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This study presents the first regional assessment of 
tropospheric ozone over South America for the early 
twenty-first century. We use observations from 14 
combined satellite records, two atmospheric reanal- 
yses, and model simulations to examine the spa- 
tial distribution, source contributions and trends in 
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ozone and its precursors. Satellites and reanalysis data reveal enhanced tropospheric column 
ozone over the mid-latitudes of the west coast and the subtropical east coast, with 2005–2021 
median values ( ± 2 σ) ranging from 46 [ ± 11] to 49 [ ± 9] nmol mol–1 . By contrast, the lowest ozone 
levels occur over the northwest (39 [ ± 8]–42 [ ± 8] nmol mol–1 ) and the southern cone (38 [ ± 11]–40 
[ ± 7] nmol mol–1 ). Tropospheric column ozone trends ( ± 2 σ) differ across South America (2005–
2021), reflecting substantial subregional and partial column variability. Satellite observations 
suggest an overall negative trend (low certainty), whereas reanalyses show positive trends with 
high certainty, ranging from + 0.55 [ ± 0.85] to + 0.85 [ ± 0.70] nmol mol–1 decade–1 . Model simula- 
tions identify global background methane as the dominant contributor to the South American 
tropospheric ozone burden, accounting for 41% (17 of 42 nmol mol–1 ), followed by global an- 
thropogenically emitted nitrogen oxides (31%). These findings improve our understanding of 
chemical processes and provide valuable inputs for assessing air quality and climate impacts. 

This article is part of the theme issue ‘Tropospheric Ozone Assessment Report II’. 

 with multiple chemical roles that im- 
rface and vertical distribution can have 
ng [2 –4 ]. Compared with the Northern 
n Hemisphere (SH) has been more chal- 
ced emission inventories, which in turn 
ical reanalysis [5 ]. Despite these limita- 
uthern mid-latitudes indicate medium 

e since the mid-1990s [6 ,7 ]. Moreover, 
north of the Equator to Subpolar Patag- 
ical and chemical processes influencing 
nd upper troposphere, further compli- 

sessment Report (TOAR-II) established 

ntributing papers to support the prepa- 
nal assessment is one of the core papers 
 first evaluation of tropospheric ozone 
rly twenty-first century. 

, biogenic volatile organic compounds 
 ozone over South America is based in 
paigns and ground-based observations 
nding body of work, we focus here on 
 recent literature. 
are primarily limited to urban agglom- 
ropical than in tropical cities [10 ]. For 
our average (MDA8) metric in Santiago 
rt-term exposure of 51 nmol mol–1 , rec- 
ching 60.7 [ ± 5.5] and 61.3 [ ± 2.6] nmol 
in the tropics, showed lower short-term 

pectively. Similarly, peak-season expo- 
ntiago (40.9 [ ± 2.9]) and São Paulo State 
ved in Bogotá (26.4 [ ± 3.1] nmol mol–1 ) 
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1. Introduction 

Ozone (O3 ) is a fundamental trace gas in the atmosphere
pact air quality and the climate system [1 ]. Changes in su
profound impacts on health, ecosystems and climate forci
Hemisphere (NH), estimating ozone trends in the Souther
lenging owing to sparse observations and regionally produ
affect the reliability of higher-level products such as chem
tions, observations of tropospheric column ozone in the so
confidence increases of less than 1 nmol mol− 1 per decad
South America, a vast and diverse region extending from 

onia (10◦N to 55◦S), is subject to multiple coupled dynam
ozone distribution at the surface, in the free troposphere a
cating the determination of long-term ozone trends. 

The second phase of the IGAC’s Tropospheric Ozone As
17 focus working groups (WGs), which produced a set of co
ration of the assessment papers. The South America regio
comprising the assessment report, aiming to produce the
distribution and trends over South America during the ea

(a) TOAR-II background and relevant literature 
Our understanding of the influence of biomass burning
(VOCs) and stratosphere–troposphere exchange (STE) on
part on foundational knowledge gained from aircraft cam
conducted since the 1980s [8 ,9 ]. Building on this long-sta
key twenty-first-century contributions from TOAR-II and

In South America, surface-level ozone measurements 
erations, with ozone exposure generally higher in extrat
the period 2017–2021, the present-day maximum daily 8 h
(mid-latitude) and São Paulo (subtropics) exceeded the sho
ommended by the World Health Organization (WHO), rea
mol–1 , respectively. By contrast, Bogotá and Quito, located 

exposures of 42.8 [ ± 3.6] and 38.6 [ ± 1.9] nmol mol–1 , res
sure exceeded the WHO guideline of 31 nmol mol–1 in Sa
(40.1 [ ± 1.7]). Lower peak-season levels were again obser
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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zone exposure in Bogotá and Quito is 
ervice Aircraft for a Global Observing 
Zonesondes (SHADOZ) networks over 
e was less than 40 nmol mol− 1 (10 nmol 

Table 1. Trend reliability scale according to TOAR-II recommendations [12 ]. 

p -value SNR value term 

p ≤ 0.01 SNR ≥ 3 very high certainty 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.05 ≥ p > 0.01 2 ≤ SNR < 3 high certainty 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.10 ≥ p > 0.05 1.65 ≤ SNR < 2 medium certainty 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.33 ≥ p > 0.10 1 ≤ SNR < 1.65 low certainty 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

p > 0.33 SNR < 1 very low certainty or no evidence 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

in several South American cities [10 ]. In 
sed at a rate of –0.19 [ ± 0.04] nmol mol–1 

ble 1 ). After 2017, however, an increase 
last 5 years (with very high certainty), 
rox. 2017–2023). In São Paulo, the me- 
–0.17 [ ± 0.23] nmol mol–1 yr–1 (very low 

] nmol mol–1 yr–1 was detected over the 
 accumulated increase of 4 nmol mol–1 . 
s observed from 2008 to 2021 (very low 

 2005 to 2011 at a rate of –0.22 [ ± 0.21] 
 further evidence of trend change. 
struments for Free Tropospheric Ozone 
eric column ozone (TC-O3 ) trends from 

ozonesonde data. The estimated trends 
.26 [ ± 1.02] nmol mol–1 decade–1 at Na- 
pics (OPT) focus WG applied a data- 
amaribo) and IAGOS (primarily from 

western South America between 1994 
 mol–1 decade–1 (medium confidence) 
cantly higher than between 1998 and 

shifting to slightly negative (with high 

 using Ozone Monitoring Instru- 
imated the TC-O3 trends over South 

 and OPT focus WGs, a positive trend 

d was observed between 30 and 60◦ S 
NO2 ) derived from OMI, Global Ozone 
rption spectroMeter for Atmospheric 
 confidence, except in specific regions 
where high-confidence increases were 
), based on daytime observations from 

), showed a South American trend of 
lumn formaldehyde (TC-CH2 O) exhib- 
creasing trends (with high confidence) 
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and Quito (26.7 [ ± 1.1] nmol mol–1 ). The relatively low o
consistent with vertical ozone profiles measured by In-s
System (IAGOS) and Southern Hemisphere ADditional O
the South American tropics, where the 50th (5th) percentil
mol− 1 ) from the surface to 200 hPa (700 hPa) [11 ]. 

Change points in the ozone trends have been detected 

Santiago, the median ozone trend from 1997 to 2017 decrea
yr–1 (very high certainty; see the trend reliability scale in ta
of + 0.62 [ ± 0.44] nmol mol–1 yr–1 was observed over the 
corresponding to an accumulated ozone of 3 nmol–1 (app
dian ozone trend from 1998 to 2008 decreased at a rate of 
certainty). After 2018, however, an increase of + 0.31 [ ± 0.23
subsequent 12 years (high certainty), corresponding to an
In Bogota, a flattened ozone trend in the 50th percentile wa
certainty). In Quito, median ozone trends decreased from
nmol mol–1 yr–1 (high certainty), after which there was no

The Harmonization and Evaluation of Ground-Based In
Measurements (HEGIFTOM) focus WG reported troposph
the surface to 300 hPa at two northeastern sites based on 
(low certainty) were + 0.40 [ ± 0.78] at Paramaribo and + 0
tal [13 ]. Similarly, the Ozone and Precursors in the Tro
fusion approach using SHADOZ (San Cristóbal and Par
Caracas and Bogotá) to assess ozone trends over north
and 2019. The estimated trend was + 0.47 [ ± 0.79] nmol
[11 ]. Between 1998 and 2023, the Natal trend was signifi
2019 [14 ]. However, for Paramaribo, the trend declined, 
confidence). 

The Tropospheric Ozone Precursors focus WG,
ment/Microwave Limb Sounder (OMI/MLS) data, est
America between 2005 and 2019. Similar to the HEGIFTOM
was found in the tropics (0–30◦ S), while a negative tren
[15 ]. Trends in tropospheric column nitrogen dioxide (TC-
Monitoring Experiment-2 and SCanning Imaging Abso
CHartographY (SCIAMACHY) data remain mostly low
such as northern and central Chile and southern Brazil, 
found. The tropospheric column carbon monoxide (TC-CO
Measurement of Pollution in the Troposphere (MOPITT
–0.14 [ ± 0.09]% per year. Meanwhile, the tropospheric co
ited increasing trends in Amazonia (central Brazil) and de

in the southern half of South America. 

yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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atosphere (UTLS) have a strong impact 
des, STE can substantially contribute to 
, the Tololo site in Chile (2220 m.a.s.l.; 
de World Meteorological Organization 
record to evaluate the impacts of STE. 
ol–1 yr–1 from 2006 to 2014 with a very 
crease in methane (CH4 ) following the 

d by biomass burning events in South 
ass burning from central South Amer- 
ynamics, and Chemistry (SouthTRAC) 
ing sources in central Africa was iden- 

en scarcer in southern South America. 
 ], low levels of surface ozone and a de- 
inty and a low rate ( − 0.07 nmol mol–1 

 stratospheric vortex in spring also af- 
ne [24 ]. Stratospheric sudden warming 
y gravity waves that can decelerate the 
hrough descending motion. As a result, 
 chlorine on polar stratospheric clouds, 

f stratospheric origin (300–200 hPa, 45–
nts from the High Altitude and Long 
November 2019 SouthTRAC mission. 
ercial aircraft, ozonesonde records and 

sis data [24 ]. The comparative analy- 
 the SH UTLS compared with the NH 

was 54% of the NH counterpart dur- 
ithout SSW. Intra-hemispheric ozone 

% ozone enhancement (31 [ ± 11] nmol 
ent during SSW years reached 24% 

nal processes that explain the distribu- 
recursors. To address information gaps 
alysis products and models with ozone 
R-II focus WGs. First, a TC-O3 dataset 
red with reanalysis data. Second, based 

 two reanalyses were applied to unmon- 
spheric Chemistry Reanalysis (TCR-2). 

x ) and reactive carbons (RCs) (CO, CH4 

al ozone using the Community Atmo- 
ulations enabled with an ozone tagging 
n of ozone and its precursors, identify 
 and provide policy-relevant key mes- 

Downloaded from ro
by guest
on 09 November 202
(b) Processes influencing South American ozone 
Changes in ozone within the upper troposphere-lower str
on atmospheric radiative forcing [16 ]. Over the mid-latitu
upper-tropospheric ozone [17 ]. In the subtropical Andean
30.17◦ S, 70.80◦ W) stands out as one of the few high-altitu
(WMO) stations with a sufficiently long and continuous 
At this location, ozone increased at a rate of + 0.29 nmol m
high certainty [10 ]. This trend coincided with the global in
plateau observed between 1999 and 2006 [18 ]. 

Moreover, the UTLS over South America is influence
America, Australia and central Africa [19 ]. Plumes of biom
ica were detected in the UTLS during the SH Transport, D
mission [20 ], while a cross-equatorial flux of biomass burn
tified through modelling and measurements [21 ,22 ]. 

Background monitoring stations at pristine sites are ev
At Ushuaia (Argentina), consistent with previous work [6
creasing ozone trend have been reported, with high certa
yr–1 ) [10 ]. Over these latitudes, the early breakup of the
fects the total column ozone [23 ], including the UTLS ozo
(SSW) events, which are rare events in the SH, are driven b
westerly polar night jet and warm the polar stratosphere t
SSW events reduce the heterogeneous formation of active
thereby limiting catalytic ozone depletion [25 ]. 

Hemispheric differences in UTLS ozone in air masses o
60◦ latitude) were investigated using in situ measureme
Range research aircraft deployed during the September–
These observations were complemented by IAGOS comm
the Copernicus Atmosphere Monitoring Service reanaly
sis of ozone mixing ratios showed lower ozone levels in
for the period 2002–2022. The SH UTLS median ozone 
ing years with SSW disruptions and 57% during years w
differences showed that in the NH, SSW years had a 9
mol− 1 ) in the UTLS, whereas in the SH, the enhancem
(43 [ ± 13] nmol mol− 1 ). 

(c) Rationale for this assessment 
This research aims to enhance the understanding of regio
tion of and trends in tropospheric column ozone and its p
across South America, we used satellite observations, rean
source-attribution capabilities in coordination with TOA
combining 14 harmonized satellite records [26 ] was compa
on the evaluation of the Chemical Reanalysis focus WG [5 ],
itored regions: CAMSRA and the second-generation Tropo
Third, we assessed the contribution of nitrogen oxides (NO
and VOC) from various sources to South American region
sphere Model version 4 with chemistry (CAM4-Chem) sim
mechanism [27 –29 ]. Thus, we characterize the distributio
their sources, report trends with associated uncertainties
sages. 
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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ated with satellites, chemical reanaly- 
acilitate a better understanding of the 

bservations in 14 harmonized satellite 
ent techniques used to retrieve ozone 
e resulting time series (2005–2021) pro- 
 1 between the surface and the thermal 
spective Analysis for Research and Ap- 

2 

2 , CO, CH2 O and CH4 obtained from 

period from 2005 to 2021, except for 
ote that CH4 was analysed in a reanal- 
es. Therefore, chemical interactions be- 
in a fully coupled manner, which may 
ts and trend attribution in our study. 
btained from TCR-2 [32 ]. Table 2 sum- 
ventories used and the meteorological 

 from the MERRA-2 reanalysis, with a 
solution of 3 hours [43 ]. These data are 
 Jülich ( https://datapub.fz-juelich.de/ 

C tagging 
ixing ratios, along with various tagged 

abled CAM4-Chem global model sim- 
del and the TOAST1.0 tagging system 

 the literature [27 ,44 ]. The model is run 
 chemical mechanism [45 ] and uses the 
rsion 3 inventory for the anthropogenic 
iogenic emissions [40 ]. Table 2 summa- 
r references. Further descriptions of the 
are available for various world regions 

not fully overlap with the satellite and 

hen comparing these datasets. Never- 
g capability, which allows ozone to be 
 NOx -tagged framework, attribution is 
d simulations, thereby providing addi- 
tes. 
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2. Data and model (or assimilation) products 
In this section, we provide relevant information associ
sis and global chemical transport model simulations to f
results. 

(a) Combined satellite data 
We used a tropospheric ozone product that combines o
records [26 ]. The complete list of satellites and measurem
is provided in table S1 in the supplementary material. Th
vides monthly mean TC-O3 on a 5 × 5◦ grid in nmol mol−

tropopause, estimated from MERRA-2 (Modern-Era Retro
plications, Version 2) (see §2b ). 

(b) Reanalysis products: CAMSRA, TCR-2 and MERRA-
We used mixing ratios of ozone, nitric oxide (NO), NO
the chemical reanalysis CAMSRA [30 ]. We studied the 
methane, for which data are available up to 2020 [31 ]. N
ysis system separate from the one used for the other speci
tween CH4 and the short-lived species were not treated 

limit the strict interpretation of coupled chemical budge
Columns of ozone, NO, NO2 , CO and CH2 O were also o
marizes the resolution, the observation assimilated, the in
inputs. 

We used the WMO first thermal tropopause estimated
horizontal resolution of 0.5◦ lat. × 0.625◦ lon. and a time re
available in a public data repository at Forschungszentrum
slcs/tropopause/ ). 

(c) CAM4-Chem global model output with NOx and VO
We use model-derived monthly mean tropospheric ozone m
NOx and VOC precursor contributions from tagging-en
ulations, for the 2000–2018 period. The CAM4-Chem mo
used in the simulations have been described previously in
with the Model for OZone And Related chemical Tracers
newly released Hemispheric Transport of Air Pollution ve
emissions [38 ] and the CAMS-GLOB-BIO inventory for b
rizes key information, including inventories used and thei
model settings and inputs, as well as ozone evaluations, 
[28 ,29 ]. 

The CAM4-Chem simulation period (2000–2018) does 
reanalysis data (2005–2021), which should be considered w
theless, a key strength of the simulation lies in its taggin
attributed separately to NOx and VOC precursors. In the
independent of VOC origin and vice versa for VOC-tagge
tional insight into the interpretation of ozone trend estima
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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Table 2. Resolution, assimilated data and inputs used by the reanalysis and CAM4-Chem model. 

product / 
data 

horizontal, vertical 
and temporal 
resolution species assimilated 

emission inventory 
used 

meteorological 
inputs 

CAMSRA 0,75◦, 60 layers from 

surface to 0.1 hPa, 3 h 
O3 (SCIAMACHY, MIPAS

(a) , 
MLS, OMI, GOME-2, 
SBUV/2(b) , NO2 (OMI, 
SCIAMACHY, GOME-2), CO 
(MOPITT) 

MACCity [33 ]; GFASv1.2 
[34 ]; MEGAN2.1 [35 ] 

ERA-5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TCR-2 1.125◦ x 1.125◦, 32 
levels from surface to 4 
hPa, 6 h 

O3 (MLS, TES
(c) ), NO2 (OMI, 

SCIAMACHY, GOME-2), 
HNO3 (MLS), CO (MOPITT) 

HTAPv2 for 
anthropogenic 
emissions [36 ]; GEIA for 
NOx (from soil) [37 ]; 
GFED-v4 inventory for 
biomass burning 
emissions 

ERA-Interim 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CAM4- 
Chem 

1.9◦ x 2.5◦, 56 vertical 
levels on the hybrid 
sigma-pressure 
coordinate with model 
top at approximately 
1.86 hPa, 0.5 h 

No assimilation of ground 
observations or satellite 
data for chemical species. 
CH4 is prescribed as lower 
boundary conditions and 
O3 , NO, NO2 , HNO3 , CO, CH4 
and N2 O are 
prescribed/assimilated as 
upper boundary conditions 

HTAPv3 (2000-2018) 
[38 ]; GFED-v4 [39 ]; 
CAMS-GLOB-BIO-v3.0 
for biogenic emissions 
[40 ], and biogenic NOx 
(from soil) is prescribed 
as in [41 ] 

MERRA2 reanalyses 
[42 ]. Temperature, 
horizontal winds, and 
sensible and latent heat 
fluxes from MERRA2 
reanalysis dataset are 
nudged every time step 
(30 min) by 10% 

towards analysis fields 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(a) MIPAS: Michelson Interferometer for Passive Atmospheric Sounding, (b) SBUV: Solar Backscatter Ultraviolet and (c) 
TES: Tropospheric Emission Spectrometer. 

 to analyse the tropospheric and partial 

spheric partial columns 
g-term assimilation of multiple satellite 
ined, continuous record of atmospheric 
aps in the current observing system and 

sparse in situ networks, such as South 

ermal tropopause. We also distinguish 
lumns (UTC), considering the intervals 
 tropopause, respectively. In those cases 
er limit considered was the tropopause, 
 pressure was lower than 700 hPa, the 
he surface pressure up to 300 hPa (or 
entified, both the MTC and UTC were 

Downloaded from ro
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3. Methods 
In this section, we explain how we used the available data
columns of ozone and its precursors. 

(a) Determination of tropospheric columns and tropo
Chemical reanalysis data products, created through the lon
observations ( table 2 ), provide an observationally constra
composition on a global scale. This approach helps to fill g
is expected to provide unique insights into regions with 
America. 

We determined the TC from the surface to the first th
the lower (LTC), middle (MTC) and upper tropospheric co
from the ground to 700 hPa, 700 to 300 hPa and 300 hPa to
where the tropopause was found within the MTC, the upp
and therefore, the UTC was discarded. When the surface
LTC was discarded, and the MTC was calculated from t
the tropopause). Finally, when the tropopause was not id
discarded. 
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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e tagging obtained from CAM4-Chem, 
g to the higher horizontal resolution of 
ned using equation (3.1) , where p is the 
pospheric layer, r is the volume mixing 
olumn of the species r : 

er 

er 

rdp . (3.1) 

‘tropospheric partial columns’ are used 

tios. 

rovide tropospheric partial columns or 
bined satellites is primarily used to in- 
hen comparing with higher-resolution 
ntal resolution of the combined satellite 
here averaging across strong elevation 

th America require considering the fol- 
able agreement with ozonesonde obser- 
(20–60◦S), with temporal correlations of 
006–2016 [5 ]. At 250 hPa, the mean bias 
A, with a standard deviation of about 
 was nearly zero in TCR-2 and –4 nmol 
t 6 nmol mol–1 in both datasets. Overall, 
 

2 can be useful for studying the middle 
e mid-latitudes compared with tropical 
ominant large-scale synoptic processes 
e processes in tropical regions [5 ]. The 
he surface than in the free troposphere, 
 over South America. 

agging system can be broken down sep- 
C sources (including CH4 ), respectively 
to its emitted precursors, two separate 
eric ozone fully to its NOX sources (in- 
cluding methane and the stratosphere) 

ourly resolution (3 h CAMSRA and 6 
applied to identify four groups, using 
sters. Overall, the four-cluster solution 
nal patterns across tropospheric partial 
 the four zones. 
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The TCR-2 and MERRA-2 chemical species, as well as th
were bilinearly interpolated onto the CAMSRA grid owin
the latter. The vertical integration average was then obtai
pressure, Pupper and Plower are vertical boundaries of the tro
ratio of the chemical species and TCr is the tropospheric c

TCr =
1 

Plower − Pupper 

Pupp

∫
Plow

In the following, the terms ‘tropospheric column’ and 

to denote their corresponding column-averaged mixing ra

(b) Satellites and chemical reanalysis 
The combined satellite record used in this study does not p
ozone precursor columns. Therefore, the TC-O3 from com
form the agreement with reanalysis and tagged models. W
reanalysis data, it is important to consider the coarse horizo
data (5 × 5◦). This is particularly relevant over the Andes, w
gradients can lead to larger differences. 

The application and interpretation of reanalysis in Sou
lowing aspects. Both CAMSRA and TCR-2 showed reason
vations in the middle and upper troposphere over the SH 

approximately 0.75 at 250 hPa and 0.8 at 500 hPa during 2
was 4 nmol mol–1 in TCR-2 and 7 nmol mol–1 in CAMSR
14 nmol mol–1 in both datasets. At 500 hPa, the mean bias
mol–1 in CAMSRA, while the standard deviation was abou
both reanalyses reproduced SH ozone variability well [5 ].

Based on reanalysis performance, CAMSRA and TCR-
and upper troposphere. The higher correlation found in th
South America may reflect the better representation of d
in meteorological reanalysis than of dominant convectiv
discrepancy between the reanalysis products is larger at t
with TCR-2 showing higher surface ozone than CAMSRA

(c) Tagged simulations 
Model-simulated ozone mixing ratios from the TOAST1.0 t
arately into various contributions from NOx sources and R
[29 ,46 ]. To provide an unambiguous attribution of ozone 
model runs are performed, attributing the total troposph
cluding the stratosphere) and fully to its VOC sources (in
[27 ]. 

(d) Regional clustering 
Monthly time series were calculated from the TC-O3 at h
h TCR-2) for all grid cells. K-means clustering was then 
the elbow method to determine the optimal number of clu
offers an optimal compromise, preserving consistent regio
columns and seasons. Figure 1a depicts the boundaries of
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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Figure 1. Tropospheric column ozone over South America. Panel (a) shows four subregions obtained from the application of 
K-means to tropospheric column ozone provided by CAMSRA and TCR-2. In panel (a), red dots indicate locally managed surface 
monitoring stations, green dots indicate stations of the GAW program, blue dots correspond to sites associated with IAGOS data 
and purple dots indicate SHADOZ stations. Panel (b) shows the mean tropospheric column ozone in nmol mol–1 obtained from 

the combined satellites for the period 2005–2021. Panels (c)–(e) show the same information described in panel (b) for the 
CAMSRA reanalysis, TCR-2 and CAM4-Chem (2005–2018), respectively. In panel (a), some cities are indicated for reference. 

 trends based on monthly anomalies, 
e calculated monthly deseasonalized 

nthly harmonics (of 12 and six months). 
 in medians of time series. Finally, we 
ncertainty in trends influenced by au- 
y how precisely the median trend can 
pted, which combines the p -value and 

ment of trend significance and strength, 
e to its uncertainty. 

a 
 ozone in South America for the early 
l and vertical distribution, precursors, 
rtainties using a calibrated language. 
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(e) Trend estimations 
We applied the quantile regression method to estimate
as recommended by TOAR-II guidelines [12 ]. First, w
anomalies with respect to a climatology obtained from mo
Then, we applied quantile regression to estimate trends
applied a moving-block bootstrap algorithm to estimate u
tocorrelation in time series. Confidence intervals quantif
be estimated. Table 1 presents the calibrated language ado
signal-to-noise ratio (SNR) to provide a more robust assess
with the SNR reflecting the magnitude of the trend relativ

4. State of tropospheric ozone in South Americ
In this section, we characterize the state of tropospheric
twenty-first century (up to 2021) in terms of its horizonta
including stratospheric contribution, and trends and unce
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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rface measurements and ground-based 

 the latter IAGOS commercial aircraft 
figure 1a to highlight the critical role of 
1 b –e show the TC-O3 of combined satel- 
 the supplementary material shows the 
nd CAM4-Chem. We noted that TCR-2 
 CAM4-Chem. Roughly, the disagree- 
es being higher over the tropical Andes 
is difference may (at least partially) be 
ly, combined satellite observations are 
r southern South America. 
s (Natal, Paramaribo, Bogotá and Cara- 
 results (supplementary material, table 
umns than ground-based observations 
here. Differences in the MTC-O3 were 
 to be lower than ground-based obser- 
ss than 13% were observed in the mid- 

f regional differences based on TC-O3 , 
y. 

are defined: northwest, east, west and 

it distinct ozone patterns. According to 
 the south and northwest with average 
y, while the highest TC-O3 levels were 
] and 47 [ ± 13] nmol mol–1 . Table S3 in 
ined from the combined satellite data, 

examine the vertical structure of ozone 
 The LTC-O3 showed higher levels over 
 America. The MTC-O3 showed higher 
rt of South America. In turn, the UTC- 
tudes and mid-latitudes, with the latter 
l, figure S2). 

easonal analysis focuses on MTC and 

h America ( figure 2 ), with ozone levels 
l. The eastern and western subregions 
er and October, respectively, while the 
seasonality derived from the combined 

ure S3 in the supplementary material. 
y consistent with the regional patterns 
 are highest in the northwest, followed 
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(a) Tropospheric ozone distribution 
Ozone measurements in South America rely on in situ su
(ozonesondes and remote sensing techniques), including
measurements. Existing measurement sites are shown in 
reanalyses in areas with sparse in situ observations. Figure 
lites, CAMSRA, TCR-2 and CAM4-Chem, while figure S1 in
bias of combined satellite data with respect to reanalysis a
fits the combined satellite data better than CAMSRA and
ment tends to be higher over elevated terrain, with satellit
region and lower over the mid-latitude Andes region. Th
a result of the different horizontal resolution. Additional
higher than those from reanalysis and tagged models ove

Four ground-based observations available in the tropic
cas) were used to further evaluate reanalysis and model
S2). In general, the reanalysis showed higher partial col
over these sites, with better agreement in the mid-troposp
less than 20%. Conversely, CAM4-Chem columns tended
vations, without a consistent bias pattern. Differences of le
troposphere. 

To improve clarity, results are first presented in terms o
followed by their vertical structure and seasonal variabilit

(i) Subregional distribution of O3 
Based on the TC-O3 of both reanalyses, four subregions 
south of South America ( Figure 1a ). These subregions exhib
CAMSRA, the lowest TC-O3 medians ( ± 2 σ) were found in
columns of 38 [ ± 11] and 39 [ ± 8] nmol mol–1 , respectivel
found in the east and west South America with 46 [ ± 11
the supplementary material summarizes the TC-O3 obta
reanalysis and the tagged model by subregion. 

(ii) Vertical structure of O3 
After establishing the regional distribution of TC-O3 , we 
to better understand the processes driving these patterns.
the subtropics, both on the west and east coasts of South
values over the South Atlantic Ocean and the eastern pa
O3 showed the influence of the stratosphere over high lati
above the Andes Mountain range (supplementary materia

(iii) Seasonal variability 

Given the reanalysis performance discussed in §3c , the s
TC. These columns exhibit a clear seasonality across Sout
peaking in September and reaching a minimum in Apri
record the highest TC-O3 and MTC-O3 values in Septemb
southern region shows the lowest levels in February. The 
satellites, reanalysis and the tagged model is shown in fig

The spatial distribution of ozone precursors is broadl
described above. Figure 2 indicates that CO mixing ratios
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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Figure 2. Monthly means of (total) tropospheric columns and middle tropospheric columns for CAMSRA chemical species for 
the period 2005–2021 (except methane: 2005–2020). The panels (a)–(e) show the total tropospheric column (TC) for O3 , NO2 , 
CO, CH2 O and CH4 , respectively. The panels (f)– (j) show the same species for the middle tropospheric column (MTC). Colours 
indicate the northwest, east, west, south and entire South America. Shaded areas denote the 95% confidence intervals. 

Downloaded from royalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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Figure 3. Attribution of tropospheric column ozone to RC-tagged and NOx -tagged precursor emission in South America and its 
subregions based on the Cam4-Chem model for the period 2005–2018. The upper and lower panels show RC-tagged and NOx- 
tagged, respectively. Percentage contribution and absolute contribution in nmol mol–1 (in parentheses) are indicated in each 
bar. To the right of each bar, the simulated (total) tropospheric column ozone for South America and its subregions is shown in 
parentheses. 

 TC-NO2, reflecting contributions from 

ed abundance in the upper troposphere 
er TC-CH2 O and MTC-CH2 O values in 
stern and southern ones. Tropospheric 
in for CH2 O (supplementary material, 
H4 and MTC-CH4 owing to its longer 
 low to high latitudes. 
nhancements in oil and natural gas pro- 
cuador, Bolivia and Brazil (supplemen- 
nd, a country with minimal natural gas 
he Santiago metropolitan region, which 
y reduce particulate matter [10 ,47 ]. The 
ests a significant role of methane in the 

ica and its sub-regions simultaneously 
rs and world regions ( figure 3 ). From a 
s dominantly attributed to background 
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by the east. NO2 levels are lower in the MTC than in the
large urban agglomerations and, to a lesser extent, enhanc
(supplementary material, figure S5). CH2 O presents high
the northwestern and eastern regions relative to the we
partial column values indicate an important surface orig
figure S7). By contrast, CH4 shows similar levels in TC-C
atmospheric lifetime, with column values decreasing from

Interestingly, a closer look at the TC-CH4 reveals CH4 e
duction zones, including those in Colombia, Venezuela, E
tary material, figure S8). In the Chile case, on the other ha
production, we observe an important enhancement over t
introduced natural gas on a large scale in 2009 to effectivel
widespread consumption of natural gas in Santiago sugg
high ozone enhanced over this city. 

(b) Source attribution of tropospheric ozone 
The stacked bar chart shows the TC-O3 over South Amer
attributed to NOx and VOC emissions from different secto
VOC-attribution perspective, TC-O3 over South America i
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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including carbon monoxide, isoprene, 
h the latter two reaching approximately 
pogenic sources, lightning and strato- 
ontribution (approx. 30%), while NOx 

approximately 13%. 
ic production in the NOx -tagged simu- 
e RC-tagged simulation ( figure 3 ). This 
f nitrous oxide (N2 O), primarily in the 
here, where it can contribute to ozone 

x from sources outside South America 
ts atmospheric lifetime is generally too 
ne production in upwind regions, with 
s sufficiently long, particularly via free- 
undary layer. A detailed regional source 

dance in the northwest ( figure 2e ) does 
; here, the CH4 contribution to ozone 
other subregions ( figure 3 ), suggesting 
 where biogenic VOC is abundant [29 ]. 
C contribution lower) in western South 
ol mol− 1 ) and the southern subregions 

lations is more prominent in the north- 
ger in the western and southern subre- 
ic transport is much higher in the west- 
n subregions. 
shows some variations with respect to 
gures S9-S11). These differences are pri- 
ntributions in the LTC (supplementary 
nce of stratospheric ozone transport is 
lementary material, figure S11). On the 

he northwest, where two maxima occur 
 corresponding to the biomass burning 
olombian Andes and wet season in the 
a coincides with the September CH2 O 

ass burning, which can be modulated 

O lifetime differs, with a maximum in 

over western Amazonia and the central 
ons, as previously reported [49 ]. In this 
 second half of the year ( figure 4 ). Fur- 
 sources contribute more to CH2 O than 
cularly over western Amazonia and the 
nating from CH4 oxidation is relatively 

ibuted to CH4 , stratospheric influence 
s where CH4 , STE and NOx contribute 
of the northwestern subregion, despite 
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CH4 (approx. 40%), followed by global biogenic VOCs (
monoterpenes and methanol) and stratospheric source, wit
22%. From a NOx attribution perspective, global anthro
spheric contributions stand out, with a relatively equal c
from biogenic plus biomass burning sources accounts for 

It is worth noting that ozone attributed to stratospher
lation is greater than the stratospheric component from th
is owing to the production of NOx from the oxidation o
stratosphere, which is then transported into the troposp
production [27 ]. 

Furthermore, we emphasize that the influence of NO
does not represent the direct transport of NOx itself, as i
short to reach the region. Rather, it reflects enhanced ozo
ozone being transported to South America, as its lifetime i
tropospheric pathways and subsequent mixing into the bo
attribution is beyond the scope of this study. 

The subregional picture shows that the higher CH4 abun
not imply higher ozone mixing ratio from CH4 oxidation
reaches an average of 15 nmol mol− 1 , slightly lower than 
a lower importance of CH4 in ozone formation in regions
Instead, the CH4 contribution to ozone is higher (and BVO
America (19 nmol mol− 1 ), followed by the eastern (18 nm
(16 nmol mol− 1 ) ( figure 3 ). 

Ozone attributed to biogenic VOCs in RC-tagged simu
west and east, whereas stratospheric contributions are lar
gions. Regarding NOx -tagged simulations, the stratospher
ern/southern subregions than in the northwestern/easter

The analysis of the partial tropospheric columns also 
the total tropospheric column (supplementary material, fi
marily driven by higher CH4 and anthropogenic NOx co
material, figure S9), whereas in the UTC, a strong influe
evident in RC-tagged and NOx -tagged simulations (supp
other hand, the MTC resembles the TCO. 

(c) Chemical processes interpretation 
CO exhibits a broadly similar seasonal pattern, except in t
in September and March (TC-CO and MTC-CO), the latter
season in northwestern South America (dry season in the C
central Andes). Interestingly, only one of these two maxim
maximum, a species emitted biogenically and from biom
by relative humidity [48 ]. In western South America, the C
austral winter driven by high anthropogenic emissions. 

From CAMSRA, we identified elevated methane levels 
Andes, partly associated with strong wetland CH4 emissi
region, CH2 O abundances are notably higher during the
thermore, CAM4-Chem simulations indicate that biogenic
CH4 oxidation (supplementary material, figure S12), parti
central Andes during this period. By contrast, CH2 O origi
more important in the northwest and eastern regions. 

Figure 4 presents regional distributions of ozone attr
and anthropogenic NOx , clearly identifying the subregion
significantly to ozone formation. In a significant portion 

yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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roduction from biogenics, ozone levels 
O. Ozone formation driven by anthro- 

 in the northwest, east and west. 
otolysis ( λ less than 336 nm) also rep- 
ne precursors, such as lightning NOx , 
 not necessarily translate into elevated 

regions influenced by the South Pacific 
a NO2 photolysis is more efficient, with 

Figure 4. Tropospheric column methane (2005–2020) and formaldehyde (2005–2021) obtained from CAMSRA reanalysis and 
tropospheric column ozone owing to methane, from stratospheric origins and anthropogenic nitrogen oxides, as simulated by 
Cam4-Chem for the first (January–June) and second (July–December) semesters for the period 2005–2018. 

s precursors across South America. We 
g their respective strengths and uncer- 

 2005 and 2021 with low certainty over 
een the positive TC-O3 trends obtained 

e consistency between the TC-O3 trend 

 by the reanalyses. The confidence in- 
merica is relatively large owing to the 

) of + 0.85 [ ± 0.70] nmol mol–1 decade–1 

d with low certainty; together, these 
ties and broadly agree with previously 
 America. The combined satellite data, 
oint, the monthly time series provides 
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high methane availability and enhanced formaldehyde p
remain relatively low owing to the limited availability of N
pogenic NOx is instead confined to urban agglomerations

Overall, in the convective northwest, where ozone ph
resents a dominant sink, the presence of additional ozo
methane and biogenic volatile organic compounds, does
ozone levels. By contrast, in the western and eastern sub
and South Atlantic anticyclones, in situ ozone formation vi
important implications for air quality and human health. 

(d) Trends in ozone and its precursors 
In the following section, we assess trends in ozone and it
used existing tropospheric ozone products, acknowledgin
tainties without assigning any as a definitive reference. 

(i) Tropospheric ozone trends 

TC-O3 derived from combined satellites declines between
South America. By contrast, we observe consistency betw
from CAMSRA and TCR-2 ( figure 5 ). We also note the sam
simulated using CAM4-Chem and the trends determined
terval associated with the mean TC-O3 trends in South A
variability between the subregions and partial columns. 

In the northwest, CAMSRA shows a TC-O3 trend ( ± 2 σ
(high certainty), while TCR-2 indicates a positive tren
reanalysis-based estimates are consistent within uncertain
reported positive trends over northern and tropical South
in turn, show no evidence for the TC-O3 trend. At this p

yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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e S16 in the supplementary material, we 
ere higher than those of the reanalysis, 
ifference tended to even out over time, 
e reanalysis data at the end of each year. 

Figure 5. Tropospheric column ozone trends (2005–2021) and tropospheric column ozone attributed to RC-tagged and NOx - 
tagged simulation using CAM4-Chem (2005–2018) by subregion in South America. Error bars show confidence interval ( ± 2 
sigma). Colours indicate reliability. 

served in the east, where the CAMSRA 

sitive trend of + 0.93 [ ± 0.70] nmol mol–1 

e is no evidence for a TC-O3 trend in the 
als that the primary difference between 
e intense seasonal minima recorded by 
cond maximum increase over time was 

rved in the west, where CAMSRA and 

ol–1 decade–1 , respectively. By contrast, 
ol mol–1 decade–1 (high certainty). Ex- 
 in the west during the first part of the 
uently, the maxima were higher in the 
ed satellite data. This pattern was more 

 [ ± 0.85] nmol mol–1 decade–1 with very 
h TCR-2 has low certainty. Combined 

cade–1 (high certainty). Here, at the be- 
ma than the combined satellites, and at 
 the satellites (supplementary material, 
were observed compared with those in 

ulations shows positive trends in the 
respectively. Additionally, in these two 
of CAMSRA. 
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additional insights into these divergent trends. From figur
observed that the combined satellite seasonal maxima w
especially at the beginning of the time series. While this d
TCR-2 also showed an increase of a second maximum in th

The greatest difference between the two reanalyses is ob
trend is flat with very low certainty, and TCR-2 shows a po
decade–1 , with very high certainty. Also, in this region, ther
combined satellite time series. The monthly time series reve
the reanalysis and the combined satellites lies in the mor
the latter (supplementary material, figure S17). A clear se
also observed in TCR-2. 

A very high certainty upward trend in TC-O3 is obse
TCR-2 show trends of + 2.4 [ ± 1.0] and + 1.1 [ ± 0.8] nmol m
combined satellites show a decrease of –0.72 [ ± 0.60] nm
amination of the monthly time series showed a better fit
time series (supplementary material, figure S18). Subseq
reanalysis data, and the minima were lower in the combin
pronounced in CAMSRA. 

In the south, CAMSRA shows a positive trend of + 1.8
high certainty, whereas the positive trend associated wit
satellites show a decrease of –0.70 [ ± 0.71] nmol mol–1 de
ginning of the time series, CAMSRA exhibited lower mini
the end of the time series, it showed higher maxima than
figure S19). In the case of TCR-2, higher seasonal minima 
the satellite data. 

The TC-O3 trend determined from CAM4-Chem sim
northwest and south, with high and very high certainty, 
subregions, CAM4-Chem exhibits similar trends to those 
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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positive rate for stratospheric ozone in 
in the east and west. The trend in the 

rends across all subregions with an av- 
decade–1 , with very high certainty. The 
4] nmol mol–1 decade–1 . Western South 
l-1 decade-1 (very high certainty) in the 
ighest rate of + 1.0 [ ± 0.61] nmol mol-1 

th America shows an increasing rate of 
TC-O3 produced by VOCs emitted from 

egions with high or very high certainty, 
rica. For its part, TC-O3 produced from 

n trends. 
ositive TC-O3 trend in South America, 
1 . This contribution is slightly lower in 
observed. In the remaining subregions, 
y low confidence. By contrast, the con- 
 northwest, east and west. In particular, 
unced decline. Although lighting is an 
ion, contributing up to 12 nmol mol–1 

e linked to changes in deep convection. 
, on the one hand, and the accumulation 
obust downward trend in ozone contri- 
ere of –1.1 [ ± 0.71] nmol mol–1 decade–1 

reached 22 nmol mol–1 (supplementary 
 biomass burning and biogenic sources 
low or very low certainty. 

O2 with very high certainty ( figure 6 ). 
 the upper troposphere, and to a lesser 
l, figures S22 and S23). By contrast, the 
 and LTC-NO2 reveals divergent trends, 
entary material, figure S21). The latter 

both reanalyses. In South America, the 
hotochemical activity, which is not nec- 
rend is driven by biogenic emissions in 
cularly in the lower and middle tropo- 
wever, the TC-CH2 O trend is generally 

e greatest uncertainty. Both reanalyses 
gure 6 , we can see the wide confidence 
st precursor trend is CH4 . The TC-CH4 

ust positive trend of + 66 [ ± 4.6] nmol 
 with very high certainty are observed 

curs in the northwest ( + 69 [ ± 4.0] nmol 
] and + 67 [ ± 3.9] nmol mol–1 decade–1 , 
–1 ). 
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The trend in TC-O3 produced by RC-tagged shows a 
the south, while trends with low certainty are observed 

northwest is flat for the stratospheric contribution. 
Ozone produced from CH4 oxidation shows positive t

erage rate in South America of + 0.74 [ ± 0.40] nmol mol–1 

highest trend is observed in the northwest at + 0.84 [ ± 0.4
America shows the highest rate of + 0.81 [ ± 0.28] nmol mo
LT, while the northwest, on the other hand, shows the h
decade-1 (very high certainty) in the MT. 

The anthropogenic VOC contribution to TC-O3 in Sou
+ 0.32 [ ± 13] nmol mol–1 decade–1 with very high certainty. 
global biomass burning exhibits negative trends in all subr
averaging –0.21 [ ± 0.20] nmol mol–1 decade–1 in South Ame
global biogenic VOCs presents low or very low certainty i

Anthropogenic NOx contribution largely drives the p
with a regional mean of + 1.9 [ ± 0.31] nmol mol–1 decade–

the south, where a stronger stratospheric influence is also 
the stratospheric contribution to the trends has low or ver
tribution of lightning to the TC-O3 trend is negative in the
the negative values in the east and west indicate a prono
important ozone source through photochemical product
over South America ( figure 3 ), its decreasing trend may b
These changes affect both the lofting and dilution of ozone
of ozone precursors, on the other [50 ]. We also detected a r
butions from lightning over the northwest upper troposph
(very high certainty), where the ozone owing to lightning 
material, figure S11). Finally, the contribution of NOx from
(from soils) shows negative TC-O3 trends, although with 

(ii) Ozone precursor trends 

CAMSRA indicates a downward trend in TC-NO and TC-N
This decrease is primarily driven by processes occurring in
extent, in the middle troposphere (supplementary materia
comparison between CAMSRA and TCR-2 for the LTC-NO
i.e. negative in CAMSRA and positive in TCR-2 (supplem
is reflected in the mean TC-NO2 over South America. 

The upward trend in TC-CH2 O is consistent between 
TC-CH2 O trend (high certainty) indicates an increase in p
essarily associated with the upward trend in TC-O3 . This t
the northwest (west Amazonia and central Andes), parti
sphere, as described in §4c . In the upper troposphere, ho
negative or associated with very low certainty. 

Among the ozone precursors, trends in TC-CO show th
report very low (CAMSRA) and low certainty (TCR-2). In fi
interval associated with CO trends. By contrast, the cleare
trend estimated from CAMSRA (2005–2020) shows a rob
mol–1 decade–1 (very high certainty). The upward trends
across all South American subregions. The highest rate oc
mol–1 decade–1 ), followed by the east and west ( + 67 [ ± 3.7
respectively) and the south ( + 61 [ ± 6.4] nmol mol–1 decade
yalsocietypublishing.​org/​rsta/​article-pdf/​doi/​10.​1098/​rsta.​2025.​0273/​6174208/​rsta.​2025.​0273.​pdf
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.........................................................................................Figure 6. Tropospheric column precursor trends in South America and its subregions for the 2005–2021 period (except for 
methane: 2005–2020). Panels show trends of tropospheric column NO in pmol mol–1 decade–1 (first row), NO2 in pmol mol

–1 

decade–1 (second row), CH2 O in pmol mol
–1 decade–1 (third row), CO in nmol mol–1 decade–1 (fourth row) and CH4 in nmol 

mol–1 decade–1 (fifth row). Error bars show confidence interval ( ± 2 sigma). Colours indicate reliability. 

ages presented below are not policy 

 the contributions of anthropogenic and 

onsidered as a routine measurement in 
s, where mitigation strategies must be 
ased on the understanding of the VOC 

rica since the 1990s has been key to as- 
formance of monitoring networks and 

he same country. While environmental 
rther progress is needed towards col- 
tate quantitative activities, such as in- 
hnologies and ensure the collection of 
d public accountability. Similar efforts 
zed methods for trend estimation and 

ating the effectiveness of interventions 

asurements in remote regions to detect 
 the climate system. To date, these ini- 
ions, such as the WMO and NOAA, in 
ners. Expanding observational capacity 
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5. Key policy-relevant messages 
In line with the scientific scope of TOAR-II, the mess
prescriptive. 

(a) Ozone management and infrastructure required 
Systematic monitoring of VOCs is crucial for determining
biogenic reactive species to ozone trends and should be c
South America, particularly in ozone non-attainment area
designed according to the local ozone formation regime b
to NOx ratio. 

The progressive regulation of ozone across South Ame
sessing exposure levels in urban areas. However, the per
data quality varies across countries and within cities of t
infrastructure and agencies are now relatively mature, fu
laborative regional networks. Such networks could facili
tercomparison campaigns, to evaluate environmental tec
high-quality data, while also enhancing transparency an
are required to harmonize datasets and adopt standardi
change-point detection, which are fundamental for evalu
and anticipating emission mitigation strategies. 

Another pressing challenge is sustaining long-term me
changes in atmospheric composition and better interpret
tiatives have been largely driven by international institut
collaboration with local academic and governmental part
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ortance, with stronger involvement of 
ential. 
ng precursor emissions from satellites, 
ect to considerable uncertainties, which 
emical reanalyses offer a robust frame- 
icularly in regions where ground-based 

mation of surface mixing ratios persist 
tional constraints [5 ,51 ,52 ]. Expanding 
loyment of geostationary satellites ded- 
 of existing data products and, through 
eir robustness and policy relevance. 
 depend on improving emission inven- 
ximize their policy relevance, chemical 
nal frameworks, combining bottom-up 

es to generate South America-specific 
 inventories, observations and models, 
ution, enable harmonized assessments 
onse to emerging policy interventions 

ozone pollution 
, as their main regional sources include 
sustained mitigation requires intersec- 
ed with fossil fuel production, extreme 

an environments for ozone exposure, 
nhance ozone formation, and biogenic 
er this context, it is crucial to strengthen 
zone compound risks, with a focus on 
premature deaths. 

gions as those with the highest tropo- 
d, while the northwest and south sub- 
he tropospheric column ozone median 
d in the northwest, east, west and south 
 10] and 38 [ ± 11]–40 [ ± 7] nmol mol–1 , re- 

itrogen dioxide are more abundant in 
pt for the sparsely populated southern 
 abundant in the northwest subregion, 
s. A similar horizontal distribution was 
over the east subregion. 
mbined satellite products and reanaly- 
 future efforts to reconcile these ozone 
ndicate a negative trend in tropospheric 
nd TCR-2 reanalyses exhibit a positive 
–1 , respectively, with high certainty. The 
y the western subregion, where precur- 
our ozone formation and stratosphere–

Downloaded from ro
by guest
on 09 November 202
through supersite stations in regions of hemispheric imp
national scientific and environmental agencies, will be ess

While substantial progress has been made in estimati
satellite-based estimates of near-surface ozone remain subj
limit their direct applicability for environmental policy. Ch
work for integrating multiple observational datasets, part
measurements are scarce. Nevertheless, biases in the esti
owing to residual model errors and insufficient observa
ground-based monitoring networks, together with the dep
icated to South America, would strengthen the evaluation
assimilation with low-Earth-orbiting satellites, enhance th

Furthermore, future progress in South America will also
tories and integrating them with modelling systems. To ma
transport models should be applied in coordinated regio
and satellite-based inventories with assimilation techniqu
chemical reanalyses. Such an integrated approach, linking
would provide a more robust foundation for trend attrib
across national borders and help anticipate the ozone resp
and climate-driven changes. 

(b) Mitigation of ozone precursors and adaptation to 
Mitigating ozone precursors requires a systemic approach
both anthropogenic and biogenic sources. Effective and 

toral efforts, particularly for precursors that are intertwin
meteorological events and agricultural activities. 

We identified an adverse scenario in mid-latitude urb
where upward background methane can substantially e
isoprene emissions increase during warmer summers. Und
climate resilience in cities by explicitly addressing heat-o
reducing ozone exposure to prevent chronic diseases and 

6. Conclusion 

In South America, we identified the west and east subre
spheric column ozone levels during the 2005–2021 perio
regions exhibited the lowest levels for the same period. T
( ± 2 σ) obtained from CAMSRA and TCR-2 reanalysis range
between 39 [ ± 8]–42 [ ± 8], 46 [ ± 11] –49 [ ± 9], 47 [ ± 13]–48 [ ±
spectively. 

According to CAMSRA and TCR-2, nitric oxide and n
the lower troposphere, particularly over urban areas, exce
subregion. Carbon monoxide and formaldehyde are most
especially in the lower troposphere over wetland-rich area
observed for methane, which also showed enhancements 

Tropospheric column ozone trends diverge between co
sis in South America (2005–2021), indicating the need for
tropospheric products. Thus, combined satellite products i
column ozone with low certainty. By contrast, CAMSRA a
trend of + 0.85 [ ± 0.70] and + 0.55 [ ± 0.85] nmol mol–1 decade
increase detected by both reanalyses was largely driven b
sor availability and elevated terrain (approx. 23◦–35◦ S) fav
troposphere exchange, respectively. 
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ds in the middle tropospheric column 
iting + 2.5 [ ± 1.2] and + 1.5 [ ± 0.9] nmol 
west, the middle tropospheric column 
rends diverge from very low certainty 
ecade–1 ) for TCR-2. In the south, CAM- 
 certainty trend was found for TCR-2. 
n dioxide also reflect differences within 
two species, the downward trends de- 
e upper tropospheric column over the 
nitrogen dioxide over South America is 
he west. 
 South America ( + 66 [ ± 4.6] nmol mol–1 

nd 2020, with an accumulated methane 
ative but low certainty trend, whereas 
ol–1 decade–1 is primarily driven by the 

d the contribution of ozone precursors 
l− 1 (2005–2018). Reactive carbon-tagged 

7 nmol mol− 1 ). While nitrogen oxides- 
es (31%, 13 nmol mol− 1 ), stratospheric 

mol mol− 1 ) as the most significant pre- 

le in the northwest. Similarly, lightning- 
e. However, the negative trend in light- 
a decline for this ozone source. Strato- 
th, particularly over the Andes. In the 
atosphere and producing ozone precur- 

ubject or animal welfare committee. 
wing public data repositories, MERRA2 [43 ]: 
tps://daac.gsfc.nasa.gov/datasets?project= 
s.eu/ , HEGIFTOM [13 ]: https://hegiftom. 
hem [53 ], The global 5◦ × 5◦ combined satel- 
ztg . 

eating this article. 
estigation, methodology, writing—original 
nvestigation, writing—review and editing; 
gy, writing—review and editing; T.A.: data 
ting; T.B.: conceptualization, methodology, 
s, investigation, methodology, visualization, 
s, investigation, methodology, visualization, 
methodology, writing—review and editing; 
 and editing; G.D.: data curation, investiga- 
ization, writing—review and editing. 
be held accountable for the work performed 

ests. 
ics and Space Administration (NASA). This 
heric Research (NCAR), which is a major fa- 
 Cooperative Agreement No. 1852977. Part 
y, California Institute of Technology, under 
on (80NM0018D0004). We acknowledge the 
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CAMSRA and TCR-2 detected consistent positive tren
ozone (free troposphere) over the west subregion, exhib
mol–1 decade–1 , both with very high certainty. In the north
ozone shows very low certainty trends. In the east, the t
(CAMSRA) to medium certainty ( + 1.1 [ ± 1.1] nmol mol–1 d
SRA identified a high certainty positive trend, while a low

Tropospheric column trends in nitric oxide and nitroge
subregions and tropospheric partial columns. For these 
tected by CAMSRA are primarily driven by changes in th
northwest. Conversely, the low certainty positive trend in 
primarily driven by the lower tropospheric column over t

Methane exhibits a very high certainty positive trend in
decade–1 ), confirmed across all subregions between 2005 a
of 1.1 × 102 nmol mol− 1 . Carbon monoxide exhibits a neg
the positive trend in formaldehyde of + 44 [ ± 1.1] pmol m
northwest subregion, with very high certainty. 

Over South America, the CAM4-Chem model estimate
to tropospheric column ozone mixing ratios at 42 nmol mo
simulations identified methane as the main driver (41%, 1
tagged simulations identified anthropogenic nitrogen oxid
transport (28%, 12 nmol mol− 1 ) and lightning (28%, 12 n
cursors (and sources). 

At the subregional scale, biogenic VOCs play a major ro
produced nitrogen oxides are an important source of ozon
ning activity, a proxy for convective processes, indicates 
spheric ozone transport is strongest in the west and sou
south subregion, nitrous oxide, capable of reaching the str
sors, contributes about 10% (4 nmol mol− 1 ) of ozone. 
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28. Nalam A, Lupaş cu A, Ansari T, Butler T. 2025 Regiona
reactive carbon emission sources to global trends in tr
period. Atmos. Chem. Phys. 25 , 5287–5311. ( doi:10.5194
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