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ABSTRACT: The photochemical oxidation of dimethyl sulfide
(DMS) by the hydroxyl radical (OH) contributes to the production
and growth of particles and cloud condensation nuclei in the marine
boundary layer (MBL). DMS oxidized by OH can go on to form a
stable intermediate, hydroperoxymethyl thioformate (HPMTF),
which is both globally ubiquitous and efficiently lost to multiphase
processes in the marine atmosphere. Recent work has shown that
clouds act as a significant and irreversible loss path for HPMTF,
sequestering sulfur and greatly reducing the production of long-lived,
climate-relevant species (e.g, SO, and OCS). Until recently, there
have been few observational constraints on the role of clouds in the
spatiotemporal distribution of HPMTF and other soluble molecules
in the MBL. Using a steady-state approximation, we determine a
reactive uptake and first-order aqueous loss rate constant of HPMTF to cloud droplets of 1.2 (0.9—1.9) X 107 and 1.4 (0.4—2.2) X
107" 57!, respectively. The results suggest that hydrolysis and ozonolysis are significant within cloud droplets, and their competition
likely impacts the distribution of sulfate and organic acids in the marine environment.

KEYWORDS: dimethyl sulfide, aqueous processing, marine, airborne observations, hydroperoxymethyl thioformate, sulfate,
carbonyl sulfide, cloud processing

1. INTRODUCTION radiative budget.l’2 In addition, the oxidation of other marine
Sulfur is an essential component of Earth’s biogeochemical sulfur species leads to the production of carbonyl sulfide
system, with particular importance to the global climate. (OCS). Accurate estimates of direct marine emissions and
Depending on the source, sulfur can enter the atmosphere in a secondary production of OCS are critical for both modeling

variety of reduced and oxidized forms, with a well-studied
species being sulfur dioxide (SO,). SO, can be emitted to the
atmosphere through anthropogenic (e.g., coal combustion) or
natural (e.g., passive and eruptive volcanic emissions) estimating gross primary production, as OCS is readily
processes, and it can be produced through the oxidation of consumed by terrestrial vegetation.3 A large source of this
reduced sulfur compounds. The major natural source of
reduced sulfur to the atmosphere is the ocean, with origins
primarily driven by biological activity. The dominant sulfur
molecule emitted from oceans is dimethyl sulfide (DMS), with
an estimated emission of 22 TgS yr™".' The oxidation
mechanism of DMS and resulting abundance and volatility
of the oxidation products determine the formation and growth
rates of aerosol particles to cloud condensation nuclei (CCN)
in marine environments, with subsequent effects on Earth’s

stratospheric aerosol concentrations, as OCS is an important

precursor to stratospheric sulfate aerosol particles, and for

uncertainty arises in the marine environment, stemming in part
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from an incomplete understanding of the oxidation of marine
sulfur gases.

Recent literature has shown that a significant fraction
(>30%) of the OH-initiated oxidation of DMS over the marine
atmosphere leads to the formation of a recently identified
stable intermediate, hydroperoxymethyl thioformate (HPMTF,
HOOCH,SCHO) (Figure 1)."® Since HPMTF’s initial
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Figure 1. Simplified chemical mechanism for the gas-phase OH
oxidation of dimethyl sulfide (DMS) and hydroperoxymethyl
thioformate (HPMTF). Reaction products include methyl thiomethyl
peroxy radical (MTMP), dimethyl sulfoxide (DMSO), sulfur dioxide
(SO,), carbonyl sulfide (OCS), and sulfate (S0,*”). The segmented
box highlights simplified aqueous HPMTF reactions forming sulfate.

observation, multiple modeling, field, and laboratory inves-
tigations have been performed to understand its OH oxidation,
heterogeneous uptake, and photolytic loss processes.””~"*
Under clear-sky conditions, HPMTF is primarily oxidized by
OH with a rate constant (kgpyrr . og) of 1.4 X 107" cm?®
molec”'s™ at 298 K to form primarily carbonyl sulfide
(0CS)" and SO,° The OH oxidation mechanism proceeds
through a variety of soluble intermediates, potentially
decreasing the production of SO, and OCS in the marine
atmosphere.'” The heterogeneous uptake coefficient (y) for
HPMTF depends on aerosol chemical composition and has a
value of 1.6 X 107* for deliquesced NaCl, a representative
marine aerosol composition.'' Further, HPMTF has been
shown to be efficiently lost to marine clouds and the ocean
surface.¥>'>'>'® Once reacted with an aqueous surface (e.g.,
cloud droplet, ocean, wetted aerosol), the condensed-phase
chemistry of HPMTF is irreversible, arresting the formation of
SO, and OCS, which are efficiently produced in the gas-phase
OH oxidation of HPMTF (Figure 1).%191¢ Based on
laboratory observations of the aqueous fate of HPMTEF,
hydrolysis and ozonolysis drive the loss of HPMTF and
primarily lead to sulfate formation rather than re-emission of
OCS or SO, '’ These experiments were done under controlled
laboratory parameters at elevated ozone conditions (60—80
ppb compared to 30 ppb) and neutral pH, which are atypical
of the marine environment. While laboratory observations help
isolate end products under controlled, extreme atmospheric
conditions, they do not necessarily reflect the complexity and
variability of oxidative conditions within the marine environ-
ment.

Here we use airborne in situ measurements of DMS and
HPMTF, along with observational constraints on the oxidative
environment and cloud properties, to assess the factors
controlling HPMTF cloud loss within the marine boundary
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layer. Measurements were made off the coast of California
under different conditions, including both clear skies and a
stratocumulus cloud deck, as part of the Atmospheric
Emissions and Reactions Observed from Megacities to Marine
Areas (AEROMMA) campaign in June 2023."” The reactive
uptake of HPMTF, as well as a constraint for the hydrolysis
rate constant for HPMTF, was calculated for cloud droplets.
Implications of the interplay between the transformation of
HPMTF via hydrolysis or ozonolysis are evaluated to better
understand the role of HPMTF in modulating the distribution
of SO, and OCS in the marine boundary layer environment.

2. METHODS AND MATERIALS

2.1. Measurements of Gas-Phase Sulfur Made during the
AEROMMA Campaign

Aircraft observations of key sulfur species throughout the sulfur
oxidative pathway (e.g., DMS, HPMTF) were made from the NASA
DC-8 suite of research instruments. In situ measurements were taken
in the marine boundary layer off the coast of California under clear-
sky and various cloud types during the AEROMMA campaign in June
2023."7 From June 16—23, 2023 (DOY 167 —174), four research
flights were conducted over the Pacific Ocean (Figure S1).

Hydroperoxymethyl thioformate (HPTMF) is detected using an
iodide-adduct time-of-flight chemical ionization mass spectrometer
(iodide CIMS, Aerodyne Research, Inc.).”'®'" Briefly, iodide ([I]7)
and iodide-water ([I-(H,0),]”) ions cluster with ambient gases to
form a stable iodide adduct ion ([I-M]") that is detected via time-of-
flight mass spectrometry (ToF-MS). Ambient air is sampled through a
pressure-controlled (150 mbar), mass-flow-controlled (6 standard
liters per min, SLPM) perfluoroalkoxy alkane (PFA) inlet (147 cm
length, 0.64 cm ID), heated to 40 °C. The latter 55 cm of the inlet is
heated to 130 °C to allow for the dissociation and detection of acyl
peroxy nitrates (PANs). Water is dynamically added (via a saturated
small N, flow, 0—100 sccm) directly into the ion—molecule reaction
region (IMR) to maintain a consistent [I]7:[I-(H,0),]” cluster ratio
(ranging from 0.5—0.6), providing real-time compensation for
changes in ambient humidity to maintain constant detection
sensitivity. The IMR is maintained at a pressure of 40 mbar and 30
°C to reduce the effects of secondary ion chemistry and maintain
constant detection sensitivity.>'® Instrument sensitivity and perform-
ance are evaluated throughout the campaign via standard additions of
formic acid ([I'HCOOH]™; m/z 172.91) from a custom-calibrated
permeation source and a continuously added "*C isotopically labeled
PAN (13C PAN), measured at both the carboxylate anion
([**C,H;0,]7; m/z: 61.02) and the peroxy radical cluster
([I'3C,H;,0,]7; m/z: 203.92), at the aircraft inlet. The HCOOH
permeation source output is sampled every hour during flight on
nitrogen zeros and is calibrated by a total carbon measurement.*’

Dimethyl sulfide (DMS) is measured using a Vocus proton-
transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS).*'
Dimethyl sulfoxide (DMSO) is detected by an ammonium-adduct
long time-of-flight chemical ionization mass spectrometer (NH,*-
LToF-CIMS).”* The PTR-ToF-MS and NH,"-LToF-CIMS sampled
air through a 40 °C, 1 m Teflon inlet at a maximum flow rate of 2 L
min~". Instrument backgrounds were determined every 20 to 30 min
by passing ambient air or zero-grade air through a platinum catalyst
heated to 350 °C. The instruments were regularly calibrated at the
beginning of each flight using multicomponent certified gas standards
(Apel-Reimer). DMS was calibrated both in flight and after the
campaign using a calibrated cylinder, and DMSO by an in-house
liquid calibration source.

2.2. Calibration of Hydroperoxymethyl Thioformate

The sensitivity of the iodide CIMS to HPMTF was determined by the
unit conversion of HPMTF from DMS oxidation using either chloride
(Cl-) or nitrate radicals (NO;-) as an oxidant. NO;- and Cl- were used
as the oxidant instead of OH, the dominant oxidant in the marine
atmosphere, due to their selectivity for hydrogen abstraction rather

https://doi.org/10.1021/acsestair.6c00199
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Figure 2. Time series of chemical measurements from the DC-8, taken during research Flight 3 (June 21, 21:00—22:00, 2023). 1-s time resolution
of (a) HPMTF mixing ratio (dark-blue trace), cloud optical depth (COD, red trace), and instances when the CAPS detects a cloud droplet (red
circles), (b) DMS mixing ratio (green trace), DC-8 altitude (gray trace). (c) True color image of flight path during AEROMMA June 21st 2023;

yellow box indicates area highlighted in panels (a) and (b).

than addition at high temperatures.”> > These radicals preferentially
produce the methyl thiomethyl peroxy radical (MTMP), the
precursor to HPMTF (Figure 1). All experiments were performed
under excess DMS (0.8—3 ppm) to ensure that NO; and Cl-
preferentially react with DMS rather than other species within the
reaction vessel (e.g,, Cl-, RO,-, HPMTF). An OH scavenger (carbon
monoxide or propane) was added to the reaction vessel to consume
any OH generated from the isomerization of MTMP, forming
HPMTEF (Figure 1).***° Unaccounted OH could preferentially react
with excess DMS, generating additional MTMP and HPMTF, leading
to a nonquantitative relationship between NO;:/Cl- consumed and
HPMTF produced. Lastly, the calibrations were performed under
higher temperatures (110—130 °C) to increase the isomerization rate,
reduce adduct formation with Cl, and suppress competition from
bimolecular reactions (e.g, MTMP + RO,;, MTMP + NO,-).>* The
culmination of these parameters allows for all oxidative radicals (NO5-
and Cl-) generated in the reaction vessel to react primarily with DMS,
forming HPMTF. Under this assumption, we determined that the
concentration of HPMTF measured by the CIMS is directly related to
that of the generated radical concentrations (NO;- and Cl-). The
NOj;- and Cl- concentrations were determined by cavity ring-down
spectroscopy and a Cl, laser photolysis equation described in sections
S1 and S2 of the S, respectively. To account for changes in the cluster
ratio and temperature throughout the research flights, HPMTF
sensitivity was calculated under various IMR temperatures (25—35
°C) and cluster ratios (0.4—0.65). Additional information on the
experimental design is addressed in the SI (Sections S1—2, Figure S2).

2.3. Measurements of Ambient Aerosol and Cloud
Properties

A S-chan CPC (N-MASS),* Ultra-High Sensitivity Aerosol Size
Spectrometer (UHSAS),*® and Coarse-Mode Aerosol Size Spectrom-
eter (CMASS) were utilized to calculate the dry (<40% RH) aerosol
size distribution from 2.83 to 3178 nm.”® Dry size distributions across
the instrumentation were merged using a nonlinear inversion
algorithm—a technique previously reported in detail by Brock et al.
(2019) for a similar data set from the Atmospheric Tomography
Mission (ATom) campaign. Accounting for aerosol hygroscopic
growth due to high ambient RH (86 = 4% RH), we assumed that
most of the aerosol particles are sea spray and applied a growth factor
of 2 to the aerosol distribution.*® A total ambient aerosol surface area
density was calculated by summing the surface areas of all particles
across all bin sizes. The calculation uses the reported midpoint
diameter for each size bin based on the aerosol ICARTT data file.
To identify areas of cloud influence and presence, a satellite-derived
cloud optical depth (COD) and cloud top pressure (CTP) (GOES-
West, www.star.nesdis.noaa.gov) were used. COD and CTP act as a
proxy for cloud cover and fraction, respectively, while providing a
near-real-time (5 min), spatially resolved (2 km resolution)
approximation for when the research aircraft (DC-8) was sampling
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under clear-sky and cloudy conditions. To evaluate instances when
the DC-8 was flying within a cloud, the second-generation cloud,
aerosol, and precipitation spectrometer (CAPS) was used.>’ The
CAPS consists of two main instruments: the Cloud and Aerosol
Spectrometer (CAS) and the Cloud Imaging Probe (CIP), allowing
for the quantification of particle and cloud droplet numbers and size
distributions between approximately 0.5 and 50 um.*'

3. RESULTS AND DISCUSSION

3.1. Observations of Cloud Loss during a Stratocumulus
Flight

Here, we present determinations of cloud loss within the
marine environment for major species in the marine sulfur
cycle—DMS, DMSO, and HPMTF—based on in situ
measurements. The observed DMS/HPMTF ratio provides a
metric for the loss of HPMTF relative to a given concentration
of its precursor, DMS.*>'® The DMS/HPMTF ratio can be
expressed in terms of production and loss processes from a
rearrangement of a steady-state approximation for HPMTF
(i.e, d(HPMTF]/dt = 0), DMS/HPMTF was used to evaluate
the current understanding of HPMTF loss under clear-sky and
cloudy conditions. The steady-state approximation for
HPMTEF is used given the relatively fast ambient loss rate of
HPMTF at midday, ranging from 11 h to <2 h under clear-sky
and cloud conditions, respectively.”'’ Generally, the DMS/
HPMTF ratio tracks the relative loss of HPMTF, with elevated
ratios indicating times of increased HPMTF loss. The steady-
state DMS/HPMTF ratio can be expressed as (eq 1):

DMS _ LOH + LAerosal + LDep + LRes
HPMTF

Papmrr (1)

Here, DMS and HPMTF are the observed concentrations
(ppt), Pupurr is the production of HPMTF from the OH
oxidation of DMS (s™'), and Loy, Lueoss and Lp,, are the loss
of HPMTF via OH oxidation, aerosol uptake, and dry
deposition, respectively (s™). Lg, is the residual loss of
HPMTF due to other processes, such as photolysis and cloud
uptake (s™'). The analysis below takes this term to arise
predominantly from cloud uptake. Across the four research
flights, a tight correlation (R* = 0.74) was observed between
DMS and HPMTF with a DMS/HPMTF median and
interquartile range of 16.7 (13.7—19.4) across all clear-sky
conditions (COD < 1 and CTP = Not a Number, NaN)
(Figure S3c). We assume clear-sky conditions correspond to

https://doi.org/10.1021/acsestair.6c00199
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Figure 3. (a) 1-s resolution (gray), median (black dot), and interquartile range (error bar) of the DMS/HPMTTF ratio values during the time under
cloud, binned by whole cloud optical depth (COD) values. The blue line represents a best fit of the observations using a linear ODR (R? = 0.76).
(b) 1-s-resolution observations of the calculated k,,; (using eq 2) at varying COD. Observations are separated by under-cloud (gray) or in-cloud
(red) using the CAPS probe. Median under-cloud and in-cloud binned observations (black circles), interquartile ranges (error bars), and an ODR
best fit (blue line, R? = 0.55) are calculated using the same bins as (a).

times where HPMTF loss is driven by OH oxidation,
deposition, photolysis, and aerosol uptake. If OH oxidation
was the only driving loss process under clear-sky conditions,
the observed DMS/HPMTF ratio, constrained by observa-
tions, would average 3.8 (£0.3). A ratio around 4 is observed
during the AEROMMA marine flights, most prominently
during the flight on 06/23/2023 (Figure S 3d), and indicates
times over the marine atmosphere where the fate of HPMTF is
driven primarily by OH oxidation. The elevated ratio across
the campaign highlights the complexity and significant
influence of HPMTF loss processes within the air masses.
Quantifying cloudy conditions and its role in HPMTF loss is
complicated by cloud properties and types (i.e., optical
thickness, cloud cover fraction, and cloud-base height) and
coupling between the boundary layer and the cloud deck (i.e.,
cloud entrainment) not extracted from COD/CTP observa-
tions. There was no consistent or universal relationship
between COD and DMS/HPMTF across the four research
flights, indicating that COD alone is not a useful indicator of
HPMTF cloud loss (Figure S4). Rather than identifying a
universal relationship for approximating HPMTF loss, COD is
used to target regions of elevated cloud cover for additional
analysis. A correlation between COD and HPMTF is best seen
during a section of research Flight 3 on June 21, 2023 (Figure
2a). Generally, Flight 3 proceeded by: 1) flying under clear-sky
conditions; 2) stepping through various altitudes under a
stratocumulus cloud deck (yellow-boxed area, Figure 2c); and
3) retracing previously sampled clear-sky conditions. DMS
concentrations remained relatively constant (127 + 27 ppt)
throughout the portion of the flight (Figure 2b) along with
wind speed and the steady-state-derived [OH] (explained
further in Section 3.2),”” implying that the primary production
and “clear-sky” loss channels of HPMTF remained constant.
Under the stratocumulus cloud deck, an inverse relationship
between cloud optical depth and HPMTEF concentrations is
observed (Figure 2 and Figure SS), consistent with an HPMTF
loss to clouds.”'>'® In addition to the satellite-derived metric
for cloud cover, an in situ cloud indicator (measured by the
CAPS system) highlighted instances of elevated HPMTF loss
when the DC-8 flew through and around clouds within the
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boundary layer (red circles; Figure 2b). A positive correlation
(R* = 0.76) is observed when the DMS/HPMTE ratio
(approximating the instantaneous loss of HPMTF; eq 1) is
regressed against COD across this portion of the flight (Figure
3a). Additionally, the linear orthogonal distance regression
(ODR) intercept of the DMS/HPMTTF regression (Figure 3a)
within the cloudy region is 14.1 & 1.2. This intercept falls
within the uncertainty of the campaign median DMS/HPMTE,
16.7 (13.7—19.4), for clear-sky conditions (COD < 1 and CTP
= NaN). Lastly, the air mass sampled before entering the cloud
deck observed a DMS/HPMTF ratio of ~S (Figure S6b). The
increase in DMS/HPMTEF (driven by HPMTF loss) from an
OH-only-driven ratio (~4) to a sustained elevated ratio (~16)
can be attributed to past and current interactions with marine
clouds. The positive correlation highlights the role of cloud
uptake as an important sink of HPMTF within the boundary
layer as clouds have large aqueous surfaces that have been
shown to irreversibly react with HPMTE.'"'"'¢
Flight 3 will be used as a test case for understanding cloud
interactions of reactive gases under consistent precursor
concentrations. To quantify the loss of HPMTF to cloud
droplets, we target sampling within thin, dispersed clouds and
assume the steady-state approximation for HPMTF when
sampling through the dispersed cloud decks. The dispersed
cloud decks result from a unique boundary layer facilitating the
formation of thin clouds under a thick stratocumulus cloud
deck (Figure S7). The thin clouds provide a unique
opportunity to investigate the interaction of HPMTF with
cloud droplets while mitigating the potential for HPMTF
titration observed within thick cloud decks.”"®

3.2. Drivers of HPMTF Loss within a Thin Cloud Deck

Research

HPMTEF is a highly soluble/reactive species whose irreversible
uptake and fast gas diffusion rate to the cloud result in short in-
cloud lifetimes (<S s), supporting the use of the steady-state
o 1 . 4,33

approximation within cloud-influenced areas.””” To approx-
imate the first-order loss rate coefficient of HPMTF to clouds,
the steady-state approximation, eq 1, is rearranged and
expanded to solve for the residual loss term (eq 2):
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where [DMS] is the measured ambient DMS concentration
(units of molec. cm™3), [HPMTF] is the measured ambient
HPMTF concentration (units of molec. em™), D, is the
diffusivity of HPMTF (units of cm® s™') in air using the
additive “Schroeder” method,”* r,, is the measured Sauter
mean aerosol radius (units of cm),”**’ @ is the mean
molecular speed of HPMTF (units of cm s7'), y,, is the
unitless reactive uptake coefficient corresponding to an
experimentally measured value for deliquesced NaCl particles,”
S, is the measured ambient aerosol surface area density (units
of em? em™), v, is a wind-sgeed-dependent dry deposition
velocity (units of cm s7'),%'*** BLH is the marine boundary
layer height calculated from inflection points in potential
temperature and water mixing ratio during DC-8 altitude
profiles (units of cm), kopppyrr is the HPMTF+OH rate
constant (1.4 X 107! cm® molec™ s71),'” [OH] is the ambient
OH concentration (units of molec. cm™) calculated from eq 3,
k,. is the residual or unconstrained first-order loss rate
constant added to account for any additional reactions missing
in the analysis (e.g., cloud loss, error in loss terms, artificial loss
because not as steady state), kopap is the temperature-
dependent hydrogen abstraction rate constant (units of cm®
molec™ s7!) for DMS,* and f,, is the fraction of MTMP that
yields HPMTEF. The f;,,term accounts for the competition of
MTMP between isomerization (that forms HPMTF) and
bimolecular chemistry with NO, HO,, and RO, (calculation of
fisom is described in SI Appendix, section S3; Figure S3a). The
hydroxyl radical concentration, [OH], is calculated through a
steady-state approximation represented in eq 2:

fO(1D)-jO;-[0;]2 + kno+10,[NOI[HO, ]
OHR (3)

where fO(1D) is the fraction of produced O('D) reacting with
water vapor, jO; is the observed first-order photolysis rate of
ozone yielding O('D) (units of s71),%® [0,] is the ambient
ozone concentration (units of molec. cm™),>” [NO] is the
measured ambient nitric oxide concentration (units of molec.
ecm™3),*® [HO,] is the ambient hydroperoxyl radical
concentration set to 2.6 X 10® (~10 ppt) (Figure S3b), and
OHR is the measured OH reactivity (units of s').*’
Additional information on the calculation of [HO,] and
[OH] using steady-state approximations is described in
sections S4 and SS and Figure S8 of the SIL

The residual loss (k) is directly proportional to the DMS/
HPMTF ratio calculated and modulated by the relative loss
pathways of HPMTF at the time of sampling (eq 2). The
residual loss calculated during this section of the research flight
accounts for changes in oxidative (e.g, [OH], NO) and
environmental parameters (e.g.,, wind speed, photon flux) and
assumes to reflect cloud loss due to interaction in and around a
cloud deck. As explained in section 3.1, the regression of the
cloud optical depth to the DMS/HPMTF ratio indicated a y-
intercept similar to that of cloud-influenced conditions during
the entire AEROMMA campaign. A positive moderate
correlation (R? = 0.55) between the COD and the residual
loss is observed as the DC-8 flies under the stratocumulus

[OH] =
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cloud deck (Figure 3). While within the cloud sampling,
consistent observed winds (7.16 + 0.64 m/s) and aerosol
surface area (152 + 26 um® cm™>), measured between 3 nm
and 3 um %, contribute only 1.4% and 5.6%, respectively, to
the overall noncloud loss processes of HPMTF, indicating that
the observed DMS/HPMTF ratio is primarily driven by OH
oxidation and cloud loss (Figure S9). Calculated loss and
production processes of HPMTF (e.g., OH-driven production,
aerosol loss, and deposition) remain relatively constant across
the flight path, highlighting that variability in calculated k,, is
driven by the presence of clouds and not changes in
constrained parameters (Figure S9). As discussed earlier, the
COD inversely tracks with the photon flux and in situ
observations of the first-order photolysis rates of NO, and O;
(Figure S10). The decrease in ozone photolysis as a function of
cloud fraction will lead to a corresponding decrease in the
instantaneous production of OH through the O(1D)
production channel (Figure S10c). With minimal changes in
O3, H,0O and temperature, and low NO, the observed decrease
in steady-state [OH] is driven by the O; photolysis rate
(Figure S10). The decreasing [OH] should not drive the
observed increase in k,,, due to the assumed elevated OH loss
rates of HPMTF compared to DMS. While the temperature
dependence of the OH rate constant for HPMTF has not been
measured, the room-temperature OH rate constant of HPMTF
is 3 times faster than that of the DMS hydrogen abstraction
channel that generates HPMTF. The faster OH loss of
HPMTEF and relatively constant DMS concentration would
lead to an overall decrease in the DMS/HPMTF ratio at higher
COD/lower relative OH, contrary to what is observed in
Figure 3. For this reason, we assume the temporal HPMTF
structure and calculated residual loss is associated with cloud
processing. In contrast to the positive correlation between
COD and HPMTF loss, DMSO, a key stable intermediate
from the OH-addition channel of DMS oxidation (Figure 1)
and produced at a similar rate as HPMTE,” shows a negative
correlation with respect to the observed COD (Figure S11).
The DMS/DMSO ratio shows a negative correlation, matching
the calculated OH trend (Figure S10c), implying that the
driver of DMSO loss, even under cloudy conditions, is still OH
oxidation (9.6 X 107! cm® molec™ s™! at 290 K). If HPMTF
loss across this section of the flight were dominated by OH,
then HPMTF would show a trend akin to that observed by
DMSO. The effect from OH + HPMTF under and within the
cloud is still present and accounted (—kop ppyre[ OH] in eq
2), but the cloud uptake is simply larger and dominates the

observed changes in k.

3.3. Reactive Uptake of HPMTF to Cloud Droplets

The relationship between k,,, and COD seems to fall into two
groups corresponding to under-cloud and in-cloud sampling
(red circles, Figure 3a). In-cloud sampling is identified utilizing
the CAPS probe, which is equipped with an optical
spectrometer that measures cloud properties. All other points
are taken to be under the cloud deck, verified visually with the
front facing camera and by relating the DC8 altitude to a
MERRA-2* reanalysis product of vertically resolved cloud
fraction (Figure S7). The gradual increase in the residual loss
term as a function of the COD until a COD value of
approximately 15 could indicate an HPMTF loss term that is
dependent on the fraction and depth of the above-cloud deck.
A relatively constant first-order residual loss is observed for
points above a COD of 15 and flagged as in-cloud, with a
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median and interquartile range of 2.3 (1.8—3.1) X 107* s7!

(Figure 3). While in-cloud, the driving residual loss process
should be diffusion and uptake to cloud droplets. This process
of HPMTF reactive uptake to cloud droplets can be written as
the following equation:

-1

T 4
kres = SAcld < +—

D, Wi (4)

where SA_; is the cloud droplet surface area concentration
(units of cm* cm ™), r,y; is the average mean radius of the cloud
distribution within the sample air mass (units of cm), D, is the
gas-phase diffusion of HPMTF (units of cm® s™'), @ is the
mean molecular speed of HPMTF (units of cm s™"), and y, is
the reactive uptake of HPMTF to cloud droplets. A median
and interquartile range of 373 (252—488) ym* cm™ and an
approximated value of S ym were observed for the cloud
surface area and radius, respectively. These values fall within
the range of previous observations made for stratocumulus
clouds.”

Constrained by observations made from the CAPS probe,
we calculate a reactive uptake coefficient of HPMTF to cloud
droplets of 1.2 (0.9—1.9) X 1072 The observed value falls in
between values calculated for HPMTF onto dry NaCl (1.9 +
1.3) X 107*, wetted NaCl (1.6 & 0.6 X 107°) and wetted Nal
(0.72 + 0.14) aerosols.” As discussed by Jernigan et al. (2022),
the composition and aqueous nature of the aerosol influence
the relative HPMTF loss. The value observed matches the
approximated value used in recent publications constraining
HPMTF’s loss to cloud droplets in climate models.”*’

3.4. Aqueous First-Order Loss Rate of HPMTF

To understand the drivers of reactive uptake variability, the
following equation from Hanson et al, 1994 is used:**

11 w
Za \ _ ko
4HRT kanl [cot h(’m) rdd] )

a
where 7, is the reactive uptake of HPMTF to cloud droplets
(unitless), a is the mass accommodation factor for HPMTF
(unitless), H is the Henry’s law coefficient (units M atm™"), @
is the mean molecular speed of HPMTF (units of cm s™"), R is
the ideal gas constant (units of atm M™" K™'), T is the ambient
temperature (units of K), D is the aqueous-phase diffusion of
HPMTF using the Wilke—Chang equation (units of cm?
sH,? k. is the overall first-order aqueous loss rate coefficient
of HPMTF (units of s7*), r,, is the cloud droplet radius (units
of cm), and Izp is the reacto-diffusive depth

(Irp = \/Dy/kyqg, units of cm). While Henry’s law and mass

accommodation values of HPMTF have not been measured,
approximations using structure—activity relationships, values
for similar sulfur species, and previous measurements can
provide constraints on the range in values for the first-order
aqueous loss rate of HPMTF in cloud droplets. Figure 4 shows
the range in potential overall first-order aqueous loss rates of
HPMTEF at various Henry’s law and mass accommodation
values.

Reactions on larger droplets can have mass-transport and
diffusion limitations, controlling the possible observable
HPMTEF aqueous loss rates. The limitations in observable
HPMTEF aqueous loss rates at given cloud droplet diameters
are presented in Figure S12. To limit the maximum observable
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Figure 4. Range in overall first-order aqueous loss rate constant of
HPMTF (k,, s~') as a function of a range of Henry’s law coefficients.
The purple line represents the approximated Henry’s law coeflicient
for HPMTF using a structure activity relationship (1.3 X 10° M
atm™). The blue traces represent the maximum first-order aqueous
loss rate given mass-transport limitations of HPMTF to the droplet at
a given mass accommodation value with the darker and lighter hues
representing the upper bound (1) and lower bound (0.012),
respectively. The shaded regions provide ranges of hydroperoxy-
aldehyde isomerization values in neutral solution (dark green) and
DMS oxidation by ozone and hydrogen peroxide (light green).
Median retrieved overall first-order aqueous loss rate constant of
HPMTF at a Henry’s law constant of 1.3 X 10° and mass
accommodation of 1, 0.1, and 0.012 are presented as circles of
darker to lighter hues of blue, respectively. All points are calculated
using an average cloud droplet diameter of 10 ym.

first-order aqueous rate constant, the following equation
outlined in Seinfeld and Pandis is used:*™*

3a
k,H< e—F—F=—=
qH rqv 27RTM, (6)

where € is a unitless, arbitrary value set to 0.1, indicating no
interfacial mass-transport limitations, and M, is the molecular
weight of HPMTF (units of kg mol™"). The maximum possible
observable aqueous rate, shown as blue lines in Figure 4,
depends on the cloud droplet radius (S gm) and the assumed
mass accommodation coefficient. This upper bound dictates
that first-order aqueous loss rates above that line are
indistinguishable and limited by the rate HPMTF can diffuse
to the cloud droplet. The mass accommodation value needs to
be greater than 0.01 to explain the observed reactive uptake.
Given the highly functionalized nature of HPMTF, its mass
accommodation could be 0.01, 0.1, and 1, corresponding to
values of the similar functionalized methyl hydroperoxide
(MHP), DMSO, and HPMTF onto wetted Nal aerosol,
respectively.”*>*® While a mass accommodation value greater
than 0.72 is needed to explain the observed reactive uptake of
HPMTF onto Nal aerosols, we assume that the value for
HPMTF for the rest of the analysis to be 0.1, typical of other
soluble sulfur compounds (e.g, DMSO, MSA, SO,).**” The
analysis for determining the calculated aqueous loss rate of
HPMTF in clouds is insensitive to values greater than 0.1, and
the large value for HPMTF observed in the Nal aerosol
experiments could be due to properties of the generated
aerosol atypical to ambient conditions and cloud droplets (e.g.,
high ionic strength and surface activity of I7).

Henry’s law coefficient is also unknown for HPMTF, but its
value can be approximated and constrained by structure—
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activity relationships and molecules with similar functional
groups. The HPMTF’s Henry’ law constant was estimated to
be 1.3 X 10° and 1.3 X 10* M atm™" using a bond contribution
method and Vapor Pressure/Water Solubility (VP/WSOL),
respectively.*>*” While the Vapor Pressure/Water Solubility
method is reliable with sufficient experimental data, HPMTF
does not have a known vapor pressure or water solubility, and
as such, this method is as uncertain as the bond contribution
method. With few measured Henry’s law values for hydro-
peroxides, large assumed HPMTF solubility, and multiple
functional groups within HPMTF, the relative error and
uncertainty of the calculated value increase (3 hydroperoxides,
10> M atm™!, >2 functional groups).‘m’SO Even so, the
approximated Henry’s law matches with measured values
from other highly functionalized hydroperoxides (ISOPOOH,
1.18 X 10° M atm™) and sulfur compounds (DMSO, 9 X 10°
M atm™).>" Under the assumptions and large uncertainty, we
estimate Henry’s law for HPMTF to be 1.3 X 10° M atm™.
Using a mass accommodation of 0.1 and a Henry’s law of
10° M atm™!, we estimate the overall first-order aqueous loss
rate constant of HPMTF within the cloud droplet is 1.4 (0.4—
2.2) X 107" s7". The lower and upper limits of this rate are
bounded by the mass-transport limitation of HPMTF at a of
0.1 and 1, respectively. While the 1.4 X 107" s™' rate constant
is faster than the maximum observable rate (0.5 X 107! s™' at
of 0.1), we still recommend this value as the overall rate
constant. The rate constant is relatively insensitive to a @ > 0.1,
and the observation would be possible if a was 0.72, derived
from the Nal aerosol experiments.” This rate constant dictates
a reacto-diffusive length of 84 ym for HPMTE. The length is
greater than the radius of the cloud droplet, allowing diffusion
into the bulk of the cloud droplet, where a variety of different
oxidative and hydrolysis-based mechanisms can compete.

3.5. Mechanisms Driving Aqueous Loss of HPMTF

Under the assumptions discussed earlier, we find that
hydrolysis or oxidation of HPMTF (e.g, O, H,0, SO,)
within cloud droplets are the likely loss paths that explain our
derived first-order loss rate constant of 1.4 (0.4—2.2) X 107!
s™'. If HPMTF loss in the cloud droplet occurs through
oxidation (e.g,, O5;, OH), we propose HPMTF will rapidly and
efficiently go on to form sulfate.'' Alternatively, HPMTF
hydrolysis, increased by particle acidity, has been proposed to
lead to the formation of thioacids (R—C(=S)OH or R—C(=
O)SH) or cyclic thioperhemiacetal.'"'** If HPMTF oxidizes
at the same rate as DMS via O; (30 ppb, 0.5 nM) and H,0, (1
ppb, 80 uM), then the pseudo-first-order loss to these oxidants
would be 0.2 and 0.03 s™', respectively.”> Our derived rate
constant falls within this range of oxidation-based reactions.
Both DMS and HPMTF have a reduced sulfur atom within
their structure and are the target for O; and H,0, oxidation.
Though HPMTF can diffuse into the bulk, we believe that
neutral hydrolysis will not compete with other pathways, given
its slower rate constants.'”>* The rate of hydrolysis can be
exponentially increased with increased acidity of the particle
and cloud droplet, with a recent theoretical study calculating
acid-catalyzed rate constants >>1 s' for HPMTEF'*** Fast
acid-catalyzed rate constants exceeded the mass-diffusion limit
and are indistinguishable at any mass accommodation
coeflicient. In any case, the proposed result of hydrolysis is a
thioperhemiacetal formed via an isomerization reaction which,
like HPMTEF, can undergo additional oxidation, eventually
leading to the formation of sulfate." "% In contrast, the
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thioperhemiacetal can further decompose into thioacids,
providing a route for the re-emission of OCS and SO,'""
This is a deviation from the previous understanding of sulfate
formation from the aqueous transformation of HPMTF that
could provide a route for an overall increase in the SO, and
OCS yield from DMS oxidation.”*”"?

4. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

Here we present an observationally constrained value for
HPMTF reactive uptake of 1.2 (0.9—1.9) X 10~* which would
translate to a first-order overall aqueous loss of 1.4 (0.4—2.2) X
107" s7'. The observations made here are built on the
assumption that the thin dispersed clouds sampled represented
marine cloud droplets and that HPMTF was at steady-state
when sampling through the dispersed cloud decks. The
observed reactive uptake is an order of magnitude larger
than the reactive uptake of HPMTF to wetted NaCl aerosols,
highlighting the role of dissolved oxidants and acids in ambient
cloud droplet, increasing HPMTF’s loss. The observed reactive
uptake matches the significant value used in current climate
models (1.6 X 1072%), reiterating the importance of cloud
dynamics on HPMTF’s fate.”'"'® We also present a positive
correlation between cloud optical depth (COD) and the
residual HPMTF loss within clouds (k,,), providing a link
between a satellite retrieval product and the loss of a climate-
relevant species. Though a correlation with COD is observed,
cloud type and boundary layer dynamics also play an important
role in the overall loss rate of soluble molecules."> Publications
observing tightly coupled boundary layers” or in-cloud analysis
(this study) help frame and evaluate the complexity and
variability of the marine atmosphere and cloud-climate
interactions. The observed DMS/HPMTF ratios of 16 found
in this and previous work point to air masses consistently
influenced by cloud processing and interactions.”'® This and
recent work imply that the dominant fate of HPMTF after
cloud uptake will likely be oxidation and the eventual
formation of sulfate."”"? While hydrolysis could provide an
efficient, initial, and irreversible loss of HPMTF within the
cloud droplet, the presence of oxidants in the cloud should
lead to the eventual formation of S(IV) via the oxidation of
HPMTF hydrolysis products (e.g, thioacids). The lack of
knowledge on the eventual role of the thioacids leaves
uncertainty on this assumption, and future work focused on
determining the condensed-phase mechanism that explores the
competition between the formation of sulfate and HPMTE-
derived thioacids would be of interest. A focus on the role of
oxidants and acidity, as they are critical components of
atmospheric aerosols and clouds, would provide further insight
into the fate of HPMTF and sulfur processing over the marine
environment. Lastly, the use of the cloud probe can be applied
to other soluble species (e.g., HNO;, SO,, H,0,) to create an
observational constraint on the role of clouds in regulating the
oxidative environment in the marine atmosphere."
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