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Abstract. As one aspect of the NETwork on Climate and
Aerosols: addressing key uncertainties in Remote Canadian
Environments (NETCARE), measurements of the cloud condensation nucleation properties of 50 and 100 nm aerosol
particles were conducted at Ucluelet on the west coast of
Vancouver Island in August 2013. The overall hygroscopicity parameter of the aerosol (κambient ) exhibited a wide
variation, ranging from 0.14 ± 0.05 to 1.08 ± 0.40 (where
the uncertainty represents the systematic error). The highest κ values arose when the organic-to-sulfate ratio of the
aerosol was lowest and when winds arrived from the west
after transport through the marine boundary layer. The average κambient during this time was 0.57 ± 0.16, where the
uncertainty represents the standard deviation. At most other
times, the air was predominantly influenced by both marine
and continental emissions, which had lower average PM1
κambient values (max value, 0.41 ± 0.08). The two-day average aerosol ionic composition also showed variation, but was
consistently acidic and dominated by ammonium (18–56 %
by mole) and sulfate (19–41 % by mole), with only minor
levels of sodium or chloride. Average κorg (hygroscopicity
parameter for the aerosol’s organic component) values were
estimated using PM1 aerosol composition data and by assuming that the ratio of aerosol organic to sulfate mass is related
directly to the composition of the size-selected particles.

1

Introduction

Atmospheric aerosol particles directly affect the Earth’s radiative budget by scattering and absorbing incoming solar radiation (Charlson et al., 1992). Additionally, these particles
can indirectly influence the radiative budget of the Earth by
acting as cloud condensation nuclei (CCN) in the formation
of warm clouds (Albrecht, 1989). Warm clouds can trap the
Earth’s outgoing infrared radiation, reflect incoming solar radiation, and influence the hydrological cycle and thus impact
its climate (Albrecht, 1989; Twomey, 1977b). More specifically, warm clouds in marine regions are significant contributors to the Earth’s radiative flux due to their extensive
coverage and large albedo in relation to the ocean surface
(Hartmann et al., 1992). It is well known that the indirect effects of these particles on climate constitute one of the largest
uncertainties in understanding the present-day climate sensitivity (IPCC, 2013). This large degree of uncertainty arises
partially from an incomplete understanding of aerosol particles’ abilities to act as CCN. Consequently, because of the
resulting sensitivity of the Earth’s radiative budget to lowlying clouds, it is crucial to ensure that their CCN properties
are well characterized.
Marine aerosol consists of two distinct sources: (1) primary sea-spray aerosol directly produced by breaking waves,
consisting of inorganic salts and biogenic material such as
surface-active microorganisms and exopolymer secretions;
and (2) secondary aerosol formed by gas-to-particle conversion processes, mainly consisting of non-sea-salt (nss) sulfate
and organic species (O’Dowd et al., 1997; Twomey, 1977a).
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However, in both coastal and marine locations it is also common for aerosol of anthropogenic and continental biogenic
origin to be present, for instance, as a result of emissions by
forests, populated areas, and shipping traffic. These sources
can in turn result in high levels of substances of relevance
to cloud formation, such as secondary organic aerosol (SOA)
and sulfates, that are carried into the marine boundary layer
by turbulence and convective mixing (Chang et al., 2010;
Charlson et al., 1992; Coggon et al., 2012; Shantz et al.,
2010).
While an enormous amount of effort has been applied to
understanding and characterizing the aerosol hygroscopicity
and CCN properties of continental biogenic, anthropogenic,
and primary sea-spray aerosol (e.g. Andreae and Rosenfeld,
2008; Bigg, 2007; Chang et al., 2010; Coggon et al., 2012;
Fuentes et al., 2011; Hegg et al., 2009; Kanakidou et al.,
2005; Langley et al., 2010; Leck and Bigg, 2005a, b; Mei et
al., 2013a, b; Moore et al., 2011; Orellana et al., 2011; Ovadnevaite et al., 2011; Prather et al., 2013; Roberts et al., 2006;
Shantz et al., 2010; Sun and Ariya, 2006), this has not been
the case for coastal or marine aerosol (herein referred to as
coastal/marine aerosol) that has been influenced by marine
organics. In particular, past studies have resulted in a wide
range in the CCN properties of measured coastal/marine
aerosol, making the direct comparison of results a challenge
(Aalto and Kulmala, 2000; Allen et al., 2011; Ayers and Gras,
1991; Ayers et al., 1997; Bougiatioti et al., 2009; Good et al.,
2010; Hegg et al., 1991; Hudson, 2007; Hudson et al., 2011;
Kleinman et al., 2012; Lohmann and Leck, 2005; Meng et al.,
2014; Moore et al., 2012; Ovadnevaite et al., 2011; Roberts
et al., 2006, 2010; Shantz et al., 2008; Shinozuka et al., 2009;
Sun and Ariya, 2006; Wang et al., 2008).
In addition to the poor characterization of ambient
coastal/marine aerosol, only a handful of studies have estimated the CCN properties of organics in such a setting,
which have been reported to possess similar CCN abilities to
organics in continental regions (Bougiatioti et al., 2009; Cavalli et al., 2004; Martin et al., 2011; Matsumoto et al., 1997;
Meng et al., 2014; Novakov and Penner, 1993). However,
the CCN properties of marine organics have not been consistently reported using a standardized method, which makes
the relative ranking of their water droplet formation abilities
a challenge.
Determination of the effective hygroscopicity parameter,
κ, has been identified as a simple method to describe aerosol
CCN activities, where the κ values of organic species of continental origin range from 0.02 to 0.2, and those of inorganic
species such as (NH4 )2 SO4 and NaCl vary from 0.6 to 1.3
(Petters and Kreidenweis, 2007, and references therein). The
CCN abilities of aerosol particles depend on both their sizes
and compositional characteristics, such as water solubility
and surface activity (Petters and Kreidenweis, 2007, 2013).
By using this parameterization, these CCN abilities can be
reported using a single standardized method.
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Figure 1. Schematic of the main components of the experimental
set-up, which included SO2 , CO, and NOx monitors, an aerosol
chemical speciation monitor (ACSM), micro-orifice uniform deposit impactor (MOUDI), ion chromatograph (IC), differential mobility analyser (DMA), condensation particle counter (CPC), cloud
condensation nuclei counter (CCNC), and a scanning mobility particle sizer (SMPS). The ACSM, and SO2 , CO, and NOx monitors
were in a neighbouring trailer.

In this study we use the hygroscopicity parameter approach to report the CCN activity of 50 and 100 nm ambient
aerosol particles that were present on the west coast of Vancouver Island (Ucluelet, British Columbia) in August 2013.
These experiments were conducted as part of a campaign to
examine cloud formation properties of marine aerosol, as one
component of the NETCARE (the NETwork on Climate and
Aerosols: addressing key uncertainties in Remote Canadian
Environments) project (http://www.netcare-project.ca/). This
information is used in conjunction with the ambient aerosol’s
PM1 organic-to-sulfate ratio to provide one of the first estimates of the hygroscopicity parameter of organics contained
within coastal ambient particles.

2

Experimental method

The field campaign took place in August 2013 at a coastal
field site which was situated roughly 100 m from shore and
2 km from the small town of Ucluelet (population 1800) on
Vancouver Island, BC, Canada (48.92◦ N, 125.54◦ W), as
shown in Supplement Fig. S1. The difference in low and high
tide heights in this region ranged from 1.0 to 3.1 m throughout August. The available instrumentation (Fig. 1) allowed
for measurements of CCN activity, particle size distributions,
particulate ionic and organic compositions, and gas phase
SO2 , CO, NOx , as described below. All instruments sampled
air through a main inlet in a trailer’s roof, with intakes about
25.5 m above sea level. The main inlets were stainless steel
tubes (1/200 OD), which were connected to the instruments’
inlets by 1/400 OD stainless steel tubing.
The focus of this work is on data that were collected using
a CCN counter (DMT 100), which was used to calculate the
κ of the ambient aerosol (κambient ), with the assumption that
the droplets’ surface tensions were 0.072 J m−2 (Petters and
Kreidenweis, 2007) and the trailer’s temperature was conwww.atmos-chem-phys.net/14/12307/2014/

J. D. Yakobi-Hancock et al.: CCN activity of size-selected aerosol at a Pacific coastal location

12309

Figure 2. Time series (PDT) for 7–28 August of SMPS total number concentrations (top) particle size distribution (bottom). The colour bar
indicates dN / dlogDp in the bottom plot.

stantly 25 ◦ C. Experiments were conducted from 7 to 23 August on dry particles having mobility diameters of 50 and
100 nm that were size selected using a differential mobility analyser (DMA, TSI 3081), i.e. the DMA was fixed at
one size during each experiment. Typical number concentrations for both sizes, after size selection, ranged from 2 to
20 particles cm−3 . The silica gel in the diffusion dryers was
exchanged and dried in an oven every 24 h in order to reduce the water content of the particles as much as possible.
Although not measured on site in this campaign, we have
found that this technique always reduces the relative humidity to less than 20 %, and usually to less than 2 % (Ladino et
al., 2014).
After size selection, the particle flow was split for measurement by the CCN counter as well as a Condensation Particle Counter (CPC, TSI 3010), which was used to measure
the aerosol number concentrations. The number concentrations measured by the CCN and CPC (NCCN and NCPC , respectively) were used to calculate the activated fraction, AF
= NCCN / NCPC , examples of which are shown in Fig. S2 of
the Supplement. Note that if the activated fraction’s plateau
was lower than 0.65 the scan was not used as the air was
likely significantly polluted, and the focus of this work was
on the marine component of the aerosol. It is possible that
low plateaus arise from an externally mixed population of
low-hygroscopicity carbonaceous particles from nearby marine pollution sources, but we have no direct evidence this
is the case. The CCN counter was calibrated twice during
the campaign using ammonium sulfate according to the procedure of Rose et al. (2008). Experiments consisted of increasing supersaturations in a step-wise manner from 0.07
to 1.2 %, where each supersaturation was held steady for 10
to 15 min, and resulted in an experimental time resolution of
1.5 to 2 h for a full scan. As the CCN sampled directly from
the output of the DMA, multiply charged particles were not
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avoided. However, the effect of multiply charged particles
on the results (i.e. κambient ) was investigated according to a
method summarized in Rose et al. (2008). It was found that
the effect was insignificant, and so the uncorrected κambient
values have been reported.
A scanning mobility particle sizer (SMPS, TSI 3081,
3782) measured dry aerosol size distributions of mobility
diameters within the range of 19–914 nm every 2 minutes
from 9 to 25 August, with some interruptions (Figs. 2 and
3, top) due to instrument maintenance. A 0.071 cm diameter
impactor was attached to the inlet of the SMPS, which sampled from the same main inlet as the CCN counter and CPC.
A micro-orifice uniform deposition impactor (MOUDI,
MSP 110R) sampled directly from a separate main inlet, with
a sample flow of 24 L min−1 , to collect ambient particles that
had not been dried (i.e. wet aerosol particles) in five size
bins corresponding to aerodynamic diameters of 56–100,
100–180, 180–320, 320–560 nm, and 560 nm–18 µm, where
the bounds represent 50 % cut-off efficiencies at 50 % relative humidity (RH). In order to obtain sufficient particle mass
for ion chromatography (IC) to be conducted on the particles, the MOUDI sampled for 2-day time periods (starting
at local noon) from 13 to 25 August. Cationic and anionic
chromatography was conducted on the collected particles in
order to obtain the size-resolved 2-day average concentra2−
−
−
2−
−
tions of Na+ , K+ , NH+
4 , Cl , SO4 , NO3 , NO2 , C2 O4
and methanesulfonic acid (MSA) (Phinney et al., 2006). Data
from the two smallest size ranges (aerodynamic diameters
56–100 and 100–180 nm; i.e. mobility diameters 42–75 and
78–141 nm, respectively) will be discussed here. The derivation of the particles’ mobility diameters from their aerodynamic diameters can be found in Sect. S1 of the Supplement.
The uncertainty in the ionic concentrations is estimated to be
±20 % based on the MOUDI’s collection efficiency, sample
handling procedures and analytical methods. The tempera-
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Figure 3. Time series (PDT) for 9–25 August of SMPS total volumetric concentrations (top) and wind speed (bottom). The wind’s direction
is classified as type a, b, c and d, according to the air mass classification scheme described in Sect. 3.1.

ture and relative humidity in the trailer containing the CCN,
SMPS, and MOUDI setups were monitored for the duration
of the campaign (Acurite 00891W3). The temperature was
found to range from 21 to 30 ◦ C (mean value of 25 ◦ C), and
the relative humidity varied from 28 to 58 % (mean value of
45 %) from 7 to 23 August.
An aerosol chemical speciation monitor (ACSM, Aerodyne, Ng et al., 2011) was located in a second trailer 14 m
from the primary trailer, and sampled from its own main inlet. The trailer’s temperature was controlled at 22 ◦ C. The
−
ACSM measured the total organic, SO2−
4 and NO3 mass
concentrations of particles having wet aerodynamic diameters smaller than 1 µm every 25 min from 13 to 31 August,
with a collection efficiency of 50 % (Ng et al., 2011). The
ACSM was calibrated according to the Aerodyne procedure,
using NH3 NO3 aerosol that was generated from an aerosol
generator (TSI 3076), a DMA (TSI 3081) to size select the
particles, and a CPC (TSI 3772) to count the particles, and
the data were corrected using the air beam. SO2 (Thermo
42i), NOx (Teledyne API 100TU) and CO (Thermo 48i-TL)
monitors were also located in this trailer, where they shared
a common inlet and sampled once a minute.

3
3.1

Results and discussion
Air mass characteristics and origins

The NOAA Air Resources Laboratory HYSPLIT model was
used to generate 72 h back trajectories. To indicate their diversity, back trajectories are shown for 12:00 (Pacific Daylight Savings Time, PDT) on each day of the study as Fig. S1.
Throughout the campaign, these trajectories indicate that air
reaching the sampling site (red star) was the result of onshore winds and was within the marine boundary layer (below ∼ 1000 m) for significant periods of time prior to samAtmos. Chem. Phys., 14, 12307–12317, 2014

pling (see Supplement, Fig. S4 middle). During the entire
campaign there were four types of air masses that arrived in
Ucluelet: (a) air that was influenced by both marine and continental sources (trajectories that arrive from the north having
travelled along the west coast of Vancouver Island and the
BC mainland), (b) descending, non-boundary layer air from
the west, (c) air predominantly from the west that was clearly
from the marine boundary layer without continental influence, and (d) air that was within the marine boundary layer,
originated from the west (i.e. Pacific Ocean), and spent time
over Vancouver Island. Consequently, while the winds were
typically on-shore, they most likely carried a mixture of anthropogenic (especially marine shipping), biogenic continental, and marine aerosol, as was expected due to the sampling
site’s coastal location.
A characteristic clean marine ratio of MSA to nss-SO2−
4
varies from 0.07 to 0.4, depending on the study (Bates et al.,
1992; Castebrunet et al., 2009; Chen et al., 2012; Norman et
al., 1999; Phinney et al., 2006; Savoie and Prospero, 1989;
Savoie et al., 2002). Because the measured 2-day average
ratios of the entire MOUDI size range (all particles greater
than 56 nm), as calculated using the IC concentrations, range
from 0.09 ± 30 to 0.16 ± 30 % (where the uncertainty represents the relative systematic error), there is evidence that
the aerosol particles associated with the air masses contain a
strong marine component. During the 2-day time periods that
included periods of clean marine air (i.e. 17–19 and 19–21
August) the ratios of MSA to nss-SO2−
4 were 0.15 and 0.16,
respectively. For reference, according to Savoie and Prospero
(1989), who reported a characteristic marine ratio of 0.07, the
aerosol would be classified as marine; however, according
to Norman et al. (1999), who reported a characteristic marine ratio of 0.4, the aerosol would have some anthropogenic
contribution. Because this ratio varies considerably with sea
surface temperature, particle size, season and latitude, there

www.atmos-chem-phys.net/14/12307/2014/
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Figure 4. Time series (PDT) for 7–24 August of sea surface temperature (red circles), NOx (top), SO2 (middle) and CO (bottom) mixing
ratios.

2−
Figure 5. Time series (PDT) for 13–31 August of ACSM organics (green), NO−
3 (blue) and SO4 (red). The maximum organic mass
concentrations are 8 µg m−3 ; however, the axis only reaches 5 µg m−3 for clarity.

is a not a single value of this ratio which identifies it with
only pure marine air masses (Kerminen et al., 1998).
Figure 4 shows a time series (PDT) of the daily sea-surface
temperature, SO2 and NOx mixing ratios, and CO mixing
ratios. Based on the presence of NOx , SO2 and CO, it is
clear that the air masses were anthropogenically influenced at
times. These three species tended to increase between 11 a.m.
and 11 p.m. on most days, with the maximum mixing ratios
occurring between 5 and 8 p.m. (e.g. 12 and 15 August). As a
result, in the cases when the air masses were of type (c), i.e.
western, within the boundary layer, and of marine origin (see
Fig. S1), it is likely that these signals arise from boat traffic (e.g. whale watching, fishing, pleasure, and sight-seeing

www.atmos-chem-phys.net/14/12307/2014/

boats). The maximum mixing ratios, which occurred in the
late afternoon, were possibly due to these vessels entering
the harbour (3.5 km from the sampling site) and docking for
the night.
The average sulfate mass concentration as measured by
the ACSM (Fig. 5) was quite low, 0.68 ± 0.47 µg m−3 , where
the uncertainty represents the measurement’s standard deviation, with the majority (54–87 %) estimated to be nssSO2−
4 based on the levels of sodium measured by ion chromatography (Warneck, 1988). The NO−
3 levels as measured
by the ACSM (Fig. 5) were typically very low in relation to
the sulfate and organic mass concentrations, having an average mass concentration of 0.13 ± 0.11 µg m−3 . Figure 3 (top)
Atmos. Chem. Phys., 14, 12307–12317, 2014
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Figure 6. Time series (PDT) for 7–24 August of CCN-derived
κambient of monodispersed ambient aerosol having dry mobility diameters of 50 nm (red circles) and 100 nm (blue squares). The relative error in κambient is ±37 %.

shows the total particulate volume concentrations from 9 to
25 August as measured by the SMPS, which correlate reasonably well with the total mass concentration measured by
the ACSM (having an R 2 value of 0.3). Figure 3 (bottom)
illustrates the wind speed from 9 to 25 August, colour coded
according to the corresponding air mass types. For the majority of August there was a clear diurnal trend in wind speed
and power (i.e. wind speed cubed, not shown), with mid-day
winds weaker than those occurring later in the day and into
the night. Although this could be expected to cause a corresponding trend in the particle mass loadings if there is a
large primary source, there was not a clear correlation between wind speed, wind speed cubed, or either the total number concentrations or total particulate volume concentrations
shown in Fig. 2 (top) and Fig. 3 (top), respectively.
3.2

Determining the hygroscopicity of the ambient
aerosol (κambient ) and its organic component (κorg )

The experimentally determined supersaturation required for
50 % of the ambient particles to be activated as CCN (Sc ) is
used to calculate κambient for 50 and 100 nm particles using
Eq. (1), according to Petters and Kreidenweis (2007):
κambient =

4A3

27Dd3 ln2 Sc
4σs/a Mw
,
A=
RT ρw

(1)

where Dd is the dry particle’s mobility diameter, σs/a is the
surface tension of the solution/air interface (where the solution is assumed to be water at 25 ◦ C), Mw is the molecular
weight of water, R is the gas constant, T is the temperature
and ρw is the density of water. Based on the uncertainties
in quantities such as the particle size (±10 %), temperature
(±10 ◦ C), and instrumental and calibrated critical supersaturations (±10 %), the relative error in κambient is calculated to
be ±37 % through error propagation.
Atmos. Chem. Phys., 14, 12307–12317, 2014

As shown in Fig. 6, the time series of κambient exhibits a
large variability, ranging from 0.14 to 1.08. Because previous studies have indicated a size dependency of the chemical
composition of aerosol particles, it was expected that κambient
may differ between the 50 and 100 nm particles (Andreae and
Rosenfeld, 2008). However, the difference was found to be
statistically insignificant, suggesting that the chemical composition of the two particle sizes was not significantly different. In addition, it should be noted that because the activation curves (examples of which are shown in the Supplement as Fig. S2) were generally characterized by stable
plateaus and clear sigmoidal shapes, it was assumed that the
CCN-active aerosol was chemically consistent and internally
mixed during each experiment. However, there was evidence
that the aerosol as a whole was externally mixed, containing
both soluble and insoluble components, because the activated
fractions’ plateaus did not often reach 1.
Through the use of the air mass classification scheme described in Sect. 3.1, four periods of air masses and κambient
values are identified. First, an initial period where the trajectories were likely to be influenced by both marine and continental sources (i.e. air mass type (a), 7–12 August, representing trajectories that arrive from the north having travelled
along the west coast of Vancouver Island and the BC mainland); second, an intermediate period of descending, nonboundary layer air from the west (i.e. air mass type (b), 14–16
and 23 August); third, a period of air that was clearly from
the marine boundary layer to the west without continental
influence (i.e. air mass type (c), 13 and 18–20 August); and
finally, a period of air that was within the marine boundary
layer, originated from the west (i.e. Pacific Ocean), and spent
time over Vancouver Island (i.e. air mass type (d), 21–22 August).
Using this air mass classification, the highest κambient values, and most hygroscopic particles (18–21 August), are
identified as being associated with the marine boundary layer
air without continental influence (air mass type c). In contrast, air masses that were not necessarily only of marine
origin (e.g. influenced by the continent or descended from
above the marine boundary layer) were associated with lower
κambient values. When the κambient values during each of the
four air mass time periods were averaged, it was found that
the average κambient values for both 50 and 100 nm particles
were 0.41 ± 0.08, 0.33 ± 0.10, 0.57 ± 0.16, and 0.35 ± 0.16,
during air mass types a, b, c, and d, respectively, where the
uncertainties represent standard deviations.
The large range of κambient values is comparable to measurements described in the handful of other studies that have
reported the hygroscopicity parameters of ambient marine
aerosol. For instance, Shantz et al. (2008) presented a case
study in which CCN measurements conducted on an oceanographic vessel in the North Pacific Ocean were used to calculate an average κ range of 0.35 to 0.7. Shinozuka et al. (2009)
assessed the CCN activity of ambient aerosol during an aircraft campaign over the west coast of the USA using the
www.atmos-chem-phys.net/14/12307/2014/
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DMT CCN counter. It was reported that κambient varied from
0.07 to 1.15, where the value decreased with increasing organic mass fractions. During a cruise in the tropical Atlantic,
Good et al. (2010) reported that the κ of marine aerosol particles was between 1.15 and 1.40. This range was in contrast to
the lower κ measured in more continental air masses, which
varied from 0.75 to 0.89. Roberts et al. (2010) reported a κ of
0.21 in the northeastern Pacific marine boundary layer from
an aircraft platform. This low value was attributed to the presence of a range of sources, including marine emissions, shipping emissions, long-range particle transport, and the downward mixing of particles from the free troposphere. CCN
measurements were conducted with a DMT CCN counter
by Moore et al. (2012) during flights over the eastern Pacific Ocean off the southern Californian coast, where the
range of continentally influenced marine/coastal κ values
was reported to be 0.15–0.2, which agreed well with the κ
of organic compounds reported by other studies (Petters and
Kreidenweis, 2007). In addition, by conducting size-resolved
CCN measurements at a coastal site in Hong Kong, Meng et
al. (2014) determined that κambient was 0.39, 0.31 and 0.28
for 116, 56 and 46 nm particles, respectively. The decrease
in κambient was attributed to increasing organic to inorganic
volume ratios as particle size decreased.
To interpret our observations, it is valuable to consider the
composition of the particles in the size range that typically
activate as CCN. In particular, according to Fig. 7, the ionic
composition of 42–75 and 78–141 nm particles was domi2−
nated by NH+
4 (18–56 % by mole) and SO4 (19–41 % by
mole), and not by Na+ (2.5–23 % by mole), indicating that
the aerosol was largely not composed of NaCl (i.e. sea salt).
In addition, because the majority (68–98 % by mole) of SO2−
4
was present as nss-SO2−
,
the
aerosol
was
likely
secondary
in
4
nature, which highlights the potential importance of chemical processing when considering aerosol composition and
origins. Furthermore, because a relationship was not found
between κambient and wind speed (Fig. 3, bottom and Supplement, Fig. S4 bottom) (having an R 2 value of 0.01) or
κambient and wind power (not shown), it is likely that the
aerosol was more secondary in nature since primary marine
aerosol emissions have been reported to correlate with wind
speeds (O’Dowd et al., 1997). In general, the winds were low
during the study, with little wave activity.
The observation that sulfate species dominate the composition of particles of the size ranges considered in this study
agrees well with previous studies of the chemical composition of marine aerosol (Good et al., 2010; Hawkins et al.,
2008; Moore et al., 2012; O’Dowd et al., 2004; Phinney et
al., 2006; Prather et al., 2013). We note that the molar ratio of
2−
NH+
4 to SO4 is consistently between 1 and 2, indicating an
acidic aerosol, likely formed by secondary processes associated with dimethyl sulfide (DMS) or SO2 oxidation, leading
ultimately to the formation of MSA and H2 SO4 , and with
insufficient ambient ammonia to provide full neutralization.

www.atmos-chem-phys.net/14/12307/2014/
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Figure 7. Average 2-day molar concentrations of ionic species
present in 48–75 nm (top) and 78–141 nm (bottom) particles, as
measured by the MOUDI/IC. The black circles represent the cor2−
responding NH+
4 to SO4 molar ratios. Uncertainties in the ionic
species’ concentrations are ±20 %. The 2-day sampling period
starts at noon (PDT) on the first day indicated.

Finally, the relationships between κambient and the mixing ratios of SO2 , NOx , and CO were investigated using Fig. S3 of
the Supplement; however, no correlations were found. This
is likely because the pollutants were added to the air mass
very close to the shore due to the marine traffic (see above),
without time to lead to significant secondary aerosol modification.
By inspection of Fig. 8 (bottom), where κambient is considered as a function of the ACSM’s PM1 organic to SO2−
4 ratio
from 13 to 23 August, it is observed that some of the variability in the κambient data may be explained through the relationship between κambient and the PM1 organic to SO2−
4 ratio
of the aerosol, where increasing SO2−
in
relation
to
organ4
ics resulted in increasing κambient values. The particular dependence of the CCN activity of coastal and marine aerosol
on sulfate content is supported by previous studies that partially attributed the CCN properties of marine aerosol to the
presence of this species (Andreae and Rosenfeld, 2008; Matsumoto et al., 1997; Quinn and Bates, 2011, and references
therein).
We note, as well, that there is a relationship between
κambient and the average frequency of cloud coverage in the
area. Through qualitative field-site observations that were
conducted several times a day, it was found that complete
Atmos. Chem. Phys., 14, 12307–12317, 2014
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Figure 8. CCN-derived κambient of monodisperse ambient marine
aerosol having dry mobility diameters of 50 nm (red circles) and
100 nm (blue squares) as a function of the organic to sulfate ratio
measured by the ACSM from 13 and 18 to 20 August (top) and 13
to 23 August (bottom), PDT. Dotted black lines indicate calculated
values of κambient from an assumed value for κorg (indicated at the
right end of each line) and degree of sulfate neutralization taken
from the MOUDI data.

cloud coverage was present approximately 67 % of the time
from 7 to 17 and 21 to 23 August, and only 35 % of the time
from August 18 to 20. While this correlation may simply be
due to different cloud coverage being associated with different air mass types, the high κambient values that occurred
from 18 to 20 August may also be due to the enhancement
of biological processes such as the production of DMS by
phytoplankton (Ayers and Cainey, 2007). The presence of
sunlight would then have enhanced the photo-oxidation of
DMS to SO2−
4 , the levels of which were particularly high during this time period as shown in Fig. 5, whereas the organic
mass loadings were not so affected. Because acidic sulfate
has high kappa values (e.g. 0.90 for sulfuric acid), it is likely
that the relatively sunny time period (18 to 20 August) led to
the aerosol’s κambient values to be driven up to values exceeding 0.7.
The asymptotic value of Fig. 8 (bottom) at high values of
organic to SO2−
4 ratios implies that the κ value of the organics
within the particles (κorg ) was 0.3 ± 0.2 when data collected
during air mass types b, c, and d are considered (i.e. 13–23
August). In particular, superimposed on Fig. 8 are lines that
predict the overall κ value from an assumed value for κorg
and literature values for sulfate κ, where the overall sulfate
is assumed to be a mixture of ammonium sulfate and sulfuric acid, with the relative amounts set by the MOUDI data.
Interestingly, when data collected only during the periods of
clean marine air are considered (i.e. air mass type c during
13, 18–20 August) in Fig. 8 (top), the asymptotic value suggests a somewhat larger κorg . However, this is quite uncertain because there are not many data points at high organicto-sulfate ratios, which best constrain the value of κorg . We
stress that, because the ACSM is sensitive to PM1 , with an
upper size range close to 1 µm, i.e. much larger than the size
of CCN, this can only be viewed as a rough estimation of
Atmos. Chem. Phys., 14, 12307–12317, 2014

κorg , with the assumption that the chemical compositions of
PM1 , and 50 and 100 nm particles are similar to one another.
A few previous studies have inferred values for κorg in marine/coastal settings. For instance, using CCN measurements
taken at a remote marine site in the eastern Mediterranean,
Bougiatioti et al. (2009) carried out a closure study in which
a comparison was made between the predicted total CCN
concentrations according to Köhler Theory and the measured
concentrations. By assuming an organic density, molar mass
and van’t Hoff factor for the aerosol’s organic fraction, κorg
was found to be about 0.16, which is within the range of hygroscopicity parameters for highly aged or oxidized organic
material (0.02–0.2) (Petters and Kreidenweis, 2007). This in
turn resulted in an overall aerosol κ of about 0.3. Similarly,
Martin et al. (2011) conducted a CCN closure study on summer high Arctic aerosol, based on measurements that were
conducted during the Arctic Summer Cloud Ocean Study.
CCN concentrations were predicted using Köhler Theory and
various permutations of the relevant variables (hygroscopicity parameters of organics and sulfate, density of organics,
fraction of water insoluble organics). By comparing the predicted and measured concentrations κorg was found to have
a value of about 0.02 with an upper limit of 0.2, which resulted in an overall mean aerosol κ of 0.33 to 0.50. As was
the case for Bougiatioti et al. (2009), this range in κorg was
comparable to the hygroscopicity parameters of oxidized organic material of continental origin (e.g. Dusek et al., 2010;
Lathem et al., 2013; Petters and Kreidenweis, 2007; Shantz
et al., 2008).

4

Summary and conclusions

A cloud condensation nucleus counter was used to investigate the CCN activity of ambient aerosol particles on the
west coast of Canada (Ucluelet, BC) in August 2013 as one
aspect of NETCARE. These results were used in conjunction with the ambient aerosol’s 2-day average size-resolved
ionic composition as well as PM1 organic-to-sulfate ratios to
assess the role of organics and sulfate in promoting CCN behaviour in a marine environment. Trajectory analysis and the
presence of MSA in the particles are indicative of a significant marine origin to the air masses studied.
The hygroscopicity parameter of the ambient marine
aerosol exhibits a large degree of variability, ranging from
0.14 ± 0.05 to 1.08 ± 0.40, where the highest values arise
when the organic-to-sulfate ratio of the aerosol is lowest and
when the air is clearly marine boundary layer in origin. The
2-day average aerosol ionic composition in the 50 to 100 nm
size range was consistently primarily composed of ammonium and sulfate species. The dominant presence of secondary ionic components such as nss-SO2−
4 (13–39 %), and
the low concentrations of Na+ (a tracer for sea salt), highlights the importance of these secondary species in general,
in addition to the primary components that have been rewww.atmos-chem-phys.net/14/12307/2014/
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ported to be drivers of the CCN properties of marine aerosol
by previous studies (e.g. Andreae and Rosenfeld, 2008).
The PM1 organic-to-sulfate ratio and overall aerosol hygroscopicity was used to estimate the average hygroscopicity
parameter of the organic species contained within the aerosol
(κorg ) during the entire campaign, which was found to be
0.3 ± 0.2. When only considering a period of clean marine
air, there is an indication that κorg was also quite hygroscopic,
but the measurements preclude an accurate determination of
its value.

The Supplement related to this article is available online
at doi:10.5194/acp-14-12307-2014-supplement.
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