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Abstract. A method is described that uses particle hygro-
scopicity measurements, made with a humidified tandem dif-
ferential mobility analyzer (HTDMA), to determine solu-
tion water activity as a function of composition. The use
of derived water activity data in computations determining
the ability of aerosols to serve as cloud condensation nu-
clei (CCN) is explored. Results for sodium chloride and
ammonium sulfate are shown in Part I. The methodology
yields solution water activities and critical dry diameters for
ammonium sulfate and sodium chloride in good agreement
with previously published data. The approach avoids the as-
sumptions required for application of simplified and modi-
fied Köhler equations to predict CCN activity, most impor-
tantly, knowledge of the molecular weight and the degree of
dissociation of the soluble species. Predictions of the de-
pendence of water activity on the mass fraction of aerosol
species are sensitive to the assumed dry density, but predicted
critical dry diameters are not.

1 Introduction

The water activity of solutions comprising atmospheric par-
ticles is a key parameter describing particles’ equilibrium in-
teractions with water vapor. For example, water activity data
are used to calculate the supersaturation required for parti-
cles to activate as cloud condensation nuclei (CCN), and also
to compute equilibrium water contents below 100% relative
humidity for visibility and direct radiative forcing calcula-
tions. The relative efficiency of various species in nucleating
cloud droplets can be, and has been, investigated directly in
the laboratory. However, such measurements, typically made
using a thermogradient diffusion chamber, require very sta-
ble supersaturations for reliable results, which can be diffi-
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cult to maintain. Further, data from the diffusion chambers
do not provide any quantitative information on water uptake
below the critical supersaturation. It is desirable to develop
a methodology to provide data on aerosol-water vapor inter-
actions through the full range of relevant atmospheric satura-
tion ratios.

In this work, we investigate the use of water uptake data
for particles below water saturation to calculate the water ac-
tivity as a function of solute weight percent, extrapolating to
dilute solution concentrations relevant to describing equilib-
ria at supersaturated vapor conditions. Water uptake data for
relative humidities below about 95% are typically obtained
using the humidified tandem differential mobility analyzer
(HTDMA). The HTDMA measures the water uptake of a
nearly monodisperse aerosol at a controlled temperature and
relative humidity. The use of HTDMA data for determin-
ing solution water activities was proposed by Brechtel and
Kreidenweis (2000a, b); here, we adapt their methodology
to a different water activity expression. The system used in
this work is described briefly here and in detail in Brechtel
and Kreidenweis (2000b). Figure 1 shows the experimental
set-up of the HTDMA; the unit is operated in an enclosure
held at 30◦C. Aerosol is generated using a Constant Output
Atomizer (TSI Model 3076), then passed through a heater,
diffusion dryer, and dilution chamber to remove remaining
moisture. The dry aerosol is size selected using a Differen-
tial Mobility Analyzer (DMA, TSI Model 3071A). Our re-
sults are based on a selected dry size of 100 nm. Part of
the size-selected flow is diverted to a condensation particle
counter (CPC, TSI Model 3010), which gives a real-time par-
ticle concentration. The remaining flow is sent to a humidi-
fied loop where the aerosol encounters a controlled, constant
relative humidity for about 2 s and comes to equilibrium with
those conditions. The flow then is sent to a second humidified
DMA, which scans through particle sizes, and a second CPC
that counts the particles thus giving a size distribution for the
humidified particles. The peak of the grown distribution is

© 2005 Author(s). This work is licensed under a Creative Commons License.
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Fig. 1. Schematic of the Humidified Tandem Differential Mobility Analyzer (from Prenni et al., 2001).

determined to be the grown size at each relative humidity.
The growth factor (GF) is defined as

GF(RH) =
Dwet (RH)

Ddry

, (1)

whereDwet is the grown diameter at the selected relative hu-
midity (RH) andDdry is the dry size of the particle. From the
standard deviations of the DMA flows, which together with
the applied voltage control particle sizing, and the uncertain-
ties inRH sensor calibration, the uncertainty in theGF is es-
timated to be±0.02 at the 95% confidence level (Carrico et
al., 2005). The relative humidity sensors are accurate within
±2% forRH up to 95%.

2 Methodology

2.1 Köhler theory

The equilibrium water vapor pressure,pw, over a spherical
solution droplet, at a particular temperatureT , is given by
the following expression:

pw

po(T )
= s = aw exp

(
4σsolVw

RT Dp

)
=

RH

100
(2)

In Eq. (2), aw is the water activity of the solution droplet,
σsol is the surface tension of the solution,Vw is the partial
molar volume of water in solution,R is the universal gas
constant, andDp is the droplet size. Water activity, surface
tension, and partial molar volume are all functions of com-
position and temperature. The ratio of the vapor pressure of
water over the drop to the saturation vapor pressure of water
at that temperature,po(T ), is known as the saturation ratio,
s. The saturation ratio can be equated to the fractional ambi-
ent relative humidity,RH/100, if the droplet is in equilibrium
with its environment.

Equation (2) forms the basis of K̈ohler theory (K̈ohler,
1936), which in various forms has been used to theoretically
predict the cloud condensation nucleating (CCN) activity of
simple and complex aerosols in terms of their critical super-
saturations (Giebl, 2002; Kumar et al., 2003; Prenni et al.,
2001; Raymond and Pandis, 2002). A plot ofs vs.Dp, com-
puted for a particular assumed mass of dry solute, generally
has a maximum. The saturation ratio at this maximum is
the so-called critical saturation, or, more commonly, critical
supersaturation,Sc, whereS is expressed as a percentage:
S=(s−1)×100. Particles that have grown past the diame-
ter associated with this critical supersaturation are considered
to be cloud droplets. A discussion of common assumptions
used to further simplify Eq. (2) is provided by Brechtel and
Kreidenweis (2000a). A standard assumption is to simplify
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the calculation of the partial molar volume of water. The par-
tial molar volume of water in solution is given by

Vw =
MWw

ρsol

[
1 +

x

ρsol

dρsol

dx

]
, (3)

whereMWw is the molecular weight of water,ρsol is the den-
sity of the solution, andx is the weight percent of solute. For
an ideal solution, the partial molar volume of water in solu-
tion is equal to the molar volume of pure water,MWw/ρw,
also known as the volume additivity assumption. As dis-
cussed in Brechtel and Kreidenweis (2000a), the assumption
of volume additivity leads to negligibly small errors in the
application of Eq. (2) for common inorganic, ionic species,
and will be applied in this work. Using this assumption in
Eq. (2) gives

s = aw exp

(
4σsolMWw

RTρwDp

)
(4)

We note that some prior works have usedρsol in place ofρw

in Eq. (4), which can lead to erroneously low estimates ofVw,
but the resulting error in the Kelvin term at the dilute solution
concentrations near the critical supersaturation is generally
negligible.

Further simplifications are directed towards the calcula-
tion of the composition-dependent water activity. The water
activity may be computed fromaw=γwyw, whereγw is the
water activity coefficient in solution, a function of composi-
tion, andyw is the mole fraction of water in solution. It is
alternately expressed as

ln(aw) =
−νmMWw8

1000
, (5)

where8 is the molal osmotic coefficient of the solute in so-
lution, m is solution molality, andν is the number of ions
of solute present in solution (ν>1 if the solute dissociates).
Thus,

a−1
w = exp

(
+νmMWw8

1000

)
. (6)

In the early cloud physics literature, it was proposed that so-
lution nonidealities be captured by the so-called van’t Hoff
factor, i (Pruppacher and Klett, 1997), defined by (McDon-
ald, 1953):

a−1
w = 1 + i

ns

nw

, (7)

wherens andnw are the number of moles of solute and water
in solution, respectively. The van’t Hoff factor can be related
to the molal osmotic coefficient as follows. A series expan-
sion of the exponential term in Eq. (6) gives:

a−1
w = 1 +

(
νmMWw8

1000

)
+

1

2

(
νmMWw8

1000

)2

+ ... (8)

Comparing Eq. (8) with Eq. (7), and recognizing that

ns

nw

=
mMWw

1000
, (9)

it can be seen that the van’t Hoff factor equates to:

i = ν8 +
mMWw

1000

(ν8)2

2
+

(
mMWw

1000

)2
(ν8)3

6
+ ... (10)

The van’t Hoff factor is thus a function of composition, par-
ticularly for more concentrated solutions, although it is of-
ten assumed constant for dilute conditions (e.g., Wise et al.,
2003). If the series in Eq. (10) is truncated after the first term,
then:

a−1
w = 1 + ν8

ns

nw

. (11)

The most frequently-applied form of Eq. (4), derived by
Köhler (Pruppacher and Klett, 1997) makes the following as-
sumptions in addition to volume additivity: the droplet con-
tainsnw moles of water andns moles of nonvolatile solute;
the moles of nonvolatile solute in solution can be computed
from the initial dry particle mass,Ms , molecular weight of
solute,MWs , and the number of ions the solute dissociates
into, ν; the solution is dilute, the activity coefficient of water
can be assumed to be equal to 1; and the surface tension of
the dilute solution can be approximated by that of pure water,
σw. If the solution is dilute,8≈1, and

aw =
nw

nw + νns

, (12)

This is the expression for water activity used in simplified
Köhler theory. Under the assumptions listed above, and as-
suming constant properties for water surface tension and den-
sity, Eq. (2) can be formulated (Seinfeld and Pandis, 1998)

ln
(

pw

po

)
=

A
Dp

−
B

D3
p

A =
4MWwσw

RTρw

∼=
0.66
T

B =
6nsMw

πρw

∼=
3.44×1013νMs

MWs
,

(13)

where the units ofA andDp are microns (µm), andµm3 for
B.

If the initial dry particle contains insoluble material, then
the number of moles of solute in solution must be com-
puted from only the soluble portion. The necessary modi-
fication, which requires knowledge of the soluble mass frac-
tion, is shown in Pruppacher and Klett (1997). More recently,
several authors have discussed additional modifications to
Köhler theory to account for other effects that may be im-
portant in atmospheric aerosols. These include mixed parti-
cles with a slightly soluble component (that is, the moles of
slightly soluble component in solution depend on the amount
of liquid water, which is controlled by more hygroscopic
species, and thus the overall solute composition changes
with RH) (Shulman et al., 1996); surfactants (Facchini et al.,
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2000; Shulman et al., 1996), which lower the droplet surface
tension; and wetting properties (Raymond and Pandis, 2002).

In addition to the possible inapplicability of the assump-
tions used to derive Eq. (13) and its modified forms, a major
difficulty in applying the theory is that it requires a priori
knowledge of the properties of the initial dry particle: sol-
uble fraction, molecular weight, solute density (to estimate
solute mass from the dry diameter), and the parameterν.
Nevertheless, for many pure salts, it has been shown to be a
good approximation. For pure organic species, it has been ar-
gued thatν=1 for compounds that dissociate very little (Ku-
mar et al., 2003; Prenni et al., 2001; Raymond and Pandis,
2002), but predictions based on this assumption do not al-
ways match experimental observations (Kumar et al., 2003;
Raymond and Pandis, 2002). Further, although methods to
extend the calculation to multiple components have been pre-
sented (Raymond and Pandis, 2003), these require values of
the solubility limits andν for each species.

2.2 Use of HTDMA data to determine water activities

In this work, we use Eq. (4) directly to compute the droplet
diameter-RH relationship and thus to determineSc, the criti-
cal (maximum) equilibrium supersaturation over the droplet.
We outline a method for determiningaw as a function of
solution composition from humidified tandem differential
mobility analyzer measurements (Brechtel and Kreidenweis,
2000b; Prenni et al., 2001; Rader and McMurry, 1986). The
HTDMA measures the hygroscopic diameter growth factor,
GF, of particles at relative humidities less than 95%, where
GF is defined as the ratio of the diameter in equilibrium with
water vapor at the relative humidityRH to the dry diameter,
the latter usually measured atRH<5%.

The relationship between growth factors, composition, and
water activities can be deduced as follows. Assuming volume
additivity, the moles of water associated with a mole of solute
at a given relative humidity can be expressed as:

nw

ns

= (GF 3
− 1)

MWsρw

MWwρs

, (14)

whereρs is the density of the solute. By Eq. (11),

nw

ns

= ν8
aw

1 − aw

. (15)

Substituting Eq. (14) into Eq. (15):

(GF 3
− 1) = ν8

MWwρs

MWsρw

aw

1 − aw

. (16)

The productν8 is not constant with composition. We as-
sume variations can be captured by a polynomial inaw, with
adjustable parametersa, b, andc, and the molecular weights
and densities can be pulled into the constants of that polyno-
mial. The functional form thus obtained is:

GF =

[
1 + (a + b · aw + c · a2

w)
aw

1 − aw

]1
3

. (17)

It can be shown that Eq. (17) has the property that, as water
activity approaches 1, the mass fraction of solute approaches
zero. The resulting relationship between water activity and
mole fraction of solute is shown in Eq. (18), where water
activity of unity corresponds to zero mole fraction of solute
anda′, b′ andc′ are the polynomial coefficients multiplied
by MWsρw/(MWwρs):

ns

ns + nw

=
1 − aw

1 − aw + a′ · aw + b′ · a2
w + c′ · a3

w

(18)

Equation (17) is used to model the growth factors from the
HTDMA data in terms of the water activity. This is the
same functional form used by Dick et al. (2000), Prenni et
al. (2001) and Brooks et al. (2004) except they model the
GF as a function ofRH. SinceRH, and not water activity,
is measured in the HTDMA, an assumption relatingRH to
aw is needed. The simplest assumption that can be made is
aw=RH. The solution water activity is equal to the relative
humidity at each point if the particles are in equilibrium with
the vapor and the Kelvin effect due to curvature of the droplet
is negligible. For 100 nm particles and typical growth fac-
tors, this implies a surface tension below about 0.065 J m−2,
for less than 1% error due to the Kelvin effect. Since the sur-
face tension of many aqueous solutions is closer to that of
pure water (∼0.072 J m−2), neglecting the effects of curva-
ture can result in a few percent error inaw. The data can be
corrected for this effect by calculating the Kelvin term,Ke,
for the wetted droplet size at each point. The activity of the
solution is then:

aw =
RH

Ke
, (19)

where

Ke = exp

(
4MWwσsol

RTρwDp

)
. (20)

This correction can be made either by assuming the surface
tension is equal to that of pure water (σsol=σw=0.072 J m−2)

or using known concentration-dependent solution surface
tensions.

The methodology for using HTDMA data to predictSc for
known compounds, and for a specified dry diameterDdry ,
is as follows. Experimental data forGF are fit to Eq. (17).
Then a series of values ofaw are chosen andGF is computed
from the fit. The masses of solute (Ms) and water (Mw) are
then given by:

Ms = D3
dry

π

6
∗ ρs, (21)

Mw = D3
dry

(π

6
∗ ρsol ∗ (GF)3

−
π

6
∗ ρs

)
. (22)

The weight percent of solute in the solution,x, corresponding
to the water activityaw at whichGF was evaluated, is then
simply

Mw

Ms

=
100− x

x
(23)

Atmos. Chem. Phys., 5, 1357–1370, 2005 www.atmos-chem-phys.org/acp/5/1357/
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However,x must be computed iteratively, because the den-
sity of the solution,ρsol , is also a function of composition.
Under the assumption of volume additivity:

ρsol =
1

1−
x

100
ρw

+

x
100
ρs

. (24)

The water activity data as a function ofx that are obtained
by application of this methodology are then used in Eq. (4)
to compute values on the supersaturation-droplet diameter
curve for any choice of dry diameter. The maximum is iden-
tified as the critical supersaturation for that dry particle size.

We note that other methods have been proposed for re-
lating hygroscopic growth, as measured by the HTDMA, to
critical supersaturation. Recently, Rissler et al. (2004) have
reviewed these and present the approach for estimating the
number of soluble ions contained in a particle and the solu-
ble volume fraction. These parameters can then be used in
appropriate versions of the classical Köhler theory equations
to predict critical supersaturation; Rissler et al. (2004) found
good agreement between measured and predicted CCN con-
centrations using this method. The spirit of their approach
is similar to that outlined here, but usesGF at only oneRH
for parameter estimation, and thus assumes the shape of the
aw-GF relationship that is here fitted to the more general
Eq. (17).

2.3 Sources of uncertainty

Application of Eqs. (21) through (24) in the methodology
outlined above requires selection of a value for the density
of the dry solute. This choice determines the value ofx as-
sociated with a particular growth factor. However, sinceGF
expresses the ratio of wet to dry particle volume, and not
mass, theaw-GF relationship determined from the HTDMA
data does not depend on the choice ofρs , and its extrapo-
lation to the dilute conditions at the critical supersaturation
is also independent of the choice of dry density. If self-
consistent choices ofρs are used to determine bothaw(x) and
to compute K̈ohler curves via Eq. (4), the predictedSc and
wet droplet size are independent of the choice of dry density.
This implies that the method could be applied to unknown
compounds or mixtures, with an arbitrary choice ofρs , to
yield satisfactory predictions of the critical supersaturation.
However, comparison ofaw(x) for a particular compound
obtained from this method withaw(x) for that species ob-
tained by other methods will of course depend on the choice
of ρs .

Although the determination of the critical supersaturation
is not sensitive to the choice of dry particle density used,
it does rely on accurate determination of the dry particle
volume. The DMA selects size using an electrical mobil-
ity diameter, which assumes a spherical shape. However,
many substances, when dried, will have a crystalline struc-
ture. This non-spherical structure leads to a larger drag and

a larger electrical mobility diameter, and therefore the mo-
bility diameter is larger than the volume equivalent diameter.
When the particle takes up water it will preferentially adsorb
water at the corners of the non-spherical particle and trans-
form to a nearly spherical shape (Mikhailov et al., 2004).
Since the dry volume is actually smaller than it appears in
the DMA, there is an apparent underestimation of the water
uptake. Shape factors are used to correct HTDMA data for
the overestimation of dry volume equivalent diameter. The
growth factor including the shape factor,χ , whereχ>1 is

GF =
Dp(RH)

Ddry

χCc(Ddry)

Cc(Dcorr)
, (25)

whereCc is the Cunningham correction factor,Ddry refers to
the mobility diameter, andDcorr refers to the volume equiv-
alent (corrected) diameter (Gysel et al., 2002). Sodium chlo-
ride has a cubic structure when dry; application of a shape
factor of 1.08 has been shown to be appropriate for this com-
pound (Brechtel and Kreidenweis, 2000b; Rader and Mc-
Murry, 1986). At the altitude of our laboratory, application
of equation (25) to NaCl particles with mobility diameters of
100 nm results in a correction factor of 1.04 to experimen-
tal values ofGF. For ammonium sulfate, the dry particles
are assumed to be spherical, which has been previously de-
termined to be a good assumption. For other species, it is
possible that the dried particles are non-spherical. However,
the appropriate shape factor is not generally known, andχ=1
is commonly assumed. Uncertainty due to this assumption is
examined in the sensitivity studies section.

Some species, such as ammonium nitrate, are known to
exist in several solid and liquid-like states depending on the
temperature, pressure, humidity, and purity (Mikhailov et al.,
2004). This chemical restructuring can take place within the
HTDMA, giving rise to errors in dry particle size on the or-
der of several nanometers. It has also been shown that some
semi-volatile species evaporate in the HTDMA between the
selection of the dry size in DMA1 and the measuring at
DMA2 (Prenni et al., 2001); the same phenomenon con-
founds interpretation of water activity data from the electro-
dynamic balance (Peng et al., 2001). Although evaporative
effects are accounted for experimentally as far as possible,
the degree of evaporation may be a function of the relative
humidity, resulting in additional uncertainty in the dry parti-
cle sizing (Mikhailov et al., 2004).

3 Application to selected ionic species

In this section, we apply the proposed methodology to HT-
DMA data from our laboratory for ammonium sulfate and
sodium chloride particles, and compare the derivedaw(x)

relationships with published data and models. We also pre-
dict the critical supersaturations for both particle types, and
compare predictions with simplified K̈ohler theory and with
published experimental CCN data.

www.atmos-chem-phys.org/acp/5/1357/ Atmos. Chem. Phys., 5, 1357–1370, 2005
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3.1 Ammonium sulfate

3.1.1 Water activity

Figure 2 shows HTDMA data for 100 nm dry ammonium
sulfate particles. The particles were generated by atomiza-
tion of a 1 weight percent solution, and dried toRH<5%
before sampling and size selection. The indicated uncertain-
ties inGF andRH are 0.02 and 2%, respectively (Carrico et
al., 2005). The curves in Fig. 2 indicate the fit by Eq. (17)
for two cases: assumingaw=RH and including the Kelvin
correction, assuming a constantσsol=0.072 J m−2. The fits
use only data obtained atRH values above the deliquescence
point (RH=79%). Fit coefficients to Eq. (17) are provided
in Table 1; fitting was performed without consideration of
experimental uncertainties. Figure 3 illustrates the predicted
relationship, from both fit curves, between drop size and the
equilibrium percent supersaturation,S; Sc is indicated by the
point defining the maximum of each curve. In the calcula-
tions ofSc shown in Fig. 3, the variation of surface tension
with composition was ignored, andσsol was again set equal
to σw=0.072 J m−2.

The estimated water activities, expressed as functions of
solution weight percent, are shown in Figs. 4a and b, to-
gether with estimates from published data or models. The
Tang and Munkelwitz (1994) polynomials foraw(x) were
based on data from an electrodynamic balance (EDB), which
exposes a supermicron particle to various relative humidities
and measures the mass increase due to water uptake. Those
authors mapped out water contents for the crystallization
(metastable) branch of the ammonium sulfate curve, whereas
our HTDMA experiments always started with dry particles.
As with the HTDMA method, it is difficult to control the ex-
perimentalRH in the EDB atRH>95%, so their polynomial
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Fig. 3. Köhler curves for 100 nm ammonium sulfate dry particle,
using the uncorrected and Kelvin-corrected HTDMA-derived water
activities.

fit is less constrained for dilute solutions. Low (1969) used
activity and osmotic coefficients reported by Lange (1961)
to determine water activity over a range of concentrations,
which were reported as values of the van’t Hoff factor as
functions of solution composition. The Wise et al. (2003)
relationship is computed from their estimate of a constant
van’t Hoff factor, using water activities derived from vapor
pressure measurements for moderately dilute solutions. The
AIM model is described by Clegg et al. (1998a) and acces-
sible online athttp://mae.ucdavis.edu/wexler/aim. Because
of the extensive experimental data and model evaluations it
incorporates, in these comparisons we consider the AIM es-
timates of solution water activities to be the most accurate.

Water activity as expressed by simplified Köhler theory
(Eq.12, with ν=3) is also shown in Figs. 4a and b. The water
activity predicted by simplified K̈ohler theory is significantly
different from the other estimates. This is not surprising, be-
causeν=3 has been shown to be an overestimation of the
dissociation (Gerber et al., 1977; Kumar et al., 2003). The
water activities from the Kelvin-corrected case derived from
HTDMA data match the predictions from the AIM model
and Tang and Munkelwitz (1994) very well, while the esti-
mates from the Wise et al. (2003) model are somewhat lower.

In the dilute limit, the activity coefficient of the solute can
be expressed by the limiting Debye-Hückel theory, leading
to the following expression for the water activity:

ln aw =
0.509

3

νMWw

1000
m3/2

−
νMWw

1000
m, (26)

wherem is the molality of the solution, moles (kg water)−1.
As can be seen in Fig. 4b, all models except the Köhler as-
sumption (Eq.12) vary significantly from the predictions of
Eq. (26). However, the solution weight percentages com-
puted for the range ofSc examined here (0.3%–1.0%) vary
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Table 1. Fitting constants forGF-aw relationship, parameterization constants for CCN activity, and deducedνs for ammonium sulfate and
sodium chloride. See text for full explanation.

Species and Model a b c α β ν

Ammonium sulfate; uncorrected 1.71845−2.04960 0.69443 34.0425 26.1487 1.36
Ammonium sulfate; Kelvin corrected 2.42848−3.85261 1.88159 31.4475 “ 1.72
Sodium chloride; uncorrected 3.89243−4.49667 1.62110 24.2239 21.3277 1.37
Sodium chloride; Kelvin corrected 4.83257−6.92329 3.27805 23.0149 “ 1.59
Sodium chloride; Kelvin and shape corrected 5.78874−8.38172 3.9265 22.2781 “ 1.96
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Fig. 4. (a)Water activity as a function of ammonium sulfate weight percent. Corrected and Kelvin corrected: this study. Other relationships
shown are from Tang and Munkelwitz (1994); Wise et al. (2003); the AIM Model (Clegg et al., 1998a); Low et al. (1969). Köhler: Eq. (12)
with ν=3 assumed; and the Debye-Hückel limiting law (Eq.26). (b) Water activity as a function of ammonium sulfate weight percent in the
dilute limit.
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Fig. 5. Growth factor data for sodium chloride: triangles, raw data;
closed circles: after shape factor correction. Curves represent the
fits to the data for the uncorrected, Kelvin-corrected, and shape-
and Kelvin-corrected cases.

from about 0.5% to 3%, well outside the range of applicabil-
ity of the Debye-Ḧuckel limiting law.

3.1.2 Critical dry diameters

In Table 2, we compare predictions of critical supersatu-
rations using the variousaw(x) relationships, and exam-
ine the agreement with experimental observations (Corri-
gan and Novakov, 1999; Giebl, 2002; Raymond and Pan-
dis, 2002; Kumar et al., 2003). The calculations use Eq. (4)
with σsol=σw=0.072 J m−2, unless indicated otherwise, and
T =298 K. To conform to the typical experimental configura-
tions, we selectSc of 0.3%, 0.4%, 0.8% and 1% and compute
the dry diameters (“critical dry diameter”) that yield these
critical supersaturations. The uncorrected HTDMA data con-
sistently give the largest predicted critical dry diameters, as
expected from the water activities shown in Fig. 4. The range
in predicted critical dry diameter for each supersaturation is
shown in the last row of Table 2. The predictions from the
HTDMA method, and the overall variation produced by the
various estimates, are within the experimental uncertainties
reported by Raymond and Pandis (2002).

3.2 Sodium chloride

3.2.1 Water activity

The analyses of HTDMA data described above for ammo-
nium sulfate have been repeated for sodium chloride. HT-
DMA data and fits for this species are shown in Fig. 5 and
fitting constants are listed in Table 1. As discussed above,
sodium chloride has the added complication that when
aerosol is generated and dried it forms a cubic shape which
must be corrected for in the size selection by the DMA. The
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Fig. 6. Water activity as a function of sodium chloride weight
percent. Uncorrected, Kelvin-corrected, and shape- and Kelvin-
corrected cases: this study, as described in the text. Other relation-
ships shown are from Tang et al. (1997); the AIM Model (Clegg
et al., 1998b); and Low et al. (1969), Köhler: Eq. (12) with ν=2
assumed; and the Debye-Hückel limiting law (Eq.26).

water activity is then modeled in three ways: (1) from un-
corrected HTDMA data; (2) from Kelvin-corrected HTDMA
data; and (3) from Kelvin- and shape factor-corrected HT-
DMA data. Method (3) is expected to give the most accurate
results, since without the shape factor correction, the solute
mass is overestimated and the growth factors underestimated.

Figure 6 showsaw(x) computed from the HTDMA data,
compared with relationships due to Tang et al. (1997),
Low (1969), the AIM model (Clegg et al., 1998b;http:
//mae.ucdavis.edu/wexler/aim), and simplified K̈ohler theory
with ν=2. The Kelvin- and shape-corrected HTDMA data
are in good agreement with the Tang et al. (1997) and AIM-
derived relationships over the entire range, while the other
methods give substantially different estimates forRH<90%.

3.2.2 Critical dry diameters

In Table 3 we compare critical dry diameters predicted from
our method at several water supersaturations with observa-
tions reported in the literature. Experimental results are from
Corrigan and Novakov (1999), Giebl et al. (2002) and Ray-
mond and Pandis (2002). Water activities derived from HT-
DMA data that have not been corrected for the shape factor
give critical dry diameters that are too large. This is due to the
error in determining the solute volume when computing the
growth factor, making the particles appear less hygroscopic
than they truly are. When the HTDMA data are processed us-
ing the shape factor and correcting for the Kelvin effect, the
resulting critical dry diameters match reported experimental
data, as well as predictions from Köhler theory, very well.
As indicated by the close agreement between the water activ-
ities seen in Fig. 6, calculations using the AIM and Tang et
al. (1997) relationships are very similar to those using water
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Table 2. Comparison of various predicted critical dry diameters and available observations for ammonium sulfate.

Critical Diameter Critical Diameter Critical Diameter Critical Diameter Reference/Notes
(nm) (nm) (nm) (nm)
Sc=0.3% Sc=0.4% Sc=0.8% Sc=1%

Raymond and Pandis (2002), 66±13 26±4 Raymond and Pandis (2002)
experimental observation

Corrigan and Novakov (1999), 51±8 30±5 Corrigan and Novakov (1999)
experimental observation

Giebl et al. (2002), 52.5 29.1 Giebl et al. (2002)
experimental observation (Sc=0.42%) (Sc=1.08%)

Kumar et al. (2003), 67±10 59±9 Kumar et al. (2003)
experimental observation

This work, fit uncorrected 75.9 62.6 39.3 33.8
for Kelvin effects (76.7)a (60.6)b (32.1)b

This work, fit corrected 70.5 58.1 36.5 31.4
for Kelvin effects (71.2)a (56.2)b (29.9)b

This work, fit corrected for 69.7 57.5 36.3 31.2 Surface tension estimated
Kelvin and surface tension effects from Pruppacher and Klett (1997)

Standard K̈ohler Theory, 59.3 49.0 30.9 26.6 Water activity
Eq. (4) from Eq. (12)

Raymond and Pandis (2002), 61 27 Raymond and Pandis (2002)
theoretical calculation

Corrigan and Novakov (1999), 50 31 Corrigan and Novakov (1999)
predicted by K̈ohler Theory

Brechtel and Kreidenweis (2000a), 70 Brechtel and Kreidenweis (2000a)
theoretical calculation (Sc=0.295%)

Kumar et al. (2002), 59.4 49.0 Kumar et al. (2002)
standard K̈ohler theory

Kumar et al. (2002), using 63.2 52.6 Kumar et al. (2002)
Clegg et al. (1996) water activity

aw from Tang and Munkelwitz (1994) 68.2 56.4 35.7 30.8 Tang and Munkelwitz (1994)
σsol=constant=0.072 J/m2

aw from AIM model; 62.9 52.3 33.5 29.1 Clegg et al. (1998a)
σsol=constant=0.072 J/m2

aw from Debye-Huckel limiting law; 59.9 49.5 31.4 27.1
σsol=constant=0.072 J/m2

aw from Wise et al. (2004); 64.7 53.4 33.7 29.0 Wise et al. (2004)
σsol=constant=0.072 J/m2

Range in predicted 75.9–59.3 62.6–49 39.3–31 33.8–27
critical dry diameters 68±8 56±7 35±4 30±3

a Parenthetical values are computed atSc=0.295%, for comparison with Brechtel and Kreidenweis (2000a).
b Parenthetical values are computed atSc=0.42% or 1.08%, for comparison with Giebl et al. (2002).
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Table 3. Comparison of various predicted critical dry diameters and available observations for sodium chloridea .

Critical Diameter Critical Diameter Critical Diameter Critical Diameter Reference/Notes
(nm) (nm) (nm) (nm)
Sc=0.3% Sc=0.4% Sc=0.8% Sc=1%

Raymond and Pandis (2002), 48±10 19±3 Raymond and Pandis (2002)
experimental observation

Corrigan and Novakov (1999), 40±6 Corrigan and Novakov (1999)
experimental observation

Giebl et al. (2002), 71.4 34.0 Giebl et al. (2002)
experimental observation (Sc=0.22%) (Sc=0.58%)

This work, fit 54.2 44.6 28.1 24.2
uncorrected for Kelvin effects (66.7) (34.7)

This work, fit 51.4 42.4 26.7 23.0
corrected for Kelvin effects (63.2) (33.1)

This work, fit corrected 49.5 40.8 25.7 22.1 correction factor=1.04
for Kelvin and shape effects (60.9) (31.8)

Standard K̈ohler Theory, 48.4 40.0 25.2 21.7 Water activity
Eq. (4) from Eq. (12)

Raymond and Pandis (2002), 51 23 Raymond and Pandis (2002)
theoretical calculation

Corrigan and Novakov (1999), 41 26 Corrigan and Novakov (1999)
predicted by K̈ohler Theory

Brechtel and Kreidenweis (2000), 70 40 Brechtel and Kreidenweis (2000)
theoretical calculation (Sc=0.20%) (Sc=0.47%)

aw from Tang et al. (1997); 47.9 39.6 25.0 21.6 Activity and density
σsol=constant=0.072 J/m2 from Tang et al. (1997)

aw from AIM model; 49.3 40.8 25.8 22.3 Clegg et al. (1998b)
σsol=constant=0.072 J/m2

aw from Debye-Huckel limiting law; 49.0 40.5 25.7 22.2
σsol=constant=0.072 J/m2

Range in predicted 54.2–47.7 44.6–39.4 28.1–24.8 24.2–21.3
critical dry diameters 51±3 42±3 27±2 23±1

a Parenthetical values are computed atSc corresponding to those reported by Giebl et al. (2002).

activities derived from HTDMA data corrected for the Kelvin
and shape factors. The overall range in predicted critical dry
diameter is shown in the last row of the table. The predic-
tions, including those using the least-accurate water activi-
ties derived from uncorrected HTDMA data, are within or
close to the range of experimental observations; the spread
in predicted diameters at a given supersaturation is generally
smaller than the uncertainty ranges reported by Raymond and
Pandis (2002) and Corrigan and Novakov (1999).

4 Sensitivity studies

4.1 Sensitivity to shape factor

We next examine how unknown shape factors in the HTDMA
data ultimately affect the predicted critical dry diameters. As
the shape factor increases, the predicted critical dry diam-
eters for a selected supersaturation will decrease. Figure 7
shows the magnitude of this change for sodium chloride par-
ticles, where the correction including shape factor and Cun-
ningham correction factors, as shown in Eq. (25), is known to
be 1.04. As the correction factor used to process the HTDMA
data is increased from 1 to 1.16, the spread of the critical
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text.

dry diameters is nearly 7 nm at 0.3% supersaturation but de-
creases as the supersaturation increases to about 3 nm at 1%
supersaturation; both represent about a 14% change. Thus
at higher supersaturations, the absolute error will be quite
small, even for correction factors as large as 1.16. From
Fig. 7 we may infer that over-prediction of the size of the
critical dry diameter, compared with experimental observa-
tions, could be improved if a correction factor greater than
one were applied to the HTDMA data used to construct the
water activity curves. Conversely, if predicted critical dry di-
ameters are not larger than the experimental results, we can
infer that assuming a shape factor equal to one is an accept-
able approximation. This appears to be the case for ammo-
nium sulfate.

We note that, in some locations, a significant fraction of
the particles may consist of slightly-hygroscopic chain ag-
glomerates. Shape factors for such particles may be larger
than the range explored in Fig. 7, and thus substantial errors
in estimated critical dry diameters would be likely if this ap-
proach were applied to them.

Figure 7 can also be used to examine sensitivity of predic-
tions to uncertainty in the HTDMA data. A correction factor
of 1.02 is equivalent to a 2% overestimate of diameter ra-
tios. This 2% error in the GF yields errors in the critical dry
diameters of 0.5–1.5 nm, or approximately 2%.

4.2 Sensitivity to assumed dry density

As discussed in Sect. 2.3, if the density of small particles
is not the same as the bulk density of the substance, or if
a species of unknown density is studied, the critical dry di-
ameters can still be predicted with the same accuracy since
the method essentially extrapolates the volume ratios to di-
lute conditions, and not the mass ratios. That is, the critical

0.8

0.85

0.9

0.95

1

0 5 10 15 20 25 30
x (%)

w
at

er
 a

ct
iv

it
y

density=1

density=1.5

bulk density=2.165

density=2.5

Fig. 8. Water activity as a function of sodium chloride weight per-
cent in solution, assuming different dry densities in the data pro-
cessing. Densities are given in kg m−3

×10−3.

supersaturations are predicted from extrapolation of theaw-
GF relationship, which is fitted without recourse to a density
assumption. Thus the K̈ohler curves do not depend on the as-
sumed value of the dry density. This result suggests that, for
ambient aerosols with unknown density, a surrogate density
could be assumed and representative Köhler curves obtained
by extrapolation of GF data. This hypothesis needs to be
evaluated with appropriate experiments.

However, the water activity as a function of solute weight
percent,aw(x), derived from the HTDMA data will be dif-
ferent for different assumed densities, as shown in Fig. 8 for
sodium chloride. Thus, for calculations where water activity
must be computed for a specified mass fraction of a species,
for example, for mixed particles, knowledge of the correct
density is still required to deduceaw(x)relationships appli-
cable to those cases.

4.3 Sensitivity to surface tension

Estimates of critical dry diameters are reported in Tables 2
and 3 for HTDMA data processed using two disparate as-
sumptions: no Kelvin term (essentially, low surface tension
compared with that of water), and Kelvin effect correspond-
ing to the surface tension of pure water. The differences in
predictions indicated in the Tables provide some guidance
as to how sensitive the calculations are to unknown surface
tension in the HTDMA; the critical diameters have all been
computed using pure water surface tension in Eq. (4), to re-
move those variations from the comparisons. According to
Pruppacher and Klett (1997), the surface tension of inorganic
salt solutions increases linearly with the concentration of the
solution, so that the surface tension of the solution droplets
measured in the HTDMA are actually larger than those for
pure water, yielding an even larger Kelvin correction than
that computed forσ=0.072 J m−2.
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HTDMA data for ammonium sulfate were repro-
cessed, correcting with a Kelvin term computed using the
composition-dependent surface tension suggested by Prup-
pacher and Klett (1997), parameterized as a linear function
of molality. The effect of the increased surface tension acts
to very modestly decrease the water activity. When the re-
vised aw(x) is used to compute critical dry diameters, the
difference is less than 1 nm even at 0.3% supersaturation, as
shown in Table 2. At 1% supersaturation this difference is
only 0.2 nm. For atmospheric aerosols, it is generally ex-
pected that mixed particles contain constituents that lower,
not raise, the surface tension of the solution as compared
with that for pure water. Thus, the two limiting cases for pro-
cessing HTDMA data that were proposed in Sect. 2.2 should
provide reasonable bounds onaw(x).

5 Parameterization of results

To determine the size of a dry solute particle that would ac-
tivate at a given supersaturation, the Köhler equation can be
rewritten as:

ln(s) =
4σwMWw

ρwRT Dp

−
νMWwρsD

3
dry

MWsρwD3
p

, (27)

whereDdry is the dry particle diameter andDp is the di-
ameter of droplet at equilibrium with saturation ratios. To
find the critical saturation ratio, corresponding to dry diam-
eterDcrit , the derivative of Eq. (27) is taken with respect to
Dp and set equal to zero. This gives:

D2
crit =

2νρsρwRT D3
dry

4σw

. (28)

Combining Eqs. (27) and (28), the dependence of theDcrit

on the supersaturation at the critical point can be derived.
RecallingS=(s−1)×100, the solution gives,

Dcrit =

(
256j3

27k

)1/3

× S
−2/3
crit = β × S

−2/3
crit ,

j =

(
σwMWw

RTρw

)
(29)

k =

(
νρsMWw

MWsρw

)
.

This yields a straightforward parameterization of critical dry
diameters as predicted by simplified Köhler theory.

To extend this idea to critical dry diameters computed from
Eq. (4), we parameterize Eq. (29) as simply,

Dcrit = α × S
−2/3
crit , (30)

whereα is a best fit parameter forDcrit expressed in nm and
Scrit in supersaturation percentage. The fits were performed

for the values ofDcrit computed from HTDMA-derived wa-
ter activities, and values ofα andβ are listed in Table 1. As
the only parameter that is not a constant inβ is the number of
ions produced after dissociation, a best-fitν can be deduced
from our parameterization,

ν =
256

27

( σw

RT

)3
(

MWw

ρw

)2
ρs

α
. (31)

This effectiveν, or more accuratelyν8, is listed in Table 1
for each species and each model.

6 Summary and conclusions

The methodology of Brechtel and Kreidenweis (2000a), de-
scribing the use of HTDMA-derived water uptake data to
predict water activity as a function of solute weight per-
cent, has been adapted to a differentGF-aw relationship, and
tested for ammonium sulfate and sodium chloride particles.
Results are in reasonably good agreement with previously-
published water activity data. Using HTDMA-derived wa-
ter activities, CCN properties for the two inorganic salts are
computed. Predicted critical dry diameters are in good agree-
ment with reported experimental results, as well as with pre-
dictions of critical dry diameters using published water ac-
tivity data.

The approach outlined here does not require knowledge of
the solute properties, such as molecular weight and degree of
dissociation, that are needed for the application of standard
Köhler theory. The choice of dry density used in the calcu-
lations plays no role in the prediction of the critical super-
saturation. In other words, the methodology presented here
is a means for directly extrapolating the ratio of wet to dry
particle volume from the subsaturatedRH range, in which
the HTDMA operates, into the region of water supersatu-
ration. However, knowledge of the dry density is required
to accurately express solution water activity as a function of
solute weight percent. We show that the method is also sen-
sitive to the assumed dry particle shape factor, since errors
in the initial dry particle volume will bias the extrapolation.
Nevertheless, even for sodium chloride, the inaccuracies in-
troduced by assuming spherical particles lead to predicted
critical dry diameters within, or close to, the range associ-
ated with the direct determination of critical dry diameters
using CCN counters. In Part II, we explore the effect of this
uncertainty range in water activity, and thus in critical dry di-
ameter, on the predicted droplet number concentrations in an
adiabatic updraft.

One clear disadvantage of this method is that some
slightly-soluble species, e.g., adipic acid, do not take up wa-
ter appreciably below 95% relative humidity, the upper limit
in HTDMA experiments (Prenni et al., 2001), and thus their
water and CCN activities cannot be modeled using this ap-
proach. Similarly, for mixed particles, if one component
is only slightly soluble and does not go into solution for
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RH<95%, its contributions to water activity will not be cap-
tured in the HTDMA data. In Part II (Koehler et al., to be
submitted, 20051), we test this methodology for particles
composed of selected organic species, whose water uptake
and CCN activities have been previously reported. Further
testing of the methodology for pure and mixed particles, in-
cluding real atmospheric aerosols with unknown composi-
tions, is clearly needed.
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