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Abstract

Relationships between critical supersaturation required for activation and particle dry
diameter have been the primary means for experimentally characterizing cloud
condensation nuclei (CCN) activity; however, use of the dry diameter inherently limits
the application to cases where the dry diameter can be used to accurately estimate solute
volume. This study challenges the requirement and proposes a new experimental
approach, Wet CCN, for studying CCN activity without the need for a drying step. The
new approach directly measures the subsaturated portion of the Kohler curves. The
experimental setup consists of a humidity-controlled differential mobility analyzer and a
CCN counter; wet diameter equilibrated at known relative humidity is used to
characterize CCN activity instead of the dry diameter. The experimental approach was
validated against ammonium sulfate, glucose and non-spherical ammonium oxalate
monohydrate. Further, the approach was applied to a mixture of non-spherical iodine
oxide particles. The Wet CCN approach successfully determined the hygroscopicity of
non-spherical particles by collapsing them into spherical, deliquesced droplets. We
further show that the Wet CCN approach offers unique insights to the physical and
chemical impacts of the aqueous phase on CCN activity; a potential application is to
investigate the impact of evaporation/co-condensation of water-soluble semi-volatile
species on CCN activity.

1. Introduction

In addition to their key roles in the prediction of climate changes (IPCC, 2007), clouds
are also important drivers of atmospheric chemistry, impacting aerosol formation,
modification, and removal (Graedel and Weschler, 1981; Blando and Turpin, 2000;
Ervens et al., 2011). One aspect of clouds that is presently not well understood is the
beginning of their lifetime: cloud droplet activation. The aerosol particles that serve as
nuclei for cloud droplets are called cloud condensation nuclei (CCN). The number
concentration of available CCN influences cloud droplet size, and thereby reflectivity
(Twomey, 1974), as well as cloud lifetime (Albrecht, 1989). Accurate description of the
cloud droplet activation process continues to be an active research area (McFiggans et al.,
2006; Andreae and Rosenfeld, 2008; Ruehl et al., 2012; Sareen et al., 2013; Topping et
al., 2013).

The equilibrium between water vapor and a water-containing atmospheric aerosol particle



depends on the particle (or droplet) size and its physicochemical parameters, i.e. moles of
dissolved molecules (or dissociated ions), solution non-ideality, and surface tension
(Pruppacher and Klett, 1997; Seinfeld and Pandis, 2006); for solid particles that take up
water via an adsorption process, surface properties are important (Sorjamaa and
Laaksonen, 2007; Kumar et al., 2009, 2011). Early research on CCN recognized the
major contribution of inorganic salts, primarily ammonium sulfate, to the composition of
CCN (Twomey, 1971). Currently organic compounds are also recognized as important
constituents of CCN due to their abundance and water solubility (Novakov and Penner,
1993). However, the chemical composition 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 current analytical techniques (Hallquist et al.,
2009).

Since physicochemical parameters are mostly unknown for atmospheric organic aerosol-
phase species, a number of simple and computationally inexpensive parameterization
approaches have been developed for the prediction of CCN activity (Fitzgerald et al.,
1982; Hudson and Da, 1996; Rissler et al., 2006; Petters and Kreidenweis, 2007; Wex et
al., 2007). Although each parameterization approach differs slightly in its treatment of
physicochemical properties of solutes, a common constraint of any of the previous
parameterizations is the requirement that the available volume of solute is specified.
Experimentally, this solute volume has been determined by measurement of the dry
particle mobility diameter. However, previous studies reported observational artifacts
arising from the drying of aerosols, such as residual water remaining in the dried particles
and being erroneously assumed to contribute to the volume of solute; hydrate formation,
also leading to overestimates of dry solute mass; and evaporative loss of some aerosol
components (e.g., Prenni et al., 2001; Hori et al., 2003; Mikhailov et al., 2004). An
additional complication is that dry non-spherical particles may collapse when exposed to
high humidity (e.g., Martin et al., 2013), so that the volume change upon wetting cannot
be used to deduce the amount of water added to the particle.

To address these challenges, this study developed a new experimental approach, “Wet
CCN?”, to characterize hygroscopicity without the need for accurate characterization of
the particle dry diameter. Proof-of-concept experiments were carried out with lab
standards as well as for iodine oxide particles (IOP). Previous studies observed that IOP
contributed to new particle formation in coastal areas; however, there has been debate
over its chemical identity as inferred from hygroscopicity measurements (Jimenez et al.,
2003; McFiggans et al., 2004; Murray et al., 2012; Saiz-Lopez et al., 2012). IOP was
reported to have characteristics that are particularly well-suited for testing the utility of
the Wet CCN approach: nucleated particles are non-spherical; there is the potential for
the formation of hydrates (I,Os-H,0); and IOP appears to retain water when dried. Based
on the findings from these proof-of-concept studies, the limitations and potential
applications of the new approach were assessed.

2. Theoretical development: Kdhler theory without dry diameter
Kohler theory predicts saturation ratio S over an aqueous droplet (Pruppacher and Klett,
1997). A widely used form of Kohler theory is the following (e.g., Kreidenweis et al.,




2005):

A
S(D) = ayexp (E)' Eq.1
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where a,, is the activity of water in solution, oy, is the temperature-dependent surface
tension of the solution/air interface (Christensen and Petters, 2012), M,, is the molecular
weight of water, R is the universal gas constant, 7" is the temperature, p,, is the density of
water, and D is the diameter of the droplet. S is equivalent to the relative humidity, RH,
expressed as a fraction. One of the common ways to express the water activity — particle
composition relationships is (Kreidenweis et al., 2005; Rose et al., 2008; Kreidenweis et
al., 2009)

a, t=1+vd=1+vpwls Eq. 2
nw pwMs Vi,

where v is the stoichiometric dissociation number for the solute (e.g., vyuci= 2), @ is the
molal or practical osmotic coefficient that accounts for solution nonidealities, 7 is the
moles of solute, n,, is the moles of water, p; is the density of the solute, M, is the
molecular weight of solute, V; is the volume of dry solute, and V, is the volume of water.

From Egs. 1 and 2, an expression for the critical saturation ratio (S.), the maximum S of
the Kohler curve (Eq. 1) for a given particle composition, can be derived as follows
(Seinfeld and Pandis, 2006; Kreidenweis et al., 2009):
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where Dy, is the dry diameter, A relates to the Kelvin effect (Eq. 1), and B relates to the
solute effect. It is also customary to define critical supersaturation (s.), where s. = S, -1.
The approximation in Eq. 3 applies to a dilute solution, which is typically a reasonable
assumption for cloud droplet activation. To further simplify the examination of the role of
particle chemical composition in Kdhler theory, Petters and Kreidenweis (2007) proposed
an alternative form of Eq. 2, introducing a single hygroscopicity parameter, x, as an
intrinsic property of a particle with specified chemical composition:

@, =14k Eq. 4
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For an ideal solution (® = 1), Raoult’s law leads to xraou: (Petters et al., 2009b):
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From Egs. 1, 3, and 4 (Petters and Kreidenweis, 2007):

_ _ D*-Ddny A
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Note that Eq. 7 is valid for x > 0.2, but may be used for ¥ > ~0.01 if small numerical
errors are acceptable (Petters and Kreidenweis, 2013).

This study aims to determine x without the need for accurate characterization of Dy,,. Our
approach is to eliminate D, and use S and D as alternative constraints. By solving Eq. 7
for D, and substituting to Eq. 6,
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Eq. 8 shows that x can be determined from simultaneous measurements of S, D, S., and
A. In this study, 4 is computed for surface tension of water (0,,=0.072 J m™) and
7=298.15 K. The experimental section below describes how to determine S, D, and S..

An alternative approach to eliminating Dy, is to start from the definition of « (Eq. 4).
Particle hygroscopic growth can be calculated by rearranging Eq. 4 as follows:

D = Dgyy, (1 4 Y )1/3, Eq. 9

1-ay

or converting a,, to S (Eq. 1),

1/3
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Again, Dy, can be eliminated using Eq. 7:

1/3 ay \1/3
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which is merely a different form of Eq. 8. Eq. 11 may provide a more intuitive
interpretation; the first term in Eq. 11 is based on cloud droplet activation, and the second
term is based on hygroscopic growth. Solutions of Eq. 8 (or Eq. 11) can be plotted as
contours of S vs. D for a set of «, for a chosen S, (Fig.1).

Snider et al. (2006) developed a similar technique, “the wet-selection technique”, in



which deliquesced inorganic particles, mobility selected at a prescribed S, are introduced
into the Wyoming CCN instrument, in order to characterize the sphere-equivalent dry
size (Dy.) of non-spherical particles (e.g., NaCl) using Koéhler theory. For pure
compounds with well-understood physicochemical properties, their approach is
essentially same as ours. The advantage of our approach is its capability for studying
particles with unknown chemical composition, enabled by the use of «.

The implicit assumption in this approach that « is constant throughout the entire range of
S may not be valid in some cases. A number of studies investigated x both at super-
saturated conditions (xccy determined by a CCN counter) and sub-saturated conditions
(rcgr calculated from a growth factor determined by a hygroscopicity-tandem differential
mobility analyzer, H-TDMA) (Prenni et al., 2007; Carrico et al., 2008; Duplissy et al.,
2008; Petters et al., 2009a; Massoli et al., 2010; Alfarra et al., 2013; Juranyi et al., 2013;
Martin et al., 2013; Wu et al., 2013; Hong et al., 2014), with different levels of agreement
between kccy and x,. For instance, kg of secondary organic aerosol (SOA) is often
observed to be lower than xccy (Prenni et al., 2007; Petters et al., 2009¢; Wex et al.,
2009; Massoli et al., 2010). Possible causes for the gap between kccy and kg include non-
ideality and solubility of complex organic mixtures (Petters et al., 2009¢). The impacts of
this assumption (xccy = kg) and of experimental error on the derived values of k are
discussed in detail in the error analysis section (3.3).

3. Experimental Methods

3.1 Dry CCN and Wet CCN

The Wet CCN experimental setup is similar to that used for the Dry CCN approach and
described elsewhere (Petters et al., 2007), except that the aerosol sample is equilibrated to
a known relative humidity prior to size-selection (Fig. 2). The sample humidity was
controlled in a similar way as in Suda and Petters (2013): the sample air was passed
through Nafion tubes (PermaPure, MH-110, O.D. 0.27 cm, length 30.5 cm) with
temperature-controlled water (Cole-Parmer, 6-liter Programmable Digital Controller
Refrigerated/Heated Circulating Bath, EW-12118-30) circulating in the annular region.
The residence time between the humidifier and the DMA is ~ 6 s, which is enough time
for particles to equilibrate to the new § such that the measured size D reflects the
measured S (Snider and Petters, 2008; Suda and Petters, 2013). Both the aerosol sample
flow and the sheath flow were humidified. The relative humidities in both flows were
measured by humidity sensors (Rotronic, Hygroclip, HC2-S, +£0.8% RH / £0.1 K
accuracy at 23 + 5°C, valid at 10, 35, and 80% RH, calibrated by RH Systems / MBW 97,
s/n 06-0808). The humid aerosol flow was introduced into a chamber holding four *'°Po
strips to equilibrate the aerosol charge distribution. A differential mobility analyzer (TSI
3071A) operating at 9 L/min sheath flow and 1.4 L/min monodisperse flow was used to
select a quasi-monodisperse sample of humidified particles; the voltage was increased
stepwise to select particles with mobility diameters ranging from 40 nm to 300 nm. The
recirculating sheath flow of the DMA was slightly dried by flowing dry air through a
Nafion tube (PermaPure, MH-110) before humidification in order to avoid condensation
in the line. The monodisperse aerosol flow was split and sent to a condensation particle



counter (CPC, TSI 3010) to record total particle number concentration and to a Droplet
Measurement Technologies Cloud Condensation Nuclei Counter (DMT CCNC) (Roberts
and Nenes, 2005), held at a fixed supersaturation, to record activated droplet number
concentrations.

The calibration and analysis of activation curves for dry aerosol were described in detail
by Petters et al. (2009). The contributions from multiply-charged particles to the
activation curves were removed by an inversion matrix (Petters et al., 2009). The
activation curves were fitted to a cumulative Gaussian function and the diameter at which
50% of the particles activated was used as Dy,,.. The supersaturation was calibrated
against ammonium sulfate (Fisher Scientific, >99%, A702), based on Kdhler theory (Eq.
1) and E-AIM (Wexler and Clegg, 2002), in which the mole fraction of water in
ammonium sulfate solution was calculated for varied relative humidity (a,, for a bulk
solution), and S, was determined by searching for the maximum in S (accounting for
Kelvin effect) for the experimentally determined D,,,. For the range of S, investigated in
this study (1.0025 ~ 1.0040), x as determined from E-AIM water activities ranges from
0.61 to 0.59.

Experiments were conducted using particles composed of glucose (Sigma-Aldrich, D-(+)-
glucose, >99.5, G8270), ammonium oxalate monohydrate (Sigma-Aldrich, >99.5%,
09898), ammonium nitrate (Fisher Scientific, >98%, A676), and iodine oxide particles
(IOP) as described below. Ammonium sulfate, glucose, ammonium oxalate, and
ammonium nitrate aerosols were generated from aqueous solutions using a TSI 3076
constant output atomizer.

Wet particle diameter D was measured in the same manner was as Dy, except that the
particles were humidified and thus may be wet. Example data for ammonium sulfate
activation are shown in Fig. 3 where the activation curves (activated fraction vs.
diameter) of dry and wet ammonium sulfate are compared. For a given critical
supersaturation (s.) set by the CCNC, the shift in activation curve in Fig. 3 is only due to
the presence of water since the moles of solute needed for activation (#,) are independent
of the liquid water content of the initial aerosol. Note that when the sample is dry, D50
and D are equal to Dy,.

3.2 Generation of iodine oxide particles (IOP)

Experiments were carried out in a 65 L stainless steel tank operating as a batch reactor.
The reactor was flushed with O3 generated by an ozone generator (Teledyne Instruments,
Model 703) to reach estimated initial O3 concentrations of 1-2 ppm. CHal, (99%, Sigma
Aldrich, 158429) was injected into the reactor by doping 1 puL of 10 vol% solution of
CHo,l, in methanol on glass wool in a manifold and gently flushing 3 L of warm air
through the manifold (calculated concentration of CH,I, 0.47 ppm). Due to the small size
of the reactor, experiments were carried out at concentration ranges several orders of
magnitude higher than previous chamber studies (Jimenez et al. (2003), CH,I»: 0.015~50
ppb, O3: 100-500 ppb, 28 m’ Caltech indoor chamber). Higher concentrations may
impact aerosol composition by influencing reaction kinetics and partitioning of higher
volatility products 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 the applicability of the Wet CCN approach to a previously
studied system producing non-spherical particles with unknown composition. Jimenez et
al. (2003) observed qualitatively different hygroscopicities of IOP formed in dry vs.
humid conditions, with the humid reaction producing non-hygroscopic IOP and the dry
reaction producing highly hygroscopic IOP, possibly due to differences in gas-phase
chemistry.

3.3 Validation and Error analysis

To develop estimates of the error associated with the proposed approach, the Wet CCN
analysis of ammonium sulfate was tested against a model prediction (Fig. 4). The
theoretical line for ammonium sulfate represents Dy, (x-intercepts), that is, the typical
calibration measurement in the Dry CCN method used to determine s., as described
above (section 3.1), and subsequent hygroscopic growth taking into account the non-
ideality of the solution using E-AIM (Wexler and Clegg, 2002). One can consider the S
vs. D space analogous to humidograms, in which hygroscopic growth factors (GF =
D/Dyy,) are plotted against a,, (Carrico et al., 2008); the key advantage of the S vs. D
space is that there is no explicit requirement to specify Dy,,. Note that S vs. D can be
reduced to the conventional humidogram by taking the diameter ratio (D/Dg,) and
converting S'to a,, (Eq. 1).

The observations for ammonium sulfate agreed reasonably well with the E-AIM
prediction; the agreement in terms of D was generally within 4%. The impact of this error
on the derived « is discussed below. Efflorescence of ammonium sulfate was observed at
RH = 38%, which is slightly higher than the previously reported measurement range: 35
+ 2 % (~ 1 pm particles, < I min, Han and Martin, 1999; Martin, 2000) and 31% (75 ~
190 nm particles, < 30 s, Smith et al., 2013). The efflorescence RH (ERH) of ammonium
sulfate depends on particle size, observation time, and heterogeneous nuclei; generally,
larger particle size, longer observation time, and/or the presence of heterogeneous nuclei
enhance ERH (Martin, 2000; Gao et al., 2006). For particles smaller than ~ 30 nm,
Kelvin effect can significantly increase ERH of ammonium sulfate (Gao et al., 2006).
Considering the particle size at the point of efflorescence (83nm) and the residence time
between the humidifier and the DMA (~6 s), the ERH is expected to be ~31% (Gao et al.,
2006). Therefore, the discrepancy is likely to be due to a minuscule amount of insoluble
impurity in particles that can serve as a nucleus for crystallization (Martin, 2000), which
would not affect the volume-based x observation significantly. Note that the particles
were in a metastable solution state, since they passed through a humidifier (at S~ 1.0)
prior to size selection.

Fig. 4 suggests that there are two kinds of uncertainties in the Wet CCN method: 1)
experimental uncertainty (the gap between the measurement and the E-AIM model,
shown as the shaded area), and 2) the impact of assuming xor = xccy (differences would
result in the deviation from the «x isolines). The impact of the experimental error (<4% in
D) on x determination depends on S and D; as can be seen in Fig. 4, the « isolines are
widely separated in the lower-right region of the contour (lower x and lower S). To
visualize the sensitivity of the x measurement in the S vs. D space, the relative error



(Ax/x) that would result from the experimental error was computed by solving Eq. 11 for
K}

4A3

K = 27In%(S¢) y Eq. 12

D3 4A3

A
S —
271n2 (SC)<ﬂ>

1-S/exp (%)
and calculating bounds of « for £4% variations in D (/x/+p and [x] p):

4A3

27In2(S¢)
K = . Eq. 13
[<lp [D+(1£0.04)]3 443 a

A
S —
271n2 (So) L%)
1-5/exp (5)

Then the relative error is estimated as follows:

[ = 4 licdpolel-nl, Eq. 14
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The resulting estimates are shown in Fig. 5a as isolines for every + 10% increment in
error, with the isolines for + 30% and + 60% shown as heavier lines. The calculations
assumed s, = 0.40%, but since the experimental error is expressed as a normalized
quantity (4D/D = +4%), the relative location of the error isolines (|4x/x|p) to x isolines
does not depend significantly on the s, setting. Fig. 5a shows that the x measurement in S
vs. D space loses its sensitivity at high S (e.g., x = 0.6 becomes £30% uncertain at S ~
0.7).

In addition, the assumption that xccy = kgrused to derive Eq. 8 and 11 can have a
significant impact on the determination of x. For example, Fig. 6 shows trajectories for
three different xccw : x4 scenarios. Note that when xr < xccw, the k values inferred from
the contours (calculated by Eq. 8 or 11) are (erroneously) higher than xccy (Fig. 6b).
Again, the impact of the kccy : kgrratio depends on S and D (better sensitivity at low S,
low «, and large D). Furthermore, x,r may change as a function of S, due to factors such
as solubility limitations and solution non-ideality (Petters et al., 2009¢).

In order to evaluate the complex effects of x,;, we estimated the impact of ks /kccy with £
50% variability (ranging from 0.5 to 1.5), which encompasses the majority, if not all, of
the range of agreements between x,rand xccy observed in previous studies (Petters et al.,
2009a; Juranyi et al., 2013; Whitehead et al., 2014). The impact of £50% variability in xgr
can be described by modifying Eq. 11:

1/3
S/exp (g) ) / Eq 15
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Solving Eq. 15 for , the following equation can be derived to evaluate the bounds of



for £50% variations in kgr (/K] +xgrand [x] .q):
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The relative error is estimated as follows:
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The resulting errors evaluated in the S vs. D space are shown in Fig. 5b. The overall
trends of the error contours in Fig. 5a and 5b are similar, but the variations in g /kccn
introduced larger errors at a given S. Considering the overall error as the product of two
independent random errors (AD/D =+4%; A(xy /kccn) = £50%), the overall error is
calculated as follows (Taylor, 1997):

[%]Overall - \[[ATK]Z + [ATK]Z Eq‘ 18

Kgf

Using Eq. 18, the overall error contours can be calculated, as shown in Fig. 5c. Based on
the results in Fig, 5S¢, we recommend the quantification range over which experiments
should be conducted as S = 0.3 ~ 0.6. Measurements at S > 0.6 are useful for qualitative
analyses, but are not suited for quantification of x due to the large error; S < 0.3 is of less
interest as this range approaches the S used in conventional Dry CCN measurement, with
its associated shortcomings. The average of the overall errors in this recommended range
(0.3 £S<0.6) for each x isoline is shown in Fig. 5d; the experimental error (/(4x)/x]p)
dominates for lower x and the uncertainty in «,r (/(4k)/k] ) dominates for higher x, 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 quantification. For instance, by
curve fitting ammonium sulfate data points within the quantification range (Fig. 4,
excluding effloresced data points), 42504 1 determined to be 0.51. Using the quadratic
equation in Fig. 5d, 4k is calculated to be 0.16, hence kw2504 1s reported as 0.51 £ 0.16.
Although the value is reasonable, the uncertainty is relatively large for this high x 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 yielded
Kgiucose = 0.17 £ 0.03 (Fig. 4), in good agreement with previous measurements, 0.165 +
0.033 (Ruehl et al., 2010), as well as with kg4 = 0.154 predicted for an ideal glucose
solution.

The above analysis shows that the Wet CCN method, when applied to data obtained

within the S = 0.3 ~ 0.6 range, determines x values of typical continental aerosol (x ~ 0.3
+ 0.1) and marine aerosol (x ~ 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 uncertainties in x that are larger than the uncertainty range of the
method; otherwise, the Dry CCN method would suffice to obtain x estimates. The
following section illustrates such applications.

3.4 Interpretation of S vs. D as “CCN state space”

The trajectories of the S vs. D relationships can be used to infer physical processes
impacting the state of CCN when certain assumptions can be made, as indicated in Fig. 7.
x-Kohler curves for a setpoint of 5. = 0.40% in the CCN instrument are shown in Fig. 7.
The shaded region in Fig. 7 represents the optimum quantification range as discussed in
the error analysis section. The Dry CCN region represents particle equilibration at very
low S (that is, the typical drying step to determine the volume of solute present). The
endpoints of the x isolines in this region indicate the dry critical diameter required for
activation at 5. = 0.40% of a particle of composition «, that is, the typical findings from
the Dry CCN method, which uniquely relates Dy, s, and k. For example, a 60 nm dry
particle with composition represented by x=0.4 would just activate under the selected s,
of 0.40%. In the Wet CCN method applied to this same example particle composition,
particles are equilibrated at various relative humidities and size-selected while wet; the
(wet) D50 values determined for s. = 0.40% are expected to trace out the x=0.4 isoline,
with variability as discussed in the error analysis.

For all particles for which the Dry CCN method may be expected to yield accurate
estimates of x, the Wet CCN method outlined above — that is, identifying a representative
k for data over the range S = 0.3 ~ 0.6 (suggested quantification range: Fig. 5) —is
expected to yield similar results for «, if ¥ does not change with S. However, the Wet
CCN method can provide additional information about the physical state of the particle
being probed, in addition to providing an accurate assessment of x for particles for which
the Dry CCN method fails. The locations of measurements in the S vs. D50 space,
hereafter called Wet CCN state space, can potentially be used to infer that dry test
particles are non-spherical, have collapsed when exposed to water vapor, or undergo
efflorescence. As shown in Fig. 7, collapse of a non-spherical particle into a more
spherical shape would result in a gap between Dy, that the Dry CCN method would
“erroneously” provide and D extrapolated down to a dry condition (S ~ 0) along a x
isoline with the “correct” representative x value obtained from the observations at high
equilibration S. More specifically, collapse of particles can occur within the Nafion
humidifier, where particles are exposed to S ~ 1.0; efflorescence can occur immediately
after the humidifier when sample temperature increases from the dew point (set by the
humidifier) to room temperature.

In a case where non-spherical particles collapse to become spherical particles after
humidification, the dynamic shape factor of non-spherical CCN, y (Rose et al., 2008), can
be estimated as follows:

_ Ddry,DryCCN C(Ddry,WetCCN) Eq 19
Ddry,WetCCN C(Ddry,DryCCN)’

10



where Dy, prcen 18 Dy, measured by the conventional Dry CCN method (e.g., ~90 nm in
Fig.7), Dary werccn 1s the end point of a x isoline (determined by the Wet CCN method) in
the dry region (e.g., ~75 nm in Fig.7), C(Dary prycen) and C(Dgyy, werccn) are the slip
correction factors for the respective diameters Dy prycoy and Dy, wercen. C(D) can be
approximated as follows (Allen and Raabe, 1985):

21 0.999D
C(D) =1+2[1.142 + 0558 exp (— =221, Eq. 20

where 4 is the mean free path of air molecules (A = 65.1 nm at T =298 K and latm)
(Seinfeld and Pandis, 2006). The major uncertainty of Eq. 19 is the estimation of

Dy, weiccn by extrapolation of Wet CCN measurements (0.3 < S < 0.6) to dry conditions
(S ~ 0); thus the uncertainty is governed by the overall uncertainty of the Wet CCN
method (Fig. 5d). Since x « Dg,,” at fixed S, (Eq. 7), the uncertainty of extrapolated D,
is ~1/3 of the uncertainty of x (Taylor, 1997; Kreidenweis et al., 2009):

Ax ADdry

— = -3 Eq. 21

Ddry

Therefore, although the non-linearity of C(D) hinders direct comparison, the uncertainty

in y determined by Eq. 19 is approximately 1/3 of the overall uncertainty of x determined
by the Wet CCN method (Fig. 5d).

Efflorescence would be manifested as a gap in the observable D50 of metastable state
particles and an unchanging D50 in the CCN instrument, regardless of the choice of
initial equilibration S; again, the “correct” representative k value is expected at high
equilibration S. This behavior is properly labeled efflorescence since atomized particles
are passed through the Nafion tube at S ~ 1.0 and remain in a metastable state until S
drops below the efflorescence S, which is the feature of this method enabling the use of
spherical, 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 decomposition) 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 measurements. Semivolatile compounds may
also evaporate inside 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
downstream of the DMA, and (2) whether evaporation is reversible, i.e., whether
evaporated semi-volatiles come back into the particle phase upon re-humidification
within the CCNC. For example, “Change in «” scenario in Fig. 7 illustrates the case
where evaporation of semi-volatile water-soluble compounds (in green) occurs upstream
of the DMA (e.g., during humidification in a Nafion tube) irreversibly, which may be
possible if the partitioning of semi-volatile compounds was mediated by water (Topping
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and McFiggans, 2012. In this case, D50 will deviate from a x isoline because of the
change in particle composition.

However, if the evaporation occurs after DMA selection (e.g., within the CCNC), the
observed x would be biased low by overestimating V5, since it is based on the original
size-selected particle before evaporation occurred. This scenario may be encountered in
the Dry CCN method since some aerosol components are semi-volatile, resulting in
potential biases in the Dry CCN method. Currently the relative importance of evaporation
upstream or downstream of the DMA is unknown. Combining the Wet CCN method and
an evaporation model that predicts particle changes in the CCNC (Romakkaniemi et al.,
2014) may shed light on the issue. Applying the interpretations suggested by Fig. 7 to
observed deviations from « isolines can offer insights into the nature of the measured
aerosol, but caution must be taken since several different processes can cause such
deviations (e.g., evaporation, change in @, solubility limit), with significant error (Fig.
5d: e.g., ~£20% for k ~ 0.3).

In summary, the proposed most appropriate applications of the Wet CCN state space (Fig.
7) are as follows:

1. In the simplest case where particles can be assumed to be spherical, non-volatile,
and xgr/ccen= 0.5 ~ 1.5, « can be inferred from measurements made within § =
0.3 ~ 0.6, with the estimated overall error as shown in Fig. 5d. Although the Dry
CCN method is sufficient to acquire xccy for samples meeting these assumed
criteria, the Wet CCN method is an effective way to evaluate the validity of the
assumptions needed to apply the Dry CCN method.

2. When dry particles are assumed to be non-volatile and non-spherical, and wet
particles are spherical, the Wet CCN method provides an accurate estimate of
without being affected by particle shape, and thus an improvement over the Dry
CCN method. Furthermore, if a Dry CCN measurement and a Wet CCN
measurement (e.g., differences in derived x) are significantly different (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 non-spherical particle to its
volume-equivalent diameter, as well as corresponding slip correction factors
(Rose et al., 2008).

3. When « can be reasonably estimated from particle composition, then the phase
partitioning process can be evaluated with Wet CCN experiments since x and V
(impacted by evaporation) are coupled parameters (Eq. 4). The challenge is to
evaluate the partitioning at different locations (e.g., before/after the DMA), which
may require additional assumptions or modeling (e.g., Romakkaniemi et al.,
2014).

4. Results and Discussions
4.1. Ammonium oxalate

The Wet CCN approach was applied to ammonium oxalate monohydrate particles as an
example system of non-spherical crystals (Hori et al., 2003), for which the Dry CCN
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method will overestimate solute volume and underestimate x. Previous studies reported a
large range of xccy=0.24-0.48 for ammonium oxalate monohydrate (Hori et al., 2003;
Petters et al., 2009b). The results of the Wet CCN measurement of ammonium oxalate,
along with ammonium sulfate data, are shown in Fig. 8. k of ammonium oxalate was
observed to be 0.43 = 0.11, which is on the higher end of the previous measurement
range. For § > 0.4, the trends of ammonium sulfate and ammonium oxalate were
indistinguishable within the experimental uncertainty. The deviation of the trends for dry
conditions (S ~ 0.3) suggests that ammonium oxalate may be in a non-spherical
crystalline state as reported by Hori et al. (2003). However, unambiguous determination
of particle shape would require additional measurements. For comparison, xgaouir Of
ammonium oxalate is estimated from Eq. 5 and the molar volume of ammonium oxalate
(94.7 cm’ mole™) (Haynes, 2013) to be 0.57 (v is assumed to be 3), suggesting that some
previous measurements of ammonium oxalate x have likely underestimated its value.

A previous study employing the electrodynamic balance (EDB) technique (Peng and
Chan, 2001) observed efflorescence of ammonium oxalate at a,, ~ 0.5. The observed
trend in Fig. 8 is consistent with the possible efflorescence at S ~ 0.5; the lack of a clear
abrupt change in particle size may be because size reduction by loss of water was
counteracted by changes in particle shape. Again, additional measurements of particle
shape would be needed for verification. This measurement demonstrates the effectiveness
of the Wet CCN method to determine the solute volume and x of non-spherical water-
soluble crystals, and regardless of their hydration states.

4.2. lodine Oxide Particles

Results of representative IOP generation experiments carried out in dry (reactor § <0.1)
and humid conditions (reactor S ~ 0.65) are shown in the Wet CCN state space in Fig. 9.
For the dry generated particles, the D50 of dry particles (~80 nm at S ~ 0.1) clearly
deviated from the trend at higher equilibration S, suggesting non-sphericity and collapse
when wetted; the « of collapsed IOP was observed to be in the range of 0.54 + 0.18.
Assuming 1,05 (molar volume 67.0 cm® mole™) (Haynes, 2013) hydrating to become two
HIO:s, as the first order approximation, xrq.ur in an ideal solution is calculated to be 0.51
(further dissociation of HIO; would enhance xggoui).

The comparison of the Dry CCN and the Wet CCN measurements provides semi-
quantitative insights on particle shape and density. The ratio of the ¥ measured by the Dry
CCN (x = 0.17) to the Wet CCN « (0.5~0.6) suggests that the non-spherical dry particle
volume was observed to be 2.9~3.5 times larger than the equivalent volume of spherical
particles (note that x and V are coupled parameters, Eq. 5). Assuming material density of
5 g/em’ (c.f., 1,05 density: 4.98 g/cm®, CRC handbook) (Haynes, 2013), the effective
density of non-spherical particle would be 1.4 ~ 1.7 g/cm’. Jimenez et al. (2003)
estimated the effective density of non-spherical IOP to be 0.86 ~ 1.22 g/cm’ by
comparing the (vacuum) aerodynamic diameter and the mobility diameter. The difference
in the effective densities indicates that IOP produced in this study was more compact than
that in their study; a possible reason for the discrepancy of particle shape is the different
gas and particle concentration levels (Jimenez et al., CHzI> <50ppb; this study CH,l, ~
500ppb), but a definitive explanation requires further experimental evaluation.
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On the other hand, particle generation reactions carried out under humid conditions
resulted in low hygroscopicity particles, with k = 0.06 = 0.01. The unchanging D50 with
respect to S suggests that efflorescence S is > 0.92 (highest value observed in the
experiment). Again, note that deliquescence is not observed in the CCN state space since
particles pass through a humidifier at S ~ 1.0. The derived x value may be underestimated
if particles are non-spherical (as in the dry condition experiment). It is clear that chemical
compositions of IOP in the two experiments (dry and humid) are significantly different,
resulting in dramatically different efflorescence S.

A similar observation regarding a strong dependence of hygroscopicity on relative
humidity during the particle generation reactions was made by Jimenez et al. (2003)
semi-quantitatively using an H-TDMA. In their humid experiments (reactor S ~ 0.65), the
hygroscopic growth factor (final diameter/initial diameter) remained nearly 1, that is,
little to no water uptake was observed; on the contrary, in the dry experiment (reactor S <
0.02), IOP started collapsing when exposed to S beyond 0.23, and then the particle
regained its initial size at S ~ 0.85 by hygroscopic growth of the collapsed particles,
indicative of high «x (Fig.7 in Jimenez et al., 2003). The low hygroscopicity particles
(generated in humid experiments) were inferred to be 1,04 based on its lack of water
solubility (prolonged treatment in excess of water decomposes 1,04 into I, and HIO3)
(Daehlie and Kjekshus, 1964), instead of highly soluble 1,05 (263g of 1,Os per 100g of
H,0 (Kumar et al., 2010)); note that this solubility is sufficient for CCN activation, i.e.
deliquescence S is less than the critical saturation ratio and cloud droplet activation is
determined by xccy (Petters and Kreidenweis, 2008).

However, a later study investigated the elemental composition of IOP generated
photochemically by I, and O3 and suggested that the main constituent is likely to be 1,05
(Saunders and Plane, 2005). Hence, the apparent contradiction has been a matter of
debate (Murray et al., 2012; Saiz-Lopez et al., 2012). To address the contradiction,
Murray et al. (2012) investigated the hygroscopicity of iodic acid (HIO3), a hydrated
form of 1,05, using EDB. They observed surprisingly low hygroscopicity (x = 0.024) for
this highly soluble inorganic compound. The reason for the weak hygroscopic growth
was unclear, but one hypothesis was formation of polymeric structures that lead to
strongly non-ideal behavior (Murray et al., 2012).

The reason for the discrepancy of particle hygroscopicity depending on “reaction
humidity” (not to be confused with “measurement humidity” in the Wet CCN method),
remains unclear. x of the ideal solution of 1,Os would be as high as typical inorganic salts
(as discussed above), which appears to be consistent with the dry reaction experiments in
this study and the experiments reported by Jimenez et al. (2003); in contrast, x of humid
reaction experiments was observed to be much lower (x = 0.06 £+ 0.01), which was
consistent with humid reaction experiments in Jimenez et al. (2003), as well as with EDB
analysis of HIO; by Murray et al. (2012) (x = 0.024). Although further studies are needed
to resolve the dichotomy, considering the significance of IOP in the marine and coastal
environment (Saiz-Lopez et al., 2012), the humid reaction experiments yielding low x
IOP are expected to be more atmospherically relevant.

4.3. Ammonium nitrate
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Evaporation of volatile compounds after DMA sizing (inside a CCNC) would result in
overestimation in D50 determined by the Dry CCN method (Asa-Awuku et al., 2009;
Romakkaniemi et al., 2014). Recently, Romakkaniemi et al. (2014) modeled evaporation
and co-condensation inside the DMT CCNC (the same instrument as used in this study)
using a computational fluid dynamics model. In a test case for ammonium nitrate
particles, simulation results showed that evaporation of ammonium nitrate led to a
reduction in effective dry diameter by 10 to 15 nm for supersaturations between 0.1% and
0.7% (Romakkaniemi et al., 2014).

As the first step to evaluate the impact of evaporation on the Wet CCN method,
ammonium nitrate was tested experimentally (Fig. 10). The theoretical prediction was
made by using k=0.73 (Kreidenweis et al., 2009) for the X-intercept (Dg-) and
calculating hygroscopic growth ($>0) using E-AIM (Wexler and Clegg, 2002) with and
without the assumption of volume additivity (black and gray solid lines). The observed
D50 trend was significantly larger than the E-AIM prediction, with a difference of
approximately 15 nm at 5,=0.4%. The extent of the gap is consistent with Romakkaniemi
et al. (2014) (at the same s.). In contrast, Svenningsson et al. (2006) did not observe
significant evaporation of NH4NOs; Petters and Kreidenweis (2007) analyzed the data in
terms of x and acquired x=0.67. The discrepancy may be due to the different operating
temperatures of CCNCs. Svenningsson et al. used a thermal gradient diffusion Cloud
Condensation Nucleus spectrometer (CCN spectrometer, University of Wyoming,
CCNC-100B) that generates supersaturation by cooling the bottom plate
thermoelectrically (Snider and Brenguier, 2000); on the other hand, the DMT CCNC
generates supersaturation by creating a positive temperature gradient (Roberts and Nenes,
2005). Asa-Awuku et al. (2009) compared the DMT CCNC and a static diffusion CCN
counter that operates below room temperature and concluded that secondary organic
aerosol generated by f-caryophyllene ozonolysis evaporated significantly in the DMT
CCNC due to the higher operating temperature.

The observation suggests that the presence of water in the Wet CCN method did not
suppress evaporation (as a result of chemical decomposition) of NH4NOs significantly.
Although higher relative humidity lowers the NH4sNOj3 dissociation constant (Stelson and
Seinfeld, 1982), the higher temperature and the wall wetted by pure water in a CCNC
might have enhanced the removal of particle phase NH4sNO; (Romakkaniemi et al.,
2014). Further studies are needed for determining the upper limit of volatility for
compounds for which the Wet CCN method can accurately determine «.

5. Limitations and Potential Applications of the Wet CCN approach

It remains challenging to experimentally constrain individual physicochemical
parameters such as surface tension, molar volume, solubility, and osmotic coefficient
since they all affect the trajectory of S vs. D in different ways. Therefore,
parameterization of hygroscopicity using a parameter such as k, which folds in effects
from these other variables into a single observable property, remains a practical approach.
Application of the Wet CCN method to single-component particles is relatively
straightforward if solutes are effectively non-volatile and wet particles are dissolved and
spherical (e.g., ammonium oxalate monohydrate). Crystal shape (which affects DMA
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sizing) and the presence of hydrated water in the particle volume are no longer an issue if
fully deliquesced droplets can be used for characterization, as in the Wet CCN method.
However, particles with a non-spherical rigid backbone may remain non-spherical even
after wetting, re-introducing uncertainty in the sizing of the wet particle.

If evaporation/co-condensation of volatile compounds occurs after DMA sizing, it will
lead to overestimation/underestimation in D50 determination, both in the Dry CCN and
the Wet CCN measurements; however, the feature of the Wet CCN comes into play if the
presence of water in the particle phase impacts evaporation/co-condensation. If water
significantly suppresses evaporative loss of semi-volatile species (Topping and
McFiggans, 2012), then the Wet CCN approach allows for an experimental look at this
problem. If evaporation/co-condensation occurs and results in significant changes in
hygroscopicity before DMA sizing, data points in the Wet CCN state space are expected
to deviate from « isolines as described in Fig. 7. However, concentration dependent non-
ideality (®) (e.g., ammonium sulfate in Fig. 4) or phase separation in complex mixtures
may also result in deviation from « isolines due to the change in x,respecially at higher S
(>~0.6) (Fig. 6); therefore, again, the Wet CCN measurement needs to be limited to
modest S (0.3 ~ 0.6) for quantitative analysis (Fig. 5).

Thus the major limitation of the Wet CCN technique appears to be the lack of sensitivity
for high « (e.g., ~ = 40% for k ~ 0.7), and the uncertainty in identifying the cause of
observed deviations from « isolines. The potential sources of such deviations include (1)
shape changes, (2) concentration dependent non-idealities (impacting s, not kccy: Fig.
6), (3) solubility limits of complex mixtures, and (4) evaporation/co-condensation. At
minimum, deviation from x isolines can be used as a flag for further investigation of
physical/chemical processes involving the aqueous phase that may not be apparent, or
may be overlooked, in measurements made via the conventional Dry CCN method.

6. Conclusions

This study developed the conceptual basis of the Wet CCN technique, based on simple
modifications of existing conventional approaches, which we term Dry CCN methods.
The Wet CCN method is the direct measurement of the subsaturated portion of x-Kdhler
curves, as opposed to the Dry CCN method that constrains only the dry portion of -
Kohler curves. In the Wet CCN method, particles are not dried before sizing, enabling a
series of applications to systems where dry particle characterization is difficult due to
complex particle shapes or solute compositions (e.g., hydrate formation). The Wet CCN
approach was evaluated using ammonium sulfate, glucose, and non-spherical ammonium
oxalate monohydrate particles, and was shown to produce estimates of k consistent with,
or improved from, those previously reported in the literature. Further, the Wet CCN
approach was applied to iodine oxide particles, which are non-spherical and have
unknown chemical composition. Different measured hygroscopicities of IOP when they
are formed in dry vs. humid reactions conditions were consistent with observations in a
previous study (Jimenez et al., 2003). Ammonium nitrate was observed to evaporate
significantly even with the Wet CCN method. Care must be taken in identifying the cause
of deviations of measurements from « isolines in the CCN state space, as particle shape
effect, concentration dependent solution non-idealities, solubility limitations, and
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evaporation/co-condensation of volatile species can all result in such deviations and may
be difficult to separate observationally.
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