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Abstract. A method has been developed for using parti- number concentration, with the largest effects at high aerosol
cle hygroscopicity measurements made with a humidifiednumber concentrations and slow updraft velocities. Ammo-
tandem differential mobility analyzer (HTDMA) to deter- nium sulfate, malonic acid and glutaric acid have similar ac-
mine water activity as a function of solute weight percent. tivation behavior, while glutaric acid and levoglucosan are
In Part I, the method was tested for particles composed osomewhat less hygroscopic and lead to lower drop number
sodium chloride and ammonium sulfate. Here, we reportconcentrations; sodium chloride is the most easily activated
results for several atmospherically-relevant organic speciescompound. We explain these behaviors in terms of a param-
glutaric acid, malonic acid, oxalic acid and levoglucosan. eter that represents compound hygroscopicity, and conclude
Predicted water activities for aqueous dicarboxylic acid so-that this parameter must vary by more than a factor of 2 to
lutions are quite similar in some cases to published estiinduce more than a 15% change in activated drop number
mates and the simplified predictions obKler theory, while  concentrations. In agreement with earlier studies, our results
in other cases substantial differences are found, which wesuggest that the number concentration of activated drops is
attribute primarily to the semivolatile nature of these com- more sensitive to changes in the input aerosol size and num-
pounds that makes them difficult to study with the HTDMA. ber concentrations and the applied updraft velocity than to
In contrast, estimates of water activity for levoglucosan so-modest changes in the aerosol composition and hygroscopic
lutions compare very well with recently-reported measure-properties.

ments and with published data for aqueous glucose and fruc-
tose solutions. For all studied species, the critical dry di-
ameters active a}t supersaturations'between 0.2 and 1% that |htroduction
are computed with the HTDMA-derived water activities are

generally within the experimental error20%) estimated in The earliest reported experimental investigations of the ac-
previously-published direct measurements using cloud contjyity of various components of the atmospheric aerosol as
densation nuclei counters. For individual compounds, thecjoud condensation nuclei (CCN) focused primarily on inor-
variations in reported solution water activity lead to uncer- ganic salts such as ammonium sulfate and sodium chloride,
tainties in critical dry diameters of 5-25%, not significantly compounds considered dominant components of CCN, par-
larger than the uncertainty in the direct measurements. T@icylarly in marine environments or in areas heavily influ-
explore the impact of these uncertainties on modeled aerosoknced by S@ sources. However, organics have been shown
cloud interactions, we incorporate the variations in estimater be a considerable fraction of the aerosol mass (Saxena et
of solution water activities into the description of hygro- g 1995) in the clean as well as polluted environments, and
scopic growth of aerosol particles in an adiabatic parcelihe presence of organic species in atmospheric aerosol can
model and examine the impact on the predicted drop numbeaffect aerosol hygroscopicity and the ability of mixed parti-
concentrations. For the limited set of initial conditions ex- cles to serve as CCN (Corrigan and Novakov, 1999; Giebl,
amined here, we find that the uncertainties in critical dry di- 2002; Kumar et al., 2003; Prenni et al., 2003, 2001; Ray-
ameters for individual species lead to 0-21% changes in dropnond and Pandis, 2002). Relative to inorganic aerosol com-
ponents, much less is known about the hygroscopic growth
Correspondence tdK. A. Koehler and cloud-nucleating behavior of organic species in atmo-
(kkoehler@lamar.colostate.edu) spheric particulate matter.
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Table 1. Chemical properties of investigated species.

Species Molecular  Molecular  Density Solubility Vapor Solution Deliguescence pKa and
Formula Weight (g/cr%) (g/200 cn? Pressurg Surface RH associatea for a
(g/mol) HyO) (torr) Tension Used 1 molar solution
@m?
glutaric acid  GHgO4 132.1 1.42 169 41x108  5076%10°3z 85.2-99, 8F 4.32
(61.5 Wt%) +58.41410~3P v=1.025
malonic acid ~ GH4O04 104.1 1.62 78 1.0x10°5  4.7018<10-3z  65.2-94, 72, 84 2.85
(43 wit%) +64.36%10°3P 1=1.036
oxalic acid GH,04 90 1.9 28 3.5x107° 0.072 93-9¢, 97-9d 1.25
(18 wt%) v=1.211
oxalic acid GH»04 126 1.65 no data 0.072
(dihydrate) -2H,0
levoglucosan  §H1O0s 162.1 1.64 non-volatile 0.0%3 80
glucose GH1206 180.1 1.562 909 non-volatile 0.072 9 12.46
(47.6 wt%) v=1.000
fructose GH1206 180.1 1.6 Very solub®  non-volatile 0.072 12.%
v=1.000

z = In(molarity);

2pased CRC Handbook of Physical Properties of Organic Chemicals at 298 K;
b based on Shulman et al. (1996) as reported in Ervens et al. (2004);

¢ from Prenni et al. (2001);

d Compiled from Wise et al. (2003) at 293—-299 K;

€ from Parsons et al. (2004) at 298 K;

f from Braban et al. (2003) T=264-298K;

9 from Mallinckrodt Chemicals Material Data Safety Sheet;

h Tuckermann and Cammenga (2004) at 293K;

i Mochida and Kawamura (2004) at 293 K;

In Part | (Kreidenweis et al., 2005), we proposed a tracer for wood smoke found in the fine (diamete2.5um)
methodology using water uptake data for particles below wa-article fraction. Of the particulate mass produced by res-
ter saturation to calculate solution water activity as a func-idential wood burning, 9-16% is levoglucosan, and thus it
tion of solute weight percent (wt %). Hygroscopicity data can be a significant portion of the organic aerosol mass (Fine
were obtained using a humidified tandem differential mo-et al., 2002). Levoglucosan is believed to be a good tracer be-
bility analyzer (HTDMA) and the methodology was applied cause it does not decay in sunlight (over 8 h) and is emitted at
to measurements for sodium chloride and ammonium sulhigh enough concentrations that it can be detected substan-
fate solutions. The water activities were then used to predictial distances from the original source (Simoneit et al., 1999).
CCN activation diameters of sodium chloride and ammo-Levoglucosan is structurally similar to the sugars glucose and
nium sulfate particles, and results were compared with availfructose, differing only by one water molecule. Properties of
able experimental measurements. Here, the methodology ithe studied species are listed in Table 1.
applied to several atmospherically-relevant organic species.

Glutaric acid, malonic acid and oxalic acid are low molecu-

lar weight dicarboxylic acids, and are important componentsy  peasurements of water uptake

of the identified fraction of organic mass in the urban at-

mosphere and even in the remote atmosphere of the Arctighe HTDMA system used in this work to measure the wa-

(Kawamura et al., 1996). They are produced in automobilewer yptake is described in Part I. Briefly, aerosol was gener-
exhaust and through reactions in photochemical smog. Theyed via atomization from a 1 wt % aqueous organic solution
are water soluble and have sufficiently low vapor pressuregy, yitrapure water. The particles are dried to a relative hu-

that they are expected to partition into the particulate phas‘?'nidity less than 5% and growth experiments performed on
(Makar, 2001). dry, nearly-monodisperse 100 nm particles selected by a dif-

Wood smoke often accounts for 20—30% of the ambientferential mobility analyzer (DMA1) with a sheath to sam-
fine-particle mass concentrations in the atmosphere (Fine gtle ratio of 10:1. The dry particles are exposed to con-
al., 2002); it is formed primarily from biomass burning, for- trolled relative humidity in the HTDMA conditioning sec-
est fires and residential wood burning for heating. Levoglu-tion, which is a Permapure (model MD-110-48S, PermaPure,
cosan (1,6-anhydrg-D-glucopyranose) is acommonly used Inc.) membrane tube; sample flows through the inner tube,
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while controlled-RH air makes up the outer sheath air flow. 22 -

The relative humidity RH) setpoint is maintained through a 0 ammonium sulfate a

second DMA (DMA2), which measures the diameter of the ;o | ~ sodium chloride y

conditioned particle. The total residence time in the HTDMA O glutaric - X

is approximately 5s. The growth factdgF) is defined as 1.8 1 X malonic - x °©

GF = DwetRH), N P & e
Ddry vl.6 levoglucosan y 0 §< °

where Dyet is the particle diameter measured in DMA2 at | s x 3 o

relative humidityRH and Dgyy is the dry size of the parti- 14 g\fx X goo

cle selected by DMAL. Sufficient observations are made to ‘ KX & [} %,

define the variation iGF with RH over a wide range, gener- 1.2 X ° 8C§. ngcg °o

ally 40%<RH<95%. We estimate the uncertainty G to i % o5~ oo

be+0.02 at the 95% confidence level and the relative humid- 1.0 A=

ity sensors are accurate within2% over the range studied 60 70 80 90 100

(Carrico et al., 2005). RH (%)

It is well-known that the hygroscopic behavior of mostdryr{:_ 1H ) wih factors for 100 ficl d
. . . . P 19. 1. Rygroscopic gro actors r1or nm partcies compose
inorganic salts will undergo a deliquescence transition whe of the studied species (T=303K). Data for the dicarboxylic acids

exposed to Incr.eaSIr@H, corre{spondlng to format!on of the are from the work of Prenni et al. (2001). The oxalic acid data have
saturated solution. At humidities below the deliquescence,qqp, corrected for bound water mass (see Sect. 4.1.1).

point, these crystalline particles do not take up any water;

rather deliquescence occurs when the ambiRhis approx-

imately equal to the water activity of the saturated solution. ) .
Expected deliquescence point ranges for the organic specigi€lected in DMAL, whereas it was expected to be unchanged.

studied here vary greatly and are shown in Table 1. Severdratioing the measured DMA2 and DMA1 diameters yields a
prior experimental studies of the hygroscopic growth of theseGF <1 atlowRH. The semivolatile nature of the dicarboxylic

species, however, did not observe deliquescence, but rath&cids (Table 1) suggests that they could evaporate when ex-
reported a continuous uptake of water from IRM with in- posed to scrubbed and dried sheath air in the HTDMA condi-

creasingRH (e.g. Prenni et al., 2001). The water uptake datationing system, as reported by Prenni et al. (2001) and others
for the dicarboxylic acids, as previously reported by Prenni(€-g- Bilde et al., 2003). If an initially metastable solution
etal. (2001), as well as measurements made in our laboratorjrticle is chosen in DMAL, the additional drying time pro-
for ammonium sulfate, sodium chloride and levoglucosanVided by the conditioning system may initiate complete dry-
particles, are shown in Fig. 1. Although deliquescence beiNg; With the loss of water mass recorded as a reduction in
havior was observed for the inorganic salts, continuous wadiameter by DMAZ2. Finally, if the initial dry particle has an
ter uptake was observed for the organic species. While som&régular shape that results in a drag force larger than that for
species may take up small amounts of water through an ad® _sphencal particle, the apparent dlame'ger select_ed in DMA1
sorption mechanism (Mikhailov et al., 2004), it is more likely Will be larger than the true volume equivalent diameter. If
that the observed behavior is due to insufficient drying of theSmall amounts of water are then adsorbed in the condition-
atomized particles, yielding metastable, highly-concentrated™d System at low RH, and the particle becomes spherical
solutions at lowRH that take up additional water &H is ywthout sub_stanhally _changmg its total volume, this change
increased (Braban et al., 2003). This adds some uncertainty! Shape will be manifested in the DMA2 measurements as
to the growth factors because part of the assumed dry Vo|umgn.app.arent reduction in size from the initial dry diameter
is occupied by water and not solute. As demonstrated in théMikhailov et al., 2004).
error analysis in Part | (Kreidenweis et al., 2005), an error of We apply the same equations and assumptions reported
0.02nm in the dry sizes, propagated through our extrapolain Bilde et al. (2003) to compute particle size changes due
tion to highRH, leads to a~2% error in the predicted critical to evaporation. Using the vapor pressure estimates in Ta-
CCN acitvation diameter. ble 1, assuming that the gas-phase concentration of the or-
During HTDMA experiments, evaporation, further dry- ganic species away from the surface of the drop remains zero,
ing of an initially metastable solution, and/or rearrangementand assuming that the temperature of the organic particle re-
(Mikhailov et al., 2004) was a problem for some of the or- mains at 303 K, which gives the maximum evaporation, we
ganic species. These phenomena are possible explanatiofeund that the calculated change in particle size due to evap-
for the following observation. When particles were selectedoration was comparable to that observed. For a 5 s residence
from a dried sample strealRH<5%) at DMA1 and main-  time, the predicted reduction in particle diameter is about
tained at dry conditions during transit to DMAZ2, the diam- 20 nm for an initially 100 nm malonic acid particle, similar
eter detected at DMA2 was significantly smaller than thatto our observations. Applying the vapor pressures reported
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Fig. 2. Growth factors for 100 nm malonic acid particles with and Fig. 3. Hygroscopic growth factors for 100 nm levoglucosan parti-
without evaporation adjustment and the corresponding fits, as comeles (T=303 K) as compared to growth factors found by Mochida
pared to Kohler theory withv=1. and Kawamura (2004) for 100 nm particles (T=298K), Chan et
al. (2005) fit (T=298 K), Chan et al. (2005) data points including the
converted data from bulk solutions, and Svenningsson et al. (2005)
by Bilde et al. (2003) resulted in calculated size changegit' In the Chan et al. (2005) a_nd Svenningsson et al. (2005) trends,
within 5nm of the predictions using the values in Table 1. % has been converted RH using Eq. (2) for 100 nm dry particles.
While some studies have found significant shrinking due toThe fit of Eq. (6) to the HTDMA data is also shown.
restructuring can occur (Jimenez et al., 2003), we find it un-
likely that the initial particle shape can contribute to such a
large apparent change in size in this case. A shape factoal. (2005). The fit reported by Chan et al. (2005) does not
of 1.2 would be required to match the observations. Sincenclude their measurements of water activity in a bulk solu-
we observe continuous water uptake, we expect these parttion, which we have included separately in Fig. 3, and there-
cles to be highly concentrated droplets, and thus very closdore should not be extrapolated aboR&l=90% (C. Chan,
to spherical. We therefore conclude that evaporation is thgpersonal communication). Using Eq. (2) (see below), we
most probable cause of the particle shrinking. have converted the water activity fits provided by Chan et
All of the HTDMA data reported in this work, unless oth- al. (2005) and their water activity data pointsRéi by ac-
erwise noted, have been adjusted to account for the appareffunting for the Kelvin effect over a solution drop formed
loss of solute mass. It was assumed that the initial dry sizeon @ 100 nm dry particle. Figure 3 also includes the fit of
of the particles Dgry, selected by DMA1, nominally 100 nm, GF measurements in terms of water activity of levoglucosan
was equal to the size measured by DMAR&t<5% (Prenni  reported by Svenningsson et al. (2005), again wijthcon-
et al., 2001). Figure 2 shows the change in®fefor mal-  Verted toRH by Eq. (2). All of theGF estimates shown in
onic acid when this adjustment is considered and neglected-ig. 3 are in reasonably good agreement. Although Mochida
For the dicarboxylic acids, if the observed reduction in size isand Kawamura (2004) reported an expected deliquescence
in fact due to evaporation of the semivolatile organic, the ap-RH of about 80% for levoglucosan, based on measurements
plied constant adjustment may be too large for data at higheff the water activity of the saturated bulk solution, we did
RH. As theRH in the instrument is increased, the evaporation N0t observe a deliquescence transition in 100 nm particles. In
of the organic species in the conditioner will be suppressedheir HTDMA experiments, Mochida and Kawamura (2004)
since the vapor pressure over the solution will decrease wittfand Svenningsson et al. (2005) also observed continuous wa-
increasingRH. Although the correcte@Fs will constitute  ter uptake from a loviRH and hypothesized that the levoglu-
our standard case, we will show selected results neglecting0san particles were not completely dried at R
this adjustment to indicate its effect on our results and con- Bilde and Svenningsson (2004) found that incomplete dry-
clusions.GFs predicted by Khler theory show the necessity ing and incorporation of small amounts of inorganic salts
of the evaporation adjustment at IdRH, yet merge toward  could significantly influence the CCN activity of organic par-
the GFs without evaporation adjustment at higlfe. ticles they generated in their laboratory. Even contamina-
Figure 3 shows th&Fs for levoglucosan measured in tion with less than 1wt % NaCl significantly reduced the
this work, compared to th&Fs measured by Mochida and required supersaturation for nucleation of a slightly soluble
Kawamura (2004) and those measured and fit by Chan ebrganic particle. Those authors note that trace impurities in
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experiments are unavoidable and arise either from the wa- | (g ¢
ter used to create solutions (even ultra-purified) or from the
purchased organic compounds themselves. Bilde and Sven
ningsson (2004) also demonstrated a dramatic decrease il 0.96 7
critical supersaturation for organic particles that, instead of .94 -
being dried, were held as metastable, highly concentr:’atedé‘0 0
solution droplets, over the required supersaturation for acti- §

solubility limit

vation of initially completely-dried particles. Thus the initial £ %90 | = = = = Clegg and Seinfeld
particle phase state can play a role in controlling the observed £ 0.88 - Kohler L
CCN activity. 0.86 - Gaman et al. (2004) \
' >

osal  ° Peng et al. (2001) \ <>\

3 Model description 0.82 Wise et al. (2003) N
HTDMA
0.80 T T T T T E—

As discussed in Part |, the condition for an aqueous solution
droplet to be in equilibrium with water vapor in its environ- 0 100200 30 o430 50 6070
ment is expressed as:

Fig. 4. Water activity as a function of glutaric acid wt %. HTDMA:

§ = ay x Ke. (2) this study (T=303 K). Other relationships shown are from Gaman
where et al. (2004); Peng et al. (2001a); Wise et al. (200Dhler the-
ory with v=1 (Kreidenweis et al., 2005); and Clegg and Seinfeld
Ke — exp(u> ) 3) (2005)L. All estimates at 298.15 K unless otherwise specified.
RT py Dyet

Keis the so-called Kelvin term, which accounts for enhance-q,y, on, the stronger, first dissociation. In previous studies of
ments in vapor pressure due to surface curvature. In Eq. (3},o" activation of particles of pure organic species to cloud
we have used the common assumption that the partial mOIa{irops v was assumed to be one (Corrigan and Novakov.
volum_e of water can be gpproximatedmivw/pw. Inthese 1999; Raymond and Pandis, 2002b). This is likely a rea-
equations is the saturation ratio ®@H/100),a,, is the water — gonapie assumption for glutaric and malonic acids, but not
activity of the solution dropletgsol is the surface tension of - ¢ oy ajic acid, as can be seen from Table 1. Similar con-
the solution MW, is the molecular weight of wateR isthe ) ,sjons were reached by Kumar et al. (2003) and Ervens et
universal gas constant; is the temperature, and, is the 5 (>004). Information on the dissociation of levoglucosan is
density of V\_/ate_r. L ) not available, however, the high pKa values for fructose and
The ap_p_hcatlon of Eq._ @) requires information about the glucose indicate that their dissociation is very weak and thus
water activity of the solution constituting the drop. The water =1 is likely to be a good assumption for all of these sugars.

activity may be expressed as TheGF as a function of,, is fit to an equation of the form

alll 14 vl (@) (Kreidenweis et al., 2005)
Ny
3
wheren; is the moles of solute;,, is the moles of waten GF = [1+ (a+b-ay+c- ai) Qw } . (6)
is the number of ions each solute molecule dissociates into, 1-aw

and @ is the osmotic coefficient, which expresses solutionThe HTDMA measure§F(RH), so an assumption is needed
nonidealities. Molecular structure indicates the value of g relateRH in the instrument taz, of the solution. The
for complete dissociation under infinitely dilute conditions. sjmplest assumption is that the Kelvin term is 1 in Eq. (2).
However, these organics are only weakly dissociating, and &or 100 nm particles and typical growth factors, this gener-
more representative value focan be approximated fromthe gy leads to a 1-2% error in the water activity. In this work,
first dissociation constank’,, and the initial solution molal-  nowever, we have corrected all HTDMA data by evaluating

ity, mo: the Kelvin term (Eq. 3) for the wetted droplet size at each
52 point using known composition-dependent solution surface
K, = = (5) tensions, if available (Table 1).
my —

The surface tensions of levoglucosan solutions at varying
where 1 is the extent of dissociation, and is equal to  concentrations were measured in our lab using a Central Sci-
(m,+A)/m,. Values of these parameters for the compoundsentific Company Tensiometer (Model 70535), but were not
studied here are listed in Table 1. Although the constants fofound to be significantly lower than the surface tension of
the second- and higher-dissociations should be included ipure water (0.072J nf), within the error of the measure-
the calculation of, for simplicity we show estimates based ment. Tuckermann and Cammenga (2004) also found that
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levoglucosan solutions had a roughly constant surface tenand Seinfeld, 2009. We also show the water activity ef-
sion near 0.073Jn? over a range of 0.001-10 mg mk fectively assumed in the simplifieddler equation, that is,
However, Chen et al. (2002) reported that glucose couldeg. (4) assuming=1 and®=1 (Kreidenweis et al., 2005).
lower the surface tension of a solution to about 0.0603 m In each Figs. 4 through 6, the estimated concentrations of the
at 40wt %. In our calculations, we assume that all sugar sosaturated solutions of the acid in pure water, as tabulated in
lutions have a surface tension equal to pure water. Table 1, are indicated as vertical lines.
Part | describes how water activity is expressed in terms For glutaric acid (Fig. 4), the water activities frondKler
of solute mass fraction;, using the dry particle density. We theory and Gaman et al. (2004) match the HTDMA-derived
have applied this methodology to the data presented here imstimates reasonably well, whereas the experimental results
order to compare with other estimatesagf(x) and to com-  from Peng et al. (2001a) and Wise et al. (2003) and the pre-
puteoso(x) (Table 1). However, we note that extrapolation dictions from the Clegg and Seinfeld model are similar to
of the fitted GF-q,, relationship to very dilute conditions, each other, but differ from the other estimates. However,
used to determine the critical wet diameter and critical superClegg and Seinfeld (2005)ncorporated data from Peng et
saturation for a particular choice of dry diameter, is the sameal. (2001a) and Wise et al. (2003) in their model. For mal-
regardless of the choice of dry density if it is assumed thatonic acid (Fig. 5), the Clegg and Seinfeld model agrees with
osol(x) is equal to the surface tension of pure watgy(x). the data of Peng et al. (2001a) and Hansen and Beyer (2004),
The direct extrapolation involves maximizingas in Eq. (2)  which are also well represented with the assumption=df
asa,, is incremented toward 1, evaluati®f(a,) and thus in the Kohler equation. Results for oxalic acid are shown in
Dwet based on the fitte@GF-a,, relationship. Use of HT-  Fig. 6. Prior experimental studies have deduced that particles
DMA data to infer water activity relies on applicability of of the metastable oxalic acid dihydrate were often created in
the assumption of volume additivity, since increases in parti-the laboratory, instead of the anhydrous state (Kumar et al.,
cle volume with RH are interpreted as due solely to the ad-2003; Prenni et al., 2001). The formation of the dihydrate
dition of that volume of water. The assumption of volume state appears to make these particles more stable than the ox-
additivity is generally expected to be good for the solutionsalic acid particles (i.e., reduces vapor pressure) and therefore
considered here. very little evaporation is seen for these particles. For the re-
duction of HTDMA data, the droplet composition may be
determined from the RH-dependent growth factors for oxalic
4 Determination of solution water activities and estima-  acid either using the raw data, corrected for the Kelvin term

tion of CCN activity as indicated above, or by applying an additional correction to
the dry diameter by removing the bound water mass, assum-
4.1 Water activity ing the particle is in the dihydrate state:
Using the method described above, solution water activitiesp3 — MWanhyd pdinyd /)3 @)

: . T q :
for glutaric, malonic and oxalic acids and levoglucosan were M Wdihyd Panhyd

estimated and compared to previously-published data. whereDgg is the equivalent diameter corresponding to anhy-

drous oxalic acidMWanhyqis the molecular weight of oxalic
acid,MWyihyg is the molecular weight of the dihydraijinyd

. : . - the density of the dihydrate, apgnnyqis the density of an-
Several previous studies have estimated the water activity ofy drous oxz;;ic acid (Tgble 1). Igfgusits for both aséumptions

aqueous solutions of dicarboxylic acids. These estimates A . shown in Fia. 6. All predictions are similar to the Pen
compared to those obtained from the HTDMA data in Figs. 4et al. (2001a) m%as'uremrt)ents at high dilution, but diverge fgr
through 6. The Wise et al. (2003) relationship is computed : 9 ’ 9

from their suggested fit to water activities derived from va Orsupersaturated solutions.
99 POT | Figs. 4 and 5, the HTDMA-derived water activities for
pressure measurements. Peng et al. (2001a) exposed supgr- . . ; .
. ) . el ilute aqueous solutions of glutaric and malonic acids are
micron particles to controlled relative humidities in an elec- the lowest among the presented data. If the assumed adiust-
trodynamic balance (EDB), and deduced composition from 9 P ' )

; . . ment in dry particle size that normalizes @lFs to 1 at low
particle mass measurements. For dilute solutions, measures " . L .
. X - H is too large, then the water activity at each wt % will
ments were made on bulk solutions using a water activity me-

ter. Gaman et al. (2004) fitted data from Davies and Thoma be under-pre'd|'c.ted. In Fig. 5. we glso shpw, for comparison,
. %pe water activities for malonic acid solutions that have been
(1956) to the van Laar equations and reported the values of, . . : . .

- : ) derived without the adjustment of tlt&Fs. This magnitude
the coefficients for glutaric acid, used to compute water ac-
tivities. The Clegg and Seinfeld model refers to results com-  1¢jeqq S, L. and Seinfeld, J. H.: Thermodynamic models
puted from a thermodynamic model that includes the dissoCiof agueous solutions containing inorganic electrolytes and dicar-
ation of the acids, and is based upon available water activityhoxylic acids at 298.15 K. I. The acids as non-dissociating com-

and osmotic coefficient data for each acid at 298.15 K (Cleggoonents, in preparation, 2005.

4.1.1 Dicarboxylic acids
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Fig. 5. Water activity as a function of malonic acid wt %. HTDMA:  Fig. 6. Water activity as a function of oxalic acid wt %. HT-
this study (with and without evaporation adjustment, T=303K). DMA: this study (anhydrous and dihydrate assumptions, T=303 K).
Other relationships shown are from Hansen and Beyer (2004)0ther relationships shown are from Peng et al. (2001ajé the-
(T=220K); Peng et al. (2001a); Wise et al. (2003)3tHer the-  ory with v=1 (Kreidenweis et al., 2005); and Clegg and Seinfeld

ory with v=1 (Kreidenweis et al., 2005); and Clegg and Seinfeld (2005). All estimates at 298.15 K unless otherwise specified.
(2005)1. All estimates at 298.15 K unless otherwise specified.

depression measurements. Following Robinson and Stokes
of shift is similar for glutaric acid. As noted above, if the (1959), the equilibrium condition for a solution composed of
adjustment is required because of evaporative losses at low pure solute, which freezes at temperatas:
RH, the adjustment may be too large for data taken at higher __
RH (more dilute conditions) where evaporation is less of anA20 7 + RTrIna, =0, (8)
issue. In subsequent sections we explore the inferences to

CCN activity of these uncertainties @F as propagated into whereAGTF Is the Increase in free energy on the fgsmn of
T L a mole of ice to pure liquid water &ir. Using the Gibbs-
uncertainties in water activities.

Helmholtz equation:

4.1.2 Levoglucosan 3 (AG L
) =5 )

aT T
Water activity data for aqueous levoglucosan solutions have

been published by Chan et al. (2005). We also show datand approximating the latent heat of fusion dependence on
for glucose and fructose for comparison with our HTDMA- temperature as:

derived estimates. Peng et al. (2001b) suspended drops of

aqueous solutions of glucose at controlled RH in an elec-L = Lo+ J(Tr — To), (10)
trodynamic balance and deduced composition from particle

mass measurements. Bhandari and Bareyre (2003) used'¥'€réLo is the latent heat of fusion & andJ is the dif-
water activity meter with a sensitivity of 0.001. Ferreira ference in molal heat capacities between liquid water and ice

et al. (2003) compiled osmotic coefficient and water activ- and is assumed to be independent of temperature, the water

ity experimental data from Lerici et al. (1983), Miyajima 2ctVity can be approximated as:

et al. (1983), Regg and Blanc (1981) and Scatchard et _ loga, = 0.004207 + 2.1 x 10-592 (11)

al. (1938) for fructose and glucose and compared measure- ’

ments with predictions from a modified UNIFAC model. whered=Tp—TF is the freezing point depression below the

Comeséa et al. (2001) measured water activity with a freezing point of pure wateffH=273.15 K). The water activ-

Thermo-constanter electric hygrometer with an average abity obtained from Eq. (11) is the water activity at the freez-

solute error 0f+0.005. These prior studies are summarizeding temperature, however, it is generally a good assumption

in Figs. 7 and 8. For comparison, also shown are the watethat the water activity is only a weak function of tempera-

activities effectively assumed indhler theory (for levoglu-  ture. Freezing point depression data for glucose and fructose

cosan) when® is assumed to be equal to unity. are reported in the CRC Handbook of Chemistry and Physics
Water activity may also be derived from freezing point (Lide, 2000).
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Fig. 7. Water activity as a function of levoglucosan wt %. HT- Fig. 9. Critical dry diameters as a function of supersaturation for
DMA: this study. Kohler theory withv=1 (Kreidenweis et al., glutaric acid. HTDMA: calculated using water activities derived in
2005) calculated for levoglucosan. Water activity measured bythis study. Other theoretical relationships shown are frobil&r
Chan et al. (2005) is for levoglucosan solutions. Svenningsson etheory withv=1 (Kreidenweis et al., 2005); Clegg and Seinfeld
al. (2005) is their reported polynomial for water activity deduced (2005)'; and Wise et al. (2003). Experimental points are from Cruz
from GF measurements. Other relationships shown are for fructos@nd Pandis (1997); Kumar et al. (2003); Prenni et al. (2001); and
solutions: freezing point depression (CRC fpd) derived water ac-Raymond and Pandis (2002). Error bars are as reported in Ray-
tivity (Lide, 2000, freezing temperature); Com@azet al. (2001), mond and Pandis (2002) and Kumar et al. (2003).
T=308K; and Ferreira et al. (2003). All estimates at 298.15K un-
less otherwise specified.
Figure 7 compares the water activity of levoglucosan solu-
tions determined by Chan et al. (2005) and in this study using
the HTDMA data with water activities of fructose solutions

1 from the literature. While there is very good agreement be-
solubility limit tween this study and the prior water activity estimates for
(elucose) fructose solutions, the measurements of Chan et al. (2005)
0.95 7 diverge for more concentrated solutions. Very good agree-
ment is also found comparing the HTDMA-estimated lev-
§‘ 0.9 1 oglucosan solution water activities with published water ac-
§ ' Kohler tivity measurements for glucose solutions, as shown in Fig. 8.
5 A Bhandariand Bareyre (2003) The results suggest that all three compounds — levoglucosan,
s : - imi i -
£0.85 ®  Comesana etal. (2001) ?Iqtgé):e and fructose — have very similar solution water ac
Ferreira et al. (2003) VILIES.
0.8 7 " " " Pengetal (2001b) 4.2 Critical dry diameters
CRC fpd
0.75 ~HTDMA Water activity estimates discussed in Sect. 4.1 are next used

in the Kohler equation (Eg. 2) to predict the supersaturation
required for activation of a dry particle. The minimum size of
dry particle activated at a specified supersaturation is referred
Fig. 8. Water activity as a function of levoglucosan wt %. HTDMA:  to as the critical dry diameteRxi, different from the critical

this study. Kohler theory withv=1 (Kreidenweis et al., 2005) cal- diameter, which generally refers to the wetted droplet size at
culated for levoglucosan. Other relationships shown are for glu-the specified critical supersaturation.

cose: freezing point depression (CRC fpd) derived water activity

(Lide, 2000, freezing temperature); Bhandari and Bareyre (2003)4.2.1 Dicarboxylic acids

Ferreira et al. (2003); Comé&$a et al. (2001), T=308 K; and Peng

et al. (2001b). All estimates at 298.15 K unless otherwise specified\We use the water activity data shown in Figs. 4 through 6
in Eq. (2) to predictD¢;i; values, and compare to published

0 10 20 40 50 60 70

30
x (%)
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Fig. 10. Critical dry diameters as a function of supersaturation Fig. 11. Critical dry diameters as a function of supersaturation for
for malonic acid. HTDMA: calculated using water activities de- oxalic acid. HTDMA: calculated using water activities derived in
rived in this study. Other theoretical relationships shown are fromihis study (anhydrous and dihydrate assumptions). Other theoretical
Kohler theory withv=1 (Kreidenweis et al., 2005); Clegg and Sein- re|ationships shown are fromikler theory with variable (Kumar
feld (2005}; and Wise et al. (2003). Experimental points are from et al., 2003) and Clegg and Seinfeld (2005Experimental points
Prenni et al. (2001); Giebl et al. (2002); and Kumar et al. (2003), are from Prenni et al. (2001): Giebl et al. (2002); and Kumar et
with error bars as reported in Kumar et al. (2003). al. (2003). Open symbol experimental points refer to experimental
data as published. Filled symbols have been corrected using Eq. (7)
to account for the bound water in the dihydrate particles.
experimental cloud drop activation data for dicarboxylic
acids as reported by Cruz and Pandis (1997), Prenni et
al. (2001), Giebl et al. (2002), Raymond and Pandis (2002)solution water activity as a function of composition, the pre-
and Kumar et al. (2003). dicted Dt values are nearly identical to those computed
Results for glutaric acid are shown in Fig. 9. Prenni etfor the Wise et al. (2003) water activities. In other words,
al. (2001) and Cruz and Pandis (1997) found that larger drjthe two HTDMA-derived estimates of water activity for mal-
particles were required for activation at the given supersatonic acid solutions shown in Fig. 5 translate into an approx-
urations than those determined in other experimental studimately 10 nm difference in critical dry diameter at typical
ies. Prenni et al. (2001) attribute this to evaporation of theatmospheric supersaturations. The experimental CCN data
glutaric acid particles during delivery to the chamber, which reported by Kumar et al. (2003) and Prenni et al. (2001) are
was not measured or corrected for during their cloud condensimilar to the predictions from &hler theory and the Clegg
sation nuclei counter (CCNC) experiments. This evaporatiorand Seinfeld model. The Wise et al. (2003) parameterization
can account for up to 20% of the mass, droppinglhg into predicts somewhat smaller diameters, close to the Giebl et
the range of other experimental points. Kumar et al. (2003)al. (2003) observations. The spread between all of the var-
also found difficulties obtaining a stable particle size. Theious predictions and observations at 0.3% supersaturation,
spread in the data and predictions shown in Fig. 9 should b@bout+9 nm, is significantly lower than the uncertainty re-
compared with the estimated uncertainty for glutaric acid ac-ported by Raymond and Pandis (2002) for glutaric acid.
tivation diameters reported by Raymond and Pandis (2002), The critical dry diameters computed for HTDMA-derived
which ranged fromt:7 nm at 1% supersaturation#18nm  water activities for glutaric and malonic acids shown in
at 0.3% supersaturation. All predictions and data fall within Figs. 9 and 10 appear to be somewhat underestimated, a di-
these uncertainty ranges. Glutaric acid is the least active (rerect consequence of the systematic shift in predicted water
quiring the largest critical dry diameter for a given supersat-activities for the HTDMA-derived data, as compared with
uration) of the dicarboxylic acids studied here. other estimates, that was noted in the previous section for
Comparisons of experimental results and modelkg; these compounds. We believe these trends arise because
values for malonic acid are shown in Fig. 10. The HTDMA- the applied adjustment @3 F that accounts for evaporation
derived estimates abj; are considerably smaller than the of the semivolatile species is likely to be an overestimation
other predictions, as expected from the water activity esti-of the evaporation at higRRH. The value of D¢t is most
mates shown in Fig. 5. We note that if the adjustments forstrongly influenced by the values of tk& at highRH, and
evaporation of dry particles are not made before deducinghus it is not surprising that while it is necessary to include
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220 1 with v=1 overpredictsD¢rit compared to the experimental
®  Chenetal (2002) data, so the Khler theory calculations reported by Kumar
X Corrigan and Novakov (1999) et al. (2003) are shown. These consider variakdecording
180 7 A Giebl etal (2002) to composition-dependent dissociation and yiBlg; values
Kohler theory (levoglucosan) very similar to the Clegg and Seinfeld model. The range of
140 1 \ = ==~ CRC fpd D¢yit values considering all models and estimates, except for
£ Svenningsson et al. (2005) the point due to Prenni et al. (2001), is abattOnm at
A N\ HTDMA 0.3% supersaturation, similar to the range for malonic acid
100 and considerably smaller than that for glutaric acid.
6 4.2.2 Levoglucosan
Critical dry diameters for levoglucosan are predicted from
2 the HTDMA-derived water activity and compared to ex-
perimental results for glucose from Corrigan and Novakov
01 03 5upersat8'r§ti0n (%) 07 09 (1999) and Chen et al. (2002), and for fructose from Giebl

et al. (2002), in Fig. 12. Critical dry diameters are also pre-
Fig. 12. Critical dry diameters as a function of supersaturation for dicted using 4th order polynomial parameterizations of the
levoglucosan. HTDMA: calculated using water activities derived in CRC freezing point depression derived water activities for
this study. Other theoretical relationships shown are froohlgr ~ glucose and fructose solutions, 4th order polynomial param-
theory with v=1 (Kreidenweis et al., 2005), from freezing point eterizations of the water activities determined by Ferreira et
depression (CRC fpd) derived water activity of glucose solutionsal. (2003) for glucose and fructose, and the polynomial fit
(Lide, 2000), and from the parameterization of levoglucosan wa-to water activity of levoglucosan given by Svenningsson et
ter activity by Svenningsson et al. (2005). Experimental points areg). (2005). The estimates from the CRC freezing point de-
from Chen et al. (2002), glucose; Corrigan and Novakov (1999), 5rassion data are so similar to the estimates from Ferreira et
glucose; and Giebl et al. (2002), fructose. al. (2003) for both glucose and fructose that only the CRC-

derived D¢it values of glucose are shown for clarity. Pre-

dictions of levoglucosan critical dry diameters by simplified
the evaporation adjustment to get reasonable values of watd€ohler theory, assuming®=1, are also shown in Fig. 12.
activity below water saturation, neglecting this adjustmentThe fit for water activity for glucose solutions suggested by
yields largerDcit values, generally in closer agreement to Peng et al. (2001b) is not used, as the reported water activity
experimental data. Nevertheless, the spread in the estimatgmlynomials are only valid fo#,, <0.98.
introduced by these uncertainties is still well within the typi- The calculatedDj; values of levoglucosan correspond
cal experimental error for CCN measurements. quite well to the experimental measurements. All of the data

Observations and predictions of the critical supersatura#nd estimates shown in Fig. 12 are in reasonably good agree-
tion for oxalic acid particles are shown in Fig. 11. The point Ment, with a spread af6 nm at 0.3% supersaturation, signif-
from Prenni et al. (2001) suggests a considerably higher icantly less than _the error r_ep_orted by Raymono! and Pandis
than any other experimental data. For the HTDMA-derived (2002) for glutaric acid. Similar to the conclusion for so-
estimates, water activities derived from the two disparate aslution water activities, it appears that all three sugars have
sumptions about dry particle composition — anhydrous or di-eSsentially the same activity as CCN.
hydrate — were used to predict critical diameters. The as-
sumption that the dry particles were anhydrous in the HT-
DMA experiments and required no correction to their vol-

ume for bound water yields predictions close to the eXpe”‘Assuming the applicability of Khler theory, the following

mental data as published, but quite different from the predic+g|ationship between the supersaturation and the critical dry
tions from the Clegg and Seinfeld model, as was also seen igiameter can be derived (Kreidenweis et al., 2005):

Fig. 4. However, it is possible that the particles used in the

5 Parameterization of CCN activity of species studied

CCN experiments were in fact dihydrate particles. Iftheex- , (25_6]3)1/3 23 _ 8 x §2/3

perimental dry diameters from the CCNC and HTDMA ex- o \ 2% cit crit

periments are corrected to equivalent anhydrous oxalic acid/ = %) (12)
particles, good agreement with the Clegg and Seinfeld mode}, _ an)ff)vMWw

is found. Figure 11 suggests that the HTDMA data were in- sPw

deed obtained for dihydrate particles, and the water activ/alues ofg can be computed from knowledge of the species
ity relationship derived using this assumption to reduce thedry density and molecular weight, and appropriate assump-
HTDMA data is more accurate. SimplifiedoKler theory  tions for the values ob and @ at activation. In Table 2,
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Table 2. Parameterization of results for critical dry diameters for activation as a cloud drop (Egs. 12 andid3he best-fit parameter

for HTDMA-derived water activities (Eq. 14) anglis the parameter calculated for Eq. (12) for the indicated assumptionveith ®=1.

HTDMA data reduction uses Kelvin correction with solution surface tension; other conditions shown in Notes. All calculations are at
298.15K.

Species o B Deducedv® from Deduced ® from Notes
HTDMA best fit to predictions of
Clegg and Seinfeld (200%)
model (except where noted)

ammonium sulfate  31.44 26.58 1.81 2.46 (AIM)
(v=3)
sodium chloride 21.47 21.68 1.84 1.91 (AIM) HTDMA data corrected
(v=2) for shape factor
glutaric acid 36.42, 41.14 1.37,1.16 0.97 Two values shown in
39.08 ¢=1) second and fourth columns
are with/without evaporation
adjustment
malonic acid 28.24, 36.38 2.14,1.35 1.01 Two values shown in
32.93 ¢=1) second and fourth columns
are with/without evaporation
adjustment
oxalic acid 3426 3294 0.89 1.39
(=1
oxalic acid 27.89 3294 1.65 1.39 Dihydrate form assumed
(v=1) for HTDMA data reduction;
corrected to anhydrous form
for fitting
levoglucosan 4153 42.09 1.04 -
(v=1)

we show computed values gffor the standard assumptions  The assumption of=3 is known to be an overestimate of
used in standard &hler theory, namelyp=1 and values of the dissociation for ammonium sulfate (Gerber et al., 1977),

as indicated in the table. so it is not surprising that HTDMA-derived water activities
Based on the form of Eq. (12), we have alsdit— Scrit correspond to®=1.81 as a better approximation. For com-
relationships to the following form: parison, AIM Model Il corresponds to®=2.46. The HT-
Do — ~2/3 13 DMA method overpredicts thé®j; values for ammonium
orit = & X Ogrit (13) sulfate compared with both measurements and the predic-

wherex is a best fit parameter fdb¢rit expressed in nanome-  tions from AIM, and thus a lower value ford is inferred. In
ters andScrit expressed as supersaturation percentage. We deontrast, the standarddkler theory approximation for NaCl
duced values of from the Dcrit— Scrit relationships derived  (v®=2) is close to that derived from the HTDMA data, and is
from the HTDMA water activity estimates; these are listed also consistent with AIM. For glutaric and malonic acids, the
in the second column of Table 2. values ofv® are overestimated by the HTDMA data when
We can compare the best-fit valuesxab the components  the GF data are adjusted for evaporation, as can be seen by
of g as shown in Eq. (12). Since all terms in Eq. (12) ex- the underestimation @b in Figs. 9 and 10, but are much
ceptv® are fixed properties of either water or the solute, we closer to one without evaporation adjustment. The Clegg and
can deduce the values o required to yield the best-fit. Seinfeld model also predicts thad should be close to 1 at
These are shown in the fourth column of Table 2. Further,activation. Oxalic acid appears to havé=1, if HTDMA
we can perform a similar calculation to derive the that is data are not corrected for the hydrate form, adg=1.65 if
consistent with theD¢rit— Scrit relationships computed using  this correction is applied. The latter is similar to the value de-
the best available models of solution water activities. Theduced at the critical supersaturation by Kumar et al. (2003),
best available models were taken as AIM Model Ill (Clegg and predicted by the Clegg and Seinfeld model. Based on the
et al., 1998) for the inorganics, and the model reported byavailable data, the standard assumptiom®f1 appears to
Clegg and Seinfeld (2005¥or the dicarboxylic acids. The be reasonable for levoglucosan.
values ofv® for the best available models are shown in the
fifth column of Table 2.
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Table 3. Largest and smallest derivédsalues (Eq. (12)) for various compounds, and corresponding percent change in critical dry diameter
for this range. Except for ammonium sulfate, sodium chloride and levoglucosan, larggses are derived from HTDMA data, reduced
using the standard assumptions described in the text. Except where indicated otherwise, swvelliest are derived from HTDMA data,

but omitting adjustments for evaporation shrinkage and Kelvin effects.

Species Largedt Smallestk % change in Dcrit
sodium chloride 1.33 (&hler) 0.91 5.1
ammonium sulfate 0.72 @hler) 0.33 20.5
malonic acid 0.60 0.28 (&hler) 23.3
oxalic acid (dihydrate) 0.60 0.38 itler) 171
glutaric acid 0.28 0.12 (Wise et al., 2003) 24.2
levoglucosan 0.18 (ghler) 0.15 5.7
6 Effect on drop number concentration to one of two updraft velocities, 15 or 150 cmis The model

computes water saturation ratios, uptake of water by the so-

The data presented in Figs. 9 through 12 and in Table 2 SugI_utlon particles, and depletion of water vapor as condensation

gest that considerable uncertainty exists in estimates of Critproceeds by numerically integrating the equations describing

ical supersaturation required to activate particles and formthese time-dependent changes in the gas and particle/cloud

cloud drops, particularly for organic compounds. In evaluat-phasles' _fS_O(IjUt'On Ipa;tlgles exs\elzedmg 1,{?}“”0” n diameter
ing the required accuracy of the water activity data and corred€ classiliéd as cloud drops. We report the maximum num-

sponding critical dry diameters used for interpreting aerosol?her tqf cloudl.drpdps f?rmed Itn etatch s;]mlﬁl?:on, regardless of
effects on clouds, it is instructive to look at the change in € time or iquid water content fo which these maxima cor-

drop number concentrations induced solely by the uncertain—reSpond'

ties in these quantities. We obtain an estimate of the number 14 avaluate the effects of uncertainties in the water activ-

of_ clo_ud drops _formed on an in_itial dry aerc_)sol distributiop ity expression for a particular compound, we apply the two
with fixed physical characteristics, but varying hygroscopic ggtimates that diverged most widely in the dilute concentra-
propgrtles, by simulating cloud drop formation during an adi- jon range. For each compound, we thus show results for 8
abatic ascent. simulations that span high and low number concentrations,
For these simulations, we employ the parcel model develslow and fast updraft velocities, and upper and lower bounds
oped by Feingold and Heymsfield (1992) and most recentlyon solution water activity. We use the paramdtehown in
applied by Ervens et al. (2004) and Ervens et al. (2005). ErEq. (12) as a surrogate for the hygroscopicity of each com-
vens et al. (2005) used this model to explore a large parampound, as it incorporates the information on solute density,
eter space and examine the influence of changes in individmolecular weight, and® at activation. As described for the
ual terms in the Khler and droplet growth equations on pre- cases shown in Table 2, we can fit thgi— Scrit relation-
dicted drop humber concentrations, using ammonium sulfateships computed for any estimate of water activity to the form
as the base case against which all changes were compareaf. Eqgs. (12) or (13), and thus deduce the value ®f and
Our approach here is similar but more limited in parameterhencek corresponding to that estimate. We then examine
space, and is linked directly to the variationsaif(x) dis- the variation ink for an individual compound, as well as the
played for individual compounds as shown in Figs. 4 throughvariability in k between the various compounds studied here,
8. The model is initialized with a dry lognormal aerosol size and relate these variations in hygroscopicity to variations in
distribution having a humber geometric mean diameter ofdrop number as predicted from the parcel model runs. Ta-
0.08u«m and a standard deviation of 2. For each run, we asble 3 lists the water activity estimates used as the upper and
sumed an initial particle number concentration of either 100lower bounds for each compound and the corresponkling
or 5000 cnT3, composed entirely of the solute of interest. values, and also indicates the percent chand&jnbetween
The initial parcel thermodynamic conditions correspond to amodel runs for an individual compound using these bounds.
height of 300 m, a temperature of’X5and aRH of 85% to = The HTDMA-derived water activities frequently represent
which the dry aerosol was equilibrated at time zero. All so-one of the bounding values; the other bound is either rep-
lutes are considered to be fully soluble and capable of existresented by simplified &hler theory or, for glutaric acid, us-
ing as metastable solutions (i.e., their solution water activitying the estimate from Wise et al. (2003). The uncertainty in
expressions were assumed valid Rif>85%). The parcel & for a particular compound leads to 5—-25% changd3d.
temperature and pressure are then varied in time to simulat&his percent change in critical dry diameter is computed at
adiabatic ascent, with the time-dependencies corresponding.=0.3% but is roughly constant with supersaturation. The
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uncertainties in CCNC measurements If;i; at S.=0.3%

for a variety of compounds, as reported by Raymond and
Pandis (2002), is approximately 20%, so the uncertainty in
calculatedDc it generated by uncertain water activity data is
similar to that for the direct measurements.

ON=100,w=15 O N=5000, w=15

a) updraft velocity = 15 cm/sec
In Fig. 13, we show that these variationsiand D¢t lead

)
to 0-21% changes in predicted drop number concentrations 1
for individual species, as indicated by the size of each bub- @

ble. The variations are larger for higher initial particle num- 0"
ber concentrations, and largest for low updraft velocities. We
also infer from the results shown in Fig. 13 that only varia-
tions ink of more than about a factor of 2 lead to significant
differences — that is, larger than about 15% — in predicted
drop number concentrations. For example, while oxalic acid,
malonic acid, and ammonium sulfate (medign0.38) ac-
tivate similar numbers of drops for the conditions studied,
sodium chloride (media®, 1.12) is clearly a better CCN,
activating a higher percentage of particles under all studied |
conditions, while glutaric acid and levoglucosan (median sodium  oxalic ammonium malonic  glutaric

0.17) are poorer CCN. This grouping is also seen inGlre | chloride acid  sulfate  acid  acid cYORlcosan

data for these species (Fig. 1); there is about a 20% increase

!n GF(RH=85%) frpm the Ievoglucqsan/ QIUta”C acid g.roup'— Fig. 13. Parcel model results expressed as percent of activated
ing to the ammonium sulfate, oxalic acid and malonic acid gyoplets for each of the species studied: sodium chloride, ammo-
grouping, and another 40% increase from the latter groupingjum sulfate, oxalic acid, malonic acid, glutaric acid and levoglu-
to the sodium chlorid&F. Although the simulations shown cosan. The percentage shown in each bubble represents the differ-
here are limited in scope — only one dry size distribution andence between the upper and lower values of the model predictions
a limited range of particle concentrations and updraft veloc-for the two cases of water activity estimates, as described in the text.
ities are investigated — they are qualitatively similar to the

findings of Ervens et al. (2005). In their study, Ervens et

al. (2005) determined that drop number concentrations wer¢  symmary and conclusions

most sensitive to variations in composition for cases with

very low updraft velocities and high initial aerosol number The methodology described in Part | for converting

concentrations. For broad regions of the studied paramete|[|_|_DNI A-derived water uptake data into water activity as a
space, little to no variation in the number of activated drops

: on i ) . )
was induced by varying® or MW,. Further, if all other function of solu_te wit /o_IS applleq to several atmosphe_r!cally
. o . relevant organic species. Estimates of water activity for
properties were held constant, only variationsvid that : . . . .
. . ._aqueous solutions of glutaric, malonic, and oxalic acids are
at least doubled its base-case value (equivalent to doubhn% . . . L
) . ompared with previously-published water activity data and
the value ofk) led to changes in drop number concentration : )
larger than 15% found to be in reasonably good agreement. Estimates of
’ HTDMA-derived water activities for aqueous solutions of
levoglucosan are compared with previously-published wa-
ter activity data for aqueous solutions of levoglucosan and
From these simulations, we conclude that, althoughsimilar sugars, and are also found to be in good agreement.
HTDMA-derived water activities may not be as accurate From the comparisons we conclude that glucose and fruc-
as other laboratory estimates, they are likely to be accuratéose are acceptable surrogates in predicting the water activ-
enough to provide useful data for estimating the CCN prop-ity and critical dry diameters for levoglucosan aqueous so-
erties of atmospheric particles. Td# data distinguish dif-  lutions, and presumably for mannosan and galactosan so-
ferences in hygroscopicity (represented here by the paramlutions, based on the similar growth factors for those com-
eterk) that are large enough to induce significantl6%) pounds that were reported by Chan et al. (2005). The wa-
changes in drop number concentration in an adiabatic upter activities for the various organic species studied are used
draft, and that are large enough to exceed the differences théiere to predict critical dry diameters. The predicted critical
could be attributed to uncertainties in the direct measuremendry diameters are in reasonable agreement with previous ex-
of CCN activity. perimental results, and with other model predictions, within
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typical experimental uncertainty. However, the applicability particle phase, Tellus Series B-Chemical and Physical Meteorol-
of this methodology to mixed-composition aerosols has not ogy, 56 (2), 128-134, 2004.

yet been tested; in multicomponent aerosols, interactions beBraban, C. F., Carroll, M. F., Styler, S. A., and Abbatt, J. P. D.:
tween solutes may produce additional errors. Phase transitions of malonic and oxalic acid aerosols, J. Phys.

- . Chem. A, 107 (34), 6594-6602, 2003.
For each compound studied here, the HTDMA-derived i / )
and other publishped estimates of solution water activities areCarnco, C. M, Kreidenweis, S. M., Malm, W. C., Day, D. E,,
Lee, T., Carrillo, J., McMeeking, G. R., and Collett, J. L.:

used to define hygroscqpm bghawor of particles acnvqted o Hygroscopic growth behavior of a carbon-dominated aerosol in
cloud droplets in an adiabatic parcel model. Of particular  yogemite National Park, Atmos. Environ., 39 (8), 1393-1404,
interest is the use of the model results to infer whether uncer- qgs.
tainties in solution water activities for a particular compound Chan, M. N., Choi, M. Y., Ng, N. L., and Chan, C. K.: Hygroscopic-
lead to significant¥ 15%) changes in number concentrations ity of water-soluble organic compounds in atmospheric aerosols:
of nucleated drops. We also seek to define the magnitude Amino acids and biomass burning derived organic species, Env-
of the compound-to-compound variation in hygroscopic be- iron. Sci. Technol., 39 (6), 1555-1562, 2005. _
havior that is required to produce significantly different drop €hen, C. C., Tao, C. J., and Cheng, H. C.: Condensation of super-
number concentrations. Our results suggest that ammonium saturated water vapor on charged/neutral nanoparticles of glu-
sulfate. malonic acid and oxalic acid all have similar ac- ¢°5€ and monosodiurn glutamate, J. Colloid Interface Sci., 255
tivities as CCN, whereas the hygroscopic behaviors of lev- (1), 158-170, 2002. ,

. . . . Clegg, S. L., Brimblecombe, P., and Wexler, A. S.: Thermo-
oglucosan and glutaric acid are sufficiently different to caus

A ) . . ) e dynamic model of the system H+-NH4+-Na+-SO42-NB3-Cl—
significant reductions in number concentrations of activated 55 at 298 15K J. Phys. Chem. A, 102 (12), 2155-2171, 1998.

drops. Further, for the species studied here, the accuracy @fomesana, J. F., Correa, A., and Sereno, A. M.: Water activity at

the HTDMA-derived solution water activities is sufficientto 35 degrees C in ‘sugar’ plus water and ‘sugar’ plus sodium chlo-

characterize their cloud nucleating behavior for purposes of ride plus water systems, Int. J. Food Sci. Tech., 36 (6), 655-661,

estimating aerosol-cloud interactions. From the limited test 2001.

cases presented here, itis clear that modest changes in hygrgorrigan, C. E. and Novakoy, T.: Cloud condensation nucleus activ-

scopic behavior have little to no effect on total drop number ity of organic compounds: a laboratory study, Atmos. Environ.,

concentrations (in agreement with the findings of Ervens et 33 (17), 2661-2668, 1999. N

al., 2005), and that aerosol number concentrations and up="uz C- N and Pandis, S. N.. A study of the ability of pure sec-

draft velocities have a far greater impact on drop number ondary organic aerosol to act as cloud condensation nuclei, At-
g p p

tration than th i f th | mos. Environ., 31 (15), 2205-2214, 1997.
concentration than the composition or the aerosol, as Wa%)avies, M. and Thomas, D.: Isopiestic Studies of Aqueous. Dicar-

also noted by Feingold (2003). boxylic Acid Solutions, J. Phys. Chem., 60 (1), 41-44, 1956.
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