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a b s t r a c t

Aerosol water content (AWC) of urban atmospheric particles was investigated based on the hygroscopic
growth measurements for 100 and 200 nm particles using a hygroscopicity tandem differential mobility
analyzer in Sapporo, Japan in July 2006. In most of the humidogram measurements, presence of less and
more hygroscopic mode was evident from the different dependence on relative humidity (RH). The
volume of liquid water normalized by that of dry particle (Vw(RH)/Vdry) was estimated from the HTDMA
data for 100 and 200 nm particles. The RH dependence of Vw(RH)/Vdry was well represented by a fitted
curve with a hygroscopicity parameter keff. The keff values for 200 nm particles were in general higher
than those for 100 nm particles, indicating a higher hygroscopicity of 200 nm particles. Based on the keff

values, the volume mixing ratios of water-soluble inorganic compounds (ammonium sulfate equivalent)
were estimated to be on average 31% and 45% for 100 and 200 nm particles, respectively. The diurnal
variation of keff, with relatively higher values in the noontime and nighttime and lower values in the
morning and evening hours, was observed for both particle sizes. The Vw(RH)/Vdry values under ambient
RH conditions were estimated from keff to range from 0.05 to 2.32 and 0.06 to 2.43 for 100 nm and
200 nm particles, respectively. The degree of correlation between keff and Vw(RH)/Vdry at ambient RH
suggests a significant contribution of the variation of keff to atmospheric AWC in Sapporo.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The ability of atmospheric aerosol particles to retain liquid
water, i.e., the aerosol hygroscopicity, is closely related to various
atmospheric properties and processes. For example, the optical
property of aerosols, which affects scattering and absorption of
solar radiation, is sensitive to changes in the particle size due to
water uptake as a function of relative humidity (RH) (Tang, 1996).
The presence of liquid water and its amount in aerosol particles
influence aqueous phase chemical reactions (McMurry and Wilson,
1983) and partitioning of semi-volatile compounds between gas
and particle phases (Ansari and Pandis, 2000). Furthermore, since
the hygroscopic behavior of particles is closely related to the cloud
condensation nuclei activity, it determines whether or not a cloud
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and/or fog droplet is formed under a given supersaturated water
vapor condition.

There are several issues that have been studied to better
understand the hygroscopic behaviors of aerosol particles. For
instance, externally-mixed conditions of aerosols were observed in
various locations (McMurry and Stolzenburg, 1989; Zhang et al.,
1993; Bush et al., 2002). The relationship of the particle hygro-
scopicity to the chemical composition has been studied for inor-
ganic salts (e.g., Tang and Munkelwitz, 1994), organic compounds,
and organic/inorganic mixtures (e.g., Cruz and Pandis, 2000; Peng
et al., 2001; Prenni et al., 2001). The hysteresis of aerosol hygro-
scopic growth was assessed in field studies (Santarpia et al., 2004),
and has been discussed in view of the radiative impact (Martin
et al., 2003, 2004). Moreover, the RH dependence of the aerosol
optical property has been studied, with various techniques
including nephelometer, aerosol lidar, and cavity ring-down aero-
sol extinction spectrometer (Carrico et al., 2003; Feingold and
Morley, 2003; Baynard et al., 2007).

Asia is a region where both anthropogenic and natural emis-
sions of aerosols and their precursors are significant (Huebert et al.,
2003), yet hygroscopicity data of atmospheric particles is still
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scarce. We have investigated the humidity dependence on the
water content of urban atmospheric particles in the Japanese large
city Sapporo, based on hygroscopic growth measurements using
a hygroscopicity tandem differential mobility analyzer (HTDMA). A
single variable parameterization according to k-Köhler theory
(Petters and Kreidenweis, 2007) is applied to 100 and 200 nm
particles, to assess the degree of the particle hygroscopic growth
and the RH dependence, and the general characteristics of the
aerosol hygroscopicity in Sapporo in the summer season. Further,
the aerosol water content (AWC) under the ambient RH conditions
is characterized, and the relative contribution of humidity and
particle hygroscopicity to AWC is discussed.
2. Experiments and data analyses

2.1. Measurement of aerosol hygroscopic growth

Hygroscopicity of atmospheric aerosol particles was measured
using an HTDMA in the Institute of Low Temperature Science
(43�0500000N, 141�2001900E), Hokkaido University in the city of Sap-
poro (population: ca. 1.9 million), Japan from 6 to 29 July, 2006. The
weather condition was clear and/or cloudy in most of the period,
while 11% was rainy. The mean values (ranges) of atmospheric
temperature and RH were 21 �C (15–29 �C) and 74% (34–92%)
during the observation period, respectively. The HTDMA system
(Fig. 1) used in this study is described in Mochida and Kawamura
(2004). Here, we briefly explain an outline of the measurement.

Dried and neutralized aerosols were classified into 100 and
200 nm particles (switched every 5 min) by the first differential
mobility analyzer (DMA1, TSI Model 3081). The monodispersed
aerosols were introduced to a prehumidifier (mean � one standard
deviation: 98 � 1.3% RH, range: 91–99% RH) and RH conditioner
(from 9 to 98% RH) and then transferred to the humidified DMA
(DMA2) (from 2 to 98% RH) and condensation particle counter (CPC,
TSI Model 3010), by which the aerosol hygroscopic growth were
measured. The residence time of particles between the RH condi-
tioner and DMA2 was about 10 s. Flow rates of sample and sheath airs
in both DMA1 and DMA2 were 0.3 and 3 L min�1, respectively. The
sample air was diluted with filtered air at the inlet of the CPC, and the
sample and total air flows were adjusted to 0.3 and 1 L min�1,
respectively, using a needle valve (Fig. 1). The RH of the sample
aerosol was scanned repeatedly; each cycle required 2 h to scan RH
from 3 to 97% RH and 1 h to dry the system for the next humidogram
measurement. In total 186 humidograms were collected.

The performance of the HTDMA was evaluated by the
humidogram measurement of the hygroscopic growth of pure
(NH4)2SO4 particles. The size distribution of humidified particles
measured using DMA2 and the CPC in the scanning mobility
particle sizer (SMPS) mode was fitted by a Gaussian curve, and the
mode of the curve is defined as d(RH). Similarly, dry diameter (ddry)
was determined when the RH was below 13% RH during the
collection of the humidogram. Here, raw counts data collected in
the SMPS mode were converted to the apparent size distribution of
particles using the integral of the Stolzenburg DMA transfer
Dryer DMA1 Prehumidifier

Ambient air

241AmImpactor

Fig. 1. Schematic diagram of the hygroscopicity tandem
function (1988) and a Cunningham slip correction factor of Allen
and Raabe (1985). In the case of 100 nm (NH4)2SO4 particles, the
ratio of d(RH) to ddry (hygroscopic growth factor g(RH)) were
1.25 � 0.02 and 1.70 � 0.02 (mean � one standard deviation, n ¼ 3)
at 60 and 90% RH and at 296–297 K, respectively. The values
reasonably agree with g(RH) estimated from the literature data of
water activity and the density of (NH4)2SO4 solution with the
consideration of surface tension effect (g ¼ 1.27 at 60% RH and 1.68
at 90% RH at 298K) (Tang and Munkelwitz, 1994). Note that we
observed 1% decrease in the mobility diameter of pure (NH4)2SO4

particles, with a prehumidification followed by the drying proce-
dure in the HTDMA. This may be due to the restructuring of
(NH4)2SO4 particles (Gysel et al., 2004). The diameter after the size
decrease is defined as a dry diameter of (NH4)2SO4 particles.
2.2. Estimate of the aerosol water content of atmospheric particles

The water content of atmospheric particles is assessed using the
estimated aerosol water volume Vw(RH) divided by the dry particle
volume Vdry at <13% RH for aerosols humidified in the HTDMA:

AWCh
VwðRHÞ

Vdry
¼

VðRHÞ � Vdry

Vdry
(1)

VðRHÞ ¼
X

i

NiðRHÞp
6

di (2)

where Vdry and V(RH) are the particle volumes in the aerosols under
dried and humidified conditions, respectively. They are calculated
from the size distribution measured with 64 bins per decade using
DMA2 þ CPC in the SMPS mode. V(RH) is calculated from Eq. (2),
where di is the midpoint of the diameter of the size bin i, and Ni(RH)
is the particle number concentration within the bin. Vdry is calcu-
lated from Eq. (2) by substituting di to the mode of the Gaussian
fitting to the observed dry distribution, as in the case of the growth
factor measurement of (NH4)2SO4 particles. It is assumed that the
particles are spherical and that the amount of residual water in the
dried particles is negligible. Further, Eq. (1) assumes that the water
volume Vw(RH) is equal to the changes in the volume of aerosol
particles with RH, thereby neglecting a change in the partial molar
volume of the compounds in a particle.

Because apparent distributions of Ni(RH) determined without
an inversion procedure are used for the calculation of Vw(RH)/Vdry,
broadening of the distribution due to the width of DMA2 transfer
function (e.g., Swietlicki et al., 2008) possibly biases Vw(RH)/Vdry.
We thereby assessed the bias using a forward model with
Stolzenburg DMA transfer function (1988). In the model, size
distributions of dry particles classified to 100 and 200 nm in DMA1
were calculated from the transfer function, on the assumption of
constant dN/dlog ddry of charged particles along ddry upstream of
DMA1. Modeled aerosol particles were then grown by factors
between 1.002 and 1.778, and the apparent size distributions
observed using DMA2 þ CPC were calculated. The apparent
distribution is first calculated in the size resolution of 1024 bins per
RH-Conditioner DMA2 CPC

To pump

HEPA  filter

Dry air

Vent

Needle valve

differential mobility analyzer (HTDMA) system.
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decade, and next converted to lower resolution (64 bins per
decade). Smearing of the transfer function in the SMPS mode
(Russell et al., 1995; Collins et al., 2004) was not considered. Fig. 2a
presents the differences between the apparent and theoretical
Vw(RH)/Vdry values estimated by the model. We have found that the
relative errors for 100 and 200 nm particles are small in the range of
AWC above 0.2. Fig. 2b and c presents the model-derived apparent
size distributions for 100 and 200 nm at the growth factors of 1.00
and 1.72, and the apparent distributions actually measured under
dry condition. The apparent size distributions modeled under dry
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Fig. 2. (a) Model-derived relative error in apparent Vw(RH)/Vdry versus the theoretical
Vw(RH)/Vdry. The solid and dotted lines represent the error for 100 and 200 nm
particles, respectively. The apparent Vw(RH)/Vdry is calculated using the apparent size
distributions with 64 bins per decade, whereas the theoretical Vw(RH)/Vdry is equal to
g3 – 1. The error was calculated in the range of the theoretical Vw(RH)/Vdry from 0.01 to
4.62. (b) Solid lines: modeled apparent size distributions of particles classified at
100 nm in DMA1, and with growth factor of 1.00 and 1.72. Circles: the apparent dry
size distribution measured for pure (NH4)2SO4 particles classified at 100 nm in DMA1.
(c) Same as (b), but for 200 nm particles.
condition well reproduce the measured distribution, supporting
the validity of this assessment.

The bias of Vw(RH)/Vdry was further found to be small, from the
HTDMA measurement using pure (NH4)2SO4 particles. The differ-
ences in the Vw(RH)/Vdry values calculated from Eqs. (1) and (2) and
those calculated using the mode growth factor derived from
Gaussian fittings were only 3.3 and 2.1% at 60 and 90% RH,
respectively. A possible reason for the higher deviation at 60% RH is
a faster scan of RH at lower RH, resulting in a larger errors of RH and
thus Vw(RH)/Vdry.

In the case of atmospheric particles with apparent g(RH) w 1,
the AWC is possibly underestimated. They probably contain
aggregates of black carbon in the urban air, and the mobility
diameter measurement of such non-spherical particles is not
sensitive to their volume change by the hygroscopic growth (Slowik
et al., 2007). Although this point is remained as an open question,
we regard that the uncertainty of AWC is not significant if the
substantial fraction of aerosol particles is more hygroscopic
(g(RH) > 1) as observed in this study. General agreements on the
chemical closure of aerosol hygroscopicity using HTDMA were
reported (Dick et al., 2000; Aklilu et al., 2006; Gysel et al., 2007;
Aggarwal et al., 2007), which support our assumption.

We predict the AWC of aerosol particles under real atmospheric
conditions by applying the ambient RH to the fitted curves of
Vw(RH)/Vdry. The ambient RH used for the analysis was measured
by Sapporo District Meteorological Observatory (43�0303000N,
141�1904200E).

2.3. Calculation of hygroscopicity k from aerosol water content

In this study, the k-Köhler theory (Petters and Kreidenweis,
2007) is used to fit observed Vw(RH)/Vdry. The RH in equilibrium
with a droplet is given in the theory by:

RHð%Þ
100

¼
d3ðRHÞ � d3

dry

d3ðRHÞ � d3ð1� kÞ
exp

�
4sMw

RTrwdðRHÞ

�
(3)

where

k ¼
X

3iki (4)

The hygroscopicity of a multi-component particle is represented by
k. In the equations, rw and Mw are the density and the molecular
weight of the water, respectively, s is the surface tension of the
solution/air interface, R and T are the gas constant and temperature,
respectively, and 3i and ki are the dry volume fractions and the
hygroscopicity of compound i.

For the fitting to observed Vw(RH)/Vdry, the Kelvin term in Eq. (3)
is approximated by a constant

A ¼ exp

 
4sMw

RTrwddry

!
(5)

where the surface tension s is 0.072 J m�2, T ¼ 298.15 K, and d(RH)
is substituted with ddry. For the fraction of particles with hygro-
scopicity kj in the aerosol classified by DMA1, the ratio of the water
volume (vj,w(RH)) and the dry volume (vj,dry) of particle in the
fractions is derived from Eq. (3):

vj;wðRHÞ
vj;dry

¼
djðRHÞ3�d3

dry

d3
dry

ykj

RHð%Þ
100�

A� RHð%Þ
100

� (6)

The dj(RH) is the diameter of humidified particles with hygro-
scopicity kj. For externally-mixed aerosols with particles with
different kj, Eq. (6) is extended to:
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Fig. 3. (a) An example of the RH dependence of the size distribution of particles after
humidification, for particles whose dry diameter was 100 nm (1700–1900 LT on July 8).
The particle concentration, represented by the color, is normalized by the total particle
number concentrations in the range of the diameter studied. The solid and dashed
lines represent diameter changes of (NH4)2SO4 and NH4NO3 particles estimated from
literature data (Tang and Munkelwitz, 1994; Tang, 1996). (b) The aerosol water content
normalized by the dry particle volume (Vw(RH)/Vdry) for the aerosol sample in Fig. 2a.
The measurement data (open circles) and the curve fitted with Eq. (7) (solid line) are
presented. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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AWCh
VwðRHÞ

Vdry
¼

P
j

nj

�
vj;wðRHÞ

vj;dry

�
P

j
nj

ykeff

RHð%Þ
100�

A� RHð%Þ
100

� (7)

where nj is the number concentrations of particles with hygro-
scopicity kj, and keff is the effective k for the externally-mixed
aerosols. We use keff as a fitting parameter to represent AWC as
a function of RH.

2.4. Estimation of volume fraction of water-soluble inorganic salts

A two-component model, with water-soluble (NH4)2SO4 and
water-insoluble components, is used to estimate the volume frac-
tion of water-soluble inorganic salts (Pitchford and McMurry,
1994). Assuming that k is zero for insoluble fraction, one can esti-
mate the volume fraction of soluble inorganic salts from the ratio of
k to the hygroscopicity of pure (NH4)2SO4 particle kAS. The kAS value
is derived to be 0.46 from the fitting of the following equation in the
range of water activity aw < 0.95.

aw ¼ 1þ k
Vdry

VwðRHÞ (8)

In Eq. (8), the water activity aw and Vdry/Vw(RH) are estimated from
literature data (Tang and Munkelwitz, 1994), including the density
of (NH4)2SO4 solution.

3. Results and discussion

3.1. Hygroscopic growth and aerosol water content of particles

An example of the humidogram measurements for atmospheric
aerosol particles in Sapporo is presented in Fig. 3a. Two hygroscopic
modes with more and less hygroscopic growth were observed. The
former shows an increase in particle diameter with increasing RH,
whereas the latter does not. Most of the humidograms for both 100
and 200 nm particles showed two modes, although the measured
aerosols were occasionally dominated by either less or more
hygroscopic mode particles, or moderately hygroscopic mode
particles with quasi-unimodal distribution. The results are consis-
tent with the fact that bimodal distributions of particle hygroscop-
icity are typical in urban environments (e.g., Swietlicki et al., 2008).
The hygroscopic growth of more hygroscopic mode particles is lower
than that of pure inorganic salts such as (NH4)2SO4 and NH4NO3

(Fig. 3a). The particles observed in the more hygroscopic mode were
probably a mixture of water-soluble inorganic salts and other
components such as organics (Saxena et al., 1995). The particles in
the less hygroscopic mode may contain black carbon and non-polar
organic substances from primary sources (Zhang et al., 1993).

The Vw(RH)/Vdry values of aerosol particles are calculated using
Eqs. (1) and (2). The open circles in Fig. 3b are calculated from the
data plotted in Fig. 3a. The Vw(RH)/Vdry shows a clear increasing trend
with increasing RH, as a result of the hygroscopic growth of particles
in more hygroscopic mode fraction. The RH dependence of Vw(RH)/
Vdry was fitted by Eq. (7) using keff as a single fitting parameter. The
keff from the fitting of the measurement in Fig. 2b is 0.191�0.007. The
keff values were obtained for all 186 samples (see Section 3.2).

This regression analysis was further applied to the average of
Vw(RH)/Vdry from 186 measurements. The keff derived from the
average (keff,ave) for 100 nm particles was 0.141 � 0.001, whereas
that for 200 nm particles was 0.209 � 0.003 (Fig. 4a). The higher
keff,ave value for larger particles can be explained by the general
characteristic of urban aerosols: smaller particles are characterized
by elemental carbon and primary anthropogenic organic aerosols
which are less water-soluble, while larger particles are dominated
by water-soluble secondary organics and inorganics (Allan et al.,
2003; Alfarra et al., 2004; Zhang et al., 2005; Takegawa et al., 2006).
It should be noted that the keff values are not significantly affected
by the Kelvin effect, because the effect is taken into account outside
of keff in Eq. (3).

Fig. 4b presents the differences between the Vw(RH)/Vdry

directly calculated from measured hygroscopic growth and those
indirectly calculated from the regression curves with keff. For both
100 and 200 nm particles, the relative errors were very small at
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high RH (>40% RH), whereas they were larger at low RH (�40%
RH). The overestimation at low RH is probably explained by the
efflorescence of aerosol particles and the particle morphology in
the dry condition. While our regression analysis has no consid-
eration of the efflorescence of particles, some components such as
ammoniated sulfate in particles may crystallize at low RH. The
efflorescence RH (ERH) of (NH4)2SO4 and (NH4)3H(SO4)2 is
32.1 � 2.5% RH at 298 K (Takahama et al., 2007) and 35% RH at
298 K (Martin, 2000), respectively, both of which agree with the
range of large relative errors in Fig. 4b. In addition, given that dry
particles are slightly non-spherical or porous and that they are
spherical after humidification, the use of mobility diameter
instead of volume-equivalent diameter for dry particles in Eq. (2)
leads to an underestimation of Vw (RH)/Vdry in particular at low
RH. If the dynamic shape factor c of dry particles of 1.04 (the
value reported for (NH4)2SO4 by Zelenyuk et al., 2006) is applied,
the associated error is from �95 to �45% at <40% RH, which well
explains the magnitude of errors in Fig. 4b.
3.2. Particle hygroscopicity and the volume fraction of
water-soluble inorganic salts

Fig. 5a and b shows histograms of keff obtained from the
regression analysis of 186 samples for 100 and 200 nm parti-
cles, respectively. A large variability of keff is evident. The keff
values for 100 nm particles ranged from 0.026 to 0.321 with
a mean (median) of 0.142 (0.133). For 200 nm particles, it
ranged from 0.027 to 0.494 with a mean (median) of 0.209
(0.205). Not only the average of keff but also the relative stan-
dard deviation for 200 nm particles (0.089) is larger than that
of 100 nm particles (0.065). It suggests a different degree of the
temporal changes in the composition, depending on the dry
particle size.

The volume fraction of water-soluble inorganic salts in the
particles was estimated by the two-component model (Section 2.4),
and is shown in the upper x-axis in Fig. 5. While the volume fraction
of inorganic salts for 100 nm particles ranged from 6 to 70% with
a mean (median) of 31% (29%), those for 200 nm particles were
higher, ranging from 6 to 107% with a mean (median) of 45% (45%).
The mean values of the estimated volume fraction of inorganic salts
and the size dependence are similar to those of urban aerosol types
summarized by Kandler and Schütz (2007).

The estimated inorganic salt fraction includes an error associ-
ated with the water activity dependence of kAS. For instance, if kAS at
a specific aw is taken, the kAS values ranged from 0.42 to 0.57 for aw

from 0.8 to 0.95, which corresponds to relative errors up to 26% in
the estimated volume fraction. Further, the estimate also depends
on the choice of compound for soluble fraction. If (NH4)HSO4

(k ¼ 0.59 for aw < 0.95) instead of (NH4)2SO4 is used as a model
compound, the difference in the estimated fraction of inorganic salt
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is calculated to be 22%. It should be emphasized that the magnitude
of these errors is significantly smaller than the variation of soluble
fraction in Fig. 5.

3.3. Diurnal variation of the particle hygroscopicity

Fig. 6 shows the diurnal variation of keff during the observation
period. The keff of 200 nm particles gradually increased from the
morning (05–07 LT) to noon (11–13 LT). In the afternoon it gradually
decreased, and then increased again from late-evening (23–01 LT) to
early-morning (02–04 LT). The diurnal variation of keff for 100 nmwas
similar. The observed lower keff in the morning and the evening is
possibly caused by a stronger contribution of combustion particles
such as black carbon and organics emitted directly from local primary
sources (e.g., motor vehicle exhausts). Since aerosol hygroscopicity
has a tendency to increase from urban through continental-polluted
to remote areas (McFiggans et al., 2006), the higher keff between late-
evening and early-morning could be explained by lower contribution
of local sources and thus relatively larger contribution of background
aged aerosols transported from outside Sapporo.

The peak of keff around noontime might be associated with
lower rates of primary emissions and enhanced convection, which
reduces the relative contribution of less hygroscopic primary
particles and enhance the contribution of background aged aero-
sols. On the other hand, the contribution of secondary aerosol
formation to the peak at noontime is not clear. In daytime,
formation of secondary aerosol component may be enhanced, but
the effect on the hygroscopicity depends on whether secondary
inorganics or organic compounds are produced more. In Tokyo,
reduction of particle hygroscopicity was observed in daytime
(Mochida et al., 2008), being opposite to the result in Fig. 6. The
absence of the strong size dependence of the diurnal variation in
Fig. 6 suggests that the secondary processes, whose effect depends
on the surface/volume ratio of the particles, were not significant.
More studies, e.g., those on aerosol chemical composition and
weekday/weekend effect of emissions, are necessary to clarify this
point in the future.

Note that one standard deviation of keff in Fig. 6 is larger than
that of the magnitude of the diurnal variation. Therefore, factors
other than those explained above may control the variation of keff,
too. Changes in the concentration levels of aged background
aerosols (e.g., those from Asian continent), and the non-diurnal
variations of their mixing with locally released/formed aerosols
may be important, too.
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3.4. Aerosol water content under ambient RH conditions

The Vw(RH)/Vdry of 100 and 200 nm particles under ambient RH
conditions (RHa) were estimated on the assumption that these
particles were present as meta-stable aqueous droplet in the
atmosphere (Fig. 7). Although it is a hypothetical case, this
simplification is reasonable, because a significant fraction of more
hygroscopic particles with hygroscopic growth hysteresis has been
reported to exist as supersaturated droplets (Santarpia et al., 2004).

Fig. 7a presents a histogram of the averaged ambient RH during
each measurement of the humidogram. The RH in the atmosphere
widely ranged from 38 to 92% with a mean (median) of 74% (76%).
Using the ambient RH and keff (cf. Fig. 3b), we estimate AWC under
ambient RH (Vw(RHa)/Vdry) for 186 samples from Eq. (7). The
estimated Vw(RHa)/Vdry values are plotted against ambient RH for
100 and 200 nm particles in Fig. 7b and c, respectively. It should be
noted that the residuals of the fitting are generally insignificant in
the atmospheric RH range studied (Fig. 4b). The relative frequency
distributions of Vw(RHa)/Vdry are summarized in Fig. 7d and 7e. For
100 nm particles, Vw(RHa)/Vdry ranged from 0.05 to 2.32 with
a mean (median) of 0.49 (0.34) (Fig. 7d). The Vw(RHa)/Vdry values for
200 nm particles (Fig. 7e) were higher, which ranged from 0.06 to
2.43 with a mean (median) of 0.72 (0.58). The mode of distribution
was at 0.1–0.2 bins for 100 nm particles (Fig. 7d), whereas it was
slightly higher for 200 nm particles (0.3–0.4 bins, Fig. 7e).

According to the theoretical relationship in Eq. (8), Vw(RHa)/Vdry

are controlled by both keff and RHa. As seen in Fig. 7b and 7c, while
the Vw(RHa)/Vdry shows a strong dependence on the ambient RH,
a large variation in Vw(RHa)/Vdry is seen even under similar RH
conditions. For example, within a narrow humidity range from 80
to 82.5% RH, the Vw(RHa)/Vdry for 100 nm particles varied from 0.13
to 1.17. This result suggests that the variation in the aerosol
hygroscopicity as well as that in the atmospheric RH significantly
contribute the variation in the AWC in Sapporo atmosphere.

The relative contributions of keff and RHa to the variation in
Vw(RHa)/Vdry are assessed quantitatively from the magnitude of R2,
where R is correlation coefficient between Vw(RHa)/Vdry and two
variables. For 100 nm particles, the R2 of keff versus Vw(RHa)/Vdry (0.54)
is similar to that of RH versus Vw(RHa)/Vdry (0.44). This result is
interpreted that the variation of keff contributes to that of Vw(RHa)/Vdry

nearly in the same magnitude of that of ambient RH. The relative
contribution of keff is also significant in the case of 200 nm particles; R2

of keff versus Vw(RHa)/Vdry is 0.29 whereas that of RH versus Vw(RHa)/
Vdry is 0.46. It should be noted that k and RHa have no correlations (R2:
-
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0.04 and 0.01 for 100 and 200 nm particles, respectively) and that the
keff and ambient RH are thus nearly independent variables.

The above results imply that, to assess the contribution of AWC to
the aerosol properties such as light extinction, information on the
temporal variation of the hygroscopicity k is as important as that of
ambient RH, at least in the case of urban aerosols similar to that we
observed in Sapporo. Therefore, characterization of k using an
HTDMA or similar measurement systems is important in order to
obtain/assess input parameters to atmospheric aerosol models
dealing with aerosol liquid water content and the related properties.

4. Conclusion

The humidograms of 100 and 200 nm particles were measured
using an HTDMA system in Sapporo city on July 2006. More and less
hygroscopic modes were both observed in many cases of the
humidogram measurement, and the RH dependence of the calcu-
lated Vw(RH)/Vdry (normalized aerosol water content) of aerosol
particles was successfully fitted with a hygroscopicity parameter
keff. While keff for 100 nm particles ranged from 0.026 to 0.321, keff

for 200 nm particles was higher (0.027–0.494). The size depen-
dence of keff indicates that 200 nm particles retain more liquid
water than 100 nm particles per unit of dry volume, which may be
associated with the chemical composition (Raoult effect). The mean
volume fractions (�one standard deviation) of water-soluble inor-
ganic salts estimated using keff for 100 and 200 nm particles were
31 (�14)% and 45 (�19)%, respectively. In both cases of 100 and
200 nm particles, keff was higher on average in noontime and from
late-evening to early-morning, whereas they were lower in the
morning and evening hours. This diurnal pattern may be related to
those of local emissions of aerosol particles, and the mixing of
locally emitted and long-range transported aerosols.

The normalized aerosol water content under the ambient RH
conditions during the observation period was estimated for 100
and 200 nm particles. The Vw(RH)/Vdry values for 100 and 200 nm
ranged from 0.05 to 2.32 with a mean of 0.49, and from 0.06 to 2.43
with a mean of 0.72, respectively. It has been revealed that not only
the variation of RH but also that of keff significantly contributes the
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variation of aerosol water content for both sizes in the atmosphere.
This suggests the importance of understanding the variation in the
chemical composition of aerosol particles to infer the RH depen-
dence of the hygroscopic growth and the relevant aerosol proper-
ties such as the optical property.
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