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Abstract. Surface tension of ternary solution of sodium 1 Introduction

chloride, succinic acid and water was measured as a function

of both composition and temperature by using the capillarylndirect effect of aerosol particles to the atmosphere (the
rise technique. Both sodium chloride and succinic acid arecloud albedo effect) is currently the most uncertain piece
found in atmospheric aerosols, the former being main con4n the climate change puzzle (IPCC, 2007). In order to un-
stituent of marine aerosol. Succinic acid was found to de-derstand quantitatively how aerosols and clouds interact, the
crease the surface tension of water already at very low conphysico-chemical properties of aerosols have to be known.
centrations. Sodium chloride increased the surface tensioAs the atmospheric aerosols have highly heterogeneous prop-
linearly as a function of the concentration. Surface tensionserties and there are only limited set of measurements charac-
of both binary solutions agreed well with the previous mea-terizing them, these properties have to be treated in an ap-
surements. Succinic acid was found to lower the surface tenproximative manner in numerical models. For example sur-
sion even if sodium chloride is present, indicating that suc-face tension of pure water is often used in air parcel models
cinic acid, as a surface active compound, tends to concensimulating the cloud formation process (Anttila et al., 2002;
trate to the surface. An equation based on thermodynamicakanakidou et al., 2005).

relations was fitted to the data and extrapolated to the whole It is known that a large fraction of aerosol particles is in-
concentration range by using estimated surface tensions fasrganic salts (Dusek et al., 2006; McFiggans et al., 2005).
pure compounds. As a result, we obtained an estimate o®wing to their hygroscopicity, salt particles act as efficient
surface tensions beyond solubility limits in addition to a fit cloud condensation nuclei (CCN). Measurements of chem-
to the experimental data. The parameterization can safely beeal composition of aerosol particles have shown also that,
used at temperatures from 10 t6®80 These kinds of param- in addition of inorganic salts, an extensive number of both
eterizations are important for example in atmospheric nuclewater-soluble and water-insoluble organic acids are present
ation models. To investigate the influence of surface tensionn the aerosol phase (Legrand et al., 2007). They are formed
on cloud droplet activation, the surface tension parameterizafor example via gas to particle conversion that results from
tion was included in an adiabatic air parcel model. Usually inthe oxidation of volatile organic compounds (Kroll and Se-
cloud models the surface tension of pure water is used. Siminfeld, 2008). Also organics at the sea surface can be in-
ulations were done for characteristic marine aerosol size distercorporated into the particle phase when sea salt particles
tributions consisting of the considered ternary mixture. Weare formed via bubble bursting (Gershey, 1983; Ellison et al.,
found that by using the surface tension of pure water, thel999; Tervahattu et al., 2002a, b). Soluble organic acids have
amount of activated particles is underestimated up to 8% ifalso found to be able to act as moderately active CCN (Cruz
particles contain succinic acid and overestimated it up to 8%et al., 1997; Bilde et al., 2004; Varga et al., 2007).

if particles contain only sodium chloride. The surface tension Surface active compounds are compounds that tend to con-
effect was found to increase with increasing updraft velocity. centrate to the surface of a liquid solution and therefore lower
the surface tension of the solution. Organic acids are often
surface active. According todhler theory (Kohler, 1936), a

Correspondence tal. Vanhanen decrease in surface tension induces a decrease in the critical
BY (joonas.vanhanen@fmi.fi) supersaturation of a droplet. This means that organic acids
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Capillary tube . end, we studied the surface tension of ternary solution of
Caliper . . L . .
\ __ J sodium chloride, succinic acid and water as a function of

both concentration and temperature. Succinic acid is a typ-
ical dicarboxylic acid found in aerosol phase (Legrand et

al., 2007), and sodium chloride is a hygroscopic compound

found in sea salt aerosols (Heintzenberg et al., 2000). This
ternary solution can be thus considered as an atmospheri-
cally relevant mixture. The measured surface tensions were
used as an input to an adiabatic air parcel model (Anttila et

N al., 2002) to study the effect of the surface tension on cloud

droplet activation.

14

Pointer

\

2 Materials and methods

2.1 Experimental setup

The surface tension was measured using a capillary rise tech-
nique (Fig. 1). The sample was placed in a small glass (about

! N 20 ml) in the bottom of a double-walled glass. The temper-
\ S\ \\\ — ature of the glass was controlled by circulating thermostat-
Sample . ically controlled liquid between the walls (Lauda RC6 CS).
To ensure effective heat transfer, the sample vessel was sur-
rounded with water.

The samples were made of pure substances with purity of
99% or better (Table 1). The mixtures were made in a 50 ml
glass bottle and the weight of each compound was measured
using a weighing balance Precisa junior 310 M with uncer-
tainty of about 0.1% (absolute accurae®.003 g). This cor-
can enhance the cloud droplet activation of mixed particlegesponds to an uncertainty of less than 0.5% in mole fraction.
by decreasing the surface tension of the droplet (Cruz andBoth sodium chloride and succinic acid were dried before
Pandis, 1997, 1998; Li et al., 1998). The effect of various or-weighing in an oven at temperature of about A0 evap-
ganic acids on the surface tension of water has been studieerate all the volatile impurities. Before every measurement
earlier (Shulman et al., 1996; Tuckermann and Cammengahe capillary tubes were cleaned using 96% sulfuric acid and
2004; Hywarinen et al., 2006). There are also few measure-purified water (Milli-Q).
ments on the surface tensions of solutions containing both The height of the liquid in the capillary tube was measured
inorganic salt and organic acid (Bilde et al., 2004; Toppingusing a slide caliper modified to this purpose. Accuracy of
et al., 2006; Tuckermann 2007), but the data is scarce anthe caliper is=0.02mm. A pointer made of thin plates of
cover usually only limited temperature and/or concentrationplatinum and steel was mounted to the caliper to measure
range. There are also some studies where surface tensiomise distance from the surface of the bulk liquid to the bot-
of multicomponent systems have been calculated by usingom of the meniscus, normal to the capillary wall. Only the
entirely predictive models (Li and Lu 2001; Topping et al., platinum plate was in contact with the sample. The measure-
2007). These models however seem to predict surface terments were performed in the temperature range of 283.15 to
sions of multicomponent mixtures quite poorly (Topping et 303.15 K. The meniscus was allowed to both rise and descent
al., 2007), and thus measurement data is generally needed iy altering the pressure in the tube. It was always checked if
provide accurate predictions. Previous surface tension meahe meniscus stabilized in the same place when it was let to
surements show that the presence of inorganic salts can irise or descent. Uncertainty of the surface tension measure-
some cases even enhance the surface activity of organic acigsent was estimated to be less than 1%.

(Tuckermann, 2007; Kiss et al., 2005). The CCN number
concentration has also been found to be quite sensitive to the 2  Calibration
decrease of surface tension caused by the presence of organic

acids (Chang et al., 2007; Roberts et al., 2002). Two similar glass capillary tubes were used in the mea-

There are only a few extensive data sets on surface tensurement. Both of them were calibrated using purified wa-
sions of ternary mixtures of atmospheric relevance. To thister (Milli-Q). The height of the water inside the tube was

|4

Fig. 1. Experimental setup.
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Table 1. Properties of the compounds used in this study.

Compound Chemical  M[g/mol]  Solubility in Density of Surface tension Purity Manufacturer
composition water at ZL[g/l] aqueous solution of pure compound
[mN/m] [mN/m]
Sodium Chloride  NacCl 58.44 3589 pw+44.85c—0.096c1+0.614 191.16-71.88-37¢ 99.5% Carlo Erba Reagenti
-10-3c12-2.712:%/240.01c%/2/®
Succinic acid GHgO4 118.09 ~8g2 see Eq. 2 83.45-0.1% ACS quality J. T. Baker
Water HO 18.015 - 999.65+0.2046.174107213/2¢  93.66+9.131073T  Milli-Q Milli-Q
-0.2810372

[£]=°C; [T]=K; [c]=mol/I
aSaxena et al., 1996.

b Hyvarinen et al., 2006.

€ Janz et al., 1980.

d CRC 1998.

€ Novotny and $hnel 1988.

measured as a function of temperature. The surface tensiowherep is density,M is the molar mass and is the mole

can be calculated using equation (Bikerman, 1947): fraction. Indices 1 and 2 stand for water and succinic acid
respectively. The ideality assumption is reasonable because

o — }pgr (ho + f)’ (1) succinic acid is a weak acid and thus not readily dissoci-
2 3 ate, and because the succinic acid is expected to behave ide-

whereo is surface tensiom; is density,¢ is acceleration due ally due to the low concentrations characteristic to this study

to gravity, o is the height of the water surface inside the cap- (Bilde and Svenningsson 2004; Varga et al., 2007). Den-
illary tube and is the radius of the tube. Because the surfaceS'ty Of PUre succinic acid was estimated using the Yen-Woods

tension and the density of pure water are well known (see Tamethod (Yen and Woods, 1966) by Hynnen et al. (2006)

ble 1), the radius of the tube can be calculated using Eq. 1(Table 1).
Water was used for calibration, because all the measured so- The density of the ternary solution can be estimated by
lutions were aqueous having surface tensions relatively closéking the mass weighted average of the binary densities:
to the surface tension of pure water, thus resulting in similar
capillary rising heights. w2012 (Xr) +w3p13 (xr)

Radii of the capillary tubes are 198.8/ and 179.62um, p12E= wotws3 » Where (x;=xz+x3) (3)
with standard deviations of 0.90 and 0.62 respectively. Stan-
dard deviations were used as errors of the capillary tubesy is mass fraction and indices 1, 2, and 3 stand for water,
radiuses when calculating the error of the measured surfacsuccinic acid and sodium chloride respectively. In order to

tension. validate the use of equation 3, four measurements of the den-
. . sity of the solution were made by using a pyknometer, The
2.3 Density of the ternary solution mole fractions of succinic acid were varied from 0.0015 to

0.007 and the mole fractions of sodium chloride from 0.02
When measuring surface tension using the capillary rise techtg 0.06. The maximum deviation between estimation and

nigue, the density of the solution has to be known. We weremeasurements was 0.2%. This indicates that the estimation
not able to find literature data on the densities of the investis highly accurate within the solubility limits of the both so-

gated ternary mixture. Therefore the density had to be estijytes.

mated using known binary solution densities. The density of

aqueous sodium chloride{s) as a function of concentration 4 Cloud model
and temperature has been reported earlier by Novotny ang

Sohnel (1988) (International Critical Tables 1928, Table 1). The cloud model used in this study is a box model that sim-

According to previous measurements on the density of . . .
o ; i >~ ulates interactions between an aerosol population and wa-
agueous succinic acid (Hgavinen et al., 2006), the density

) . o . . ter vapour inside an adiabatically rising air parcel (Anttila
can be estimated using the definition of the density of |dealet al., 2002). A sectional representation is used to model

solution (Prausnitz et al., 1986): the aerosol and droplets, which are assumed to be internally
1 Myx1 Mo (1—x1) mixed. A detailed description of the model can be found in

R + , (2 .
p12 pr[Mixyi+ Mz (1 —x1)]  p2[Mix1+Mz (1—x1)] @ Anttila et al., 2002.
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Fig. 4. Surface tension of the ternary solution of sodium chloride,

Fig. 2. Surface tensions of aqueous succinic acid as a function of - inic acid and water as a function of mole fractions of sodium

the mole fraction of succinic acid4) at 25°C.

84

| H NaCl (This work)

— Fit
829 [ NaCl (International Critical Tables, 1928)

chloride (c3) and succinic acidap) at 25°C. Black dots are the
measured surface tensions and grid is the fit to the data by Eq. 4.

3.1.1 Surface tensions of the binary solutions

In Fig. 2 the surface tension measurements of aqueous
succinic acid is presented and compared to the previous
measurements made with the Wilhelmy-plate method by
Hyvarinen et al., 2006. It can be seen that succinic acid de-
creases the surface tension of the solution already at quite
small mole fractions. The surface tension is lowered by

3.0mN/m at succinic acid mole fraction of 0.005. Results

agree well with the previous measurements done using a dif-
ferent method. Surface tensions measured with the capillary
rise technique are systematically slightly higher, but the dif-

ference is not significant. Surface tension of aqueous sodium
chloride is presented in Fig. 3. Sodium chloride increased
surface tension linearly as a function of concentration. Re-

Fig. 3. Surface tension of aqueous sodium chloride as a function ofgjits are compared to literature values (International critical

the mole fraction of sodium chloride).

3 Results

3.1 Surface tension

tables, 1928), and a good agreement was found (maximum
deviation of 0.6%).

3.1.2 Surface tension of the ternary solution

In Fig. 4 the surface tension of the ternary solution is pre-

Surface tension of the ternary solution of sodium chloride,sented as a function of the mole fractions of succinic acid
succinic acid and water was measured as a function of thénd sodium chloride at 2&. The decrease in the surface ten-
mixture Composition and temperature. The range of ConcenSion as a function of the succinic acid mole fraction becames
trations covered by measurements was limited by the solusteeper with increasing salt concentration. This indicates that
bilities of the investigated compounds. The maximum molesuccinic acid, as a surface active compound, tends to fill the
fractions used were 0.0075 and 0.06 for succinic acid andurface of the solution. It has been found in previous stud-
sodium chloride, respectively. The measured surface teni€s that inorganic salts can even enhance the surface tension

sions are presented in Table 2.

Atmos. Chem. Phys., 8, 4598604 2008

lowering tendency of organic acids, due to the fact that salt
ions can drive organic acid molecules to the surface (Tucker-
mann, 2007; Kiss et al., 2005; Shulmann et al., 1996). This
is the salting-out effect (Setschenow, 1889). Although this
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Table 2. Surface tensionss() of ternary solution of sodium chloride, succinic acid and wateris temperaturex is mole fraction and
subscripts 2 and 3 represent succinic acid and sodium chloride respectively.

f°Cl x3  xo o[mN/m] f°Cl x3  xo o[mN/m]  #[°C] x3  x» o[mN/m] °Cl x3  x o[mN/m]  #[°C] x3  x» o[mN/m]
10.2 0 0 735 15.2 0 0 73 20.2 0 0 72.3 25.1 0 0 71.6 30.1 0 0 71
10.3 0 0.0015 72.7 15.3 0 0.0015 721 20.2 0 0.0015 715 25.2 0 0.0015 70.7 30.1 0 0.0015 70.1
10.4 0 0.0015 72.4 15.3 0 0.0015 71.9 20.2 0 0.0015 713 25.2 0 0.0015 70.7 30.2 0 0.0015 70.1
10.3 0 0.003 71.8 15.3 0 0.003 71.2 20.2 0 0.003 70.7 25.2 0 0.003 70 30.2 0 0.003 69.4
10.3 0 0.0045 70.8 15.2 0 0.0045 70.4 20.2 0 0.0045 69.8 25.2 0 0.0045 69.2 30.2 0 0.0045 68.7
10.4 0 0.006 70.1 15.2 0 0.006 69.6 20.2 0 0.006 69.2 25.2 0 0.006 68.7 30.1 0 0.006 68.1
10.3 0 0.0075 69.3 15.3 0 0.0075 68.9 20.2 0 0.0075 68.4 25.1 0 0.0075 67.9 30.2 0 0.0075 675
10.2 001 O 75.4 15.3 001 O 74.5 20.2 001 O 73.9 25.1 001 O 73.3 30.1 001 O 72.7
10.2 002 0 75.7 15.2 002 O 75.2 20.2 002 O 745 25.1 002 0 73.9 30.1 002 0 73.3
10.2 0.02 0.0015 739 15.3 0.02 0.0015 733 20.3 0.02 0.0015 7238 25.1 0.02 0.0015 723 30.1 0.02 0.0015 71.7
10.3 0.02 0.003 72.6 15.2 0.02 0.003 72.2 20.2 0.02 0.003 718 25.1 0.02 0.003 713 30.2 0.02 0.003 70.8
10.4 0.02 0.0043 71.7 15.3 0.02 0.0043 71.3 20.2 0.02 0.0043 70.9 25.1 0.02 0.0043 704 30.1 0.02 0.0043 69.9
10.3 0.02 0.006 70.9 15.2 0.02 0.006 70.5 20.2 0.02 0.006 70.2 25.1 0.02 0.006 69.8 30.2 0.02 0.006 69.2
10.3 003 0 76.5 15.3 0.02 0.0075 69.9 20.2 0.02 0.0075 69.5 25.1 0.02 0.0075 68.9 30.1 0.02 0.0075 68.6
10.3 004 O 77.2 15.2 003 O 75.9 20.2 003 O 75.3 25.2 003 O 74.8 30.1 003 O 74.1
10.2 0.04 0.0015 75.3 15.3 004 O 76.7 20.2 004 O 76.1 25.2 004 O 75.5 30.2 004 O 75
10.3 0.04 0.003 73.5 15.2 0.04 0.0015 74.9 20.2 0.04 0.0015 744 25.2 0.04 0.0015 73.9 30.1 0.04 0.0015 734
10.3 0.04 0.0045 727 15.2 0.04 0.003 73 20.2 0.04 0.003 725 25.2 0.04 0.003 72.1 30.1 0.04 0.003 71.6
10.3 0.06 0 79.3 15.2 0.04 0.0045 724 20.2 0.04 0.0045 71.9 25.1 0.04 0.0045 715 30.2 0.04 0.0045 711
10.3 0.06 0.0015 76.6 15.2 0.06 0 78.8 20.2 0.04 0.006 712 25.2 0.04 0.006 70.7 30.2 0.04 0.006 70.3
10.3 0.06 0.003 74.7 15.2 0.06 0.0015 76.2 20.2 006 O 78.3 25.2 0.04 0.0075 70 30.2 0.04 0.0075 69.6
10.2 0.06 0.0045 735 15.2 0.06 0.003 74.2 20.2 0.06 0.0015 75.7 25.2 006 O 7.7 30.1 006 O 77.2
15.2 0.06 0.0045 73.1 20.2 0.06 0.003 73.8 25.2 0.06 0.0015 75.2 30.2 0.06 0.0015 74.8
20.2 0.06 0.0045 72.7 25.1 0.06 0.003 73.5 30.1 0.06 0.003 73.1
20.2 0.06 0.006 717 25.1 0.06 0.0045 724 30.1 0.06 0.0045 72
20.2 0.06 0.006 71.7 25.2 0.06 0.006 715 30.2 0.06 0.006 71.1
25.2 0.06 0.006 714 30.1 0.06 0.006 711
25.2 0.06 0.0075 70.7 30.2 0.06 0.0075 70.2
effect was not observed in our measurements, it can never T - T T
theless take place in the considered system when the solutiol ® x, =00015
. . . 74 4 W x =0.003
becomes supersaturated with respect to sodium chloride. + X = 00045
In Fig. 5 the surface tension of the ternary solution is pre- N = 0.006
sented as a function of temperature for four different mole . ,ﬁit

fractions of succinic acid. The sodium chloride mole frac- __
tion is 0.02. Surface tension of the solution decreased with £
increasing temperature as expected (Bikerman, 1970). The%
behaviour is similar also with other concentrations of sodium &'
chloride. The gradient of surface tension with respect to 704
the temperature gets lower with increasing concentrations of
both solvents. This means that the temperature dependenc
of the surface tension is a function of the composition of the
solution.

68 T T T T T
10 20 30

3.1.3 Surface tension parameterization t[°Cl

To make the measurement results useful for numerical modFig. 5. Surface tension of ternary solution of sodium chloride, suc-
els, they need to be extrapolated to a larger concentrationinic acid and water as a function of temperature. Mole fraction of
and temperature range. To this end, a function by Chunxi esodium chloride is kept constantz=0.02).

al. (2000) was fitted to the data. The equation is based on

thermodynamical relations and can be written as (Chunxi et

al., 2000): and
o:inoi—RTZ#ij< aAU) () IA;j _ Ay (8(Ui; — Ui) ©
i T XN T.P.x IA " RT IA '
; T,P.x T,P,x
where

In Eq. 4 to 6,0; is the surface tension anglis the mole frac-
Ui — Ui‘) 5) tion of compound, U;; — U;; is the difference in interaction

Aij = exp (‘ RT energies of molecule paifg andii, T is the temperatured

www.atmos-chem-phys.net/8/4595/2008/ Atmos. Chem. Phys., 8, 4608-2008
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Table 3. Parameters for the Eq. 4.

Parameter Parameter

Upp—Uj; 10803 ("<U12 U11>)T ,, -10.004
Uiz— Upn  —4345.7 (9(U13—U11))T p, 87963
Upp — Upy —467.93 (Wﬂ U22>)T ,, ~13523
Upz— Upp 22980 ("’(U23 U22))T ,, ~28093
Usi—Uss 4175 (Wal USS))T ., 43196
Usp— Usg —8822.1 (3<U32 U33>)T ,, ~10889

Fig. 6. The behaviour of the surface tension parameterizationet al. (2004). This method estimates surface tensions of hy-

(Eq. 4) as a function of mole fractions)(of sodium chloride and

succinic acid at 25C.
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Fig. 7. Relative difference in critical supersaturatiorf,{) ob-
tained using different surface tensians.is the mass fraction of
succinic acidoy, is the surface tension of pure water angkp is

the surface tension parameterization.

is the surface area anil is the universal gas constant. Pa-

rameters

I(U:: — U;;
Uij — Uj; and <(U—”))
0A
T,P,x

were used to fit the equation to the experimental data.

(7)

drogen bonded liquids with errors typically less than 10%. A
linear equation was fitted to the temperature dependent data
(Table 1). This surface tension can be interpreted as the sur-
face tension of succinic acid as subcooled liquid. Sensitivity
analysis by Gaman et al. (2004) shows that the accuracy of
the method is reasonable for atmospheric nucleation calcula-
tions. In the absence of relevant data, the surface tension for
pure sodium chloride was estimated from molten salt surface
tensions (Janz et al., 1980), and the results were extrapolated
to the temperature range considered in this study. In Fig. 6,
the behaviour of the surface tension parameterization is pre-
sented for the whole concentration range a3 arameters

for the Eq. 4 are presented in Table 3.

The obtained fit is presented in Fig. 2 to 6 as a solid line.
The mean deviation of the fit from the measured surface ten-
sions is 0.2%, The fitis based on measurements conducted at
temperatures from 10 to 3@, but it can be extrapolated with
caution to somewhat higher and lower temperatures. The
fit presented here can also be used beyond solubility limits
with few cautions. No macroscopic phenomena, such as crit-
ical micelle concentration, are taken into account. It has to
be also noted that the surface tensions of pure compounds
are estimates, and consequently error are prone to increase
with the increasing concentration of a solvent. In addition,
the possible salting-out effect can not be predicted by this
parameterization. Despite these uncertainties, the extended
parameterization is applicable in models simulating micro-
scopic phenomena such as nucleation.

As a comparison, we made also calculations in order to
predict the surface tension of the ternary solution by using

Inthe known binary surface tensions (Hyinen et al., 2006;

teraction energies can be calculated by using quantum chemiternational critical tables, 1928). The simplest approach is

istry, which makes the Eq. 4 also predictive.
A few assumptions had to be made in order to obtainpound to the surface tension of pure water (Topping et al.,

a fit that represents the surface tension of the ternary s02007):

lution beyond the solubility limits (Table 1). The surface

tension of pure succinic acid was estimated using Magleod-

Sugden method (e.g. Reid et al., 1987) as applied by Gaman

Atmos. Chem. Phys., 8, 4598604 2008

to add the contributions of both inorganic and organic com-
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Omix = Ow + Adorg + Adinorg, (8)  Table 4. Modes of the particle size distribution used in the cloud

L model simulations.
whereAoorg and Aacinerg are the deviations from the surface

tension of pure water,, caused by the presence of succinic —\;94e Geometric mean  Geometric  Number of
acid and sodium chloride, respectively. A mean deviation of diameter [nm] standard particles
2.9% was found when the results were compared with the deviation  [enT 3]
measured surface tensions. This indicates that this simple
predictive model is not capable in predicting the surface ten-
sion of the investigated ternary mixture with high accuracy.

Aitken 45 1.5 300
Accumulation 170 1.5 200

3.2 Cloud droplet activation

3.2.1 Critical supersaturation of sodium chloride/succinic also for humic-like substances by Sorjamaa and Laaksonen
acid particles 2006 and Kokkola et al., 2006, and for multicomponent sur-
factant mixtures by Topping et al., 2007. Because the cloud
Saturation ratio of water vapour over solution droplet can benycleating ability of particles is mostly controlled by the crit-

calculated using Bhler theory (Kohler, 1936): ical supersaturations, and because the partitioning effectively
o0 M compensates the surface tension reduction, we focused only

S =ay exp( R‘;) , 9) on the extreme cases related to the effect of the surface ten-
rlou)

sion on the cloud droplet activation.

whereaq,, is the water activityg is the surface tension of the

solution,M,, is the molecular mass of wateris the radius of 3.3 Cloud model simulations

the droplet,o,, is the density of waterR is the universal gas

constant and” is the temperature. In Eq. 5 the exponentia| In order to investigate if surface tension has an effect on
term accounts for the curvature effect (Kelvin effect) and thecloud droplet activation, we compared results from cloud
activity for the solute effect (Ra0u|t eﬁect)_ Here we focus model simulations that used two different surface tensions

on the effect of surface tension and assume that actiyjty in calculatings: that of pure water and that predicted by the
equals to the mole fraction of watey; . developed surface tension parameterization. The parameter
The maximum value of is called the critical supersatura- Values describing aerosol size distribution used in the sim-
tion (Scrit). If the saturation ratio of the environment exceeds ulations are shown in Table 4. The distribution represents
the critical value, the droplet can activate and grow to largeran aerosol size distribution that is typical in marine environ-
sizes. Because thedler theory accounts for the surface ment (Heintzenberg et al., 2000). Succinic acid is treated as
tension of the solution, the difference of the critical supersat-a completely soluble compound despite of its solubility limit
urations due to the surface tension used in the equation wa@8 9/l; Saxena et al., 1996). Previous studies have shown
investigated. The relative difference of critical supersatura-that the solubility of a slightly soluble compound has an ef-
tions [Scrit (0w)/Serit(0exp) — 1] is presented in Fig. 7 as a fect only when there is no or very little of sodium chloride in
function of the particle dry diameter. The critical supersat-the particle (Bilde et al., 2004). Also, particles have usually
uration is higher if the surface tension of pure wate)(is undergone various humidity conditions in the atmosphere.
used, for all droplets except those containing only sodiumThis means that the solution can be supersaturated with re-
chloride. Because surface tension is by definition the energypPect to succinic acid, and the infinite solubility assumption
needed to increase the surface area, the critical supersatifreasonable. As mentioned earlier, bulk to surface partition-
ration decreases with decreasing surface tension. It can b@g of the solutes was not included in the model.
seen that surface tension has an effect only when the initial Cloud model simulations were made using three different
particles are smaller than 100 nm in diameter. The differenceupdraft velocities; 0.1, 0.5 and 1.0 m/s. In Fig. 8 the ratio of
increases with increasing mass fraction of succinic acid.  the number of cloud droplets to the total number of particles
Because succinic acid is a surface active compound, als¢activated fraction) is presented as a function of the initial
the partitioning of the acid between the bulk solution and themass fraction of succinic acid in the aerosols. The activated
surface should be taken into account (Sorjamaa et al., 2004jraction decreases as the mass fraction of succinic acid in-
We made calculations of critical supersaturations for 40 nmcreases. This is because succinic acid has higher molar vol-
and 170 nm particles. Partitioning was calculated using thedme than sodium chloride and because sodium chloride is
Gibbs adsorption equation (Sorjamaa et al., 2004). By in-able to dissociate in water.
cluding the partitioning in the calculations we obtained al- In Fig. 8, it can be seen that there is a difference in the
most the same critical supersaturations as using the surfaceumber of cloud droplets arising from the choice of the sur-
tension of water without the partitioning, with an absolute face tension. The difference increases with increasing mass
error of less than 0.05%. Such behaviour has been predictefitaction of succinic acid and with increasing updraft velocity.
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80 i : , vents. To estimate the surface tension beyond these limits,
~ Sexp 8 ;j ég 22 an equation developed by Chunxi et al. (2000) was fitted to
oW A v=01mis | the data. As a result a parameterization of surface tension

e e e e e of the ternary solution was obtained over the entire concen-

604" T - o NN J tration range. The parameterization is based on the data for

_ T ---e \-\ the temperature range of 10 to°80 but the results can be
X e o oo, e ] extrapolated beyond these limits. There are many benefits
z "o ---Oﬁgtg>0;' with the developed kind of parameterization. First, it gives
=" 40 TTo- the surface tension of ternary system as a function of both
the composition and temperature. Second, the parameteri-
A—A——A—A—A—A ] zation is based on equations containing fit parameters which
T A T can be modelled. Because the parameterization can be used
20 ' l ' beyond solubility limits, it can be also applied, for example,
0.0 0.5 1.0 in numerical calculations of nucleation or cloud droplet for-
w mation.

To estimate the atmospheric impact of the surface tension
data, cloud droplet activation simulations were performed
with particles of different composition. Three different
updraft velocities (0.1, 0.5 and 1.0m/s) were used. It was
found that while sodium chloride particles act as efficient
cloud condensation nuclei, succinic acid can enhance the
) ) ) activation further by decreasing the surface tension of the
By using the surface tension of pure water in the cloud modelqueous solution. By using the surface tension of pure water
the amount of activated particles is underestimated up tan the cloud model the amount of activated particles was
8% when particles contained only succinic acid and over-underestimated up to 8% if the initial particles contained
estimated up to 8% when particles contained only sodiumsuccinic acid. For pure sodium chloride particles it was over-
chloride. This is because succinic acid decreases the sugstimated up to 8%. Because the bulk to surface partitioning
face tension while sodium chloride increases it. When the©f the acid was not taken into account, these results describe

updraft velocity of the air parcel is 1.0 m/s, the effect of sur- only the effect of surface tension on the cloud droplet acti-

face tension can be seen clearly with particles having a mas§ation. Although the changes are small percent-wise, they

fraction of succinic acid over 40%. The total mass 1‘racti0ns-StIII may have significance to the cloud radiative properties,

) . . ) in particular over the oceans. The marine clouds are usually
of organic compounds in atmospheric aerosol particles caRean clouds having lower number concentration of cloud

easily exceed this value (Kanakidou et al., 2005). The dergplets, which makes them especially sensitive to changes
creasing importance of the surface tension with decreasingh the cloud droplet concentration (Platnic and Twomey,
updraft velocity can be explained by larger dry diameters 0f1994). By including the bulk to surface partitioning, the
activated particles, which is due to the lower updraft velocity, effect of surface tension is effectively compensated. Becase
and thereby lower supersaturations reached in the air parce®f this, the results give the upper limit for the influence of
This decreases the magnitude of the Kelvin effect which de-surface tension to the cloud droplet activation.

pends on the surface tension of the solution. This has been .

also predicted to take place for marine aerosols by Nenes etEdited by: V. F. McNeill

al. (2002). Because the bulk to surface partitioning was ex-

cluded from these calculations (see Sect. 3.2.1), these results

give the maximum effect of the surface tension on the cloud

Fig. 8. Activated fraction as a function of mass fraction of succinic
acid (o). v is the updraft velocityy, is the surface tension of pure
water antbexp is the surface tension parameterization.
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