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Abstract. In the marine environment dimethyl sulfide (DMS) is the most abundant sulfur-containing trace gas.
It serves as a key precursor to new particle formation and growth via its oxidation products, sulfuric acid (SA,
H2SO4) and methanesulfonic acid (MSA, CH3SO3H). Here, we present measurements of MSA and SA in the
Indo-Pacific region during the CAFE-Pacific (Chemistry of the Atmosphere Field Experiment in the Pacific)
campaign in January–February 2024. The measurements were conducted on board the HALO (High Altitude and
LOng-range) aircraft using nitrate mass spectrometry. We observe gas-phase concentrations of up to 4×107 cm−3

MSA and 6× 107 cm−3 SA in the marine boundary layer. In the lower free troposphere, the MSA /SA ratio in-
creases with altitude in agreement with the temperature-dependent DMS oxidation. At higher altitudes, adiabatic
heating and subsequent evaporation of acidic particles within the instrument inlet enable the detection of both
particle- and gas-phase MSA and SA. A detailed analysis of two flights shows that marine deep convection
can lead to DMS transport from the boundary layer to the upper troposphere and subsequent particle forma-
tion and growth after approximately 10–20 h of OH exposure aligning with the DMS lifetime determined by
kinetic modelling. We frequently observe MSA concentrations significantly exceeding those of SA, suggesting
that free-tropospheric particles – particularly over the Indo-Pacific Warm Pool – may be dominated by MSA. Our
results imply that marine convection represents an important source of airborne particles in the upper tropical
troposphere, one of the most pristine regions of Earth’s atmosphere.
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1 Introduction

High concentrations of small particles in the upper trop-
ical troposphere have been observed during previous air-
craft measurements over both oceanic and continental re-
gions (Brock et al., 1995; Clarke and Kapustin, 2002; An-
dreae et al., 2018; Williamson et al., 2019), which indicates
a strong source of nucleation that cannot be captured accu-
rately by current models (Williamson et al., 2019; He et al.,
2026). A likely explanation for this shortcoming in models is
an incomplete representation of nucleation mechanisms or
an inaccurate description of precursor emissions and their
transport within this region. Recent aircraft and laboratory
studies have confirmed the importance of isoprene oxidation
products for particle formation above the tropical rainforests
(Curtius et al., 2024; Shen et al., 2024). Deep convective sys-
tems transport isoprene from the boundary layer to the upper
troposphere, where high actinic fluxes enable efficient oxida-
tion and formation of low-volatility compounds, which nu-
cleate at cold upper tropospheric conditions. These particles
might subsequently be distributed over vast areas and trans-
ported downwards where they can act as cloud condensation
nuclei (CCN) (Hernández Pardo et al., 2026).

However, the majority of the tropics is not covered by rain-
forests but by oceans, with limited isoprene emissions, and
other chemical mechanisms are therefore needed to explain
the observations. Measurements of precursor gases in these
pristine regions are very sparse and the composition of small
particles remains unknown.

In the marine environment, dimethyl sulfide (DMS,
(CH3)2S) is expected to be one of the most abundant volatile
organic compounds (VOCs) with an estimated annual flux of
16–24 TgSyr−1 (Bock et al., 2021). Main oxidation products
of DMS are SO2, sulfuric acid (SA), methanesulfonic acid
(MSA) and hydroperoxymethyl thioformate (HPMTF). The
initial oxidation step occurs mostly by OH, via H-abstraction
or OH-addition. Regionally NO3 and halogen species, pre-
dominantly BrO, can contribute significantly to the oxida-
tion (Tashmim et al., 2024; Jongebloed et al., 2025). The ini-
tial DMS oxidation is followed by multiple steps, including
reactions with O3, NOx , HO2,RO2 and photochemical reac-
tions. The exact pathways and reaction rates are still an active
area of research with multiple schemes differing in complex-
ity proposed (e.g. Chen et al., 2018; Shen et al., 2022; Fung
et al., 2022; Tashmim et al., 2024; Jacob et al., 2024).

One important group of intermediates are the CH3SOx
radicals (CH3S·,CH3SO·,CH3SOO·,CH3SO2O·). Their rel-
ative abundance and further reactions depend on tempera-
ture, NOx , HOx , O3 and RO2 concentrations (Jacob et al.,
2024). The key competition is between pathways that keep
the carbon-sulfur skeleton intact long enough to form MSA,
and pathways that break it down toward SO2 or SA (via SO3).

Temperature plays an important role in the MSA /SA ra-
tio from DMS oxidation. At cold temperatures the addition
pathway is favoured over the abstraction pathway (Cala et al.,

2023; Tashmim et al., 2024). Additionally, decreased ther-
mal decomposition reduces fragmentation towards SO3 and
SO2. Overall, this leads to an enhanced MSA production at
cold temperatures resulting in higher yields at high latitudes
(Shen et al., 2022; Cala et al., 2023; Tashmim et al., 2024).

In addition to the gas-phase mechanism, DMS is also ox-
idised in the aqueous phase. This pathway contributes sub-
stantially to total atmospheric MSA (predominantly present
as methanesulfonate, MS−, in cloud and aerosol water) and
DMS-derived sulfate, especially in cloud-processed marine
air (Chen et al., 2018; Hoffmann et al., 2016; Jongebloed
et al., 2025). HPMTF is efficiently scavenged by cloud
droplets, which leads to enhanced sulfate formation and a
decrease in gas-phase SO2 (Novak et al., 2021).

Ambient measurements suggest that MSA can evaporate
from the particle phase back into the gas phase, a process
likely dependent on temperature, ambient relative humidity
(RH) and aerosol pH (Zhang et al., 2014; Miljevic et al.,
2025). Similar to isoprene, DMS can be transported in deep
convective systems to the upper tropical troposphere (Thorn-
ton et al., 1997), although direct measurements in these high
altitudes remain sparse.

While SA is a crucial compound in almost all global
aerosol models, MSA is rarely considered due to its lower
nucleation potential and limited data availability. However, it
has been shown to nucleate with ammonia (Johnson and Jen,
2023) or amines (Chen et al., 2016) and is a major contributor
to particle growth in the boundary layer (Beck et al., 2021;
Loh et al., 2023). Aircraft studies in the American tropics
found acidic sulfate particles associated with convection in
the Pacific and related these to gas-phase oxidation of trans-
ported DMS. These air masses also contained high concen-
trations of MSA in the particle phase (Froyd et al., 2009).
However, the particle composition was only determined for
larger particles above 200 nm sampled likely days or weeks
after their initial formation.

The CAFE (Chemistry of the Atmosphere Field Experi-
ment) campaigns conducted with the HALO (High Altitude
and LOng range) research aircraft operated by the German
Aerospace Centre (Deutsches Zentrum für Luft- und Raum-
fahrt, DLR) aimed to investigate the tropical atmosphere in
different regions of the Earth with a focus on the upper tro-
posphere. The final campaign, CAFE-Pacific (January and
February 2024), was based in Cairns, Australia, probing the
Indo-Pacific during the wet season. A special focus was
placed on the Indo-Pacific Warm Pool, a region with par-
ticularly high ocean surface temperatures that fuel intense
convection (Liu and Zipser, 2015; de Deckker, 2016). It is
characterised by pristine marine air masses with low ozone,
NOx , and OH values (Nussbaumer et al., 2025). Ambient
measurements in the area are sparse, especially in the free
troposphere.

Here we present MSA and SA measurements by a ni-
trate Chemical Ionisation – Atmospheric Pressure interface –
Time Of Flight mass spectrometer (CI-APi-TOF) performed
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during CAFE-Pacific. At lower altitudes, these represent gas-
phase values, whereas at higher altitudes particles evaporate
in the inlet, allowing combined gas- and particle-phase con-
centrations to be reported.

2 Methods

2.1 Nitrate CI-APi-TOF

The SCORPION (Switchable CORona Powered ION
Source) instrument is a CI-APi-TOF that uses a corona dis-
charge to produce nitrate ions which cluster with or ionise the
target molecules in the sample flow (Zauner-Wieczorek et al.,
2022; Curtius et al., 2024). This method has been shown to
efficiently measure compounds like SA or highly oxidised
organic molecules (Jokinen et al., 2012; Kürten et al., 2011;
Simon et al., 2020). SCORPION was specifically designed
for aircraft operation: The ion source remains at a constant
pressure of 200 mbar while the inlet pressure can vary from
1000 mbar at ground level to 200 mbar or less in the upper
troposphere. A core sampling system with a total sampling
flow of 20 Lmin−1 minimises wall losses and an efficient
flow system allows a very low consumption of synthetic air.
A schematic drawing of SCORPION can be found in Fig. A1
in the Appendix.

The instrument is calibrated with a setup similar to the one
described by Kürten et al. (2012). SA is generated through
the oxidation of SO2 by OH radicals formed via photoly-
sis of water vapour. The SA produced by the calibration
unit is modelled based on the gas mixing ratios, reaction
rate coefficients and light intensity. The calibration was per-
formed at different pressures and hence yields a pressure-
dependent calibration equation. The same equation is ap-
plied for SA and MSA since both compounds have a similar
structure and are assumed to react with NO−3 at the kinetic
limit based on cluster enthalpy calculations by Shen et al.
(2022). During every flight, at least one 10 min background
measurement is performed during which only synthetic air
is measured. The concentration throughout this background
period is then subtracted from the ambient data. For SA and
MSA, this background is usually 1–2×106 cm−3. Lastly, a
temperature-dependent loss correction is applied accounting
for wall losses to the inlet line (Gormley and Kennedy, 1948).
The systematic uncertainty is estimated to be a factor of two,
resulting mainly from the uncertainty in the calibration fac-
tor.

The background measurements allow the calculation of
the lower limit of detection using LOD = 3σC, where σ is
the standard deviation of all background measurements com-
bined, averaged to 1 min. C is the calibration factor, which
is pressure-dependent. Hence the LOD changes with alti-
tude from values of 3–4×106 cm−3 at ground level to 1–
2×106 cm−3 (2–3×10−4 µgm−3) in the upper troposphere.

Evaporation in the inlet

A crucial part of the measurement setup is the aircraft inlet.
It consists of a 1.8 m long stainless steel tube with an inner
diameter of 20.5 mm and two bends with radii of 120 and
500 mm. The sampling probe outside the aircraft was specif-
ically designed to reduce wall losses by slowing down the
air by a factor of 10 before sampling (Broch, 2012). How-
ever, this increases the pressure in the inlet line and leads
to an adiabatic heating and consequently a decrease in rel-
ative humidity. This heating is weak at low altitudes where
the relative pressure change is small but can lead to a tem-
perature difference between ambient and inlet (1T ) of up to
70 K at high altitudes, where the outside temperature is low
and the relative change in pressure is high. Due to the long
inlet line with a residence time between 0.45 and 1.7 s, this
can influence sampled particles and, in some cases, lead to
their evaporation.

To investigate this effect, SCORPION was compared to
another nitrate CI-APi-TOF (LTOF) during experiments at
the CERN CLOUD chamber in 2024. Figure 1a and b show
averaged data for different experimental conditions, the full
data set can be seen in Fig. A2 in the Appendix. The chamber
operates at 5 mbar above ambient pressure. Despite this, the
temperature difference between the cooled chamber (down
to 223 K) and the instrument creates conditions comparable
to those experienced during aircraft measurements. As the
sample flow of the LTOF does not experience heating due
to a much shorter inlet and better insulation, it can be used
as a reference instrument measuring solely gas-phase con-
centrations. A set of different experiments were conducted
including SA, MSA and organic vapours. Some experiments
involved particle formation from precursors in the chamber
while others used a separate flow tube system to inject larger
particles directly into the chamber. This allowed testing of
the instrument during a wide variety of conditions and parti-
cle compositions.

Some general points should be noted before analysing the
results in more depth: SCORPION was connected to the
CLOUD chamber using a fairly long inlet with three almost
90° bends, which was unavoidable due to the geometry of
the instrument and the chamber, and led to increased wall
losses. Additionally, the instrument performance during the
chamber measurements was generally poorer and more un-
stable than during aircraft operation. This was caused by fluc-
tuations in the ion source pressure and contamination from
the large particle loadings in the chamber. This resulted in a
higher instrumental background and increased noise levels.

Two areas of operation can be identified in Fig. 1a and b.
For a temperature difference below approximately 10 K,
most of the measured points agree within a factor of two
between both instruments. Deviations can be explained by
the instrumental setup and conditions as explained above,
as well as uncertainties in the calibration factor of the two
instruments. For larger temperature differences of 30 K or
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Figure 1. CLOUD chamber comparison (a–b) of SCORPION (HALO CI-APi-TOF) with another nitrate CI-APi-TOF (LTOF) coloured
by 1T (a) and RH in the inlet (b). Data points close to the 1 : 1 line indicate both instruments measuring gas phase while points signifi-
cantly above the 1 : 1 show that the values measured by SCORPION are influenced by particle evaporation. The latter is the case for large
temperature differences and low RH in the inlet. The absolute values detected by SCORPION additionally depend on the aerosol mass in
the chamber. In (c) we use the CLOUD measurements to categorize the CAFE-Pacific data into different regimes as a function of inlet RH
(y-axis) and inlet-ambient temperature difference (x-axis). Black points indicate 1 min measurement averages during CAFE-Pacific flights.
Blue regions indicate gas phase measurement of SA (solid) and MSA (striped), while red regions indicate total measurement. Outside of
these regions, inlet evaporation is not constrained and this data is excluded from analysis. At low altitudes the relative change in pressure in
the inlet is minimal and the ambient temperature close to the one in the inlet.

Table 1. Definition of different measurement regimes for MSA and
SA during CAFE-Pacific. Whether gas or total (gas and evaporated
particle) phase is measured is defined by the temperature difference
between ambient and inlet (1T ) and the RH in the inlet.

Compound Regime Conditions (1T , RH) Fraction
of data

SA
gas < 5 K and > 10% 17 %
total > 30 K or < 5% 56 %

MSA
gas < 5 K and > 30% 17 %
total > 25 K or < 10% 69 %

more, the SCORPION measurements lie well above the 1 : 1
line and up to four orders of magnitude above the gas-phase
concentrations (Fig. A2), suggesting that significant evapo-
ration occurs in the inlet. Whether this evaporation is caused

by the increase in temperature or the associated decrease in
RH, cannot be determined at this point. Sparse MSA mea-
surements indicate that it already evaporates at lower values
of 1T than SA, which is consistent with the higher vapour
pressure of MSA (Hodshire et al., 2019). Absolute temper-
ature undoubtedly influences the volatility of MSA and SA;
however, evaporation in the inlet is primarily driven by the
rapid change in conditions. Therefore, the temperature dif-
ference serves as a more relevant indicator of this effect.

For low enough RH and high enough values of 1T we
expect the evaporation to be complete. An experiment with
injection of pure SA particles at < 0.5% RH in the inlet is
shown in Fig. A3 in the Appendix. The comparison between
the SA mass concentration measured by SCORPION and the
mass calculated from the particle size distribution shows al-
most identical values, hence confirming the total evaporation
of the particles.
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Note that the pressure drop in the ion source from ambi-
ent conditions to 200 mbar could also contribute to the ob-
served evaporation. However, this effect is expected to be
small compared to the heating in the inlet since we observe
evaporation at high altitudes, where the pressure difference
between the inlet and the ion source is below 50 mbar. We
can confirm evaporation is the primary SA source since the
observed SA concentrations would result in unrealistically
high nucleation rates> 100 cm−3 s−1 at temperatures typical
for the upper troposphere (Dunne et al., 2016), which were
not observed during the campaign.

The previous findings only apply to acidic particles. Ex-
periments in the presence of ammonia show that no evap-
oration of SA in the inlet is observed for neutralised or par-
tially neutralised particles (Fig. A4). This is caused by the in-
creased presence of the acid in the ionic form, which strongly
increases the energy required for a phase transition to the
gas phase. The neutralisation state of particles below 40 nm
could not be measured during CAFE-Pacific. For particles
above this diameter the composition measurements remain
highly uncertain due to the very low mass concentrations,
especially of ammonium (Figs. A5 and A6). Therefore, the
values shown in the subsequent analysis represent lower lim-
its for the total MSA and SA concentrations. However, out-
side the Asian monsoon region, very low ammonia concen-
trations are expected in the upper troposphere (Froyd et al.,
2009; Hoepfner et al., 2016; Nair and Yu, 2020; Johansson
et al., 2024) and large parts of the measurement region show
the lowest impact of anthropogenic NH3 on CCN concentra-
tions globally (Xenofontos et al., 2025).

The observations during the chamber experiments allow
us to categorise the measurements during the aircraft cam-
paign into three categories: gas phase (no evaporation), total
(definite evaporation) and undefined (potential evaporation).
The particle-phase measurements are a combined measure-
ment of gas and particle phase since we cannot distinguish
between evaporated particles and gas phase. However, the
concentrations are dominated by evaporated particles even at
relatively low particle number concentrations. For example,
as few as 10–20 pure MSA particles cm−3 with diameters
of 60 nm or larger are sufficient to produce MSA concentra-
tions that exceed typical gas-phase MSA levels (see Fig. A7
in the Appendix). The classification is done using the ambi-
ent temperature and the temperature in the inlet line, as well
as the RH. The conditions derived from the chamber exper-
iments are used to categorise the ambient measurements ac-
cording to Table 1 and as shown in Fig. 1c. The majority of
data points fall into the total acid category due to the focus
of the campaign on high-altitude measurements.

For data that do not fall into either category, we cannot
confidently assess evaporation, and they are therefore ex-
cluded from the analysis. Approximately 27 % of SA data
and 15 % of MSA data are excluded, primarily from mid-
tropospheric observations (3–7 km), whereas measurements

in the boundary layer and upper troposphere can be reliably
interpreted.

Since it was not possible to reproduce the full phase space
of 1T , RH and particle mass in the chamber experiments
and the impact of bases remains largely unquantified in the
aircraft measurements, we cannot fully rule out incomplete
evaporation. This would primarily impact measurements in
the middle troposphere where 1T is lower and the RH in
the inlet higher, which could lead to an underestimation of
acid concentrations there. The values reported here therefore
represent a lower limit of total MSA and SA.

2.2 Additional data sources and methods

2.2.1 Aircraft instrumentation

The HALO aircraft is operated by DLR and has conducted
multiple research campaigns worldwide (Krautstrunk and
Giez, 2012). During the CAFE-Pacific campaign, 17 research
flights (RF) were performed from Cairns, each lasting 6–
12 h. Flight altitudes ranged from the boundary layer up to
14 km, covering an extensive area above Australia, Papua
New Guinea and the Indo-Pacific Ocean. An overview of all
flight paths is provided in Appendix Fig. A8.

The large variety of instruments on board allows a detailed
study of atmospheric conditions from physical parameters
to chemical trace gas analysis. The position and altitude of
the aircraft, as well as the ambient temperature, are recorded
by the BAsic HALO Measurement And sensor System (BA-
HAMAS) developed and operated by the DLR (Giez et al.,
2022). The O3 concentration is measured by the Fast AIR-
borne Ozone (FAIRO) instrument using UV photometry and
chemiluminescence detection (Zahn et al., 2012).

Apart from the previously described SCORPION instru-
ment, data from the Compact – Time of Flight – Aerosol
Mass Spectrometer (C-TOF-AMS) are used in this analy-
sis (Drewnick et al., 2005; Schulz et al., 2018). The C-TOF-
AMS flash vaporises the particles and measures the compo-
sition using time-of-flight mass spectrometry. The data are
usually separated in sulfate (SO−2

4 ), ammonium (NH+4 ), ni-
trate (NO−3 ) and organic compounds given in µgm−3. The
C-TOF-AMS can measure particles in a size range of ap-
proximately 40 to 800 nm and the LOD for sulfate is around
0.01 µgm−3 for a time resolution of 1 min. The system-
atic uncertainty amounts to 30 % (Canagaratna et al., 2007;
Bahreini et al., 2009; Middlebrook et al., 2012).

Particle number concentrations and size distributions are
determined by a combination of two instruments: The FASD
instrument consists of 10 ultrafine Condensation Particle
Counters (CPC) (Curtius et al., 2024; Riese et al., 2025) with
different fixed cut-off diameters and measures particles in
the range of 2–20 nm. The larger particles between 60 and
1000 nm are measured by an Ultra-High Sensitivity Aerosol
Spectrometer (UHSAS) and can be integrated over the re-
spective diameter range to obtain a cumulative size distribu-
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tion similar to the FASD data. Particle number concentrations
in different size intervals are subsequently obtained by tak-
ing the difference between cumulative concentrations at the
corresponding diameter thresholds. For research flight num-
ber 8 (RF08), these instruments were not operating, hence an
Optical Particle Counter (OPC) is used for particles above
250 nm diameter.

It is important to note here that the particle measurements
do not experience the same adiabatic heating as SCORPION.
Nevertheless, the inlet lines in the aircraft are rather long and
only partially insulated, which does lead to a significant tem-
perature increase between the ambient and the instrument in
the upper troposphere. Our chamber studies suggest that this
could be sufficient to evaporate acidic particles in these in-
struments, which might lead to a decrease in measured size or
in absolute concentration. We are currently not able to quan-
tify this effect, but it should certainly be considered in future
campaigns when designing inlets or analysing data collected
in the free troposphere.

2.2.2 Model and satellite data

To analyse the origin of the measured air masses, the
HYSPLIT model (Version 5.2.1) developed by the Na-
tional Oceanic and Atmospheric Administration (NOAA)
was used. This is a Lagrangian single particle model as de-
scribed in detail by Stein et al. (2015); Draxler and Hess
(1997); Draxler (1998, 1999). The meteorological data was
obtained from the National Oceanic and Atmospheric Ad-
ministration (NOAA Global Forecast System, 2026) with a
spatial resolution of 0.25°. The trajectories were calculated
backwards from the flight path of the aircraft every minute.
The altitude is given in meters above ground and the mixing
depth is calculated by the meteorological model. The abil-
ity of the model to resolve small scale convective transport
correctly is limited due to the grid size of the underlying me-
teorological data. At high altitudes, the trajectories are used
to estimate the last contact with a convective cell.

The Himawari satellite, a geostationary weather satellite
operated by the Japan Meteorological Agency, is utilized for
the identification of convective clouds. The data used here is
part of the Himawari 8/9 cloud type package accessed via
NCI Australia (Bureau Of Meteorology, 2024). Each data
point is assigned to one of 15 possible cloud types based on
different threshold values in the optical channels (Kerdraon
and Fontaine, 2021). The cloud type associated with deep
convection is “very high opaque cloud”, which represents the
core of the convective system. This parameter is chosen since
it is available during day and night and in the full coverage
of the satellite.

Data from the Copernicus Atmospheric Monitoring Ser-
vice (CAMS) global reanalysis (EAC4) was used to estimate
average DMS mixing ratios in the measurement region dur-
ing January and February 2024 (Inness et al., 2019). Chloro-
phyll concentrations during the same period were obtained

from the E.U. Copernicus Marine Service Information as part
of the Global Ocean Biogeochemistry Analysis and Forecast.

Gas-phase chemistry was simulated with the community
atmospheric chemistry box model, CAABA, coupled to the
Module Efficiently Calculating the Chemistry of the At-
mosphere (MECCA) (Sander et al., 2019), version 4.7.5.
CAABA provides a zero-dimensional framework for inte-
grating detailed chemistry under prescribed meteorological
and radiative conditions. MECCA solves the coupled sys-
tem of ordinary differential equations for all chemical species
using the KPP Rosenbrock solvers, which are optimized
for stiff atmospheric chemistry systems. Gas-phase reac-
tion chemistry followed the standard MECCA mechanism
for the troposphere as implemented in CAABA/MECCA.
This mechanism includes on the order of 100–150 gas-phase
species and several hundred reactions, providing a chemi-
cally comprehensive description of HOx–NOx–VOC–O3 in-
teractions suitable for global and upper-tropospheric applica-
tions.

To adequately represent marine sulfur chemistry, the de-
fault DMS scheme was extended following the recent mech-
anistic work of Shen et al. (2022) and Jacob et al. (2024). The
Shen mechanism is based on MCMv3.3.1 as well as reactions
from Hoffmann et al. (2016) and other recent publications. It
was validated against CLOUD chamber measurements. Sim-
ilarly the Jacob mechansim is based on the MCM but added
73 reactions and changed 21. It performed best in comparison
to several other chemical schemes (Jacob et al., 2024). Both
schemes include HPMTF reactions but no aqueous-phase or
halogen reactions. For a sensitivity test, halogen reactions for
Br2 and Cl2 were added from Burkholder et al. (2019).

3 Results

As described previously, the measurements of SCORPION
are influenced by the temperature increase in the inlet caused
by adiabatic heating. At low altitudes, this effect is minimal
and we report gas-phase concentrations in the first part of
our results, while the high altitude data is presented after-
wards as a combined gas- and particle-phase measurement.
Three flights are examined as case studies before all mea-
surements in the upper troposphere are considered to draw
a coherent picture of particle composition and origin in the
marine tropics. We use trajectories combined with satellite
data to determine the history of the measured air masses and
confirm our findings with a simple chemical box model.

3.1 Low-altitude measurements

Low-altitude measurements of gas-phase SA and MSA are
shown combined with the trajectory analysis performed by
the HYSPLIT model in Fig. 2. The trajectories were cal-
culated 24 h backwards from the aircraft position and are
coloured by the concentration measured on board. Here, only
data collected in an altitude of up to 1 km is shown, which is
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Figure 2. Gas-phase measurements of SA (a) and MSA (b) with
24 h backward trajectories. The trajectories were calculated with the
HYSPLIT model and are coloured by the concentrations measured
with SCORPION. Only data points with a1T below 5 K are shown
to avoid the influence of evaporated particles. The plots show val-
ues measured below 1 km altitude. Values below the LOD are not
shown. The black triangles indicate the starting points of each back-
ward trajectory, i.e. the location of the aircraft.

representative of the boundary layer (BL) height during most
flights.

The concentrations of MSA and SA in the BL vary from
below our limit of detection (< 3–4×106 cm−3) to several
107 cm−3. These values are comparable but slightly higher
than measurements in the Arctic (Beck et al., 2021), Antarc-
tica and the Southern Ocean (Jokinen et al., 2018; Baccarini
et al., 2021; Quéléver et al., 2022), while similar values have
been reported in the tropical Indian Ocean (Salignat et al.,
2024).

Whether the air masses originate in the remote Pacific
or closer to the coast does not seem to have a major influ-
ence on the concentrations, indicating that emission source
regions are distributed over broad areas. Especially the re-
gion between Papua New Guinea and along the Australian
coast is characterised by a high biological activity (Fig. A11a
in the Appendix). However, the Copernicus Atmospheric
Monitoring System (CAMS) predicts DMS values of 100–
250 pptv (parts per trillion by volume) mainly further east
(Fig. A11b in the Appendix). Besides DMS, SA can also
be produced from anthropogenic or volcanic SO2 emissions.
CAMS shows hotspot regions for volcanic sites in Papua
New Guinea and in the denser populated south east of Aus-
tralia. However, none of the trajectories in Fig. 2 overlap

Figure 3. Altitude profiles of gas-phase SA (a) and MSA (b) as
measured by SCORPION. The points are coloured by the fraction
of hours spent over the ocean during their 24 h HYSPLIT trajec-
tory. The grey striped area indicates data below LOD. The solid
lines show mean values for 500 m altitude bins and for different air
mass origins: marine is defined as no time spent over land, inland
as no time spent over the ocean and mixed for all other cases. The
coloured shaded areas shows the respective standard deviation. The
data points below the LOD are included in the averaging. (c) shows
the SA to MSA ratio for the gas-phase measurements against the
ambient temperature. Only values above the LOD were included
and only where the conditions for gas-phase MSA were fulfilled
(Table 1). The mean and central 75th percentile (12.5th–87.5th) are
indicated by the purple line and shaded area. The grey area shows
the kinetic simulations of DMS oxidation by Shen et al. (2022).

with these regions indicating minor influence of non-DMS-
derived SO2.

The altitude profiles for MSA and SA in the boundary
layer and the lower free troposphere are shown in Fig. 3a and
b. Most measurements were conducted during daytime, as
shown in Fig. A12 in the Appendix. SA exhibits the highest
concentrations within the BL and decreases to values often
below our limit of detection at altitudes exceeding approx-
imately 500 m above ground level. MSA on the other hand
shows an increasing trend with altitude.

Marine influence is quantified by marine fraction, defined
as the fraction of hours the HYSPLIT backward trajectory
is located over the ocean. For the gas-phase data, the marine
fraction of the last day is considered, i.e. a marine fraction

https://doi.org/10.5194/acp-26-12355-2026 Atmos. Chem. Phys., 26, 12355–12393, 2026



12362 H. Klebach et al.: Aircraft observations of MSA and SA in the Indo-Pacific

of one corresponds to the past 24 h spent entirely over the
ocean. The solid lines in Fig. 3a and b represent the mean for
marine (0 h over land), mixed (1–23 h over land) and inland
(24 h over land) air masses. For SA, the highest concentra-
tions are measured closest to the ground in all air masses
indicating the diverse sources and its short lifetime (seconds
to few hours depending on the condensation sink Dal Maso
et al., 2002; Ranjithkumar et al., 2021; Tuovinen et al., 2021).
Air of purely marine origin shows slightly higher concentra-
tions up to 2 km. Above this altitude, the data points are too
scarce to determine a reliable trend.

MSA shows a clearer marine connection with all data
points above 107 cm−3 having a high marine fraction and
the mean MSA concentration in marine air being roughly
a factor 3 greater than for the inland air up until 3 km alti-
tude. Above that, the MSA concentration increases with al-
titude regardless of the air mass origin. The different trends
of concentrations with altitude of both acids indicate an en-
hanced MSA source in the free troposphere, potentially due
to a higher chemical production from DMS oxidation.

Figure 3c compares the ratios measured during the CAFE-
Pacific campaign with the kinetic model simulation by Shen
et al. (2022), which has been verified by chamber experi-
ments. Both in the model and the measurements, a clear shift
towards MSA at colder temperatures can be confirmed. How-
ever, the measured SA /MSA ratios consistently fall below
the model prediction, with the strongest discrepancy in the
BL. A reason for this could be uncertainties in the chemical
mechanism. Shen et al. (2022) is only one of multiple DMS
oxidation schemes proposed. However, in a comparison it
has been shown to underpredict SO2 rather than MSA (Ja-
cob et al., 2024). The effect of NOx on the chemistry should
be negligible due to the low mixing ratios above the ocean
(mostly below 100 pptv, see Fig. A10). Even higher mix-
ing ratios closer to the coast or shipping routes would only
slightly enhance the SA /MSA ratio according to experimen-
tal results in Shen et al. (2022), although the literature on the
effect of NOx on DMS oxidation is not conclusive (Koga and
Tanaka, 1999; Librando et al., 2004; Ye et al., 2022).

Processes that are not considered in the kinetic model but
can impact the atmospheric SA /MSA ratio include, for ex-
ample, the oxidation of DMS by halogen compounds. These
reactions promote the addition pathway and, consequently,
enhance MSA formation. However, the effect of Cl is ex-
pected to be minor and BrO has a significant impact mainly
at higher latitudes (Khan et al., 2016; Chen et al., 2018; Tash-
mim et al., 2024). Another missing mechanism are aqueous-
phase reactions. For example, HPMTF (formed efficiently
under the low-NOx conditions) is rapidly taken up into cloud
droplets eventually reducing gas-phase SO2 concentrations
and subsequent SA formation (Novak et al., 2021; Kilgour
et al., 2025). This is a likely reason for the low SA /MSA
ratios in the BL measurements. Another important source
could be evaporation of MSA from particles at low ambient
RH values. While the RH in the BL is mostly high (∼ 80 %,

Fig. A9 in the Appendix), the range of values in the free tro-
posphere is broad. This might also explain the high MSA val-
ues measured for low marine fractions in Fig. 3b. The higher
values cannot be caused by evaporation in the instrument
since only data points with a very low 1T and sufficiently
high RH in the inlet are considered.

In the absence of ammonia or other bases, the concentra-
tions detected here are mostly not sufficient to initiate sig-
nificant new particle formation at temperatures of the bound-
ary layer or the lower free troposphere (Dunne et al., 2016;
Baalbaki et al., 2026). They can, however, contribute to
the growth of small particles producing growth rates of 1–
10 nmh−1 (Stolzenburg et al., 2020).

3.2 High-altitude measurements

For the data collected in the middle and upper troposphere,
the heating and subsequent evaporation of particles in the in-
let need to be considered. Therefore, we report total concen-
trations (gas and evaporated particle phase) for the conditions
detailed in Table 1 and Fig. 1c. To highlight the distinction
from gas-phase measurements, mass concentrations are re-
ported in this section. For consistency across instruments, the
data have been corrected to standard temperature and pres-
sure (STP; 1013 hPa, 273 K). We first analyse three different
case studies before broadening the picture to all flights. The
first case study (Sect. 3.2.1) provides a comparison with the
C-TOF-AMS to show our ability to quantify particle phase
acids and to distinguish between MSA and SA with SCOR-
PION, which is not possible with the C-TOF-AMS instru-
ment.

The second case study (Sect. 3.2.2) explores the relation-
ship between the concentrations of MSA, SA and small par-
ticles for a flight in an approximately 14 h old convective out-
flow. The third case shows data from an outflow of a convec-
tive system that has not experienced significant OH exposure
and therefore shows lower acid and particle concentrations
(Sect. 3.2.3). The flight tracks for all research flights can be
found in the Appendix (Fig. A8), including those used in the
case studies.

3.2.1 RF08 – Quantitative measurements of particle
phase MSA and SA in the upper troposphere

As discussed in the methods section and confirmed by cham-
ber experiments, our measurement is dominated by evapo-
rated particle-phase acids at higher altitudes. This can be seen
particularly well during a period in RF08, where we compare
measurements by SCORPION with sulfate values obtained
by the C-TOF-AMS. The AMS on board HALO is not ca-
pable of distinguishing between MSA and SA but MSA is
expected to fragment mostly on the peaks considered for the
sulfate trace.

The aircraft was flying at approximately 9 km altitude and
passed repeatedly through the same area close to the Aus-
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tralian coast in a zig-zag pattern. The agreement between
both instruments is remarkably good (Fig. 4), not only is
the relationship linear over more than one order of magni-
tude, but the absolute values agree to a great extent. This
indicates that under these conditions (3 % RH–7 % RH in
the inlet and1T ≈ 30 K), SCORPION efficiently evaporates
particles, which are simultaneously measured by the C-TOF-
AMS. No precise measurement of the particle size is avail-
able but the strong signal in the C-TOF-AMS and low signal
in the OPC indicate a diameter well above 40 nm but mostly
below 250 nm. The good agreement also indicates that the
particles are highly acidic since otherwise evaporation could
not occur in our inlet. The C-TOF-AMS confirms this by
showing no detectable ammonia even during the periods with
higher mass loadings, which is consistent with the low am-
monia levels expected in the upper troposphere (Hoepfner
et al., 2016; Johansson et al., 2024).

Plotting the MSA concentration instead of the acid sum,
coloured by the MSA /SA ratio (Fig. 4b), shows only a very
small decrease in the agreement between both instruments,
since MSA exceeds SA in most cases by at least a factor of
10. This leads to the conclusion that the sulfate particle mass
is dominated by MSA rather than SA.

A similar comparison for a flight in the marine BL can be
found in Fig. A13 in the Appendix. No correlation is found
with the C-TOF-AMS values strongly exceeding the mea-
surements by SCORPION, which confirms that at low alti-
tudes, SCORPION measures the gas phase and is not affected
by particles. This is the case despite the substantially higher
particle mass concentrations at lower altitudes, as indicated
by the AMS sulfate measurements and OPC concentrations,
both of which are approximately one order of magnitude
greater than those shown in Fig. 4. Instead, the air masses
with higher particle mass seem to have lower gas-phase con-
centrations, possibly due to the enhanced condensation sink.
This is an independent confirmation of the instrumental be-
haviour already discussed in Fig. 1.

3.2.2 RF18 – Aitken mode MSA and SA particles
observed in convective outflow after OH exposure

Figure 5 shows a segment of RF18 between 06:00 and
09:00 UTC, during which the aircraft flew at an altitude of
approximately 12 km over the Indo-Pacific Warm Pool, pass-
ing back and forth through an area of roughly 30 000 km2. As
this altitude and consequently 1T (Tinlet− Tambient) is even
higher than the data shown in Fig. 4, we expect to fully evap-
orate both SA and MSA particles. The time series of O3 in-
dicates two distinct air masses which were passed multiple
times. The air mass of interest here has lower ozone mixing
ratios and is marked by a grey shading in Fig. 5a–c.

This air mass is characterised by high number concentra-
tions of small particles, as seen in the second panel. The con-
centration of nucleation mode particles between 2 and 10 nm
is slightly enhanced but mostly below 1000 cm−3. However,

Figure 4. Comparison of C-TOF-AMS and SCORPION measure-
ments during a 2 h 40 min period of RF08. The aircraft was flying
at an altitude of approximately 9 km above the ocean, close to the
Australian coast. The x-axis shows the particulate sulfate of parti-
cles between 40 and 800 nm measured by the C-TOF-AMS. In (a)
the sum of MSA and SA from SCORPION is plotted coloured by
the concentration of > 250 nm particles measured by the OPC. (b)
shows just the MSA mass concentration coloured by the ratio of
MSA to SA. SCORPION cannot distinguish between evaporated
particles and gas phase. The solid line represents the 1 : 1 ratio and
the dashed lines represent the 1 : 2 and 2 : 1 ratios, reflecting the
systematic uncertainty of SCORPION. The 30 % uncertainty for the
C-TOF-AMS measurements is not shown. The R2 values are indi-
cated in each plot.

there is a high abundance of particles of 10 to 60 nm diameter
with number concentrations frequently exceeding 5000 cm−3

and peak values above 10 000 cm−3. The concentration of
even larger particles above 60 nm, on the other hand, stays
mostly below 20 cm−3.

Finally, the air mass also shows high MSA concentrations
reaching above 0.2 µgm−3 and slightly elevated SA concen-
trations. Unlike RF08, there is no correlation with C-TOF-
AMS sulfate data, which measures concentrations approxi-
mately one order of magnitude lower than SCORPION. This
can be explained by the minimum cut-off diameter of the
AMS, which lies at approximately 40 nm. The particles in
this air mass are mostly too small to be detected by the C-
TOF-AMS, but they still lead to a strong signal in SCOR-
PION after evaporation in the inlet. All other compounds
in the AMS stay below or close to the limit of detection
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Figure 5. Section of RF18 close to the Solomon Islands. (a) shows the time series of altitude, RH and O3, (b) particle number concentrations
for three size ranges (diameters between 2 and 1000 nm) from FASD and UHSAS and (c) MSA and SA detected by SCORPION (combined
gas and particle phase) alongside SO2−

4 from the C-TOF-AMS. The grey shaded areas mark the air mass of interest originating from
convective uplift. (d)–(f) show map plots with 14 h backward HYSPLIT trajectories calculated from the position of the aircraft every minute,
coloured by the SA (d) and MSA (e) measurements. In (f) the trajectories are shown in black and the cloud type as identified by the Himawari
satellite, with only four of the total 15 categories depicted. The flight path is indicated in grey, black or red in all three panels.

(Fig. A14).The simultaneous presence of high particle num-
ber concentrations and high total MSA concentrations indi-
cates that these particles are a result of DMS oxidation in the
upper troposphere. Due to the kinetic condensation of MSA
onto particles (Baalbaki et al., 2026; Yu et al., 2026), the
measured concentrations could not be sustained in the gas
phase and represent almost exclusively particle phase mea-
surements. Assuming an average particle diameter of 30 nm,
concentration of 5000 cm−3 and density of 1.5 gcm−3 (Per-
raud et al., 2023), the expected mass of MSA would be
0.1 µgm−3 which is consistent with the values detected by
SCORPION. Although we cannot fully exclude the presence
of other compounds in the particles that do not evaporate in

our inlet, these are not required to explain the observed par-
ticle concentrations.

To determine the air mass history, the HYSPLIT trajec-
tories were calculated from the aircraft position backwards.
Figure 5d and e show that the air mass with higher acid con-
centrations seems to originate from the east, while lower val-
ues are measured for trajectories from the south or south east.

The only source of DMS at these altitudes (∼ 12 km) in
the tropics is transport from the boundary layer by deep con-
vection since DMS is expected to be too short-lived for long-
range transport and does not have any chemical sources in
this altitude. The low O3 mixing ratio, high RH and low con-
densation sink are consistent with conditions in a convective
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outflow (Müller et al., 2024; Murphy et al., 2015). Figure 5f
shows the cloud types identified by the Himawari satellite.
The values shown in the plot were recorded 14 h before the
aircraft measurements and hence depict the situation at the
end of the back trajectories. A large deep convective system
is located north east of the flight track at the end of the tra-
jectories. This convection can be identified as the most likely
source of the probed aerosol.

CAMS simulates slightly enhanced surface DMS mixing
ratios on average at the location of this convective cell. Sub-
stantial amounts of DMS can be transported to high altitudes
with CAMS predicting average values of up to 20 pptv at
200 hPa and peak values exceeding 60 pptv (Fig. A11 in the
Appendix). Daylight exposure transforms this surface DMS
into MSA after convective uplift. The data in RF18 were
recorded in the late afternoon (17:00–20:00 local time) and
the convection occurred during the previous night. The air
mass has experienced at least 10 h of light and thereby OH
exposure. This leads to efficient oxidation of the transported
DMS to MSA and SA and hence concentrations which are
one order of magnitude higher than during other flights.

3.2.3 RF14 – Low acid and particle number
concentrations observed in convective outflow
before OH exposure

The objective of RF14 was to measure the fresh outflow of
a marine convective system. A series of repeated back-and-
forth transects at an altitude of approximately 12 km was
flown north of Papua New Guinea close to a convective sys-
tem that was active during the past evening and night. A time
series of the flight is shown in Fig. 6a–c. The high relative
humidity and low O3 values (∼ 20 ppbv) are consistent with
convective outflow conditions similar to RF18.

The air is characterised by very low number concentra-
tions of particles of all sizes, likely resulting from efficient re-
moval during the convective transport and precipitation scav-
enging (Murphy et al., 2015). The spikes in the time series
are connected to the passing of clouds. The sulfate values
recorded by the C-TOF-AMS remain close to the limit of de-
tection and the SA values are also consistently low, just rarely
exceeding 5× 10−3 µgm−3. MSA has an almost constant
value around 0.02 µgm−3 which is in agreement with the low
particle concentrations. Assuming a density of 1.5 gcm−3

(Perraud et al., 2023), merely 400 particles per cm3 with a
diameter of 40 nm are required to account for 0.02 µgm−3 of
MSA. All other compounds measured by the C-TOF-AMS
also barely exceed the limit of detection (Fig. A15).

The HYSPLIT trajectories in Fig. 6d–f confirm the air
mass origin at the location of a deep convective system, iden-
tified by the Himawari satellite cloud type. In this case, HYS-
PLIT captures the vertical transport caused by the convection
and estimates that it occurred 8–18 h before the measurement
(Fig. A16 Appendix). The data was collected around 06:30–
09:30 am local time, suggesting the uplift occurred during

the afternoon or night of the previous day. This is an im-
portant distinction from the previously discussed RF18, as
the air mass did not experience significant OH exposure af-
ter the convective uplift. The measured MSA and SA val-
ues are hence likely not products of gas-phase DMS oxida-
tion in the upper troposphere but more likely produced by
aqueous-phase reactions in the cloud. However, the resulting
mass concentration is one order of magnitude lower than in
the previous case after DMS oxidation. This indicates that
while some acids can be directly injected into the upper tro-
posphere by deep convection, the in-situ gas-phase produc-
tion from DMS might be the dominant source.

3.2.4 Altitude profile

The altitude profiles in Fig. 7 illustrate the gas and evap-
orated particle phase concentrations measured in the upper
troposphere during all flights, which varied by over two or-
ders of magnitude. The marine fraction was calculated for
the past 5 d due to the longer lifetime of particles compared
to the gas phase and is indicated by the colour scale. Note
that the marine fraction simply refers to the location above
the ocean and not to direct contact with the marine BL. High
marine fractions should hence be interpreted as air masses
from the remote Pacific or Indian Ocean rather than reflect-
ing direct marine emissions. The mean values for both acids
show that higher concentrations are detected in marine air
masses compared to air with a lower marine fraction. Espe-
cially the peak values above 5×10−2 µgm−3 are solely asso-
ciated with high marine influence. For MSA, no clear change
with altitude can be observed. The concentration of SA in
marine and mixed air seems to increase slightly with alti-
tude, although this could be biased by the decreasing amount
of data points below 11 km.

Overall, MSA concentrations exceed those of SA, with
SA /MSA ratios typically ranging from 0.02 to 10 and aver-
aging 0.48, independent of altitude and marine fraction. The
over-abundance of MSA is consistent with the temperature-
dependent oxidation of DMS. This trend was observed in the
gas phase for lower altitudes (Fig. 3) and likely continues
as the temperature decreases to −60 °C, resulting in a dom-
inance of MSA. SA shows a larger spread in the measured
concentrations, while MSA shows consistently high concen-
trations with lower variability. This indicates efficient hori-
zontal and vertical transport of MSA in the gas or particle
phase.

3.2.5 Airmass origin

The process of aerosol formation from DMS transport and
oxidation observed in RF18 is likely to occur frequently in
the area as large convective systems form daily during the
wet season (Wilcox et al., 2023). MSA and SA found in the
particle phase might have been produced days before sam-
pling the air mass. Therefore, it is necessary to consider the
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Figure 6. Section of RF14 north of Papua New Guinea measuring a convective outflow event. (a) shows the time series of altitude, RH and
O3, (b) particle number concentrations for three size ranges (diameters between 2 and 1000 nm) from FASD and UHSAS and (c) MSA and
SA detected by SCORPION (combined gas and particle phase) alongside SO2−

4 from the C-TOF-AMS. (d)–(f) show map plots with 10 h
backward HYSPLIT trajectories calculated from the position of the aircraft every minute, coloured by the SA (d) and MSA (e) measurements.
In (f) the trajectories are shown in black and the cloud type as identified by the Himawari satellite, with only four of the total 15 categories
depicted. The flight path is indicated in grey, black or red in all three panels.

origin of the air mass and its history during the past days.
Five-day HYSPLIT backward trajectories and K-means clus-
tering (MacQueen, 1967) were used to determine the main
source regions. Euclidean distance clustering is applied to ac-
count for spatial, temporal and transport-path similarity. The
number of clusters was determined empirically to achieve an
optimal representation of distinct but representative airmass
origins. Figure 8a and b show the mean trajectories for the
nine clusters that were identified, coloured by the mean acid
concentration. The mean, median and standard deviation for
each cluster are shown in Fig. 8c and d. A density plot of the
trajectories contributing to the different clusters can be found
in the Appendix (Figs. A17 and A18).

The lowest mean MSA concentrations are measured in tra-
jectories around Papua New Guinea, above the Australian
continent or in long-range transport from southern Africa
(cluster numbers: 1, 2, 3, 4). Slightly higher values are mea-
sured for air masses close to the Australian coast and the
Great Barrier Reef, but also in air from the Indian ocean
(cluster numbers: 5, 6). The high MSA concentrations in
cluster 7 could be a result of long range transport from the
Indian Ocean or originate closer to the Australian coast. The
highest MSA concentrations are found in trajectories origi-
nating in the Pacific Warm Pool (8, 9) with average concen-
trations of around 0.05–0.06 µgm−3. These trajectories pass
through a region with one of the highest convective activities
on earth (Wilcox et al., 2023). They also exhibit the lowest
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Figure 7. Altitude profiles of combined gas and evaporated particle phase measurements during CAFE-Pacific for SA (a) and MSA (b).
The colour scale indicates the marine fraction for the last 5 d, i.e. the fraction of hours the HYSPLIT back trajectory spent over the ocean.
The solid lines indicate mean values for high, medium and low marine fractions with the shaded areas indicating the corresponding standard
deviation. Due to the easier evaporation of MSA, more data points are available than for SA.

Figure 8. Main air mass origins and corresponding MSA and SA concentrations. All HYSPLIT backtrajectories were sorted into nine main
air mass origins using K-means clustering. The mean trajectory for each is plotted, coloured by the mean (a) MSA or (b) SA concentration.
The line width is linearly scaled to the number of trajectories in the respective cluster (120–802 trajectories for MSA and 83–712 for SA).
The clusters are numbered by increasing mean MSA concentration as indicated by the digit at the end of each mean trajectory. Box plots for
(c) MSA and (d) SA show the nine clusters, with the mean indicated as a triangle marker. The clusters are identified by their origin (Aus
– Australia, Ind – Indian Ocean, PNG – Papua New Guinea, GBR – Great Barrier Reef and WP – Warm Pool) and the respective number
shown in (a) and (b).

https://doi.org/10.5194/acp-26-12355-2026 Atmos. Chem. Phys., 26, 12355–12393, 2026



12368 H. Klebach et al.: Aircraft observations of MSA and SA in the Indo-Pacific

mean ozone values with only 22 and 17 ppbv, respectively, in
agreement with convective uplift of low ozone air from the
boundary layer.

The lowest SA values are also found in terrestrial air
masses from Australia or Papua New Guinea (cluster num-
bers: 1, 3, 4). SA concentrations are elevated in air from the
Pacific Warm Pool and the water off the Australian coast
(cluster numbers: 5, 8, 9). Air originating from the Indian
Ocean exhibits the highest SA levels (cluster numbers: 2, 6).
Cluster 2 is the only cluster in which the mean SA concen-
tration exceeds the mean MSA concentration. A likely reason
is the influence of stratospheric air at these higher latitudes,
which typically contains high concentrations of sulfate parti-
cles (Kremser et al., 2016). This is confirmed by the high O3
mixing ratio in this cluster, with a mean of 115 ppbv, which
is at least a factor of 2 higher than for the other clusters. For
all other clusters the SA /MSA ratio is below 1 with values
between 0.23 and 0.87.

There are no chemical sources for DMS in the free tro-
posphere, hence its transport from the boundary layer is the
most important source for SA and MSA. This can happen ef-
ficiently through the frequent deep convection in the ITCZ
(Inter-Tropical Convergence Zone). The ability of the HYS-
PLIT model to capture small-scale convection and accurately
represent vertical transport associated with it is limited due
to the large grid size of the meteorological data. Therefore,
satellite data is crucial for the identification of convective
events. Combining the cloud type identification of the Hi-
mawari satellite and the trajectories, we can trace back each
measurement to the last contact with a convective system.
This is done by computing the mode cloud type in a 15 km
radius around the location of the air parcel for every hour.
The first encounter of a very high opaque cloud (type 9) is
considered convective outflow if the air parcel is in an alti-
tude between 8 and 15 km. The convection is subsequently
characterised as over land or over ocean.

Using this method, approximately 75 % of the measured
data points can be traced back to convection during the past
five days. Figure 9 shows the mean MSA and SA concentra-
tions (combined gas and particle phase) as a function of the
time since the most recent convective encounter. It is distin-
guished between convection that occurred over land and over
the ocean.

Low SA values are detected for convection over land, re-
gardless of the time of convection. MSA concentrations are
elevated and show a small increase between 5–20 h. This
indicates that even for terrestrial convection, some DMS is
transported, which might be the case for convection in coastal
areas. In the boundary layer, DMS has a lifetime of more than
one day (Xu et al., 2016) and could be transported inland
during this time. For continental convection, especially over
tropical rainforests other precursors will dominate, mainly
isoprene (Curtius et al., 2024), with only small contributions
from MSA and SA.

Figure 9. MSA and SA concentrations plotted against the time
since the last encounter of a deep convective cloud over ocean or
land. HYSPLIT trajectories and Himawari cloud type data were
used to determine the time and location of the convection. Only
if the position of the air parcel was at the position of a high opaque
cloud and at an altitude of 8–15 km, a convective uplift is assumed.
The markers represent the mean concentrations and are placed at
the midpoints of the identified bins. Their size is linearly scaled to
the number of data points in each bin with a minimum of 32 and
maximum of 832 points. The vertical line or shaded areas show the
interquartile range with the striped ones indicating convection over
land.

In fresh convection over the ocean, both MSA and SA
concentrations are higher compared to over land due to the
higher DMS emissions. Their presence immediately after
the uplift indicates a rapid conversion of DMS in the cloud,
similar to the situation in flight 14. The most striking fea-
ture, however, is the strong increase in both SA and MSA
concentrations seen 15–20 h after the convection where the
concentration increases by more than a factor of 2. This is
most likely caused by the oxidation of DMS, which had been
transported from the boundary layer by convection.

At cold upper tropospheric temperatures, low SA concen-
trations can initiate nucleation, with only 4× 106 cm−3 SA
(in the absence of any bases) being sufficient to produce a
nucleation rate of 1 cm−3 s−1 at−65 °C (Dunne et al., 2016).
The particles accumulate mass by further condensation of
acids, as observed in RF18. A slight decrease in concentra-
tions is observed with increasing time since convection; how-
ever, values remain elevated, indicating that enhanced MSA
and SA concentrations persist even in aged convection. The
small decrease could be caused by the increasing uncertainty
of the trajectories or mixing of the outflow with other air
masses containing lower aerosol and acid concentrations.

The air masses that did not experience convection in the
previous 5 d show lower MSA concentrations comparable to
those of very fresh convection. The SA values are elevated,
comparable to aged convective outflow. These concentrations
could result from older convective events or other transport
processes. The high SA /MSA ratio here hints towards an
additional source of SA not connected to convection, poten-
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tially stratospheric influence from air masses originating in
higher latitudes, as discussed for cluster 2 in Fig. 8.

Most of the identified convective systems are located
around northern Australia, Papua New Guinea and in the re-
mote Pacific with a small contribution from the Indian Ocean
(Fig. A19 Appendix). The highest acid values originate from
the Pacific, as already indicated by the trajectory clusters.
The surface DMS mixing ratios in this area are expected to be
much lower compared to higher latitudes, however the high
convective activity makes the region a hot spot for high upper
tropospheric DMS (Fig. A11 in the Appendix).

Despite the relatively simple method for identifying con-
vective transport used here, the results present a coherent pic-
ture confirming convection as a source of MSA and SA to the
upper troposphere in the marine environment.

3.3 Chemical box model

To compare our results with expected DMS oxidation
timescales in the upper troposphere, a kinetic box model
was used (Fig. 10). The simulations were performed un-
der fixed meteorological upper-tropospheric conditions. The
model temperature was held constant at 223 K, the pressure
at 200 hPa, and the relative humidity at 60 %. These values
are representative for an outflow altitude of 12 km similar to
the case studies of RF14 and RF18 and within literature val-
ues of tropical outflow altitudes of 10–17 km (Folkins and
Martin, 2005). The mixing ratios of major background con-
stituents O2, N2, CO, O3 and H2O were kept constant, to iso-
late the chemical evolution of the sulfur and radical species
of interest. O3 was set to 30 ppbv comparable to the values
in RF18. NO was initialised with 40 pptv corresponding to
the low values encountered in the marine upper troposphere
(Nussbaumer et al., 2025). NOx and all other species in the
mechanism were allowed to evolve freely according to the
coupled gas-phase chemistry and photolysis.

The DMS mixing ratio is initialised with 50 pptv. After
initial equilibration, it is around 45 pptv, a value that can be
reached in convective outflows in the region and during the
time of the campaign according to the CAMS global reanal-
ysis (EAC4), see Fig. A11 in the Appendix. The DMS chem-
istry is based on Shen et al. (2022) and Jacob et al. (2024).
The OH mixing ratio follows a diurnal cycle determined by
the solar radiation and chemical reactions. Photolysis rate
coefficients were computed online with the JVAL module,
configured to represent an upper-tropospheric air mass in the
vicinity of the equator. No additional primary emissions or
loss processes were imposed beyond those implicit in the
chemical mechanism; thus, the temporal evolution reflects
purely chemical transformation.

DMS decreases strongly within the first 10–15 h and is es-
sentially completely oxidised during the second day. Con-
sequently, a steep increase in SA and MSA concentrations
can be seen around the same time with MSA concentrations
strongly exceeding those of SA. Due to the lack of losses,

Figure 10. Box-modelling of upper-tropospheric DMS oxidation
using the chemistry schemes by Shen et al. (2022). Modelling
is conducted under upper-tropospheric temperature and pressure
(223 K and 200 hPa). Panel (a) shows DMS and OH mixing ra-
tios over time; concentrations of other parameters can be found in
Fig. A20, (b) shows modelled MSA and SA mass concentrations
(converted to standard conditions) as well as their ratios. Only gas-
phase chemistry is considered without dilution, nucleation or con-
densational loss processes for MSA or SA. Additionally, the mark-
ers represent the data collected during CAFE-Pacific and traced
back to marine convection as shown in Fig. 9.

the acids simply accumulate over time. The increase of MSA
seems to be quicker, whereas SA increases more gradually
over multiple days due to the slower oxidation of SO2. Con-
sequently the SA /MSA ratio increases slightly over time
from 0.05 to 0.13 (Shen) or 0.05 to 0.25 (Jacob).

The DMS mixing ratio decreases more slowly in the Ja-
cob mechanism than in the Shen mechanism. However, more
MSA and SA are produced using the Jacob scheme, which
indicates a more efficient conversion of DMS to acids. The
DMS in the Shen mechanism is largely converted to HPMTF,
which has mixing ratios 3–4 orders of magnitude higher than
in the Jacob scheme (Fig. A20). This could be caused by the
low OH reaction rate in the Shen scheme or the additional
HPMTF photolysis included by Jacob et al. The higher SA
formation in the Jacob scheme likely results from the en-
hanced production of SO2 (Fig. A20), while the Shen scheme
has been shown to underpredict SO2 formation (Jacob et al.,
2024). Overall, acid production is comparable between the
two schemes, with the Jacob mechanism yielding 10 %–60 %
more SA than the Shen mechanism. MSA concentrations are
initially up to 20 % higher using the Jacob scheme but later
remain up to 20 % lower than using the Shen scheme.

The oxidation timescale of DMS agrees well with our ob-
servations of maximum acid concentrations 15–20 h after the
convective uplift (Fig. 9). The model output corresponds to
the total production of SA and MSA by gas-phase oxidation

https://doi.org/10.5194/acp-26-12355-2026 Atmos. Chem. Phys., 26, 12355–12393, 2026



12370 H. Klebach et al.: Aircraft observations of MSA and SA in the Indo-Pacific

of DMS. It can be directly compared to the measured data if
aqueous-phase processes are disregarded. We did not observe
the more gradual increase in SA or MSA suggested by the
model, although it could be masked by atmospheric mixing
processes. The predominance of MSA over SA aligns well
with our measurements and with the altitude trend already
observed in the gas phase. However, the measured SA /MSA
ratio is higher than in the model, indicating a stronger forma-
tion of SA in the atmosphere than predicted.

The absolute values predicted by the model are in the same
range as our measurements with mean MSA values between
0.045 and 0.07 µgm−3 but peak values, for example in RF18,
reaching above 0.2 µgm−3 (Fig. 5). The variations are likely
caused by different initial DMS concentrations depending on
the strength of convective transport and surface DMS mixing
ratios. The SA concentrations are lower than our measured
values of around 0.02 µgm−3. This indicates either an overly
slow or overly weak production of SA in the model, or the
presence of additional SA sources in the atmosphere, such as
transport of volcanic or anthropogenic SO2 – though this is
not expected to be efficient (Ma et al., 2025). The branching
ratio between MSA and SA can also be influenced by the O3
or NOx concentrations. However, NOx is expected to have
a minor influence (Fig. A10, Shen et al., 2022; Nussbaumer
et al., 2025) and the approximate agreement in MSA con-
centrations rules this out as an explanation for the discrep-
ancy unless the initial DMS concentration is significantly
higher. Chemical processes that could increase the SA yield
are a more efficient conversion of SO2 to SA, of DMSO2
to SO2 or of HPMTF to SO2. It should be considered that
most DMS chemical schemes and experiments have been fo-
cused on marine BL conditions potentially missing pathways
or accurate reaction rates for the cold conditions of the upper
troposphere.

Oxidation of DMS by halogens is not considered in the
box model. To estimate the potential impact, a sensitivity run
was initialised with 5 pptv of Br2 and 5 pptv Cl2 which are
rapidly converted to BrO and ClO. The results in Fig. A21
show a more rapid oxidation of DMS an enhanced production
of MSA (50 % in Shen and 90 % in Jacob) while SA concen-
trations are affected less. As these halogen mixing ratios are
within the upper range of ambient observations (Hobe et al.,
2011; Koenig et al., 2017), their omission in Fig. 10 is un-
likely to have a major impact. NO3 and O3 oxidation are in-
cluded in the chemical scheme but play negligible roles due
to the low concentrations.

A shortcoming of the box model setup is the lack of
aqueous-phase reactions, which have been shown to play a
major role in DMS processes (Hoffmann et al., 2016; Chen
et al., 2018). In the BL, cloud processing is a crucial process
promoting MSA formation and reducing SO2 concentrations
through the uptake of HPMTF (Hoffmann et al., 2016; Chen
et al., 2018; Jernigan et al., 2024; Novak et al., 2021). It can
occur in the convective cloud during the uplift and the re-
sulting MSA and SA may be injected in the particle phase

into the upper troposphere. This could be the reason for the
enhanced values shortly after contact to a convective cloud.
However, the case study of RF14 and previous aircraft cam-
paigns indicate low particle concentrations in cloud outflows
(Andreae et al., 2018; Curtius et al., 2024). More detailed
modelling would be required to quantify this pathway. Cloud
processing can additionally happen after the injection of gas-
phase DMS into the upper troposphere if another cloud is
encountered. Using back trajectories and Himawari satellite
data we estimate that less than 30 % and in many cases less
than 10 % of data points had a second cloud encounter after
convective uplift (Fig. A23). Excluding these data from the
analysis changes the results only marginally. Furthermore,
the majority of the encountered clouds are likely ice clouds,
where aqueous-phase reactions are expected to be consid-
erably less important than in liquid-phase cloud droplets.
We have hence no evidence that aqueous-phase reactions
strongly impact our results.

Another important drawback is the lack of dilution pro-
cesses. After release into the upper troposphere, the air par-
cel undergoes dilution through mixing with the surrounding
air. The decrease in MSA and SA by dilution can be calcu-
lated assuming an e-folding timescale of 2 or 3 d (Wang et al.,
2000; Hernández Pardo et al., 2026), as shown in Fig. A22
in the Appendix. The resulting decrease does not negatively
affect the agreement with MSA measurements. For SA, the
dilution counteracts the slow increase, improving the com-
parison in the temporal trend with our measurements, while
the absolute concentrations remain significantly lower in the
model.

The simple box modelling here is limited in its represen-
tation of atmospheric processes, specifically due to the lack
of aqueous-phase reactions and dynamic processes. Never-
theless, we achieve good agreement regarding the time scale
of DMS oxidation and produced MSA concentrations. Dis-
crepancies in the SA concentrations should be addressed in
further studies using more advanced modelling and poten-
tially chemical reaction coefficients optimised for upper tro-
pospheric conditions.

4 Conclusions

The CAFE-Pacific campaign allowed a unique insight into
the atmospheric processes of the tropical troposphere. We
found high concentrations of gaseous MSA and SA in the
marine boundary layer exceeding 107 cm−3, indicating sig-
nificant DMS emissions and efficient oxidation in the re-
gion. While SA values decreased steeply above the bound-
ary layer, MSA concentrations increased with altitude in the
free troposphere. The trend agrees well with chamber stud-
ies on the temperature dependence of DMS oxidation (Shen
et al., 2022). However, the detected MSA /SA ratios seem
higher than expected from a kinetic model indicating addi-
tional MSA sources potentially from evaporation of particles
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in the free troposphere or DMS oxidation by halogens which
is not considered in the model.

At high altitudes, we were able to measure MSA and SA as
a combination of gas and particle phase with a significantly
lower limit of detection and cut-off diameter than the C-TOF-
AMS. For acidic particles, a comparison of both instruments
confirms the quantitative nature of our measurements. Most
importantly, we were able to measure the MSA and SA con-
tent of ultrafine particles below the cut-off diameter of the
C-TOF-AMS. We detect a wide range of SA concentrations
from 0.001 to more than 0.1 µgm−3, with higher concen-
trations typically associated with marine origin. MSA is the
dominating acid and appears to be uniformly distributed both
horizontally and vertically, suggesting efficient long-range
transport and ubiquitous presence in the upper troposphere.

We identified the last contact of the measured air masses
with deep convective systems by combining HYSPLIT back
trajectories and satellite observations. MSA and SA were
found at low concentrations in recently advected air with
limited OH exposure, in agreement with the low particle
abundances, which are likely remnants of evaporated clouds.
Roughly one order of magnitude higher MSA concentrations
and up to 10 000 particles per cm−3 were detected for a re-
cent convection with OH exposure. This is a clear evidence
of DMS transport in the gas phase and subsequent oxidation
in the upper troposphere. While we cannot exclude the con-
tribution of other gases to the nucleation mechanism, our re-
sults indicate that DMS oxidation products are the dominant
component of these particles, with MSA serving as the most
important growth species.

Enhanced MSA concentrations were encountered dur-
ing multiple other flights as well. RF08 is another exam-
ple of enhanced particle-phase MSA with a marine origin
(Figs. 4, A24). During RF21 in the Warm Pool region up
to 20 000 cm−3 nucleation mode and 10 000 cm−3 Aitken
mode particles were detected with enhanced SA and MSA
concentrations of around 0.05 and 0.1 µgm−3 respectively
(Fig. A25). These could originate from a convective system
observed approximately 24 h before the flight (Fig. A26). A
more detailed analysis of the particle size distribution during
the entire campaign and their origin will be the focus of a
future publication.

Combining all research flights, a doubling in concentration
of both particulate MSA and SA is seen 15–20 h after marine
convection. This aligns well with the lifetime of DMS against
oxidation, as confirmed by the kinetic model. This indicates
that, similar to the isoprene system above tropical rainforests,
DMS emitted by the oceans can be transported by deep con-
vection to high altitudes where it is oxidised to MSA and SA,
thereby presenting an essential particle source in a very pris-
tine environment. The marine nucleation process is however
somewhat weaker and slower than the isoprene system ob-
served over the Amazon (Curtius et al., 2024), which makes
it difficult to observe during a single research flight with a
limited time span of 8–9 h. A longer OH exposure is needed

to form sufficiently high acid concentrations to enable parti-
cle nucleation and growth. However, the high frequency and
large spatial extent of deep convection above tropical oceans
could lead to a slow but steady source of particles in the
region (Williamson et al., 2019). Despite moderate surface
DMS mixing ratios, the Indo-Pacific Warm Pool is a critical
area for upper tropospheric particle formation due to the high
convective activity.

The substantial evaporation of particles, which we ob-
served in our inlet for temperature increases as low as 20 K
above ambient temperature, could be highly relevant also for
other instruments that rely on in-situ sampling of air and par-
ticles in low-temperature environments. Acidic particles ap-
pear to be very susceptible to evaporating gas-phase acids in
response to changes of humidity or temperature. This could
lead to a significant underestimation of particle size or con-
centration. In our aircraft measurements, this effect is weaker
for the particle instruments than for SCORPION since they
do not experience adiabatic heating due to the ram pressure
effect. However, this could be offset by the lower flow rates
and longer residence time in the inlets. Beyond MSA and
SA, evaporation may influence gas-phase measurements of
other species, such as nitric acid or low-volatile organic com-
pounds. This effect was already implied in the publication
about isoprene oxidation products in the Amazon’s upper tro-
posphere (Curtius et al., 2024). While we can not quantify
the impact on all the organic species detected, the enhanced
MSA concentrations reported in that publication can be at-
tributed to particle evaporation. However, this does not alter
the conclusions drawn in this study concerning the role of
isoprene nitrates in particle formation.

The observed evaporation also raises the question of to
what extent these acidic particles would survive downward
transport through the atmosphere and can eventually act as
CCN at lower altitudes. If MSA partitions from the parti-
cle phase back into the gas phase in response to changes in
RH or temperature, it could participate in aerosol formation
or growth multiple times before being removed from the at-
mosphere. This could provide a source of gas-phase MSA
thousands of kilometres away from DMS sources and may
explain the large horizontal and vertical distribution of MSA
that we observed in the area. However, further studies are
needed to fully understand marine aerosol formation, growth,
and evaporation, as well as cloud processing and horizontal
and vertical transport processes associated with tropical con-
vection.

Our findings indicate that an accurate representation of
particle concentrations in models requires accounting for the
influence of marine deep convection and the aerosol forma-
tion it induces. In particular, the role of MSA is largely over-
looked in current models. Note that the tropical Pacific is one
of the few regions on Earth, which are less perturbed by hu-
man influence and can be regarded as approximately repre-
sentative of pre-industrial conditions (Carslaw et al., 2017).
The globally observable decrease in anthropogenic precur-
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sors such as SO2 could make these observations valuable for
the prediction of future aerosol concentrations and effects.
While the impact of climate change on DMS concentrations
is still highly uncertain, Joge et al. (2025) suggests DMS
fluxes could increase in the future, highlighting the impor-
tance of understanding its impacts on aerosol formation.

Appendix A

Figure A1. Schematic of the SCORPION instrument used to detect MSA and SA during CAFE-Pacific. The instrument is connected to
the LIF-OH inlet (not shown) and the sample flow is controlled at 20 Lmin−1. The pressure control stage retains the ion source pressure at
200 mbar. Nitric acid is delivered via a flow of synthetic air over a liquid reservoir and the reagent ions are produced by a corona discharge.
The synthetic air is additionally used for background measurements during the flights.
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Figure A2. CLOUD chamber comparison of SCORPION (HALO CI-APi-TOF) with another nitrate CI-APi-TOF (LTOF) measuring only
gas phase for SA (a, c) and MSA (b, d). The data points are coloured by the temperature difference between the chamber and the SCORPION
inlet (1T ) in (a) and (b) or the corresponding RH in the inlet in (c) and (d). Datapoints close to the 1 : 1 line indicate both instruments
measuring gas phase while points significantly above the 1 : 1 show that the values measured by SCORPION are influenced by particle
evaporation. The colour scales show that the latter is the case for large temperature differences and low RH in the inlet.
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Figure A3. Time series of an experiment at the CLOUD cham-
ber showing the injection of approximately 30 nm pure SA particles
from a flow tube into the CLOUD chamber. (a) shows the mass
of SA detected by SCORPION, the gas-phase SA detected by the
LTOF, the difference between both and the mass calculated from the
particle size distribution recorded by the SMPS assuming a density
of 1.8 gcm−3.

Figure A4. Time series of multiple particle injection experiments
during the CLOUD campaign in 2024. (a) shows the SA measured
by SCORPION (combined particle and gas phase) and the gas-
phase ammonia (NH3) detected by the TILDAS instrument. In (b)
the particulate sulfate and ammonium measured by an HR-TOF-
AMS are shown. Each peak in the sulfate data indicates an injec-
tion of pure SA particles from a connected flow tube. NH3 is only
injected in the gas phase but rapidly neutralises the acidic parti-
cles. The gas-phase SA concentration is below 107 cm−3 for the
entire period (not shown). With no or just background levels of
NH3 present, the SA detected by SCORPION closely follows the
sulfate measured by the HR-TOF-AMS, due to strong aerosol evap-
oration in the inlet. After the injection of ammonia, the SA concen-
tration is decoupled from the particulate sulfate. This confirms that
neutralised or partially neutralised particles are not susceptible to
evaporation in the SCORPION inlet. Note that in these experiments
evaporation was not complete due to the much larger particle size
and mass compared to the upper tropospheric measurements.
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Figure A5. Fraction of C-TOF-AMS measurements during CAFE-Pacific above and below the limit of detection. Only data points in the
middle and upper troposphere are considered, where SCORPION is expected to measure particle phase as well.

Figure A6. Acidity measurements by the C-TOF-AMS during CAFE-Pacific. Shown are the amount of 1 min-measurements with acidic
and neutral particles. Acidic particles are identified by a neutralisation ratio below 0.75 calculated according to Zhang et al. (2007). Neutral
particles have a neutralisation ratio between 0.75 and 1.25. Ratios above 1.25 are considered artefacts of low overall concentrations and high
uncertainties and cannot be classified with certainty. Data was separated by surface type based on the location of the measurement, not the
airmass origin. (a) shows the data set used for the high altitude measurements in the main manuscript with sulfate above the LOD. (b) shows
the subset with sulfate and ammonium measurements above the LOD. Note that only considering these measurements reduces the available
data strongly and does not provide a representative picture of the conditions during the campaign.

Figure A7. Calculation of gas-phase MSA produced by the evaporation of pure MSA particles of different diameters and concentrations.
The grey area shows typical gas-phase concentrations of MSA.
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Figure A8. Map plots of all research flights starting and ending in Cairns. The colour scale shows the altitude of the aircraft. Bold titles and
outlines indicate flights that were used in case studies in this paper (RF08, RF14, RF18). Note that some low altitude tracks are hidden by
overlapping higher altitude points.
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Figure A9. Altitude profile of the measured relative humidity
(above water) during all 17 research flights of CAFE-Pacific. The
red line shows the mean values with the standard deviation as
shaded area. Data points with values above 100 % were recorded
during cloud encounters and for simplicity set to 100 % in this plot.

Figure A10. CAMS data for January and February 2024. The pan-
els show the NOx mixing ratios at ground level (a) and 200 hPa
(b) (sum of NO and NO2), the SO2 mixing ratios at ground level
(c) and approximately 200 hPa (d). The figure was generated us-
ing data by the Copernicus Atmosphere Monitoring Service (2020):
CAMS global reanalysis (EAC4). Copernicus Atmosphere Moni-
toring Service (CAMS) Atmosphere Data Store, https://doi.org/10.
24381/d58bbf47 (Inness et al., 2019).
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Figure A11. CAMS data for January and February 2024. The pan-
els show (a) the chlorophyll a mass concentration in the sea sur-
face layer, (b) the mean atmospheric DMS mixing ratio at the sur-
face (model level 60), (c) the mean DMS mixing ratio at approx-
imately 200 hPa (model level 30) and (d) the 99th percentile of
the DMS mixing ratio at approximately 200 hPa (model level 30).
(a) was generated using E.U. Copernicus Marine Service Informa-
tion as part of the Global Ocean Biogeochemistry Analysis and
forecast (https://doi.org/10.48670/moi-00015, Global Ocean Bio-
geochemistry Analysis and Forecast, 2026). (b), (c) and (d) con-
tain data obtained from Copernicus Atmosphere Monitoring Ser-
vice (2020): CAMS global reanalysis (EAC4). Copernicus Atmo-
sphere Monitoring Service (CAMS) Atmosphere Data Store, https:
//doi.org/10.24381/d58bbf47 (Inness et al., 2019).

Figure A12. Gas-phase MSA and SA values plotted against the
local time of day including data from RF06-RF22. Note that local
time refers to Cairns, hence it might vary by one hour from the lo-
cal time of the actual flight position. The grey shaded areas indicate
the time before sunrise and after sunset. Black outline denote data
below the LOD. Note that while concentrations are lower during
nighttime, we still detect MSA and SA values above our LOD. For
MSA, this may result from degassing from aerosols and it has pre-
viously been reported to exhibit no diurnal cycle (Baccarini et al.,
2021). In contrast, the nighttime SA could be potentially be the re-
sult of a long lifetime due to the low condensations sink. Observa-
tions of high SA during the night have previously been reported in
remote marine environments (Mauldin et al., 2003).
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Figure A13. Comparison of C-TOF-AMS and SCORPION mea-
surements during a 2 h period of RF17. The aircraft was flying be-
tween 300 m and 3 km altitude above the ocean close to the Aus-
tralian coast. The ambient air temperatures were between 12 and
27 °C. The x-axis shows the particulate sulfate mass concentration
of particles between 40 and 800 nm measured by the C-TOF-AMS.
In the upper panel, the sum of MSA and SA from SCORPION is
plotted coloured by the concentration of particles with > 250 nm
diameter measured by the OPC. The lower panel shows just the
MSA values colour coded by the ratio of MSA to SA. The black
line shows a 1 : 1-relation. The lack of correlation between both in-
struments indicates that no evaporation of particles happens in the
inlet of SCORPION at low altitudes.
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Figure A14. Similar to Fig. 5 in the main text but with all species detected by the C-TOF-AMS plotted in (c). The faded out colour indicates
values below the limit of detection of the instrument. In the air mass of interest ammonium, nitrate and chloride are not detected at all,
whereas sulfate and occasionally organics reach values slightly above the LOD.
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Figure A15. Similar to Fig. 6 in the main text but with all species detected by the C-TOF-AMS plotted in (c). The faded out colour indicates
values below the limit of detection of the instrument. Ammonium and nitrate are not detected at all, whereas sulfate, chloride and organics
occasionally reach values slightly above the LOD.
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Figure A16. 48 h backward trajectories for RF14 during the period
of marine convective outflow colour coded by (a) MSA or (b) SA
concentrations. (c) shows the altitude time series of the trajectories.
The air masses have a clear marine origin and HYSPLIT captures
the vertical transport during the past 8–18 h.

Figure A17. Density plots for trajectories contributing to the nine clusters identified as main air mass origins, colour coded by the mean
MSA concentration. The thick line indicates the mean trajectory. All trajectories were calculated 120 h backwards from the aircraft position.

Atmos. Chem. Phys., 26, 12355–12393, 2026 https://doi.org/10.5194/acp-26-12355-2026



H. Klebach et al.: Aircraft observations of MSA and SA in the Indo-Pacific 12383

Figure A18. Density plots for trajectories contributing to the nine clusters identified as main air mass origins, colour coded by the mean SA
concentration. The thick line indicates the mean trajectory. All trajectories were calculated 120 h backwards from the aircraft position.

Figure A19. Locations of the last trajectory contact with deep convection of all high altitude data points during CAFE-Pacific. The points
are colour coded by the MSA and SA mass concentrations. Convection is identified using the cloud type variable “very high opaque cloud”
from the Himawari satellite.
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Figure A20. Additional mixing ratios from the kinetic model sim-
ulations shown in Fig. 10 based on the chemical scheme published
in Shen et al. (2022) (solid lines) and Jacob et al. (2024) (dashed
lines). The model operates at a temperature of 223 K, a pressure
of 200 hPa and a relative humidity of 60 %, representative for up-
per tropospheric outflow conditions. Reactive nitrogen was initial-
ized with 40 pptv NO, while all other nitrogen species followed the
background values implied by the MECCA mechanism. The largest
discrepancy between both schemes is seen in the HMPTF mixing
ratios which are significantly higher in the Shen mechanism.

Figure A21. Box model simulations of upper tropospheric DMS
oxidation including halogen reactions. The model set up is identical
to Fig. 10 for the darker colours and 5 pptv Br2 and 5 pptv Cl2 were
added for the lighter lines. The chemistry schemes by Shen et al.
(2022) (solid lines) and Jacob et al. (2024) (dashed lines) were used
with additional halogen reactions from Burkholder et al. (2019).
For better readability the OH mixing ratios are only plotted with-
out halogens.

Figure A22. Box modelling results of upper tropospheric DMS ox-
idation including dilution of MSA and SA with two different time
scales of 2 and 3 d (dotted and dashed lines). Only the Jacob et
al. (2024) chemical scheme results from Fig. 10 were used and the
dilution was only applied to MSA and SA concentrations not to in-
termediate products or DMS.
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Figure A23. Analysis of cloud encounters after the initial convec-
tive uplift. (a) shows the data in Fig. 9 and (solid lines, round mark-
ers) and additionally the data excluding second cloud encounters
after the convection (dashed lines, cross markers). (b) shows the
fraction of data points with a second cloud encounters at each time
bin. Note that the x-axes are not aligned.

Figure A24. Trajectories during a section of RF08 over the ocean close the the Australian coast with a Himawari satellite picture indicating
the cloud types. The flight path is shown in red, the 10 h backward trajectories in black. The satellite picture shows the situation at 23 January
2026 15:00 UTC which corresponds to 8–12 h before the measurement. This convection is a possible origin of the particles, however low RH
and comparably high O3 mixing ratios could hint towards a more aged convective outflow.
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Figure A25. Time series of RF21 with (a) showing the altitude, RH and O3 mixing ratios, (b) the particle number concentrations in different
size ranges and (c) the mass concentration of total MSA and SA.

Figure A26. Flight track (grey) and 24 h backward trajectories for a section of RF21. The trajectories are coloured by the sum of MSA and
SA mass concentrations (a) and the concentration of particles with diameters between 2 and 60 nm (b). In (c) a Himawari satellite picture is
shown from 23 January 2024 03:00 UTC which corresponds to 22–26 h before the measurements in (a) and (b).
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Data availability. The data displayed in the main figures is avail-
able on Zenodo under: https://doi.org/10.5281/zenodo.19555789
(Klebach et al., 2026).
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