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Abstract. The effect of biogenic dissolved and colloidal or- ter and the algal exudate type. Diatomaceous exudate with
ganic matter on the production of submicron primary sea-organic carbon concentration (Qgzpm) >175puM was re-
spray aerosol was investigated via the simulation of bubblequired to observe a significant impact on the size distribu-
bursting in seawater enriched with phytoplankton-releasedion, which implies that effects are expected to be substantial
organics. only in high biological activity areas abundant with diatom
Seawater samples collected along a transect off the Westlgal populations. The laboratory findings were in agreement
African coast during the RHaMBLe cruise (RRS Discovery with analogous bubble-bursting experiments conducted with
cruise D319), conducted as part of the SOLAS UK program,unfiltered oceanic seawater collected during the RHaMBLe
were analysed in order to identify the dominant oceanic al-Cruise, which revealed a higher production of particles with
gal species in a region of high biological activity. Cultures D»0<100nm at regions with high biological activity. These
of microalgal strains representative of the species found irfindings suggest that the increase in the atmospheric aerosol
the collected seawater were grown in order to produce natmodal sizes from winter to summer, reported by long-term
ural bioexudate. Colloidal plus dissolved organic fraction observations in North Atlantic waters, is not directly due to
in this material remaining aftez0.2 um filtration was em- ~ an impact of the higher primary organic matter production
ployed to prepare organic-enriched seawater proxies for th@ccurring during warm periods.
laboratory production of marine aerosol using a plunging- A novel sub-micrometric size-resolved source flux func-
waterjet system as an aerosol generator. Submicron size digon, explicitly defined as a function of the diatomaceous
tributions of aerosols generated from different organic mono-exudate concentration, was derived from the size distribu-
layers and seawater proxies enriched with biogenic exudatéion measurements and the estimation of the fractional white-
were measured and compared with blanks performed witttap coverage. According to the defined parameterisation, a
artificial seawater devoid of marine organics. A shift of the 300 uM OC.o 2um concentration of diatomaceous exudate in
aerosol submicron size distribution toward smaller sizes ang€eawater produces an overall increment in the total source
an increase in the production of particles with dry diame-particle flux of~20% with respect to the organics-free sea-
ter (D,0)<100 nm was repeatedly observed with increasingwater case. The effect increases with decreasing particle size
amounts of diatomaceous bioexudate in the seawater prodor D,0<100 nm, resulting in multiplicative factors between
ies used for aerosol generation. The effect was found tol.02—2 with respect to the particle flux generated from sea-

be sensitive to the organic carbon concentration in seawawater devoid of marine organics. The total source flux de-
rived from the presented parameterisation was compared to

recent definitions of sea-spray source fluxes based on labora-
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1 Introduction mary organic matter released by marine bicaowd et

al., 20049 little is known on the influence of these organics
. . . . on the production and the behaviour of the marine aerosol.
The marine aerosol constitutes an important fraction of the : . .

. . .. Bubble bursting experiments with seawater have shown
global natural aerosol flux. As a consequence, it S|gn|f-h. h . fracti inthe pri | submi
icantly contributes to the Earth’s radiative budget, atmo- Igh organic mass fractions inthe primary aerosol submicron

4 . . ' size region Keene et al.2007 Facchini et al.2008. The
spheric albedo and biogeochemical processEBdwd et . ; .
submicron organic matter was found to be almost entirely

al, 2004 O'Dowd and de .Leeuv-vzc.)o7). Marine aerosgls water insoluble and consisted of colloids and aggregates ex-
can affect the atmospheric radiative balance both d|rectlyuded by phytoplanktorFacchini et al.2008. The distribu-
by scattering and absorbing solar radiation and indirectly bytion of the insoluble organic matter.and s.ea-salt content in

r_nodﬁymg the microphysics, radiative properties, and life- the submicron size range observed in bubble bursting exper-
time of clouds Murphy et al, 1998. It has been postulated . . . . :
iments was similar to that measured in atmospheric marine

that the sea-spray production would be involved in a CIOUd'aerosol samples collected during periods of high biological
climate feedback process if the increment of wind speed as P gp 9 9

a result of global warming on oceanic regions would lead toactwny (O'Dowd et al, 2004 Facchini et al.2008.

; . . Under breaking wave conditions, the primary mechanism
an increase in the sea-spray particle productiatham and . . :
Smith, 1990 of transport of biological surfactants to the ocean surface is

by bubble scavenging. When the bubbles reach the water sur-
Sea spray primary particles are produced as a result oface, the organics absorbed on their surface are ejected into
breaking wave processes occurring on oceans surfaces. Winfle atmosphere along with dissolved inorganic constituents
generated waves breaking at wind speeds higher than#ms of seawater. Thereby, the seawater composition, bubble spec-
produce sea-spray droplets with sizes from.01um to  ym, bubble hydrodynamics and the formation and chemical
>25um Clarke et al. 2006 Lewis and Schwartz2004.  composition of the aerosol are closely interrelated and inter-
Breaking waves dissipate up to 40% of their energy and URjependent@uce and Hoffman1976 Tseng et al.1992.
to 50% of the energy loss is expended in entraining air in  The generation of sea-spray particles by bubble bursting
the water bulk and creating a dense plume of bubR&®p  has been simulated in the laboratory in order to study the
and Melville, 1990. The bubbles formed rise and burst upon primary aerosol productionMartensson et a(2003 and
reaching the surface, thereby producing the so-called filmryree et al(2007 conducted aerosol size distribution mea-
and jet drops. The sea spray total number concentration igyrements by bubbling artificial seawater through different
normally dominated by particles in the submicron size rangeporous media. Sellegri et al.(2006§ compared the bubble
from 5 to 300 nm, with a decline in the particle number with spectrum and the submicron aerosol size distributions gen-
increasing sizeKitzgerald 1991). erated by bubble bursting using a water recirculation system
Atmospheric marine aerosols consist of primary aerosol,and aeration through glass frits of different porosity. Some
which comprises organic material and sea-salt and is proef these investigations also studied the effect of salinity, wa-
duced on the ocean surface by bubble-bursting and tearintgr temperatureMartensson et al2003 Tyree et al, 2007
from breaking wavesAnguelova and Websted999, and  Sellegri et al. 200§ and organic matter by using organic
secondary aerosol, formed by non sea-salt sulphate and oproxies, such as oleic acidy{ree et al. 2007 and sodium
ganic species originated via gas-to-particle conversion prododecyl sulphate (SDSEHEllegri et al.2006. The study of
cesses such as homogeneous nucleation and condensatithe effect of surfactants on the size distribution performed by
onto pre-existing particles(Dowd et al, 1997. Chemi-  Sellegri et al(2006 andTyree et al(2007) indicated a shift
cal analysis of atmospheric sea-spray particles collected imf the distributions toward smaller sizes with respect to the
field experiments has provided evidence for the presence dbaseline case without organic surrogatgree et al(2007)
significant concentrations of organic matter in the submicronreported that this effect was accompanied by an increase in
size rangeKloffman and Ducel977 Novakov et al. 1997, the particle production at constant temperature with respect
Middlebrook et al. 1998 Putaud et a).200Q Cavalli et al, to the experiment without surfactants. The chemical compo-
2004. The contribution of the organic fraction in the ma- sition of the phytoplankton-released organic matter consists
rine aerosol has been found to be seasonal, accounting for ugf a complex mixture of dissolved and particulate species,
to 63% of the submicrometre aerosol dry mass, with an in-including a variety of organic compounds such as carboxylic
creasing enrichment with decreasing particle s2®pwd acids, lipids, amino acids and carbohydrat#siyvihare and
et al, 2004 Yoon et al, 2007. Studies on North East At- Repetal999. Considering that the organic enrichment of
lantic marine aerosol conducted over long peridd¥$owd particles produced by bubble bursting is dependent on the
et al, 2004 Yoon et al, 2007 have shown that the shape of type of organic compound in the water mediufrs¢ng et
the submicron sea spray distribution presents a seasonal patt., 1992, it is uncertain whether compound models such as
tern, characterized by an increase of the accumulation an&DS and oleic acid are representative of the behaviour of the
Aitken modes modal sizes from winter to summer. Although complex mixtures of organics comprising the marine bioexu-
this finding has been attributed to an effect produced by pri-dates. Thereby, the use of proxies chemically representative
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of primary marine organic matter would be more appropriatespeed, including organic compounds in their analysis.

for these type of studies. Photographic observation of bursting bubbles has shown
Another important aspect for laboratory studies on seathat the bubble-bursting process can be significantly altered
spray aerosol is the reproduction of the real process throughy the addition of surfactants, which particularly affects the
which marine particles are generatédigntes et al2019.  height and width of the bursting jet formed and the number
It is a common practice to use atomizers for the generatiomnd size of drops releaseBdulton-Stone1995 Dey et al,
of laboratory marine aerosol proxies from seawater sampleg997). Considering these effects, it is reasonable to assume
(McNeill et al, 2006 Abo Riziq et al, 2007 Saul et al.  that the presence of surface-active matter released by biota
2006 Svenningsson et al2006 Braban et al.2007 Nie-  in seawater might have an effect on the primary aerosol pro-

dermeier et a).2007 Taketani et a.2009, while only ina  duction through the impact of these natural surfactants on the
few studies has the aerosol been produced by bubble burspubble-bursting process.

ing via aeration through glass frits or diffusefsigke et al, This study aims to elucidate the extent to which the or-
1991, Martensson et 812003 Keene et al.2007 Tyree et ganjcs produced by marine phytoplankton can affect the par-
al., 2007 Wise et a.l, 2009 or using water jets@ipriano ticje sjze distribution and the production of primary marine
and Blanchard1981 Sellegri et al. 200§ Facchini et al. 460501, Seawater samples were collected along a transect
2008 Hultin et al, 2009. Comparative analysis on the per- qff the \West African coast during the UK SOLAS funded
formance of different aerosol generators has shown that thgeactive Halogens in the Marine Boundary Layer (RHaM-
mechan_ism of particle prod.uction can affect the particle sizeBLe) cruise in order to identify the main algal species in
dlstr'lbutlon and the behaviour of the laboratory-generated, region of high biological activity. Cultures of microalgal
marine aerosolRuentes et al2010. The spectrum of bub-  sirains representative of species found in the collected sea-
bles generated by water impingement with plunging wateryyater were grown in order to produce natural bioexudate.
jet generators has been shown to resemble the oceanic bulyis material was used to prepare organic-enriched seawater
ble spectrum shap&eliegri et al. 2006 Hultin etal, 2009 proxjes for the laboratory production of marine aerosol using
Fuentes et al2010. Itis expected that this type of system, 5 punging-waterjet system as the aerosol generator. Mea-
which simulate the physics of bubble formation by water im- g rements of the size distribution of the aerosols generated
pingement, is able to produce particles more representativgom seawater proxies enriched with algal exudate were con-
of the primary marine aerosol than other available generationy,cted and compared with blanks performed with artificial

systemskuentes et al2010. seawater devoid of marine surfactants. A novel size-resolved
Estimates of sea-spray source fluxes have frequently usegyrce flux function including a term to account for the sea-
the function derived byMonahan et al(198, which al-  \4ter organic concentration was derived from the size distri-

though der_ived and defined fc_Jr the 0.8-10 Hm dry d_iame-bution measurements by applying the whitecap method. The
ter range, is usually also applied to the submicron size reyog| source flux inferred from the presented parameterisation
gion. In an attempt to provide more reliable source functions,yas compared to recent definitions of sea-spray source fluxes

in the submicron range, size-resolved parameterisations dgsased on laboratory and field observations in the literature.
rived from field and laboratory measurements have recently

been proposedartensson et gl2003 Clarke et al, 2006

Tyree et al. 2007). Formulations of net and source fluxes as o ) ) o .

a function of the wind speed in the submicron range have? Algal species in high biological activity regions:

been derived from eddy covariance aerosol flux measure- RHaMBLe cruise

ments byNilsson et al.(2001) and Geever et al(2005 in

Artic and North Atlantic waters, respectively. Due to the lack Seawater samples were collected along a transect off the
of understanding on the effect of organics of biogenic origin West African coast on board the British research vessel RRS
on the production of sea-spray, this factor has not generallyPiscovery (D319, RHaMBLe cruise), conducted as part of
been included in the definition of marine aerosol fluxes. Tothe SOLAS UK programi(ee et al, 2010, in order to iden-
address this gap, recent®'Dowd et al.(2008 developed tify the dominant oceanic algal species in the high biological
an inorganic-organic submicron sea-spray source functiorCtivity region located at the vicinity of Cape Verde islands.
based on the parameterisation of the particles organic fracThe cruise mobilised from Lisbon (Portugal) on 19 May and
tion as a function of the seawater chlorophyltoncentra- ~ docked in Falmouth (UK) on 11 June 2007.

tion obtained from satellite images. In their approach, the de- Figure 1 shows the cruise track overlaid onto remotely-
rived fractional composition as a function of the chlorophyll- sensed chlorophyl- surface concentration retrieved from

a field was integrated into a power-law number flux function SeaWiffs satellite data averaged across the period that the
derived from data oeever et al(2005, while the sea-spray  ship was in the region, along with the positions where seawa-
diameter seasonal variation was determined fimon et al.  ter samples were collected for analysis. The on-board seawa-
(2007. In addition to this approactGeburnis et al(2008 ter collection system consisted of a torpedo-shaped towfish
presented net seaspray flux data as a function of the windmmersed at a constant depth of 1-2 m and a peristaltic pump

www.atmos-chem-phys.net/10/9295/2010/ Atmos. Chem. Phys., 10, 929%-2010



9298

26

Latitude (°)

20

q
=i LL I
-22

=

il

Jk—l-lllIlllllllllﬁilllllll

)
dr A
24 20 16 B
ongitude (°)

-18

Chlorophyll-a concentration (mg/m® )

0.01 0.03 0.1 0.3 1 3 10 30 60

Fig. 1. RHaMBLe cruise track off the West coast of Africa overlaid
on satellite chlorophyll image (SeaWiffs Ocean Color data) aver-
aged over the cruise period on May—June 2007. Blue marks indi

cate the points at which seawater samples were collected for alg
species identification.
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2.1.2 Seawater analysis methods

For analysis of the organic carbon content, the cell biomass
was removed by filtration through pre-combusted (4G ®or

8h) glass fiber filters (GF/F; Whatman) and subsequently
through deionised-water rinsed and sterile polycarbonate fil-
ters (0.2 um; Millipore). The seawater samples were aspi-
rated from the filtrate using acid-washed glass pipettes to pre-
combusted glass ampules or autosampler bottles and acidi-
fied with orthophosphoric acid and stored in the dark &€ 4
until analysis. Organic carbon analyses were conducted as
per standard procedures on a Shimadzu TOC-V CPH/CPN
instrument Alvarez-Salgado and Miller1998.

Chlorophyllu was extracted using 90% acetone and the
concentration determined by fluorometry using a Turner De-
signs Trilogy fluorometer, as per standard procedulPes-(
sons 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
chlorophylla 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 5-15mL
of the glutaraldehyde fixed sample. The filters were stained
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

system, which provided seawater to the on-board collectiorand the volume filtered to give an abundance of each cell

points.
2.1 Methods
2.1.1 Seawater collection and pre-treatment

The collected samples were analysed for chloroply!tb-
ganic carbon content and taxonomic identification of the
main algal species. For chlorophyll-analysis, seawater
samples of 600-3000 mL were filtered through a 25 mm di-
ameter glass fiber filter (GF/F Whatman), which was im-
mediately stored at a temperature beles0°C. For algal
identification seawater samples were split into two 500 mL
brown polypropylene bottles. In order to preserve the al-
gal specimens the samples were fixed with Lugol's iodine
(for diatom and dinoflagellates preservation) and Glutaralde

type per litre.
2.2 Results of RHaMBLe seawater samples analysis

Figures 2-5 show a summary of the results from the
chlorophylle and algal identification analysis conducted on
the seawater collected during the RHaMBLe cruise. Results
in Fig. 2 and Tablel indicate that the phytoplankton popula-
tion in the region was very high, with nanoflagellates (HNAN
and PNAN) as the dominant group, followed by diatoms and
dinoflagellates, respectively. The high biological activity in
the area is also indicated by the chlorophyltoncentration

in seawater. Table 1 presents a summary of the properties
of the seawater samples collected during the cruise. Fig-
ure 2 (right) indicates that the chlorophydl-concentration

correlates with increased numbers of PNAN, diatoms and di-

hyde solution (for cyanobacteria, bacteria and nanoplanktoq]oﬂag(_:,"ates cells, while the cyanobacteria and HNAN pop-

preservation) to final concentrations of 1%, and stored at 4—

8°C in the dark.

Atmos. Chem. Phys., 10, 9298317 2010

ulations decrease with increasing chlorophyll-

The abundant nanoflagellate group (Fig). is domi-
nated by photosynthetic nanoplankton (PNAN), in which
Chrysochromulina spp. and Phaeocystis spp. are the
most prevalent species. A wide variety of diatom and

www.atmos-chem-phys.net/10/9295/2010/
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Table 1. Summary of chlorophyll;, OC_q.2pm 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_g2pym 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

dinoflagellate taxa (19 species and 16 species, respectivel\jacterial biomass. The sample was subsequently amended
were identified in the collected waters (Figsand5). Nor- with a f/2 nutrients solution and either selenite or silicate
malization of the total cell counts (Fidl, right) indicates (Guillard, 1975, and sterilised by autoclaving (12C for
that the dominant strain in the diatom population is Tiha- 15min) in order to prepare the medium for the algal cul-
lassiosiraspecies in the first two samples while after 28 May ture. The algal cultures were grown in glass Erlenmeyer
12:00 the most abundant algal specie found Rasitzschia  flasks fitted with gas permeable stoppers or 20 L polycarbon-
cf. delicatissimawhich accounted for 48 to 96% of the to- ate carbouys (Nalgene) at 16 with a photon flux density
tal cell concentration. The variability between different days of ca. 70 pmol PAR m? s~1 supplied by cool-white fluores-
indicates that the distribution of algal species in the seawatecent lighting (Phillips, Netherlands) with a photoperiod of
was dependent on the spatial and time coordinates. Like12:12 h (light:dark). A Turner Trilogy fluorometer (Turner,
wise, the analysis on dinoflagellates (F&).shows spatial USA) was used to monitor in vivo chlorophyl-fluores-
and time variations, characterised by a distribution of 8 taxacence. The algal cultures were harvested when the culture
accounting for 5-20% of the total cell count in the 27 May reached peak in vivo fluorescence. Following algal growth
and 28 May 12:00 samples, while populations dominated byin Erlenmeyer flasks, the cell biomass was removed by filtra-
Prorocentrumspecies are found in the 28 May 07:15 and 1 tion through pre-combusted (453G for 8 h) glass fiber fil-
June samples. It is also noticeable that®inerocentrum tri-  ters (GF/F; Whatman) and subsequently through deionised-
estinumspecies were present in all the samples, comprisingvater rinsed and sterile polycarbonate filters (0.2 um; Milli-
~18-78% of the total dinoflagellate counts. pore). Large volume algal cultures (10-20 L) were subjected
to cross-flow filtration (0.2 um; Schleicher and Schuell) to
remove algal and bacterial biomass. The seawater enriched

3 Laboratory aerosol experiments with algal organic material was then stored frozer-20°C
until use.
3.1 Sample preparation The organic matter isolated from these samples (whose or-

ganic carbon concentration is defined here as<OQ pum)

Artificial seawater was prepared from analytical grade saltscomprises microgels and colloidal nanogels along with truly
and deionised water following the method described bydissolved organic carbon/rdugo et al.2004. It is sug-
Kester (1967, so that the ionic mass ratios of NaCl~, gested that aggregation of marine colloidal matt€x.2 um
Mg?*, HCO; and SCi_ were comparable to those in sea- is an important mechanism for the formation of aggregates
water. Seawater samples of 35%o salinity were prepared byn the supermicron size rang@/élls and Goldberg1993.
adjusting the solution density at the given temperature usingracchini et al(2008 found that most of the organic fraction
a hydrometer. in the primary aerosol submicron size distribution was water

Natural seawater samples collected from North Atlanticinsoluble (WIOC) and that the composition of this fraction
waters were enriched with biogenically-synthesized organigpresented a similar signature to that of organic matter in the
matter by culturing algal cells in the laboratory, after re- size range 0.1-10 um, extracted from seawater. The origin of
moval of natural organic material. Cultures of diatoms andWIOC in the primary aerosol has been attributed to the col-
nanoplankton, which were the most abundant algal groupsoidal organic matter secreted by phytoplancktBadchini et
identified in the RHaMBLe cruise seawater samples, wereal., 2008. The samples used in the present study, although in
grown to produce bioexudate. The seawater used for growin@ lower size range than the organic matter extracted for anal-
the algal cultures was collected near the Scotland coast (UKysis by Facchini et al(2008, contain an important part of
(Tiree passage, 887.7 N, 6°23.8 W) by pumping surface the colloidal and microgel fraction of marine organic matter
water from~5m depth into 20L carbouys. After collec- (Verdugo etal.2004. Thus, the organic material in the sam-
tion, the seawater was aged prior to use. The aged naturglles employed in this study can contribute to the insoluble
seawater was filtered (GF/F; Whatman) to remove algal andrganic fraction observed in the submicron primary aerosol

www.atmos-chem-phys.net/10/9295/2010/ Atmos. Chem. Phys., 10, 929%-2010
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Table 2. Algal species employed for the production of exudate and §%m of seawater proxies prepared with a single algal exudate.

Algal specie Algal group OCo.2pm (UM)
Thalassiosira rotulaxCCAP 1085/13  Diatom 175 300 512
Chaetoceros sgCCAP 1010/12 Diatom 175 300 512
Emiliania huxleyiAC475 PNAN, Coccolithophore 175 512 2171
Phaeocystis cf. globodarl PNAN, Prymnesiophyte 175 512 910

Table 3. Contribution of single algal exudates to the total organic carbon content of seawater proxies enriched with exudates mixtures (total

OC_0.2pm=512 pM).

OC.0.2pm (HM)

Mixture sample T. rotula Chaetoceros E. huxleyi Phaeocystis

TRotulamix 256 (50%) 85.33(16.67%) 85.33(16.67%) 85.33 (16.67%)
Chaetmix 85.33 (16.67%) 256 (50%) 85.33(16.67%) 85.33(16.67%)
EHuxmix 85.33 (16.67%) 85.33 (16.67%) 256 (50%) 85.33 (16.67%)
Phaeomix 85.33 (16.67%) 85.33(16.67%) 85.33 (16.67%) 256 (50%)

Table 4. Summary of experimental conditions in the multiple
plunging water jet system employed in this study,,=total wa-

ter flow, vy;=mean jet velocity at the water surfacg=nozzle di-
ameter,h=vertical distance from the nozzle to the water surface,
z=penetration depth.

Number of water jets 8
Qu (Ipm) 4
v1 (M/s) 1.11
do (cm) 0.4
h (cm) 4
z (cm) 7
sweep air flow (Ipm) 3-3.5

composition Facchini et al.2008. It should be noted that

were mixed to obtain the selected Q&3 pm concentration.
Table?2 lists the algal exudates and the concentration of the
seawater proxies prepared with each exudate type.
Additionally, seawater proxies containing a mixture of
different exudates were prepared applying the bulk mixing
method. Seawater samples at 512 pM_@&um concentra-
tion were made with one of the algal exudates comprising
50% of the total organic 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 QGpm for
each algal exudate). TabBsummarises the distribution of
the organic content with respect to the different algal exu-
dates used for the preparation of each seawater proxy class.
With the monolayer methqdhe effect of organic micro-
layers on the particle production was investigated. Solid
phase extraction (C-18 Sep-Pak SPE cartridges) was applied
to extract the hydrophobic matter contained in 2 ml of the

although the term DOC (dissolved organic carbon) is gen-aqueous exudates, by using 10 mL of a 2:1 volumetric mix-
erally applied to organic carbon with sized.5-0.7 pm ob-  tyre of chloroform and ethanol as extraction solvent. The
tained after filtration, this term is defined as a function of solvent extracted Samp|es were dried out and redissolved in
size, not solubility, and thus, it is inappropriate for defining chioroform and spread dropwise on the surface of artificial
the organic carbon pool in this size rangéefdugo et al.  seawater contained into the bubble tank.
2009.

Two different methods were applied to prepare seawateB.2 Aerosol generation
proxies using the produced phytoplankton exudate. In the
bulk mixing methodseawater solutions containing a single Bubble-bursting aerosols were produced by the impingement
algal exudate type were prepared at organic carbon conceref water jets generated by means of a water recirculation sys-
trations of the order of that in the seawater collected dur-tem in the centre of a PTFE tank (Fig). Air entrained in
ing the RHaMBLe cruise, in order to simulate the condi- the water bulk as a result of the impingement of the liquid
tions expected near regions with high biological activity. To jets on the water surface, disperses in a plume of bubbles
do this, artificial seawater devoid of exudate and aliquots ofthat burst on reaching the water surface. In order to generate
the stock solution of natural seawater enriched with organics statistically significant number of particles for the aerosol

Atmos. Chem. Phys., 10, 9298317, 2010 www.atmos-chem-phys.net/10/9295/2010/
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4x10° - For the aerosol experiments the PTFE tank was filled with
_ 6 L of the prepared seawater proxy (Tab®s), sealed and
1o’ _z><;><:i: swept with a continuous air flow of 3-3.5Ipm. The humid-
ity 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 dry air flow, mon-
itored by a mass flow controller, and by using a Nafion gas

1x10° —

4

5 2x10' dryer. The relative humidity of the sample was monitored
7 with a Rotronics HygroClip SC05 sensor positioned down-
axto’ *\/\/ stream of the gas dryer.
- Thorough cleaning procedures were applied in order to
7x10° - minimize the presence of contaminants in the system. To
J // do this, an isopropanol and deionised water solution was re-
1xto® 2 | | | circulgted in the PTFE tgnk fqr an hour, _foII_owed by two se-
5127107 0:00 5128/07 7:15 5/28/07 12:00 116107 11:05 116107 13:00 guential tank washes with 5litres of deionised water. Next
Date the tank walls were cleaned with chloroform, rinsed and
Chiorophyia 19 washed with deionised water. In order to rinse the pump tu-
©~—0-—0 Phacophytin (uglL) bing, deionised water was recirculated through the tank tub-
o et o catlil) ing. Finally, the tank was washed twice with 5 L of deionised
E——2—= PNAN No. (cellsiL) water.
HNAN No. (cells/L) . . . . .
/A—A—A Diatom No. (cellslL) Reduced inertial forces occurring in small-scale plunging
"+ Dinoflagellate No. (celis) water jet systems, as the one used in the present study, lead to

L C P R the formation of shallow bubble plumes and, in consequence,
o to bubble paths and lifetimes shorter than those expected in

o . real conditions Fuentes et al.2010. Theoretical analysis

of surfactant adsorption by rising bubbles in a solution of

10°4 . marine algal exudate indicates that equilibrium adsorption
i - is reached on a timescale considerably shorter than the bub-
s _ ble residence time in scaled system such as the present one

N -’ (Fuentes et al.2010. Instantaneous adsorption of surfac-
// tants on rising bubbles has also been found in theoretical

4\/\/

and experimental studies with cationic surfactaisrgan
et al, 1992. As the steady state for surfactant adsorption is
reached rapidly, bubble enrichment is not transport limited,
thus, it will be assumed that the bubbles, and hence, the parti-
= 102 cle organic enrichment produced in the bulk mixing method
o M| T3 dseresl experiments does not require scaling to the real time-scale
Chiorophyll-a (ug/L) conditions. In the experiments with organic monolayers the
lifetime of the bubbles on the water surface might be too re-
Fig. 2. Cells counts, chlorophyl- and phaeophytin analysis of duced to allow adsorption equilibration. However, if organics
samples collected during the RHaMBLe cruise (left) and relation-are in the form of microlayers on the ocean surface, a similar
ship between phytoplankton and cyanobacteria cell counts withlevel of disequilibrium may pertain in oceanic conditions.
chlorophyllu concentration (right). The phytoplankton population
was dominated by the nanoplankton group (HNAN: 10%, PNAN, 3.3 Aerosol characterisation
89%), followed by diatoms (0.5%) and dinoflagellates (0.0005%).
The size distribution of the aerosol generated from seawater
, . . . ___proxies was measured using a Differential Mobility Particle
experiments, the water flow was divided in eight water jets ;. o, (DMPS). The DMPS consists of two Vienna design
by using a flow distributor. A chemically resistant PTFE Differential Mobility Analysers (DMAs) Williams, 1999
compo_sﬂe tgbe_(Mastererx I/'_D 70) was employed for Wa\williams et al, 2007: an ultrafine DMA for particles in the
ter recirculation in order to avoid contamination of the water size range 3.4-34nm and a standard DMA for particle sizes
samp!es and adhe_sﬁon of surfactants on the tubing wall. Th?rom 30-830nm. After transmission through the DMASs,
experimental conditions for the conducted measurements arﬁarticles are counted using condensation particle counters

summarised in Tablé. (CPC). The ultrafine DMA was attached to a TSI 3025A CPC
counter and the standard DMA to a TSI 3010 CPC particle

10"
o]
¢
]
5]

PNAN, HNAN and cyanobacteria No. (cells/L)
T
(7/s1199) "ON @je|jebejjoulp pue pue wojelq

4

3
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Fig. 3. Total and normalized cell counts for photosynthetic nanoplankton (PNAN) and heterotrophic nanoplankton (HNAN) populations in
the oceanic seawater samples collected during the RHaMBLe c@igsocromulinaand Phaeocystisvere identified as dominant species
in the nanoplankton group.
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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). The analysis iderRi§i@itzschia delicatissimandThalassiosiraas the dominant diatom
species in the seawater samples.
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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). Results indicatéttdhatentrumspecies were dominant in the dinoflagellate group.

Atmos. Chem. Phys., 10, 9298317 2010 www.atmos-chem-phys.net/10/9295/2010/



E. Fuentes et al: Part 1: Source fluxes 9303

©  fowmeter ——  waterline 3.3.1 Particles morphology considerations
air line DMPS —===-
B4 valve = aerosol sampling line \ CPC

? humidity sensor

[ i For cubic particles, such as NaCl, a standard shape factor of
| x=1.08 is generally applied in order to reconcile the mobility
o verame (T2 and volume equivalent Qiameters. This_ correction is neces-
D A A sary to estimate the particles hygroscopic growth and the vol-
ume equivalent diameter, usually employed as input param-
eter for calculations based on thé@ler theory. NaCl is an
important component in both the artificial and natural seawa-
ter samples used in this study; however, transmission Elec-
tron Microscope images of particles generated from artificial
and natural seawater by bubble bursting have shown that in
PTFE TANK Peristaltic pump the presence of organics and other inorganic salts the mor-
phology of these particles may differ from the well-known
Fig. 6. Schematic of experimental set-up for the measurement ofcubic shape of NaCl particle¥\se et al, 2009.
the size distribution of primary sea spray generated by water im- Because of the high hygroscopicity of sea spray particles,
pingement, some water is probably absorbed on the particles at the rel-
ative humidity for size selection in the DMA (32-42% RH);

counter. The DMAs were operated in parallel and utilised howeve_r, Itis not plear tq v_vhat exf[ent the water absorbed by

. . : . . the particles at this humidity can induce a change to spheri-
a custom built sealed, recirculating sheath air system, WhlchCal <hape. Althouah the onset of particle moroholoay chande
was humidity controlled and filtered. Particle size distribu- for seaps.ra ar?icles has beer? observed l?o chgr ot 4gcy
tions in the dry diameter size range from 3nm to 450 nm pray p 0

. ) o .
were obtained as the average of 6 scans during a 60 minut'rgeg’cﬁsgxg éoén;m;oggeﬁ:?:,itsaléfugla;esﬂgmfg g 0'?';]('3
measurement period. All the laboratory measurements were . : y P

conducted at-20°C. Due to the limited amount of organic- x=1.04 is applied, the mean value in the range from spheri-

enriched seawater available, the sample was not replaced duCr-al (x=1) to cubic shape,=1.08), implying an uncertainty

ing the duration of the aerosol experiments. Time series on 4% in the determination of the selected particle size.

particle size distribution measurements did not indicate any

significant changes during the duration of the experiments.
Seawater samples were collected along the RHaMBL

cruise track for the_on-board_ production of primary aerosol4.1 Bubble spectrum

by using the plunging-waterjet aerosol generator, operated

with two water jets. Two to three seawater samples were col- . .
lected daily with time intervals of 3—4 h in the period from 30 The study of the number and size of sea salt drops ejected by

Mav 10 5 June. The experiments wer nducted within individual bubbles have demonstrated that the relative contri-
ayto 5 .June. 'he experiments were conducte Ahution of jet and film drops to the aerosol production depends

hOUT after collection. The size distribution of the produceql critically on the characteristics of the parent bubble size dis-
particles was characterized by means of a Scanning Mobil-

; . ) ., tribution (Spiel 1997 Wu, 2002. Laboratory reproduction
'g,fs?;ﬁlgfzzﬁro(dse'}ﬂgosgéﬁslgﬁieMrO:neJ ?;QSSZN;AZSS)’c\:Ac/)rr]:cCiznOf the oceanic bubble spectrum would therefore be relevant
. i . ) for the generation of a representative marine aerosol.
sation particle counter. Measurements in the size range from . .
. The bubble spectrum generated by the plunging water jet
7.4nm to 289 nm Dpg) were obtained as the average of 12 : : . e
ystem operated with a single water jet in artificial seawa-

scans during a 60 min measurement period. The on-boar Lr was evaluated iFuentes et al(2010. This bubble

measurements were conducted-@3°C. . S ;
. . spectrum is presented in Fig.along with laboratory bub-
Blank tests were performed prior to the experiments by . o :
ble spectra produced in artificial seawat&ellegri et al,

measuring the pa'rtlcle counts in the sample alrflow from '[he2006 and natural seawateH(ltin et al, 2009 by water
tank head space in the absence of bubbles. Bubbling experi-~ " : . . o
impingement in other laboratory studies. In this plot it is

ments were initiated when the particle counts detected in the " . . .
) 0partu:ularly noticeable that very similar shapes are found be-
blank air were zero. The measurements were corrected for

particle losses by considering the calculated transmission efit—:lvfﬁir; tzti SUbVBiltethg;it;J; Spgzsvl;ig;jzggé?:ssgftelngginqpIoyed
ficiency from the tank to the instruments as a function of the y al.

particle size. Most particle losses (up to 75% loss) occurre nd the one obtained W't.h natural S eavx_/a.tell taytin et.al.
in the size range below 20 nm, as a result of diffusion. 2009. However, from this comparison it is not possible to

conclude that similar bubble spectra are produced in natu-
ral seawater and seawater devoid of marine surfactants, as
it is unknown whether these measurements were conducted

Compressed air

e4 Results of aerosol experiments
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o 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 produced 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 con-
sidered. This calculation is applied to derive the surface area
covered by bubbles as described in SBct.

(dN/dD, )/N,,

4.2 Aerosol size distribution measurements

10 — —— water jet, AS (Fuentes et al., 2010): ¢ ~Dp 4902

; . T Size distributions of the aerosol generated from seawater
—&— water jet, NS (Hultin et al., 2009): ¢ ~Db — . ) .

weir, AS (Selegri et al., 2006): ¢ -Db ™ proxies enriched withT. rotula and Chaetoceroexudates,

10 1 —+ water jet, aquarium seawater (Bowyer., 1992): ¢>~Db'19 H Hy H H
whitecap tank, SNS (Asher et al 1957} Db >* prepared using the bulk mixing method, are shown in 8ig.

L | T niecap ank, SN with added suractans (Asher et 1997 00" | For comparison, these curves have been represented together
] B L A with the measurements for artificial seawater devoid of ex-

10! 10° 10° 10" 10° udate and natural seawater plus the nutrients medium used
Bubble diameter D;, (um) for growing the algal culture. Although the majority of the
added nutrients are supposed to be consumed by the algae
Fig. 7. Compari;on of norlmallized bubble populations generatedduring the growth period, the seawater+algal medium mea-
by seawater impingement in different laboratory studies. The Wa-¢ rement has been included in order to compare with the

ter impingement-generated bubble distributions present a commorrlneasurements conducted with the samples resulting after al-
dominant mode in the 40 um to 110 um bubble size region fol- P 9

lowed by a decrease in the bubble number with power-law expo-gal growth.
nents between 1.46-3.5 (AS=artificial seawater, NS=natural seawa- FOr a detailed analysis of these measurements each size
ter, SNS=sterilised natural seawater). distribution was decomposed into lognormal modes by ap-
plying least square fitting to the experimental data. In all
cases the size distributions were found to be well-represented
at similar locations with respect to the impingement zone.by four lognormal modes, with modal sizes &f1l5nm,
Notwithstanding the difficulty of comparing between the dif- ~45 nm, ~125nm and~340 nm, respectively (see supple-
ferent cases, because of the dependency of the measurementgntary material, Figs. S1 and S2). The definition of the size
on the relative position of the measuring system with respectlistribution as a function of lognormal modes is used here as
to the impingement area, it is observed that all the distribu-a convenient mathematical construct to represent and inter-
tions exhibit a dominant peak in the 40 um to 110 um region,pret the physical distribution, without attributing any physi-
followed by a decrease in the bubble number with increas-cal significance to these lognormal modes.
ing size. The power-law exponent of the different curves The measurements in Fi§.show that a shift of the size
varies between 1.46 and 3.5, which is within the range of val-distributions to smaller sizes and an increase in the num-
ues found for oceanic bubble spectt®\is and Schwartz  ber of particles withD,0<100nm occur as the water or-
2004. The similarities between the bubble spectra producedyanic content is increased. The similarity between the nat-
in water impingement simulation experiments and oceaniaural seawater+nutrients medium and the artificial seawater
bubble spectra profiles is discussed-umentes et al2010. measurements shows that the added nutrients do not produce
In the study ofAsher et al.(1997) the addition of surfac- any effect on the size distribution. Thus, it is evident that the
tants to sterilised natural seawater did not produce significanthanges observed in the size distribution are induced by the
changes in the bubble spectra generated by water impingesrganic matter released during algal growth. Figemeg il-
ment (Fig.7). Although both surfactants and electrolytes are lustrates the effect of the seawater organic concentration on
known to affect the bubble size distribution formed in fresh- the properties of the lognormal modes comprising the size
water solutionsXu et al, 2009, the experiments oksheret  distributions presented in Fi§. The trends in the total parti-
al. (1997 indicate that the effect of surfactants on the bub- cle number and mean diameter represented in these plots in
ble spectrum is negligible in the presence of electrolytes atlicate that the effect observed on the size distributions man-
concentrations occurring in seawater. ifests itself as an increase in the particle number of the sec-
The multiple water jet system employed in the presentond lognormal mode (modal size45 nm) and the reduction
study was hydrodynamically scaled with respect to the singlein the modal size of all the lognormal modes with increasing
water jet system used to measure the bubble spectrum showsrganic concentration. The observed reduction of the modal
in Fig. 7 (seeFuentes et al2010 for a detailed description). sizes ranges from-16% for modes 1 and 2 te4—6% for
This scaling procedure ensures equivalence between the voithodes 3 and 4. The particle number of the third lognormal

Normalized bubble number ¢
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Fig. 8. Particle size distributions obtained for artificial seawater __ ) . .
without exudate and seawater proxies (SWP) enriched Wito- Fig. 9. Effect of organic exudate concentration on the total particle
tula and Chaetocerosxudates at different OG> m concentra- numberN; (a, b, c)and geometric mean o, (d, e, f, g)of the four
tions. Error bars indicate the variability of the measurements ob-/09normal modes comprising the particle size distributions gener-

tained from 6 scans during 1 h period #4o standard deviation. ated from seawater enric.hed wi@haetocerosand T. rotula exu-
dates (lognormal modal sizeBfg): mode 1,~12-15nm; mode 2,

~37-46 nm; mode 3;-115-127 nm; mode 4-315-328 nm).

mode, centered at125 nm was observed to decrease, which cenration for all the algal exudates on study. Whereas the di-
also contributes to the shift of the size distribution to smaller 440 maceous exudat®. (rotulaandChaet) size distributions
sizes. It should be noted that the change in the lognormal pag e affected by the presence of organic matter with respect to
rameters is a manifestation of the effect of the organic mattef,e case without marine organics, no significant effects were
on the particle production, which can be used as a way 10 répgpserved for the experiments with nanoplankton exudées (
resent the phenomenon, but that does not provide any insighf,\jeviandPhaeocystisin the range of concentrations stud-
into the_ physical process that modifies the size distributiongq (see Fig. S3 in supplementary material). Regarding the
properties. experiments conducted with the monolayer method (Fiy.

In order to compare the effect of the algal exudate type orbottom), no effects were observed on the size distribution for
the particle size distribution, Fid.0 (top) shows the exper- these measurements. This could indicate that the existence
iments conducted with seawater at 512 pM Q&ym con- of a single monolayer is not sufficient to exert any significant

www.atmos-chem-phys.net/10/9295/2010/ Atmos. Chem. Phys., 10, 929%-2010
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The results obtained with seawater enriched with mix-
tures of algal exudates are shown in Fid. Although the
nanoplankton exudates alone did not produce any effect on
the size distributions, when they were combined with the
diatomaceous exudate, a shift of the aerosol size distribu-
tions toward smaller sizes was observed. In the same way
that the previous analysis of the diatomaceous exudate mea-
surements, decomposition 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 sec-
ond lognormal mode at+45 nm, together with the reduction
of the third lognormal mode centered-afi25nm (Fig.11)

(the indicated modal sizes refer to the case without added or-
RS ganics). The largest effect observed was for the Chaetmix

40x10°

N w
o o

=
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Particle number dNdlogDp, (#/cm®)

o

T T T
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Dry diameter Dpo (nm)
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SWP with T.rotula exudate- 512 uM OC_g , ,ry
SWP with Chaetoceros exudate- 512 uM OC_q, .y
— SWP with E.huxleyi exudate- 512 uM OC_y, ,,
— SWP with Phaeocystis exudate- 512 uM OC_y, ,ry

experiment, which is the mixture that contains the largest
proportion ofChaetoceroexudate. This exudate type also
caused the greatest effect in the experiments with single exu-
dates. Measurements with the algal mixtures confirm that the
organics in the diatomaceous exudates influence the particle

4 filtered natural seawater with nutrients medium

production, while the nanoplankton exudate does not induce
any change.

It is interesting to compare the measurements shown
herein with studies bygellegri 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 ma-
rine particles by bubble-bursting. In an analogous manner to
the present study, a shift of the marine submicron size dis-
tribution to smaller sizes was observed in both studies with
the addition of amounts 3 mgL~1 of SDS and>0.1 mgL~?!
of oleic acid to artificial seawater. In a similar way to the
presented measurements, an increase in the particle produc-
tion, together with the size distribution shift, was reported by
Tyree et al(2007) in their experiments with oleic acid.

Tare The analogous trends observed with diatomaceous exu-
date, SDS and oleic acid suggest that the effect on particle
production is related to the surface-active properties of all
Fig. 10. Comparison of the particle size distribution for artificial theSe compounds. Surfactants are considered to affect bub-
seawater without added surfactants and seawater proxies (SWP) ehle hydrodynamics through effects on bubble motion and rise
riched with single algal exudates at 512 pM QG m concen-  speed Batcheloy 1967). Bubble bursting has been found to
tration (top) and size distributions obtained with the monolayer be significantly altered by the addition of surfactant, which
method (bottom). The size distribution obtained from filtered nat- particularly affects the height and width of the bursting jet
ural seawater with added nutrients (=filtered natural seawater witformed and the number of drops releas@bylton-Stone
f/2 _me_c_iium) is included for comparis_on. Error bars indica_te the 1995 Dey et al, 1997). Photographic experiments con-
varl_ablllty of the measuremer_us obtained from 6 scans during 1 hducted byDey et al.(1997) have shown that the addition of
period astlo standard deviation. L . .
surfactants produces 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 burst-
ing jet during the early stages of jet formation. Considering

that the organic layer was not replenished during the dura h b X s bi hat th
tion of the experiments, thus, removal of the monolayer bylN€S€ observations, it is reasonable to assume that there ex-
ts a connection between the impact of surfactants on the

bubble bursting might have occurred on a timescale shortel® ) C i
than the time required to obtain a measurement. Also, thé)Ubble purstlng Process and the modification of Fhe pgrtlcle
time for adsorption of organic material onto the bubble prior production observed in thg presentand other studies with sur-
to bursting may be too reduced for adsorption equilibrium tofactant surrogatessellegri et al, 2006 Tyree et al. 2007).
be reached, explaining why no effects were observed Notwithstanding the similar effect produced by the different

’ ' surfactants, it is not possible to conclude that SDS and oleic

3
40x10
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artificial seawater with Chaetmix exudate monolayer
— artificial seawater with E. Huxleyi exudate monolayer

w
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effect on particle production. It should be noted, however,
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Fig. 11. Particle size distributions obtained for artificial seawater without exudate and seawater proxies enriched with mixtures of different
algal exudates at 512 uM QG 2 um concentration. Error bars indicate the variability of the measurements obtained from 6 scans during 1 h
period ast1lo standard deviation.

acid are valid as proxies of marine organic matter. A broader In addition, the effect of organics on the size distribution
characterization of the physical and chemical properties othas been shown to be dependent on the seawater organic con-
particles enriched with these substances, such as hygroscopientration and the type of algal exudate. Significant effects
and CCN properties, should be performed in order to assessn the particle production have only been observed for mini-
the adequacy of these compounds for representing marine omum concentrations between 175 uM and 300 UM.@£im
ganics. of diatomaceous exudate in this work. The natural seawater
Tyree et al.(2007) explored the effect of marine organ- samples employed biyree et al(2007), although enriched
ics on the primary particle production by generating aerosolin organics (maximum concentrations of 250 uM and 190 uM
from seawater proxies prepared by mixing filtered naturalOC_o7um), were probably not enriched enough in the or-
seawater and artificial seawater at different ratios. In contrasgianic surfactants present in the diatomaceous exudate that
to the present study, these authors did not find a correlatiomre able to produce an effect on the particle production. This
between the particle production and the concentration of oris illustrated in the experiments conducted with nanoplank-
ganics in seawater proxies. This discrepancy is most likelyton exudate, where for unrealistically high organic carbon
due to differences in the method of particle production andconcentrations (910-2100 pM Qg2 m) there was not any
the properties of the seawater samples employed for conduceffect on the particle production (see Fig. S3 in supplemen-
ing the measurements. Primary aerosol organic enrichmertary material).
has been shown to depend on the system for particle pro- The fact that effects on the particle size distributions were
duction Fuentes et al2010. Thus, the use of a different only observed with the diatomaceous exudates suggests that
aerosol generation mechanism in the present study (bubbletifferent type or amounts of surfactants are produced by
bursting induced by water impingement) afigree et al.  the diatoms species as compared to the nanoplankton strains
(2007) (bubble-bursting induced by injecting air through a tested. The transport of surfactants from seawater to the air-
porous frit) might partly explain the differences between thewater interface is closely related to the chemical properties
results. of the material in the seawater mediufrséng et al.1992.
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Fig. 12. Evolution of the size distribution of primary aerosol generated by bubbling unfiltered seawater during the RHaMBLe cruise
(29thMay- 5 June) and seawater chlorophyltoncentration (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 log-
normal modes. Measurements were conducted28°C. Error bars indicate the variability of the measurements obtained from 6 scans
during 1 h period as-10 standard deviation.

Tseng et al(1992 found that oleic acid, stearic acid, triolein, ble 1), with a regional abundance of diatoms. Diatoms are
and cholesterol in seawater were transported to particles gemmajor contributors to the organic pool in seawater and are
erated by bubble bursting in decreasing order in direct relafrequently found as a dominant group in plankton blooms
tionship to their susceptibility to be absorbed by rising bub- (Lavender et a].2008 Meskhidze and Nene200§ Ittekot,
bles. The dependence of the produced effect on the type 0f982.
organic exudate is likely to be related to the chemical prop-
erties of the surfactants secreted by diverse algal strains. 4.3 RHaMBLe field size distributions
has been shown that the photosynthetic extracellular release
depends on the taxonomic composition of the phytoplanktorThe evolution of the size distribution of primary sea spray
populations Wolter, 1982. Comparative analysis of the ex- generated during the RHaMBLe cruise using unfiltered
udates released by a number of diatom species has shown difceanic seawater is shown in Fi§j2, together with the
ferences in the excretion rate between strains within the samehlorophylla concentration along the cruise track (derived
taxonomic groupNlyklestad 2000. These examples show from the SeaWiffs satellite data, May 2007). The productive
clearly that the composition of the algal population has to beand non productive regions can be identified by observing the
taken into consideration, however, further research is needeghl-q profile along the cruise track, which indicates 2 June
to establish correlations between the exudates chemical comys the delimiting date for the transition from the productive
position and the observed phenomena in order to fully eluci-o the non-productive zone.
date this stated hypothesis. Although it is not observed a clear correlation between the
The results presented in the current study indicate thagchlorophylla profile and the particle size distributions in-
interpretation and comparison of the effect of organic mat-side the bloom region, both the particle production and the
ter on the production of marine aerosol should be made irchlorophyllu concentration drop on departing the productive
light of the dependencies found regarding the seawater orarea. In addition, the modal size of the distribution is shifted
ganic enrichment and type of organic exudate. The prefrom circa 40 nm within the productive area to a larger value
sented results show that a minimum concentration betweegf 52 nm, outside the productive area.
175 puM and 300 uM OGCo 2 um of diatomaceous exudate was  In order to illustrate the differences between the productive
needed to observe significant effects on the particle proand non-productive zones, Fi§j2 (right) shows the mean
duction. Since the average concentration of organic matsize distributions measured inside and outside the bloom
ter in oceanic surface waters is reported to be 50-80 uMarea. Three lognormal modes were found in these size
OC_o5-0.7.m (Owaga and Tanque003, the observed ef- distributions. The fourth lognormal mode &840 nm de-
fects on particle production would only be significant in tected in the size distributions produced from water prox-
bloom areas, where UM QG 2 pm concentrations can reach ies is not captured here due to the narrower size range cov-
values higher than 300 uMtiekot (1982 and data in Ta- ered by the SMPS instrument. The number of particles with
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D,0<100nm was larger in the productive area than in theods, if the same processes are at play. It would then be neces-
non-productive region due the lower modal size and highersary to invoke other reasons such as temperature, wind speed
particle number that the lognormal mode centered4inm  or aerosol secondary formation processes to explain the ob-
presents in the bloom region. This behaviour parallels theserved modal increase in the spring-summer perigdfegri
trends observed in the presented experiments with seawatet al. (2006 found that a shift of the modal diameters of the
proxies with and without exudate. As the seawater employedsea-spray distribution occurred with the increase of the tem-
for the on-board measurements was not subjected to filtraperature from 4C to 23°C. This would imply that the tem-
tion, the observed effect could be attributable to detritus, or-perature rise from winter to summer would produce an in-
ganic macrogels and colloidal and dissolved organic carbortrease in the modal sizes of the size distribution, in an oppo-
(Verdugo et al.2004. site trend to that induced by the presence of primary biogenic
In the ocean, phytoplankton populations are exposed tamatter, according to the present study. Secondary aerosol for-
varying stress conditions different to those in laboratory cul-mation is also enhanced during the high productivity periods
tures (e.g. light, pH, temperature, nutrients, virus and bac{Yoon et al, 2007, which has been postulated to increase
terial attack), which might affect the metabolic activity and both total number concentration and non-sea salt sulphate
organic matter released by the algal cells. The comparamass during these periods. Oxidation of phytoplankton-
ble trends between the laboratory measurements conductgatoduced gaseous emissions like non-methane hydrocarbons,
with exudate from algal cultures and the on-board experi-has been postulated to lead to secondary organic aerosol for-
ments with oceanic samples indicate that, notwithstandingmation during high biological activity perioddgskhidze
the different conditions for algal growth, the exudate from and Nenes2006. These are some of the hypothetical factors
algal cultures performs in a similar manner to the organicthat could compensate for the reduction in the size induced
matter produced in real conditions. by the primary organic matter, leading to an overall increase
Long-term observations of marine aerosol in North At- in the modal sizes during high biological activity periods.
lantic waters byD’Dowd et al.(2004 andYoon et al.(2007) Further research is therefore needed to determine what the
have revealed seasonal variation in the characteristics of thdominant factors are that drive the seasonal evolution of the
atmospheric marine aerosol size distribution. This variationatmospheric marine aerosol size distribution.
was typified by a higher particle number (Aitken mode), par-
ticle size and particle organic enrichment during high bio-
logical activity periods (spring and summer) compared toS Size-resolved source flux parameterisation as a
low productivity periods (winter). The increase in the par-  function of the diatomaceous biogenic carbon
ticle number with the addition of organic matter observed in ~ concentration
the laboratory and on-board experiments during the RHaM- L .
BLe cruise are in agreement with the increase in the par_Parameterlsatlon_s of sea-spray source functloqs are generally
ticle production during high productivity periods observed formulated to estimate the sea-spray production as a func-
by O'Dowd et al.(2004. However, it should be considered tion of wind speed _and wh.|tecap fraction (Wh|ch in turn is
that the atmospheric aerosols are affected by factors such Jarmulated as function of wind speed) by using the so-called
temperature, wind speed and secondary aerosol productiofitécap methodiewis and Schwart2004. _
processes of biogenic, anthropogenic and terrestrial origin. " Order to account for the effect of the biogenic marine or-
Thus, direct extrapolation of primary aerosol experiments to3anic matter on the particle production, a primary sea spray

atmospheric observations requires the factoring in of thes€0Urce parameterisation defined as a function of seawater di-
additional functions. atomaceous OG2pm concentration was derived from the

In an attempt to explain the seasonal variability of the ma-Presented production experiments. Although other factors

rine aerosol distribution it has been postulated that the in-SUCN @s water temperature and salinity are likely to affect

crease in the modal sizes occurring from winter to summer i§he ;ea spray particle productiokrtensson et 32003
related to the impact of the higher biological activity occur- LEWiS and Schwariz2004, these effects are not contem-

ring during warm periods on the primary aerosol production plated here. The particle flux per bubble covered area can be
(O'Dowd et al, 2004 Yoon et al, 2007). In contrast to this calculated from the size distributions (based on the dry diam-

hypothesis, the results presented in the present study shofif€"P»0) by considering the bubble productioM&rtensson

that, if there is a contrasting effect, it is to reduce the modal€t @l- 2003:

sizes with increasing amounts of phytoplankton-derived or- dF, Q0 dNr
gamc_mattgr in seawatgr. This behaviour was observed Whe'&logDpo A, d1ogD 0
bubbling with both unfiltered seawater and seawater prox-

ies with colloidal organic carbor:0.2um. This suggests whered F,/dlogD o is the size-resolved particle flux per unit
that the seasonal evolution of the modal sizes observed biime and water surface covered by bubbles, Q is the sweep air
O’Dowd et al.(2004) is not directly driven by the increase flow, dN7/dlogD g is the particle size distribution andl,,

in the primary biogenic matter production during warm peri- is the total surface area covered by bubbles. The calculation

@
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of the bubble coverage was conduqted under the assumptiof,pe 5 vajyes of parameters inferred from polynomial and expo-
that the bubbles burst upon reaching the water surface. Ihentia regressions defining the total particle number and geometric

has been postulated that the presence of surfactants migl{ean diameter of the lognormal modes comprising the size distri-
affect the lifetime of bubbles on the seawater surface andputions as a function of the diatomaceous QG um content of

thereby, the whitecap coverades{vis and Schwart2004). seawateri& mode number).
The experimental characterization of this hypothetical effect

is, nevertheless, missingdwis and Schwartz22004. The Parameter ~ Mode 1 Mode2  Mode 3 Mode 4
area covered by bubbles was caIc_uIatgd by |ntegrat.|r_1g_the o1 12328 38.077 10231 281.65
steady state bubble spectrum, considering that at equilibrium , 22958 8.0935 25251 46.80
conditions, the amount of bubbles produced is equal to the ; , 0.00452 0.00705  0.00080 0.000761
amount of bubbles reaching the surface. The bubble spec- 8;; 0.0311 -0.031633 0.013154 —0.0017762

trum obtained for one water jet (shown in Fifj.was scaled Bi2 —13.916 3573 —-9.7651 1.1665

to a configuration with eight water jets. To do this, the airen-  5i.3 4747.8 12920 73134 6610

trainment linked to each individual jet in the multi-jet system

was calculated by using the air entrainment ratio parameter-

isation fromBin (1993, which yields a factor of 0.29 with

respect to the air entrainment for the single water jet systemDp0g.i = O‘i,l+O‘i,26)(F’(—°‘t',3[oc<0~2 Um]) (4)

In this calculation, the bubble spectrum generated in seawater .

without added surfactants was employed under the assump- The values of the parameters inferred from these regres-

tion that the effects of surfactants on the bubble spectrun‘?!ons arelmcluctije(_j w&'ffablﬁ hThfg geometncéjstandard fe—
is negligible in the presence of electrolytes. This assump-v'at'on values derived from the fitting procedure were 1.55,

tion is based on experiments Bsher et al.(1997, which 1.7, 1.5 and 1.7 for each of the lognormal modes (modes 1 to

show that the addition of surfactants to sterilised seawate?l)’ in the organics-free seawater case. Only the value of the

does not modify the bubble spectrum generated by water imgstandard deviation of the second lognormal mode changed to
pingement 1.9 for the case with organics. For the rest of the modes no

In order to account for the effect of the marine organics Onsigqifigant ghanges were opserved in the g.eometric stapdard
the particle size distribution, the parameterisation was for-deviation with the modification of the organic concentration.
mulated to define the dependence of the lognormal paramReasonable agreement between the predicted and observed

eters of the modes comprising the sea-spray distribution Orparticle fluxes is achieved with the fitting procedure applied,

the seawater diatomaceous Qg um content. To derive the with a deviation of~40% within 95% limits for all the exper-
size-resolved flux source function the submicron size distri-Iments conducted in this study (Fig3). For generalisation

bution dNz/dlogD o in the 3-450 nmD o range is defined of the derived source function flux to oceanic conditions it is
as the sum of fouflognormal modes: b assumed that the open ocean aerosol flux scales with bubble

coverage based on the parameterisation in terms of whitecap
coverage. Under these assumptions the oceanic size-resolved

dNr i‘ dNr,;

dlogD 0 - ~ dlogD o - (2) particle number flux is determined by multiplying the derived
= . size resolved fluxd F,/dlog Do) by the fractional whitecap
_ i‘ Nt exp _} Iog(Dpo/Dpog,i) coverage, W, as a function of wind speed:
= v/2rloga; 2 logo; dFo dF, 0 dNy

dlogD,o dlogD,g Ap dlogD o ©)

wherei is the subindex for the mode number akd D q.i where d FoldlogD,, is the size-resolved sea-spray source
ando; are the total particle number, geometric mean and ge-, 0/d10g5%p pray

ometric standard deviation for each lognormal mode. flux. For determini?g the whitec;ap covgragethe f'ormulation
The total particle number and geometric mean of the log-°" Monahan and O'Muircheartaigfi 980 is applied:
normal modes comprising the distributions can be parameyy — 3.84 x 10‘6Uf‘o41 (6)
terised as a function of the seawater QGpm content by
fitting equations to the data obtained in the analysis prewhereUso is the wind speed at a height of 10 m above the
sented in Fig9. Using the relationships between the seawa-sea surface. Although other whitecap coverage formulations
ter OC_o.2m content and the particle size distribution prop- are available in the literaturé(iguelova and Webste2006),
erties, the total particle number and the geometric mean dithe equation oMonahan and O’MuircheartaigfL980 is
ameter can be defined by fitting 3rd order polynomial and ex-adopted in order to compare with size resolved fluxes esti-
ponential regressions to the data, respectively, in a diatomamated in other studiesfartensson et 3l2003 Clarke et al.
ceous OCo2pm concentration range between 0 and 512 uM: 2009. The uncertainty derived from the use of the whitecap

2 coverage estimation is discussed below.
N1, =Bi1[OCoo02pm]”+ Bi.2[OC-02pm] +Bi.3 )
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Fig. 13. Correlation between experimental and derived particle flux Fig. 14. Comparison of the size-resolved source flux function de-
using the parameterisation defined by E4s4j. The relative error  rived in this study at different diatomaceous Q% ym concentra-
indicated corresponds to the maximum deviation within the 95%tions and other formulations available in literatutg §=9 m/s).

limits.

Figure14 shows the size-resolved particle source flux as afi€ld measurements bjlilsson et al.(200]) and Geever et
function of D o derived from the proposed parameterisation al- (2009. The results are also compared with the standard
and others in the literature at a wind speed of 9tsThe ~ Parameterisation dflonahan et al(1986 andde Leeuw et
flux estimation for the exudate-free seawater case is com@l- (2000, both applied in the supermicron size range. The
parable to other parameterisations available in the submicroR!TOr bars in the source function derived in this study indi-
size rangeNlartensson et gl2003 Clarke et al, 200§ Tyree cate an uncertainty of 45%, as derived from the variability in
et al, 2007. The novel source function, which extends the the particle size distribution measurements plus the mean de-
studied size range down to 3nm, is able to account for theviation associated with the data fitting procedure. As stated
effect of the seawater organic matter on the shape of the sizBY Martensson et a(2003, the supermicron size range ac-
resolved flux. The highest impact of the organic matter oncOUNts for a small fractlon of thg total part!cle flux. Compar-
the flux distribution is observed for particle diameters below IS0 of the supermicron flux estimated ustigLeeuw et al.
100nm. The sub-100 nm particle flux generated from sea{2000 and the submicron flux calculated with the proposed

water with 300 iM OCqopm is higher than that produced parameterisation indicates that the supermicron flux accounts
from organic-free seawater with a multiplicative factor from for & small fraction £2%) of total particle number flux. The

1.03 to 2. Particles in this size range can have an effect ogource flux derived in this study is in agreement with the
the CCN formation. Although generally a minimum dry di- magnitude of particle fluxes estimated with other parameteri-
ameter of 80 nm is considered for cloud activation, observaSations comprising the submicron size range and particularly
tions by Clarke et al.(2006 and Murphy et al.(1998 and cl_ose to the curve oli/lartenssqn et a2003 for_ the case
modelling study byPierce et al(2006 suggests that parti- without algal exudate. According to the organic-dependent
cles smaller than 80 nm can become effective CCN througrparameterisation, the presence of_diatomaceous.organic mat—
heterogeneus growth and coagulation with other sub-80 nni€" @t 300 uM OCo2pum concentration causes an increase in
particles. Furthermore, little is known on the effect that this the particle flux of~20% percent with respect to the case
organic matter can exert on the cloud activation propertiesvithout marine surfactants.
of the sea-spray aerosol. Specific investigation on the cloud Although the expression of Monahan and
condensation activity of these particles is needed in order t@’Muircheartaigh (1980 is commonly used for esti-
determine the overall effect of the biogenic matter on cloudmating the whitecap coverage, the significant scatter existing
formation. between measurements of whitecap coverage as a function
Total number source fluxes derived from the defined pa-of wind speed, has led to the derivation of numerous
rameterisation as a function of wind speed are compared imlifferent formulations (seénguelova and Webstg2006
Fig. 15 with other submicron formulations obtained from for a review). The uncertainty inferred blewis and
laboratory measurements artensson et al2003 and Schwartz (2004 from the variability associated to the

www.atmos-chem-phys.net/10/9295/2010/ Atmos. Chem. Phys., 10, 929%-2010
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6 Relationship between chlorophylla and seawater
OC -0.2um concentration

In order to facilitate the use of the presented parameterisa-

tion as a function of ocean-related data, an approximation to

link chl-a diatom biomass and organic carbon production is

~ proposed. Analysis of water-leaving radiances measured by
ocean color sensors (method PhySAlvain et al, 2009

- and the NASA Ocean Biogeochemical Mod€élrégg et al.
2003 provide estimates of the global distribution of diatom

- biomass in the oceans. Also, recent progress has been made
on the retrieval of the chl-a diatom biomass oceanic distribu-

- tion by applying the Differential Optical Absorption Spec-
troscopy method (PhytoDOAS) with input of phytoplank-

L ton differential absorption spectra from the satellite sensor

SCIAMACHY (Bracher et a].2009. It should be taken into

account that ocean color data provide estimates rather than

accurate information on the phytoplankton distribution in the

oceans; however, the information derived from ocean-color

Parameterisations
including the submicron
size range

A

Fym?s™)

\Parameterisations

on the supermicron
size range

10"

6 8 10
Uy (M/s)

Uncertainty in the flux estimation due to the whitecap method (L. & S., 2004)
—-o- This study: seawater without exudate (whitecap method)

This study: seawater with exudate- 300 uM OC_, , um (whitecap method)

—B- This study: seawater with exudate- 512 uM OC_, , um (whitecap method)
—o— de Leeuw et al., 2000 (size range Dp,=1-5 microns) (whitecap method)
== Martensson et al., 2003 (lab., 25 °C) (whitecap method)
—— Monahan et al., 1986 (size range Dp,=1-10 microns)
—— Geever et al., 2005

Nilsson et al., 2001

products can be used as a first-order approximation of the
marine biota distribution.

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 phytoplank-

ton, considering cell mortality due to cell lysis,223 days

Fig. 15. Comparison of total source flux derived in this study as a (Marba et al, 2009, with approximately 10 days spent in
function of the wind speed for organics-free seawater and seawateh€ growth phaseQbernosterer and Herndl995. Most
enriched with organic matter and other available parameterisation®f the organic matter released by phytoplankton is of la-
defined in the submicron and supermicron size regions in the literbile and semilabile natur®aga and Tanqu&003, which
ature. Error bars are included for indication of the upper and lowerjs degraded by bacteria within periods from days to several
bounds in the particle flux determination as a result of propagationyeeks.

of errors through the analysis procedure. Assuming a steady population phytoplankton population
with a maximum bloom duration of the order of the typ-

whitecap coverage measurements obtained by photographf(c:al phytoplankton lifespan (23 days), a production bal-

. - . ance can be used as a first-order estimation of the amount
studies has been plotted in Fith. The large scatter in the

. o of total organic matter resulting from extracellular re-
measurements of whitecap coverage indicates that factor g g

other than wind speed play a role in the determination of(%_aosgb_(-roﬁ;{frciﬁb’ t(;]ee”;?lsi (Igfgi%zis;s_nd biodegradation

the whitecap fraction. Atmospheric stability, surface tem- lode 9 g '

per_a’Fures, surface current velocit_y, wind fetch and duration, TOC= TOCextracel+ TOCiysis — TOChiodeg=

salinity and surfactant concentration can also affect sea state,

and vvh_neqap formationAnguelova and WebsteQOOQ. ZERTOC'fIysis‘Chl'adiatom‘i‘

Quantification of the effects of these factors on the whitecap —{

coverage and, specifically, the effect due to the presence i,

_of biogenic sgrfagtants is miss_,ing. Thereby, imp_rovement Z ERroc- (1—fiysis) - Chl-agiatom+

in the determination of the whitecap coverage is important ;=

for reduging tht_a unc?rtainty in studies where the whitecap fiysis- Chl-agiatom|C : Chl-agiaton] (7)

method is appliedMartensson et gl2003 Clarke et al,

20086 Tyree et al, 2007 where Chlagiatom is the Chla diatom biomass concentra-
Within the limitations imposed by the uncertainty associ- tion, ERroc is the specific extracellular production rate (ug C

ated to the determination of the whitecap fraction, the pa-Hg Chlgq~! h__l). fysis and fiysis are the lifespan and the frac-

rameterisation proposed in this study would potentially con-tion of the biomass which dies by lysis, respectivejizing

stitute a useful tool for the modeling of submicron aerosolis the lifespan of algal cells removed by grazing and C:Chl-

primary fluxes in the 3-450 nm dry diameter range. adiatom iS the carbon to Ché= mass ratio for the algal cells.
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For application of the presented balance the following as- 2500
pects should be considered:

The dashed area represents the relationship OC=¢ -Chl-a
within uncertainty limits.
® Average value for RHaMBLe cruise
seawater from high productivity area I'

— in the ocean, the phytoplankton lifetime is likely to be Y 2000 A Surface waters in low productivity areas ,
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

1
1

2um (M)

1
0=488 ,
VA

1

1500 — ,

’
High C:Chl-a ratio #
Low grazing V/
,

thereby, its lifespan in the oceankKifchman 1999. . p/
For example, lysis has been shown to account for 75% /'
of phytoplankton death at the end of a spring bloom 500 — 47 , 0=98

L4
» Tow C:Chl-a ratiof

in the North SeaHRrussaard et gl.1995, whereas in

seawater organic carbon concentration (OC_,

the Pacific Ocean, phytoplankton growth is roughly --\---_-;—,-;-'.'--"--5‘--_'-_- ---- sl Hohgradng.
matched by grazingLé@ndry, 1997. Loss of phyto- ==32 — '“4"5: ey ——— T
plankton by grazing and sinking has an effect on the 01 1 10

. . Chl-a biomass (ug/L)
amount of organic matter released, since removal of the

cells before completion of their life cycle will lead 10 rig 16 The dashed area represents the relationship betweemn Chl-
lower excretion of organics to the medium. For apply- and seawater O 2pm concentration, as obtained from the vari-
ing Eq. (7), the results were evaluated in the extreme ation of the parameters defined in Ed).( The magnitude of the
cases of 0.1 and 1 fofiysis and 0.5 and 23 days for the region indicates that the relationship is highly dependent on the

grazed phytoplankton lifetimegazing. specific conditions of the algal bloom, i.e., C:Chla ratio, grazing
rate and lifespan of phytoplankton cells. The data provided for

— mean net extracellular production rates for diatoms andow biological activity areas is defined considering SeaWiFFs Chl-
other algal species are on the order of 0.34 umol C g data and seawater organic carbon concentrations @amga and
Chl-«~1 h—1 and 0.089 pmol C pg Chi=l1 h1C at Tanque(2003. The horizontal dashed line at Qg.2pym=175 uM
the growth (10 days) and steady state phases (13 daysmdicates th_at an impact of the b@ological act_ivity on primary par-
respectively. These rates were determined in an experI—!de fluxes is likely to occurl for diatom Cm-.tl)lomass. .conc.entra-
imental mesocosm with a diatom culture and bacterialt'ons >0.35-2 ug/L, depending on the specific conditions in the al-
activity at different nutrient conditions, where the ex- gal bloom.
tracellular release was found to be20% of the total
photosynthetic productionQbernosterer and Herndl
1999. Thus, these rates represent the net productio
of organic carbon balanced for bacterial degradation.

tal conditions that determine the C:Chlmass ratio. In or-

Yer to numerically illustrate the sensitivity of the calculated

OC_o.2um to these factors, Tablé presents the OG 2 pm

— The complex effects of light, nutrients and temperatureperce”t variatiqn asa re;ult of.a 40% change in these param-
lead to a highly variable C:Chi-mass ratio in phyto- eters. The var!able relationship between _@:hind organic
plankton cells Geider 1987 Clark, 200]). Ratios as mgtter prodgctlon syggests that the organic mass fraction in
low as 12 Bunt and Leg 1970 to maximum values Primary pa'rncles might not be only a function of the Chl-
~500 Smith et al, 1989 have been observed in algal congentra_ltlon(()’Dowd et al, 2009 and t_h_at the p_a_lrtlcle or-
blooms in the ocean. Some approaches have been pr&anic enrlchmenf[ depends_on the specific conditions for pro-
posed to parametrise the C:GhFatio as a function of ductpn of organic matter in algal blooms. In_such a case,
iradiance, nitrate, iron, and temperatuang et al, a reg|onallrelat|ons.h|p between Chleoncentration and or-

2009. In order to account for this large variation, equa- 92NiC particle fractlon.could not be extrapqlated to a global

tion 7 was evaluated for the maximum and minimum Scale. Further study is therefore needed in order to assess
the relationship between primary particle organic enrichment
and marine biological activity.

The variation of the above described parameters within Inthe experiments in these study it was shown that concen-
their known limit values, together with the assumption thattrations of seawater diatomaceous QGpm>175uM pro-
OC_o.2pm accounts for~80% of the total organic matter duced an effect on the particle production. Figteindi-
(TOC) (Kepkay, 2000, yield a relationship between Chl-  cates that this organic carbon concentration corresponds to a
diatom biomass and diatomaceous QGum defined by the  Chl-agiatom biomass-0.35-2 pg/l, depending on the primary
dashed area in Fid.6. The magnitude of the region in the organics specific production. A lower concentration of Chl-
plot indicates that substantial variations in the Chla-seawateu is required to produce high Q@ 2pm in areas with high
OC relationship are expected depending on the lysis to graz€:Chl« ratio and low grazing, as at these conditions the
ing ratio, lifetime of grazed cellsdazing and environmen-  lifespan of the cells is long and the production of C per unit

C:Chla ratio values reported in the literature.
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Table 6. Sensitivity of OC..2pm concentrations estimated with via bubble-bursting was simulated by the impingement of

Eq. (7) to 40% variations in fiysis fgrazing and C:Chla ratio liquid plunging-waterjets generated by a recirculatiorj sys-
(x=parameter). tem. Different organic monolayers and seawater proxies en-

riched with diatomaceous and nanoplankton exudate were
prepared for the laboratory production of marine aerosol.

Parameter fiysis _tgrazing C:Chba ratio The submicron aerosol size distribution (3nm-450nm dry

Ax (%) 40 40 40 diameter) of the formed aerosol was characterised for differ-

A OC02pm (%) 35 142 33 ent 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 particle$00 nm (dry
mass of Chk is high. The requirement of Clal-concentra-  diameter) was observed when the exudates of the diatoma-
tion >0.35-2 pg/L to reach organic concentrationls’5 UM ceous species were mixed in the seawater bulk, with respect
OC.o.2pm indicate that an impact of the biological activ- to the production from artificial seawater without exudate.
ity on particle production is likely to occur in diatom algal Decomposition of the aerosol size distributions into lognor-
blooms. There is evidence that levels of diatom biomass camnal modes indicated that the effect produced on the size dis-
be as high as 2 g/l in bloom regiorBrécher et al.2009.  tribution is due to an increase in the production of particles
Furthermore, remote sensing analysis has shown that areas 6f a lognormal mode with modal size45 nm and a reduc-
high Chla biomass in the ocean are mostly associated withtion in the production of particles of a lognormal mode cen-
high concentration of diatoms and that large scale diatomered at~125 nm with increasing organic matter concentra-
blooms are formed in warm period&lyain et al, 2009. tion in seawater. The reduction of the modal sizes of the
The combination of Eq.7) with the regressions defined lognormal modes comprising these distributions contributed
by Egs. 8) and @), provides a parameterisation of the pri- to this effect. These trends were in agreement with analo-
mary particle flux as a function of the Chldiatom biomass, gous size distribution measurements conducted with oceanic
applicable in warm waters with low to high biological ac- unfiltered seawater samples collected from productive and
tivity. This parameterisation complements the formulation non-productive waters along the RHaMBLe cruise transect
presented bylartensson et a(2003, which considered the route. The observed influence was found to be sensitive to
effect of temperature on particle production, by additionally the organic carbon concentration in seawater, with a diatoma-
including the influence of the primary organic matter on the ceous exudate concentration between 175 uM and 300 uM
particle production. It should be noted that the approach apOC_o2pm required to observe a significant impact on the
plied here to determine the Chland OC.o2um relation-  particle production. Given that the average concentration of
ship does not account for factors like hydrological transportorganic matter in oceanic surface waters is within the range
of organic matter, which could affect the organic carbon dis-50-80 uM OC.05-0.7pm (Owaga and Tanque003), this in-
tribution with respect to the Chil-biomass concentration in  fluence is expected only to be significant in areas of high bio-
the ocean. The presented approach constitutes a first ordésgical activity, where OCo.2pm values higher than 300 uM
empirical estimation of the relationship between QGum can be found. The results obtained in the present study indi-
and Chle biomass in algal blooms. Thus, further research iscate that interpretation and comparison of independent stud-
needed is order to model the Qg pm and Chla biomass  ies should be made considering that the effect of the marine
relationship with improved accuracy, if ocean color data is toorganic matter on the aerosol primary production depends on
be applied. the seawater organic content and the dominant algal species
producing the marine exudate.
A size-resolved source flux function, including an explicit
7 Summary and conclusions term to account for the seawater diatomaceous organic con-
centration, was derived from the size distribution measure-
In this study, the effect of phytoplankton-derived organics ments by using the whitecap method. This parameterisation
on the production of primary marine aerosol has been analis applicable in the 3—450 nm dry diameter size range for be-
ysed. Seawater samples were collected along a transect dffveen 0-512 uM OCo 2 pm of diatomaceous origin. A di-
the West African coast (RRS Discovery D319, RHaMBLe atomaceous exudate concentration of 300 UM.@)m pro-
cruise) during a high biological activity period in order to duces an overall increment in the total source particle flux of
identify the dominant oceanic algal species. Cultures of mi-about 20%, with a multiplicative factor between 1.03 and 2
croalgal strains representative of oceanic species found in thfor the flux of particles<100 nm, with respect to the exudate-
collected oceanic waters were grown in order to produce natfree seawater case.
ural bioexudate, which was employed as marine organic mat- The impact of the organic matter on the production of
ter proxy for the performance of laboratory marine aerosolparticles below 100 nm can have an effect on the CCN for-
characterization. The process of formation of marine aerosomation, particularly if sub-80 nm particles are considered
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potential precursors of cloud condensation nudBactke et  Batchelor, G. K.: An Introduction to Fluid Dynamics, Cambridge
al., 2006 Murphy et al, 1998 Pierce et al.2006. Although University Press, Cambridge, 1967.

the cloud condensation activity over algal bloom areas hadin, A. K.: Gas entrainment by plunging liquid jets, Chem. Eng.
been postulated to be related to secondary aerosol formation SC-» 48(21), 3585-3630, 1993. '

from phytoplankton-produced gaseous emissi@isaflson Boulton-Stone, J. M.: The effect of surfactant on bursting gas bub-

. L bles, J. Fluid Mech., 302, 231-257, 1995.
et al, 1987 Meskhidze and Neng200§, it is unknown Braban, C. F, Adams, J. W., Rodriguez, D.,Cox, R. E., Crowley, J.

whether the presence. of primary organllcs in the sea_t—spray N., and Schuster, G.: Heterogeneous reactions of HOI, ICI and
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activity of these particles is needed in order to determine thegracher, A., Vountas, M., Dinter, T., Burrows, J. PotRers, R.,

overall effect of the biogenic organic matter on cloud for-  and Peeken, I.: Quantitative observation of cyanobacteria and
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been conducted and will be presented as a second part of the Biogeosciences, 6, 751-764, doi:10.5194/bg-6-751-2009, 2009.
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