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Abstract. The effect of nanogel colloidal and dissolved or-
ganic matter<0.2 µm, secreted by marine biota, on the hy-
groscopic growth and droplet activation behaviour of the pri-
mary marine aerosol was studied. Seawater proxies were
prepared by the combination of artificial seawater devoid of
marine organics and natural seawater enriched in organic ex-
udate released by laboratory-grown phytoplankton cultures,
as described in a companion paper. The primary aerosol was
produced by bubble bursting, using a plunging multijet sys-
tem as an aerosol generator.

The aerosol generated from seawater proxies enriched
with marine exudate presented organic volume fractions on
the order of 8–37%, as derived by applying a simple mixing
rule. The hygroscopic growth and cloud condensation nu-
clei (CCN) activity of the marine organics-enriched particles
where 9–17% and 5–24% lower, respectively, than those of
the aerosol produced from artificial seawater devoid of exu-
date. Experiments in a companion paper indicated that the
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 an
enhancement would be counteracted by the reduction in the
CCN activity of the primary particles enriched in marine or-
ganics.

The extent of the effect of the biogenic matter on the par-
ticle behaviour was dependent on the seawater organic con-
centration and type of algal exudate. Aerosol produced from
seawater proxies containing diatomaceous exudate presented
higher hydrophobicity and lower CCN activity than those en-
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riched with nanoplankton exudate. The organic fraction of
the particles was found to correlate with the seawater organic
concentration, without observing saturation of the particle or-
ganic mass fraction even for unrealistically high organic mat-
ter concentration in seawater. These findings are indicative
that discrepancies on the composition of the primary aerosol
between different studies could partly be explained by the
difference in the nature and concentration of the organic mat-
ter in the source seawater employed.

Consistently across the experiments, theoretical analysis
based on the K̈ohler model predicted a reduction in the pri-
mary marine aerosol CCN activity upon the incorporation of
marine organics into the particle composition. This effect is
consequence of the replacement of small inorganic sea salt
molecules by large molar mass organic molecules, together
with a moderate suppression of the surface tension at the
point of activation of 5–0.5%, which leads to a dominance
of the reduction in the dissolved solute in the Raoult term.

1 Introduction

In a companion paper, an experimental study on the influ-
ence of marine biogenic matter on the submicron primary
marine aerosol production has been presented (Fuentes et al.,
2010b). The present paper extends this experimental study to
describe the influence of organic matter produced by phyto-
plankton on the hygroscopicity and CCN behaviour of the
primary marine aerosol.

Chemical analysis of marine particles collected in field
experiments has provided evidence for the presence of sig-
nificant concentrations of organic matter in the submicron
marine aerosol (Hoffman and Duce, 1977; Novakov et al.,
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1997; Middlebrook et al., 1998; Putaud et al., 2000; Cavalli
et al., 2004). The organic content of the atmospheric marine
aerosol has been found to follow a seasonal pattern, charac-
terised by organic fractions accounting for up to 63% of the
submicron aerosol dry mass during warm periods (O’Dowd
et al., 2004). Although it is postulated that the presence of
organic matter released by marine biota might affect marine
aerosol properties, little is known on the effect of these or-
ganics on the behaviour of aerosols produced in areas of high
biological activity.

The chemical composition of the marine aerosol deter-
mines its hygroscopic properties, which in turn influences
its ability to scatter light and to form cloud condensation
nuclei (Moore et al., 2008). Analysis of the chemical com-
position of the primary marine aerosol generated by bubble
bursting from natural seawater has shown high organic mass
fractions in the submicron size region (up to∼ 80% for par-
ticles sizes∼125–250 nm), with increasing enrichment with
decreasing particle size (Facchini et al., 2008; Keene et al.,
2007). The majority of this organic matter was found to be
water insoluble, consistent with the organic matter found in
the atmospheric marine aerosol composition during periods
of high biological activity (Facchini et al., 2008; O’Dowd et
al., 2004). In contrast, studies of the hygroscopic behaviour
of submicron primary aerosol generated from unfiltered nat-
ural seawater by bubble bursting have reported hygroscopic
growth suppressions<10% with respect to pure NaCl (Sel-
legri et al., 2008; Modini et al., 2009). This hygroscopic
growth implies low organic volume fractions (<10%), in
contrast with the high fractions reported in preceding studies
on the chemical composition of the primary marine aerosol
produced by bubble bursting (Keene et al., 2007; Facchini
et al., 2008). It has been postulated that discrepancies in
the organic enrichment of primary particles generated in dif-
ferent studies is related not only to the amount of organics
present in the seawater samples, but also to the composi-
tion and surface-active properties of the organic matter in the
source seawater (Modini et al., 2009; Fuentes et al., 2010b).
Different bubble bursting generation mechanisms have been
observed to affect the organic enrichment and the influence
of organics on the hygroscopic and cloud condensation be-
haviour of the particles (Fuentes et al., 2010a).

Parameterisations predicting particle number production
as a function of temperature (Mårtensson et al., 2003), or-
ganic matter content (Fuentes et al., 2010b), modal sizes
(O’Dowd et al., 2008) and organic mass fraction (Vignati et
al., 2010) are currently applied to estimate the marine particle
production and composition on a global scale (Vignati et al.,
2010). A large uncertainty in the determination of marine
particle distribution is implicit in these model predictions,
due to the large discrepancy in the estimation of the particle
organic fraction between different studies and to the fact that
the composition of marine particles is generally modelled by
extrapolating regional relationships between particle compo-
sition and biological activity to a global scale (Vignati et al.,

2010). In order to reduce the uncertainty in global scale pre-
dictions further research is needed to understand the under-
lying processes leading to differences in the particle organic
fraction obtained in different laboratory studies, asses the va-
lidity of current formulations to be applied globally and es-
tablish solid correlations between biological activity and ma-
rine aerosol composition.

The role of oceanic phytoplankton in affecting the marine
cloud condensation nuclei (CCN) formation remains largely
unknown. Analysis of remotely sensed data on regions of dif-
ferent biological activity have indicated an enhanced cloud
formation activity over algal bloom areas with respect to
regions of low productivity (Meskhidze and Nenes, 2006).
This finding has been attributed to changes in the chem-
ical composition and size distribution of the condensation
nuclei (Meskhidze and Nenes, 2006). Several mechanisms
by which marine biota can modify marine cloud formation
have been proposed. These hypothetical mechanisms are re-
lated to the impact of the primary organic matter released by
marine biota on the particles’ CCN activity (O’Dowd et al.,
2004) and to the formation of secondary aerosol from the ox-
idation of phytoplankton-produced volatile compounds, like
dimethylsulfide (Charlson et al., 1987) and non methane hy-
drocarbons (Meskhidze and Nenes, 2006). Different model-
ing approaches have been proposed to explore the potential
effects of different phytoplankton-derived compounds in or-
der to infer viable mechanisms through which the organic
matter can affect marine cloud nuclei formation (Meskhidze
and Nenes, 2006; O’Dowd et al., 2004).

Since the marine organic matter exhibits surface-active
properties, it has been postulated that it may play a role in
determining the marine particles’ cloud activation behaviour
through its effect on the surface tension of the aqueous
droplets (O’Dowd et al., 2004). A number of experimen-
tal and modeling studies have addressed the effect of sur-
factants on the cloud condensation activity of aerosols con-
taining diverse inorganic solutes (Li et al., 1998; Kristens-
son, 2010; Moore et al., 2008). According toLi et al. (1998)
the reduction in the surface tension by surfactant molecules
suppresses the critical supersaturation through the Kelvin
effect; however, the replacement of small inorganic solute
molecules by large surfactant molecules can cause a reduc-
tion in the dissolved solute in the Raoult term of the Köhler
equation and lead to an increase in the critical supersatura-
tion. It has been argued that the CCN activity of atmospheric
aerosols depends on the organic proxy employed and that a
reduction in the critical supersaturation could be produced
by surface-active compounds representative of atmospheric
organic matter (Facchini et al., 2001).

The aim of this work is to elucidate the extent to which the
organic matter secreted by marine biota, incorporated in the
particle phase through the bubble bursting process, can ef-
fectively influence the hygroscopic and cloud condensation
behaviour of the primary marine aerosol. Cultures of mi-
croalgae strains representative of oceanic species were grown
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in order to produce natural bioexudate. This material was
employed to prepare seawater proxies for the production of
primary aerosol by means of a multi-plunging water jet gen-
erator. Measurements of the CCN activity and hygroscopic-
ity properties of the laboratory-produced aerosols were con-
ducted and compared with blanks performed with artificial
seawater devoid of algal exudate. Together with the experi-
mental analysis, the classical Köhler theory was applied to
reconcile the hygroscopic and cloud condensation activity
measurements and to provide insight into the factors leading
to the observed cloud condensation activity behaviour.

2 Experimental methods

2.1 Sample preparation, aerosol generation and aerosol
characterization

Artificial seawater was prepared from analytical grade salts
and deionised water following the method described by
Kester et al.(1967), so that the ionic mass ratios of Na+,
Cl−, Mg2+, HCO−

3 and SO2−

4 were comparable to those in
real seawater. Natural seawater samples enriched with or-
ganics released by algal laboratory cultures were subjected
to 0.2 µm filtration in order to remove bacteria and avoid
biodegradation of the organic matter released by the marine
algae during the aerosol experiments (Fuentes et al., 2010b).

The organic matter in the size range<0.2 µm, herein re-
ferred as OC<0.2µm, comprises colloidal micro- and nanogels
along with truly dissolved organic carbon (Verdugo et al.,
2004). There exist experimental evidence that marine col-
loidal matter can present sizes below 0.2 µm and that this
colloidal fraction can be even more abundant that colloids
of higher size range (Wells and Goldberg, 1993). In ad-
dition, it is suggested that aggregation of marine colloidal
matter<0.2 µm is an important mechanism for the forma-
tion of aggregates in the supermicron size range (Wells and
Goldberg, 1993). Facchini et al.(2008) found that most of
the organic fraction in the primary aerosol submicron size
distribution was water insoluble (WIOC) and that the com-
position of this fraction presented a similar signature to that
of organic matter in the size range 0.1–10 µm, extracted from
seawater. The origin of WIOC in the primary aerosol has
been attributed to the colloidal organic matter secreted by
phytoplanckton (Facchini et al., 2008). The samples used in
the present study, although in a lower size range than the or-
ganic matter extracted for analysis byFacchini et al.(2008),
contain an important part of the colloidal and microgel frac-
tion of marine organic matter (Verdugo et al., 2004). Thus,
the organic material in the samples employed in this study
can contribute to the insoluble organic fraction observed in
the submicron primary aerosol composition (Facchini et al.,
2008). It should be noted that although the term DOC (dis-
solved organic carbon) is generally applied to organic carbon
with size< 0.5–0.7 µm obtained after filtration, this term is

defined as a function of size, not solubility, and thus, it is in-
appropriate for defining the organic carbon pool in this size
range, where compounds of different solubility coexist (Ver-
dugo et al., 2004).

Two different methods were applied to prepare seawater
proxies using the produced phytoplankton exudate. In the
bulk mixing method, seawater solutions containing a single
algal exudate type were prepared at organic carbon concen-
trations of the order of those found in surface waters col-
lected during an algal bloom in the equatorial Atlantic Ocean
(92-451 µM OC<0.2µm; Chla=0.81–4.69 µg/L) (Fuentes et
al., 2010b). High concentrations of OC<0.5−0.7µm have also
been found in studies bySugimura and Suzuki(1988) (up
to 320 µM) andMartin and Fitzwater(1992) (up to 230 µM)
in surface waters from the Pacific Ocean. The experiments
conducted are therefore only representative of the primary
particle production occurring in algal blooms. For the prepa-
ration of the samples, artificial seawater devoid of exu-
date and aliquots of the stock solution of natural seawater
enriched with organics were mixed to obtain the selected
OC<0.2µm concentration. Some experiments with unreal-
istic high concentration of organic matter (>910 µM) were
also conducted in order to study whether the particles organic
fraction reached saturation. Tables1 and2 list the different
algal exudate employed and seawater proxies prepared for
the experiments. With themonolayer method, the effect of
organic microlayers on the particle production was investi-
gated. Solid phase extraction (C-18 Sep-Pak SPE cartridges)
was applied to extract the hydrophobic matter contained in
2 ml of the aqueous exudates, by using 10 mL of a 2:1 volu-
metric mixture of chloroform and ethanol as extraction sol-
vent. The solvent extracted samples were dried out and re-
dissolved in chloroform and spread dropwise on the surface
of artificial seawater contained into the bubble tank.

Bubble-bursting aerosols were produced by the impinge-
ment of water jets generated by means of a water recircula-
tion system in the centre of a PTFE tank (Fig.1). The ex-
perimental conditions for the generation of the proxy marine
aerosol are described inFuentes et al.(2010b).

A continuous flow CCN counter (Droplet Measurement
Technologies) combined with a Vienna designed DMA and a
particle counter TSI 3010 CPC were employed to characteri-
se the aerosol cloud condensation activity. The DMA was
used to generate monodisperse aerosol in the size range be-
tween 40 nm and 100 nm dry diameter. These particles were
directed in parallel to the CPC and CCN counters. The sam-
ple flow in the CCN counter was 0.5 lpm and it was oper-
ated at different supersaturations in the range between 0.07%
and 1% for each particle size. Deliquescence curves of 40–
100 nm dry diameter particles were measured by means of a
Hygroscopicity Tandem Differential Mobility Analyzer (H-
TDMA), following the methodology described inFuentes et
al. (2010a). The calibration and quality assurance procedures
carried out for the two instruments are described inGood et
al. (2010).
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Table 1. Algal species employed for the production of exudate and organic carbon content (OC<0.2µm) of seawater proxies prepared with a
single algal exudate.

Algal specie Algal group OC<0.2µm (µM)

Thalassiosira rotulaCCAP 1085/13 Diatom 175 300 512
Chaetoceros sp.CCAP 1010/12 Diatom 175 300 512
Emiliania huxleyiAC475 PNAN, Coccolithophore 175 512 2171
Phaeocystis cf. globosaLY1 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<0.2µm = 512 µM).

OC<0.2µm (µM)
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%)

Fig. 1. Experimental set-up for aerosol size distribution
(Fuentes et al., 2010b), hygroscopicity and CCN experiments.
DMPS = differential mobility particle sizer, DMA = differential
mobility analyzer, CCN = cloud condensation nuclei counter,
CPC = particle counter, H-TDMA=Hygroscopic-tandem differen-
tial mobility analyzer, MFC = mass flow controller.

2.2 Surface tension measurements

Compression isotherms of films of marine organics extracted
by solid phase extraction were measured with a non-porous
PTFE trough (KSV Minitrough, 273 cm2 surface area) pro-
vided with a platinum Wilhelmy plate film balance. Solid
phase extraction (C-18 Sep-Pak SPE cartridges) was applied
to extract the hydrophobic fraction of 2 ml aqueous exudate
samples, by using 10 mL of a 2:1 volumetric mixture of
chloroform and ethanol as extraction solvent. The solvent
extracted samples were dried out, redissolved with chloro-

form:ethanol solution and deposited dropwise on the surface
of water contained in the trough, to form a monolayer. Com-
pression isotherms were recorded at a symmetric compres-
sion rate of 10 mm/min at∼20◦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 mm3 were measured, allowing 50 min for
surface tension equilibration. Samples were prepared by dis-
solving various masses of desalted dry exudate in deionised
water.

3 Results and discussion

3.1 Hygroscopicity of the primary marine aerosol

Hygroscopic growth in the humidity range from 50 to 93%
RH was measured for 40, 60, 80 and 100 nm dry diame-
ter (Dp0) particles produced from different organics-enriched
seawater proxies, artificial seawater devoid of marine exu-
date and natural filtered seawater plus the nutrients medium
used for growing the algal cultures. Although the majority
of the added nutrients are supposed to be consumed during
the algae growth period, the seawater + algal medium mea-
surement was performed in order to compare with the mea-
surements conducted with the samples resulting after algal
growth.

Figure 2 shows humidograms (hygroscopic growth fac-
tor (GFD0,RH), with D0 indicating the particle size, versus
RH) obtained for seawater proxies containing Phaeocystis
exudate, along with the theoretical curve for NaCl, which
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Fig. 2. Humidograms of 40 nm dry particles (Dp0) generated
by bubble-bursting from artificial seawater and seawater proxies
(SWP) containingPhaeocystisexudate, at different organic carbon
concentration (OC<0.2µm). A shape factorχ = 1.04 was applied to
the presented data. Error bars indicate the uncertainty in the diam-
eter selected by the DMA as function of the shape factor correction
in the range from spherical (χ = 1) to cubic (χ = 1.08) particles.

was calculated using the detailed thermodynamic model AD-
DEM (Topping et al., 2005). The error bars indicate the un-
certainty associated with the diameter selection by the DMA,
calculated considering correction factors in the range from
spherical (χ = 1) to cubic shape (χ = 1.08), whereas the pre-
sented data corresponds to a shape factor ofχ = 1.04. Al-
though not included here for clarity of presentation, the same
uncertainty range should be considered for all the experi-
ments with seawater.

For the artificial seawater case, observable water uptake
already occurred at humidity>50%, followed by a progres-
sive growth with increasing RH and a substantial water up-
take in the 70 to 80% humidity range, due to the dissolution
of the NaCl crystals. Whilst the hydration behaviour for RH
<75% is similar among all the seawater proxy cases studied,
above this humidity, the presence of organic material in the
sea-salt particles suppresses the growth factor in comparison
with the artificial seawater measurements. The magnitude
of this suppression, however, is dependent on the concen-
tration of organics in the seawater, with a reduction in the
particle growth with increasing seawater organic concentra-
tion. A reduction in the growth factor is also observed for the
seawater+nutrients case with respect to the artificial seawa-
ter measurement. This suppression, attributed to the effect
of nutrients and residual marine organic matter in the natu-
ral seawater, is less significant than the reduction produced
when using seawater proxies with concentrations>175 µM
OC<0.2µm. This indicates that the suppression of the growth
above this concentration is certainly due to the organic matter
produced by the algal cultures.

Analogous trends in the hygroscopic behaviour were ob-
served in experiments with all other particle sizes and algal
exudate tested (Fig. S1 in supplementary material). The re-
duction in GF40 nm,90%RHfor the different cases studied, with
respect to production from artificial seawater, ranged from 9–
13% at 175 µM OC<0.2µm to 10–17% at 512 µM OC<0.2µm,
with dependence on the algal exudate type. The reduction
in the growth factor at 90%RH in the presented measure-
ments is from the same order to up to 15% higher than the
hygroscopic growth reported in preceding studies on the wa-
ter uptake of primary marine aerosol (≤10% for 71–85 nm
dry size) (Sellegri et al., 2008; Modini et al., 2009). No ef-
fects on the hygroscopic growth factor, however, were ob-
served for the experiments conducted using the monolayer
method. Although this could indicate that the existence of a
single monolayer is not sufficient to exert any significant ef-
fect on the particle behaviour, it should be noted that the or-
ganic layer was not replenished during the duration of the ex-
periments; thus, removal of the monolayer by bubble burst-
ing might have occurred on a timescale shorter than the time
required to obtain a measurement. The higher enrichment
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
organics on the air/water interface of rising bubbles, rather
than by the only existence of an organic monolayer on the
water surface. The results in this work are however incon-
clusive, as further work is necessary in order to evaluate the
time scale for the removal of organic monolayers by bubble
bursting.

Hygroscopic growth probability distributions at 90 RH%
for particles with Dp0= 40 nm produced from seawater sam-
ples at 512 µM OC<0.2µm are presented in Fig.3. The shape
of the distributions indicates that the primary marine aerosol
generated from seawater enriched with biogenic matter is in-
ternally mixed, since a single homogeneous mode was de-
tected. The same behaviour was observed for all the con-
ducted experiments. These results are in agreement with
measurements bySellegri et al.(2008), that showed an in-
ternal mixture for 20 and 85 nm particles generated by bub-
bling in natural seawater. Marine aerosol particles have been
generally found as an internal mixture in clean air masses in
the Northern Atlantic Ocean, Southern Atlantic Ocean and
Indian Ocean (Swietlicki et al., 2000). Furthermore, an inter-
nal mixture between organics and inorganic matter has been
found for most of the marine aerosol mass during periods of
high biological activity (O’Dowd et al., 2004; Cavalli et al.,
2004). The results in Fig.3 show that the primary marine
aerosol is∼20% more hygroscopic than atmospheric marine
aerosol in clean air masses, suggesting the presence of other
inorganic salts, like sulphates, and organic components of
secondary origin in the atmospheric aerosol. In general, the
hygroscopic growth of the aerosol generated from diatoma-
ceous exudate (ChaetocerosandT.rotula) was 5–10% lower
than that of particles generated from nanoplankton exudate
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Fig. 3. Probability distribution of hygroscopic growth factor at 90%
RH for 40 nm dry particles generated from seawater proxies (SWP)
containing different algal organic exudates at 512 µM OC<0.2µm.
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(E. huxleyiandPhaeocystis) (Fig. 3). In an analogous man-
ner, in the experiments with algal mixtures the highest sup-
pression occurred for the mixtures with the greatest propor-
tion of diatomaceous exudate (Chaetmix and TRotulamix
samples).

3.2 Organic enrichment of the primary marine aerosol

The Zdanovskii-Stokes-Robinson mixing rule (ZSR) (Stokes
and Robinson, 1966) can be used as a simplified approach
to estimate the composition of the primary particles using
the hygroscopicity measurements. In the above experiments
it was shown that the hygroscopicity of seawater devoid of
exudate is similar to the growth of pure NaCl particles af-
ter deliquescence. Adopting the simplification that the post-
deliquescence growth of the inorganic fraction in the primary
marine aerosol can be approximated to the growth of pure
NaCl, the ZSR rule was applied to calculate the hygroscopic
growth factor of a mixed primary marine particle as:

GFparticle= ((1−εorg)GF3
inorg+εorgGF3

org)
1/3 (1)

whereεorg is the organic volume fraction in the dry parti-
cle and GFinorg and GForg are the pure inorganic and organic

growth factors, respectively. The use of the ZSR implies
the assumption that the organic and inorganic fractions ab-
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 Pandis, 2000). Predictions of growth factors based
on the assumption of independent water absorption, however,
have been shown to agree with measurements within 20%
(Cruz and Pandis, 2000), thus, this approach is applied in
this study as a good first-order estimation of the composition
of the particles.

Equation (1) was applied at 90% RH considering the
growth factor of pure NaCl for the particle inorganic fraction
as derived from the ADDEM model (GFinorg = 2.35) (Top-
ping et al., 2005) and a hygroscopic factor for the organic
fraction of 1.1, representative of oxidised organic aerosols
(McFiggans et al., 2005). Predictions using the ZSR approx-
imation at 90% RH with an organics growth factor of 1.1
yielded particle organic volume fractions from 8 to 37% for
seawater organic concentration OC<0.2µm between 175 and
512 µM.

The sensitivity of the predicted composition to the as-
sumption of GForg is relatively small, since within the rel-
evant range of growth factors for compounds representative
of marine organics (GForg = 1–1.5 at 90% RH, (Peng et al.,
2001; Mikhailov et al., 2004; Gysel et al., 2004)), the max-
imum difference of the predicted organic fraction is 0.05. It
should be remarked that this sensitivity analysis is valid only
for the order of organic fraction concentrations found in this
study. The derived mean organic fraction for the diatoma-
ceous exudate (ChaetocerosandT. rotula) is 5–10% larger
than the volume fraction for the nanoplankton exudate, with a
difference>0.05 at any organic growth factor GForg between
1–1.5. Hence, it can be concluded that the organic fraction of
the particles produced from diatomaceous exudate is higher
than for the other cases studied, beyond the uncertainty in
the assumption of GForg. In addition, the mean difference
between theChaetocerosandT. rotula organic fractions is
larger than the uncertainty value, withChaetocerospresent-
ing a higher organic fraction thanT. rotula. However, the dif-
ference between the organic fractions within the nanoplank-
ton group (E. HuxleyiandPhaeocystis) is within uncertainty
limits, thus, it is not possible to determine whether the par-
ticles generated from these two types of exudate present a
different organic enrichment.

Analysis of the relationship between the particle organic
volume fraction and the organic carbon content of the seawa-
ter employed for aerosol production (Fig.4) indicates that the
particle organic fraction is proportional to the organic mat-
ter concentration in the seawater proxy. The equilibrium ad-
sorption of organics by rising bubbles increases with increas-
ing organic concentration in the liquid media (Fuentes et al.,
2010a), which explains the correlation between the seawater
and the particle organic enrichment.
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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 version (Vignati et al.,
2010). For the conversion a density of 1400 kg/m3, represen-
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 presented inFuentes
et al. (2010b). 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.5 is 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 cells (Fuentes et
al., 2010b). Since the particle organic fraction is a function
of the seawater organic matter content (Fig.4) and the or-
ganic matter production in algal blooms is not exclusively
dependent on the seawater Chl-a concentration (Fuentes et
al., 2010b), it is likely that regional relationships between
particle organic mass fraction and Chl-a (O’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 µg/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-
sented experiments (most of the samples were enriched with
OC<0.2µm >175 µM), considering that the average concen-
tration of organic carbon in the oceans, including the refrac-
tory organic pool, is 50–80 µM (Owaga and Tanque, 2003),
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Fig. 4. Particle organic volume fraction versus seawater organic
concentration for different algal exudates and particle sizes calcu-
lated using the ZSR rule with GForg= 1.1.
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Fig. 5. Comparison of organic mass fractions in atmospheric marine
aerosol (O’Dowd et al., 2008; Vignati et al., 2010) (solid black line:
average; dashed black lines: uncertainty range) and upper estimate
of organic mass fraction in the primary marine aerosol (symbols:
experimental data; solid red line: average curve through the data;
dashed red lines: uncertainty range). The uncertainty range for the
atmospheric marine aerosol indicates 100% data confidence limits
and the uncertainty curves and error bars for the primary aerosol
data represent the uncertainty in determining the relationship be-
tween the organic matter in seawater and Chl-a biomass (Fuentes et
al., 2010b).

and that the Chl-a concentration in low biologically activity
areas is frequently below 0.4 µg/L (Perez et al., 2001). It is
remarkable that saturation of the organic mass fraction of the
primary aerosol does not occur even for unrealistically high
OC<0.2µm concentrations≥910 µM.

For Chl-a concentration<0.5 µg/L (particle organic mass
fraction below 30%) the primary and atmospheric marine
aerosol uncertainty regions partially overlap, thus indicat-
ing that the primary organics could constitute from 50% to
100% of the organic fraction in the atmospheric particles in
this range. However, for higher Chl-a concentrations (i.e.
higher organic matter concentration in the seawater) the or-
ganic fraction in the primary aerosol is lower than the organic
fraction in the atmospheric particles. It is remarkable that
even for very high organic concentrations in seawater (e.g.
OC<0.2µm 2100 µM), the organic mass fraction of the pri-
mary aerosol is not higher than 58%, while the atmospheric
measurements already exhibit an averaged organic fraction
of ∼80% at a Chl-a concentration of∼1 µg/L. The present
work, together with previous studies on the hygroscopicity of
the primary marine aerosol (Sellegri et al.(2008) with North
Atlantic waters andModini et al. (2009) with coastal wa-
ters (the latter possibly affected by river run-off)) yield par-
ticle organic volume fractions considerably lower than the
organic mass fractions reported byFacchini et al.(2008) and
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Fig. 6. Critical supersaturation as a function of particle diameter for
the aerosol generated from artificial seawater and seawater proxies
(SWP) enriched withChaetocerosexudate at different organic con-
centrations. A shape factorχ = 1.04 was applied to the presented
data. Horizontal error bars indicate the uncertainty in the diameter
selected by the DMA as function of the shape factor correction in
the range from spherical (χ = 1) to cubic (χ = 1.08) shape. Verti-
cal bars indicate the mean uncertainty in the determination of the
critical supersaturation taken as±1σ standard deviation.

O’Dowd et al. (2008). Although the discrepancy between
the present study and results inFacchini et al.(2008) and
O’Dowd et al. (2008) could be thought to be due to the
fact that the samples in the present study were filtered for
OC<0.2µm, this argument is not definitive, since similar hy-
groscopic growth suppression to our study was observed by
Sellegri et al.(2008) in experiments with natural unfiltered
seawater.

It is remarkable that differences between the primary and
atmospheric aerosol compositions could also be attributed to
the existence of secondary organic matter in the atmospheric
aerosol. The correlation between Chl-a and particle organic
fraction in the measurements ofO’Dowd et al. (2008) is
low (r2

= 0.25), indicating that part of the variance in the
dataset is possibly due to secondary processing incorporat-
ing organics that may or may not be of marine origin. This
would be the case of formation of secondary organic aerosol
from non-methane hydrocarbon and glyoxal emissions de-
rived from the algal photosynthetic activity (Meskhidze and
Nenes, 2006; Shapiro et al., 2009). The results presented in
this section have shown that the particle organic enrichment
depends on the seawater organic concentration and type of
organic exudate. Thereby, discrepancies between different
laboratory studies on the composition of the primary aerosol
could partly be attributed to the different organic content in
the source seawater employed. The concentration of col-
loidal matter OC<0.2µm in surface waters has been found
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
diverging organic enrichment in particles generated from dif-
ferent source seawater.

3.3 CCN activity of primary marine aerosol

The CCN activity of particles generated from artificial sea-
water and seawater proxies containing biogenic organics
was characterised for dry particle diameters between 40 and
110 nm. Critical supersaturations obtained for seawater en-
riched withChaetocerosexudate are shown in Fig.6, along
with the theoretical curve for NaCl and the results for the
experiment with natural seawater plus the nutrients medium.
The horizontal error bars account for the uncertainty in the
selection of the particle diameter by the DMA in the range
from spherical (χ = 1) to cubic (χ = 1.08) particle shape,
and the vertical error bars indicate the uncertainty in the de-
termination of the critical supersaturation taken as±1σ stan-
dard deviation. Although not included in all the cases in the
plots in Fig.6 for clarity of presentation, the same uncer-
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 NaCl, the presence of biogenic organ-
ics in seawater caused an increase in the critical supersatu-
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-
related with organic concentration in the seawater. This ef-
fect was observed for all the algal exudates studied (Fig. S2).

Furthermore, the CCN aerosol activity was found to de-
pend on the type of algal exudate in the seawater proxy. Fig-
ure7 shows the measurements for seawater samples contain-
ing one type of exudate at identical concentration (512 µM
OC<0.2µm). Figure 7 (B) indicates the relative variation
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 criti-
cal supersaturation than the experiments with nanoplackton
exudate, with the greatest effect observed for theChaeto-
cerosseawater proxy. Regarding the experiments with exu-
date mixtures, in like manner to the hygroscopicity measure-
ments, the effect of the Chaetmix exudate was the largest in
comparison with the rest of the samples (Fig. S3), which is
in agreement with the observations for the single exudates.

3.4 Molar mass of algal exudates

Compression isotherms (surface pressure versus film area) of
algal exudate monolayers, obtained from measurements with
a Langmuir trough, were used to derive the molar mass of
the hydrophobic fraction of the marine organics in the sea-
water sample remaining after filtration at 0.2 µm. To apply
this approach, the isotherms of marine surfactants were de-
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fined in the form of a two-dimensional virial equation of state
as (Pogorzelski and Kogut, 2003; Barger and Means, 1985) :

πA = C0+C1π +C2π
2 (2)

whereπ is the surface pressure, defined as the surface tension
reduction with respect to the surface tension of pure water, A
is the film area and C0, C1 and C2 are the virial coefficients.

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 Eq. (2) (Pogorzelski and Kogut,
2003). The number of moleculesnm in the film and the
limiting specific area are defined as (Pogorzelski and Kogut,
2003):

nm = 2C0/kT (3)

Alim = C1NA/nm ×1014 (4)
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Fig. 8. Surface pressure-area isotherm of films of marine organ-
ics released by different algal cultures at 20◦C as determined from
Langmuir trough compression measurements. The dashed lines in-
dicate the uncertainty limits.

wherek is the Boltzmann constant,T the temperature and
NA the Avogadro number.

Following the approach ofPogorzelski and Kogut(2003),
the algal exudate molar mass is calculated under the as-
sumption that the mean mass of a film of marine organ-
ics required to produce a surface tension reduction ofπ =

20 mN/m at 119.54 cm2 is approximately 24 µg. This as-
sumption is based on experiments with 16 model surface-
active substances present in seawater, which yielded a mean
film mass of 24± 6.2 µg (Barger and Means, 1985). Thereby,
the molar mass (Morg) is calculated as:

Morg= 24×(Aπ=20/119.54)/nm (5)

whereAπ=20 is the film area forπ = 20 mN/m.
Figure8 shows theπ-A isotherms for films of the differ-

ent algal exudates used in this study as obtained from the
conducted measurements. The resulting isotherms are typi-
cal of surfactants forming expanded films, characterised by a
monotonic increase of the surface pressure with the surface
film reduction and the appearance of kinks reflecting phase
transitions of higher orders. Isotherms with similar char-
acteristics to these have been observed in analogous exper-
iments with marine surfactant films (Pogorzelski and Kogut,
2003).

Table3 includes the values of the virial coefficients, lim-
iting area and molar mass derived from the isotherms in
Fig. 8. Least square fitting of the experimental data to the
virial equation of state yielded coefficient regressions>0.87
(P <0.01). The molar mass and limiting area of marine or-
ganic films are typically in the range of 0.65–9.71 kDa and
268–3157 A2/molec, respectively (Pogorzelski and Kogut,
2003). The values derived in this work are closer to the lower
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Fig. 9. Szyskowski-Langmuir surface tension isotherms for the al-
gal exudates on study as determined from axisymmetric pendant
drop analysis at 20◦C. Vertical bars indicate the mean uncertainty
in the determination of the surface tension taken as±1σ standard
deviation.

end of these ranges, which has been associated to surface
films collected in areas away from the influence of anthro-
pogenic emissions (Pogorzelski and Kogut, 2003), although
this could also be due to the fact that the extracted hydropho-
bic material contains only organic matter<0.2 µm. The high
values of molar mass found (1.37–2.37 kDa) , however, pro-
vide experimental evidence of the existence of truly colloidal
substance in the organic pool<0.2 µm isolated from the sea-
water samples. These values are also consistent with the mo-
lar mass of the colloidal nanogels size range reported in the
literature (Verdugo et al., 2004).

3.5 Application of Köhler theory

Surface tension measurements, using the pendant drop tech-
nique, were performed in order to determine the surface ten-
sion isotherms for each of the algal exudates on study. From
these measurements, the surface tension can be defined as
a function of the droplet exudate concentration following the
Szyskowski-Langmuir adsorption isothermLangmuir(1917)
as:

σ=σw −RT 0∞[ln(1+1/aLCorg)] (6)

whereσw is the surface tension of water,Corg is the organic
concentration in the droplet,aL is the Langmuir parameter
(concentration at half surface coverage, mol/m3) and0∞ is
the saturation surface excess (mol/m2). The isotherms ob-
tained for the different algal exudate samples are illustrated
in Fig. 9, while the values ofaL and0∞ are listed in Table3.

In order to evaluate the CCN behaviour of the primary sea
spray the K̈ohler model was used with input of the surface
tension and composition of the primary particles. The Köhler
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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 C0 (erg) C1 (cm2) C2 (cm2 dyn) Alim (A2/molec.) Mw (kDa) aL (mol/m3) 0∞ (mol/m2)

T. rotula 59.3 93.8 −2.1 322.4 2.37±0.20 2.37 4.2098e-006
Chaetoceros 55.5 75.3 −1.4 276.5 2.22±0.22 1.17 4.1337e-006
E. huxleyi 87.2 73.3 −1.5 171.2 1.37±0.14 12.8 1.2746e-005
Phaeocystis 59.1 74.8 −1.5 257.7 1.99±0.20 4.54 6.4815e-006

theory defines the saturation ratio,S, over an aqueous solu-
tion droplet, as a function of the water activityaw in both
sub- and supersaturated regimes as:

S = awexp

(
4σsMw

ρw RT D

)
(7)

whereσs is the droplet surface tension,Mw is the molecular
weight of water,ρw is the density of water,R is the univer-
sal gas constant,T is the absolute temperature andD is the
droplet diameter.

The term defined by the water activity is the Raoult term,
while the exponential part of the equation is the Kelvin term.
In the same manner as in the previous section, the CCN ac-
tivity of the inorganic solute is approximated to the CCN be-
haviour of pure NaCl. The assumption that the organic solute
in the particle is fully dissolved may not be representative for
aqueous solutions of marine organic exudate, since most of
the organic carbon in the submicron primary marine aerosol
has been found to be comprised by water insoluble organic
carbon (WIOC) (Facchini et al., 2008).

In order to consider the degree of solubility of the organic
fraction, the Raoult law for a mixture of NaCl and an organic
solute is defined as (Raymond and Pandis, 2003):

aw = γw
nw

nw +φNaClνNaClnNaCl+ξorgφorgνorgnorg
(8)

whereγw is the water activity coefficient of the solution,
nNaCl, φNaCl andνNaCl, norg, φorg andνorg are the total num-
ber of moles, osmotic coefficient and number of ions per
solute, for the inorganic and the organic compound, respec-
tively, ξorg refers to the dissolved mass fraction of the or-
ganic solute andnw is the number of water molecules in the
droplet. For the case of complete dissolution the factorξorg
is equal to unity while for limited solubility this factor is less
than unity. The expression in Eq. (8) is a modified version
of the Köhler model which allows its use for substances with
limited solubility (Raymond and Pandis, 2003). The appli-
cation of this modified version of the K̈ohler model to or-
ganic compounds of limited solubility with small contact an-
gle, i.e., to highly wettable compounds, leads to significant
deviations between experiments and theory (Raymond and
Pandis, 2003). For these type of species reasonable predic-
tions are obtained under the assumption that compounds of

limited solubility which are highly wettable behave as if they
were completely soluble (Raymond and Pandis, 2003).

The value of water uptake under a fully soluble assump-
tion for polymeric compounds might not be well represented
by Raoult’s law, due to the large difference in size between
the organic polymer and the solvent (Petters et al., 2006). Be-
cause of the large difference between the molar volumes of
solvent and solute, the water vapour pressure over the solu-
tion is suppressed relative to Raoult’s law and a higher water
content would be required to establish equilibrium at a given
humidity. The Flory-Huggins theory is preferably applied to
describe the water activity in a binary water-polymeric mat-
ter solution as:

lnaw = ln(1−φ)+

(
1−

1

f

)
φ+χφ2 (9)

whereφ is the polymeric matter volume fraction,f is the
chain segment number, calculated as the ratio of the molecu-
lar volumes of the polymer and solvent, andχ is the Flory-
Huggins interaction parameter, which depends on the poly-
mer volume fraction. The values ofχ were estimated from
the parameterisation derived byPetters et al.(2006) using
experimental data for PAA (polycarboxilic acid) and the ap-
proach ofWolf (2003). In the approach ofPetters et al.
(2006), the Flory-Huggins interaction parameter was derived
from hygroscopicity experimental data for pure organic par-
ticles, with extrapolation to diluted conditions for its applica-
tion in cloud activation predictions. PAA is a polycarboxilic
acid with a molar mass of 2 kDa and a hygroscopic growth
of 1.15–1.18 at 90%RH (Petters et al., 2006). As the mo-
lar mass of PAA is on the order of organic matter present in
the marine exudate (this work and (Pogorzelski and Kogut,
2003)) and polycarboxilic acids are components released by
phytoplankton excretion (Bertilsson et al., 2005) it will be
assumed that the interaction parameter derived for PAA by
Petters et al.(2006) is a valid approximation for application
to marine biopolymer.

The Flory-Huggins theory was originally formulated for
binary polymer-water solutions with homogeneous segment
density (Fried, 2003), i.e. for concentrated polymer solu-
tions. The Flory-Krigbaum theory is a modification of
the Flory-Huggins approach to predict the behaviour of
polymers in diluted solutions, where individual polymer
chains are isolated and surrounded by regions of solvent and
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segmental density is not considered uniform (Fried, 2003).
It should be evaluated whether the extrapolation of Flory-
Huggins interaction parameter calculation to the diluted con-
ditions characterising cloud activation is valid to predict the
behaviour of the organic particles, in comparison with pre-
dictions by Flory-Krigbaum theory. Because of the measure-
ment uncertainty in the hygroscopicity measurements with
mixed primary marine particles in the present study, it is
not possible to accurately determine the water content bound
to the organic fraction and test these formulations. Further
research with pure organic particles should be conducted
in order to asses the validity of Flory-Huggins and Flory-
Krigbaum for predicting the solution behaviour and cloud
activation of marine biopolymers.

Equations (6) to (9) were applied to model the activation
behaviour of pure organic particles and mixed particles gen-
erated from seawater at 512 µM OC<0.2µM using the compo-
sitions derived from the ZSR approach. Flory-Huggins the-
ory and Raoult’s law were applied in the modelling of water
activity in order to compare the predictions obtained with this
two approaches. For the mixed particles, the cases of full sol-
ubility (ξorg = 1), and effective insolubility (ξorg = 0) were
evaluated. The case of effective insolubility represents an
undissolved organic matter core that does not dissolve with
increasing droplet size, thus, does not contribute to a reduc-
tion of the surface tension in the droplet. The case of spar-
ingly soluble compounds (ξorg <1) falls between these two
cases.

For the determination of the concentration of organics in
the droplet, partitioning of the organics between the bulk and
the surface was estimated by applying the Gibbs surface ther-
modynamics approach defined bySorjamaa et al.(2004), us-
ing the methodology described inWex et al.(2008). Par-
titioning was found to be negligible for the organic com-
pounds studied. The low value of the organic concentration
at half surface coverageaL (aL = 1.17–12.8 mol/m3, equiv-
alent toB = 0.08–0.85 m3/mol, according toSorjamaa et al.
(2004)) defining the surface tension isotherms indicates that
the marine organics<0.2 µm exhibit moderate surface active
properties and that partitioning is negligible for these organic
compounds (Sorjamaa et al., 2004).

Since activation occurs at diluted conditions, a water ac-
tivity and osmotic coefficients of unity were employed. An
average density of 1400 kg/m3 for the organic compounds
was used in the calculations. The predictions presented a low
sensitivity to the assumption of the organics density, with a
variation<2% for the predicted values in the range of den-
sities from 1000 to 1400 kg/m3. The results also exhibit a
relatively low sensitivity to the assumption of the organics
growth factor applied to derive the particle composition with
the ZSR rule, with variations<5.5% in the predicted crit-
ical supersaturation in the range of organics growth factor
between 1 and 1.5.

Predictions using Flory-Huggins’ theory for the purely or-
ganic particles yielded critical supersaturation values lower

Table 4. Theoretical prediction ofκ-Köhler values for pure marine
exudate particles derived using Köhler theory in combination with
Flory-Huggins and Raoult’s law. Theκ-Köhler values derived us-
ing Flory-Huggins are 1.2–17% higher than those obtained using
Raoult’s law, with larger differences between the predictions for in-
creasing chain segment number.

κ-Flory-Huggins κ-Raoult chain segment
number f

T. rotula 0.073 0.062 94
Chaetoceros 0.111 0.105 88
E.huxleyi 0.164 0.162 56
Phaeocystis 0.118 0.113 79

than those obtained using Raoult’s law. Table4 includes the
values ofκ-Köhler derived from the critical supersaturation
curves for the four exudates on study (method of calculation
described in Sect. 4). Because of the higher water absorption
obtained with Flory-Huggins, the resultingκ-Köhler values
are 1–18% higher in the modelling with Flory-Huggins with
respect Raoult’s law calculations.

Figure10 shows the results of the K̈ohler model obtained
for primary marine particles generated from the seawater
proxy containing 512 µM OC<0.2µm Chaetocerosexudate.
The differences between the predictions using Raoult’s law
and Flory-Huggins for the mixed particles are lower than
0.5%, thus only the curves from the Raoult’s law calcula-
tions have been represented in this figure. In agreement with
the experiments, the K̈ohler model predicts an increase in the
critical supersaturation upon the replacement of the inorganic
salt by organic solute, due to the fact that the surface tension
effect in the Kelvin term is dominated by the reduction in the
number of solute molecules in the Raoult term. Model calcu-
lations for the other algal exudates are included in Fig. S4 in
the supplementary material. The results indicate a reasonable
agreement between the experiments and theoretical results
for the full solubility case, with mean deviations between ex-
periments and model<5% for theT.rotulaandChaetoceros
cases and<10% for the nanoplankton exudate (E.huxleyiand
Phaeocystis).

Most of the dry particle composition is made up of seasalt,
implying that most of the water uptake is induced by the inor-
ganic fraction of the particle. Hence, although the behaviour
of pure exudate particles might be better represented by the
Flory-Huggins equation, the Raoult’s law constitutes a valid
approximation to predict the cloud condensation activity of
mixed primary marine particles enriched with OC<0.2 µm.
In addition, the reasonable agreement between experiments
and model indicates that the composition derived using the
ZSR approach is adequate as an estimation of the composi-
tion of the particles.

The theoretical calculations indicated a reduction of the
surface tension at the point of activation from 5% to 1.8%
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Fig. 10. Experimental and predicted critical supersaturation as a
function of the dry particle size for primary marine aerosol gener-
ated from artificial seawater devoid of organics and seawater proxy
containingChaetocerosexudate, at 512 µM OC<0.2µm. No visual
differences are appreciated between Flory-Huggins and Raoult’s
law predictions with deviations<0.5%. The particle composition
employed was derived from hygroscopicity data by applying the
ZSR approximation.

for particles generated fromChaetocerosexudate, 1.9–0.5 %
reduction forT.rotulaand less than 0.5% for the nanoplank-
ton exudate particles. The discrepancy between the cases of
full solubility and effective insolubility for the particles gen-
erated fromChaetocerosexudate is due to the suppression
of the surface tension occurring in the case of full solubility,
which leads to an increase in the CCN activity with respect
to the effective insolubility case. On the other hand, lower
discrepancy between the two solubility cases was found for
the particles generated from the rest of the exudates, due to
the lower surface tension suppression occurring at activation
for these particles. Assuming that the majority of the ma-
rine organics are water insoluble (Facchini et al., 2008), the
agreement between the case of full solubility and the experi-
ments for theChaetocerosexperiments indicates that marine
organics are highly wettable compounds (Raymond and Pan-
dis , 2003). It is remarkable that, in similar manner to the
presented analysis, modelling of the CCN activity of mixed
particles made of ammonium sulphate and aminoacids of
low solubility, has shown that most of these compounds ac-
tivate as though they were fully soluble, implying curvature-
enhanced solubility (Kristensson, 2010).

It has been postulated that the presence of primary organic
matter in the marine aerosol can enhance the cloud conden-
sation activity through the suppression of the surface tension
in the Kelvin term of the K̈ohler equation (O’Dowd et al.,
2004). In the Köhler model analysis presented here it has

been shown that, notwithstanding the moderate reduction of
the surface tension at activation produced by marine organ-
ics, this effect is too low to compensate for the impact on the
Raoult term and lead to an enhancement of the cloud activa-
tion activity of the particles. In a companion paper (Fuentes
et al., 2010b) it was shown that the production of particles
with Dp0 <100 nm was increased in a 20–40%, due to pres-
ence of the diatomaceous exudate in seawater (Fuentes et al.,
2010b). 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 production) (Fuentes et al., 2010b)
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
been observed in other studies on the effect of organic
biomolecules (Kristensson, 2010) and marine organic extract
(Moore et al., 2008) on the activation behaviour of mixed par-
ticles. The marine aerosol produced from solutions of sul-
phate salts and marine organics<0.45 µm has been shown
to present less or equal cloud formation activity than ammo-
nium sulphate (Moore et al., 2008), while the replacement
of inorganic salt by increasing amount of aminoacid com-
pounds has been found to lead to particles with decreasing
CCN activity (Kristensson, 2010).

In the present study marine organic matter<0.2 µm has
been used; thus, further research is needed in order to deter-
mine whether the observed behaviour extrapolates to large
colloids in the size range above>0.2 µm, or indeed, whether
such colloids play a role in particles of the smaller sizes
where organics are most substantially enriched. Predictions
using the K̈ohler theory indicate that for organic mass frac-
tions∼50% and a mean molar mass≥2 kDa, the surface ten-
sion at the point of activation should be less than 55 mN/m
for the primary particles to be more CCN active than pure
NaCl and, thereby, attribute the enhancement of cloud forma-
tion in algal bloom areas observed byMeskhidze and Nenes
(2006) to the primary organic matter. Even in the event that
the organic pool>0.2 µm would lead to organic fractions
higher than those observed in the present study, it is unlikely
that the droplet surface tension at the diluted conditions that
characterise the point of activation presents such a low value.
Thus, it is questionable that primary marine organics are re-
sponsible for the increased cloudiness evident in high biolog-
ical activity areas.

4 CCN closure: hygroscopicity parameterκ

Based on the measurement data, theκ-Köhler model (Petters
and Kreidenweis, 2007) was employed in order to analyse
whether the single parameter approach can be used to link the
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Fig. 11.Hygroscopic parameterκ in the sub- and supersaturated regions for primary marine aerosol produced from artificial seawater devoid
of exudate and seawater proxies enriched withT. rotulaexudate.

sub-saturated hygroscopicity and cloud condensation activity
of the primary marine aerosol.

According to theκ-Köhler theory (Petters and Kreiden-
weis, 2007) the water activity can be defined as a function of
the parameterκ as:

aw =
D3

−D3
p

D3−D3
p(1−κ)

(10)

whereDp is the particle dry diameter.
The relative humidity in the humidograms can be con-

verted toaw values by using the Kelvin term defined in
Eq. (7), and theκ parameter can be derived by rearranging
Eq. (9) as follows:

κ =

(
GF3

−1
)
(1−aw)

aw
(11)

For the prediction ofκ from the CCN measurements an ex-
pression of the saturation ratio can be derived by combining
Eqs. (7) and (9) as:

S =
D3

−D3
p

D3−D3
p(1−κ)

exp

(
4σsMw

ρwRT Dp

)
(12)

The value of the parameterκ in the above expression is
obtained by fitting the maximum of the curve to the experi-
mental value of critical supersaturation. For ideal solutions,
κ is a constant that depends only on the solute properties.
Deviations from the ideal behaviour causesκ to be depen-
dent on the water activity, thus leading to inconsistency in the
value ofκ in the sub- and supersaturation regimes. In order
to evaluate the deviation from the non-ideal behaviour, theκ-
Köhler model was applied using the HTDMA and CCN data
obtained in this work. For the analysis, the surface tension
was calculated by using the Szyskowski-Langmuir isotherms
presented in Sect.3.5. Figure11shows the calculated values
of κ as a function of the water activity in the sub- and super-
saturation regions, for the primary marine aerosol generated

from artificial seawater and from seawater enriched withE.
huxleyiexudate. In the subsaturation region, it is observed
a systematic non-ideal behaviour characterised by a drop of
the value ofκ with increasing water activity for all the cases
tested. In the supersaturation region, on the other hand, the
value of κ shows lower dependency on the water activity.
Similar results were obtained for the rest of the organic exu-
dates (Fig. S5). Our data are consistent with findings inWex
et al.(2010), within the range of uncertainty of the measure-
ments of the cited work. However, in our results it can also
be appreciated a dependence of the hygroscopic parameter on
the water activity in the subsaturated region. Notwithstand-
ing the different behaviour ofκ in the sub- and supersaturated
regions, the deviations of subsaturatedκ at high humidity and
the supersaturatedκ seems to be small, which could allow
the use of theκ-Köhler model to predict the critical super-
saturation from the subsaturatedκ value at high water activi-
ties. In order to test this hypothesis, the experimental critical
supersaturations and those derived from the subsaturatedκ

(κHTDMA ) in the rangeaw >0.9 were compared.
Figure12 presents the critical supersaturation values de-

rived from the averageκHTDMA at aw >0.9 in comparison
with the cloud activation experimental data. This compari-
son indicates that the critical supersaturations predicted from
the hygroscopicity measurements deviate<5% with respect
to those observed in the CCN experiments. The conducted
analysis yields deviations between the experimental data and
predicted critical supersaturation within the uncertainty lim-
its. The single parameter approximation is therefore ade-
quate to link the sub-saturated hygroscopicity and cloud con-
densation activity of the primary marine aerosol, when con-
sidering subsaturatedκ values between 0.9< aw <0.92.
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Fig. 12. Comparison of experimental and theoretical critical super-
saturations derived using theκ-Köhler approach in the supersatu-
rated region and in the subsaturated region with 0.9< aw <0.92.

5 Summary and conclusions

In this study, the role of organic micro- and nanogel colloidal
matter plus truly dissolved organic matter<0.2 µm on the
properties and composition the primary marine aerosol was
investigated.

Marine organic matter produced reductions of 9–17% and
5–24% in the hygroscopic growth and cloud condensation
activity of the primary marine aerosol, respectively, com-
pared to the production from seawater devoid of marine or-
ganics. The effects were enhanced with increasing seawater
organic content and the highest influence was observed for
the particles generated from seawater enriched with diatoma-
ceous exudate, particularly, theChaetocerosexudate.

Predictions using the ZSR rule yielded particle organic
volume fractions between 8 and 37% for seawater enriched
with 175–512 µM OC<0.2µm. The highest particle organic
enrichment was found for the particles generated from di-
atomaceous exudate. The suppression of the growth factor
in the present study is from the order to 15% higher than the
water uptake reductions observed in previous studies on the
hygroscopicity of primary marine aerosol generated by bub-
ble bursting from unfiltered natural seawater (Sellegri et al.,
2008). The organic content in the generated particles was,
however, significantly lower than the organic mass fraction
determined in studies on the chemical composition of the
submicron primary marine aerosol produced by bubble burst-
ing (Facchini et al., 2008). It has been demonstrated in this
work that the particle organic enrichment depends on the sea-
water organic concentration. Discrepancy between different
studies might therefore be explained by the organic content
of the source seawater employed together with the mecha-
nism of particle production. The concentration of colloidal

matter OC<0.2µm in surface waters has been found to vary
by a factor of up to 4.5, depending on the location (Wells
and Goldberg, 1993), thus it is expected to find diverging or-
ganic enrichment in particles generated from different source
seawater.

The increase in the CCN production observed in al-
gal bloom areas (Meskhidze and Nenes, 2006) has been
postulated to be induced by the incorporation of biogenic or-
ganics into the composition of the primary aerosol, due to the
potential suppression of the surface tension of the particles
(O’Dowd et al., 2004). In contrast to this hypothesis, the re-
sults in the present work show that the colloidal organic pool
<0.2 µm released by phytoplankton reduces the cloud con-
densation activity of the particles, with respect to the case of
seawater without algal exudate. In agreement with observa-
tions, theoretical analysis using the Köhler model predicts an
increase in the critical supersaturation of the primary parti-
cles upon the incorporation of marine organics<0.2 µm into
the particle composition. This effect is due the replacement
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.

In a companion paper to this study (Fuentes et al.,
2010b) it was shown that the production of particles with
Dp0 <100 nm was enhanced by the presence of diatoma-
ceous exudate in seawater. The results in the present
manuscript indicates that, although the CCN activity could
be enhanced due to an increase in the particle production in
diatom blooms, this effect would be counteracted by the re-
duction in the CCN activity induced by the presence of ma-
rine organics in the primary particles. Predictions using the
Köhler theory indicate that for organic mass fractions∼50%
and mean molar mass≥2 kDa, the surface tension at the point
of activation should be less than 55 mN/m for the primary
particles to be more CCN active than pure inorganic seasalt
and, thereby, attribute the enhancement of cloud formation in
algal bloom areas to the effect of the biogenic organic mat-
ter. Even in the event that the organic pool>0.2 µm would
lead to organic fractions higher than those observed in the
present study, it is unlikely that the droplet surface tension at
the diluted conditions that characterise the point of activation
exhibits such a low value. Thus, it is improbable that primary
marine organics are responsible for any increased cloudiness
evident in high biological activity areas. Secondary aerosol
formation occurring during high biological activity periods
(Charlson et al., 1987; Meskhidze and Nenes, 2006) as well
as other factors enhancing the production of cloud-forming
aerosol, like wind speed and temperature, and their inter-
actions, should also be investigated as possible causes con-
tributing to the enhancement of cloudiness observed in algal
bloom areas.

Analysis using theκ-Köhler model revealed non-ideal
behaviour of the primary marine aerosol at subsaturation,
with lower dependence of the hygroscopicity parameter on
the water activity in the supersaturated regime. However,
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predictions of critical supersaturation from the hygroscopic-
ity measurements agreed with the experimental values within
the range of uncertainty when the subsaturatedκ was av-
eraged in the range of humidities between 0.9–0.92. The
current study is focused only on the colloidal nanogel and
truly dissolved organic matter remaining after 0.2 µm filtra-
tion. Further research should be conducted to analyse the
effect of colloidal matter>0.2 µm in order to fully charac-
terise the impact of marine organics on the primary marine
aerosol properties.

Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/11/2585/2011/
acp-11-2585-2011-supplement.pdf.
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Álvarez-Salgado X. A. and Miller A. E. J.: Simultaneous determi-
nation of dissolved organic carbon and total dissolved nitrogen
in seawater by high temperature catalytic oxidation: conditions
for precise shipboard measurements, Mar. Chem., 62, 325–333,
1998.

Barger, W. R. and Means, J. C.: Clues to the structure of marine
organic material from the study of physical properties of surface
films, edited by: Sigleo, A. C. and Hattori, A., Marine and Estu-
arine Chemistry, Lewis Publishers, Chelsea, 47–67, 1985.

Bertilsson, S., Berglund, O., Pullin, M. J., and Chisholm, S. W.:
Release of dissolve organic matter by Prochlorococcus, Vie et
Milieu, 55(3–4), 225–231, 2005.

Cavalli, F., Facchini, M. C., Decesari, S., Mircea, M., Emblico, L.,
Fuzzi, S., Ceburnis, D., Yoon, Y. J., O’Dowd, C. D., Putaud, J. P.,
and Dell’Acqua, A. J.: Advances in characterisation of size re-
solved organic matter in marine aerosol over the North Atlantic,
Geophys. Res., 109,doi:10.1029/2004JD005137, 2004.

Ceburnis, D., O’Dowd, C. D., Jennings, G. S., Facchini, M. C.,
Emblico, L., Decesari, S., Fuzzi, S., and Sakalys, J.: Ma-
rine aerosol chemistry gradients: Elucidating primary and sec-
ondary processes and fluxes, Geophys. Res. Lett., 35, L07804,
doi:10.1029/2008GL033462, 2008.

Charlson, R. J. , Lovelock, J. E., Andreae, M. O., and Warren, S.
G.: Oceanic phytoplankton, atmospheric sulphur, cloud albedo
and climate, Nature, 326, 655–661, 1987.

Cruz, C. N. and Pandis, S. N.: Deliquescence and hygroscopic
growth of mixed inorganic-organic atmospheric aerosol, Envi-
ron. Sci. Technol., 34(20), 4313–4319, 2000.

de Leeuw, G. and Cohen, L. H.: Bubble size distributions on the
North atlantic and North Sea. Geophysical monograph, Am. Geo.
Union, 127, 271–277, 2002.

Dinar, E., Mentel, T. F., and Rudich, Y.: The density of humic acids
and humic like substances (HULIS) from fresh and aged wood
burning and pollution aerosol particles, Atmos. Chem. Phys., 6,
5213–5224,doi:10.5194/acp-8-6365-2006, 2006.

Facchini, M. C., Mircea, M., Fuzzi, S., and Charlson, R. J.: Com-
ments on Influence of soluble surfactant properties on the acti-
vationof aerosol particles containing inorganic solute, J. Atmos.
Sci., 58, 1465–1467, 2001.

Facchini, M. C., Rinaldi, M., Decesari, S., Carbone, C., Finessi, E.,
Mircea, M., Fuzzi, S., Ceburnis, D., Flanagan, R., Nilsson, E.
D, de Leeuw, G., Martino, M., Woeltjen, J., and O’Dowd, C. D.:
Primary submicron marine aerosol dominated by insoluble or-
ganic colloids and aggregates, Geophys. Res. Lett., 35, L17814,
doi:10.1029/2008GL034210, 2008.

Frew, N. M. and Nelson, R. K.: Scaling of marine microlayer
film surface pressure-area isotherms using chemical attributes.
J. Geophys. Res. 97, 5291–5300, 1992.

Fried, J. R.: Polymer science and technology. Chapter 3: Conforma-
tion, solutions and molecular weight, Prentice-Hall, Upper Sad-
dle River, New Jersey, USA, 2nd edition., 2003.

Fuentes, E., Coe, H., Green, D., de Leeuw, G., and McFiggans,
G.: Laboratory-generated primary marine aerosol via bubble-
bursting and atomization, Atmos. Meas. Tech., 3, 141–162,
doi:10.5194/amt-3-141-2010, 2010a.

Fuentes, E., Coe, H., Green, D., de Leeuw, G., and McFiggans, G.:
On the impacts of phytoplankton-derived organic matter on the
properties of the primary marine aerosol –Part 1: source fluxes,
Atmos. Chem. Phys., 10, 9295–9317,doi:10.5194/acp-10-9295-
2010, 2010b.

Good, N., Coe, H., and McFiggans, G.: Instrumentational op-
eration and analytical methodology for the reconciliation of
aerosol water uptake under sub- and supersaturated conditions,
Atmos. Meas. Tech., 3, 1241–1254,doi:10.5194/amt-3-1241-
2010, 2010.

Gysel, M., Weingartner, E., Nyeki, S., Paulsen, D., Baltensperger,
U., Galambos, I., and Kiss, G.: Hygroscopic properties of
water-soluble matter and humic-like organics in atmospheric fine
aerosol, Atmos. Chem. Phys., 4, 35-50,doi:10.5194/acp-4-35-
2004, 2004.

Hoffman, E. J. and Duce, R. A.: Organic carbon in ma-
rine atmospheric particulate matter: concentration and par-
ticle size distribution, Geophys. Res. Lett., 4(10), 449–452,
doi:10.1029/GL004i010p00449, 1977.

Keene, W. C., Maring, H. , Maben, J.R., Kieber, D. J., Pszenny,
A. A. P., Dahl, E. E., Izaguirre, M. A., Davis, A.J. , Long, M.
S., Zhou, X., Smoydzin L., and Sander R.: Chemical and physi-
cal characteristics of nascent aerosols produced by bursting bub-
bles at a model air-sea interface, J. Geophys. Res., 112, D21202,
doi:10.1029/2007JD008464, 2007.

Kester, D. R., Duedall, I. W., Conners, D. N., and Pytkowicz, R. M.:
Preparation of artificial seawater, Limnol. Oceanogr., 12, 176–
179, 1967.

Kristensson, A., Rosenorn, T., and Bilde, M.: Cloud Droplet Ac-

Atmos. Chem. Phys., 11, 2585–2602, 2011 www.atmos-chem-phys.net/11/2585/2011/

http://www.atmos-chem-phys.net/11/2585/2011/acp-11-2585-2011-supplement.pdf
http://www.atmos-chem-phys.net/11/2585/2011/acp-11-2585-2011-supplement.pdf
http://dx.doi.org/10.5194/acp-6-5279-2006
http://dx.doi.org/10.1029/2004JD005137
http://dx.doi.org/10.1029/2008GL033462
http://dx.doi.org/10.5194/acp-8-6365-2006
http://dx.doi.org/10.1029/2008GL034210
http://dx.doi.org/10.5194/amt-3-141-2010
http://dx.doi.org/10.5194/acp-10-9295-2010
http://dx.doi.org/10.5194/acp-10-9295-2010
http://dx.doi.org/10.5194/amt-3-1241-2010
http://dx.doi.org/10.5194/amt-3-1241-2010
http://dx.doi.org/10.5194/acp-4-35-2004
http://dx.doi.org/10.5194/acp-4-35-2004
http://dx.doi.org/10.1029/GL004i010p00449
http://dx.doi.org/10.1029/2007JD008464


E. Fuentes et al.: On the impacts of phytoplankton-derived organic matter on the submicron primary marine aerosol 2601

tivation of Amino Acid Aerosol Particles, J. Phys. Chem. A,
114(1), 379–386,doi:10.1021/jp9055329, 2010.

Langmuir, I.: The constitution and fundamental properties of solids
and liquids. II. Liquids, Am. Chem. Soc., 39, 1848–1906, 1917.

Li, Z., Williams, A. L., and Rood, M. J.: Influence of soluble sur-
factant properties on the activation of aerosol particles containing
inorganic solute, J. Atmos. Sci., 55, 1859–1866, 1998.
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