Responses to the Editor
Dear Authors,

Thank you for the responses to the reviewers' comments. I am still not convinced that you have
addressed the first point regarding the altitude dependence and the applicability of the
HCHO/NO?2 column ratio to infer chemical regimes and its change beyond the strong ozone
production region. You mentioned that you have conducted additional ozone sensitivity analysis,
which is to be presented in another paper that is being prepared. I would encourage you to
include the main results of that analysis in the manuscript to support your statement. 'In
preparation' papers cannot be cited - unless available as preprints through an archival repository.
Please add the salient analysis from the manuscript under preparation in the supplementary text

to support this.

We thank the editor for his time and effort in reviewing our article. Please find below our

answers in blue following each comment.

Answer: Regarding the reviewer’s comment on the altitude dependencies of the HCHO/NO2
ratio, we didn’t look into that. So, we can’t comment on that from the measurement point of
view. However, from the model simulation in Figure 5, the mean (2005-2019) percent
contribution from the upper versus lower troposphere differs between HCHO and NO», both
globally and in the tropical band, leading to a lower HCHO/NO?2 ratio in the upper troposphere
relative to the middle and lower troposphere. The lower HCHO/NO2 ratio in the upper
troposphere is due to the lower photochemically formed HCHO mixing ratios, consistent with
other studies (Souri et al., 2023; Miiller et al., 2024). However, delving into the altitude

dependence of the HCHO/NO2 would require an additional significant space/effort and is not



among the objectives of this global study and it has been addressed in many other regional

studies (e.g., Souri et al., 2023; Chong et al., 2024; Miiller et al., 2024).

Regarding the regional trends in HCHO/NO?2 ratio, our analysis in section 3.4.7 is indeed limited

to ozone production sites, e.g., in Eastern Asia, North America, Europe, and the tropics.

The sensitivity paper will be submitted very soon, but the citation might take a couple of weeks
to appear, therefore, we removed the citation to this article from the references list. The
sensitivity paper was mentioned in our response to the reviewers but not in the body of this
article. However, I have included here a confidential version of a draft of this article for your

reference.

Another point is the format of the references. Please use the Copernicus reference formatting

style throughout the reference list - there are many instances of wrong formatting being used.
Answer: The format of the references is fixed now.
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Chong, K., Wang, Y., Liu, C., Gao, Y., Boersma, K. F., Tang, J., & Wang, X. (2024). Remote
sensing measurements at a rural site in China: Implications for satellite NO2 and HCHO
measurement uncertainty and emissions from fires. Journal of Geophysical Research:

Atmospheres, 129, €2023JD039310. https://doi.org/10.1029/2023JD039310, 2024.

Miiller, J.-F., Stavrakou, T., Oomen, G.-M., Opacka, B., De Smedt, 1., Guenther, A., Vigouroux,
C., Langerock, B., Aquino, C. A. B., Grutter, M., Hannigan, J., Hase, F., Kivi, R., Lutsch,

E., Mahieu, E., Makarova, M., Metzger, J.-M., Morino, 1., Murata, 1., Nagahama, T.,


https://doi.org/10.1029/2023JD039310

Notholt, J., Ortega, 1., Palm, M., R6hling, A., Stremme, W., Strong, K., Sussmann, R., T¢,
Y., and Fried, A.: Bias correction of OMI HCHO columns based on FTIR and aircraft
measurements and impact on top-down emission estimates, Atmos. Chem. Phys., 24,

2207-2237, https://doi.org/10.5194/acp-24-2207-2024, 2024.

Souri, A. H., Johnson, M. S., Wolfe, G. M., Crawford, J. H., Fried, A., Wisthaler, A., Brune, W.
H., Blake, D. R., Weinheimer, A. J., Verhoelst, T., Compernolle, S., Pinardi, G.,
Vigouroux, C., Langerock, B., Choi, S., Lamsal, L., Zhu, L., Sun, S., Cohen, R. C., Min,
K.-E., Cho, C., Philip, S., Liu, X., and Chance, K.: Characterization of errors in satellite-
based HCHO/NO: tropospheric column ratios with respect to chemistry, column-to-PBL
translation, spatial representation, and retrieval uncertainties, Atmos. Chem. Phys., 23,

1963-1986, https://doi.org/10.5194/acp-23-1963-2023, 2023.

Wang, Y., Dorner, S., Donner, S., Bohnke, S., De Smedt, 1., Dickerson, R. R., Dong, Z., He, H.,
Li, Z., Li, Z., Li, D., Liu, D., Ren, X., Theys, N., Wang, Y., Wang, Y., Wang, Z., Xu, H.,
Xu, J., and Wagner, T.: Vertical profiles of NO2, SO,, HONO, HCHO, CHOCHO and
aerosols derived from MAX-DOAS measurements at a rural site in the central western
North China Plain and their relation to emission sources and effects of regional transport,

Atmos. Chem. Phys., 19, 5417-5449, https://doi.org/10.5194/acp-19-5417-2019, 2019.



31

32

Influence of nitrogen oxides and volatile organic compounds emission changes on

tropospheric ozone variability, trends and radiative forcing

Suvarna Fadnavis!, Yasin Elshorbany?, Brice Barret®, Jerald Ziemke®*, Alexandru Rap®, Satheesh
Chandran PR!, Richard J. Pope’, Vijay Sagar!, Domenico Taraborrelli®, Eric Le Flochmoe?, Juan
Cuesta’, Catherine Wespes?, Folkert Boersma®!?, Isolde Glissenaar®, Isabelle De Smedt'! Michel
Van Roozendael'!, Hervé Petetin!'?,

!Center for Climate Change Research, Indian Institute of Tropical Meteorology, MoES, Pune,
India

2School of Geosciences, College of Arts and Sciences, University of South Florida, St.
Petersburg, FL, USA

SLAERO/OMP, Université Paul Sabatier, Université de Toulouse-CNRS, Toulouse, France
“NASA Goddard Space Flight Center, Greenbelt, Maryland, USA

>School of Earth and Environment, University of Leeds, Leeds, UK

®Institute of Energy and Climate Research, IEK-8: Troposphere, Forschungszentrum Jiilich
GmbH, Jiilich, Germany,

"University Paris Est Creteil and Université Paris Cité, CNRS, LISA, F-94010 Créteil, France
8Université libre de Bruxelles (ULB), Spectroscopy, Quantum Chemistry and Atmospheric
Remote Sensing, Brussels, Belgium

Royal Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands

19Wageningen University, Environmental Sciences Group, Wageningen, The Netherlands
""Belgian Institute for Space Aeronomy

2Barcelona Supercomputing Center, Barcelona, Spain

Corresponding author email: suvarna@tropmet.res.in



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Abstract:

Ozone in the troposphere is a prominent pollutant whose production is sensitive to the emissions
of nitrogen oxides (NOx) and volatile organic compounds (VOC). In this study, we assess the
variation of tropospheric ozone levels, trends, ozone photochemical regimes and radiative effect
using the ECHAM6-HAMMOZ chemistry-climate model which is validated against satellite
measurements. Further, we investigate the impacts of doubling/halving NOx (DNOx/HNOx) and
VOC (DVOC/HVOC) emissions on ozone levels, trends, ozone photochemical regimes, and
radiative effect. Our analysis shows that the enhancement in global mean tropospheric column
ozone (TCO) is sixteen times higher in DNOx (mean:11.7, [minimum: 5.6; maximum:29.3 ppb])
than in DVOC (0.7 [-0.5; 3.6] ppb) simulations. The decrease (increase) in surface ozone with the
increase in NOx (VOC) in DNOx (DVOC) simulation indicates the prevalence of VOC-limited

regime over Indo-Gangetic Plains, Eastern China, Eastern US, and Europe.

The estimated global mean trends in TCO show increasing tendencies in OMI/MLS (1.4 [-2.1; 4.5]

ppb.decade_1 from January 2005 to December 2020), IASI-SOFRID (0.08 [-3.9; 7.1] from 2008
to 2020), and ECHAM6-HAMMOZ model simulations (0.9 [-0.9; 4.5] ppb.decade_l from 1998
to 2020). The global mean trend in TCO is increasing in DNOx (2.2 [-1.5; 6.2] ppb.decade_l) and
DVOC (1.4 [-0.2; 5.8] ppb.decade_l) compared to control (CTL) simulations. However, trends
are negative in DNOx-CTL over India and China (-1.2 to 4.7 ppb.decade_l) and in the DVOC-

CTL simulation over Africa and Europe (0.7 to 4.2 sppb.decade_l).
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The model simulations show nonlinear enhancement in surface ozone over Australia, Amazon
Argentina, and the southwest part of Indo-China in response to changes in NOx and VOC
emissions. The simulations show VOC-limited regimes over Indo-Gangetic Plains, Eastern China,
Western Europe and the eastern part of the US in DNOx, while in HNOx, America and Asia
become NOx-limited. In DVOC simulations, spatial extent of VOC-limited regimes decreased

over Eastern China and Western Europe.

Further, we provide estimates of tropospheric ozone radiative effects (TO3RE). Estimated global

mean TO3RE is 1.21 W.m™* during 1998-2020 which is enhanced in DNOX-CTL (by 0.36
W.m™?) and DVOC-CTL (by 0.01 and reduced in HNOx (by -0.12 W.m™?) and HVOC-CTL (by
-0.03 W.m™?) simulations. We show that the global troposphere in the last 25 years is mostly NOx-

limited, and show increasing trends. The anthropogenic NOx emissions have a higher impact on

radiative forcing than VOC emissions globally.

1. Introduction

Tropospheric ozone, a major air pollutant, has been a pressing issue in recent decades due to its
detrimental effect on human and ecosystem productivity and as a short-term climate forcer (IPCC,
2021; Wang et al., 2022). Considering these harmful impacts, the assessment of tropospheric ozone
levels and trends is being conducted frequently (Mills et al., 2018; Gaudel et al., 2018, Tarasick et
al., 2019). Ozone trends are being assessed from surface observations, in-situ and ground-based
measurements, satellite retrievals, and model simulations (Cooper et al., 2014; Tarasick et al.,
2018; Cohen et al., 2018). The numbers of Tropospheric Ozone Assessment Reports (TOAR)

(Cooper et al 2014; Schultz et al., 2017; Young et al., 2018; Fleming et al., 2018; Lefohn et al.,
3
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2018; Gaudel et al., 2018; Mills et al., 2019; Tarasick et al., 2019) have documented global
increases of tropospheric column ozone (TCO) over the course of the 20" century. Increasing
tropospheric trends are explained by enhanced anthropogenic emissions (Cooper et al., 2014,
Zhang et al., 2016) and modulation by climate variability (Lin et al 2014, Lu et al., 2018). Several
studies documented an increase in trends in TCO e.g 2%—7% per decade in the northern mid-
latitudes, 2%—12% in the tropics (Gulev et al 2021), 5-20 % during 1970 to 1995 over Canada
(Tarasick et al., 2019), 2.7+ 1.7 and 1.9 + 1.7 ppb per decade during 1995-2017 over globe from
multiple observations (Global Observing System database (IAGOS), ozone sondes), and a multi-

decadal GEOS-Chem chemical model simulation (Wang et al., 2022), 0.6 to 2.5 ppb.decade_l

during 1950-2014 from the IAGOS measurements and CESM2-WACCM6 model (Fiore et al.,
2022). Trends in TCO are stronger in the Northern Hemisphere (NH) than Southern Hemisphere
(SH) due to larger anthropogenic emissions (Monks et al., 2015). Ozone Monitoring Instrument
(OMI) and Microwave Limb Sounder (MLS) observations from 2005 until 2010 show annual TCO
trends averaged over the NH exceed the SH average by 4% at low (0°-25°), by 12% at mid (25°—

50°), and by 18% at high (50°—60°) latitudes (Cooper et al., 2014).

The trends in surface ozone have grown during the last century, however, a few locations
show decreasing trends (Cooper et al., 2014). The UKESM1 model simulations show that global
mean surface ozone increased by ~28% throughout the twentieth century. The set of lower
tropospheric and surface ozone measurements in the NH shows an increase in ozone by 30%—70%
since the middle of the 20" Century (Gulev et al., 2021). Recent observations from UV-absorption

analyzers in Southwestern Europe from 2000-2021 show an increase in ozone trends of 2.2 + 0.3
4
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ppb.decade_1 (Adame et al., 2022). However, some of the station data showed negative trends in

surface ozone during 1980-2001, for example, Goose Bay, Labrador (—0.7+0.4 ppb.decade™),
Churchill, Manitoba, (—0.6+0.4 ppb.decade™!), Edmonton, Alberta (—1.4+0.7 ppb.decade™)
(Adame et al.2022). Cooper et al., (2014) reported that surface ozone trends have varied over
different regions from 1990 until 2010. In Western Europe, ozone concentration increased in the
1990s, followed by a leveling off or decrease since 2000. Analysis of worldwide monthly surface
ozone anomaly data from 2000 to 2018 shows the strongest negative trend of —2.8 + 1.1

ppb.decade™* at Gothic station (41°N, 2.1°E) and strongest positive trend of 2.24+0.9 ppb.decade™*

at American Samoa (14°S, 171°W) (Cooper et al., 2020). Lu et al. (2019) reported surface ozone

trends varying between 0.17 % to 0.81 % in the SH from 1990 to 2015.

Ozone trends are influenced by the emission of its precursor gasses. In order to
comprehensively address the observed ozone trends and photochemical regimes, it is imperative
to gain a deeper understanding of the levels of major ozone precursor gasses, namely nitrogen
oxide (NOx) and Volatile Organic Compounds (VOCs). The levels of these ozone precursor gasses
vary due to changes in economic activities, natural variability, and due to various pollution control
strategies being implemented. In Europe, a reduction of emissions of ozone precursor (HCHO,
CO, NO») by 27-32% in the past decade (2002-2011) has led to an overall decline in surface ozone
levels (Guerreiro et al., 2014). Over the US, a decline in NOx by 38%, VOC by 17%, and CO by
67% during the period 2000-2022 has resulted in a reduction in the national average surface ozone

levels by ~17% (EPA 2023). Conversely, Southeast Asia has witnessed a decrease in NOx by 3%
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and VOCs by 0.3% during the period 2013-2021 (Ren et al., 2022). Despite these control strategies,
Southeast Asia experienced a rise in surface ozone levels. The prevalence of VOC-limited
photochemistry in this region led to reduced NOXx titration, resulting in an ozone enhancement
(Souri et al., 2017; Lefohn et al., 2017). NOx or VOC are the major precursors that define the
ozone photochemical regimes when radiation levels are sufficiently high. The information of
ozone photochemical regimes is of utmost importance to control ozone pollution. However, the
non-linearity in the O3-NOx-VOC chemistry has always posed a significant challenge in
identifying photochemical regimes. The regime is called NOx-limited if the ozone production is
directly related to change in NOx, with no impact from VOC perturbations. Whereas the region
where ozone production is regulated by the ambient availability of VOC:s, it is called VOC-limited
(Sillman et al., 1990; Kleinman, 1994). The ratios such as O3/(NOy-NOx), HCHO/NOy,
HCHO/NO», H20/HNOj are adopted to diagnose the ozone photochemical regimes (e.g., Sillman,
1995; Martin et al., 2004; Duncan et al., 2010). Among these, the most widely used indicator to
identify regimes is the Formaldehyde (HCHO) to Nitrogen dioxide (NO-) Ratio (FNR) (Martin et
al., 2004; Duncan et al., 2010). In our study, we adopt FNR to identify NOx-limited or VOC-
limited regimes. On par with the current effort to mitigate ozone pollution, it is important to
understand how the changes in emissions of NOx and VOC affect the ozone photochemical

regimes and trends (Jin et al., 2017, 2020).

Ozone is the third strongest anthropogenic greenhouse gas forcer, also called a near-term
climate forcer (Myhre et al., 2013). The Intergovernmental Panel on Climate Change (IPCC) in

the fifth assessment report documented ozone changes in the troposphere during the industrial era
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from 1750 to 2011 exerted a RF of 0.40 (0.20—-0.60) W.m~? with a 5%-95 % confidence interval.
The increase in ozone during 1750-2011 has a global radiative forcing of +0.35 W.m™? (Myhre et

al., 2013). The CMIP6 model from 1850 up to the present day estimated an ozone RF of

0.39 W.m™? [0.27-0.51] (Skeie et al., 2020). The knowledge of ozone radiative forcing due to

changes in anthropogenic emissions of NOx and VOC will be helpful to assess climate change.
In this study, we also assess the impacts of enhanced or reduced emissions of NOx and VOC on
ozone radiative forcing in addition to ozone trends and photochemical regimes. To achieve this,
we conducted sensitivity experiments by doubling and halving global NOx and VOC emissions
using the state-of-the-art chemistry-climate model ECHAM6-HAMMOZ. The paper is outlined as
follows: satellite data and the model experimental setup are given in section 2, results are given in
section 3 that includes comparison of simulated tropospheric column ozone with satellite data and
estimated ozone trends. Discussions on ozone photochemical regimes and their trends are made in
section 4 and 5. Estimates of ozone radiative effects are given in section 6. Conclusions are made

in section 7.

2. Satellite data and model experiments

2.1. OMI Satellite Data.

We include OMI/MLS tropospheric column ozone (TCO) for October 2004—December 2020 and
OMI NO:, HCHO data for latitude range 60°S—60°N (Ziemke et al., 2006). OMI/MLS TCO Yis
determined by subtracting MLS stratospheric column ozone (SCO) from OMI TCO each day at

each grid point. Tropopause pressure used to determine the SCO invoked the WMO a 2 Kkm™

lapse-rate definition from the NCEP reanalyses. The MLS data used to obtain SCO were derived

7
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from the MLS v4.2 ozone profiles. We estimate 1o precision for the OMI/MLS monthly-mean
gridded TCO product to be about 1.3 DU. Adjustments for drift calibration and other issues (e.g.
OMI row anomaly) affecting OMI/MLS TCO are discussed by Ziemke et al. (2019) and Gaudel

etal. (2024).

OMI NO; Monthly Mean Level 3 dataset consists of the monthly averaged tropospheric NO>
column density as measured by the OMI from October 2004 to March 2021. The data were first
spatially averaged in a 1 by 1 degree grid, using a minimum spatial coverage threshold of 30% and
then temporally averaged (with a minimum temporal coverage of 10%). We have applied the

averaging kernel to model data for comparison with the model.

2.2 TASI-SOFRID

The Software for a Fast Retrieval of Infrared Atmospheric Sounding Interferometer (IASI) data
(SOFRID) retrieves global ozone profiles from IASI radiances (Barret et al., 2011, 2021). It is
based on the RTTOV (Radiative Transfer for TOVS) operational radiative transfer model jointly
developed by ECMWF, Meteo-France, UKMO and KNMI within the NWPSAF (Saunders et al.,
1999; Matricardi et al., 2004). The RTTOV regression coefficients are based on line-by-line
computations performed using the HITRAN2004 spectroscopic database (Rothman et al., 2005),
and the land surface emissivity is computed with the RTTOV UW-IRemis module (Borbas et al.,
2010). The TASI-SOFRID ozone for the study period (2008 to 2020) is obtained from METOP-A

(2008-2018) and METOP-B (2019-2020).
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We use the SOFRID version 3.5 data presented and validated in Barret et al. (2021), which uses
dynamical a priori profiles from an O3 profile tropopause-based climatology according to
tropopause height, month, and latitude (Sofieva et al., 2014). The use of such an a priori has largely
improved the retrievals, especially in the southern hemisphere where the previous version was
significantly biased. The retrievals are performed for clear-sky conditions (cloud cover fraction <
20%). IASI-SOFRID ozone retrievals provide independent pieces of information in the
troposphere, the UTLS (300—150 hPa), and the stratosphere (150-25 hPa) (Barret et al., 2021).
SOFRID TCO absolute biases relative to ozonesondes are lower than 8 % with root mean square
error (RMSE) values lower than 18 % across the six 30° latitude bands (see Barret et al., 2021).
Importantly, Barret et al. (2021) have shown that relative to ozonesondes, TCO from IASI-

SOFRID display no significant drifts (<2.1 % decade ™) for latitudes lower than 60°N and in the
SH for latitudes larger than 30° (<3.7 % decade™ ). But significant drifts are observed in the SH
tropics (-5.2% decade™ %) and in the NH at high latitudes (12.8% decade™ ). We have applied the

averaging kernel to model data for comparison with the model.

2.3 IASI+GOME2

IASI+GOME?2 is a multispectral approach to retrieve the vertical profile of ozone and its
abundance in several partial columns. It is based on the synergy of IASI and GOME2 spectral
measurements in the thermal infrared and ultraviolet spectral regions, respectively, which are
jointly used to improve the sensitivity of the retrieval for the lowest tropospheric ozone (below 3

km above sea level, see Cuesta et al., 2013). Studies over Europe and East Asia have shown

9
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particularly good capabilities for capturing near-surface ozone variability compared to surface in
situ ozone measurements (Cuesta et al. 2018; 2022; Okamoto et al.,, 2023). TCOs from
IASI+GOME?2 also show good agreement with several datasets of in-situ measurements for a four-
year period in the tropics, with almost negligible biases and high correlations (Gaudel et al., 2024).
This ozone product provides global coverage for low cloud fraction conditions (below 30%) for
12 km diameter pixels spaced 25 km apart (at nadir). The IASI+GOME2 global dataset is publicly
available through the French AERIS data center, with data from 2017 to the present (available at
(O3 (IASI+GOME2) — IASI portal, 2024) and covers the 90° S-90° N latitude band. For this study,
we use the monthly TCO data between the surface and the tropopause for 2017 - 2022 for different

latitude bands. We have applied the averaging kernel to model data for comparison with the model.

2.4 TROPOMI

The TROPOspheric Monitoring Instrument (TROPOMI) is the sole payload on the Copernicus
Sentinel-5 Precursor (Sentinel-5P or S5P) satellite, which provides measurements of multiple
atmospheric trace species, including NO: and HCHO, at high spatial and temporal resolutions
(Veefkind et al., 2012). TROPOMI has a 108° field of view and spans the ultraviolet-visible (270—
495 nm), near-infrared (675—775 nm), and shortwave infrared (2305-2385 nm) wavelength ranges
at the nadir view. It has a daily global coverage with a spatial resolution of 5.5 x 3.5 km? at nadir
since a long-track pixel size reduction on 6 August 2019. We have used the Tropospheric column
of NO: and HCHO data for our study. We have applied the TROPOMI averaging kernel to model

data for comparison with the model.

10
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a. 2.5 The ECHAM6-HAMMOZ model experiments

The ECHAMG6.3-HAM?2.3-MOZ1.0 aerosol chemistry—climate model (Schultz et al., 2018) used
in the present study comprises the general circulation model ECHAMG6 (Stevens et al., 2013), the
tropospheric chemistry module, MOZ (Stevenson et al., 2006) and the aerosol module, Hamburg
Aerosol Model (HAM) (Vignati et al., 2004). The gas phase chemistry is represented by the Jiilich
Atmospheric Mechanism (JAM) v002b mechanism (Schultz et al., 2018). This scheme is an update
and an extension of terpenes and aromatics oxidation based on the MOZART-4 model (Emmons
et al., 2010) chemical scheme. Tropospheric heterogeneous chemistry relevant to ozone is also
included (Stadtler et al., 2018). MOZ uses the same chemical preprocessor as CAM-Chem
(Lamarque et al., 2012) and WACCM (Kinnison et al., 2007) to generate a FORTRAN code
containing the chemical solver for a specific chemical mechanism. Land surface processes are
modeled with JSBACH (Reick et al., 2013). Biogeninc VOC emissions are modeled with the
MEGAN algorithm (Guenther et al., 2012) which has been coupled to JSBACH (Henrot et al.,
2017). The lightning NOx emissions are parameterized in the ECHAM6-HAMMOZ as per Rast
et al. (2014). The lightning parameterization is the same in all the simulations. The model
simulations were performed for the period 1998 to 2020 using Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP) (Lamarque et al., 2010, van Vuuren et al., 2011)
emission inventory. ACCMIP emission inventory includes emissions from agriculture and waste
burning, forest and grassland fires, aircraft, domestic fuel use, energy generation, including fossil
fuel extraction, industry, ship traffic, solvent use, transportation, and waste management. We used
the high emission scenario Representative Concentration Pathway (RCP) 8.5 emissions (van

Vuuren et al., 2011) to show their impact on ozone variability and trend.
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The model is run at a T63 spectral resolution corresponding to about 1.8° x 1.8° in the horizontal
dimension and 47 vertical hybrid 6—p levels from the surface up to 0.001 hPa. The details of model
parameterizations and validation are described by Fadnavis et al. (2019a,b; 2021a,b; 2022, 2023).
We performed five experiments: (1) control and four emission sensitivity experiments: (2)
doubling anthropogenic emission of NOx globally (DNOx), (3) reduce anthropogenic emissions
of NOx by 50 % globally (HNOx), (4) doubling anthropogenic emissions of all VOCs globally
(DVOC), (5) reducing anthropogenic emissions of all VOCs by 50 % globally (HVOC). We
performed each experiment from 1998 to 2020 after a spin-up of one year. In each experiment, the
monthly varying AMIP-II Sea surface temperature and Sea ice representative of the period 1998—
2020 were specified as a lower boundary condition. VOCs considered in this study are listed in

the supplementary table-S1.

The tropospheric column ozone (TCO) is computed from the satellite data and model simulations
by averaging Oz amounts from the surface up to the tropopausle. Tropopause is as per WMO

thermal tropopause; the lowest level at which the temperature lapse rate decreases to 2 K.km™* or

less (Maddox and Mullendore, 2018). For comparison of the model with satellite datasets, e.g.
IASI-SOFRID, OMI/MLS, we use model and satellite data for the same period, also, apply an

averaging kernel of each satellite on the model data during the respective comparison.

2.5 Tropospheric ozone radiative effects
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The tropospheric ozone radiative effect (TO3RE) is calculated as in Pope et al (2024). While the
radiative forcing calculated in ECHAM6-HAMMOZ also includes impacts of aerosols and
dynamical effects, here we isolate TO3RE by using the Rap et al. (2015) tropospheric ozone
radiative kernel derived from the SOCRATES offline radiative transfer model (Edwards and
Slingo, 1996), including stratospheric temperature adjustments. To calculate the TO3RE, the
monthly averaged ECHAM6-HAMMOZ simulated ozone field is multiplied by the offline
radiative kernel (at every grid box). It is then summed from surface to the tropopause. The
simulated ozone data are mapped onto the spatial resolution of the radiative kernel and then

interpolated vertically onto its pressure grid. The equation for each grid box is
TO3RE = X trop;=surf RK; x O3; x dpi /100 (1)

where TO3RE is the tropospheric ozone radiative effect (W.m_2 ), RK is the radiative kernel
(W.m™~?.ppbv1.100 hPa™1), Os is the simulated ozone grid box value (ppbv), dp is the pressure

difference between vertical levels (hPa), and i is the grid box index between the surface pressure
level and the tropopause pressure. The tropopause pressure is based on the World Meteorological
Organization (WMO) definition of “the lowest level at which the temperature lapse rate decreases

to 2 Kkm™ or less” (WMO, 1957). Several past studies have used this approach of using the

SOCRATES offline radiative kernel with output from model simulations to derive the TO3RE

(Pope et al., 2014, Rap et al., 2015, Scott et al. 2018, and Rowlinson et al. 2020).

3. Results
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3.1 Comparison of Latitudinal Variation Seasonal Cycle in TCO Satellites Retrievals

In this section, we compare the estimated TCO from the model (CTL) simulation with OMI/MLS
(2006-2020), IASI-SOFRID (2008-2020), and IASI-GOME?2 (2017-2020) satellite retrievals. We
compared simulated TCO for the same period as individual satellite retrievals and applied an
averaging kernel of that satellite to the model. The comparison of monthly mean TCO is made for
20° latitude bins in Figure 1. In the northern tropics (0°-20°N) (Fig 1a), the OMI/MLS data exhibits
an annual cycle with a peak in April, whereas the model indicates a peak in January. Both datasets
show a minimum in August. The model underestimates TCO by 1.8 to 4 ppb during March to
October. In the 21-40 °N and 41-60 °N latitude bands (Fig. 1 b-c), the model shows a one-month
lead in the peak of the annual cycle compared to OMI/MLS. Within these bands, the model
underestimates OMI/MLS TCO by (2.8 - 6.1 ppb) during the summer months (May-August), while
it overestimates TCO by 0.6 - 8.4 ppb during November to February. The 41-60 °N latitude band
exhibits an overall underestimation (1.5 - 3.2 ppb) in June-July while it overestimates (0.7 - 5.9
ppb) rest of the year. In the Southern Hemisphere 9SH), OMI/MLS and the model show a similar
pattern in the seasonal cycle. There is a consistent underestimation in the model for all months by
9t0 16.9 ppb in the 0-20 °S; 15.9 - 25.3 ppb in 21-40 °S and 41-60 °S. The comparison of TCO
from IASI-SOFRID with the model shows features similar to those in the OMI/MLS. In the 0-20
°N latitude band, the model underestimates the TCO by about 3.6 to 7.5 ppb during April to
October and in the 21-60 °N latitude band by 1.8 - 11 ppb in summer (May-August). In the SH,
the model shows a closer association in TCO with IASI-SOFRID compared to OMI/MLS. During
the SHc winter (June-August), the model overestimates TCO by 10 - 19.2 ppbv in the latitude

range of 0-40 °S. Conversely, it underestimates TCO by 17.7 - 23.4 ppbv in the 41-60 °S
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throughout the year, which is less compared to other satellite datasets. IASI-SOFRID is known to

suffer from negative drifts in the SH.

Interestingly, the model exhibits a fair agreement with IASI-GOME2 retrieved TCO during the
summer months (May-August) in the entire Northern Hemisphere (NH). During the winter
months, the estimated TCO shows a large overestimation of 8.3 - 11.7 ppb in the NH (0-40 °N).
In the SH, a fairly good agreement is observed between the model and IASI-GOME2 TCO,
especially in the 0-40 °S latitude band. The model overestimates the TCO by 7.4 - 8.8 ppb in the
0 - 20 °S during SH winter and underestimates by 4.7 - 6.7 ppb in the 21 - 40 °S band during SH
summer (December-January-February). An overall underestimation of about 7 - 11.2 ppb in TCO
is noted in the 41-60 °S throughout the year. Figure 1 shows that a peak in the seasonal cycle, in
the model is earlier than the three satellite data between 40°N and 40°S. In general, the model
underestimates TCO in summer in the NH and overestimates in winter relative to OMI-MLS, and
IASI-SOFRID. In the SH, the model underestimates TCO throughout the year compared to OMI-
MLS, IASI-SOFRID and IASI-GOME?2. This underestimation is large for OMI/MLS, while IASI-
SOFRID and IASI-GOME?2 are larger than the model in the latitude band 0-40 °S during the SH
winter. Although the model-satellite comparison is done for the same time period and averaging
kernel of each of the satellites are applied on the model during comparison, the differences in
sampling between the model and satellite measurements may cause these differences. It should be
noted that there are differences among the satellites. The resolution of each of the data (CTL
1.8°x1.8°), IASI-SOFRID (5°%5°), IASI-GOME?2 (..), and OMI/MLS ( 5°x5°) is different. This

may be causing differences among them.
15
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Figure 1: Monthly mean time series of TC ozone (ppb) averaged for 20° wide latitude bins from
(a-f) OMI-/MLS (blue) and ECHAM6-HAMMOZ CTL simulations (black) for the time period
October 2004-December 2020. (g-1) same as (a-f) but for [ASI-SOFRID (blue) and ECHAM®6-
HAMMOZ CTL simulations (black) for the time period January 2008- December 2020, and (m-r)
same as (a-f) but for IASI+GOME2 (blue) for time period January 2017 - December 2022 and
ECHAM6-HAMMOZ CTL simulations (black) for the time period January 2017 - December
2020. The vertical bars in the figures represent 1o standard deviation.

Further, we compare the simulated tropospheric column NO> and HCHO with the ESA CCI+
monthly averaged TROPOMI and OMI data (Glissenaar et al., 2024) (Fig. 2). The simulated NO»
reproduces the seasonal cycle but overestimates in the NH and SH tropics in TROPOMI and OMI

(Fig. 2 a-f) by 0.12 to 0.4 x10'S molecules.cm™® in the NH, and by 0.01 to 0.1 x10'S
molecules.cm™? in the SH. Simulated NO> shows a underestimation in the 21-60°N latitude belts

in the NH (0.8x10%" molecules.cm_z) except in summer season and fairly good agreement in the

SH 21-60°N (0.6 to 1.5%10'S molecules.cm™?).
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Simulated HCHO (Fig. 2 g-1) is overestimated in 0-20° N belt during January-February and July-

December (by 0.2-1 x 10" molecules.cm ™) compared to TROPOMI. However, it shows
underestimation compared to OMI by 2-3 x 10'S molecules.cm™?. The simulated HCHO shows

underestimation over all the latitude bands except 0-20°N compared to TROPOMI and OML. It
should be noted that TROPOMI/OMI monthly means are valid for clear-sky situations, whereas
the model simulations are 31-day all-sky averages. In previous studies (Boersma et al., 2016 and
references therein), it was shown that NO; is typically 15-20% lower on clear-sky days than under
cloudy situations due to lower photolysis rates, and slower chemical loss of NO,. This effect likely
explains part of the model overestimate compared to TROPOMI NO». For HCHO the effect is
smaller because HCHO is both produced and destroyed by OH (see Fig. 4 in Boersma et al. 2016).
Considering these differences we proceed for the analysis of TCO trends, ozone photochemical
regimes, and ozone radiative effects. The overestimation/underestimation of ozone will be more
or less the same in CTL, DNOx, DVOC, HNOx and HVOC simulations. The anomalies DNOx -
CTL, DVOC - CTL, HNOx - CTL, and HVOC - CTL will be less impacted by the

overestimation/underestimation of TCO in the model.
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Figure 2: Monthly mean time series of TC NO; (ppb) averaged for 20° wide latitude bins from
ECHAM6-HAMMOZ CTL simulations (black) for the time period same as TROPOMI satellite
for (a-f) (May 2018 - December 2020), (g-1) same as a-f but for HCHO. The vertical bars in the
figures represent 1o standard deviation. The 1c standard deviation is estimated from data within
the latitudinal belt during the period of observations.

3.2. Impacts of emission changes on the spatial distribution of ozone
Figure 3 shows the spatial distribution of the simulated surface (Fig. 3a-e) and tropospheric
column ozone (TCO) (Fig. 3f-j) concentration from ECHAM-CTL simulations and the differences

in DNOx - CTL, DVOC - CTL, HNOx - CTL, and HVOC - CTL simulations for the period 1998-
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2020. The CTL simulation shows high surface ozone levels (19 - 61.1 ppb) between 10-40 °N (Fig.
3a). Doubling of NOx emission (DNOx) causes a global mean enhancement of surface ozone by
4.1 ppb. Surface ozone increases by 5-20 ppb compared to the control scenario across most of the
globe, excluding highly urbanized regions like the Indo-Gangetic plains (IGP), Southeast China,
Northeastern US, and Europe. (Fig. 3b). Over these regions, a large reduction (8 to 20 ppb) in
surface ozone is noticed in response to DNOx conditions indicating ozone titration by NOx. While
an increase in surface ozone concentrations is observed globally for DVOC (0.92 ppb), its
magnitude is less than that of the DNOx condition (Fig. 3¢). The largest increase in surface ozone
concentration for DVOC is observed over Indo-Gangetic Plains, Eastern China and the Eastern
United States (3-6 ppb). Interestingly, these are the same regions where a decrease in ozone is
observed in the DNOx simulation. The decrease (increase) in ozone with an increase in NOx
(VOC) indicates that these regions could be NOx-saturated or VOC-limited. Reduction of NOx
emissions (HNOx-CTL) simulations show a reduction in surface ozone globally (-2.53 ppb) except
over North-Eastern China (Fig. 3d). Earlier, Souri et al. (2017) reported that eastern Asia has
witnessed a rise in surface ozone levels despite NOx control strategies, indicating the prevalence
of VOC-limited photochemistry over this region (details in section 4 and 5). However, the absence
of such an increase over other VOC-limited regions points towards the possibility of nonlinear
ozone chemistry. While HVOC stimulation causes a reduction in surface ozone globally (-0.44
ppb), an increase is observed in South America, some parts of the US, Australia, and the Indo-
China peninsula (Fig. 3e). This increase could be due to a reduction in the radical destruction of
ozone caused by aromatic hydrocarbons in low NOx conditions observed in HVOC simulations

compared to CTL simulations in these regions (Taraborrelli et al., 2021).
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On the other hand, the estimated global mean TCO from the ECHAM-CTL simulation
from 1998 to 2020 is 39.45 ppb. CTL simulations show higher amounts of TCO in the Northern
Hemisphere (NH) within the latitudinal band of 20° to 40°N (40.9 to 68.8 ppb). These
concentrations are pronounced over South and East Asia, spanning from the Mediterranean region
to eastern China (Fig. 3f). Doubling of anthropogenic NOx emissions (DNOx) enhances the global
TCO by 11.7 ppb compared to CTL (Fig. 3g). The ozone enhancement exceeds the CTL by 6.1 -
29.3 ppb between 20°- 40°N, particularly over South Asia. Interestingly, in highly urbanized areas
such as the Indo-Gangetic plains, South-East China, Northeast US, and Europe, there is only a
marginal increase in ozone levels (~5 ppb). This suggests the existence of a distinct ozone
photochemical regime in these regions. Further exploration of this aspect will be conducted in

sections 4 and 5.

The impact of the doubling of VOC emissions (DVOC-CTL) on ozone is depicted in Figure 3h.
An increase in global mean TCO by 1 ppb is observed in this emission scenario. The spatial
distribution of TCO anomalies shows that enhancement in TCO is ten times less than that of
doubling NOx condition (-0.8 - 3.6 ppb in DVOC compared to 5.6 - 29.3 ppb in DNOXx) (Fig. 3g
and 3h). Large values of TCO (1.5-2) are observed in the high latitudes (north of 60°N) and South
and East Asia, with the largest values of more than 2.5 ppb over east China (e.g., Beijing).
Interestingly, in the tropical regions slight decreases in TCO are simulated. This is consistent with
the recent finding that aromatics, especially benzene, can lead to efficient ozone destruction in the
tropical UTLS (Rosanka et al., 2021). The TCO anomalies in response to the reduction of NOx
emission by 50% (HNOx-CTL) show negative TCO anomalies all over the globe (Fig. 31). The

global mean TCO is reduced by -3.73 ppb. Large decreases in TCO are observed over Arabia,
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South and East Asian regions (2.6 - 12.8 ppb). Reducing VOCs by 50 % (HVOC) causes an overall
decrease in TCO of 0.27 ppb (Fig. 3j). A small enhancement is noted in the TCO by 0.5 - 1 ppb in
the southern tropics and South polar region, while a decrease of -2.3 to 0.3 ppb is observed in the
Northern Hemisphere. (Fig. 3j). Figure 3 clearly portrays that the TCO response to NOx emission
change is larger than that of VOCs and shows a spatially distinct distribution associated with the
region-specific ozone photochemical regimes (more discussion on the ozone photochemical

regimes will be detailed in section 4 and 5).
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Figure 3: Spatial distribution of surface ozone (ppb) for (a) from CTL, (b) anomalies from DNOx
- CTL, (c) anomalies from DVOC - CTL, (d) anomalies from HNOx - CTL, (e) anomalies from
HVOC - CTL. Figures (f) to (j) are the same as those of figures (a) to (e) but for TCO. The stippled
regions in the figures indicate anomalies significant at 95% confidence. The tropopause considered
is WMO-defined lapse rate tropopause (WMO, 1957).
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3.3. Spatial distribution of trends in TCO, NO2 and HCHO

The trends in TCO estimated from ECHAM-CTL simulations are compared with satellite-retrieved
TCO to gain more confidence in the model-derived trends. Since TASI-GOME?2 has a short
observation period and IASI-SOFRID has negative drift in the southern hemisphere, only
OMI/MLS (October 2004 to December 2020) is considered for trend estimation and is shown in
Figure 4. The spatial pattern of trends from OMI/MLS closely aligns with model simulations for
the period October 2004 to December 2020. OMI/MLS show a slightly lower trend of 1.41 [-2.1;

4.5] ppb.decade_1 than model simulation 1.28 [-1.5;3.7] ppb.decade_l. Both datasets reveal
pronounced trends, ranging from 3-4 ppb.decade_l, across regions such as South Asia, East Asia,

the western Pacific, and the Southern Hemisphere between 0°-30°S. OMI/MLS show negative
trends over parts of Africa, South America, Australia and the South-eastern Pacific (Fig. 4b),
which is not simulated in ECHAM6-HAMMOZ. This may be due to the model's tendency to
underestimate ozone levels and disparities in the seasonal cycle compared to OMI/MLS data. (see

Fig. 1).

The CESM2-WACCM6 simulation from 1950 to 2014 also shows the largest estimated trends at

20-30° N of 0.8 Tg.decade ™ (Fiore et al 2022). Recently, Wang et al (2021) reported TCO trends
varying between 2.55 to 5.53 ppb.decade_1 during 1955-2017 over South and East Asia using

IAGOS, ozonesonde observations, and GEOS-Chem simulations. Further, a large positive trend

of ~2.5 ppb.decade™* observed near 50°S in OMI/MLS is not simulated by the model (Fig. 4a-b).

TCO trends analyzed from the Total Ozone Mapping Spectrometer (TOMS) indicate a consistent

absence of trend over the tropical Pacific Ocean, with notable positive trends (5-9% per.decade_l)
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seen in the mid-latitude Pacific regions of both hemispheres. This pattern is consistent across the
ECHAM6-HAMMOZ and OMI/MLS data, although their magnitude differs (Fig. 4 a-b). TOMS

data also showed trends of ~2-9% decade ™! across broad regions of the tropical South Atlantic,

India, Southeast Asia, Indonesia, and the tropical/subtropical regions downwind of China during

1979-2003 (Ziemke et al., 2005, Beig and Singh 2007).

J _60° < e e DSy g
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Figure 4: Trend of tropospheric column Ozone (TCO) (ppb/decade) from (a) ECHAM
CTL, and (b) OMI/MLS satellite for the period January 2005 to December 2020. Stippled regions
in the figures indicate trends significant at 95% confidence. The tropopause considered is WMO
defined lapse rate tropopause.

Figure 5 shows the spatial distribution of estimated trends in surface ozone and TCO from
ECHAM simulation for the period 1998-2020 from CTL, DNOx - CTL, DVOC-CTL, HNOx-
CTL, and HVOC - CTL. The surface ozone trend in the CTL simulation shows a pronounced
global increase, particularly notable over South Asia and the Middle East (Fig. 5a). This rise is
also seen in the TCO trend (Fig. 5f). However, the negative trends in surface ozone over Mexico,
certain parts of the US, and East China are barely discernible in the TCO data. This discrepancy
may stem from the interplay of mixing and transport processes, which are crucial when assessing

ozone levels across the total column. For a double-NOx emission condition, both surface ozone
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and TCO exhibit large negative trends over India, China and Australia (0.4 to -2 ppb.decade™ ),

while trends are positive over Europe, the US, some parts of Africa and South America (Fig. 5b
and 5g). A global mean increase in TCO trend by 1.2 [-5.3; 5.8] ppb.decade_1 is seen in a DNOx
simulation. Interestingly, a positive trend in TCO is seen over the oceanic regions downwind of
major continental regions like Africa, China and the US, which was absent in the surface ozone
trend, indicating the potential contribution of transport in the TCO trend (Fig. 5g). When global

emissions of VOCs are doubled, a decreasing trend (-0.8 to -1.9 ppb.decade_l) in surface ozone is

noted over Europe, Africa and some parts of the US, while strong positive trends (1.6 to 2
ppb.decade_l) are seen over India and China (Fig. 5c). Though the surface trends are faintly
captured in the TCO trend, an enhancement over South Asia, China, parts of the Indian Ocean,
and the western Pacific are noted (Fig. Sh). Compared to DNOx, the enhancement in the TCO
trend for DVOC is only marginal but shows a global mean trend of 0.5 [-0.85;1.93] ppb.decade ™.
Reducing NOx and VOC emissions by 50% (HNOx and HVOC) decreases the global mean TCO
trends by 0.38 [-1.96;1.64] ppb.decade_l and 0.42 [-0.96;1.61] ppb.decade_1 respectively. Though

a large positive trend is observed in some parts of China, India, US for both HNOx and HVOC

simulations, it is not that evident in their TCO trend.
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Figure 5: (a) Trend of surface ozone (ppb.decade—l) from (a) CTL, (b) DNOx, (¢) DVOC, (d)
HNOx, (e) HVOC simulation. (f) to (j), same as that of figures (a)-(e) but for the tropospheric
column ozone (TCO) trend. The stippled regions in the figures indicate significance at 95%
confidence. The tropopause considered is WMO defined lapse rate tropopause.
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3.4. Trends in emission and tropospheric column of NO2 and HCHO

We show mean emissions of NOx and HCHO over urban/semi-urban regions; US, Brazil, Europe,
Africa, India, China, Australia in Figure 6. Figure 6 clearly portrays high emissions of VOCs and
NOx in India and China. Furthermore, VOCs emissions are noted to be higher than NOx over all
the regions. They are higher by a factor of 3.3 in the US, 11.3 in Brazil, 4.8 in Europe, 10.5 in
Africa, 10.8 in India, 6.1 in China, and 6.7 in Australia.

-9
1.5 le T T T T T T T T T T T T T T
F,'A 0 NOXx emmision :
Nm 0 VOCs emmision :
E 1+ - ! _
1 |
m 1 |
X - '
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1 ——
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| — 1
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Fig. 6: Box and whisker plot illustrating the NOx and VOCs emission over the regions US (85°W
- 110°W, 35°N - 44°N), Brazil (34°W- 49°W, 24°S - 3°S), European Union (9°W - 45°E, 35°N -
55°N), Central Africa (14°W - 45°E, 0° - 14°N), India (75°E - 90°E, 8°N - 30°N), China (110°E -
125°E, 30°N - 42°N), South Australia (134°E - 154°E, 38°S - 28°S). The box represents the 25 and
75 percentile, and the whisker represents the 5 and 95 percentile. The plus marker represents the

mean and the horizontal bar represents the 1 and 99 percentile.

The trends in ozone are partly modulated by the change in the emission of its precursors
and partly by meteorology (e.g., Verstraeten et al., 2015). Further, we show trends in emissions
and tropospheric column amounts of ozone precursors NO> and HCHO, from ECHAM-CTL and

OMI satellite retrievals in Figure 7. NO> and HCHO are considered here because column

27



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

concentration of these will be used to identify the ozone photochemical regimes discussed later in
Sections 4-5. Emission and tropospheric columns of HCHO and NO; from ECHAM-CTL show
large positive trends over the South and East Asian regions (Figure 7a-d). These regions show
large positive ozone trends in both model and OMI satellite data (see Figures 4a-b and 5a,f). Over
Europe and the US, the emission trend in both HCHO and NO: is negative. Though a similar
negative trend in tropospheric column NO: is seen over these regions, a marginal positive trend
(insignificant) is noted for HCHO (Figures 7c-d). The positive trend in column HCHO could be
due to secondary production pathways from biogenic emissions or methane oxidation and transport
(e.g., Alvarado et al., 2020; Anderson et al., 2017). The positive trend in ozone (Figures 4a-b and
5a,f) along with a negative trend in NO2 and HCHO (Figure 7a-d) over Europe indicates that ozone
production over this region has been initially controlled by VOCs (i.e., VOC-limited regime;
detailed discussed in section 4). However, a large decreasing trend in NO> compared to that of
HCHO over this region might have decreased the NOx titration effect, resulting in an increase in
ozone. On the contrary, a negative trend in surface ozone (Figure 5a) along with negative trends
in NO> and HCHO are seen over the US (Figure 7a-b). The decrease in both NO, and HCHO
would have resulted in a decreasing trend in surface ozone over this region. This also indicates
that the US might have been in a NOx-sensitive regime before and the large negative trend in NO:

might have resulted in the decreasing trend in ozone (discussed further in section 4).

Further we compared the simulated trends in column HCHO and NO» with the OMI retrievals for
the period 2005-2020 (Figures 7e-h). OMI shows a positive trend in tropospheric column HCHO

over South Asia, parts of eastern China, the Iranian Plateau, the Amazon and central Africa. The
28
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model simulated trends show reasonable agreement with OMI, except for some areas in central
Africa. Additionally, differences are seen in regions such as the US, Northern Africa, Australia,
and Argentina, where OMI indicates a negative trend, while the model suggests a marginal positive
trend. Both OMI and ECHAM CTL show a good agreement in the tropospheric column NO: trend.
Both datasets show negative trends over the US and Europe, and positive trends over the Middle
East, South Asia, and Eastern China. Thus, Figures 4, 5, and 7 clearly indicate the impact of ozone
precursors on the spatial distribution of ozone trends. Figure 7 further indicates the prevalence of
different ozone photochemical regimes associated with the availability of HCHO and NO.. This
warrants a detailed discussion on the spatial distribution of ozone precursors and their impact on

ozone production sensitive regimes, which will be presented in the next section.
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Figure 7: Trend in (a) anthropogenic emission of HCHO (kg.mz.s'l.decade_l) (b) anthropogenic
emission of NO; (kg.m%s.decade 1) (¢) tropospheric column HCHO (molecules.cm™.decade ™),
and (d) tropospheric column NO» (molecules.cm‘z.decade_1) from ECHAM CTL simulation for
the period 1998-2020. (e) and (f) Trend in tropospheric column HCHO from OMI and ECHAM
CTL simulation respectively for the period 2005-2020. (g) and (h) is the same as that of (e) and
(f) but for tropospheric column NO». The stippled regions in the figures indicate data significance
at 95% confidence. The tropopause considered for column estimate is WMO defined lapse rate

tropopause.
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3. Influence of NOx and VOCs emissions on Formaldehyde to Nitrogen dioxide Ratio
In this section, we diagnosed the spatial distribution of ozone production sensitivity regimes (NOx-
limited/VOC-limited) associated with different simulations of emission changes by using
formaldehyde to nitrogen dioxide ratio (FNR). We estimate the FNR thresholds from ECHAM6-
HAMMOZ model simulations adhering to the methodology outlined by Jin et al. (2017). The
method to obtain FNR involves two steps: (1) obtaining the ozone response from emission
sensitivity simulations (here, HNOx and HVOC simulations) and plotting it as a function of FNR
(Fig. 8a), (2) calculating cumulative probability from this data for the conditions d[O3]/dEnox < 0)
(NOx limited) and (d[O3]/dExox > d[O3]/dEvoc > 0) (VOC-limited) (Fig. 8b). This approach is
applied to estimate FNR thresholds to distinctly delineate the various ozone photochemical
regimes as NOx or VOC-limited over major urban and semi-urban regions over the globe. The

regions considered for estimating the FNR are shown in Figure 9.

2000 Surface Ozone response over China 100 China
-
' 1000 1~ |
E IR 60 !
W 500 1o !
2 18 a0 !
m o~ I
S ° ' !
T 500} - 50% Reduced NOX emmisions| 20 | voC Sensitive
- 50% Reduced VOC emmisions ' —NO_ Sensitive
-1000 1 1 I 1 1 0 1 |
0 1 2 3 4 5 6 0 05115 2 2.5 3 3.5
CTL - Tropospheric HCHO/NO2 column Ratio Columnar HCHO/NO2

Figure 8: (a) Typical example of a normalized surface ozone sensitivity to a 50% reduction in
global NOx (HNOx) and VOC (HVOC) emissions versus tropospheric column HCHO/NO; ratio
derived from ECHAM6-HAMMOZ model simulation over China for the period 1998-2020 (b)
Cumulative probability (CP) of VOC-sensitive (d[O3]/dEnox < 0) and NOx-sensitive (d[O3]/dEnox
> d[O3]/dEvoc > 0) conditions, as a function of tropospheric column HCHO/NO; as simulated by
the ECHAM6-HAMMOZ model. The horizontal dashed line represents the 95% CP, and the
vertical dashed lines represent the HCHO/NO; ratio corresponding to 95% CP for both the VOC-
sensitive and NOx-sensitive curve demarcating the VOC-sensitive, NOx-sensitive, and transition
regimes.
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Figure 9: The rectangular box marks indicate the regions considered for estimating the
HCHO/NO:; ratio (FNR).

Table 3 presents FNR thresholds across the regions outlined in Figure 8. Based on ECHAMG6-
HAMMOZ simulations, our analysis closely mirrors the threshold ranges documented in prior
research. For instance, during summer in the USA, many studies report FNR thresholds within the
0.8-2 range (Roberts et al., 2022; Chang et al., 2016; Jin et al., 2017), while our simulations
indicate a range of 0.3 to 1.05. Similarly, across China, previous studies (e.g., Lee et al., 2022;
Chen et al., 2023) have reported FNR thresholds spanning 1-2/0.6-3, aligning closely with our
simulated range of 0.6-1.45. It is interesting to note that the transition region exhibits a very
narrower range in the US, Europe, and China, indicating that the transition from VOC-limited to
NOx-limited can happen suddenly in response to changes in the emission of NOx/VOC. Whereas

the transition region is wider in Central Africa.
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587  Table 3. Estimated values of the tropospheric HCHO/NO; columns threshold ratios from
588 ECHAM6-HAMMOZ model control simulation to identify the NOx and VOC sensitive regimes
589  across various regions. The FNR less than the lower limit indicates VOC-limited, and that higher
590 than the upper limit indicates NOx-limited regimes.

591
Sr. No. Regions Transition limits
1 US (85°W - 110°W, 35°N - 44°N) 0.44 1.14
2 Brazil (34°W- 49°W, 24°S - 3°S) 3.04 7.53
3 European Union (9°W - 45°E, 35°N - 55°N) 0.3 1.37
4 Central Africa (14°W - 45°E, 0° - 14°N) 3.24 7.19
5 India (75°E - 90°E, 8°N - 30°N) 2.27 4.63
6 China (110°E - 125°E, 30°N - 42°N) 1.14 1.91
7 South Australia (134°E - 154°E, 38°S - 28°S) | 1.03 3.28
592
ECHAM model HCHO/ NO2 OMI HCHO/ NO2
593

594  Figure 10: Spatial distribution of mean tropospheric column HCHO/NO, (FNR) obtained from
595 ECHAMG6-HAMMOZ CTL simulations (2005-2020) and OMI (2005-2020).

596

597  To enhance our confidence in the model estimations, we compared the model-estimated FNR with

598 the OMI-derived FNR for the period 2005-2020. Figure 10 illustrates the comparison of FNR
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estimated from ECHAM6-HAMMOZ CTL simulations with OMI. The spatial map of FNR shows
fairly good agreement between OMI and the model. Over the urbanized regions (e.g., South Asia,
Europe, the US, and China) both the model and OMI show FNR < 4. In contrast, regions like North
Canada, South America, central Africa, Australia, and Siberia exhibit high FNR values >9.
Although there is good agreement of the model simulations with OMI, some minor differences are
seen between the model and OMI FNR over the west coast of South America, South Africa, the
Tibetan Plateau, and western Australia. These differences could be due to the underestimation of
HCHO in the model over these regions. Considering the fair performance of the model in
comparison with OMI, we further analyzed the influence of NOx and VOC emissions on the FNR

based on the model simulations, which are discussed in the subsequent sections.

Fig. 11 shows the spatial distribution of estimates of FNRs from CTL, DNOx, DVOC,
HNOx, and HVOC simulations. In the control simulation for the period 1998-2020, most of the
polluted cities/industrialized areas in the US, Canada, Europe, west Russia, East China, Korea and
Japan are VOC limited (FNRs <2). The NOx-limited regimes (largest FNR values >5) are found
over the tropical rainforest, savanna, and arid climates clearly reflect the rural or unpolluted
background regions where large biogenic emissions of VOCs are high (e.g., Shen et al., 2019;
Millet et al., 2008) (see Table 3 and central Africa in Fig. 10f). The DNOx simulation yields a
significant shift in the spatial extent of VOC-limited regimes (Fig. 10bS). Regions across the NH
exhibit VOC-limited regimes, except central Africa, Amazonia, and north Australia. Notably, the
SH exhibits minimal change in the spatial extent of VOC-limited regimes with consistent
occurrences over the western coastlines of South America, Argentina, Brazil, South Africa, and

southern Australia.
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The DVOC simulations show (Fig. 11c) a persistent occurrence of VOC-limited regimes over
Western Europe (e.g., the UK). The moderate FNR values (1-6) prevail across most of the NH,
indicating a transition or NOx-limited regime. The spatial distribution of FNR in the SH is similar
to that of the control simulation. In Figure 3b-c, the increase in ozone in response to a decrease in
NOx and an increase in VOC is attributed to the existence of a VOC-limited regime over these
regions. The Indo-Gangetic Plains, Eastern China and the eastern United States clearly indicate
the VOC-limited condition. The comparison of CTL and HNOx simulation (Fig. 10d) shows the

transition from VOC-limited regimes to NOx-limited regimes occurring globally.

The FNR distribution for HVOC simulations is similar to CTL (as depicted in Fig. 10e) without
any notable change in the spatial pattern. This suggests that ozone photochemistry exhibits less
sensitivity to halved VOC emissions. Figure 11 clearly depicts that DNOx and HNOx simulations
greatly impact the shift in ozone photochemical regimes compared with DVOC and HVOC
simulations. This indicates that ozone photochemistry is highly sensitive to changes in NOx

emissions globally.
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Figure 11: Spatial distribution of monthly mean tropospheric column HCHO/NO; (FNR) obtained
from ECHAM6-HAMMOZ simulations (1998-2020) for (a) CTL, (b) DNOx, (¢) DVOC, (d)
HNOx, and (e¢) HVOC simulations. (f) Box and whisker plot illustrating the long-term average
FNR over the regions depicted in Fig.7. Box represents 25 and 75 percentile and whisker represents
5 and 95 percentile. The black spherical marker represents the mean and the horizontal bar
represents the 1 and 99 percentile.

5. Seasonal variation of Formaldehyde to Nitrogen dioxide Ratio

Since the emission of HCHO and NO> varies significantly with the seasons across the globe (e.g.,
Smedt et al., 2015; Kumar et al., 2020; Goldberg et al., 2021; Wang et al., 2017; Surl et al., 2018;
Guan et al., 2021), understanding the seasonal changes in FNR is also crucial for comprehending
shifts in ozone photochemical regimes. In this regard, using the methodology described in Section
4, we extracted the seasonal changes in transition limits for the major urban and semi-urban regions
shown in Figure 8 and summarized in Table 4. Figure 12 illustrates the seasonal variation of
estimated FNR from both OMI data and model simulations across these key urban regions. In

general, all regions exhibit distinct seasonal variations in transition limits (Table 4). Previously
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reported transition limits over the US (2-5 : Johnson et al., 2024; 1.1-4 : Schroeder et al., 2017)
and China .6-1.5/1.25-2.39 (Chen et al., 2023) during summer season are also compared with our
model estimates. The estimated FNR values from the ECHAM6-HAMOZ simulations shows fair
agreement over both the locations (0.4-4.6 at US and 0.58-2.56 at China) with some minor
differences. These minor discrepancy in the estimated FNR could be due to difference in the
chosen location, time period and dataset used. Chen et al. (2023) has also reported that the

transition limits significantly depends on the region considered for the analysis.

Table 4. Seasonal mean estimated values of the tropospheric HCHO/NO- columns threshold ratios
from ECHAM6-HAMMOZ model control simulation to identify the NOx and VOC sensitive

regimes across regions mentioned in Figure 8. The FNR less than the lower limit indicates VOC-

limited, and that higher than the upper limit indicates NOx-limited regimes.

Sr. Regions Transition limits
No.
DJF MAM JIA SON

1 Us 048 | 1.04 | 049 | 1.15 | 049 | 4.69 | 0.45 | 1.39
2 Brazil 293 | 7.79 | 293 | 6.66 | 2.93 | 6.02 | 3.12 | 8.44
3 | BuropeanUnion | 033 | 113 | 033 | 1.17 | 0.33 | 332 | 03 | 1.45
4 Central Africa | 295 | 726 | 292 | 5.66 | 2.93 | 6.56 | 3.14 | 7.06
5 India 223 | 391 | 222 | 9.19 | 222 | 5.76 | 2.27 | 5.29
6 China 056 | 1.85 | 0.57 | 1.86 | 0.58 | 2.56 | 1.14 | 2.01
7 | South Australia | 1.1 | 554 [ 1.09 | 23 | 1.09 | 1.82 | 1.12 | 3.93
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Based on the threshold values depicted in Table 4 and the mean FNR in Figure 12, the seasonal
change in ozone photochemical regimes over the key regions associated with the different emission
scenarios are assessed. In the CTL simulation (Figure 12e-h), the US, Europe, and China are found
to be in the transition regime, while all other regions are NOx-limited during winter. In spring
every region except India remains NOx-limited, with India transitioning into the transition regime.
During summer and autumn, all regions shift to a NOx-limited condition. We further compared
the model-estimated regional FNR from the CTL simulation with the OMI-derived FNR shown in
Figure 12a-d. The ozone photochemical regimes inferred from both OMI and the model show
consistent results except during winter. During winter, US, Europe and China are NOx limited in

OMI and our model shows them as the transition regimes.

Doubling NOx (DNOXx) leads to a shift to a VOC-limited regime in all regions except Africa and
Australia during winter, spring, and autumn (Figure 11i-1). The relatively high VOC contributions
in Africa and Australia likely keep these regions in the transition regime. During summer, the US,
Europe, Africa and Australia transform to the transition regimes, while all other regions remain
VOC-limited. In both the DVOC and HNOx scenarios (Figure 11m-t), ozone photochemical
regimes show no seasonality. All regions consistently exhibit a NOx-limited regime throughout
all seasons. In the HVOC simulation (Figure 11u-x), the US, Europe, and China are in transition
regimes, while all other regions become NOx-limited during winter. India remains in a transition
regime during all other seasons, whereas other regions consistently exhibit NOx-limited

conditions.
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Figure 12: Box and whisker plot illustrating the long-term seasonal average FNR over the regions
depicted in Fig.7. Box represents 25 and 75 percentile and whisker represents 5 and 95 percentile.
The plus marker represents the mean and the horizontal bar represents the 1 and 99 percentile.

6. Influence of NOx and VOCs emissions on trends of Formaldehyde to Nitrogen

dioxide Ratio

To understand the temporal evolution of 0zone photochemical regimes associated with different
emission scenarios, trend analysis is carried out on FNR. Figure 13 illustrates trends of FNR during
the period 1998-2020 from CTL, DNOx, DVOC, HNOx, and HVOC simulations. In CTL
simulation, decreasing (negative) trends in FNR are seen over the Asian region (0.4-1.2 decade™)

Sand an increasing (positive) trend in Europe (0.2 decade ™) and the US (0.8-1.4 decade™ ) (Fig.

13a). These observed trends in FNR are mainly driven by the region-specific trends on HCHO and
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NO: (Figure 6). Figure 6 shows a higher positive trend in NO; than in HCHO in the Asia region,
causing an overall decreasing trend in FNR, indicating a tendency towards VOC-limited regimes.
Whereas, over the US and Europe, there is a higher negative trend in NO, than HCHO, causing a
positive trend in FNR. indicating a tendency towards a NOx-limited regime. A recent study by
Elshorbany et al. (2024) also reported a significant positive trend over Europe and the US and a
negative trend over Asia using the OMI-based tropospheric column - HCHO/NO: ratio. Further,
ILong-term column measurements of HCHO and NO> from OMI over India and China have
revealed an increasing trend in NO2 compared to that of HCHO, causing a decreasing trend in FNR

over these regions (Mahajan et al., 2015; Jin and Holloway, 2015).

DNOx simulation (Figure 13b) shows a similar pattern in spatial trend as that of CTL simulation
(Fig 13a). However, the magnitude of this trend is less than that of the CTL. For example, a weak

positive trend is noted in the US and Europe (0.2-0.4 decade™ %), while trends over India, and China
are negative (0.2 - 0.4 decade ™) in DNOx than CTL. (Fig. 12b). On the contrary, the magnitude

of positive trend over Canada and negative trend over central Africa increased in DNOx emission.
This indicates that Canada and central Africa have a tendency to become NOx-limited and VOC-

limited, respectively.

In DVOC simulations, trends are increasing over the US, Canada, and Europe compared to the
CTL (Fig. 13a and 13c). A notable change is observed over the Middle East and Amazon, where

trends become more negative and positive, respectively, compared to CTL. While, the negative
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trends over Australia in the CTL become positive in the DVOC simulation. In HNOx simulations
(Fig. 13d), the positive trends are higher over the US, Europe and Amazon, while negative trends
prevail over India, China and Australia. The observed global trends are relatively stronger in the
HNOx simulation compared to all other simulations (Fig. 13). Meanwhile, in HVOC simulation,
marginal changes are noted globally compared to CTL. The most pronounced change in the FNR
trend is observed over West Australia, where the negative trend in CTL becomes increasingly
positive in HVOC (Fig. 13e). Figure 11f clearly shows that the trend in FNR is always negative
over India and China for all the simulations, indicating that these regions have a tendency to
become VOC-limited, while the positive trends over Europe, North America and Amazon show a
tendency to become more NOx-limited. Further, Figures 5 and 12 show that the relation between
trends in FNR and ozone exhibits a nonlinearity. For example, even though FNR shows a negative
trend over India and China for all the simulations, the TCO trend depends on the specific emission

scenario.
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Figure 13: Trends in the lower tropospheric (surface - 700 hPa) HCHO/NO: ratio during 1998 -
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2020 from ECHAM6-HAMMOZ simulations for (a) for CTL, (b) DNOx, (¢) DVOC, (d) HNOx,
(e) HVOC simulations. The stippled region indicates the trend significant at 95% confidence. (f)
scatter plot illustrating the long-term trend and standard deviation over the regions depicted in

Fig.9.

6. Tropospheric ozone radiative effects
The impact of emission changes on the tropospheric ozone radiative effect (TO3RE) is estimated
using the ECHAMG6 model output and a radiative kernel method (see data and model experiments).
The estimated TO3RE for different model simulations are shown in Figure 14. In the CTL
simulations (Fig. 14a), high TO3RE is noted over North Africa and the Middle East region in NH

(2.2 W.m™?, while in SH, it is over Australia and South Africa (1.2 W.m_z). The global mean area
weighted average TO3RE estimated from the CTL simulation is 1.21 W.m™? (1998-2020, WMO

tropopause). TO3RE estimates from TES measurements (2005-2009) also show a peak of 1.0

W.m™? in northern Africa, the Mediterranean, and the Middle East in June—J uly—August (Bowman

etal. 2013). Recently, Pope et al. (2024) have reported TO3RE estimates from IASI-SOFID, IASI-
FORLI, and TASI-IMS for the period 2008 - 2017. The values reported by Pope et al (2024) are

comparable with our CTL simulation (e.g. [ASI-FORLI: 1.23 W.m™? IASI-SOFRID: 1.21W.m "%,
IASI-IMS: 1.21 W.m™?). The minor differences in the estimated global mean TO3RE from the

model and satellites are due to different time periods of observations/simulations.
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The anomalies of TO3RE from DNOx-CTL simulations are shown in Figure 14b. Doubling of
NOx emission causes an enhancement in TO3RE by 0.36 W.m ™~ compared to the CTL simulation.
It shows a peak over the Middle East and adjacent North Africa (0.7 W.m_z). A similar peak over
this region is also seen in the CTL simulation. Doubling of VOC emissions enhances global mean
TO3RE by 0.01 W.m™?, which is smaller than the doubling of NOx (Fig. 14b and 14c¢). TCO
enhancement for doubling NOx is also higher than doubling VOC (see Fig.3). DVOC-CTL
simulations (Fig. 14 ¢) show a peak over the Arctic (0.02 W.m™?). The TO3RE anomalies are

negative between 30°N-30°S. The negative anomalies in TO3RE between 30°S-30°N (Fig. 14c)

can be attributed to negative anomalies of TCO (Fig. 3h).

The reduction of NOx emission by 50% reduced global mean TO3RE by -0.12 W.m™? than CTL
(see table 3). The anomalies in TO3RE from HNOx-CTL simulations (Fig. 14d) show negative
anomalies all over the globe, with a strong decrease over the Middle East and adjacent North Africa
(-0.25 W.m_z). Figures 14b and 14d show that the effect of enhancement/reduction of NOx
emission is high over the Middle East and adjacent North Africa. The reduction of VOC emission
by 50% reduced global mean TO3RE by -0.03 W.m™? than CTL simulations (F ig. 14e). HVOC -
CTL simulations show negative anomalies of TO3RE between 40°S - 40°N and positive 0.015
W.m™? (low confidence) over mid-high latitudes in NH and SH. From Figure 14, it is interesting
to note that the magnitude of TO3RE and its response to emission change is pronounced over the
Middle East compared to all other regions. Figure 14f indicated that impacts of NOx emission

changes are larger than VOC.
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Figure 14: Tropospheric Ozone radiative effects (TO3RE) (W.m_z) for (a) CTL, (b) anomalies
from DNOx - CTL, (c) anomalies from DVOC - CTL, (d) anomalies from HNOx-CTL,(e)
anomalies from HVOC - CTL simulations. Stippled regions in Figures (b-e) indicate RE

significant at 95 % confidence level, (f) zonal mean TO3RE (W.m~?) from CTL, DNOx - CTL,

DVOC - CTL, HNOx-CTL, HVOC - CTL, shades indicates standard deviation.
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7 Conclusions
In this study we report variation of tropospheric ozone levels, trends, photochemical regimes and
radiative effect using the state-of-the-art ECHAMO6-HAMMOZ chemistry-climate model
simulations from 1998 to 2020. The model simulations are validated against multiple satellite

observations. Our analysis shows that

(1) The model underestimates global mean TCO by 15.3 ppb than OMI/MLS, by 1.7 ppb than

IASI-SOFRID.

(2) The estimated global mean trend in TCO from CTL for the period 1998-2020 is 0.94 [-

0.91;4.5] ppb.decade_l. Trend estimates from OMI/MLS (1.41 [-2.15 4.54] ppb.decade_l ) for

the period Oct 2004 to Dec 2020 show good agreement with CTL (1.86 [-2.7;4.6]

ppb.decade_l) for the same period. It has to be noted that IASI-SOFRID documents slightly
negative trends (0.01 [-3.9;7.1] ppb.decade_l) over the globe. The trends discrepancy between

UV-Vis (mostly positive trends) and IR sensors (negative trends) was already documented in

Gaudel et al. (2018).

(3) DNOx-CTL simulations show positive trends are seen over Europe, the US, Africa, and

South America, with a global mean increase in TCO trend by 1.23 [-5.32; 5.76] ppb.decade™*
and negative trends in surface ozone and TCO (-0.4 to -2 ppb.decade ™ *) over India, China, and

Australia.
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(4) Compared to DNOx-CTL, DVOC-CTL simulations show a marginal enhancement in TCO

global mean trend (by 0.5 [-0.85; 1.93] ppb.decade_l). HNOx - CTL and HVOC - CTL
simulations show decreases in the global mean TCO trends by 0.38 [-1.96; 1.64] ppb.decade_l

and 0.42 [-0.96;1.61] ppb.decade_l, respectively.

(5) The spatial distribution of ozone anomalies shows that enhancement in ozone is nearly 16
times less in DVOC simulation than that of doubling NOx simulation. The largest increase in
surface ozone concentration for DVOC is observed over Indo-Gangetic Plains, Eastern China
and the eastern United States (4-6 ppb), where a decrease in ozone is observed in the DNOx
simulation. This decrease (increase) in ozone with an increase in NOx (VOC) indicates that

these regions are VOC-limited.

(6) The FNR over the major urban and semi-urban regions shows that the transition from
VOC-limited to NOx-limited happens suddenly in response to changes in the emission of
NOx/VOC over the US and China. Whereas this transition region is wider in Central Africa.
Most polluted cities/industrialized areas in the US, Canada, Europe, west Russia, East China,
Korea and Japan are identified with a low FNR, indicating VOC limited (FNRs <2).
Meanwhile, NOx-limited regimes (largest FNR values >5) are primarily found in tropical

rainforests, savannas, and arid climates.

(7) The DNOx simulation shows a notable change in the spatial extent of VOC-limited
regimes, particularly in the Northern Hemisphere (NH). While the southern hemisphere (SH)

exhibits minimal change in the spatial extent of VOC-limited regimes.
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(8) DVOC simulations reveal persistent VOC-limited regimes over Western Europe, with
moderate FNR values indicating a transition to NOx-limited regimes across most of the
Northern Hemisphere. Comparing CTL and HNOx simulations globally shows a shift from

VOC to NOx-limited regimes.

(9) Comparison of all the emission simulations, DNOx and HNOx simulations significantly
influence the shift in ozone photochemical regimes compared to DVOC and HVOC
simulations, highlighting the global sensitivity of ozone photochemistry to NOx emissions

changes.

(10) Trends estimated from modeled FNR are negative over India and China in all the
simulations, indicating that these regions have a tendency to become VOC-limited, while the
positive trends over Europe, North America and Amazon, indicating a tendency to become

more NOx-limited.

(11) The trends in FNR are negative over India and China in all simulations. However, the
trends in TCO are positive in DVOC - CTL and HVOC - CTL simulations and negative in

DNOx - CTL and HNOx - CTL .

(12) The tropospheric ozone radiative effects (TO3RE) in DNOx - CTL and DVOC - CTL

show an increase in TO3RE by 0.36 W.m ™% and 0.01 W.m™? respectively. However, HNOx-
CTL and HVOC-CTL show reduction in the global mean TO3RE by -0.12 W.m™? and -0.03

W.m™? respectively.

47



843

844

845
846
847

848

849

850

851

852

853

854

855
856
857
858

859
860
861
862

863
864
865
866

867
868
869
870

(13) We show that anthropogenic NOx emissions have a higher impact on tropospheric ozone

levels, trends and radiative effect than VOC emissions globally.
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Supplementary table-1: Primary volatile organic compounds. BIGALKANE is a lumped species
for all alkanes C4 and greater, BIGENE lumps all alkenes C4 and greater.

S.N. VOCs name
1 Benzene

2 BIGALKANE
3 BIGENE

4 acetylene

5 ethene

6 ethanol

7 ethane

8 propene

9 propane

10 formaldehyde
11 acetaldehyde
12 acetone

13 acetic acid

14 methanol

15 methane

16 formic acid
17 butan-2-one
18 toluene

19 xylenes
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