOC/NOx
ratio analysis reveals persistent large-scale patterns that are remarkably stable across seasons, indicating that the underlying
O3 chemistry is governed more by long-term emission characteristics than by short-term seasonal variability. Tropical regions
consistently exhibit high VOC/NOx ratios, reflecting sustained biogenic and BB emissions that maintain high O3 production
efficiency in response to NOx perturbations.

On the global scale, the REF simulation shows a positive trend in TOC, which decreases when tropical ANT emissions are
fixed, confirming their major role in driving long-term TOC increase. On the other hand, fixing BB emissions leads to an
increase in TOC trends, suggesting that BB does not act as a main factor driving the long-term increase in tropical TOC, in-
stead modulating O3 production. At the regional scale, the sensitivity of Og trends to ANT emissions is strongest in tropical
and subtropical regions such as SEAs and SAs, where high VOC availability and VOC-limited regime amplify the impact of
increasing ANT NOx emissions. A next step will be necessary to take into account other sources beyond BB and ANT emis-
sions, including biogenic emissions, emissions from soil, lightning, ships and aircraft, with the aim of determining whether
anthropogenic (ANT) emissions have a major impact on TOC. An ongoing study is focusing on harmonisation of O3 satellite
products (Hubert et al., in review) which will provide a more robust basis for assessing of O3 trends through modelling studies
covering large regions and at the global scale.

The analysis reported in this study is focused on total VOCs and NOx from the model. This approach differs with previous
studies (Elshorbany et al., 2024; Tian et al., 2025), which relied on satellite-derived HCHO and NO, as proxy indicators to
diagnose the O3 chemical regime, given the observational limitations of certain VOCs species. Overall, the analysis of the
VOC/NOx ratio compared to the HCHO/NOs, ratio is generally consistent, leading to the conclude that the HCHO/NO,, ratio
may be used as an indicator to characterise the chemical regime of O3 production if we consider only the reactive VOCs used
in this study, whereas it would be a constraint if we included all VOCs from the GC-model in the VOC/NOx ratio calculation.
It would also be useful to take into account the progress made in emissions inventories and GEOS-Chem model updates, as

incorporating these improvements may further enhance the accuracy and reliability of the results.
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Figure Al. Difference in the tropospheric column between GC and OMI for NO> (a), HCHO (b) in molec.cm ™2, Difference in the Total
columns of CO (molec.cm™2) (¢) and TOC (DU) (d) between GC and IASI over the 2008-2019 period.

Data availability. Level 3 (L3) dataset from OMI used in this paper can be accessed at https://doi.org/10.21944/cci-no2-omi-13 (OMI NO2)
and at https://doi.org/10.18758/BF145884 (OMI HCHO). The generated L3 dataset will be made available on the ESA Climate Change
Initiative Open Data portal. The SOFRID dataset are available for the whole period from the Service de données de 1’Observatoire Midi-

Pyrénées (https://iasi-sofrid.sedoo.fr/, last access: 24 March 2026).
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Figure A2. Monthly averages of HCHO/NO in the tropospheric column derived from REF simulation for the period 2007-2021. Panel
(a) shows the climatological mean ratio for all January months, (b) for April, (c) for July, and (d) for October. ratio. The ratio is computed
by taking account the NO, tropospheric column above 1E+14 molec.cm™2. The “white” colour range is mainly due to the lower NOy

tropospheric column. The production of NOx species by photochemical reactions is slightly reduced.
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