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Abstract. Dimethyl sulfide (DMS) is the primary natural source of reduced sulfur to the atmosphere and, as a precursor to
sulfate aerosols, indirectly influences Earth’s climate. Despite its global significance, upper tropospheric DMS measurements,
particularly in deep-convective outflows, remain limited. Here we present two airborne datasets of in-situ DMS observations
spanning 0.3—14 km over the Amazon rainforest and eastern Indo-Pacific Ocean, obtained during the CAFE-Brazil and CAFE-
Pacific campaigns. These measurements confirm an east-west decreasing concentration gradient in the Amazonian boundary
layer and reveal frequent elevated DMS (up to 56 pptv) in marine upper tropospheric convective outflows. Model-observation
comparisons were performed with the EMAC (ECHAMS/MESSy2 Atmospheric Chemistry) model using several marine and
terrestrial emission inventories and three different convection parametrisations. The sole available global terrestrial inventory
(Spiro et al., 1992) overestimates Amazonian DMS by approximately a factor of three. Among the marine DMS climatologies,
the Hulswar et al. (2022) inventory provides the closest agreement with the measurements, although further refinements remain
necessary. Of the convection schemes tested, the Tiedtke scheme with Nordeng closure best reproduces the observed vertical
DMS profile. Our results highlight the need for improved DMS emission parametrisations and show that the choice of convec-
tion scheme strongly influences the representation of the atmospheric sulfur cycle in global models. The frequent occurrence
of DMS in deep convective outflow underscores the importance of further investigations into its transport, oxidation at cold

temperatures, and role in new particle formation in the upper troposphere and stratosphere.

1 Introduction

Dimethyl sulfide (DMS) is the dominant natural source of reduced sulfur to the Earth’s atmosphere, emitted mainly from the
oceans with smaller contributions from terrestrial vegetation and soils (Andreae, 1990). In the atmosphere, DMS is oxidised
to secondary sulfate aerosol, which influences climate both directly—by scattering and absorbing radiation (Charlson et al.,
1991; Myhre et al., 2013)—and indirectly, by acting as a precursor for cloud condensation nuclei (CCN) that modify cloud
albedo (Charlson et al., 1987; Ayers and Gras, 1991; Korhonen et al., 2008; Fiddes et al., 2018). It has been proposed that this

mechanism could provide a negative feedback to global warming: as oceans warm, DMS emissions would increase, leading to
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more reflective aerosol and clouds that cool the planet (Shaw, 1983; Charlson et al., 1987). Although anthropogenic fossil fuel
combustion now dominates global sulfur emissions, natural sources still account for the bulk of atmospheric sulfate aerosol
(Chin and Jacob, 1996). Therefore, a better understanding of the emission mechanisms and tropospheric distribution of natural
sulfur sources, particularly DMS, and their representation in global climate models is essential for reducing uncertainties in
indirect aerosol forcing (Carslaw et al., 2013).

DMS in surface waters is produced mainly by bacterial and algal degradation of dimethylsulfoniopropionate (DMSP), a
phytoplankton metabolic product (Hopkins et al., 2023). Once dissolved, DMS can be (i) consumed by bacteria (Sim¢ et al.,
1998), (ii) photo-oxidised by UV radiation (Brimblecombe and Shooter, 1986; Gali et al., 2023), or (iii) emitted to the atmo-
sphere. Sea-air exchange of DMS (and other trace gases) is controlled by the concentration gradient across the air-sea interface
and by the surface wind speed (Liss and Slater, 1974; Mesarchaki et al., 2015). In the marine boundary layer, DMS shows a
characteristic diel pattern: photochemical loss by OH radicals and boundary layer dynamics produce a midday minimum, while
night-time accumulation leads to an early morning maximum (Andreae and Raemdonck, 1983; Nowak et al., 2001; Jackson
et al., 2020). Numerous shipborne campaigns have measured DMS over the world’s oceans in the tropics (Williams et al.,
2004), mid-latitudes (Colomb et al., 2009), and the poles (Leck and Persson, 1996). In addition, aircraft campaigns have char-
acterised the vertical distribution of DMS in the marine atmosphere (Thornton et al., 1997; Nowak et al., 2001; Conley et al.,
2009; Marandino et al., 2013; Novak et al., 2021), yet observations of DMS that have been lofted to the upper troposphere
(10-14 km) by deep convection remain scarce, because few research aircraft are capable of reaching those altitudes.

Terrestrial DMS emissions are dominated by biogenic sources, mainly from vegetation and soils with minor contributions
from wetlands and salt marshes, and represent ~ 15% of the global DMS budget (Watts, 2000). Plant-derived DMS fluxes are
controlled by photosynthetically active radiation (PAR) and temperature, and exhibit strong inter-species variability (Yone-
mura et al., 2005; Geng and Mu, 2006; Jardine et al., 2015; Vettikkat et al., 2020). Sulfur is an essential nutrient for plants,
primarily taken up as sulfate through the roots (Droux, 2004), but it can also be absorbed from the atmosphere as gaseous
sulfur compounds such as carbonyl sulfide (Li et al., 2024). It has been proposed that the emission of reduced sulfur gases
serves as a mechanism for plants to dispose of excess sulfur (Rennenberg, 1984). However, the biochemical pathway respon-
sible for primary DMS production in higher plants remains unresolved. Soil- and leaf litter-derived emissions have also been
reported and are linked to microbial respiration, with temperature and soil moisture as the main drivers (Staubes et al., 1989;
Kesselmeier and Hubert, 2002; Jardine et al., 2015; Pugliese et al., 2023). Anthropogenic activities have also been identified as
DMS sources: agricultural cultivation of crops (Fall et al., 1988; Kanda et al., 1992, 1995; Loubet et al., 2022), and livestock
farming (Williams et al., 1999; Filipy et al., 2006; Shaw et al., 2007; Kammer et al., 2020). The contribution of these anthro-
pogenic emissions to the terrestrial DMS budget is small, but they can be of importance locally (Williams et al., 1999).
Ecosystem scale measurements in the Amazon rainforest reveal DMS mixing ratios reaching up to 80 pptv at canopy level,
where a modest midday peak in the diel cycle above the canopy was reported (Jardine et al., 2015). Elevated mixing ratios
(~5-10pptv) at canopy level have also been reported from temperate forests (Berresheim and Vulcan, 1992; Vermeuel et al.,
2023). The lower-tropospheric DMS vertical distribution over the Amazon Basin was previously characterised by two aircraft

campaigns in the 1980s (Andreae and Andreae, 1988; Andreae et al., 1990), yet no observations exist for the upper troposphere.
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Once emitted into the atmosphere, DMS undergoes complex oxidation pathways involving gas- and liquid-phase reactions
with radicals such as hydroxyl (OH), bromine oxide (BrO), bromine (Br), chlorine (Cl), and nitrate (NO3) (Barnes et al.,
2006; Hoffmann et al., 2016), resulting in a global mean atmospheric lifetime of 1-2 days (Chen et al., 2018). These reactions
generate, among other products, methanesulfonic acid (MSA) and sulfuric acid (H,SOj,), both of which are low-volatility
species that are involved in new particle formation and growth of sulfate aerosol (Sipilé et al., 2010; Rasmussen et al., 2022).
DMS-derived sulfate aerosol particles constitute an important source of CCN in the marine atmosphere (Korhonen et al., 2008).

Accurate global modelling of DMS is essential for quantifying the Earth’s radiative budget (Fiddes et al., 2018), yet it
remains challenging for several reasons. First, the emission mechanisms are complex and highly variable in space and time.
Although multiple global sea water DMS inventories have been produced using different approaches (Kettle et al., 1999; Lana
et al., 2011; Gali et al., 2018; Wang et al., 2020; Hulswar et al., 2022; Zhou et al., 2024), capturing mesoscale variability
is still difficult (Bell et al., 2021; Salignat et al., 2025). In contrast, for terrestrial emissions, only a single inventory (Spiro
et al., 1992) exists, and it has scarcely been evaluated against measurements. Second, sea air exchange velocities differ among
parametrisations, and this can dominate the emission uncertainty in some regions (Joge et al., 2024). Third, the atmospheric
chemistry of DMS is still uncertain because oxidant concentrations, particularly BrO and dissolved OH in cloud droplets, are
poorly constrained (Chen et al., 2018). Finally, shortcomings in convection parametrisations further affect model performance
(Rybka and Tost, 2014), underscoring the need for systematic validation against observational datasets also for short-lived
processes.

Here we present airborne, in-situ DMS measurements covering most of the tropospheric column (0.3-14 km) over the Ama-
zon rainforest and the east Indo-Pacific Ocean during the Chemistry of the Air Field Experiment (CAFE) Brazil and CAFE-
Pacific campaigns, respectively, aboard the High Altitude Long Range (HALO) research aircraft. As the majority of flight time
was dedicated to the upper troposphere and to sampling deep convective events, this dataset provides new insight into the verti-
cal distribution of DMS, especially within rarely explored deep convective outflows. We also examine the spatial DMS patterns
in both regions and compare them with the state-of-the-art global atmospheric chemistry model EMAC, focusing on how cur-
rent marine and terrestrial emission climatologies represent DMS sources. Finally, we evaluate EMAC’s ability to reproduce

the observed vertical DMS distribution above the Pacific by testing three different global model convection parametrisations.

2 Methods
2.1 CAFE field missions

The measurements reported here were obtained aboard the HALO research aircraft during the Chemistry of the Atmosphere
(CAFE) campaigns CAFE-Brazil (2022-2023), and CAFE-Pacific (2024).

The CAFE-Brazil campaign (Dec 2022—-Jan 2023) operated from Manaus during the dry-to-wet transition. DMS was measured
on 13 of the 16 research flights (RFs) over the Amazon Basin, providing the high vertical and spatial coverage shown in Fig-
ure 1. This mission aimed to investigate the atmospheric processing of biogenic rainforest emissions under conditions of strong

convection and low biomass-burning activity (Machado et al., 2004; Tripathi et al., 2025).
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Figure 1. Flight tracks of the HALO aircraft for the CAFE-Brazil (Dez 22-Jan 23) and CAFE-Pacific (Jan—Feb 2024) campaigns, colour
coded by altitude. Only those flights for which DMS measurements from the SOFIA instrument are available are shown. Campaign logos

were designed by Tanja Pallien.

The CAFE-Pacific campaign (January—February 2024) took place during the Australian summer monsoon, a period charac-
terised by high convective activity in the studied region (Pope et al., 2008). DMS was measured on 14 of the 18 RFs, sampling
different regions of the east Indo-Pacific Ocean, including the Coral Sea, Bismarck Sea, Solomon Sea, and the Indo-Pacific

Warm Pool, as well as continental air masses above Papua New Guinea and Australia (Figure 1).
2.2 Instrumentation

Airborne in-situ measurements of dimethyl sulfide (DMS) were conducted with a custom-made Fast Gas Chromatography-
Mass Spectrometer (Fast GC-MS) instrument called System for Organic Fast Identification Analysis (SOFIA) aboard the High
Altitude Long Range (HALO) research aircraft. The custom-made system has been described in detail elsewhere (Bourt-
soukidis et al., 2017), as well as its configuration within the CAFE payload aboard HALO (Voigt et al., 2022).

Briefly, ambient air was drawn through the Trace Gas Inlet (TGI, Enviscope GmbH) and conveyed to the instrument via

a heated PFA line (2m, 0.6cm o.d., 40°C) equipped with an ozone scrubber (Ernle et al., 2023). Within the inlet assembly,
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the air was compressed to standard pressure (1 atm) at a flow rate of 200 sccm. Blank samples were generated by thermal de-
composition of VOCs over a platinum catalyst (Pt/Al,O3, 3.2 mm pellets, Sigma-Aldrich) at 350°C in the Zero-Air-Generator.
A gravimetrically prepared Calibration Standard (~ 50 ppbv VOCs in N;, 5% stated uncertainty, Apel Riemer Environmental
Inc.) was diluted with zero air to prepare calibration samples. The inlet system was constructed entirely from uncoated stain-
less steel tubing (0.6 cm 0.d.). The total residence time of air between the TGI and the sampling point was approximately 15 s
(Bourtsoukidis et al., 2017).

The sample stream was drawn from the inlet system at 40 sccm and passed through a series of cold traps, where it was dried
at -10°C, cryogenically pre-concentrated for 1 min at -160°C, and finally re-focused at -160°C before injection into the GC.
VOCs were separated on a mid-polarity capillary column (10 m x 0.25 mm i.d., 1.40 um film thickness, DB-624 UI, Agilent
Technologies). The custom-made GC oven was programmed as follows: hold at 30°C during the first 50's, ramp at 1.8°Cs"!
to 200°C, then maintain 200°C until the end of the run after 144 s. After chromatographic separation, the VOCs were ionised
by electron impact at -70 eV and detected with a quadrupole mass spectrometer (Agilent Technologies 5973 MSD) operating
in selected ion monitoring (SIM) mode. The SIM method employed during the CAFE campaigns enabled the separation and
quantification of >35 VOCs, including DMS, which eluted at 49.0 s (detected at m/z=62). In this configuration, the instrument
provided one data point every 3 minutes. 1860 airborne, ambient samples (equivalent to approx. 93 flight hours) were collected
during CAFE-Brazil, and 1810 samples (approx. 91 flight hours) during CAFE-Pacific.

Full five-point calibrations were typically carried out on the ground before and after each research flight (RF). During flight,
blank and calibration samples were measured at roughly hourly intervals to monitor the background signal and sensitivity.

Peak integration was carried out with the in-house MPIC-Chrom software (version 7) written in IGOR (Wavemetrics).
During the data processing, we identified an interference caused by the water content of the samples, which affected the
instrument’s sensitivity. Consequently, this effect on the DMS signal was corrected by normalising to the area of the nearby
CFC-113 peak (see Appendix A for details on the correction). The total uncertainty was derived by error propagation based
on the given accuracy of the individual components (2—15% mass-flow controllers, 5% calibration gas standard, 0.5% sample
volume, 0.1-10% peak fitting) and additional uncertainty from the correction (see Appendix A).

SOFIAs limit of detection (LOD) for DMS, defined as three times the standard deviation of the blank measurements, was
1.42 pptv during CAFE-Brazil and 1.63 pptv during CAFE-Pacific. The relative total uncertainty of DMS mixing ratios was
~40% for values between 3*LOD and 10*LOD, and ~20% for values higher than 10¥*LOD, while the precision was better
than 5%. The aircraft’s altitude and position, along with basic meteorological parameters were provided by the Basis HALO

Measurement and Sensor System (BAHAMAYS) (Giez et al., 2022).
2.3 EMAC model setup

Numeric simulations were performed with the ECHAM/MESSy Atmospheric Chemistry (EMAC) model, a numerical chem-
istry and climate simulation system that includes sub-models describing tropospheric and middle atmosphere processes and
their interaction with oceans, land and human influences (Jockel et al., 2010). It uses the second version of the Modular Earth

Submodel System (MESSy2) to link multi-institutional computer codes. The core atmospheric model is the 5% generation
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Table 1. List of performed simulations for CAFE-Pacific.

Short Name  Marine Climatology  Terrestrial Climatology  Convection Scheme

L11 Lana et al. (2011) Spiro et al. (1992) Tiedtke (1989); Nordeng (1994)
W20 Wang et al. (2020) Spiro et al. (1992) Tiedtke (1989); Nordeng (1994)
H22 /TN Hulswar et al. (2022)  Spiro et al. (1992) Tiedtke (1989); Nordeng (1994)
E99 Hulswar et al. (2022)  Spiro et al. (1992) Emanuel and Zivkovié Rothman (1999)
B04 Hulswar et al. (2022)  Spiro et al. (1992) ECMWEF (Bechtold et al., 2004)

European Centre Hamburg general circulation model (ECHAMS) (Roeckner et al., 2006)). The physics subroutines of the
original ECHAM code have been modularised and reimplemented as MESSy submodels and have continuously been further
developed. Only the spectral transform core, the flux-form semi-Lagrangian large-scale advection scheme, and the nudging
routines for Newtonian relaxation remain from ECHAM. For the present study, we applied EMAC (MESSy version 2.55.0)
in the T63LI9OMA -resolution, i.e., with a spherical truncation of T63 (corresponding to a quadratic Gaussian grid of approx.
1.8°%1.8° in latitude and longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa. Gas phase and heterogeneous chem-
istry were represented by the Mainz Isoprene Mechanism (MIM1) within the MECCA submodel (Jockel et al., 2006; Poschl
et al., 2000; Sander et al., 2019). All reactions involving DMS are listed in Table B1. The configuration of the submodels
follows the setup described in Kohl et al. (2023).

Following Jeuken et al. (1996), the tropospheric dynamics in the EMAC simulations are nudged toward the ERAS mete-
orological reanalysis (Hersbach et al., 2020) from the European Centre for Medium-Range Weather Forecasts (ECMWF) to
reproduce the observed day-to-day variability of tropospheric meteorology.

The simulations covered the period from 01 January 2022 to 31 January 2023 for CAFE-Brazil and from 01 January 2023
through 01 April 2024 for CAFE-Pacific, providing a full year for model spin-up in both model runs. For comparison with
aircraft observations, model results sampled along the flight trajectories were extracted at every model timestep using the S4D
submodel (Jockel et al., 2010). In addition, complete three-dimensional output fields were stored at hourly resolution.

Marine DMS emissions in the model are parametrised as a function of surface wind speed, temperature and sea-water
DMS concentration, derived from a climatology, following Pozzer et al. (2006). For the CAFE-Pacific campaign, we per-
formed EMAC simulations with three different marine seawater DMS climatologies (Table 1). Lana et al. (2011) provides an
observation-based interpolation of seawater DMS concentrations within biogeographic provinces and has been the standard
inventory in global models for the past decade (L11). Wang et al. (2020) employs a parametrisation derived from an artificial
neural network analysis that links seawater DMS to environmental proxies such as chlorophyll a, nutrients, sea-surface tem-
perature, and other factors (W20). Hulswar et al. (2022) is an updated version of L11 that incorporates newer observations and
refined interpolation methods (H22).

Terrestrial DMS emissions are derived directly from the Spiro et al. (1992) land-surface climatology, and sensitivity runs
were performed with (S92), without (noTER) and with reduced (rdS92) terrestrial DMS emissions to assess their impact
(Table 2).
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Table 2. List of performed simulations for CAFE-Brazil.

Short Name  Marine Climatology  Terrestrial Climatology ~ Convection Scheme

S92 Hulswar et al. (2022)  Spiro et al. (1992) Tiedtke (1989); Nordeng (1994)
noTER Hulswar et al. (2022) none Tiedtke (1989); Nordeng (1994)
rdS92 Hulswar et al. (2022)  0.39*Spiro et al. (1992)  Tiedtke (1989); Nordeng (1994)

Additional sensitivity experiments were performed to assess how the choice of convection parametrisation influences the
simulated vertical distribution of DMS. Three convection schemes were employed: the EMAC default Tiedke-Nordeng formu-
lation (Tiedtke, 1989; Nordeng, 1994) (TN), the Emanuel and Zivkovié-Rothman scheme (Emanuel and Zivkovié¢ Rothman,
1999) (E99), and the ECMWEF scheme (Bechtold et al., 2004) (B04). Detailed descriptions of these convection schemes and
their implementation in EMAC are provided by Tost et al. (2006) and references therein.

2.4 Satellite imagery

Aqua-MODIS ocean chlorophyll-a concentration data (OCI-Algorithm) was obtained via NASA’s Ocean Color Earthdata
(OB.DAAC) on 11 November 2025. To obtain the campaign average of chlorophyll-a concentrations, five 8-day, 4-km spatial
resolution rasters were averaged into a single map with an ESRI ArcGIS Pro raster cell average function, altogether spanning
a period from January 17 to 25 February 2024. Cloud top temperature (CTT) (Bureau Of Meteorology, 2024b) and cloud type
(CT) (Bureau Of Meteorology, 2024a) data, at hourly temporal and 0.02°x0.02° spatial resolution, were obtained from the
Himawari Geostationary Meteorological Satellite 8/9 and processed by the Australian Government Bureau Of Meteorology
(2021).

3 Results and Discussion
3.1 Observations during the CAFE missions
3.1.1 Vertical and spatial distribution

Vertical profiles of DMS mixing ratios for the two campaigns are presented in Figure 2 a. In the lower troposphere (<1 km),
the marine measurements are roughly an order of magnitude higher than those obtained over the Amazon rainforest, consistent
with the predominance of marine sources in the global DMS budget (Andreae, 1990; Watts, 2000). In both environments, the
mixing ratios decline approximately exponentially with altitude up to approx. 4 km, reflecting dilution by turbulent entrainment
of cleaner air aloft and chemical loss (e.g., via reaction with OH). In the mid-troposphere (4-9 km), the median mixing ratios
fall below the LOD, with only occasional elevated values that may result from mid-level detrainment. In the upper troposphere

(9—14 km), the CAFE-Pacific data frequently exhibit enhanced DMS mixing ratios associated with deep-convective transport,
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Figure 2. Vertical distribution of DMS volume mixing ratios. Values that fell below the LOD were set to the LOD. Data above 11km were
grouped into 1 km altitude bins because of the higher sampling density, whereas all remaining data were placed in 2 km bins; the number of
observations in each bin is indicated on the right-hand side of the panels. The distributions are shown as box and whisker plots (25"—75"
percentile boxes, median line), and in panels b) and c), the individual measurements are plotted in light grey. a) comparison of the CAFE-
Brazil and CAFE-Pacific campaigns. b) CAFE-Brazil data together with measurements from the ABLE-2 campaign for two contrasting
seasons (Andreae et al. (1990), Table 1). ¢) CAFE-Pacific data separated into over ocean and over-land points. The over ocean subset from
the PEM-Tropics B campaign DC-8 measurements (Colman et al., 2001; Simpson et al., 2001; GTE Project Office et al., 2025) is overlaid

for comparison (triangles represent median; errorbars indicate 25"~75" percentile range).

whereas only a few points above the Amazon exceed the LOD despite the occurrence of multiple deep-convective events
(Curtius et al., 2024; Tripathi et al., 2025).

Figure 2 b compares the CAFE-Brazil vertical profile with the only two previous investigations of DMS vertical distribution
above the Amazon Basin to the best of the authors’ knowledge. Both studies were part of the Atmospheric Boundary Layer
Experiment (ABLE) missions conducted with NASA’s Electra aircraft in the 1980s and were limited to the lower troposphere
(<6 km). The first campaign (ABLE-2A) was carried out at the onset of the dry season (July—August 1985; Andreae and An-
dreae (1988)), and the second (ABLE-2B) during the wet season (April-May 1987; Andreae et al. (1990)). In each season, the
reported DMS mixing ratios were very similar, with slightly lower values in the wet season. Their boundary layer measure-
ments agree remarkably well with our median value of 8.2 pptv below 1 km. In the free troposphere, the ABLE values lie just

below our LOD, consistent with the fact that most of our observations in this altitude range are also below the LOD. Canopy
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level measurements near Manaus reported diurnal mean mixing ratios of 14-22 pptv at 40 m altitude during December—January
(Jardine et al., 2015), which likewise match the lower tropospheric values obtained in the present work. A comparable vertical
distribution was observed above the Congolian rainforest during the DECAFE-88 campaign (Bingemer et al., 1992). Together,
these independent datasets suggest that the DMS vertical profile reported here is consistent with previous observations in
tropical rainforest environments over the past decades.

The spatial distribution of DMS mixing ratios below 1 km (Figure 3 a,b) shows a clear east-west gradient, with the highest
values east of Manaus, nearer to the Atlantic coast and a systematic decrease toward the western Amazon. A comparable
gradient was reported from the ABLE campaigns (Andreae and Andreae, 1988). In the lower troposphere over the Amazon
basin east of Manaus, the prevailing wind was easterly, and west of Manaus, north-easterly (Figure 3b). The sampled air
masses were transported from the Atlantic coast toward the interior, typically within at least 2-3 days (Pohlker et al., 2019).
DMS from marine or coastal salt marsh origin could therefore contribute to the elevated eastern concentrations, although the
transport time from the coast to the study region slightly exceeds the lower tropospheric atmospheric lifetime of DMS with
respect to OH of approx. 1-1.5 days (Albu et al., 2006). To quantify the potential contribution of long-range transported marine
DMS, we performed an EMAC simulation with marine emissions only (noTER; see Table 2). The model predicts mixing ratios
up to 7 pptv and a north-south gradient, which is far smaller than the observed east-west gradient of ~20 pptv (Figure 3 c).
Consequently, the gradient is likely mainly driven by spatial variations in terrestrial DMS emissions, with limited contributions
from marine sources. The pronounced east-west gradient across Manaus aligns well with the gradient across recently identified
Amazonian geoecological classes derived from floristic field data, satellite imagery, and climatic data, in which soil properties
were found to be the primary driver (Tuomisto et al., 2019). This suggests that the Amazon rainforest may not be a uniform
DMS source and that spatial variations in soil-related geoecological zones might influence DMS emissions.

The vertical profile for the CAFE-Pacific campaign, separated into over-land and over-ocean observations, is shown in
Figure 2 c. Over-land, most measurements were obtained in the upper troposphere, with relatively few data points below 9 km.
Furthermore, the lower tropospheric measurements over-land were primarily collected near the ocean and are likely influenced
by marine emissions, making them unrepresentative of purely terrestrial conditions in the study region. In the upper troposphere
over-land, DMS mixing ratios were generally below the LOD, consistent with the observations from CAFE-Brazil.

The over-ocean profile is compared in Figure 2 ¢ with measurements from the Pacific Exploratory Mission (PEM) Tropics-
B campaign aboard NASA’s DC-8, which sampled the tropical Pacific during the wet season (March—April 1999) (Colman
et al., 2001; Simpson et al., 2001; GTE Project Office et al., 2025). This dataset was selected because, among the available
aircraft DMS measurements in marine regions, it provides the greatest overlap in region, season, and altitude range with
our observations. Both profiles exhibit a comparable exponential decline of DMS mixing ratios with altitude in the lower
troposphere. Our median values are slightly higher, likely reflecting the predominance of coastal sampling (e.g., above the
biologically productive waters of the Great Barrier Reef), while PEM Tropics-B sampled more over open oligotrophic ocean
waters. A pronounced discrepancy between the two datasets appears in the upper troposphere. During CAFE-Pacific, we
repeatedly observed deep convectively transported DMS with mixing ratios up to 56 pptv between 9 and 14 km. In contrast,

the PEM Tropics-B data at those altitudes, despite extensive sampling, never exceeded 5 pptv. The reasons for this discrepancy
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of the CAFE-Brazil observations, mean values in a 1°x1 km latitude-altitude grid. b) CAFE-Brazil observed DMS mixing ratios at altitudes

<1 km. ¢) CAFE-Brazil modelled DMS mixing ratios (<1 km) with marine emissions only (noTER). The colour scale for panels a)—c) is

shown on the left. d) CAFE-Pacific measurements at altitudes <0.5 km, with its colour scale indicated on the right. The data is overlaid on

an Aqua MODIS chlorophyll-a concentration map (average for the campaign period). 36 Hours back trajectories of selected points along the

flight tracks were generated with the HYSPLIT transport and dispersion modelling system (Stein et al., 2015). Values below the LOD were

replaced with the LOD.
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are not clear. One possible explanation is differences in flight planning, as our campaign specifically targeted regions where
deep convection was expected. To date, only a limited number of in-situ measurements of similarly elevated upper tropospheric
DMS concentrations associated with convective uplift are available in the literature. Thornton et al. (1997) reported mixing
ratios of up to 20 pptv (respectively 80 pptv during a typhoon) above 8.5 km altitude during the PEM West-A (September—
October 1991) and B (February—March 1994) campaigns, which matches our observations. During the HIAPER Pole to Pole
Observations (HIPPO) 2 campaign, elevated DMS levels around 100 pptv were found between 8-10km (Marandino et al.,
2013).

Figure 3 d displays the spatial distribution of DMS mixing ratios below 0.5 km during the CAFE-Pacific campaign. In the
marine boundary layer (<1 km), the inter-quartile range (25-75 percentile) spans 65—115 pptv, with a median of 86 pptv. The
highest value (223 ppt) was recorded during RF7 (21 January 2024, 12 h local time) at 0.35 km altitude above the Great Barrier
Reef. By contrast, RF14 (15 Feburary 2024, 12 h local) sampled the same altitude, location and time of day but observed
markedly lower mixing ratios (~ 100 ppt). Our HYSPLIT back-trajectory analysis shows that the air masses sampled on both
flights originated from similar regions of the Coral Sea. Although the tropical cyclone Kirrily was present in the Coral Sea
during RF7 (see next section), its closest approach to the trajectory was more than 700 km away, making a direct impact on
the measured DMS concentrations, e.g., via enhanced surface windspeeds, unlikely. The measured wind speed was slightly
higher on RF7 (8-9 ms!) than on RF14 (6-7 ms™!), which may account for part of the difference. Overall, DMS mixing ratios
in the marine boundary layer (<0.5 km) show modest positive correlations with wind speed (Pearson r =0.43) and the decadic
logarithm of ocean chlorophyll-a concentrations (Pearson r = 0.40) at the sampling location.

During RF22 (25 February 2024, 9 h local time), we sampled boundary layer air (~ 0.2 km) over mangrove and salt marsh
habitats between Aurukun and Mapoon on the north west coast of Queensland. The airmasses were a mixture of local vegetation
emissions (evidenced, e.g., by elevated isoprene levels) and a marine background, as they originated from the adjacent Gulf
of Carpentaria. The mean DMS mixing ratio on this leg was 96 pptv, which falls well within the typical marine range and
indicates that any contribution from the coastal wetlands was at most on the order of a few tens of pptv. This finding contrasts
with the unusually large m/z 63 signal reported from a 1998 PTR-MS aircraft campaign over Surinam, which was interpreted as
a DMS mixing ratio of 395 pptv in the forest boundary layer and attributed to strong emissions from coastal wetlands (Crutzen
et al., 2000). The quadrupole mass spectrometer used in that study likely suffered from an interference at the DMS mass. In
our extensive dataset, encompassing the Amazon rainforest with its numerous riverine wetlands, and the coastal wetlands of
northern Australia, such elevated DMS concentrations are absent, indicating that intense DMS emissions from wetlands are

either highly localised, episodic, or both.
3.1.2 In-situ observations of convective uplift into the upper troposphere

Although deep-convective transport of air masses was frequently observed over the Amazon rainforest (Curtius et al., 2024;
Tripathi et al., 2025), the DMS measurements in those events were generally at or below the LOD, with only a few outliers.
In contrast, elevated DMS mixing ratios associated with deep convection were encountered repeatedly in the marine upper

troposphere above the Pacific Ocean. Below, we describe two of those convective events in detail.
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Figure 4. Convective outflow observed during RF7 on January 21 2024. a) Time series of cloud-top temperature (CTT) colour-coded with
the cloud type (CT) together with the DMS mixing ratios measured along the flight track. b) Flight track and DMS mixing ratios overlaid on
the CT map. c) Flight track and DMS mixing ratios overlaid on the CTT map. CT and CTT data correspond to 05 UTC on January 21 2024.
Cloud type legend: 1 = cloud free land; 2 = cloud free sea; 3 = snow over-land; 4 = sea ice; 5 = very low clouds; 6 = low clouds; 7 = mid
level clouds; 8 = high opaque clouds; 9 = very high opaque clouds; 10 = fractional clouds; 11 = high semitransparent thin clouds; 12 = high
semitransparent moderately thick clouds; 13 = high semitransparent thick clouds; 14 = high semitransparent clouds above low or medium
clouds. Colours 1 and 2 of the CT map have been adopted to represent cloud-free land and sea of the CTT map. The position of tropical

cyclone Kirrily, denoted by the black cross, was reproduced with permission from the Bureau of Meteorology, ©Commonwealth of Australia.

The first event was recorded during RF7 on 21 January 2024 (Figure 4). While flying northward, HALO penetrated the upper-
level (13—16 km) anvil that constituted the outflow cloud shield of a tropical depression, which intensified into Tropical Cyclone
Kirrily over the following days. During the outflow passage, we measured elevated DMS mixing ratios, with a maximum of
56 pptv and decreasing quasi-exponentially across a swath of roughly 500 km until reaching the LOD. The highest DMS
values were encountered within a very high, optically thick cloud deck, indicating that the aircraft was in close proximity to the
convective core. Because the inflow region of the system was not sampled, we estimated the fraction of boundary layer DMS
that reached the outflow by using the interquartile range of DMS mixing ratios observed below 1 km throughout the campaign
(65-115 pptv) as bounding source values. This approach yields a concentration retention fraction of 49%-86% for boundary
layer DMS lofted to the upper tropospheric outflow of a tropical depression.

The second event occurred during RF10 on 27-28 January 2024 as HALO flew from the Coral Sea towards the Indo-Pacific
Warm Pool region (Figure 5). This area is characterised by extraordinarily low ozone concentrations in the upper troposphere,
a consequence of non-electrified convection (Nussbaumer et al., 2025). The resulting scarcity of hydroxyl radicals prolongs
the atmospheric lifetime of reactive trace gases such as DMS in this region (Kley et al., 1996; Rex et al., 2014). Between 22:00
and 22:30 UTC the aircraft traversed a small convective system and measured elevated DMS, reaching a maximum of 7.5 pptv.

After remaining above a cloud deck, HALO entered the cloud field of a mesoscale convective system at 23:15 UTC. Within

12
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this system DMS mixing ratios rose to as high as 33 pptv at altitudes of 9.5-12.5 km and persisted over a horizontal distance of
roughly 300 km. The vertical structure of the system was sampled with five stacked flight legs at different altitudes (Figure 5 b).
Below the anvil, several small cumulus “towers” were observed near 2.4 km altitude (pictures 4—6 in Figure 5), which exhibited
slightly elevated DMS mixing ratios of around 7 pptv. DMS mixing ratios during the lowest flight level (0.3 km), which we
consider representative of the boundary layer inflow, ranged from 54 to 92 pptv, implying a concentration retention fraction of
36-61% for the lofting of DMS into the upper tropospheric outflow.

These concentration retention fractions are approximate estimates of the DMS that can be advected into the upper-tropospheric
outflow of deep convective systems. Because the age of the studied outflows is uncertain and they may already have undergone
some loss prior to being sampled, the values reported here should be interpreted as lower bounds on the true values.

The efficient vertical transport of DMS from the marine boundary layer to the upper troposphere may have ramifications
for sulfur chemistry both aloft in the troposphere and even in the stratosphere. In the upper troposphere, DMS serves as a
precursor for H,SO,4 and sulfate aerosol formation via oxidation to SO, and MSA. To date, only a limited number of studies
have examined DMS chemistry at these altitudes and associated temperatures and pressures, the majority of investigations
having focused on the marine boundary layer (e.g., Barnes et al., 2006; Hoffmann et al., 2016; Korhonen et al., 2008; Quinn and
Bates, 2011; Sanchez et al., 2018). The present results therefore motivate dedicated chamber experiments and modelling efforts
that address DMS chemistry under cold and dry upper tropospheric conditions. Moreover, because troposphere-stratosphere
exchange is exceptionally efficient in the tropical western Pacific (Fueglistaler et al., 2004; Bonazzola and Haynes, 2004),
deep convective transport of DMS and its reaction products in this region could provide a pathway for its injection into the
stratosphere, where they can persist for long periods and contribute to the Junge layer of stratospheric aerosol, as previously

proposed by Marandino et al. (2013).
3.1.3 Diel variations

Diel cycles of DMS mixing ratios in the planetary boundary layer have been documented for both environments. Over the
Amazon rainforest, DMS exhibits a modest midday maximum that coincides with a peak in photosynthetic available light
(PAR) and temperature (Jardine et al., 2015). In contrast, marine boundary layer DMS concentrations increase overnight and
display a midday minimum, reflecting the strongest photochemical loss during daylight hours (Andreae and Raemdonck, 1983;
Nowak et al., 2001; Jackson et al., 2020).

Here we present, for the first time, the diel distribution of DMS mixing ratios throughout the entire tropospheric column
for the CAFE-Brazil and CAFE-Pacific campaigns (Figure 6). In both regions, the DMS vertical distribution follows the
diel pattern of convective activity (Yang and Slingo, 2001). Over the rainforest, larger DMS fluxes are lofted into the free, and
occasionally upper, troposphere in the afternoon, consistent with the afternoon peak in convection (Machado et al., 2004). Over
the Pacific Ocean, upper tropospheric DMS concentrations peak in the morning, matching the typical late morning maximum
in marine convection (Pope et al., 2008).

However, these diel profiles must be interpreted with caution. The dataset, especially in the upper troposphere, does not

represent background conditions because the flights were deliberately targeted toward areas of intense convective activity.

14



315

320

325

https://doi.org/10.5194/egusphere-2026-5595
Preprint. Discussion started: 22 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

a)

14
E 121
=

10 A _
[ 2
° 10 N
2 o g
= -~
c o S
o =
= a
2 44
%]
9
a 21

0 - r : . r r

3 5 7 9 1 13 15 17 19 21 23

b) Local time
—_ 107t
€
<
[} -
el >
2 a
= ]
©
1] 1022
5 a
w0
%]
<
a

0

3 5 7 9 1 13 15 17 19 21 23
Local time

Figure 6. Diel variation of DMS volume mixing ratios. a) CAFE-Brazil data, local time corresponds to AMT (UTC-0400). b) CAFE-Pacific
over-ocean data, local time corresponds to AEST (UTC+1000). Both data sets are displayed as gridded mean values within 1 hrx1 km grid

cells.

3.2 Global model simulations

In this section, we compare the observational data with simulations of the state-of-the-art atmospheric chemistry model EMAC,

with special emphasis on the representation of DMS sources and vertical transport.

3.2.1 Marine DMS emissions

The model results from the L11, W20 and H22 simulations (Table 1) were used to evaluate the agreement between the simulated
DMS fields with our observations in the boundary layer (<0.5 km). The corresponding correlations and the spatial distribution
of the model-to-observation ratios are shown in Figure 7, and for each correlation we report the coefficient of determination
(R?), the median model-to-observation ratio (M/O), and the percentage of points that lie within a factor of 2 of the observations
(PF2).

In the boundary layer, the L11 simulation overestimates DMS by an average of 43% relative to our measurements and shows
essentially no correlation with the observations (Figure 7 a). The bias is especially large over the Bismarck Sea and north of
Papua New Guinea (Figure 7 d). In contrast, the W20 simulation underestimates DMS by about 34% on average and explains
less of the observed variability (R?>=0.141). The H22 simulation on average gives a close match with the measured values
(M/O = 1) and reproduces the observed variability best among the tested climatologies (R? =0.228). These results demonstrate

that the updates from Lana et al. (2011) to Hulswar et al. (2022) substantially improve the representation of seawater DMS,

15



https://doi.org/10.5194/egusphere-2026-5595
Preprint. Discussion started: 22 September 2026
(© Author(s) 2026. CC BY 4.0 License.

W20

a) 111 b)
0.25 v 0.25
— /,
-0 —0—‘/’
0.20 A e 0.20
>0 —e— /
— —e-—e— —
> - eenll >
2015+ T — 2 0.151
= e I
= F—enei— — e——| e
2 Pl - e’ o =3 o g
o e - 4
s 0.10 R s s 0.10
w o w
0.05 5 0.05
R*=0.022
M/O = 1.427
PF2=79.0%
0.00 + T T T T 0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.
d) GCMS (ppbv) e)
0° 0°

-5°

-10°

-15°

-20°

-25°

-30°

;
-35°

-40°

-5¢

-10°

-15°

-20°

-25°

-30°

e

o
X . }

+140°+145°+150°+155°+160°

—— weighted least-square fit
— 1L:1line

R?=0.141
/ M/O = 0.659
PF2 =54.3%
00 005 010 015 020 O
GCMS (ppbv)

25

3
-35°

-40°

}\\A/J

"y

+140°+145°+150°+155°+160°

=

1/4

12 1
EMAC/GCMS

EGUsphere\

c) H22
0.25 -
0.20 |
I~ —?‘tE
> —
2 0.15 =l
2 /
Q / —o— S— —
%0.10 o
00517 :"#- R?= 0.228
M/Q = 1.003
PF2 = 81.5%
0.00 # : . | }
0.00 005 010 015 020 0.25
f GCMS (ppbv)
00
5
-10°
-15°
-20°
-25°
-30°
S
-35° D /
\\\'/‘\/J
-40° o 3
i)

I

+140°+145°+150°+155°+160°

Figure 7. Comparison of GC-MS DMS measurements with EMAC simulations for the marine boundary layer (<0.5 km). a)—c) Scatter plots

of observed mixing ratios versus simulated mixing ratios for three emission climatologies: a) L11, b) W20, and c¢) H22. Data from RF22

was excluded because the sampled airmasses were strongly influenced by terrestrial emissions. The blue line in each panel is a weighted
least squares fit, with weights equal to the inverse of the squared relative measurement uncertainties (error bars in grey). The coefficient of

determination (R?), the median model-to-observation ratio (M/O), and the percentage of points within a factor of 2 of the observation (PF2)

are indicated. d)—f) Spatial maps of the model-to-observation ratio for the same climatologies.
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Figure 8. Comparison of observed and simulated DMS mixing ratios for CAFE-Brazil. a) Vertical distribution, GC-MS observation in green,
the simulation using the S92 climatology in black, and the noTER simulation with marine emissions only in grey. Values below the GC-MS
LOD (illustrated as a purple line) have been replaced with the LOD in both observed and simulated DMS data. b)—c) Scatter plots of observed

versus simulated mixing ratios below 1 km, in b) for the S92, and in c) for the rdS92 simulation. Same as Figure 7 a—c.

making the latter the most suitable choice for the season and region examined. Consequently, we adopted the Hulswar et al.

(2022) climatology for marine DMS emissions in our CAFE-Brazil simulations.
3.2.2 Terrestrial DMS emissions

For the CAFE-Brazil campaign, we ran the S92 simulation using the sole terrestrial DMS inventory available in the literature by
Spiro et al. (1992). However, the monthly fixed climatological emissions do not reproduce any of the observed variability (Fig-
ure 8 b) and overestimate boundary layer DMS (<1 km) by roughly a factor of 2.7, which propagates into an excess throughout
the entire tropospheric column (Figure 8 a). To quantify the contribution of terrestrial emissions to the total DMS, we per-
formed the noTER simulation in which terrestrial DMS emissions were switched off, allowing only long-range-transported
marine DMS to enter the central Amazonian domain. In this “marine-only” simulation, the simulated mixing ratios below 2 km
are substantially lower than our observations, indicating that the bulk of DMS measured above the central Amazon originates
from terrestrial sources. Scaling the terrestrial Spiro et al. (1992) emissions by a factor of 0.39 (the inverse of M/O =2.675 for
S92) brings M/O close to unity but does not improve the coefficient of determination (rdS92 simulation, Figure 8 ), indicating
that a simple linear scaling cannot rectify the structural deficiencies of the inventory. These results demonstrate the need for a
refined terrestrial DMS emission parametrisation, and the present observations can provide a benchmark for developing such a

scheme.
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¢) ECMWF scheme (B04). The solid lines correspond to the median in each altitude bin; the grey area indicates the 25"~75" percentile range
of the observations. Values below the LOD were set to the LOD for both observed and simulated DMS data to facilitate direct comparison. d)
Simulated H>SO, for all three convection schemes. Data are binned in 2 km intervals, and the number of observations (black) and respective

simulations (blue) in each altitude bin are given on the right side of panel a).

3.2.3 Vertical profile

To evaluate how well EMAC reproduces the observed convection during the CAFE-Pacific campaign, we compare the mea-
sured and simulated vertical distributions of DMS mixing ratios across the TN, BO4 and E99 simulations (Figure 9 a—c). The
results from both the TN and E99 simulations exhibit a difference to the observations in the mid troposphere (2—-6 km), with
modelled mixing ratios more than one magnitude higher than the observations. This could be caused by an overestimation
of mid-level detrainment in these schemes. In contrast, the BO4 scheme does not generate such a feature; however, it places
the main convective outflow between 6 and 10km, which is roughly 2km lower than observed. Figure 9d illustrates how
the choice of convection scheme affects HySOy, a secondary oxidation product of DMS and other reduced sulfur species. In
the mid-troposphere, the simulated H,SO,4 concentrations differ by up to an order of magnitude among the three schemes,
demonstrating that convection parametrisation also strongly influences secondary sulfur chemistry.

In the upper troposphere (9-14 km), the median DMS mixing ratios produced by all three simulations are significantly lower
than the aircraft measurements. This difference is partly due to the coarse horizontal resolution of EMAC, which does not
allow the simulation of the small-scale convective features. Figure 10 compares the modelled upper-tropospheric DMS fields
from the TN simulation with the observations for the two case studies presented in Figures 4 and 5. The figure shows that the
model does generate DMS updrafts of comparable magnitude to those observed; however, the simulated updrafts are displaced

slightly relative to the flight track. Consequently, a direct, point-by-point comparison between model output sampled along the
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Figure 10. Upper tropospheric DMS mixing ratios (12—14 km) measured during CAFE Pacific plotted on top of the corresponding gridded
maximum values from the TN simulations for the same time period and altitude range. a) Flight segment of RF7 (see also Figure 4); b)
flight segment of RF10 (see also Figure 5). Measurements below the LOD have been replaced with the LOD. Simulations are binned into

1.875°x1.875° intervals. Please note that both panels have their own colour bars indicated below.

flight path and the measurements is ambiguous. Nonetheless, the results indicate that the TN and E99 simulations generally
reproduce the observed mixing ratio magnitudes, albeit sometimes at different locations, whereas the BO4 simulation markedly
underestimates DMS transport to the upper troposphere.

Overall, the TN simulation yields the closest agreement with the observations, although notable differences persist in the
mid-troposphere. Our sensitivity analysis shows that the choice of convection parametrisation controls not only the vertical
distribution of DMS but also the concentrations of its oxidation products that are generated in the model. Consequently, an
appropriate representation of deep convection is essential for global-scale studies of upper-tropospheric sulfur chemistry and

for assessing its potential climate impacts.

4 Conclusions

In this study, we present airborne, in situ measurements of DMS from the CAFE-Brazil and CAFE-Pacific campaigns that span
the tropospheric column from 0.3 km to 14 km over the Amazon rainforest and the eastern Indo Pacific Ocean. The boundary
layer mixing ratios and the vertical profile of DMS in the lower troposphere are consistent with earlier gas chromatographic
observations above tropical rainforest (Andreae and Andreae, 1988; Andreae et al., 1990). In the upper troposphere, DMS was

generally below the LOD in deep convectively up-drafted air masses above the Amazon Basin. The boundary layer data confirm
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the existence of a terrestrial source and the previously reported east-west gradient, which may be linked to a geoecological
gradient rather than to transport of marine DMS.

The vertical profile of DMS in the lower and mid-troposphere over the eastern Indo Pacific Ocean agrees well with previous
measurements, for example, those measured aboard the DC-8 during the PEM Tropics-B campaign. In the upper troposphere
(9-14 km), we frequently observed elevated DMS in deep convective outflows, reaching up to 56 pptv, a phenomenon that has
been previously observed only rarely (Thornton et al., 1997; Marandino et al., 2013). These observations highlight the need
for further research on the fate of lofted DMS and its role in new particle formation at low temperatures and pressures typical
of the upper troposphere and stratosphere.

For the season and region sampled during the CAFE-Pacific campaign, the model simulation using the marine emission
inventory of Hulswar et al. (2022) provides the most accurate simulated DMS mixing ratios, although further refinements are
necessary. Among the convection parametrisations tested, the EMAC default Tiedtke scheme with Nordeng closure (Tiedtke,
1989; Nordeng, 1994) yields the closest agreement with the observed vertical distribution, although it overestimates mixing ra-
tios in the mid-troposphere. In the upper troposphere, the simulated lofted DMS mixing ratios match the observed magnitudes,
but the model often predicts the updrafts slightly displaced from the aircraft trajectory.

Comparison of EMAC simulations using the terrestrial DMS inventory of Spiro et al. (1992) with the CAFE-Brazil ob-
servations shows that simulations using this climatology overestimate DMS mixing ratios above the Amazon rainforest by
roughly a factor of three. Although the oceanic source dominates the global DMS budget and terrestrial emissions contribute
only a minor fraction, such an overestimate can produce a regional excess of DMS throughout the troposphere, with potential
consequences for regional sulfur chemistry. Our work, therefore, motivates the improvement of terrestrial DMS emissions in
numerical models. Future work should focus on improving the understanding of terrestrial, particularly plant-derived, DMS

sources and obtaining additional atmospheric observations in continental, forested regions.

Data availability. The observational datasets for CAFE-Brazil and CAFE-Pacific will be uploaded to the HALO database (https://halo-db.
pa.op.dlr.de/) upon acceptance of the manuscript. The PEM Tropics-B data are available through the NASA Langley Atmospheric Sci-
ence Data Center Distributed Active Archive Center (https://doi.org/10.5067/ASDC/SUBORBITAL/PEM-TROPICS-B/MERGE_DATA_1)
(GTE Project Office et al., 2025). The simulation data are available on request.

Appendix A: CFC correction

A common strategy for reducing systematic and random errors in quantitative GC-MS analysis is the use of an internal stan-
dard, an added compound (absent from the original sample) at a known concentration, to monitor sampling biases and detector
sensitivity drift. Isotopically labelled molecules (e.g., >H- or '3C-labeled) are frequently employed. For instance, 2Hg-toluene
was used as an internal standard for ambient VOC measurements (Demeestere et al., 2008). We did not purposely introduce

such an internal standard to our samples. Instead, we exploited the quasi uniform presence of long-lived CFCs in the tropo-
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Figure A1. Upper panel: Representative calibration chromatogram obtained with the Fast GC MS system. Lower panel: Corresponding MS

pressure recorded throughout the chromatogram at different altitude and humidity conditions during RF7 of CAFE-Brazil.

sphere and used them as an internal standard because their mixing ratios are spatially homogeneous. By normalising the VOC
signals to the nearby CFC peaks, we corrected for variations in instrument sensitivity caused by CO, and humidity.

The typical variation of MS pressure during a chromatographic run is shown in Figure Al. The sharp peak at the beginning
(~16—-17 s) corresponds to the elution of CO,, which is trapped in the -160 °C enrichment trap together with all other VOCs.
The subsequent, broader feature (~ 25-105 s) is caused by water vapour. Both CO, and water are present at significantly higher
concentrations than VOCs in the atmosphere. Although most of the sample’s water was expected to be removed by the -10 °C
cold trap before enrichment, our results indicate that a substantial fraction of water vapour nevertheless survived this stage
and entered the GC-MS system. The magnitude of the water feature was highly variable throughout a RF, closely linked to
the flight altitude and the corresponding ambient humidity. Conversely, the MS pressure can be used as a proxy for the water
abundance in the MS at a given retention time.

CFCs are highly volatile, chemically inert substances that were used industrially (e.g., as refrigerants) from the 1930s
until their ban under the Montreal Protocol in the late 1980s because of their strong ozone-depleting potential (Kim et al.,
2011). Their long atmospheric lifetimes (CFC-11: 43 yr; CFC-12: 88 yr; CFC-113: 72yr) exceed the timescales of tropo-
spheric mixing, resulting in uniform background mixing ratios throughout the troposphere. These background mixing ratios

are continuously monitored by a global network of long-term measurements, such as the Advanced Global Atmospheric Gases
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Figure A2. Normalised peak areas of CFC-12, CFC-11, and CFC-113 from ambient samples measured during RF7 of CAFE-Brazil are
shown in red (left y-axis). The right y-axis shows the pressure inside the MS at the approximate retention time of each compound, plotted in
blue. Y-axis labels are the same for every panel, but are only shown in the first one for clarity. The grey area indicates the flight altitude, with

the corresponding y-axis on the right side of the figure.

Experiment (AGAGE) (Prinn et al., 2018) and the NOAA flask samples (Montzka et al., 1999), making CFCs excellent tracers
for assessing instrument sensitivity. CFC-12 (ret. time =19.8 s, m/z =85), CFC-11 (ret. time=36.3 s, m/z=101), and CFC-
113 (ret. time =47.7 s, m/z=101) were included in our method. For their background mixing ratios, we adopted the following

reference values:
— CFC-12: monthly averages of the high-resolution dataset by Prinn et al. (2025).

— CFC-113: averages derived from flask measurements by Stephen A. Montzka and Isaac Vimont (downloaded from

https://gml.noaa.gov/aftp/data/hats/cfcs/cfc113/flasks/GCMS/CFC113_GCMS_flask.txt on 23 August 2026).

Both datasets were obtained at the Kennaook/Cape Grim Baseline Air Pollution Station (Tasmania, Australia), which provides
a well-characterised, clean air baseline for the Southern Hemisphere (Fraser et al., 2020).

The time series of CFC-11, CFC-12, and CFC-113 recorded during the RFs (red curves in Figure A2) show pronounced
variability, with each compound displaying a distinct pattern. For CFC-11 and CFC-113, the variability is especially large:
recorded peak areas at high altitude can be up to a factor of two higher than at lower altitudes. This behaviour follows the
changes in MS pressure at the retention times of their peaks, suggesting that increased water vapour in the ion source reduces
sensitivity. A higher abundance of ionised H,O molecules creates a denser space-charge cloud within the ion source, which
can perturb ion trajectories and prevent efficient transmission of analyte ions out of the source (Cowen et al., 1993).

In contrast, CFC-12 exhibits lower variability (~ 10%), which appears not correlated with MS pressure (Figure A2). A similar
space-charge effect may still be present because the tail of the CO, peak overlaps the CFC-12 retention window. The lack of
an observable relationship could be partly due to the MS pressure being recorded at only 1 Hz, which is insufficient to resolve
the rapidly changing pressure associated with the relatively narrow CO, peak. Moreover, the tropospheric variability of CO,

concentrations is modest. For example, a CO, variability of up to 10% has been reported in the boundary layer above a tropical
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rainforest in Suriname (Williams et al., 2001), while variability above the boundary layer is expected to be considerably smaller.
This magnitude is consistent with the observed CFC-12 variability.

Finally, additional factors that influence all compounds equally should be considered, such as the water dilution effect, which
is explained in detail elsewhere (Harazono et al., 2015), and other instrumental effects like electrical drift of the MS.

To correct for these various influences on instrument sensitivity, we normalised each analyte peak to a nearby CFC peak. This

approach rests on three assumptions:
1. The prevailing conditions in the MS at a given retention time affect the sensitivity to all compounds in the same manner.

2. Peaks that are close in retention time to each other (approx. 2s apart from each other) experience the same sensitivity

conditions.

3. Ambient CFC mixing ratios are vertically and spatially homogeneous throughout the troposphere (Zeng et al., 2022) and

can be represented by the well-established background values reported in the literature.

Under these premises, the CFC peaks provide an internal reference that corrects for altitude-, humidity-, and instrument-
related sensitivity variations affecting nearby VOC signals. Only VOCs whose retention times lie close to a CFC peak can be
corrected with this method. In the present dataset, these are CH3Cl, which was corrected with the CFC-12 signal, and DMS
and CH3;I, which were corrected with CFC-113.

The first step of the correction was to flag any sample in which the MS pressure at the retention time of the CFC and

the analyte differed by more than 2%. Such samples violate the second assumption (that both peaks experience comparable
conditions) and were excluded from further analysis. For DMS, this criterion removed 6.5% of the CAFE-Brazil in-flight
samples and 6.8% of the CAFE-Pacific samples, most of which were recorded during ascent or descent.
For the remaining samples, the background contribution was subtracted, after which correction factors for the calibration
samples were derived. This was done by forcing the CFC calibration points onto a straight line through the origin and an
arbitrarily chosen reference peak area at the corresponding background mixing ratio (denoted as cyan stars in Figure A3 b,f).
In the next step, correction factors were applied to the areas of the corresponding VOCs for each calibration sample. The final
calibration parameters for CH3Cl, DMS, and CH;I were obtained as the mean slope of the corrected in-flight calibration points
(blue line in Figure A3).

As shown in Figure A3, the CFC correction significantly reduces the variability of the calibration points for all three analytes.
For DMS, however, the corrected in-flight calibration points remain systematically lower than the ground-based calibrations.
We attribute this discrepancy to an additional humidity effect in our inlet. Under more humid conditions, DMS may adsorb less
efficiently to the stainless steel inlet lines, leading to enhanced transmission. This hypothesis is supported by the observation
that, after correcting for the water-induced MS sensitivity loss, the DMS instrument response exhibits a linear relationship with
MS pressure (see Figure A4), which is a proxy for the water vapour level in the instrument. Because the difference between
high and low humidity conditions exceeds a factor of two for DMS, we used this linear relationship to correct the DMS signal.

Between the CAFE-Brazil and CAFE-Pacific campaigns, the platinum pellets in the Zero Air-Generator were replaced

during routine maintenance, introducing an additional source of humidity into the calibration system. Consequently, only a few
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Figure A3. Calibration samples from RF7 during CAFE-Brazil before and after applying the CFC correction.

24



475

480

https://doi.org/10.5194/egusphere-2026-5595
Preprint. Discussion started: 22 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

a) Raw (uncorrected) b) Corrected
2.75 A o Pearson's R = -0.1894 4.51 Ppearson's R = 0.8633 ° 20
)
kel
2250 g 4.0 ° 18
=3 235 °
5 522 g 3.5 16
S £ 50 =
5 2 2.00 =3 145
w 2 3 o
< 5175 £ 254 3+
O % ¥ 12
150 2 504
%2}
% 2 10
1.25 0 1.5
8
T T T 1.0 T T T
I T
pressure a peak (mbar) MS pressure at DMS peak (mbar) 1le—5
c) d)
| Pearson'sR=-0.1115 ©O Pearson'sR = 0.4891  ©
2.50 a5 22
3 3
% 2.251 % 2.0 20
o 3 3
= © 18
S o O 3.5
T = %: =
o < 16-&
w8 5307 2
T g 14y
< E © F*
O 8 x 2.5
;’i 1] 12
= v 2.04
s
[a) 3 10
1.5 A
8

5.5 6.0 6.5 7.0 j j ! j
5.5 6.0 6.5 7.0
MS pressure at DMS peak (mbar) 1le=5 MS pressure at DMS peak (mbar) 1e—5

Figure A4. Correlation between the instrument response (peak area divided by the injected mixing ratio) and the mass spectrometer pressure
at the DMS retention time, shown before (a,c) and after (b,d) applying the CFC correction across all calibration points of the respective
campaign (ground and in-flight). The red line denotes the calibration parametrisation: a linear regression for CAFE-Brazil. Because only a
few dry calibration points were available for CAFE-Pacific, the slope from the CAFE-Brazil calibrations was retained, and the intercept was

adjusted to best match the CAFE-Pacific data. See text for more details.

dry calibrations at high altitude were obtained during the later flights (RF18 onward) of CAFE-Pacific. Since the calibration
points for CAFE-Brazil are more evenly distributed between wet and dry conditions, we retained the slope derived from the
CAFE-Brazil calibrations for both campaigns and adjusted only the y-intercept for CAFE-Pacific to achieve the best fit. This
adjustment was necessary because the foreline pump of the mass spectrometer was replaced between the campaigns, resulting
in generally slightly lower MS pressure during CAFE-Pacific.

The additional uncertainty associated with the assumption of uniform CFC background mixing ratios throughout the tropo-
sphere was conservatively set to 5% of the literature CFC mixing ratios. This value encompasses the 0.12% Kennaook/Cape
Grim instrument precision (Miller et al., 2008), the approx. 2% variability of CFC surface mixing ratios observed over the
two-month campaign periods across nine AGAGE stations around the globe, and an extra margin to account for variability

within the vertical tropospheric column. To account for the additional uncertainty of the humidity correction of DMS mixing
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ratios, the least-square fit uncertainty was employed. All steps of the correction were considered in the error propagation and

are therefore reflected in the total uncertainty reported above.

Appendix B: Reactions involving DMS in the MIM1 atmospheric chemistry mechanism

Table B1. Second order rate coefficients of reactions involving DMS in the MIM1 atmospheric chemistry mechanism. T refers to the

temperature in K, while [O2] stands for the oxygen concentration in cm™.

Reaction Rate coeff. (cm? s7) Reference
DMS + OH —s CH;SO, + HCHO 1.13%10 1 e~  Atkinson et al. (2004)
_ 5820
DMS + OH — DMSO + HO, L0x107%xe T +[0s]  Atkinson et al. (2004)
(145.0%103%e T x[O2])
DMS + NO; — CH;3S0, + HNO; + HCHO - O5 1.9% 1078« Atkinson et al. (2004)
DMS + Cl —3 CH;S0, + HCI + HCHO 3.3%10710  Atkinson et al. (2004)
DMS + Br — CH;SO, + HBr + HCHO 9.0%10 1 xe=7"  Jefferson et al. (1994)
DMS + BrO —; DMSO + Br 4.4%107'  Ingham et al. (1999)
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