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Abstract. The effect of nanogel colloidal and dissolved or- riched with nanoplankton exudate. The organic fraction of
ganic matter<0.2 um, secreted by marine biota, on the hy- the particles was found to correlate with the seawater organic
groscopic growth and droplet activation behaviour of the pri- concentration, without observing saturation of the particle or-
mary marine aerosol was studied. Seawater proxies werganic mass fraction even for unrealistically high organic mat-
prepared by the combination of artificial seawater devoid ofter concentration in seawater. These findings are indicative
marine organics and natural seawater enriched in organic exhat discrepancies on the composition of the primary aerosol
udate released by laboratory-grown phytoplankton culturesbetween different studies could partly be explained by the
as described in a companion paper. The primary aerosol wagifference in the nature and concentration of the organic mat-
produced by bubble bursting, using a plunging multijet sys-ter in the source seawater employed.
tem as an aerosol generator. Consistently across the experiments, theoretical analysis
The aerosol generated from seawater proxies enrichetdased on the &hler model predicted a reduction in the pri-
with marine exudate presented organic volume fractions ormary marine aerosol CCN activity upon the incorporation of
the order of 8-37%, as derived by applying a simple mixingmarine organics into the particle composition. This effect is
rule. The hygroscopic growth and cloud condensation nu-consequence of the replacement of small inorganic sea salt
clei (CCN) activity of the marine organics-enriched particles molecules by large molar mass organic molecules, together
where 9-17% and 5-24% lower, respectively, than those ofvith a moderate suppression of the surface tension at the
the aerosol produced from artificial seawater devoid of exu-point of activation of 5-0.5%, which leads to a dominance
date. Experiments in a companion paper indicated that thef the reduction in the dissolved solute in the Raoult term.
cloud nuclei formation could be enhanced in diatom bloom
areas because of the increase in the primary particle produc-
tion induced by marine organics. The experiments in the
present study, however, indicate that the impacts of such art
enhancement would be counteracted by the reduction in the

CCN activity of the primary particles enriched in marine or- N a companion paper, an experimental StUdY on the_mflu-
ganics. ence of marine biogenic matter on the submicron primary

The extent of the effect of the biogenic matter on the par_marine aerosol production has been preserfiedites et al.

ticle behaviour was dependent on the seawater organic cor?—mob' The present paper extends this experimental study to

centration and type of algal exudate. Aerosol produced fromOlescribe the influence of organic matter produced by phyto-

seawater proxies containing diatomaceous exudate present@éankton on the hygroscopicity and CCN behaviour of the

higher hydrophobicity and lower CCN activity than those en- primary marine aergsol. ) . o
Chemical analysis of marine particles collected in field

experiments has provided evidence for the presence of sig-
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1997 Middlebrook et al. 1998 Putaud et a).200Q Cavalli 2010. In order to reduce the uncertainty in global scale pre-
et al, 2009). The organic content of the atmospheric marine dictions further research is needed to understand the under-
aerosol has been found to follow a seasonal pattern, charadying processes leading to differences in the particle organic
terised by organic fractions accounting for up to 63% of thefraction obtained in different laboratory studies, asses the va-
submicron aerosol dry mass during warm pericd®owd lidity of current formulations to be applied globally and es-
et al, 2004. Although it is postulated that the presence of tablish solid correlations between biological activity and ma-
organic matter released by marine biota might affect marinerine aerosol composition.
aerosol properties, little is known on the effect of these or- The role of oceanic phytoplankton in affecting the marine
ganics on the behaviour of aerosols produced in areas of highloud condensation nuclei (CCN) formation remains largely
biological activity. unknown. Analysis of remotely sensed data on regions of dif-
The chemical composition of the marine aerosol deter-ferent biological activity have indicated an enhanced cloud
mines its hygroscopic properties, which in turn influencesformation activity over algal bloom areas with respect to
its ability to scatter light and to form cloud condensation regions of low productivity Meskhidze and Nene2009.
nuclei (Moore et al, 2008. Analysis of the chemical com- This finding has been attributed to changes in the chem-
position of the primary marine aerosol generated by bubbldcal composition and size distribution of the condensation
bursting from natural seawater has shown high organic massuclei (Meskhidze and Nenge2006. Several mechanisms
fractions in the submicron size region (up+080% for par- by which marine biota can modify marine cloud formation
ticles sizes~125-250 nm), with increasing enrichment with have been proposed. These hypothetical mechanisms are re-
decreasing particle siz&#cchini et al.2008 Keene et al.  lated to the impact of the primary organic matter released by
2007. The majority of this organic matter was found to be marine biota on the particles’ CCN activitP{Dowd et al,
water insoluble, consistent with the organic matter found in2004) and to the formation of secondary aerosol from the ox-
the atmospheric marine aerosol composition during periodsdation of phytoplankton-produced volatile compounds, like
of high biological activity Facchini et al.2008 O’Dowd et dimethylsulfide Charlson et a).1987 and non methane hy-
al., 20049). In contrast, studies of the hygroscopic behaviour drocarbonsileskhidze and Nene200§. Different model-
of submicron primary aerosol generated from unfiltered nat-ing approaches have been proposed to explore the potential
ural seawater by bubble bursting have reported hygroscopieffects of different phytoplankton-derived compounds in or-
growth suppressions10% with respect to pure NaC&él- der to infer viable mechanisms through which the organic
legri et al, 2008 Modini et al, 2009. This hygroscopic matter can affect marine cloud nuclei formatidvegskhidze
growth implies low organic volume fractions<(0%), in and Nenes2006 O’'Dowd et al, 2004).
contrast with the high fractions reported in preceding studies Since the marine organic matter exhibits surface-active
on the chemical composition of the primary marine aerosolproperties, it has been postulated that it may play a role in
produced by bubble burstindKéene et al.2007 Facchini  determining the marine particles’ cloud activation behaviour
et al, 2008. It has been postulated that discrepancies inthrough its effect on the surface tension of the aqueous
the organic enrichment of primary particles generated in dif-droplets O'Dowd et al, 2004. A number of experimen-
ferent studies is related not only to the amount of organicstal and modeling studies have addressed the effect of sur-
present in the seawater samples, but also to the composfactants on the cloud condensation activity of aerosols con-
tion and surface-active properties of the organic matter in theaining diverse inorganic soluteki(et al., 1998 Kristens-
source seawateModini et al, 2009 Fuentes et al2010b). son 201Q Moore et al, 2008. According toLi et al. (1999
Different bubble bursting generation mechanisms have beethe reduction in the surface tension by surfactant molecules
observed to affect the organic enrichment and the influenceuppresses the critical supersaturation through the Kelvin
of organics on the hygroscopic and cloud condensation beeffect; however, the replacement of small inorganic solute
haviour of the particlesHuentes et a120103. molecules by large surfactant molecules can cause a reduc-
Parameterisations predicting particle number productiortion in the dissolved solute in the Raoult term of théher
as a function of temperaturél@rtensson et al2003, or- equation and lead to an increase in the critical supersatura-
ganic matter contentFuentes et al.2010H, modal sizes tion. It has been argued that the CCN activity of atmospheric
(O'Dowd et al, 2008 and organic mass fractioVignati et  aerosols depends on the organic proxy employed and that a
al., 2010 are currently applied to estimate the marine particlereduction in the critical supersaturation could be produced
production and composition on a global scalgfati et al, by surface-active compounds representative of atmospheric
2010. A large uncertainty in the determination of marine organic mattergacchini et al.2001).
particle distribution is implicit in these model predictions,  The aim of this work is to elucidate the extent to which the
due to the large discrepancy in the estimation of the particleorganic matter secreted by marine biota, incorporated in the
organic fraction between different studies and to the fact thaparticle phase through the bubble bursting process, can ef-
the composition of marine particles is generally modelled byfectively influence the hygroscopic and cloud condensation
extrapolating regional relationships between particle compobehaviour of the primary marine aerosol. Cultures of mi-
sition and biological activity to a global scalignati et al, croalgae strains representative of oceanic species were grown
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in order to produce natural bioexudate. This material wasdefined as a function of size, not solubility, and thus, it is in-
employed to prepare seawater proxies for the production ofppropriate for defining the organic carbon pool in this size
primary aerosol by means of a multi-plunging water jet gen-range, where compounds of different solubility coexir¢
erator. Measurements of the CCN activity and hygroscopic-dugo et al.2004).
ity properties of the laboratory-produced aerosols were con- Two different methods were applied to prepare seawater
ducted and compared with blanks performed with artificial proxies using the produced phytoplankton exudate. In the
seawater devoid of algal exudate. Together with the experibulk mixing methodseawater solutions containing a single
mental analysis, the classicabKler theory was applied to algal exudate type were prepared at organic carbon concen-
reconcile the hygroscopic and cloud condensation activitytrations of the order of those found in surface waters col-
measurements and to provide insight into the factors leadindected during an algal bloom in the equatorial Atlantic Ocean
to the observed cloud condensation activity behaviour. (92-451pM OC.o2pm; Chla=0.81-4.69 pg/L)Ruentes et
al,, 2010h. High concentrations of O 5-o.7um have also
been found in studies bgugimura and Suzukil988 (up
2 Experimental methods to 320 uM) andMiartin and Fitzwate(1992 (up to 230 uM)
in surface waters from the Pacific Ocean. The experiments
2.1 Sample preparation, aerosol generation and aerosol conducted are therefore only representative of the primary
characterization particle production occurring in algal blooms. For the prepa-
ration of the samples, artificial seawater devoid of exu-
Artificial seawater was prepared from analytical grade saltsdate and aliquots of the stock solution of natural seawater
and deionised water following the method described byenriched with organics were mixed to obtain the selected
Kester et al (1967, so that the ionic mass ratios of Na OC.o.2pum concentration. Some experiments with unreal-
Cl—, Mg?t, HCO; and sci— were comparable to those in istic high concentration of organic mattes 10 pM) were
real seawater. Natural seawater samples enriched with omlso conducted in order to study whether the particles organic
ganics released by algal laboratory cultures were subjectetaction reached saturation. Tablesind? list the different
to 0.2 pum filtration in order to remove bacteria and avoid algal exudate employed and seawater proxies prepared for
biodegradation of the organic matter released by the maringhe experiments. With thenonolayer methadhe effect of
algae during the aerosol experimerfisi¢ntes et al20101). organic microlayers on the particle production was investi-
The organic matter in the size rang®.2 um, herein re- gated. Solid phase extraction (C-18 Sep-Pak SPE cartridges)
ferred as OCo 2pm, comprises colloidal micro- and nanogels was applied to extract the hydrophobic matter contained in
along with truly dissolved organic carbolgrdugo et al. 2 ml of the agqueous exudates, by using 10 mL of a 2:1 volu-
2009. There exist experimental evidence that marine col-metric mixture of chloroform and ethanol as extraction sol-
loidal matter can present sizes below 0.2 um and that thisrent. The solvent extracted samples were dried out and re-
colloidal fraction can be even more abundant that colloidsdissolved in chloroform and spread dropwise on the surface
of higher size rangeWells and Goldberg 1993. In ad-  of artificial seawater contained into the bubble tank.
dition, it is suggested that aggregation of marine colloidal Bubble-bursting aerosols were produced by the impinge-
matter <0.2 um is an important mechanism for the forma- ment of water jets generated by means of a water recircula-
tion of aggregates in the supermicron size ranjells and  tion system in the centre of a PTFE tank (Fij. The ex-
Goldberg, 1993. Facchini et al(2008 found that most of  perimental conditions for the generation of the proxy marine
the organic fraction in the primary aerosol submicron sizeaerosol are described Fuentes et a(20108.
distribution was water insoluble (WIOC) and that the com- A continuous flow CCN counter (Droplet Measurement
position of this fraction presented a similar signature to thatTechnologies) combined with a Vienna designed DMA and a
of organic matter in the size range 0.1-10 pm, extracted fronparticle counter TSI 3010 CPC were employed to characteri-
seawater. The origin of WIOC in the primary aerosol hasse the aerosol cloud condensation activity. The DMA was
been attributed to the colloidal organic matter secreted byused to generate monodisperse aerosol in the size range be-
phytoplanckton Facchini et al.2008. The samples used in tween 40 nm and 100 nm dry diameter. These particles were
the present study, although in a lower size range than the omirected in parallel to the CPC and CCN counters. The sam-
ganic matter extracted for analysis Bgcchini et al(2008), ple flow in the CCN counter was 0.5lpm and it was oper-
contain an important part of the colloidal and microgel frac- ated at different supersaturations in the range between 0.07%
tion of marine organic matteMérdugo et al.2004. Thus, and 1% for each particle size. Deliquescence curves of 40—
the organic material in the samples employed in this studyl00 nm dry diameter particles were measured by means of a
can contribute to the insoluble organic fraction observed inHygroscopicity Tandem Differential Mobility Analyzer (H-
the submicron primary aerosol compositidgfa¢chini et al.  TDMA), following the methodology described Fuentes et
2008. It should be noted that although the term DOC (dis- al. (2010g. The calibration and quality assurance procedures
solved organic carbon) is generally applied to organic carborcarried out for the two instruments are describeGood et
with size < 0.5-0.7 um obtained after filtration, this term is al. (2010.
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Table 1. Algal species employed for the production of exudate and organic carbon conteny i) of seawater proxies prepared with a
single algal exudate.

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

Table 2. Contribution of single algal exudates to the organic carbon content of seawater proxies prepared with exudate mixtures (total
OC_g.2pm =512 uM).

OC.0.2pm (UM)

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%)

form:ethanol solution and deposited dropwise on the surface
— = weterlne DMPS |— — — — — of water contained in the trough, to form a monolayer. Com-
"'{‘ ::':ditysem —— aerosol sampling line pression isotherms were recorded at a symmetric compres-
sion rate of 10 mm/min at20°C.

Axisymmetric pendant drop analysis (KSV instruments
CAM101,60 fps digital camera) was used to measure the
static surface tension of droplets containing algal exudate.
The surface tension of a number of drops, typically 3-5, with
volumes of~15 mn? were measured, allowing 50 min for
surface tension equilibration. Samples were prepared by dis-
solving various masses of desalted dry exudate in deionised
water.

? flowmeter

HC filter HEPA filter ?
[0

PTFE TANK Peristaltic pump

: , ) _ .3 Results and discussion
Fig. 1. Experimental set-up for aerosol size distribution

(Fuentes et al.20108, hygroscopicity and CCN experiments.
DMPS =differential mobility particle sizer, DMA =differential

mobility analyzer, CCN=cloud condensation nuclei counter, . . . 0
CPC =particle counter, H-TDMA=Hygroscopic-tandem differen- Hygroscopic growth in the humidity range from 50 to 93/"
tial mobility analyzer, MFC = mass flow controller. RH was measured for 40, 60, 80 and 100nm dry diame-

ter (D,o) particles produced from different organics-enriched

seawater proxies, artificial seawater devoid of marine exu-
2.2 Surface tension measurements date and natural filtered seawater plus the nutrients medium

used for growing the algal cultures. Although the majority
Compression isotherms of films of marine organics extractedf the added nutrients are supposed to be consumed during
by solid phase extraction were measured with a non-poroughe algae growth period, the seawater + algal medium mea-
PTFE trough (KSV Minitrough, 273 cfnsurface area) pro- surement was performed in order to compare with the mea-
vided with a platinum Wilhelmy plate film balance. Solid surements conducted with the samples resulting after algal
phase extraction (C-18 Sep-Pak SPE cartridges) was appliegrowth.
to extract the hydrophobic fraction of 2 ml aqueous exudate Figure 2 shows humidograms (hygroscopic growth fac-
samples, by using 10mL of a 2:1 volumetric mixture of tor (GFpo,rn), With DO indicating the particle size, versus
chloroform and ethanol as extraction solvent. The solventRH) obtained for seawater proxies containing Phaeocystis
extracted samples were dried out, redissolved with chloro-exudate, along with the theoretical curve for NaCl, which

3.1 Hygroscopicity of the primary marine aerosol
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gogb——1L—+ 1L 1 Analogous trends in the hygroscopic behaviour were ob-

6] === Nacitheary L served in experiments with all other particle sizes and algal
S D Arifioial seawater without exudate ﬁ,’ exudate tested (Fig. S1 in supplementary material). The re-
2871 swe with Phaeocystis exudate: FAE duction in GRo nmooserHfor the different cases studied, with
249, ;’CC ;“ju"m” 511725;:/' ﬁ;&/e - respect to production from artificial seawater, ranged from 9—
; 22 OC.gum 910 1M i - 13% at 175 uM OCo2pm to 10-17% at 512 uM OGy 2pm,
£ 20 + ,%»AAAA L with dependence on the algal exudate type. The reduction
& g0 :"A'a ° B in the growth factor at 90%RH in the presented measure-
L6 ; i ments is from the same order to up to 15% higher than the
o i hygroscopic growth reported in preceding studies on the wa-
] i B ter uptake of primary marine aeroset10% for 71-85nm
1.2 . s g"@%ﬁ - dry size) Gellegri et al. 2008 Modini et al, 2009. No ef-
L A fects on the hygroscopic growth factor, however, were ob-
30 0 50 60 70 80 90 100 served for the experiments conducted using the monolayer

RH () method. Although this could indicate that the existence of a

single monolayer is not sufficient to exert any significant ef-

Fig. 2. Humidograms of 40nm dry particlefo) generated ¢’ the particle behaviour, it should be noted that the or-
by bubble-bursting from artificial seawater and seawater proxies

(SWP) containind®haeocysti®xudate, at different organic carbon gan_'c layer was not replenished during the duration of the ex-
concentration (OCq 2ym). A shape factoy = 1.04 was applied to _perlm.ents; thus, removal of th_e monolayer by bubble burst—
the presented data. Error bars indicate the uncertainty in the diamiNg might have occurred on a timescale shorter than the time
eter selected by the DMA as function of the shape factor correctiorréquired to obtain a measurement. The higher enrichment
in the range from sphericaj(= 1) to cubic § = 1.08) particles. obtained in the bulk mixing experiments could indicate that
the mechanism by which bubbles and particles are substan-
tially enriched in organic matter would be the absorption of
was calculated using the detailed thermodynamic model ADurganics on the air/water interface of rising bubbles, rather
DEM (Topping et al.2005. The error bars indicate the un- than by the only existence of an organic monolayer on the
certainty associated with the diameter selection by the DMA water surface. The results in this work are however incon-
calculated considering correction factors in the range fromejusive, as further work is necessary in order to evaluate the
spherical § = 1) to cubic shapey = 1.08), whereas the pre-  time scale for the removal of organic monolayers by bubble
sented data corresponds to a shape factgr €f1.04. Al- bursting.
though not included here for clarity of presentation, the same Hygroscopic growth probability distributions at 90 RH%
uncertainty range should be considered for all the experifor particles with D,o= 40 nm produced from seawater sam-
ments with seawater. ples at 512 pM OCo zpm are presented in Fig. The shape
For the artificial seawater case, observable water uptakef the distributions indicates that the primary marine aerosol
already occurred at humidity50%, followed by a progres-  generated from seawater enriched with biogenic matter is in-
sive growth with increasing RH and a substantial water up-ternally mixed, since a single homogeneous mode was de-
take in the 70 to 80% humidity range, due to the dissolutiontected. The same behaviour was observed for all the con-
of the NaCl crystals. Whilst the hydration behaviour for RH dycted experiments. These results are in agreement with
<75% is similar among all the seawater proxy cases studiedmeasurements bgellegri et al.(2008, that showed an in-
above this humidity, the presence of organic material in theternal mixture for 20 and 85 nm particles generated by bub-
sea-salt particles suppresses the growth factor in comparisoling in natural seawater. Marine aerosol particles have been
with the artificial seawater measurements. The magnitudgyenerally found as an internal mixture in clean air masses in
of this suppression, however, is dependent on the concenthe Northern Atlantic Ocean, Southern Atlantic Ocean and
tration of organics in the seawater, with a reduction in the|ndian Ocean$wietlicki et al, 2000. Furthermore, an inter-
particle growth with increasing seawater organic concentranal mixture between organics and inorganic matter has been
tion. A reduction in the growth factor is also observed for the found for most of the marine aerosol mass during periods of
seawater+nutrients case with respect to the artificial seawahigh biological activity O’Dowd et al, 2004 Cavalli et al,
ter measurement. This suppression, attributed to the effect004. The results in Fig3 show that the primary marine
of nutrients and residual marine organic matter in the natugerosol is~20% more hygroscopic than atmospheric marine
ral seawater, is less significant than the reduction produce@erosol in clean air masses, suggesting the presence of other
when using seawater proxies with concentratiori¥5 UM inorganic salts, like sulphates, and organic components of
OC.o.2um- This indicates that the suppression of the growth secondary origin in the atmospheric aerosol. In general, the
above this concentration is certainly due to the organic mattefygroscopic growth of the aerosol generated from diatoma-
produced by the algal cultures. ceous exudateQhaetocerosindT.rotula) was 5-10% lower
than that of particles generated from nanoplankton exudate
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0.7 Primary seaspray growth factors, respectively. The use of the ZSR implies
Atmospheric seaspray [ Dm0 m (00 Rt the assumption that the organic and inorganic fractions ab-
0.6~  inclean marine air masses sorb water independently. Investigation on the water uptake

of mixed particles made up of NaCl and organic solutes has
suggested the existence of a negative interaction between the
organic and inorganic fractions during hygroscopic growth
(Cruz and Pandj000. Predictions of growth factors based
on the assumption of independent water absorption, however,
have been shown to agree with measurements within 20%
(Cruz and Pandjs2000, thus, this approach is applied in
this study as a good first-order estimation of the composition
of the patrticles.

Equation {) was applied at 90% RH considering the
growth factor of pure NaCl for the particle inorganic fraction

|
|
DPD=40 nm (90% RH) |
|
0.5
1

0.4+

0.3 —

Normalised counts

0.2+

0.1 -

0.0 - i = as derived from the ADDEM model (Gfsrg = 2.35) (Top-
00 05 10 15 20 25 30 35 ping et al, 2005 and a hygroscopic factor for the organic
GF, o . . . g .
40nm90% fraction of 1.1, representative of oxidised organic aerosols
AoSenG Seaseray I dea mare s masses (McFiggans et a).2005. Predictions using the ZSR approx-
_ i y i i i . . . .
(Pacific, Southern oceans and North Atlantic ocean; imation at 90% RH with an organics growth factor of 1.1
ooy ceatoray from yielded particle organic volume fractions from 8 to 37% for
SWP with Chaet. exudate 1 1
Wb i T e seawater organic concentration Qﬁum between 175 and
— SWP with Phaeocystis exudate 512 pM
— SWP with E. Huxleyi exudate

The sensitivity of the predicted composition to the as-
sumption of Gk is relatively small, since within the rel-

Fig. 3. Probability distribution of hygroscopic growth factor at 90% evant range of arowth factors for compounds representative
RH for 40 nm dry particles generated from seawater proxies (SWP) 9 9 p P

containing different algal organic exudates at 512 UM Q&um. of mf':lrln_e Or_ganlcs (Gdrg=1-1.5 at 90% RH,Reng et al.
The atmospheric growth factor distribution in clean air masses is in-200% Mikhailov et al, 2004 Gysel et al. 2004), the max-
cluded for comparison. The dashed vertical lines indicate the rangémum difference of the predicted organic fraction is 0.05. It
of uncertainty for the statistical mode of the atmospheric distribu-Should be remarked that this sensitivity analysis is valid only
tion. for the order of organic fraction concentrations found in this
study. The derived mean organic fraction for the diatoma-
i ) ceous exudateQhaetoceroand T. rotuld) is 5-10% larger
(E. huxleyiandPhaeocystis(Fig. 3). In an analogous man-  1han, the volume fraction for the nanoplankton exudate, with a
ner, in the experiments with algal mixtures the highest sup-jiterence=0.05 at any organic growth factor Gbetween
pression occurred for the mixtures with the greatest propor-y_; 5 Hence, it can be concluded that the organic fraction of
tion of diatomaceous exudate (Chaetmix and TRotulamiXihe particles produced from diatomaceous exudate is higher
samples). than for the other cases studied, beyond the uncertainty in
the assumption of Gfy. In addition, the mean difference
between theChaetocerosand T. rotula organic fractions is

The Zdanovskii-Stokes-Robinson mixing rule (ZSB)dkes !arger Fhan the unf:ertain.ty value, wmhaetocerospresen_t-

and Robinson1966 can be used as a simplified approach ing & higher organic fracquthélh rgtula Hoyvever, the dif-

to estimate the composition of the primary particles using/€Tence between the organic fractions within the nanoplank-
the hygroscopicity measurements. In the above experimentin 9roup E. HuxleyiandPhaeocystisis within uncertainty

it was shown that the hygroscopicity of seawater devoid ofl!mlts, thus, it is not possible to determine whether the par-
exudate is similar to the growth of pure NaCl particles af- iCles generated from these two types of exudate present a
ter deliquescence. Adopting the simplification that the post-d'fferent organic ennchment: , )
deliquescence growth of the inorganic fraction in the primary Analysis of the relationship between the particle organic
marine aerosol can be approximated to the growth of purélolume fraction and the organic carbon content of the seawa-

NaCl, the ZSR rule was applied to calculate the hygroscopid€" €mployed for aerosol production (F4indicates that the
growth factor of a mixed primary marine particle as: particle organic fraction is proportional to the organic mat-
ter concentration in the seawater proxy. The equilibrium ad-

GFparticle= ((1— 50rg)GF§1 org+€0rgG Fgrg)1/3 1) sorption of organics by rising bubbles increases with increas-

ing organic concentration in the liquid medrugntes et al.
wheregqrg is the organic volume fraction in the dry parti- 20103, which explains the correlation between the seawater
cle and Ghnorg and Ghyyg are the pure inorganic and organic and the particle organic enrichment.

3.2 Organic enrichment of the primary marine aerosol
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The derived organic volume fractions were converted into
organic mass fractions in order to compare with measure-
ments of atmospheric marine aerosol organic enrichment by
O’Dowd et al.(2008 and their revised versioivignati et al,
2010. For the conversion a density of 1400 kd/mepresen-
tative of oxidised organic aerosols, was applied for the or-
ganic fraction Alfarra et al, 2006 Dinar et al, 2006. Since
this density is in the upper range of density values for or-
ganic compounds, the derived composition constitutes an up-
per limit estimation of the organic mass fraction in the marine
particles. For a direct comparison of our results with the at-
mospheric measurements, the seawater organic carbon con-
centration was converted to the corresponding Chl-a concen-
tration using the mass balance equation presentedémtes
et al. (20100. This balance provides a first-order estima-
tion of the relationship between the Chl-a biomass in an algal
bloom and the corresponding production of labile and semi-
labile organic carbon, using parameters such as the C:Chl-a
ratio and the lifespan of the algal cells.

Figure 5 shows the data from the present study in com-
parison with the atmospheric aerosol organic fraction deter-
mined byO’'Dowd et al. (2008, as a function of the sea-
water Chl-a concentration. The solid red line represents
the average curve through the primary aerosol data, while
the dashed red lines indicate the uncertainty in determin-
ing the relationship between the organic matter in the sea-
water and the Chl-a biomass concentration. The uncertainty
range in the relationship between the seawater primary or-
ganic carbon and Chl-a biomass presented in Fig. due
to the fact that the organic production by marine biota is
formulated not only as a function of the Chl-a concentra-
tion, but also dependent on the specific conditions in the al-
gal blooms, like nutrients availability, temperature (affecting
Chl-a:C mass ratio) and lifespan of algal cellsiéntes et
al., 20101. Since the particle organic fraction is a function
of the seawater organic matter content (Mjpand the or-
ganic matter production in algal blooms is not exclusively
dependent on the seawater Chl-a concentratiareiftes et
al,, 20108, it is likely that regional relationships between
particle organic mass fraction and Chl-@'Dowd et al,
2008 Vignati et al, 2010 might not be applicable on a
global scale. The uncertainty curves for the primary ma-
rine aerosol indicate that higher particle organic fractions
are expected in algal blooms regions with high C:Chl-ratio
and low grazing, since these conditions favour the produc-
tion of organic matter at lower Chl-a concentrations. Most
of the primary aerosol data lay on the Chl-a region between
0.4-10 pg/L, which is representative of areas with high bi-
ological activity. The range of high Chl-a values for the
primary aerosol dataset is consistent with the high organic
concentration in the seawater proxies employed in the pre-
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sented experiments (most of the samples were enriched WltF—lig. 4. Particle organic volume fraction versus seawater organic

OC.0.2um >175uM), considering that the average concen-

concentration for different algal exudates and particle sizes calcu-

tration of organic carbon in the oceans, including the refrac-|5eq using the ZSR rule with GRy=1.1.

tory organic pool, is 50-80 uMJwaga and Tanque003,
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Fig. 6. Critical supersaturation as a function of particle diameter for
Fig. 5. Comparison of organic mass fractions in atmospheric marinethe aerosol generated from artificial seawater and seawater proxies
aerosol O’Dowd et al, 2008 Vignati et al, 2010 (solid black line: (SWP) enriched witlChaetocerogxudate at different organic con-
average; dashed black lines: uncertainty range) and upper estimaféntrations. A shape factor=1.04 was applied to the presented
of organic mass fraction in the primary marine aerosol (symbols:data. Horizontal error bars indicate the uncertainty in the diameter
experimental data; solid red line: average curve through the dataselected by the DMA as function of the shape factor correction in
dashed red lines: uncertainty range). The uncertainty range for théhe range from sphericak(= 1) to cubic = 1.08) shape. Verti-
atmospheric marine aerosol indicates 100% data confidence limit§al bars indicate the mean uncertainty in the determination of the
and the uncertainty curves and error bars for the primary aerosoffitical supersaturation taken aso standard deviation.
data represent the uncertainty in determining the relationship be-
tween the organic matter in seawater and Chl-a bionfassrtes et
al., 20108. O’Dowd et al.(2008. Although the discrepancy between

the present study and results Facchini et al.(2008 and

O’Dowd et al. (2008 could be thought to be due to the
and that the Chl-a concentration in low biologically activity fact that the samples in the present study were filtered for
areas is frequently below 0.4 ug/Pérez et a).200)). It is OC_.0.2pm, this argument is not definitive, since similar hy-
remarkable that saturation of the organic mass fraction of thegjroscopic growth suppression to our study was observed by
primary aerosol does not occur even for unrealistically highSellegri et al.(2008 in experiments with natural unfiltered
OC<042pm concentrations=910 uM. seawater.

For Chl-a concentratior:0.5 pug/L (particle organic mass It is remarkable that differences between the primary and
fraction below 30%) the primary and atmospheric marineatmospheric aerosol compositions could also be attributed to
aerosol uncertainty regions partially overlap, thus indicat-the existence of secondary organic matter in the atmospheric
ing that the primary organics could constitute from 50% to aerosol. The correlation between Chl-a and particle organic
100% of the organic fraction in the atmospheric particles infraction in the measurements &'Dowd et al. (2008 is
this range. However, for higher Chl-a concentrations (i.e.low (-2 = 0.25), indicating that part of the variance in the
higher organic matter concentration in the seawater) the oreataset is possibly due to secondary processing incorporat-
ganic fraction in the primary aerosol is lower than the organicing organics that may or may not be of marine origin. This
fraction in the atmospheric particles. It is remarkable thatwould be the case of formation of secondary organic aerosol
even for very high organic concentrations in seawater (e.gfrom non-methane hydrocarbon and glyoxal emissions de-
OC_0.2um 2100 uM), the organic mass fraction of the pri- rived from the algal photosynthetic activitileskhidze and
mary aerosol is not higher than 58%, while the atmospheridNenes 2006 Shapiro et al.2009. The results presented in
measurements already exhibit an averaged organic fractiothis section have shown that the particle organic enrichment
of ~80% at a Chl-a concentration efl ug/L. The present depends on the seawater organic concentration and type of
work, together with previous studies on the hygroscopicity oforganic exudate. Thereby, discrepancies between different
the primary marine aerosdbéllegri et al(2008 with North laboratory studies on the composition of the primary aerosol
Atlantic waters andModini et al. (2009 with coastal wa-  could partly be attributed to the different organic content in
ters (the latter possibly affected by river run-off)) yield par- the source seawater employed. The concentration of col-
ticle organic volume fractions considerably lower than theloidal matter OCq2um in surface waters has been found
organic mass fractions reported Bgicchini et al(2008 and to vary by a factor of up to 4.5, depending on the location
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(Wells and Goldberg 1993, thus it is expected to find L L L TR N E

diverging organic enrichment in particles generated from dif- 087 A "o Anifcial sewater |
ferent source seawater. 07 - SWP with 512uM OC_ 5 |
= Chaetoceros
S N T. rotula o
3.3 CCN activity of primary marine aerosol 5 06 N Ehhiifgisﬁs |
= . .
The CCN activity of particles generated from artificial sea- § o8 N -
water and seawater proxies containing biogenic organics S 0.4 *é\
was characterised for dry particle diameters between 40 and % 03 N L
110 nm. Critical supersaturations obtained for seawater en- g ﬁ*\
riched withChaetocerogxudate are shown in Fi§, along 0.2 - FE\& "
with the theoretical curve for NaCl and the results for the *“im
experiment with natural seawater plus the nutrients medium. 014 oL
The horizontal error bars account for the uncertainty in the 3 2 5 6 7 8 9 1(')0
selection of the particle diameter by the DMA in the range Dry diameter D, (nm)
from spherical ¢ = 1) to cubic = 1.08) particle shape, T
and the vertical error bars indicate the uncertainty in the de- 30 - -

termination of the critical supersaturation takentds stan-
dard deviation. Although not included in all the cases in the
plots in Fig.6 for clarity of presentation, the same uncer- 20 -
tainty range should be considered in all the experiments.

Whereas the measurements with artificial seawater with-
out organics and the seawater+nutrients medium indicate that
the particles produced from these samples presented a be-
haviour similar to pure NacCl, the presence of biogenic organ-
ics in seawater caused an increase in the critical supersatu- 0
ration in the range 5-24% with respect to the case without
algal exudate. In a similar way to the hygroscopic growth
analysis, the observed effect is observed to be positively cor- I I R

: . L ; 40 60 80 100

related with organic concentration in the seawater. This ef- Dry diameter D (nm)
fect was observed for all the algal exudates studied (Fig. S2). o

Furthermore, the CCN aerosol activity was found to de- Fig. 7. (A) Critical supersaturation as a function of particle diam-

pend on the type of algal exudate in the seawater proxy. I:ig'eter for the aerosol generated from artificial seawater and seawater

ure7 shows the measurements for seawater samples contaifzoxies (SWP) enriched with algal exudate at 512 HUM_QGm

ing one type of exudate at identical concentration (512 piMand(B) relative variation in the critical supersaturation Sc with re-

OC.o.2um). Figure 7 (B) indicates the relative variation spect to the critical supersaturation for the case without exudate.

of the critical supersaturation with respect to the case of

artificial seawater without exudate. The experiments with

diatomaceous exudate show a stronger effect on the critifined in the form of a two-dimensional virial equation of state

cal supersaturation than the experiments with nanoplackto®s Pogorzelski and Kogu2003 Barger and Meand 989 :

exudate, with the greatest effect observed for @@eto-

cerosseawater proxy. Regarding the experiments with exu-"*

date mixiures, in like manner to Fhe hygroscopicity MEASUIe, herer is the surface pressure, defined as the surface tension

ments, the effect of the Chaetmix exudate was the largest in . . ;
. . ) .. reduction with respect to the surface tension of pure water, A

comparison with the rest of the samples (Fig. S3), which is.

. . - ) is the film area and & C; and G are the virial coefficients.
in agreement with the observations for the single exudates. . . L
The number of molecules in the film, the limiting area and

the molar mass of the different exudate films can be obtained
from the virial coefficients in Eq2) (Pogorzelski and Kogut
03. The number of molecules,, in the film and the
miting specific area are defined &dgorzelski and Kogut

ASC(%)

A=Co+ Cim + Corr? (2)

3.4 Molar mass of algal exudates

Compression isotherms (surface pressure versus film area)
algal exudate monolayers, obtained from measurements wit

a Langmuir trough, were used to derive the molar mass o 003:

the hydrophobic fraction of the marine organics in the sea-,, —2cq/kT ©)
water sample remaining after filtration at 0.2 um. To apply

this approach, the isotherms of marine surfactants were deAjjm = C1Na/ny, x 10 4)
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Fig. 8. Surface pressure-area isotherm of films of marine organ-Fig. 9. Szyskowski-Langmuir surface tension isotherms for the al-
ics released by different algal cultures atZDas determined from 9@l exudates on study as determined from axisymmetric pendant

Langmuir trough compression measurements. The dashed lines iflfop analysis at 20C. Vertical bars indicate the mean uncertainty
dicate the uncertainty limits. in the determination of the surface tension takertds standard

deviation.

wherek is the Boltzmann constant; the temperature and . .
end of these ranges, which has been associated to surface
N4 the Avogadro number.

Following the approach d?ogorzelski and Kogu2003, flI(;nzr::i?:”sr(r::ies(ii:)nng(gairi\glzii f;(r)]rg g;e L:gé%?caeltagin:lhm_
the algal exudate molar mass is calculated under the as; 9 9 9 ' g

sumption that the mean mass of a film of marine organ- his could also be due to the fact that the extracted hydropho-
sumptior . . 98M"4ic material contains only organic mattef.2 um. The high
ics required to produce a surface tension reduction ef

20 mN/m at 119.54 cfnis approximately 24 pg. This as- values of molar mass found (1.37-2.37 kDa) , however, pro-

_ : . vide experimental evidence of the existence of truly colloidal
sumption is based on experiments with 16 model surface- . ; .

. ) : . substance in the organic poaD.2 um isolated from the sea-
active substances present in seawater, which yielded a mean

. Water samples. These values are also consistent with the mo-
film mass of 24- 6.2 Hg Barger and M.eansl_983. Thereby, lar mass of the colloidal nanogels size range reported in the
the molar mass (M) is calculated as:

literature ¥erdugo et al.2004.

Morg=24x (Az=20/11954) /n,, (5) 3.5 Application of Kshler theory

whereA;—zo is the film area forr =20 mN/m. _ Surface tension measurements, using the pendant drop tech-
Figure8 shows ther-A isotherms for films of the differ- pjque, were performed in order to determine the surface ten-

ent algal exudates used in this study as obtained from thgjon isotherms for each of the algal exudates on study. From

conducted measurements. The resulting isotherms are typthese measurements, the surface tension can be defined as

cal of surfactants forming expanded films, characterised by & function of the droplet exudate concentration following the

monotonic increase of the surface pressure with the surfacezyskowski-Langmuir adsorption isothetrangmuir(1917
film reduction and the appearance of kinks reflecting phasgg:

transitions of higher orders. Isotherms with similar char-

acteristics to these have been observed in analogous expe§—q,, — RT Two[In(1+ 1/ar Corg)] (6)
iments with marine surfactant film®¢gorzelski and Kogut
2003. whereoy, is the surface tension of wat&Tqrg is the organic

Table 3 includes the values of the virial coefficients, lim- concentration in the droplety is the Langmuir parameter
iting area and molar mass derived from the isotherms in(concentration at half surface coverage, méymndI's, is
Fig. 8. Least square fitting of the experimental data to thethe saturation surface excess (mdymThe isotherms ob-
virial equation of state yielded coefficient regressierts87  tained for the different algal exudate samples are illustrated
(P <0.01). The molar mass and limiting area of marine or- in Fig. 9, while the values of. andl', are listed in Tabl&.
ganic films are typically in the range of 0.65-9.71kDa and In order to evaluate the CCN behaviour of the primary sea
268-3157 A/molec, respectivelyRogorzelski and Kogut spray the Khler model was used with input of the surface
2003. The values derived in this work are closer to the lower tension and composition of the primary particles. Tlanker
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Table 3. Virial coefficients of the two-dimensional equation of state defining the compression isotherms of the marine exudate films, limiting
area, inferred molar masses and parameters of the Szyskowski-Langmuir adsorption isotherms.

Exudate film G (erg) G (cm?) Cy(cm?dyn) Ajim (A%/molec.) My (kDa) a (mol/m3) T's (Mol/m?)

T. rotula 59.3 93.8 -2.1 322.4 2.3%0.20 2.37 4.2098e-006
Chaetoceros 555 75.3 —-1.4 276.5 2.220.22 1.17 4.1337e-006
E. huxleyi 87.2 73.3 -1.5 171.2 1.340.14 12.8 1.2746e-005
Phaeocystis 59.1 74.8 -1.5 257.7 1.99:0.20 454 6.4815e-006

theory defines the saturation ratiy, over an aqueous solu- limited solubility which are highly wettable behave as if they
tion droplet, as a function of the water activity, in both were completely solubleRaymond and Pandj2003.

sub- and supersaturated regimes as: The value of water uptake under a fully soluble assump-
tion for polymeric compounds might not be well represented
_ dosMy by Raoult’s law, due to the large difference in size between
S=awexp| ———— (7) .
ow RTD the organic polymer and the solveR¥(ters et al2006. Be-

cause of the large difference between the molar volumes of
whereos is the droplet surface tensiomy is the molecular  splvent and solute, the water vapour pressure over the solu-
weight of water,o, is the density of waterR is the univer-  tjon js suppressed relative to Raoult’s law and a higher water
sal gas constant; is the absolute temperature afdis the  content would be required to establish equilibrium at a given
droplet diameter. humidity. The Flory-Huggins theory is preferably applied to

The term defined by the water activity is the Raoult term, gescribe the water activity in a binary water-polymeric mat-
while the exponential part of the equation is the Kelvin term. ter solution as:

In the same manner as in the previous section, the CCN ac-
tivity of the inorganic solute is approximated to the CCN be- INay = In(1— ¢) + (1— 1)¢>+X¢2 9)
haviour of pure NaCl. The assumption that the organic solute i

in the particle is fully dissolved may not be representative for ) ) o
here¢ is the polymeric matter volume fractiorf, is the

agueous solutions of marine organic exudate, since most off

the organic carbon in the submicron primary marine aeroso hain segment number, calculated as the ratio of the molecu-
ar volumes of the polymer and solvent, apds the Flory-

has been found to be comprised by water insoluble organi o ) .
carbon (WIOC) Eacchini et al.2008). Huggins interaction parameter, which depends on the poly-

In order to consider the degree of solubility of the organic tmher volumetfrgctlt(_)n. '(Ij'hg vzzlues t?f werte els;lgnoated f_rom
fraction, the Raoult law for a mixture of NaCl and an organic e parameterisation derived IRetters et al(2009 using

solute is defined as@vmond and Pandi003: experimental data for PAA (polycarboxilic acid) and the ap-
ue! I ey ! 3 proach ofWolf (2003. In the approach oPetters et al.

nw (2009, the Flory-Huggins interaction parameter was derived

W e+ dNaCINaCTINaCI + EorghorglorgTion ) from hygroscopicity experimental data for pure organic par-
ticles, with extrapolation to diluted conditions for its applica-

where yy, is the water activity coefficient of the solution, tion in cloud activation predictions. PAA is a polycarboxilic
nNaCl, $Nacl andvNacl, Morg: Porg aNdorg are the total num-  acid with a molar mass of 2 kDa and a hygroscopic growth
ber of moles, osmotic coefficient and number of ions perof 1.15-1.18 at 90%RHRetters et al.2006. As the mo-
solute, for the inorganic and the organic compound, respeckar mass of PAA is on the order of organic matter present in
tively, &org refers to the dissolved mass fraction of the or- the marine exudate (this work anBdgorzelski and Kogut
ganic solute and,, is the number of water molecules in the 2003) and polycarboxilic acids are components released by
droplet. For the case of complete dissolution the fagsgy  phytoplankton excretionBertilsson et al.2003 it will be
is equal to unity while for limited solubility this factor is less assumed that the interaction parameter derived for PAA by
than unity. The expression in EdB)(is a modified version Petters et al(2006 is a valid approximation for application
of the Kdhler model which allows its use for substances with to marine biopolymer.
limited solubility (Raymond and Pandis2003. The appli- The Flory-Huggins theory was originally formulated for
cation of this modified version of thedhler model to or-  binary polymer-water solutions with homogeneous segment
ganic compounds of limited solubility with small contact an- density Eried, 2003, i.e. for concentrated polymer solu-
gle, i.e., to highly wettable compounds, leads to significanttions. The Flory-Krigbaum theory is a modification of
deviations between experiments and thedtgymond and the Flory-Huggins approach to predict the behaviour of
Pandis, 2003. For these type of species reasonable predicpolymers in diluted solutions, where individual polymer
tions are obtained under the assumption that compounds afhains are isolated and surrounded by regions of solvent and
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2596 E. Fuentes et al.: On the impacts of phytoplankton-derived organic matter on the submicron primary marine aerosol

segmental density is not considered unifomniéq 2003. Table 4. Theoretical prediction of-Kohler values for pure marine
It should be evaluated whether the extrapolation of Flory-e,date particles derived usingKler theory in combination with

Huggins interaction parameter calculation to the diluted con-giory-Huggins and Raoult's law. The-Kéhler values derived us-
ditions characterising cloud activation is valid to predict the ing Flory-Huggins are 1.2—-17% higher than those obtained using
behaviour of the organic particles, in comparison with pre-Raoult’s law, with larger differences between the predictions for in-
dictions by Flory-Krighaum theory. Because of the measure-creasing chain segment number.

ment uncertainty in the hygroscopicity measurements with

mixed primary marine particles in the present study, it is k-Flory-Huggins «-Raoult  chain segment
not possible to accurately determine the water content bound number f

to the orgar_1ic fraction and_ test these formulations. Further T rotula 0073 0.062 94
research with pure organic particles should be conducted ~paetoceros 0.111 0.105 88

in order to asses the validity of Flory-Huggins and Flory- g hyxleyi 0.164 0.162 56
Krigbaum for predicting the solution behaviour and cloud phaeocystis 0.118 0.113 79

activation of marine biopolymers.

Equations §) to (9) were applied to model the activation
behaviour of pure organic particles and mixed particles gen- , . , ,
erated from seawater at 512 iM Qi Using the compo- than those obtained using Raoult's law. Tablecludes the

sitions derived from the ZSR approach. Flory-Huggins the-Vvalues ofk-Kohler derived from the critical supersaturation
ory and Raoult's law were applied in the modelling of water curves for the four exudates on study (method of calculation

activity in order to compare the predictions obtained with this desgnbed n Sect. 4). Bec.ause of the h'ghef Yvater absorption
two approaches. For the mixed particles, the cases of full solpbtalned OW'th FIory—Hugglns, th.e res'ultlmgKohIer vglues.
ubility (&org= 1), and effective insolubility &g =0) were '€ 1-18% hlgher in the modelling with Flory-Huggins with
evaluated. The case of effective insolubility represents ar{espect Raoult's law calculations. )
undissolved organic matter core that does not dissolve with Figure10shows the results of thedkler model obtained
increasing droplet size, thus, does not contribute to a reducfor Primary marine particles generated from the seawater
tion of the surface tension in the droplet. The case of sparPfOXy containing 512 pM OCozpm Chaetoceroexudate.
ingly soluble compounds¢rq <1) falls between these two The differences between the predictions using Raoult's law
cases. and Flory-Huggins for the mixed particles are lower than

For the determination of the concentration of organics in0-5%; thus only the curves from the Raoult's law calcula-
the droplet, partitioning of the organics between the bulk andtions have been represented in this figure. In agreement with
the surface was estimated by applying the Gibbs surface theth® experiments, thegtler model predicts an increase in the
modynamics approach defined Bgrjamaa et a(2004), us- critical super_saturahon upon the replacement of the inorganic
ing the methodology described Wex et al.(2008. Par- salt b){ organic splute, dye to the fact that the surfape tension
titioning was found to be negligible for the organic com- effect in the Kelvin termis dqmmated by the reduction in the
pounds studied. The low value of the organic concentrationUmber of solute molecules in the Raoult term. Model calcu-
at half surface coverage (a. = 1.17-12.8 mol/m, equiv- lations for the other algal_exudates are |r_chL_|ded in Fig. S4in
alent toB = 0.08-0.85 mM/mol, according tdSorjamaa et al. the supplementary material. Th_e results indicate a r_easonable
(2009) defining the surface tension isotherms indicates tha2greement between the experiments and theoretical results
the marine organics0.2 um exhibit moderate surface active for Fhe full solubility case, with mean deviations between ex-
properties and that partitioning is negligible for these organicP€riments and modet5% for theT.rotulaand Chaetoceros
compounds$orjamaa et al2004. cases ane&10% for the nanoplankton exudate fuxleyiand

Since activation occurs at diluted conditions, a water ac-Phaeocystlg
tivity and osmotic coefficients of unity were employed. An  Most of the dry particle composition is made up of seasalt,
average density of 1400 kghfor the organic compounds implying that most of the water uptake is induced by the inor-
was used in the calculations. The predictions presented a loanic fraction of the particle. Hence, although the behaviour
sensitivity to the assumption of the organics density, with aof pure exudate particles might be better represented by the
variation <2% for the predicted values in the range of den- Flory-Huggins equation, the Raoult’s law constitutes a valid
sities from 1000 to 1400 kg/fn The results also exhibit a approximation to predict the cloud condensation activity of
relatively low sensitivity to the assumption of the organics mixed primary marine particles enriched with @G.2 pm.
growth factor applied to derive the particle composition with In addition, the reasonable agreement between experiments
the ZSR rule, with variations<5.5% in the predicted crit- and model indicates that the composition derived using the
ical supersaturation in the range of organics growth factorZSR approach is adequate as an estimation of the composi-
between 1 and 1.5. tion of the particles.

Predictions using Flory-Huggins’ theory for the purely or-  The theoretical calculations indicated a reduction of the
ganic particles yielded critical supersaturation values lowersurface tension at the point of activation from 5% to 1.8%
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0.6 - 1 L L I . been shown that, notwithstanding the moderate reduction of

° Qggf"j‘r'efj;"gg‘er P the surface tension at activation produced by marine organ-
© SWP with Chaet. 512 uM OC g e 0xp. | ics, this effect is too low to compensate for the impact on the
05 — NaCl+Chaet. 512 uM OCq ,,, £=0, predicted Raoult term and lead to an enhancement of the cloud activa-

== NaCl+Chaet. 512 uM OC €=1, predicted

<0.2um?

tion activity of the particles. In a companion papEuéntes

- et al, 2010h it was shown that the production of particles
with D0 <100 nm was increased in a 20-40%, due to pres-
ence of the diatomaceous exudate in seaw&iegiftes et a|.
2010h. On the other hand, in the experiments conducted in
the present study, a 5-24% reduction in the CCN activity of
the particles occurred due to the incorporation of marine or-
ganics into the composition of the primary marine aerosol.
This leads to the enhancement of the CCN formation po-
tentially induced by the biological production (due to an the
increase in the particle productiorffuentes et al.2010H
being counteracted by the reduction of the CCN activity pro-
duced by the marine organics.

Similar CCN behaviour to that found in this work has

Fig. 10. Experimental and predicted critical supersaturation as ab_een observed_ in other studies on the ef‘fect_of organic
function of the dry particle size for primary marine aerosol gener- PiomoleculesKristensson201Q and marine organic extract
ated from artificial seawater devoid of organics and seawater proxytMoore etal, 200§ on the activation behaviour of mixed par-
containingChaetocerogxudate, at 512 pM O 2pym. No visual ticles. The marine aerosol produced from solutions of sul-
differences are appreciated between Flory-Huggins and Raoultphate salts and marine organie®.45 um has been shown
law predictions with deviations:0.5%. The particle composition to present less or equal cloud formation activity than ammo-
employed was derived from hygroscopicity data by applying the njum sulphate loore et al, 2008, while the replacement
ZSR approximation. of inorganic salt by increasing amount of aminoacid com-
pounds has been found to lead to particles with decreasing
CCN activity (Kristensson2010.
for particles generated fro@haetocerogxudate, 1.9-0.5 % In the present study marine organic matted.2 um has
reduction forT.rotulaand less than 0.5% for the nanoplank- been used; thUS, further research is needed in order to deter-
ton exudate particles. The discrepancy between the cases @iine whether the observed behaviour extrapolates to large
full SO|ubI|Ity and effective InSO|ubI|Ity for the pal‘tiC|eS gen- colloids in the size range abowd).2 pum, or indeed, whether
erated fromChaetoceroexudate is due to the suppression gych colloids play a role in particles of the smaller sizes
of the surface tension occurring in the case of full solubility, where organics are most substantially enriched. Predictions
Wh|Ch |eadS to an increase in the CCN aCtiVity W|th reSpeCtusing the |¢6h|er theory indicate that for Organic mass frac-
to the effective |nSO|Ub|I|ty case. On the other hand, IOWertionS,\,so% and a mean molar masg kDa’ the surface ten-
discrepancy between the two solubility cases was found foisjon at the point of activation should be less than 55 mN/m
the particles generated from the rest of the exudates, due gy the primary particles to be more CCN active than pure
the lower surface tension suppression occurring at activatiomaCl and, thereby, attribute the enhancement of cloud forma-
for these particles. Assuming that the majority of the ma-tjon in algal bloom areas observed Meskhidze and Nenes
rine organics are water insolublEgcchini et al.2008, the (200§ to the primary organic matter. Even in the event that
a.greement between the case of full Solublllty and the eXperi‘the Organic p00|>02 “m WOUId |ead to Organic fractions
ments for theChaetocerogxperiments indicates that marine higher than those observed in the present study, it is unlikely
organics are highly wettable compoun&agmond and Pan-  that the droplet surface tension at the diluted conditions that
dis, 2003. It is remarkable that, in similar manner to the characterise the point of activation presents such a low value.
presented analysis, modelling of the CCN activity of mixed Thys; it is questionable that primary marine organics are re-

particles made of ammonium sulphate and aminoacids ogponsible for the increased cloudiness evident in high biolog-
low solubility, has shown that most of these compounds acica| activity areas.

tivate as though they were fully soluble, implying curvature-
enhanced solubilityristensson2010.
It has been postulated that the presence of primary organia CCN closure: hygroscopicity parameterk
matter in the marine aerosol can enhance the cloud conden-
sation activity through the suppression of the surface tensiorBased on the measurement data H€dhler model Petters
in the Kelvin term of the Khler equation ©@'Dowd et al, and Kreidenweis2007) was employed in order to analyse
2009. In the Kohler model analysis presented here it haswhether the single parameter approach can be used to link the

- - Prediction error limits, e=1

Sc (%)
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2577 1 rotula exudate O 40nm, 175 uM OC.q 5,y 2.5
O 40nm, 512 uM OC_ 5y
100 nm, 175 uM OC_q 5,
20 100 nm, 512 uM OC.4 5,1, 2.0
X artificial seawater, 40 nm
o artificial seawater, 100 nm
1.5 1.5+
1.0 1 104 &
0.5 — 0.5 — o artificial seawater
T.rotula, 175 uM OC_g 5,y
T.rotula 512 uM OC g 5,
0.0 - 0.0 —
I I I I I I I I I I I I ]
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aw aw

Fig. 11. Hygroscopic parametarin the sub- and supersaturated regions for primary marine aerosol produced from artificial seawater devoid
of exudate and seawater proxies enriched Witfotulaexudate.

sub-saturated hygroscopicity and cloud condensation activitfrom artificial seawater and from seawater enriched \Eith
of the primary marine aerosol. huxleyiexudate. In the subsaturation region, it is observed

According to thex-Kohler theory Petters and Kreiden- a systematic non-ideal behaviour characterised by a drop of
weis 2007 the water activity can be defined as a function of the value ofc with increasing water activity for all the cases
the parameter as: tested. In the supersaturation region, on the other hand, the
3 3 value of ¥k shows lower dependency on the water activity.
D3—-D - : -
et (10) Similar r_esults were obtained for the rest qf th_e organic exu-
D3 — Df;(l—fc) dates (Fig. S5). Our data are consistent with findinga&/@x

. . . et al.(2010, within the range of uncertainty of the measure-
whereD, |s_the partl_clg dry dlameter: ments of the cited work. However, in our results it can also

The relative humidity n the hum|dograms can 'be CoN- e appreciated a dependence of the hygroscopic parameter on
verted toay values by using the KeIV|_n term defined N the water activity in the subsaturated region. Notwithstand-
Eq. (7), and thex parameter can be derived by rearranging ing the different behaviour af in the sub- and supersaturated
Eq. ©) as follows: regions, the deviations of subsaturateat high humidity and

(GFP—1) (1—aw) the supersaturated seems to be small, which could allow
K= P (11)  the use of thec-Kohler model to predict the critical super-
W saturation from the subsaturatedalue at high water activi-

For the prediction of from the CCN measurements an ex- ties. In order to test this hypothesis, the experimental critical
pression of the saturation ratio can be derived by combiningsupersaturations and those derived from the subsaturated
Egs. ¢) and Q) as: (kHTDMA) in the ranger, >0.9 were compared.

Dp3_p3 Figure 12 presents the critical supersaturation values de-
-D; dosMyy, . . :
S = ex < ) (12) rived from the averagentpma at aw >0.9 in comparison
D3_DI?;(1—/<) PwRT D) with the cloud activation experimental data. This compari-

The value of the parameterin the above expression is SOn indicates that the critical supersaturations predicted from
obtained by fitting the maximum of the curve to the experi- e hygroscopicity measurements deviats% with respect
mental value of critical supersaturation. For ideal solutions, 0 those observed in the CCN experiments. The conducted
« is a constant that depends only on the solute properties@nalysis yields deviations between the experimental data and
Deviations from the ideal behaviour causeso be depen-  Predicted critical supersaturation within the uncertainty lim-
dent on the water activity, thus leading to inconsistency in theltS-  The single parameter approximation is therefore ade-
value ofk in the sub- and supersaturation regimes. In orderduate to link the sub-saturated hygroscopicity and cloud con-
to evaluate the deviation from the non-ideal behaviourgthe ~densation activity of the primary marine aerosol, when con-
Kohler model was applied using the HTDMA and CCN data Sidering subsaturatedvalues between 0-9ay <0.92.
obtained in this work. For the analysis, the surface tension
was calculated by using the Szyskowski-Langmuir isotherms
presented in Sec8.5. Figurellshows the calculated values
of « as a function of the water activity in the sub- and super-
saturation regions, for the primary marine aerosol generated

Ay =
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1 1 1 1 1 1 1 matter OC.o2um in surface waters has been found to vary

%7 il by a factor of up to 4.5, depending on the locatitke(ls
and Goldberg 1993, thus it is expected to find diverging or-
0> B ganic enrichment in particles generated from different source
seawater.
0.4 B The increase in the CCN production observed in al-
S gal bloom areasMeskhidze and Nene006 has been
@ 03 — postulated to be induced by the incorporation of biogenic or-
g' ganics into the composition of the primary aerosol, due to the
0.2 - potential suppression of the surface tension of the particles
(O’Dowd et al, 2004. In contrast to this hypothesis, the re-
01 sults in the present work show that the colloidal organic pool
<0.2 um released by phytoplankton reduces the cloud con-
004 | densation activity of the particles, with respect to the case of

I I I I I I I seawater without algal exudate. In agreement with observa-
00 e e (%?'4 05 06 tions, theoretical analysis using théker model predicts an
increase in the critical supersaturation of the primary parti-

Fig. 12. Comparison of experimental and theoretical critical super- C/€S Upon the incorporation of marine organid.2 um into
saturations derived using theKohler approach in the supersatu- the particle composition. This effect is due the replacement
rated region and in the subsaturated region withQ:§ <0.92. of inorganic salt by large molar mass organic molecules,
which leads to the dominance of the solute effect on the
Raoult term over the surface tension effect in the Kelvin term.
5 Summary and conclusions In a companion paper to this studyuentes et al.
2010h it was shown that the production of particles with
In this study, the role of organic micro- and nanogel colloidal D, o <100 nm was enhanced by the presence of diatoma-
matter plus truly dissolved organic matte0.2um on the  ceous exudate in seawater. The results in the present
properties and composition the primary marine aerosol wasnanuscript indicates that, although the CCN activity could
investigated. be enhanced due to an increase in the particle production in
Marine organic matter produced reductions of 9-17% anddiatom blooms, this effect would be counteracted by the re-
5-24% in the hygroscopic growth and cloud condensationduction in the CCN activity induced by the presence of ma-
activity of the primary marine aerosol, respectively, com- rine organics in the primary particles. Predictions using the
pared to the production from seawater devoid of marine or-Kohler theory indicate that for organic mass fractiers0%
ganics. The effects were enhanced with increasing seawatemd mean molar mass2 kDa, the surface tension at the point
organic content and the highest influence was observed foof activation should be less than 55 mN/m for the primary
the particles generated from seawater enriched with diatomaparticles to be more CCN active than pure inorganic seasalt
ceous exudate, particularly, tihaetocerogxudate. and, thereby, attribute the enhancement of cloud formation in
Predictions using the ZSR rule yielded particle organicalgal bloom areas to the effect of the biogenic organic mat-
volume fractions between 8 and 37% for seawater enricheder. Even in the event that the organic ped).2 um would
with 175-512 uM OCo2pum- The highest particle organic lead to organic fractions higher than those observed in the
enrichment was found for the particles generated from di-present study, it is unlikely that the droplet surface tension at
atomaceous exudate. The suppression of the growth factahe diluted conditions that characterise the point of activation
in the present study is from the order to 15% higher than theexhibits such a low value. Thus, itis improbable that primary
water uptake reductions observed in previous studies on thenarine organics are responsible for any increased cloudiness
hygroscopicity of primary marine aerosol generated by bub-evident in high biological activity areas. Secondary aerosol
ble bursting from unfiltered natural seawat8ellegri et al, formation occurring during high biological activity periods
2008. The organic content in the generated particles was(Charlson et a).1987 Meskhidze and Nene2006 as well
however, significantly lower than the organic mass fractionas other factors enhancing the production of cloud-forming
determined in studies on the chemical composition of theaerosol, like wind speed and temperature, and their inter-
submicron primary marine aerosol produced by bubble burstactions, should also be investigated as possible causes con-
ing (Facchini et al.2008. It has been demonstrated in this tributing to the enhancement of cloudiness observed in algal
work that the particle organic enrichment depends on the seabloom areas.
water organic concentration. Discrepancy between different Analysis using thex-Kohler model revealed non-ideal
studies might therefore be explained by the organic contenbehaviour of the primary marine aerosol at subsaturation,
of the source seawater employed together with the mechawith lower dependence of the hygroscopicity parameter on
nism of particle production. The concentration of colloidal the water activity in the supersaturated regime. However,
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predictions of critical supersaturation from the hygroscopic-Cruz, C. N. and Pandis, S. N.: Deliquescence and hygroscopic
ity measurements agreed with the experimental values within growth of mixed inorganic-organic atmospheric aerosol, Envi-

the range of uncertainty when the subsaturatedas av- ron. Sci. Technol., 34(20), 4313-4319, 2000.

eraged in the range of humidities between 0.9-0.92. Thele Leeuw, G..and Cohen, L. H.. Bubblg size distributions on the
current study is focused only on the colloidal nanogel and No_rth atlantic and North Sea. Geophysical monograph, Am. Geo.
truly dissolved organic matter remaining after 0.2 pm filtra- _ UMon, 127, 271-277, 2002.

. Dinar, E., Mentel, T. F., and Rudich, Y.: The density of humic acids
tion. Further research should be conducted to analyse the and humic like substances (HULIS) from fresh and aged wood

eﬁ?Ct of CQHOidal matte|_>0.2 Hm m order to fu!ly Charac', burning and pollution aerosol particles, Atmos. Chem. Phys., 6,
terise the ImpaCt of marine organics on the primary marine 5213—5224d0i:10.5194/3Cp-8-6365-2002006.

aerosol properties. Facchini, M. C., Mircea, M., Fuzzi, S., and Charlson, R. J.: Com-
ments on Influence of soluble surfactant properties on the acti-
Supplement related to this article is available online at: vationof aerosol particles containing inorganic solute, J. Atmos.
http://www.atmos-chem-phys.net/11/2585/2011/ Sci., 58, 1465-1467, 2001.
acp-11-2585-2011-supplement.pdf Facchini, M. C., Rinaldi, M., Decesari, S., Carbone, C., Finessi, E.,
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