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a b s t r a c t

The hygroscopic properties of the water-soluble matter extracts of atmospheric aerosols collected at an
urban site (47.92� N, 106.90� E, w1300 m above sea level) in Ulaanbaatar, Mongolia during the cold
winter of 2007 were investigated using a hygroscopicity tandem differential mobility analyzer
(H-TDMA). Dynamic shape correction factor (c), the ratio of the actual drag force on a non-spherical
aerosol particle to that on a sphere of equivalent volume, of the laboratory generated water-soluble
matter (WSM) was found to be 1.09e1.38 (avg. 1.23� 0.10), implying that particles generated from the
WSM are highly non-spherical. The reduction in the mobility diameter can cause w11% underestimation
in a hygroscopic growth factor at 85% RH. The hygroscopic growth factors at 85% RH (g(85%)), defined as
the ratio of the particle diameter at 85% RH to that at RH< 10% (initial dry diameter), of the WSM (initial
dry particle diameter¼ 100 nm) were 1.32e1.50 (avg. 1.40� 0.06). The g(RH) of the water-soluble
organic matter (WSOM) was retrieved from the measured g(RH) of the WSM and using the ZSR (Zda-
novskiieStokeseRobinson) approach and the thermodynamic aerosol inorganic model (AIM). We found
that the g(85%) of the WSOM were in the range of 1.11e1.35 (avg. 1.22� 0.08), which are comparable to
those of the biomass burning aerosols.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosol water content plays an important role in radiative
forcing (Charlson et al., 1992; Haywood and Shine, 1995;
Ramanathan et al., 2001) and visibility degradation (White, 1976;
IMPROVE, 2006; Jung et al., 2009). Organic aerosols play an
important role like inorganic aerosols in determining the climate
effect of aerosols (Novakov and Penner, 1993) by lowering the
surface tension or altering the bulk hygroscopic properties of
aerosol particles (Saxena et al., 1995; Facchini et al., 1999; Abdul-
Razzak and Ghan, 2004). Chemical compositions of water-soluble
organic aerosols, especially emitted from biomass burning, were
studied recently (e.g., Decesari et al., 2006; Hoffer et al., 2006; Fuzzi
et al., 2007; Kundu et al., 2010). However, hygroscopic properties of
water-soluble organic aerosols were still rarely studied (Virkkula
et al., 1999; Gysel et al., 2004, 2007; Mircea et al., 2005; Cubison
et al., 2006; Duplissy et al., 2008, 2011; Asa-Awuku et al., 2008;
Sjogren et al., 2008; Jimenez et al., 2009).
: þ81 11 706 7142.
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Organic aerosol is composed of several thousands of individual
species (Graedel et al., 1986; Hamilton et al., 2004). The growth
factor (g(90%)), defined as the ratio of the particle diameter at 90%
RH to that at 10% RH, of malonic, glutaric, citric, malic, and tartaric
acids showed roughly similar g(90%) of 1.30e1.53 (Peng et al.,
2001). Seven amino acids (glycine, alanine, serine, glutamine,
threonine, arginine, and asparagine) and four organic species
(levoglucosan, mannosan, galactosan, and D-glucose), which were
commonly detected in biomass burning aerosols, showed
a moderate hygroscopic growth with the g(85%) of 1.22e1.25 (Chan
et al., 2005; Mochida and Kawamura, 2004). The less hydrophilic
fraction of a water-soluble organic matter (WSOM) mainly
composed of humic-like substances (HULIS) showed relatively low
hygroscopic growth with the g(90%) of 1.08e1.17 (Gysel et al.,
2004). Similar g(85%) values of the secondary organic aerosols
derived from volatile organic compounds (i.e. C5eC8 cycloalkenes,
monoterpenes, oxygenated terpenes, and sesquiterpenes) were
reported in the range of 1.01e1.16 (Varutbangkul et al., 2006). The g
(RH) of the organic aerosols at the background high-alpine site was
w1.20 at aw (water activity)¼ 0.85 (Sjogren et al., 2008). Jimenez
et al. (2009) and Duplissy et al. (2008, 2011) also reported similar
g(85%) of organic material varying from 1.02 to 1.18, depending on
the degree of oxidation.
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Since Ulaanbaatar is located at a high altitude ofw1300 m above
sea level, anthropogenic pollutants in this city can be transported to
the upper troposphere in the same manner as Asian dust and may
affect the regional air quality and climate. In order to characterize
water uptake by the WSM and WSOM, we performed a hygroscop-
icity closure for particles generated from the water extracts of the
urban aerosol samples collected in Ulaanbaatar, Mongolia during the
cold winter of 2007. Chemical properties of these water-soluble
matters (WSM)were characterized by Jung et al. (2010). In this study
we investigated their hygroscopic properties using a hygroscopicity
tandem differential mobility analyzer (H-TDMA). The g(RH) of the
WSOM was retrieved from the g(RH) of the WSM and using the
inverse ZSR (ZdanovskiieStokeseRobinson) model and the thermo-
dynamic model with the chemical composition of the WSM.

2. Experiment and analysis

2.1. Aerosol sampling and chemical analysis

PM2.5 aerosol sampling for collection of 24 h samples was
carried out at an urban site in Ulaanbaatar, Mongolia every day
starting at 11:00 local time (LT) during the winter of 2007. An
aerosol sampler was installed on the rooftop of the National Agency
for Meteorology, Hydrology and Environmental Monitoring
building (47.92� N,106.90� E,w10 m height), which is located in the
northern part of Ulaanbaatar (w1300 m above sea level). The PM2.5
sampler consisted of a Teflon-coated aluminum cyclone impactor
(URG-2000-30EH) with a cut size of 2.5 mm and a 47 mm Teflon
filter pack (URG-2000-30F). Flow rate was maintained at 16.7 liters
per minute (LPM) using a volume flow controller. For the aerosol
sampling, two types of filters were used; quartz filters (Whatman,
47 mm) for the analysis of carbonaceous components and Teflon
filters (Gelman, 2 mm, 47 mm) for inorganic ions. Quartz filters were
pre-baked at 850 �C for 3 h before sampling and stored in a freezer
at �20 �C before and after sampling. Total 9 quartz filter samples,
which were collected during 8e11 and 20e26 December 2007,
were analyzed in this study. The sampling site and method are
described in detail elsewhere (Jung et al., 2010). Ambient temper-
ature during December 2007 varied from �30.3 to �4.4 �C with an
average of �17.5� 5.0 �C (Jung et al., 2010). Cold weather in
Ulaanbaatar during winter can be attributed to its high latitude of
47.92� N and elevated geographical location.

Water-soluble inorganic anions including chloride (Cl�), nitrate
(NO3

�), phosphate (PO4
3�), sulfate (SO4

2�) and cations including
sodium (Naþ), ammonium (NH4

þ), potassium (Kþ), calcium (Ca2þ),
magnesium (Mg2þ) and water-soluble organic carbon (WSOC) of
the filter extracts were analyzed by an ion chromatography (Dio-
nex, model 500) and a total carbon analyzer (Shimadzu, model
TOC-VSCH), respectively. Analytical techniques for both inorganic
ions and WSOC are described in Jung et al. (2010).

2.2. Hygroscopicity measurement

Hygroscopic growth factor of theWSMwasmeasured using a H-
TDMA (Mochida and Kawamura, 2004). The H-TDMA system
consists of a 241Am neutralizer, two DMAs (TSI, model 3081), an
optional prehumidifier and an aerosol humidity conditioner, and
a condensation particle counter (CPC) (TSI, model 3010). Sample
and sheath flow rates of two DMAs were set to 0.3 and 3 LPM,
respectively. An aliquot (0.4 cm2) of the quartz filter was extracted
with organic-free Milli-Q water (7 mL) under ultrasonication
(5 min� 3 times). The water extracts were then passed through
a disk filter (Millex-GV, 0.45 mm, Millipore) to remove water-
insoluble suspended particles and filter debris. Aerosol particles
were generated from the water extracts using a nebulizer and then
dried to relative humidity (RH)< 5% using two diffusion dryers
before introducing to the H-TDMA.

Dry aerosol particles of 100 nm in a mobility diameter were
classified in thefirstDMA, and theRHof the resultingmonodispersed
aerosol particles were controlled by an aerosol humidity conditioner
for hydration or dehydration experiments (5%< RH< 95%). For
hydration experiment, the classified aerosol particles were intro-
duced to the aerosol humidity conditioner composed of Nafion
tubing. The RH of the aerosol particles were gradually increased by
controlling dried and humidified airflows introduced to the housing
of Nafion tubing. For dehydration experiment, the classified particles
passed through an optional prehumidifierwhere RHwasmaintained
at w99%. The RH of the prehumidified aerosol particles were grad-
ually decreased in the aerosol humidity conditioner. The resulting
particle size was then measured using the second DMA and the CPC.

The residence time of particles between the aerosol humidity
conditioner and second DMA was roughly estimated as 10 sec. All
the H-TDMA experiments were conducted at the sample aerosol
temperature of 287e294 K with a mean of 291 K. More details
about the H-TDMA and the RH control are presented elsewhere
(Mochida and Kawamura, 2004; Aggarwal et al., 2007; Kitamori
et al., 2009). The size distribution of humidified particles cor-
rected for diffusion losses in the H-TDMA was fitted using a log-
normal Gaussian curve. Since the mode diameter of the curve fit
was used in this study, broadening effects caused by the transfer
functions of the first and second DMAs are negligible.

The hygroscopic growth factor (g(RH)) of a particle is defined as

gðRHÞ ¼ DðRHÞ
D0

(1)

where D0 is the particle dry diameter at RH< 10%, and D(RH) is its
diameter at a specific RH. The analytical errors (reproducibility) of g
(RH) were 0.9% at 85% RH based on the duplicate analyses of
different sections of the same filter sample. The g(RH) of pure
(NH4)2SO4 particles generated from the aqueous solution was
measured to be 1.56� 0.01 (n¼ 3) at 85% RH, which agrees well
with the g(RH)¼ 1.56 predicted using the thermodynamic aerosol
inorganic model (AIM) (Clegg et al., 1998). The predicted g(RH) was
calculated with the consideration of the Kelvin effect and with the
density of 1.76 g cm�3 and the dynamic shape factor (c) of unity for
dry particles.
3. Result and discussion

3.1. Shape correction and restructuring

Mode diameters of humidified particles during the hydration
and dehydration experiments are shown in Fig.1a, b as a function of
RH. All samples showed substantial reduction in the mobility
diameter at 20e40% RH. During the hydration experiment, mobility
diameters started to decrease at w20% RH and reached their
minimum values at w30e35% RH. Mobility diameters then
increased with an increase in RH and reached their initial value at
w60% RH. Almost no changes in the mobility diameters were
observed in the second DMA for the RH range from w5% to 20%
during the hydration experiments, indicating that the evaporation
losses of the WSM were rarely encountered to the reduction in the
mobility diameter.

The similar reduction (4e5%) of the particle mobility diameter
in the RH range from20 to 40%were observed in theWSM collected
in K-puszta, Hungary (Gysel et al., 2004) but their magnitude of the
reduction was much smaller than our WSM. The 1:1 mixture of
(NH4)2SO4 and glutaric acid also showed substantial reduction in
the mobility diameter at w5e40% RH (Prenni et al., 2003). Even



Fig. 1. Changes in Gaussian fit mode diameters (initial diameter¼ 100 nm) of the Ulaanbaatar aerosol sample water extracts as a function of RH under (a) Hydration and
(b) Dehydration experiments. Hygroscopic growth factor (g(RH)) of the water-soluble matter (WSM) were also shown under (c) Hydration and (d) Dehydration experiments. The g
(RH) during the hydration experiment were calculated from the ratio of the measured mode diameter at a certain RH divided by the minimum mode diameter at dry condition
(RH< 10%) measured during the dehydration experiment. Higher g(RH) (>1) in the shaded area in Fig. 1c were due to restructuration of particles during the experiment, not the
water uptake.

J. Jung et al. / Atmospheric Environment 45 (2011) 2722e27292724
though the mixture showed high reduction (w6%) in the mobility
diameter atw5% RH due to evaporation loss of the glutaric acid, the
mobility diameter decreased continuously untilw40% RH, reaching
w13% reduction in the mobility diameter (Prenni et al., 2003).

During the dehydration experiment, the mobility diameter
decreased exponentially with RH decreasing and reached its
minimumvalue (5e17%) at RH< 20%. Similar hygroscopic behaviors
were observed in the WSOM such as biomass burning products
(levoglucosan, mannonsan, and galactosan) (Chan et al., 2005) and
dicarboxylic and multifunction acids (citric acid, tartaric acid, malic
acid, and malonic acid) (Peng et al., 2001). These results indicated
that contribution of the WSOM to water uptake properties of
atmospheric aerosols relative to inorganic species become signifi-
cant at low RH. Even though RH decreased to almost dryness, the
mobility diameter did not return to its initialmobility diameter. This
implies that reduction of the mobility diameter during the disso-
lution is irreversible.

Theoretical growth factors are calculated with a volume equiv-
alent diameter (De), while the H-TDMA measures a mobility diam-
eter (Dmob), which is only equal to theDe for a spherical particle. The
Dmob of a non-spherical particle must be shape corrected to obtain
the De. Because solution droplets are always spherical, no shape
correction is applied for droplets. The aerodynamic drag forces
(Fdrag) on non-spherical particles are described with the modified
Stokes’ law (Stöber, 1971; Seinfeld and Pandis, 1998).
Fdrag ¼ 3phvDe

CcðDeÞ c (2)

where h is the gas viscosity, n is the velocity, and c is the dynamic
shape factor that varies depending on the shape of particles. For
compact spherical and cubic particles, c equals 1.00 and 1.08,
respectively, and for agglomerates and irregularly shaped particles
it increases up to 2 or more (Brockmann and Rader, 1990; Willeke
and Baron, 1993; Hinds, 1999; Krämer et al., 2000). Cc is the Cun-
ningham slip correction factor (Willeke, 1976; Allen and Raabe,
1982). The mobility diameter correction factor (fn) of a non-
spherical particle (Stöber, 1971; Gysel et al., 2002) is obtained as
follows.

fn ¼ De

Dmob
¼ 1

c

CcðDeÞ
CcðDmobÞ

(3)

The fn was calculated from the ratio of the minimum mobility
diameter (Dmin) in our size spectra, which represents the De of the
spherical particle, during the dehydration experiment to the initial
mobility diameter (100 nm). The fn of the laboratory generated
WSM was calculated in the range of 0.83e0.95 (avg. 0.89� 0.04).
Based on Eq. (3) and the fn values obtained from the experiment,
the c of theWSMwas determined to be 1.09e1.38 (avg.1.23� 0.10).
These values aremuch higher than that of cubic NaCl particle (1.08).
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The reduction in the mobility diameter at 20e40% RH can be
explained by the non-spherical shape of the laboratory generated
WSM, which can be caused as possible two reasons. First, since
large droplets leaving the nebulizer are suddenly exposed to very
low RH in the two diffusion dryers, very fast evaporation of water
and crystallization of particles can cause cracks or cavities in the
particle structure (Gysel et al., 2004). Second, non-spherical
structure of the WSM can be generated by the internal mixing of
water-soluble organic components with NaCl and other inorganic
ions. NaCl and lead sulfide (PbS) condensation aerosols showed
significantly high c values of >1.08, demonstrating that the
generated particles are agglomerates with sparse branched chain
structure rather than compact spheres or cubes (Krämer et al.,
2000). The laboratory generated internal mixture of (NH4)2SO4
and adipic acid also showed non-spherical structure (Sjogren
et al., 2007).

Positive correlation between the c values and the water-soluble
inorganic volume fraction with R2¼ 0.63 (after excluding one
outlier) indicated that inorganic particles contributed a serious
reduction in the mobility diameter (Fig. 2). Gysel et al. (2004)
reported the reduction in the mobility diameter of the HULIS
through a microstructuring rearrangement. Based on the high
volume fraction of the WSOM (65e70%) and the possible micro-
structuring rearrangement of the HULIS, it is possible that the
WSOM also partially contributed to the reduction in the mobility
diameter.

3.2. Hygroscopic growth of atmospheric water-soluble matter

In order to consider the enhanced mobility diameter of the
non-spherical particle compared to the De of the spherical particle,
the minimum mobility diameter (Dmin) during the dehydration
experiment is chosen to calculate the hygroscopic growth factor (g
(RH)) of the WSM. The g(RH) of the MG08Dec07 sample during
the hydration and dehydration experiments are shown in Fig. 3 as
a typical results. The width of the log-normal Gaussian fit (stan-
dard deviation of the Gaussian fit) during the hydration and
dehydration experiments are also shown. No deliquescent growth
was observed in the RH range from 40% to 80%, resulting in similar
g(RH) values during the hydration and dehydration experiments.
The g(85%) of the WSM during the hydration experiment were
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Fig. 2. Scatter plot between dynamic shape correction factor versus water-soluble
inorganic volume fraction. Filled red diamond was excluded for the regression analysis
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).
obtained to be 1.32e1.50 with a mean value of 1.40 (Table 1) while
the g(50%) range from 1.03 to 1.10 with a mean value of 1.07.
Almost similar g(85%) of the WSM (range: 1.29e1.50, mean: 1.39)
were observed during the dehydration experiment. Based on the
predicted g(RH) using the initial diameter in the first DMA
(100 nm), it was found that the reduction in the mobility diameter
of the WSM caused w11% underestimation in a hygroscopic
growth measurement at 85% RH.

Interestingly, sharp increase in the width of log-normal
Gaussian fit, i.e. broadening of the size distribution of the humid-
ified particles, was observed when the restructuring of the WSM
occurred during the hydration experiment. Continuous restruc-
turing of the HULIS accompanied by a broadening of the size
distribution of the humidified particle was also reported by Gysel
et al. (2004). No restructuring or broadening of the ambient and
reference HULIS were observed below the deliquescent RH (DRH).
Thus, the broadening of the size distribution of the humidified
Table 1
Mobility diameter correction factor, dynamic shape correction factor, restructuring,
growth factor, and model fitting parameters of water-soluble matter.

Sample ID Mobility
diameter
correction
factor

Dynamic
shape
correction
factor

Restructuring Growth
factor

Model fitting

fn c (%) g(85%)_
WSMa

g-model k-model

MG08Dec07 0.88 1.25 25e30 1.39 0.186 0.310
MG11Dec07 0.92 1.15 20e30 1.32 0.184 0.290
MG20Dec07 0.84 1.35 25e35 1.40 0.191 0.333
MG21Dec07 0.95 1.09 20e25 1.43 0.194 0.327
MG22Dec07 0.91 1.18 20e30 1.34 0.161 0.262
MG23Dec07 0.91 1.18 20e30 1.33 0.169 0.272
MG24Dec07 0.83 1.38 25e35 1.49 0.212 0.407
MG25Dec07 0.89 1.22 25e35 1.37 0.175 0.298
MG26Dec07 0.86 1.30 20e30 1.50 0.238 0.476

Avg. 0.89 1.23 1.40 0.190 0.331
S.D.b 0.04 0.10 0.06 0.023 0.069
Min. 0.83 1.09 1.32 0.161 0.262
Max. 0.95 1.38 1.50 0.238 0.476

a WSM: water-soluble matter.
b S.D.: standard deviation.
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particle can be used as an indicator of the DRH. Most WSM showed
the DRH at 20e35% RH. However, no decrease of the broadening
effect was observed even at low RH during the dehydration
experiment, implying that the particles are probably liquid solution
droplets once they were exposed to high RH and may exist at low
RH as metastable supersaturated solutions (Gysel et al., 2004).
Interestingly, sharp increase in the g(RH) of galactosan, which is
one of main chemical component in biomass burning aerosol, was
observed in the RH range from 20% to 40% (Chan et al., 2005). This
result coincided well with the DRH and the reduction in the
mobility diameter at 20e40% RH in the WSM from Ulaanbaatar
aerosol samples.

The hygroscopic growth of soluble particles is described by an
ideal solution model (the k-model) (Gysel et al., 2004) as follows.

gðaw; kÞ ¼
�
1þ k

aw
1� aw

�1=3

(4)

where aw (zRH/100) is the water activity. k ¼ ðMwrsisÞ=ðrwMsÞ,
whereMw is the molar mass of water, rw is the density of water,Ms
is the molar mass of solute, rs is the density of solute and is is the
van’t Hoff factor of the solute. The empirical g-model is frequently
used in literature (Swietlicki et al., 2000) to describe the hygro-
scopic growth of atmospheric aerosol particles. It is a simple one-
parameter relation

gðRHÞ ¼ ð1� RH=100%Þ�g (5)

where g is the model parameter.
The k-model and g-model fit were carried out using the

measured g(RH) during the hydration experiment and plotted in
Fig. 3. Generally better correlation of the g(RH) of the WSM was
observed with the k-model fit than the g-model. The k-model fit
parameters of the WSM were obtained in the range of
0.262e0.476 with a mean value of 0.331 while the g-model fit
parameters were in the range of 0.161e0.238 with a mean value of
0.190. The g-model fit parameter was similar to the continental-
rural fine aerosol collected in K-puszta, Hungary (0.189e0.203)
(Gysel et al., 2004).
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3.3. Hygroscopicity closure for the water-soluble matter

Since it is difficult to directly measure the hygroscopicity of the
WSOM in ambient particles, hygroscopicity measurements are
generally combined with the chemical analyses of the inorganic
ions and water-soluble organic aerosols. Excess water, which
cannot be explained by water uptake of the inorganic aerosol
fraction, is then attributed to the water-soluble organic aerosol
fraction. The growth factor of the mixture can be predicted using
the ZSR model based on the chemical compositions of the mixture
(Zdanovskii, 1948; Stokes and Robinson,1966), which approximates
independent hygroscopic behavior of individual compounds. The
ZSRmodel was found to be useful in predicting the water activity of
the mixtures and the growth ratios (Choi and Chan, 2002; Meyer
et al., 2009). Hygroscopic growth factor of the mixed particles can
be written as

gmixedðawÞ ¼
 X

i

3igiðawÞ3
!1=3

(6)

where aw is the water activity and gmixed is the growth factor of the
mixed particles. gi is the growth factor of individual compound and
3i is its respective volume fraction.

The dry particle is assumed to be composed of (NH4)2SO4,
NH4NO3, NaCl, NaNO3, (NH4)2HPO4, and WSOM. In the AIM, we
used molar concentrations of measured SO4
2�, NO3

�, Naþ, and Cl�

and predicted NH4
þ to balance the charge. Hþ is neglected because

the measured NH4
þ concentrations are generally higher than the

predicted ones (Fig. 4). Ca2þ, Mg2þ, and Kþ are neglected because of
their low abundances (Jung et al., 2010). However, relatively high
concentrations of PO4

3� were observed in the range of
2.2e5.7 mgm�3 with a mean value of 4.0 mgm�3. Hence, we
assumes that PO4

3� exists as a solid state of diammonium hydrogen
phosphate ((NH4)2HPO4) which is typically used as a fertilizer.
Based on the assumptions of fully neutralized H2SO4 and HNO3
with NH3, and (NH4)2HPO4 in the dry particle, NH4

þ concentrations
were predicted and comparedwith themeasured ones in Fig. 4. The
regression line is much closer to 1:1 slope (Fig. 4) after considering
(NH4)2HPO4. Since (NH4)2HPO4 is not available in the aerosol
inorganic model (AIM) (Clegg et al., 1998), the hygroscopicity of
laboratory generated (NH4)2HPO4 was measured in this study using
the H-TDMA. The g(85%) of (NH4)2HPO4was obtained to be 1.37 and
no deliquescence growth was observed in the RH range from 7% to
90% (Fig. 5). This result was used as an additional input for the
calculation of the g(RH) of the WSOM in Eq. (7).

In order to estimate the WSOM volume concentration from
WSOC mass concentration, the ratio of organic mass to organic
carbon mass (x) and the density of WSOM (rWSOM) should be
correctly determined. The x/rWSOM ratio of 1.5 g�1 cm3 for major
organic compounds was used in this study as suggested by
Aggarwal et al. (2007). This value is consistent with the consider-
ations of x¼ 2.1 (Kiss et al., 2002) and rWSOM¼ 1.4 g cm�3 (Dick
et al., 2000) for typical water-soluble organics in aerosol particles.

The g(RH) of the WSOM was then determined as

gWSOMðRHÞ ¼
 
gWSMðRHÞ3�3WSIMgWSIMðRHÞ3

3WSOM

!1=3

(7)

where 3WSIM and 3WSOM represent the relative volume fractions of
the water-soluble inorganic ion (WSIM) and the WSOM in the
WSM. The relative volume fractions of the WSIM and WSOM are
summarized in Table 2. The WSOM dominantly contributed the
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total volume of the WSM in the range of 65%e70% with a mean
value of 68%. The g(RH) of the WSM was directly measured using
the H-TDMA. The g(RH) of inorganic ions except (NH4)2HPO4 were
predicted using the AIM with the consideration of the Kelvin effect.
A 1e2% difference between RH and water activity (aw) was
observed due to Kelvin effect on the curve surface of ultra fine
particles.

Since deliquescent growth was normally observed in the pre-
dicted g(RH) of the WSIM, the g(RH) of the WSOM was retrieved at
RH> 75%. Average g(85%) of the WSIM, WSM, and WSOM in the
Ulaanbaatar samples were obtained to be 1.67� 0.30, 1.40� 0.06,
and 1.22� 0.08, respectively (Fig. 6). Note that slightly higher g
(85%) of the WSIM than that of (NH4)2SO4 is reasonable as NaNO3
and NaCl show g(85%) of 1.74 and 2.17 (calculated from the AIM),
respectively.
3.4. Hygroscopic growth of water-soluble organic matter

The g(85%) of the WSOM in this study were determined to be
1.11e1.35 with a mean value of 1.22� 0.08, which is slightly
Table 2
Volume fractions of water-soluble matter and water-soluble organic matter and
growth factor and model fitting parameters of water-soluble organic matter.

Sample ID Volume fraction, 3
(%)

g(85%)_WSOM Model fitting

WSIM WSOMa g-model k-model

MG08Dec07 31 69 1.23 0.109 0.152
MG11Dec07 32 68 1.13 0.069 0.088
MG20Dec07 35 65 1.22 0.106 0.143
MG21Dec07 31 69 1.21 0.098 0.130
MG22Dec07 32 68 1.17 0.077 0.096
MG23Dec07 30 70 1.11 0.068 0.083
MG24Dec07 31 69 1.35 0.142 0.214
MG25Dec07 33 67 1.16 0.086 0.108
MG26Dec07 33 67 1.32 0.164 0.267

Avg. 32 68 1.22 0.102 0.142
S.D. 2 2 0.08 0.033 0.062
Min. 30 65 1.11 0.068 0.083
Max. 35 70 1.35 0.164 0.267

a WSOM: water-soluble organic matter.
higher than those of the HULIS in K-puszta, Hungary (g(90%)¼
1.08e1.17) (Gysel et al., 2004) and lower than those of the highly
soluble components of dicarboxylic acids and multifunctional
organic acids including malonic, glutaric, citric, malic, and tar-
taric acids (g(90%)¼ 1.30e1.53) (Peng et al., 2001). However, the
mean g(85%) of the WSOM in the Ulaanbaatar samples is
comparable with those of the biomass burning products
including levoglucosan, mannosan, galactosan, and D-glucose (g
(85%)¼ 1.22e1.25) (Chan et al., 2005; Mochida and Kawamura,
2004).

The k-model fit parameters of the WSOM were obtained to be
0.083e0.267 with a mean value of 0.142 while the g-model fit
parameters were in the range of 0.068e0.164 with a mean value of
0.102. The k-model fit parameters of the WSOM were similar to
those of aged secondary organic aerosols (Jimenez et al., 2009). The
lowest g-model fit parameter was similar to those of the HULIS in
K-puszta, Hungary (0.055e0.074) (Gysel et al., 2004). The highest
g-model fit parameter was similar to those of more hygroscopic
water-soluble organic acids (malonic, citric, tartaric, and malic
acids) (w0.163) (Peng et al., 2001). The mean value of g-model fit
parameters was comparable with those of the biomass burning
products (levoglucosan, mannosan, and galactosan) (w0.095)
(Chan et al., 2005).

Similar g(85%) and g-model fit parameters of the WSOM to
those of the biomass burning aerosols (Chan et al., 2005; Mochida
and Kawamura, 2004) and moderate correlation between water-
soluble organic carbon (WSOC) and Kþ (R2¼ 0.43) (Jung et al.,
2010) imply that Ulaanbaatar aerosols contained high abun-
dances of biomass burning products. Additionally, similar k-model
fit parameters of the WSOM to those of aged secondary organics
(Jimenez et al., 2009) imply that aged secondary organic aerosols
may also contribute to organic aerosols in Ulaanbaatar. Our result
coincides with the conclusion of Jung et al. (2010), which
demonstrated that the Ulaanbaatar organic aerosols were mainly
attributed to not only secondary production of WSOC under the
stagnant condition but also the enhanced primary emission of
WSOC from biomass burning, especially from wood burning in
home stoves.
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4. Conclusion

In order to investigate the hygroscopic property of water-soluble
organic aerosols collected at an urban site in Ulaanbaatar, Mongolia
during the cold winter of 2007, the hygroscopic properties of the
water-soluble matter (WSM) extracts were investigated using the
H-TDMA. All WSM showed the substantial reduction (5e17%) in
themobility diameter at 20e40% RH. Highly non-spherical shape of
the laboratory generated WSM was observed with the dynamic
shape correction factor (c) of 1.09e1.38 (avg. 1.23� 0.10), causing
w11% underestimation in the hygroscopic growth measurement at
85% RH. If the internally mixed particles in ambient condition has
the similar structure of the laboratory generated WSM, the non-
spherical shapes can cause the errors associated in the prediction of
the aerosol hygroscopic growth. Thus, careful attention must be
paid to a fixed RH (typically 85% RH) growth factor measurement
using a H-TDMA system for WSM as well as bulk aerosols. It is
suggested that a periodic RH scanning measurement should be
conducted to validate a fixed RH measurement. Since the restruc-
turation of nebulised WSM extracts was significant in the Ulaan-
baatar aerosol samples, in-situ H-TDMA measurement should be
conducted in the further study to clarify the reasons.

The g(85%) of the water-soluble organic matter (WSOM) (range:
1.11e1.35, avg. 1.22� 0.08) is comparable with those of the biomass
burning aerosols (Chan et al., 2005; Mochida and Kawamura,
2004). The k-model fit parameters of the WSOM (range:
0.083e0.267, mean: 0.142) were similar to those of aged secondary
organic aerosols (Jimenez et al., 2009). These results suggest that
the Ulaanbaatar aerosols contain high abundances of biomass
burning products and aged secondary organics. Visibility degra-
dation, radiative forcing, and climate models generally assume the
g(RH) of the WSOM or organic aerosols as unity. The g(RH) of the
WSOM obtained in this study can provide useful information for
aerosol related studies and contribute to reduce the error in climate
model simulations.
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