
ACPD
10, 26157–26205, 2010

On the impacts of
phytoplankton-

derived
organic

E. Fuentes et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 10, 26157–26205, 2010
www.atmos-chem-phys-discuss.net/10/26157/2010/
doi:10.5194/acpd-10-26157-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

On the impacts of phytoplankton-derived
organic matter on the properties of the
primary marine aerosol – Part 2:
Composition, hygroscopicity and cloud
condensation activity
E. Fuentes1, H. Coe1, D. Green2, and G. McFiggans1

1Centre for Atmospheric Sciences, School of Earth, Atmospheric and Environmental
Sciences, Manchester M13 9PL, UK
2Scottish Association for Marine Science, Oban, UK

Received: 4 October 2010 – Accepted: 1 November 2010 – Published: 4 November 2010

Correspondence to: G. McFiggans (g.mcfiggans@manchester.ac.uk)

Published by Copernicus Publications on behalf of the European Geosciences Union.

26157

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/26157/2010/acpd-10-26157-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/26157/2010/acpd-10-26157-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 26157–26205, 2010

On the impacts of
phytoplankton-

derived
organic

E. Fuentes et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

The effect of colloidal and dissolved organic matter <0.2 µm, secreted by marine biota,
on the hygroscopic growth and droplet activation behaviour of the primary marine
aerosol was studied. Seawater proxies were prepared by the combination of artificial
seawater devoid of marine organics and natural seawater enriched in organic exudate5

released by laboratory-grown phytoplankton cultures, as described in a companion pa-
per. The primary aerosol was produced by bubble bursting, using a plunging multijet
system as an aerosol generator.

The aerosol generated from seawater proxies enriched with marine exudate pre-
sented organic volume fractions on the order of 5–37%, as derived by applying a sim-10

ple mixing rule. The hygroscopic growth and cloud condensation nuclei (CCN) activity
of the marine organics-enriched particles where 9–17% and 5–24% lower, respec-
tively, than those of the aerosol produced from artificial seawater devoid of exudate.
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 pro-15

duction induced by marine organics. The experiments in the present study, however,
indicate that the impacts of such an enhancement would be counteracted by the re-
duction in the CCN activity of the primary particles enriched in marine organics.

The extent of the effect of the biogenic matter on the particle behaviour was de-
pendent on the seawater organic concentration and type of algal exudate. Aerosol20

produced from seawater proxies containing diatomaceous exudate presented higher
hydrophobicity and lower CCN activity than those enriched with nanoplankton exu-
date. The organic fraction of the particles increased with increasing seawater organic
concentration, with the highest organic enrichment found for the diatomaceous exu-
date. These findings are indicative that, besides the differences induced by the aerosol25

generator employed, discrepancies between different studies in the behaviour of the
organics-enriched primary seaspray could partly be explained by the difference in the
nature and concentration of the organic material in the source seawater employed.
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Consistently across the experiments, theoretical analysis based on the Köhler model
predicted a reduction in the primary seaspray 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 point5

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 influence of marine biogenic mat-
ter on the submicron primary seaspray production has been presented (Fuentes et al.,10

2010b). The present paper extends this experimental study to describe the influence of
organic matter produced by phytoplankton 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 significant concentrations of organic matter in the sub-15

micron marine aerosol (Hoffman and Duce, 1977; Novakov et al., 1997; Middlebrook
et al., 1998; Putaud et al., 2000; Cavalli et al., 2004). The organic content of the at-
mospheric seaspray has been found to follow a seasonal pattern, characterised 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 of20

organic matter released by marine biota might affect marine aerosol properties, little is
known on the effect of these organics on the behaviour of aerosols produced in areas
of high biological activity.

The chemical composition of the marine aerosol determines its hygroscopic proper-
ties, which in turn influences its ability to scatter light and to form cloud condensation25

nuclei (Moore et al., 2008). Analysis of the chemical composition of the primary sea-
spray generated by bubble bursting from natural seawater has shown a high organic
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mass fractions in the submicron size region (up to ∼80% for particles 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 insolu-
ble, consistent with the organic matter found in the atmospheric seaspray composition
during periods of high biological activity (Facchini et al., 2008; O’Dowd et al., 2004). In5

contrast, studies of the hygroscopic behaviour of submicron primary seaspray gener-
ated from natural seawater by bubble bursting have reported hygroscopic growth sup-
pressions <10% with respect to pure NaCl (Sellegri et al., 2006; Modini et al., 2009).
This hygroscopic growth implies low organic volume fractions (<10%) (Modini et al.,
2009), in contrast with the high fractions reported in preceding studies on the chemical10

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 different studies is related not only to the
amount of organics present in the seawater samples, but also to the composition and
surface-active properties of the organic matter in the source seawater (Modini et al.,15

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 behaviour of the particles (Fuentes et al., 2010a).

Parameterisations formulated in order to predict particle number production as a
function of temperature (Mårtensson et al., 2003) and organic matter content (Fuentes20

et al., 2010b), modal sizes (O’Dowd et al., 2008) and organic mass fraction (Vignati et
al., 2010) are currently applied to estimate the seaspray particle production and compo-
sition on a global scale (Vignati et al., 2010). A large uncertainty in the determination
of primary seaspray production and global distribution is implicit in these model pre-
dictions, considering the large discrepancy in the primary organic fraction determined25

in different studies and the fact that the composition of marine particles is generally
modeled by extrapolating a regional relationship between particle composition and bio-
logical activity to a global scale (Vignati et al., 2010). In order to reduce the uncertainty
in global scale predictions further research is needed to understand the underlying
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processes leading to differences in the particle organic fraction obtained in different
laboratory studies, asses the validity of current formulations to be applied globally and
establish solid correlations between biological activity and seaspray composition.

The role of oceanic phytoplankton in affecting the marine cloud condensation nu-
clei (CCN) formation remains largely unknown. Analysis of remotely sensed data on5

regions of different biological activity have indicated an enhanced cloud formation ac-
tivity over algal bloom areas with respect to regions of low productivity (Meskhidze and
Nenes, 2006). This finding has been attributed to changes in the chemical 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 pro-10

posed. These hypothetical mechanisms are related 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 oxidation of phytoplankton-produced
volatile compounds, like dimethylsulfide (Charlson et al., 1987) and non methane hy-
drocarbons (Meskhidze and Nenes, 2006). Different modeling approaches have been15

proposed to explore the potential effects of these different phytoplankton-derived com-
pounds in order 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 pos-
tulated that it may play a role in determining the marine particles’ cloud activation be-20

haviour through its effect on the surface tension of the aqueous droplets (O’Dowd et al.,
2004). A number of experimental and modeling studies have addressed the effect of
surfactants on the cloud condensation activity of aerosols containing diverse inorganic
solutes (Li et al., 1998; Kristensson, 2010; Moore et al., 2008; Wex et al., 2008). Ac-
cording to Li et al. (1998) the reduction in the surface tension by surfactant molecules25

suppresses the critical supersaturation through the Kelvin effect; however, the replace-
ment of small inorganic solute molecules by large surfactant molecules can cause a
reduction in the Raoult term of the Köhler equation and lead to an increase in the criti-
cal supersaturation. It has been argued that the CCN activity of atmospheric aerosols
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depends on the organic proxy employed and that a reduction in the critical supersatu-
ration 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 pro-5

cess, can effectively influence the hygroscopic and cloud condensation behaviour of
the primary marine aerosol. Cultures of microalgae strains representative of oceanic
species were grown in order to produce natural bioexudate. This material was em-
ployed to prepare seawater proxies for the production of primary aerosol by means of a
multi-plunging water jet generator. Measurements of the CCN activity and hygroscopic-10

ity properties of the laboratory-produced aerosols were conducted and compared with
blanks performed with artificial seawater devoid of algal exudate. Together with the
experimental analysis, the classical Köhler theory was applied to reconcile the hygro-
scopic and cloud condensation activity measurements and to provide insight into the
factors leading to the observed cloud condensation activity behaviour.15

2 Experimental methods

2.1 Sample preparation, aerosol generation and aerosol characterization

Artificial seawater was prepared from analytical grade salts and deionised water fol-
lowing 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 seawater. Seawater20

proxies were prepared by mixing artificial seawater and natural seawater enriched with
biogenic organics released by laboratory cultured phytoplankton (bulk mixing method)
and by forming organic monolayers on the surface of artificial seawater (monolayer
method), as described in Fuentes et al. (2010b). Tables 1 and 2 list the different al-
gal exudate employed and seawater proxies prepared for the experiments. The or-25

ganic matter content of the seawater samples prepared with the bulk mixing method
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is defined as a function of the organic carbon concentration after 0.2 µm filtration and
referred as OC<0.2 µm.

Bubble-bursting aerosols were produced by the impingement of water jets generated
by means of a water recirculation system in the centre of a PTFE tank (Fig. 1). The
experimental conditions for the generation of the proxy marine aerosol are described5

in Fuentes 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
characterise the aerosol cloud condensation activity. The DMA was used to gener-
ate monodisperse aerosol in the size range between 40 nm and 100 nm dry diameter.10

These particles were directed in parallel to the CPC and CCN counters. The sample
flow in the CCN counter was 0.5 lpm and it was operated 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 Tan-
dem Differential Mobility Analyzer (H-TDMA), following the methodology described in15

Fuentes et al. (2010a). The calibration and quality assurance procedures carried out
for the two instruments are described in Good et al. (2010).

2.2 Surface tension measurements

Compression isotherms of films of marine organics extracted by solid phase extrac-
tion were measured with a non-porous PTFE trough (KSV Minitrough,273 cm2 surface20

area) provided 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, redis-
solved with chloroform:ethanol solution and deposited dropwise on the surface of water25

contained in the trough, to form a monolayer. Compression isotherms were recorded
at a symmetric compression rate of 10 mm/min at ∼20 ◦C.

26163

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/26157/2010/acpd-10-26157-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/26157/2010/acpd-10-26157-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 26157–26205, 2010

On the impacts of
phytoplankton-

derived
organic

E. Fuentes et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Axisymmetric pendant drop analysis (KSV instruments CAM101,60 fps digital cam-
era) was used to measure the static surface tension of droplets containing algal exu-
date. The surface tension of a number of drops, typically 3–5, with volumes of ∼15 mm3

were measured, allowing 50 minutes for surface tension equilibration. Samples were
prepared by dissolving various masses of desalted dry exudate in deionised water.5

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 diameter (Dp0) particles produced from different organics-enriched
seawater proxies, artificial seawater devoid of marine exudate and natural filtered sea-10

water 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 measurement was performed in order to compare
with the measurements conducted with the samples resulting after algal growth.

Figure 2 shows humidograms (hygroscopic growth factor (GFD0,RH), with D0 indicat-15

ing the particle size versus RH) obtained for seawater proxies containing Phaeocystis
exudate, along with the theoretical curve for NaCl, which was calculated using the de-
tailed thermodynamic model ADDEM (Topping et al., 2005). The error bars indicate the
uncertainty 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), whereas20

the presented data corresponds to a shape factor of χ =1.04. Although not included
here for clarity of presentation, the same uncertainty range should be considered for
all the experiments with seawater.

For the artificial seawater case, observable water uptake already occurred at hu-
midity >50% , followed by a progressive growth with increasing RH and a substan-25

tial water uptake in the 70 to 80% humidity range, due to the dissolution of the NaCl
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crystals. Whilst the hydration behaviour for RH <75% is similar among all the seawa-
ter 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 sea-
water measurements. The magnitude of this suppression, however, is dependent on
the concentration of organics in the seawater, with a reduction in the particle growth5

with increasing seawater organic concentration. A reduction in the growth factor is also
observed for the seawater+nutrients case with respect to the artificial seawater mea-
surement. This suppression, attributed to the effect of nutrients and residual marine
organic matter in the natural seawater, is less significant than the reduction produced
when using seawater proxies with concentrations >175 µM OC<0.2 µm. This indicates10

that the suppression of the growth above this concentration is certainly due to the or-
ganic matter produced by the algal cultures.

Analogous trends in the hygroscopic behaviour were observed in experiments with all
other particle sizes and algal exudate tested (Fig. S1 in supplementary material). The
reduction in the growth factor for the different cases studied, with respect to production15

from artificial seawater, ranged from 9–13% at 175 µM OC<0.2 µm to 10–17% at 512 µM
OC<0.2 µm, with dependence on the algal exudate type. The reduction in the growth
factor at 90%RH in the presented measurements is from the same order to up to 15%
higher than the hygroscopic growth reported in preceding studies on the water uptake
of primary seaspray (≤10% for 71–85 nm dry size) (Sellegri et al., 2006; Modini et al.,20

2009).
No effects on the hygroscopic growth factor, however, were observed for the exper-

iments conducted using the monolayer method. Although this could indicate that the
existence of a single monolayer is not sufficient to exert any significant effect on the par-
ticle behaviour, it should be noted that the organic layer was not replenished during the25

duration of the experiments; thus, removal of the monolayer by bubble bursting might
have occurred on a timescale shorter than the time required to obtain a measurement.

Hygroscopic growth probability distributions at 90% RH for particles with Dp0 =40 nm
produced from seawater samples at 512 µM OC<0.2 µm are presented in Fig. 3. The
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shape of the distributions indicates that the primary marine aerosol generated from
seawater enriched with biogenic matter is internally mixed, since a single homoge-
neous mode was detected. The same behaviour was observed for all the conducted
experiments. These results are in agreement with measurements by Sellegri et al.
(2006), that showed an internal mixture for 20 and 85 nm particles generated by bub-5

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 internal 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).10

The results in Fig. 3 show that the primary seaspray is ∼ 20% more hygroscopic than
atmospheric seaspray 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 diatomaceous ex-15

udate (Chaetoceros and T. rotula) was 5–10% lower than that of particles generated
from nanoplankton exudate (E. huxleyi and Phaeocystis) (Fig. 3). In an analogous
manner, in the experiments with algal mixtures the highest suppression occurred for
the mixtures with the greatest proportion of diatomaceous exudate (Chaetmix and TRo-
tulamix samples).20

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 NaCl25

particles after deliquescence. Adopting the simplification that the post-deliquescence
growth of the inorganic fraction in the primary seaspray can be approximated to the
growth of pure NaCl, the ZSR rule was applied to calculate the hygroscopic growth
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factor of a mixed primary seaspray particle as:

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

org)1/3 (1)

where εorg is the organic volume fraction in the dry particle and GFinorg and GForg
are the pure inorganic and organic growth factors, respectively. The use of the ZSR
rule implies the assumption that the organic and inorganic fractions absorb water in-5

dependently. 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 absorp-
tion, however, have been shown to agree with measurements within 20% (Cruz and10

Pandis, 2000), thus, this approach is applied in this study as a good first-order estima-
tion 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, representative15

of oxidised organic aerosols (McFiggans et al., 2005). Predictions using the ZSR ap-
proximation at 90% RH with an organics growth factor of 1.1 yielded particle organic
volume fractions from 8 to 37% for OC<0.2 µm between 175 and 512 µM.

The sensitivity of the predicted composition to the assumption of GForg is relatively
small, since within the relevant range of growth factors for compounds representative20

of marine organics (GForg =1–1.5 at 90% RH, (Peng et al., 2001; Mikhailov et al., 2004;
Gysel et al., 2004)), the maximum difference of the predicted organic fraction is 0.05.
The derived mean organic fraction for the diatomaceous exudate (Chaetoceros and
T. 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 can25

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 as-
sumption of GForg. In addition, the mean difference between the Chaetoceros and
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T. rotula organic fractions is larger than the uncertainty value, with Chaetoceros pre-
senting a higher organic fraction than T. rotula. However, the difference between the
organic fractions within the nanoplankton group (E. Huxleyi and Phaeocystis) is within
uncertainty limits, thus, it is not possible to determine whether the particles generated
from these two types of exudate present a different organic enrichment.5

Analysis of the relationship between the particle organic volume fraction and the or-
ganic carbon content of the seawater employed for aerosol production (Fig. 4) indicates
that the particle organic fraction is proportional to the organic matter concentration in
the seawater proxy. The equilibrium adsorption of organics by rising bubbles increases
with increasing organic concentration in the liquid media (Fuentes et al., 2010a), which10

explains the correlation between the seawater content and the particle organic enrich-
ment.

The derived organic volume fractions were converted into organic mass fractions in
order to compare with measurements of atmospheric seaspray organic enrichment by
O’Dowd et al. (2008) and their revised version (Vignati et al., 2010). For the conversion15

a density of 1400 kg/m3, representative of oxidised organic aerosols, was applied for
the organic fraction (Alfarra et al., 2006; Dinar et al., 2006). Since this density is in the
upper range of density values for organic compounds, the derived composition consti-
tutes an upper limit estimation of the organic mass fraction in the marine particles. For
a direct comparison of our results with the atmospheric measurements, the seawater20

organic carbon concentration was converted to the corresponding Chl-a concentration
using the mass balance equation presented in Fuentes et al. (2010b). This balance
provides a first-order estimation of the relationship between the Chl-a biomass in an
algal bloom and the corresponding production of labile and semilabile organic carbon,
using parameters such as the C:Chl-a ratio and the lifespan of the algal cells. The un-25

certainty range in the relationship between the seawater primary organic 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 concentration, but also
as a function of the specific conditions in the algal blooms, like nutrients availability,
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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 the organic 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.,5

2008; Vignati et al., 2010) might not be applicable on a global scale.
Figure 5 shows the data from the present study in comparison with the atmospheric

aerosol organic fraction determined by O’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 de-10

termining the relationship between the organic matter in the seawater and the Chl-a
biomass concentration. The uncertainty curves for the primary seaspray 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 production of organic matter at
lower Chl-a concentrations. Most of the primary seaspray data lay on the Chl-a region15

between 0.4–10 µg/L, which is representative of areas with high biological activity. The
range of high Chl-a values for the primary seaspray dataset is consistent with the high
organic concentration in the seawater proxies employed in the presented experiments
(most of the samples were enriched with OC<0.2 µm>175 µM), considering that the av-
erage concentration of organic carbon in the oceans, including the refractory organic20

pool, is 50–80 µM (Owaga and Tanque, 2003), and that the Chl-a concentration in low
biologically activity areas is frequently below 0.4 µg/L (Pérez et al., 2001).

For Chl-a concentration<0.5 µg/L (particle organic mass fraction below 30%) the
primary and atmospheric seaspray uncertainty regions partially overlap, thus indicat-
ing that the primary organics could constitute from 50% to 100% of the organic fraction25

in the atmospheric particles in this range. However, for higher Chl-a concentrations
(i.e. higher organic matter concentration in the seawater) the organic fraction in the
primary seaspray 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<0.2 µm
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2100 µM), the organic mass fraction of the primary 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 discrepancy found between the pri-
mary and atmospheric measurements suggests that secondary organic matter might
be present in the atmospheric aerosol. The correlation between the Chl-a concen-5

tration and the particle organic fraction in the atmospheric measurements by O’Dowd
et al. (2008) indicates that part of these secondary organics could be generated from
processes related to the biological activity in the seawater. This would be the case
of formation of secondary organic aerosol from non-methane hydrocarbon and glyoxal
emissions derived from the algal photosynthetic activity (Meskhidze and Nenes, 2006;10

Shapiro et al., 2009).
The particle organic fraction in the present and previous studies on the hygroscop-

icity of primary seaspray (Sellegri et al., 2006; Modini et al., 2009) (organic volume
fractions<10%) is considerably lower than the organic mass fraction up to ∼ 80% de-
termined in studies on the composition of the primary seaspray by Keene et al. (2007)15

and Facchini et al. (2008). 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 studies could partly be
attributed to the different organic content in the source seawater employed.

3.3 CCN activity of primary marine aerosol20

The CCN activity of particles generated from artificial seawater and seawater proxies
containing biogenic organics was characterised for dry particle diameters between 40
and 110 nm. Critical supersaturations obtained for seawater enriched with Chaetoceros
exudate 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 error25

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 determination of the critical supersaturation
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taken as ±1σ standard deviation. Although not included in all the cases in the plots in
Fig. 6 for clarity of presentation, the same uncertainty range should be considered in
all the experiments.

Whereas the measurements with artificial seawater without organics and the sea-
water+nutrients medium indicate that the particles produced from these samples pre-5

sented a behaviour similar to pure NaCl, the presence of biogenic organics in seawater
caused an increase in the critical supersaturation 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 was proportional to increasing organic concentration in the seawater.
This effect was observed for all the algal exudates studied (Fig. S2).10

Furthermore, the CCN aerosol activity was observed to depend on the type of al-
gal exudate in the seawater proxy. Figure 7 shows the measurements for seawater
samples containing one type of exudate at identical concentration (512 µM OC<0.2 µm).
Figure 7b indicates the relative variation of the critical supersaturation with respect to
the case of artificial seawater without exudate. The experiments with diatomaceous15

exudate show a higher effect on the critical supersaturation than the experiments with
nanoplackton exudate, with the greatest effect observed for the Chaetoceros seawater
proxy. Regarding the experiments with exudate mixtures, in like manner to the hygro-
scopicity measurements, the effect of the Chaetmix exudate was the largest in compar-
ison with the rest of the samples (Fig. S3), which is in agreement with the observations20

for the single exudates.

3.4 Molar mass of algal exudates

Compression isotherms (surface pressure versus film area) of algal exudate monolay-
ers, obtained from measurements with a Langmuir trough, were used to derive the
molar mass of the hydrophobic fraction of the marine organics in the seawater sample25

remaining after filtration at 0.2 µm. To apply this approach, the isotherms of marine
surfactants were defined in the form of a two-dimensional virial equation of state as
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(Pogorzelski and Kogut, 2003; Barger and Means, 1985):

πA=C0+C1π+C2π
2 (2)

where π 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.5

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 molecules nm in the film and the limiting specific area
are defined as (Pogorzelski and Kogut, 2003):

nm =2C0/kT (3)10

Alim =C1NA/nm×1014 (4)

where k is the Boltzmann constant, T the temperature and NA the Avogadro number.
Following the approach of Pogorzelski and Kogut (2003), the algal exudate molar

mass is calculated under the assumption that the mean mass of a film of marine or-
ganics required to produce a surface tension reduction of π=20 mN/m at 119.54 cm2 is15

approximately 24 µg. This assumption 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)

where Aπ=20 is the film area for π=20 mN/m.20

Figure 8 shows the π-A isotherms for films of the different 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 characteristics to these have25
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been observed in analogous experiments with marine surfactant films (Pogorzelski and
Kogut, 2003).

Table 3 includes the values of the virial coefficients, limiting 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. The molar mass and5

limiting area of marine organic 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 end of these ranges, which has been associated
to surface films collected in areas away from the influence of anthropogenic emissions
(Pogorzelski and Kogut, 2003).10

3.5 Application of Köhler theory

Surface tension measurements, using the pendant drop technique, were performed
in order to determine the surface tension isotherms for each of the algal exudates
on study. From these measurements, the surface tension can be defined as a func-
tion of the droplet exudate concentration following the Szyskowski-Langmuir adsorption15

isotherm Langmuir (1917) as:

σ=σw−RTΓ∞[ln(1+1/aLCorg)] (6)

where σw 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) and Γ∞
is the saturation surface excess (mol/m2).20

The isotherms obtained for the different algal exudate samples are illustrated in
Fig. 9, while the values of aL and Γ∞ are listed in Table 3.

In order to evaluate the CCN behaviour of the primary sea spray the Köhler model
was used with input of the surface tension and composition of the primary particles.
The Köhler theory defines the saturation ratio, S, over an aqueous solution droplet, as25
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a function of the water activity aw in both sub- and supersaturated regimes as:

S =awexp
(

4σsMw

ρwRTD

)
(7)

where σs is the droplet surface tension, Mw is the molecular weight of water, ρw is the
density of water, R is the universal gas constant, T is the absolute temperature and D
is the droplet diameter.5

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 activity of the inorganic solute is approximated to the CCN behaviour 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 of10

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; Keene et
al., 2007).

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):15

aw =γw
nw

nw+φNaClνNaClnNaCl+ξorgφorgνorgnorg
(8)

where γw is the water activity coefficient of the solution, nNaCl, φNaCl and νNaCl, norg,
φorg and νorg are the total number of moles, osmotic coefficient and number of ions
per solute, for the inorganic and the organic compound, respectively, ξorg refers to the
dissolved mass fraction of the organic solute and nw is the number of water molecules20

in the droplet. For the case of complete dissolution the factor ξorg 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 application of this modified version of the Köhler
model to organic compounds of limited solubility with small contact angle , i.e., to highly25

wettable compounds, leads to significant deviations between experiments and theory
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(Raymond and Pandis, 2003). For these type of species reasonable predictions 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 assumption for polymeric compounds
might not be well represented by Raoult’s law, due to the large difference in size be-5

tween the organic polymer and the solvent (Petters et al., 2006). Because of the large
difference between the molar volumes of solvent and solute, the water vapour pres-
sure over the solution is suppressed relative to Raoult’s law and a higher water con-
tent 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-polymeric10

matter solution as:

ln aw = ln(1−φ)+
(

1− 1
f

)
φ+χφ2 (9)

where φ is the polymeric matter volume fraction, f is the chain segment number, cal-
culated as the ratio of the molecular volumes of the polymer and solvent, and χ is
the Flory-Huggins interaction parameter, which depends on the polymer volume frac-15

tion. The values of χ were estimated from the parameterisation derived by Petters et
al. (2006) using experimental data for PAA (polycarboxilic acid) and the approach of
Wolf (2003). In the approach of Petters et al. (2006), the Flory-Huggins interaction pa-
rameter was derived from hygroscopicity experimental data for pure organic particles,
with extrapolation to diluted conditions for its application in cloud activation predictions.20

PAA presents a molar mass of 2 kDa and a hygroscopic growth of 1.15–1.18 at 90%RH
(Petters et al., 2006), which are on the order of molar mass and hygroscopic growth
of biopolymers present in the marine exudate. Thus, it will be assumed that the in-
teraction parameter derived for PAA (Petters et al., 2006) is a valid approximation for
application to marine biopolymer.25

The Flory-Huggins theory was originally formulated for binary polymer-water solu-
tions with homogeneous segment density (Fried, 2003), i.e. for concentrated polymer
solutions. The Flory-Krigbaum theory is a modification of the Flory-Huggins approach
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to predict the behaviour of polymers in diluted solutions, where individual polymer
chains are isolated and surrounded by regions of solvent and segmental density is not
considered uniform (Fried, 2003). It should be evaluated whether the extrapolation of
Flory-Huggins interaction parameter calculation to the diluted conditions characterising
cloud activation is valid to predict the behaviour of the organic particles, in comparison5

with predictions by Flory-Krigbaum theory. Because of the measurement uncertainty in
the hygroscopicity measurements with mixed seaspray particles in the present study,
it is not possible to accurately determine the water content bound to the organic frac-
tion 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 for10

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 generated from seawater at 512 µM OC<0.2 µM using the
compositions derived from the ZSR approach. Flory-Huggins theory and Raoult’s law
were applied in the modelling of water activity in order to compare the predictions ob-15

tained with this two approaches. For the mixed particles, the cases of full solubility
(ξorg =1), and effective insolubility (ξorg =0) were evaluated. The case of effective in-
solubility represents and undissolved organic matter core that does not dissolve with
increasing droplet size, thus, does not contribute to a reduction of the surface tension
in the droplet. The case of sparingly soluble compounds (ξorg <1) falls between these20

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 thermodynamics approach defined by Sorjamaa et al. (2004), using the
methodology described in Wex et al. (2008). Partitioning was found to be negligible25

for the organic compounds on study. The low value of the organic concentration at
half surface coverage aL (aL =1.17–12.8 mol/m3, equivalent to B=0.08–0.85 m3/mol
in Sorjamaa et al., 2004) defining the surface tension isotherms indicates that the ma-
rine organics <0.2µm exhibit moderate surface active properties and that partitioning
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is negligible for these organic compounds (Sorjamaa et al., 2004). Since activation
occurs at diluted conditions a water activity and osmotic coefficients of unity were em-
ployed. An average density of 1400 kg/m3 for the organic compounds was used in the
calculations. The predictions present a low sensitivity to the assumption of the organ-
ics density, with a variation <2% for the predicted values in the range of densities from5

1000 to 1400 kg/m3. The results also exhibit a relatively low sensitivity to the assump-
tion of the organics growth factor applied to derive the particle composition with the
ZSR rule, with variations <5.5% in the predicted critical supersaturation in the range of
organics growth factor between 1 and 1.5.

Predictions using Flory-Huggins’ theory for the purely organic particles yielded crit-10

ical supersaturation values lower than those obtained using Raoult’s law. Table 4 in-
cludes the values of κ-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 resulting κ-Köhler values are
1–18% higher in the modelling with Flory-Huggins with respect to Raoult’s law calcula-15

tions.
Figure 10 shows the results of the Köhler model obtained for primary seaspray parti-

cles generated from the seawater proxy containing 512 µM OC<0.2 µm Chaetoceros ex-
udate. 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 law20

calculations have been represented in this figure. Consistently with the experiments,
the Köhler model predicts an increase in the critical supersaturation upon the replace-
ment of the inorganic salt by organic solute, due a dominance of the Raoult over the
Kelvin term. Model calculations for the other algal exudates are included in Fig. S4
in the supplementary material. The results indicate a reasonable agreement between25

the experiments and theoretical results for the full solubility case, with mean deviations
between experiments and model <5% for the T. rotula and Chaetoceros cases and
<10% for the nanoplankton exudate (E. huxleyi and Phaeocystis).
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Most of the organic fraction of the dry particles is dominated by seasalt, implying that
most of the water uptake is induced by the inorganic 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 the mixed primary seaspray. In addition, the rea-5

sonable agreement between experiments and model indicates that the composition
derived using the ZSR approach is adequate as an estimation of the composition of
the particles.

The theoretical calculations indicated a reduction of the surface tension at the point
of activation from 5% to 1.8% for particles generated from Chaetoceros exudate, 1.9–10

0.5% reduction for T. rotula and less than 0.5% for the nanoplankton exudate particles.
The discrepancy between the cases of full solubility and effective insolubility for the
particles generated from Chaetoceros exudate 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 discrep-15

ancy 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 activa-
tion for these particles. Assuming that the majority of the marine organics are water
insoluble (Facchini et al., 2008), the agreement between the case of full solubility and
the experiments for the Chaetoceros experiments indicates that marine organics are20

highly wettable compounds (Raymond and Pandis, 2003). It is remarkable that, in sim-
ilar 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 activate as though they were fully soluble, implying curvature-
enhanced solubility (Kristensson, 2010).25

It has been postulated that the presence of primary organic matter in the marine
aerosol can enhance the cloud condensation activity through the suppression of the
surface tension in the Kelvin term of the Köhler equation (O’Dowd et al., 2004). In
the Köhler model analysis presented here it has been shown that, notwithstanding the
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moderate reduction of the surface tension at activation produced by marine organics,
this effect is too low to compensate for the impact on the Raoult term and lead to an en-
hancement of the cloud activation activity of the particles. In a companion paper it was
shown that the production of particles with Dp0 <100 nm was increased in a 20–40%,
due to presence of the diatomaceous exudate in seawater (Fuentes et al., 2010b). On5

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 organics
into the composition of the primary seaspray. This results in the enhancement of the
CCN formation potentially induced by the biological production (due to an the increase
in the particle production) (Fuentes et al., 2010b) being counteracted by the reduction10

of the CCN activity produced by the marine organics.
Similar CCN behaviour to the presented in this work has been observed in other

studies on the effect of marine organic matter 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 sulphate salts and marine15

organics<0.45 µm has been shown to present less or equal cloud formation activity
than ammonium sulphate (Moore et al., 2008), while the replacement of inorganic salt
by increasing amount of aminoacid compounds 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, further20

research is needed in order to determine 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 Köhler theory indicate that for organic mass fractions ∼50% and a
mean molar mass ≥2 kDa, the surface tension at the point of activation should be less25

than 55 mN/m for the primary particles to be more CCN active than pure NaCl and,
thereby, attribute the enhancement of cloud formation in algal bloom areas observed
by Meskhidze and Nenes (2006) to the organic matter pool >0.2 µm. Although this
aspect should be explored, it is unlikely that the droplet surface tension at the diluted
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conditions characterising the point of activation can exhibit such a low value. Thus, it is
questionable that primary marine organics are responsible for the increased cloudiness
evident in high biological activity areas.

4 CCN closure: hygroscopicity parameter κ

Based on the measurement data, the κ-Köhler model (Petters et al., 2007) was em-5

ployed in order to analyse whether the single parameter approach can be used to link
the sub-saturated hygroscopicity and cloud condensation activity of the primary marine
aerosol.

According to the κ-Köhler theory (Petters et al., 2007) the water activity can be de-
fined as a function of the parameter κ as:10

aw =
D3−D3

p

D3−D3
p(1−κ)

(10)

where Dp is the particle dry diameter.
The relative humidity in the humidograms can be converted to aw values by using

the Kelvin term defined in Eq. (7), and the κ parameter can be derived by rearranging
Eq. (10) as follows:15

κ =

(
GF3−1

)
(1−aw)

aw
(11)

For the prediction of κ from the CCN measurements an expression of the saturation
ratio can be derived by combining Eqs. (7) and (10) as:

S =
D3−D3

p

D3−D3
p(1−κ)

exp

(
4σsMw

ρwRTDp

)
(12)
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The value of the parameter κ in the above expression is obtained by fitting the max-
imum of the curve to the experimental value of critical supersaturation. For ideal solu-
tions, κ is a constant that depends only on the solute properties. Deviations from the
ideal behaviour causes κ to be dependent on the water activity, thus leading to incon-
sistency in the value of κ in the sub- and supersaturation regimes. In order to evaluate5

the deviation from the non-ideal behaviour, the κ-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.
Figure 11 shows the calculated values of κ as a function of the water activity in the
sub- and supersaturation regions, for the primary marine aerosol generated from arti-10

ficial seawater and from seawater enriched with T. rotula exudate. In the subsaturation
region, it is observed a systematic non-ideal behaviour characterised by a drop of the
value of κ with increasing water activity for all the cases tested. In the supersatura-
tion 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 exudates (Fig. S5).15

Notwithstanding the different behaviour of κ in the sub- and supersaturated regions,
the deviations of subsaturated κ at high humidity and the supersaturated κ seems to
be small, which could allow the use of the κ-Köhler model to predict the critical su-
persaturation from the subsaturated κ value at high water activities. In order to test
this hypothesis, the experimental critical supersaturations and those derived from the20

subsaturated κ (κHTDMA) in the range aw >0.9 were compared.
Figure 12 presents the critical supersaturation values derived from the average

κHTDMA at aw >0.9 in comparison with the cloud activation experimental data. This com-
parison indicates that the critical supersaturations predicted from the hygroscopicity
measurements deviate <5% with respect to those observed in the CCN experiments.25

The conducted analysis yields deviations between the experimental data and predicted
critical supersaturation within the uncertainty limits. Therefore, the single parameter
approximation seems adequate to link the sub-saturated hygroscopicity and cloud con-
densation activity of the primary seaspray particles, when considering subsaturated κ
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values between 0.9<aw <0.92.

5 Summary and conclusions

In this study, the role of marine organics on the hygroscopic growth and cloud con-
densation activity of the primary seaspray was investigated. Seawater proxies en-
riched with colloidal and dissolved organic matter <0.2 µm, produced by different algal5

species, were employed to simulate the formation of marine aerosol using a water
impingement system.

Marine organic matter produced reductions of 9–17% and 5–24% in the hygroscopic
growth and cloud condensation activity of the primary seaspray, respectively, compared
to the production from seawater devoid of marine organics. The effects were enhanced10

with increasing seawater organic content and the highest influence was observed for
the particles generated from seawater enriched with diatomaceous exudate, particu-
larly, the Chaetoceros exudate.

Predictions using the ZSR rule yielded particle organic volume fractions between
8 and 37% for seawater enriched with 512 µ OC<0.2 µm. The highest particle organic15

enrichment was found for the particles generated from diatomaceous exudate. The
suppression of the hygroscopic 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 seaspray generated by bubble bursting in natural seawater
(Sellegri et al., 2006; Modini et al., 2009). The organic content in the generated par-20

ticles was, however, significantly lower than the organic mass fraction determined in
studies on the chemical composition of the submicron primary seaspray produced by
bubble bursting (Facchini et al., 2008; Keene et al., 2007). This discrepancy might be
explained by the organic content of the source seawater employed and/or the mech-
anism of particle production. Further research is therefore needed in order to deter-25

mine whether certain mechanisms of particle generation can produce particles with
enhanced organic enrichment, due to the accumulation of organics in the system (for
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example, as a result of production of particles from persistent foams) and the repre-
sentativeness of these particles with respect to the real primary aerosol.

The increase in the CCN production observed in algal 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 of5

the surface tension of the particles (O’Dowd et al., 2004). In contrast to this hypothesis,
the results in the present work show that the colloidal organic pool <0.2 µm released by
phytoplankton reduces the cloud condensation activity of the particles, with respect to
the case of seawater without algal exudate. Consistently with observations, theoretical
analysis using the Köhler model predicts an increase in the critical supersaturation of10

the primary seaspray upon the incorporation of marine organics <0.2 µm into the par-
ticle composition. This effect is due the replacement of inorganic salt by large molar
mass organic molecules, which leads to the dominance of the Raoult term in the Köhler
equation. Although the marine organics exhibit surface active properties, a moderate
surface tension suppression of 0.5–5% occurs at the point of activation, which is not15

sufficient to reduce the Kelvin term substantially and compensate the increase in the
Raoult term of the Köhler model upon the substitution of inorganic seasalt by organics.

In a companion paper to this study (Fuentes et al., 2010b) it was shown that the pro-
duction of particles with Dp0 <100 nm was enhanced by the presence of diatomaceous
exudate in seawater. The results in the present manuscript indicates that, although the20

CCN activity could be enhanced due to an increase in the particle production in diatom
blooms, this effect would be counteracted by the reduction in the CCN activity induced
by the presence of marine organics in the primary seaspray. In order to fully char-
acterise the effect of the marine exudate on the primary seaspray properties, further
research is needed to determine the influence of organic colloids >0.2 µm. Predic-25

tions 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
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organic matter pool >0.2 µm. Although this aspect should be explored, it is unlikely that
the droplet surface tension at the diluted conditions that characterise the point of activa-
tion presents such a low value. Thus, it is improbable that primary marine organics are
responsible for any increased cloudiness evident in high biological activity areas. Sec-
ondary aerosol formation occurring during high biological activity periods (Charlson et5

al., 1987; Meskhidze and Nenes, 2006) as well as other factors enhancing the produc-
tion of cloud-forming aerosol, like wind speed and temperature, and their interactions,
should also be investigated as possible causes contributing to the enhancement of
cloudiness observed in algal bloom areas.

Analysis using the κ-Köhler model revealed non-ideal behaviour of the primary sea-10

spray at subsaturation, with lower dependence of the hygroscopicity parameter on the
water activity in the supersaturated regime. However, predictions of critical supersat-
uration from the hygroscopicity measurements agreed with the experimental values
within the range of uncertainty when the subsaturated κ was averaged in the range of
humidities between 0.9–0.92.15

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/10/26157/2010/
acpd-10-26157-2010-supplement.pdf.
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Table 1. Algal species employed for the production of exudate and organic carbon content
(OC<0.2 µm) of seawater proxies prepared with a single algal exudate.

Algal specie Algal group OC<0.2 µm (µM)

Thalassiosira rotula CCAP 1085/13 Diatom 175 300 512
Chaetoceros sp. CCAP 1010/12 Diatom 175 300 512
Emiliania huxleyi AC475 PNAN, Coccolithophore 175 512 2171
Phaeocystis cf. globosa LY1 PNAN, Prymnesiophyte 175 512 910
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Table 2. Contribution of single algal exudates to the organic carbon content of seawater proxies
prepared with exudate mixtures (total OC<0.2 µm =512 µM).

OC<0.2 µm ( 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%)
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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) Γ∞ (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 −1.5 171.2101 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
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Table 4. Theoretical prediction of κ-Köhler values for pure marine exudate particles derived
using Kohler theory in combination with Flory-Huggins and Raoult’s law. The κ-Köhler values
derived using Flory-Huggins are 1.2–17% higher than those obtained using Raoult’s law, with
larger differences between the predictions for increasing 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
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Fig. 1. Experimental set-up for aerosol size distribution (Fuentes et al., 2010b), hygro-
scopicity and CCN experiments. DMPS=differential mobility particle sizer, DMA=differential
mobility analyzer, CCN= cloud condensation nuclei counter, CPC=particle counter, H-
TDMA=Hygroscopic-tandem differential mobility analyzer, MFC=mass flow controller.
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Fig. 2. Humidograms of 40 nm dry particles (Dp0) generated by bubble-bursting from artificial
seawater and seawater proxies (SWP) containing Phaeocystis exudate, at different organic
carbon concentration (OC<0.2 µm). A shape factor χ =1.04 was applied to the presented data.
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) particles.
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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<0.2 µm. The atmospheric growth factor distribution in clean air masses is included for com-
parison. The dashed vertical lines indicate the range of uncertainty for the statistical mode of
the atmospheric distribution.
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Fig. 4. Particle organic volume fraction versus seawater organic concentration for different algal
exudates and particle sizes calculated using the ZSR rule with GForg =1.1.
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Fig. 5. Comparison of organic mass fractions in atmospheric seaspray (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 seaspray (symbols: experimental data; solid
red line: average curve through the data; dashed red lines: uncertainty range). The uncertainty
range for the atmospheric seaspray indicates 100% data confidence limits and the uncertainty
curves and error bars for the primary seaspray data represent the uncertainty in determining
the relationship between the organic matter in seawater and Chl-a biomass (Fuentes et al.,
2010b).
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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 with Chaetoceros exudate at different
organic concentrations. A shape factor χ =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. Vertical
bars indicate the mean uncertainty in the determination of the critical supersaturation taken as
±1σ standard deviation.
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Fig. 7. (A) Critical supersaturation as a function of particle diameter for the aerosol generated
from artificial seawater and seawater proxies (SWP) enriched with algal exudate at 512 µM
OC<0.2 µm and (B) relative variation in the critical supersaturation Sc with respect to the critical
supersaturation for the case without exudate .
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Fig. 8. Surface pressure-area isotherms of films of marine organics released by different al-
gal cultures as determined from Langmuir trough compression measurements at 20 ◦C. The
dashed lines indicate the uncertainty limits.
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Fig. 9. Szyskowski-Langmuir surface tension isotherms for the algal 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.
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Fig. 10. Experimental and predicted critical supersaturation as a function of the dry particle
size for primary seaspray generated from artificial seawater devoid of organics and seawater
proxy containing Chaetoceros exudate, at 512 µM OC<0.2 µm. No visual differences are appreci-
ated 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 approxima-
tion.
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Fig. 11. Hygroscopic parameter κ in the sub- and supersaturated regions for primary marine
aerosol produced from artificial seawater devoid of exudate and seawater proxies enriched with
T. rotula exudate.
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Fig. 12. Comparison of experimental and theoretical critical supersaturations derived us-
ing the κ–Köhler approach in the supersaturated region and in the subsaturated region with
0.9<aw <0.92.
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