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ABSTRACT: Marine dimethyl sulfide (DMS) emissions are the
dominant source of natural sulfur in the atmosphere. DMS oxidizes
to produce low-volatility acids that potentially nucleate to form
particles that may grow into climatically important cloud
condensation nuclei (CCN). In this work, we utilize the chemistry
transport model ADCHEM to demonstrate that DMS emissions
are likely to contribute to the majority of CCN during the
biological active period (May-August) at three different forest
stations in the Nordic countries. DMS increases CCN concen-
trations by forming nucleation and Aitken mode particles over the
ocean and land, which eventually grow into the accumulation mode
by condensation of low-volatility organic compounds from
continental vegetation. Our findings provide a new understanding of the exchange of marine precursors between the ocean and
land, highlighting their influence as one of the dominant sources of CCN particles over the boreal forest.
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1. INTRODUCTION in particular (e.g, a-pinene) produce highly oxygenated
organic molecules (HOMs) via the process of autoxidation.'®
At least a fraction of these compounds are ELVOCs."’

Processes leading to the formation and growth of aerosol
particles in both marine and continental environments have
been studied extensively.¥>'**" Yet the interactions between
marine and continental aerosols remain poorly understood.
Other marine-continental exchanges are nevertheless described
thoroughly in the literature. Water vapor is known to be
transported from the oceans to the continents via the
hydrological cycle, where it eventually condenses on available
aerosol particles and leaves the atmosphere by precipitation.
Therefore, it appears likely that marine precursors such as
DMS, iodine species, and their oxidation products are also
transported inland via air masses arriving from the oceans.

In the remote Arctic and Antarctic regions, IA, and DMS-

Atmospheric aerosol particles play a critical role in controlling
the Earth’s radiative balance. They absorb and scatter incoming
solar radiation and govern the formation, radiative properties,
and lifetime of clouds by acting as cloud condensation nuclei
(CCN). Aerosols are produced naturally throughout various
ecosystems and processes. In the oceans, phytoplankton
blooms and bacteria provide the precursors necessary to
form strong acids and bases capable of initiating the formation
and growth of new particles from gases in the marine boundary
layer.'~® Important precursors include dimethyl sulfide (DMS:
(CHs;),S) and iodine species CH;l, I,, and HOI, which oxidize
in the atmosphere to produce sulfuric acid (SA: H,SO,),
methanesulfonic acid (MSA: CH,SO;H), iodic acid (IA:
HIO;), and iodous acid (HIO,), respectively.* All acids are

thought to nucleate, Some among theg{r_lslglves and some in t1.1e derived SA along with ammonia and alkylamines are thought
presence of ammonia or alkylamines formed naturally in g : .
> ° i to be the main drivers of new particle formation (NPF) over
the surface ocean” or emitted by anthropogenic sources. All 14,21-26 . . .
land. Growth events are predominant in summertime

acids along with ammonia and DMA continue to grow the . . . L1 . .
d ds of high biol 1 act d h
newly formed particles from molecular clusters to CCN unless uring periods of high blological activity and occur when air

scavenged by larger particles.”"*

Over the continents, biogenic volatile organic compounds
(BVOCs) are emitted from vegetation and oxidize in the
atmosphere to produce low-volatility vapors that contribute to
the growth of preexisting aerosol particles."”'® Certain
compounds of extremely low volatility (ELVOCs) also enable
the growth of newly formed clusters.” Monoterpenes (MTs)
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masses arrive from the open ocean or retracting sea-ice
regions.B’zs’26

Over the boreal forest, NPF events correlate with elevated
concentrations of MSA and alkylamines in the gas-phase and
nucleation mode particles.27_ ° The link between MSA,
alkylamines, and NPF could suggest that precursors arriving
from the marine environment affect aerosol processes over
forested land. Various studies also report that particle
formation and growth events are more frequent in the boreal
forest when air masses arrive from the ocean.”” > Lawler et
al”” argue that the effect is mainly caused by the low
condensation sink conditions typical of air masses arriving
from pristine marine regions, allowing for a larger fraction of
the low volatile vapors to take part in NPF. They speculate,
however, that precursors transported from the marine (e.g,
DMS and iodine) in combination with the low condensation
sink creates the optimal conditions for the formation and
growth of new particles. While similar speculations have been
presented in the literature, the impact of marine species such as
DMS, iodine, NH; and alkylamines on the formation and
growth of aerosol particles over land has not been quantified.

In this work, we present model simulations of the gas-phase
composition, NPF and secondary organic aerosol (SOA)
growth over the boreal forest, with an emphasis on periods in
which the air masses arrive from the marine environment.
These simulations are able to estimate the scale to which
marine precursors are transported inland from the ocean and
quantify their effect on the formation and growth of aerosol
particles in combination with condensable organic compounds
produced over the forest. We use our model results to
emphasize an until now poorly understood connection
between the aerosol processes taking place over the forest
and over the ocean and use this interaction to highlight the
importance of marine precursors in the production of CCN
sized aerosol particles over land. Finally, we demonstrate the
influence of these marine-derived CCN sized particles on the
formation of clouds and thereby the climate.

2. MATERIALS AND METHODS
ADCHEM Model Description. In order to verify the effect

of marine precursors on the formation and growth of aerosol
particles over the boreal forest, we utilize the chemical
transport model ADCHEM to explicitly model the gas-phase
chemistry, particle formation, and particle growth along the air-
mass trajectories moving from the North Atlantic Ocean
toward the boreal forest region. ADCHEM considers detailed
aerosol dynamics including Brownian coagulation, wet and dry
deposition along with condensation, dissolution, and evapo-
ration of 873 organic and inorganic gas-phase species. The
model comprises 20 vertical layers (spaced logarithmically)
spanning 2100 m and considers mixing between all layers.
Oxidation chemistry is treated in both the gas and aqueous
phases, comprising a total of 5005 species and 13062 reactions.
The chemical mechanism used includes MCMv3.3.1,%*** the
work on marine DMS oxidation by Wollesen de Jonge et al.’
and Hoffmann et al,” the work on iodine chemistry by
Finkenzeller et al.,® halogen chemistry from HM2.0 by Brauer
et al.” and organic autoxidation from PRAM.”’ The complete
mechanism comprises the most advanced representation of the
oxidation of DMS available in the current literature, including
all potential reaction pathways in both the gas-phase and
aqueous-phase. This includes the recently discovered com-
pound hydroperoxymethyl thioformate (HPMTE), the for-

mation of which was proposed in theory by Wu et al,*

quantified experimentally by Berndt et al.”” and observed in
the ambient atmosphere by Veres et al.*® The model also treats
the aqueous-phase processing of 50 water-soluble species
including DMS, methane sulphinic acid (MSIA), MSA, SA,
SO,, O3 etc. in the deliquesced aerosol particle and cloud
droplet, the latter of which was assumed to form at RH > 100%
and activated at a constant cloud supersaturation of 0.3%.
Besides the base model setup (termed BaseCase), different
sensitivity runs were performed to validate the effect of marine
species on the formation and growth of aerosol particles over
the boreal forest. An outline of the different sensitivity runs is
given in Table 1. The first (named woDMS) represents a

Table 1. Overview of the ADCHEM Model Base Case Setup
and Sensitivity Runs

Model Run Emissions Chemistry NPF
BaseCase CAMS-GLOB- MCMv3.3.1 | SA-NH; ISA-DMA
ANT HM2.0
CAMS-GLOB- PRAM IDMS” | HIO;-HIO, HIO;-
BIO Todine” DMA
CAMS-GLOB-
OCE
woDMS Without emissions of DMS
wolodine ~ Without HIO;—HIO, and HIO;-DMA nucleation

woAnthro  Without anthropogenic emissions of SO,, NO,, NH;, BC, CO,
and AVOCs

“DMS chemistry mechanism from Wollesen de Jonge et al.’ bTodine
chemistry from Finkenzeller et al.®

scenario without natural DMS emissions from the open ocean.
The second (named wolodine) did not consider HIO,-HIO,
and HIO;-DMA clustering. The third (named woAnthro) did
not include any anthropogenic particle and gas-phase
emissions.

Simulations Period, Location, and Measurement
Data. ADCHEM was used to reproduce the gas and
aqueous-phase chemistry along with particle formation and
growth at the SMEARII field station in Hyytiald, Finland
(61.84°N, 24.28°E);*** Pallas field station, Finland (67.58°
N, 24.07° E); and Hyltemossa field station, Sweden (56.06°N,
13.25°E), during 120 days in 2018 (first of May -28th of
August). This period was chosen to match the occurrence of
phytoplankton blooms forming in the North Atlantic and
Arctic Ocean which govern the emission of DMS to the marine
atmosphere. Due to the substantial data availability at
SMEARII, the model performance was mainly evaluated
against observation from said station. Modeled results from
the Pallas and Hyltemossa stations can be found in the
Supporting Information (see Figures S6 and S7). SMEARII
nevertheless proved ideal to study the impact of DMS and
other marine species in the aerosol dynamics taking place over
the boreal forest, due to marine air masses arriving frequently
at the station (see SI Figure S2). Model simulations of HOM
monomers, SA, MSA, and HIO; were validated against
observations measured at 1.0 and 35.0 m by nitrate-ion-
based chemical ionization atmospheric pressure-interface time-
of-flight mass spectrometer (CI-APi-TOF). The instrument
was calibrated for SA, with a calibration factor of 2.4 X 10°
molecules cm™. The same calibration factor was used for
HOM monomers, MSA and HIO;. Measurements of MTs and
isoprene were obtained at 4.2 and 125 m by a proton-transfer-
reaction mass spectrometer (PTR-MS) while particle number
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size distributions were measured by a differential mobility
particle sizer (DMPS). ADCHEM was operated as an
Lagrangian vertical column model’””' along a total of 984
back-trajectories starting 7 days upwind from SMEARI], Pallas,
and Hyltemossa and arriving at the field stations every third
hour. All trajectories were generated by the Hybrid Single
Particle Lagrangian Integrated Trajectory Model (HYSPLIT)
and included meteorological data from the Global Data
Assimilation System (GDAS).*"**

Gas and Primary Particle Emissions. Daily emissions of
marine BVOCs, DMS, and CH;I were obtained from the
Copernicus Atmosphere Monitoring Service (CAMS) global
ocean inventory at a 0.5° X 0.5° resolution.”*™*® CAMS also
provided monthly emissions of SO,, NH;, NO,, etc. from the
global anthropogenic inventory at a 0.1° X 0.1° resolution.*’
Emissions of continental BVOCs including isoprene along with
MTs a-pinene, -pinene, carene, and limonene were obtained
from the CAMS global biogenic inventory.** Emissions of
isoprene over the boreal forest were scaled by a factor five in
accordance with emissions simulations made by the global
dynamic vegetation model LPJ-GUESS (Smith et al;** Arneth
et al.*’), which estimated isoprene emissions to be significantly
higher than the ones presented in the CAMS-GLOB-BIO
database. The ocean-atmosphere exchange of NH; was
calculated in accordance with the method described by
Carpenter et al.” taking into account the dependence of pK,
for the NH;—NH,* equilibrium on sea surface temperature
and salinity. Sea surface concentrations of NH," in the North
Atlantic Ocean were estimated using results from Paulot et
al>' Emissions of DMA were treated similarly assuming a
similar sea surface temperature and salinity dependence. Due
to the uncertainty in the sea surface concentrations of NH,*
and DMA, natural emissions of NH; and DMA are likewise
uncertain. In addition to the emissions of organic iodine
species treated in CAMS, inorganic iodine emissions of I, and
HOI where treated in accordance with the study by Carpenter
et al.”” Sea spray was implemented in accordance with the
parametrization by Sofiev et al.”” taking into account the 10 m
wind speed and the sea surface temperature. The organic mass
fraction of the sea spray aerosol was derived from the sea
surfagi chlorophyll-a concentration as demonstrated by Gantt
et al.

New Particle Formation. In this work, we simulated new
particle formation by employing a molecular cluster plugin
(ClusterIn) that simulates gas-cluster-aerosol interactions and
feedbacks by explicitly coupling the cluster and aerosol
dynamics.”> This method enables explicit temporal simulation
of the concentrations of clusters and gas-phase clustering
species, and coagulation between clusters and aerosols that
constitutes a sink for clusters and a growth process for aerosols,
in addition to growth by vapor condensation. This approach
circumvents artifacts that may arise from commonly applied
simplifications in particle formation dynamics, thereby
enabling improved assessment of the importance of given
chemical pathways for particle formation.”> To assess the role
of different NPF mechanisms, namely ion-induced and neutral
SA-NH; and, SA-DMA, neutral HIO;-HIO,, and neutral
HIO;-DMA, we employ the most recent molecular thermo-
chemistry data sets as input for ClusterIn. The SA-NH; and
SA-DMA data sets are both computed at the DLPNO-
CCSD(T)/aug-cc-pVTZ//wB97X-D/6-31++G(d,p) quantum
chemical level of theory, while the HIO;-HIO, data set applies
the DLPNO—CCSD(T)/M06—2 X 7/def2-TZVp level, and

the HIO;-DMA data set applies the RI-CC2/aug-cc-pVTZ-
PP//wB97XD/6-311++G(3df,3pd) level.*™>° Steady-state
particle formation rates simulated using the thermochemical
data sets SA-NH; and HIO;-HIO, have previously been
compared to experimental data from the CLOUD chamber
and have agreed well with measurements performed at low
temperatures and moderate-to-high base concentrations (for
NH; and the SA-NH, data).>*” This good agreement with
CLOUD measurements can be expected to be due to the
application of the state-of-the art DLPNO method for single-
point energy calculations,*”®" and the quasi-harmonic
corrections employed in the calculations which generally
reduce cluster overbinding.”” Myllys et al.’® compared
formation rates based on the SA-DMA quantum chemical
data set and found good agreement with the CLOUD
experiments at both low and high DMA gas concentrations.
One should note that since the HIO;-DMA cluster
thermochemical data involves single-point energy calculations
by the RICC2 method that has a tendency toward over-
prediction of cluster stabilities and thereby formation rates,
quantitative assessments of the relative importance or
contribution of HIO;-HIO, (based on DLPNO) and HIO;-
DMA to iodine-driven particle formation cannot be performed.
This implies that the HIO;-DMA particle formation rates
should be considered to be an upper limit to the real NPF rate.

Henry’s Law Solubility and pK,. Henry’s law solubility
and pK, of MSIA, MSA, HIO; and HIO, in water were
estimated using the conductor-like screening model for real
solvents (COSMO-RS®*™®*) implemented in the COSMO-
therm21 program.”> COSMOtherm was used in order to
describe the dependency of the Henry’s law solubility and pK,
values on temperature, thus providing the ADCHEM model
with a more realistic representation of the uptake and
dissolution of these water-soluble species under different
atmospheric conditions. These calculations combine density
functional theory calculations at the BP/def2-TZVPD-FINE//
BP/def-TZVP level of theory®®®” and statistical thermody-
namics using the most recent parametrization of COSMO-
therm, BP_TZVPD_ FINE 21. Both properties were com-
puted for temperatures from 250 to 300 K with 10 K intervals.

Henry’s law solubility is calculated from the activity
coeflicient of the compound in the infinite dilution in the
solvent y* saturation vapor pressure of the pure compound
Psw as well as the density (p) and molar mass (M) of the
solvent water:

ps olvent

Msolventpsat yoo ( 1 )

sol —

The pK, of a compound is estimated by using the free energy
(G) of the neutral and ionic species at infinite dilution with the
linear free energy relationship (LFER):

P1<a =c+ d(Gneutral _ Ganion) (2)

The LFER parameters of the BP_ TZVPD FINE 21 para-
metrization for water as a solvent are ¢ = —130.024 and d =
0.486 mol kcal ™. It should be noted that the pK, calculation in
COSMOtherm is parametrized only for room temperature
(around 300 K).

Adiabatic Cloud Parcel Model. The amount of activated
cloud droplets was estimated by using an adiabatic cloud parcel
model.®**” Calculations were done at two different up-draft
velocities, w = 0.1 m/s and w = 1.0 m/s, using the size
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Figure 1. Effect of marine versus continental air mass history on the aerosol number size distribution in a boreal forest environment. Panel (a)
depicts the typical summertime source regions of DMS (purple), MTs (green), NH; (blue), and anthropogenic SO, (yellow), along with their
position in relation to the Hyltemossa, SMEARII, and Pallas measurements stations. These colors indicate only the spatial locations of the
emissions of the different species between May and August, 2018. Panels (b), (c), and (d) show the spring and summertime (March-August) mean
aerosol number size distributions measured at the Hyltemossa, SMEARII, and Pallas stations during the periods 2018—2020, 2006—2020, and
2015—2018, respectively. The size distributions in panel (b), (c,) and (d) are separated based on the marine influence on their air mass history.

distribution, size resolved chemical composition, and gas-phase
concentration of SO,, H,0, NH,; HNO,; SA, and HCI
obtained from the ADCHEM model BaseCase, woDMS,
wolodine, and woAnthro runs as input. The air parcel was
assumed to rise from ground-level at a relative humidity (RH)
of 98%, ultimately reaching 160 m of altitude. Upon reaching
supersaturation (RH > 100%) with respect to water, aerosol
particles in the CCN size range would activate into cloud
droplets. The time by which supersaturation was reached in
the air parcel depended on the updraft velocity.

Air-Mass Origin Analysis. Particle number size distribu-
tions obtained by DMPS measurements from SMEARI], Pallas,
and Hyltemossa were grouped into percentiles based on the
amount of time that their corresponding air masses spend over
the ocean before reaching each station. The separation was
done for observations obtained between 2006 and 2020 at
SMEARII, 2015—2018 at Pallas and 2018—2020 at Hylte-
mossa, considering only spring and summertime data in order
to represent the peak period in north Atlantic and Arctic ocean
marine phytoplankton activity and thus DMS emission.
Furthermore, only daytime observations between 6.00 and
18.00 representative of local NPF and growth at the stations
were used. HYSPLIT back-trajectories were calculated at one h
intervals starting 7 days upwind from each station, comprising
in total 24655, 6570, and 4932 individual air masses arriving at
SMEARI], Pallas, and Hyltemossa, respectively. Marine impact
in terms of time spend over the ocean was obtained for each
back-trajectory (see SI Figure S3) and used to classify the
corresponding particle number size distribution.

Statistical Methods. Model and observational means,
medians, and percentiles were calculated using the built in
functions mean, median, and prctile provided by MATLA-
BR2022a. Correlation coefficients R were obtained by the fitlm

function, while the normalized mean bias (NMB) and the
fraction of model predictions (M) within a factor of 2 from
observations (O) (FAC2) were calculated using eq 3 and eq 4,
respectively.

Z:;l (Mi - Oi)

NMB = .
21‘:1 Oi (3)

M@:%<M<m
0 (4)

3. RESULTS AND DISCUSSION

Air Mass History and Aerosol Size Distributions. Air
mass origin has a profound impact on the gas-phase chemistry,
new particle formation, and particle growth over the boreal
forest. Various regions emit different types of primary particles
and precursor gases, all of which are mixed and moved around
by large-scale weather systems. Figure 1a illustrates the regions
that are particularly prone to affect aerosol processes at the
Hyltemossa (56°06’N, 13°25'E), SMEARII (61°SI1'N,
24°17'E), and Pallas (67°58' N, 24°07’ E) research stations,
of which SMEARII and Pallas are located in the Finnish boreal
forest and Hyltemossa in the southern Swedish temperate
forest. Clean air masses from the North Atlantic Ocean are
known to transport DMS, sea spray and NH; emitted from
natural processes in the surface ocean, while air masses from
the southwest and southeast are dominated by anthropogenic
emissions of SO,, NH;, NO, and black carbon (BC). Natural
emissions of biogenic volatile organic compounds (BVOCs)
such as MTs and isoprene influence the aerosol processes close
to the stations.

10959 https://doi.org/10.1021/acs.est.4c01891
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Figure 2. Modeled and measured long-term and diurnal gas-phase concentrations of MTs, HOM monomers, isoprene, SA, MSA, and Oj; at the
Station for Measuring Ecosystem-Atmosphere Relations I (SMEARII) between the 17th of May and 28th of August, 2018. Gray and black dots
denote the surface and above-canopy measurements, respectively, while the colored lines represent the above-canopy model results. Marine periods
1,2, and 3 (MP1, MP2, and MP3) denote periods of particularly high marine air-mass impact, while continental period 1 (CP1) denotes a period
of particularly high continental air-mass impact. The back-trajectory heat-maps displayed above each period illustrate the regions from which the
air-masses arrived during MP1, MP2, MP3, and CP1. The shaded areas denote the measured and modeled data range within the 25th and 75th

percentile.

The effect of different air mass origins on the aerosol
processes over the boreal forest becomes evident when
separating the observed aerosol number size distributions at
the Hyltemossa, SMEARII, and Pallas research stations based
on the influence of air masses from different source regions.
Figure 1b, 1c and 1d depicts the mean aerosol number size
distribution during spring and summertime at the Hyltemossa,
SMEARII and Pallas stations during years 2018—2020, 2006—
2020, and 2015-2018, respectively. Each size distribution is
grouped and colored based on the amount of time that its
associated air-mass back-trajectory spent over the ocean before
reaching the station (see Methods). Consequently, the purple
size distributions are dominated by air masses arriving from the
marine, while the green size distributions are dominated by air
masses arriving from the continent. All stations show a
tendency toward a higher particle number concentration in the
nucleation and Aitken mode particle size range (PN _ 55 ,, and
PNy5_100 nm respectively) when marine regions dominate the
air mass history, while air masses with continental influence are
shifted toward the accumulation mode size range
(PN}00-1000 nm)- PNos o at Hyltemossa, SMEARII and Pallas
are 14.7, 5.3, and 9.3 times higher, respectively, for size
distributions with an marine air-mass influence above the 90th
percentile compared to size distributions with an marine air-
mass influence below the 10th percentile. PNys_jo0m are
correspondingly 2.7, 2.2, and 1.6 higher for periods of high
versus low marine influence while PNyyy_;000 am 1S 0.29, 0.36,
and 0.34 times as high. This result suggests that marine air
masses favor the formation of particles in the nucleation mode

10960

size range along with their subsequent growth into the Aitken
mode size range over the boreal forest. A possible explanation
may be the low condensation sink associated with the clean air
masses arriving from the North Atlantic Ocean. This would
inevitable lower the loss of locally emitted anthropogenic SO,-
derived SA and NH; to the accumulation and coarse mode
particles and allow these gases to contribute to NPF instead. At
the same time, DMS-derived SA, HIO;, NH; and DMA
naturally emitted from the ocean may also contribute to NPF
upwind from and over the boreal forest, thereby adding to the
nucleation and Aitken mode particle number concentration
observed at the SMEARII, Hyltemossa and Pallas stations.

In conclusion, separating multiple years of aerosol number
size distributions measured at three boreal forest stations based
on the influence of marine air masses shows an increase in the
nucleation mode and Aitken mode particle number concen-
tration for air masses having spent most of their time over the
ocean.

Marine Air-Mass Influence on the Gas-Phase Chem-
istry over the Boreal Forest. Anthropogenic SA and NH,
along with HOM produced from the oxidation of BVOCs are
often thought to be the main drivers behind the formation and
growth of aerosol particles over the boreal forest. Size
distributions separated by marine impact on the other hand
suggests that marine species and their oxidation products may
promote the nucleation and Aitken mode particle production
during periods of high marine air-mass impact. We assess the
impact of marine species in the gas and particle phase over the
boreal forest using the ADCHEM model and evaluate the
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Table 2. Evaluation of the Modeled Gas-Phase Concentration of MTs, HOM Monomers (HOM,,), Isoprene, SA, MSA, and O,
at the Station for Measuring Ecosystem-Atmosphere Relations II (SMEARII)“

Species 0 (cm73)b M (ecm™)
MT 3.74 x 10° 2.20 X 10°
HOM,, 1.09 x 10* 1.37 X 107
Isoprene 3.31 x 10° 3.49 x 10°
SA 525 x 10° 1.10 x 10°
MSA 1.82 x 10° 1.80 X 10°
O3 32.5 (ppb) 30.66 (ppb)

R NMB FAC2
0.32 (0.81) —0.48 (—0.38) 0.45 (1.00)
0.39 (0.23) —0.87 (—0.87) 0.03 (0.00)
0.36 (0.38) 0.31 (—0.01) 0.45 (1.0)
0.24 (0.96) 2.19 (2.19) 0.23 (0.25)
0.29 (0.84) 5.69 (2.17) 0.17 (0.50)
0.39 (0.61) —0.03 (—0.18) 0.86 (1.00)

“A comparison between the modeled and measured concentrations is provided for the full period between May and August and for the diurnal
variability in the gas-phase concentrations averaged over the entire period. ®Odenotes the observed median gas-phase concentration of each
species,M the modeled median gas-phase concentration, R the correlation coefficient, NMB the normalized mean bias, and FAC2 the fraction of
predictions within a factor two of the observations. Diurnal results are reported in parentheses.

performance of ADCHEM in reproducing the precursors,
oxidation species, and oxidation products that govern the
aerosol processes at the SMEARII, Pallas and Hyltemossa
stations (see the Supporting Information).

Figure 2 compares the modeled and measured long-term
and diurnal gas-phase concentrations of MTs, HOM
monomers, isoprene, SA, MSA, and O; at the SMEARII
station during four distinct periods spanning from the 17th of
May to the 28th of August, 2018. Marine period one, two and
three (MP1:17/5—10/6, MP2:19/6—8/7 and MP3:5/8—-28/
8) denotes periods of high marine air-mass impact, while
continental period one (CP1:10/7—3/8) denotes a period of
high continental air-mass impact. Table 2 summarizes the
modeled and measured median gas-phase concentrations, the
correlation coefficient (R), the normalized mean bias (NMB)
and the fraction of model predictions within a factor of 2 of the
measurements (FAC2). Additional concentrations of modeled
gas-phase species can be found in the SI (see SI Figure S1).
Considering the measurement uncertainty of HOMs, SA and
MSA observations obtained by HR-ToF-CIMS, ADCHEM is
able to reproduce gas-phase species at the SMEARII station.
SA and MSA, while overestimated in the model (NMB(SA) =
2.19, NMB(MSA) = 5.69) show relatively low but significant
correlation for the long-term time series (R(SA) = 0.24,
R(MSA) = 0.29) and relatively high correlation for the diurnal
cycle (R(SA) = 0.96, R(MSA) = 0.84). The modeled MSA gas-
phase concentration does nevertheless undergo higher
variability compared to the measured concentration, which
could indicate that MSA is more volatile than currently
predicted by COSMOtherm calculations in the model.””’
BVOCs isoprene and MTs show relatively low although
significant correlation with measurements for the whole time
period (R(Iso) = 0.36, R(MT) = 0.32), and are both within a
factor of 2 from the observations for 45% of the time. The
discrepancy between model and measurements appears to arise
from the diurnal cycle, which may be captured less well by the
model due to the simplified representation of the boundary
layer dynamics. HOM monomers are consistently under-
estimated by the model (NMB(HOM,,) = —0,89), with a
relatively low but significant correlation for the total time series
(R(HOM,,) = 0.39) and the diurnal cycle (R(HOM,,) = 0.23).
We speculate if the discrepancy between model and measure-
ment is caused by different definitions of HOM. While
ADCHEM only classifies molecules produced via MT
autoxidation as HOM, the estimated HOM concentrations
from the HR-ToF-CIMS include all detected molecules with
six or more oxygen atoms. Ozone, which plays a key part in the
oxidation of MTs and DMS, shows relatively high correlation

for the diurnal cycle (R(O;) = 0.61) and stays within a factor
of 2 from the observations for 86% of the time. While the long-
term ozone correlation is relatively low (R(O;) = 0.39), the
low normalized mean bias (NMB(O;) = —0.03) suggests that
the absolute ozone concentration is reproduced by the model.

DMS constitutes a significant source of SA at the SMEARII
station. Comparing model results from the BaseCase setup with
that of the woDMS sensitivity run suggests that DMS
contributes to 65% of the gas-phase and particle-phase SA
observed at the station for the total simulation period. The
fraction of DMS-derived SA increases to 66%, 79%, and 68%
during MP1, MP2, and MP3, respectively. While the majority
of SA related to the oxidation of DMS resides in the particle-
phase upon reaching the SMEARII station, DMS-derived SO,
ensures a steady production of gas-phase SA over the boreal
forest due to its prolonged lifetime. Consequently, DMS
provides 47% of the gas-phase SO, observed at the station for
the entire simulation period along with 63%, 71%, and 44%
during MP1, MP2, and MP3, respectively. The inland
transport of DMS and its associated oxidation products is
also evident from the woAnthro sensitivity run. Running the
model without any emissions of anthropogenic sulfurous
compounds suggests that DMS alone is able to maintain a
mean SO, gas-phase concentrations at the SMEARII station of
3.3 X 10° em™, 3.7 X 10° cm™>, and 2.1 X 10° cm™ during
MP1, MP2, and MP3, respectively. The consequent SA gas-
phase concentration was found to be 5.1 X 10° cm™ during
MP1, 3.7 X 10° cm™ during MP2, and 2.2 X 10° cm™ during
MP3.

These results suggests that DMS constitutes an important if
not dominant source of SO, and SA to the present day spring
and summertime Scandinavian boreal forest atmosphere, but
also that DMS would be likely to ensure significant SO, and
SA gas-phase concentrations in said forest without anthro-
pogenic influence. Results from the woAnthro sensitivity run
also indicate that the mean NH; concentrations may reach 2.2
x 10% em™3, 9.1 X 10® em™ and 2.2,-10° cm™ during MP1,
MP2 and MP3, respectively, from natural marine sources
alone. While this is but a fraction of the NH; gas-phase
concentration caused by anthropogenic sources, it does
provide the amount necessary to initiate NPF over the boreal
forest in combination with SA derived from DMS under
certain favorable conditions.

The inland transport of iodine species CH;l, I, and HOI
produces an HIO; concentration at the SMEARII station of
33 x10°em™, 3.3 X 10° em™>, 6.8 X 10° em™, and 2.1 x 10°
cm™3 during MP1, MP2, MP3, and CP1, respectively (see SI
Figure S1b). The increased HIO; concentration during CP1
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Figure 3. Measured and modeled (a—e) time-dependent and (f—o0) median particle number size distributions at the Station for Measuring
Ecosystem Atmosphere Relations II (SMEARII) between the 17th of May and 28th of August. Marine periods 1, 2, and 3 (MP1, MP2, and MP3)
denote periods of particular high marine air-mass impact, while continental period 1 (CP1) denotes a period of particular high continental air-mass
impact. The back-trajectory heat-maps displayed above each period illustrates the regions from which the air-masses arrived during MP1, MP2,
MP3, and CP1. The median size distributions are separated into (f—j) periods of predominant marine air-mass impact (time spent over the ocean
>50th prct., purple), and (k—o) periods of predominant continental impact (time spent over the ocean <50th prct., green). The averaging for the
median size distributions is done for the whole simulation period and not just during MP1, MP2, MP3, and CP1. The model results include data
from the base case run (BaseCase), the without DMS emissions simulation (woDMS), the without iodine nucleation simulation (wolodine), and
the without anthropogenic emissions simulation (woAnthro). The shaded areas denote the measured and modeled data range within the 25th and

75th percentile.

coincides with the continental dominated air masses spending
a significant fraction of time over coastal areas (see Figure S2),
most of which are rich in kelp and algae, which favors the
emission of CH;L.

BVOCs (isoprene and MTs) along with their associated
oxidation products are dominant during periods of high
continental impact. Consequently the gas-phase and particle-
phase concentration of all condensable HOM species is 1.8,
1.7, and 2.0 times higher during CP1, compared to MP1, MP2
and MP3, respectively. The production of low-volatility
organic compounds nevertheless remains high during periods
of high marine impact, with the potential to grow newly
formed particles from both natural and anthropogenic SA and
NH; into larger aerosol particles.

Overall, the model results together with the observations at
SMEARII indicate that DMS has a profound impact on the
gas-phase and particle-phase concentration of SA and SO, over
the boreal forest during periods of high marine air-mass impact
and high biological activity. Furthermore, sensitivity runs
indicate that natural marine species alone are capable of
providing significant concentrations of SA, IA, and NHj at the

SMEARII station without any impact from anthropogenic
sources.

Marine Air-Mass Impact on Particle Formation and
Growth over the Boreal Forest. Considering the influence
of marine species on the gas-phase concentration of SO,, SA,
HIO;, and NH; both at and upwind from the SMEARII
station, air masses arriving from the ocean are likely to affect
the formation and growth of aerosol particles over the boreal
forest. Figure 3 compares the measured and modeled particle
number size distributions during MP1, MP2, MP3, and CP1,
along with median size distributions separated into periods
dominated by marine or continental air-mass history. Model
results without the influence of DMS (Figure 3c), without the
influence of iodine-derived NPF (3d), and without the
influence of anthropogenic precursors (Figure 3e) are
illustrated by the woDMS, wolodine, and woAnthro sensitivity
runs. Considering the BaseCase model setup, ADCHEM
predicts the trends in particle formation and growth at the
SMEARII station. The modeled median size distribution
during periods of predominant marine air-mass impact (time
spent over the ocean >50th prct) shows relativly high
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Figure 4. Schematic depiction of the influence of DMS and various iodine species on the formation and growth of aerosol particles both over the
ocean and over land. (1) DMS, CH,], I,, and HOI oxidize over the ocean and land to form the strong acids SA, MSA, HIO;, and HIO,, which
nucleate (3) among themselves or (2) in the presence of NH; or DMA. These particles in turn are (4) grown by condensation of low volatile
organic compounds over the boreal forest, ultimately reaching (S) the CCN size range, where they (6) affect the formation, lifetime, and

precipitation of clouds. Created with BioRender.com.

correlation with measurements (R = 0.96) with a small
underestimate in the absolute particle number concentration
(NMB = —0.24) (Figure 3g). Periods of low marine air-mass
impact (time spent over the ocean <S0th prct.) also shows
relatively high correlation with observations (R = 0.98) but
underestimates the absolute particle number concentration to a
larger extent (NMB = —0.33) (Figure 31). Similar results for
the Pallas and Hyltemossa stations are provided in the
Supporting Information (see Figure S6 and Figure S7,
respectively).

ADCHEM is able to reproduce the increase in nucleation
and Aitken mode particle production during periods of high
marine air-mass impact as presented in previous sections.
Consequently, the median particle number concentration is 2.8
times higher in the nucleation mode and 1.7 times higher in
the Aitken mode during periods of high marine impact (>50th
prct.) as opposed to periods of low marine impact (<50th
pret.), respectively (Figure 3gl). The increase in the number of
nucleation and Aitken mode particles may to some extent be
explained by the low condensation sink associated with air
masses arriving from the ocean. During CP1 the average
modeled condensation sink was found to be 4.0 X 107> s™" as
opposed to 2.8 X 10757}, 32 X 107 s}, and 2.7 X 107 s7*
during MP1, MP2 and MP3, respectively. However, according
to the woDMS and wolodine sensitivity run the nucleation and
Aitken mode particle production cannot be explained by the
combination of low condensation sink and anthropogenic
sources of SA and NHj; alone. Running the model without
DMS emissions decreases the Aitken mode (PN,s_;40nm) and
accumulation mode (PN, go.m) particle number concentration
by 12% and 42% for the entire simulation period and by 26%
and 68% during periods of predominant marine air-mass
impact (time spent over the ocean >50th prct.), respectively
(Figure 3h). At the Pallas and Hyltemossa stations the particle
number concentrations across all particle sizes are reduced by

71% and 25% for the entire simulation period, respectively
(Figures S6 and S7). These results show the importance of
DMS in the formation and growth of aerosol particles both
locally and upwind from the SMEARI]J, Pallas and Hyltemossa
research stations and implies that DMS plays a much larger
role over the boreal forest than previously anticipated.
Consequently, the low condensation sink associated with
marine air masses make up ideal conditions for DMS-derived
NPF via SA, DMA, and NH; over the oceans and land, which
eventually act as seed particles for condensational growth of
organics over the forest. The effect of running the model
without DMS at the SMEARII station is particularly prominent
during the fourth, fifth and sixth of June where the nucleation,
Aitken and accumulation mode is close to nonexistent in the
model, and similar cases are seen consistently throughout
MP1, MP2, and MP3 (Figure 3c). This would suggest that
DMS not only contributes sporadically to the formation of
aerosol particles over the boreal forest but also dominates the
NPF and growth during certain periods of strong marine air-
mass impact.

Iodine constitutes a smaller but nevertheless noticeable
effect on the formation of particles at the SMEARII station.
Running the model without the HIO;-HIO, and HIO;-DMA
nucleation mechanisms decreases the nucleation mode
(PN_350m) and Aitken mode (PN,s_jo0.m) particle number
concentration by 7% and 2% during periods of predominant
marine air-mass impact (time spent over the ocean >50th
prct.) and by 13% and 8% during periods of predominant
continental air-mass impact (time spent over the ocean <50th
pret.), respectively (Figure 3in). The effect of HIO;—HIO,
and HIO;-DMA nucleation on the accumulation mode
(PN, 100nm) particle number concentration remains negligible
at the SMEARII station. The influence of iodine in the
formation of nucleation and Aitken mode particles during
periods of predominant continental air-mass impact corre-
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Table 3. Median CCN Number Concentration Changes Due to Running The ADCHEM Model without DMS Emissions
(woDMS), without Iodine Nucleation (wolodine), and without Anthroprogenic Emissions (woAnthro) Relative to The

BaseCase Simulation During MP1, MP2, MP3, and CP1

CCN change at w = 0.1 ms™" (%)

CCN change at w = 1.0 ms™" (%)

Model Run MP1 MP2 MP3
woDMS —78.3 —81.5 —68.6
wolodine” 4.0 -2.4 42
woAnthro 8.0 5.6 26.8

CP1 MP1 MP2 MP3 CP1

—6.0% —60.8 -394 =512 -2.8

-39 =21 =25 -0.3 —8.4
—14.2 -32.6 -30.3 =317 —23.3

“Jodine nucleation includes HIO;-HIO, and HIO;-DMA. Anthroprogenic emissions comprise SO,, NO,, NH;, CO, BC, and AVOCs.

sponds with the air masses spending less time over the open
ocean and more time over coastal areas (see SI Figure S2).
These areas are rich in emissions of organic iodine species such
as CHj;l, emitted from kelp or algea, and adds a significant
source of HIO; and HIO, during a period otherwise
dominated by VOC emissions over the continent. The effect
is evident during CP1, where small bursts in nucleation and
Aitken mode particles are observed in the BaseCase simulation
but not in the wolodine sensitivity run (Figure 3d).

The influence of DMS and iodine in combination with the
natural emissions of NH; and DMA is also illustrated by the
woAnthro sensitivity run (Figure 3d). Running the model
without anthropogenic emissions of SO,, NH; NO,, etc,
suggests that marine species alone are capable of forming new
particles over the ocean and land, while emissions of BVOCs
and their associated oxidation products grow said particles into
the accumulation mode and potential CCN size range.
Although this scenario is nonrepresentative of the present
day polluted atmosphere over the boreal forest, it provides an
insight to the role of marine species in the NPF and thus
ultimately CCN production over land during preindustrial
times.

Overall, modeling the influence of marine species on the
aerosol processes taking place over the boreal forest suggests
that DMS and iodine have a substantial impact on the
formation and growth of aerosol particles both locally and
upwind from the SMEARII, Pallas, and Hyltemossa stations
during the biological active period of phytoplankton in the
north Atlantic and Arctic ocean. Furthermore, DMS in
particular not only adds sporadically to the nucleation, Aitken,
and accumulation mode particle number concentration but
dominates the particle production in said modes during
periods of high marine air-mass impact.

Impact of Marine Species on Clouds and Climate
Over the Boreal Forest. The contribution of DMS and
iodine to the formation, lifetime, and precipitation of clouds
and consequently climate depends on their ability to produce
aerosol particles in the CCN size range. Figure 4 illustrates the
process by which DMS and iodine may do so. In order to
quantify the production of CCN from DMS and iodine, the
modeled particle number size distribution, size resolved
chemical composition, and gas-phase concentrations at the
SMEARII station were used as input to an adiabatic cloud
parcel model.**%’ Using this model, we calculated the amount
of aerosol particles that activated into cloud droplets at various
updraft velocities (w) (see Materials and Methods).

Table 3 summarizes the change in the CCN particle number
concentration at updraft velocities w = 0.1 ms™ and w = 1.0
ms~! due to running the ADCHEM model without emissions
of DMS, without iodine-derived NPF and without anthro-
progenic emissions. According to the model, DMS has a
substantial effect on the formation of CCN particles at both

updraft velocities. Running the model without emissions of
DMS decreases the number concentration of CCN by 78%,
82%, and 69% at w = 0.1 ms™* and by 61%, 39%, and 51% at w
= 1.0 ms™! during MP1, MP2, and MP3, respectively. Updraft
velocities in the range of 1.0 ms™" are typical for the formation
of cumulus clouds, whereas an updraft velocity of 0.5 ms™" and
below are more often seen in stratiform clouds.”' In
accordance with the adiabatic cloud model, DMS constitutes
a large source of CCN particles in both types of clouds and
thus both ends of the CCN size range. This coincides with the
median minimum dry diameters of the particles that activate
into cloud droplets being 167 nm at 0.1 ms~' and only 75 nm
at 1.0 ms™". Consequently, DMS produces both small and large
CCN sized particles throughout periods dominated by marine
air masses.

It is also evident that DMS alone constitutes a larger source
of CCN sized particles at the SMEARII station compared to
the effect from anthropogenic species. While running
ADCHEM without anthropogenic emissions decreases the
CCN number concentration by up to 33% at w = 1.0 ms™, it
also increases concentrations during periods dominated by
marine air masses by up to 27% at w = 0.1 ms™". This effect is
likely caused by the anthropogenic contribution to NPF,
resulting in more numerous but smaller particles that cannot
activate into cloud droplets at low updraft velocities (low water
vapor supersaturation).20

As discussed previously, iodine was found to have a minor
impact on the accumulation mode particle concentration
observed at the SMEARII station. Similarly, iodine has less of
an effect on the CCN number concentration according to the
cloud up-draft velocity model. Running ADCHEM without
iodine derived NPF increases and decreases the amount of
CCN particles by no more than ~4% during periods of high
marine air-mass impact (Table 3). Removing iodine NPF from
the model does, however, decrease CCN productions by 8% at
w = 1.0 m/s during CP1, where the air masses frequently
arrived from coastal areas.

Based on the adiabatic cloud parcel model, it is clear that
DMS influences the CCN particle number concentration and
thus ultimately the local climate over the boreal forest. DMS
initiates NPF over the oceans and land, forming aerosols in the
nucleation and Atiken mode size range, which act as seed
particles for the condensation of low volatile organic
compounds when transported over forested land (Figure 4).
This consequently leads to a significant increase in CCN
particle number concentration over the boreal forest during
periods of high marine air-mass impact. Iodine was found to
have little influence on the CCN concentration locally at
SMEARI]J, while still contributing to the nucleation and Aitken
mode particle concentration during CP1. This effect
corresponds with iodine-derived NPF originating from coastal
emissions of iodine species, which do not have time to grow
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into the CCN size range upon reaching the SMEARII station.
However, these particles may in turn reach CCN sizes further
downwind from the station, ultimately affecting continental
cloud processes and thus climate.

Besides DMS and iodine influencing the formation and
growth of aerosol particles over the ocean and land in the
present day atmosphere, it also appears likely that they may
have had a significant impact on these aerosol processes in a
preindustrial atmosphere. Even without anthropogenic pre-
cursors, DMS was found to contribute to relatively high
concentrations of SO, and SA at the SMEARII station, which
in combination with natural emissions of NH;, DMA, iodine,
and low volatile organics was found to drive the formation and
growth of aerosol particles over the ocean and over land. Given
the scale by which DMS and iodine is emitted globally from
phytoplankton and open ocean, respectively, this process might
also be relevant in other parts of the world. Furthermore, it
may also have been the dominant driver in NPF and CCN
production in the preindustrial atmosphere, and could become
important in the future, as anthropogenic emissions of sulfur
and NHj; continues to decrease while emissions of DMS and
iodine continue to increase as a consequence of the global
climate change.””

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c01891.

Figure S1 contains modeled and measured gas-phase
concentrations of SO,, HIO;, and NO,, along with
modeled gas-phase concentrations of OH, NHj, and
DMA; Figure S2 illustrates the back trajectory heat maps
for the full simulation period along with MP1, MP2,
MP3, and CP1; Figure S3 demonstrates the method
behind the air-mass origin analysis; Figure S4 contains
the modeled size resolved chemical composition of SO,,
NO,, Cl, NH,, Na, MSA, HIO,, DMA, SOA, and POA
between 1 nm and 1 um; Figure SS illustrates the
modeled and measured median particle number size
distribution, including results from the woDMS,
wolodine, and woAnthro sensitivity runs; Figure S6
contains modeled and measured particle numbers size
distributions from Pallas, while Figure S7 contains
similar results from Hyltemossa; Figure S8 illustrates
the DMS, SO,, and OH gas-phase concentration along
with the SA-NH; nucleation rate along one of the
HYSPLIT trajectories moving from the Norwegian Sea
toward the SMEARII stationl Table S1 comprises
COSMOtherm-derived Henry’s law solubilities, while
Table S2 contains COSMOtherm-derived pK, values
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Robin Wollesen de Jonge — Department of Physics, Lund
University, Lund SE-22363, Sweden; ©® orcid.org/0000-
0003-4043-6709; Email: robin_wollesen.de_jonge@
fysik lu.se

Authors

Carlton Xavier — Department of Physics, Lund University,
Lund SE-22363, Sweden; Swedish Meteorological and

Hydrological Institute (SMHI), Norrkiping SE-60176,
Sweden; ® orcid.org/0000-0001-8120-0431

Tinja Olenius — Swedish Meteorological and Hydrological
Institute (SMHI), Norrképing SE-60176, Sweden

Jonas Elm — Department of Chemistry, Aarhus University,
Aarhus DK-8000, Denmark; ® orcid.org/0000-0003-3736-
4329

Carl Svenhag — Department of Physics, Lund University, Lund
SE-22363, Sweden

Noora Hyttinen — Finnish Meteorological Institute, Kuopio
FI-70211, Finland; Department of Chemistry, Nanoscience
Center, University of Jyviskyld, Jyviskyli FI-40014, Finland;

orcid.org/0000-0002-6025-5959

Lars Nieradzik — Department of Physical Geography and
Ecosystem Science, Lund University, Lund SE-22362, Sweden

Nina Sarnela — Institute for Atmospheric and Earth System
Research/Physics, Faculty of Science, University of Helsinki,
Helsinki FI-00014, Finland

Adam Kristensson — Department of Physics, Lund University,
Lund SE-22363, Sweden

Tuukka Petdja — Institute for Atmospheric and Earth System
Research/Physics, Faculty of Science, University of Helsinki,
Helsinki FI-00014, Finland; Joint International Research
Laboratory of Atmospheric and Earth System Sciences, School
of Atmospheric Sciences, Nanjing University, Nanjing CN-
210023, China

Mikael Ehn — Institute for Atmospheric and Earth System
Research/Physics, Faculty of Science, University of Helsinki,
Helsinki FI-00014, Finland; ©® orcid.org/0000-0002-0215-
4893

Pontus Roldin — Department of Physics, Lund University,
Lund SE-22363, Sweden; Swedish Environmental Research
Institute IVL, Malmé SE-21119, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.4c01891

Author Contributions

RWJ, CX, ME, and P.R. designed research; RWJ, CX,
T.O, J.E, CS,, N.H,, LN,, and P.R. performed research; N.S.,
AKX, and T.P. performed measurements ; RW]J,, CX, T.O,,
J.E, CS., N.H,, L.N,, and P.R. developed the models ; RW].,
CX, T.O, JE, CS, N.-H, LN, and P.R. analyzed data ;
RWJ, CX, N.H,, and P.R. wrote the paper.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Markku Kulmala and Pasi
Aalto for DMPS measurements obtained at SMEARII and
Niku Kivekds and Sami Seppild for DMPS measurements
obtained at Pallas. This project has received funding from the
Swedish Research Council Formas (project no. 2018-01745-
COBACCA), the Swedish Research Council VR (project no.
2019-05006), the Crafoord foundation (project no.
20210969), the Horizon Europe project AVENGERS (project
no. 101081322) and the Academy of Finland (grant no.
338171). We thank the Swedish Strategic Research Program
MERGE, the Profile Area Aerosols at the Faculty of
Engineering at Lund University and the Profile Area Nature-
Based Future Solutions at Lund University for strategic
support. We gratefully acknowledge the Centre for Scientific
and Technical Computing at Lund University, LUNARC, the

https://doi.org/10.1021/acs.est.4c01891
Environ. Sci. Technol. 2024, 58, 10956—10968


https://pubs.acs.org/doi/10.1021/acs.est.4c01891?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01891/suppl_file/es4c01891_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+Wollesen+de+Jonge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4043-6709
https://orcid.org/0000-0003-4043-6709
mailto:robin_wollesen.de_jonge@fysik.lu.se
mailto:robin_wollesen.de_jonge@fysik.lu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlton+Xavier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8120-0431
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tinja+Olenius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Elm"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3736-4329
https://orcid.org/0000-0003-3736-4329
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carl+Svenhag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noora+Hyttinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6025-5959
https://orcid.org/0000-0002-6025-5959
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+Nieradzik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nina+Sarnela"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Kristensson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuukka+Peta%CC%88ja%CC%88"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikael+Ehn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0215-4893
https://orcid.org/0000-0002-0215-4893
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pontus+Roldin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01891?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Swedish National Infrastructure for Computing, SNIC and
CSC - IT Center for Science, Finland, for computational
resources. We thank ECCAD for archiving and distribution of
data from CAMS. LUNARC is partially funded by the Swedish
Research Council through grant agreement no. 2016-07213.
J.E. thanks the Independent Research Fund Denmark grant
number 9064-00001B for financial support. T.O. acknowledges
the Swedish Research Council VR (grant no. 2019-04853) and
the Swedish Research Council for Sustainable Development
FORMAS (grant no. 2019-01433) for financial support.
Funding through the European Commission Horizon Europe
project FOCIL20 "Non-CO2 Forcers and Their Climate,
Weather, Air Quality and Health Impacts (project
101056783), FORCeS (grant agreement 821205) and
Academy of Finland (ACCC Flagship, project 337549;
academy projects 334792, 325681, 333397. The observations
at SMEAR 1I are supported via Academy of Finland (328616,
345510) and via University of Helsinki (HY-ACTRIS).

B REFERENCES

(1) Lovelock, J. E; Maggs, R. J.; Rasmussen, R. A. Atmospheric
Dimethyl Sulfide and the Natural Sulfur Cycle. Nature 1972, 237,
452—453.

(2) Carpenter, L.; Archer, S.; Beale, R. Ocean-atmosphere trace gas
exchange. Chem. Soc. Rev. 2012, 41, 6473—506.

(3) Zheng, G; Wang, Y,; Wood, R; Jensen, M. P,; Kuang, C,;
McCoy, 1. L.; Matthews, A.; Mei, F.; Tomlinson, J. M.; Shilling, J. E.;
et al. New particle formation in the remote marine boundary layer.
Nat. Commun. 2021, 12, 527.

(4) Barnes, 1; Hjorth, J.; Mihalopoulos, N. Dimethyl Sulfide and
Dimethyl Sulfoxide and Their Oxidation in the Atmosphere. Chem.
Rev. 2006, 106, 940—975.

(5) Hoffmann, E. H; Tilgner, A.; Schrdner, R.; Briuer, P.; Wolke,
R,; Herrmann, H. An advanced modeling study on the impacts and
atmospheric implications of multiphase dimethyl sulfide chemistry.
Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 11776—11781.

(6) Wollesen de Jonge, R;; Elm, J.; Rosati, B.; Christiansen, S.;
Hyttinen, N.; Lidemann, D.; Bilde, M.; Roldin, P. Secondary aerosol
formation from dimethyl sulfide - improved mechanistic under-
standing based on smog chamber experiments and modelling.
Atmospheric Chemistry and Physics 2021, 21, 9955—9976.

(7) Gomez Martin, J. C.; Lewis, T. R;; Blitz, M. A; Plane, J. M. C;
Kumar, M.; Francisco, J. S.; Saiz-Lopez, A. A gas-to-particle
conversion mechanism helps to explain atmospheric particle
formation through clustering of iodine oxides. Nat. Commun. 2020,
11, 4521.

(8) Finkenzeller, H.; Iyer, S.; He, X.-C.; Simon, M.; Koenig, T. K;
Lee, C. F.; Valiev, R.; Hofbauer, V.; Amorim, A.; Baalbaki, R.; et al.
The gas-phase formation mechanism of iodic acid as an atmospheric
aerosol source. Nat. Chem. 2023, 15, 129—135.

(9) Korhonen, P.; Kulmala, M.; Laaksonen, A Viisanen, Y.;
McGraw, R; Seinfeld, J. H. Ternary nucleation of H2§04, NH3, and
H2O0 in the atmosphere. Journal of Geophysical Research: Atmospheres
1999, 104, 26349—26353.

(10) Almeida, J.; Schobesberger, S.; Kiirten, A.; Ortega, L;
Kupiainen-Miittd, O.; Praplan, A,; Adamov, A.; Amorim, A,
Bianchi, F.; Breitenlechner, M,; et al. Molecular understanding of
sulphuric acid-amine particle nucleation in the atmosphere. Nature
2013, 502, 359—363.

(11) Kurten, A.; Li, C.; Bianchi, F.; Curtius, J.; Dias, A.; Donahue, N.
M.,; Duplissy, J.; Flagan, R. C.; Hakala, J.; Jokinen, T.; et al. New
particle formation in the sulfuric acid-dimethylamine-water system:
Reevaluation of CLOUD chamber measurements and comparison to
an aerosol nucleation and growth model. Atmospheric Chemistry and
Physics 2018, 18, 845—863.

(12) Rong, H; Liu, J; Zhang, Y,; Du, L; Zhang, X; Li, Z.
Nucleation mechanisms of iodic acid in clean and polluted coastal
regions. Chemosphere 2020, 253, 126743.

(13) He, X.-C.; Tham, Y. J.; Dada, L.; Wang, M.; Finkenzeller, H.;
Stolzenburg, D.; Iyer, S.; Simon, M.; Kiirten, A.; Shen, ].; et al. Role of
iodine oxoacids in atmospheric aerosol nucleation. Science 2021, 371,
589-59s.

(14) Baccarini, A.; Karlsson, L.; Dommen, J.; Duplessis, P.; Vullers,
J; Brooks, I. M.; Saiz-Lopez, A.; Salter, M.; Tjernstrom, M.;
Baltensperger, U,; et al. Frequent new particle formation over the
high Arctic pack ice by enhanced iodine emissions. Nat. Commun.
2020, 11, 4924.

(15) Jimenez, J. L.; Canagaratna, M. R.;; Donahue, N. M; Prevot, A.
S. H.; Zhang, Q; Kroll, J. H.; DeCarlo, P. F; Allan, J. D.; Coe, H.; Ng,
N. L; et al. Evolution of Organic Aerosols in the Atmosphere. Science
(New York, N.Y.) 2009, 326, 1525-9.

(16) Petaja, T.; Tabakova, K.; Manninen, A.; Ezhova, E.; O’Connor,
E.; Moisseev, D.; Sinclair, V. A.; Backman, J.; Levula, J.; Luoma, K;
et al. Influence of biogenic emissions from boreal forests on aerosol-
cloud interactions. Nature Geoscience 2022, 15, 42—47.

(17) Tréstl, J.; Chuang, W.; Gordon, H.; Heinritzi, M; Yan, C,;
Molteni, U.; Ahlm, L.; Frege, C.; Bianchi, F.; Wagner, R.; et al. The
role of low-volatility organic compounds in initial particle growth in
the atmosphere. Nature 2016, 533, 527—531.

(18) Crounse, J; Nielsen, L.; Jorgensen, S.; Kjaergaard, H,;
Wennberg, P. Autoxidation of Organic Compounds in the
Atmosphere. JOURNAL OF PHYSICAL. CHEMISTRY LETTERS
2013, 4, 3513—3520.

(19) Bianchi, F.; Kurtén, T.; Riva, M,; Mohr, C.; Rissanen, M.;
Roldin, P.; Berndt, T.; Crounse, J.; Wennberg, P.; Mentel, T.; Wildt,
J.; Junninen, H.; Jokinen, T.; Kulmala, M.; Worsnop, D.; Thornton, J.;
Donahue, N.; Kjaergaard, H.; Ehn, M. Highly Oxygenated Molecules
(HOM) from Gas-Phase Autoxidation Involving Organic Peroxy
Radicals: A Key Contributor to Atmospheric Aerosol. Chem. Rev.
2019, 119, 3472—3509.

(20) Roldin, P.; Ehn, M.; Kurten, T.; Olenius, T.; Rissanen, M. P.;
Sarnela, N.; Elm, J.; Rantala, P.; Hao, L.; Hyttinen, N.; et al. The role
of highly oxygenated organic molecules in the Boreal aerosol-cloud-
climate system. Nat. Commun. 2019, 10, 1-18.

(21) Xavier, C.; de jonge, R. W.; Jokinen, T.; Beck, L.; Sipild, M,;
Olenius, T.; Roldin, P. Role of Iodine-Assisted Aerosol Particle
Formation in Antarctica. Environ. Sci. Technol. 2024, 58, 7314—7324.

(22) Brean, J.; Dall’'Osto, M.; Simo, R.; Shi, Z.; Beddows, D. C. S.;
Harrison, R. M. Open ocean and coastal new particle formation from
sulfuric acid and amines around the Antarctic Peninsula. Nature
Geoscience 2021, 14, 383—388.

(23) Jokinen, T.; Sipila, M.; Kontkanen, J.; Vakkari, V.; Tisler, P.;
Duplissy, E.-M.; Junninen, H.; Kangasluoma, J.; Manninen, H. E;
Petaja, T.; et al. Ion-induced sulfuric acid-ammonia nucleation drives
particle formation in coastal Antarctica. Science Advances 2018, 4,
eaat9744.

(24) Lee, H; Lee, K; Lunder, C.; Krejci, R;; Aas, W.; Jiyeon, P.;
Park, K.-t.; Lee, B.; Yoon, Y.-J; Park, K. Atmospheric new particle
formation characteristics in the Arctic as measured at Mount
Zeppelin, Svalbard, from 2016 to 2018. Atmospheric Chem. Phys.
2020, 20 (21), 13425—13441.

(25) Kecorius, S.; Vogl, T.; Paasonen, P.; Lampilahti, J.; Rothenberg,
D.; Wex, H.; Zeppenfeld, S.; van Pinxteren, M.; Hartmann, M,;
Henning, S.; et al. New particle formation and its effect on cloud
condensation nuclei abundance in the summer Arctic: a case study in
the Fram Strait and Barents Sea. Atmospheric Chemistry and Physics
2019, 19, 14339—-14364.

(26) Dallésto, M.; Geels, C.; Beddows, D. C. S.; Boertmann, D;
Lange, R,; Nojgaard, J. K; Harrison, R. M,; Simo, R;; Skov, H,;
Massling, A. Regions of open water and melting sea ice drive new
particle formation in North East Greenland. Sci. Rep. 2018, 8, 6109.

(27) Mikels, J.; Yli-Koivisto, S.; Hiltunen, V.; Seidl, W.; Swietlicki,
E.; Teinild, K; Sillanpdd, M.; Koponen, L; Paatero, J.; Rosman, K;

https://doi.org/10.1021/acs.est.4c01891
Environ. Sci. Technol. 2024, 58, 10956—10968


https://doi.org/10.1038/237452a0
https://doi.org/10.1038/237452a0
https://doi.org/10.1039/c2cs35121h
https://doi.org/10.1039/c2cs35121h
https://doi.org/10.1038/s41467-020-20773-1
https://doi.org/10.1021/cr020529+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020529+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1606320113
https://doi.org/10.1073/pnas.1606320113
https://doi.org/10.5194/acp-21-9955-2021
https://doi.org/10.5194/acp-21-9955-2021
https://doi.org/10.5194/acp-21-9955-2021
https://doi.org/10.1038/s41467-020-18252-8
https://doi.org/10.1038/s41467-020-18252-8
https://doi.org/10.1038/s41467-020-18252-8
https://doi.org/10.1038/s41557-022-01067-z
https://doi.org/10.1038/s41557-022-01067-z
https://doi.org/10.1029/1999JD900784
https://doi.org/10.1029/1999JD900784
https://doi.org/10.1038/nature12663
https://doi.org/10.1038/nature12663
https://doi.org/10.5194/acp-18-845-2018
https://doi.org/10.5194/acp-18-845-2018
https://doi.org/10.5194/acp-18-845-2018
https://doi.org/10.5194/acp-18-845-2018
https://doi.org/10.1016/j.chemosphere.2020.126743
https://doi.org/10.1016/j.chemosphere.2020.126743
https://doi.org/10.1126/science.abe0298
https://doi.org/10.1126/science.abe0298
https://doi.org/10.1038/s41467-020-19533-y
https://doi.org/10.1038/s41467-020-19533-y
https://doi.org/10.1126/science.1180353
https://doi.org/10.1038/s41561-021-00876-0
https://doi.org/10.1038/s41561-021-00876-0
https://doi.org/10.1038/nature18271
https://doi.org/10.1038/nature18271
https://doi.org/10.1038/nature18271
https://doi.org/10.1021/jz4019207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz4019207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-12338-8
https://doi.org/10.1038/s41467-019-12338-8
https://doi.org/10.1038/s41467-019-12338-8
https://doi.org/10.1021/acs.est.3c09103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c09103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41561-021-00751-y
https://doi.org/10.1038/s41561-021-00751-y
https://doi.org/10.1126/sciadv.aat9744
https://doi.org/10.1126/sciadv.aat9744
https://doi.org/10.5194/acp-19-14339-2019
https://doi.org/10.5194/acp-19-14339-2019
https://doi.org/10.5194/acp-19-14339-2019
https://doi.org/10.1038/s41598-018-24426-8
https://doi.org/10.1038/s41598-018-24426-8
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Himeri, K. Chemical composition of aerosol during particle
formation events in boreal forest. Tellus B 2001, 53, 380—393.

(28) Hemmild, M.; Hellén, H.; Virkkula, A.; Makkonen, U.; Praplan,
A.; Kontkanen, J.; Ahonen, L.; Kulmala, M.; Hakola, H. Amines in
boreal forest air at SMEAR II station in Finland. Atmospheric
Chemistry and Physics 2018, 18, 6367—6380.

(29) Lawler, M.; Rissanen, M.; Ehn, M.; Mauldin, R.; Sarnela, N;
Sipild, M.; Smith, J. Evidence for Diverse Biogeochemical Drivers of
Boreal Forest New Particle Formation. Geophys. Res. Lett. 2018, 45,
2038—2046.

(30) Sogacheva, L.; Saukkonen, L.; Nilsson, E; Dal Maso, M,;
Schultz, D.; de Leeuw, G.; Kulmala, M. New aerosol particle
formation in different synoptic situations at Hyytidld, Southern
Finland. Tellus B 2022, 60, 485—494.

(31) Nieminen, T.; Yli-Juuti, T.; Manninen, H. E; Petdjd, T.;
Kerminen, V.-M.; Kulmala, M. Technical note: New particle
formation event forecasts during PEGASOS-Zeppelin Northern
2015, 15, 12385—12396.

(32) Ostrém, E.; Putian, Z.; Schurgers, G.; Mishurov, M.; Kivekis,
N.; Lihavainen, H.; Ehn, M,; Rissanen, M. P.; Kurtén, T.; Boy, M.;
Swietlicki, E.; Roldin, P. Modeling the role of highly oxidized
multifunctional organic molecules for the growth of new particles over
the boreal forest region. Atmospheric Chemistry and Physics 2017, 17,
8887—8901.

(33) Jenkin, M. E; Saunders, S. M.; Pilling, M. J. The tropospheric
degradation of volatile organic compounds: a protocol for mechanism
development. Atmos. Environ. 1997, 31, 81—104.

(34) Jenkin, M. E.; Saunders, S. M.; Wagner, V.; Pilling, M. J.
Protocol for the development of the Master Chemical Mechanism,
MCM v3 (Part B): tropospheric degradation of aromatic volatile
organic compounds. Atmospheric Chemistry and Physics 2003, 3, 181—
193.

(35) Braeuer, P.; Tilgner, A.; Wolke, R.; Herrmann, H. Mechanism
development and modelling of tropospheric multiphase halogen
chemistry: The CAPRAM Halogen Module 2.0 (HM2). JOURNAL
OF ATMOSPHERIC CHEMISTRY 2013, 70, 19-52.

(36) Wu, R; Wang, S; Wang, L. A New Mechanism for The
Atmospheric Oxidation of Dimethyl Sulfide. The Importance of
Intramolecular Hydrogen Shift in CH3SCH20O Radical. journal of
physical chemistry. A 2015, 119, 112.

(37) Berndt, T.; Scholz, W.; Mentler, B.; Fischer, L.; Hoffmann, E.;
Tilgner, A.; Hyttinen, N.; Prisle, N. L.; Hansel, A.; Herrmann, H. Fast
Peroxy Radical Isomerization and OH Recycling in the Reaction of
OH Radicals with Dimethyl Sulfide. J. Phys. Chem. Lett. 2019, 10,
6478.

(38) Veres, P. R.; Neuman, J. A.; Bertram, T. H.; Assaf, E.; Wolfe, G.
M,; Williamson, C. J.; Weinzierl, B.; Tilmes, S.; Thompson, C. R;;
Thames, A. B.; Schroder, J. C.; Saiz-Lopez, A.; Rollins, A. W.; Roberts,
J. M,; Price, D.; Peischl, J.; Nault, B. A.;; Moller, K. H.; Miller, D. O;
Meinardi, S.; Li, Q,; Lamarque, J.-F.; Kupc, A.; Kjaergaard, H. G,;
Kinnison, D.; Jimenez, J. L.; Jernigan, C. M.; Hornbrook, R. S.; Hills,
A.; Dollner, M.; Day, D. A,; Cuevas, C. A,; Campuzano-Jost, P,;
Burkholder, J.; Bui, T. P.; Brune, W. H.; Brown, S. S.; Brock, C. A;
Bourgeois, L; Blake, D. R.; Apel, E. C.; Ryerson, T. B. Global airborne
sampling reveals a previously unobserved dimethyl sulfide oxidation
mechanism in the marine atmosphere. Proc. Natl. Acad. Sci. U. S. A.
2020, 117, 4505—4510.

(39) Hari, P,; Kulmala, M. Station for Measuring Ecosystem-
Atmosphere Relations (SMEAR 1II). Boreal Environment Research
2005, 10, 315—322.

(40) Neefjes, L; Laapas, M.; Liu, Y.; Médus, E.; Miettunen, E.;
Ahonen, L.; Quéléver, L; Aalto, J; Bick, J; Kerminen, V.-M,;
Lamplahti, J.; Luoma, K.; Maki, M.; Mammarella, I; Petiji, T.; Rity,
M,; Sarnela, N.; Ylivinkka, I; Hakala, S.; Lintunen, A. 25 years of
atmospheric and ecosystem measurements in a boreal forestSeasonal
variation and responses to warm and dry years. Boreal Environment
Research 2022, 27, 1-31.

(41) Stein, A. F,; Draxler, R. R; Rolph, G. D.; Stunder, B. J. B;
Cohen, M. D,; Ngan, F. NOAAs HYSPLIT Atmospheric Transport
and Dispersion Modeling System. Bulletin of the American
Meteorological Society 2015, 96, 2059—2077.

(42) Rolph, G.; Stein, A.; Stunder, B. Real-time Environmental
Applications and Display sYstem: READY. Environmental Modelling &
Software 2017, 9S, 210—228.

(43) Lennartz, S. T.; Marandino, C. A.; von Hobe, M,; Cortes, P.;
Quack, B,; Simo, R.; Booge, D.; Pozzer, A.; Steinhoff, T.; Arevalo-
Martinez, D. L.; et al. Direct oceanic emissions unlikely to account for
the missing source of atmospheric carbonyl sulfide. Atmospheric
Chemistry and Physics 2017, 17, 385—402.

(44) Ziska, F.; Quack, B.; Abrahamsson, K; Archer, S. D.; Atlas, E.;
Bell, T.; Butler, J. H.; Carpenter, L. J.; Jones, C. E.; Harris, N. R. P.;
et al. Global sea-to-air flux climatology for bromoform, dibromo-
methane and methyl iodide. Atmospheric Chemistry and Physics
Discussions 2013, 13, 8915—8934.

(45) Nightingale, P. D.; Malin, G.; Law, C. S.; Watson, A. J.; Liss, P.
S.; Liddicoat, M. I; Boutin, J.; Upstill-Goddard, R. C. In situ
evaluation of air-sea gas exchange parameterizations using novel
conservative and volatile tracers. Global Biogeochemical Cycles 2000,
14, 373-387.

(46) Lana, A; Bell, T. G.; Simé, R;; Vallina, S. M.; Ballabrera-Poy, J.;
Kettle, A. J.; Dachs, J.; Bopp, L.; Saltzman, E. S.; Stefels, J.; et al. An
updated climatology of surface dimethlysulfide concentrations and
emission fluxes in the global ocean. Global Biogeochemical Cycles 2011,
25, 886.

(47) Granier, C. S.; Darras, H.; Denier van der Gon, J.; Doubalova,
N.; Elguindi, B.,; Galle, M.; Gauss, M.; Guevara, J.; Jalkanen, J.;
Kuenen, C.; Liousse, B.; Quack, D.; Simpson, K. The Copernicus
Atmosphere Monitoring Service global and regional emissions.
Sindelarova The Copernicus Atmosphere Monitoring Service global and
regional emissions (April 2019 version) 2019, 16.

(48) Sindelarova, K.; Granier, C.; Bouarar, L; Guenther, A.; Tilmes,
S.; Stavrakou, T.; Muller, J.-F.; Kuhn, U.; Stefani, P.; Knorr, W. Global
dataset of biogenic VOC emissions calculated by the MEGAN model
over the last 30 years. Atmospheric Chemistry and Physics 2014, 14,
9317.

(49) Smith, B.; Warlind, D.; Arneth, A.; Hickler, T.; Leadley, P.;
Siltberg, J.; Zaehle, S. Implications of incorporating N cycling and N
limitations on primary production in an individual-based dynamic
vegetation model. Biogeosciences 2014, 11, 2027—2054.

(50) Arneth, A.; Niinemets, U.; Pressley, S.; Bick, J.; Hari, P.; Karl,
T.; Noe, S.; Prentice, I. C.; Serca, D.; Hickler, T.; Wolf, A.; Smith, B.
Process-based estimates of terrestrial ecosystem isoprene emissions:
incorporating the effects of a direct CO,-isoprene interaction.
Atmospheric Chemistry and Physics 2007, 7, 31-53.

(51) Paulot, F.; Jacob, D. J.; Johnson, M. T.; Bell, T. G.; Baker, A. R;;
Keene, W. C,; Lima, I. D.; Doney, S. C.; Stock, C. A. Global oceanic
emission of ammonia: Constraints from seawater and atmospheric
observations. Global Biogeochemical Cycles 2015, 29, 1165—1178.

(52) Carpenter, L.; MacDonald, S.; Shaw, M.; Kumar, R.; Saunders,
R.; Parthipan, R;; Wilson, J.; Plane, J. Atmospheric iodine levels
influenced by sea surface emissions of inorganic iodine. Nature
Geoscience 2013, 6, 108—111.

(53) Sofiev, M; Soares, J.; Prank, M.; de Leeuw, G.; Kukkonen, J. A
regional-to-global model of emission and transport of sea salt particles
in the atmosphere. Journal of Geophysical Research (Atmospheres)
2011, 116, 21302.

(54) Gantt, B; Meskhidze, N.; Facchini, M. C.; Rinaldi, M,;
Ceburnis, D.; O'Dowd, C. D. Wind speed dependent size-resolved
parameterization for the organic mass fraction of sea spray aerosol.
Atmospheric Chemistry and Physics - ATMOS CHEM PHYS 2011, 11,
8777—8790.

(55) Olenius, T.; Roldin, P. Role of gas-molecular cluster-aerosol
dynamics in atmospheric new-particle formation. Sci. Rep. 2022, 12,
1013S.

(56) Ning, A; Liu, L.; Zhang, S.; Yu, F.; Dy, L.; Ge, M.; Zhang, X.
The critical role of dimethylamine in the rapid formation of iodic acid

https://doi.org/10.1021/acs.est.4c01891
Environ. Sci. Technol. 2024, 58, 10956—10968


https://doi.org/10.1034/j.1600-0889.2001.530405.x
https://doi.org/10.1034/j.1600-0889.2001.530405.x
https://doi.org/10.5194/acp-18-6367-2018
https://doi.org/10.5194/acp-18-6367-2018
https://doi.org/10.1002/2017GL076394
https://doi.org/10.1002/2017GL076394
https://doi.org/10.1111/j.1600-0889.2008.00364.x
https://doi.org/10.1111/j.1600-0889.2008.00364.x
https://doi.org/10.1111/j.1600-0889.2008.00364.x
https://doi.org/10.5194/acp-15-12385-2015
https://doi.org/10.5194/acp-15-12385-2015
https://doi.org/10.5194/acp-15-12385-2015
https://doi.org/10.5194/acp-17-8887-2017
https://doi.org/10.5194/acp-17-8887-2017
https://doi.org/10.5194/acp-17-8887-2017
https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.1007/s10874-013-9249-6
https://doi.org/10.1007/s10874-013-9249-6
https://doi.org/10.1007/s10874-013-9249-6
https://doi.org/10.1021/jp511616j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511616j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511616j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1919344117
https://doi.org/10.1073/pnas.1919344117
https://doi.org/10.1073/pnas.1919344117
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1016/j.envsoft.2017.06.025
https://doi.org/10.1016/j.envsoft.2017.06.025
https://doi.org/10.5194/acp-17-385-2017
https://doi.org/10.5194/acp-17-385-2017
https://doi.org/10.5194/acp-13-8915-2013
https://doi.org/10.5194/acp-13-8915-2013
https://doi.org/10.1029/1999GB900091
https://doi.org/10.1029/1999GB900091
https://doi.org/10.1029/1999GB900091
https://doi.org/10.1029/2010GB003850
https://doi.org/10.1029/2010GB003850
https://doi.org/10.1029/2010GB003850
https://doi.org/10.24380/d0bn-kx16
https://doi.org/10.24380/d0bn-kx16
https://doi.org/10.5194/acp-14-9317-2014
https://doi.org/10.5194/acp-14-9317-2014
https://doi.org/10.5194/acp-14-9317-2014
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.5194/acp-7-31-2007
https://doi.org/10.5194/acp-7-31-2007
https://doi.org/10.1002/2015GB005106
https://doi.org/10.1002/2015GB005106
https://doi.org/10.1002/2015GB005106
https://doi.org/10.1038/ngeo1687
https://doi.org/10.1038/ngeo1687
https://doi.org/10.1029/2010JD014713
https://doi.org/10.1029/2010JD014713
https://doi.org/10.1029/2010JD014713
https://doi.org/10.5194/acp-11-8777-2011
https://doi.org/10.5194/acp-11-8777-2011
https://doi.org/10.1038/s41598-022-14525-y
https://doi.org/10.1038/s41598-022-14525-y
https://doi.org/10.1038/s41612-022-00316-9
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

particles in marine areas. npj Climate and Atmospheric Science 2022, S,
92.

(57) Besel, V.; Kubecka, J.; Kurtén, T.; Vehkamiki, H. Impact of
Quantum Chemistry Parameter Choices and Cluster Distribution
Model Settings on Modeled Atmospheric Particle Formation Rates. J.
Phys. Chem. A 2020, 124, 5931.

(58) Myllys, N.; Kubecka, J.; Besel, V.; Alfaouri, D.; Olenius, T.;
Smith, J. N.; Passananti, M. Role of base strength, cluster structure
and charge in sulfuric-acid-driven particle formation. Atmospheric
Chemistry and Physics 2019, 19, 9753—9768.

(59) Zhang, R; Xie, H.-B; Ma, F.; Chen, J; Iyer, S,; Simon, M,;
Heinritzi, M.; Shen, J.; Tham, Y. J.; Kurtén, T.; Worsnop, D. R;;
Kirkby, J.; Curtius, J.; Sipild, M.; Kulmala, M.; He, X.-C. Critical Role
of Todous Acid in Neutral Iodine Oxoacid Nucleation. Environ. Sci.
Technol. 2022, 56, 14166—14177.

(60) Schmitz, G.; Elm, J. Assessment of the DLPNO Binding
Energies of Strongly Noncovalent Bonded Atmospheric Molecular
Clusters. ACS Omega 2020, S, 7601—7612.

(61) Elm, J.; Kristensen, K. Basis Set Convergence of the Binding
Energies of Strongly Hydrogen-Bonded Atmospheric Clusters. Phys.
Chem. Chem. Phys. 2017, 19, 1122—1133.

(62) Klamt, A. Conductor-like screening model for real solvents: a
new approach to the quantitative calculation of solvation phenomena.
J. Phys. Chem. 1995, 99, 2224—2235.

(63) Klamt, A.; Jonas, V.; Biirger, T.; Lohrenz, J. C. W. Refinement
and parametrization of COSMO-RS. J. Phys. Chem. A 1998, 102,
5074—508S.

(64) Eckert, F.; Klamt, A. Fast solvent screening via quantum
chemistry: COSMO-RS approach. AICKE ]. 2002, 48, 369—38S.

(65) BIOVIA COSMOtherm, Release 2021; Dassault Systémes.
http://www.3ds.com. 2021.

(66) BIOVIA COSMOconf 2021; Dassault Systémes. http://www.
3ds.com. 2021.

(67) Turbomole, V7.5.1; University of Karlsruhe and Forschungszen-
trum Karlsruhe GmbH, 2020.

(68) Roldin, P.; Swietlicki, E; Massling, A.; Kristensson, A.;
Léndahl, J.; Eriksson, A.; Pagels, J.; Gustafsson, S. Aerosol ageing in
an urban plume - implication for climate. Atmospheric Chemistry and
Physics - ATMOS CHEM PHYS 2011, 11, 5897—5915.

(69) Jacobson, M. Z. Fundamentals of Atmospheric Modeling, 2nd ed.;
Cambridge University Press, 2008.

(70) BIOVIA COSMOtherm, version C3.0, Release 19; Dassault
Systemes, 2019.

(71) Pruppacher, H.; Klett, J.; Wang, P. Microphysics of Clouds and
Precipitation. Aerosol Sci. Technol. 1998, 28, 381—382.

(72) Kurosaki, Y.; Matoba, S.; lizuka, Y.; Fujita, K; Shimada, R.
Increased oceanic dimethyl sulfide emissions in areas of sea ice retreat
inferred from a Greenland ice core. Communications Earth &
Environment 2022, 3, 327.

B NOTE ADDED AFTER ASAP PUBLICATION

Due to a production error, this paper was published ASAP on
June 13, 2024, with an error in Table 3. The corrected version
was reposted on June 25, 2024.

10968

https://doi.org/10.1021/acs.est.4c01891
Environ. Sci. Technol. 2024, 58, 10956—10968


https://doi.org/10.1038/s41612-022-00316-9
https://doi.org/10.1021/acs.jpca.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-19-9753-2019
https://doi.org/10.5194/acp-19-9753-2019
https://doi.org/10.1021/acs.est.2c04328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c04328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP06851K
https://doi.org/10.1039/C6CP06851K
https://doi.org/10.1021/j100007a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100007a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980017s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980017s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.690480220
https://doi.org/10.1002/aic.690480220
http://www.3ds.com
http://www.3ds.com
http://www.3ds.com
https://doi.org/10.5194/acp-11-5897-2011
https://doi.org/10.5194/acp-11-5897-2011
https://doi.org/10.1080/02786829808965531
https://doi.org/10.1080/02786829808965531
https://doi.org/10.1038/s43247-022-00661-w
https://doi.org/10.1038/s43247-022-00661-w
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

