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Abstract. Tropical tropospheric ozone (TTO) is important for the global radiation budget because the long-
wave radiative effect of tropospheric ozone is higher in the tropics than midlatitudes. In recent decades the
TTO burden has increased, partly due to the ongoing shift of ozone precursor emissions from midlatitude re-
gions toward the Equator. In this study, we assess the distribution and trends of TTO using ozone profiles mea-
sured by high-quality in situ instruments from the IAGOS (In-Service Aircraft for a Global Observing System)
commercial aircraft, the SHADOZ (Southern Hemisphere ADditional OZonesondes) network, and the ATom
(Atmospheric Tomographic Mission) aircraft campaign, as well as six satellite records reporting tropical tropo-
spheric column ozone (TTCO): TROPOspheric Monitoring Instrument (TROPOMI), Ozone Monitoring Instru-
ment (OMI), OMI/Microwave Limb Sounder (MLS), Ozone Mapping Profiler Suite (OMPS)/Modern-Era Ret-
rospective analysis for Research and Applications version 2 (MERRA-2), Cross-track Infrared Sounder (CrIS),
and Infrared Atmospheric Sounding Interferometer (IASI)/Global Ozone Monitoring Experiment 2 (GOME?2).
With greater availability of ozone profiles across the tropics we can now demonstrate that tropical India is
among the most polluted regions (e.g., western Africa, tropical South Atlantic, Southeast Asia, Malaysia and
Indonesia), with present-day 95th percentile ozone values reaching 80 nmol mol~! in the lower free troposphere,
comparable to midlatitude regions such as northeastern China and Korea. In situ observations show that TTO
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increased between 1994 and 2019, with the largest mid- and upper-tropospheric increases above India, South-
east Asia, and Malaysia and Indonesia (from 3.4 £ 0.8 to 6.8 £ 1.8 nmol mol~! decade™1), reaching 11 +2.4 and
8 + 0.8 nmol mol~! decade ™! close to the surface (India and Malaysia—Indonesia, respectively). The longest con-
tinuous satellite records only span 2004-2019 but also show increasing ozone across the tropics when their full
sampling is considered, with maximum trends over Southeast Asia of 2.31 # 1.34 nmol mol~! decade ™! (OMI)
and 1.69 +0.89 nmol mol~! decade™! (OMI/MLS). In general, the sparsely sampled aircraft and ozonesonde
records do not detect the 2004—-2019 ozone increase, which could be due to the genuine trends on this timescale
being masked by the additional uncertainty resulting from sparse sampling. The fact that the sign of the trends
detected with satellite records changes above three IAGOS regions, when their sampling frequency is limited
to that of the in situ observations, demonstrates the limitations of sparse in situ sampling strategies. This study
exposes the need to maintain and develop high-frequency continuous observations (in situ and remote sensing)
above the tropical Pacific Ocean, the Indian Ocean, western Africa, and South Asia in order to estimate accurate
and precise ozone trends for these regions. In contrast, Southeast Asia and Malaysia—Indonesia are regions with
such strong increases in ozone that the current in situ sampling frequency is adequate to detect the trends on a

relatively short 15-year timescale.

1 Introduction

Tropospheric ozone negatively affects human health and veg-
etation, and it is a short-lived climate forcer (Fleming et
al., 2018; Mills et al., 2018; Gulev et al., 2021; Szopa et
al.,, 2021). The longwave radiative effect of tropospheric
ozone is higher in the tropics and subtropics (between 30° S
and 30°N) compared to midlatitudes (Doniki et al., 2015;
Gaudel et al., 2018). The most recent Intergovernmental
Panel on Climate Change (IPCC) assessment concluded with
a high level of confidence that tropical ozone increased
by 2-17 % decade™! in the lower troposphere and by 2—
12 % decade™! in the free troposphere from the mid-1990s
to the period 2015-2018 (Gulev et al., 2021). These in-
creases are especially strong across southern Asia (Gaudel
et al., 2020), and according to the longest available satel-
lite record, ozone increases in this region have been oc-
curring since at least 1979 (Ziemke et al., 2019). A com-
prehensive NASA analysis used the Ozone Monitoring In-
strument (OMI)/Microwave Limb Sounder (MLS) satellite
record to show a clear increase in tropospheric column ozone
(1-2.5 DU decade ™) between 2005 and 2016 throughout the
tropics, with larger trends over the Arabian Peninsula, In-
dia, and Southeast Asia, generally consistent with a simula-
tion by NASA’s Modern-Era Retrospective analysis for Re-
search and Applications version 2 (MERRA-2) GMI global
atmospheric chemistry model (Ziemke et al., 2019). Simi-
lar results were found in a recent study using the NASA
Goddard Earth Observing System Chemistry Climate Model
(Liu et al., 2022). Weak to moderate positive trends of
0.6 and 1.5 nmol mol~! decade™! between 1995 and 2015-
2018 were also reported at two remote tropical surface sites
(Mauna Loa, Hawaii, and American Samoa, South Pacific;
Cooper et al., 2020). A recent analysis of 1998-2019 tropi-
cal ozone trends using the Southern Hemisphere ADditional
OZonesondes (SHADOZ) network reported highly seasonal
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but overall weak positive trends (1-2 % decade™ ") in the
mid-troposphere (5-10 km) (Thompson et al., 2021).
Simulations by a wide range of global atmospheric chem-
istry models show that global-scale increases in tropospheric
ozone since pre-industrial times are driven by anthropogenic
emissions of ozone precursor gases (Archibald et al., 2020;
Skeie et al., 2020; Griffiths et al., 2021; Szopa et al., 2021;
Wang et al., 2022; Fiore et al., 2022), with approximately
54 % of the 1850-2000 global tropospheric ozone increase
occurring in the tropics and subtropics (30° S-30° N) (Young
et al., 2013). A key ozone precursor that drives the back-
ground increase in tropospheric ozone, especially in the free
troposphere, is methane (Thompson and Cicerone, 1986a, b;
Hogan et al., 1991; Fiore et al., 2002). From 1980 to 2010
the estimated increase in the global tropospheric ozone bur-
den due to the increase in anthropogenic emissions and the
partial shift of the emissions from midlatitudes towards the
Equator was 28.12 Tg (8.9 %), with the increase in methane
(15 %) accounting for one-quarter of the ozone burden in-
crease (as simulated by the CAM-chem model; Zhang et al.,
2016). Most of the ozone burden increase (64 %) occurred in
the tropics and subtropics (30° S-30° N), driven by emissions
from South Asia and Southeast Asia as well as by increas-
ing background methane levels (Zhang et al., 2021). Similar
rates of ozone burden increases, peaking in the tropics, are
simulated by a range of CMIP6 models (1995-2014) (Skeie
et al., 2020), the GEOS-Chem model (1995-2017) (Wang et
al., 2022), the JPL TCR-2 chemical reanalysis (1995-2018)
(Miyazaki et al., 2020), and a 15-member initial-condition
ensemble generated from the CESM2-WACCMG6 chemistry—
climate model (1950-2014) (Fiore et al., 2022). The increase
in methane has continued to the present and the observed
global mean methane increase from 1983 to 2023 is 18 %
(the increase is 8 % since 2004 when OMI began operations)
(https://www.gml.noaa.gov, last access: 20 August 2024).
Under a future scenario of high anthropogenic emissions and
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continuously increasing methane concentrations (Griffiths et
al., 2021), the global ozone burden is expected to increase
for the remainder of the 21st century (see the ssp370 sce-
nario in Fig. 6.4 of Szopa et al., 2021), with increases of
approximately 10 % from 2014 to 2050. In the tropics the
strongest increases (though 2050) are expected across South
Asia (10 %-20 %), with little or no increase across the remote
regions of the equatorial Pacific and equatorial Atlantic.

The tropics are characterized by high ozone values over
the southern tropical Atlantic and Southeast Asia (Fishman et
al., 1990, 1996; Thompson et al., 1996; Logan, 1999; Ziemke
et al., 2019) and low ozone values (< 10 nmol mol~!) in the
free troposphere over the Pacific warm pool (Kley et al.,
1996), although these low values have become less frequent
over the last 2 decades (Gaudel et al., 2020). The spatial dis-
tribution of tropical tropospheric ozone (TTO) can vary on
a range of timescales. On multiyear timescales TTO experi-
ences a dipole oscillation across the tropical Pacific Ocean
due to the El Nifio—Southern Oscillation (ENSO) (Chandra
et al., 1998; Doherty et al., 2006; Oman et al., 2013; Xue et
al., 2020). On seasonal timescales ozone can vary with the
Madden-Julian oscillation (MJO) (Ziemke et al., 2015) and
also with dry and wet conditions (also called the biomass
burning and monsoon seasons) related to the seasonal shifts
of the Intertropical Convergence Zone (ITCZ) (Fishman et
al., 1992; Oltmans et al., 2001; Sauvage et al., 2007a, b;
Thompson et al., 2012; Tsivlidou et al., 2023). In a given
season, TTO can be further influenced by biomass burning,
lightning, inter-hemispheric transport, and stratospheric in-
trusions and/or large-scale subsidence (Sauvage et al., 2007a,
b; Jenkins et al., 2014; Yamasoe et al., 2015; Hubert et al.,
2021; Tsivlidou et al., 2023). For instance, high ozone con-
centrations were recently measured above the tropical At-
lantic (Bourgeois et al., 2020) and were attributed to biomass
burning emissions, whose effects on tropospheric ozone en-
hancements are underestimated by global chemistry trans-
port models, especially in the tropics and the Southern Hemi-
sphere (Bourgeois et al., 2021).

While decades of research on the distribution of TTO us-
ing satellite instruments (Fishman et al., 1986, 1990; Fish-
man and Larsen, 1987; Ziemke et al., 1998, 2005, 2009,
2011, 2019) and in situ observations (Logan, 1999; Thomp-
son et al., 2000, 2003, 2012, 2021; Oltmans et al., 2001;
Sauvage et al., 2005, 2007a, b; Yamasoe et al., 2015; Tara-
sick et al., 2019; Cooper et al., 2020; Lannuque et al., 2021;
Tsivlidou et al., 2023) has characterized the spatial and tem-
poral variability of TTO concentrations, reconciling differ-
ences between satellite and in situ observations has been a
challenge (Gaudel et al., 2018).

To update our understanding of tropospheric ozone’s dis-
tribution and trends across the tropics, this study presents a
quantitative analysis of four complementary datasets in time
and space across the 20° S-20° N latitude band: (1) thou-
sands of vertical ozone profiles from the In-Service Air-
craft for a Global Observing System (IAGOS) (Nédélec
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et al., 2015; Blot et al., 2021) above five continental re-
gions, (2) regular vertical profiles from the SHADOZ net-
work (Thompson et al., 2017; Stauffer et al., 2022) above
14 continental and oceanic sites, (3) vertical profiles from
the Atmospheric Tomographic Mission (ATom) aircraft cam-
paign above five oceanic regions and (4) tropospheric column
ozone retrievals from four well-known and two new satellite
records.

The paper is organized as follows. Section 2 describes the
datasets and the methodology for quantifying the distribution
and trends of ozone. Section 3 presents the results that in-
clude the distribution of ozone from the in situ data, an eval-
uation of the satellite records, and the trend estimates from
TIAGOS, SHADOZ, and satellite records. Section 4 presents
the main conclusions.

2 Methods

We define the tropics as the latitude band between 20° S and
20° N, within the bounds of the Tropic of Cancer and the
Tropic of Capricorn. This latitude band covers most of the
Southern Hemisphere ADditional OZonesondes (SHADOZ)
network designed to measure ozone in the subtropics and
tropics. The goal of the study is to characterize the 20° S—
20° N latitude band that can be impacted by subtropical air
masses in some regions, especially at the edge of the domain.

The satellite data are shown for the same latitude domain.

We focus on three time periods: 2014-2019, also called
the “present day”, to assess the distribution of TTO (5th,
50th, and 95th percentiles) with in situ data above the sam-
pled regions and sites described in Fig. 1; 1994-2019 to as-
sess ozone trends using in situ data records for more than
2 decades; and 2004-2019 to assess ozone trends over the
time period of the Ozone Monitoring Instrument (OMI)
dataset, which is the longest time series of ozone measured
from space from a satellite.

We also use new datasets to assess the distribution of
TTO, such as the ATom aircraft campaign, as well as the
Cross-track Infrared Sounder (CrIS) and Infrared Atmo-
spheric Sounding Interferometer (IASI)/Global Ozone Mon-
itoring Experiment 2 (GOME?2) satellite records.

2.1 In situ measurements
2.1.1 1AGOS

The European research infrastructure In-service Aircraft for
a Global Observing System (IAGOS), formerly known as
the Measurement of Ozone and Water Vapor by Airbus
In Service Aircraft (MOZAIC), has collected continuous
high-quality ozone profiles up to 12km (~200hPa) on
board commercial aircraft since 1994 (Blot et al., 2021).
Ozone is measured using an ultraviolet (UV) analyzer
(Thermo Scientific, model 49) and the total uncertainty is
+2 nmolmol~! +£2 % (Nédélec et al., 2015).
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For this study, we consider five tropical regions: the Amer-
icas, Africa, India, Southeast Asia, and Malaysia and Indone-
sia. We use IAGOS data to assess the average ozone distri-
bution between 2014 and 2019, referred to as “present-day
ozone”, as well as to assess ozone trends between 1994 and
2019. Over the time period 1994-2019, the most frequented
airports were Caracas (1214 profiles) and Bogota (560 pro-
files) for the Americas; Lagos (761 profiles) and other air-
ports in the Gulf of Guinea for western Africa; Chennai (680
profiles) and Hyderabad (552 profiles) for India; Bangkok
(1535 profiles) and Ho Chi Minh City (367 profiles) for
Southeast Asia; and Singapore (265 profiles), Kuala Lumpur
(208 profiles), and Jakarta (113 profiles) for Malaysia and
Indonesia (Table S1 in the Supplement). All available ozone
profiles from these airports are used in this study. The in-
dividual ozone profiles are averaged to a common vertical
resolution of 10 hPa prior to any further analysis. To assess
the annual ozone distribution the profiles are averaged annu-
ally. To assess ozone trends, the quantile regression method
is applied to individual profiles (Sect. 2.5). To compare with
the satellite data, the profiles were averaged monthly be-
fore being converted to a tropospheric column value ranging
from the surface up to 270 hPa or up to the maximum alti-
tude (~ 200 hPa). We chose 270 hPa to be consistent with the
TROPOspheric Monitoring Instrument (TROPOMI) tropi-
cal tropospheric column ozone. While some of the satellite
records used in this study have an upper limit at 150 hPa
(thermal tropopause), IAGOS commercial aircraft do not
reach these altitudes.

2.1.2 SHADOZ

The Southern Hemisphere ADditional OZonesondes
(SHADOZ) network has provided ozone profiles at multiple
sites between 25°S and 21°N since 1998 and presently
operates 14 sites. SHADOZ is a NASA-sponsored project
operated by NOAA and 15 institutions around the world
(Thompson et al., 2003a, b, 2012, 2021). The SHADOZ
ozone profiles, measured by electrochemical concentration
cell (ECC) ozonesondes, were reprocessed in 2016-2018
(Witte et al., 2017, 2018). In comparisons of the repro-
cessed data with collocated total ozone spectrometers and
satellite overpasses, the reprocessed SHADOZ total ozone
column (TOC) disagreed with the independent data within
2% (Thompson et al., 2017). SHADOZ data since 2018
have been collected and processed according to the same
protocols as the reprocessed profiles (Stauffer et al., 2018,
2020, 2022; WMO/GAW 268 Report, 2021). A recent study
of TOC stability over 60 global stations revealed an artifact
of declining tropospheric ozone at the SHADOZ Hilo and
Costa Rican stations (Stauffer et al., 2020, 2022). Those data
were not used in the recent Thompson et al. (2021) study
that showed distinctive seasonal and regional variations in
ozone trends collected at eight SHADOZ stations within
+15° latitude of the Equator.
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As with the IAGOS data, the SHADOZ ozone profiles
were averaged to a common vertical resolution of 10hPa
before any further analysis. The 10hPa resolution vertical
profiles are fused with the IAGOS 10hPa-resolution verti-
cal profiles to assess trends between the surface and 200 hPa
(Sect. 2.6). To compare with the satellite data, the profiles
were averaged monthly before being converted to tropo-
spheric columns up to 270, 150 and 100 hPa.

2.1.3 Alom

The Atmospheric Tomography (ATom) project was a global-
scale NASA aircraft mission which collected profiles of
ozone and hundreds of other atmospheric constituents in
remote regions above the Atlantic and Pacific basins on
board the NASA DC-8 aircraft. The project consisted of
four seasonal circumnavigations of the globe, one in each
season, continually profiling the troposphere between 180 m
and 14km above sea level (a.s.l.) with a temporal reso-
Iution of 10Hz, averaged to 1 Hz (data available at https:
/lespo.nasa.gov/atom, last access: 7 March 2022). The ATom
mission occurred in July—August 2016 (ATom-1), January—
February 2017 (ATom-2), September—October 2017 (ATom-
3), and April-May 2018 (ATom-4). Ozone was measured
using the National Oceanic and Atmospheric Administra-
tion (NOAA) nitrogen oxide and ozone (NO,O3) instrument
(Bourgeois et al., 2020). The total estimated uncertainty at
sea level is £ (0.015 nmol mol~! + 2 %).

We used the ATom ozone profiles available above five re-
gions in the tropics: North Pacific, South Pacific, eastern Pa-
cific, North Atlantic, and South Atlantic. Most of the regions
were sampled over 1 day in August 2016, February and Oc-
tober 2017, and May 2018, except the eastern Pacific which
was sampled in July 2016, January and September 2017, and
April 2018. Each flight produced 6-14 profiles in each re-
gion. Therefore, the ATom dataset is used to assess the ozone
distribution over the 2016-2018 time period and for the an-
nual comparison with the satellite products. As for IAGOS
and SHADOZ, we averaged the profiles to a common ver-
tical resolution of 10 hPa within the five ATom regions. To
compare with satellite data, the profiles were converted to
tropospheric column ozone from the near-surface measure-
ments up to 270 hPa and averaged for the entire ATom period
above each of the five regions.

2.2 Tropical Tropospheric Column Ozone (TTCO)
estimation from IAGOS, SHADOZ, and ATom

In this study and as mentioned in Sect. 2.1, the ozone profiles
from in situ observations have been converted to columns
to evaluate the satellite products. The current TOAR-II Har-
monization and Evaluation of Ground-based Instrument for
Free Tropospheric Ozone Measurements (HEGIFTOM) fo-
cus working group (https://hegiftom.meteo.be/, last access:
20 August 2024) recommended 150hPa as the top limit of
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Figure 1. Regions and sites of IAGOS, SHADOZ, and ATom measurements used in this study to assess the Sth, 50th, and 95th percentiles
of ozone in the tropical troposphere over 2014-2019. Data from IAGOS and ATom flights are clustered into specific regions such as the
Americas, western Africa, India, Southeast Asia, Malaysia and Indonesia, North Pacific, South Pacific, eastern Pacific, North Atlantic, and
South Atlantic. IAGOS and ATom flight tracks are plotted on the map to show the specific sampling locations for 2014-2019. IAGOS and
SHADOZ data are statistically fused above the Americas, Southeast Asia, and Malaysia and Indonesia and used to estimate ozone trends
between 1994 and 2019. For India, only IAGOS data are available for the ozone trend estimate between 1994 and 2019.

the TTCO in the 15°S-15°N tropical band and 200 hPa in
the 15-30° S and 15-30° N bands. As we focus our study on
the 20° S—20° N latitude band, we decided to use the 150 hPa
top limit. Some variations on the TTCO definition occur in
this study and are detailed below but are not corrected for.
TAGOS aircraft cannot reach 150 hPa as they have a max-
imum cruise altitude of around 200hPa. Therefore, only
SHADOZ ozonesondes, which reach the middle or upper
stratosphere, were used to calculate TTCO from the surface
to 150 hPa. However, we additionally calculated TTCO up
to 270 hPa with IAGOS and ATom to compare with TRO-
POspheric Monitoring Instrument (TROPOMI) and Infrared
Atmospheric Sounding Interferometer (IASI)/Global Ozone
Monitoring Experiment 2 (GOME2) satellite data.

2.3 Satellite data

In this study we mainly focus on satellite data based on ul-
traviolet (UV) absorption retrievals, supplemented with two
ozone records derived from infrared (IR) measurements as
described below. Two key parameters differ between the
satellite datasets: (i) the top limit used to define the tropo-
spheric column ozone and (ii) the horizontal coverage. Fig-
ure S1 in the Supplement shows the time series of the pres-
sure level characterizing the top limit. Depending on the
datasets, the top limit is constant or varies with time. The
tropical coverage is 20° S—20° N for all satellite records. All

https://doi.org/10.5194/acp-24-9975-2024

satellite records were averaged to a common 5° x 5° monthly
grid.

2.3.1 TROPOMI CCD

The TROPOspheric Monitoring Instrument (TROPOMI;
Veefkind et al., 2012) was launched on board the Sentinel-5
Precursor (S5P) satellite in October 2017. The tropospheric
column ozone data from TROPOMI, inferred using the con-
vective cloud differential technique (CCD; Ziemke et al.,
1998; Heue et al., 2016; Hubert et al., 2021), cover the 20° S—
20° N latitude band between the surface and 270 hPa. For this
study, we compute monthly data from daily measurements
on a 5° x 5° grid to be consistent with the other satellite data
records. For the 5° x 5° gridded data we estimate the uncer-
tainty of the TROPOMI CCD tropospheric ozone column to
be about 2 DU. We only use data from 2019, which is the last
year of our present-day time period of 2014-2019.

2.3.2 OMICCD

The Ozone Monitoring Instrument (OMI) was launched on
board the Aura satellite in July 2004. For this study we
used tropical tropospheric column ozone retrieved using the
CCD technique (Ziemke et al., 1998; Ziemke and Chandra,
2012), which is consistent with TROPOMI-derived TTCO.
The tropospheric column is defined between the surface and

Atmos. Chem. Phys., 24, 9975-10000, 2024
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100 hPa, and it covers the 20° S—20° N latitude band inherent
to the CCD technique. OMI records are available since 2004,
and for this study we use monthly means to assess ozone dis-
tribution during the present-day time period of 2014-2019
as well as the trends of ozone over 2004-2019. The monthly
accuracy and precision (1o) are 3 and 3.5 DU, respectively.

2.3.3 OMI/MLS

The OMI and the Microwave Limb Sounder (MLS) sen-
sors are both on board the Aura satellite and the tropo-
spheric column ozone is retrieved by subtracting the strato-
spheric column ozone measured by MLS from the total col-
umn ozone measured by OMI (Ziemke et al., 2006). The top
limit of the OMI/MLS tropospheric column ozone is the ther-
mal tropopause calculated from NCEP reanalysis data using
the World Meteorological Organization (WMO) 2K km™!
lapse-rate definition. The tropopause varies seasonally be-
tween 95 and 115hPa (Fig. S1). OMI/MLS data cover the
60° S—60° N latitude band, and for this study we focus on the
20° S-20° N latitude band. The monthly accuracy and preci-
sion (1o) are 2 and 1.5 DU, respectively. Further details on
the OMI/MLS product and a description of an updated drift
correction can be found in Sect. S4 in the Supplement.

2.3.4 OMPS/MERRA-2

The Ozone Mapping Profiler Suite (OMPS) was launched
in January 2012 on board the Suomi National Polar-orbiting
Partnership (Suomi NPP) spacecraft. The tropospheric col-
umn ozone is retrieved by subtracting the stratospheric col-
umn of MERRA-2 (Modern-Era Retrospective analysis for
Research and Applications version 2) ozone reanalysis data
from the total column ozone of the OMPS nadir mapper
(Ziemke et al., 2019). The derived daily tropospheric col-
umn ozone uses the MERRA-2 tropopause with assimilated
MLS ozone. The MERRA-2 tropopause was determined us-
ing a potential vorticity (PV) — potential temperature (6)
definition (2.5PV units, 380 K; Wargan et al., 2020). The
tropopause at a given grid point was taken as the larger of
these two PV and 6 surfaces. However, in this study, the
tropopause is exclusively defined by 6 surfaces as we fo-
cus on the 20° S—20° N latitude band. For the MERRA-2 as-
similation, in 2015 MLS changed from version 2.2 to ver-
sion 4.2 (Wargan et al., 2017; Davis et al., 2017). This pro-
duced a 1-1.5DU difference between the earlier and later
record for stratospheric column ozone, which prevents accu-
rate trend detection from either MERRA-2 stratospheric col-
umn ozone or the derived tropospheric column ozone from
OMPS/MERRA-2. The OMPS/MERRA-2 tropopause pres-
sure varies seasonally between 95 and 108 hPa (Fig. S1). The
monthly accuracy and precision (1o) are 3 and 2 DU, respec-
tively.
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235 CrlIS

The Cross-track Infrared Sounder (CrIS) is on board the
Suomi NPP (2011-2021) and JPSS-1 (NOAA-20 in opera-
tions; 2017—present) and builds upon the hyperspectral IR
record first started by the Atmospheric Infrared Sounder
(AIRS) on Aqua (2002-2022). For this study we focus on
the ozone profiles retrieved by the Community Long-term
Infrared Microwave Combined Atmospheric Product System
(CLIMCAPS; Smith and Barnet, 2019, 2020). CLIMCAPS
retrieves atmospheric state parameters, including ozone pro-
files (from the surface to the top of the atmosphere), from
AIRS and CrIS to form a long-term record that spans instru-
ment and platform differences. CLIMCAPS uses MERRA-2
as the a priori for ozone. Here we focus on CLIMCAPS from
CrIS on board Suomi NPP (National Polar-orbiting Partner-
ship, 1 January 2016 to 31 March 2018) and NOAA-20 (pre-
viously known as JPSS-1, 1 April 2018 to 31 August 2022)
for the time period 2016-2019 because this gives us the base-
line IR sounding capability for the next 2 decades (CrIS is
scheduled for launch on three additional JPSS platforms).
CrlIS data cover the 90° S—90° N latitude band, and for this
study we focus on the 20° S—20° N latitude band. The accu-
racy of CrIS tropospheric ozone data varies between —9.4 %
globally and —20 % in the tropics compared with ozoneson-
des. The precision is 21.2 % globally (Nalli et al., 2017).

For CrlIS, we accessed CLIMCAPS Level 2 retrievals via
NASA GES DISC (NASA Goddard Earth Sciences Data
and Information Services Center; Sounder SIPS and Bar-
net, 2020a, b; https://disc.gsfc.nasa.gov/, last access: 22 Au-
gust 2024). We aggregated them onto 1° equal-angle global
grids. Specifically, we accessed the ozone retrieved fields
(03_mol_lay) defined as 100-layer column density profiles
[molec. m~2] and subset them into tropospheric profiles. We
defined the troposphere as all values between the Earth’s sur-
face (prior_surf_pres) and the tropopause (tpause_pres). A
total column value is simply the sum of all column den-
sity values converted to DU. We used the quality flag (is-
pare_2 = 0) to define all successful retrievals, which we sim-
ply averaged per grid box. No other filtering was done.
CLIMCAPS retrievals are done from cloud-cleared radi-
ances, so we do not have to make specific accommodation
for clouds.

2.3.6 IASI/GOME2

IASI/GOME?2 is a multispectral approach used to retrieve
ozone for several partial columns. It is based on the syn-
ergism of IASI and GOME-2 measurements in the thermal
infrared and the ultraviolet spectral domain, respectively,
jointly used in terms of radiance spectra for enhancing the
sensitivity of the retrieval for lowermost-tropospheric ozone
(below 3 km above sea level; see Cuesta et al., 2013). Studies
over Europe and East Asia have shown good skill for cap-
turing near-surface ozone variability compared to surface in

https://doi.org/10.5194/acp-24-9975-2024


https://disc.gsfc.nasa.gov/

A. Gaudel et al.: Tropical tropospheric ozone distribution and trends 9981

situ measurements of ozone (Cuesta et al., 2018, 2022). This
ozone product offers global coverage for low-cloud-fraction
conditions (below 30 %) for 12 km diameter pixels spaced by
25 km (at nadir pointing). The IASI/GOME?2 global dataset
is publicly available through the AERIS French data cen-
ter, with data from 2017 to the present (available at https:
/fasi.aeris-data.fr/o3_iago2/, last access: 22 August 2024),
and covers the 90° S—90° N latitude band. For this study, we
use the 2017-2021 monthly tropospheric column ozone be-
tween the surface and 12 km, focusing on the 20° S-20°N
latitude band.

2.4 Comparison between satellite and in situ data

To assess the performance of the six satellite records, we cal-
culated the mean biases between satellite-detected monthly
TTCO and TAGOS as well as SHADOZ integrated profiles
over the 2014-2019 time period. The biases are calculated as
follows.

N
Yi(sat) — Yi(ref)
=1

Mean bias (MB in DU) = * N

Normalized mean bias (NMB in %) =
i i Yi(sat) — Yi(ref) % 100
N im1 Yi(ref)

N is the number of monthly TTCO observations over a given
region or site and y; is the monthly mean TTCO based on in
situ data (ref) or satellite data (sat).

In order to represent the relationship between the satellite
data and the in situ data, we used a least-square linear regres-
sion as well as the orthogonal distance regression (ODR). In
this exercise, we do not use strict sampling criteria in time
and space (except for the satellite and in situ observations
being in the same month, year, and grid cell) or smoothing of
in situ ozone profiles to the vertical resolution of the satellite
data before integration. To extract satellite data over IAGOS
and ATom regions, we used a 5° x 5° gridded mask reflect-
ing monthly grid cells with available IAGOS and ATom data,
and only these grids are used to compute regional mean satel-
lite values. For comparison to SHADOZ data, satellite data
were extracted at the latitude and longitude of the SHADOZ
sites (sonde launch site within satellite pixel). We include all
satellite records with a minimum of 1 year of data within
2014-2019.

2.5 Fused product and trend estimation

The tropical region has sparse in situ sampling in both time
and space, which makes accurate quantification of trends
challenging. Based on a sampling sensitivity test (Sects. S1,
S2, Figs. S2 and S3), we conclude that one profile per week
is only sufficient for detection of trends with a very strong
magnitude (i.e., > |3| nmol mol~! decade™!), which is not
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common in the free troposphere. We show that a sampling
frequency of seven profiles per month is sufficient for basic
trend detection (i.e., to reliably determine if there is a trend)
of TTO using the datasets presently available (if the magni-
tude of a trend is greater than |1| nmol mol~! decade™1), but
additional data are required for accurate quantification or de-
tection of a weaker trend.

Because the sparse sampling makes trend detection dif-
ficult, we have chosen to statistically fuse the in situ mea-
surements from the JAGOS and SHADOZ programs over
large regions, which includes air masses from different ori-
gins and influences (Figs. 1 and S12 to S16). The method
is based on a data fusion technique described by Chang et
al. (2022), which considers ozone correlation structure, sam-
pling frequency, and inherent data uncertainty. By investi-
gating systematic ozone variability, the resulting fused prod-
uct allows us to reconcile the differences between heteroge-
neous datasets and enhance the detectability of trends. For
the Americas, we fused SHADOZ data over San Cristébal
and Paramaribo with the IAGOS data (Fig. S12). For South-
east Asia, we fused SHADOZ over Hanoi with the IA-
GOS data (Fig. S13). For Malaysia and Indonesia, we fused
SHADOQOZ data over Kuala Lumpur and Watukosek (Java)
with the IAGOS data (Fig. S14). For western Africa and In-
dia, SHADOZ data are not available and we show the time
series of just the IAGOS data in Figs. S15 and S16, respec-
tively.

For TAGOS data and the fused product, the trend estimate
and its associated uncertainty are based on quantile regres-
sion (Koenker and Hallock, 2001), which is an appropriate
choice for ozone profile time series because of the irregular
sampling schemes and the need to evaluate ozone changes
associated with a range of percentiles (Chang et al., 2021).
Data gaps are not interpolated as interpolation creates fic-
titious sample sizes for trend detection, while treating the
missing data as not substantially deviant from the available
data variability. Due to limited available sample sizes, only
median trends (i.e., an estimate of the trend based on the me-
dian change in data distribution) are reported in this study.
It should be noted that quantile regression is specifically de-
signed to evaluate the distributional changes (determined by
all available profiles). Although trends in extreme percentiles
are not considered due to insufficient samples, by focusing on
the median changes, our trend estimates are expected to be
more robust against extreme variability or less impacted by
potential large sampling bias (due to imbalanced sampling).
The R and Python codes for implementing quantile and me-
dian regression are provided in the TOAR statistical guidance
note (Chang et al., 2023). To account for potential correla-
tion between ozone and climate variability, such as ENSO
(El Nino—Southern Oscillation) and QBO (quasi-biennial os-
cillation), the trend model is specified through

anomaly = by + b1 Trend + b,ENSO + b3QBO(30 mb)
+ b4QBO(50 mb) + noise, (D
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where by is the intercept, by is the linear trend, b, is the re-
gression coefficient for ENSO, and b3 and b4 are coefficients
for QBO at 30 and 50 mb, respectively. The trend uncertainty
is derived by a bootstrapping method (Feng et al., 2011).
The ENSO and QBO indexes can be found in the “Data
availability” section. Figure S17 shows that if ENSO and
QBO are not considered, the trends can be offset by about
1-2 nmol mol~! decade ™" at individual pressure layers over
the five IAGOS regions, except Africa where the trend dif-
ferences are negligible.

In addition, we conducted trend analysis of the monthly
TTCO from SHADOZ, IAGOS, OMI, and OMI/MLS as well
as the tropical ozone burden (TOB, Tg decade’l) over zonal
monthly means using OMI and OMI/MLS. The OMI/MLS
TTCO has shown a drift over time that we corrected for this
study (see Sect. S4).

3 Results

3.1 Ozone profiles

For the period 2014-2019 (JAGOS, SHADOZ) and 2016—
2018 (ATom), the three in situ datasets show a range of ozone
values from the surface to 200 hPa, indicative of the differ-
ent photochemical and transport regimes across the tropics
(Fig. 2). Here we highlight several notable features.

The 50th and 95th percentiles of SHADOZ data over
Hanoi (up to 100 nmol mol~!) are much higher than at the
other sites or regions, especially below 750 hPa. Hanoi expe-
riences strong regional ozone production with a significant
contribution from biomass burning in the mainland South-
east Asia peninsula, especially in spring (Ogino et al., 2022).

Ozone levels are lowest above the tropical South Pacific
(dark blue lines on the SHADOZ and ATom panels in Fig. 2)
and the Americas (IAGOS: mostly represented by measure-
ments above Caracas and Bogotd; SHADOZ: San Cristébal,
purple lines in both panels in Fig. 2), with the Sth per-
centile below 10 nmol mol~!, particularly in the lower tro-
posphere. These low ozone values are due to the ozone sink
near the marine boundary layer coupled with deep convec-
tion above the tropical South Pacific (Kley et al., 1996) and
San Cristébal (Oltmans et al., 2001). Above Caracas, the lo-
cal influence is notable, with low ozone levels observed dur-
ing the wet season (May—December) (Yamasoe et al., 2015;
Sanhueza et al., 2000). Additionally, Seguel et al. (2024) re-
port lower ozone exposure (MDAS health metric) in Bogotd
and Quito than at other South American sites, likely due to
intense vertical mixing as observed in Quito (Cazorla et al.,
2021a; Cazorla, 2017).

The 95th percentile ozone is highest above Africa, India,
and Southeast Asia in the middle and upper troposphere and
above Southeast Asia and Malaysia—Indonesia in the bound-
ary layer. The tropical South Atlantic (ATom and Ascension
Island) is also notable due to broad enhancements from the
lower free troposphere to the upper troposphere, with values
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of 60—80 nmol mol~!. Similar patterns are seen in the median
(50th percentile) ozone profiles, albeit with lower mixing ra-
tios.

As a frame of reference, we show the polluted midlatitude
region of northeastern China and Korea from IAGOS data
in 2014-2019, notable for its high ozone values (Gaudel et
al., 2020). In most cases the ozone profiles of northeastern
China and Korea are similar to the maximum tropical ozone
profiles, but some regions exceed the northeastern China and
Korea ozone values, such as Southeast Asia (Hanoi), south-
ern Africa, and the tropical South Atlantic and Ascension Is-
land.

Based on observations from the 1980s and 1990s, ozone
levels in the tropics have generally been considered to be
lower than in the middle- and high-latitude regions, with the
exception of the tropical Atlantic (Logan, 1999; Fishman et
al., 1990). However, with greater availability of ozone pro-
files across the tropics we can now demonstrate that tropical
India, Southeast Asia, and Malaysia and Indonesia are among
the most polluted regions and are comparable to the midlat-
itude regions in terms of ozone pollution (Fig. 2). We note
that this unique finding regarding India only pertains to the
tropical regions as ozone enhancements across northern In-
dia were detected by the TOMS (Total Ozone Mapping Spec-
trometer) or SBUV (Solar Backscatter Ultraviolet Radiome-
ter) instruments as far back as 1979 (Gaudel et al., 2018).

3.2 Tropical Tropospheric Column Ozone (TTCO)

Figure 3 shows the tropical tropospheric column ozone
(TTCO) for SHADOZ, TAGOS, and ATom and for the six
satellite records (OMI, OMPS/MERRA-2, TROPOMI, CrIS,
OMI/MLS, and IASI/GOME?2). As mentioned in Sect. 2, we
focus on the 2014-2019 time period to study the TTCO dis-
tribution. However, ATom data are only available between
2016 and 2018, and some satellite records only cover 1 or
2 years within the 5-year period we have chosen. The in
situ columns in Dobson units (DU) shown in the first panel
in Fig. 3 are from the surface to 270 hPa, with ozone vary-
ing between 11 and 33 DU. When the TTCO is calculated
with profiles extending up to 150 hPa (second panel in Fig. 3
with SHADOZ only), ozone varies between 18 and 39 DU.
As seen with the profiles (Sect. 3.1), the minimum TTCO
values are observed over the Pacific Ocean and the maxi-
mum TTCO values are observed over the Atlantic, Africa,
India, and Hanoi. The six satellite records reproduce the
variability of ozone with longitude quite well. However, the
range of TTCO values varies by product. TTCO values un-
der 20 DU are found over the Pacific Ocean with OMI CCD,
TROPOMI, and IASI/GOME?2 and over southern Asia with
IASI/GOME2. TTCO values above 30DU are found over
the Atlantic Ocean with all satellite records except IASI/-
GOME2 and over Africa, India, and Southeast Asia with
OMPS/MERRA-2, CrIS, and OMI/MLS.
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Annual Ozone profiles from IAGOS, SHADOZ [2014-2019], and ATom [2016-2018]
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Figure 2. Distribution of tropical tropospheric ozone (TTO) showing annual 50th (a, d, g), 5th (b, e, h), and 95th (¢, f, i) percentiles of ozone
profiles (nmol mol~1) measured by IAGOS (a—c), SHADOZ (d-f) (both between 2014 and 2019), and ATom (g—i) between 2016 and 2018.
The colors correspond to the IAGOS, ATom regions, and SHADOZ sites (see Fig. 1). The northern China and Korea (NE_China_Korea)
region from IAGOS data is plotted in gray on all panels as a reference for midlatitude polluted regions.

Qualitatively, the mid- to upper-tropospheric ozone max-
imum above the Atlantic and Africa is well known (Fish-
man and Larsen, 1987; Thompson et al., 2003) and explained
by subsidence of air masses rich in ozone (Krishnamurti
et al., 1996; Thompson et al., 2000, 2003), emissions of
lightning NO, (LiNOy; Sauvage et al., 2007a, b), emissions
of CO/VOCs (volatile organic compounds) from biomass
burning (Ziemke et al., 2009; Bourgeois et al., 2021), and
urban emissions (Tsivlidou et al., 2023). Hanoi, at the north-
ern edge of our domain, shows previously documented large
ozone enhancements (Ogino et al., 2022), equivalent to those
above Africa and the Atlantic. A new maximum, equivalent
to that found above Africa, is now detected over India, mostly
related to human activities (fossil fuel combustion and agri-
culture burning) (Singh and Chauhan, 2020).

However, the accurate quantification of TTCO remains a
challenge. The following section quantifies the differences
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between the satellite and in situ data in order to improve the
accuracy of TTCO estimates from space.

3.3 How do the current tropospheric ozone satellite
records perform?

The overall satellite biases of TTCO against in situ TTCO
from TAGOS, ATom, and SHADOZ are shown in Fig. 4. All
satellite TTCO values show an expected positive offset since
the top level of the satellite TTCO lies higher than that of
the in situ data, except for TROPOMI and IASI/GOME2.
The mean differences vary from 0 to 9 DU. Figure 4 shows a
mean TTCO bias of 2 DU for TROPOMI and no TTCO bias
for IASI/GOME2. For TROPOMI and IASI/GOME?2, show-
ing the lowest TTCO biases, the sign of the differences can
change with location (Fig. S18). TROPOMI shows positive
TTCO biases of 1-4 DU from the Pacific to Africa and neg-
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Figure 3. Annual tropical tropospheric column ozone (TTCO, surface-270 hPa) from in situ data (IAGOS, SHADOZ between 2014 and
2019, and ATom between 2016 and 2018) (top panel) and TTCO (surface—150 hPa) from SHADOZ (second panel) between 2014 and 2019,
as well as from OMI (surface to 100 hPa, 2014-2019), OMPS/MERRA-2 (surface to potential temperature at 380 K, 2014-2019), TROPOMI
(surface to 270 hPa, 2019), CrIS (surface to 2016-2019), OMI/MLS (surface to thermal tropopause, 2014-2019), and IASI/GOME?2 (surface

to 12km, 2017-2019).

ative biases of 1-2 DU above India as well as Indonesia and
Malaysia. IASI/GOME?2 also shows negative TTCO biases
of 1-5DU above India and Indonesia—Malaysia. When us-
ing only SHADOZ data, rather than all three in situ datasets,
as a reference for the TTCO from the surface to 270 hPa
(Fig. S19), the mean biases remain the same (compared to
Fig. 4), whereas the correlation coefficient and the mean nor-
malized biases increase.

Because four satellite records (OMI, OMPS/MERRA-2,
CrIS, and OMI/MLS) show TTCO from the surface to 100—
150 hPa, altitudes that the IAGOS aircraft do not reach,
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we compare them to SHADOZ TTCO from the surface to
150hPa (Fig. 5). Both the biases and the correlation coef-
ficients improve when compared to results for TTCO up to
270 hPa, except for IASI/GOME2 for which the bias became
negative (—5 DU). These results illustrate that differences in
the definition of the top level of the tropospheric column play
an important role in observed differences between satellite
TTCO and in situ TTCO ozone data. There is hence a need
for a common tropospheric column definition to make satel-
lite TTCO estimates comparable among each other and with
in situ data.
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Figure 4. Scatter plot of the monthly TTCO from OMI, OMPS/MERRA-2, TROPOMI, CrIS, OMI/MLS, and IASI/GOME?2 satellite records
compared with the in situ TTCO from IAGOS (dark blue triangles), ATom (cyan triangles), and SHADOZ (orange circles) between 2014
and 2019. The in situ TTCO values are calculated between the surface and 270 hPa. The TTCO for all satellite data extends much higher
(typically up to 100-150hPa), except for TROPOMI (TTCO calculated from the surface up to 270 hPa) and IASI/GOME2 (TTCO up to
12 km or up to 200 hPa) (Fig. S1). The linear least-squares regression is shown in red. The linear orthogonal distance regression is indicated
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shown in black. N corresponds to the number of months with both in situ and satellite data multiplied by the number of IAGOS regions,

ATom regions, and SHADOZ sites over the time period 2014-2019.

Looking at the SHADOZ sites individually (Fig. S20), the
biases became closer to zero above Ascension Island (tropi-
cal Atlantic) and Natal (Brazil) when the top level of the col-
umn was changed from 270 to 150 hPa. However, the satel-
lite TTCO records with the top level of the column higher
than 270hPa (all satellites except TROPOMI and IASI/-
GOMEY2) still overestimate TTCO after changing the refer-
ence SHADOZ TTCO’s top level from 270 to 150 hPa.

The biases of TROPOMI reported in Figs. 4, S11, and 5
are in the range of those reported in Hubert et al. (2021) with
a bias of 2.3+ 1.9DU when compared with the SHADOZ
ozonesondes. Biases estimated for TROPOMI and IASI/-
GOME?2 using the three in situ TTCO datasets from the
surface to 270 hPa (Fig. 4), and biases estimated for OMI,
OMPS/MERRA-2, CrlS, and OMI/MLS using SHADOZ
TTCO from the surface to 150 hPa (Fig. 5), are applied to
improve the accuracy of estimates of the tropospheric ozone
burden (TOB), as described in Sect. 3.5.
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3.4 Ozone changes with time

The estimation of trends of tropospheric ozone in the trop-
ics based on in situ observations is a difficult task as the
data are sparse in time and space, as discussed below.
In this study, the Americas, Africa, Southeast Asia, and
Malaysia and Indonesia are regions sampled both by IA-
GOS and SHADOZ, allowing us to improve the trend es-
timates in the free troposphere (above 700 hPa) by fusing
both datasets to achieve a greater sample size and a bet-
ter representation of regional ozone variability (Sects. 2.5,
S1, Figs. S2-S3 and S12-S14). Figure 6 shows trends
from the fused datasets. We observed increasing ozone
levels between 1994 and 2019 over the Americas (trends
ranging from —0.3 4 0.6 to 1.8+ 0.7 nmol mol~! decade ™!
with the vertical levels), Africa (from —0.3+0.6 to 7.4+
0.4 nmol mol ™~} decade’l), India (from 094+1.4 to 11+
2.4 nmol mol~! decade™!), Southeast Asia (from 2.5+0.4 to
5.1 4 0.8 nmol mol~! decade™!), and Malaysia and Indone-
sia (from 0.5£0.6 to 8.0+0.8 nmol mol~! decade™1). In the
boundary layer (< 700 hPa), local air masses sampled above
SHADOQZ sites and IAGOS airports are likely very different
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Individual monthly TCO from Satellite versus TCO [surface-150hPa] from SHADOZ [2014-2019] - Nprof/month > 0
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Figure 5. Same as Fig. 4 but for satellite data compared with SHADOZ TTCO integrated between the surface and 150 hPa.

in terms of emissions, photochemistry, and air mass history,
which may explain higher differences between the fused and
TAGOS trends than in the free troposphere (Fig. S21). The
strongest trend we find is 12.5+2.2 nmol mol~! decade ™! in
the boundary layer over Malaysia and Indonesia using TA-
GOS data only (Fig. S21). Malaysia—Indonesia is the region
for which the number of years with missing IAGOS data is
excessive (Fig. S14). As shown by Gaudel et al. (2020), the
“L” shape of the trends, with a rather constant trend above
the 700 hPa level and larger trends in the boundary layer, is
common to the studied tropical regions except for Southeast
Asia, which shows similar trends in both the boundary layer
and in the free troposphere. Taking the fused trends as the ref-
erence, we find that the trends estimated using TAGOS data
only tend to be overestimated by 1-2 nmol mol~! decade™!
at 700-500 hPa, except over the Americas, and underesti-
mated by 0.5-1 nmol mol~! decade™! at 500-250 hPa, ex-
cept over Malaysia and Indonesia. Only IAGOS ozone pro-
files are available over India, and the trends in this region can
reach up to 6.7+ 1.8 nmol mol~! decade™! at 350 hPa, which
exceed the trends over the other regions at the same vertical
level.

Satellite data from OMI are available continuously since
2004 and 15-year trends can now be estimated. The interan-
nual variability of the TTCO from satellite and in situ data is
shown in Fig. S22. Several time series of the monthly mean
of tropospheric ozone above Malaysia and Indonesia show
the influence of climate variability such as El Nifio and re-
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lated fires. For example, we see a peak of ozone in Septem-
ber 2015, in agreement with a peak of CO emissions due to
biomass burning above equatorial Asia (Fig. S23; Mead et
al., 2018).

Figure 7 and Table 1 show the trend estimates of TTCO
in nmolmol~! decade™! from OMI CCD, OMI/MLS, and
in situ data between 2004 and 2019. The in situ trends be-
tween 2004 and 2019 (Fig. S24 and Table 1) are nega-
tive for Samoa (—1.1£1.9 nmol mol~! decade™!), the Amer-
icas (—1.3+0.4 nmol mol~! decade™!), Natal and Ascen-
sion Island (—0.6+0.5nmolmol~! decade™"), and India
(—1.2 4 1.8 nmol mol~! decade™!) and positive for west-
ern Africa (0.4 + 1 nmolmol~! decade™'), Southeast Asia
(2.9 4 1.4 nmol mol~! decade™"), and Malaysia and Indone-
sia (3.4 % 1.3 nmol mol~! decade™!). The presence of neg-
ative trends above some regions for the shorter 2004—
2019 period differs greatly from the longer 1994-2019
time period, which had no time series with negative trends
except above Samoa (Fig. 7, Table 1). They also dif-
fer from the positive trends shown by the satellite data
(full record, Fig. 7, Table 1). The satellite trends vary be-
tween 0.9 & 1.3 nmol mol~! decade™! over India and 2.3 +
1.3 nmol mol~! decade ™! over Southeast Asia with OMI and
between 0.4 +0.8 nmol mol~! decade ™! over western Africa
and 1.740.8 nmol mol~! decade ™! over Southeast Asia with
OMI/MLS (Fig. 7, Table 1).

Discrepancies between satellites and in situ observations
in assessing trends may be caused by (i) the different def-
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50th percentile ozone trends [1994-2019]
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Figure 6. Vertical profiles of ozone trends (nmol mol ! decade_l)
between 1994 and 2019 at 50hPa vertical resolution. Trends are
calculated for the five IAGOS regions in the tropics: the Americas,
western Africa, India, Southeast Asia, and Malaysia and Indonesia.
SHADOZ data are available for three out of the five IAGOS regions
and used to produce fused trends (IAGOS + SHADOZ). Filled cir-
cles indicate trends with p values less than 0.05. Open circles in-
dicate trends with p values between 0.05 and 0.1. The zero-trend
value is indicated with a vertical black line. The vertical range below
700 hPa is shaded gray to indicate that the fused trends are based on
several sites and airports influenced by different local air masses.
The 20 values associated with the ozone trends are shown in shaded
colors.

initions of the tropospheric column (100 or 200hPa or
tropopause defined with the temperature lapse rate), (ii) the
diminished sensitivity of the space-based instruments in the
boundary layer, or (iii) the limited data availability and rel-
atively short record that may lead to less accurate and pre-
cise trends (Figs. S2 and S3). In particular, we highlight pre-
vious research that has demonstrated the difficulty in de-
tecting ozone trends in time series that are noisy and/or
sparsely sampled (Weatherhead et al., 1998; Fischer et al.,
2011; Barnes et al., 2016; Fiore et al., 2022). These stud-
ies show that 20 years of observations, or more, are needed
for trend detection and that model ensembles (based on dif-
fering initial conditions) can produce trends for a given lo-
cation that vary so widely that even the sign can fluctu-
ate between positive and negative when dealing with time
periods shorter than 20 years. Furthermore, previous stud-
ies of in situ ozone profiles concluded that a sampling fre-
quency of once per week generally fails to produce accu-
rate monthly mean and trend values (Logan, 1999; Saunois
et al., 2012; Chang et al., 2020, 2022). Consistent with these
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previous studies, we conducted our own analysis of tropi-
cal ozone time series (see the Sect. S1) and found that these
sparsely sampled datasets have very low signal-to-noise ra-
tios, which makes trend detection very difficult, especially
when a time series is less than 20 years in length (Chang
et al.,, 2020, 2022). The comparison between the in situ
and satellite trends is only 15 years in length (2004-2019),
and the in situ datasets are sparsely sampled, characteris-
tics consistent with known challenges for trend detection.
Furthermore, we point out that the robustness of the posi-
tive trends from the satellite records is greatly diminished,
and even becomes undetectable, when we reduce the sam-
ple size of the satellite data in the IAGOS regions to match
the sparse sampling frequency of the aircraft observations
(Fig. S25). For example, when the satellite data are fully sam-
pled across the five IAGOS domains, all trends are positive,
within the range 0.4 40.8 to 2.3 4 1.3 nmol mol~! decade™!.
But when the satellite sample sizes are reduced so that they
only coincide with the specific months and grid cells sam-
pled by the IAGOS aircraft, the range of the trends more
than doubles and even includes negative values (—3.1 +2.6
to +3.6 £ 2.1 nmol mol ! decade!). This increased uncer-
tainty is an expected outcome of decreased sampling fre-
quency, as illustrated in Fig. S2.

The color scheme in Table 1 reflects our overall confi-
dence in the presence of in situ trend estimates, according
to the number of missing monthly values, monthly average
data availability, the length of study period, and the p value
of the trend estimate (the trends are confident only if a low
p value and high data coverage are met; see Appendix A for
further details and Sect. S3 for a discussion of the confidence
assigned to each region). When assigning a level of confi-
dence to a trend we weigh the p value and the data coverage
and ask the following question: are we confident that a pos-
itive or negative trend is reliable? For example, if a positive
trend has a low p value but also low data coverage then our
confidence that the trend is reliable is diminished. Western
Africa is the only region in this study with sufficient sam-
pling for reliable trend detection with high confidence (1994—
2019). Trends derived from the other in situ time series only
have low or medium confidence due to sampling deficien-
cies and/or low estimation certainty (based on the p value).
When we compare the satellite trends to the in situ trends
we find that they are consistent for Southeast Asia, with all
three datasets showing positive trends. In the other regions
we find discrepancies between the in situ and satellite trends,
but in these regions, we do not have high confidence in the
in situ trends, and therefore there is no reason to reject the
satellite trend values, which generally indicate an increase in
ozone in the study regions. However, the discrepancies be-
tween satellite and in situ trends in the Americas and Na-
tal + Ascension Island are nuanced and require further dis-
cussion. In the region of the Americas we assigned medium
confidence to the decreasing ozone trends based on the in situ
observations, which contrasts strongly with the clear pos-
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Decadal ozone trends for 2004-2019, based on the annual ozone anomaly relative to 2004-2019
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Figure 7. TTCO trends (nmol mol ™! decade_l) between 2004 and 2019 from IAGOS (crosses), SHADOZ (squares), IAGOS fused with
SHADOZ (circles), OMI (triangles up), and OMI/MLS (triangles down) above the five continental IAGOS regions (Americas, Africa, India,
Southeast Asia, and Malaysia and Indonesia) and two oceanic SHADOZ regions (Samoa and Natal + Ascension Island). Panel (a) shows
the trends of ozone as a function of latitude. Panel (b) shows the trends of ozone on the map with the black rectangles demarcating the five
IAGOS regions. On the map, the longitude of the crosses, circles, triangles, and squares are arbitrary and the latitude is the mean latitude of
the black rectangles or relative to the SHADOZ sites. The direction of the arrows shows the magnitude of the trends and the colors indicate
the p value. The TTCO trends from in situ data are calculated from the monthly TTCO between the surface and 100 hPa, except over India
where IAGOS profiles are available between the surface and around 200 hPa. The TTCO trends from OMI and OMI/MLS are calculated
from the monthly TTCO defined between the surface and around 102—-105 hPa (Fig. S1).

itive trends based on the satellite data. When we reduced
the satellite sampling coverage to match the locations and
months with IAGOS observations, we found that the satellite
trends switched from clear positive trends to clear negative
trends (Fig. S25). This exercise indicates that the available
in situ observations are not representative of the large region,
and therefore they do not provide sufficient justification for
rejecting the positive trends reported by the satellite data.
In situ ozone trends above Natal 4+ Ascension Island have
a weak negative trend (—0.62 4 0.54 nmol mol~! decade™")
with medium confidence, while the satellite trends show
weak positive trends. While the divergence between the pos-
itive and negative trends is small over this short time period
(2-3nmol mol~! over 15 years), this discrepancy warrants
further investigation to determine the differences between the
satellite and in situ time series trends.

3.5 Comparison to previous studies

ozonesondes from the SHADOZ net-
work, Thompson et al. (2021) found positive
annual trends of about 1.24+3%decade™ to
1.9 + 3 % decade™! (0.08 + 1.68 nmol mol~! decade™!
to 0.78 & 1.66 nmol mol~! decade™!) between 1998 and
2019 at 5-10km (~500-250hPa) across the tropical
belt. They reported maximum trends (1.9 +3 % decade™")
above Malaysia and Indonesia (Kuala Lumpur+ Java)
as well as the Americas (San Cristobal 4+ Paramaribo)

Using the
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and minimum trends (1.2+3 % decade™!) above Africa
(Nairobi). The SHADOZ trends are slightly lower than the
TAGOS + SHADOZ fused trends or IAGOS trends, which
may be explained by the different starting points of the time
series (1998 for SHADOZ data and 1994 for IAGOS data),
but they are all positive.

Previous studies of TTCO trends from satellite data relied
on data harmonization in order to combine several satellite
records into a time series spanning at least 2 decades and
to better account for the climate variability in the trend esti-
mates (Heue et al., 2016; Leventidou et al., 2018; Ziemke et
al., 2019; Pope et al., 2023). Heue et al. (2016) found a trop-
ical trend of 0.7 £0.12DU decade™!, with regional trends
ranging from 41.8 DU decade™! on the African Atlantic
coast to —0.8 DU decade™! over the western Pacific Ocean.
Leventidou et al. (2018) reported positive trends of TTCO
of 1 to 1.5DU decade™! between 1996 and 2015 over north-
ern South America, North Africa, southern Africa, and In-
dia and negative trends of —1.2 to —1.9 DU decade™! above
the oceans (Pacific, Atlantic, Indian oceans). Using TOMS—
OMI/MLS, Ziemke et al. (2019) reported positive trends be-
tween 1979 and 2016 across the tropical latitude band 20° S—
20° N except above the southeastern tropical Pacific Ocean
and southeastern Indian Ocean. The highest positive trends
(up to 1.3DU decade!) were found above South—Southeast
Asia and central Africa. Finally, a new harmonized product
that quantifies ozone between the surface and 450 hPa reports
much higher tropical trends than the other studies, with in-
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creases of 2.9+ 1.6DU decade™! for the southern tropical
band (0-15°S) and 3.9 4+ 1.8 DU decade™! for the northern
tropical band (0-15°N) for the years 1996-2017 (Pope et
al., 2023). While these findings vary regarding the magnitude
of trends in the tropics, when taken into consideration with
the 1994-2019 in situ trends reported by the present study,
the preponderance of evidence indicates a general increase
in TTCO since the mid-1990s.

Wang et al. (2022) report an increase in TTCO (950—
250 hPa) trends using the GEOS-Chem chemical transport
model above the IAGOS regions and SHADOZ sites be-
tween 1995 and 2017, except above Samoa. The trends vary
with location between —0.60 4 0.38 nmol mol~! decade™!
above Samoa and 2.87 4 0.23 nmol mol~! decade™!. In gen-
eral, they find that the TTCO trends from the model are lower
by 1-3 nmol mol~! decade™! than from the observations, ex-
cept above Paramaribo.

3.6 Tropical tropospheric ozone burden

Figure 8 shows the time series of the tropical tropospheric
ozone burden (TTOB, Tg) from six satellite records. As
described in the Methods section, OMI/MLS, OMI CCD,
OMPS/MERRA-2, TROPOMI, CrIS, and IASI/GOME?2 are
sampled in the 20° S-20°N latitude band. For both hemi-
spheres we find two distinguished groups in terms of TTOB
(Fig. 8, panels a and c): (i) TROPOMI and TASI/GOME2
with a range of TTOB of 35-45Tg and (ii) OMI/MLS,
OMPS/MERRA-2, and CrIS with a range of TTOB of 40—
65 Tg. These differences are explained by the difference
of the upper bound of the tropospheric column (lower for
TROPOMI and TASI/GOME?2 than for the other satellite
data). OMI CCD TTOB (35-55 Tg) falls between these two
groups. The seasonal variability of TTOB is lower in the
Northern Hemisphere than in the Southern Hemisphere.

The biases calculated from the scatter plots of satellite
versus ozonesondes (Figs. 4 and 5) are used to correct the
satellite time series. The adjustment reduced the differences
by about 10 Tg in the Northern Hemisphere and by 5 Tg in
the Southern Hemisphere between the two groups mentioned
above. After adjustment, OMI CCD TTOB become close
to (Northern Hemisphere) or higher than (Southern Hemi-
sphere) OMI/MLS TTOB. In the Northern Hemisphere, after
adjustment (Fig. 8, panels b and d, and Table 2), TROPOMI
TTOB (30-40Tg) is lower than for the other datasets (40—
55Tg). In the Southern Hemisphere, it is difficult to dis-
tinguish the two groups after adjustment. TROPOMI TTOB
(3048 Tg) shows lower values than the other datasets (30—
60Tg) but the average differences are smaller than in the
Northern Hemisphere.

Table 2 summarizes TTOB trends from this study and
from TOAR-Climate (Gaudel et al., 2018). Trends are pos-
itive and higher in the Northern Hemisphere (1.6+1.1
to 5.7+2.5Tgdecade™!) than the Southern Hemisphere
(09+22t05.1+4.5Tg decade™!). Because TTOB trends
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in Tgdecade™! can increase with the width of the latitude
band (assuming trends are all positive across the range of lat-
itudes considered), we also report trends in % decade™! to
compare trends between different latitude bands. The 2004—
2016 OMI/MLS trends in the 0-30° north and south latitude
bands are higher by a factor of 3 or 5 than the 2004-2019
OMI/MLS trends in the 0-20° north and south latitude bands.
These differences might be explained by the influence of the
larger increases in subtropical tropospheric ozone.

4 Conclusions

Long and midterm records of tropospheric ozone from IA-
GOS, SHADQOZ, and OMI, as well as new observations from
the ATom aircraft campaign and the CrIS and IASI/GOME2
satellite instruments, are now available in the tropics, a re-
gion undergoing rapid changes in terms of human activity
and emissions of ozone precursors. The present study takes
advantage of these new data records to assess the distribution
of tropical tropospheric ozone, and it uses the longest records
to assess its trends.

Present-day distribution

— With greater availability of ozone profiles across the
tropics we can now demonstrate that southern India is
among the most polluted regions (western Africa, trop-
ical South Atlantic, Southeast Asia, Malaysia and In-
donesia), with 95th percentile ozone values reaching
80 nmol mol~! in the lower free troposphere, compara-
ble to midlatitude regions, such as northeastern China
and Korea — Sect. 3.1, Fig. 2.

— The lowest ozone values (5th percentile) are less than
10nmolmol~! and are observed by SHADOZ and
ATom in the boundary layer (below 700 hPa) above the
Americas and the tropical South Pacific — Sect. 3.1,
Fig. 2.

— From space, the distribution of tropical tropospheric
column ozone (TTCO) ranges from 10 to 40 DU in the
20° S-20° N latitude band — Sect. 3.2, Fig. 3.

— The definition of the tropospheric column plays an im-
portant role in assessing tropical tropospheric ozone.
Satellite data with a higher upper limit overestimate
tropical column ozone compared to in situ data. Mean
biases reach up to 9DU for OMPS/MERRA-2 when
compared to IAGOS, ATom, and SHADOZ. The bias
is 0 for TASI/GOME?2 for which the column definition
matches the in situ observations — Sect. 3.3, Fig. 4

— The smallest biases (< 2 DU) are found when matching
the top limit of the in situ profiles to that of the OMI,
TROPOMI, and IASI/GOME?2 satellite records — Sect.
3.3, Figs. 4 and 5.
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Table 1. Summary of the TTCO trends in nmol mol~! decade™! from IAGOS, SHADOZ, OMI/MLS, and OMI CCD. The sampling column
reports three numbers for the in situ data: (i) the number on the top refers to the average number of profiles per month taking into account all
the months with profiles, (ii) the number in the middle refers to the percentage of months with data for the studied time period (1994-2019 or
2004-2019), and (iii) the number on the bottom refers to the total number of profiles for the studied time period (1994-2019 or 2004-2019).
For the satellites, the sampling column reports “full” when the full record is taken into account and “filtered”” when the satellite sample sizes
have been greatly reduced so that they only coincide with the specific months and grid cells sampled by the IAGOS aircraft. In the table we
indicate when the ozone trends from the in situ data are characterized with low confidence (*), medium confidence (**), and high confidence
(***) based on the sampling and the p value.

1994-2019 2004-2019
Trends + 20 p value Sampling Trends £ 20 p value Sampling
(nmol mol—! decade™ 1) (nmol mol—! decade™ 1)
IAGOS Western Africa  2.34 £ 0.48%** < 0.01 18.8 0.44 4-1.04* 0.40 20.2
71.8 % 66.7 %
3411 2261
India 5.68 + 1.06** < 0.01 7.6 —1.21+1.76* 0.17 8.5
66.7 % 67.7 %
1574 1100
SHADOZ Samoa —0.03£1.21* 0.97 32 —1.13 £1.90* 0.23 3.1
92.8 % 91.6 %
779 537
Natal + 0.49 £ 0.49** 0.04 6.3 —0.62 4 0.54** 0.01 6.0
Ascension 90.4 % 87.2 %
Island 1426 939
Fused Americas 0.47 £0.79* 0.36 12.2 —1.334+0.39** < 0.01 10.7
IAGOS + 92.2 % 93.6 %
SHADOZ 3642 2036
Southeast Asia ~ 3.51 £0.78** < 0.01 11.2 2.8541.38%* < 0.01 10.2
77.8 % 82.8 %
2501 1730
Malaysia/ 3.96 +0.53** < 0.01 5.0 3.42 4+1.35** < 0.01 4.7
Indonesia 89.8 % 89.9 %
1445 954
OMI CCD Americas 1.01£0.72 0.01 Full
—3.06£2.65 0.02 Filtered
Western Africa 1.10+£1.04 0.04 Full
—1.04+£3.08 0.50 Filtered
India 0.92+1.26 0.15 Full
1.20£2.95 0.42 Filtered
Southeast Asia 2.31+£1.34 < 0.01 Full
3.56+£2.08 < 0.01 Filtered
Malaysia/ 1.31+1.15 0.02 Full
Indonesia 2.26+3.42 0.19 Filtered
Samoa 1.24+1.17 0.04
Natal + 1.32+1.04 0.01
Ascension
Island
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1994-2019 ‘ 2004-2019
Trends + 20 p value Sampling Trends £ 20 p value Sampling
(nmol mol~! decade_l) (nmol mol~! decade_l)
OMI/MLS Americas 1.17£0.72 < 0.01 Full
—2.79+1.96 0.01 Filtered
Western Africa 0.41+0.80 0.30 Full
0.68 £3.95 0.73 Filtered
India 1.45+£0.79 < 0.01 Full
—1.64+£1.67 0.05 Filtered
Southeast Asia 1.69 +0.83 < 0.01 Full
2.46+1.85 0.01 Filtered
Malaysia/ 0.55+£1.22 0.37 Full
Indonesia 1.39+4.36 0.53 Filtered
Samoa 0.63+1.34 0.35
Natal + 1.00£0.78 0.01
Ascension
Island

— The in situ observations were critical for adjusting the

biases in the satellite products, bringing them into closer
alignment. In the 20° S-20° N latitude band, the tropi-
cal tropospheric ozone burden (TTOB) is slightly larger
in the Northern Hemisphere (between 34.9+5.1 and
48.1£7.4Tg) than in the Southern Hemisphere (be-
tween 34.74+10.7 and 46.5 £ 14.2Tg). The seasonal
variability of TTOB is lower in the Northern Hemi-
sphere than in the Southern Hemisphere — Sect. 3.6,
Fig. 8, and Table 2.

Trends

— When focusing on the longest available records ex-

ceeding 20 years (1994-2019, IAGOS/SHADOZ data
reported in this study) or 30 years (1979-2016 satel-
lite record reported by Ziemke et al., 2019) we see
a consistent picture of increasing ozone across the
tropics. IAGOS and SHADOZ data were fused to in-
crease the sample sizes and to improve the statistics
of the data over three out of the five IAGOS regions:
the Americas, Southeast Asia, and Malaysia and In-
donesia (western Africa and India with no SHADOZ
data). India and Malaysia—Indonesia are the regions
with the strongest ozone increase below 800 hPa (11 &
2.4 and 8 + 0.8 nmol mol~! decade™! close to the sur-
face, respectively) and India above 400hPa (up to
6.8 &+ 1.8 nmol mol—! decade™!). Southeast Asia and
Malaysia—Indonesia show the highest increase in the
mid-troposphere (550-750 hPa, up to 3.4 £0.8 and 4 &
0.5 nmol mol~! decade ™", respectively). Trends of the
tropical tropospheric column ozone reflect these results.

https://doi.org/10.5194/acp-24-9975-2024

In terms of in situ trend reliability based on data avail-
ability and the p value of the trend estimate, we have
the most confidence in western Africa (while it is still
not ideal due to moderate data gaps) and the least confi-
dence in Samoa and the Americas — Sect. 3.4, Fig. 6.

For shorter time periods (< 20 years) trend detection
can be even more challenging due to the larger ad-
ditional uncertainty associated with sparsely sampled
ozone records — Sect. 3.4, Figs. 7, and S24.

The OMI and OMI/MLS satellite records have a
very high sampling frequency compared to the
sparse in situ datasets and mostly show positive 15-
year (2004-2019) trends above the IAGOS regions
(from 0.5541.22 to 2.31 £ 1.34 nmol mol~! decade™!),
with the maximum trends over Southeast Asia of
2.31 = 1.34 nmol mol~! decade™! with OMI CCD and
1.69 £ 0.89 nmol mol ! decade ! with OMI/MLS. The
strongest agreement between satellite and in situ trends
is found above Southeast Asia where TTCO had in-
creased at a rate of about 2-3 nmol mol~! decade™!.
These trends are consistent with the results from Ziemke
et al. (2019) using TOMS-OMI/MLS records and
Gaudel et al. (2020) using TAGOS ozone profiles.
Above the other regions, we only have low to medium
confidence in the in situ trends; therefore, we concluded
that we have no reason to reject the positive tropical
tropospheric ozone trends based on satellite data. How-
ever, the discrepancy between the weak positive satel-
lite trends and the weak negative in situ trends above
Natal + Ascension Island warrants further investigation
—Sect. 3.4 and 3.5, Fig. 7, and Table 1.
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Figure 8. Time series of tropospheric ozone burden (Tg) from OMI/MLS, OMPS/MERR?2, OMI CCD, TROPOMI, CrIS, and IASI/GOME2.
The panels show the monthly means for the Northern Hemisphere (a, b) and the Southern Hemisphere (¢, d) before and after bias correction.
The biases we used are in Dobson units (DU) and from the differences between IASI/GOME2 and TROPOMI TTCO using the reference
TTCO up to 270 hPa and between OMI, OMI/MLS, OMPS/MERRA-2, CrIS, and TTCO using the reference TTCO up to 150 hPa (Figs. 4

and 5).

Table 2. Summary of tropical tropospheric ozone burden values and trends.

Latitude Tropospheric ozone burden Trends
band
Period Instrument/ Values Period Instrument  Values Values
model Tg Tg decade™' % decade™!
This study 0-20°N 2004-2021  OMI/MLS 46.6+7.0 2004-2019 OMI/MLS l.6£1.1 3+2
(these numbers are 2004-2021 OMI 4594+6.8 2004-2019 OMI 244+1.1 5£2
corrected using bias 2012-2021  OMPS 48.1+74
results from Fig. 5) 20162021  CrlIS 46.4+7.5
20172021  IASI/GOME2 38.1£5.9
2019 TROPOMI 349+5.1
0-20°S 2004-2021  OMI/MLS 449+13.0 2004-2019  OMI/MLS 09+22 2+£5
2004-2021  OMI 46.5+14.2 2004-2019  OMI 19+24 4+5
2012-2021  OMPS 453+15.1
20162021  CrlIS 44.6+13.4
20172021  TASI/GOME2 37.1£8.6
2019 TROPOMI 34.7+£10.7
TOAR-Climate 0-30°N ‘ 20042016  OMI/MLS 57+£25 743
(Figs. S28, S29)
0-30°S ‘ 20042016  OMI/MLS 5145 6£5.6
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This study demonstrates that most tropical regions require
increased and/or continuous sampling (in situ and remote
sensing) of ozone because either there are no data or the data
are so sparse that it is difficult to estimate accurate and pre-
cise trends to evaluate the satellite records. However, we also
demonstrate that the current sampling frequency is adequate
for bias-correcting the satellite products, as shown in Fig. 8.

TROPOMI, TIASI/GOME2, CrIS, and OMPS/MERRA-2
are recently available satellite records, and their overlap for
several years with the OMI record will ensure the continu-
ity of ozone and precursor observations from space when the
NASA Aura mission terminates by 2025. GEMS, the only
geostationary mission covering the tropics (tropical Asia),
will bring new capabilities in monitoring the region with the
strongest ozone increases in the world, with higher spatial
and temporal resolution than polar-orbiting instruments.

This study underscores the importance of harmonizing
TTCO data records such that they have a common vertical
top level of the tropospheric column. Additionally, there is a
pressing need for common profile retrieval schemes for dif-
ferent nadir sensors, such as those provided by initiatives like
TROPESS (TRopospheric Ozone and its Precursors from
Earth System Sounding, https://tes.jpl.nasa.gov/tropess/, last
access: 22 August 2023).

Moreover, to better understand the drivers behind the ob-
served increases in TTOB, it is essential to conduct simu-
lations using global chemical transport models, chemistry—
climate models, Earth system models, and regional models
spanning recent decades.

Encouragingly, these endeavors have been newly proposed
within the framework of the Tropospheric Ozone Assessment
Report phase II (TOAR-II), an initiative under the Interna-
tional Global Atmospheric Chemistry (IGAC) project. These
efforts will be the focus of forthcoming publications featured
in the TOAR-II Community Special Issue.

It is also worth noting that the TOAR-II Community Spe-
cial Issue will include similar trend analyses applied at the
global scale using IAGOS, ozonesondes, FTIR, and Brewer—
Dobson (Umkehr) data.

Appendix A

The Intergovernmental Panel on Climate Change (IPCC) de-
veloped a guidance note for the consistent treatment of un-
certainties (Mastrandrea et al., 2010) that was followed by
the fifth and sixth IPCC assessment reports. Among other ap-
plications, the calibrated language described by the guidance
note is helpful for the discussion of long-term trends and for
communicating the level of confidence that an author team
wishes to assign to a particular trend value or to an ensem-
ble of trend values. Confidence in the validity of a finding
is expressed qualitatively with five qualifiers (very low, low,
medium, high, and very high) based on the type, amount,
quality, and consistency of the available evidence, as well as
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the level of agreement among studies addressing the same
phenomenon (see Fig. 1 of Mastrandrea et al., 2010).

Following IPCC, the Tropospheric Ozone Assessment Re-
port (TOAR) developed its own guidance note on best statis-
tical practices for TOAR analyses, featuring an uncertainty
scale for assessing the reliability and likelihood of the es-
timated trend (Chang et al., 2023). The uncertainty scale
has five qualifiers as follows: very low certainty or no evi-
dence, low certainty, medium certainty, high certainty, and
very high certainty. Each qualifier corresponds to a range of
values associated with either the signal-to-noise ratio or the
p value of the trend. A limitation of the uncertainty scale is
that it is best suited for surface ozone time series with high-
frequency sampling, which allows for robust calculation of
monthly means, upon which the trends are calculated. For
the case of calculating trends based on sparse ozone profiles,
in many cases the monthly means are biased or unreliable
due to low sampling frequency, which adds additional uncer-
tainty to the calculation of the trend. Because the p value (or
the signal-to-noise ratio) of a trend based on monthly means
does not consider the impact of low sampling frequency on
the monthly means, we developed new calibrated language
to express our confidence in trends based on sparse ozone
profiles.

Following the methodology of IPCC (Mastrandrea et al.,
2010) Table Al presents a confidence scale that we use in
this present study to express our confidence in a trend based
on sparse ozone profiles (as reported in Table 1 in the main
text). Any line fit though a time series will produce a trend
value that is either positive or negative, and we use this scale
to answer the following question: are we confident that a pos-
itive or negative trend is reliable? The confidence scale con-
siders both data coverage (based on the number of profiles
per month and continuity of sampling) and the estimation
of the uncertainty of the trend based on the p value and the
95 % confidence interval. Higher confidence can be placed on
trends with lower p values and greater data coverage, while
less confidence is placed on trends with relatively high p val-
ues and low data coverage. The selection of a particular con-
fidence level is qualitative, with no sharp boundaries; how-
ever, the following guidelines inform our decision-making.

Data coverage. Previous studies (Logan, 1999; Saunois et
al., 2012; Chang et al., 2020) have shown that sampling rates
of once per week (or less) fail to provide accurate monthly
means, while increased sampling rates of two or three times
per week are more accurate. The most accurate sampling rate
is four times per week or higher. Continuous data records
with no, or limited, gaps are more reliable than records with
multiple or large gaps. Data length also plays a role in trend
reliability. A time series with more than 90 % of months with
data and with more than 15 profiles per month is considered
to have high data coverage. A time series with 66 % to 90 %
of months with data and with 7—15 profiles per month is con-
sidered to have moderate data coverage (this also applies to a
region that only meets one condition for high data coverage).
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Table A1. Calibrated language for discussing confidence in long-term trend estimates based on ozone profiles. Data coverage refers to the
number of ozone profiles in a month and the number of months with available data. Estimation uncertainty refers to the uncertainty of a trend
line drawn through monthly means, as quantified by the p value and the 95 % confidence interval.

1 Data coverage

(based on the number of
profiles per month and
continuity of sampling)

medium confidence
low estimation certainty
high data coverage

high confidence
moderate estimation certainty
high data coverage

very high confidence
high estimation certainty
high data coverage

low confidence
low estimation certainty
moderate data coverage

medium confidence
moderate estimation certainty
moderate data coverage

high confidence
high estimation certainty
moderate data coverage

very low confidence or
no evidence

low estimation certainty
low data coverage

low confidence
moderate estimation certainty
low data coverage

medium confidence
high estimation certainty
low data coverage

Estimation uncertainty—

(based on p value)

A time series that has less than 66 % of months with data
or fewer than seven profiles per month has low data cover-
age. It should be noted that, based on our criteria, none of the
current study regions meet the criteria for high data coverage,
and therefore the top row in Table A1 is not applicable to this
study. In addition, since we derive the trends based on either
a 25-year or a 15-year record, it is natural to consider the
trends derived from a longer data record as more robust, as a
record length less than 2 decades is generally insufficient to
eliminate the impact of interannual variability (Weatherhead
et al., 1998; Barnes et al., 2016; Fiore et al., 2022). There-
fore, all of the time series in Table 1 with 15-year records are
considered to have low data coverage.

Estimation uncertainty. In general, lower p values and
higher signal-to-noise ratios are indicators of a robust trend.
The “Guidance note on best statistical practices for TOAR
analyses” (Chang et al., 2023) assigns the following de-
grees of certainty according to p value: very high certainty
(p <0.01), high certainty (0.05 > p > 0.01), medium cer-
tainty (0.10 > p > 0.05), low certainty (0.33 > p > 0.10),
and very low certainty or no evidence (p > 0.33). We ac-
knowledge that the trend calculation does not consider the
inherent quality of the data (i.e., accuracy and precision of the
data), which will be explored in future studies within TOAR
Phase II.

Data availability. The monthly quasi-biennial oscillation values
can be found at https://www.geo.fu-berlin.de/met/ag/strat/produkte/
gbo/gbo.dat (Freie Universitat Berlin, 2024). The monthly El Nifio—
Southern Oscillation index can be found at https://psl.noaa.gov/
enso/mei/ (NOAA PSL, 2024). ATom data are archived at https:
//daac.ornl.gov/ATOM/guides/ATom_merge.html and are published
through the Distributed Active Archive Center for Biogeochemical
Dynamics (Wofsy et al., 2018). IAGOS ozone profiles can be found
at https://iagos.aeris-data.fr/ (AERIS/IAGOS, 2024). SHADOZ
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ozone profiles can be found at https://tropo.gsfc.nasa.gov/shadoz/
(SHADOQOZ, 2024). IASI+GOME?2 satellite data can be found
at https://iasi.aeris-data.fr/o3_iago2/, last access: 8 February 2023
(AERIS/TASI, 2024). OMI CCD, OMI/MLS and OMPS/MERRA-2
can be found at https://acd-ext.gsfc.nasa.gov/Data_services/cloud_
slice/ (NASA, 2024a). TROPOMI CCD can be found at the
NASA EarthData repository: https://disc.gsfc.nasa.gov/datasets?
keywords=tropomi&page=1 (NASA, 2024b). CrIS can be found at
https://disc.gsfc.nasa.gov/ (NASA, 2024c) (see the Methods sec-
tion for more details on the data preprocessing). The fused datasets
and trends (including uncertainty and p value associated with the
trend estimate, as well as fitted coefficients for ENSO and QBO in
Eq. 1 of Sect. 2.5) can be found at https://csl.noaa.gov/groups/csl4/
modeldata/ (NOAA CSL/Chang K.-1., 2024).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-24-9975-2024-supplement.
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