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[1] The temporal variation in the hygroscopicity of urban
aerosol particles was investigated in Tokyo based on the
hygroscopic growth factor (g) measurement in the summer of
2004. For 100 nm particles, sporadic appearance of
intermediately hygroscopic (1.11 � g < 1.29) particles was
observed when the oxygenated organic mass increased (r =
0.76), suggesting that the formation of secondary organics
governs the hygroscopicity of these particles. During a
photochemically active period in the daytime, the mode
hygroscopicity of 100 nm particles above g = 1.11 rapidly
decreased in a few hours. This is explained by the
condensation of secondary organics on pre-existing
particles that are highly hygroscopic (g � 1.29) and are
transported from outside the Tokyo metropolitan area.
The observed rapid change in particle hygroscopicity
suggests that the condensation of secondary organics
increase the dry particle diameter at rates of 8–17 nm h�1.
Citation: Mochida, M., T. Miyakawa, N. Takegawa, Y. Morino,
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1. Introduction

[2] The hygroscopic property of atmospheric aerosol
particles is a key factor that controls their light scattering
efficiency [Hänel, 1976] and cloud condensation nuclei
(CCN) activity [McFiggans et al., 2006]. The secondary
formation of condensed matter is important for particle
hygroscopicity since it may alter the hygroscopicity of
pre-existing particles and lead to the formation of new
particles whose hygroscopicity is characterized by the
secondary components. However, the role of the secondar-
ily formed organics in particle hygroscopicity [Saxena et
al., 1995] is not well understood because of the lack of
information regarding the yield, composition, and thermo-
dynamical data. This is in contrast to secondary inorganics
such as sulfates and nitrates which are well-characterized
[e.g., Ansari and Pandis, 1999]. Moreover, the mixing state
of organics with inorganics in atmospheric aerosols is not
fully understood in most of the environments.

[3] The hygroscopic properties of secondary organics
have recently been studied in a number of chamber experi-
ments using a hygroscopicity tandem differential mobility
analyzer (HTDMA) [e.g., Varutbangkul et al., 2006, and
references therein]. On the other hand, there are very few
field studies using a HTDMAwith a focus on the secondary
formation of organics in spite of the high capability in field
investigations [e.g., Gasparini et al., 2004]. In this study,
we deployed an HTDMA for the measurement of the
hygroscopic properties of urban aerosol particles in Tokyo
for assessing the impact of the formation of secondary
organics on the particle hygroscopicity. By combining the
HTDMA data with the chemical composition data obtained
by an aerosol mass spectrometer (AMS), we present here
evidence for the alteration in the hygroscopic properties of
urban aerosol particles that was caused by the photochem-
ical secondary formation of oxygenated organics. Further,
we calculate the increasing rate of dry diameter of particles
due to the condensation of secondary organics using the
hygroscopicity data.

2. Measurements

[4] A semi-continuous hygroscopicity measurement was
performed using the HTDMA [Mochida and Kawamura,
2004; Mochida et al., 2006] in Tokyo from August 3 to 8,
2004. The observation study was conducted at a 5-story
building on the campus of the University of Tokyo, located
near the center of the Tokyo metropolitan area (35�390N,
139�400E). Ambient air was sucked on the rooftop of the
observation building (18 m above ground level) and was
transferred to the laboratory through stainless steel tubing
(inner diameter: 11 mm).
[5] For measuring particle hygroscopicity, part of the

sample aerosol was introduced to the HTDMA at a rate of
0.3 liter min�1. Particles whose mobility diameters were
100 and 200 nm under dry conditions (RH < 5%) were
analyzed. The 100 nm particles are mainly discussed
because of better counting statistics, whereas 200 nm
particles are briefly explained only for comparison. Note
that the particle hygroscopicity around 100 nm is important
for the total CCN numbers under typical conditions [e.g.,
Mochida et al., 2006].The hygroscopic growth factor g of
particles was measured semi-continuously at fixed RH
(85%) according to the equation g = dm,wet/dm,dry, where
dm,dry and dm,wet are the particle mobility diameters under
dry (<5% RH) and humidified (85% RH) conditions,
respectively. In the HTMDA operation, the voltage applied
to the second DMA was controlled using an scanning
mobility particle sizer (SMPS) software (AIM Ver. 5.0,
TSI Inc.). For the calculation of g, the centroid diameters
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of the transfer functions of the first and second DMAs are
used as dm,dry and dm,wet, respectively. The number concen-
tration of particles with specific g and dm,dry in the atmo-
sphere is then calculated by neglecting (1) the actual range
of dm,dry for particles classified by the first DMA and
(2) their non-constant size distribution within the mobility
window of the second DMA [Wang and Flagan, 1990]. In
this study, the resulting broadening of the apparent number-
concentration distributions along the g-axis (e.g., the mea-
sured geometric standard deviation of the broadening is
1.05 for 100 nm particles) is not removed by data inversion.
We classified particles as slightly (g < 1.11), intermediately
(1.11 � g < 1.29), and highly hygroscopic (g � 1.29); the
segments for the division of g were determined arbitrarily
for separating typically observed hygroscopicity modes.
Hourly averaged hygroscopicity data were used for the
analysis.
[6] The Aerodyne quadrupole AMS was operated in

parallel with the HTDMA for obtaining size-segregated
chemical composition data [Jayne et al., 2000; Takegawa
et al., 2005]. Oxygenated and hydrocarbon-like organics
(OO and HO) were derived using a custom component
analysis [Zhang et al., 2005a], and the concentration of
elemental carbon (EC) was estimated based on the correla-
tion of EC with m/z 57 signal [Zhang et al., 2005b].
Chemical compositions at the vacuum aerodynamic diam-
eter (dva) ranging from 50 to 200 nm were used as the
estimates of the composition at dm,dry = 100 nm. CO and O3

were quantified using a nondispersive infrared absorption
instrument (Model 48, Thermo Environmental Instruments)
and an ultraviolet absorption instrument (Model 1101,
Dylec), respectively. The concentrations of CO and O3 were
used as the tracers of the primary and secondary aerosol
components, respectively.

3. Results and Discussion

3.1. Formation of Intermediately Hygroscopic
Particles

[7] Figures 1a and 1b show the temporal variations of the
hygroscopic growth factor g and the estimated chemical
composition of the 100 nm particles. The number distribu-
tion of the particles as a function of g generally exhibits a
bimodal distribution with a peak in daytime; however, the
separation of the two modes was occasionally reduced.
Although sulfate was the dominant inorganic salt through-
out the study period (Figure 1b), particles with the hygro-
scopic growth factor of ammoniated sulfate (�1.6) were
negligible during the study period with the exception of
August 8. Most sulfates may therefore be internally mixed
with less hygroscopic component, which may be mainly
composed of organics because of their large abundance
(Figure 1b). EC may be present mostly in slightly hygro-
scopic particles at g � 1.0, which was observed using a
volatility TDMA during a different season [Kuwata et al.,
2007]. Other components not measured in this study such as
crustal materials and Na may be present to a much lesser
extent at dm,dry = 100 nm in the urban air [Matta et al.,
2003; Takegawa et al., 2005]. The hygroscopicity of 200
nm particles (data not shown) showed a temporal variation
similar to that of 100 nm particles but in general with
slightly higher hygroscopicity at g � 1.11. Further, the

separation of two modes were clearer even when the
reduced separation was observed for 100 nm (Figure 1a).
[8] The temporal variation in the particle hygroscopicity

is likely to be controlled by the amount of oxygenated
organics. Figures 1c–1e show the number concentrations of

Figure 1. The temporal variations of (a) hygroscopic
growth factors, (b) AMS-derived chemical composition (50 <
dva < 200 nm, OO: oxygenated organics, HO: hydrocarbon-
like organics), and the number concentrations of (c) slightly
(g < 1.11), (d) intermediately (1.11 � g < 1.29), and
(e) highly hygroscopic (g � 1.29) particles whose dm,dry is
100 nm (squares). The mass concentration of oxygenated
organics (triangles) is superimposed on Figures 1c–1e.

L02804 MOCHIDA ET AL.: HYGROSCOPICITY AND SECONDARY ORGANICS L02804

2 of 5



the slightly, intermediately, and highly hygroscopic par-
ticles and the mass concentration of oxygenated organics
at dm,dry = 100 nm (or dva = 50–200 nm). The high
positive correlation between the intermediately hygroscop-
ic particles and oxygenated organics is evident (Figure 1d)
(r = 0.76). Oxygenated organics in urban air are mainly of
secondary origin [Zhang et al., 2005a, 2005c; Takegawa
et al., 2006], suggesting that the secondary formation of
organics is responsible for the appearance of intermedi-
ately hygroscopic particles at dm,dry = 100 nm.
[9] Correlation coefficients of the mass concentrations of

particulate/gaseous components and the number concentra-
tions of slightly, intermediately and highly hygroscopic
particles are summarized in Table 1. The higher positive
correlation of intermediately hygroscopic particles with O3

as compared to that with CO is consistent with the above
explanation. The correlations of oxygenated organics with
slightly hygroscopic and highly hygroscopic particles
(Figures 1c and 1e and Table 1) are not as high as that
with intermediately hygroscopic particles, suggesting that
these particles are composed of a smaller fraction of
secondary organics. The slightly hygroscopic particles in
Tokyo have been suggested to be mainly EC and primary
organics [Kuwata et al., 2007]. The correlation data in
Table 1 also support this hypothesis, because EC and
hydrocarbon-like (mainly primary) organics, and CO as a
tracer of primary pollutants, were best correlated with
slightly hygroscopic particles (r = 0.51–0.56). Highly
hygroscopic particles are mainly composed of inorganic
salts because apart from a very few organics (e.g., oxalic
acid), no other species possesses such high hygroscopicity.
As expected, the mass concentration of SO4

2� demonstrates
a high positive correlation with the highly hygroscopic
particles (r = 0.94), whereas no correlation was observed
for slightly and intermediately hygroscopic particles.
[10] During photochemically active periods that are char-

acterized by high concentrations of O3 and oxygenated
organics, the appearance of intermediately hygroscopic
particles instead of highly hygroscopic particles at dm,dry =
100 nm suggests that the secondary formation of condens-
able organics may be much faster than that of sulfates. This
is consistent with the previous estimation that the in situ
formation of sulfates in Tokyo during summer is slow
[Takegawa et al., 2006]. This in turn suggests that most
highly hygroscopic particles (g � 1.4) detected during the
photochemical events were not formed locally, but were
transported from outside the Tokyo metropolitan area.

3.2. Condensation of Secondary Organics on
Preexisting Particles

[11] The HTDMA data further suggests that the highly
hygroscopic particles act as the ‘‘nuclei’’ for the condensa-
tion of less hygroscopic components during the photochem-
ically active periods. Figure 2 shows the temporal change in
the particle hygroscopicity on August 6 (see Figure 1a)
when the air masses were continuously transported from
south by persistent southerly winds. The distribution of the
growth factor was bimodal at 0800 LT, and the peak
diameters of the second mode gradually decreased from
1.39 to 1.18 by noon. The residence time of the air mass that
remained over the Tokyo metropolitan area from the Pacific
to the measurement site was calculated to be 2–3 h based
on backward air mass trajectories [Tomikawa and Sato,
2005] that use the meteorological data obtained using
the regional atmospheric modeling system (RAMS)
[Pielke et al., 1992] (see Figure S1 in auxiliary material1).
Note that Figure 2 shows the time evolution of the growing
particles that was monitored indirectly at the fixed dry
diameter (dm,dry = 100 nm). It is most likely that the
intermediately hygroscopic particles appeared at around
noon were formed as a result of the condensation of
secondary organics (and sulfate) on particles whose initial
diameters were smaller than 100 nm in the morning.
Although temporal change in the hygroscopicity of particles
over the Pacific and/or the reduction in the hygroscopicity
by chemical reactions of preexisting components can not be
ruled out, there is no reasonable explanation that supports
the significance of these changes.
[12] The upper abscissa in Figure 2 represents the upper

limits of the estimated volume fraction of inorganic salts in
the particles. This volume fraction is calculated based on the
Zdanovskii-Stokes-Robinson (ZSR) approach [Gysel et al.,
2004], where a dry particle is assumed to be composed of
(NH4)2SO4 and organics. The dry volume fraction of
(NH4)2SO4 (vs) in a single particle is calculated assuming
that the volume of water retained by (NH4)2SO4 and organ-
ics is additive. The vs value is the highest when organics do
not retain water, as shown in the upper abscissa of Figure 2.
[13] As seen in Figure 2, the mode growth factor g at

0800, 0900, 1100, and 1200 LT on August 6 corresponds to
the volume fractions of inorganic salts of �61%, �48%,
�28%, and �23%, respectively. The remaining fraction
(>77%) of particles at 1200 LT (Figure 2d) was therefore
estimated to be composed of organics. This result is

Table 1. Correlation Coefficients of the Mass Concentrations of Particulate/Gaseous Chemical Components and the

Number Concentrations of Slightly, Intermediately, and Highly Hygroscopic Particles at 100 nma

Compounds 1 � g < 1.11 1.11 � g < 1.29 g � 1.29

Hydrocarbon-like organics (EC)b,c 0.51 (0.53) 0.26 (0.29) 0.20 (0.23)
Oxygenated organicsb 0.40 0.76 0.34
Sulfateb �0.19 0.05 0.94
CO 0.56 0.39 0.03
O3 0.09 0.61 0.41

aSlightly hygroscopic, 1 � g < 1.11; intermediately hygroscopic, 1.11 � g < 1.29; and highly hygroscopic, g � 1.29.
bMass concentrations in particles at 50 < dva < 200 nm.
cThe correlation coefficients for EC are nearly identical to those for hydrocarbon-like organics because the EC concentration is

estimated using the hydrocarbon (m/z 57) signal.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GL031310.
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consistent with the observed increase in the organic mass
fraction from 55% to 75% in 4 h (data from Figure 1); this
increase is mainly caused by the increase in the mass
fraction of oxygenated organics (from 16% to 41%).
[14] The secondary components are also expected to

condense on the slightly hygroscopic particles. Further,
primary organics in slightly hygroscopic particles could be
oxidized to more hydrophilic organics. However, such
behavior is not evident from the change in the hygroscopic
growth factor (Figure 2), possibly because the measurement
of hygroscopic growth by using the mobility diameter has
poor sensitivity to mass condensation on nonspherical EC
particles [Slowik et al., 2007]. However, this does not rule
out the possibilities that secondary oxygenated organics
have slight hygroscopic properties and/or that secondary
organics are preferentially formed in water-containing highly
hygroscopic particles.

3.3. Rates of Particle Diameter Increase by
Condensation

[15] The rates of dry particle diameter increase by con-
densation of secondary components (organics and sulfate)
are estimated based on the temporal evolution of the mode
hygroscopic growth factor of particles whose g was greater
than 1.11 on August 6 (Figure 2) (note: the term ‘‘particle
growth rate’’ is not used here to avoid confusion with
hygroscopic growth). Here we discuss the change in the
hygroscopicity within 3 hours (i.e., the residence time of

the air mass over the metropolitan area before reaching the
measurement site). The following assumptions were made:
(1) At 0800 LT (time t0), the hygroscopicity of the particles
at dm,dry = 100 nm is same as that of the particles without
the locally formed secondary components; further, the
hygroscopic growth factor (gini) is uniform at dm,dry �
100 nm. (2) The particles detected after 0800LT (time t)
originally had a hygroscopic characteristic identical to that
measured at 0800LT. (3) The volumes of solutes and that of
water retained by different components in a particle are
additive. (4) The hygroscopicity of the condensed matter,
which is represented by the equivalent growth factor gc, is
constant throughout the transport. (5) Possible evaporation
and change in the hygroscopicity of the originally present
organics are insignificant.
[16] When 100 nm particles with g � 1.11 were detected

at 0900 and 1100 LT (time t), their initial diameters at 0800
LT (dini,dry) prior to condensation were estimated from the
volume balance of liquid water as follows:

p
6
d3ini;dry g3ini � 1

� �
þ p

6
1003 � d3ini;dry

� �
g3c � 1
� �

¼ p
6
� 1003 g3 � 1

� �
:_: dini;dry ¼ 100

g3 � g3c
g3ini � g3c

� �1
3

ð1Þ

The rate of dry diameter increase by the condensation of
secondary components is then calculated from the resulting
size difference between dini,dry and 100 nm in the time
period of t � t0. The lowest hygroscopic growth factor
observed at noon (g = 1.18, Figure 1e) is used as the upper
limit of gc in equation (1), whereas the lower limit is
assumed to be 1.00. This range of gc is reasonable, given
that the secondary organics observed in the chamber
experiments performed by Varutbangkul et al. [2006] have
similar growth factors (1.01–1.16). From equation (1) and
the range of gc, it was found that the change in
hygroscopicity from 0800 LT to 0900 and to 1100 LT
(i.e., t � t0 = 1 and 3 h) corresponds to the rates of dry
diameter increase of 8–13 nm h�1 (dini,dry = 87–92 nm) and
8–17 nm h�1 (dini,dry = 50–77 nm), respectively.
[17] The contribution of organics to the rate of dry

diameter increase could be the highest (up to 17 nm h�1)
when the condensed matter is composed solely of organics
with gc = 1.18, whereas it could be the lowest (8 nm h�1) at
gc = 1.00 (the gc value of unity corresponds to the case that
secondary organics are non-hygroscopic and reduce particle
hygroscopicity most effectively). Even if the concurrent
condensation of sulfate is considered, the contribution of
organics is not less than 8 nm h�1 because sulfate prevents
the effective reduction of particle hygroscopicity caused by
organics. It should be emphasized that the derivation of the
rate of dry diameter increase by secondary organics (8–
17 nm h�1) is novel because other relevant studies based on
the temporal change in the mode particle diameters are not
available to determine the rates specific to organics. Also
note that the clearer separation of the hygroscopicity modes
for 200 nm particles in the photochemically active periods
(section 3.1) is consistent with our finding that the hygro-
scopicity change is associated with the condensation of
secondary components, given that the hygroscopicity of

Figure 2. The time evolution of hygroscopic growth
factors of 100 nm particles at (a) 0800, (b) 0900, (c) 1100,
and (d) 1200 LT on August 6, 2004. Histograms show the
raw data, which are deconvoluted into two Gaussian peaks.
The vertical red lines represent the peak positions. The
upper abscissa represents the upper limits of the estimated
volume fraction of water-soluble inorganic salts based on
the two phase model assuming that a particle is composed
of (NH4)2SO4 and organics. See text for details.
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particles with larger surface to volume ratio are less sensi-
tive to the condensation.

4. Concluding Remarks

[18] Sporadic appearance of intermediately hygroscopic
particles (1.11 � g < 1.29) at dm,dry = 100 nm were observed
by the HTDMA in Tokyo during summer 2004. The number
concentrations of the intermediately hygroscopic particles
are positively correlated to the oxygenated organic mass
(50 < dva < 200 nm), suggesting the influence of second-
ary organics to these particles. Rapid conversion of highly
hygroscopic particles (g � 1.29) to intermediately hygro-
scopic particles was suggested. This may be caused by the
condensation of secondary organics, being consistent with
the increase in the measured and estimated organic fractions.
The rates of dry diameter increase by the condensation of
organics are estimated to be as high as 8–17 nm h�1.
[19] The relation of the condensation of secondary organ-

ics to the rapid change in particle hygroscopicity needs
further investigations, given its potential impact on related
particle characteristics. For example, the CCN activity of
particles is influenced by the hygroscopic properties; fur-
thermore, the CCN activity of particles with �100 nm
diameter is critical for the number of CCN in aerosols for
forming cloud droplets under typical conditions. The results
in the present study imply that the ability of urban aerosols
to form cloud droplets can be altered significantly by the
photochemical formation of organics on an hourly timescale
during the daytime in summer.
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