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Hartmut Herrmann,” A. Gannet Hallar,” Frank Stratmann,” and Merete Bilde'
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[1] Humic-like substances (HULIS) constitute a significant fraction of aerosol particles in
different environments. Studies of the role of HULIS in hygroscopic growth and cloud
condensation nuclei (CCN) activity of aerosol particles are scarce, and results differ
significantly. In this work the hygroscopic growth and CCN activity of water extracts (WE)
and HULIS extracted from particulate matter (PM) collected at a polluted urban site
(Copenhagen, Denmark), a rural site (Melpitz, Germany) and the remote site Storm Peak
Laboratory (Colorado, USA) were investigated. Measurements of inorganic ions, elemental
carbon, organic carbon and water soluble organic carbon (WSOC) within the PM
confirmed that the sources of aerosol particles most likely differed for the three samples.
The hygroscopic properties of the filtered WE were characterized by hygroscopicity
parameters for subsaturated conditions (kgr) of 0.25, 0.41 and 0.22, and for supersaturated
conditions kccy were 0.23, 0.29 and 0.22 respectively for the urban, rural and remote
WE samples. The measured hygroscopic growth and CCN activity were almost identical

for the three HULIS samples and could be well represented by kg = 0.07 and

kcen = 0.08-0.10 respectively. Small amounts of inorganic ions were present in

the HULIS samples so the actual values for pure HULIS are expected to be slightly
lower (kgg* = 0.04-0.06 and kccy* = 0.07-0.08). The HULIS samples are thus less
hygroscopic compared to most previous studies. To aid direct comparison of hygroscopic
properties of HULIS from different studies, we recommend that the fraction of

inorganic species in the HULIS samples always is measured and reported.

Citation: Kristensen, T. B., et al. (2012), Hygroscopic growth and CCN activity of HULIS from different environments,

J. Geophys. Res., 117, D22203, doi:10.1029/2012JD018249.

1. Introduction

[2] A significant fraction of atmospheric aerosol particles
consists of organic compounds [Jimenez et al., 2009].
A group of relatively large organic molecules are humic-like
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substances (HULIS). HULIS have been detected in marine
environments [Cavalli et al., 2004, Feczko et al., 2007,
Krivacsy et al., 2008], urban polluted environments [Salma
et al., 2006; Krivdcsy et al., 2008], rural environments [Kiss
et al., 2005], sites at high altitudes [Krivdcsy et al., 2001;
Feczko et al., 2007] and in cloud droplets and fog [Krivdcsy
et al., 2000; Feng and Maéller, 2004]. Since HULIS are ubiq-
uitous in aerosol particles in different environments, several
significant sources of atmospheric HULIS would be expected.
Among suggested sources and formation processes are marine
emissions [Cini et al., 1996; Calace et al., 2001; Cavalli et al.,
2004], biomass burning [Mayol-Bracero et al., 2002; Dinar
et al., 2006a; Lin et al., 2010a], oxidation of soot [Decesari
et al., 2002], processes in cloud droplets [Hoffer et al., 2004;
Altieri et al., 2008], and various processes leading to formation
of secondary organic aerosol particles containing HULIS
[Gelencser et al., 2002; Kalberer et al., 2004]. Furthermore,
it has been shown that the HULIS precursors differ in urban
and remote environments [Salma et al., 2010].

[3] HULIS are polyacidic and relatively large compounds,
but there is no exact definition of HULIS. Thus HULIS are
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Figure 1. CCN activities of atmospheric HULIS samples
as reported in the literature, together with values obtained
in this study. For comparison SRFA is included, and the
dashed line gives the theoretical values for ammonium sul-
fate. For details about the studies and samples see Table 1.

in principle defined by the applied extraction protocol.
A number of different extraction protocols have been used
for HULIS extraction from particulate matter (PM) [Havers
et al., 1998; Varga et al, 2001; Limbeck et al., 2005;
Dinar et al., 2006a], and it has been demonstrated that
application of different extraction protocols leads to different
yields of HULIS [Baduel et al., 2009]. This complicates
comparisons of different studies of HULIS. In most studies
of the hygroscopic growth and cloud condensation nuclei
(CCN) activity of HULIS, the one-step extraction protocol
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introduced by Varga et al. [2001] was applied. There is
evidence for the presence of several organic compounds in
the extract, that are not polyacidic [Samy et al., 2010].
However, Lin et al. [2010b] showed that sugars and organic
acids with small molecular mass, to a large extent do not end
up in the HULIS extract. The organic compounds isolated by
application of the one-step protocol introduced by Varga
et al. [2001] will be referred to as HULIS in this study,
which is in accordance with the terminology in a number of
previous studies [Kiss et al., 2005; Ziese et al., 2008; Fors
et al., 2010; Salma et al., 2010].

[4] HULIS are suspected to play an important part in the
direct and indirect climate effects of acrosol particles. It has
been shown that HULIS efficiently lower the surface tension
of water solutions [Kiss et al., 2005; Salma et al., 2006;
Taraniuk et al., 2007]. Some studies of the CCN activity of
water soluble HULIS from different environments have been
performed. Figure 1 shows the CCN activities of HULIS
extracted from atmospheric samples. The reported CCN
activities of HULIS in the literature are rather scattered.
Details of the studies are summarized in Table 1, where the
included x values (kccy) were inferred from least squares
fit to the data depicted in Figure 1. The xccy ranges from
0.05 to 0.34, but if x values for individual data points are
considered then the range is from 0.04 to 0.64. The surface
tension of water has been applied in all calculations of
values in this study.

[5] In the study by Dinar et al. [2006a] HULIS were
extracted from three different PM samples applying an
extraction protocol for fulvic acid similar to the one used by
the International Humic Substances Society (IHSS). They
found that the CCN activity of HULIS is relatively high,

Table 1. An Overview of Studies of Hygroscopic Growth and CCN Activity of Atmospheric HULIS Aerosol Particles®

Reference Sample Site Environment Season PM GFy GFoys KCeN
Gysel et al. [2004] KP010112-ISOM K-puszta rural winter PM, 5 1.08 - -
KP010126-ISOM K-puszta rural winter PM, 5 1.11 - -
KP010726-ISOM K-puszta rural summer PM; 5 1.16 1.27° -
KP010818-ISOM K-puszta rural summer PM, 5 1.17 1.30 -
Dinar et al. [2006a]° LBO-night Tel Aviv biomass burning spring PM;q 1.18 1.27° 0.18
and Dinar et al. [2007]° LBO-day Tel Aviv biomass burning spring PM,, 1.24 1.36° 0.26
3WSFA Tel Aviv urban summer PM;o 1.47 1.59° 0.34
SRFA Suwannee River reference - - 1.13 1.18° 0.06
Ziese et al. [2008] HULIS1¢ Budapest urban spring PM, 5 1.17 1.33 0.11
HULIS2 Budapest urban summer PM, 5 1.05 1.17 0.14
Asa-Awuku et al. [2008]° D-HPHOB Augusta, GA biomass burning spring" PM, 5 - - 0.33
Fors et al. [2010] K-puszta, winter K-puszta rural winter PM, 5 1.05 1.11 0.08
K-puszta, summer K-puszta rural summer PM; 5 1.11 1.16 -
SMOCC,D1 Rondoénia biomass burning autumn PM, 5 1.06 - -
SMOCC,N1 Rondoénia biomass burning autumn PM, 5 1.06 - -
SMOCC,D2 Rondonia biomass burning autumn PM, 5 - - 0.05
SMOCC,N2 Rondonia biomass burning autumn PM, 5 - - 0.10
SMOCC,D3 Rondonia biomass burning autumn PM, 5 1.11 - -
SMOCC,N3 Rondonia biomass burning autumn PM, 5 1.05 - -
This study HCAB Copenhagen urban summer PM,, - 1.148 0.08
Mel Melpitz rural winter PM, 5 - 1.198 0.09
SPL Storm Peak Lab remote summer PM, 5 - 1.098 0.10
SRFA Suwannee River reference - - - 1.05% 0.06

*The one step extraction protocol introduced by Varga et al. [2001] was applied if nothing else is noted under reference. The rccy values where
calculated from least squares fit to the results depicted in Figure 1 assuming o = 0.072 N/m.

PReported extrapolated value.

°An extraction protocol similar to the one used by IHSS for fulvic acid was applied.

dResults for the same sample was also reported by Wex et al. [2007].

“The one step protocol introduced by Varga et al. [2001] was used on the hydrophobic fraction of the water soluble PM.
PM collected for ~1 day at two different prescribed biomass burning events were pooled.

€Results based on a refractive index of 1.63 for HULIS.
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particularly when extracted from urban PM. They also con-
cluded that the CCN activity of HULIS originating from
biomass burning PM increases with the aging of the aerosol.
Asa-Awuku et al. [2008] collected PM from a prescribed
biomass burning event, and the protocol introduced by
Varga et al. [2001] was applied to the hydrophobic fraction
of the PM. They report a relatively high CCN activity of
HULIS and a low concentration of inorganic anions in the
HULIS sample. Ziese et al. [2008] reported the CCN activity
of urban HULIS samples collected in Budapest during
spring and summer. The same protocol was also used for
extraction of HULIS from K-puszta rural site and from
Rondonia, Amazonia [Fors et al., 2010]. Those samples
exhibited lower CCN activity compared to the results dis-
cussed above. The sample from Amazonia was considered to
be dominated by biomass burning, and the samples from
Budapest were considered to be dominated by urban pollu-
tion. Thus different HULIS samples seem to have quite
different CCN activities.

[6] There are only few studies of hygroscopic growth of
HULIS particles and the reported hygroscopicities differ
significantly. The reported growth factors at a relative
humidity (RH) of 90% (GFyg) range from 1.05 to 1.17 for
HULIS from rural K-puszta [Gysel et al., 2004; Fors et al.,
2010]. GFyy ranges from 1.05 to 1.47 for HULIS originat-
ing from polluted urban PM [Dinar et al., 2007, Ziese et al.,
2008] and GFy, ranges from 1.05 to 1.24 for HULIS origi-
nating from biomass burning PM [Dinar et al., 2007; Fors
et al., 2010]. The reported GFy, are included in Table 1
together with GFys when available. From the reported
results of hygroscopic growth and CCN activity it is not
obvious whether the CCN activity and hygroscopic growth
of the isolated HULIS mainly are influenced by differences
in chemical composition due to different formation pro-
cesses and sources of HULIS, aerosol ageing or the chosen
extraction protocol. To establish a foundation to investigate
how the hygroscopic growth and CCN activity may depend
on the sources and environment the HULIS originates from,
we apply the same extraction protocol [Varga et al., 2001] to
PM collected at a polluted urban site in Copenhagen, at a
rural site in Melpitz and at the remote site Storm Peak
Laboratory, where the latter is located at high altitude.

2. Theory

[7] Kohler theory describes the saturation ratio of water
(S) over an aqueous solution droplet by:

4oM,,
(1)
RTp,D

S=a, exp(

where a,, is the water activity, o is the surface tension, M,, is
the molar mass of water, p,, is the density of water, R =
8.314 J/(Kmol) is the universal gas constant, 7 is the abso-
lute temperature and D is the droplet diameter.

[8] Petters and Kreidenweis [2007] introduced the
hygroscopicity parameter x and formulated the Kohler
equation as:

3 3
D’ - D,

4o0M,,
S = exp( - ) (2)
D’ —D3(1 - r) “P\RTp,D
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where D, is the dry particle diameter and « is a dimension-
less hygroscopicity parameter ranging from about 0 for
nonhygroscopic components to ~1.4 for very hygroscopic
species. The k value of mixed particles can be estimated
from the simple mixing rule:

Radd = Zt?ifii (3)

where ¢; is the volume fraction of the species i in the dry
particles [Petters and Kreidenweis, 2007].

3. Methods

3.1.

[9] An urban measurement station is located at the busy
street HC Andersens Boulevard (HCAB, 55°40'N, 12°34'E)
in central Copenhagen, Denmark (~60,000 vehicles/day).
Filter samples were collected on a daily basis using a PM;
Digitel DHA-80 High Volume Sampler. The sample flow
rate was 720 m’/day, and quartz filters (QR100; 150 mm
diameter) were from Advantec (Frisenette, Denmark), and
preheated at 450°C for 8 hours prior to use. Half of each of
the daily filters from July 15-31, 2010 were pooled for
subsequent extraction of HULIS. The filters were stored at
—18°C prior to analysis. For measurements of organic car-
bon (OC) and elemental carbon (EC) tandem filter samples
were collected “quartz-behind-quartz,” which enables cor-
rection for the positive sampling artifact. The tandem filters
were sampled on a daily basis using a PM, s SEQ-47/50
Low Volume Sampler (Sven Leckel, Germany). The sample
flow rate was 55 m*/day, and quartz filters (QMA; 47 mm
diameter) were from Whatmann (Frisenette, Denmark), and
preheated at 450°C for 8 hours prior to use. The filters were
stored at —18°C prior to analysis of EC and OC. The HCAB
measurement station and the monitoring are parts of and
maintained by the Danish National Air Quality Monitoring
Programme [Ellermann et al., 2011].

[10] A continental background station is located in the
village of Melpitz, Germany (Mel, 51°32'N, 12°54'E) and it
is operated by the Leibniz Institute for Tropospheric
Research (IfT), Leipzig. The measurement site is situated on
a 100 year old meadow and is surrounded by agricultural
areas. Daily filter samples were taken with a high volume
sampler (DIGITEL DHA-80, Walter Riemer Messtechnik,
Germany) with a PMj, s inlet. The flow rate was 720 m3/day.
The quartz fiber filters (MK 360, Munktell, Sweden, 15 cm
diameter) used were pre-heated for 24 hours at 105°C prior
to usage to remove residual carbonaceous contamination.
For the purpose of this study 22.45% (34.56 cm?) of each
filter from January 1st to February 25th, 2009 were pooled.
The filter samples were stored at room temperature for some
time before HULIS extraction was carried out. A detailed
description of the field station and the measurements is
given by Spindler et al. [2010].

[11] Storm Peak Laboratory (SPL, 40°27'N, —106°45'W,
3210 m asl), operated by the Desert Research Institute
(DRI), is located on the west summit of Mt. Werner in
the Park Range near Steamboat Springs in northwestern
Colorado, USA. This site has been used in cloud and aerosol
studies for more than 25 years [e.g., Hallar et al., 2011;
Lowenthal et al., 2002; Borys and Wetzel, 1997]. SPL is
situated at treeline on a 70 km ridge oriented perpendicular

Sampling of Particulate Matter
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to the prevailing westerly winds. SPL experiences transport
from distant sources including urban areas, power plants,
and wildfires [Obrist et al., 2008]. The filters used for col-
lection of PM, 5 were 8” x 10" Teflon-impregnated glass
fiber filters (TIGF) (T60A20, Pall Corporation, USA). They
were pre-cleaned by sonicating in dichloromethane for
10 min followed by 10 min in methanol, then dried over-
night at a temperature of 30°C. PM, s was sampled for
26 days from August 7th to September 2nd, 2010, with a
flow rate of ~1.2 m*/min. The filter sample used in this
study was kept frozen until the extraction took place.

3.2. Extraction of HULIS

[12] HULIS were extracted according to the protocol
described by Varga et al. [2001] with modifications to
upscale the extraction of relatively large amounts of HULIS.
Portions of the aerosol filters were extracted with Milli-Q
water with a reduction of total organic carbon (TOC) (18.2
MOhm, TOC < 4 ppb) in ultrasonic bath for 30 min. The
extracts were filtered through 0.45 um syringe filters. The
pH of the filtered aqueous aerosol extracts was adjusted to 2
with concentrated HCI (Sigma-Aldrich) and passed through
preconditioned Oasis HLB cartridges (Waters, Germany,
sorbent mass 60 mg) with a flow rate of less than ~1 ml/min.
The HULIS were eluted with 5-10 mL of methanol (Fluka,
>99.9%) per cartridge. The methanol was evaporated from
the sample in a rotary evaporator and the sample was diluted
in pure water and kept frozen until further use. The con-
centrations of water soluble organic carbon (WSOC) and
inorganic ions in the filtered aqueous aerosol extracts and in
the HULIS extracts were measured as described below.

3.3. Measurements of EC, OC, WSOC and Ions

[13] The measurements of EC and OC were carried out
differently for each of the field stations. The PM, 5 fractions
collected at HCAB were routinely analyzed using a thermal-
optical transmittance instrument from Sunset laboratories
Inc. [Birch and Cary, 1996], according to the EUSAAR-2
protocol [Cavalli et al., 2010]. Punches of 1.5 cm® were
analyzed from the front and back filter, of which the latter
can be subtracted from the front filter to correct for positive
adsorptive artifacts during sampling. However, for compar-
ison to the measurements in the other environments only the
measurements based on the front filter are included in cal-
culations. The instrument was internally calibrated by a
methane standard, and the daily performance was quality
controlled using blank filters and controls prepared from
40 pg sucrose standards.

[14] For Mel the analysis of OC/EC was carried out with a
total carbon analyzer (C-mat 5500, Strohlein, Germany).
Filter pieces were thermographically examined following a
protocol without any optical correction (VDI 2465 Part 2,
1999, guideline for EC analysis in Germany). OC was
evaporated at 650°C in pure nitrogen and catalytically con-
verted to CO,, while EC was burnt at the same temperature
in an oxygen atmosphere. CO, was measured by a non-
dispersive infrared detector (NDIR). More details of the
method are given by Spindler et al. [2010] and Neustiss
et al. [2002].

[15] The measurements of OC/EC at SPL were carried out
with a semi-continuous EC-OC field analyzer from Sunset
Laboratory. The EPA/NIOSH TOT analysis method, also

KRISTENSEN ET AL.: HYGROSCOPICITY OF HULIS
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known as the Speciation Trends Network (STN) method
protocol [Peterson and Richards, 2002] was applied. During
July daily off-line measurements of OC/EC using the
IMPROVE_A method [Chow et al., 2007] were carried out
on quartz behind quartz filters sampled with a medium vol-
ume sampler. The off-line measurements of OC/EC during
July were used for the calibration of the continuous mea-
surements of OC/EC during the rest of the campaign, when
the PM used in this study was sampled. An estimation of the
positive sampling artifact during August is thus based on the
off-line results from July. Since EC and OC are operation-
ally defined and different approaches and protocols are used
for the three sites, the reported concentrations cannot be
directly compared.

[16] Analysis for WSOC and inorganic ions was per-
formed at IfT in Leipzig on samples from all three field
stations. The concentration of WSOC was measured in the
filtered PM water extracts (WE) and in the HULIS samples
using a TOC-V cpy analyzer (Shimadzu, Japan) in the non-
purgable organic carbon (NPOC) mode [van Pinxteren et al.,
2009].

[17] AnICS300 ion chromatography (IC) system (Dionex,
USA) was used to measure the concentrations of inorganic
ions in the WE and HULIS samples from all three locations.
The anions chloride (C17), sulfate (SO ), nitrate (NO3 ) and
oxalate (C,O35 ) were separated on an AS18 column (2 x
250 mm) using a potassium hydroxide eluent (18—40 mM) at
a flow rate of 0.28 ml/min, while for the cations ammonium
(NH}), potassium (K"), sodium (Na®), calcium (Ca*"), and
magnesium (Mg2+) a CS16 column (3 x 250 mm) was used
with a methanesulphonic acid eluent (41 mM) at a flow rate
of 0.40 ml/min.

3.4. Measurements of Hygroscopic Growth
and CCN Activity

[18] Aerosol particles were generated from water solutions
using an atomizer with a bottle volume of ~250 mL. The
particles were dried to RH = 4-20% using dry filtered air and
a silica gel diffusion dryer. The aerosol flow was split in
two, so that measurements of hygroscopic growth and CCN
activity could be performed in parallel. The mobile version
of the Leipzig Aerosol Cloud Interaction Simulator (LACIS)
was used for measurements of hygroscopic growth [Jurdanyi
et al., 2009]. Particles with a mobility diameter of 200 nm or
250 nm were selected with a differential mobility analyzer
(DMA, type Vienna Medium). Aerosol and sheath air were
humidified (aerosol: MH-110-12S-4, sheath air: PH-30T-
24KS, Perma Pure) to well defined dew point temperatures
in the range 19.00°C to 19.99°C before entering the flow
tube. The wall temperature of the flow tube was kept at
20.00°C. The aerosol particles have ~2.7 s residence time in
the flow tube while exposed to the controlled RH. The
obtained RH was calibrated by use of ammonium sulfate
(>99.999% Sigma-Aldrich) particles and the theoretical
values for ammonium sulfate particles were calculated from
equation (1) at 7= 293.15 K with o = 0.0728 Nm ™', where
the parameterization of a,, was obtained from the Aerosol
Inorganic Model (AIM) [Wexler and Clegg, 2002]. At the
outlet of the flow tube an optical particle spectrometer using
visible light detects the size of the grown particles. The
spectrometer was calibrated using PSL particles of six dif-
ferent sizes ranging from 269 nm to 1020 nm in diameter.
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Table 2. Average Concentrations of Elemental Carbon (EC),
Organic Carbon (OC), Water Soluble Organic Carbon (WSOC)
and HULIS-C for the Three Sites in Units of ;gC/m>?

Sample EC ocC WSOC HULIS-C
HCAB 1.96 2.82 2.82 -

Mel 2.24 3.30 2.36 1.16
SPL 0.05 0.74 0.46 0.24

?All results are for PM, 5 except for WSOC from HCAB which is for
PM,o. The concentration of HULIS-C could not be inferred for HCAB
due to the presence of methanol in the HULIS water solution.

For dry ammonium sulfate particles and for dry WE particles
a refractive index (R/) of 1.53 was used. For Suwannee
River Fulvic Acid Standard (SRFA) a Rl = 1.63 was used,
and for the HULIS samples a range of realistic R/ (1.56—
1.68) were applied in the data analysis [Hoffer et al., 2006;
Dinar et al., 2008]. The change in refractive indices for the
hydrated particles was taken into account by using a volume
mixing rule as described by Kiselev et al. [2005]. The
volumes of the dried particles were derived from the
mobility diameter assuming spherical particles, which is a
good assumption for HULIS particles [Hoffer et al., 2006].

[19] With respect to the measurements of CCN activity a
differential mobility analyzer (DMA, type Vienna Medium)
was used to select particle sizes corresponding to a certain
electrical mobility. The number concentration of CCN was
measured using a CCN counter (CCN-C) from Droplet
Measurement Technologies (DMT), operated in parallel with
a TSI 3010 condensation particle counter (CPC) measuring
the total number concentration of particles. Corresponding
values of critical supersaturation (SS.) and critical mobility
particle diameter (D) were inferred from sigmoidal fits to
[CCNJ/[CN] vs D,, where doubly charged particles were
taken into account. The SS of the CCN counter was calibrated
using ammonium sulfate particles (>99.999%, Sigma-
Aldrich). The theoretical values for ammonium sulfate par-
ticles were calculated from equation (1) at 298.15 K and with
o = 0.072 Nm ', where the parameterization of a,, was
obtained from the AIM [Wexler and Clegg, 2002].

4. Results and Discussion

4.1. Chemical Characterization of the Sampled
Particulate Matter

[20] The concentrations of EC, OC, WSOC and carbon
mass of HULIS (HULIS-C) from the three sites during the
PM-sampling are included in Table 2. The concentrations of
EC and OC at HCAB and Mel are of the same order of
magnitude, and at SPL the concentrations are significantly
lower which is particularly pronounced for EC. The high
ratio of WSOC (2.82 ugC/m?) to OC (2.82 ugC/m®) of
100% at HCAB is ascribed to the WSOC being extracted
from PM;y whereas the OC is based on PM,s. Lin et al.
[2010b] found significant concentrations of WSOC in
supermicron PM (3.2 ym < D < 18 pm) on impactor sam-
ples, but only very small HULIS-C to WSOC ratios as
opposed to the HULIS-C to WSOC ratio for PM with D <
3.2 um. A concentration of OC = 2.15 ugC/m® for the
PM, 5 is obtained when correcting for the positive sampling
artifact at HCAB. Salma et al. [2007] showed that con-
centrations corresponding to 17% and 28% respectively of
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the HULIS-C and WSOC collected on the front filter could
be extracted from the back-up filter. In our study back-up
filters were not applied when sampling PM for HULIS
extraction, so concentrations of OC, WSOC and HULIS-C
reported in Table 2 are not corrected for the positive sam-
pling artifact. It was not possible to calculate the HULIS
concentration at HCAB due to some MeOH still being
present in the sample (~2% concentration by mass in
aqueous solution) after extraction.

[21] For Melpitz the ratio of the concentrations of WSOC
(2.36 pgC/m*) to OC (3.30 pugC/m?) is 72% and the ratio of
HULIS-C (1.16 pugC/m?) to WSOC is 49%. The highest
concentrations of OC and EC (2.24 ;1gC/m’) in this study are
found at Melpitz. However, during the winter season when
easterly winds dominate significantly higher concentrations of
OC and EC can be observed, which can be attributed to
anthropogenic emissions [Spindler et al., 2010]. For SPL the
estimated concentration of OC in the PM, 5 was 0.74 ugC/m’,
and the sampling artifact was estimated to account for
~0.14 ;1gC/m’°. The ratio of WSOC (0.46 1gC/m°) to OC
was 64% and the ratio of HULIS-C (0.24 ;gC/m?) to WSOC
was 53%. The ratios of HULIS-C to WSOC close to 50% are
similar to those reported by Kiss et al. [2002] and Lin et al.
[2010b] for similar extractions. The low concentration of
EC (0.05 1gC/m®) at SPL is an upper estimate, since the
concentration most of the time was below the detection limit.
A low concentration of EC is typical for sites at high altitudes
[Krivacsy et al., 2001].

[22] In the study by Lin et al. [2010b] an overview of the
wide range of reported concentrations of HULIS is included.
They used a conversion factor of 1.9 to convert from mass of
carbon to mass of HULIS as reported by Kiss et al. [2002].
For comparison the HULIS-C concentrations in this study of
1.16 and 0.24 pgC/m® would with the same conversion
factor correspond to total HULIS concentrations of 2.20 and
0.46 pug m™ respectively for Mel and SPL. A low HULIS
concentration would be expected at SPL since Feczko et al.
[2007] concluded that the HULIS concentration decreases
exponentially with altitude. For Melpitz the concentration is
lower than the reported winter concentration of 4.4 yg m™—>
at the rural background site K-puszta [Kiss ef al., 2002].

[23] The measured concentrations of ions in the WEs are
included in Table 3. At HCAB the water soluble inorganic
aerosol is on a molar basis dominated b; NH; and SO3~
with moderate concentrations of Na*, Ca®*, NO3 and CI".
It seems reasonable that the acrosol at HCAB is dominated by
local urban pollution. A slight influence from marine air
masses due to the location close to the sea and the presence of
Na" and Cl~ seems reasonable and in accordance with a
source apportionment study for the site carried out by
Massling et al. [2011]. Elevated levels of NH, and NOj3 due
to livestock have been observed in aerosol particles [Lammel
et al., 2004], and it is likely that it to some extend could
influence the aerosol at HCAB. At Melpitz the aerosol is
dominated by NH4 and NO3 which indicates influence from
agricultural activities [Lammel et al., 2004]. A significant
concentration of SO3~ is also found, which is typical for the
long range transported aerosol at Melpitz [Spindler et al.,
2010]. At SPL NHj and SO~ dominate with smaller
amounts of Na" and Ca®" present. The presence of NH, and
SO; ™ at SPL has also been reported from a study with an
aerosol mass spectrometer (AMS) [Jimenez et al., 2009], and
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Table 3. Concentration of Measured Ions and WSOC in Water Extracts (WE) and Aqueous HULIS Samples®

Sample V/mL cl- NO3; Norm C,05 Na* NH; K+ Mg** Ca** WSOC
HCAB-WE 100 3.013 12.181 37.02 2.643 5.534 7.534 1.198 0.808 5.558 43.2
H HUL 10 2.23 1.229 0.450 0.232 0.980 0.318 0.282 0.042 0.567 -
HUL/WE % - 7.41 1.01 0.121 0.879 1.77 0.422 2.35 0.524 1.02 -
Mel-WE 204 1.099 28.36 18.73 0.019 0.419 13.67 1.028 0.054 0.244 11.81
M HUL 14 4.435 1.652 1.045 0.037 0.806 1.063 0.203 0.073 0.754 84.57
HUL/WE % - 27.8 0.40 0.38 39.86 13.23 0.535 1.356 9.36 21.28 49.26
SPL-WE 255 0.034 0.719 15.28 2.19 1.363 3.460 0.794 0.408 2.109 17.45
S HUL 19 4.005 0.846 1.555 0.054 0.368 0.161 0.095 0.000 0.482 124.3
HUL/WE % - 865 8.76 0.758 0.396 2.01 0.347 0.895 0.00 1.70 53.1
SRFA 25 0.052 0.034 0.1965 0.559 0.022 0.286 0.235 0.176 0.748 286.6

“The ratio of the amount of ions and WSOC in the WE to the HULIS samples are included in %. All WE were filtered with a syringe filter with a pore size
0f 0.45 psm before measurements. The volumes of the solutions in mL are given in the second column, and all other measurements are in units of milligrams

pr liter of solution (mg/L) and for WSOC the unit is mgC/L.

it is typical for aerosol transported over long range to remote
environments. The chemical characterization of the aerosols
supports, that the sources of PM at the three different field
stations differ.

4.2. CCN Activity and Hygroscopic Growth of HULIS

[24] The measured CCN activities of the HULIS samples
are presented in Figure 2. The CCN activities of the HULIS
samples are almost identical. Single xccy values of 0.077,
0.089 and 0.095 have been inferred for HCAB, Melpitz and
SPL respectively from least squares fit. The depicted error
bars on the SS. correspond to +2 standard deviations
derived from the ammonium sulfate calibration curve with
each data point weighted equally as described by Miller and
Miller [2010]. The errors on the D,. correspond to £2 stan-
dard deviations inferred from the sigmoid fit to the ratio of
CCN to CN versus D, where doubly charged particles are
accounted for. In most cases the error on D, is negligible
compared to the error on SS,. For the lower SS the temper-
ature measured inside the column of the CCN counter is very
close to the 25°C which was assumed for the calibration of
the SS. However, for the higher SS it is likely that the tem-
peratures at which the ammonium sulfate particles activate
are up to ~33°C, so the reported SS. may be slightly over-
estimated in those cases.

[25] To test for a potential effect of the pore size in the
syringe filters a part of the water extracts from SPL and
Mel PM was filtered using a syringe filter with a pore size of
0.22 pm (for the HCAB sample there was not enough PM
available to do this). The same procedures and analysis were
applied to these filtered aqueous extracts as described in
section 3. As for the HCAB HULIS sample the measured
WSOC was elevated in these final HULIS extracts, which is
ascribed to MeOH still remaining in the samples. CCN
activity was however reproduced with good agreement for
both Mel and SPL. It is reasonable to conclude that the CCN
activity is independent of the pore size (0.45 pm or 0.22 um)
used for the studied samples, and also that the small amount
of MeOH remaining in the HCAB HULIS sample did not
affect the measured CCN activity significantly. The CCN
activities are similar to some previous results [Ziese et al.,
2008; Fors et al, 2010], but significantly higher CCN
activities have also been reported as depicted in Figure 1
[Dinar et al., 2006a; Asa-Awuku et al., 2008]. The mea-
sured CCN activity of SRFA is similar to the one reported by
Dinar et al. [2006a] within the errors. The HULIS samples

are exposed to very low pressures during isolation, so it is
not expected that volatile compounds would end up in the
HULIS samples in general. This is in line with the derived
CCN activity (kccw) being independent of the temperature at
activation inside the CCN counter within the errors.

[26] The hygroscopic growth of particles generated from
the HULIS samples can be observed in Figure 3. For the
data evaluation of the measurements with LACIS mobile the
RI is needed. RIs of HULIS samples from Rondonia day:
1.653 + 0.00191 and night: 1.685 + 0.0016i were reported by
Hoffer et al. [2006]. Dinar et al. [2008] reported Rls for
HULIS originating from pollution: 1.595 + 0.049i, smoke:
1.622 + 0.0481 and K-puszta: 1.561 + 0.003i. The reported
errors are relatively small particularly in the latter study, and
they cannot account for the differences between RI for dif-
ferent HULIS samples. Hence there is reason to believe that
different HULIS samples have different RI. We evaluated
the data from LACIS applying the range of RI = 1.56-1.68
for all three HULIS samples. The vertical error bars for the
atmospheric HULIS samples in Figure 3 cover the span
given by the used RI interval and can therefore not be

—HCAB
Mel
—SPL
—SRFA
-==-x=0.077
x=0.089
- --x=0.095
- - -x=0.056

sS, %]

0.1F 1

50 80 100
D, [nm]

Figure 2. The measured CCN activities of the HULIS sam-
ples originating from SPL, Melpitz and HCAB and for
SRFA. The error bars correspond to 42 standard deviations.
The dashed lines correspond to constant x values of 0.056,
0.077, 0.089 and 0.095 for SRFA, HCAB, Mel and SPL
respectively. Details about the chemical composition of the
HULIS samples are presented in Table 3.
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Figure 3. The growth factors for 250 nm HULIS and
SRFA particles measured with mobile LACIS. A refractive
index of 1.63 has been assumed for SRFA and the averages
for the HULIS samples. The top and bottom of the error bars
for the HULIS samples correspond to a RI = 1.56 and 1.68
respectively. For SRFA the vertical error bars are the ran-
dom errors corresponding to £2 standard deviations from
inferring the GF. The errors on the RH correspond to +2
standard deviations. The dashed lines correspond to constant
x values of 0.03 and 0.07 respectively. For the chemical
composition of the samples see Table 3.

considered random errors. The random error on the growth
factor GF was calculated as the standard deviation of the
mean of a gaussian distribution as described by Miller and
Miller [2010]. Those random errors are included for the
SRFA in Figure 3, but they are negligible compared to the
uncertainty in choosing the right value of RI for the atmo-
spheric HULIS samples. The RI of the wetted particles are
calculated from volume weighted addition of RI assuming
the imaginary part is negligible. When the particle growth is
modest, it can be seen that the results are sensitive to the
chosen RI of the dry particles. It is evident that the x values
inferred from the GF (kgr) increase with increasing RH. The
errors on the RH depicted in Figure 3 are inferred from
several ammonium sulfate calibrations carried out before
and in between the measurements. The RH is significantly
more well determined for high RH due to the shape of the
theoretical calibration curve of GF vs RH for ammonium
sulfate. When measured data of hygroscopic growth do not
follow lines of constant k, as it is the case for our HULIS
data depicted in Figure 3, possible reasons for that may be
that the particle contains slightly soluble substances that
only dissolve at higher RHs as discussed for mixed particles
by Svenningsson et al. [2006]. Alternatively the non-ideality
of the droplet solution changes with concentration, i.e. while
it grows hygroscopically [Wex et al., 2009].

[27] For SRFA RI = 1.63 was used [Dinar et al., 2007].
Previous studies using a humidified tandem differential
mobility analyzer (HTDMA) reported GFo9 = 1.10 [Brooks
et al., 2004] and GFy¢ = 1.13 [Dinar et al., 2007] for SRFA.
Hence it is likely that the GF = 1.05 we observe for RH =95%
is too low, due to the imaginary part of the RI not being
accounted for. Ziese et al. [2008] measured the hygroscopic
growth of HULIS particles with LACIS and a High Humidity
Tandem Differential Mobility Analyzer (HHTDMA) and
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found a good agreement between the two techniques for GF =
1.7, and model estimates suggested that the imaginary part was
of minor importance for the investigated GF' 2 1.7. It follows
that the most reliable results of the hygroscopic growth are
those for relatively high GF, where the R/ of the dry particles
are of little importance due to the volume mixing rule of RL
Our focus will therefore be on the results for HULIS with GF'>
1.7 where the results are less influenced by the chosen RI.
Hence the hygroscopic growth is similar for the three HULIS
samples and a kgp value close to 0.07 represents the most
reliable data points well (see Figure 3). It is questionable
whether the GF'=1.50 obtained at a RH = 99.2% (k= 0.03)
for SRFA may be underestimated. However, a  value close to
0.03 may not be unreasonable considering that the xkgppy =
0.044 and kgpr4 = 0.056 calculated for hygroscopic growth by
Petters and Kreidenweis [2007] were based on the modest GF
reported by Brooks et al. [2004] and Chan and Chan [2003]
respectively.

[28] When considering the CCN activity and hygroscopic
growth of the HULIS samples it is relevant to investigate to
what degree inorganics may affect those properties. The
most predominant measured inorganic ions such as NOj,
SO3~ and NH} are removed quite efficiently (99.5%) during
the HULIS extraction as can be observed from Table 3.
However, some inorganic ions are present in the HULIS
samples and by mass they constitute up to 6% of the HULIS
samples (see Table 4). Among the inorganic ions the C1™
concentration is the highest by mass (see Table 3) in all three
atmospheric HULIS samples, most likely due to the addition
of HCI during the extraction. Assuming that the simple
addition rule in equation (3) applies for the HULIS samples,
the x values inferred from measurements were corrected by
subtracting the contributions from the inorganic species. The
resulting values are given in Table 4 as kgr* and kccn™.
When converting the concentrations of inorganic ions
reported in Table 3 to mol/L the relevant salts can be con-
sidered. For the HCAB sample the charges add up to ~0, but
for Mel and SPL the negative charges dominate, which is
expected to be due to the concentration of H' not accounted
for. The cations and anions can be combined into salts. The
most abundant ions were taken into account first followed by
assigning the remaining anions to the associated acids. Two
parameters are used to obtain the volume of HULIS: the
density of HULIS and the organic matter (OM), converted
from the measured HULIS-C. The average ratio of OM to
OC for the total of 23 HULIS samples investigated by Kiss
et al. [2002] and Song et al. [2012] is 1.96 with a standard
deviation of 0.08. The average density of the 5 HULIS
samples investigated by Dinar et al. [2006b] and Hoffer
et al. [2006] is 1.57 g/em’, with a standard deviation of
0.09 g/cm>. For the HCAB sample a HULIS yield of 50% is
assumed, which is similar to the HULIS yield for the other
two samples and a typical average of reported yields in the
literature [Kiss et al., 2002]. Thus volume fractions of inor-
ganic salts of 1%, 5% and 3% for HCAB, Mel and SPL
respectively are obtained (see Table 5). For the inorganic
species the used x values are as reported by Petters and
Kreidenweis [2007], Shantz et al. [2008], and Sullivan
et al. [2009] and they are included in Table 4. For HCI and
HNO; « values of 1.1 and 0.8 respectively were estimated
based on Kdhler curves calculated from parameterizations of
a,, obtained from the AIM [Wexler and Clegg, 2002].
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Table 4. Mass of Ions Relative to Total Mass of Water Soluble Matter, Experimental x Values and « Values Estimated From Equation (3)*

Experimental Corrected for Inorganics .
k-Addition
Sample ﬁ KGr Kcen Kar* Kcen® Kadd,CCN

HCAB-WE 0.47 0.25 0.23 0.33 £ 0.05

HCAB HULIS 0.015 0.07 0.077 0.06 0.07

Mel-WE 0.74 0.41 0.29 0.49 £+ 0.05

Mel HULIS 0.059 0.07 0.089 0.04 0.07

SPL-WE 0.42 0.22 0.22 0.30 £ 0.06

SPL HULIS 0.031 0.07 0.095 0.03 0.056

SRFA 0.0042 0.03 0.056 - -

“The estimate of the inorganic fraction of the HCAB HULIS sample is based on an estimate of a HULIS yield of 50%. It is assumed that m,,,; = 1.9 -
MpuLis—c + Mion OF Mygrar = 1.9 - mysoc + m;,,. Experimentally determined « values are also shown, together with the values corrected for the influence of
inorganic material contained in the samples (k*). The k,4; values inferred from the x-addition rule are included. For the WE the k.44 ccn Values were
calculated by use of equation (3) and by assuming pysoy = 1.4 £ 0.2 g/em®, WSOM/WSOC = 1.9 £ 0.3, and x = 0.07 for water soluble organic

compounds.

[20] When correcting the measured «ccy for the influence
of the total amount of inorganics, kccy* values for HULIS
0f 0.07, 0.05 and 0.07 are obtained for HCAB, Mel and SPL
respectively. The absolute error on the kccpy* values calcu-
lated from the standard deviations of the density and the OM
to OC ratio is <0.005 for all 3 samples. It is uncertain how
the ions would combine in the solid particle phase - but the
sensitivity of kccy® to how the cations and anions were
combined to form different salts in the calculations was
negligible. The estimates of kccp* presented above may be
considered lower bounds for the Mel and SPL samples, since
it is likely that volatile species such as HCl and NH4NO;
will evaporate from the solution or from the aerosol particles
during the particle generation or the drying process before
the size selection. For the HCAB sample the estimated
value would be 0.06 if a HULIS yield of 30% was assumed
instead of 50%. If evaporation of volatile species from the
particles occur after the size selection then the inferred x*
values for HULIS would be underestimated and the mea-
sured CCN activity would be expected to decrease with
increasing SS and temperature inside the CCN-C. Such a
trend is not observed in Figure 2 for the Mel and SPL
samples, but there seems to be a weak trend of decreasing
CCN activity for increasing SS for the HCAB sample. The
latter sample was the only one that was exposed for less than
1 hour to the reduced pressures in the rotary evaporator
during the isolation of HULIS, and the presence of MeOH in
that HULIS sample indicates that volatile species thus could
be present in the sample. The inferred kccy for the HCAB
sample is 0.09 if only data with SS < 0.5% are considered.
Taking all the above considerations into account the most
reasonable estimates of the kccn* for HULIS only would be
0.07, 0.07 and 0.08 respectively for HCAB, Mel and SPL,
where errors of roughly 0.01-0.02 in absolute values seem
reasonable. A similar approach can be used for estimation of
the kgp* for pure HULIS and reasonable estimates of 0.06,
0.04 and 0.05 for HCAB, Mel and SPL respectively can be
obtained again with an estimated absolute error of 0.01—
0.02. When it comes to SRFA it is not necessary to correct
for the inorganic contamination since it is very small (<0.5%
by mass). It is remarkable how similar the hygroscopic
growth and CCN activity seems to be, when comparing pure
atmospheric HULIS and SRFA.

[30] Our results suggest that HULIS samples that are
expected to differ in organic composition have similar
properties when it comes to hygroscopic growth and CCN

activity. This finding could be supported by the results of low
hygroscopicity of HULIS reported by Fors et al. [2010]. It is
not easy to tell to what degree it could be the case in general,
that most HULIS samples have relatively low x values. Asa-
Awuku et al. [2008] report very low concentration of inor-
ganics in their HULIS sample with a relatively high CCN
activity (kcey = 0.33), so differences in the organic compo-
sition are expected to be of importance. Our results indicate
that it may be important to correct for the inorganic con-
tamination of HULIS samples, and we suggest that the frac-
tional contribution to the total concentration from inorganic
species always should be reported in similar studies. Our
results also support that SRFA can be used as a model com-
pound for the hygroscopic properties of atmospheric HULIS.

4.3. CCN Activity and Hygroscopic Growth of Water
Extracts of PM

[31] The CCN activity of particles generated from the
WEs are depicted in Figure 4 together with the theoretical

1f =, ' — HCAB-WE]
o, TH Mel-WE
I*k*i — SPL-WE
s ---(NH ),SO
. .’:_[;:L 47254
e FRe
5 . P
o° N .
@ {“““
S AR
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Figure 4. The CCN activity of particles generated from fil-
tered water extracts of PM from SPL, Mel and HCAB. The
dashed lines represent constant « values of 0.23, 0.29 and
0.22 respectively for HCAB (black), Mel (green) and SPL
(blue) obtained by least squares fit to the data. The error bars
correspond to £2 standard deviations inferred from the cal-
ibration of the SS and from the sigmoid fit respectively.
The theoretical curve for ammonium sulfate (dashed magenta
line) is included for comparison. For the chemical composi-
tion of the water extracts see Table 3.
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Figure 5. The measured growth factors for the filtered water
extracts. For HCAB D,, = 250 nm and for Melpitz and SPL the
results are for D, = 200 nm. A refractive index of 1.53 has
been assumed for the dry particles in all cases. x values of
0.25, 0.41 and 0.22 respectively were obtained from least
squares fit to the data from HCAB, Melpitz and SPL and are
depicted as dashed lines. For the chemical composition of
the water extracts see Table 3.

value for pure ammonium sulfate for comparison. From least
squares fit to the data xccy values of 0.23, 0.29 and 0.22 are
obtained for the water extracts from HCAB (HCAB-WE),
Melpitz (Mel-WE) and SPL (SPL-WE) respectively. The
hygroscopic growth factors are depicted in Figure 5. The
kg values are in this case 0.25, 0.41 and 0.22 respectively
for HCAB-WE, Mel-WE and SPL-WE when only including
data points with GF > 1.7. A single k¢ value represents the
results for Mel-WE and SPL-WE very well, but that is not
the case for HCAB-WE, where a kg of 0.20 is obtained for
the lowest GF. It is assumed that the results for the high RH
are more reliable considering random as well as systematic
errors in line with the discussion of the GF' for the HULIS
samples above. The mobility diameters of the dry particles
were D,, =200 nm except for HCAB-WE where D,, =250 nm
was used. With respect to the activation measurements the
kccn values tend to decrease with increasing SS data point by
data point, which is mostly pronounced for Mel-WE and
HCAB-WE. Since the kgps are relatively constant with
respect to RHs it is unlikely that changes in non-ideality or
influence from slightly soluble substances is of significance
for the water extracts. It is thus very likely that the trend can
be explained by volatility of some of the species in the par-
ticles. With increasing SS and thus increasing 7 inside the
CCN-C, the particles will tend to turn smaller and thus
exhibit a smaller CCN activity than expected, which can
explain the observed trend.

[32] An estimation of k.4, for the WEs can be obtained
from equation (3). The density of water soluble organic
compounds and the ratio of water soluble organic matter
(WSOM) to WSOC are needed to obtain the volume of the
WSOM from the measured concentration of WSOC. A ratio
of WSOM to WSOC of 1.9 + 0.4 is assumed based on the
results from an urban, a rural/continental and a remote
environment as reported by Timonen et al. [2012], Kiss et al.
[2002], and Yu et al. [2005], respectively. The density of
WSOM is assumed to be 1.4 + 0.2 g/cm? partly based on the
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densities reported by Turpin and Lim [2001] and partly
based on the fact that about 50% of the WSOM is HULIS
with a density of ~1.57 g/cm3. A Kwsou = 0.07 was
assumed as for HULIS. The concentrations of inorganic ions
included in Table 3 were converted to moles, and cations
and anions were paired starting out with the most abundant
first. For HCAB-WE and Mel-WE there is a slight excess of
negative charges, which is assumed to be due to the presence
of H" not accounted for, so remaining anions are considered
to represent acids, that are included in the «-addition calcu-
lations. For SPL-WE there is a slight excess of positive
charges, which could be due to anions that are not measured
or cations binding to organics. Furthermore, the difference
could in part be due to random errors. A small fraction of the
cations are thus not accounted for in the x-addition.

[33] As can be seen in Table 4 the estimated x4, values
are 0.33 £ 0.05, 0.49 &+ 0.05 and 0.30 £ 0.06 for HCAB-
WE, Mel-WE and SPL-WE respectively, where the errors
originate from the assumed ranges of the ratio of WSOM to
WSOC and the density of WSOM. The estimated x4y
values are thus systematically higher than the experimental «
values for both sub- and supersaturated conditions, even
when the uncertainty in WSOM properties is considered.
An assumed slightly higher ratio of WSOM to WSOC could
perhaps be justified from results reported in the literature
[Turpin and Lim, 2001]. However, if the non-HULIS
WSOM is highly oxidized, as would be expected with a high
WSOM to WSOC ratio, then a Kysoss higher than 0.07
should be expected, which would result in the k.4, still
being overestimated relative to measurements. In general
some of the non-HULIS WSOM is comprised of sugars and
short chained acids [Lin et al., 2010b], which typically have
 values significantly higher than 0.07 [Petters et al., 2009].
Hence it seems like there is a tendency for the k-addition
method to overpredict the hygroscopicity of the studied
particles generated from the WE. It is not possible to tell
from these experiments if the overprediction is due to the
composition of the generated particles being different to the
bulk composition of the solution in the atomizer.

[34] In the current study the difference between xccy and
Kadq 18 particularly pronounced for Mel-WE, and it is likely
that it to some degree can be ascribed to volatility of the
generated aerosol particles. As can be seen from Table 3 the
Mel-WE is dominated by NH4NOj3, which has proven to

Table 5. The Densities, and x Values, and Volume Fractions Used
for Calculations

Species  p(glem®) & HCAB) (%) &Mel) (%) &(SPL) (%)
NaCl 217 1.28° 0.42 0.85 0.27
(NH,),S80, 177  0.61° 0.13 0.73 021
NH,NO; 173 0.67° 0.14 1.11 0
NH,Cl 1.53 1.02° 0 0.33 0
CaCl, 215 0.48° 0.19 0.87 0.39
Ca(NOs), 2.5 0.51° 0.03 0 0
KNO, 211 0.88° 0.13 0 0.07
HCI 12 1.1° 0 1.00 1.38
HNO, 151 0.8 0 0 0.29
H,SO04 184 0.7¢ 0 0 0.39
HULIS 157 - 98.96 95.10 96.99

Petters and Kreidenweis [2007].

SSullivan et al. [2009].

“From Kohler curves based on a,, inferred from the AIM.
dShantz et al. [2008].
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evaporate from mixed particles on short timescales at room
temperature [Hightower and Richardson, 1988]. If evapo-
ration of volatile species takes place before size selection of
the particles, the measurements would change depending on
the hygroscopicity of the volatile species compared to the
hygroscopicity of the bulk. If evaporation takes place after
the size selection of the particles then a reduction in particle
size will dominate and lead to an underprediction of the
hygroscopicity. The latter effect will be more significant for
the CCN measurements and can explain the trend observed
particularly for the HCAB-WE and Mel-WE as discussed
above. For the SPL-WE the inorganic ions are dominated by
NH; and SO3", so volatility of the inorganic compounds
would not be expected to be a significant problem, and the
effect seems to be limited to the results from the CCN-C.

[35] Our results clearly indicate that it is important to take
organic compounds into account when predicting the
hygroscopic growth and CCN activity of ambient internally
mixed organic/inorganic aerosol particles, since the inor-
ganics alone would have a x value higher than ~0.61 as for
pure (NH4),SO, (see Table 3). The mass of water soluble
species in ambient PM is typically dominated by inorganic
species in particles with diameters larger than 200 nm.
Smaller particles that are more important for ambient CCN
concentrations consist of a larger fraction of organic species
[Andreae and Rosenfeld, 2008]. Thus the CCN activity of
water extracts of PM will tend to overestimate the number
concentration of ambient CCN [Medina et al., 2007]. Hence
in the present study the average  values of the ambient
CCN at the three sites are likely to be lower than reported
here for the particles generated from the WE of sampled
PM2.5 or PM10~

5. Conclusion

[36] The hygroscopic growth and CCN activity of parti-
cles generated from the water extracts and HULIS extracted
from PM collected at a polluted urban site in Copenhagen,
the rural site Melpitz and the remote site Storm Peak Labo-
ratory were investigated. For the water extracts the inferred
kgr values were 0.25, 0.41 and 0.22, and the inferred xKccon
values were 0.23, 0.29 and 0.22 respectively for the urban,
rural and remote environment. It is very likely that the
inferred k values are underestimated at the rural and urban
site due to significant concentrations of volatile NH4NO3,
particularly when it comes to xkccy. Measurements of inor-
ganic ions, EC, OC and WSOC within the PM confirmed
that the sources of aerosol particles most likely differed for
the samples from the urban site (HCAB), the rural site (Mel)
and the remote site (SPL). Concentrations of HULIS-C were
1.16 and 0.24 ;igC/m® at Mel and SPL respectively, and it
was not inferred at HCAB. The measured hygroscopic
growth and CCN activity were almost identical for the three
HULIS samples and could be well represented by rgr =
0.07 and Kkccy = 0.08-0.10 respectively. Small amounts of
inorganic ions were present in the HULIS samples so the
actual x values (x*) for pure HULIS are estimated to be
kort = 0.04-0.06 kccy™ = 0.07-0.08 with an estimated
error of roughly 0.01 in absolute value. We suggest that the
fraction of inorganic species in the HULIS samples always
should be reported. The inferred « values for HULIS are
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thus smaller than reported in most earlier studies with the
exception of the results by Fors et al. [2010].
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