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Abstract. Relationships between critical supersaturation re-modification, and removal (Graedel and Weschler, 1981;
quired for activation and particle dry diameter have beenBlando and Turpin, 2000; Ervens et al., 2011). One aspect
the primary means for experimentally characterizing cloudof clouds that is presently not well understood is the begin-
condensation nuclei (CCN) activity; however, use of the dryning of their lifetime: cloud droplet activation. The aerosol
diameter inherently limits the application to cases whereparticles that serve as nuclei for cloud droplets are called
the dry diameter can be used to accurately estimate sceloud condensation nuclei (CCN). The number concentra-
lute volume. This study challenges the requirement and protion of available CCN influences cloud droplet size, and
poses a new experimental approach, Wet CCN, for studythereby reflectivity (Twomey, 1974), as well as cloud life-
ing CCN activity without the need for a drying step. The time (Albrecht, 1989). Accurate description of the cloud
new approach directly measures the subsaturated portiodroplet activation process continues to be an active research
of the Kohler curves. The experimental setup consists ofarea (McFiggans et al., 2006; Andreae and Rosenfeld, 2008;
a humidity-controlled differential mobility analyzer and a Ruehl et al., 2012; Sareen et al., 2013; Topping et al., 2013).
CCN counter; wet diameter equilibrated at known relative The equilibrium between water vapor and a water-
humidity is used to characterize CCN activity instead of containing atmospheric aerosol particle depends on the par-
the dry diameter. The experimental approach was validatedicle (or droplet) size and its physicochemical parameters,
against ammonium sulfate, glucose, and nonspherical amkie., moles of dissolved molecules (or dissociated ions), solu-
monium oxalate monohydrate. Further, the approach was apion non-ideality, and surface tension (Pruppacher and Klett,
plied to a mixture of nonspherical iodine oxide particles. The1997; Seinfeld and Pandis, 2006); for solid particles that
Wet CCN approach successfully determined the hygroscoptake up water via an adsorption process, surface properties
icity of nonspherical particles by collapsing them into spheri- are important (Sorjamaa and Laaksonen, 2007; Kumar et
cal, deliquesced droplets. We further show that the Wet CCNal., 2009, 2011). Early research on CCN recognized the ma-
approach offers unique insights into the physical and chemjor contribution of inorganic salts, primarily ammonium sul-
ical impacts of the aqueous phase on CCN activity; a potenfate, to the composition of CCN (Twomey, 1971). Currently
tial application is to investigate the impact of evaporation/co-organic compounds are also recognized as important con-
condensation of water-soluble semivolatile species on CCNstituents of CCN due to their abundance and water solubility
activity. (Novakov and Penner, 1993). However, the chemical compo-
sition of organic-containing CCN remains largely unknown
since aerosol-phase organics comprise numerous compounds
and only around 10-30 % of these can be identified by cur-
rent analytical techniques (Hallquist et al., 2009).

Since physicochemical parameters are mostly unknown
Jor atmospheric organic aerosol-phase species, a number
of simple and computationally inexpensive parameterization

1 Introduction

In addition to their key roles in the prediction of climate
changes (IPCC, 2007), clouds are also important driver
of atmospheric chemistry, impacting aerosol formation,
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approaches have been developed for the prediction of CCNemperaturepy, is the density of water, anf is the diam-
activity (Fitzgerald et al., 1982; Hudson and Da, 1996; eter of the dropletS is equivalent to the relative humidity,
Rissler et al., 2006; Petters and Kreidenweis, 2007; Wex eRH, expressed as a fraction. One of the common ways to ex-
al., 2007). Although each parameterization approach differpress the water activity—particle composition relationships is
slightly in its treatment of physicochemical properties of so- (Kreidenweis et al., 2005; Rose et al., 2008; Kreidenweis et
lutes, a common constraint of any of the previous parameteral., 2009)
izations is the requirement that the available volume of so- "
lute is specified. Experimentally, this solute volume has beemi;! = 14+ 00— =14 1®
determined by measurement of the dry particle mobility di- w
ameter. However, previous studies reported observational awherev is the stoichiometric dissociation number for the so-
tifacts arising from the drying of aerosols, such as residualute (e.g.,vnac) = 2), ® is the molal or practical osmotic co-
water remaining in the dried particles and being erroneoushefficient that accounts for solution non-idealities, is the
assumed to contribute to the volume of solute; hydrate for-moles of soluten,, is the moles of waterps is the density
mation, also leading to overestimates of dry solute mass; andf the solute Ms is the molecular weight of soluté is the
evaporative loss of some aerosol components (e.g., Prenni @blume of dry solute, and,, is the volume of water.
al., 2001; Hori et al., 2003; Mikhailov et al., 2004). An ad-  From Egs. (1) and (2), an expression for the critical satu-
ditional complication is that dry nonspherical particles may ration ratio §¢), the maximums of the Kéhler curve (Eq. 1)
collapse when exposed to high humidity (e.g., Martin et al.,for a given particle composition, can be derived as follows
2013), so that the volume change upon wetting cannot bgSeinfeld and Pandis, 2006; Kreidenweis et al., 2009):
used to deduce the amount of water added to the patrticle. 5 12

To address these challenges, this study developed a new (s ~ (i) 3)
experimental approach, “Wet CCN”, to characterize hygro- ¢ 27B3 ’
scopicity without the need for accurate characterization of psMw 3
the particle dry diameter. Proof-of-concept experiments were B= V‘Dp—MDdrw
carried out with lab standards as well as for iodine oxide par- WS
ticles (IOP). Previous studies observed that IOP contributedVhereéDary is the dry diameterd relates to the Kelvin effect
to new particle formation in coastal areas; however, there ha§Ed- 1), andB relates to the solute effect. Itis also customary
been debate over its chemical identity as inferred from hygro10 define critical supersaturation{, wheresc = Sc — 1. The
scopicity measurements (Jimenez et al., 2003; McFiggans etPProximation in Eq. (3) applies to a dilute solution, which
al., 2004; Murray et al., 2012; Saiz-Lopez et al., 2012). |OPis typically a reasonable assumption for cloud droplet ac-
was reported to have characteristics that are particularly wellfivation. To further simplify the examination of the role of
suited for testing the utility of the Wet CCN approach: nucle- Particle chemical composition in Kéhler theory, Petters and
ated particles are nonspherical; there is the potential for théreidenweis (2007) proposed an alternative form of Eq. (2),
formation of hydrates §0s-H-0); and IOP appears to retain introducing a single hygroscopicity parametey,as an in-
water when dried. Based on the findings from these proof-of-rinsic property of a particle with specified chemical compo-
concept studies, the limitations and potential applications ofS!tion:

PsMy E

, 2
owMs Viy @

the new approach were assessed. V.
PP agt=1+i—2, 4)
Vi
2 Theoretical development: Kéhler theory without K =vd psMw _ i'
dry diameter puMs D,

Kohler theory predicts saturation rati® over an aqueous  For anideal solution® = 1), Raoult's law leads teraout
droplet (Pruppacher and Klett, 1997). A widely used form (Petters et al., 2009b)

gf Kt’)hler theory is the following (e.g., Kreidenweis et al., . vaMW )

005): aou A

S(D):awexp(é), 1) From Egs. (1), (3), and (4) (Petters and Kreidenweis,
D 2007)

A= 403/a(T) Mw

, D3— D3 A
RTow S=—— dry exp(—) , (6)
D3 - D3, (1—«) D

where ay, is the activity of water in solutionggy is the .
temperature-dependent surface tension of the solution—air in- ( 443 ) 2
Q)

terface (Christensen and Petters, 2012), is the molecu-  In(S¢) =

. . . . 27 D3
lar weight of water,R is the universal gas constarit,is the dry
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Note that Eq. (7) is valid fok > 0.2, but may be used for 1.002 -]
k >~ 0.01 if small numerical errors are acceptable (Petters 1.001
and Kreidenweis, 2013). 1.0
This study aims to determine without the need for ac-
curate characterization d@gry. Our approach is to eliminate  , 0.8
Dgry and useS and D as alternative constraints. By solving g
Eq. (7) for Dgry and substituting to Eq. (6), g
3 L % 0.4 J
S = 2Tl (Sc) exp<é> ) (8) ? 024 =
D3 — 4 1y D t
27cIn%(S¢) |
00 I % ¢ ETad 3
Equation (8) shows that can be determined from simul- 0.1 1

taneous measurements$fD, Sc, andA. In this study,A is BiEmEten

i _ 2
computed for surface tension of wateke=0.072JM)  Figyre 1. Calculated saturation ratios of wates)(as functions of
andT = 298.15K. The experimental section below describes(wet) diameter p) for 0.001< « < 1.2 compoundss: 0.25 %).
how to determines, D, andS..

An alternative approach to eliminatiryry is to start from

the definition ofi (Eq. 4). Particle hygroscopic growth can getermined by a hygroscopicity-tandem differential mobil-

be calculated by rearranging Eq. (4) as follows: ity analyzer, H-TDMA) (Prenni et al., 2007; Carrico et al.,
1/3 2008; Duplissy et al., 2008; Petters et al., 2009a; Massoli et

D = Day <1+K aw ) ’ (9)  al. 2010; Alfarra et al., 2013; Juranyi et al., 2013; Martin et

1-aw al., 2013; Wu et al., 2013; Hong et al., 2014), with different

levels of agreement betweegcn andigs. For instanceygs

or convertingay o (Eq. 1), of secondary organic aerosol (SOA) is often observed to be

S/ exp(4 1/3 lower thankcen (Prenni et al., 2007; Petters et al., 2009c;
D = Dgry 1+K/e—p(5) (10) Wex et al., 2009; Massoli et al., 2010). Possible causes for
1—5/exp(%) the gap betweerccn andkgs include non-ideality and sol-

ubility of complex organic mixtures (Petters et al., 2009c).
The impacts of this assumptiondcn = «gr) and of experi-
1/3 mental error on the derived valuesiofire discussed in detail
3 1/3 A / . .
4A S /exp(%) in the error analysis Sect. 3.3.
D=\ 75— 1+ ——F—0~ . (11)

27kIn= (Sc) 1—S/exp(45)

which is merely a different form of Eq. (8). Equation (11) 3 Experimental methods
may provide a more intuitive interpretation; the first term in
Eqg. (11) is based on cloud droplet activation, and the secon@.1 Dry CCN and Wet CCN
term is based on hygroscopic growth. Solutions of Eg. (8) (or
Eq. 11) can be plotted as contours$¥s. D for a set ofk, The Wet CCN experimental setup is similar to that used
for a chosers: (Fig. 1). for the Dry CCN approach described elsewhere (Petters et
Snider et al. (2006) developed a similar technique, “theal., 2007), except that the aerosol sample is equilibrated to
wet-selection technique”, in which deliquesced inorganica known relative humidity prior to size selection (Fig. 2).
particles, mobility selected at a prescribgdare introduced The sample humidity was controlled in a similar way as in
into the Wyoming CCN instrument, in order to characterize Suda and Petters (2013): the sample air was passed through
the sphere-equivalent dry siz&4y) of nonspherical parti- Nafion tubes (PermaPure, MH-110, OD 0.27cm, length
cles (e.g., NaCl) using Kdhler theory. For pure compounds30.5cm) with temperature-controlled water (Cole-Parmer,
with well-understood physicochemical properties, their ap-six-liter programmable digital controller refrigerated/heated
proach is essentially the same as ours. The advantage of ogirculating bath, EW-12118-30) circulating in the annular re-
approach is its capability in studying particles with unknown gion. The residence time between the humidifier and the dif-
chemical composition, enabled by the use of ferential mobility analyzer (DMA) is~ 6 s, which is enough
The implicit assumption in this approach thais constant  time for particles to equilibrate to the nefvsuch that the
throughout the entire range 6f may not be valid in some measured siz® reflects the measureti(Snider and Petters,
cases. A number of studies investigatetioth at supersat- 2008; Suda and Petters, 2013). Both the aerosol sample
urated conditionsikccn determined by a CCN counter) and flow and the sheath flow were humidified. The relative hu-
subsaturated conditionsg calculated from a growth factor midities in both flows were measured by humidity sensors

Again, Dgry can be eliminated using Eq. (7):
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Figure 2. Experimental setup for Dry CCN and Wet CCN analyses.

(Rotronic, Hygroclip, HC2-S:-0.8 % RHA0.1 K accuracy Experiments were conducted using particles composed
at 23+ 5°C; valid at 10, 35, and 80 % RH; calibrated by RH of glucose (Sigma-Aldrich, D§)-glucose > 99.5, G8270),
Systems/MBW 97, s/n 06-0808). The humid aerosol flowammonium oxalate monohydrate (Sigma-Aldrich99.5 %,
was introduced into a chamber holding fdiPPo strips to  09898), ammonium nitrate (Fisher Scientific; 98 %,
equilibrate the aerosol charge distribution. A differential mo- A676), and iodine oxide particles (IOP) as described below.
bility analyzer (TSI 3071A) operating at 9 L mih sheath  Ammonium sulfate, glucose, ammonium oxalate, and ammo-
flow and 1.4 L min! monodisperse flow was used to select a nium nitrate aerosols were generated from aqueous solutions
quasi-monodisperse sample of humidified particles; the volt-using a TSI 3076 constant output atomizer.
age was increased stepwise to select particles with mobility Wet particle diameteD was measured in the same man-
diameters ranging from 40 nm to 300 nm. The recirculatingner asDqry, except that the particles were humidified and
sheath flow of the DMA was slightly dried by flowing dry thus may have been wet. Example data for ammonium sulfate
air through a Nafion tube (PermaPure, MH-110) before hu-activation are shown in Fig. 3, where the activation curves
midification in order to avoid condensation in the line. The (activated fraction vs. diameter) of dry and wet ammonium
monodisperse aerosol flow was split and sent to a condensaulfate are compared. For a given critical supersaturation (
tion particle counter (CPC; TSI 3010) to record total particle set by the CCNC, the shift in activation curve in Fig. 3 is only
number concentration and to a Droplet Measurement Techeue to the presence of water since the moles of solute needed
nologies Cloud Condensation Nuclei Counter (DMT CCNC) for activation (s) are independent of the liquid water content
(Roberts and Nenes, 2005), held at a fixed supersaturation, tof the initial aerosol. Note that when the sample is dy$0
record activated droplet number concentrations. andD are equal t@Dgry.

The calibration and analysis of activation curves for dry
aerosol were described in detail by Petters et al. (2009a)3.2 Generation of iodine oxide particles (IOP)
The contributions from multiply charged particles to the ac-
tivation curves were removed by an inversion matrix (PettersExperiments were carried out in a 65L stainless steel tank
et al., 2009a). The activation curves were fitted to a cumu-operating as a batch reactor. The reactor was flushed with
lative Gaussian function and the diameter at which 50 % 0f03 generated by an ozone generator (Teledyne Instruments,
the particles activated was usediagy. The supersaturation Model 703) to reach estimated initials@oncentrations of
was calibrated against ammonium sulfate (Fisher Scientific1—2 ppm. CHI, (99 %, Sigma Aldrich, 158429) was injected
> 99 %, A702), based on Kohler theory (Eq. 1) and E-AIM into the reactor by doping 1 pL of 10 vol % solution of gl
(Wexler and Clegg, 2002), in which the mole fraction of wa- in methanol on glass wool in a manifold and gently flushing
ter in ammonium sulfate solution was calculated for varied3 L of warm air through the manifold (calculated concentra-
relative humidity &, for a bulk solution), andc was deter-  tion of CHyl,: 0.47 ppm). Due to the small size of the re-
mined by searching for the maximumsr(accounting forthe  actor, experiments were carried out at concentration ranges
Kelvin effect) for the experimentally determinddyry. FOr  several orders of magnitude higher than previous chamber
the range ofS; investigated in this study (1.0025-1.0040), studies (Jimenez et al., 2003; @kt 0.015-50 ppb; @
as determined from E-AIM water activities ranges from 0.61 100-500 ppb; 28 fhCaltech indoor chamber). Higher con-
to 0.59. centrations may impact aerosol composition by influencing
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Figure 3. Example activation curves of dry and wet ammonium 0.0 4 i ] ,
sulfate (AS) particles. At a given critical supersaturatisg),(the ' ' ' ' '
moles of AS needed for activation at this supersaturation are fixed 0.06 0.08  0.10 0.12 0.14
irrespective of initial particle state. Therefore, the activation curve Diameter, D (um)

of wet AS is shifted toward larger particles sizB)( compared to
dry AS (Dgry). The shift corresponds to the water content of the
humidified particle.

Figure 4. Data obtained using the Wet CCN method for ammonium
sulfate and glucose particles. Theoretical prediction for{\SOy

is made by calculating hygroscopic growth by E-AIM and assuming
volume additivity for solute and water, with 4 % variation in terms

. L L . - of D (shaded area).
reaction kinetics and partitioning of higher volatility prod- ( )

ucts to the condensed phase. Therefore caution must be taken

in extrapolating the results to atmospheric conditions. The

scope of the IOP experiments in this study is to evaluate théulfate was observed at RH38 %, which is slightly higher
applicability of the Wet CCN approach to a previously stud- than the previously reported measurement ranget 386

ied system producing nonspherical particles with unknown(~ 1 pum particles;< 1 min; Han and Martin, 1999; Martin,
composition. Jimenez et al. (2003) observed qualitatively dif-2000) and 31 % (75-190 nm particles;30s; Smith et al.,
ferent hygroscopicities of IOP formed in dry vs. humid con- 2013). The efflorescence RH (ERH) of ammonium sulfate
ditions, with the humid reaction producing nonhygroscopic depends on particle size, observation time, and heteroge-
IOP and the dry reaction producing highly hygroscopic IOP, heous nuclei; generally, larger particle size, longer observa-

possibly due to differences in gas-phase chemistry. tion time, and/or the presence of heterogeneous nuclei en-
hance ERH (Martin, 2000; Gao et al., 2006). For particles
3.3 \Validation and error analysis smaller than~ 30 nm, the Kelvin effect can significantly in-

crease ERH of ammonium sulfate (Gao et al., 2006). Con-
To develop estimates of the error associated with the prosidering the particle size at the point of efflorescence (83 nm)
posed approach, the Wet CCN analysis of ammonium sulfatend the residence time between the humidifier and the DMA
was tested against a model prediction (Fig. 4). The theoreti{~ 6 s), the ERH is expected to be31 % (Gao et al., 2006).
cal line for ammonium sulfate represeifitg,, (x-intercepts),  Therefore, the discrepancy is likely to be due to a minus-
that is, the typical calibration measurement in the Dry CCN cule amount of insoluble impurity in particles that can serve
method used to determing, as described above (Sect. 3.1), as a nucleus for crystallization (Martin, 2000), which would
and subsequent hygroscopic growth taking into account theot affect the volume-basedobservation significantly. Note
non-ideality of the solution using E-AIM (Wexler and Clegg, that the particles were in a metastable solution state, since
2002). One can consider the vs. D space analogous to they passed through a humidifier (&t~ 1.0) prior to size
humidograms, in which hygroscopic growth factors (6F selection.
D/Dyqry) are plotted againsgk, (Carrico et al., 2008); the key Figure 4 suggests that there are two kinds of uncertainties
advantage of th§ vs. D space is that there is no explicit re- in the Wet CCN method: (1) experimental uncertainty (the
quirement to specifgry. Note thatS vs. D can be reduced gap between the measurement and the E-AIM model, shown
to the conventional humidogram by taking the diameter ratioas the shaded area), and (2) the impact of assurjng
(D/Dgry) and convertings to ay (Eq. 1). kcen (differences would result in the deviation from the

The observations for ammonium sulfate agreed reasonablisolines). The impact of the experimental errer4 % in D)

well with the E-AIM prediction; the agreement in terms of on « determination depends ghand D; as can be seen in
D was generally within 4 %. The impact of this error on the Fig. 4, thex isolines are widely separated in the lower-right
derivedk is discussed below. Efflorescence of ammoniumregion of the contour (lowex and lowersS). To visualize

www.atmos-meas-tech.net/7/2227/2014/ Atmos. Meas. Tech., 7, 22241, 2014
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Figure 5. Error analysis of the Wet CCN metho¢h) Impact of experimental error (representedta$% change inD) on «, shown as
isolines of the fractional error in derivedin increments of:10 %. (b) Impact of uncertainty ing/«xcen (represented as 50 % change,
kgf/kccN = 0.5~ 1.5),(c) overall error, combining andb, (d) overall errors averaged betwegn= 0.3~ 0.6 as a function ot.

the sensitivity of the& measurement in th&vs. D space, the

relative error A\« /x) that would result from the experimental

error was computed by solving Eq. (11) far

448
27Ir2(Se)

p3_ _and ( s/emg) )
27IP(Se) \ 1-S/exp(45)

(12)

K =

and calculating bounds affor + 4 % variations inD ([« ]+ p
and[x]_p):

[«lip =

4|::243

27Ir2(Se

- 4A; ) pE—— (13)

[D-(1+0.04)]° ~ 27Ir(S¢e) <1S/exp(D_(l§§(m4)>>
Then the relative error is estimated as follows:
A — _
|:_K:| :i|[K]+D (K] Di. (14)
Kk 1p 2

sc = 0.40 %, but since the experimental error is expressed as
a normalized quantityXD/D =+ 4 %), the relative loca-
tion of the error isolines|Ak/k|p) to « isolines does not
depend significantly on the setting. Figure 5a shows that
the x measurement ii§ vs. D space loses its sensitivity at
high S (e.g.,x = 0.6 becomes: 30 % uncertain af ~ 0.7).

In addition, the assumption thatcn = kg Used to de-
rive Egs. (8) and (11) can have a significant impact on the
determination ofc. For example, Fig. 6 shows trajectories
for three differentccen : xgf scenarios. Note that wherys
<kccn, the k values inferred from the contours (calculated
by Egs. 8 or 11) are (erroneously) higher thagan (Fig. 6b).
Again, the impact of the&ccn: «gf ratio depends oif and
D (better sensitivity at lows, low «, and largeD). Further-
more, kgt may change as a function 8f due to factors such
as solubility limitations and solution non-ideality (Petters et
al., 2009c).

In order to evaluate the complex effects«qf, we esti-
mated the impact ofg/xccn with = 50 % variability (rang-
ing from 0.5 to 1.5), which encompasses the majority, if not
all, of the range of agreements betwegp and xccn ob-

The resulting estimates are shown in Fig. 5a as isolines fof€TV€d in prévious studies (Petters et al., 2009a; Juranyi et

every+ 10 % increment in error, with the isolines 30 %

al., 2013; Whitehead et al., 2014). The impactd660 %

and+ 60 % shown as heavier lines. The calculations assumed

Atmos. Meas. Tech., 7, 22272241, 2014
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variability in xgf can be described by modifying Eq. (11):

443 Y3
o= (i)
27kIn?(Se)
A 1/3
<1+ [k - (1io.5)]S/Lp(D)A) . (15)
1-S/exp(5)

Solving Eq. (15) for, the following equation can be de-
rived to evaluate the bounds offor & 50 % variations ings

([« ] 4xgf @nd[x]—igf):

443
[K]i/cgf — - 27|n2(5c) Py - ; ) (16)
3 _ 4A D
D 27Ir2(S¢) 1+05) (1S/exp<g>)

The relative error is estimated as follows:

A )[K]+ — [k ] gt
e 17)

K L 2k

The resulting errors evaluated in tiSevs. D space are
shown in Fig. 5b. The overall trends of the error contours
in Fig. 5a and b are similar, but the variationskig/«kccn
introduced larger errors at a giveh Considering the over-
all error as the product of two independent random error
(AD/D = £4%; A(kgt/kccn) = £50 %), the overall error
is calculated as follows (Taylor, 1997):

| L]

2 2

Ak
K

Ak
K

Ak
K

(18)

] Overall D

Kgf

Using Eq. (18), the overall error contours can be calcu-

S

we recommend the quantification range over which experi-
ments should be conducted &s- 0.3~ 0.6. Measurements

at § > 0.6 are useful for qualitative analyses, but are not
suited for quantification of due to the large errof§ < 0.3

is of less interest as this range approachessthsed in con-
ventional Dry CCN measurement, with its associated short-
comings. The average of the overall errors in this recom-
mended range (08 S <0.6) for eachk isoline is shown

in Fig. 5d; the experimental errof(A«)/x]p) dominates

for lower « and the uncertainty irgs ([(Ax)/k]cgf) dom-
inates for higherx, with the transition occurring around

x ~0.3. The overall error fitted to a quadratic equation can
be used to calculate uncertainty in the Wet CCN quantifica-
tion. For instance, by curve fitting ammonium sulfate data
points within the quantification range (Fig. 4, excluding ef-
floresced data pointsyynHa)2s04is determined to be 0.51.
Using the quadratic equation in Fig. 5d« is calculated

to be 0.16, hencenHa)2sosis reported as 0.5£0.16. Al-
though the value is reasonable, the uncertainty is relatively
large for this highc range, which is the inherent limitation of
the Wet CCN method. On the other hand, the measurement
of glucose was relatively precise; the curve fit of glucose
data yieldedcgjucose= 0.17£0.03 (Fig. 4), in good agree-
ment with previous measurements (0.166.033; Ruehl et

al., 2010), as well as witlraouit= 0.154 predicted for an
ideal glucose solution.

The above analysis shows that the Wet CCN method, when
applied to data obtained within tt#e= 0.3-0.6 range, deter-
minesk values of typical continental aerosel ¢ 0.3+ 0.1)

and marine aerosok(~ 0.7+ 0.2) (Andreae and Rosenfeld,
2008), within~ +20 % and~ +40 %, respectively. The Wet
CCN method has advantages over the conventional Dry CCN
when physical/chemical properties of particles, such as shape
and hydrate formation, lead to uncertaintiesxirthat are

lated, as shown in Fig. 5¢c. Based on the results in Fig. 5clarger than the uncertainty range of the method; otherwise,
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1.0 — of the particle being probed, in addition to providing an ac-
curate assessment offor particles for which the Dry CCN
method fails. The locations of measurements ingtke. D50

0.8 Crargene 1. . space, hergafter called Wet CCN_ state space, can potentially
(e.g., evaporation, ®)[ Qualitative be used to infer that dry test particles are nonspherical, have
06— 5, S Wet CCN collapsed when exposed to water vapor, or undergo efflores-
N Waler cortant cence. As shown in Fig. 7, collapse of a nonspherical par-
p— / Quantitative ticle into a more spherical shape would result in a gap be-
T g Wet CCN tween Dgyry that the Dry CCN method would “erroneously”

provide andD extrapolated down to a dry conditio { 0)

H along ax isoline with the “correct” representative value

} S obtained from the observations at high equilibrattotMore

i Dry CCN specifically, collapse of particles can occur within the Nafion
1

humidifier, where particles are exposedSte- 1.0; efflores-

I I
I ] | cence can occur immediately after the humidifier when sam-
60 80 100 120 ple temperature increases from the dew point (set by the hu-
D50 (nm) midifier) to room temperature.

In a case where nonspherical particles collapse to become

Eigure 7. llustration of CCN state space. Orar_lge: hygroscopic frac- spherical particles after humidification, the dynamic shape

tion of aerosol; green: less hygroscopic fraction; blue: water. factor of nonspherical CCNy (Rose et al., 2008), can be
estimated as follows:

the Dry CCN method would suffice to obtainestimates. — Ddry_prycen € (Ddry_wetce

, (19)
The following section illustrates such applications. Dary_wetccNC (Ddry_pryceN)

. . ., where Dgry prycen is Dgry measured by the conventional
3.4 Interpretation of S vs. D as “CCN state space Dry CCN method (e.g.~90nm in Fig. 7), Ddry wetccn
. ) ) ) is the end point of a isoline (determined by the Wet
The trajectories of the vs. D relationships can be used to ccN method) in the dry region (e.gx 75nm in Fig. 7),
infer .physical processes impacting thg state of CCN whergng c(p dry_brycc) and C(Ddry wetccn are the slip cor-
certain assumptions can be made, as indicated in Fig: 7. ection factors for the respective diametéXgy pryccnand

strument are shown in Fig. 7. The shaded region in Fig. 73nd Raabe, 1985):

represents the optimum quantification range as discussed in

the error analysis section. The Dry CCN region representsC(D) —14 Q [1.142+ O.558exp(— 0.999D>} (20)
particle equilibration at very low (that is, the typical drying D 2\ ’

step to determine the volume of solute present). The end- . .
points of thex isolines in this region indicate the dry critical where 4 is the mean free path of ar molecules = .
diameter required for activation & = 0.40 % of a particle 65.1nm atT =298K and 1atm) (Seinfeld and Pandis,

of compositionk, that is, the typical findings from the Dry 2_006)f' The major buncertaint?/ 9f E?c.v\(/lQ)CgNthe estima-
CCN method, which uniquely relatéy, sc, andx. For ex- tion of Dary_wetccn by extrapolation of Wet measure-

ample, a 60 nm dry particle with composition represented bwent; (0'.3< § < 0.6) to dry conditions -0); Fhus the un-
« = 0.4 would just activate under the selectecf 0.40 %. certainty is governed by the overall uncertainty of the Wet

In the Wet CCN method applied to this same example par-CCN methqd (Fig. 5d). Since o D(.ir?/ at fixed S; (Eq. 7),
ticle composition, particles are equilibrated at various rela-th.e uncertainty of extra.pola'teﬁdry IS ~ 1/3 of the.uncer-
tive humidities and size-selected while wet; the (wB§0 tainty of« (Taylor, 1997; Kreidenweis et al., 2009):
values determined for; = 0.40 % are expected to trace out Ay ADgry
the« = 0.4 isoline, with variability as discussed in the error =~ ~ =3 Darv (21)
analysis. Y

For all particles for which the Dry CCN method may  Therefore, although the nonlinearity 6fD) hinders di-
be expected to yield accurate estimateg othe Wet CCN  rect comparison, the uncertainty jndetermined by Eq. (19)
method outlined above — that is, identifying a representatives approximately 13 of the overall uncertainty of deter-
« for data over the ranggé = 0.3~ 0.6 (suggested quantifica- mined by the Wet CCN method (Fig. 5d).
tion range: Fig. 5) — is expected to yield similar resultsifor Efflorescence would be manifested as a gap in the ob-
if k does not change with. However, the Wet CCN method servableD50 of metastable state particles and an unchang-
can provide additional information about the physical stateing D50 in the CCN instrument, regardless of the choice of
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initial equilibration S; again, the “correct” representative
value is expected at high equilibratigh This behavior is
properly labeled efflorescence since atomized particles are
passed through the Nafion tube &t 1.0 and remain in

a metastable state unt§l drops below the efflorescencgs
which is the feature of this method enabling the use of spher-
ical, deliquesced particles.

Phase partitioning, i.e., evaporation or co-condensation,
of semivolatile compounds (Topping and McFiggans, 2012;
Topping et al., 2013) may also occur during hygroscopic
growth and cloud droplet activation. For instance, a number
of studies reported evaporation (as a result of chemical de-
composition) of ammonium nitrate (Mikhailov et al., 2004;
Svenningsson et al., 2006; Gysel et al., 2007; Wu et al., 2013)
and organic acids (Prenni et al., 2003) during H-TDMA mea-
surements. Semivolatile compounds may also evaporate in-
side the CCNC (Asa-Awuku et al., 2009; Romakkaniemi et
al., 2014).

The impact of phase partitioning on the Wet CCN method
should depend on two major factors: (1) where the shift in
partitioning occurs, particularly whether upstream or down-
stream of the DMA, and (2) whether evaporation is re-
versible, i.e., whether evaporated semivolatiles come back
into the particle phase upon re-humidification within the
CCNC. For example, the “Change #f scenario in Fig. 7
illustrates the case where evaporation of semivolatile water-
soluble compounds (in green) irreversibly occurs upstream
of the DMA (e.g., during humidification in a Nafion tube),
which may be possible if the partitioning of semivolatile

2235

0.3~ 0.6, with the estimated overall error as shown in
Fig. 5d. Although the Dry CCN method is sufficient to
acquirexccn for samples meeting these assumed crite-
ria, the Wet CCN method is an effective way to evaluate
the validity of the assumptions needed to apply the Dry
CCN method.

. When dry particles are assumed to be nonvolatile and

nonspherical, and wet particles are spherical, the Wet
CCN method provides an accurate estimate o¥ith-

out being affected by particle shape, and thus an im-
provement over the Dry CCN method. Furthermore, if
a Dry CCN measurement and a Wet CCN measurement
(e.g., differences in derived) are significantly differ-

ent (based on the uncertainty, Fig. 5d), the ratio can be
used to infer the dynamic shape factor based on the ratio
of the mobility diameter of a nonspherical particle to its
volume-equivalent diameter, as well as corresponding
slip correction factors (Rose et al., 2008).

3. Whenk can be reasonably estimated from particle com-

position, then the phase partitioning process can be eval-
uated with Wet CCN experiments singeand Vg (im-
pacted by evaporation) are coupled parameters (Eq. 4).
The challenge is to evaluate the partitioning at differ-
ent locations (e.g., before/after the DMA), which may
require additional assumptions or modeling (e.g., Ro-
makkaniemi et al., 2014).

compounds is mediated by water (Topping and McFiggans, Results and discussions

2012). In this casdp50 will deviate from ac isoline because
of the change in particle composition.
However, if the evaporation occured after DMA selection

4.1 Ammonium oxalate

(e.g., within the CCNC), the observedvould be biased low  The Wet CCN approach was applied to ammonium oxalate
by overestimating/s, since it is based on the original size- monohydrate particles as an example system of nonspherical
selected particle before evaporation occurred. This scenariorystals (Hori et al., 2003), for which the Dry CCN method
may be encountered in the Dry CCN method since somewill overestimate solute volume and underestimat@revi-
aerosol components are semivolatile, resulting in potentiabus studies reported a large rangexegn =0.24-0.48 for

biases in the Dry CCN method. Currently the relative impor- ammonium oxalate monohydrate (Hori et al., 2003; Petters
tance of evaporation upstream or downstream of the DMA iset al., 2009b). The results of the Wet CCN measurement of
unknown. Combining the Wet CCN method and an evapora-ammonium oxalate, along with ammonium sulfate data, are
tion model that predicts particle changes in the CCNC (Ro-shown in Fig. 8« of ammonium oxalate was observed to be
makkaniemi et al., 2014) may shed light on the issue. Apply-0.43+0.11, which is on the higher end of the previous mea-
ing the interpretations suggested by Fig. 7 to observed deviasurement range. F¢r> 0.4, the trends of ammonium sulfate
tions fromk isolines can offer insights into the nature of the and ammonium oxalate were indistinguishable within the ex-
measured aerosol, but caution must be taken since severpkrimental uncertainty. The deviation of the trends for dry
different processes can cause such deviations (e.g., evapoenditions § ~ 0.3) suggests that ammonium oxalate may
ration, change inb, solubility limit), with significant error  be in a nonspherical crystalline state as reported by Hori et
(Fig. 5d: e.g.,~ 20 % forx ~ 0.3). al. (2003). However, unambiguous determination of particle
In summary, the proposed most appropriate applicationshape would require additional measurements. For compari-
of the Wet CCN state space (Fig. 7) are as follows: son, from Eq. (5) and the molar volume of ammonium ox-
alate (94.7 chmole 1) (Haynes, 2013)kRraouit ©f ammo-
1. In the simplest case, where particles can be assumed tnium oxalate is estimated to be 0.57i§ assumed to be 3),
be spherical, nonvolatile, and/xccn=0.5~1.5,« suggesting that some previous measurements of ammonium
can be inferred from measurements made withia oxalatex have likely underestimated its value.
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1.0 = ==== (NH,),S0O, E-AIM s.: 0.26% ® Dry (reaction S < 0.1)
® (NH,),SO0, 1.0 4 s.: 0.40% \ Humid (reaction S ~ 0.65)| ___
A Ammonium oxalate A
0.8 = ,
0.8 s
v n
Re] 5
+ 0.6 s | i
e g 06 _ ! K =0.06+0.01
c 5 A
2 k= 0.43 +0.11 = 0.5440.18 N
£ 0.4 04+ A
3 ) ' 2
© 0 Dry CCN measurement
¥ (no humidification)
0.2 i 0.2+ =
’ S ¥ Prézvious = e E \/t
[ f, Dry CCN I 0.0 — i | &
0.0 - [ 4—>024*O48 l I I T T T
' T T T T T 0.04 0.06 0.08 0.10 0.12
0.06 0.08 0.10 0.12 0.14 Diameter, D (um)

Diameter; B k) Figure 9. Wet CCN measurements for iodine oxide particles pro-

duced by CHI» photolysis and oxidation by $ Aerosol gener-
ation experiments were carried out at two humidity conditions as
shown.

Figure 8. Data obtained using the Wet CCN method for ammonium
oxalate and ammonium sulfate.

A previous study employing the electrodynamic balance . ) ) o3 L
(EDB) technique (Peng and Chan, 2001) observed emO_AssumlngamaterlaI density of S5gcm (cf,, 1205 density:
rescence of ammonium oxalate @ ~0.5. The observed 4-989cnm> CRC handbook) (Haynes, 2013), the effective

. . . 3
trend in Fig. 8 is consistent with the possible efflorescencel€nsity of nonspherical particles would be 4.7 g cm™.
at S ~0.5; the lack of a clear abrupt change in particle sizeJdimenez et al. (2003) estimated the effective density of non-

may be because size reduction by loss of water was countePherical IOP tobe 0.86-1.22g cihby comparing the (vac-
acted by changes in particle shape. Again, additional meatm) aerodynamic diameter and the mobility diameter. The

surements of particle shape would be needed for verificationdifference in the effective densities indicates that 10P pro-

This measurement demonstrates the effectiveness of the W&{!ced in this study was more compact than that n their study;
CCN method to determine the solute volume andf non- a possible reason for the discrepancy of particle shape is the

spherical water-soluble crystals, and regardless of their hydifferentgas and particle concentration levels (Jimenez etal.,
dration states. CHal, < 50 ppb; this study: Chl, ~ 500 ppb), but a defini-

tive explanation requires further experimental evaluation.
4.2 lodine oxide particles On the other hand, particle generation reactions carried out

under humid conditions resulted in low hygroscopicity parti-
Results of representative IOP generation experiments carles, withk = 0.06+£0.01. The unchangin®50 with respect
ried out in dry (reactolS < 0.1) and humid conditions (re- to S suggests that efflorescenfeis > 0.92 (highest value
actor S ~0.65) are shown in the Wet CCN state space inobserved in the experiment). Again, note that deliquescence
Fig. 9. For the dry generated patrticles, th&0 of dry par-  is not observed in the CCN state space since patrticles pass
ticles (~80nm atS ~ 0.1) clearly deviated from the trend through a humidifier af ~ 1.0. The derived value may be
at higher equilibratiors, suggesting nonsphericity and col- underestimated if particles are nonspherical (as in the dry-
lapse when wetted; the of collapsed IOP was observed to condition experiment). It is clear that chemical compositions
be in the range of 0.54 0.18. Assuming 4Os (molar vol- of IOP in the two experiments (dry and humid) are signifi-
ume 67.0 crimole™1) (Haynes, 2013) hydrating to become cantly different, resulting in dramatically different efflores-
two HIOs, as the first order approximatiorgaoyitin an ideal  cences.
solution is calculated to be 0.51 (further dissociation of 5IIO A similar observation regarding a strong dependence of
would enhanc&raoul - hygroscopicity on relative humidity during the particle gen-

The comparison of the Dry CCN and the Wet CCN mea- eration reactions was made by Jimenez et al. (2003) semi-

surements provides semi-quantitative insights on particlequantitatively using an H-TDMA. In their humid experi-
shape and density. The ratio of tkemeasured by the Dry ments (reactof ~ 0.65), the hygroscopic growth factor (fi-
CCN (k =0.17) to the Wet CCNc (0.5-0.6) suggests that nal diameter/initial diameter) remained nearly 1, that is, little
the nonspherical dry particle volume was observed to be 2.9+0 no water uptake was observed; by contrast, in the dry ex-
3.5 times larger than the equivalent volume of spherical parperiment (reactof < 0.02), IOP started collapsing when ex-
ticles (note thatc and V5 are coupled parameters, Eq. 5). posed toS beyond 0.23, and then the particle regained its
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initial size atS ~0.85 by hygroscopic growth of the col- 1.0 5.:0.40%
lapsed particles, indicative of high(Fig. 7 in Jimenez et al.,
2003). The low hygroscopicity particles (generated in humid 0.8 -

experiments) were inferred to beQ, based on its lack of
water solubility (prolonged treatment in excess of water de- % 0.6 — »
composes A0, into |> and HIG;) (Daehlie and Kjekshus, ¢
1964), instead of highly soluble®s (2639 of hbOs per = 0.4 fe=029=006
1009 of HO; Kumar et al., 2010); note that this solubility 3
is sufficient for CCN activation, i.e., deliquescentés less & /
than the critical saturation ratio and cloud droplet activation 0-27 o ~— Dry CCN &
is determined byccn (Petters and Kreidenweis, 2008). %
However, a later study investigated the elemental composi 0.0 —, —T— — I I
tion of IOP generated photochemically byand G and sug- 0.04 0.06 0.08 0.10 0.12
gested that the main constituent is likely to b®4 (Saun- Diameter, D (um)

ders and Plane, 2005). Hence, the apparent contradiction has

been a matter of debate (Murray et al., 2012; Saiz-Lopez eFigure 10.Wet CCN measurements for ammonium nitrate particles.
o i Theoretical prediction for NFNO3 is made by assuming= 0.73
al,, 2012). To address the contradiction, Murray et al. (2012)(Kreidenweis et al., 2009) at the Dry CCN condition (x-intercept,

Igvesgg?ted thfe hygrospopICIty of 'ﬁdlc agld (Hi?a hy-' S = 0) and calculating the subsequent hygroscopic growtk Q)
rated form of $Os, using EDB. They observed surpris- by E-AIM (Black solid line: assuming volume additivity, Gray solid

ingly low hygroscopicity ¢ = 0.024) for this highly soluble  |ine- corresponding to wet volume output by E-AIM).
inorganic compound. The reason for the weak hygroscopic

growth was unclear, but one hypothesis was formation of
polymeric structures that lead to strongly nonideal behavior
(Murray et al., 2012). As the first step to evaluate the impact of evaporation on
The reason for the discrepancy of particle hygroscopicitythe Wet CCN method, ammonium nitrate was tested exper-
depending on “reaction humidity” (not to be confused with imentally (Fig. 10). The theoretical prediction was made by
“measurement humidity” in the Wet CCN method), remains usingx = 0.73 (Kreidenweis et al., 2009) for theintercept
unclear.« of the ideal solution of 405 would be as high  (Dgry) and calculating hygroscopic growtl§ ¢ 0) using E-
as typical inorganic salts (as discussed above); this appeasiM (Wexler and Clegg, 2002) with and without the as-
to be consistent with the dry reaction experiments in thissumption of volume additivity (black and gray solid lines).
study and the experiments reported by Jimenez et al. (2003)fhe observed50 trend was significantly larger than the E-
in contrastx of humid reaction experiments was observed AIM prediction, with a difference of approximately 15nm
to be much lower £ = 0.06+0.01), which was consistent atsc = 0.4%. The extent of the gap is consistent with Ro-
with humid reaction experiments in Jimenez et al. (2003), agmakkaniemi et al. (2014) (at the samg. In contrast, Sven-
well as with EDB analysis of HI@by Murray et al. (2012) ningsson et al. (2006) did not observe significant evaporation
(x = 0.024). Although further studies are needed to resolveof NH4NOg3; Petters and Kreidenweis (2007) analyzed the
the dichotomy, considering the significance of IOP in the ma-data in terms of and acquiredc = 0.67. The discrepancy
rine and coastal environment (Saiz-Lopez et al., 2012), thenay be due to the different operating temperatures of CC-
humid reaction experiments yielding lodOP are expected NCs. Svenningsson et al. (2006) used a thermal gradient dif-

to be more atmospherically relevant. fusion cloud condensation nucleus spectrometer (CCN spec-
. _ trometer, University of Wyoming, CCNC-100B) that gener-
4.3 Ammonium nitrate ates supersaturation by cooling the bottom plate thermoelec-

_ ) » . trically (Snider and Brenguier, 2000); on the other hand, the
Evaporation of volatile compounds after DMA sizing (in- pyt cCNC generates supersaturation by creating a posi-
side a CCNC) would result in overestimation 060 deter- e temperature gradient (Roberts and Nenes, 2005). Asa-
mined by the Dry CCN method (Asa-Awuku et al., 2009; Ay et al. (2009) compared the DMT CCNC and a static
Romakkaniemi et al., 2014). Recently, Romakkaniemi ety ,sion CCN counter that operates below room temperature
al. (2014) modeled evaporation and co-condensation insidg 4 concluded that secondary organic aerosol generated by
the DMT CCNC (the same instrument as used in this study),g_caryophyliene ozonolysis evaporated significantly in the
using a computational fluid dynamics model. In a test casey\T cCNC due to the higher operating temperature.
for ammonium nitrate particles, simulation results showed The gpservation suggests that the presence of water in
that evaporation of ammonium nitrate led to a reduction Ny« \net CCN method did not suppress evaporation (as a re-
effective dry diameter by 10 to 15 nm fqr supersaturationsg it of chemical decomposition) of NiNO3 significantly.
between 0.1% and 0.7 % (Romakkaniemi etal., 2014).  Ajthough higher relative humidity lowers the NNO; dis-

sociation constant (Stelson and Seinfeld, 1982), the higher
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temperature and the wall wetted by pure water in a CCNCof physical/chemical processes involving the aqueous phase
might have enhanced the removal of particle phasgNbj that may not be apparent, or may be overlooked, in measure-
(Romakkaniemi et al., 2014). Further studies are needed foments made via the conventional Dry CCN method.
determining the upper limit of volatility for compounds for

which the Wet CCN method can accurately determine )
6 Conclusions

This study developed the conceptual basis of the Wet CCN
technique, based on simple modifications of existing conven-
tional approaches, which we term Dry CCN methods. The
Wet CCN method is the direct measurement of the subsat-
urated portion ofc-Kdhler curves, as opposed to the Dry
®CN method that constrains only the dry portioreikdhler

5 Limitations and potential applications of the
Wet CCN approach

It remains challenging to experimentally constrain individ-
ual physicochemical parameters such as surface tension, m

lar volume, solubility, and osmotic coefficient since they all curves. In the Wet CCN method, particles are not dried be-

affect the trajectory of vs. D in different ways. Therefore, o . : o
arameterization of hygroscopicity using a parameter such afore s12Ing, enabling asenes gf apphcaﬂons to systems where
P ary particle characterization is difficult due to complex par-

«, which folds in effects from these other variables into a sin- . :

. . .ticle shapes or solute compositions (e.g., hydrate formation).

gle observable property, remains a practical approach. Appli- . .

. . " The Wet CCN approach was evaluated using ammonium sul-

cation of the Wet CCN method to single-component particles . :

) ) . : . fate, glucose, and nonspherical ammonium oxalate monohy-
is relatively straightforward if solutes are effectively non-

volatile and wet particles are dissolved and spherical (e.g.Olrate particles, and was shown to produce estimatesoh-

. . Sistent with, or improved from, those previously reported in
ammonium oxalate monohydrate). Crystal shape (which af_the literature. Further, the Wet CCN approach was applied
fects DMA sizing) and the presence of hydrated water in the, ) ' bp bp

. . 4 : to iodine oxide particles, which are nonspherical and have
particle volume are no longer an issue if fully deliquesced

droplets can be used for characterization, as in the Wet CCI\lfmknOWn chemical composition. Different measured hygro-

. : . - scopicities of IOP when they are formed in dry vs. humid re-
method. However, particles with a nonspherical rigid back-_" " " . . : ;
; . . . action conditions were consistent with observations in a pre-
bone may remain nonspherical even after wetting, reintro- . . . .
. o . . vious study (Jimenez et al., 2003). Ammonium nitrate was
ducing uncertainty in the sizing of the wet patrticle.

) . . observed to evaporate significantly even with the Wet CCN
If evaporation/co-condensation of volatile compounds L .
- o ) method. Care must be taken in identifying the cause of de-
occurs after DMA sizing, it will lead to overestima- ... . .
. L L . viations of measurements fromisolines in the CCN state
tion/underestimation inD50 determination, both in the

Dry CCN and the Wet CCN measurements: however, ihePace, as particle shape effect, concentration-dependent solu-

feature of the Wet CCN comes into play if the pres- tion non-ldgalmes, sol_ub|I|tyI|r_n|tat|ons, and evqporatlon/co_-
: . . ; condensation of volatile species can all result in such devia-

ence of water in the particle phase impacts evaporation/co:; o .

. S - tions and may be difficult to separate observationally.
condensation. If water significantly suppresses evaporative
loss of semivolatile species (Topping and McFiggans, 2012),
then_the Wet CCN approach allows for an exp_erlmental 100K cknowledgementsThis material is based upon work supported
at this problem. If evaporation/co-condensation occurs angy the National Science Foundation under an Atmospheric and
results in significant changes in hygroscopicity before DMA Geospace Sciences Postdoctoral Research Fellowship (AGS-PRF,
sizing, data points in the Wet CCN state space are expectetl230395). Any opinions, findings, and conclusions or recom-
to deviate fromk isolines as described in Fig. 7. However, mendations expressed in this material are those of the authors
concentration-dependent non-idealith)((e.g., ammonium and do not necessarily reflect the views of the National Science
sulfate in Fig. 4) or phase separation in complex mixturesFoundation. M. Camp was supported by the National Science

may also result in deviation fromisolines due to the change I'\:AOL('j“C:?“O”f AScienceh a_ndp Technology Centgrbfo(r: :\/Iult(ij—Sc;ale
in kgr especially at highess (> ~0.6) (Fig. 6); therefore, ~Modeling of Atmospheric Processes, managed by Golorado State

University under cooperative agreement No. ATM-0425247. We

again, the Wet CCN measurement needs to be limited toalso acknowledge additional support from US Department of

modests (0'3_0'_6) fqr qua_m'tat've analysis (Fig. 5). . Energy, under DE-SC0006633. We thank Prof. Barbara Turpin
Thus the major limitation of the Wet CCN technique anq jefferson Snider for helpful discussions and Ezra Levin

appears to be the lack of sensitivity for high(e.g.,~  for assistance with the experimental setup. The manuscript has

+40% for« ~0.7) and the uncertainty in identifying the benefited greatly from the comments of Zsofia Juranyi and an

cause of observed deviations framisolines. The poten- anonymous reviewer, and we thank them for their contributions.

tial sources of such deviations include (1) shape changes,

(2) concentration-dependent non-idealities (impactigg ~ Edited by: P. Herckes

not kccn: Fig. 6), (3) solubility limits of complex mixtures,

and (4) evaporation/co-condensation. At minimum, deviation

from « isolines can be used as a flag for further investigation
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