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Abstract. The Leipzig Aerosol Cloud Interaction Simula- on the particle size distribution, their shape and their chemi-
tor (LACIS) was used to investigate the hygroscopic growthcal composition and through their hygroscopicity also on the
and activation of sea-salt particles which were generatecambient relative humidityRilinis et al, 1995 Randles et aJ.
from three different sea-water samples. The measurementz004).

showed that the sea-salt particles exhibit a slightly reduced Due to their hygroscopicity the marine aerosol particles
hygroscopic growth compared to pure NaCl particleshler  act as cloud condensation nuclei (CCN). They influence the
theory was utilized to model the hygroscopic growth of thesecloud droplet size distribution and hence indirectly the ra-
particles. Some parameters used in this model are unknowdiation budget. The contribution of marine stratus and stra-
for sea-salt. These parameters are combined in an “ionic dertocumulus clouds to the earth’s albedo is about 30% to 40%
sity” pion. FoOr each sea-salt sample an averaggwas de-  (Randall et al.1984).

termined by fitting the Khler equation to the data from the  The marine aerosol principally consists of sea-salt, non-
hygroscopic growth measurements. LACIS was also used t@ea-salt (nss) sulfate particles and possibly biological parti-
measure the activation of the sea-salt particles at three difcles from the ocean microlayetdck and Bigg 2005ab).
ferent supersaturations: 0.11%, 0.17% and 0.32%. A CCN<Sea-salt particles are produced in a direct and an indirect
closure was tested by calculating the critical diamelsg way (Blanchard and WoodcogKl 957 198Q Gong et al.

for the sea-salt particles at these supersaturations, using th®97 O’Dowd et al, 1997. For wind speeds larger than
Kohler model and the correspondipgn, as derived fromthe 4 m.s~1 waves are generated due to wind stress. These waves
hygroscopic growth data. These calculated critical diametergreak and thereby sea-salt droplets with diameters greater
were compared to the measured ones. Measured and cahan 10um are producedHitzgerald 1991). During this
culated values oDt agree within the level of uncertainty. wave breaking process also air bubbles are introduced into
Based on this successful closure, a new parameterization tthe surface water. They rise and burst after reaching the sur-
describe sea-salt-particle hygroscopic growth (at-®H%)  face, producing so called film and jet drops. Depending on
and activation has been developed. the bubble size, about ten jet drops with an average diame-
ter of 1-2um and several hundred film drops with a diame-
ter smaller than Lm are generated (O’'Dowd et al., 1997).
Since the relative humidity (RH) over the ocean surface is
about 98%, the generated drops evaporate until the water va-

Most of the earth’s surface is covered by oceans. For thaPOr Pressure over the drop surface is equal to that of the en-
reason marine aerosol particles largely affect the global cli-vironment Blanchard and Woodcock980).

mate. Depending on their optical properties, marine aerosol Nss-sulfate particles also play an important role in the
particles scatter and absorb the incoming solar radiation anfharine atmosphere. The main source of these particles in
therefore influence the radiation budget of the edfiteger-  the remote marine boundary layer is dimethylsulfide (DMS)

ald, 1991). The optical properties of the particles depend Which is mainly produced by phytoplanktoAr{dreae and
Raemdonck1983 Andreae et a).1985. Typical nss-sulfate

particle concentrations in clean marine air lie within 50 to

Correspondence tdD. Niedermeier 100 cnt3 (O’'Dowd et al, 1997). Although nss-sulfate parti-
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(niederm@tropos.de) cles are less hydrophilic than sea-salt particles, they play an
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havior of the generated sea-salt particles. To explore the af-
fect sea water chemical composition may have, sea-salt parti-
cles from three different sea-water samples were investigated
regarding their hygroscopic growth and activation to cloud

Table 1. Concentration and mass fraction of major ions for the
three sea-water samples.

Sample | Sample Il Sample Il droplets. For the investigations the Leipzig Aerosol Cloud
lons Cs & Cs &s Cs & Interaction Simulator (LACISStratmann et al(2004) was
[g17 4 %] [g-17Y] %] [g17Y [%0] used. LACIS is a laminar flow tube that can operate at a sta-
cr- 422 5175 387 5394 1937 6106 ble RH, which can be adjusted from almost 0% up to larger
NO= 002 025 004 056 005 014 than 990/? We>:)e1ttjl, 2005. It car|1 also be used at supersat-
a urations from 0.1% up to several percent.
zﬁ g;g 32:213; gig 32"22 27'.862 zi'i% For this study the hygroscopic growth of the different sea-
K+ 013 159 0.09 0.09 036 1.12 Salt particles was measured in a RH range from 80.0% up
Mg2+ 025 3.04 0.29 3.97 108 341 1099.1% (For the first time, measurements were performed
ca+ 019 231 015 2.06 039 039 atthis high RH on sea-salt particles). It was investigated

whether differences in the chemical composition cause dif-
ferences in the hygroscopic behavior. Furthermore, the mea-
sured grown diameters were compared to the growth of pure
sodium chloride particles. Dry NaCl particles possess a cu-
important role in cloud formation processes. Measurements,icg| shape. Since the main component of the three different
have shown that for small wind speeds the concentration ofeg-salt samples is NaCl, it was investigated if a shape factor
nss-sulfate particles in the accumulation mode, i.e., in thehas to be taken into account for the generated sea-salt parti-
mode which provides most of the CCN, is larger than that of ;|eg

the sea-salt particles. As sea-salt particles mainly occurinthe o the activation measurements of the sea-salt particles,
coarse-mode, it was expected that these particles contributghersaturations similar to those observed at the base of ma-
a negligible amount to the CCN in comparison to nss-sulfateine stratocumulus clouds (0.1% to 0.3#tydson and Fris-
particles Charlson et a).1987), because larger particles are pie 1991) were used. Critical particle diameters were deter-

removed from the atmosphere more quickly than smallenyineq for the three different sea-salt samples and for pure
ones. Observations @'Dowd and Smith(1993, however,  Nacl.

showed that under adequate wind conditions the sea-salt par- |, aqgition, a CCN-closure was tested for different sea-salt
ticles also occur in the accumulation mode down to sizes Ofparticles and for NaCl. For that purpose, the measured hy-
100 nm. They can even dominate this size range, because thg,scopic growth was used withakiler theory to determine
wave activity increases with increasing wind speed. Moré,q giitical particle diameters for activation with a method
air bubbles are produced and thus more film and jet dropimilar to that introduced ikVex et al.(2007).

are generated. Over a period of low wind speeds the num- gaqad on this closure, a new parameterization to con-

ber cogcentratlon of sea—sglt_partlcles ranges bgtween 5 ar'Qstently describe sea-salt-particle hygroscopic growth (at
30cm* (Blanchard and Cipriandl987. With an increase RH>95%) and activation was developed.

of wind speed to 17 ms~* the concentration in the accumula-
tion mode may exceed 70 crh (O’Dowd et al, 1997). Due
to updrafts, sea-salt particles are transported up to the cloud  chemical composition of the sea-water samples
base and consequently even under moderate meteorological
conditions more than 90% of the activated CCN in marineThree different sea-water Samp|es were ana|yzed with re-
stratocumulus clouds may consist of sea-salDowd etal,  spect to hygroscopic growth and activation. Two samples
1997). came from the Baltic Sea, sample | from the bay of Meck-
As mentioned above, marine aerosol particles mainly condenburg (5418.90 N; 11°33.00 E) and sample Il from east
sist of hygroscopic particles. Thereby the scattering of theof Gotland (5719.20 N; 20°03.00 E), both were collected
incoming solar radiation depends on the ambient relative huin a depth of about 1-2m. Sample |1l was taken from the
midity, because the amount of the scattered light is relatedAtlantic Ocean (only the sample latitude of°48 is known)
to the particle size. The particle diameters change with reldin a depth of 3000 m.
ative humidity, depending on the hygroscopic properties of The three sea-water samples were analyzed concerning
the particles. To include the influences of sea-salt particlegheir inorganic chemical composition. For analysis of main
on scattering and cloud formation into numerical models,ions, the samples were filtered and analyzed by ion chro-
measurements of hygroscopic growth and activation are rematography (IC, Metrohm-Switzerland). A detailed descrip-
quired. In this context it is also relevant to know, whether or tion of this method is given byBriggemann and Rolle
not possible differences in the chemical composition of the(1998. The concentrations {(g-1~1) and the mass frac-
oceans influence the hygroscopic growth and activation betions &s (%) of the detected ions are shown in TalleBe-
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§|des these, nore |on§ were found in the different S‘fimple‘glable 2. Concentration and mass fraction of the possible salts for
in marginal concentrations (lower than the concentrations Ok three sea-water samples.
the NG; -ions). The salinities of the Baltic sea samples were

lower (8.16 g~ for sample | and 7.18y* for sample 1)

than the salinity of the Atlantic sample (31.78¢). CI- Sample | Sample II Sample Il
and Na& are the major ions for all samples. Regarding the Salt Cs &s Cs &s Cs &s
mass fractions, the Atlantic sample and the two Baltic Sea 917 [ g1 [l g7 (%]
samples differ in these two main ions only. While the frac- ¢ 588 73.56 495 6999 1828 7074
tion of the CI” ions in the Atlantic sample is higher compared 4y, 063 7.83 096 13.51 423 16.38
to the two Baltic Sea samples, the fraction of the"Nens is NapSOy 0.89 11.18 0.72 10.16 1.45 5.60
lower compared to both Baltic Sea samples. CaCb 0.30 3.74 024 3.44 1.08 4.18
Based on the knowledge of the mass fractions and the KNO3 003 041 0.07  0.92 0.07 0.28
molecular weights of the ions, the numbers of moles of the K2SO4 026 3.28 014 198 073 282

ions are computed first. Using these values, for each sea-

water sample the analyzed ions are combined to salts, which

can be found in sea-salt particles: NaCl, MgQVgSQy,

Na;SOy, CaCb and KNG;. For each sample, the amount gy sait particles. However, as on the one hand, water re-
of cations is not identical to the amount of anions. But the majning in the particles would result in an erroneous deter-
analysis of the pH value showed that each sea-water sanfyination of the soluble mass, and on the other hand, differ-
ple is nearly neutral. Therefore no compensation with H ences between the measured and calculated grown diameters
and OH" ions had to be taken into account. Hence, the salts;re small, one may conclude that the amount of water left af-

were combined such that only the minimal part (2.1%, 1.4%ter grying, does not significantly influence the measurement
and 2.5% of the total mass of the sea-salt samples |, Il angggjts.

Ill) ofions remained. . i A DMA (Differential Mobility Analyzer, Knutson and
The mass con_centratlons and the mass fractions of Fhes\ﬁ/hitby (1975, type “Vienna medium”) was used to select
S"’T'ts are shown in Tabl2for each sea-water sample. With 5 narrow dry particle size fraction. For hygroscopic growth
this knowledge and the mass fraction mixing rule the meany,q,q,rements the investigated mobility diameters of the se-
density ps gnd mean molecular weigitts were calculated lected dry particles were 150 and 200 nm for the three sea-
of the particles which were generated from these sea-watef, ¢ samples and NacCl. During the activation measurements,
samples: the dry mobility diameters were varied for fixed supersatura-
tions.

The non-spherical shape of NaCl particles had to be ac-
counted for by using a shape factor. Earlier measurements
with LACIS (Wex et al, 2009 showed that for NaCl parti-
cles in the investigated size range a shape fator of 1.08 can

These values have to be considered as an approximatiobe used (as stated in literaturéelly and McMurry, 1992).
because of the assumptions that were used in their derivaAs NaCl is the main component of the sea-salt particles, it
tion. But the influence of NaCl in the sea-water samples carcould not be excluded that sea-salt particles require a shape
already be seen. factor for their description, too. Investigations with a system

consisting of a DMA and an ELPI (Electric Low Pressure
Impactor, Ferrandez de la Mora et al1990 showed that
3 Experimental setup the NaCl particles and the particles from the three different
sea-salt samples possess the same aerodynamic behavior (see
Figurel shows the experimental setup. The sea-salt particleéd\ppendix A). Therefore for the investigations a shape factor
were generated from the three sea-water samples by usingf 1.08 was used for all sea-salt particles. From this it fol-
an atomizer (TSI 3075, TSI Inc., St. Paul, Minnesota, USA). lows that the mass equivalent diameters of the selected par-
NaCl-particles were used as a reference throughout the wholtéicles were 139 nm and 185 nm for the hygroscopic growth
work. All particles were generated by atomizing agueousmeasurements.
solutions of 2 g salt per liter of double de-ionized water. The The number concentrations of the selected particles were
sea-water samples were diluted accordingly. determined with a CPC (TSI 3010, TSI Inc., St. Paul, Min-

The resulting aerosol particles were dried in a diffusion nesota, USA), and were kept at 300-500¢énwith a di-
dryer to a relative humidity lower than 10%. As stated in lit- lution system upstream of the DMA. All flows were con-
erature Cziczo et al. 1997 Cziczo and Abbatt200Q Weis  trolled with mass flow controllers (MKS 1179, MKS Instru-
and Ewing 1999 this RH could be too high to completely ments Deutschland GmbH, iMchen, Germany) and were

Sample |  ps=22459kgm=3 Ms=67.7 gmol~!
Sample Il ps=22487kgm—2 Ms=684 gmol—1
Sample Il ps=22384kgm~3 Ms=67.6 gmol~21.
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Fig. 1. Set-up of the particle generation and the LACIS flow tube.

checked on a daily basis with a bubble flow meter (Gfian inside LACIS. For studying the hygroscopic growth of the
Gilibrator™2, Sensidyne Inc., Clearwater, Florida, USA).  different salt particles, LACIS was kept at a constant tem-

Before entering LACIS, the aerosol passed through a Satperature of 20.0C. The saturator temperatures were varied

urator (Perma Pure MH-110-12S-4, Perma Pure LLC, Tom from 16.5C to 19.9C, resulting in relative humidities (RH)

0, 0, i
River, New Jersey, USA). The saturator consisted of a '[ubzTrom 80.0% t0 99.1%. Inside the flow tube, the RH reaches

. . a constant value at approximately 20cm downstream of
made of Nafio® which was surrounded by temperature- ; ; . L
; the inlet. When measuring particle activation, the saturator
controlled water. The temperature of the water-jacket wa
. . . emperature was kept at a constant temperature of22.0
kept at a defined value by circulating the water through

thermostat (HAAKE C25P, HAAKE GmbH, Karlsruhe, Ger—aT.he temperature of the LACIS water-jacket was set to
different temperatures: 5.66, 5.45C and 5.3C. This
many). The temperature of the thermostat was regulated b}/

I I 0, 0, 0,
the signal of a Pt-100 resistance thermometer that measured equivalent to supersaturations of 0.11%, 0.17% and 0.32%.
the temperature of the water at the aerosol outlet of the sat-

urator. Therewith, the saturator was used in a counter flow, The residence time of the aerosol "?S'de LACIS is about
2s. At the outlet of the flow tube the size of the grown par-

fashion. Downstream of the saturator, the dew point tem- ) . : .
cles/droplets is measured with an optical particle counter

perature of the aerosol was equal to the temperature at th . . :
. S . : : OPC) that was designed and built especially for LACIS. For
saturator outlet. This was verified with a dew point mirror . e : .
P a detailed description sd€iselev et al.(2005. The opti-

(Dew Prime [-S2, Edge Tech, Milford, Massachusets, USA)’cal particle sizer was calibrated with PSL particles with di-

which measures with an accuracy of 0.1 K. A similar setupameters of 299 nm. 404nm. 499 nm, 701nm, 799 nm and

was used to humidify particle-free sheath air. Humidiﬁedi;L444 nm. For the determination of the response function
aerosol and sheath air, both with the same dew point tempe of the OPC, the refractive index of the humidified particles,

atures, were combined in the LACIS head. The aerosol was | . . : ; :
which varies as a particle grows, was estimated using a vol-

confined by the sheath air in a narrow beam (about 2 mm in L . ;
diameter) EZt the center axis of LACIS. ( ume mixing rule (e.g.Seinfeld and Pandid9989.

LACIS itself is a laminar flow tube with a diameter of
15mm and a length of 1 m, surrounded by a thermostate@t Theory
water-jacket (thermostat: HAAKE C40P, HAAKE GmbH,
Karlsruhe, Germany). The difference between the dewin the following, two different theoretical approaches will be
point temperature of the aerosol and sheath air flow and thelescribed: first, the modeling of hygroscopic growth based
temperature of the LACIS water-jacket determines the RHon the Pitzer modeRitzer and Mayorgal973, and second,

Atmos. Chem. Phys., 8, 57990, 2008 www.atmos-chem-phys.net/8/579/2008/
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a method that allowed to model the activation behavior based
on the measured hygroscopic growth.

For the simulation of the measured hygroscopic growth, ® 100 ' ' '
simple Kohler theory, including the Kelvin- and the Raoult- g
term, was applied. Generally, thedKler equation can be é“;_f -
written as Pruppacher and Klgt1997): 5 % i .
<
aAM, Q
S=aw- exp<ﬂ> 1) X i
RT pw Dwet g 92} i
whereM,, is the molecular weight of waterg, is the droplet % I
surface tensionR is the gas constant, is the temperature, Q |
pw is the density of waterDyet is the droplet diameter and E 88l 4
ay is the water activity. § I
In this study, the surface tension of watgris used in the (4 ' ' '

88 92 96 100

Kelvin-term of the Kohl tion.
en-erm of e romer Eauaton RH of (NH,),SO, - calibration [%]

The water activity, which represents the Raoult term,
aw=yw-xw iNn Eq. (1) is the product of water activity coef-
ficient and water mole fraction. For this study, the water ac-
tivity coefficient was calculated applying the Pitzer model Fig. 2. RHs as determined from the hygroscopic growth of
(Pitzer and Mayorgal973. In the model, full dissociation NaCl particles withDme,=185nm are plotted versus RHs result-
of the salts in the particles was assumed. For the sea-safg from the calibration with ammonium sulfate particles with
particles only the ions, found in the sea-salt samples (see TaPme=192nm.
ble 1), were used.

For the second approach, i.e. the modeling of the activa- _
tion based on the measured hygroscopic growth, a differentNH4)2SQu particles Ome, =192 nm) was measured for sev-

formulation ofay, in the Kohler equation was used: eral adjusted dew point temperatures, i.e., relative humidi-
ties. Kohler theory, according to EqLYwith oy, was applied
AMyow Vsps My Dﬁqeo to obtain the RH in LACIS from the grown particle diame-
S=exp - — (2) : S )
RTpwDwet Ms pu nget_D%eb ters. Hence, each adjusted dew point is related to a defined

value of RH. The sea salt and NaCl investigations were per-
with the density of the solutgs, the molecular weight of  formed at these RHs (dew points). In FR).RHs as deter-
the soluteMs, the osmotic coefficienps (accounting for the  mined from the hygroscopic growth of NaCl particles with
non-ideality of the solution), the number of ionper solute  a dry mass equivalent diametBe, of 185nm are plotted
molecule and the dry mass-equivalent diamélgg,. versus RHs resulting from the calibration with (WSO,

In the Raoult-term of Eq.2), neithergs nor v are known,  particles withDme,=192 nm. For both materialsdtler the-
and forps and Ms only the approximations derived in Sect. 2 ory according to Eq.1) with the surface tension of water was
exist for the different sea-salt samples. Therefore these paused. For RH-86%, the quality of the calibration becomes
rameters were combined into a so called “ionic densityn ~ clear, as the maximum relative deviation amounts to 0.5%. It

(unit: molm~3) (Wex et al, 2007): should be noted that for (NBbSOy particles a shape factor
o x of 1.04 was considered for calibration. This shape factor
sPs .. . .
Pion = — —- 3) resulted from aerodynamic investigations equal to those done
S

for the sea-salt and NaCl particles (see Appendix A). How-
pion Was derived for each sea-salt sample using the measuresler, it should be mentioned that a comparison between the
hygroscopic growth and is later on used to determine criticalcalibration usingy=1 andy =1.04 for (NH)>SO; particles
diameters for the activation for the CCN-closure, performedshowed that the Shape factor 0n|y has a small influence on
in this study. the derived RH at RH86% (see Appendix B).

For the hygroscopic growth investigations of the sea-salt
and NaCl particles, mass-equivalent particle diameters of
139 nm and 185 nm were used. For each RH, each substance
and each particle diameter at least three measurements were
5.1 Hygroscopic growth performed.

As an example Fig3 shows the hygroscopic growth of the
The measurements were performed for RHs between 80.0%ea-salt particles for sample Il and NaCl particles for com-
and 99.1%. The used RH-range was calibrated with am{parison. Plotted are wet diametdbg,e as function of RH
monium sulfate particles. The hygroscopic growth of for the two dry diameters considered. In addition, theoretical

5 Measurements of hygroscopic growth and activation
of the sea-salt particles
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Fig. 3. Hygroscopic growth of the sea-salt particles of sample Il Fig. 4. Hygroscopic growth of sea-salt particles of the three differ-
at different values of RH compared to that of pure NaCl. For com- ent samples at different values of RH in comparison to pure NaCl.
parison, theoretical curves for sea-salt sample Il and NaCl are preFor clarity, error bars are not shown.

sented, too.

always lower than that of pure NaCl particles. The theoret-
curves, calculated with Eqgl), for the hygroscopic growth of jcally predicted hygroscopic growth of all sea-salt samples
these two substances are shown, too. The data points represas slightly larger than the measured growth.
sent the mean values of at least three independent measure-
ments. The error bars, being a measure for the experimerg.2 Activation
tal uncertainties, represent the maximum deviation from the

mean values and the influences of fluctuations in RH, respecyMeasurements were performed at supersaturations of 0.11%,
tively. Due to the lower detection limit of the OPC used to 0.17% and 0.32%. The calibration of LACIS with respect to
determine the size of the grown droplets, for salt particlesthe supersaturation was done with ammonium sulfate parti-
with a dry diameter of 139 nm only RHs larger than 84% cles (\Vex et al, 2006. At each supersaturation the diameter
could be measured. of the investigated dry salt particles was varied until the crit-
The measurements show (see F3j. that especially at ical diameterDgit was found.Dgyit is the diameter where the
high RHs, the sea-salt particles exhibit a reduced growthsaturation in LACIS corresponded to the critical supersatura-
compared to the NaCl particles. There is a good agreemertion which the particles needed to activate to cloud droplets.
between the measured and theoretical growth of the NaCAs for the investigations of hygroscopic growth, each activa-
particles. The theoretically predicted growth of the sea-salttion measurement was repeated at least two times to gain a
particles is slightly larger compared to the measured growthmeasure for the measurement uncertainties.
However, this difference only amounts to 5% in the wet di-  Figures5 and6 depict droplet diameters as measured for
ameters at the highest measured RH. This small differencgea-salt (sample Ill) and NaCl particles, respectively as func-
between the measurements and calculations may be causéign of dry particle size. Values for the three different super-
by small amounts of additional less hygroscopic organic orsaturations are given. The data points represent mean values
insoluble substances in the sea-salt particles and uncertairf at least two measurements which were performed on dif-
ties in the calculated density of the sea-salt particles. ferent days. The errors bars represent the maximum devia-
The measured and calculated hygroscopic growth of theion from the mean values. The particles for which the su-
three sea-salt samples showed a similar behavior. Indrig. persaturation in LACIS is not sufficient for activation grow
the hygroscopic growth of the three samples is shown for ehygroscopically. They are in equilibrium with their envi-
dry particle diameter of 185 nm in comparison to NaCl parti- ronment. The larger particles for which the present satura-
cles with the same dry size (The theoretical curves are notion in LACIS is adequate for activation grow dynamically.
shown, because they nearly coincide for the sea-salt sankarlier activation measurementd/éx et al, 2006 showed
ples.). The measured grown sizes for particles generatethat the results for hygroscopically grown particles could be
from the three sea-water samples agree within the experilinked through a straight line. The results for dynamically
mental uncertainties. This was also found for a dry diam-grown particles, however, could be reproduced by a polyno-
eter of 139nm. In other words, the hygroscopic growth of mial curve. The intercept point of the polynomial curve and
the three sea-salt samples was found to be very similar buthe straight line indicateByit.

Atmos. Chem. Phys., 8, 57990, 2008 www.atmos-chem-phys.net/8/579/2008/
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Fig. 5. Activation curves of the sea-salt particles of sample Il at Fig. 7. ¢sv derived from the measured hygroscopic growth for
three different supersaturations. The intercept point of the polyno-NaCl and the three sea-salt samples in comparison to values for
mial curve and the straight line indicat®gi;. NaCl as given in literature (Pitzer and Mayorga, 1973).

Table 3. Measured critical diameters and their experimental uncer-

1000 , , , , , tainties for the three sea-salt samples and NacCl.
900 % )% ]
800 } I % S Samplel  Samplell  Sample lll NaCl
[ ¢ I”% ] % [nm] [nm] [nm] [nm]
700 - 3 A 1
5 { Il # 0.10 105.&5.0 105.@-4.0 99.6t5.0 100.@:4.0
£ 600} % M’iﬁ% 1 0.16 80.8:3.0 77.0:3.0 77.0:3.0 76.5:3.0
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200 050 80 100 120 140 160 In summary, the activation behavior found for particles
D [nm] generated from the three sea-salt samples and from NaCl is

nearly identical.

Fig. 6. Activation curves of the NaCl particles at three different 6 CCN-closure
supersaturations. The intercept point of the polynomial curve and

the straight line indicateBcrit. The concept opion (Wex et al, 2007) was utilized to carry
out a CCN closure test and to develop a parameterization

In Table3, values ofDcrit are given for all sea-salt samples ¢4, 4 consistent description of sea-salt particle hygroscopic
and for NaCl. The given critical diameters correspond to thegrowth and activation.

mean values of at least two measurements. The uncertain-
ties represent the maximum deviation from the mean Value%_l Obtainingoion from the measured hygroscopic growth
found. It should be noted, that earlier calibrations regarding
the supersaturations (and the corresponding uncertainties) irkdhler theory based on E@)(was used to simulate the mea-
side LACIS yielded an uncertainty of approximatei).03%  sured hygroscopic growth of the different sea-salts and the
in the supersaturation range used in this study. NaCl particles. In the Bhler model,pjon was adjusted that

At 0.11% supersaturation, the measured critical diametershe calculated wet diameters agreed with the measured val-
for all sea-salt samples and for pure NaCl are identical withinues. This procedure was performed separately for each RH
the measurement uncertainties. This is similar for the meaat which the measurements were performed.
surements at 0.17%, whetei; of all sea-salt samples is The resulting values fasion together with the derived val-
slightly larger than that of NaCl. At 0.329%)it of the sea-  ues of the density and the molecular weight of the three sea-
salt samples also is larger than that of NaCl, even exceedingalts can be used to derive the producpoéindv.
the measurement uncertainty for sample 1. In Fig. 7, this product is plotted versus the molality for the
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Fig. 8. The averaged values pfy, for NaCl and the three sea-salt Fig. 9. Measured and calculated critical diameters for the three
samples. Additionally, the theoretical value for NaCl is shown. supersaturations.

three sea-salts and NaCl, derived frafg,, i.e. from the

hygroscopic growth data, of particles with dry diameters of ynon Thus, a theoretical value fppn can be calculated.
185 nm. The theoretical curve for Na®liizer and Mayorga s value is presented in Fif, too (open square). It is ob-
1973 is shown in Fig7 as well. The corresponding molality o5 that this value lies well within the uncertainty of the
M is computed from: experimentally determinegion. This underlines the high
quality of the determined ionic densities and the feasibility

D r?r’mt) Ps . . . )
(4) and quality of the parameterization concept basegdign

=73
Dwet_D%eo Mspw

. . The derived values oo, were used in the &hler equa-
Fig. 7 shows that for NaClgsv derived from the hy-  yion 16 calculate the critical diameters. The calculations were
groscopic growth and the theoretical curve agree within theyo e for the three supersaturations: 0.11%, 0.17% and 0.32%

range of uncertainty. The uncertainties in the valuessfor considered during the experiments. In Fighe calculated
originate from the uncertainty in the RH in the measurements, 4 measured values Dki; are shown.

of about 0.3% (absolute) and increase towards lower molal-
ities. It is interesting to note thafsy takes on comparable For the supersaturation of 0.11% the measured values of
values and a comparable course for the three sea-salt sanbi; of NaCl, sample I, Il and Ill are 2%, 2.8%, 2.8% and
ples and NaClgsv for Sample Il agrees with that of NaCl 7.1% smaller than the calculated ones. The measured and
within measurement uncertainty, while the valuegef for calculated critical diameters agree within the uncertainties.
Sample I and 1l are slightly lower. However, with the data The measured and calculated critical particle diameters also
shown in Fig.7, it can be said that the sea-salt samples showcoincide within the measuring accuracy at the supersatura-
a similar trend in the non-ideal behavior than NacCl. tion of 0.17% for all four substances. The measured value
for NaCl is 0.7% higher than the calculated diameter. The
6.2 Comparison of the calculated and measured critical dimeasured diameters for sample I, Il and Il are 0.6%, 4.3%
ameters and 3.1% smaller than the calculated value. At the super-

) » ) ) ) saturation of 0.32%, the measured valuedgfi; of NaCl,
For the calculation of the critical diameters, i.e., the d'am'sample Il and 11l are 4.0%. 6.6% and 1.9% below the calcu-

eters at which particles activate to become cloud dropletsi iaq ones. The measured value of sample | lies 3.8% above

only values ofpion for RHs above 95% were considered. yhe measured diameter. Nevertheless, the measured and cal-
This RH range, which corresponds to molalities smaller than

1 o 2 %eulated values agree within the uncertainties.
1.5 molkg™, can be assumed to be a good approximation

for the pjon at the point of activation. In FigB, the average In summary, using Bhler theory andjon, as determined
values forpjon in the RH range-95% are shown for the three from hygroscopic growth measurements, the critical diame-
sea-salt samples and pure NaCl. ters and consequently critical supersaturations at which par-

A dilute solution of NaCl in water behaves nearly ide- ticles activate to cloud droplets, were determined with good
ally (¢s~0.93, averaged over an RH range from 95% to 99%accuracy. The activation behavior of the three sea-salt-
andv=2), and the density and molecular weight of NaCl are samples and NaCl was found to be nearly identical.
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Based on this, a new parameterization pure NaCl within the measurement uncertainties for all su-
3 persaturations investigated.

g— exp( AMwow —pionﬂ Ding, ) 5) For the first time, a CCN-closure was tested for sea-salt

RT pwDyet Pw Dg”vet—D%eO particles. For that purpose, hygroscopic growth data and

. o _ . _ simple Kbhler theory were used to derive critical diame-
respectively in linearized form (just given here for conve- ters which activated at the adjusted supersaturations for each
nience) sea-salt sample. For the closure, a mean valuggaffor

AMoo M D3 each sample was determined based on measured hygroscopic
S=l+$—pion—w% (6)  growth at RHs between 95% and 99.1%. With the derived
RT pw Dwet Pw Dyer—Ding, values of pjon, and assuming the surface tension of water,

has been developed, to describe consistently ser:l—salt—particY(-fEllues ofDerit were calculated. Measured and calculated val-

hygroscopic growth (at RH95%) and activation. The pa- ues of D¢rit agreed within the uncertainties and consequently,
rameterization is based on the conceptogf, (Wex et al, CCN-closure was performed successfully.

2007 and the assumption of a surface tension equal tot Base_dtontlth(ej SUC(.:beSSfUI clol'iure,t_alnerz]w paramgterlza&;tohn
that of water ¢,=728 mN-m~1) at activation. For sea- 0 consistently describe sea-salt-particie nygroscopic gro

salt, a mean value of 540003 for pioy can be (at RH>95%) and activation has been developed.

used. Entering these values pfn, ow and the other

known parametersp(,=997 kgm~3, M, =0.018 kgmol~! Appendix A

andR=8.314 JK~1.mol~1) in Eq. (), it follows:

r It is well-known that dry NaCl particles possess a non-

+6'32 x1077 1 —0.98 ) @) spherical shape. With the DMA selected mobility diame-
T Dyet Dﬁ,et—D?;,eJ ter Dmop is Not equal to the mass equivalent diamebgfe.

Therefore Dmop has to be shape correctelde(ly and Mc-

Murry, 1992 Gysel et al. 2002.

Since the main component of the three different sea-salt

The hygroscopic growth of sea-salt particles generated fron,?amples IS NaCI, it is important to know if the gen_e.rated
three different sea-water samples was investigated Withsea-salt particles possess a shape factor, too. Additionally,

LACIS at RHs from 80.0% up to 99.1%. For comparison itis also necessary to_explore, i (I\‘.MSO“ part_icles need

the growth of pure NaCl particles was considered, as well 2 shape c_orre<_:t|0n, since these Ignd of particles are L.jsed
The cubical shape of the NaCl particles was accounted foJ?cr RgMczllbrgtlon.Efslr t|2|e dte.teﬁt'fn’ ia:)system Icon5|stt|ng
by using the shape factor of 1.08. Additionally, electrical low 0 a, d a:jn Ialr\]/l t( u%%nc_a OV; res's:l_Jrel m_f_)ﬁc o,
pressure impactor measurements showed that sea-salt par '-ig?n ez te a :;]ra;a a ?'S lljse (s_ee '.go" ).th €
cles exhibit an aerodynamic behavior similar to that of NaCl operates in the free-moleclrar regime, 1.€., thé mean
particles. Consequently, the shape factor of 1.08 was useHee path of the molecules is significantly larger than the par-
when converting from m(;bility to mass equivalent diameter. ticle sizes. Therefo_re t_he retrieved particle diameter is the

The measurements showed that the hygroscopic growth OYacuum—aerodynamm diamets.

the three different sea-salt particles for the dry particle di- For the mvestlgathns, the sea-salt particles were gener-
ated from the three different sea-water samples by using an

ameters of 139 nm and 185 nm agrees within the measure-t . As ref NaCl and S el
ment uncertainties. The marginal differences in the chemicaftOMIZer- AS relerence Nat.lan (W}3SQ, particles were

composition did not result in visible differences in the hy- generated bY atomizing an agueous salt sgluh_on. e

groscopic growth. The hygroscopicity of the three sea-water The resulting aerosol particles were dried in e.‘.d'm.]S'on
samples was always lower than that of the pure NaCl parti-dryer' A DMA was used to select seve.ral dry ”?Ob"'t-‘/ diam-
cles with the same dry sizes. This suggests that the existencgers. One part of the selected quasi monodisperse aerosol

of small amounts of additional less hygroscopic organic or\éviglled into the CPC while the other was directed into the

insoluble material in the sea-salt particles reduces the hygro- ) . L .
P va The impaction behavior is normally described by the

scopic growth slightly in comparison to pure NaCl particles. K berstk. . For the ELPI Stk i :
The activation of the sea-salt particles was investigated f0|Sto es-num ersk. or the Stk s wrilten as
QFerrandez de la Mora et a1 990:

the supersaturations 0.11%, 0.17%, and 0.32%. The critical
diametersDcyi of the three sea-salt samples agree within the 0.178mc3 1
measurement uncertainties. As found in the hygroscopicityStk=——g.3—/pDme-—5=—=" (A1)
measurements, marginal differences in the chemical compo- P

sition between the three sea-water samples caused no signiftherem: is the gas mass flow through the impactor nozzle,
icant difference in the activation behavior. Additionally, the cg is the sonic speed/ids the diameter of the impactor noz-
measuredDcit of the sea-salt particles agree with those of zle. Furthermoreop and D are the bulk density and the

3
S§=1 Diney

7 Conclusions
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Fig. Al. Experimental setup for the calculation of the shape factor.

mass equivalent diameter of the particles arid the impact
pressure in the ELPI chamber.

If the Stokes-number exceeds a critical value, the parti- X0 & o o e, ]
cles with oneDy, are deposited on the impactor plate. The 8x10% 1 & Samper . Samper-r | o]
pressure, where 50% of the particles with eqD@} are de- G %_,'ﬁ%
posited on the plate, is defined as the impaction pregsisre i 6x107 éj_./_,,.-v’ .
The connection betweeBy, (respectivelyDme) and psg is: = . g.;;.-/v

8 4x107 @,/-f'v/" .
Dme 2 o
po-Dva=pp-——=k1-p5gtk, (A2) o 2x10* | e 1
Xv _9;,?'/
where x,, is the shape factor of the free molecular regime Or 1 g 1 1 1 1 1 ]
and k]_ and k2 are two constants which will be derived 0 1X1072X1073X1074X1075X1076X1077X107
in the following. ReplacingDme in Eg. (A2) through b % [kg?*m*s]
_ Dmob Ce(Dme) ; i 0
Dme=—72"Clhmes (seeDeCarlo et al.2004) yields: s
Cc(Dmob) 2
Pp'Dmob:XvXCm (k1p50+k2> ) (A3) Fig. A2. The productopDmgp is plotted againspéo for the PSL,

NaCl, (NHz)» SO, and sea-salt (sample I) particles, to determine the
wherey. is the shape factor in the continuum regint&. is shape factor of the (NfJ2SOy4 and the different sea-salt particles.
the slip correction. The constaritsandk, were determined
with Polystyrol-Latex (PSL) particles. For severBlyop
the corresponding impaction pressyrg values were de- (NH4)2SOy particles lies in the middle between the product
termined. In FigA2, the producippDmop is plotted against ~ for PSL and NaCl. Therefore for the calibration measure-
pgo for the PSL particles. Sincg,=xc=1, Dmob=Dme and ments a shape factor of 1.04 (as stated in literatBiskos
pp is known for these particleg; andk, can be determined et al, 2006k Zelenyuk et al.2006 was considered for this
from the slope and the location of the linear regression line. kind of particles in the used size range.

For the NaCl, (NH)2,SO; and the sea-salt particles, the
values of psg were determined for severdmgqp, as well.
For pp of the different sea-salt samples, the values listed inAppendix B
Sect. 2 were used. In Fi\A2, the producipp Dmon is also
plotted agains]véo for the NaCl, (NH)2SOy and the sam-  The calibration of the relative humidity (saturation) inside
ple | particles exemplarily. The data points of sample Il andof LACIS was performed with (Nk)>SO, particles with
Il are nearly identical to sample I. The collected data pointsa dry Dnop,=200nm. To investigate the influence of the

were approximated by a linear regression. particle shape on the RH calibration, the dry mobility di-
It is obvious that the NaCl and sea-salt particles possess ameter was corrected with shape factors of 1.00 and 1.04.
similar aerodynamic behavior. So the produglxccci((DTfn"eb)) In Fig. BB1, RHs as determined from the hygroscopic

is nearly identical for the NaCl and the sea-salt particlesgrowth of NaCl particles with a dry mass equivalent di-

(the difference between the shape factors is about 0.003, i.eameter Dmg, of 185nm are plotted versus RHs resulting

negligible). Therefore the shape factor of 1.08 was usedrom the calibration with (NH)>SOy particles assuming a
Ce(D,

for the sea-salt particles. The produ@tXchr”:S) for the shape factor of 1.00 (open squares) and a shape factor of
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