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Abstract. We measured the mobility equivalent critical dry rectly related to radiative forcing and the hydrological cycle.
diameter for cloud condensation nuclei (CCN) activation Thus, it is important to measure the CCN number concen-
(d._me) and the particle mass of size-selected SO, and  tration and CCN activity of atmospheric particles precisely
NaCl particles to calibrate a CCN counter (CCNC) precisely. (Twomey, 1974; Lohmann and Feichter, 2005, and refer-
The CCNC was operated downstream of a differential mobil-ences therein).
ity analyzer (DMA) for the measurement @f ... The par- CCN number concentration is measured using a CCN
ticle mass was measured using an aerosol particle mass agounter (CCNC). Several types of CCNCs have been de-
alyzer (APM) operated downstream of the DMA. The mea- veloped (McMurry, 2000; Nenes et al., 2001; Roberts and
surement of particle mass was conducted for 50-150-nm pamenes, 2005). In most CCNCs, supersaturated conditions
ticles. Effective densitiesogs) of (NH4)2SO4 particles were  are produced by creating a temperature difference on wetted
1.67-1.75gcm?, which correspond to dynamic shape fac- walls. CCN-active particles grow to large droplets in the ar-
tors (x) of 1.01-1.04. This shows that (MpSOq particles tificial supersaturated environment. The number of droplets
are not completely spherical. In the case of NaCl particles,s then counted using an optical particle counter (OPC) (e.g.,
peff Was 1.75-1.99 g cn? andy was 1.05-1.14, demonstrat-  Stratmann et al., 2004; Roberts and Nenes, 2005) or a charge
ing that the particle shape was non-spherical. Using these excoupled device (CCD) camera (Otto et al., 2002). The most
perimental data, the volume equivalent critical dry diameterimportant parameter in CCN measurement is the precise
(dc_ve) Was calculated, and it was used as an input parameteyalue of the supersaturatios)(inside the instrument, which
for calculations of critical supersaturatiofi)( Several ther-  ensures compatibility with other studies (Seinfeld and Pan-
modynamics models were used for the calculation of waterdis, 2006).
activity. When the Pitzer model was employed for the cal- g inside a CCNC can be calculated theoretically (e.g.,
culations, the criticab calculated for (NH)2SOy and NaCl  Nenes et al., 2001; Stratmann et al., 2004; Roberts and
agreed to well within the uncertainty of 2% (relative). This Nenes, 2005). These theoretical studies are indispensable
I‘eSU|'[ demonstrates that the use Of the Pitzel’ m0de| fOI‘ th%r deve|0ping CCNCs. However, theoretica| resu|ts are not
calibration of CCNCs gives the most accurate valus.of sufficient for practical observations and experiments as the
ideal instrument does not exist and instrumental conditions
can change with time. Therefore, routine calibrations are re-
1 Introduction quired for the operation of CCNCs (e.g., Rose et al., 2008).
Unfortunately, there are no instruments that can measure
The number concentration of cloud condensation nucleiS directly; thus, we have to choose an alternative method
(CCN) is an important parameter for cloud microphysics_for calibration. In most CCN StUdieS, the critical dry di-
The number concentration and size distribution of cloud@meters (the threshold diameters for CCN activatifh,of
droplets are affected by changes in the CCN number concerfaboratory-generated particles are measured using a CCNC
tration. Consequently, CCN number concentration is indi-connected to a differential mobility analyzer (DMA) in tan-
dem to calibrate the instruments. Then, the criti€aklues
corresponding to the observeédvalues are calculated using
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al., 2005), and some studies also use NaCl particles (Rissvherem , is particle mass, ang,, is the material density. In
man et al., 2007; Shilling et al., 2007; Rose et al., 2008).the DMA-APM systemd,,. is known as it is prescribed by
However, the criticals of (NH4)2SOy particles is strongly  the DMA, andm, can be measured using the APM. Thus,
dependent on thermodynamics models (Kreidenweis et al.if we apply this experimental system to particles composed
2005), and the magnitude of the variation is large enoughof single compounds, we can obtain the conversion factor
to change the interpretation of the observation results (e.g. (\3/@) easily, aso,, is a known parameter.

Mochida et al., 2006). In the case of NaCl, the differences be-\V *

tween thermodynamics models are not as significant as thosgS
of (NH4)2SQy, and there is an excellent thermodynamics
model that is based on the various experimental data (Archer, approximation (ESA) (Dahneke, 1973),is defined by the
1992). However, it is difficult to estimate the critic&lof following equation (Kasper, 1982):

a DMA-selected NaCl particle because of its non-spherical ' '
shape (Kelly and McMurry, 1992; Zelenyuk et al., 2006a). _ Zp(dye)  Ce(dve)  dme 3)

In previous studies$ values calculated using the two dif- X = Zp(dne)  dye  Celdme)

ferent compounds did not always agree, and the magnitude

Of the diﬁerence was up to 10% (re'ative) (e_g.’ Sh||||ng et Whel’eZp iS the eleCtrical m0b|||ty, and the Sl|p COI‘reCtiOI’]
al., 2007). These discrepancies were possibly caused by tHactor (Cc) can be calculated from the following equation
uncertainties described above. Rose et al. (2008) have sudAllen and Raabe, 1985):

gested that the shape factor of NaCl particles varies between _0.009

1.0 and 1.08 based on measurements of the CCN activity of, — 1 + 2 1.142+ 0.558exp| —2— (4)
NaCl particles. We have measured this quantity more accu- dp dp

rately using a more direct method.

In this study, we measured the masses of {NMSO,; and
NaCl particles generated for the calibration of a CCNC us-
ing an aerosol particle mass analyzer (APM). The APM can
select particles according to their mass by virtue of the bal- ways appropriate to use ESA for studies)oin the tran-

ance between electrostatic and centrifugal forces (Ehara e§|t|on reg'f"e k), especially for partlcle_s that are highly
. 1996). Thus, the combination of a DMA and an APM non-spherical (Dahneke, 1973). For this purpose, the ad-

(DMA _APM system) enables us to measure the mass 01;usted sphere approximation (ASA) was introduced (Dah-

DMA-selected particles, and we can obtain parameters rel! neke, 1973). Using ASAy, can be written as follows (De-
lated to particle morphology such as (e.g., Park et al., Carlo etal., 2004):

2004). Then,S values inside the CCNC were calculated C.(dye)
using the measured,, particle mass, and several thermo- Xt = ch—f ®)
dynamics models. The calculatedvalues are compared ¢ (Zdve)

to investigate the consistency of the experimental results of

(NH4)2SOy and NacCl particles.

dy. andd,,, can also be related by, which is defined
the ratio of the drag force acting on spherical particles
Wlth diameters ofl,, andd,,.. Under the equilibrium sphere

where is mean free path of air. Although ESA is a good
approximation for slightly non-spherical particles and it is
useful to calculatey from experimental results, it is not al-

Wwhere,y r andy. denotey in the free molecular regime and
continuous regime, respectively.

2 Theoretical background 2.2 Kohler theory

2.1 The relationship ofd e and dye The wgter act'ivity of an aqueous sol.ution,,b is equal to the
saturation ratio of water vapor (Robinson and Stokes, 2002)

In this section, we summarize the relationship between mo- Pw

bility diameter ¢,,,.) and volume equivalent diametef,(), 0 = aw (6)

because the conversion df,. to d,. is needed to prepare ~”

an input parameter for calculations based ashier theory  where p,, is the vapor pressure of water apf is the sat-

(Sect. 2.2). For spherical particles,, is equal taf,.. How-  uyration vapor pressure of water. For an aqueous solution in

ever, particles are not always spherical. Using the effectivegas-liquid equilibrium,p,, is equal to the equilibrium wa-

density eff), dye is related withd,, by the following equa-  ter vapor pressure of a solution having a flat surface. In the

tion (DeCarlo et al., 2004): case of particles, the equilibrium vapor pressure of the so-
o 3 7 3 1 lution (py_aeroso) is affected by the curvature of the droplet
mp = g/’mdve = gpe"fdme (1) (Kelvin effect). The magnitude of this effect is described as
or follows (Seinfeld and Pandis, 2006)
Peff Pw_aerosol do My,
dye = d 2 — =exp| ———— 7
v Pm " ( ) Pw p(RprD[J) ( )
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whereo is surface tension),, is the molecular weight of Table 1. My, pm, andv of (NHz)»S04 and NaCl.
water, R is the gas constant; is temperaturep,, is the den-
sity of water, andD,, is the droplet diameter. Substituting
Eq. (7) into (6), we get

Mg (gmol)  py (gem3) v

o M (NH4)2SOy 132.14 1.77 3
S:Pwﬁmm:%ﬁm< w> ® NaCl 58.44 216 2
Py
wheres is the saturation ratio of water vapor. Thus, is
needed to calculate There are several expressions for the )
a, of solution. One of the most commonly used expres-3 Experiment

sions is the equation defining the molal osmotic coefficient ) ) o
(¢) (Robinson and Stokes, 2002); 3.1 Particle generation and classification

Inay, = —vmMy@ (9) The experimental setup used in this study is shown in Fig. 1.
Aqueous solutions+0.1 weight %) of (NH)>S0O, and NaCl
were prepared and introduced into an atomizer (TSI model
3076). Chemical properties of these compounds are summa-
rized in Table 1. Synthetic compressed air supplied from a
gas cylinder was used for this atomizer. Particles were dried
by passing them through two diffusion dryers (TSI model
3062) connected in tandem. Silica gel used for the diffu-
sion dryers was regenerated before each run. Then, particles
were charged with 8*1Am neutralizer, and their size was
selected by a DMA (TSI model 3081). The sheath and sam-
Ny (11) ple flow rates of the DMA were set at 3.0lpm and 0.3 1pm,
Ny + I ng respectively. The size selection of the DMA was checked by

wheren,, andn; are the numbers of moles of water (solvent) measuring size distributions of the polystyrene latex (PSL)

and solute, respectively (Pruppacher and Klett, 1997). As arpgmple; listed in Tablg 2. Th? peak diameters of the size-
example of another expression, Tang and Munkelwitz (l994)3:2”:3??;:?Si\?egr{iedtr:veltrr]nt:r?u(fj;imit;;s cl)rf1 tttiespil_ :r) Vv\c;hlrre]-
and Tang (1996) expresseg as a polynomial equation with ort diame%ers b ythe set values of tHe DMA F')I'hF;: r,andom
respect to the concentration of the solution (weight percent).prror N diameter):estimated from the PSL mea.surements Was
Thermodynamics models employed for the present study ar? 0

summarized in Appendix B. Among the models summarized ess than 0.5%.

in Appendix B, we regard that of Archer (1992) as the most3 5 CCN measurement

reliable, as it is based on a number of experimental results;

including the concentration range that is important for CCNThe CCN measurement part of Fig. 1 was used to deter-

activation (Clegg, 2007). We next derivékler theory using mine the mobility equivalent critical dry diametet.(,,.). A

gi'oﬁgr;:;r equations can easily be obtained for other expres-CCNC (Droplet Measurement Technologies, DMT) (Roberts
w-

: and Nenes, 2005) was used to measure CCN number con-
Using Egs. (8), (9), and (10), we get centration, and a condensation particle counter (CPC: TSI
Ins — doMy U(prmx (12) model 3022) was used for CN measurement. The sample

" RTpy D, Mgmy, flow from the DMA was mixed with dry compressed patrticle-

) ) free air (0.5 Ipm) to keep the sample flow rate of the DMA at

In EQ. (12), we need to know, for the calculation of. Itis ¢ 3pm. Dilution air was produced from air in the labora-
equal tom, when the particle is composed of a single com- 14y ysing a pure air generator (PAG 003, ECO Physics) and

where v is the stoichiometric number of solute ions and
molecules, and: (molality) is defined as follows:

ng
m = .
M;my,

(10)

In EQ. (10),mn, is the mass of soluté{;, is molecular weight
of solute, andn,, is the mass of water in aqueous solution.
The van't Hoff factor () is also frequently used to express
ay. The valug is defined as follows:

ay =

ponent. Then, Eq. (12) can be rewritten usihg (Eq. 1), a high-efficiency particulate air (HEPA) filter. The flow rate
3 of the dilution air was controlled by a mass flow controller.
4o My, My pmdy,
Ins = (13) The sample flow and the sheath flow rates of the CCNC were

v 3_3
RTpuwDyp Mspu (D}, = dy,) set to 0.045Ipm and 0.455 Ipm, respectively. Two tempera-

When we calculate of a single particle as a function &f,,  ture gradient4T) conditions of the thermal gradient cham-
|t has a maximum Va|ueS Corresponding to th|S Va|ue iS ber inSide the CCNC were Used as ShOWI’l in Table 3s0 that
called the criticalS. If the particle is subjected to ghgreater ~ the measurement was performed at tfvwalues. Solenoid

than the criticals, the particle can grow into a cloud droplet. PUmps used for water circulation in the CCNC were replaced
by external peristaltic pumps for flow stabilization. The air
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Table 2. List of PSL particles used for the calibration of the DMA and APM.

dp Om Massrange  Manufacturer
(nm)  (genT3)@ (fg)° (product name)

48+1 1.061 0.058-0.065 JSR corporation
(STADEX SC-0050-D)

61+1 1.065 0.12-0.13  JSR corporation
(STADEX SC-0060-D)

76+2 1.057 0.22-0.26  JSR corporation
(STADEX SC-0075-D)

102+3 1.05 0.53-0.64 Duke Scientific Corporation
(NANOSPHERE SIZE STANDARDS)
152+5 1.05 1.7-2.1 Duke Scientific Corporation

(NANOSPHERE SIZE STANDARDS)

@ Density given by the manufacturers as a reference.
b particle mass was calculated using the diameter range and density.

g ETR.TE?EH.’.?.TE.'.‘E - 0.154 PSL =102 +3 nm
B o DMA (set) = 103.5 nm
Compressed air, o Drttusion dryer A HOMAl g g g
c
Y e e ! S 0.10
R00="m"=|CompressorHEPAfiIter — ' g
3% PAG: pure air generator |________a| -;
MFC: mass flow controller CCN measurement ﬁ
® :valve = 0.05
o]
£
Fig. 1. Experimental setup used in this study. o
oy
0.00 — | . | . | . | .
circulation system for the OPC drying system was plugged 0.40 0.50 0.60 0.70
to stabilize the airflow in the chamber. The reproducibility of m, (fg)

d._me Measurement was tested using QMEO, particles.

The random errors associated with,,, measurement were Fig. 2. Example mass distribution of PSL particles prescribed by
0.1 and 0.3nm foAT1 andAT2, respectively. The influ- the DMA.

ence of this error on the criticdl was calculated to be negli-

gibly small (less than 0.001%, absolute). Although, we em-(TSI model 3022). To calibrate , and peff measurement by
ployed the CCNC manufactured by DMT, the present resulithe DMA-APM system, the masses of DMA-selected PSL
is applicable for other types of CCNCs, as they are calibratecparticles were measured. Figure 2 shows an example of a

similarly (e.g., Snider et al., 2006; Frank et al., 2007). mass distribution of DMA-selected PSL particles. The peak
of the distribution, which corresponds #@,, was obtained
3.3 DMA-APM system by fitting the distribution by a Gaussian function. The mea-

sured values of1, agreed with the calculated values within
the errors associated with PSL particles (Table 2). Density
! : calculated using Eqgs. (14) and (1) (in this case, we can as-
Them, selected by the APM is described as follows (Eharasum&lvez e, @S PSL particles have spherical shape) agreed
etal., 1996), with the values given by the manufacturers to within 5%,
neVapm and this difference was corrected for inorganic salt particles.
"Mp = 272 IN(ra/r1) (14) Linear interpolation was employed for the correction, as the
. . difference was size-dependent. Relative contributions of the
where.n Is the number of gharges;s the elementary chgrge, DMA and APM to the difference were not quantified. The
Vapm is the voltage applied to the APMy is the rotation . 46m error associated with thes measurement by the
speed, and, r1, andr; are the center, inner, and outer radii of DMA-APM system was 1%, estimated from PSL measure-

the APM operating space, respectively. Particle number CONz ants

centration downstream of the APM was measured by a CPC

An APM (APM 302, KANOMAX JAPAN, Inc.) was em-
ployed to measure:, of particles prescribed by the DMA.

Atmos. Chem. Phys., 9, 5923932 2009 www.atmos-chem-phys.net/9/5921/2009/
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Table 3. Temperatures of the thermal gradient chamber in the (a)
CCNC.T1, T2, andT3 correspond to the temperatures at the top, 7 (NH,),SO
middle, and the bottom of the chamber, respectively. 7 vz

1.0+
4 @ ATl
T inlet (K) T1(K) T2 (K) T3 (K) 1 O AT2

AT1 301.3t0.1 300.480.02 301.86:0.02 303.16:0.02
AT2 301.9:0.1 301.18-:0.02 303.180.02 305.08:0.02

CCN/CN

0.5

The measurement pfs was performed four times. RUN1 0.0 : : : :
and RUN2 were performed prior .to_CCN measurement. 60 80 100 120 140
RUN3 was performed soon after (within 5 h) the CCN mea- (b)
surement atA71, and we concentrated on the size range
that is important for CCN activation under these conditions. 1 NaCl
Likewise, RUN4 was performed soon after the CCN mea- 107 @ ATI
surement anT?2. 1 o aT2

de (NM)

CCN/CN

4 Results and discussion 0.5

4.1 d._ge of inorganic salt particles

Figure 3 shows experimental results for the CCN measure- 0.0 ]
ment of (NH;)2SOs and NaCl particles. CCN/CN ratios
monotonically increase with increasing diameter and ap-
proach unity. The CCN/CN ratios are fitted by a sigmoid
function (Eq. 15):

I I I I I
60 80 100 120 140

dime (NM)

Fig. 3. CCN activation curves of (N)2SO4 and NaCl particles

CCN b under two experimental conditionA{"1 andAT2).
—— =a+ (15)
CN 1+ exp(@) B
21077 \acl (OMA = 70 nm)
wherea, b, andc¢ are constants determined by the fitting. % -
de_me values were 115.2nmA(T'1) and 75.3nm AT 2) for = 20
(NH4)2SOy and 94.7nm AT1) and 63.2nm AT2) for 8 154
NaCl, respectively. 5
o
. . . B 10
4.2  peff, x and dy, of inorganic salt particles I
T
5 —
Figure 4 shows an example mass distribution of DMA- g °
selected NaCl particles measured using the APM and CPC.c 042
R .. ! . T T I I I
As in the case of PSL, these distributions were fitted by 01 0.2 0.3 0.4 05

Gaussian functions to obtain the peak of the distribution,
and then we obtained the particle masges, dy. and x

were calculated from the experimental results. The cal ig. 4. Example mass distribution of NaCl particles prescribed by

culated Values_ are summarized in Fig. 5. ESA Wasl US€4he DMA. The solid line is the fitting result of the experimental data
to calculatey in all cases, as(y and x. are not avail- 135 Gaussian function.

able. In the case of (NH2SOy, the measured values of

peft (1.67~1.75 g cnm3) were slightly smaller than the bulk

density (1.77 gcmd) (Fig. 5a), andy was slightly larger  for 6-60-nm (NH)>SO; particles of 1.02 to explain the dis-
than unity (1.0%1.04) (Fig. 5b). These values are similar crepancy between theoretical calculations and experimental
to those obtained by Zelenyuk et al. (2006a), who showedesults of the hygroscopicity measurement. These results in-
that the x of (NH4)2SO, is 1.03£0.01 at 160 nm using a dicate that (NH)2SOy particles do not have a completely
DMA and a single-particle laser ablation time-of-flight mass spherical shape, as observed by electron microscope (Dick
spectrometer (SPLAT). Biskos et al. (2006a) estimated a et al., 1998; Zelenyuk et al., 2006a). Comparing the results

m, (fg)

www.atmos-chem-phys.net/9/5921/2009/ Atmos. Chem. Phys., 9, 5932-2009
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(al)ao @ Table 4. Values ofd,_,. used for the calculation df.
CUNMDSOL 224NaCl
A o « ° :.- .. e 20] oo AT1 AT2
5 17040 ° "d" 8 Ce ot ¢ S b o ® “e0e0%e .
¢ ¢ 184 0% ¢ (NH4)2SO4 NaCl (NH)2SO4 NaCl
reo o mnz o ;ﬂﬁi o vukdensty] S Ruve s Ao - bukaensiy dc_ve (NM)  113.9 903 740 59.2
60 80 100 120 140 60 80 100 120 140
de (NM) Apne (NM)
(b) (e)
1.20
Lo 1001 . RS RN “57”3“ Mikhailov et al. (2004) estimated that is equal to 1.06
‘. e, (99nm) and 1.07 (201 nm) from hygroscopicity measure-
BT I SR S B SRR PO . ments. These values show that the shape of NaCl particles is
D 1059 e hun e RUNS significantly different from spherical. Our results shown in
M 100 T Fig. 5 are similar to these other studies except for RUN4. In
e () ] e () that casey was systematically higher than the other cases
© ® (1.10~1.14). This value is higher than the for a cubic

(NH,),SO,
1409 g, =099d,,

1404 g, 0954, shape in the continuous regime (1.08) (Hinds, 1999). Biskos

et al. (2006b) showed that calculated by ASA for a cubic

shape is needed to explain hygroscopic growthi,pf=6—

60-nm NacCl particles.y is about 1.2 ford,,,=50-100 nm
when we employ ASA to calculate the of cubic particles.

o RN Thus, we regard the results of RUN4 as quite reasonable,

o Ros considering that the shape of NaCl particles is cubic with

® RUN4

120+

100

dye (Nm)

80+

® RUNL
® RUN2 60
® RUN3
® RUN4

e e i e e e e rounded edges (Zelenyuk et al., 2006a). Figure 5f shows the
dne (O1) de (M) relationship betweed,,. andd,. of NaCl particles.d,. is
_ ) smaller thani,,. by 3—7%, and the value of the slope is 0.95.
Fig. 5. pef, x, anddy. of (NH4)2S04 and NaCl particles measured - Thjg shows that morphology should be considered when us-
using the DMA-APM system.(a) peft Of (NH4)2SQ4, (b) x of - jnq NaCl particles for calibration experiments (Rose et al.,
(NH4)2S0y, (€) dve Of (NH4)2SC, (d) petf oFNaCl,(€) x of NaCl, 5540)  The measurements gfand perr without employ-
d(f) dy. of NaCl particles. . ) . L -
and(f) dve of NaCl particles ing thermodynamics models are limited to the size range of
<150 nm (e.g., Kelly and McMurry, 1992). Our data are also

useful for the investigation of the hygroscopic growth of par-
of RUN1~ RUN4, systematic differences are observegk ticles in this size range.

was the highest in RUN2 and lowest in RUN4. These dif-

ferences are greater than the uncertainty ofdfjemeasure- 4.3 Calculation ofS

ment (1%). Zelenyuk et al. (2006b) reported that rapid dry-

ing causes particles to have a more irregular shape. Thusn this section, we estimatginside the CCNC using exper-
we suspect that these differences found are possibly causéghental results shown in Sects. 4.1 and 4.2. In order to cal-
by different conditions of the silica gel in the diffusion dryer culate volume equivalent critical dry diametef. (), de_ne

in each run. Figure 5c¢ shows the relationship betwégn  and pef at d.._,.. are required (Eq. 1). Thé._,. shown in
andd,, of (NH4)2S0; particles. As can be easily expected Sect. 4.1 was used, apgy atd. . was calculated by inter-
from the values ofy, the slope is almost equal to unity polating the corresponding experimental result of the DMA-
(0.99). Considering that the error in the diameter of PSL par-APM system measurement (RUN3 and RUN4 foF 1 and
ticles is typically about 3% (Table 2), this result shows that AT2, respectively). The values df_,. used for the calcu-
(NH4)2SOy particles can be treated approximately as spher{ation are summarized in Table 4. The calculation was per-
ical in most cases. formed using the temperaturesz2 (Table 3).

Figure 5d and e showes and x of NaCl particles, re- Table 5 shows the calculated results. As discussed in
spectively. per (1.75~1.99gcnT3) was smaller than the Sect. 2.2, we regard the model of Archer (1992) as the most
bulk density (2.16 gcm?), and x was significantly larger reliable. Using this models values were calculated to be
than unity (1.05-1.14). Kelly and McMurry (1992) used 0.117% and 0.220% foaT'1 andAT 2, respectively. Thus,

a DMA and an impactor to measurg¢ of NaCl parti-  we regard these values as the most probable valudsirof
cles @n.=111nm). They reported thais was equal to  the CCN chamber.

1.86gcnT3 (x=1.08). Zelenyuk et al. (2006a) measuyed In the case of NaCl particles a&t71, the value calcu-

of NaCl (,,,=160~850nm) using a DMA and a SPLAT. lated using the approach of Tang (1996) was the lowest,
They showed thaper~1.95gcm? (x~1.06) at 160nm. and a higherS value was obtained with the approach of

Atmos. Chem. Phys., 9, 5923932 2009 www.atmos-chem-phys.net/9/5921/2009/
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Table 5. S values calculated using several thermodynamics models. See text for the input parameters and descriptions of the models. “N/A’
denotes that the thermodynamic data is not available.

AT1 AT2
Model (NH)2SO4(%) NaCl (%) (NHy)2SO(%) NaCl (%)
Ideal solution approximation  0.110 0.115 0.207 0.214
Archer (1992) N/A 0.117 N/A 0.220
Clegg et al. (1996) 0.117 N/A 0.225 N/A
Pitzer and Mayorga (1973) 0.117 0.117 0.225 0.220
Young and Warren (1992) 0.118 N/A 0.228 N/A
Tang and Munkelwitz (1994) 0.135 N/A 0.256 N/A
Tang (1996) N/A 0.113 N/A 0.211
Kreidenweis et al. (2005) 0.139 0.115 0.262 0.215

Kreidenweis et al. (2005) and the ideal solution approxima- 1.0 ; icalS. matRH=95% 06
tion. The values calculated using the Pitzer models (Pitzer M ’
and Mayorga, 1973; Archer et al., 1992) are the same. For s !
(NH4)2SOy at AT1, values similar to those of Archer (1992)
were obtained when we employed the Pitzer models (Pitzerz
and Mayorga, 1973; Clegg et al., 1996). This indicates the £ ' '
validity of the Pitzer model for the calculation 8f A simi- 8 0.6 (NH22SO, N
lar value was obtained based on the work of Young and War- < - Debye-Hackel ' T
ren (1992). The ideal solution approximation for (NSO, | - short-range forces
gave the lowesS. This indicates the inappropriateness of ;
the use of this approximation for (NbbSOy. Parameteri-
zations by Tang and Munkelwitz (1994) and Kreidenweis et
al. (2005) estimated the highest valuesofThese values are
significantly higher than those of Archer (1992). In the caserig. 6. ¢ and related parameters for an aqueous solution of
of AT2, the trend is similar taA7T1. For NaCl particles, (NH4),S0y calculated based on the work of Clegg et al. (1996).
ay, given by Tang (1996) gave the loweSt and the Pitzer  “Debye-Hickel term” is the first two terms in Eq. (B2), and “short-
models (Pitzer and Mayorga, 1973; Archer, 1992) gave therange forces”corresponds to the third and fourth terms in the same
highestS. In the case of (N)2SQy, the ideal solution ap- equation.

proximation gave the lowest values, and the Pitzer models

(Pitzer and Mayorga, 1973; Clegg et al., 1996) and that of

Young and Warren (1992) gave similar values. These trend8f the Debye-Hickel effect. Howeverg increases with the
are similar to that of Rose et al. (2008). However, unlike theincrease inm for m>2molKg~* due to short-range forces.
case OfAT1, a relatively large difference (0.005% in abso- This shows that the thermodynamic properties of {30y

lute terms) between Clegg et al. (1996) and Archer (1992)solutions change at around 1.5 molg Values ofi at crit-

was observed akT2. So far, we have been unable to deter- ical S values of (NH)2SOy particles were calculated to be
mine what caused this difference. 0.01~0.2 mol Kg—l (S:O].’\*l%), and thus the parameteri-

) ) _ ) zations based on a concentration range:of1.5 mol Kg-t
To summarize the above discussion, the Pitzer modelgre not always appropriate to calculate criti§atalues be-
(Pitzer and Mayorga, 1973; Archer, 1992; Clegg, 1996)cause they overestimate the magnitude of the non-ideality of

are valid to estimate critica values within an uncertainty - the solution, which corresponds to an overestimation of crit-
of 2% (relative). The ideal solution approximation gives jcg .

lower values of the criticab, and the parameterizations by

Tang and Munkelwitz (1994) and Kreidenweis et al. (2005)

yield higher values for (N#2SQ4. These parameteriza- 5 Summary and conclusion

tions are based on the data of hygroscopic growth up to

RH=95%. The concentration of the (MI3SOy solution at  In this study, we measured CCN/CN ratios ang of size-

this RH is aboutn=1.5molKg. Figure 6 shows the selected (NH)2SOs and NaCl particles. CCN/CN ratios
of (NH4)2SOy given by Clegg et al. (1996). In the case of were measured using a CCNC and a CPC,apdvas mea-
m<1molKg1, ¢ decreases with an increaserinbecause  sured using an APM and a CPC. The CCNC was operated
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under two conditionsAT1 and AT2). Thed,_,. values —1_ Vi 2UmVx (0
0 =1— |znzclAg +m ( o

of (NH4)2SOy were 115.2nm AT1) and 75.3nm AT 2). 1+1.2J1

In the case of NaCl, these values were 94.7 ¥ {) 2un 0. )32

and 63.2nm AT2). d,. calculated fromm, and p,, were +ﬂ,ﬂ,})xexp(—a«/7)> + nﬂ%cfm. (B1)

smaller thand,,, by about 1 and 5% for (N|j>SO; and ] )

NaCl, respectively. Thus, it is a good approximation to treat 1D first two terms are derived from Debyeitkel theory,
(NH4)2S0y particles as spherical particles. and the third and fourth terms express short-range interac-
d. .. values were estimated froi ., and measureges, tions (e.g.,_ ion-molecular interac_tions% can be cz_:llculated_
and they were used as input parameters folr theory cal- S @ function of temperature using th_e polynomial equation
culations. Thens$ values inside the CCNC were estimated 9iven by Clegg et al. (1994), which is based on the study
using several thermodynamics models. In these calculation®f Archer and Wang (1990). Pitzer and Mayorga (1973) de-

we regarded that the Pitzer model for NaCl (Archer, 1992)termined three parameterg(fy, firy andC ) for NaCl
was the most reliable, as it was in excellent agreement witfand (NH:)2SOy using experimental data reviewed by Elec-
the experimental data, including the concentration range thatfolyte Solutions (Robinson and Stokes, 2002). The model
is important for CCN activation. The values obtained for has been used for the calibration of CCNCs (e.g., Mochida
(NH4)2SO; and NaCl agreed to within a difference of 2% €t al., 2006) and compared with other models by Rose et
(relative) when the Pitzer model was employed for the cal-al. (2008).

culation. This result indicates that application of the Pitzer Archer (1991) modified Eq. (B1) as follows:

model for calibrating a CCNC gives the most probable val- JI 5
ues ofS. 0 =1 |zmzalAg g 2Um U
1+ 121 v
4 2
Appendix A (51(12))( + ﬂl(é)xexp(_aﬁ)) 4 m2m
0 1
List of parameters (C,(W)X + Cj(w)xexp(—azﬁ)) (B2)
See Table A1. Archer (1992) gave the parameters of the above equation for

NacCl as a function of temperature and pressure. Experimen-
tal data used by Archer (1992) cover the concentration range

Appendix B that is important for the calculation of critical (on the or-
_ _ . der of 10°1~10-2m). Thus, we regard this model as giving
Thermodynamics models fora,, of inorganic salt the most reliable value (Clegg, 2007). Note that the correc-

. ) ) _ tion given by Clegg et al. (1994) should be employed for the
In this section, we review the thermodynamms m_odels of use of the work of Archer (1992). Clegg et al. (1996) ob-
(NH4)2SOs and NaCl employed in this study to estimate  ained parameters for Eq. (B2) for (NSOs, and their re-
in the CCNC. sults have been used in some CCN studies (e.g., Kumar et
al., 2003), and it has been compared extensively with other

B1  Ideal solution approximation models by Kreidenweis et al. (2005).

The simplest model is the ideal solution approximation
(¢=1). Although it may be too simple (e.g., Young and War-

ren, 1992), this approximation has been used to Fa"brat%nother method to express the non-ideal behavior of inor-
CCNCs in many studies (e.g., Raymond and Pandis, 2002, ic electrolyte solutions is the useiofOne of the most

Roberts and Nenes, 2005). The manufacture of CCNC alsQigely used expressions fowas derived by Young and War-
relies on this model (Shilling et al., 2007). Thus, itis impor- .o, (1992):

tant to compare this model with more sophisticated models.
i = 1.9242— 0.1844In(m) — 0.007931In(m))? (B3)

B3 van't Hoff factor

B2 Pitzer model
This equation is applicable only to (Nb$SO4. The value

Pitzer developed a semi-empirical model to calculate from this model has been used in some studies (e.g., Sven-
(Pitzer, 1973). Using the original Pitzer modelof a sin-  ningsson et al., 2006; Frank et al., 2007) and compared with
gle electrolyte can be calculated by the following equationother models by Rose et al. (2008).

(see Appendix A for the notation of parameters):

B4 Polynomial equation
Tang and Munkelwitz (1994) and Tang (1996) measured
hygroscopic growth of (NSO, and NaCl using the

Atmos. Chem. Phys., 9, 5923932 2009 www.atmos-chem-phys.net/9/5921/2009/
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Table Al. List of parameters.

5929

Parameters

a; coefficients in the polynomial equation for water density given by Kell (1975)

ay water activity

Agp Debye-Hickel constant for the osmotic coefficient

Cc Cunningham slip correction factor

C; coefficients in the polynomial equation for water activity given by Tang and Munkelwitz (1994) and Tang (1996)
CX} X C}V?)X, Cz(\;)x parameters for the Pitzer equation

de critical dry diameter for CCN activation

dCJ’l’le ’ dC,Ue

dme
dye

Ny
ng

S
Pw

Pw_aerosol
R

r,ri,r2
N

S

T

AT
Vapm
X

Zp
ims Zx
o

o

© L@
fMX’ Pux

Peff
Pm

Pw
v

Um, Ux
¢

w

X
Xer Xty X f

critical dry diameter (mobility equivalent diameter and volume equivalent diameter, respectively)

mobility equivalent diameter

volume equivalent diameter

droplet diameter

particle diameter

elementary charge

ion strength

van't Hoff factor

molality of solution

mass of particle

mass of water

mass of solute

molecular weight of water

molecular weight of solute

particle charge

number of moles of water

number of moles of solute

saturation vapor pressure of water

equilibrium water vapor pressure of aqueous solution having a flat surface
equilibrium water vapor pressure of aerosol particle
gas constant

center, inner, and outer radii of the operating space of the APM
saturation ratio of water vapor

supersaturation of water vapor

temperature (K)

temperature difference along the CCNC column
voltage applied to APM

concentration of solution in weight percent (%)
electrical mobility

charges of ions: andx

a constant in the Pitzer equation

a constant in the revised Pitzer equation given by Archer (1991)

parameters in the Pitzer equation

mean free path of air

surface tension

effective density

density of the material in the particle

density of water

vm+vuy (for a salt compounds written dgv,, Xvy)
stoichiometric number of iona andx

molal osmotic coefficient

rotation speed of APM

dynamic shape factor

dynamic shape factor of continuum, transition, and free molecular regimes

www.atmos-chem-phys.net/9/5921/2009/
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whereC; are constants, andis the concentration of the solu-

tion in weight %. This model has also been used to calibrateedited by: G. Roberts

a CCNC (e.g., Snider et al., 2006) and compared with other

models by Kreidenweis et al. (2005) and Rose et al. (2008).
Kreidenweis et al. (2005) fitted the growth factors (GFs) of

(NH4)2SOy and NacCl particles measured by a hygroscopic

tandem DMA with the following equation:

References

Allen, M. D. and Raabe, O. G.: Slip correction measurements of

dme wet ay 1/3 spherical solid aerosol particles in an improved Millikan appara-

GF = y - = (1 + (a + bay, + cai) 1 > (B5) tus, Aerosol Sci. Tech., 4, 269-286, 1985.
me _dry — Aw Archer, D. G. and Wang, P.: The dielectric constant of water and
wherea, b, andc are constants, ant),,_wet andd,,._dry de- Debye-Hickel limiting law slopes, J. Phys. Chem. Ref. Data, 19,

; ; : i« 371-411,1990.
note the wet and dry particle diameters, respectively. This T : .
model has also been used for some CCN studies (e.gArcher, D. G.: Thermodynamic properties of the NaBr 30Hsys-

. ) " tem, J. Phys. Chem. Ref. Data, 20, 509-535, 1991.
Mochida et al., 2006; Rose et al., 2008). Archer, D. G.: Thermodynamic properties of the NaCl 3(Hsys-

tem 1. Thermodynamic properties of NaCl(aq), NaChZ¥{cr),
and phase equilibria, J. Phys. Chem. Ref. Data, 21, 793-821,

Appendix C 1992,
Biskos, G., Paulsen, D., Russell, L. M., Buseck, P. R., and Martin, S.
pw and o T.: Prompt deliquescence and efflorescence of aerosol nanopar-

. ticles, Atmos. Chem. Phys., 6, 4633—4642, 2006a,
Here we summarize values pf, andoe employed for the cal- http://Awww.atmos-chem-phys.net/6/4633/2006/

culation of criticalS. p,, depends both on temperature (Kell, pjskos, G., Russel, L. M., Buseck, P. R., and Martin, S. T.: Nano-
1975) and the concentration of solute (Tang and Munkelwitz,  sjze effect on the hygroscopic growth factor of aerosol particles,
1994; Tang, 1996). However, the density of the solution is  Geophys. Res. Lett., 33, L07801, doi:10.1029/2005GL025199,
available only at 25C, and the influence of the solute on the  2006b.

density of solution near the criticdD, is estimated to be Clegg, S. L., Rard, J. A., and Pitzer, K. S.: Thermodynamic prop-
small. Thus, we employed the temperature-dependent water erties of 0-6molKg* aqueous sulfuric acid from 273.15 to

density given by Kell (1975), which is written as follows: 328.15K, J. Chem. Soc. Faraday T., 90(13), 1875-1894, 1994.
Clegg, S. L., Milioto, S., and Palmer, D. A.: Osmotic and activ-

5 ) ity coefficients of aqueous (NH>SOy as a function of tempera-
' a;T ture, and aqueous (NphSOy-H2SOq mixtures at 298.15K and
o= =0 (C1) 323.15K, J. Chem. Eng. Data, 41, 455-467, 1996.
1+a1T Clegg, S. L.: Interactive comment on “Calibration and measure-

ment uncertainties of a continuous-flow cloud condensation nu-

o also depends on temperature and chemical composition S/¢! counter (DMT-CCNC): CCN activation of ammonium sul-
fate and sodium chloride aerosol particles in theory and exper-

(Semfelq and Pandis, 20_06)' We employed the following set iments” by D. Rose et al.,, Atmos. Chem. Phys. Discuss., 7,
of equations to calculate: S4180-S4183, 2007.

whereq; are constants.

Dahneke, B. E.: Slip correction factors for nonspherical bodies-IlI

_ 3
ONHy25Q, = OwatedT) + 217 10 "MnHg2sar - (C2) the form of the general law, J. Aerosol Sci., 4, 163—170, 1973.

. _3 DecCarlo, P. F., Slowik, J. G., Worsnop, D. R., Davidovits, P., and
oNacl = 0_wated 7) + 1.62 x 10~ “Mnac (C3) Jimenez, J. L.: Particle morphology and density characteriza-
where tion by combining mobility and aerodynamic diameter measure-

ments. Part 1: Theory, Aerosol Sci. Tech., 38, 1185-1205, 2004.
T. — T\1256 Dick, W. D., Ziemann, P. J., Huang, Po-Fu., and McMurry, P. H.:
_ 3 c . . .
owatedT) = 2358 x 1077 | —— Optical shape fraction measurements of submicrometre labora-
_ ¢ tory and atmospheric aerosols, Meas. Sci. Technol., 9, 183-196,
- 1998.
1-0.625( = T. = 647.15K c4

< ( T, >>( ¢ ) (©4) Ehara, K., Hagwood, C., and Coakley, K. J.: Novel method to

. . . classify aerosol particles according to their mass-to-charge ratio-
Equations (C2) and (C3) are taken from Seinfeld and Pandis ,ero50] particle mass analyzer, J. Aerosol Sci., 27(2), 217-234,

(2006) and Eg. (C4) was given by Vargaftik et al. (1983). 1996.

Atmos. Chem. Phys., 9, 5923932 2009 www.atmos-chem-phys.net/9/5921/2009/


http://www.atmos-chem-phys.net/6/4633/2006/

M. Kuwata and Y. Kondo: Measurements of particle masses of inorganic salt particles for calibration of CCN 5931

Frank, G. P., Dusek, U., and Andreae, M. O.: Technical Note: Char-Rissman, T. A., Varutbangkul, V., Surratt, J. D., Topping, D. O.,
acterization of a static thermal-gradient CCN counter, Atmos. McFiggans, G., Flagan, R. C., and Seinfeld, J. H.: Cloud con-

Chem. Phys., 7, 3071-3080, 2007, densation nucleus (CCN) behavior of organic aerosol particles

http://www.atmos-chem-phys.net/7/3071/2007/ generated by atomization of water and methanol solutions, At-
Hinds, W. C.: Aerosol Technology, John Wiley and Sons, Inc., mos. Chem. Phys., 7, 2949-2971, 2007,

1999. http://www.atmos-chem-phys.net/7/2949/2007/

Kasper, G.: Dynamics and measurements of Smokes. | size chara®koberts, G. C. and Nenes, A.: A continuous-flow streamwise
terization of nonspherical particles, Aerosol Sci. Tech., 1, 187— thermal-gradient CCN chamber for atmospheric measurements,

199, 1982. Aerosol Sci. Tech., 39, 206-221, 2005.

Kell, G. S.: Precise representation of volume properties of water aiRobinson, R. A. and Stokes, R. H.: Electrolyte Solutions, second
one atmosphere, J. Chem. Eng. Data, 12(1), 66-69, 1967. revised edition, Dover Publications, Inc., 2002.

Kelly, W. P. and McMurry, P. H.: Measurements of particle den- Rose, D., Gunthe, S. S., Mikhailov, E., Frank, G. P., Dusek, U.,
sity by inertial classification of differential mobility analyzer- Andreae, M. O., and #&schl, U.: Calibration and measurement
generated monodisperse aerosols, Aerosol Sci. Tech., 17, 199— uncertainties of a continuous-flow cloud condensation nuclei
212, 1992. counter (DMT-CCNC): CCN activation of ammonium sulfate

Kreidenweis, S. M., Koehler, K., DeMott, P. J., Prenni, A. J., Car-  and sodium chloride aerosol particles in theory and experiment,
rico, C., and Ervens, B.: Water activity and activation diameters ~ Atmos. Chem. Phys., 8, 1153-1179, 2008,
from hygroscopicity data — Part |: Theory and application to in-  http://www.atmos-chem-phys.net/8/1153/2008/
organic salts, Atmos. Chem. Phys., 5, 1357-1370, 2005, Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and
http://www.atmos-chem-phys.net/5/1357/2005/ Physics, John Wiley and Sons, Inc., New York, 2006.

Pradeep Kumar, P., Broekhuizen, K., and Abbatt, J. P. D.: OrganicShilling, J. E., King, M. E., Mochida, M., Worsnop, D. R., and
acids as cloud condensation nuclei: Laboratory studies of highly Martin, S. T.: Mass spectral evidence that small changes in com-
soluble and insoluble species, Atmos. Chem. Phys., 3, 509-520, position caused by oxidative aging processes alter aerosol CCN

2003, http://www.atmos-chem-phys.net/3/509/2Q03/ properties, J. Phys. Chem. A, 111, 3358-3368, 2007.

Lohmann, U. and Feichter, J.: Global indirect aerosol effects: aSnider, J. R., Petters, M. D., Wechsler, P., and Liu, P. S.: Super-
review, Atmos. Chem. Phys., 5, 715737, 2005, saturation in the Wyoming CCN instrument, J. Atmos. Ocean.
http://www.atmos-chem-phys.net/5/715/2Q05/ Technol., 23, 1323-1339, 2006.

McMurry, P. H.: A review of atmospheric aerosol measurements,Stratmann, F., Kiselev, A., Wendisch, M., Heintzenberg, J., Charl-
Atmos. Environ., 34, 1959-1999, 2000. son, R. J., Diehl, K., Wex, H., and Schmidt, S.: Laboratory stud-

Mikhailov, E., Vlasenko, S., Niessner, R., andsehl, U.: Interac- ies and numerical simulations of cloud droplet formation under

tion of aerosol particles composed of protein and saltswith water realistic supersaturation conditions, J. Atmos. Ocean. Tech., 21,
vapor: hygroscopic growth and microstructural rearrangement, 876—887, 2004.

Atmos. Chem. Phys., 4, 323-350, 2004, Svenningsson, B., Rissler, J., Swietlicki, E., Mircea, M., Bilde, M.,
http://www.atmos-chem-phys.net/4/323/2Q04/ Facchini, M. C., Decesari, S., Fuzzi, S., Zhou, J., Mgnster, J., and
Mochida, M., Kuwata, M., Miyakawa, T., Takegawa, N., Rosengrn, T.: Hygroscopic growth and critical supersaturations

Kawamura, K., and Kondo, Y.: Relationship between hy-  for mixed aerosol particles of inorganic and organic compounds
groscopicity and cloud condensation nuclei activity for ur-  of atmospheric relevance, Atmos. Chem. Phys., 6, 1937-1952,
ban aerosols in Tokyo, J. Geophys. Res., 111, D23204, 2006,http://www.atmos-chem-phys.net/6/1937/2006/
doi:10.1029/2005JD006980, 2006. Tang, I. N. and Munkelwitz, H. R.: Water activities, densities, and
Nenes, A., Chuang, P. Y., Flagan, R. C., and Seinfeld, J. H.: A refractive indices, of aqueous sulfates and sodium nitrate droplets
theoretical analysis of cloud condensation nucleus (CCN) instru-  of atmospheric importance, J. Geophys. Res., 99(D9), 18801—

ments, J. Geophys. Res., 106(D4), 3449-3474, 2001. 18808, 1994.
Otto, P., Georgii, H-W., and Bingemer H.: A new three-stage con-Tang, I. N.: Chemical and size effects of hygroscopic aerosols on
tinuous flow CCN-counter, Atmos. Res., 61, 299-310, 2002. light scattering coefficients, J. Geophys. Res., 101(D14), 19245—

Park, K., Kittelson, D. B., and McMurry, P. H.: Structural proper- 19250, 1996.

ties of diesel exhaust particles measured by transmission electrofiwomey, S.: Pollution and the planetary albedo, Atmos. Environ.,

microscope (TEM): relationships to particle mass and mobility, 8, 1251-1256, 1974.

Aerosol Sci. Tech., 38, 881-889, 2004. VanReken, T. M., Ng, N. L., Flagan, R. C., and Seinfeld, J.
Pitzer, K. S.: Thermodynamics of Electrolytes. I. Theoretical basis H.: Cloud condensation nuclei activation properties of bio-

and general equations, J. Phys. Chem., 77(2), 268-277, 1973.  genic secondary organic aerosol, J. Geophys. Res., 110, D07206,
Pitzer, K. S. and Mayorga, G.: Thermodynamics of electrolytes. Il.  doi:10.1029/2004JD005465, 2005.

Activity and osmotic coefficients for strong electrolytes with one Vargaftik, N. B., Volkov, B. N., and Voljak, L. D.: International

or both ions univalent, J. Phys. Chem., 77(19), 2300-2308, 1973. tables of the surface tension of water, J. Chem. Eng. Data, 12(3),
Pruppacher, H. R., and Klett, J. D.: Microphysics of Clouds and 817-820, 1983.

Precipitation, Kluwer Academic Publishers, 1997. Young, K. C. and Warren, A. J.: A reexamination of the derivation
Raymond, T. M. and Pandis, S. N.: Cloud activation of of the equilibrium supersaturation curve for soluble particles, J.

single-component organic aerosol particles, J. Geophys. Res., Atmos. Sci., 49(13), 1138-1143, 1992.

107(D24), 4787, doi:10.1029/2002JD002159, 2002.

www.atmos-chem-phys.net/9/5921/2009/ Atmos. Chem. Phys., 9, 5932-2009


http://www.atmos-chem-phys.net/7/3071/2007/
http://www.atmos-chem-phys.net/5/1357/2005/
http://www.atmos-chem-phys.net/3/509/2003/
http://www.atmos-chem-phys.net/5/715/2005/
http://www.atmos-chem-phys.net/4/323/2004/
http://www.atmos-chem-phys.net/7/2949/2007/
http://www.atmos-chem-phys.net/8/1153/2008/
http://www.atmos-chem-phys.net/6/1937/2006/

5932 M. Kuwata and Y. Kondo: Measurements of particle masses of inorganic salt particles for calibration of CCN

Zelenyuk, A., Cai, Y., and Imre D.: From agglomerates of spheresZelenyuk, A., Imre, D., and Cuadra-Rodriguez, A. L.: Evaporation
to irregularly shaped particles: determination of dynamic shape of water from particles in the aerodynamic lens inlet: an experi-
factors from measurements of mobility and vacuum aerodynamic mental study, Anal. Chem., 78, 6942—6947, 2006b.
diameter, Aerosol Sci. Technol., 40, 190-217, 2006a.

Atmos. Chem. Phys., 9, 5923932 2009 www.atmos-chem-phys.net/9/5921/2009/



