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Abstract. The remote extratropical Southern Hemisphere (SH) has the cleanest atmosphere on Earth, but is subject to rapid

changes regarding the emissions landscape and a warming climate, which strongly impact local atmospheric composition.

Carbon monoxide (CO) is a product of methane (CH4) oxidation and a modulator of the tropospheric oxidizing capacity.

In this study we investigate if the rapid increase in tropospheric CH4 levels of ∼7 % between 2008 and 2022 has driven a

positive response in CO in the remote SH, based on multi-platform observations and a global chemistry transport model. We5

find inconsistencies in observations from aircraft, surface and satellite. CSIRO surface flask observations, AGAGE in-situ

measurements (2008–2022) and airborne observations from the HIPPO (2009–2011) and ATom (2016–2018) campaigns show

CO increases of 5–10 %. CO columns inferred from IASI (2014–2023) show more moderate increases of 3–4 % (statistically

insignificant). NOAA surface flask observations and CO columns from MOPITT (2008–2022) do not show changes over

time. GEOS-Chem simulations are consistent with the observed positive trend, exhibiting a significant CO increase of ∼7 %10

throughout the southern extratropical troposphere (2008–2022). These CO increases are partly driven by enhanced production

from rising CH4 (∼50 %) and further affected by increases in biogenic non-methane volatile organic compounds (NMVOC)

(∼45 %) and the direct effects of rising temperatures (∼5 %). We further explore how simulated CO levels in the remote

SH could be impacted by future enhancements in primary and precursor emissions, changes in the oxidizing capacity, and

temperature.15

1 Introduction

The Southern Hemisphere (SH) has historically been less impacted by anthropogenic pollution than the Northern Hemisphere

(NH) and is often viewed as a proxy for the preindustrial atmosphere (Paton-Walsh et al., 2022). However, even remote SH
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Figure 1. Overview of processes which impact carbon monoxide concentrations in the troposphere.

regions are increasingly affected by anthropogenic influences related to ongoing industrialization, a growing population in the

Global South, and climate change, all of which are expected to accelerate in the future. The United Nations Department of20

Economic and Social Affairs, Population Division (2022) predicts a population increase of around 15% in Latin America and

the Caribbean and of more than 80% in Sub-Saharan Africa between 2022 and 2050. van der Zwaan et al. (2018) estimates

a concurrent increase in African greenhouse gas emissions from 8% to 18% of global emissions between 2010 and 2050

(when limiting global warming to 2 °C). Vohra et al. (2022) predicts that rapid increases in the number of tropical megacities

(from 12 to 46 between 2020 and 2100), mostly located in Africa, India, Southeast Asia and South America, will coincide25

with continuous increases in pollutant and greenhouse gas emissions, which will likely affect the chemical composition of the

atmosphere in the Southern Hemisphere. At the same time, the SH has limited in-situ atmospheric observations, largely due to

the preponderance of NH-based researchers and the historic focus on the effects of anthropogenic pollution in the NH (Paton-

Walsh et al., 2022). An additional challenge is posed by the large surface share of oceans, which limits the possibilities for land-

based observations. Uncertain emission projections of CO and related trace gases under different SSP (Shared Socioeconomic30

Pathways) scenarios (Riahi et al., 2017) combined with the SH’s unique characteristics, such as enhanced solar intensity, and

the scarcity of in-situ observations compared to the Northern Hemisphere create an urgent need to focus efforts on advancing

our understanding of the processes controlling atmospheric composition in the Southern Hemisphere.

Tropospheric carbon monoxide (CO) plays an important role in regulating the oxidizing capacity of the troposphere via reac-

tion with OH radicals, which in turn impacts the lifetime of greenhouse gases, such as methane (CH4), and other air pollutants,35

such as ozone (O3) (Levy, 1971; Logan et al., 1981). Additionally, CO is a precursor to tropospheric ozone formation. It is

often used as an indicator for long range transport of air pollution (Jaffe et al., 1997; Pope et al., 2021; Heald et al., 2003).

Carbon monoxide is affected by various processes in the troposphere, including emissions, photochemistry, and transport

(Zheng et al., 2019). We present an overview of these processes in Figure 1. Anthropogenic emissions are dominated by

combustion processes, including on-road vehicles, industrial activities, residential burning, shipping, and aviation (Holloway40
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et al., 2000; Seinfeld and Pandis, 2016). Furthermore, biomass burning is a large direct source of carbon monoxide (Crutzen

et al., 1979; Griffin et al., 2024). A small share of global CO is emitted from ocean surfaces via the oxidation of dissolved

organic matter (DOM) (Swinnerton et al., 1970; Conte et al., 2019). Secondary tropospheric CO is formed via the oxidation

of CH4 and the oxidation of non-methane volatile organic compounds (NMVOC) with formaldehyde (HCHO) as an important

intermediate (Levy II, 1973; Poisson et al., 2000).45

CH4 +OH→ CH3 +H2O (R1)

CH3 +O2 → CH3O2 (R2)

CH3O2 +NO→ CH3O+NO2 (R3a)

CH3O2 +HO2 → CH3OOH+O2 (R3b)

CH3O+O2 →HCHO+HO2 (R4a)50

CH3OOH
hν/OH−−−−−→HCHO (R4b)

Reactions (R1)–(R4b) present the formation of HCHO from CH4. In the first step, an OH radical reacts with CH4 to form

CH3. While OH is the dominant oxidant of CH4 in the atmosphere, reaction (R1) can also proceed with a different oxidant such

as chlorine (Cl) radicals (Platt et al., 2004). CH3 rapidly forms CH3O2 in the presence of O2. The peroxy radical is then either

reduced to an alkoxy radical CH3O via reaction with NO that forms NO2 (R3a) or reacts with HO2 to form methyl hydroper-55

oxide (CH3OOH) (R3b). CH3O reacts with O2 to HO2 and HCHO (R4a) and CH3OOH forms HCHO through photolysis

or oxidation via OH (R4b). HCHO can subsequently form CO via oxidation or photolysis as shown in Reactions (R5)–(R7)

(Levy II, 1973). Besides photochemical loss, HCHO can also be removed via both dry and wet deposition (Thompson, 1980).

HCHO+OH+O2 → CO+HO2 +H2O (R5)

HCHO
hν−→ CO+H2 (R6)60
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HCHO+2O2
hν−→ CO+2HO2 (R7)

The formation of CO from NMVOCs proceeds in a similar way via the analogous peroxy (RO2) and alkoxy radicals (RO),

whereby the generation of HCHO from RO can involve multiple oxidation steps, depending on the nature of the organic rest

(R). Additionally, the peroxy radical can form HCHO through reaction with HO2 (via ROOH) or internal H-shifts (Carlier et al.,

1986; Poisson et al., 2000). The multi-generational oxidation of NMVOCs and the resulting products ultimately produce HCHO65

(Seinfeld and Pandis, 2016). Beyond VOC oxidation, HCHO can also be emitted directly from anthropogenic combustion

processes, biomass burning and vegetation. Secondary HCHO formation prevails as a contributor to the global HCHO budget,

but direct emissions can dominate locally (e.g. Lee et al. (1998); Fortems-Cheiney et al. (2012)).

The loss of CO occurs predominantly through the oxidation with OH radicals as shown in Reaction (R8), which is an

important mechanism for controlling the oxidizing capacity of the atmosphere. Dry and wet deposition are negligible as CO70

loss pathways.

CO+OH→ CO2 +H (R8)

The lifetime of CO is dependent on latitude and season, but is on the order of several weeks to months (Weinstock, 1969;

Khalil and Rasmussen, 1990; Holloway et al., 2000). Therefore, it can be transported within one hemisphere, while inter-

hemispheric mixing is negligible (Bowman, 2006; Gloudemans et al., 2006).75

Ice core and firn air measurements constrain the evolution of tropospheric carbon monoxide over the past several centuries.

Between preindustrial times and the 1980s, CO levels have significantly increased both in the Northern and Southern Hemi-

sphere by around 50–60 % mostly related to rising emission from anthropogenic combustion processes (Faïn et al., 2022, 2023;

Strawson et al., 2024). These positive CO trends reversed in the late 1980s / early 1990s and CO levels have subsequently de-

creased globally. Early records of declining CO go back to the implementation of long-term surface networks (Novelli et al.,80

1994, 1998; Patel et al., 2024; World Meteorological Organization, 2025). These include, for example, the NOAA GML coop-

erative air sampling network and the CSIRO Global Atmospheric Sampling LABoratory (GASLAB) (CSIRO, 2021; NOAA,

2025), which provide continuous records since the 1980s. Findings from the surface networks are supported by satellite re-

trievals from the MOPITT (Measurement of Pollution in the Troposphere) instrument from the early 2000s onward, often in

combination with global model simulations (Worden et al., 2013; Yoon and Pozzer, 2014; Yin et al., 2015; Hedelius et al.,85

2021). The magnitude of this CO decline is highly regional with up to 25 % in the Northern Extratropics and around 10 % as a

global average between 1995 and 2020 (World Meteorological Organization, 2025). It is driven by the introduction of catalytic

converters on vehicles as well as cleaner burning fuels, which lead to strong reductions in CO emissions, particularly from

developed countries in the Northern Hemisphere (Jiang et al., 2017; IPCC, 2021; Soulie et al., 2024). More recently, several

studies suggest an attenuation of the CO decline rate around the globe (Jiang et al., 2018; Buchholz et al., 2021; Okpalaon-90

wuka et al., 2024; Patel et al., 2024). Potential explanations include a deceleration of anthropogenic CO emission reductions

4
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and enhanced fire related emissions, which counteract the fossil fuel CO declines (Jiang et al., 2018; Zheng et al., 2021; Soulie

et al., 2024).

In this study, we investigate processes that affect carbon monoxide in the Southern Hemisphere. We focus on CO changes in

the remote SH, which is primarily represented by the southern extratropics at latitudes south of 30°S. In contrast to the tropics,95

where CO is more strongly influenced by large, variable emissions (Tsivlidou et al., 2023), CO levels in the remote SH are

driven by both photochemical production and transported primary emissions, enabling the identification of long-term changes

in the Southern Hemispheric background. While the important CO precursor CH4 was mostly constant between 2000 and

2007, concentrations have rapidly increased since 2008 (Rigby et al., 2017; Saunois et al., 2025; Lan et al., 2026). We explore

to what degree this large increase in tropospheric CH4 levels has caused enhancements in remote SH carbon monoxide. We use100

a suite of surface (NOAA GML and CSIRO flasks and AGAGE in-situ), airborne (ATom and HIPPO) and satellite observations

(MOPITT, IASI, and OMI) in combination with a global model (GEOS-Chem) to study recent CO trends in the SH. In addition

to the increasing methane, we investigate the current and potential future contributions of changing anthropogenic and biomass

burning CO emissions, precursor levels, and temperature.

2 Methods105

2.1 Observational data

We use discrete surface air sample (flask) CO measurements of the NOAA Global Monitoring Laboratory (GML) and the

Commonwealth Scientific and Industrial Research Organisation (CSIRO), in-situ surface data from the Advanced Global

Atmospheric Gases Experiment (AGAGE), as well as in-situ high-frequency CO measurements from the HIPPO (HIAPER

Pole-to-Pole Observations) and ATom (Atmospheric Tomography Mission) flight campaigns South of 30°S latitude. Figure110

2 shows an overview of the location of these measurements. We further investigate satellite retrievals of CO partial tropo-

spheric columns from the MOPITT and IASI (Infrared Atmospheric Sounding Interferometer) instruments. We investigate the

observational trends of CO between 2008 and 2022, or according to availability (Table S1).

2.1.1 Surface measurements

The NOAA GML and the CSIRO provide long-term and calibrated flask measurements of trace gases around the globe (NOAA115

GML, 2025a; Francey et al., 2003; Langenfelds et al., 2026). For this analysis, we use NOAA CO flask data provided by Pétron

et al. (2026) and CSIRO CO flask data, which is available from the World Data Center for Greenhouse Gases (WDCGG) (2025).

We use measurements collected at sampling sites which are located at southern extratropical latitudes (LAT > 30°S) and which

have a continuous record of carbon monoxide measurements of at least 10 years between 2008 and 2022. These criteria result

in a total of 5 CSIRO surface air sampling sites (site IDs: CGO, CYA, MAA, MQA and SPO) and 9 NOAA sites (site IDs:120

BHD, CGO, CPT, CRZ, DRP, PSA, SPO, SYO and USH). We show their locations in Figure 2 as light blue circles and dark

blue squares, respectively. At the sites CGO and SPO, both CSIRO and NOAA flask observations are available. Additionally at

5
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Figure 2. Overview of the observations used in this study. Blue markers show the position of the investigated CSIRO (light blue circles) and

NOAA GML (dark blue squares) surface flask sites. Smaller blue squares indicate the measurement location of the shipboard flask. The aver-

age of these shipboard coordinates is marked as dark blue square at 59.04°S latitude and 63.33°W longitude. The location of the continuous

CO AGAGE measurement is marked as orange triangle. ATom and HIPPO flight tracks are shown in dark and light green, respectively. The

airborne data are filtered for the southern extratropics and for the troposphere (0.003 ppb ppm−1 < O3/H2O < 1 ppb ppm−1).

CGO, continuous CO measurements are available as part of the AGAGE (Advanced Global Atmospheric Gases Experiment)

network (Prinn et al., 2018, 2025). The site DRP is located on a ship and its exact measurement location varies. We highlight

individual coordinates as light blue squares and the average location as a dark blue square at 59.04°S latitude and 63.33°W125

longitude. Table S2 of the Supplement provides an overview of additional site information. We only include measurements that

are flagged as representative of the background in the analysis. For the multi-year trend analysis we follow the curve fitting

method described in NOAA GML (2025b), based on Thoning et al. (1989). We use the default curve fitting parameters and

set the data gap limit to 90 days for linear interpolation. Yearly averages are calculated from the deseasonalized time series.

The measurement frequency varies among sites (mostly between 1 and 3 weeks), but is mostly consistent at the individual130

sites over time (Figure S1). We determine the composite mean as the average of the yearly site means (giving each site equal

weight). The uncertainty of the averages is represented by the root mean square value of the standard deviations of each site

based on the deseasonalized data. We fit a linear regression model to the yearly averages to assess the change over time. The

flask measurements from CSIRO and the CGO AGAGE observations are on the CSIRO2020 calibration scale. The NOAA

CO measurements are on the WMO CO X2025 calibration scale, which was recently updated from the WMO CO X2014A135

scale. Details are provided by the NOAA Global Monitoring Laboratory (2026). Therefore, the NOAA and CSIRO data are

not directly comparable due to calibration scale differences.
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2.1.2 HIAPER Pole-to-Pole Observations 2009–11 (HIPPO)

The HIPPO campaign included five deployments between 2009 and 2011 with the NSF (National Science Foundation) NCAR

(National Center for Atmospheric Research) HIAPER (High-performance Instrumented Airborne Platform for Environmental140

Research) Gulfstream GV aircraft (UCAR/NCAR - Earth Observing Laboratory, 2005; Wofsy et al., 2011). The deployments

occurred in different times of the year, including January 2009 (HIPPO-1), October-December 2009 (HIPPO-2), March-April

2010 (HIPPO-3), May-July 2011 (HIPPO-4) and August-September 2011 (HIPPO-5) and covered the Pacific Ocean between

the North and the South Pole (UCAR/NCAR - Earth Observing Laboratory, 2011). We filter for tropospheric data using the

ratio of O3 to H2O (0.003 ppb ppm−1 < O3/H2O < 1 ppb ppm−1) as suggested by Bourgeois et al. (2021). We additionally145

filter for longitudes, where HIPPO and ATom data are geographically overlapping, which are between 150°W and 180°W, as

well as between 100°E and 180°E longitude. We exclude measurements over the Australian continent. The HIPPO flight tracks

are shown in light green in Figure 2. Carbon monoxide was measured via quantum cascade laser absorption spectroscopy with

an accuracy of 3.5 ppbv and a precision of 0.5 ppbv (1 Hz). Instrumental details are provided in Santoni et al. (2014). CO was

additionally measured via vacuum UV resonance fluorescence (Aero-Laser AL5002) with an uncertainty of 2 ppbv+3 % (2 s)150

(Bourgeois et al., 2020). These two CO measurements were combined into a joint dataset (CO.X) based on the best available

data, which we use for this analysis. The CO.X data is calibrated to the X2004 scale, which preceded both the current X2025

and previous X2014A scale. Therefore, we additionally use CO observations from the Programmable Flask Package (PFP)

calibrated on the WMO X2025 scale (McKain et al., 2026). The O3 and H2O mixing ratios used in our filter were measured

via UV absorption and through tunable diode laser spectrometry, respectively (Bourgeois et al., 2020).155

2.1.3 Atmospheric Tomography Mission 2016–18 (ATom)

ATom was carried out between 2016 and 2018 with the NASA DC-8 research aircraft. Four deployments took place in July-

August 2016 (ATom-1), January-February 2017 (ATom-2), September-October 2017 (ATom-3), and April-May 2018 (ATom-

4), each of which flew pole to pole over the Pacific and Atlantic ocean basins. More details on the campaign are provided in

Thompson et al. (2022). For this study, we include data from all deployments South of 30°S latitude and within the troposphere.160

In accordance with the HIPPO data processing, we filter for tropospheric data (0.003 ppb ppm−1 < O3/H2O < 1 ppb ppm−1)

South of 30°S latitude and with HIPPO overlapping longitudes. The resulting flight tracks are shown in dark green in Figure 2.

Carbon monoxide was measured via quantum cascade laser absorption spectroscopy (identical instrument as used for HIPPO).

CO was additionally measured with a cavity ring-down spectrometer, with an uncertainty of 5 ppbv (1 Hz) (McKain and

Sweeney, 2021). We use the CO.X merged product based on the best available data. The ATom CO data are calibrated using165

the WMO X2014A calibration scale. We further use ATom CO observations from the Programmable Flask Package (PFP)

on the WMO X2025 calibration scale to ensure that HIPPO and ATom data can be directly compared (both on X2025 scale)

(McKain et al., 2026). We use O3 measured via chemiluminescence (with nitric oxide) and water vapor measured with a diode

laser hygrometer for our stratospheric air data filter (Bourgeois et al., 2020).
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2.1.4 MOPITT Satellite Observations170

We investigate carbon monoxide retrievals from the MOPITT instrument onboard NASA’s Terra satellite. We use measurements

from 2001 to 2023. The local overpass time is 10:30 (both AM and PM). MOPITT measures the spectral radiance in the infrared

range using gas filter correlation radiometry (George et al., 2015). We use the monthly gridded Level 3 daytime product based

on the joint thermal- and near-infrared retrieval. We use version 9 data with a resolution of 1x1°. A detailed description of

the data set including information on the retrieval algorithm and the available products are provided in the User Guide by175

the MOPITT Algorithm Development Team (2022) and in Deeter et al. (2022). An a priori CO profile is required, which is

generated with the CAM-Chem model based on monthly climatological data from 2000 to 2009. The a priori is spatially and

monthly variable but has no interannual variability. Based on MOPITT radiance and MODIS (Moderate Resolution Imaging

Spectroradiometer) cloud detection, only cloud-free retrievals are processed for the Level 3 product. Observations with low

signal-to-noise ratios (SNR) are discarded (Average radiance SNR < 1000 for thermal and < 400 for near infrared retrieval).180

The averaging kernel provides information on the altitude sensitivity of the satellite retrieval. The thermal retrieval is most

sensitive between 400 and 600 hPa (approximately 4–7 km altitude), whereas the multi-spectral CO product used in this study

shows some additional sensitivity to the lower troposphere (Worden et al., 2010). However, the datasets do not show significant

differences in CO changes over time.

2.1.5 IASI Satellite Observations185

We use carbon monoxide retrievals from the IASI instrument onboard the ESA’s MetOp-B satellite from 2014 to 2024, as

well as the MetOp-A satellite from 2008 to 2019. The satellites have a local overpass time of 9:30 AM and 9:30 PM. IASI

measures the spectral radiance using Fourier Transform Spectrometry (George et al., 2015). We use the monthly daytime Level

3 Metop-A and Metop-B products from IASI with a resolution of 1x1° based on thermal-infrared retrieval. The FORLI (Fast

Optimal/Operational Retrievals on Layers for IASI) algorithm v20151001 (Hurtmans et al., 2012) is used to obtain the CO190

profiles. The a priori consists of a single spatially and temporally invariant CO profile based on assimilated model, satellite and

MOZAIC aircraft data. Further information on the IASI CO retrieval can be found in Astoreca et al. (2016) and Clerbaux et al.

(2009). Similar to the MOPITT CO product, the sensitivity of the IASI retrieval is largest in the mid troposphere.

2.1.6 OMI Satellite Observations

Formaldeyhde (HCHO) and nitrogen dioxide (NO2) are measured by the Ozone Monitoring Instrument (OMI) onboard the195

NASA’s Aura satellite with an overpass time of 1:45 AM and 1:45 PM. We use the total column daily gridded Level 3 product

with a resolution of 0.1x0.1° for HCHO (OMHCHOd) and 0.25x0.25° for NO2 (OMNO2d) from the years 2005 to 2021. For

the HCHO Level 3 data processing, retrievals with high cloud cover, high solar zenith angle (SZA) and those impacted by the

OMI row anomaly are discarded. Similarly, the NO2 retrievals are filtered for cloud fraction and SZA. We use versions V3

and V4 for HCHO, which we additionally filter for values below -8e15 and above 7e16 molecules cm−2 in accordance with200

Johnson et al. (2024). We investigate version V3 for NO2. For both species, we use the sample weight representing the weight
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of each Level 2 pixel for the Level 3 product generation to calculate temporal and spatial means. Further details on the OMI

instrument and the NO2 and HCHO column retrievals are provided by the OMI Nitrogen Dioxide Algorithm Team (2019) and

Gonzalez Abad and Sun (2019), respectively.

2.2 Model Simulations205

GEOS-Chem is a global chemistry transport model driven by assimilated meteorology from the NASA Global Modeling As-

similation Office (GMAO) (GEOS-Chem, 2026; Bey et al., 2001). We use GEOS-Chem Classic version 14.4.3 (GCClassic

14.4.3, The International GEOS-Chem User Community (2024)) with MERRA-2 meteorological inputs to simulate mixing

ratios of carbon monoxide and related trace gases between 2000 and 2022 (preceded by an 18 month spin-up) with a horizontal

resolution of 2°x2.5°, a vertical resolution of 47 layers and a temporal resolution of 600 s for transport and 1200 s for chem-210

istry. The chemical mechanism includes reaction rate coefficients as recommended by JPL and IUPAC (Bates et al., 2024).

The calculation of photolysis frequencies is based on the Cloud-J model by Prather (2015). Emissions are controlled by the

Harmonized Emissions Component (HEMCO) version 3.9.3 (Keller et al., 2014; Lin et al., 2021). All emissions are year-

specific unless otherwise stated. We use monthly anthropogenic emissions of the Community Earth atmospheric Data System

(CEDS) (version v_2021_04_21) (Hoesly et al., 2018) and monthly biomass burning emissions from the Global Fire Emissions215

Database version 4.1 (GFED4s) (van der Werf et al., 2017). CEDS emissions for GEOS-Chem 14.4.3 are available up to 2019.

To account for emission changes in more recent years, we scale the v2021 NO and CO emissions from 2019 to 2020-2022 by

the changes observed in the v2025 CEDS emissions, which are available up to the present. We perform the scaling by sector

and grid (each grid box individually), except for shipping emissions, which we scale by a constant factor for the SH and NH

due to large uncertainties from changes in the ship track location between the versions. Methane surface mixing ratios from220

2000 to 2022 follow the marine boundary layer reference by the NOAA GML (Lan, 2024; Lan et al., 2025) interpolated to a

horizontal resolution of 1°x1° and a temporal resolution of 1 month. We use offline, year-specific natural emissions, includ-

ing hourly biogenic volatile organic compounds (BVOC) from the Model of Emissions of Gases and Aerosols from Nature

(MEGAN), hourly soil NOx emissions (Hudman et al., 2012) and 3-hourly lightning NOx emissions (Murray et al., 2012). All

spatial averages presented are weighted by area.225

We run several sensitivity tests to characterize the impact of changes in anthropogenic and natural CO emissions, as well

as precursors emissions and temperature on tropospheric CO mixing ratios. We summarize the sensitivity studies in Table 1.

We carry out all sensitivity tests for the year 2018 with a 1-year spin-up period. To investigate the effect of enhanced OH, we

introduce an additional OH source by adding an artificial OH-producing reaction to the chemical mechanism for simulation #7

OH all: CO + OH → CO + 2OH with k=0.05*k(CO+OH). Simulation #12 T all explores the isolated response of temperature on230

rate coefficients and the resulting trace gas abundance. While it does not represent a realistic scenario, as temperature increases

are usually accompanied by other changes, such as humidity, that are not interactive in GEOS-Chem, it provides an isolated

assessment of the impact of temperature on CO levels.

9

https://doi.org/10.5194/egusphere-2026-5476
Preprint. Discussion started: 11 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 1. Overview of the sensitivity studies performed with GEOS-Chem in the scope of this study. We ran all simulations for 2018 with a

1-year spin-up.

# Simulation name Description

1 CO BL Baseline run (2018)

2 CO all 25% increase in all CO emissions

3 CO anthro 25% increase in anthropogenic CO (CEDS emission inventory)

4 CO BB 25% increase in biomass burning CO (GFED emissions inventory)

5 NO all 25% increase in all NO emissions

6 CO all & NO all 25% increase in all CO and all NO emissions (2 & 5)

7 OH all 5% increase in the tropospheric mass-weighted mean OH concentration

(artificial OH source)

8 Isoprene all 25% increase in all Isoprene emissions

9 CH4 surface 10% increase in surface CH4 mixing ratios

10 Cl2 ocean Additional emission of 10Tg Cl2 spread equally over all ocean surfaces

11 Cl2 ocean & CH4 surface 10Tg Cl2 & 10% increase in CH4 (9 & 10)

12 T all 1°C increase in atmospheric temperature, surface temperature and 2m

temperature

2.3 Emission inventories

We compare the emissions of CO and NO in the Southern Hemisphere as estimated in different emission inventories. These235

include anthropogenic emissions from CEDS. We use emissions from the versions v2021 (as processed for GEOS-Chem),

v2024, and v2025 with a resolution of 0.5x0.5° (Joint Global Change Research Institute, 2025b, c). A detailed description

of the emission inventory and the version history is provided by the Joint Global Change Research Institute (2025a). We

further include anthropogenic emissions from the Copernicus Atmosphere Monitoring Service (CAMS) in versions CAMS-

GLOB-ANT-V5.3 and CAMS-GLOB-ANT-V6.2, as provided by the Emissions of Atmospheric Compounds and Compilation240

of Ancillary Data (ECCAD) system with a resolution of 0.1x0.1° (Copernicus Atmosphere Monitoring Service, 2024, 2026).

The CAMS anthropogenic emission inventory is described in detail in Soulie et al. (2024). We investigate biomass burning

emissions of CO and NO from GFED4s with a resolution of 0.25x0.25° (van der Werf et al., 2017). We compare these with

fire emissions from the Global Fire Assimilation System (GFAS), version v1.2, obtained from the Copernicus Atmosphere

Monitoring Service (2022) with a resolution of 0.1x0.1° (Kaiser et al., 2012).245
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3 Results and Discussion

3.1 Observations

In this section, we investigate changes in tropospheric carbon monoxide in the remote Southern Hemisphere between 2008 and

2022 (or according to data coverage, Table S1) based on surface measurements, aircraft observations and satellite retrievals.

We compare GEOS-Chem model simulations of CO along the aircraft flight tracks and at the surface.250

3.1.1 Surface observations

We investigate the possibility of a trend in the SH surface CO based on NOAA and CSIRO measurement records at 12 sites

over 14 years in the southern extratropics (Figure 2). This period (2008 to 2022) corresponds to the strong upward trend in

observed CH4 levels. Figure 3 presents the observed SH surface CO product at (a) the CSIRO sites (light blue circles) and (b)

the NOAA sites (dark blue squares). Simulated CO at these same sites is shown in gray. The lines represent linear fits of the255

yearly values between 2008 and 2022. We exclude the 2020 outlier from the fit to avoid a high bias of the trend. The elevated

CO in 2020 is likely due to enhanced wildfire emissions from the 2019/2020 Australian bush fires (Pope et al., 2021), with a

possible contribution of reduced OH as an outcome of the COVID-19 emission reductions (Heald et al., 2026). Additionally,

enhanced isoprene in 2020 as reported by Yoon et al. (2025) could deplete OH and therefore increase the CO lifetime.

The observed CSIRO composite (Figure 3 (a)) shows an increase of CO by 6.4 % (from around 50 ppbv to 53 ppbv) between260

2008 and 2022, which is significant (p-value=0.004). The simulated CO at the CSIRO sites exhibits a similar significant

increase by 5.8 % (p-value=0.046). In contrast, the observed NOAA composite does not show any significant change of CO

between 2008 and 2022. Simulated CO at the NOAA sites increases significantly by 5.7 % (p-value=0.032), which is similar

to the increase observed at the CSIRO sites. Given the trend analysis is based on a short period of time, we verify that the

model-observation comparison is not unduly influenced by any given year. We perform 10,000 residual bootstrap iterations265

with replacement for the linear fitting of the yearly averages (for each iteration a random sample of the residuals added to the

predicted values is fitted, maintaining a constant sample size equal to the number of years). The resulting histograms, shown

in Figure 3 (c) for CSIRO sites and (d) for NOAA sites demonstrate the robustness of the trend similarity and difference,

respectively, between simulations and observations.

We show the changes in the annual mean CO at all sites in Figure S2 of the Supplement, which highlights that the individual270

trends are similar to the composite trends in Figure 3. Significant positive trends of 6–7 % are observed at all CSIRO sites,

while the NOAA sites show a roughly equal number of up- and downward trends, which are insignificant (p-value>0.05).

This difference between CSIRO and NOAA observed CO trends is equally observed at the sites with co-located measurements

(CGO and SPO). We can therefore exclude the geographic difference of the sites as a reason for the trend difference. At the site

CGO (Kennaook/Cape Grim), continuous CO measurements (calibrated using the CSIRO2020 calibration scale) are available275

from the station, which is part of the AGAGE (Advanced Global Atmospheric Gases Experiment) network. At this site, CO

mixing ratios increased (statistically significant) by 7.1 % between 2008 and 2022. The simulated CO trends are positive at all

sites. At the majority of sites, the model underestimates the CO observations by approximately 10 %. This is likely the result
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Figure 3. Observation-based (blue) and GEOS-Chem simulated (gray) annual mean CO at (a) the CSIRO sites and (b) the NOAA sites in

the Southern Hemisphere extratropics between 2000 and 2022. Symbols show yearly averages of the deseasonalized data following NOAA

GML (2025b) and error bars highlight the uncertainty (root mean square value of the 1σ standard deviation from the yearly averaging of

the deaseasonalized data at the individual sites). The lines indicate the linear fit between 2008 and 2022 and the errorshades show the 95 %

residual-bootstrap confidence interval. The boxes show the absolute and relative changes of CO over this time period. Solid boxes indicate

significant (p-value<0.05) and dashed boxes insignificant fits (p-value>0.05). We do not include the 2020 values (shown as open symbols)

in the fit to avoid a high bias (see Section 3.1.1). (c)/(d) Normalized frequency distribution of the changes in CO levels at (c) CSIRO and (d)

NOAA sites between 2008 and 2022 based on 10,000 bootstrap iterations (with replacement) of the annual trends in panel (a) and (b).

of a known high OH bias (Naik et al., 2013; Zhao et al., 2023; Yang et al., 2025); however, uncertainties in anthropogenic

CO emissions (see Section 3.2), isoprene emissions (Yoon et al., 2025), or biomass burning emissions (see Section 3.2) may280

also contribute. At BHD, CGO and CPT the model overestimates observed CO, which is due to the anthropogenic impact

of nearby sources (these sites are less remote than the other sites). While the observational data are filtered for background
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Figure 4. (a) Mean vertical profiles of CO during the HIPPO (2009–2011, light green triangles) and the ATom campaigns (2016–2018, dark

green squares). In-situ observations are shown by filled symbols and solid lines; GEOS-Chem (GC) simulated mixing ratios are presented

by open symbols and dashed lines. Symbols represent averages binned to 1 km altitude and the shading indicates the 1σ standard deviation

around the mean. (b) Vertical profile of the mean difference between ATom and HIPPO CO. Observations are shown in gray and model

results are shown in green.

conditions based on wind speed and direction, the simulated data have a monthly resolution and thus include air masses from

all directions.

The observed trends inferred from the CSIRO and NOAA sites are not consistent. A particular challenge with regards to285

CO observations is the stability of CO calibration standards, which are prone to drifts over time and need to be corrected.

The calibration scale for the NOAA CO flask measurements was recently updated from WMO CO X2014A to WMO CO

X2025 (NOAA Global Monitoring Laboratory, 2026), whereas the CSIRO observations rely on the independent CSIRO2020

scale. Both scales face similar challenges related to the uncertainties described in primary CO standards. The NOAA CO data

calibrated on the previous WMO CO X2014A scale shows a significant positive trend (consistent with the trend shown at the290

CSIRO sites), highlighting the key impact of calibration on data inter-comparison and interpretation and the continued need to

improve current calibration scales.

3.1.2 Aircraft observations

Figure 4 shows the mean vertical profile of carbon monoxide measurements from the southern extratropical legs of the HIPPO

and ATom campaigns (flight tracks shown in Figure 2). The mean observed vertical profiles are shown in Figure 4(a) with295

filled symbols and solid lines and the GEOS-Chem simulations sampled along the flight tracks are shown by open symbols
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and dashed lines. CO does not exhibit a strong altitude dependence, as expected over the remote oceans, given the limited local

primary sources. During the HIPPO campaigns between 2009 and 2011, CO mixing ratios averaged 55–60 ppbv. In comparison,

during the ATom campaigns between 2016 and 2018 CO levels were ∼10 % higher. This increase (4(b)) is well-captured by

the GEOS-Chem simulations sampled along the flight tracks. The zonal average of observed CO levels during HIPPO, ATom300

and the difference (Figure S3) highlights that the increase in CO is predominantly limited to the southern extratropics. The

difference persists across all seasons (Figure S4). While Figure 4 compares observations at similar longitudes, the difference

between both campaigns remains across all southern extratropical longitudes for MAM, JJA and SON. In contrast for DJF, the

difference between ATom and HIPPO only appears when isolating the longitudes where both datasets overlap.

The largest difference in measured CO occurs in SON, which represents the peak biomass burning season in the Southern305

Hemisphere. We also observe a significant difference in black carbon between HIPPO and ATom (only) in SON, suggesting

that some of the CO difference in SON is due to differences in fire contribution. This difference is likely super-imposed on the

photochemically produced CO differences seen throughout the rest of the year. Neither the HIPPO nor the ATom campaigns

took place during years of peak fire activity in the Southern Hemisphere, indicating that biomass burning is not the primary

driver of the overall increase in CO (Chen et al. (2023), see Section 3.2). While GEOS-Chem represents the increase of CO310

from HIPPO to ATom well, it underestimates CO levels during both campaigns by approximately 10 % throughout the entire

troposphere as previously discussed (Section 3.1.1).

Similar to the surface observations, the calibration of the aircraft CO measurements introduces additional uncertainty for the

inter-comparison of HIPPO and ATom in-situ CO observations. The calibration of the HIPPO CO data is based on the WMO

X2004 scale, while the ATom CO data is on the WMO X2014A calibration scale. To verify that the observed increase of CO315

from HIPPO to ATom is not primarily due to the use of different calibration scales, we compare the CO observations from the

Programmable Flask Package (PFP), which have been updated to the WMO X2025 scale for both aircraft campaigns. While

the PFP data suffer from statistical limitations due to a low sampling frequency, resulting in uneven coverage across altitude

and seasons, Figures S5 and S6 show that the difference in CO levels between HIPPO and ATom persists across all seasons

with the PFPs on the WMO X2025 scale. The annual average change at all altitudes between ATom and HIPPO in the PFP data320

is 9.7 % compared to 12.4 % for the in-situ high frequency observations. We therefore conclude that the observed difference is

caused by atmospheric changes rather than a drift in calibration standards.

3.1.3 Satellite observations

Figure 5(a) and (b) present the changes of column CO as observed by the MOPITT (red) and the IASI (orange) instruments,

respectively, over the southern extratropics. Average MOPITT CO columns are mostly constant in the southern extratropics325

over the past 15 years. In contrast, average IASI Metop-B CO columns exhibit a 4 % increase between 2014 and 2023, which

is marginally significant (p-value=0.07); however, we note that the statistical evaluation of a small number of years is limited.

The Metop-A and Metop-B columns overlap between 2014 and 2019 and show close agreement, which is in line with findings

by García et al. (2016). The IASI Metop-A CO column averages from 2008 onward show a slightly smaller, but overall similar

increase, which is not significant (∆=2.3 %, p-value=0.38).330
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Figure 5. CO column trends in the southern extratropics. (a)&(b) Changes of column CO in the southern extratropics (a) between 2001

and 2022 as inferred from MOPITT (red) and (b) as measured by IASI Metop-A (2008–2019, orange open symbols) and Metop-B (2014–

2024, orange filled symbols). Circles and squares show yearly averages and error bars represent the 1σ standard deviation of the averaging.

The solid lines indicate the linear fit between 2008 and 2022 for MOPITT and between 2014 and 2023 for IASI Metop-B. The dashed

line represents the linear fit between 2008 and 2023 for IASI with combined Metop-A (2008–2013) and Metop-B (2014–2023) data. The

boxes show the relative changes of CO over this time period. Neither fit is significant (p-valueMOPITT=0.95, p-valueIASIMetop−B=0.07 and

p-valueIASIMetop−A&B=0.08). (c)&(d) Relative changes in CO columns for MOPITT (c) and IASI (d). Dots indicate significant changes

(p-value<0.05 and R2>0.4).

Figure 5(c) and (d) show the geographical overview of the trends retrieved from MOPITT and Metop-B IASI, respectively.

Blue colors show decreases and red colors show increases of the CO column. Southern Hemisphere source regions are charac-

terized by large, but statistically insignificant, changes in CO, consistently observed with both MOPITT and IASI. However,

the satellites differ in the trend in extratropical CO. MOPITT CO columns are characterized by mostly insignificant decreases

throughout the southern extratropics. In contrast, IASI Metop-B CO columns show predominantly positive changes, however335

only a small number of grid cell trends are significant. South of 30°S latitude ∼90 % of grid cells show increases of 3–4 % of

which ∼20 % are significant.
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The analysis of the two satellite retrievals is inconclusive with regards to whether there has been a trend in CO observed in the

southern extratropics. While IASI columns overall support the CSIRO surface observations, changes in MOPITT columns align

with the observations at the NOAA surface sites. However, both datasets provide mostly insignificant results. We do not observe340

a significant change in the trend when restricting the analysis of MOPITT data to the time period of IASI data availability. The

trends are consistent across each season. Differences between MOPITT and IASI CO can result from a varying choice of CO

a priori in the retrievals. However, there is no time variation in the a priori in either product, which could contribute to the

observed trends. Satellite data can further be impacted by the cloud cover, however the daily overpass times of both satellites

are similar, minimizing this effect. MOPITT CO trends in the Southern Hemisphere were previously investigated by Hedelius345

et al. (2021), who reported small increases for the two periods 2009–2013 and 2013–2017. Similarly, we find (insignificant)

increases of MOPITT CO columns over these periods, which are strongly driven by individual years, e.g. low CO in 2009.

Deeter et al. (2022) reported drifts in the V9 total column combined retrievals of -3.16e14 molecules cm−2 year−1, which sum

up to <0.5 % over the observed time period and are therefore unlikely to cause the observed difference between the two satellite

products. Further research is needed to understand the reasons for the discrepancies in CO columns derived from MOPITT and350

IASI in the southern extratropics.

In addition, space-based measurements are available for HCHO - an intermediate product in CO formation - from the

satellite-based OMI instrument. However, observations are close to the detection limit over the remote Southern Hemisphere

and different data versions provide inconsistent results. The daily Level 3 product in version V3 suggests an increase of around

13 % between 2008 and 2021, whereas the updated V4 OMI HCHO data (more reliable after 2014) exhibit a decline by around355

13 % over the same time period (Figure S7). The TROPOspheric Monitoring Instrument TROPOMI with a lower detection

limit, could provide more reliable information on tropospheric HCHO. However, the current data availability (2019–2024) is

insufficient to conduct a meaningful trend analysis.

3.2 Global Model Simulations

In this section, we investigate the drivers of the changes in CO simulated with GEOS-Chem between 2008 and 2022. In360

contrast to the previous section, where we examined model output in comparison with co-located observations, here we focus

on widespread model trends throughout the southern extratropics.

Figure 6 shows the trend in simulated carbon monoxide in the southern extratropics at the surface (Figure 6(a)) and in

the tropospheric column (Figure 6(b)). Both the surface mixing ratios and the column concentrations exhibit significant CO

increases (p-value<0.05) of 6.6 % from 2008 to 2022. The increase is persistent throughout all seasons (Figure S8). The years365

2019 and 2020 show particularly high levels of CO, which is most pronounced during DJF (for 2019 and 2020) and SON

(for 2019), largely due to enhanced wildfire emissions from the 2019/2020 Australian bush fires and the 2019 peat fires in

South East Asia. In contrast to the upward trend of CO from 2008 onward, simulated CO was mostly constant or declined

slightly between 2000 and 2008. The earlier trend is not significant and changes are dominated by the year-to-year variability.

Figure 6(c) and (d) show the geographical changes of CO between 2008 and 2022 at the surface and throughout the column,370

respectively. The panels show that the CO increase is spatially consistent throughout the southern extratropical troposphere
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Figure 6. (a)&(b) Changes of simulated CO between 2000 and 2022 in the southern extratropics (LAT < −30°) as (a) mixing ratios at the

surface (dark blue) and (b) column concentrations throughout the troposphere (light blue). Circles and squares show yearly averages and

error bars represent the 1σ standard deviation of the averaging. The solid lines indicate the linear fit between 2008 and 2022 and the boxes

show the absolute and relative changes of CO over this time period. Both fits are significant (p-value<0.05). We do not include the 2020

values (shown as gray symbols) as described earlier. (c)&(d) Changes in simulated CO mixing ratios between 2008 and 2022 at the surface

(c) and in the tropospheric column (d). Dots indicate significant changes (p-value<0.05 and R2>0.4).

with surface increases of around 3–4 ppbv over 14 years. The trends are predominantly significant over the Southern and

remote extratropical Oceans, as well as Antarctica, whereas simulated changes over continental regions in the SH are mostly

insignificant due to large inter-annual variability.

While we focus on CO mixing ratios in the remote SH, changes thereof can originate from anywhere within the hemisphere375

due to the similar timescales of CO lifetime and intra-hemispheric mixing. We therefore investigate photochemical processes

and emissions in the entire Southern Hemisphere as potential drivers of the simulated CO trend.

Figure 7(a) shows the average monthly contribution of CO emissions and photochemical production to the total CO source in

the SH, from the 23-year GEOS-Chem simulation. The photochemical formation of CO dominates the overall source through-

out the year with a seasonal maximum in February and a minimum in August. Annually, ∼60 % of secondary CO is produced380
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Figure 7. (a) Average (2000–2022) monthly contribution of primary CO emissions and photochemical production to the overall CO source

in the Southern Hemisphere based on GEOS-Chem simulations using the GFED4s and CEDS v2021 data. (b) Changes of the CO production

terms in the Southern Hemisphere between 2000 and 2022. Black colors show total CO production, yellow colors indicate CO production

from CH4 and green colors represent CO production from NMVOCs. Symbols show yearly averages and error bars represent the 1σ standard

deviation of the averaging. The lines indicate the linear fit between 2008 and 2022 and the boxes show the changes over this time period. All

fits are significant (p-value<0.05).

from CH4 and ∼40 % from NMVOC. The production of CO is mainly driven by the availability of sunlight, which peaks during

SH summer (DJF). In contrast, emissions are largely controlled by the biomass burning season with peak wildfire emissions

between June and October (more than 85 % of wildfire CO is emitted during these months). Anthropogenic CO emissions are

generally constant throughout the year. The annual average source of CO in the SH consists of ∼40 % CH4 oxidation, ∼30 %

NMVOC oxidation, ∼20 % biomass burning emissions and ∼10 % anthropogenic emissions.385

Figure 7(b) shows simulated tropospheric CO production in the SH between 2000 and 2022. The total CO production (black)

increases by around 8 % from 58 Tg month−1 in 2008 to 63 Tg month−1 in 2022. Considering that photochemical production

contributes approximately 70-80 % to the overall CO source (Figure 7(a)), this P(CO) increase explains the increase in total

simulated CO shown in Figure 6. It includes both enhancements in the production of CO from CH4 and NMVOCs as shown

in yellow and green, respectively. The simulated production of CO does not change significantly between 2000 and 2008. The390

simulated HCHO column increases by 7 % in the southern extratropics between 2008 and 2022; as an important intermediate

in the CO production pathway it reflects the increase in both CH4 and NMVOC oxidation.

Figure 8 shows that both the plateau in P(CO) from 2000–2008 and the increase from 2008–2022 reflect the CO precursor

trends. Simulated SH extratropical surface CH4 averages (which follows the observations of the surface flask network) are
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Figure 8. Changes of CO precursors between 2000 and 2022 based on GEOS-Chem simulations. (a) Surface CH4 mixing ratios in the

southern extratropics (yellow circles) and tropospheric CH4 burden in the SH (brown squares); (b) biogenic NMVOC emissions in the SH.

Symbols show yearly averages and error bars represent the 1σ standard deviation of the averaging. The lines indicate the linear fit between

2008 and 2022 and the boxes show the changes over this time period. Solid boxes indicate significant (p-value<0.05) and dashed boxes

insignificant trends (p-value≥0.05).

mostly constant for several years at the beginning of the century between 2000 and 2007 with values around 1735 ppbv and395

then rapidly increases to 1860 ppbv in 2022. This behavior is well known in the current literature; however, the reason for it has

not been fully resolved (Turner et al., 2019; Saunois et al., 2020; Skeie et al., 2023). Both surface CH4 and the SH tropospheric

CH4 burden increase by ∼6.5 % between 2008 and 2022. The CH4 increase since 2008 explains around 90 % of the observed

enhancement in the CO production term from CH4 (Figure 7(b)) and approximately 50 % of the overall CO increase.

CO can also be produced photochemically via the oxidation of NMVOCs. Biogenic VOCs contribute over 70 % of this pho-400

tochemical NMVOC source (300-400 Tg yr−1) in the SH, and isoprene, which is primarily emitted from deciduous vegetation,

dominates this (60 %). Bicyclic monoterpenes and methanol contribute ∼10 % each, acetone and mono-/acyclic monoterpenes

each contribute ∼5 %, and, “Other BVOCs”, including acetaldehyde, ethylene, ethanol, limonene and C3 alkanes, make up

the remaining ∼10 % (Figure S9). While the isoprene lifetime is of the order of hours and long-range transport (e.g. from

the tropical forest to the remote Southern Hemisphere) is negligible, it can be oxidized and form CO locally, which can then405

be transported throughout the SH. Figure 8(b) shows the changes of total NMVOC emissions in GEOS-Chem in black and

biogenic NMVOC emissions in shades of green between 2000 and 2022. The contribution and trends of other NMVOC sectors

are shown in Figure S10. Total NMVOC emissions increase by ∼30–35 Tg between 2008 and 2022. The trend is marginally

significant (p-value=0.06) and can be attributed to significant increases in biogenic NMVOC emissions (dark green triangles),

and particularly to isoprene (light green squares). Biogenic NMVOC emissions therefore drive the increase in CO production410
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Figure 9. (a) Changes of surface temperature between 2008 and 2022. Dots indicate significant changes (p-value<0.05 and R2>0.3); (b)-(d)

Changes of the rate constants of (b) CH4 + OH, (c) C5H8 + OH and (d) CO + OH in the Southern Hemisphere.

from NMVOCs as shown in Figure 7(b), which in turn contribute to the overall enhancement in the photochemical production

of CO by ∼40–45 %.

Biogenic NMVOC emissions generally increase with increasing temperature (typically up to a threshold) (Sharkey and

Singsaas, 1995; Guenther et al., 2006). Surface temperature increased across the Southern Hemisphere by around 0.3 °C be-

tween 2008 and 2022 in the MERRA2 meteorological reanalysis (Figure 9(a)). These temperature changes in GEOS-Chem415

translate into changes in BVOC emissions (Figure S11(a)). Isoprene emission increases occur predominantly in tropical re-

gions, which also feature temperature enhancements, including South America, Australia and South East Asia. In contrast,

central Africa shows small decreases in isoprene emissions coinciding with temperature decreases.

In addition to the effect of temperature on biogenic emissions, temperature also impacts CO formation via temperature-

dependent kinetics. Figure 9(b)-(d) show the changes of the rate coefficients of the CO production and loss terms since 2000.420

The rate coefficient k(CH4+OH) in Figure 9(b) exhibits Arrhenius behavior and increases by 0.5 % across the Southern Hemi-

sphere between 2008 and 2022. The rate coefficients k(C5H8+OH) and k(CO+OH) show a negative (but much smaller) tem-

perature correlation (anti-Arrhenius behavior). Increasing temperatures therefore enhance the dominant production term of CO

via CH4, while weakening the loss of CO via OH. The increases in temperature contribute around 10 % to the CO increase

from CH4 oxidation and ∼5 % to the overall CO increase between 2008 and 2022 (Figure S12).425

A number of additional sources and sinks can influence CO levels as highlighted in Figure 1, but do not contribute to the

simulated model trend from 2008 to 2022. These include anthropogenic and biomass burning emissions of CO, emissions of

NO, and levels of tropospheric oxidants. Figure 10(a) presents an overview of early 21st century trends of CO emissions in

the Southern Hemisphere based on different emission inventories. SH emissions are dominated by biomass burning (red color

scale) rather than anthropogenic sources (blue and green colors). The GFED4s (used to drive the GEOS-Chem simulations in430

this study) and the GFAS v1.2 biomass burning emission estimates show a statistically insignificant downward tendency (10-
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Figure 10. Changes of inventory anthropogenic (CEDS & CAMS) and biomass burning (GFED & GFAS) emissions between 2000 and 2026

of (a) carbon monoxide and (b) nitric oxide.

20 %), but are dominated by year-to-year variability. Emissions vary between 110-140 Tg CO for low fire years and up to 260-

280 Tg for years with peak fire intensities. Overall emissions are 15-20 % higher in GFED compared to GFAS. Recent literature

suggests that both inventories under-predict biomass burning CO emissions due to the incomplete detection of small fire

sources (Mota and Wooster, 2018; van der Velde et al., 2024). Anthropogenic CO emissions estimates show large differences435

in magnitude and trend, both between different inventories and versions of the same inventory. CEDS v2021 (used to drive the

GEOS-Chem simulations) suggests a gradual increase of CO emissions of around 30 % between 2000 and 2014 and a subtle

decline of <10 % from 2014 onward. In contrast, CAMS CO emissions (green) are around 20–25 % higher than that and CEDS

v2024 and v2025 suggest mostly constant CO emissions over time. Between 2014 and 2022, the latest CAMS and the latest

CEDS versions differ by a factor of almost 2. This highlights a large uncertainty in the anthropogenic emission inventories440

employed in current models - particularly in the Southern Hemisphere. While Northern Hemispheric emission trends are not

consistent across inventories either, the difference is generally within 20 %.

Figure 10(b) shows early 21st century trends in emission estimates of nitric oxide (NO), which indirectly affects CO by

regulating the abundance of OH radicals via secondary production (Levy, 1971). Fire emissions of NO from the GFED4s

emission inventory exhibit a subtle decline between 2000 and 2022 (p-value=0.07), but are dominated by year-to-year vari-445

ability. GFAS v1.2 emissions are 40-50 % lower in line with findings by Marais et al. (2025). Anthropogenic NO emission

estimates agree within 10–15 % between 2000 and 2010 with ∼20 % growth in emissions. While the CAMS and the CEDS

v2025 NO emissions level off after 2010, CEDS v2021 and v2024 emission estimates increase by an additional ∼10 % in

the following decade. The maximum annual difference between the inventories is around 20 %. Neither the overall SH NO
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emissions nor the simulated NO mixing ratios (using GFED4s and CEDS v2021) in the southern extratropics show significant450

changes over time. In comparison, OMI NO2 columns show significant upward trends in the southern extratropics (Figure

S13). However, the retrieved values are mostly below the detection limit of the satellite instrument.

Simulated OH radical concentrations show small decreases at the surface, but no changes in the free troposphere and the

simulations do not show significant changes in the CO loss term over the past 15 years. Finally, the production of CO from CH4

oxidation via Cl radicals is a negligible pathway in GEOS-Chem, and is therefore not impacted by changes in Cl concentrations.455

Due to the lifetime of CO of weeks to months, which is on the timescale of intra-hemispheric mixing, it is unlikely that altered

transport processes within the Southern Hemisphere contribute to the observed enhancements. There is no evidence that large

scale transport patterns such as the Hadley circulation or the Brewer-Dobson circulation have changed to a degree, which could

explain the CO increase over the past two decades, (Diallo et al., 2021; Kim et al., 2022). Small net increases of the downward

flux from the stratosphere to the troposphere as reported by Škerlak et al. (2014) (for 2000–2011) would have the opposite460

effect (from that simulated) on CO levels.

Uncertainties in the model can result from the choice of emission inventories or the representation of tropospheric oxidants.

Current anthropogenic emission estimates for CO vary by up to a factor of 2 among inventories in the Southern Hemisphere,

biomass burning inventories for CO likely underestimate the actual emissions, and emissions of related species, such as bio-

genic NMVOCs from MEGAN are also not well constrained.465

Wang et al. (2021) show that the Cl-containing species BrCl, Cl2 and ClNO2 observed during the ATom-3 and ATom-4 de-

ployments are strongly underestimated in GEOS-Chem. It is therefore probable that methane oxidation by Cl is underestimated

in the model. However, this underestimate is unlikely to be sufficient to contribute to the CO trend.

Changes in OH radicals over the past 15 years could be under-represented. Some recent modeling studies suggest that OH

increased by ∼ 0.1–0.3 % year−1 over the past decades (Naik et al., 2013; Stevenson et al., 2020; Morgenstern et al., 2025);470

this trend is not represented in GEOS-Chem. Other studies including Lelieveld et al. (2016), Nicely et al. (2018) and Murray

et al. (2021) suggest stable or highly uncertain levels and even decreases of tropospheric OH over the same time period (Turner

et al., 2017). A GEOS-Chem sensitivity study with a 4 % reduction in the tropospheric mass-weighted mean OH concentration

(5.7 % decrease in the tropospheric OH burden in the SH) for 2018 results in a ∼ 3 % increase in CO at the investigated

stations. If we assume that OH follows an increasing trend of 0.26 % year−1 based on Stevenson et al. (2020) and assume a475

linear relationship between the change in OH and the response in CO as inferred from the GEOS-Chem sensitivity study (OH

all), the resulting model trend in surface CO at sites in the extratropics is around 30 % lower and insignificant. This confirms

that a plausible positive trend in OH could counteract some of the recent simulated CO increases via CH4, biogenic NMVOCs

and temperature.

However, while a weakening of the CO trend would increase the agreement with some observations (NOAA flasks, IASI,480

and MOPITT), it would simultaneously lead to discrepancies with other observations (CSIRO flasks, HIPPO and ATom).
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Figure 11. Summary of GEOS-Chem one-year sensitivity runs (2018). (a) Tropospheric burden (in Tg) of CO in the southern extratropics

under the scenarios described in Table 1 (absolute numbers in Tg shown above the bars). (b) The resulting change in the CO burden relative

to the baseline run (exact values above the bars). The error bars represent the 1σ variability throughout the year.

3.3 Future impacts on CO

In a changing climate and with an evolving emissions landscape, both the drivers responsible for recent trends and the excluded

factors may affect tropospheric carbon monoxide in the remote Southern Hemisphere. To understand the impact of potential

changes of these variables on CO in the future, we performed multiple GEOS-Chem sensitivity simulations (Table 1). Figure485

11(a) provides an overview of the resulting CO burden in Tg in the southern extratropics. The baseline (BL) burden is 48 Tg

(white bar). Figure 11(b) shows the relative change of the CO burden in each sensitivity run compared to the baseline.

CH4 and biogenic NMVOC emission increases have contributed to CO enhancements since 2008 (Section 3.2). In a warming

climate, these emissions are likely to increase further (e.g., Yvon-Durocher et al., 2014; Dean et al., 2018; Boy et al., 2022). A

GEOS-Chem sensitivity study with a 10 % increase in surface CH4 results in a ∼6 % increase in the CO burden (CH4 surface).490

A 25 % increase in isoprene emissions (Isoprene all) translates into a ∼5 % CO increase. If CH4 and isoprene continue to

increase at their current respective rates, these sensitivity scenarios will be reached in ∼20–30 years.

A comparable enhancement in CO levels would result from a 25 % increase in primary emissions (CO all). Future CO

emissions are highly uncertain. Under the SSP4-34 and SSP4-60 (Shared Socio-economic Pathways) scenarios, anthropogenic

CO emissions from the Middle East and Africa region will increase ∼15 % by 2070 (and decline afterwards). The SSP3-495

baseline scenario predicts an emission increase for Latin America of 15 % by 2070 and 25 % by 2100. Under the SSP5-baseline

scenario CO emissions from OECD countries, which also include Australia and New Zealand, will increase ∼10 % by 2080
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(and decline afterwards) (Riahi et al., 2017). Climate change generally increases the potential for wildfires; however, other

factors such as fire suppression or deforestation and changes in land use by humans can counter global trends in fire risk (Jones

et al., 2022, 2024).500

In contrast, increases in NO or OH would reduce CO. CO and NO are often co-emitted from primary sources and we

therefore may experience similar changes in NO compared to CO in the future. A 25 % increase in NO emissions (NO all)

reduces CO by ∼5 % via accelerated OH recycling and enhanced CO loss. A simultaneous and uniform increase of CO and

NO (CO all & NO all) leads to an overall modest increase of the CO burden (by ∼1 %). Potential increases in NO may enhance

the availability of OH in the future. An isolated increase in the tropospheric mass-weighted mean OH concentration by 5 %505

(OH all) reduces the CO burden in the southern extratropics by ∼3.5 %. Given the OH growth rates suggested in the current

literature (∼0.05–0.3 % year−1), this magnitude could be reached within the next three decades.

Similar to OH radicals, Cl radicals can oxidize CH4. On a global scale, only a few percent (< 3 %) of CH4 is lost via Cl, but

the share can be higher locally (Hossaini et al., 2016; Sherwen et al., 2016; Wang et al., 2019). A large share of Cl originates

from acid displacement of sea salt aerosol (Wang et al., 2021) and it has been reported that these emissions are increasing510

due to current increases in wind speeds over the Southern Ocean (Song et al., 2019; Zheng et al., 2022; Singer and Pincus,

2026) and the ongoing decline of Antarctic ice sheets (Yan et al., 2020). In a warming climate, this source of Cl could further

increase. With an additional global 10 Tg Cl2 ocean source (Cl2 ocean), the abundance of Cl radicals increases by ∼30 %, which

leads to a 0.6 % increase in the CO burden in the SH extratropics. Simultaneous enhancements of Cl2 and CH4 (Cl2 ocean &

CH4 surface) lead to even larger CO increases relative to Cl2 ocean. Increases of Cl can therefore both enhance the CO burden515

directly and amplify the impact of CH4 increases on CO through increased oxidation. However, the overall impact of Cl on

CO is rather small and large changes would be needed to significantly impact the burden of CO.

Global temperatures are expected to rise in the coming years due to climate change; depending on the SSP scenario a 1 °C

increase warming from current global mean temperatures could be reached between 2040 and 2060 (Gidden et al., 2019). Our

sensitivity study suggests that the tropospheric CO burden in the southern extratropics would increase by 1.9 % in response to520

this 1 °C increase (T all), and considerably more by the end of the century as warming accelerates.

4 Conclusions

In this study, we investigate changes in carbon monoxide in the remote Southern Hemisphere in recent decades in response

to rapid increases in tropospheric CH4 levels, as well as changes in other CO drivers, including primary emissions, precursor

availability, and temperature. We explore these trends based on multi-platform observations from aircraft, surface, and satellite525

as well as global simulations with the chemistry-transport model GEOS-Chem.

We find that observed CO trends in the remote SH do not align across measurement programs. CSIRO surface flask ob-

servations of CO increase by ∼ 6–7 % between 2008 and 2022. In-situ high-frequency and PFP flask aircraft observations

during ATom (2016–2018) show CO increases by ∼10 % compared to HIPPO (2009–2011). In contrast, CO observed from

IASI shows smaller, insignificant upward trends. NOAA surface flask observations and MOPITT retrievals suggest constant530
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CO levels or even small, insignificant declines. Simulated remote SH carbon monoxide in the GEOS-Chem model increases

by 6–7 % between 2008 and 2022, consistent with the trend in the airborne observations, the CSIRO surface flasks and the

AGAGE in-situ measurements. While these enhancements are related to increased production from rising CH4 levels and con-

firm our initial hypothesis, CH4 enhancements account for only half of the overall simulated CO increase. Enhanced emissions

of biogenic NMVOCs as well as increases in temperature, which accelerate the reaction rate of CH4 with OH, contribute an535

additional 45 % and 5 %, respectively, to the trend. Potential reasons for the discrepancies among observations include mea-

surement uncertainties, which arise in part from unique conditions in the Southern Hemisphere, including low concentrations,

the long-term stability of CO calibration standards and the inter-comparability of different calibration scales.

Given a warming climate and a changing emissions landscape, many drivers may impact CO levels in the remote Southern

Hemisphere in the coming decades. Potential future changes, which enhance CO levels, include increasing primary emissions540

from biomass burning and anthropogenic pollution, enhanced biogenic NMVOC emissions, increasing CH4 from wetlands,

enhanced availability of Cl radicals, as well as rising temperatures. In turn, potential increases of NOx and OH could lead to

CO reductions.

These results highlight the continuous need for the 4-dimensional monitoring of the atmospheric state and particularly

for greater observational capacity in the Southern Hemisphere. Measurements in this hemisphere are still relatively sparse,545

but urgently needed considering current knowledge gaps in remote, Southern Hemispheric atmospheric composition. Carbon

monoxide is involved in key processes affecting tropospheric levels of CH4 and the oxidizing capacity, and is therefore a valu-

able indicator of how the atmospheric composition in remote locations is changing in response to anthropogenic perturbations.

A continued effort to improve CO calibration scales, which most current measurement techniques rely on, will enhance the

accuracy of CO measurements and, therefore, our understanding of its drivers in the troposphere. This study emphasizes the550

interplay of numerous processes in controlling reactive trace gas levels in the remote Southern Hemisphere. In the future,

more research focusing on the sensitivity of these processes to alterations in the emission landscape and a changing climate is

needed, with the goal of understanding and monitoring the implications for the atmospheric oxidizing capacity and the lifetime

of greenhouse gases.
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