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ABSTRACT
Cloud Condensation Nuclei (CCN) concentration and aerosol size distributions in the Arctic were collected
during the period 2007–2013 at the Zeppelin observatory (78.91 N, 11.89 E, 474 masl). Annual median
CCN concentration at a supersaturation (SS) of 0.4% show the ranges of 45  81 cm3. The monthly median
CCN number density varied between 17 cm3 in October 2007 and 198 cm3 in March, 2008. The CCN
spectra parameters C (83 cm3) and k (0.23) were derived. In addition, calculated annual median value of
hygroscopicity parameter is 0.46 at SS of 0.4%. Particle number concentration of accumulation mode from
aerosol size distribution measurements are well correlated with CCN concentration. The CCN to CN>10 nm
(particle number concentration larger than 10nm in diameter) ratio shows a maximum during March and
minimum during July. The springtime high CCN concentration is attributed to high load of accumulation
mode aerosol transported from the mid-latitudes, known as Arctic Haze. CCN concentration remains high
also during Arctic summer due to the source of new CCN through particle formation followed by
consecutive aerosol growth. Lowest aerosol as well as CCN number densities were observed during Arctic
autumn and early winter when aerosol formation in the Arctic and long-range transport into the Arctic are
not effective.
Keywords: Arctic aerosol, CCN, arctic troposphere, Zeppelin station

1. Introduction
Aerosols play important roles in Earth’s climate and the
hydrological cycle through their direct and indirect
effects. Emitted by natural and anthropogenic sources,
aerosols can directly influence climate by reflecting or
absorbing the Sun radiation. They also affect climate
indirectly by seeding clouds and changing cloud properties, such as cloud reflectivity and lifetime (IPCC, 2013).
The Arctic is a pristine and particularly sensitive region.
This is manifested by a stronger warming trend compared
to the rest of the globe and high sensitivity to climate perturbations (Law and Stohl, 2007; Shindell and Faluvegi,
2009; Screen et al., 2012). The Arctic tropospheric aerosol

shows large variations in number concentrations, aerosol
size distribution and chemical composition (Stone et al.,
2014). This variability can be largely attributed to varying
seasonal influence of meteorology, long-range air mass
transport, and local vs remote aerosol sources and sinks
(Tunved et al., 2013). Tunved et al. (2013) showed repeating
consistent annual cycle of aerosol number size distribution
based on a decade of observations at Zeppelin station, NyÅlesund, Svalbard. They found that a strikingly sharp transition between spring and summer periods represents a
regime shift between a polluted spring and a relatively
cleaner summer (Engvall et al., 2008; Tunved et al., 2013).
Late winter and spring is a period with strongest influence of long-range transport aerosols from sources at lower
latitudes, the so-called Arctic Haze (Mitchell, 1957). In
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Fig. 1.
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Location of Zeppelin station, Ny-Ålesund, Svalbard.

contrast, late summer and early fall are the cleanest periods
with the lowest accumulation mode number density and
aerosol mass concentration, although number concentration of particles is highest in summer (Str€
om et al., 2003;
Str€
om et al., 2009). Summer and early fall conditions are
occasionally perturbed by events of enhanced aerosol loadings often linked to boreal forest fires (Stohl et al., 2006).
During fall and early winter, long-range transport into the
Arctic is rather inefficient and new particle formation
ceases too. Result is very low and stable aerosol concentrations and properties.
Important characteristics of Arctic aerosols is their role
as cloud condensation nuclei (CCN). The CCN number
concentration is a key factor used to estimate possible
indirect aerosol effect on climate through aerosol driven
modulation of cloud microphysical properties. An
increase in CCN number concentration increases the
cloud droplet number concentration (Twomey and
Warner, 1967; Ramanathan et al., 2001). Clouds formed
under high CCN concentrations tend to have a greater
number of smaller droplets, which changes cloud albedo,
cloud lifetime and precipitation (Albrecht, 1989; Deng
et al., 2013). The CCN property is controlled by both,
size and composition of aerosols (H€ameri et al., 2001).

Looking at some previous studies, Bigg and Leck
(2001) reported CCN concentrations measured from an
icebreaker at latitudes higher than 80 N, which ranged
between 1 and 1,000 cm3 at a SS of 0.25% during the
whole measurement period (from July to September,
1996). Andreae (2009) showed that CCN concentration in
remote marine regions is 110 cm3.
Zabori et al. (2015) reported size resolved CCN measurements at Zeppelin station for June and August 2008,
and presented hygroscopicity and aerosol trajectory analysis. They showed that air masses are originated from
the Arctic during the measurement period in June 2008,
whereas the measurements from August 2008 were influenced by mid-latitude air masses.
There have also been several studies on using aircraft for determining Arctic CCN concentration (Hegg
et al., 1995, 1996; Yum and Hudson, 2001; Moore
et al., 2011; Lathem et al., 2013). The studies show the
high variability of CCN concentration in the Arctic
region; this is mainly thought to be due to different
CCN source regions (upper troposphere vs. lower
boundary layer), production/loss mechanisms, in–cloud
processing and air mass origins (Shindell et al., 2008;
Browse et al., 2012).

CCN IN THE ARCTIC LOWER TROPOSPHERE

Data on long term Arctic region CCN are sparse and
majority of studies available are constrained to temporarily
limited field experiment. Previous results show a variation
in CCN concentration depending on air mass origin
(Hoppel et al., 1973; Shaw 1986; Martin et al., 2011). Shaw
(1986) measured CCN spectra of Arctic haze for January
and February, 1985 in central Alaska, and found that CCN
concentrations to be few hundred per cm3. Martin et al.
(2011) measured CCN particles during a cruise conducted
for three weeks in August/September, 2008. At a mean SS
of 0.10%, mean CCN concentration was 14.0 ± 11.0 cm3.
Hoppel et al. (1973) presented aircraft measurements in
February, 1972 above Alaska. During the period of their
measurements, an increase in CCN concentration from
about 100 cm3 to about 400 cm3 was measured at
1.75 km and 4 km altitude, respectively. However, the direct
comparison is not easy due to the different supersaturation
as well as various measurement conditions.
In this study, seven years (2007–2013) of CCN measurements at the Zeppelin observatory at Svalbard are
analysed and discussed with respect to long-term and seasonal variability and trends. To our knowledge, this study
presents first long-term CCN observations on seasonal
and annual scales from the Arctic region.

2. Experimental measurements
2.1. Measurement site
The CCN and ambient aerosol measurements were carried
out at the Zeppelin research station (78.91 N, 11.89 E, 474
masl), situated about 2 km south–west of the small settlement
of Ny-Ålesund, Svalbard (Fig. 1). The CCN measurements
started at Zeppelin in year 2007. In this study, the analysis
cover the period of 7 years from 2007 to 2013. The station is
considered to be within the atmospheric boundary layer, but
above the local inversion layer most of the time (Tunved
et al., 2013). This unique location makes the observatory an
ideal platform for the Arctic lower troposphere studies.

2.2. Instrumentation and experimental setup
The commercial Droplet Measurement Technologies
(DMT) CCN counter with one column (CCNC-100) was
used to measure CCN concentrations at supersaturations
(SS) of 0.2, 0.4, 0.6, 0.8 and 1%. In CCNC scanning mode,
each SS level was measured for 5 min (SS of 0.2% was
measured for 10 min) before changing to the next. After
completion of the cycle at 1% SS level, measurements
started again from 0.2%. In DMT CCNC measurement
system, a positive temperature gradient is applied to the
CCN column in the streamwise direction. Supersaturation
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is controlled by the streamwise temperature gradient, total
flow rate, and pressure (Lance et al., 2006).
Particle number size distributions in a range between
0.01 and 0.561 mm were measured by a closed–loop differential mobility particle sizer (DMPS), consisting of a
medium size Hauke differential mobility analyzer in combination with a TSI condensation particle counter (CPC
3010). Measurements were done with a time resolution of
10 min from 2007 to 2010, and 20 min from 2011 to 2013.
The difference in the time resolution of DMPS measurements were due to system setting change. In addition to
the DMPS, particle number concentrations was measured
by a TSI CPC 3010, particle number concentrations
larger than 10 nm in diameter (CN >10 nm), with 1 min
time interval. All physical indicators have been checked
by in-situ operational personnel. Details about aerosol
measurements can be found in Tunved et al. (2013).

2.3. Sampling periods and data analysis
In this study, data from April, 2007 to March, 2013 are
analysed. Data are based on hourly median values; Daily
(24 h), monthly and annual median values are derived
from the hourly median values. All medians having less
than 50% data coverage are discarded. The 54 monthly
median data were used out of total 72 months.
Corresponding aerosol size distributions were processed
with lognormal modal fitting to derive size distribution
modal properties.

3. Results and discussion
3.1. Annual and seasonal trends of CCN
concentration
We analysed the CCN concentration for the various
supersaturation (from 0.2% to 1.0%). At SS of 0.4%, for
example, the annual median concentrations were 77 cm3
in 2008, 64 cm3 in 2009 and 81 cm3 in 2010. We did
not calculate annual median concentration for 2007 and
2011–2013 as we did not have sufficient data from all
four seasons for these years.
Figure 2 shows median monthly CCN number concentration during the period April 2007 –March 2013. Data
between June, 2011 and April 2012 are missing due to
instrument failure. The monthly CCN concentrations
throughout the periods show a high variability with one
order of fluctuation. During the periods, the lowest
monthly median CCN concentration of 17cm3 was
observed in October 2007, while the highest value of
198cm-3 was measured in March 2008, both at SS
of 0.4%.
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Fig. 2. Monthly median CCN number concentration at various supersaturation (SS) values, April, 2007–March, 2013 (25–75th
percentile ranges: Horizontal bars and corresponding values in the boxes represent median concentrations, the box plot of the first and
third quartiles, and the bars represent the 10th and 90th percentiles).

Figure 3 shows the monthly CCN number concentration for all supersaturations (0.2%, 0.4%, 0.6%,
0.8% and 1.0%). Median CCN concentration is highest
during the spring season, remains at relatively high
levels in summer, and falls to annual minima during
autumn and early winter. In winter, the CCN concentration slowly increases towards a sharp rise in following spring year. This seasonal trend is consistent and
repeating every year as shown in Fig. 2. Figure 3
also shows that, the CCN concentration increases as
SS increases.
The increase of CCN during spring is closely linked
to Arctic Haze period and it has been reported in several earlier studies (Shaw, 1986; Shindell et al., 2008;
Moore et al., 2011). However, previous studies have not
considered the significance of high CCN levels recorded
in summer. During the Arctic Haze period several pollutant display dramatic increases in the concentrations levels (Quinn et al., 2007) but the effect of Arctic Haze
ceases during rather sharp transition to summer conditions during late May-early June (Engvall et al., 2008).
This means that the CCN in summer have different origin.

3.2. Aerosol size distribution and CCN concentration
Figure 4 shows the median values of monthly aerosol
number size distribution and Table 1 shows the three lognormal parameters (total number concentration, geometric standard deviation and geometric mean diameter) for
the Aitken mode and accumulation mode, respectively.
All the parameters shown in Table 1 are seasonal median
values. The Aitken mode number concentration ranges
from 7.3 to 31.3cm-3 during autumn to spring (September
to May), however, in summer (June to August), it
increases distinctively to 112.0cm-3. In terms of accumulation mode, the number concentration increases to
107.5cm-3 in spring, and remain relatively high during
summer (83.4cm-3). In autumn and winter, typical Aitken
and accumulation mode aerosol concentrations are
12.77cm-3 and 27.59cm-3 in autumn and 7.31cm-3 and
36.81cm-3 in winter, respectively. Based on the characteristics of aerosol size distribution and CCN concentration,
the accumulation mode aerosol is dominant sources of
CCN thorough year. The seasonal median ratios of the
CCN to Accumulation mode are the 1.201, 1.212, 0.951,
and 0.952 for winter, spring, summer and autumn
respectively at the SS of 0.4%. The CCN to accumulation
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Box plot of Monthly median CCN number concentration at various supersaturations (SS): April 2007–March 2013.

mode ratio higher than one in autumn and winter shows
that due to low accumulation mode aerosol number density also significant part of the Aitken mode aerosol is
activated as CCN.
In spring, the increase in accumulation mode aerosol
particles associated with Arctic Haze is main driver behind

high CCN concentrations (Fig. 4). In summer, Aitken
mode particles increase more than two fold compared to
spring. The Aitken mode which is prominent in the summer is an indication of local origin of particles
(Heintzenberg and Leck, 2012; Herenz et al., 2018).
Summer is the main nucleation period and aerosol
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Table 1. Seasonal variation in the parameters for bimodal lognormal aerosol size distribution.
Aitken mode

Month
Winter (DJF)
Spring (MAM)
Summer (JJA)
Autumn (SON)

Accumulation mode

Number
concentration
(cm–3)

Geometric mean
diameter (dg1, lm)

Geometric
standard
deviation (rg1)

Number
concentration
(cm–3)

Geometric mean
diameter (dg2, lm)

Geometric
standard
deviation (rg2)

7.31
31.25
112.04
12.77

0.0316
0.0438
0.0379
0.0360

1.46
1.67
1.72
1.67

36.81
107.49
83.42
27.59

0.1874
0.1704
0.1086
0.1269

1.57
1.57
1.74
1.78

population in the Arctic is controlled dominantly by new
particle formation (Tunved et al., 2013). Dimethyl sulphide
(DMS) plays an important role in the formation, and
growth, of new particles through its oxidation to sulphuric
acid and other products (Leaitch et al., 2013; Willis et al.,
2016; Park et al., 2017; Yoon et al., 2017). Growth from
Aitken to accumulation mode is likely due to cloud processing (Hatzianastassiou et al., 1998; O’Dowd et al., 2000;
Leaitch et al., 2013; Croft et al., 2016). Willis et al. (2016)
showed the importance of secondary marine aerosol formation and its role in growing nucleation mode particles
into CCN active sizes in the clean summer Arctic atmosphere. These local origin particles cannot grow enough,
compared with long-range transport particles, which
makes the geometric mean diameter of accumulation mode
particles as well as activation ratio smaller than in spring.
Generally, natural aerosol chemical composition display quite different seasonal cycles compared to
anthropogenic components (Quinn et al., 2002) as the
spring and summer aerosols originate from different sources (Barrie, 1967; Quinn et al., 2007). DMS is an important gaseous precursor for summer Arctic aerosol (Bigg
et al. 2004; Matrai et al. 2008; Deshpande and Kamra,
2014). The enrichment of DMS and its biogenic precursor, proteins and chlorophyll-a in ocean surface microlayer take place during late spring and early summer. Li
et al. (1993) showed that methane sulphonic acid concentrations begin to increase in April, and reach peak values
in May to September. The earlier peak has been attributed to long–range transport and the later peak is mainly
due to local production as the ice recedes and phytoplankton productivity in surface waters become more
active. Black carbon concentration annual cycle as an
indicator of anthropogenic influence distinctly increases
during spring from March to May (Sinha et al., 2017)
indicating increasing black carbon loading associated
with long range transport of air pollutants from mid-latitudes. After Spring-to-summer transition the aerosol
absorption coefficient and other anthropogenic pollution
tracers decrease rapidly and remain low until late winter
and spring following year. The CCN to particle

concentration (CN) ratio provides information on how
large fraction of aerosol population will act in cloud formation. In this study, the ratio is derived using aerosol
number concentration larger than 10 nm in diameter
(CN>10nm) and CCN number concentration (Zabori et
al., 2015).
Figure 5 shows the ratio of CCN to CN>10nm, which
can be defined as the activation ratio (AR). As shown in
Fig. 5, monthly ratios of the CCN to CN>10nm show
distinct annual cycle, with high values in winter and early
spring, and then decreasing from April to July or August.
In spring, high CCN concentration levels make the CCN
to CN>10nm ratio higher and this is mainly because the
aerosol is dominated by accumulation mode. The ratio is
at a minimum in summer due to the increase in Aitken
mode particle at that time. The CCN/CN>10nm ratio
shows a maximum during March (0.85) and minimum
during July (0.28) for the case of SS=0.4%.
In order to examine the activation efficiencies of CN
into CCN at each supersaturation levels, the monthly
mean activation ratio (AR¼CCN/CN>10nm) are plotted
in Figure 6 as a function of SS (from 0.2 to 1.0%). The
AR (Fig. 6) increases steadily with an increase in SS but
the fractional contributions of CN>10nm to CCN (i.e.,
AR) are different thorough the year. Thus, the large AR
(0.80.9 in this study) for higher supersaturation (e.g.
SS>0.6%) means that the considerable smaller particles
are activated to CCN at a given SS. In case of summer,
however, the AR stay down less than 0.5 even for high
supersaturation (SS >0.6%), suggesting that a significant
fraction of CN>10nm still remain unactivated.

3.3. CCN spectra
CCN spectra parameterisation provides an efficient way
to estimate CCN number concentrations as a function of
SS, with very few constants required for numerical modelling. One of the parameterisation of CCN concentration
is a power law, as a function of supersaturation as follows (Zabori et al., 2015; Kim et al., 2017):
N½CCN ¼ C  SSk

(1)
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Monthly variations in aerosol median size distribution.

where N[CCN] is CCN number concentration and SS is
supersaturation in percent.
The C value may explain how many CCNs is available
at certain supersaturation and the k exponent represents
how efficiently the ambient particles can act as CCN. If
the k is highest in the summer, this means that particles
can act as CCN most efficiently as a function of SS,
which means, as SS increases. Particles can act as CCN
more efficiently in summer seasons. In this study, the
coefficients C and k are given by the fitted power-law
function applied to the daily median CCN from SS of 0.2
to 1. For the sampling period 2007–2013, the parameters
C and k are C ¼ 82.8 cm3 and k ¼ 0.2255, as shown in
Fig. 7. Compared with C and k values from other studies,
the current results are within the range of remote region
values. For example, Rogers and Yau (1996) reported
parameter ranges of 30 to 300 cm3 and 0.3 to 1.0, for C
and k respectively, for maritime air, and ranges of 300 to
3000 cm3 and 0.2 to 2.0 for continental air.
According to Hegg et al. (1991) CCN spectra vary
with season; they found C and k are generally larger in

summer than in winter. The long-term measurements in
our study show that the spectra parameters vary seasonally and monthly (Fig. 8). Figure 8 shows that C values
increase during spring (maximum in May) and remain
low in autumn and winter. The k value ranges from
0.0869 (in January) to 0.5606 (in July), and is at a maximum in summer (June to August). This means CCN concentration dependency on SS change is more sensitive
during summer than in spring and other seasons. Zabori
et al. (2015) used data from 2008 and reported k values of
0.482 with C values of 221 at Zeppelin for June 2008.
Using the presented dataset we also derived the hygroscopic parameter j (Petters and Kreidenweis, 2007). The
hygroscopicity parameter, j, has an upper limit of 1.4
for the most hygroscopic atmospheric aerosol. Thus,
lower values of j indicate less-hygroscopic, or less CCNactive, behaviour.
j values can be defined as follows:
j¼

4A3
27D3act ln2 SS

; A¼

4rw Mw
RTqw

(2)
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Monthly ratios of the CCN to the CN >10nm (particle concentration larger than 10nm in diameter) at various SS.

where rw is surface tension of water, R is the universal
gas constant, T is the temperature, Mw is the molecular
weight of water, and qw is the density of water.
According to Furutani et al. (2008), the critical diameter, above which the aerosols activate as CCN, Dact, can
be calculated as follows

Ð Dact
D0

nðDÞdD
Ntot

¼1

CCN
;
CN

(3)

where Ntot is total number concentrations of aerosol particles. D is the electric mobility diameter. In this study,
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Fig. 6.
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Activation ratios of the CCN to CN >10nm (particle concentration larger than 10nm in diameter) as a function of SS.

Figure 7. Box plot of daily median CCN concentration for
each supersaturation (SS) values. Medians of the total numbers
of CCN for each SS scan.

Fig. 8. Monthly variations of CCN spectra parameters (C and k)
during the sampling periods.
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Comparison of the CCN concentration versus aerosol number concentrations of accumulation mode.

CCN IN THE ARCTIC LOWER TROPOSPHERE

D0 was assumed to be 10 nm at the beginning of the
DMPS scan. From this calculation, the j values were
estimated using a monthly median CCN concentration.
As a result, the annual mean j value at a SS of 0.4% was
calculated to be 0.46 and the critical diameter 0.07 lm.
Figure 9 compares aerosol number concentration of
accumulation mode with CCN number concentration. As
Fig. 9 shows, the correlation between CCN and accumulation mode is well correlated with each other for all the
SS (from 0.7718 to 8679). The slope of CCN concentration with accumulation mode ranges from 0.9580 at SS of
0.4% to 1.2046 at SS of 1.0%. Subsequently, these results
show that accumulation mode is the main contributor
to CCN.

4. Summary
In this study, first long-term CCN measurements in
the Arctic are reported and analysed with major focus
on seasonal variability and links to aerosol size distribution. Sampling at the Zeppelin observatory, located
on top of Mt. Zeppelin in Ny Ålesund, Svalbard, was
carried out from 2007 to 2013. Annual median CCN
concentration ranges between 45 and 81 cm3 , and
that CCN varies on a seasonal basis and has distinctive annual cycle. The CCN number concentration
increases drastically during the spring, remains high
during summer and decreases towards annual minimum in autumn and early winter. The high spring
CCN concentration is linked to long-range transport
of polluted air masses from lower latitudes known as
Arctic haze. In contrast to spring, relatively high CCN
number concentration during summer is driven by
processes within the Arctic and it is a result of new
particle formation followed by consecutive growth by
condensation and in-cloud processing.
CCN spectra parameterisation gives values for parameters C and k for the entire sampling period
(2007–2013), based on daily median values, of
C ¼ 82.8 cm3 and k ¼ 0.2255. Correlations between
CCN and particle number concentrations show that
thorough the year all accumulation mode aerosol particles act as CCN at supersaturation >0.2%. During
autumn and winter, when accumulation mode aerosol
concentration is lowest, also significant fraction of
Aitken mode aerosol exist and this is most likely related
with cloud formation. Future studies linking also aerosol chemical composition with the observed CCN behaviour will provide insightful information towards more
comprehensive understanding of aerosol-cloud interactions in the Arctic.
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