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Abstract Marine ecosystems are important drivers of the global climate system. They emit volatile species
into the atmosphere, involved in complex reaction cycles that influence the lifetime of greenhouse gases. Sea
spray and marine biogenic aerosols affect Earth's climate by scattering solar radiation and controlling cloud
microphysical properties. Here we show larger than expected marine biogenic emissions of butenes, three
orders of magnitude higher than dimethyl sulfide, produced by the coastal part of the Benguela upwelling
system, one of the most productive marine ecosystems in the world. We show that these emissions may
contribute to new particle formation in the atmosphere within the marine boundary layer through production of
Criegee intermediates that oxidize SO, to H,SO,. Butene emissions from the marine biota may affect air quality
and climate through ozone, secondary organic aerosol, and cloud condensation nuclei formation even in pristine
regions of the world. Our results indicate a potentially important role of butene emissions in marine particle
formation that requires investigation in other regions.

Plain Language Summary Marine biogenic emissions of volatile organic compounds (VOCs) are
key drivers of the Earth's climatic system, but they are not considered in climate models, except for dimethyl
sulfide (DMS). We observed massive concentrations of reactive VOCs, especially butenes, in ambient air at

a pristine coastal site on the west coast of the southern African continent. These strong emissions originated
from the coastal part of the Benguela ecosystem and may have contributed to new particle formation in the
marine boundary layer. According to our observations, butenes can be found at concentrations orders of
magnitude larger than DMS in highly productive coastal environments and thus their climatic impact requires
investigation.

1. Introduction

Marine ecosystems, which are a network of interactions among different organisms, are an important source of
volatile organic compounds (VOCs) and organic-rich primary and secondary aerosols (Brooks & Thornton, 2018;
Mayer et al., 2020; O'Dowd et al., 2015; Schneider et al., 2019; Trueblood et al., 2019; Vaattovaara et al., 2006).
Coastal environments, where unique and often highly productive ecosystems develop and gas transfer across
the air-sea interface is enhanced (e.g., by evaporation and bubble-bursting), may be strong emitters of VOCs,
as already demonstrated by their dominance for methane oceanic emission (Weber et al., 2019). Decomposition
of microalgae is a known source of sulfur-containing compounds in the air such as dihydrogen sulfide, dime-
thyl sulfide (DMS), dimethyl disulfide (DMDS), dimethyl trisulfide, methanethiol, isopropyl thiol, diisopropyl
disulfide, and diisopropyl trisulfide (Achyuthan et al., 2017). Various phytoplankton species are also isoprene
emitters with observed isoprene mixing ratios in oceanic and coastal sites across the globe as high as 300 ppt in
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the absence of terrestrial sources (Shaw et al., 2010). Marine terpenoids are produced by micro- and macroal-
gae, sponges, and corals, as well as cyanobacteria (Achyuthan et al., 2017; Shaw et al., 2010). The VOC emis-
sions from marine phytoplankton also include halogenated compounds, such as methyl chloride, methyl bromide,
methyl iodide, as well as iodine (Achyuthan et al., 2017), but also chlorobenzene and p-dichlorobenzene which are
typically considered anthropogenic compounds (Colomb et al., 2008). Besides the aforementioned compounds,
many other classes of VOCs are produced by microalgae such as alcohols, esters, aldehydes, hydrocarbons (both
aliphatic and aromatic), terpenes and terpene derivatives, ketones, furans, carboxylic acids, fatty acids, and carot-
enoid derivatives (Achyuthan et al., 2017; Ali, 2004; Jerkovi¢ et al., 2018). Bacteria are also VOC emitters;
cyanobacteria contribute to alkane production, predominantly C15 and C17 alkanes (Lea-Smith et al., 2015).
A study on Antarctic bacteria showed production of a wide range of volatiles such as S-containing compounds,
2-butene, 1,3-butadiene, furan, acetone, and other ketones, alcohols, and esters (Papaleo et al., 2013).

Emitted VOCs can undergo oxidation in the atmosphere leading to the formation of secondary organic aerosol
(SOA), which may grow to be active as cloud condensation nuclei (CCNs) thus affecting the Earth's climate
(Zheng et al., 2021). A notable example is DMS, a marine biogenic marker that is an efficient aerosol and
cloud droplet producer (Grandey & Wang, 2015). According to the CLAW hypothesis, DMS emissions are key
in the establishment of a feedback loop between global warming, enhanced production of marine plankton,
and increased emissions of DMS leading to CCN production. As the reflectance of clouds is sensitive to CCN
concentrations, biogenic emissions would lead to cooling and therefore stabilization of atmospheric temperature
(Charlson et al., 1987). Strong support for the CLAW hypothesis came from observation of DMS and aerosol
production in the tropical South Atlantic (Andreae et al., 1995), although there is still a debate on whether the
feedback loop would lead to overall cooling or warming of the atmosphere. More recent studies questioned the
validity of the CLAW hypothesis and pointed out that sources of CCNs and cloud response to them are much
more complex than previously anticipated (Quinn and Bates, 2011) and that chemical composition of particles
with 100-200 nm diameter controls CCN in the marine boundary layer (Saliba et al., 2020). Reactive VOCs
can also impact the atmospheric ozone budget as they are implicated in complex reaction cycles that can either
deplete or produce tropospheric ozone (Derwent, 2007).

The Benguela upwelling system, off the west coast of southern Africa, is a well-known ecosystem in which
upwelling pulses of nutrient-rich waters induce high biological production (Ohde & Dadou, 2018). As a conse-
quence of upwelling along the north coast of Namibia, phytoplankton blooms are frequent, although highly
variable in both biomass and species composition (Lamont et al., 2019).

To assess the strength and diversity of VOC sources in highly productive coastal environments and their ability to
contribute to new particle formation, we made continuous measurements of VOCs and aerosol size distributions
during the August-September 2017 Aerosols, Radiation and Clouds in southern Africa (AEROCLO-sA) field
campaign at the Sam Nujoma Marine and Coastal Resources Research Centre (SANUMARC) of the University
of Namibia at Henties Bay (22°6'S, 14°30’E; 20 m above mean sea level) (Formenti et al., 2019). SANUMARC is
located right above the beach at about 100 m from the ocean (on the west) (Text S1 in Supporting Information S1).

2. Materials and Methods
2.1. VOC Measurements

Volatile organic compound (VOC) measurements were conducted between 23 August and 12 September 2017.
The instrumentation deployed was part of the Portable Gas and aerosol Sampling Units (PEGASUS) mobile
platform (Formenti et al., 2019). VOC measurements were performed using a KORE Inc™ (second generation)
high-resolution Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-MS). Ambient air was
sampled through a 1.5-m long Silcosteel® coated stainless steel tube (2.1 mm inner diameter), at a constant flow
rate of about 5 cm? s~! (estimated residence time below 2 s) as used in previous studies (Duncianu et al., 2017).
Pressure in the glow discharge region was set to 2.00 hPa while pressure in the proton transfer reaction tube was
set to 1.33 hPa, temperature to 60°C and voltage to 390 V, leading to an E/N of 142 Td (1 Td = 10~ V cm?).
These settings were optimized before the start of the campaign and checked throughout the campaign using
standard VOC mixtures diluted with an Ionicon Analytik gas calibration unit (GCU) at 70% relative humidity
and 25°C. Three different standard VOC mixtures (containing among others trans-but-2-ene, but-1-ene, and
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cis-but-2-ene) were used for optimisation and calibration of the instrumental signals (Text S2 in Supporting
Information S1).

During the campaign, spectra were integrated over 5 min and blank measurements were done at ambient relative
humidity three times per day using the catalytic converter of the GCU to subtract potential contaminations from
the sampling lines.

Data analysis was done using GRAMS/AI version 9.3. VOC concentrations were obtained by external cali-
bration for compounds for which gas standards were available or estimated based on the rate constant of the
proton-transfer reaction from H;O* only, or from both H,O* and (H,0)H,O0* (Ellis & Mayhew, 2014), depending
on the proton affinity of the compound, whenever identification was possible. Ion transmission versus m/z was
evaluated using the GCU and NPL gas standards. Details of methods used for quantification for each peak and
reaction rate constants used can be found in the AEROCLO-sA database (https://baobab.sedoo.fr/Data-Search/?-
datsId=1773&project_name=AEROCLO, Accessed 9 November 2021).

2.2. Analysis of Ocean Foam and Ocean Water

Reference spectra of ocean water and ocean foam collected on the beach next to the sampling station were also
obtained. The formation of ocean foam was frequently observed during the campaign. Samples of foam and water
were collected during particularly intense episodes on 9 September at noon and in the morning of 10 September.
The foam sample collected on 9 of September was left to dry at room temperature (~12°C) overnight. Foam
samples collected on 10 September were kept wet, and water samples, collected on the same day, were filtered.
All samples were kept in the fridge in the dark at 4°C until analysis. Reference spectra were recorded on the 12
September in the headspace of a 50 mL falcon tube containing 10 mL of sample on the bottom. Measurements
of the head-space samples were done at a constant flow rate of 150 mL min~! using zero air as back-up flow to
keep constant pressure in the falcon tube. PTR-ToF-MS settings were the same used for ambient measurements.

For flow cytometric analyses, samples of 10 mL foam and seawater for microbial plankton (<20 pm) analyses
were fixed with formol (4% final concentration) and then stored at —20°C until analysis. The samples were
analyzed with FacsCanto II cytometer (3-laser, 8-color (4-2-2), BD Biosciences) equipped with a 20 mW 488 nm
coherent sapphire solid state blue laser. It permits the evaluation of the abundance of phytoplankton (cyanobac-
teria, pico (<2 pm) and nanophytoplankton (2-20 um)) (Pecqueur et al., 2011), heterotrophic bacteria (Lebaron
et al., 2001) and viruses (Brussaard, 2004). The cyanobacteria population (Synechococcus) was discriminated
from other phytoplanktons by its orange fluorescence (due to the presence of phycoerythrin) on the orange versus
red fluorescence cytogram (Waterbury et al., 1979).

2.3. Satellite Retrieved Chlorophyll-a Concentrations

Average chlorophyll-a (Chl-a) concentrations were retrieved from the “Ocean color daily data from 1997 to pres-
ent derived from satellite observations” product from the Copernicus Climate Data Store (CDS, 2021).

2.4. Aerosol Size Distributions

Ambient aerosol number size distribution data from 10 nm to 30 pm were obtained by a combination of standard
optical and electrical mobility analyzers. The aerosol number size distribution from 10.9 to 461.4 nm in diameter
was measured by a Scanning Mobility Particle Sizer (SMPS), comprising of a Differential Mobility Analyzer
(DMA, model 3,080, TSI Inc., Shoreview, MN) and a Condensation Particle Counter (CPC, model 3,772, TSI
Inc., Shoreview, MN) operated at 1.0/5.0 L min~! aerosol/sheath flow rate on a 3-min averaging time, including
2.5 min of sampling of the size distribution data (scan up period) and 30 s scan retrace time period. The SMPS
operated from a certified Total Suspended Particulate (TSP) sampling head (Rupprecht and Patashnick, Albany,
NY, USA), followed by a cyclone impactor cutting off aerosol particles larger than 1 pm in aerodynamic diameter
(using a flow rate of 16 L min~!). The ambient aerosol number size distribution from 0.25 to 32 pm in diameter
was measured on 32 size classes by an Optical Particle Counter (OPC, model 1.109, Grimm Aerosol Technik,
Ainring, Germany) operated at 1.2 L min~! aerosol flow rate on a 6-s averaging time. The GRIMM OPC sampled
from a high-volume wind-orientable sampling inlet developed at LISA for the African Monsoon Multidisciplinary
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Analysis project (Rajot et al., 2008). Neither the SMPS nor the GRIMM OPC inlets were connected to a drier,
therefore the size distributions reported are for ambient conditions (RH approximately 40% in the inlet).

The combination of the number size distributions measured by the SMPS and the GRIMM OPC to yield the full
aerosol number size distribution required some corrective steps. Because of their operating principles, neither the
SMPS nor the GRIMM OPC express the number size distribution as a function of the particle geometric diameter,
which needs to be estimated based on the properties of the ambient aerosols. For the SMPS, the conversion of the

operating electrical mobility diameter (D,,) to the equivalent sphere geometric diameter (D,) depends on particle

dry dynamic shape factor (y), which is equal to 1 for spherical particles and larger than unity for non-spherical
aerosols (DeCarlo et al., 2004). For the GRIMM OPC, the conversion of the optical equivalent diameter (D,) to
Dg is based on the knowledge of the complex refractive index (m) of the ambient aerosols (Hinds, 1999; Wendisch

& Brenguier, 2013).

Additionally, both measured size distributions need to be corrected for the size-dependent losses of particles that
occur during sampling at the inlet and transport through the sampling lines due to various processes (e.g., diffu-
sion, sedimentation, inertial deposition), in non-isokinetic conditions and a bent tubing. These corrections were
implemented using the Particle Loss Calculator program developed by Von Der Weiden et al. (2009). Based on
the measured dimensions of the sampling lines, the campaign-average wind speed of 6 L min~!, and the equiva-
lent sphere aerodynamic diameter (D,) estimated from D, as D, = D, m , where p is the ambient particle
mass density and p, is the unit reference particle mass density.

Finally, in order to merge the measured SMPS and GRIMM OPC size distributions, an iterative approach was
implemented. The physical aerosol parameters (y, m, p) were varied until the size-dependent loss corrected SMPS
and GRIMM OPC size distributions agreed on their nominal overlap region (0.25-0.46 nm). The best agree-
ment was obtained with the following average values: y = 1 and m = 1.6-0.002i at 655 nm. The best agreement
between the evaluated size distribution and measured mass concentrations (not shown) was achieved by adjusting

the particle effective density (p,) to 2.7 g cm™3,

2.5. Aerosol Composition

Online aerosol composition was measured using a compact-Time-of-Flight Aerosol Mass Spectrometer (c-ToF-
AMS), providing a comprehensive chemical composition of non-refractory PM,. Data used here were analyzed
using the Igor Pro package, Squirrel (version 1.63G), and cumulative peak fitting analysis according to the
method described in Miiller et al. (2011). Calibration was performed on-site before and after the campaign using
ammonium nitrate, ammonium sulfate, sodium chloride, and polystyrene latex spheres. Size-dependent aero-
dynamic lens transmission efficiency was 30% at 60 nm, 60% at 70 nm, 100% between 80 and 550 nm, 60% at
600 nm, 50% at 700 nm, and 30% at 900 nm (Liu et al., 2007). Analysis of the composition of nebulized ocean
water was used to calculate the sea-salt sulfate (ss-SO,>) and non-sea-salt sulfate (nss-SO,*") fractions based on
the measured sulfate-to-chloride ratio.

2.6. Calculation of the Condensational Sink, Condensational Growth Rate, and Nucleation Rate

The Condensational Sink (CS, unit s~!), measuring the rate constant for condensation of a gas phase species on
pre-existing aerosols, was calculated according to Dal Maso et al. (2002), based on the measured size distribution
obtained as described in paragraph “2.4 Aerosol Size Distributions.”

Condensational growth rate and nucleation rate were calculated from SMPS measurements by using the PARGAN
(PARticle Growth And Nucleation) routine in Igor 6.2 (Verheggen & Mozurkewich, 2006). This procedure uses
inverse non-linear regression analysis of the general dynamic equation, which describes the evolution of the aero-
sol size distribution in time due to nucleation, coagulation and condensational growth rates based on consecutive
measurements of the aerosol size distribution. The growth rates are obtained by the inverse analysis of the meas-
ured change in the aerosol size distribution over time and the nucleation rate is obtained by integrating the parti-
cle losses from the time of measurement to the time of nucleation assuming that the diameter of the critical cluster
is 1 nm (Verheggen & Mozurkewich, 2006).

All calculations were based on the volatility of sulfuric acid. Although not directly measured, sulfuric acid
has been chosen for the calculations because its presence in the particle phase is more than likely (the mass
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concentration of sulfate is significant), and because it is known to both promote NPF and contribute to particle
growth. Organic compounds also contribute to particle growth, but their identity is not known at the molecular
level.

2.7. Calculation of the Atmospheric Concentrations of Sulfuric Acid

Atmospheric concentrations of sulfuric acid were estimated using Equation 1 which was adapted from the proxy
developed by Yang et al. (2021) and Mikkonen et al. (2011) and takes into account oxidation of SO, by both OH
radical and stabilized Criegee intermediates (SCIs) produced from the ozonolysis of butenes:

ki - [butenes] - [O3] - [SO,] B - k» - Irradiance - [SOz]

[H2804] = cs + CS RH ey

where all species concentrations are in molecules/cm?, Irradiance is the total irradiance in W/m?2, CS is the
condensational sink in s~!, B is a scaling factor (2.99 103, calculated by Mikkonen et al. (2011) for Atlanta (US),
in high RH conditions), k, (2.49 1073° cm®s) is the rate constant for the oxidation of SO, by SCIs (from Equation
9 of Yang et al. (2021)), ad k, is the rate constant for OH oxidation of SO, calculated using the formula reported
in Mikkonen et al. (2011).

2.8. Statistical Analysis

Hierarchical cluster analysis, to compare ambient mass spectra during VOCs peak events with reference mass
spectra of ocean foam and water (raw spectra, PTR-ToF-MS), were done using the Euclidean distance (based on
peak intensities in counts-per-second), single linkage method in Statsoft Statistica 8.0.

All correlations were done based on r-Pearson using Microsoft Excel 2016. Lagged correlations were done using
the “ccf” function in the “tseries” package in R studio (R version 3.4.1). For statistical significance we used a 95%
confidence level. Correlation strength was defined using the guidelines of Cohen (1988). Unless otherwise stated,
correlations were done on data covering the entire campaign.

3. Results and Discussion

Our observations (Figure 1) showed the dominance of butenes (C,H,* signal, representing the sum of 1-butene,
2-methylpropene, cis-2-butene, and trans-2-butene), which were the most abundant among the VOCs measured
(median mixing ratio of 22 ppb, interquartile range of 32 ppb, and maximum of 548 ppb). While the C,Hy*
signal could be also produced from the fragmentation of longer chain compounds, in this case, such a contri-
bution would be minor given that the C,H,* signal is orders of magnitude higher than any other longer chain
compound. The observed concentrations were substantially higher than those previously observed in marine
environments. Very low mixing ratios, below 0.1 ppb, were observed on two cruises in the Mediterranean and
Red Seas (Bonsang & Lambert, 1985). Mixing ratios in the ppt range were observed in the Central Pacific, Oki
Island of Japan, and at the Mace Head observatory in the North Atlantic (Bourtsoukidis et al., 2019; Donahue
& Prinn, 1993; Lewis et al., 2005; Sharma et al., 2000). It is worth noting that none of these studies performed
measurements in marine areas characterized by high biological activity. In the Arabian Sea, which on the other
hand is biologically productive, average concentrations of 1-butene were in the order of 0.88—1.4 ppb (Tripathi
et al., 2020), far lower than the level reported in our study but higher compared to other marine areas.

Marine microorganisms are a known source of butene species. These include marine phytoplankton, notably
marine diatoms and nanophytoplanktons (Coccolithophores and Phaeocystis sp.) (Ratte et al., 1995). Bacteria
are also butene species emitters (Misztal et al., 2018), although studies in the marine environment have not yet
been done. In our study, high concentrations of butenes were associated with winds blowing from the north
northwest (NNW) direction (Figure 1), consistent with marine emissions and increased bubble-bursting along
the coast. A diverse range of reactive hydrocarbons, mainly mono- and di-unsaturated, were observed, including
VOC:s previously thought to be markers of anthropogenic emissions such as toluene (Text S2 in Supporting Infor-
mation S1). Rocco et al. (2021) already observed benzenoids in remote oceanic regions. Other abundant VOCs
observed during the campaign were isoprene (C;Hy*), with median mixing ratios of 70 ppt, methanol (CH;0%),
the most abundant oxygenated VOC with a median mixing ratio of 1.6 ppb, followed by formic acid (CH;0,%),
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Figure 1. Time series, polar plots (wind rose depicting the trend in concentration with wind speed and direction), and polar annulus (wind rose depicting the diurnal
trend in concentration with wind direction) of the major volatile organic compounds observed during the Aerosols, Radiation and Clouds in southern Africa field
campaign in Henties Bay (Namibia) from 22 August to 12 September 2017.

acetone (C;H,0%), formaldehyde (CH,0%), acetaldehyde (C,H;0™), ethanol (C,H,0") and acetic acid (C,H;0,%)
with median mixing ratios of 1.0 ppb, 470, 420, 290, 250, and 200 ppt, respectively (Figure 1). For all of these
VOCs, higher concentrations were observed when the wind blew from the NW (methanol, acetone, and acetic
acid) and NNW (formaldehyde, acetaldehyde, ethanol, butene, and isoprene) directions, consistent with transport
of emissions from the Benguela upwelling system. While terrestrial sources of isoprene were dominant in other
coastal areas (Arnold et al., 2009; Gantt et al., 2019), the sampling site of this study is surrounded by desert on
three sides, and it is far away from any significant terrestrial biogenic source.

During the AEROCLO-sA campaign, we observed the frequent formation of ocean foam along the shoreline
(Figure 2a), a typical manifestation of intense biological production (Schilling & Zessner, 2011), which is also
evident from the satellite chlorophyll data (Figure 2¢). Foam formation is usually linked to a richness of dissolved
organic materials (e.g., biogenic lipids, amino acids, carbohydrates, and proteins) released and accumulated at
the sea surface. Such organic materials can be produced from the exudation, viral lysis, or decomposition of
phytoplankton as well as from broken phytoplankton cells, particularly when whipped up by wind and waves
on the coast (Schilling & Zessner, 2011). In addition, foams are remarkably rich and diverse in microorganisms,
including bacteria, protists, and algae (Rahlff et al., 2020; Roveillo et al., 2020). During some of the most intense
events, samples of ocean foam and water were collected along the coast adjacent to our measurement site. The
flow cytometric analyses of marine microorganisms indicated that the ocean foam contained mostly viruses and
bacteria, whereas, in the waters, Synechococcus, pico- and nanophytoplankton, as well as viruses and bacteria,
were detected. Viruses were more than an order of magnitude higher in the foam than in the water (Table 1).

The planktonic microorganisms (heterotrophic bacteria, synechococcus, pico- and nanophytoplankton) observed
in our ocean water samples have been associated with emission of some VOCs (Lea-Smith et al., 2015; Lin
et al., 2013; McKay et al., 1996) and foam formation (Blauw et al., 2010; Hansen et al., 2014). The presence
of higher virus concentrations in foam in comparison to ocean water suggests a viral infection of a phytoplank-
ton bloom. The viruses, as well as dissolved organic matter, are released from viral lysis of phytoplanktonic
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Figure 2. Picture of ocean foam forming along the coastline in Henties Bay (Namibia) during the Aerosols, Radiation and Clouds in southern Africa campaign (a),
plot depicting the difference in headspace-MS spectra of the ocean foam and filtered ocean water (b), Average chlorophyll-a (Chl-a) concentration for August and
September 2017 from MODIS Aqua, VIIRS and OLCI with x-axis in °E and y-axis in °S (c), dendrogram showing the results of the hierarchical cluster analysis (single
linkage, Euclidean distance) applied to the mass spectra of the peak events and headspace-MS reference spectra (d). The red dot in panel “c” indicates the sampling site.
The vertical red dashed line in panel “d” indicates that samples clustered into two different groups in which ambient samples cluster together with the headspace-MS

reference spectra of the ocean foam while headspace-MS reference spectra of ocean water cluster in a separate group. Time is in UTC.

Table 1

Results of the Flow Cytometric Analysis of Ocean Water and Ocean Foam Samples Collected During the Aerosols,

Radiation and Clouds in Southern Africa Campaign in Henties Bay

. . Phytoplankton <20 pm (cells/mL)
Viruses (cells/  Bacteria (cells/

mL) mL) Synechococcus  Picophytoplankton Nanophytoplankton
Ocean water (09Sep2017) 6.70 x 107 2.95 x 10° 4.57 x 10° 1.26 x 10° 5.79 x 102
Ocean foam (09Sep2017) 9.58 x 108 1.90 x 10° nd? nd nd
Ocean water (10Sep2017) 6.76 x 107 2.50 x 10° 8.68 x 103 2.47 x 10° 2.20 x 103
Ocean foam (10Sep2017) 2.19 x 10° 3.19 x 10° nd nd nd
nd = not detected.
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cells, bloom senescence phase or broken phytoplankton cells, and are accumulated in induced foam (Roveillo
et al., 2020; Schilling & Zessner, 2011).

Headspace analysis of the ocean foam and water showed the presence of a wide range of VOCs such as metha-
nol, ethanol, formaldehyde, acetaldehyde, formic acid, acetic acid, butenes, DMS, acetone, methyl ethyl ketone
(MEK), and isoprene (Figure 2b). Besides DMS, monoterpenes and isoprene have also been reported to be impor-
tant in marine environments (Shaw et al., 2010). While monoterpenes were not observed at high concentrations
in our head-space samples or throughout the campaign, isoprene was consistently present (Figure 1) and may be
emitted by marine plankton in addition to DMS (Achyuthan et al., 2017; Shaw et al., 2010). It is not surprising
that isoprene emissions dominated over monoterpene emissions as this was also observed in laboratory studies on
phytoplankton monocultures reviewed by Shaw et al. (2010). Previously, many other VOCs have been reported
in emissions by the marine biome. Among them, acetaldehyde, methanol, and acetone (as well as isoprene) are
important VOCs in the ocean, thought to be conduits for carbon transfer from phytoplankton to bacterioplankton
(Halsey et al., 2017). MEK was previously observed in seawater over the Great Barrier Reef (Swan et al., 2016).
Laboratory studies on VOC emissions from natural phytoplankton collected at a coastal location in south-eastern
North Carolina (US) and algal cultures (marine diatom and dinoflagellate) showed that formaldehyde is both
generated and consumed by phytoplankton with variations dependent upon the growth cycle (Nuccio et al., 1995).

The ocean foam spectra are broadly overlapping (in terms of relative intensity of the different VOCs) with the
spectra recorded during the VOC peak events (sharp increase in concentration of various VOCs up to the ppm
range) observed during the campaign (Figure 1), and the results of the cluster analysis in Figure 2d show that
the spectra of ocean foam are more similar to the spectra recorded during the VOCs peak events compared
to the spectra of the ocean water. These results suggest that ocean foam may be the main source responsible
for the observed VOCs peak events. This, together with the biological analysis of foam and ocean water samples,
indicates that the VOC peak events observed during the campaign may be linked to emissions from degra-
dation/breakdown of marine microorganisms (Halsey et al., 2017) and virus-induced phytoplankton cell lysis
(Danovaro et al., 2011; Korpi et al., 2009). We have also shown that other VOCs, in addition to the most studied
DMS (Halsey et al., 2017), can be produced on a massive scale by coastal ecosystems. Additional informa-
tion on the source apportionment of observed VOCs can be found in “Text S3 in Supporting Information S1.”
While some of these VOCs, such as butenes, were previously considered to be anthropogenic, Henties Bay is
not affected by significant anthropogenic sources. Ship traffic is at least 50 km away from Henties Bay and the
closest port (Walvis Bay) is more than 100 km away (Tournadre 2014). The area offshore Henties Bay is currently
investigated by sea exploration and drilling, however, at the time of the campaign these activities had not yet
started (http://eia.met.gov.na/screening/80_galp_pel82_final_eia_report_final_dec_2019_full_report_small.pdf,
accessed 5 November 2021). Further, the Omaruru River does not transport pollution from upstream down to
Henties Bay. The Omaruru River delta aquifer, approximately 100 km inland (east) of Henties Bay, receives less
than 50 mm/year of precipitation, and acts as a barrier for the river which does not flow at Henties Bay (Geyh and
Plothner, 1995). A recent study from Rocco et al. (2021) also reported that some VOCs previously thought to be
anthropogenic, that is, benzenoids, can be instead emitted by oceanic phytoplankton.

In conjunction with the strong emissions of reactive VOCs, we observed seven new particle formation (NPF)
events at the ground-based site during the AEROCLO-sA campaign, on 23 August at around 18h00, 25 August
at around 13h00, 31 August at around 14h00, 6 September at around 13h00, 7 September at around 17h00, 8
September at around 15h00, and 9 September at around 15h00. The latter event is shown in Figure 3. All times
are reported in West Africa Time (WAT) corresponding to UTC+1.

As shown in Figure 3, some NPF events happened alongside condensation onto pre-existing particles and increase
in number concentration of larger particles as opposed to extremely clean conditions. Clean conditions, where
condensation onto existing particles would be limited, as observed and modeled in previous studies in the tropical
marine boundary layer (Clarke et al., 1998; Pirjola et al., 2000; Russell et al., 1994) and around the Antarctic
peninsula (Brean et al., 2021), would be the best conditions for NPF events to occur but strong emissions may
lead to NPF even in non-pristine environments, such as megacities in China (Kulmala et al., 2017, 2021).

All events occurred during daylight hours ranging from midday to early/late afternoon, and were, therefore,
likely to be driven by a combination of marine biogenic emissions and photochemistry. The diurnal trends of
the gas-phase compounds (Figure 3) show that these NPF events were preceded by an increase in biogenic
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Figure 3. Number size distributions (a) measured by the Scanning Mobility Particle Sizer during a new particle formation (NPF) event on 9 September 2017 in Henties
Bay (Namibia). Concurrent time-series of the condensational growth rate and the nucleation rate (b). Concurrent time-series of the condensational sink and calculated
concentrations of sulphuric acid (c). Diurnal trend of irradiance (d), diurnal trends of gas-phase components (C,H,* butenes, C;H,O* acetone, C,H,S* DMS, C;H,*
isoprene, C,H,0%, a possible oxidation product of butene) (e), diurnal trends of ammonium, non-sea-salt sulfate and iodine in the particulate phase (f), and diurnal
trends of organics (Org), methanesulphonic acid (MSA), and three species/fragments in the particulate phase that may be attributed to butene oxidation (g). The red
shaded square across all panels on the right indicates the start of the nucleation event of the 9 September 2017, to which all diurnal trends refer. Condensational growth
and nucleation rates in panel “b” are shown only for the NPF event starting at around 14h30—15h00. Time is in West Africa Time (WAT) (UTC+1).

VOCs at around 11-13 hr WAT, of which the most abundant was butene. In the case of 9 September, butenes
started to increase at around 13h00 WAT, with one of the possible first-generation oxidation products following
shortly thereafter (Figure 3). According to the results of the Master Chemical Mechanism (MCM) modeling of
butene oxidation (Text S5 in Supporting Information S1), butene oxidation products peaked a couple of hours
later, around the time when the nucleation event started. However, while butenes are SOA producers (Derwent
et al., 2010), it is unlikely that they produce extremely low volatility compounds that could directly trigger pure
organic nucleation. Ozonolysis of butenes could, however, lead to the production of SCIs able to oxidize SO,
as observed in urban environments (Guo et al., 2020; Yang et al., 2021). Calculated sulfuric acid concentrations
(see Section “2.7 Calculation of the atmospheric concentrations of sulfuric acid”) using satellite-retrieved data
of surface SO, concentrations (median of 50 ppt, interquartile range of 50 ppt, Text S1, Figure S3 in Supporting
Information S1), which were in line with previously observed concentrations in the Atlantic Ocean and Namibia
(50 ppt-2.5 ppb) (Andreae et al., 1995; Husar et al., 2017; Martins et al., 2007; Sinha et al., 2003) but higher than
expected compared with DMS concentrations (the DMS median value was 40 ppt in this campaign, while it was
about 10 times higher than SO, at other oceanic locations (Ayers et al., 1997; Leck & Persson, 1996)), reached a
level around 6.1-107 molecules/cm? on the 9 September 2017, peaking about half an hour before the appearance
of the new particles (Figure 3). Surprisingly, these concentrations are predominantly due to SCIs reactivity
(approximately 75%) compared to OH oxidation of SO, despite being in daylight hours. This result can however
be explained by the high concentrations of butenes (in the range 70-80 ppb) and O, (>20 ppb) around the start of
the nucleation event. While SCIs seem to dominate SO, oxidation, it is likely that NPF events are triggered by a
combination of SCI and OH chemistry, with solar irradiance enhancing both OH production and VOC emissions
from the marine biota. The results of the MCM modeling of butene oxidation (Text S5 in Supporting Informa-
tion S1) also indicate that butene-SOA may contribute to the survival and growth of the newly formed particles.
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The hypothesis that butenes may contribute to NPF through SCIs chemistry is further supported by the moderate but
statistically significant correlation between the calculated concentrations of H,SO, and the nucleation rate (r = 0.22,
not lagged) and the correlation of the time-series of C;Hs* (mainly linked to butene fragmentation as identified in
the standard) with the time-series of particle number concentration (r = 0.467) with a lag time of 100 min (Table S3
in Supporting Information S1). Among the particle component measured in the Aitken and accumulation modes by
the c-ToF-AMS, sulfate and iodine are the only species observed that are known to promote NPF. Weak-to-moderate,
but statistically significant (Irl > 0.033), lagged correlations were obtained between nucleation rates and C,H;0,*
(r =0.042), C;H,0,* (r = 0.316), CH,0," (r = 0.219), and C;H,,0,* (r = 0.332) measured with PTR-ToF-MS,
all with a lag time of 0 min (not lagged). The first ion may be a fragment of an oxidation product of butenes given
that it is an oxygenated C4 ion and its correlation with the nucleation rate has a lower lag time compared to the
hypothesized parent compound. Correlations between the time-series of particle chemical components measured
with a c-ToF-AMS and time-series of particle concentration in number, nucleation rate, condensational growth rate,
and CS (Table S4 in Supporting Information S1) supported the hypothesis that butene oxidation may be involved
in the coastal formation of new particles. Nucleation rates are correlated with particulate organic fragments with
a lagged time ranging from —155 min to —180 min (Table S4 in Supporting Information S1). A negative lag time,
which means that particle components are being driven by nucleation rates, reflects the fact that particles need to
grow to larger diameters to be detected by the c-ToF-AMS, whose detection efficiency is rather poor below 50 nm
(see Section 2.5). Contrarily to previous studies at higher latitudes (Allan et al., 2015; Baccarini et al., 2020; Mékeld
et al., 2002; McFiggans et al., 2010; Wan et al., 2020; Yu et al., 2019), a clear link between iodine species and NPF
events was not observed during the AEROCLO-sA campaign (example correlation with the I* fragment measured
by the c-ToF-AMS shown in Table S4 in Supporting Information S1). However, NPF event of the 9 September
(Figure 3a) occurs hours after a spike of the iodide ion, locally produced in the morning (Figure 3f), which may be
driving nucleation even if it is only a minor contributor to aerosol mass at the size range detectable by the c-ToF-
AMS. Laminaria kelp species are present in this upwelling system, and they are known for their iodine bioaccumu-
lation and reactive iodine release (McFiggans et al., 2004; Velimirov et al., 1977). In addition, a previous study in the
High Arctic, where iodic acid plays a major role in NPF, showed that particle growth was driven by other species, for
example, organics (Lawler et al., 2021). Consequently, with the data at hand, we cannot discriminate between these
two competing hypotheses (i.e., iodine vs. sulfuric acid triggered nucleation).

Unlike previous studies, which associated NPF events to the entrainment of particles formed in the free tropo-
sphere (Kerminen et al., 2018) or NPF events occurring at the top of the marine boundary layer close to the stra-
tocumulus cloud deck (Zheng et al., 2021), here we show that NPF events can occur within the marine boundary
layer in highly productive coastal ecosystems. In this campaign, entrainment of particles from the free tropo-
sphere can be excluded as long-range transport of biomass burning aerosol was observed in the free troposphere
during the campaign (Chazette et al., 2019; Formenti et al., 2019), but no evidence of biomass burning reaching
the ground-based site was observed from VOCs (such as acetonitrile) and aerosol composition measurements.
This is in agreement with previous findings in Henties Bay (Formenti et al., 2018; Klopper et al., 2020) and with
other studies (Haywood et al., 2021; Redemann et al., 2021; Zuidema et al., 2018), which showed that during the
austral spring the entrainment of biomass burning emissions in the marine boundary layer occurs well offshore
of the subcontinent over the central southern Atlantic Ocean. The NPF events occurring at the stratocumulus
cloud deck could rather contribute to the increase in particle number concentrations observed in the Aitken mode
(Figure 3). Secondary aerosol components, such as non-sea-salt sulfate, do not show any relation with NPF but
are rather linked to condensational growth and increase in particle number concentrations for larger particle sizes
(Table S4 in Supporting Information S1). While the c-ToF-AMS cannot inform us on the early stages of NPF
events, it shows that growth of these newly formed particles involves not only sulfate but also organic compounds
(period highlighted in red in Figure 3). These organic compounds are likely to be produced, at least in part, by
photooxidation of butenes, given the high concentrations of the parent compounds and their ability to produce
SOA (Derwent et al., 2010).

4. Conclusions

We have demonstrated that the Benguela ecosystem is a large emitter of reactive VOCs, especially butenes, which
may oxidize SO, to H,SO, through SCIs chemistry and may be contributing to NPF events within the marine
boundary layer. While emissions of non-methane VOCs are considered in global modeling studies as drivers of
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greenhouse gas lifetimes and concentrations (IPCC, 2021), our study shows that emission factors of butenes need
to be revisited. The Benguela ecosystem alone may act as an important driver of regional climate. However, if
similarly productive coastal environments, for which data are not yet available, are strong emitters of butenes such
emissions will have global impacts. Concerning aerosol production, organic photochemistry is not considered
at all in climate models as it is computationally expensive. Efforts are being made to include the chemistry of
DMS from marine biogenic emissions as it has been recognised as important for the Earth's climate being an effi-
cient aerosol and cloud droplet producer (Fung et al., 2022; Grandey & Wang, 2015; Mayer et al., 2020; Novak
etal.,2021). We showed that butenes may also contribute to marine NPF, deserving a place in climate models that
currently account for “unknown organic emissions” with a scaling factor applied to DMS emissions (Bodas-Sal-
cedo et al., 2019; Mulcahy et al., 2018). According to our observation, butenes can be found at concentrations at
least three orders of magnitude larger than DMS in highly productive coastal environments and thus their climatic
impact requires investigation.
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