https://doi.org/10.5194/egusphere-2026-5120
Preprint. Discussion started: 24 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Simultaneous, in situ detection of gas-phase carbon disulfide (CS2) and carbonyl sulfide
(OCS) via O2* chemical ionization mass spectrometry

Elisabeth N. Kray', Delaney B. Kilgour'*, Martina N. Rogers'®, Christopher M. Jernigan'*,
Michael P. Vermeuel', Timothy H. Bertram'

5  !'Department of Chemistry, University of Wisconsin-Madison, Madison, WI 53706, USA

2now at: Physicians, Scientists, and Engineers for Healthy Energy, Oakland, California 94612,
USA

b now at: Minnesota Pollution Control Agency, Saint Paul, MN 55155, USA

°now at: Office of Research and Development, U.S. Environmental Protection Agency,
10 Research Triangle Park, North Carolina 27711, USA

dnow at: Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West
Lafayette, IN 47907, USA

Correspondence to: Timothy H. Bertram (timothy.bertram@wisc.edu)
Abstract

15  Carbonyl sulfide (OCS) is the largest gas-phase sulfur reservoir in the troposphere. OCS is both
directly emitted to the atmosphere and formed chemically in the atmosphere following the
oxidation of reduced sulfur species such as carbon disulfide (CS»2) and dimethyl sulfide (C2HsS,
DMS). OCS is the largest continuous contributor to stratospheric sulfate aerosol and a key
diagnostic for the photosynthetic uptake of carbon dioxide (CO>). Despite its importance to the

20  OCS budget, in situ measurements of CS; are extremely limited. Here, we describe a new
technique for the simultaneous measurement of CS,, OCS, and DMS utilizing O," chemical
ionization time-of-flight mass spectrometry (O>" CI-ToFMS). We highlight the utility of the
measurement through the reanalysis of three distinct data sets taken in remote marine, remote
continental, and urban environments. We report mean CS; mixing ratios for the Eastern North

25  Atlantic (2.2 ppt) and Downtown Chicago, IL (9.5 ppt), while CS; was not detected in Northern
Wisconsin. In the Eastern North Atlantic, CS, showed limited temporal variability during the
summer. In Chicago, CS> was highly variable, with episodic large enhancements (>85 ppt)
suggesting local, anthropogenic sources. Results of laboratory measurements and success in the
quantification of field measurements suggest that primary and secondary O," CI-ToFMS is suitable

30 for simultaneous, in situ detection of CS; and OCS.
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1. Introduction

Reduced sulfur gases, such as carbon disulfide (CSz), carbonyl sulfide (OCS), dimethyl sulfide
(C2H6S, DMS), and methanethiol (CH3SH, MeSH) are often supersaturated in surface seawater,
leading to a net ocean to atmosphere mass flux (Bandy et al., 1982; Lawson et al., 2020; Lennartz
35 etal., 2017; Turner and Liss, 1985). In the atmosphere they can be oxidized to sulfur dioxide (SO2),
leading to the production of sulfate aerosols (Watts, 2000). Sulfate aerosol has been shown to
impact Earth’s radiative budget both directly and indirectly and provide suspended surface area to
catalyze heterogeneous reactions (Kremser et al., 2016; Lennartz et al., 2017). Despite the
importance of reduced sulfur gases, several key uncertainties surround their waterside production
40 and emission rates as well as their gas-phase oxidation mechanisms. One specific area of
uncertainty is the global inventory of OCS (Remaud et al., 2022). OCS has a chemical lifetime of
> 35 years in the troposphere, rendering it chemically inert until it reaches the lower stratosphere
where it can be photolyzed, leading to SO2 production (Briihl et al., 2012; Kremser et al., 2016).
It is currently estimated that OCS is the largest continuous contributor to stratospheric sulfate,
45  accounting for 56 — 70% of the stratospheric aerosol budget (Briihl et al., 2012; Sheng et al., 2015).
Recent revisions to the OCS global budget that account for the large measured OCS terrestrial sink
suggest a missing source term of 230-800 Gg S yr! is needed to balance the tropospheric OCS
budget (Sandoval-Soto et al., 2005). This missing source has been attributed to: 1) direct emission
of OCS from the ocean, although recent studies based on seawater OCS measurements suggest
50  that direct emissions of OCS account for less than 130 + 80 Gg S yr!' (Lennartz et al., 2017), 2)
chemical production of OCS from the OH-oxidation of DMS, which was shown to be a high-yield
product in the OH-oxidation of hydroperoxymethyl thioformate (HPMTF) and could account for
between 52.9 and 680.1 Gg S yr'!, where the range represents the impact of cloud processing in
sequestering HPMTF and arresting OCS production (Jernigan et al., 2022), and 3) chemical
55  production of OCS from CS; (Chin and Davis, 1993).

The chemical mechanism to produce OCS from the reaction of CS2 with -OH radicals is well
constrained. The lifetime of CS; in respect to an average [FOH] of 1 X 10 molecules cm™ is about
6 days (kon =2 X 10712cm?® molecule™! s') and represents the dominant tropospheric loss process
for gas-phase CS; (Blake et al., 2004; Chin and Davis, 1993). Experimental and theoretical studies

60  have shown that the product yield of OCS in the OH-oxidation of CS; is 81 = 6% (Chin, 1992).
Although the chemical fate of CS: is well constrained, direct measurements of CS> mixing ratios
in both the surface ocean and lower troposphere are sparse, leading to significant uncertainty in
CS; emission rates (Lennartz et al., 2017).

Globally, anthropogenic emissions are estimated to account for 52-58% of atmospheric CS:
65  emissions (Chin and Davis, 1993; Guo et al., 2010). These emissions originate mainly from its use
as a solvent in the production of rayon, but it is also known to be formed from carbon black
production, sulfur recovery, and coal and fuel combustion (Blake et al., 2004; Guo et al., 2010).
The remaining emission sources are believed to be biogenic with a large fraction of total sources

2
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(27-34%) attributed to marine emissions of CSz (Chin and Davis, 1993; Watts, 2000). The marine

70  production of CS: has been ascribed to biological processes involving phytoplankton and/or
photochemical processes involving dissolved organic sulfur and photo-excited reactive
intermediates (Lennartz et al., 2017; Xie et al., 1998, 1999). The remaining biogenic fraction (8-
21%) is assigned to soil, wetlands, and volcanic emissions (Guo et al., 2010; Watts, 2000).

The limited database of existing gas-phase measurements of CS; suggest high spatial variability

75 in CS; mixing ratios (Lennartz et al., 2020). For example, large enhancements in CS, from
anthropogenic sources in Asia, with mixing ratios as high as 90 ppt, were observed in near-coastal
plumes of polluted air (Blake et al., 2004). However, outside of these plumes, airborne
measurements report lower mixing ratios in both marine and continental air (0.7 and 4.2 ppt,
respectively; see Cooper and Saltzman, 1993).

80  Recently, Lennartz et al. (2020) reviewed the existing collection of marine CS, measurements,
showing an average CS, seawater concentration of 15.7 pmol L' with a range of 6.1 to 15.6 pmol
L' (20-80th percentile) and an average gas-phase marine boundary layer CS concentration of
42.2 ppt with a range 2.5 to 275.7 ppt. Unfortunately, existing seawater and gas-phase
measurements are sparse. Seawater CS, measurement reports are limited to eleven cruises with

85  most being performed in the Atlantic Ocean, with sampling frequency biased towards daytime.
Yet, the measurements cover several biological regimes and display seasonal and spatial
variability. Gas-phase CS; measurements are even more sparse as they include only 1,036
individual measurements from six cruises, all of which sampled on the Atlantic Ocean, making
spatial and temporal variability indiscernible. Despite the scarcity of the observations, the

90  measurements that have been made to date highlight the importance of CS; to marine sulfur
chemistry.

Most cited measurements of atmospheric CS; were completed between 1980 — 2010 (Lennartz et

al., 2020). With few exceptions, these measurements were made using canister sampling and

adsorbent and cryogenic trapping preconcentration, followed by GC separation and flame

95  photometric detection (FPD), photoionization detection (PID), or electron capture detection (ECD)

(Table S1). While sample preconcentration allows for increased sensitivity, necessary for detection

at low concentrations (<10 ppt), it comes at the expense of time resolution and chemical

interferences stemming from chemistry occurring along the sample lines and traps (Lennartz et al.,

2020). Beyond chromatography techniques, Zhu ef al. (2023) reported a real-time measurement

100 for CS; utilizing ultraviolet spectroscopy, however the detection limit (3.81 ppb) does not permit
sampling of CS: at atmospheric concentrations (< 50 ppt).

Real-time, high time resolution measurements of CS; are vital to quantifying CS, emissions. In
the field, it is often difficult to discern emissions from anthropogenic activity and biogenic sources,
especially in coastal regions (Lennartz et al., 2017). Real-time measurements with high sensitivity
105  and low detection limits would allow for narrow source plume detection as well as simultaneous
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detection of other species to help differentiate and identify measured emission sources. Paired with

real-time waterside detection, marine flux inventories of CS; can be studied and utilized to increase

our understanding of the CS; global budget (Watts, 2000). Similar detection in laboratory studies

can be used to conduct controlled CS; production and loss studies to continue to fill gaps in our
110  knowledge of CS; production and cycling (Lennartz et al., 2024).

Chemical ionization mass spectrometry (CIMS) has been used extensively for the measurement of
DMS and MeSH. For example, proton transfer reaction mass spectrometry (PTR-MS) and benzene
cluster cation CIMS have been shown to be both sensitive and specific detection techniques for
measurement of DMS with detection limits as low as 2.6 ppt (3o and 10 s; see Kim et al., 2016;

115  Novak et al., 2022). Unfortunately, neither CS; nor OCS are detectable using PTR or benzene
cluster cation CIMS. In this paper, we explore the use of O," chemical ionization for the
simultaneous detection of CS;, OCS, and DMS. The detection of CS; via O," ionization has been
previously reported in the laboratory by Bloor et al. (2006) using selected ion flow tube mass
spectrometry (SIFT-MS) of human breath, but its ppb-level sensitivity does not permit detection

120  of trace atmospheric concentrations. Here, we discuss the dominant product ions formed in the O>"
ion molecule reactions, the required instrument resolving power to separate these species from
ions at the same nominal mass, and the resulting O>" CIMS sensitivity to DMS, CS», and OCS. We
also report on the detection and quantification of CS; in the eastern North Atlantic and downtown
Chicago, Illinois, as well as its apparent absence in rural Wisconsin.

125 2. Methods
2.1 Vocus proton-transfer-reaction time-of-flight mass spectrometer

Proton transfer reaction time-of-flight mass spectrometry uses H3O" reagent ions to detect a wide
array of volatile organic compounds (VOCs), as their MH" ions, with high sensitivity (parts-per-
trillion) and fast time response (>1 Hz; see Krechmer et al., 2018). In this paper, we operated a

130 Vocus time-of-flight mass spectrometer (Vocus; Aerodyne Research, Inc. and Tofwerk AG) using
0" reagent ions (hereafter referred to as O," CI-ToFMS). O," reagent ions were generated by
flowing 21 sccm of UHP O into the discharge ion source (Norman et al., 2007). The focusing ion-
molecule reactor (FIMR) was operated at 1.5 mbar, 100°C, and at a voltage differential of 415
volts (E/N ~ 140 Td). The sample is mixed with the reagent ions in the FIMR and molecules with

135  an ionization energy (I.E.) below that of oxygen (12.1 eV) ionize to produce predominantly M*
ions (Linstrom and Mallard). Ions then travel to the coupled TOF mass analyzer with a nominal
resolving power of 5000. This ionization method allows for the sensitive detection of species that
do not form MH" ions via H3O" chemistry, such as CS, and OCS.

The Vocus can be operated either as an in situ instrument for continuous, real-time measurements
140  at high sample rates (RT-Vocus) or can be coupled to a gas chromatography (GC) system equipped
with sample preconcentration (GC-Vocus) for more sensitive, molecular specific information
(Kilgour et al., 2024). In the laboratory studies presented here, we use real-time O2" CI-ToFMS to

4
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determine the sensitivity (including its dependence on absolute humidity) and fragmentation
patterns for the detection of CS,, OCS, and DMS. Additionally, measurements from the Aerosol

145  Growth in the Eastern North Atlantic (AGENA), the Summertime Measurements Of Key Illinois-
Emitted Volatile Organic Compounds (SMOKIEVOC), and the Probing Ecosystem Response
Involving Notable Organics (PEcoRINO) field campaigns were reanalyzed. During AGENA, the
Vocus PTR-ToF-MS was deployed at the Atmospheric Radiation Measurement Facility on
Graciosa Island, Azores, Portugal (39.0916° N, 28.0257° W; 30 m elevation) from 1 June to 15

150  July 2022 at 10 m above ground level. This paper utilizes the GC-Vocus data (Kilgour et al., 2024).
During SMOKIEVOC, the Vocus was deployed in downtown Chicago at the University of Illinois
Science and Engineering South building (845 West Taylor Street, Chicago IL 60607) from 15 July
to 21 August 2023. This paper presents both the RT and GC-Vocus data (Rogers and Bertram,
2025). During PEcoRINO, the Vocus was deployed over the Chequamegon-Nicolet National

155  Forest in Park Falls, WI (45.945° N, 90.273> W) from 6 to 30 September 2020 at 30 m above
ground level. This paper utilizes the GC-Vocus data (Vermeuel et al., 2023). In all cases, the Vocus
was operated using H3O" reagent ions, but background O>" ions permitted us to explore detection
of CSz and OCS.

2.2 Calibration Procedures

160  The Vocus mass spectrometer, utilizing O>" ion chemistry, was calibrated for CS;, OCS, and DMS
by delivering known concentrations of each molecule to the instrument inlet. Calibration gas
mixtures were made using certified, standard compressed gas cylinders of CSz, OCS, and DMS in
N2 (4.993 ppm CS,, Airgas; 4.668 ppm OCS, Airgas; 5.08 ppm DMS, Praxair) mixed with UHP
zero air (Airgas). Calibrations for CSz and OCS were conducted over a dynamic mixing ratio range

165  of 0 - 6 ppb and for DMS over a range of O - 3ppb.

To assess the dependence of the sensitivity on absolute humidity, we humidified a fraction of the
zero air flow by bubbling it through a water reservoir containing high purity water (Milli-Q, 18.2
MQ-cm). The saturated air was mixed with a variable dry zero air to produce a wide range of
relative humidity (3% - 63%). The relative humidity (RH) of the carrier flow gas was measured

170  with an RH probe (Vaisala HMP110) placed behind the Vocus sampling inlet. Values were
converted to absolute humidity (AH) for discussion.

3. Results and Discussion
3.1 Detection of carbon disulfide (CSz)

M product ions are formed in the charge transfer reaction with O," if the analyte ionization energy
175 (LE.) is smaller than that of Oz (12.1 eV; see Linstrom and Mallard). In the case of CSz (I.E. =10.1
eV; see Linstrom and Mallard), we expect to observe product ions as CS,* (75.94 m/Q, Reaction
1). Likewise, proton transfer reaction products (MH™) are formed in the reaction with H3O" reagent
ions when the proton affinity (P.A.) of the analyte is larger than that of H,O (697 kJ mol!; see
Krechmer et al., 2018) For CS; (P.A. = 682 kJ mol™'; see Linstrom and Mallard), we do not expect
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180  to measure the proton transfer product (CS2H") under PTR ionization conditions and would not
expect to observe a measurable CS;H" product ion from residual H3O" in the O," ionization
condition (Reaction 2).

CS, + 03 > CS§ + 0, RI
CS, + H;0% - CS,H* + H,0 R2

185  As expected in O2" CI-ToFMS, the dominant ionization product (CS;") is observed at 75.94 m/Q
(Fig. 1). We observed the following product ions, where the exact mass of the product ion and the
fractional contribution to the total CS, product ion distribution are included in paratheses: CS,"
(75.94 m/Q, 0.983), CS,0" (91.93 m/Q, 0.008), OCS" (59.97 m/Q, 0.005), and S>" (63.94 m/Q,
0.004). We also observe the isotopologues CS**S* (77.94 m/Q), C**S," (79.97 m/Q), and *CS,"

190  and CS**S*(76.94 m/Q). All isotopes were measured at the expected fractional contributions based
on their natural abundances of 0.090, 0.002, and 0.027 respectively.
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Figure 1. Sample O, CI-ToFMS mass spectra taken at 1 Hz for 5.6 = 0.28 ppb CS> in ultra-pure

zero air. The dominant product ion peak is CSz" (75.94 m/Q). Additional product ions include

CS,0" (91.93 m/Q, 0.008), OCS™ (59.97 m/Q, 0.005), and S>" (63.94 m/Q, 0.004). Observed
195  isotopologues include *CS," and CS**S* (76.95 m/Q) and CS**S* (77.94 m/Q).

To assess the contribution of ions with the same nominal mass to charge ratio as CS;" (75.94 m/Q)
under O>" ionization conditions, we conducted a short experiment in which we sampled ambient
urban air in Madison, WI. A typical ambient mass spectrum centered at 76 m/Q is shown in Fig.
2. Ions contributing to the total ion count rate at 76 m/Q include: C2H40S™ (76.00 m/Q), C2H403™
200  (76.02 m/Q), C3Hs0," (76.05 m/Q), C2"*CH70," (76.05 m/Q), and C3HsOO" (76.04 m/Q). In
this environment, CS," contributes more than 35% of the total ion current at 76 m/Q and is 0.5
amu from the next nearest contributing ion (C2H40S™). Additionally, it is reasonably resolved with



https://doi.org/10.5194/egusphere-2026-5120
Preprint. Discussion started: 24 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

our instrument resolving power of 5000 highlighting that a moderately high-resolution mass
analyzer is required for isolation of the CS," ion.
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205  Figure 2. Ambient O2" CI-ToFMS mass spectra taken at 1 Hz and centered at 76 m/Q collected in
Madison, WI in November 2024. Ions contributing to the total count rate at 76 m/Q include CS,"
(75.94 m/Q, carbon disulfide), C:H40S* (76.00 m/Q), C.Hs03" (76.02 m/Q), C3HsO2" (76.05
m/Q), C2"*CH;0," (76.05 m/Q), and C3Hs0'"*0" (76.04 m/Q). Black trace represents the measured
signal. Colored traces show assigned fits.

210  The sensitivity of the CS>* product ion was determined to be 0.092 cps ppt! for the concentration
range of 0 - 6000 ppt under O," ionization conditions (Fig. 3a). The calibration is linear over this
concentration range (R* = 1). The background count rate for CS>" in zero air was determined to be
0.15 % 0.09 cps (1o, 10 s average). For these conditions, we derive a 10-second, 3¢ average limit
of detection of 12 ppt. To place the sensitivity in context, we also measured the sensitivity of the

215  O," CI-ToFMS to benzene (C¢Hs", 0.15 cps ppt') and acrylonitrile (C3H3N*, 0.11 cps ppt™!). The
dominant product ion for both benzene and acrylonitrile was the M* charge transfer ion, indicating
minimal fragmentation of the primary M" product ion (Linstrom and Mallard). The reported
sensitivities for all three molecules represent a lower limit for this type of Vocus mass spectrometer,
as the experiments reported here were conducted with an aging detector and discharge electrodes.

220  Utilizing acetone as a well characterized instrument sensitivity tracer, we expect a sevenfold
increase in our reported CS, sensitivity (up to 0.7 cps ppt!) under optimal conditions (0.77 cps
ppt! in this study compared to 5.6 cps ppt! when the instrument is running in an optimal
configuration).
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In our PTR-MS configuration, we do not observe a sensitivity dependence on the humidity of the
225  sampled air because the H3O" reagent ion saturates the ionization region (Krechmer et al., 2018),
but this is not the case for O2" CI-ToFMS. To determine the impact of humidity on the sensitivity
of CS2", we measured the instrument sensitivity as a function of the absolute humidity between 0-
15 g m™, where the nominally dry case corresponded to an absolute humidity of 0.53 + 0.10 g m"
3. This is within the range of absolute humidities observed in the Azores (2.2 — 17.8 g m™) and
230  Chicago (7.8 —23.3 g m™) during their respective campaigns. As shown in Fig. 3b, CS>" displays
a weak dependence on absolute humidity, with a percentage change in sensitivity of less than 10%
compared to dry conditions. The slight variations observed are likely due to the formation of
02(H20)" clusters. The ratio of O2" to O2(H20) may shift with absolute humidity affecting our

sensitivity.
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235  Figure 3. (a) O," CI-ToFMS calibration to CS;" in the 0 - 6 ppb range. The sensitivity is 0.092 cps
ppt! (R?=0.99997) with a background count rate of 0.15 + 0.09 cps (1s, 10 s avg) and LOD of 12
ppt (3s, 10 s avg). Error bars represent standard deviation of signal averaging and error in CS»
concentration. The standard errors of the slope and y-intercept are 2.5 x 10 and 0.86 respectively.
Calibrations repeated in triplicates. (b) The fractional change in CS," sensitivity as a function of

240  absolute humidity at 5.0 + 0.18 ppb CS». Error bars represent uncertainty in sensitivity and standard
deviation of RH probe output averaging.

3.2 Detection of carbonyl sulfide (OCS)

For OCS (LE. = 11.2 eV, see Linstrom and Mallard), we expect to observe O>" ionization product
ions as OCS" (59.97 m/Q, Reaction 3). Similarly to CS, we do not expect protonation of OCS to

245 occur (P.A. = 628.5 kJ/mol; see Linstrom and Mallard) under PTR or O, ionization conditions as
the reaction is unfavorable (Reaction 4).

0CS + 0f - 0CS* + 0, (R3)

0CS + H;0* - OCSH* + H,0 (R4)
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The only product ion measured in O>" CI-ToFMS is OCS" at 59.97 m/Q. No other major product
ions or fragments of OCS are detected, but the isotopologues OC3*S™ (61.96 m/Q) and OC*S" and
0!3CS (60.97 m/Q) are observed at the expected fractional contributions based on their natural
abundances of 0.042 and 0.018 respectively (Fig. 4).

180
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Figure 4. O;" CI-ToFMS mass spectra taken at 1 Hz of 5.2 + 0.26 ppb OCS in ultra-pure zero air.
The dominant product ion peak is OCS* (59.97 m/Q). Isotopologues observed include OC**S*
(61.96 m/Q) and OC>*S* and O'*CS (60.97 m/Q).

A typical O, CI-ToOFMS ambient mass spectrum centered at 60 m/Q is shown in Fig. 5 to assess
the contribution of ions with the same nominal mass to charge ratio as OCS™. lons contributing to
the total ion count rate at 60 m/Q include: C2H402" (60.02 m/Q), C3HgO" (60.06 m/Q), and
C2"*CH;0" (60.05 m/Q). For the ambient urban measurements conducted in Madison, WI, OCS*
was found to contribute approximately 60% of the total ion current and is 0.05 amu from the
nearest contributing ion (C2H4O"). Similarly, it is reasonably resolved with our resolving power
of 5000 indicating the need for a moderately high-resolution mass analyzer for isolation of the

OCS" ion.
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Figure 5. Ambient O>" CI-ToOFMS mass spectra taken at 1 Hz and centered at 60 m/Q. Collected

265  in Madison, WI in November 2024. Ions contributing to the total count rate are: OCS™ (59.97 m/Q,
carbonyl sulfide), C2H40," (60.02 m/Q), C3HsO" (60.06 m/Q), and C>'*CH-0" (60.05 m/Q). Black
trace represents the measured signal. Colored traces show assigned fits.

The OCS sensitivity as measured with the OCS™ product ion was determined to be 0.10 cps ppt

! for the concentration range of 0 - 6000 ppt under O," ionization conditions (Fig. 6a). The
270  calibration is linear over this concentration range (R? = 1). The background count rate for OCS™ in

zero air was found to be 0.84 £ 0.26 cps (1o, 10 s avg). A 10-second, 3o average limit of detection

of 17 ppt (3c, 10 s avg) was derived under these conditions. With a similar sensitivity to CS;", we

again suspect minimal fragmentation of the primary M" product ion. As discussed above, we

expect a sevenfold increase in our reported OCS sensitivity (up to 0.7 cps ppt') when the
275  instrument is running in an optimal configuration.

Instrument sensitivity as a function of the absolute humidity between 0-15 g m™, where the
nominally dry case corresponds to an absolute humidity of 0.54 + 0.11 g/m’, was measured to
determine the impact of humidity on the sensitivity of OCS™. OCS™ displays a stronger dependence
on absolute humidity in comparison to CS;", with a percent decrease in sensitivity of around 20%

280  compared to dry conditions. This humidity dependence can be attributed to the formation of
OCS(H20)" clusters. When accounting for OCS(H20)" clusters, change in OCS sensitivity reduces
to less than 5% compared to dry conditions (Fig. 6b).

10
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Figure 6. (a) O, CI-ToFMS calibration to OCS™ in the 0 - 6 ppb range. The sensitivity is 0.10 cps
ppt! (R?=0.99998) with a background count rate of 0.84 + 0.26 cps (1s, 10 s avg) and LOD of 17

285  ppt (3s, 10 s avg). Error bars represent standard deviation of signal averaging and error in OCS
concentration. The standard errors of the slope and y-intercept are 2.1 X 10 and 0.67 respectively.
Calibrations repeated in triplicate. (b) The fractional change in OCS™ and OCS* + OCS(H>0)"
sensitivity as a function of absolute humidity at 4.6 £ 0.17 ppb OCS. Error bars represent
uncertainty in sensitivity and standard deviation of RH probe output averaging.

290 3.3 Detection of dimethyl sulfide (C2H¢S, DMS)

When considering DMS (L.E = 8.7 eV see Linstrom and Mallard), we expect to observe the O>"
ionization product ion as C2HsS* (62.02 m/Q, Reaction 5). However, unlike CS; and OCS, we also
expect to observe the proton transfer product (C2HsSH™, 63.03 m/Q) as this reaction is favorable
for DMS (P.A. = 830.9 kJ/mol, Reaction 6; see Linstrom and Mallard). Due to its high proton

295  affinity, we expect to see measurable CoHeSH™ product ion under both PTR ionization conditions
and from residual H3O™ in the O>" ionization conditions.

C,HS + 0F — CoHgS + 0, (RS)
CyHeS + Hy0* > C,HoSHY + H,0 (R6)

As expected, the primary O;" ionization product, CoHeS", is present at 62.02 m/z, however, it
300 contributes to less than half of the total DMS signal. Due to the low bond energy of its C-S bond,
the DMS mass spectrum contains many high intensity fragments and product ions including:
CH3SO" (62.99 m/z), CH3SO:" (78.98 m/z), C:HsSO™ (78.01 m/Q), and CHs0" (61.01 m/Q).
When considering existing data and the analysis of isotopically labeled DMS (C>H3[2H]3S, d3-
DMS), we also expect the formation of fragment ions CH3S™ (46.99 m/Q), CH.S" (45.99 m/Q),
305 and CHS" (44.98 m/Q), however they could not be properly assigned due to interference with a
very large NO»" peak (45.99 m/Q). Additionally, we observe the isotopologues CoHg**S* (64.01
m/Q) at a fractional contribution slightly lower than expected based on its natural abundance
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(0.042) likely due to the high degree of fragmentation observed (Fig. 7). The proton transfer
product, C;H¢SH™ (63.03 m/Q), is not observed as H3O" is nearly absent in dry, laboratory
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Figure 7. O," CI-ToFMS mass spectra taken at 1 Hz of 2.7 + 0.14 ppb DMS in ultra-pure zero air.
The dominant product ion peak is CoHsS™ (62.02 m/Q). Additional product ions include: CH3SO*
(62.99 m/z), CH3SO:" (78.98 m/z), C:HeSO" (78.01 m/Q), C2Hs0" (61.01 m/Q), and CoHe**S*

(64.01 m/Q).

A typical ambient spectrum centered at 62 m/Q is shown in Fig. 8. A short experiment was
conducted in Madison, WI to assess the contribution of ions with the same nominal mass to charge
ratio as the C2HsS" ion. Tons contributing to the total ion count rate at 62 m/Q include: OC3*S*
(61.96 m/Q), CH;CI" (61.99 m/Q), C2Hs0:2" (62.04 m/Q), C:H40"0" (62.02 m/Q) and
CBCH;s0:" (62.03 m/Q). In these conditions, C2HeS" contributes less than 20% of the total ion
current and is only 0.01 amu from the nearest contributing ion (C2H4s0'80"). It is not well resolved
with our resolving power of 5000, highlighting that a high-resolution mass analyzer is required for
isolation of the CoHeS ™ ion. In settings with higher DMS concentrations, like marine environments,

we would expect the C2HsS™ ion to be present in a larger proportion.

12



https://doi.org/10.5194/egusphere-2026-5120
Preprint. Discussion started: 24 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

0.8 -

_ .
06 0C[345]

.
04— [13CICH0,

Ions/s

CH 118010
02|

61?95 62?00 62!05 62{10
m/Q
Figure 8. Ambient O>" CI-ToOFMS mass spectra taken at 1 Hz and centered at 62 m/Q. Collected

325  in Madison, WI in November 2024. Ions contributing to the total count rate are: OC**S™ (61.96
m/Q), C2HsCl™ (61.99 m/Q), C2HsO2" (62.04 m/Q), C:H40"0" (62.02 m/Q) and C'*CH;s0,"
(62.03 m/Q). Black trace represents the measured signal. Colored traces show assigned fits.

The sensitivity of the C2HeS* product ion was observed to be 0.027 cps ppt’! for the concentration
range of 0 - 3000 ppt (Fig. 9). This calibration is linear over this concentration range (R? = 1). The

330  background count rate for C2HsS" in zero air was determined to be 0.11 + 0.11 ¢ps (1o, 10 s
average) and a 10-second, 3¢ average limit of detection was derived to be 46 ppt under these
conditions. This sensitivity is approximately five times smaller than that observed for CS," and
OCS". To place this in context, we compare it to the measured O>" CI-ToFMS sensitivity of
isoprene (CsHs", 0.027 cps ppt!) and trimethylbenzene (CoHi2", 0.033 cps ppt!). While the M*

335  charge transfer ion was the dominant ion product for isoprene, it accounted for less than 20% of
the total signal. The M ion of trimethylbenzene also accounted for around 20% of the total signal,
however, it was not the dominant ion (Linstrom and Mallard). This indicates a high degree of
fragmentation and aligns with the large fragmentation discussed above. The reported sensitivity
again represents a lower limit with potential for a sevenfold increase under optimal instrument

340  conditions, however even with this Q2" CI-ToFMS looks to be inferior to PTR-MS for the detection
of DMS (0.29 cps ppt™'). Instrument sensitivity of DMS as a function of absolute humidity was not
explored.

13
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Figure 9. O, CI-ToFMS calibration to C2HeS™ in the 0 - 3 ppb range. The sensitivity is 0.027 cps
ppt! (R? =0.995) with a background count rate of 0.11 £ 0.11 cps (15, 10 s average) and LOD of
345 46 ppt (3o, 10 s avg). Error bars represent standard deviation of signal averaging and error in DMS
concentration. The standard errors of the slope and y-intercept are 8.3 x 10 and 1.3 respectively.

3.4 Field Measurements of Carbon Disulfide (CSz)

Here, we report on the reanalysis of mass spectra collected in three prior field campaigns, where

the Vocus was operated using H3O" chemistry, but residual O, provides an opportunity to measure
350  CS2. While in retrospect, it would have been far more advantageous to have operated the

instrument in a deliberate O," sampling configuration, we think that the observations are still a

valuable contribution due to the extreme paucity of CS> measurements in the literature. Other

existing datasets collected under PTR ionization conditions may also utilize the method below to

quantify CS; via secondary O>" ionization chemistry in an effort to add to the very sparse collection
355  of gas-phase CS; measurements.

CS; was detected as the M" product ion (CS;") in the AGENA (Graciosa Island, Azores) and
SMOKIEVOC (Chicago, IL) field campaigns. In both studies, CS, was almost exclusively
observed in the GC-Vocus measurement as preconcentration was required to measure the trace
quantities given the instrument’s low sensitivity when operating in PTR mode. Representative GC

360  chromatograms are shown in Fig. 10, where the M* product ions of CS; (CS2") and DMS (C2HsS™),
formed via residual O,", are separated by their unique mass to charge, but also their retention time
on the GC column. DMS elutes near CS: in the GC as expected based on their respective Kovat
retention indices of 516 and 563 (Linstrom and Mallard). This is confirmed through laboratory
measurements with certified standards. Chromatograms are background subtracted (Fig. S1 and

365  S2)and no other peaks are observed besides the M* product ions (Fig. S3). DMS was not observed
in the chromatograms taken in Chicago.
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Figure 10. Representative CS," (blue) and C2HeS™ (black) chromatograms taken at 5 Hz (1-
second average) for (a) AGENA (Graciosa Island, Azores) and (b) SMOKIEVOC (Chicago, IL)
field campaigns. Trapping volumes are 3 L and 0.5 L respectively.

370  To calibrate the measured CS," signal during the field campaigns, we scaled our continuous in-
field PTR measurements of d3-DMS" (CH3[2H]3S", 65 m/z) sensitivity (Sgz—_pus+ fie1a) by the

ratio of our laboratory PTR measurements of CS;" (S cs#lap) @nd DMS" sensitivity (Spps+ 1ap) t0

determine the appropriate in-field sensitivity to CS2"(S cs} field) 35 described in Eq. (1).

Soct
cS3 lab
Sect pirg = S g X —22 (1)
CSy ,field d3-DMST,field
2f s Spms+,iab

375 In AGENA, d3-DMS was continuously added to the sampling inlet as a standard addition so that
instrument sensitivity could be tracked continuously. DMS was chosen as a representative
laboratory calibrant as both it and d3-DMS undergo a comparable charge transfer reaction with
0" ionization as they exhibit the same ionization energy of 8.7 eV (Linstrom and Mallard). For
the Chicago measurements, a 14-molecule VOC standard was used for daily calibration. Since

380 DMS was not part of the calibration mixture, benzene was chosen as the transfer standard for the
Chicago measurements, due to its high charge transfer efficiency (I.E. = 9.2; see Linstrom and
Mallard) with O, and thus large presence of its M* product ion. For the Chicago measurements,
Eq. (1) is modified to include benzene sensitivities in place of the d3-DMS sensitivities.

From 5-step triplicate calibration measurements in the concentration range of 0 - 7 ppb, the RT-
385  Vocus sensitivities of the M™ product ion under PTR ionization conditions were 0.026 cps ppt™,
0.012 cps ppt!, and 0.032 cps ppt”! for CS,, DMS, and benzene respectively (R? = 0.99). This
resulted in a CS,"/C2HeS* laboratory sensitivity ratio of 2.1 and a CS,"/CsHs " laboratory sensitivity
ratio of 0.81. Strong signal correlation (R? > 0.96) of the charge transfer product ion (M") and

15
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proton transfer ion (MH™) across both campaigns proves this quantification method to be reliable
390 and robust (Fig. S4).

In the Azores, CS; was detected consistently across the campaign with more than 85% (95/110) of
GC-Vocus measurements having a detectable CS: peak in the GC chromatogram that could be fit.
Peaks were generally considered to be unresolvable when the peak intensity was less than 1.5X%
the signal intensity of the surrounding noise. A distribution of the measurements is shown in Fig.

395  1la. The mean concentration of CS; is between 1.9 ( 1.6) ppt and 2.5 (£ 1.7) ppt as defined by
the treatment of the unresolved GC measurements. The limits represent when the unresolved peaks
are equated to 0 ppt and the limit of detection (LOD, 2.0 ppt) respectively. When treated as 0.5X
the LOD, the mean CS> concentration is 2.2 (£ 1.4) ppt. This data is on the lower range of
previously reported gas-phase marine boundary layer concentrations (2.5 to 275.7 ppt)

400  highlighting the need for more quantitative measurements to discern global spatial patterns of CS:
(Lennartz et al., 2020). These mean concentrations of CS; are significantly lower than other marine
sulfur species, DMS (107 £+ 69 ppt) and MeSH (15 £ 12 ppt), observed in the Azores (Kilgour et
al., 2025). No trends between CS; and DMS or MeSH are seen and the little variability observed
in CS; is consistent with a diffuse, continuous source such as the ocean.
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405  Figure 11. Histogram of CS» concentration (ppt) in (a) AGENA (Graciosa Island, Azores) and (b)
SMOKIEVOC (Chicago, IL) from GC-Vocus measurements. The unfit region represents
measurements with no resolvable CS," peak in the GC chromatogram.

In Chicago, CS; was far more variable and detected less consistently with only 40% (63/155) of
GC-Vocus measurements containing detectable CS,. The mean CS; concentration ranges from 5.6
410 (£ 10.1) ppt to 13 (£ 7.6) ppt when considering unresolvable GC measurements as 0 ppt and the
LOD (13 ppt), respectively, highlighting the high variability of this site. When unresolved peaks
were replaced with 0.5X the LOD, the mean concentration was 9.5 (& 8.3) ppt, significantly larger
than the CS: concentration observed in AGENA. Notably, we measured an anomalously CS»-rich
airmass in Chicago where the CS: concentration peaked at 87 ppt. This is displayed via histogram

16
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415  in Fig. 11b. This data is consistent with other urban measurements reported from the TRACE-P
aircraft campaign. Plumes of polluted, urban air transported from northern China were observed
near the coast where individual measurements of CS; peaked at 90 ppt (Blake et al., 2004). The
large CS> enhancement present in Chicago GC-Vocus can also be seen in the RT-Vocus
measurements. The 5-minute averaged RT-Vocus CS» time series is shown in Fig. 12 overlayed

420  with the GC-Vocus measurements. The source of this CS; enhancement is currently unknown, but
wind data shows that a large portion of RT-Vocus CS;" signal detected 2 standard deviations above
the mean originates from the south direction. This is displayed via wind rose in Fig. 13a. A satellite
image of the sampling location and surrounding area is shown in Fig. 13b, but since CS: has an
atmospheric lifetime of a few days, source identification is challenging. We did not observe another

425  ion in the RT or GC-Vocus spectra that covaried with the CS; enhancement, suggesting that the
emission rate of other molecules from this source is small relative to their respective background
concentrations in the polluted Chicago airmass.
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Figure 12. Gas chromatography (GC, purple) and 5-minute moving averaged real time (RT,
black)-Vocus measurements of CS; from the SMOKIEVOC (Chicago, IL) campaign.

17



https://doi.org/10.5194/egusphere-2026-5120
Preprint. Discussion started: 24 September 2026
(© Author(s) 2026. CC BY 4.0 License.

430

435

440

445

450

(a) N (0%)

+
2

SW (315°) . NE@45%)

W (270°) < E (90°)

RT CS, Counts per Second
N w

SW (225°) -

» : b i ‘ 1, Gox
Figure 13. a) RT-Vocus CS>" counts 2 standard deviations from the mean with respect to wind
direction across the SMOKIEVOC (Chicago, IL) campaign and b) a satellite image of the sampling

site (red marker) and the surrounding area.

Finally, we reanalyzed a GC Vocus dataset from Northern Wisconsin (PEcoRINO; see Vermeuel
et al., 2023). In this analysis, less than 10% of GC-Vocus measurements display detectable CS,*
peaks that are 1.5X the surrounding noise. This was expected as the campaign was completed over
a remote mixed temperate forest in Northern Wisconsin, far from large marine or anthropogenic
sources.

4. Conclusion

We show that use of O2" CI-ToFMS provides reliable, atmospherically relevant detection and
quantification of the sulfur trace gases CSz and OCS. We demonstrate that CS> is detected
primarily as CS," with less than 2% signal abundance attributed to fragments. OCS is detected
solely as OCS*. DMS is detected primarily as C2HsS", but much of its signal is spread through a
series of fragment ions (>58%), making O, ion chemistry less well suited for ambient
measurements of DMS when compared with H3O". All species of interest were reasonably
resolvable from potential interfering peaks when using a mass analyzer with a nominal resolving
power of 5000. Utilizing M" product ion sensitivity ratios under PTR conditions, we determined
mean CS; mixing ratios of 2.2 ppt and 9.5 ppt for measurements taken at a remote marine surface
site in the Eastern North Atlantic and Downtown Chicago, IL, respectively. CS, was not detected
in Northen Wisconsin. In Chicago, we observed a large CS: signal enhancement indicative of
unknown urban CS,. Collectively, these results indicate the utility of O2" ion chemistry as a
primary and secondary ion source for simultaneous measurements of CSz and OCS that could be
used to greatly expand the limited, current gas-phase database for CS; and better constrain global
OCS budgets.
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455  Data availability

CS; time series from the AGENA (GC-Vocus) and SMOKIEVOC (RT and GC-Vocus) field
campaigns are available at https://digital.library.wisc.edu/1793/98044
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