Atmos. Chem. Phys., 7, 3243259 2007 iy —* -
www.atmos-chem-phys.net/7/3249/2007/ Atmospherlc
© Author(s) 2007. This work is licensed Chem |stry

under a Creative Commons License.

and Physics

Hygroscopic growth of sub-micrometer and one-micrometer aerosol
particles measured during ACE-Asia

A. Massling!, S. Leinert?, A. Wiedensohlett, and D. Coverf®

1L eibniz-Institute for Tropospheric Research, Permoserstr. 15, 04318 Leipzig, Germany
2Environmental Protection Agency, Richview, Clonskeagh Road, Dublin 14, Ireland
3Department of Atmospheric Sciences, University of Washington, Box 354235, Seattle, WA 98195-4235, USA

Received: 20 October 2006 — Published in Atmos. Chem. Phys. Discuss.: 28 November 2006
Revised: 3 May 2007 — Accepted: 30 May 2007 — Published: 25 June 2007

Abstract. Hygroscopic properties of aerosol particles in the depending on dry particle size and air mass type. Nearly
sub-micrometer and one-micrometer size ranges were medyydrophobic particles indicating dust particles in the sub-
sured during the ACE-Asia study (Aerosol Characterizationmicrometer size regime were only found for particles with
Experiment-Asia) in spring 2001. The measurements tookDp=250 and 350 nm during a time period when the aerosol
place off the coasts of Japan, Korea, and China. All instru-was influenced by transport from Asian desert regions.
ments contributing to this study were deployed in a container
on the forward deck of the NOAA Research Vessel Ronald
H. Brown. Air masses with primarily marine influence and 4
air masses from the Asian continent affected by both anthro-

pogenic sources and by the transport of desert dust aeros@lerosol particles play an important role in the atmosphere,
were encountered during the cruise. because they influence the radiative budget of the earth di-
Results showed very different hygroscopic behavior in therectly by scattering and absorbing the incoming sunlight and
sub-micrometer size range compared to the one-micrometeindirectly by serving as cloud condensation nuclei for the for-
size range. In general, for all continentally influenced air mation of fog and cloud droplets (Twomey, 1977). One of
masses, the one-micrometer particle population was charaghe important aerosol properties that controls the magnitude
terized by two different particle groups — a nearly hydropho- of this effect is their hygroscopicity. Depending on the chem-
bic fraction with growth factors around 1.0 representative ofical composition, aerosol particles can take up large amounts
dust particles and a sea salt fraction with hygroscopic growthof water compared to their dry state as relative humidity
factors around 2.0. The number fraction of dust particles wagRH) increases above 60% and thus radically increase their
generally about 60% independent of long-range air mass orisize and change their optical properties (Ogren and Charl-
gin. son, 1992). The hygroscopic behavior of aerosol particles
For sub-micrometer particles, a dominant, more hygro-also influences cloud formation processes and the resulting
scopic particle fraction with growth factors between 1.5 anddroplet size distribution and thus the cloud albedo. A change
1.9 (depending on dry particle size) consistent with ammo-in the cloud albedo due to large-scale anthropogenic activi-
nium sulfate or non-neutralized sulfates as major componenties in Asia may significantly affect the regional climate. Hy-
was always found. In marine air masses and for larger sizegroscopic growth data for atmospheric aerosols are needed
within the sub-micrometer rangeDp=250 and 350nm), a to simulate microphysical aerosol properties such as number
sea salt fraction with growth factors between 2.0 and 2.1size distributions and scattering and absorption coefficients at
was also observed. For all other air masses, the more hyambient conditions in meso-scale and global radiation trans-
groscopic particle fraction in the sub-micrometer size rangefer models.
was mostly accompanied by a less hygroscopic particle frac- In Asia and especially in China, high number and mass
tion with growth factors between 1.20 and 1.55 depending orconcentrations of aerosol particles together with water up-
both the continental sources and the dry particle size. Numtake at high RHs lead to reduced visibilities. Several studies
ber fractions of this particle group varied between 4 and 39%in the past have shown that a decrease of visibility is cor-
related with an increase of aerosol number concentration or
Correspondence toA. Massling aerosol mass (Noll et al., 1968; Charlson, 1969). One of the
(massling@tropos.de) original reasons to study hygroscopic properties of aerosol
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Fig. 1. Map of different air masses observed during the ACE-Asia cruise.

particles was the dependence of visibility on the relative hu-Differential Mobility Analyzer-Aerodynamic Particle Sizer
midity (Kasten, 1968). It has been shown that the visibil- technique was employed to measure hygroscopic properties
ity continuously decreases with increasing relative humidity of one-micrometer particles (coarse mode particles).
(Tsay et al., 1991, Horvath, 1995). The hygroscopic properties of Aitken, accumulation, and
In addition to effects of aerosol particles on global cli- coarse modes are compared and discussed. This data set
mate and visibility, particles have been implicated as beinggives a new overview about hygroscopic characteristics of
detrimental to human health (Peters et al., 1997a, b; Cooneygub-micrometer and one-micrometer aerosol particles having
1998; Pope and Dockery, 1999). Investigations have showitheir origin in a region, which has not been intensively inves-
that the hygroscopic properties of aerosol particles play artigated up to now and which develops as a major emitter of
important role in this context (Ferron et al., 1998). anthropogenic aerosol.
Hygroscopic properties of aerosol particles were investi-
gated in marine environments in several field studies in the
last ten years (e.g., Berg et al., 1998; Swietlicki et al., 2000;2 Experimental
Massling et al., 2003). However, there have been no intensive
investigations on this issue characterizing marine air masses#in  H-TDMA-system  (Hygroscopicity-Tandem  Dif-
which were affected by Asian dust regions and mega-citiesferential Mobility Analyzer) and an H-DMA-APS-
in Japan, Korea, or China. In general, the knowledge ofsystem (Hygroscopicity-Differential Mobility Analyzer-
emissions in the Eastern Asian regions is limited. In South-Aerodynamic Particle Sizer) were operated on board the
eastern Asia, in countries like Indonesia the industrializationUS NOAA Research Vessel Ronald H. Brown (RHB) to
is rapidly increasing and their contribution to environmental measure the hygroscopic growth of sub-micrometer and
pollution is not well known. one-micrometer aerosol particles. The sampling container
In this investigation, the common Hygroscopicity-Tandem was located on the deck immediately forward of and below
Differential Mobility Analyzer technique was used to mea- the bridge and adjacent to the other atmospheric chemistry
sure hygroscopic characteristics in the sub-micrometer sizéampling vans (Quinn et al., 2004). Sample air for the
range. Particles with initial dry sizes @p=50nm (here- measurements was drawn through a 6 m sample mast above
after called Aitken mode particles) ap=150, 250, and the sampling container. The entrance to the mast was 18 m
350 nm (accumulation mode) were investigated. This tech-above sea level and 30 m forward of the ship’s stack.
nique is usually instrumentally limited to particles less than During the experiment, air masses containing aerosols
400 nm in dry diameter. In addition, the new Hygroscopicity- from different geographical origins were advected across the
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Fig. 2a. Schematic drawing of the H-TDMA system.

Table 1. List of time periods with different air mass origin during of eleven days. The following time periods were character-

ACE-Asia. ized by air mass types which were continentally influenced
according to the back-trajectory analysis. These air masses
Time period DOY Air mass type were imprinted in terms of their aerosol chemistry by passing
- Japan and Korea, or China and crossing mega-cities in these
75-84 Marine countries or by entraining dust material over different Asian
91-94 Polluted Korea/Japan

dust regions and volcanic emissions. A more detailed char-

96.4-99.2 Polluted J Lo . . .
ofluted Japan acterization of the observed air masses is discussed in Bates

99.3-100.5 \olcano + Polluted
103.4-1045 Dust + Shanghai etal. (2004).

a b wdNPF

2.2 Instrumentation

) ) ) ~ 2.2.1 H-TDMA system (Hygroscopicity-Tandem Differen-
ship’s cruise track and thus different aerosol types were in- tial Mobility Analyzer)

vestigated. The H-TDMA was used to measure the hy-

groscopic characteristics in the sub-micrometer size rangghe H-TDMA-system consists of two Differential Mobility
for particles with initial dry sizes 0bp=50, 150, 250, and  Apalyzers (DMA) in series and an aerosol humidifier be-
350 nm in dry diameter at 90% RH. The H-DMA-APS mea- tween them (Liu et al., 1978). Figure 2a shows a schematic
sured the hygroscopic growth of aerosol particles AL of the H-TDMA system. In principle, the H-TDMA can be

in dry diameter. The combination of both systems yieldeddescribed as three sections: before entering the first DMA,
grOWth factors determined at 90% RH and information aboutthe aerosol passes through a nafion dryer where the RH of
the mixing state of aerosol particles between 50 nm gmhl  the aerosol is decreased +25%. Then, the aerosol passes

in dry size. through a bipolar charger. Inside the first DMA, the aerosol is
instantly dried by the sheath air to a R3%. The flow con-
2.1 Location and air mass types taining nearly monodisperse aerosol particles of the selected

diameter leaving the DMA is divided into two equal frac-
The cruise started on 14 March 2001, in Pearl Harbortions. One part is directed to the first CPC, which measures
Hawaii, and finished on 20 April 2001, in Yokosuka, Japan.the particle number concentration leaving the first DMA at
During this time period the ship crossed the western part othe selected particle size (I). The second part of the flow is
the Northern Pacific and then sailed within the coastal waterglirected to the aerosol humidifier where it is initially humidi-
of Japan, Korea, and China. The study region is illustratedfied to a defined RH85% to guarantee that all particles have
in Fig. 1. The cruise was divided into seven consecutiveexceeded the deliquescence point independent of their chem-
time periods when air masses representing different aerosatal composition. The particles then are conducted to the
sources and types were encountered (Bates et al., 2004). Thelet of the second DMA. The sheath air of the second DMA
geographical origin of the different aerosol sources and aitis brought to a final defined RH of 90% in a separate, second
mass types that will be discussed in this work encounteredhumidifier (Il). For further control of the system, the RH in
during the cruise, is summarized in Table 1. Five of thethe excess air line is also monitored by a calibrated capacitive
seven periods were selected for analysis of hygroscopic propsensor. Inside the second DMA, the monodisperse aerosol is
erties. At the beginning of the cruise, marine air masses havexposed to the RH of the sheath air. The equilibrium RH in
ing no land contact for six days were sampled over a periodhe second DMA is then close to 90%, because the volume
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Fig. 2b. Schematic drawing of the H-DMA-APS system.

flow of the sheath air is ten times greater than the monodisand 2) the number fractionsif; , defined by the ratio of
perse aerosol flow. The particles take up water dependinghe number concentration of particles in each hygroscopic-
on their hygroscopicity or chemical composition. The equi- ity group, ; , and the sum of all observed particles (Eq. 2)

librium size distribution of the humidified aerosol particles N
i

is finally measured by the second DMA and a second CPG, 7, — . 2)
acting as a mobility size spectrometer (llI). i Ny
Because the particle number size distribution measured by k=1

a DMA is not the true size distribution, but is a convolution The uncertainty of the measurements mainly depends on the

of the mobility size distribution with the DMA transfer func- uncertainty in RH within the system and possible sizing dif-

tion and .Boltzman-Fuchs charge distr'ibution,. an algorithmferences between the two DMAs. In this study, the specific
was applied to recalculate the data. This algorithm developetib’vIAS used were calibrated before the experiment and all

by Voutilainen et al. (2000) only recalculates the dataforsm-data presented here were corrected for observed sizing dif-

gﬁﬁ:iggg dag?\AOAnlyrﬁS;Stlggrssiztge dEmﬁuttriigslje;I:‘en;r:']ogfferences. The RH uncertainty was determined by atomizing
DMA 2 based on a éingle ,charge correction is obt%ined sodium chloride particles with an initial dry size of 150 nm
) i ' at regular intervals during the campaign, and comparing their
The result of an H-TDMA-scan is a hygroscopic growth hygroscopic growth at a given RH with theory. The calibra-

distribution in which the particles within a selected diame- 51, revealed that the system RH was stable with8% RH
ter interval are classified into groups according to their hy-,ar the duration of the cruise. For the data analysis in

groscopic behavior. These groups appear at different growthy,;. work, only spectra taken with an accuracy42% in

factors in the hygroscopic growth distributions depending ong \were used. The maximum relative uncertainty in hygro-

their chemical composition. Thus, the results also providescopiC growth for a hygroscopic particle (sodium chloride,

quantitative values of the aerosol's internal, external mixing 5 monium sulfate, sodium nitrate, or ammonium nitrate) at
state in terms of hygroscopicity. 90%+2% RH is about:8%. Because most particle fractions
During ACE-Asia, hygroscopic growth distributions were of the presented data were less hygroscopic than these pure
measured for particles with initial dry sizesp=50, 150,  salt particles, the relative uncertainty of any growth factor
250, and 350 nm at 90 % RH. Hygroscopic growth distribu- measurement was estimated to be less than 8%.
tions for the same values of parametddp,(RH) were av-
eraged over the time periods given in Table 1 above. The2.2.2 H-DMA-APS system (Hygroscopicity-Differential
averaged distributions clearly showed modes or groupings of Mobility Analyzer-Aerodynamic Particle Sizer)
particles according to their different growth factors, i.e., hy-
groscopic behavior. Log-normal distributions were fitted to The H-DMA-APS is a new system for measurements of hy-
the data to describe the different hygroscopic groups. Thegroscopic properties of aerosol particles at or neamlin
parameters derived from the H-TDMA growth distributions dry diameter. The system is based on the comparison of mea-
are: 1) the hygroscopic growth factogf,; , of modei de-  sured particle diameter in dry and humidified state by two
fined by the ratio of the wet to the dry particle number meanAerodynamic Particle Sizers (APS). A schematic of the sys-
diameter (Eq. 1) tem is shown in Fig. 2b. Again this system is best described
by sections. First, particles in a given Stokes equivalent di-
Dpi wet ameter interval are selected by means of a High Aerosol
Dpdry @ Flow-Differential Mobility Analyzer (HAF-DMA) in a dry

gfi =

Atmos. Chem. Phys., 7, 3243259 2007 www.atmos-chem-phys.net/7/3249/2007/



A. Massling et al.: Hygroscopic properties of Asian aerosols 3253

state (). The aerosol flow from the DMA is then split in two size distributions were fitted with log-normal functions to de-
fractions. One half of the aerosol flow is directed to the firsttermine the aerodynamic growth factors of different hygro-
APS, which characterizes the aerodynamic equivalent diamscopic growth groups and their corresponding number frac-
eter of the selected aerosol particles in their dry state at lowtions via Eg. (2). The APS provides an aerodynamic particle
RH (I). The second half of the aerosol flow is humidified number size distribution and an inversion algorithm is not
to a defined, higher RH and conditioned to a defined finalneeded. Doubly charged particles leaving the HAF-DMA
RH (lll). The second APS measures the final size distribu-could clearly be identified in the data analysis.
tion of the selected aerosol at higher RH (IV). The sheath The uncertainty in the RH measurement is given as
air of this APS is also humidified to the same RH as the+1% RH in the range up to 90% RH, ard2% for 90%
conditioned aerosol flow. Humidification and conditioning and above from the manufacturer. The RH control feedback
are accomplished by use of nafion water vapor exchangersnaintained the relative humidity, as measured with the RH
At the intermediate state, the particles can be humidified tosensor, to withint-0.2% RH of the set point relative humid-
about 90% RH or dried to about 10% RH before being condi-ity. For this system, as for the H-TDMA, the relative uncer-
tioned to a selected relative humidity. This procedure allowstainty for the aerodynamic growth factor was estimated to be
measurement of hygroscopic growth on both branches of amaller than 8% considering the hygroscopic growth factor
possible hysteresis curve. of a pure sodium chloride particle measured at %% RH.

The differences in the H-TDMA technique that allow mea-  For comparison with H-TDMA measurements, the aero-
surement of hygroscopic growth of particles arounddin  dynamic growth factor was converted to a growth factor

dry diameter, are: based on the Stokes diameter using Eq. (4):
1. use of a custom DMA for the selection of one- Pdry
micrometer particles with an aerosol flow rate of 2 lpm, &/Stokes= 8 faero < et 4)

and a ratio of the aerosol to sheath air flow rate of 1:10,
Here, the wet densitpyet is a function of the growth fac-
2. use of two APS as detectors instead of a second DMAyq, dfswokes Therefore, this equation has to be solved itera-
and CPC, tively. For this purpose, the dry densityr, of dry particle
needs to be known. The bulk densjgywas determined by

3. mea?“r?me”t of the dry and hydrated aerodynamic Siz<?)uinn et al. (2004) by gravimetric and chemical analysis for
distribution after the DMA. the defined time periods and the selected size range. Be-

The comparison of the particle diameters measured in Olr);:ause of uncertainties, calculations of the Stokes equivalent

and hydrated states with the two APS units yields the aero»qrowth factor for nearly hydrophobic particles were some-

dynamic growth factorgf times less than 1.0. Calculated Stokes equivalent growth fac-
aero

During ACE-Asia, particles with an initial dry size of tors that undershot this value were set to 1. This value has

Dp=1um were selected in the DMA, and subsequently sized'® b? treateq as qualitative, 1€ that no growth was observed
within experimental uncertainty. In contrast to this, the num-

at 30% and at 90% RH using the second APS unit. The meat—) . . ) .
. L er fraction of nearly hydrophobic one-micrometer particles
surement RH was changed periodically, with individual mea-.

surements at a specific RH lasting for 15 min. The first APS'S @ gquantitative value and can be calculated as defined above.
unit, measuring the size distribution of the particles selected

by the HAF-DMA in their dry state, showed sizing problems . .

during this campaign. Therefore, the growth factor was cal—3 Results and discussion

culated by using the measurements from the second APS unijt . . . T
gw the following section hygroscopic growth distributions,

erived growth factors of particles of different hygroscopic
behavior and their corresponding number fractions, all at

alone, by comparing the aerodynamic particle size measure
at 90% RH to the one measured at 30% RH using the follow-

ing Eq. (3): ) .
9Eq. (3) 90% RH, are presented and discussed as a function of dry
Dpaerqi.wet particle size and air mass type. A range of hygroscopic be-
8faerai = —Dpaerqdry : (3 havior was observed for the particles encountered depending

on their size and also within a size class depending on their
Because the particle concentrations in the coarse particlehemistry and external mixing. Particles exhibiting only
mode were very low, humidified size distributions for the small growth factors around 1.1 are called “nearly hydropho-
same values off¥p, RH) were averaged for the time peri- bic”. Particle groups with growth factors much smaller than
ods to yield one average distribution for the dry state and oneammonium sulfate (around 1.2 to 1.5) are classified as “less
for humidified state for each air mass type. The particles inhygroscopic”. Particles with growth factors close to that
the humidified size distribution appeared in groups accord-of ammonium sulfate (around 1.6 to 1.8) are called “more
ing to their differing hygroscopic properties. The averagedhygroscopic”. A fourth group of particles showing growth
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Fig. 4. (a, b)As in Fig. 3 for sampling during period 2 in an air mass with pollution sources from Korea/Japan.

factors around 2.0 are categorized as sea salt particles or pait50 nm), 1.83 (250 nm), and 1.86 (350 nm), which corre-
ticles composed of sulfuric acid depending on air mass typespond well to the results of Swietlicki et al. (2000) for a

Because hygroscopic properties of aerosols are dependeatean marine aerosol in air masses over the Eastern North
primarily on their chemical composition, composition and Atlantic, where hygroscopic growth factors of 1.64 (50 nm),
growth factor must be consistent. To the extent possible wel.77 (150nm), and 1.80 (250 nm) were observed during
present the observed growth factors and number fractions ithe Second Aerosol Characterization Experiment. Massling
the context of inferred compositions or aerosol types and theet al. (2003) found growth factors of 1.7 (50nm), 1.90
available, sampling period averaged chemical analysis. Th¢150nm), and 1.93 (250 nm) for a clean marine aerosol in
growth distributions extend the size dependent, but still bulkair masses in the Indian Ocean during INDOEX that were
averaged, chemical analysis with information about the de-consistent with a partially-neutralized sulfate aerosol. Par-
gree of mixing within sub-modal size ranges. ticles with initial dry diameters of 250 and 350 nm divided

In Figs. 3a and b, hygroscopic growth factors and theirinto a more hygroscopic particle group and a sea salt parti-
number fractions for aerosol in a clean, marine air mass (pecle group that showed growth factors greater than 2.0. The
riod 1) for particles with initial dry sizes of 50, 150, 250, humber fraction of the sea salt particles was less than 35% in-
and 350 nm are presented. Calculated boundary layer, baclicating that most particles in this size range can be assigned
trajectories show that the observed air mass had no land corf® @nmonium sulfate. For one-micrometer particles, no data
tact during the five previous days (Bates et al., 2004). Forvere available for the marine case.
all particles in the sub-micrometer size range, a more hy- Measurements in the air mass, which was strongly influ-
groscopic particle group was found. Within experimental enced by Korean and Japanese sources (period 2), are pre-
uncertainty, growth factors corresponded to those of ammosented in Figs. 4a and b. During this time period, the ship
nium sulfate or partially-neutralized sulfate particles. Quinnwas located southeast of the Japanese island of Honshu. The
et al. (2004) found via impactor measurements that the neuback trajectory analysis for this air mass shows that the sam-
tralization ratio of non sea salt sulfate for the sub-micrometermpled air masses passed first over Korea and then Japan before
aerosol during this time period was less than 80%. Thereaching the ship’s location. The transport time of the ob-
growth factors for specific diameters were 1.58 (50 nm), 1.82served air masses from these sources to the ship was about

Atmos. Chem. Phys., 7, 3243259 2007 www.atmos-chem-phys.net/7/3249/2007/
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24 to 48h. The figure shows growth factors and number For one-micrometer particles, a nearly hydrophobic par-
fractions for particles with initial dry sizes of 50, 150, 250, ticle group occurred that can be attributed to dust particles
350nm, and Lkm. In general, a more hygroscopic particle from continental sources, which are known to be mainly hy-
group was observed for all sizes of measured sub-micrometedrophobic. The number fraction of these particles was found
particles with growth factors similar to those measured dur-to be approximately 64%. The remaining fraction of the
ing the clean marine period. However, for particles of 150, second particle group showed a calculated Stokes diameter
250, and 350 nm, a less hygroscopic particle group was alsgrowth factor of 1.97. Based on this high value of hygro-
present. For the former group, growth factors ranged bescopic growth, these particles are strongly suspected to be
tween 1.4 and 1.5 and number fractions varied between 1fargely composed of sea salt material.

and 30% depending on the initial size. The latter group is as- In Figs. 5a and b, hygroscopic growth factors and their
sumed to consist of combustion related particles with sourcegumber fractions are presented for an air mass which was
over Korea and Japan. Their slight hygroscopic growth camighly influenced by emission sources in Japan and reached
be attributed to modifications by condensation from the gashe ship’s location after 6 to 12 h (Table 1: period 3). During
phase or liquid phase processes during transport. These pahis period, the boundary layer depth decreased from about
ticles might be a mixture of elemental carbon and organicy km to less than 500 m and low level back trajectories (100—
material coated by soluble inorganic or organic substancess00 m) showed the air circulating over Japan for several days.
Massling et al. (2003) found similar values for less hygro- |n general, hygroscopic behavior similar to that of the con-
scopic particles when investigating an air mass in the Indianinental air mass influenced by Korea and Japan (period 2)
Ocean influenced by sources from the Indian SubcontinenWaS found. In addition to the occurrence of a more hygro-
during INDOEX. They found growth factors between 1.5 and scopic particle group, a less hygroscopic particle group with
1.6 for less hygroscopic particles with number fractions be-growth factors smaller than those of ammonium sulfate ap-
tween 35 and 40%. Also, a more hygroscopic and a smalbeared for all sub-micrometer sizes. Here it is noticeable that
nearly hydrophobic particle group were evident. It should growth factors of this particle group with values of 1.2 to 1.3
be noted here that Quinn et al. (2004) found only very smallwere slightly smaller than those of the corresponding group
amounts of nitrate via impactor measurements for this ACEof the air mass influenced by Korea and Japan. This find-
Asia time period in the sub-micrometer size range. ing can be explained by different aging times and residence

www.atmos-chem-phys.net/7/3249/2007/ Atmos. Chem. Phys., 7, 32892007
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Fig. 7. Hygroscopic growth distributions froifa) the H-TDMA for particles with initial dry sizeBp=50, 150, 250 and 350 nm aio) from
the H-DMA-APS for particles with an initial dry sizBp=1 m measured at 90, 30, artb% RH for an air mass continentally influenced
by Asian dust regions and Shanghai during ACE-Asia. The growth distributions are averaged over the whole sampling period.

times of both air mass types over the continent. Based orsize range. The fact that these particles were observed in
air mass back trajectory analysis, the processing time for thall size classes during period 4 but only in the largest size
air mass encountered during period 2 was longer, 24 to 48 hglasses during other periods supports the dominance of sul-
than for the air mass during period 3, 6 to 12 h, resultingfate particles in this group. However, the presence of sea salt
in a slightly greater growth factor for the less hygroscopic in the more hygroscopic group can not be excluded because
particle group during period 2. A second possible explana-the hygroscopic growth of sea salt and sulfuric acid particles
tion could be different emission ratios of less and non hygro-is nearly the same.
scopic compounds to more hygroscopic compounds or their The hygroscopic growth distribution of one-micrometer
precursors contributing to the particulate matter mix duringparticles shows a split into two groups of different hygro-
the two periods. scopic behavior. Again, a nearly hydrophobic group of
Also, for the one-micrometer particles two distinct groups aerosol particles is observed with a number fraction of 66%.
of particles, one corresponding to sea salt aerosol and on€&he second group of more hygroscopic particles shows a cal-
nearly hydrophobic corresponding to dust aerosol was foundculated growth factor (Stokes diameter) of 1.75, which indi-
In Figs. 6a and b, growth factors and number fractions arecates ammonium sulfate as main compound. Also, the large
illustrated for the air mass that crossed the Miyakejima vol-fraction of sulfate can be explained by volcano emissions in
cano and Japan (period 4). During this period, the boundaryhis size range. One explanation for the fully-neutralized sul-
layer was stable and less than 500 m in depth. No precipitafate particles here could be the higher probability for one-
tion was observed and the low level back trajectories (100-micrometer particles for cloud processing leading to higher
500 m) clearly showed flow over the volcano (Bates et al.,neutralization ratios.
2003). The hygroscopic properties look very similar to the In Fig. 7a, examples of averaged hygroscopic growth dis-
marine case. For sub-micrometer aerosols, a more hygraributions measured at 90% RH for sub-micrometer aerosol
scopic particle group was found for all dry sizes. Growth particles are presented for period 5 when the ship was sam-
factors were in the range between 1.59 and 1.73. Basegling in the Korean Strait and the trajectory analysis shows
on these values it can be assumed that these particles wetiee air masses coming from Northern China and Mongolian
mainly composed of ammonium sulfate. Additionally, this dust regions before they passed over Shanghai to reach the
aerosol is characterized by the appearance of a second paghip’s location. The H-TDMA growth distributions split into
ticle group with a growth factor slightly larger than the first different groups of hygroscopic behavior. Nearly hydropho-
(1.77 to 1.96). Volcanoes are a significant emission sourcéic particlesgf ca. 1.1 and linked to dust, only occurred for
for SOy, which typically is oxidized in the atmosphere to larger sizesp=250 and 350 nm). For comparison, the hy-
sulfuric acid vapor. High concentrations of sulfuric acid in- groscopic growth distributions of one-micrometer particles
tensify the formation of particles composed of sulfate andfrom the H-DMA-APS are presented in Fig. 7b for this air
also enable the mass transfer of sulfate on existing partimass type taken at dry conditions§% RH), at 30% RH,
cles. These processes lead to a hygroscopic particle populand at 90% RH. The distribution taken at dry conditions only
tion mainly composed of sulfate or partially-neutralized sul- shows one major group of particles at about 1.2 tqArBin
fate particles and are a simple explanation for the appearancaerodynamic diameter. A second mode at greater diameters
of this more hygroscopic particle group. This aerosol will can be assigned to doubly-charged particles from the DMA.
be neutralized by further aging processes. Also, Quinn efThe distribution taken at 30% RH shows a small growth shift
al. (2004) found a neutralization ratio less than 50% for nontowards larger sizes. Data taken at 90% RH show a split into
sea salt sulfate during this time period in the sub-micrometetwo groups with different hygroscopic growth. One group
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Fig. 8. (a, b)As in Fig. 3 for sampling during period 5 in an air mass influenced by sources from Asian dust regions and Shanghai.

shows no growth in comparison to 30% RH and the other one4 Summary and conclusions
shows a significant growth towards larger diameters. The

latter group can be assigned to sea salt particles, which argyring ACE-Asia, an H-TDMA system and an H-DMA-
known to be very hygroscopic. The first group can be at-ApS system to measure hygroscopic properties of particles
tributed to dust particles, which are known to be hydropho-in the sub-micrometer and one-micrometer size ranges were
bic. This number fraction of the latter partiCIeS is gl’eatly in- dep|oyed on the Research Vessel Ronald H. Brown. The Sh|p
creased compared to those found in the sub-micrometer sizgarted its cruise with a route from Hawaii (USA) to Japan
range because dust particles have their maximum of emissiognd concluded with legs south and west of Japan and in the
at diameterp>1pm. Sea of Japan. During this route seven distinct air mass types

~In Figs. 8a and b, growth factors and their number frac-of different origin were observed, five of which were used
tions are illustrated for the air mass discussed above. Hergp our analysis. At the beginning of the cruise, air masses

the sub-micrometer aerosol always showed a dominant, morgf marine origin having no land contact for five days were

hygroscopic particle group with growth factors between 1.62encountered over a period of eleven days. This period was
and 1.75. For 50 nm particles, this was the only observedyoliowed by air mass types with continental, anthropogenic
group. Accumulation mode particles were subdivided into ajnfluence from Korea and Japan and air masses, which had

less hygroscopic particle group with growth factors slightly crossed Asian desert dust regions in Northern China and/or
smaller than those of ammonium sulfate as was the case foyongolia.

other continentally air masses discussed before. The ob- In general, different hygroscopic behavior of atmospheric

served hygroscopic growth factors for these particles varie articles was observed for the dry siz&p€50, 150, 250
between 1.37 and 1.55 with number fractions between 3054, and 1:m) within one air mass type as well as be-

and 40% a”‘?' the particles_ can be assigned ,to anthropogen{ﬁleen different air mass types. This result was obtained for
aerosols, \_Nh',Ch were modified by condgnsaﬂon from the Y8%neasurements done at 90% RH. This set of results implies
phase or liquid phase processes. Additionally, a small UMz ot particles of different dry size had varying chemical com-

ber fraction (6% and 10%, respectively) of nearly hydropho- position with a high degree of external mixing within a given

bic particles occurred for the 250 and 350 nm particles. Thisair mass type.

group indicates the presence of submicrometric dust particles For all ai ¢ dominant h .

that were mixed into the air mass when it passed over the, or all air mass types, a dominant, more nygroscopic par-

Asian dust source regions. Dust particles are not expected t cle fraction indicative of ammonium sulfate particles was
ound for sub-micrometer particles and a fraction indicative

extend to the Aitken mode size range. . . i
pf sea salt particles was found for one-micrometer particles.

With regard to the one-micrometer particles, a sea SalSea salt particles in the sub-micrometer size range were only
roup with a corresponding growth factor of 1.98 (Stokes; - - ) .
group P 99 ( identified for Dp=250 and 350 nm during the clean marine

diameter) and a number fraction of 36% was also observed. d
Nevertheless, the nearly hydrophobic dust particle group als§€od:

occurred and dominated the number fraction at this particle L€sS hygroscopic sub-micrometer particles only occurred
size. in those cases when air masses with continental, anthro-

pogenic influence were observed. They are assumed to
have their origin in relatively recently emitted aerosol, which
was modified during transport from its source to the ship
by condensation from the gas phase or liquid phase reac-
tions or by cloud processing resulting in particles showing
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less grovyth than expepted for pure ammonium sulfate partl'Table A2. Growth factors and corresponding number fractions for
cles. This hygroscopic growth group was not observed for,aricies of different size measured at 90% RH (pollution from Ko-
one-micrometer particles at all. For sub-micrometer aerosolyea/japan, period 2).

number fractions of the less hygroscopic group varied be-
tween 10 and 50% depending on dry patrticle size.

Dp[nm] gfl gf2 ¢gf3 gf4 nfl nf2 nf3 nf4d

Additionally, sub-micrometer particles that had a nearl
hvdroohobi {) havi likel E aned to freshl 3{ 50 - 142 161 - - 029 071 -
ydrophobic behavior can likely be assigned to freshly emit- 5, _ 146 172 - _ 013 087 -
ted soot particles or dust particles, which were only found 259 - 1.47 171 - - 017 083 -
during one time period when air masses were influenced 350 - - 164 - - - 1 -

by Shanghai anthropogenic sources and Asian desert dust
regions for larger particle sizes withp=250 and 350 nm.
These particles can be inferred to be dust particles that are
known to be non-hygroscopic and that were also found in _ )
the one-micrometer size regime. One-micrometer dust pari2Ple A3. Growth factors and CorreSpO”d'pg number fractions
ticles were universally observed in all of the continentally for parncle; of different size measured at 90% RH (pollution from
. . . . Japan, period 3).

influenced air masses, even for some of which did not show

a clear trajectory over the major Asian dust source regions.

. . . Dp [nm .1 f2 3 f4 nfl nf2 nf3 nf4
These observations imply that dust particles seem to be a ma- pInml g g g g

jor constituent of coarse mode particles in this region inde- 50 - 120 152 - - 004 096 -
pendent of the air mass imprint. Number fractions of this ;gg B 1'22 i'gé - 8'13 8'22 B
particle group were about 60% for one-micrometer particles 354 _ 128 171 - _ 019 081 -

and all observed air mass types.

Given that a continuous range of growth factors is possi-
ble, it is noteworthy that for each dry size, the modal growth
factors for the four groups were highly constant within each
sampling period and further that the inter-sample variabil-Table A4. Growth factors and corresponding number fractions for
ity of the modal values for this and previous H-TDMA data particles of different size measured at 90% RH (volcano imprinting,
sets is also small compared to the overall range of observegeériod 4).

growth factors.
Dp [nm] of1l gf2 gf3 gf4 nfl nf2 nf3 nf4
, 50 - - 159 177 - - 0.55 0.45
Appendix A 150 - - 159 183 - - 025 075
250 - - 162 188 - - 0.23 0.77
The Appendix Tables include numeric values of growth fac- 350 - - 173 196 - - 0.45 0.55

tors and number fractions for different dry sizes for each

sampling period, air mass type. The growth factors 1 through
4 are assigned to: nearly hydrophobic, less hygroscopic,
more hygroscopic, and sea salt particle groups, respectively, _ )
as determined by the H-TDMA hygroscopic growth distribu- Table A5. Grovyth facto_rs and corresponding number f_ractlons
ti for particles of different size measured at 90% RH (pollution from
ions. : .

Shanghai and dust, period 5).

Table Al. Growth factors and corresponding number fractions for

Dp [nm] gof1 gf2 ¢gf3 gf4 nfl nf2 nf3 nfd
particles of different size measured at 90% RH (marine air mass, pe- s
riod 1). The maximum relative uncertainty of growth factors is less - n L. - - - L B
. . . . . 150 - 155 173 - - 029 0.71 -
than 8%. The relative uncertainty of number fractions is estimated .., 112 149 175 - 006 038 056 -—
to be smaller than 5%. 350 110 137 175 - 010 039 051 -
Dp [nm] of1 gf2 gf3 gf4 nfl nf2 nf3 nf4
50 - - 158 - - - 1 -
150 - - 1.82 - - - 1 -
250 - - 1.83 203 - - 0.67 0.33
350 - - 186 211 - - 0.76 0.24
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Table A6. Growth factors, corresponding number fractions and densities for,cen diameter particles of different air mass origin measured
at 90% RH by the H-DMA-APS.

Air mass 0 gfaeral nf 1 gfStokesl gfaera3 nf 3 gfStokes3 gfaerad4 nf 4 gfStokesd
Polluted Korea/Japan (2) .63 100 058 (1.00) - - - 161 042 198
Polluted Japan (3) .21 095 064 (1.00 - - - 151 036 197
Volcano + Polluted (4) r2 087 066 (1.00 142 034 175 - - -

Dust + Shanghai (5) .36 092 064 (1.00 - - - 140 036 198
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