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1. INTRODUCTION

The contribution of atmospheric aerosols to
the climate and their control of cloud droplet
activation and cloud optical properties is
poorly understood [Forster et al., 2007]. At-
mospheric observations have previously
shown that organic matter are involved in
cloud activation [Novakov and Penner,
1993; Liu et al., 1996; Rivera-Carpio, 1996;
Matsumoto et al., 1997; Ishizaka and Adhi-
kari, 2003; Moshida et al, 2006; Chang et
al., 2007]. Organic compounds seem espe-
cially important in clean environments and
were found to have a large contribution to
the Cloud Condensation Nuclei (CCN)
numbers in marine regions and at a conti-
nental semi-rural site [Novakov and Penner,
1993; Rivera-Carpio, 1996; Matsumoto et
al., 1997, Chang et al., 2007]. The presence
of organic compounds was also necessary
to account for the CCN numbers observed
in the Amazon basin [Mircea et al., 2005]. A
contribution of organic material to CCN
could be especially critical in pristine re-
gions where CCN numbers are limited by
very low aerosol concentrations [e.g. Fitzge-
rald, 1991; Roberts et al., 2001].

A large number of investigations have tried
to identify the organic compounds that
would take part in cloud droplet activation. A
property that seems essential in these
processes is their solubility in water, which
has been shown to affect, if not CCN num-
bers, particles growth factors [e.g. Mircea et
al., 2005]. It has been shown that a signifi-
cant fraction of biogenic aerosols consists of
compounds of solubility comparable or even
larger than those of inorganic salts such as
polyols and the 2-methyltetrols, methyleryt-
hritol and methylthreitol [Claeys et al., 2004;
lon et al., 2005; Kourtchev et al., 2005;
Bdge et al., 2006]. These compounds were

found in clean environments [Claeys et al.,
2004] and fine aerosols [e.g. Kourtchev et
al., 2005; Boge et al., 2006], which makes
them good candidates for CCN in the natu-
ral atmosphere. This role could important for
both the 2-methyltetrols and the polyols at
global scale. The methyltetrols are thought
to be produced by the oxidation of isoprene,
one of the organic gases the most emitted
globally and the polyols are mainly emitted
by fungi. Although the CCN properties of
polyols and 2-methyltetrols are central to
the understanding of cloud formation in
clean environments, they have not been in-
vestigated until now. This work presents the
first investigation of the CCN properties of
C3 to C6 polyols and of the tetrols, methyle-
rythritol and methylthreitol.

2. EXPERIMENTAL

The experimental approach used in this
work was recently described by Kiss and
Hansson, [2004] and Varga et al., [2007].
For each compound or mixture studied solu-
tions of different concentrations up to 2 M
were prepared. The particle radius, r, cor-
responding to each concentration was cal-
culated from the density of the pure material
(CRC [1970], except for arabitol and the
methyltetrols assumed to be 1480 kgm™
and 1460 kgm™, respectively), and adding
up the volumes of aqueous solution and or-
ganic material. The osmolality of these solu-
tions (reduction of water vapor pressure due
to the solute), Cosmol (kg'l), was measured
with a KNAUER K — 7000 vapor pressure
osmometer. The surface tension of each
solution, o5, (MN m'l), was measured with a
FTA 125 tensiometer. The water activity, a,,
was determined from the osmolality [Kiss
and Hansson, 2004].



The experimental values for a, and o
were then used to calculate the supersatu-
ration, S, the excess vapor pressure neces-
sary to activate the aerosol particle into a
droplet, using the original (i.e. non-
simplified) Koéhler equation. The Kohler
curves were thus built point by point for the
different organic compounds and salt solu-
tions. As discussed previously [Kiss and
Hansson, 2004], this method is experimen-
tally simple, accurate and has the advan-
tage of eliminating the uncertainties con-
tained in the simplified Koéhler equation, in
particular in the Van’t Hoff factors. Finally,
this method can be applied to particles of
almost any size, the range accessible to
measurements being only limited by the so-
lubility of the compounds in the solutions of
interest.

A first series of experiments determined the
CCN properties of the polyols, glycerol (C3),
erythritol (C4), arabitol (C5), and mannitol
(C6), and the two 2-methyltetrols in water,
as well as those of their analogue di-acids,
malonic acid (C3), succinic acid (C4), and
adipic acid (C6). Because previous studies
have shown that the presence of inorganic
salts could dramatically affect CCN efficien-
cy of partly soluble organic compounds
[Bilde and Svenningsson, 2004], a second
series of experiments focused on the CCN
properties of the polyols and 2-methyltetrols
in sodium chloride and ammonium sulfate
solutions.

3. RESULTS AND DISCUSSION

In order to present the measurements made
in this work Koéhler curves were determined
by the method explained in the previous
section for the various organic compounds
and a dry particle radius of 30 nm. For the
polyols and di-acids in water these curves
are shown in Figure 1, and for the 2-
methyltetrols in water in Figure 2. The re-
sults obtained in this work for the organic
acids, in particular the critical supersatura-
tion (maxima of the curves), are in good
agreement with earlier studies [Bilde et al.,
2004, Hori et al., 2003, Giebl et al., 2002,
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Figure 1: Kéhler curves for polyol and dicar-
boxylic acid particles. Diamonds Polyols
(glycerol: black, erythritol: red, arabitol: or-
ange, mannitol: yellow); Circles: dicarboxylic
acids (malonic acid: dark blue, succinic
acid: medium blue, adipic acid: light blue).
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Figure 2: Kohler curves for 2-methyltetrol
and dicarboxylic acid particles. Triangles:
Methyltetrols (2-methylthreitol: light green,
2-methylerythritol: dark green). Other com-
pounds as in figure 1.

Prenni et al., 2001, Corrigan et al., 1998,
Cruz and Pandis, 1997], which confirms the
validity of the technique and of the meas-
urements.

Figures 1 and 2 show that the critical super-
saturation for the polyols (Sc = 0.52 - 0.62 +
0.02 %) and 2-methyltetrols (Sc = 0.57 —
0.68 + 0.02 %) are slightly higher than those
of the analogue di-acids (Sc = 0.44 — 0.52



%), but lower than for mono- and di-
saccharides (Sc = 0.55 — 0.85 %) [Ro-
sengrn et al., 2005]. Thus, in contrast to
what expected, high solubility does not nec-
essarily correspond to high CCN efficiency.
It is well established that the high CCN effi-
ciencies of sodium chloride and ammonium
sulfate result from their Raoult effect, cor-
responding to high osmolalities. The organic
compounds studied in this work had signifi-
cantly lower osmolalities than the inorganic
salts, especially the 2- methyltetrols. This
difference reflects mostly the degree of dis-
sociation of each compound and the cor-
responding concentration of solute.

The organic acids are known to have some
surface tension effects that partly compen-
sate for their low water activities and im-
prove their CCN efficiencies [Facchini et al.,
1999]. In this work, the surface tension of all
compounds were measured and none of the
polyols displayed any significant surface
tension effect, but the 2-methyltetrols dis-
played a small effect. These effects contri-
buted to lower their critical supersaturation,
but not enough to compete with the inorgan-
ic salts or even the organic acids.

Experiments salt solutions showed that so-
dium chloride strongly reduces the critical
supersaturation for adipic acid compared to
pure water. However, ammonium sulfate
were found to have a smaller effect. For
mannitol, the critical supersaturation was
reduced by both salts, which suggests that
mannitol is only partly soluble in water, in
agreement with the moderate solubility
[Saxena and Hildemann, 1996]. As with
adipic acid, a smaller reduction of the critical
supersaturation was observed with ammo-
nium sulfate than with sodium chloride. By
contrast, the critical supersaturation of me-
thylthreitol was hardly affected by the pres-
ence of either salt. Assuming a solubility for
this compound similar to the one of threitol
[Cohen, 1983] suggests that it should be
completely soluble in water, in which case
no effect of salt on the Kdhler curve is ex-
pected [Bilde and Svenningsson, 2004]. In-
terestingly, the critical supersaturation for

methylerythritol was increased by both salts.
Assuming a solubility for this compound
similar to the one of erythritol [Cohen, 1983]
suggests that this compound should be only
partly insoluble in water. However, unlike
the di-acids and other polyols, the non-
soluble part would be liquid, not a solid,
which could form a film at the surface of the
droplets and de-activate the uptake of wa-
ter.

Although the results of this work show that
the polyols and 2-methyltetrols would not
activate cloud formation at lower supersatu-
ration than inorganic salts or organic acids,
their high solubility gives them one advan-
tage: to activate smaller particles than less
soluble compounds. For organic com-
pounds of limited solubility, the very high
critical supersaturation of the non-soluble
part of the Koéhler curves (dashed lines in
the Figures) is an efficient barrier against
the activation of small particles [Bilde and
Svenningsson, 2004]. The presence of high-
ly soluble biogenic material such as polyols,
2-methyltetrols, or sugars in aerosols could
thus increase CCN numbers compared to
aerosols containing only partly soluble com-
pounds. This effect could be especially criti-
cal in pristine environments where aerosol
concentrations are very low [Fitzgerald,
1991; Roberts et al., 2001], which are pre-
cisely the environments where this highly
soluble biogenic material is present.

4. REFERENCES

Bilde, M., and B. Svenningsson (2004),
CCN activation of slightly soluble organ-
ics: the importance of small amounts of
inorganic salt and particle phase, Tellus,
56B, 128 — 134.

Boge, O., Y. Miao, A. Plewka A, and H.
Herrmann H (2006), Formation of se-
condary organic particle phase com-
pounds from isoprene gas-phase oxida-
tion products: An aerosol chamber and
field study, Atmos. Environ., 40, 2501 —
2500.



Chang, R.Y.-W., P.S.K. Liu, W.R. Leaitch,
and J.P.D. Abbatt (2007), Comparison
between measured and predicted CCN
concentrations at Edberg, Ontario: focus
on the organic aerosol fraction at a
semi-rural site, Atmos. Environ., 41,
8172 — 8182.

Claeys, M., B. Graham, G. Vas, W. Wang,
R. Vermeylen, V. Pashynska, J. Caf-
meyer, P. Guyon, M.O. Andreae, P. Ar-
taxo and W. Maenhaut (2004), Forma-
tion of secondary organic aerosols
through photooxidation of isoprene, Sci-
ence 303, 1173 — 1176.

Cohen, S., Y. Marcus, Y. Migron, S. Diks-
tein, A. Shafran (1993), Water sorption,
binding and solubility of polyols, J.
Chem. Soc. Faraday Trans. 89, 3271.

Corrigan, C. E., and T. Novakov (1998),
Cloud condensation nucleus activity of
organic compounds: a laboratory study,
Atmos. Environ. 33, 2661-2668.

Cruz, C.N., and S.N. Pandis, (1997) A study
of the ability of pure secondary organic
aerosol to act as cloud condensation
nuclei, Atmos. Environ. 31, 2205-2214.

Facchini, M.C., M. Mircea, S. Fuzzi, and R.J.
Charlson (1999) Cloud albedo enhance-
ment by surface active organic solutes in
growing droplets, Nature, 401, 257 —
259.

Fitzgerald, J.W. (1991), Marine aerosols: a
review, Atmos. Environ. A, 25, 533 —
545.

Forster, P, Ramaswamy, V, Artaxo, P,
Berntsen, T, Betts, R, Fahey, DW,
Haywood, J, Lean, J, Lowe, DC & My-
hre, G, et al. (2007) in Changes in At-
mospheric Constituents and in Radiative
Forcing in: Climate Change 2007: The
Physical Science Basis. Contribution of
Working Group | to the Fourth Assess-
ment Report of the Intergovernmental
Panel on Climate Change eds. Solo-

mon, S, Qin, D, Manning, M, Chen, Z,
Marquis, M, Averyt, KB, Tignor, M&
Miller, HL. (Cambridge Univ Press,
Cambridge, UK), 129-234.

Giebl, H., A. Bernera, G. Reischla, H. Pux-
baumb, A. Kasper-Gieblb, R. Hitzen-
berger (2002), CCN activation of oxalic
and malonic acid test aerosols with the
university of Vienna cloud condensation
nuclei counter, J. of Aerosol Science
33, 1623-1634.

Hori, M., S. Ohta, N. Murao, S.Yamagata
(2003), Activation capability of water
soluble organic substances as CCN, J.
of Aerosol Science 34, 419-448.

lon, A.C., R. Vermeylen, I. Kourtchev, J.
Cafmeyer, X. Chi, A. Gelencser, W.
Maenhaut and M. Claeys (2005), Polar
organic compounds in rural PM, s aero-
sols from K-puszta, Hungary, during a
summer 2003 field campaign: sources
and diel variations, Atmos. Chem. Phys.,
5, 1805 — 1814.

Ishizaka, Y., and M. Adhikari (2003),
Composition of cloud condensation nuc-
lei, J. Geophys. Res., 108, 4138,
doi:10.1029/2002JD002085.

Kiss, G., and H.-C. Hansson (2004), Appli
cation of osmolality for the determination
of water activity and the modelling of
cloud formation, Atmos. Chem. Phys.
Discuss., 4, 7667 — 7689.

Kourtchev, I., T. Ruuskanen, W. Maenhaut,
M. Kulmala and M. Claeys, (2005)
Observation of 2-methyltetrols and re-
lated photo-oxidation products of iso-
prene in boreal forest aerosols from
Hyytiala, Finland, Atmos. Chem Phys.,
5, 2761 -2770.

Liu, P.S.K., W.R. Leaitch, C.M. Banic, S.-M.
Li, D. Ngo, and W.J., Megaw (1996),
Aerosol observations at Chebogue Point
during the 1993 North Atlantic Regional
Experiment: Relationships among cloud
condensation nuclei, size distribution,



and chemistry, J. Geophys. Res., 101,
28971 — 28990.

Matsumoto, K., H. Tanaka, |. Nagao, and Y.
Ishizaka (1997), Contribution of
particulate sulfate and organic carbon to
cloud condensation nuclei in the marine
atmosphere, Geophys. Res. Lett., 24,
655 — 658.

Mircea, M., Facchini, M. C., Decesatri, S.,
Cavalli, F., Emblico, L., Fuzzi, S.,
Vestin, A., Rissler, J., Swietlicki, E.,
Frank, G., Andreae, M. O., Maen-
haut, W., Rudich, Y., and Artaxo, P.
(2005), Importance of the organic aero-
sol fraction for modeling aerosol hygro-
scopic growth and activation: a case
study in the Amazon Basin, Atmos.
Chem. Phys., 5, 3111-3126.

Moshida, M., M. Kuwata, T. Miyakawa, N.
Takegawa, K. Kawamura, and Y. Kondo
(2006), Relationship between hygrosco-
picity and cloud condensation nuclei
activity for urban aerosols in Tokyo, J.
Geophys. Res., 111, D23204,
doi:10.1029/2005JD006980.

Novakov, T., and J.E Penner (1993),
Large contribution of organic aerosols to
cloud-condensation-nuclei concentra-
tions, Nature, 365, 823 — 826.

Prenni, A.J., P.J. DeMott, S.M. Kreidenweis,
D.E. Sherman, L.M. Russell, and Y. Ming
(2001), The effects of low molecular
weight dicarboxylic acids on cloud forma-
tion, J. Phys. Chem. A 105, 11240 —
11248.

Rivera-Carpio, C.A., C.E. Corrigan, T. No
vakov, J.E. Penner, C.F. Rogers, and
J.C. Chow (1996), Derivation of contri-
bution of sulfate and carbonaceous
aerosols to cloud condensation nuclei
from mass size distributions, J. Geo-
phys. Res., 101, 19483 — 19493.

Roberts, G. C., M. O. Andreae, J. Zhou, and
P. Artaxo (2001), Cloud Condensation
Nuclei in the Amazon Basin: “Marine”
Conditions over a Continent?, J. Geo-
phys. Res. Lett., 28, 2807-2810.

Rosengrn, T., G. Kiss, and M. Bilde (2006),
Cloud droplet activation of saccharides
and levoglucosan particles, Atmos. Envi-
ron., 40, 1794-1802.

Saxena, P., and L. Hildemann (1996), Wa-
ter-soluble organics in atmosperic par-
ticles: a critical review of the literature
and application of thermodynamics to
identify candidate compounds, J. of At-
mospheric Chemistry 24. 57-109.

Varga, Z., G. Kiss, and H.-C. Hansson
(2007), Modelling the cloud condensa-
tion nucleus activity of organic acids on
the basis of surface tension and osmo-
lality measurements, Atmos. Chem.
Phys., 7, 4601 — 4611.

Weast, R.C. (Ed) (1970), CRC handbook of
chemistry and physics, 51th edn, CRC
Press, Cleveland, USA.

Acknowledgements

Erik Swietlicki, Lund University, Sweden,
and Greg Roberts, CNRM, France, are
gratefully acknowledged for their useful dis-
cussions. Ulla Widequist, Stockholm Uni-
versity, is thanked for her help with the in-
struments. B. N. acknowledges support
from the European Commission, Marie Cu-
rie Chair EXC2005-025026, and Interna-
tional Reintegration Grant IRG2006-036547,
and from the Swedish Research Council
(research grant NT-2006-5066).



