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Abstract

The effect of biogenic dissolved and colloidal organic matter on the production of sub-
micron primary sea-spray aerosol was investigated via the simulation of bubble bursting
in seawater enriched with phytoplankton-released organics.

Seawater samples collected along a transect off the West African coast during the
RHaMBLe cruise (RRS Discovery cruise D319), conducted as part of the SOLAS
UK program, were analysed in order to identify the dominant oceanic algal species
in a region of high biological activity. Cultures of microalgal strains representative
of the species found in the collected seawater were grown in order to produce nat-
ural bioexudate. Colloidal plus dissolved organic fraction in this material remaining
after <0.2 um filtration (hereafter referred to as OC_q ,ym) was employed to prepare
organic-enriched seawater proxies for the laboratory production of marine aerosol us-
ing a plunging-waterjet system as an aerosol generator. Submicron size distributions of
aerosols generated from different organic monolayers and seawater proxies enriched
with biogenic exudate were measured and compared with blanks performed with ar-
tificial seawater devoid of marine organics. A shift of the aerosol submicron size dis-
tribution toward smaller sizes and an increase in the production of particles with dry
diameter (D,,)<100 nm was repeatedly observed with increasing amounts of diatoma-
ceous bioexudate in the seawater proxies used for aerosol generation. The effect was
found to be sensitive to the organic carbon concentration in seawater and the algal ex-
udate type. Diatomaceous exudate concentration >175 uM (OC<0_2um) was required
to observe a significant impact on the size distribution, which implies that effects are
expected to be substantial only in high biological activity areas abundant with diatom
algal populations. The laboratory findings were in agreement with analogous bubble-
bursting experiments conducted with unfiltered oceanic seawater collected during the
RHaMBLe cruise, which revealed a higher production of particles with D, <100 nm at
regions with high biological activity.
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A novel sub-micrometric size-resolved source flux function, explicitly defined as a
function of the diatomaceous exudate concentration, was derived from the size distribu-
tion measurements and the estimation of the fractional whitecap coverage. According
to the defined parameterisation, a 300 uM OC_, ,ym concentration of diatomaceous
exudate in seawater produces an overall increment in the total source particle flux of
~20% with respect to the organics-free seawater case. The effect increases with de-
creasing particle size for D, <100 nm, resulting in multiplicative factors between 1.02—
2 with respect to the particle flux generated from seawater devoid of marine organics.
The total source flux derived from the presented parameterisation was compared to re-
cent definitions of sea-spray source fluxes based on laboratory and field observations
in the literature.

1 Introduction

The marine aerosol constitutes an important fraction of the global natural aerosol flux.
As a consequence, it significantly contributes to the Earth’s radiative budget, atmo-
spheric albedo and biogeochemical processes (O’Dowd et al., 2004; O’'Dowd and de
Leeuw, 2007). Marine aerosols can affect the atmospheric radiative balance both di-
rectly by scattering and absorbing solar radiation and indirectly by modifying the micro-
physics, radiative properties, and lifetime of clouds (Murphy et al., 1998). It has been
postulated that the sea-spray production would be involved in a cloud-climate feed-
back process if the increment of wind speed as a result of global warming on oceanic
regions would lead to an increase in the sea-spray particle production (Latham and
Smith, 1990).

Sea spray primary particles are produced as a result of breaking wave processes
occurring on oceans surfaces. Wind generated waves breaking at wind speeds higher
than 4ms™" produce sea-spray droplets with sizes from <0.01 um to >25 um (Clarke
et al., 2006; Lewis and Schwartz, 2004). Breaking waves dissipate up to 40% of their
energy and up to 50% of the energy loss is expended in entraining air in the water bulk
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and creating a dense plume of bubbles (Rapp and Melville, 1990). The bubbles formed
rise and burst upon reaching the surface, thereby producing the so-called film and jet
drops. The sea spray total number concentration is normally dominated by particles in
the submicron size range from 5 to 300 nm, with a decline in the particle number with
increasing size (Fitzgerald, 1991).

Atmospheric marine aerosols consist of primary aerosol comprising organic material
and sea-salt, which is produced on the ocean surface by bubble-bursting and tearing
from breaking waves (Anguelova and Webster, 1999), and secondary aerosol, formed
by non sea-salt sulphate and organic species, originated via gas-to-particle conver-
sion processes such as homogeneous nucleation and condensation onto pre-existing
particles (O’'Dowd et al., 1997). Chemical analysis of atmospheric sea-spray particles
collected in field experiments has provided evidence for the presence of significant con-
centrations of organic matter in the submicron size range (Hoffman and Duce, 1977;
Novakov et al., 1997; Middlebrook et al., 1998; Putaud et al., 2000; Cavalli et al., 2004).
The contribution of the organic fraction has been found to be seasonal, accounting for
up to 63% of the submicrometre aerosol dry mass, with an increasing enrichment with
decreasing particle size (O’Dowd et al., 2004; Yoon et al., 2007). Studies on North East
Atlantic marine aerosol conducted over long periods (O’Dowd et al., 2004; Yoon et al.,
2007) have shown that the shape of the submicron sea spray distribution presents a
seasonal pattern, characterized by an increase of the accumulation and Aitken modes
modal sizes from winter to summer. Although this finding has been attributed to an ef-
fect produced by primary organic matter released by marine biota (O’Dowd et al., 2004)
little is known on the influence of these organics on the production and the behaviour
of the marine aerosol.

Bubble bursting experiments with seawater have shown high organic mass fractions
in the primary aerosol submicron size region (Keene et al., 2007; Facchini et al., 2008).
The submicron organic matter was found to be almost entirely water insoluble and
consisted of colloids and aggregates exuded by phytoplankton (Facchini et al., 2008).
The distribution of the insoluble organic matter and sea-salt content in the submicron
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size range observed in bubble bursting experiments was similar to that measured in
atmospheric marine aerosol samples collected during periods of high biological activity
(O’Dowd et al., 2004; Facchini et al., 2008).

Under breaking wave conditions, the primary mechanism of transport of biological
surfactants to the ocean surface is by bubble scavenging. When the bubbles reach
the water surface, the organics absorbed on their surface are ejected into the atmo-
sphere along with dissolved inorganic constituents of seawater. Thereby, the seawater
composition, bubble spectrum, bubble hydrodynamics and the formation and chemi-
cal composition of the aerosol are closely interrelated and interdependent (Duce and
Hoffman, 1976; Tseng et al., 1992).

The generation of sea-spray particles by bubble bursting has been simulated in the
laboratory in order to study the primary aerosol production. Martensson et al. (2003)
and Tyree et al. (2007) conducted aerosol size distribution measurements by bubbling
artificial seawater through different porous media. Sellegri et al. (2006) compared the
bubble spectrum and the submicron aerosol size distributions generated by bubble
bursting using a water recirculation system and aeration through glass frits of different
porosity. Some of these investigations also studied the effect of salinity, water temper-
ature (Martensson et al., 2003; Tyree et al., 2007; Sellegri et al., 2006) and organic
matter by using organic proxies, such as oleic acid (Tyree et al., 2007) and sodium
dodecyl sulphate (SDS) (Sellegri et al., 2006). The study of the effect of surfactants on
the size distribution performed by Sellegri et al. (2006) and Tyree et al. (2007) indicated
a shift of the distributions toward smaller sizes with respect to the baseline case with-
out organic surrogate. Tyree et al. (2007) reported that this effect was accompanied by
an increase in the particle production at constant temperature with respect to the ex-
periment without surfactants. The chemical composition of the phytoplankton-released
organic matter consists of a complex mixture of dissolved and particulate species, in-
cluding a variety of organic compounds such as carboxylic acids, lipids, amino acids
and carbohydrates (Aluwihare and Repeta, 1999). Considering that the organic en-
richment of particles produced by bubble bursting is dependent on the type of organic
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compound in the water medium (Tseng et al., 1992), it is uncertain whether compound
models such as SDS and oleic acid are representative of the behaviour of the complex
mixtures of organics comprising the marine bioexudates. Thereby, the use of proxies
chemically representative of primary marine organic matter would be more appropriate
for these type of studies.

Another important aspect for laboratory studies on sea-spray aerosol is the repro-
duction of the real process through which marine particles are generated (Fuentes et
al., 2010). It is a common practice to use atomizers for the generation of laboratory
marine aerosol proxies from seawater samples (McNeill et al., 2006; Abo Riziq et al.,
2007; Saul et al., 2006; Svenningsson et al., 2006; Braban et al., 2007; Niedermeier et
al., 2007; Taketani et al., 2009), while only in a few studies has the aerosol been pro-
duced by bubble bursting via aeration through glass frits or diffusers (Cloke et al., 1991;
Martensson et al., 2003; Keene et al., 2007; Tyree et al., 2007; Wise al., 2009) or using
water jets (Cipriano and Blanchard, 1981; Sellegri et al., 2006; Facchini et al., 2008;
Hultin et al., 2009). Comparative analysis on the performance of different aerosol gen-
erators has shown that the mechanism of particle production can affect the particle size
distribution and the behaviour of the laboratory-generated marine aerosol (Fuentes et
al., 2010). The spectrum of bubbles generated by water impingement with plunging
water jet generators has been shown to resemble the oceanic bubble spectrum shape
(Sellegri et al., 2006; Hultin et al., 2009; Fuentes et al., 2010). It is expected that this
type of system, which simulate the physics of bubble formation by water impingement,
is able to produce particles more representative of the primary marine aerosol than
other available generation systems (Fuentes et al., 2010).

Estimates of sea-spray source fluxes have frequently used the function derived by
Monahan et al. (1986), which although defined for the 0.8—10 um dry diameter range, is
usually also applied to the submicron size region. In an attempt to provide more reliable
source functions in the submicron range, size-resolved parameterisations derived from
field and laboratory measurements have recently been proposed (Martensson et al.,
2003; Clarke et al., 2006; Tyree et al., 2007). Formulations of net and source fluxes
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as a function of the wind speed in the submicron range have been derived from eddy
covariance aerosol flux measurements by Nilsson et al. (2001) and Geever et al. (2005)
in Artic and North Atlantic waters, respectively. Due to the lack of understanding on the
effect of organics of biogenic origin on the production of sea-spray, this factor has not
generally been included in the definition of marine aerosol fluxes. To address this gap,
recently, O’'Dowd et al. (2008) developed an inorganic-organic submicron sea-spray
source function based on the parameterisation of the particles organic fraction as a
function of the seawater chlorophyll-a concentration obtained from satellite images.
In their approach, the derived fractional composition as a function of the chlorophyll-
a field was integrated into a power-law number flux function obtained from data of
Geever et al. (2005), while the sea-spray diameter seasonal variation was determined
from Yoon et al. (2007). In addition to this approach, Ceburnis et al. (2008) presented
net seaspray flux data as a function of the wind speed, including organic compounds
in their analysis.

Photographic observation of bursting bubbles has shown that the bubble-bursting
process can be significantly altered by the addition of surfactants, which particularly
affects the height and width of the bursting jet formed and the number and size of
drops released (Boulton-Stone, 1995; Dey et al., 1997). Considering these effects, it is
reasonable to assume that the presence of surface-active matter released by biota in
seawater might have an effect on the primary aerosol production through the impact of
these natural surfactants on the bubble-bursting process.

In this study we aim to elucidate the extent to which the organics produced by ma-
rine phytoplankton can affect the particle size distribution and the production of primary
marine aerosol. Seawater samples were collected along a transect off the West African
coast during the UK SOLAS funded Reactive Halogens in the Marine Boundary Layer
(RHaMBLe) cruise in order to identify the main algal species in a region of high bi-
ological activity. Cultures of microalgal strains representative of species found in the
collected seawater were grown in order to produce natural bioexudate. This material
was used to prepare organic-enriched seawater proxies for the laboratory production of
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marine aerosol using a plunging-waterjet system as the aerosol generator. Measure-
ments of the size distribution of the aerosols generated from seawater proxies enriched
with algal exudate were conducted and compared with blanks performed with artificial
seawater devoid of marine surfactants. A novel size-resolved source flux function in-
cluding a term to account for the seawater organic concentration was derived from the
size distribution measurements by applying the whitecap method. The total source
flux inferred from the presented parameterisation was compared to recent definitions
of sea-spray source fluxes based on laboratory and field observations in the literature.

2 Algal species in high biological activity regions: RHaMBLe cruise

Seawater samples were collected along a transect off the West African coast on board
the British research vessel RRS Discovery (D319, RHaMBLe cruise), conducted as
part of the SOLAS UK program (Lee et al., 2010), in order to identify the dominant
oceanic algal species in the high biological activity region located at the vicinity of Cape
Verde islands. The cruise mobilised from Lisbon (Portugal) on 19 May and docked in
Falmouth (UK) on 11 June 2007.

Figure 1 shows the cruise track overlaid onto remotely-sensed chlorophyll-a surface
concentration retrieved from SeaWiffs satellite data averaged across the period that the
ship was in the region, along with the positions where seawater samples were collected
for analysis. The on-board seawater collection system consisted of a torpedo-shaped
towfish immersed at a constant depth of 1-2m and a peristaltic pump system, which
provided seawater to the on-board collection points.

2.1 Methods

2.1.1 Seawater collection and pre-treatment

The collected samples were analysed for chlorophyll-a, organic carbon content and
taxonomic identification of the main algal species. For chlorophyll-a analysis, seawater
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samples of 600—3000 mL were filtered through a 25 mm diameter glass fiber filter (GF/F
Whatman), which was immediately stored at a temperature below —20°C. For algal
identification seawater samples were split into two 500 mL brown polypropylene bot-
tles. In order to preserve the algal specimens the samples were fixed with Lugol’s
iodine (for diatom and dinoflagellates preservation) and Glutaraldehyde solution (for
cyanobacteria, bacteria and nanoplankton preservation) to final concentrations of 1%,
and stored at 4-8°C in the dark.

2.1.2 Seawater analysis methods

For analysis of the organic carbon content, the seawater samples were aspirated from
the filtrate using acid-washed glass pipettes to pre-combusted glass ampules or au-
tosampler bottles and acidified with orthophosphoric acid and stored in the dark at 4°C
until analysis. Organic carbon analyses were conducted as per standard procedures
on a Shimadzu TOC-V CPH/CPN instrument (Alvarez-Salgado and Miller, 1998).

Chlorophyll-a was extracted using 90% acetone and the concentration determined
by fluorometry using a Turner Designs Trilogy fluorometer, as per standard procedures
(Parsons et al., 1984). A calibration curve was run alongside of these measurements
and the fluorescence from the unknown samples was extrapolated from the standard
curve. The raw chlorophyll-a concentrations were corrected for the volume of sample
filtered.

Bacteria, cyanobacteria, heterotrophic- and photosynthetic-nanoflagellates were
enumerated and classified into broad groups by filtering between 5—-15 mL of the glu-
taraldehyde fixed sample. The filters were strained as appropriate, and up to 50 fields
of view were counted by epifluorescence microscopy. Counts were back calculated
to give the abundance of each cell type per litre. Diatom and dinoflagellates species
fixed in Lugol’s iodine were enumerated by settling 50 mL of the sample and counting a
range of fields of view (dependent on cell density). Counts were back-calibrated based
on the number of fields of view and the volume filtered to give an abundance of each
cell type per litre.
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2.2 Results of RHaMBLe seawater samples analysis

Figures 2-5 show a summary of the results from the chlorophyll-a and algal identifica-
tion analysis conducted on the seawater collected during the RHaMBLe cruise. Results
in Fig. 2 and Table 1 indicate that the phytoplankton population in the region was very
high, with nanoflagellates (HNAN and PNAN) as the dominant group, followed by di-
atoms and dinoflagellates, respectively. The high biological activity in the area is also
indicated by the chlorophyll-a concentration in seawater. Table 1 presents a summary
of the properties of the seawater samples collected during the cruise. Figure 2(right)
indicates that the chlorophyll-a concentration correlates with increased numbers of
PNAN, diatoms and dinoflagellates cells, while the cyanobacteria and HNAN popu-
lations decrease with increasing chlorophyll-a.

The abundant nanoflagellate group (Fig. 3) is dominated by photosynthetic
nanoplankton (PNAN), in which Chrysochromulina spp. and Phaeocystis spp. are the
most prevalent species. A wide variety of diatom and dinoflagellate taxa (19 species
and 16 species, respectively) were identified in the collected waters (Figs. 4 and 5).
Normalization of the total cell counts (Fig. 4 (right)) indicates that the dominant strain
in the diatom population is the Thalassiosira species in the first two samples while after
28 May 12:00 the most abundant algal specie found was Ps. nitzschia c.f. delicatis-
sima, which accounted for 48 to 96% of the total cell concentration. The variability
between different days indicates that the distribution of algal species in the seawater
was dependent on the spatial and time coordinates. Likewise, the analysis on dinoflag-
ellates (Fig. 5) shows spatial and time variations, characterised by a distribution of 8
taxa accounting for 5-20% of the total cell count in the 27 May and 28 May 12:00
samples, while populations dominated by Prorocentrum species are found in the 28
May 07:15 and 1 June samples. It is also noticeable that the Prorocentrum triestinum
species were present in all the samples, comprising ~18-78% of the total dinoflagellate
counts.
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3 Laboratory aerosol experiments
3.1 Sample preparation

Artificial seawater was prepared from analytical grade salts and deionised water follow-
ing the method described by Kester (1967), so that the ionic mass ratios of Na™, CI~,
Mgz+, HCO, and SOi' were comparable to those in seawater. Seawater samples of
35%. salinity were prepared by adjusting the solution density at the given temperature
using a hydrometer.

Natural seawater samples collected from North Atlantic waters were enriched with
biogenically-synthesized organic matter by culturing algal cells in the laboratory, after
removal of natural organic material. Cultures of diatoms and nanoplankton, which were
the most abundant algal groups identified in our RHaMBLe cruise seawater samples,
were grown to produce bioexudate. The seawater used for growing the algal cultures
was collected near the Scotland coast (UK) (Tiree passage, 56°37.7' N, 6°23.8' W) by
pumping surface water from ~5m depth into 20 L carbouys. After collection, the sea-
water was aged prior to use. The aged natural seawater was filtered (GF/F; Whatman)
to remove algal and bacterial biomass. The sample was subsequently amended with
a f/2 nutrients solution and either selenite or silicate (Guillard, 1975), and sterilised by
autoclaving (121°C for 15min) in order to prepare the medium for the algal culture.
The algal cultures were grown in glass Erlenmeyer flasks fitted with gas permeable
stoppers or 20 L polycarbonate carbouys (Nalgene) at 15°C with a photon flux den-
sity of ca. 70 umol PAR m2s™ supplied by cool-white fluorescent lighting (Phillips,
Netherlands) with a photoperiod of 12:12h (light:dark). A Turner Trilogy fluorome-
ter (Turner, USA) was used to monitor in vivo chlorophyll-a fluorescence. The algal
cultures were harvested when the culture reached peak in vivo fluorescence. Fol-
lowing algal growth in Erlenmeyer flasks, the cell biomass was removed by filtration
through pre-combusted (450 °C for 8 h) glass fiber filters (GF/F; Whatman) and subse-
quently through deionised-water rinsed and sterile polycarbonate filters (0.2 um; Mil-
lipore). Large volume algal cultures (10—20L) were subjected to cross-flow filtration
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(0.2 um; Schleicher and Schuell) to remove algal and bacterial biomass. The algal
organic material was then stored frozen at —20°C until use.

The organic matter isolated from these samples (defined here as OC<0.2 um) com-
prises microgels and colloidal nanogels along with truly dissolved organic carbon (Ver-
dugo et al., 2004). It is suggested that aggregation of marine colloidal matter <0.2 um
is an important mechanism for the formation of aggregates in the supermicron size
range (Wells and Goldberg, 1993). Facchini et al. (2008) found that most of the organic
fraction in the primary aerosol submicron size distribution was water insoluble (WIOC)
and that the composition of this fraction presented a similar signature to that of organic
matter in the size range 0.1—-10 um, extracted from seawater. The origin of WIOC in the
aerosol has been attributed to the colloidal organic matter secreted by phytoplanckton
(Facchini et al., 2008). The samples used in our study, although in a lower size range
than the organic matter extracted for analysis by Facchini et al. (2008), contain an im-
portant part of the colloidal and microgel fraction of marine organic matter (Verdugo et
al.,, 2004). Thus, the organic material in our samples can contribute to the insoluble
organic fraction observed in the submicron primary aerosol composition (Facchini et
al., 2008). It should be noted that although the term DOC (dissolved organic carbon)
is generally applied to organic carbon with size <0.5-0.7 um obtained after filtration,
this term is defined as a function of size, not solubility, and thus, it is inappropriate for
defining the organic carbon pool in this size range (Verdugo et al., 2004).

Two different methods were applied to prepare seawater proxies using the produced
phytoplankton exudate. In the bulk mixing method, seawater solutions containing a
single algal exudate type were prepared at organic carbon concentrations of the order
of that in the seawater collected during the RHaMBLe cruise, in order to simulate the
conditions expected near regions with high biological activity. To do this, artificial sea-
water devoid of exudate and aliquots of the stock solution of natural seawater enriched
with organics were mixed to obtain the selected OC_, 5ym concentration. Table 2 lists
the algal exudates and the concentration of the seawater proxies prepared with each
exudate type.
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Additionally, seawater proxies containing a mixture of different exudates were pre-
pared applying the bulk mixing method. Seawater samples at 512 uM OC<o.2um con-
centration were made with one of the algal exudates comprising 50% of the total or-
ganic concentration, while the rest of the organic content was equally divided between
the other three algal exudates on study (i.e. 16.67% of total OC_q oym for each algal
exudate). Table 3 summarises the distribution of the organic content with respect to
the different algal exudates used for the preparation of each seawater proxy class.

With the monolayer method, we investigated the effect of organic microlayers on the
particle production. Solid phase extraction (C-18 Sep-Pak SPE cartridges) was applied
to extract the hydrophobic matter contained in 2 ml of the aqueous exudates, by using
10 mL of a 2:1 volumetric mixture of chloroform and ethanol as extraction solvent. The
solvent extracted samples were dried out and redissolved in chloroform and spread
dropwise on the surface of artificial seawater contained into the bubble tank.

3.2 Aerosol generation

Bubble-bursting aerosols were produced by the impingement of water jets generated
by means of a water recirculation system in the centre of a PTFE tank (Fig. 6). Air
entrained in the water bulk as a result of the impingement of the liquid jets on the water
surface, disperses in a plume of bubbles that burst on reaching the water surface. In
order to generate a statistically significant number of particles for the aerosol exper-
iments, the water flow was divided in eight water jets by using a flow distributor. A
chemically resistant PTFE composite tube (Masterflex I/P 70) was employed for wa-
ter recirculation in order to avoid contamination of the water samples and adhesion of
surfactants on the tubing wall. The experimental conditions for the conducted mea-
surements are summarised in Table 4.

For the aerosol experiments the PTFE tank was filled with 6 L of the prepared sea-
water proxy (Tables 2-3), sealed and swept with a continuous air flow of 3-3.5Ipm.
The humidity of the sample flow directed from the tank to the aerosol characterization
instruments was reduced to 32—42% RH by mixing the sample with a 5% volumetric
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dry air flow, monitored by a mass flow controller, and by using a Nafion gas dryer. The
relative humidity of the sample was monitored with a Rotronics HygroClip SC05 sensor
positioned downstream of the gas dryer.

Thorough cleaning procedures were applied in order to minimize the presence of
contaminants in the system. To do this, an isopropanol and deionised water solution
was recirculated in the PTFE tank for an hour, followed by two sequential tank washes
with 51 of deionised water. Next the tank walls were cleaned with chloroform, rinsed
and washed with deionised water. In order to rinse the pump tubing, deionised water
was recirculated through the tank tubing. Finally, the tank was washed twice with 5 L
of deionised water.

Reduced inertial forces occurring in small-scale plunging water jet systems, as the
one used in the present study, lead to the formation of shallow bubble plumes and, in
consequence, to bubble paths and lifetimes shorter than those expected in real con-
ditions (Fuentes et al., 2010). Theoretical analysis of surfactant adsorption by rising
bubbles in a solution of marine algal exudate indicates that equilibrium adsorption is
reached on a timescale considerably shorter than the bubble residence time in scaled
system such as the present one (Fuentes et al., 2010). Instantaneous adsorption of
surfactants on rising bubbles has also been found in theoretical and experimental stud-
ies with cationic surfactants (Morgan et al., 1992). As the steady state for surfactant
adsorption is reached rapidly, bubble enrichment is not transport limited, thus, we will
assume that the bubbles, and hence, the particle organic enrichment produced in our
bulk mixing method experiments does not require scaling to the real time-scale con-
ditions. In the experiments with organic monolayers the lifetime of the bubbles on the
water surface might be too reduced to allow adsorption equilibration. However, if organ-
ics are in the form of microlayers on the ocean surface, a similar level of disequilibrium
may pertain in oceanic conditions.
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3.3 Aerosol characterisation

The size distribution of the aerosol generated from seawater proxies was measured
using a Differential Mobility Particle Sizer (DMPS). The DMPS consists of two Vienna
design Differential Mobility Analysers (DMAs) (Williams, 1999; Williams al., 2007): an
ultrafine DMA for particles in the size range 3.4-34 nm and a standard DMA for particle
sizes from 30-830nm. After transmission through the DMAs, particles are counted
using condensation particle counters (CPC). The ultrafine DMA was attached to a
TSI 3025A CPC counter and the standard DMA to a TSI 3010 CPC particle counter.
The DMAs were operated in parallel and utilised a custom built sealed, recirculating
sheath air system, which was humidity controlled and filtered. Particle size distribu-
tions in the dry diameter size range from 3 nm to 450 nm were obtained as the average
of 6 scans during a 60 min measurement period. All the laboratory measurements
were conducted at ~20°C. Due to the limited amount of organic-enriched seawater
available, the sample was not replaced during the duration of the aerosol experiments.
Time series of particle size distribution measurements did not indicate any significant
changes during the duration of the experiments.

Seawater samples were collected along the RHaMBLe cruise track for the on-board
production of primary aerosol by using the plunging-waterjet aerosol generator, oper-
ated with two water jets. Two to three seawater samples were collected daily with time
intervals of 3—4 h in the period from 30 May to 5 June. The experiments were con-
ducted within an hour after collection. The size distribution of the produced particles
was characterized by means of a Scanning Mobility Particle Sizer (SMPS) (TSI Inc
Model 3936NL25), which consists of a Model 3080 classifier and a 3025A-S conden-
sation particle counter. Measurements in the size range from 7.4 nm to 289 nm (Dp,)
were obtained as the average of 12 scans during a 60 min measurement period. The
on-board measurements were conducted at ~23°C.

Blank tests were performed prior to the experiments by measuring the particle counts
in the sample air flow from the tank head space in the absence of bubbles. Bubbling
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experiments were initiated when the particle counts detected in the blank air were zero.
The measurements were corrected for particle losses by considering the calculated
transmission efficiency from the tank to the instruments as a function of the particle
size. Most particle losses (up to 75% loss) occurred in the size range below 20 nm, as
a result of diffusion.

3.3.1 Particles morphology considerations

For cubic particles, such as NaCl, a standard shape factor of y=1.08 is generally ap-
plied in order to reconcile the mobility and volume equivalent diameters. This correction
is necessary to estimate the particles hygroscopic growth and the volume equivalent
diameter, usually employed as input parameter for calculations based on the Kdohler
theory. NaCl is an important component in both the artificial and natural seawater
samples used in this study; however, transmission Electron Microscope images of par-
ticles generated from artificial and natural seawater by bubble bursting have shown that
in the presence of organics and other inorganic salts the morphology of these particles
may differ from the well-known cubic shape of NaCl particles (Wise al., 2009).

Because of the high hygroscopicity of sea spray particles, some water is probably
absorbed on the particles at the relative humidity for size selection in the DMA (32—
42% RH); however, it is not clear to what extent the water absorbed by the particles at
this humidity can induce a change to spherical shape. Although the onset of particle
morphology change for sea spray particles has been observed to occur at 45% RH,
particle rounding does not take place until 65% RH is reached (Wise al., 2009). In
this study we will apply a shape factor of y=1.04, the mean value in the range from
spherical (y=1) to cubic shape (y=1.08), and will consider an uncertainty of 4% for the
particle size selection.
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4 Results of aerosol experiments
4.1 Bubble spectrum

The study of the number and size of sea salt drops ejected by individual bubbles have
demonstrated that the relative contribution of jet and film drops to the aerosol produc-
tion depends critically on the characteristics of the parent bubble size distribution (Spiel,
1997; Wu, 2002). Laboratory reproduction of the oceanic bubble spectrum would there-
fore be relevant for the generation of a representative marine aerosol.

The bubble spectrum generated by our plunging water jet system operated with a sin-
gle water jet in artificial seawater was evaluated in Fuentes et al. (2010). This bubble
spectrum is presented in Fig. 7 along with laboratory bubble spectra produced in artifi-
cial seawater (Sellegri et al., 2006) and natural seawater (Hultin et al., 2009) by water
impingement in other laboratory studies. In this plot it is particularly noticeable that very
similar shapes are found between the bubble spectrum produced by our system with
artificial seawater (Fuentes et al., 2010) and the one obtained with natural seawater by
Hultin et al. (2009). However, from this comparison it is not possible to conclude that
similar bubble spectra are produced in natural seawater and seawater devoid of marine
surfactants, as it is unknown whether these measurements were conducted at similar
locations with respect to the impingement zone. Notwithstanding the difficulty of com-
paring between the different cases, because of the dependency of the measurements
on the relative position of the measuring system with respect to the impingement area,
it is observed that all the distributions exhibit a dominant peak in the 40 um to 110 um
region, followed by a decrease in the bubble number with increasing size. The power-
law exponent of the different curves varies between 1.46 and 3.5, which is within the
range of values found for oceanic bubble spectra (Lewis and Schwartz, 2004). The
similarities of bubble spectra produced by water impingement and the oceanic profile
is described in Fuentes et al. (2010). In the study of Asher et al. (1997) the addition
of surfactants to sterilised natural seawater did not produce significant changes in the
bubble spectra generated by water impingement (Fig. 7). Although both surfactants

14111

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
10, 1409514160, 2010

Properties of the
primary marine
aerosol — Part 1

E. Fuentes et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/14095/2010/acpd-10-14095-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/14095/2010/acpd-10-14095-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and electrolytes are known to affect the bubble size distribution formed in freshwater
solutions (Xu et al., 2009), the experiments of Asher et al. (1997) indicate that the ef-
fect of surfactants on the bubble spectrum is negligible in the presence of electrolytes
at concentrations occurring in seawater.

The multiple water jet system employed in the present study was hydrodynamically
scaled with respect to the single water jet system used to measure the bubble spec-
trum shown in Fig. 7 (see Fuentes et al., 2010, for a detailed description). This scaling
procedure ensures equivalence between the void fraction and the normalized bubble
spectra of the single and the multiple water jet systems. In order to derive the bubble
spectrum generated by the multiple jet system, scaling of the bubble spectrum pro-
duced by the single water jet generator to the multi-jet configuration should be applied.
To do this, the air entrainment associated with the individual jets in the multijet system
and the number of water jets has to be considered. This calculation is applied to derive
the surface area covered by bubbles as described in Sect. 5.

4.2 Aerosol size distribution measurements

Size distributions of the aerosol generated from seawater proxies enriched with T. ro-
tula and Chaetoceros exudates, prepared using the bulk mixing method, are shown in
Fig. 8. For comparison, these curves have been represented together with the mea-
surements for artificial seawater devoid of exudate and natural seawater plus the nu-
trients medium used for growing the algal culture. Although the majority of the added
nutrients are supposed to be consumed by the algae during the growth period, the
seawater+algal medium measurement has been included in order to compare with the
measurements conducted with the samples resulting after algal growth.

For a detailed analysis of these measurements each size distribution was decom-
posed into lognormal modes by applying least square fitting to the experimental data.
In all cases the size distributions were found to be well-represented by four lognormal
modes, with modal sizes of ~15nm, ~45nm, ~125nm and ~340 nm, respectively (see
supplementary material, Figs. S1 and S2). The definition of the size distribution as a
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function of lognormal modes is used here as a convenient mathematical construct to
represent and interpret the physical distribution, without attributing any physical signif-
icance to these lognormal modes.

The measurements in Fig. 8 show that a shift of the size distributions to smaller
sizes and an increase in the number of particles with D, < 100 nm occur as the water
organic content is increased. The similarity between the natural seawater+nutrients
medium and the artificial seawater measurements shows that the added nutrients do
not produce any effect on the size distribution. Thus, it is evident that the changes
observed in the size distribution are induced by the organic matter released during al-
gal growth. Figure 9a—g illustrates the effect of the seawater organic concentration on
the properties of the lognormal modes comprising the size distributions presented in
Fig. 8. The trends in the total particle number and mean diameter represented in these
plots indicate that the effect observed on the size distributions manifests itself as an
increase in the particle number of the second lognormal mode (modal size ~45nm)
and the reduction in the modal size of all the lognormal modes with increasing or-
ganic concentration. The observed reduction of the modal sizes ranges from ~16% for
modes 1 and 2 to ~4—6% for modes 3 and 4. The particle number of the third lognor-
mal mode, centered at ~125nm was observed to decrease, which also contributes to
the shift of the size distribution to smaller sizes. It should be noted that the change in
the lognormal parameters is a manifestation of the effect of the organic matter on the
particle production, which can be used as a way to represent the phenomenon, but that
does not provide any insight into the physical process that modifies the size distribution
properties.

In order to compare the effect of the algal exudate type on the particle size distribu-
tion, Fig. 10 (top) shows the experiments conducted with seawater at 512 uM OC <0.24um
concentration for all the algal exudates on study. Whereas the diatomaceous exudate
(T rotula and Chaet.) size distributions are affected by the presence of organic matter
with respect to the case without marine organics, no significant effects were observed
for the experiments with nanoplankton exudates (E. huxleyi and Phaeocystis) in the
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range of concentrations studied (see Fig. S3 in supplementary material). Regarding
the experiments conducted with the monolayer method (Fig. 10, bottom), no effects
were observed on the size distribution for these measurements. This could indicate
that the existence of a single monolayer is not sufficient to exert any significant effect
on particle production. It should be noted, however, that the organic layer was not
replenished during the duration of the experiments, thus, removal of the monolayer
by bubble bursting might have occurred on a timescale shorter than the time required
to obtain a measurement. Also, the time for adsorption of organic material onto the
bubble prior to bursting may be too reduced for adsorption equilibrium to be reached,
explaining why no effects were observed.

The results obtained with seawater enriched with mixtures of algal exudates are
shown in Fig. 11. Although the nanoplankton exudates alone did not produce any
effect on the size distributions, when they were combined with the diatomaceous exu-
date, a shift of the aerosol size distributions toward smaller sizes was observed. In the
same way that the previous analysis of the diatomaceous exudate measurements, de-
composition of the distribution into lognormal modes indicates that the effect is due to
the reduction in the modal size and the increase in the particle number of the second
lognormal mode at ~45nm, together with the reduction of the third lognormal mode
centered at ~125nm (Fig. 11) (the indicated modal sizes refer to the case without
added organics). The largest effect observed was for the Chaetmix experiment, which
is the mixture that contains the largest proportion of Chaetoceros exudate. This ex-
udate type also caused the greatest effect in the experiments with single exudates.
Measurements with the algal mixtures confirm that the organics in the diatomaceous
exudates influence the particle production, while the nanoplankton exudate does not
induce any change.

It is interesting to compare the measurements shown herein with studies by Sellegri
et al. (2006) and Tyree et al. (2007), who examined the effect of SDS and oleic acid
in seawater, as surfactant surrogates, on the production of marine particles by bubble-
bursting. In an analogous manner to the present study, a shift of the marine submicron
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size distribution to smaller sizes was observed in both studies with the addition of
amounts >3 mg L~ of SDS and >0.1 mg L™ of oleic acid to artificial seawater. In a
similar way to our measurements, an increase in the particle production, together with
the size distribution shift, was reported by Tyree et al. (2007) in their experiments with
oleic acid.

The analogous trends observed with diatomaceous exudate, SDS and oleic acid
suggest that the effect on particle production is related to the surface-active properties
of all these compounds. Surfactants are considered to affect bubble hydrodynamics
through effects on bubble motion and rise speed (Batchelor, 1967). Bubble bursting
has been found to be significantly altered by the addition of surfactant, which particu-
larly affects the height and width of the bursting jet formed and the number of drops re-
leased (Boulton-Stone, 1995; Dey et al., 1997). Photographic experiments conducted
by Dey et al. (1997) showed that the addition of surfactants produced slower bubble
bursting jets, with wider base and narrower tips. This leads to the formation of tiny
droplets that appear to be released from the front of the bursting jet during the early
stages of jet formation. Considering these observations, it is reasonable to assume
that there exists a connection between the impact of surfactants on the bubble burst-
ing process and the modification of the particle production observed in the present
and other studies with surfactant surrogates (Sellegri et al., 2006; Tyree et al., 2007).
Notwithstanding the similar effect produced by the different surfactants, it is not possi-
ble to conclude that SDS and oleic acid are valid as proxies of marine organic matter. A
broader characterization of the physical and chemical properties of particles enriched
with these substances, such as hygroscopic and CCN properties, should be performed
in order to assess the adequacy of these compounds for representing marine organics.

Tyree et al. (2007) explored the effect of marine organics on the primary particle
production by generating aerosol from seawater proxies prepared by mixing filtered
natural seawater and artificial seawater at different ratios. In contrast to our study,
these authors did not find a correlation between the particle production and the con-
centration of organics in seawater proxies. We believe that this discrepancy is most
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likely due to differences in the method of particle production and the properties of the
seawater samples employed for conducting the measurements. Primary aerosol or-
ganic enrichment has been shown to depend on the system for particle production
(Fuentes et al., 2010). Thus, the use of a different aerosol generation mechanism
in our study (bubble-bursting induced by water impingement) and Tyree et al. (2007)
(bubble-bursting induced by injecting air through a porous frit) might partly explain the
differences between the results.

In addition, we have shown that the effect of organics on the size distribution is de-
pendent on the seawater organic concentration and the type of algal exudate. Signifi-
cant effects on the particle production have only been observed for minimum concen-
trations between 175 pM and 300 pM OC_ oym of diatomaceous exudate in our study.
The natural seawater samples employed by Tyree et al. (2007), although enriched in
organics (maximum concentrations of 250 uM and 190 uM OC<0.7pm), were probably
not enriched enough in the organic surfactants present in the diatomaceous exudate
that are able to produce an effect on the particle production. This is illustrated by our
experiments with nanoplankton exudate, where we tested unrealistically high organic
concentrations up to 910-2100 puM OC 4 om but still did not observe any effect on the
particle production (see Fig. S3 in supplementary material).

The fact that effects on the particle size distributions were only observed with the
diatomaceous exudates suggests that different type or amounts of surfactants are pro-
duced by the diatoms species as compared to the nanoplankton strains tested. The
transport of surfactants from seawater to the air-water interface is closely related to
the chemical properties of the material in the seawater medium (Tseng et al., 1992).
Tseng et al. (1992) found that oleic acid, stearic acid, triolein, and cholesterol in sea-
water were transported to particles generated by bubble bursting in decreasing order in
direct relationship to their susceptibility to be absorbed by rising bubbles. We suggest
that the dependence of the produced effect on the type of organic exudate is related
to the chemical properties of the surfactants secreted by diverse algal strains. It has
been shown that the photosynthetic extracellular release depends on the taxonomic
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composition of the phytoplankton populations (Wolter, 1982). Comparative analysis of
the exudates released by a number of diatom species has shown differences in the
excretion rate between strains within the same taxonomic group (Myklestad, 2000).
These examples show clearly that the composition of the algal population has to be
taken into consideration, however, further research is needed to establish correlations
between the exudates chemical composition and the observed phenomena in order to
fully elucidate this stated hypothesis.

The results presented in our study indicate that interpretation and comparison of
the effect of organic matter on the production of marine aerosol should be made in
light of the dependencies found regarding the seawater organic enrichment and type
of organic exudate. Our results show that a minimum concentration between 175 uM
and 300 uM OC . ,um of diatomaceous exudate was needed to observe significant ef-
fects on the particle production. Since the average concentration of organic matter in
oceanic surface waters is reported to be 50-80 uM OC . 5_¢ 7um (Owaga and Tanque,
2003), the observed effects on particle production would only be significant in bloom
areas, where pM OC_q oym concentrations can reach values higher than 300 uM (lt-
tekot (1982) and data in Table 1), with a regional abundance of diatoms. Diatoms are
major contributors to the organic pool in seawater and are frequently found as a dom-
inant group in plankton blooms (Lavender et al., 2008; Meskhidze and Nenes, 2006;
Ittekot, 1982).

4.3 RHaMBLe field size distributions

The evolution of the size distribution of primary sea spray generated during the RHaM-
BLe cruise using unfiltered oceanic seawater is shown in Fig. 12, together with the
chlorophyll-a concentration along the cruise track (derived from the SeaWiffs satellite
data, May 2007). The productive and non productive regions can be identified by ob-
serving the Chl-a profile along the cruise track, which indicates 2 June as the delimiting
date for the transition from the productive to the non-productive zone.
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Although we do not observe a clear correlation inside the bloom region between the
chlorophyll-a profile and the particle size distributions, both the particle production and
the chlorophyll-a concentration drop on departing the productive area. In addition, the
modal size of the distribution is shifted from circa 40 nm within the productive area to a
larger value of 52 nm, outside the productive area.

In order to illustrate the differences between the productive and non-productive
zones, Fig. 12 (right) shows the mean size distributions measured inside and outside
the bloom area. Three lognormal modes were found in these size distributions. The
fourth lognormal mode at ~340 nm detected in the size distributions produced from wa-
ter proxies is not captured here due to the narrower size range covered by the SMPS
instrument. The number of particles with dry diameters below 100 nm was larger in the
productive area than the non-productive region due the lower modal size and higher
particle number of the lognormal mode at ~45 nm in the bloom region. This behaviour
parallels the trends observed in our experiments with seawater proxies with and without
exudate. As the seawater employed for the on-board measurements was not subjected
to filtration, the observed effect could be attributable to detritus, organic macrogels and
colloidal and dissolved organic carbon (Verdugo et al., 2004).

In the ocean, phytoplankton populations are exposed to varying stress conditions
different to those in laboratory cultures (e.g. light, pH, temperature, nutrients, virus and
bacterial attack), which might affect the metabolic activity and organic matter released
by the algal cells. The comparable trends between our laboratory measurements with
exudate from algal cultures and the on-board experiments with oceanic samples indi-
cate that, notwithstanding the different conditions for algal growth, the exudate from
algal cultures performs in a similar manner to the organic matter produced in real con-
ditions.

Long-term observations of marine aerosol in North Atlantic waters by O’Dowd et al.
(2004) and Yoon et al. (2007) have revealed seasonal variation in the characteristics
of the atmospheric marine aerosol size distribution. This variation was typified by a
higher particle number (Aitken mode), particle size and particle organic enrichment
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during high biological activity periods (spring and summer) compared to low produc-
tivity periods (winter). The increase in the particle number with the addition of organic
matter observed in our laboratory and on-board experiments during the RHaMBLe
cruise are in agreement with the increase in the particle production during high pro-
ductivity periods observed by O’Dowd et al. (2004). However, it should be considered
that the atmospheric aerosols are affected by factors such as temperature, wind speed
and secondary aerosol production processes of biogenic, anthropogenic and terrestrial
origin. Thus, direct extrapolation of our primary aerosol experiments to atmospheric
observations requires the factoring in of these additional functions.

In an attempt to explain the seasonal variability of the marine aerosol distribution,
it has been postulated that the increase in the modal sizes from winter to summer is
related to the impact of the higher biological activity occurring during warm periods on
the primary aerosol production (O’'Dowd et al., 2004; Yoon et al., 2007). In contrast to
this hypothesis, the results presented in our study show that, if there is an effect, it is
to reduce the modal sizes with increasing amounts of phytoplankton-derived organic
matter in seawater. We observed this behaviour when bubbling with both unfiltered
seawater and seawater proxies with colloidal organic carbon <0.2 um. This suggests
that the seasonal evolution of the modal sizes observed by O’Dowd et al. (2004) is not
driven by the increase in the primary biogenic matter production during warm periods,
if the same processes are at play. It would then be necessary to invoke other reasons
such as temperature, wind speed or aerosol secondary formation processes to explain
the observed modal increase in the spring-summer periods. Sellegri et al. (2006) found
that a shift of the modal diameters of the sea-spray distribution occurred with the in-
crease of the temperature from 4°C to 23°C. This would imply that the temperature
rise from winter to summer would produce an increase in the modal sizes of the size
distribution, in an opposite trend to that induced by the presence of primary biogenic
matter, according to our study. Secondary aerosol formation is also enhanced during
the high productivity periods (Yoon et al., 2007), which has been postulated to increase
both total number concentration and non-sea salt sulphate mass during these periods.
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Oxidation of phytoplankton-produced gaseous emissions like non-methane hydrocar-
bons, has been postulated to lead to secondary organic aerosol formation during high
biological activity periods (Meskhidze and Nenes, 2006). These are some of the hy-
pothetical factors that could compensate for the reduction in the size induced by the
primary organic matter, leading to an overall increase in the modal sizes during high
biological activity periods. Further research is therefore needed to determine what
the dominant factors are that drive the seasonal evolution of the atmospheric marine
aerosol size distribution.

5 Size-resolved source flux function as a function of the diatomaceous bio-
genic carbon concentration

Parameterisations of sea-spray source functions are generally formulated to estimate
the sea-spray production as a function of wind speed and whitecap fraction (which in
turn is formulated as function of wind speed) by using the so-called whitecap method
(Lewis and Schwartz, 2004).

Here, we derive a primary sea spray source parameterisation defined as a function
of the organic carbon in seawater of a diatomaceous origin, with size <0.2 um (colloidal
plus dissolved organic carbon). Although other factors such as water temperature and
salinity are likely to affect the sea spray particle production (Martensson et al., 2003;
Lewis and Schwartz, 2004), these effects are not contemplated here. The particle flux
per bubble covered area can be calculated from the size distributions (based on the
dry diameter D) by considering the bubble production (Martensson et al., 2003):

P x> T 1
dlogD,, Ay dlogDpy M)

where dF,/dlogD,, is the size-resolved particle flux per unit time and water surface

covered by bubbles, Q is the sweep air flow, dN;/dlogD,,, is the particle size distribu-

tion and A, is the total surface area covered by bubbles. The calculation of the bubble
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coverage was conducted under the assumption that the bubbles burst upon reaching
the water surface. It has been postulated that the presence of surfactants might affect
the lifetime of bubbles on the seawater surface and, thereby, the whitecap coverage
(Lewis and Schwartz, 2004). The experimental characterization of this hypothetical
effect is, nevertheless, missing (Lewis and Schwartz, 2004). The area covered by bub-
bles was calculated by integrating the steady state bubble spectrum, considering that
at equilibrium conditions, the amount of bubbles produced is equal to the amount of
bubbles reaching the surface. The bubble spectrum obtained for one water jet (shown
in Fig. 7) was scaled to a configuration with eight water jets. To do this, the air entrain-
ment linked to each individual jet in the multi-jet system was calculated by using the air
entrainment ratio parameterisation from Bin (1993), which yields a factor of 0.29 with
respect to the air entrainment for the single water jet system. In this calculation, we
employed the bubble spectrum generated in seawater without added surfactants under
the assumption that the effects of surfactants on the bubble spectrum is negligible in
the presence of electrolytes. We base this assumption on experiments by Asher et
al. (1997), which show that the addition of surfactants to sterilised seawater does not
modify the bubble spectrum generated by water impingement.

In order to account for the effect of phytoplankton-released organics on the sea-spray
particle flux, we propose a parameterisation that considers the effect of the seawater
diatomaceous organic content on the particle number and mean size of the single
lognormal modes comprising the submicron sea-spray distribution. To derive our size-
resolved flux source function we define the submicron size distribution dN;/dlog D 4 in
the 3-450nm D, range as the sum of four lognormal modes:

dNr =2 dNg; B @
dlogD,g ~ 4 dlogDp B
- 2
(Gt [t (190
= V2mlogo; 2 logo;
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where / is the subindex for the mode number and N;, D, ; and o; are the total particle
number, geometric mean and geometric standard deviation for each lognormal mode.

The total particle number and geometric mean of the lognormal modes compris-
ing the distributions can be parameterised as a function of the seawater OC_g oym
content by fitting equations to the data obtained in the analysis on the effect of the
diatomaceous exudates on the particle size distributions, shown in Fig. 9. Using the
relationships between the seawater OC_( oym content and the particle size distribution
properties, the total particle number and the geometric mean diameter can be defined
by fitting 3rd order polynomial and exponential regressions to the data, respectively, in
a diatomaceous OC_q ,ym concentration range between 0 and 512 pM:

2
Nr =D 1 [OC<0.2um] +Bi2 [OC<o.2um] +Bi3 (3)

Dpogi=aiq1+a;exp (-a/,3[0C<o.2pm]> (4)

The values of the parameters inferred from these regressions are included in Table 5.
The geometric standard deviation values derived from the fitting procedure were 1.55,
1.7, 1.5 and 1.7 for each of the lognormal modes (modes 1 to 4), in the organics-free
seawater case. Only the value of the standard deviation of the second lognormal mode
changed to 1.9 for the case with organics. No significant changes were observed in the
geometric standard deviation with the modification of the organic concentration. Rea-
sonable agreement between the predicted and observed particle fluxes is achieved
with our fitting procedure, with a deviation of ~40% within 95% limits for all the ex-
periments conducted in this study (Fig. 13). For generalisation of the derived source
function flux to oceanic conditions we assume that the open ocean aerosol flux scales
with bubble coverage based on the parameterisation in terms of whitecap coverage.
Under these assumptions we determine the oceanic size-resolved particle number flux
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by multiplying our size resolved flux (dF ,/dlog D ) by the fractional whitecap coverage,
W, as a function of wind speed:
df, df, Q dN;

= = —_—— 5
dlogD,, dlogD, A, dlogD, ®)

where dF,/dlogD,, is the size-resolved sea-spray source flux. For determining the
whitecap coverage we use the formulation of Monahan and O’Muircheartaigh (1980),
which is expressed as:

W =3.84x107°U3" (6)

where U, is the wind speed at a height of 10 m above the sea surface. Although other
whitecap coverage formulations are available in the literature (Anguelova and Web-
ster, 2006), we use the equation of Monahan and O’Muircheartaigh (1980) in order to
compare with size resolved fluxes estimated in other studies (Martensson et al., 2003;
Clarke et al., 2006). The uncertainty derived from the use of the whitecap coverage
estimation is discussed below.

Figure 14 shows the size-resolved particle source flux as a function of D, derived

from our parameterisation and others in the literature at a wind speed of 9 ms~'. Our
derived flux estimation for the exudate-free seawater case is comparable to other pa-
rameterisations available in the submicron size range (Martensson et al., 2003; Clarke
et al., 2006; Tyree et al., 2007). Our source function, which extends the studied size
range down to 3nm Dpo, is able to account for the effect of the seawater organic mat-
ter on the shape of the size resolved flux. The highest impact of the organic matter
on the flux distribution is observed for particle diameters below 100 nm. According
to our estimations, the sub-100 nm particle flux generated from seawater with 300 uM
OC g 2um is higher than that produced from organic-free seawater with a multiplicative
factor from 1.03 to 2. Particles in this size range can have an effect on the CCN for-
mation. Although generally a minimum dry diameter of 80 nm is considered for cloud
activation, observations by Clarke et al. (2006) and Murphy et al. (1998) and modelling
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study by Pierce et al. (2006) suggests that particles smaller than 80 nm can become
effective CCN through heterogeneus growth and coagulation with other sub-80 nm par-
ticles. Furthermore, little is known on the effect that this organic matter can exert on the
cloud activation properties of the sea-spray aerosol. Specific investigation on the cloud
condensation activity of these particles is needed in order to determine the overall
effect of the biogenic matter on cloud formation.

Total number source fluxes derived from the defined parameterisation as a func-
tion of wind speed are compared in Fig. 15 with other submicron formulations obtained
from laboratory measurements by Martensson et al. (2003) and field measurements by
Nilsson et al. (2001) and Geever et al. (2005). The results are also compared with the
standard parameterisation of Monahan et al. (1986) and de Leeuw et al. (2000), both
applied in the supermicron size range. The error bars in our source function indicate
an uncertainty of 45%, as derived from the variability in the particle size distribution
measurements plus the mean deviation associated with the data fitting procedure. As
stated by Martensson et al. (2003), the supermicron size range account for a small
fraction of the total particle flux. Comparison of the supermicron flux estimated using
de Leeuw et al. (2000) and the submicron flux calculated with our parameterisation
indicates that the supermicron flux accounts for a small fraction (<2%) of total particle
number flux. The source flux derived in this study is in agreement with the magnitude
of particle fluxes estimated with other parameterisations comprising the submicron size
range and particularly close to the curve of Martensson et al. (2003) for the case with-
out algal exudate. According to our parameterisation, the presence of diatomaceous
organic matter at 300 pM OC_ ,ym concentration causes an increase in the particle
flux of ~20% percent with respect to the case without marine surfactants.

Although the expression of Monahan and O’Muircheartaigh (1980) is commonly used
for estimating the whitecap coverage, the significant scatter existing between measure-
ments of whitecap coverage as a function of wind speed, has led to the derivation of
numerous different formulations (see Anguelova and Webster, 20086, for a review). The
uncertainty inferred by Lewis and Schwartz (2004) from the variability associated to the
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whitecap coverage measurements obtained by photographic studies has been plotted
in Fig. 15. The large scatter in the measurements of whitecap coverage indicates
that factors other than wind speed play a role in the determination of the whitecap
fraction. Atmospheric stability, surface temperatures, surface current velocity, wind
fetch and duration, salinity and surfactant concentration can also affect sea state and
whitecap formation (Anguelova and Webster, 2006). Quantification of the effects of
these factors on the whitecap coverage and, specifically, the effect due to the presence
of biogenic surfactants is missing. Thereby, improvement in the determination of the
whitecap coverage is important for reducing the uncertainty in deriving particles fluxes
from approaches which apply the whitecap method, as in the present and other studies
(Méartensson et al., 2003; Clarke et al., 2006; Tyree et al., 2007)

Within the limitations imposed by the uncertainty associated to the determination
of the whitecap fraction, the parameterisation proposed in this study would potentially
constitute a useful tool for the modeling of submicron aerosol primary fluxes in the 3—
450 nm dry diameter range. In order to facilitate the use of our parameterisation as
a function of ocean-related data, here we propose an approximation to link the chl-
a diatom biomass and organic carbon production by diatoms. The global biomass
distribution of a number of phytoplankton species, including diatoms, is currently deter-
mined from remote sensing. Analysis of water-leaving radiances measured by ocean
color sensors (method PhySAT, Alvain et al., 2008) and the NASA Ocean Biogeo-
chemical Model (Gregg et al., 2003) provide the global distribution of diatom biomass
in the oceans. Also, recent progress has been made on the retrieval of the chl-a di-
atom biomass oceanic distribution by applying the Differential Optical Absorption Spec-
troscopy method (PhytoDOAS) with input of phytoplankton differential absorption spec-
tra from the satellite sensor SCIAMACHY (Bracher et al., 2009).

The origin of phytoplankton-derived organic carbon in seawater is the photosynthetic
extracellular production and the liberation of cellular organic matter as a result of cell
lysis (Myklestad, 2000). The mean life span of phytoplankton, considering cell mortality
due to cell lysis, is ~23 days (Marba et al., 2009), with approximately 10 days spent
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in the growth phase (Obernosterer and Herndl, 1995). In the ocean, the phytoplank-
ton lifetime is likely to be reduced due to removal processes other than lysis, such as
grazing and sinking below the photic layer. Due to diverging findings on the rate of
phytoplankton death by lysis in the ocean, there is no general agreement on the main
process leading to phytoplankton death, and thereby, its lifespan in the oceans (Kirch-
man, 1999). For example, lysis has been shown to account for 75% of phytoplankton
death at the end of a spring bloom in the North Sea (Brussaard et al., 1995), whereas
in the Pacific Ocean, phytoplankton growth is roughly matched by grazing (Landry,
1997). Loss of phytoplankton by grazing and sinking has an effect on the amount of
organic matter released, since removal of the cells before completion of their life cycle
will lead to lower excretion of organics to the medium.

Assuming a steady population of diatoms, we calculate the amount of total organic
matter resulting from extracellular release (TOCyacen) @nd lysis (TOC, ;) during the
phytoplankton life cycle as:

TOC = TOCgytracen + TOClySiS _TOCbiodeg = )
Lysis
yz EI:iTOC : flysis ’ CI"'I'adiatom"'
z El:{TOC ) (1 _flysis) 'Chl'adiatom +
t=1
fiysis* Chl-dtatom [C:Chl-agiatom] ~ BTOC

where Chl-aga0m is the Chl-a diatom biomass, ERq¢ is the specific extracellular pro-
duction rate (ug C pg Chl-a~'h™! ), tiysis @nd fi i are the lifespan and the fraction of the
biomass which dies by lysis, respectively, ¢y,,ing is the lifespan of algal cells removed
by grazing, C:Chl-ay;ym is the carbon to Chl-a mass ratio for diatom cells and BTOC
is the biodegradable organic matter.
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As an example of application, we will use this approximation by making the following
assumptions:

ACPD

— since the ratio of phytoplankton lysis to grazing is variable (Kirchman, 1999), in 10, 14095-14160, 2010

10
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20

our estimation we will apply conservative conditions and consider that half of the
diatom population dies by lysis (fiss=0.5, f5s=23 days), while the rest of the
biomass is removed by grazing. For the cells removed by grazing, we define an
arbitrary lifespan equal to half the growth phase duration (¢44,ing=5 days).

14127

Jaded uoissnosig

Properties of the
primary marine
aerosol — Part 1

o
mean net 1extr1acellular production rates of 0.2ug C ug Chl-a~' h™" and 0.8pg C g E. Fuentes et al.
ug Chl-a~ h™" C at the growth (10 days) and steady state phases (13 days), &
respectively. These rates were determined in an experimental mesocosm with £
a diatom culture and bacterial activity at different nutrient conditions, where the ./ _
extracellular release was found to be ~20% of the total photosynthetic production ?fg
(Obernosterer and Herndl, 1995). Thus, these rates represent the net production ! !
of organic carbon balanced for bacterial degradation. In the case of organic matter
production from cell lysis the biodegradable BTOC is subtracted as ~29% TOC g ! !
(Lenborg et al., 2009). % ! !
— The complex effects of light, nutrients and temperature lead to a highly variable &
C:Chl-a mass ratio in phytoplankton cells (Geider, 1987; Clark, 2001). Ratios Y ! !
as low as 12 (Bunt and Lee, 1970) to maximum values ~500 (Smith et al., 1985) ! !
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in our calculation a C:Chl-a mass ratio equal to the mean value within the broad §
range found in field measurements (i.e. C:Chl-a ratio=256 g/g). 73 _
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yields the following relationship between Chl-a diatom biomass (ug/l) and diatoma-
ceous OC g oym concentration (UM):

OC ¢.2pm=85.98-Chl-agiziom (8)

Figure 16 shows the relationship of diatomaceous OC_ ;ym and Chl-ag;atom biomass
obtained by using this approach. It should be noted that we present this correlation
as an approximation and that substantial variations are expected depending on the
lysis to grazing ratio, lifetime of grazed cells (¢45,ing) @nd environmental conditions that
determine the C:Chl-a mass ratio. In order to illustrate the sensitivity of the calculated
OC_ 2um to these factors, Table 6 presents the OC_ ,um percent variation as a result
of a 40% change in these parameters.

Figure 16 shows that the OC_, 5;m Vvalues derived for the case study defined by the
assumptions stated above are of reasonable magnitude, with the extracellular release
accounting for 15 % of the total carbon concentration. In our experiments, it was shown
that concentrations of diatomaceous organic matter >175uM OC_ oym produced an
effect on the particle production. Using Eq. (8), this value corresponds to a Chl-aiziom
biomass>2 pg/l (Fig. 16). This high value of chl-a indicates that, in the specific con-
ditions adopted for our calculation, organic concentrations >175pM OC g opm are ex-
pected in diatom algal blooms. There is evidence that levels of diatom biomass above
2 pg/l occur in bloom regions (Bracher et al., 2009). Furthermore, remote sensing anal-
ysis has shown that areas of high Chl-a biomass in the ocean are mostly associated
with high concentration of diatoms and that large scale diatom blooms are formed in
warm periods (Alvain et al., 2005). The combination of Eq. (7) with the regressions
defined by Egs. (3) and (4), provides a parameterisation of the primary particle flux as
a function of the Chl-a diatom biomass, applicable in areas from low to high biological
activity.
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6 Summary and conclusions

In this study, the effect of phytoplankton-derived organics on the production of primary
marine aerosol has been analysed. Seawater samples were collected along a transect
off the West African coast (RRS Discovery D319, RHaMBLe cruise) during a high bio-
logical activity period in order to identify the dominant oceanic algal species. Cultures of
microalgal strains representative of oceanic species found in the collected oceanic wa-
ters were grown in order to produce natural bioexudate, which was employed as marine
organic matter proxy for the performance of laboratory marine aerosol characterization.
The process of formation of marine aerosol via bubble-bursting was simulated by the
impingement of liquid plunging-waterjets generated by a recirculation system. Different
organic monolayers and seawater proxies enriched with diatomaceous and nanoplank-
ton exudate were prepared for the laboratory production of marine aerosol. The sub-
micron aerosol size distribution (3 nm—450 nm dry diameter) of the formed aerosol was
characterised for different organic concentrations and algal exudates in the seawater
samples.

A shift of the sub-micron size distribution to smaller sizes and an increase in the
number of particles <100 nm (dry diameter) was observed when the exudates of the
diatomaceous species were mixed in the seawater bulk, with respect to the production
from artificial seawater without exudate. Decomposition of the aerosol size distribu-
tions into lognormal modes indicated that the effect produced on the size distribution is
due to an increase in the production of particles of a lognormal mode with modal size
~45nm and a reduction in the production of particles of a lognormal mode centered
at ~125 nm with increasing organic matter concentration in seawater. The reduction of
the modal sizes of the lognormal modes comprising these distributions contributed to
this effect. These trends were in agreement with analogous size distribution measure-
ments conducted with oceanic unfiltered seawater samples collected from productive
and non-productive waters along the RHaMBLe cruise transect route. The observed
influence was found to be sensitive to the organic carbon concentration in seawater,
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with a diatomaceous exudate concentration between 175uM and 300 pM OC o ,ym
required to observe a significant impact on the particle production. Given that the av-
erage concentration of organic matter in oceanic surface waters is within the range
50-80 UM OC g 5_.7um (Owaga and Tanque, 2003), this influence is expected only to
be significant in areas of high biological activity, where OC_q oym Vvalues higher than
300 uM can be found. The results obtained in our investigation indicate that interpreta-
tion and comparison of independent studies should be made considering that the effect
of the marine organic matter on the aerosol primary production depends on the sea-
water organic content and the dominant algal species producing the marine exudate.

A size-resolved source flux function, including an explicit term to account for the sea-
water diatomaceous organic concentration, was derived from the size distribution mea-
surements by using the whitecap method. This parameterisation is applicable in the
3-450nm dry diameter size range for between 0-512uM OC_q oym of diatomaceous
origin. According to our estimations, a diatomaceous exudate concentration of 300 uM
OC_g.2um produces an overall increment in the total source particle flux of about 20%,
with a multiplicative factor between 1.03 and 2 for the flux of particles <100 nm, with
respect to the exudate-free seawater case.

The impact of the organic matter on the production of particles below 100 nm can
have an effect on the CCN formation, particularly if sub-80 nm particles are consid-
ered potential precursors of cloud condensation nuclei (Clarke et al., 2006; Murphy
et al., 1998; Pierce et al., 2006). Although the cloud condensation activity over al-
gal bloom areas has been postulated to be related to secondary aerosol formation
from phytoplankton-produced gaseous emissions (Charlson et al., 1987; Meskhidze
and Nenes, 2006), it is unknown whether the presence of primary organics in the sea-
spray aerosol might have an impact on the particles CCN activation properties. Specific
investigation on the cloud condensation activity of these particles is needed in order to
determine the overall effect of the biogenic organic matter on cloud formation. Further
research aiming to clarify this aspect has been conducted and will be presented as a
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second part of the present study.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/10/14095/2010/
acpd-10-14095-2010-supplement.pdf.
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Table 1. Summary of chlorophyll-a, OC_, ,ym concentration and cell count analysis of oceanic
seawater collected during the RHaMBLe cruise in the high biological activity region near Cape

Verde Islands (May—June 2007).

Chl-a OC_poym HNANNo. PNANNo. Diatoms No. Dinoflagellates No.

(ng/L) (UM) (cells/L) (cells/L) (cells/L) (cells/L)
Minimum  0.81 92 6.21E+06 2.79E+07 570 60
Maximum  4.69 451 3.15E+07 2.55E+08 3.23E+6 2100
Average 1.9 282 1.62E+07 1.37E+08 7.08E+5 830
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Table 2. Algal species employed for the production of exudate and OC<0.2um of seawater
proxies prepared with a single algal exudate.

Algal specie Algal group OC<o_2um (uM)
Thalassiosira rotula CCAP 1085/13 Diatom 175 300 512
Chaetoceros sp. CCAP 1010/12 Diatom 175 300 512

Emiliania huxleyi AC475
Phaeocystis cf. globosa LY1

PNAN, Coccolithophore 175 512 2171
PNAN, Prymnesiophyte 175 512 910
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Table 3. Contribution of single algal exudates to the total dissolved organic concentration of §'
seawater proxies prepared with exudates mixtures (total OC_q ;ym=512uM). - g
QO
©
(¢}
OC o 2um (kM) - I B
Mixture sample T rotula Chaetoceros E. huxleyi Phaeocystis — ! !
TRotulamix 256 (50%) 85.33 (16.67%) 85.33 (16.67%) 85.33 (16.67%) g
Chaetmix 85.33 (16.67%) 256 (50%) 85.33( 16.67%) 85.33(16.67%) S ! !
EHuxmix 85.33 (16.67%) 85.33 (16.67%) 256 (50%) 85.33 (16.67%) 7
Phaeomix 85.33 (16.67%) 85.33 (16.67%) 85.33 (16.67%) 256 (50%) o
- 1 .
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Table 4. Summary of experimental conditions in the multiple plunging water jet system em- )
ployed in this study. Q,, = total water flow, v; = mean jet velocity at the water surface, d, = nozzle S
diameter, h=vertical distance from the nozzle to the water surface, z = penetration depth. S g
©
(¢}
Number of water jets 8 ! !
Q, (Ilpm) 4 —
v, (mis) 111 - R =8
dp (cm) 0.4 @
h (cm) 4 = ! !
z (cm) 7 S
sweep air flow (lpm) 3-3.5 - 1
QO
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Table 5. Values of parameters inferred from polynomial and exponential regressions defining
the total particle number and geometric mean diameter of the lognormal modes comprising the
size distributions as a function of the diatomaceous OC_q ,ym content of seawater (/=mode

number).
Parameter Mode 1 Mode 2 Mode 3 Mode 4
a; 12.328 38.077 102.31 281.65
ai, 2.2958 8.0935 25.251 46.80
a3 0.00452 0.00705 0.00080 0.000761
B, 1 0.0311 -0.031633 0.013154 -0.0017762
Bi o -13.916 35.73 -9.7651 1.1665
Bi3 4747.8 12920 7313.4 6610
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Table 6. Sensitivity of OC_q,;m concentrations estimated with Eq. (8) to 40% variations in g
fiysis» tgrazing @nd C:Chl-a ratio (x = parameter). 3
Parameter fysis tgrazing C:Chl-a ratio - ! !
A X (%) 40 40 40 7
AOC.mm (%) 35 142 33 | Tebes  Figwes
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Fig. 2. Cells counts, chlorophyll-a and phaeophytin analysis of samples collected during the
RHaMBLe cruise (left) and relationship between phytoplankton and cyanobacteria cell counts
with chlorophyll-a concentration (right).
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Fig. 3. Total and normalized cell counts for photosynthetic nanoplankton (PNAN) and het-
erotrophic nanoplankton (HNAN) populations in the oceanic seawater samples collected during

the RHaMBLe cruise.

14147

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 14095-14160, 2010

Properties of the
primary marine
aerosol — Part 1

E. Fuentes et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/14095/2010/acpd-10-14095-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/14095/2010/acpd-10-14095-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

1.E+07

mT

1.E+06

1.E+05

1.E+04

1.E+03

Diatoms No. (cells/L)

1.E+02

1.E+01

1.E+00

2

00:00:00 07:15:00 12:00:00

Date

Fig. 4. Total and normalized cell counts for the diatom population in the oceanic seawater
samples collected during the RHaMBLe cruise (color legend is in the same order as plot bars).
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Fig. 5. Total and normalized cell counts for the dinoflagellate population in the oceanic seawater
samples collected during the RHaMBLe cruise (color legend is in the same order as plot bars).
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Fig. 12. Evolution of the size distribution of primary aerosol generated by bubbling unfiltered
seawater during the RHaMBLe cruise (29 May—5 June) and seawater chlorophyll-a concen-
tration (derived from SeaWiffs ocean color data) along the cruise track (left). Mean particle
size distributions measured inside and outside the productive area during the RHaMBLe cruise
(right) and decomposition into lognormal modes. Measurements were conducted at ~23°C.
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Fig. 13. Correlation between experimental and derived particle flux using the parameterisation
defined by Egs. (1—4). The indicated error corresponds to the maximum deviation within the
95% limits.
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Fig. 15. Comparison of total source flux derived in this study as a function of the wind speed

and other available parametrisations in the literature.
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