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Abstract. The role aerosol chemical composition plays in Arctic low-level cloud formation is still poorly un-
derstood. In this study we address this issue by combining in situ observations of the chemical characteristics of
cloud residuals (dried liquid cloud droplets or ice crystals) and aerosol particles from the Zeppelin Observatory
in Ny-Ålesund, Svalbard (approx. 480 m a.s.l.). These measurements were part of the 1-year-long Ny-Ålesund
Aerosol and Cloud Experiment 2019–2020 (NASCENT). To obtain the chemical composition of cloud residuals
at molecular level, we deployed a Filter Inlet for Gases and AEROsols coupled to a Chemical Ionization Mass
Spectrometer (FIGAERO-CIMS) with iodide as the reagent ion behind a ground-based counterflow virtual im-
pactor (GCVI). The station was enshrouded in clouds roughly 15 % of the time during NASCENT, out of which
we analyzed 14 cloud events between December 2019 and December 2020. During the entire year, the composi-
tion of the cloud residuals shows contributions from oxygenated organic compounds, including organonitrates,
and traces of the biomass burning tracer levoglucosan. In summer, methanesulfonic acid (MSA), an oxidation
product of dimethyl sulfide (DMS), shows large contributions to the sampled mass, indicating marine natural
sources of cloud condensation nuclei (CCN) and ice nucleating particle (INP) mass during the sunlit part of the
year. In addition, we also find contributions of the inorganic acids nitric acid and sulfuric acid, with outstanding
high absolute signals of sulfuric acid in one cloud residual sample in spring and one in late summer (21 May and
12 September 2020), probably caused by high anthropogenic sulfur emissions near the Barents Sea and Kara
Sea. During one particular cloud event, on 18 May 2020, the air mass origin did not change before, during, or
after the cloud. We therefore chose it as a case study to investigate cloud impact on aerosol physicochemical
properties. We show that the overall chemical composition of the organic aerosol particles was similar before,
during, and after the cloud, indicating that the particles had already undergone one or several cycles of cloud
processing before being measured as residuals at the Zeppelin Observatory and/or that, on the timescales of
the observed cloud event, cloud processing of the organic fraction can be neglected. Meanwhile, there were on
average fewer particles but relatively more in the accumulation mode after the cloud. Comparing the signals of
sulfur-containing compounds of cloud residuals with aerosols during cloud-free conditions, we find that sulfuric
acid had a higher relative contribution to the cloud residuals than to aerosols during cloud-free conditions, but we
did not observe an increase in particulate MSA due to the cloud. Overall, the chemical composition, especially
of the organic fraction of the Arctic cloud residuals, reflected the overall composition of the general aerosol
population well. Our results thus suggest that most aerosols can serve as seeds for low-level clouds in the Arctic.
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1 Introduction

Aerosol particles interact with solar radiation either directly
by light scattering and/or absorption or indirectly by act-
ing as cloud seeds (Haywood and Boucher, 2000). On an
annual scale, Arctic clouds have an overall warming effect
on the surface (Shupe and Intrieri, 2004). The formation of
a cloud particle requires the availability of sufficient water
vapor and updraft to create supersaturated conditions and
aerosol particles that provide a surface for the water va-
por to condense onto. This subfraction of aerosol particles
is termed cloud condensation nuclei (CCN) or ice nucleat-
ing particles (INPs). The physical and chemical properties of
aerosols play an important role for describing aerosol–cloud
interactions (Köhler, 1936; Seinfeld and Pandis, 2006). Bet-
ter knowledge on their composition, especially of the sub-
fraction activating as cloud droplets, helps to better constrain
their effect in the warming Arctic, in addition to an improved
understanding of their sources.

While in most of the regions on Earth water vapor is the
limiting factor, in the Arctic the availability of aerosol par-
ticles able to act as CCN or INPs can be limited (Maurit-
sen et al., 2011). Due to this limit in aerosol number con-
centrations, aerosol particles in the Aitken mode (diameter
< 80 nm), even as small as 20 nm in diameter, are able to
serve as CCN in the Arctic (Korhonen et al., 2008; Leaitch et
al., 2016; Bulatovic et al., 2021; Pöhlker et al., 2021; Karls-
son et al., 2021, 2022; Siegel et al., 2022).

Overall, the Arctic aerosol particle number, size, and com-
position follow a distinct annual cycle, where long-range at-
mospheric transport dominates the accumulation mode par-
ticles in winter and spring, and frequent new particle for-
mation in the summer dominates the Aitken mode abun-
dance. Fall is the cleanest season with the lowest particle
number and mass concentrations, with only few accumula-
tion mode particles (Tunved et al., 2013). Relatively speak-
ing, the aerosol composition is mainly dominated by sea salt
and long-range transport from lower latitudes in the winter,
while organics of biogenic origin and sulfate are becoming
increasingly important in late spring and summer (Moschos
et al., 2022a). One specific phenomenon in the annual aerosol
cycle is called “Arctic haze”, occurring in late winter and
spring, when enhanced mass concentrations of aerosol parti-
cles mainly composed of long-range-transported sulfate, par-
ticulate organic matter, and heavy metals (but also black car-
bon, nitrate, ammonium and dust; Quinn et al., 2007) are
observed. Among the natural sources, the ocean plays an
important role. Aerosol particles emitted by sea spray can
comprise sea salt and organic material from the sea surface
microlayer (Cavalli et al., 2004; Kirpes et al., 2019). Sea
salt is the largest contributor to particulate matter by mass
across the Arctic. Its relative contribution to total particu-
late matter has been shown to be higher in the dark period

compared to the bright season (Moschos et al., 2022a). In
addition to open ocean, the origin of sea salt has been at-
tributed to blowing snow, especially during the dark season
at high wind speeds over sea ice, e.g. in the central Arctic
(Huang and Jaeglé, 2017). Model simulations from a decade
ago predicted the sea salt emissions to increase with less sea
ice cover (Struthers et al., 2011). An increasing trend in sea
spray emissions was found recently at the Arctic monitoring
station Ny-Ålesund on Svalbard (Heslin-Rees et al., 2020);
however, this trend was linked to changes in the circulation
pattern rather than decreasing sea ice cover.

The organic fraction of Arctic aerosol is dominated by
anthropogenic sources in winter, and natural emissions in-
crease in importance in summer. The primary source region
for wintertime anthropogenic aerosol is Eurasia (Moschos
et al., 2022b). In summer, the growth of aerosol particles
has been associated with the presence of methanesulfonic
acid (MSA), produced from the oxidation of dimethylsulfide
(DMS) released by marine phytoplankton, marine trimethy-
lamine (N(CH3)3), and other organic compounds (Willis et
al., 2016; Beck et al., 2021). The highest particulate MSA
concentrations in Ny-Ålesund were found to occur in May
or June, when phytoplankton biomass is active in the sur-
rounding Greenland Sea and Barents Sea (Jang et al., 2021).

The presence of various particulate organic and sulfate-
containing compounds was recently reported for the summer-
time Arctic Ocean using offline filter analysis (Siegel et al.,
2021). These observations were among the first molecular-
level measurements of semi-volatile aerosols from the high
Arctic. Organic molecules with up to 18 carbon atoms were
identified. The largest signal was observed for compounds
with 5 to 10 carbon atoms and 3 to 4 oxygen atoms. Semi-
volatile organics were found to be involved in aerosol parti-
cle growth during summer in the marine Arctic environment
(Burkart et al., 2017).

Although new information about the chemical composi-
tion of Arctic aerosol is emerging, very little is known yet
about the composition of Arctic cloud residuals (dried liq-
uid cloud droplets or ice crystals), from which information
on the chemical composition of CCN and INPs, aqueous-
phase processing, or condensation of gaseous compounds
(co-condensation; Topping and McFiggans, 2012; Topping
et al., 2013) can be derived. Direct observations are scarce
(Sect. S1 and Fig. S1 in the Supplement) and if available
limited to intensive campaigns over just a couple of weeks;
hence, there is no information on how the properties of cloud
seeds change throughout the year (McFarquhar et al., 2011;
Wendisch et al., 2019). Aircraft observations in spring 2008
near Utqiaġvik (formerly Barrow, Alaska, Indirect and Semi-
Direct Aerosol Campaign (ISDAC)) showed that, compared
to ambient aerosols, cloud residuals contained relatively less
organics and more sea salt and black carbon (Hiranuma et al.,
2013). However, no details on the organic molecular compo-
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sition were reported. In addition, the cloud residuals were
generally larger than the ambient aerosol particles (Zelenyuk
et al., 2010; Hiranuma et al., 2013). In a case study dur-
ing ISDAC, looking at the change in chemical composition
of single particles at different altitudes in a cloud, enriched
sulfate was observed in the cloud residuals compared to the
aerosol population below the cloud (Zelenyuk et al., 2010).
Wendisch et al. (2019) measured cloud residuals by aircraft
over Svalbard during the transition from spring to summer
(end of May until beginning of June in 2017). They observed
trimethylamine and sulfate in the cloud residuals and, to a
lesser extent, metals, organic carbon, and levoglucosan, a
tracer for biomass burning. Higher levels of trimethylamine
were found in cloud residuals sampled over sea ice compared
to over open ocean and drift ice. One very recent study in-
vestigated the composition of cloud residuals in Ny-Ålesund
based on 4 years of observations (Adachi et al., 2022). They
focused on the fraction of sea salt, mineral dust, sulfate, K-
bearing particles, and carbonaceous-material-containing par-
ticles; they found that the cloud residuals have the same com-
position as ambient aerosol particles at positive temperatures,
while at negative temperatures the residuals contained more
mineral dust and sea salt compared to the ambient aerosol,
likely reflecting the good INP ability of mineral dust and sea
spray.

To the best of our knowledge, this study presents the
first molecular-level observations of the chemical composi-
tion of Arctic cloud residuals. We identify organic and in-
organic compounds in cloud residuals in the Arctic region
using in situ measurements from a chemical ionization high-
resolution time-of-flight mass spectrometer (CIMS) coupled
to a Filter Inlet for Gases and AEROsols (FIGAERO), re-
ferred to as the FIGAERO-CIMS, set up behind a ground-
based counterflow virtual impactor (GCVI) for a full year at
the Zeppelin Observatory, Ny-Ålesund, Svalbard (Platt et al.,
2022). We investigate the changes in chemical composition
of cloud residuals during different parts of the year and of
the aerosol population before, during, and after one particu-
lar cloud event.

2 Methods

This section gives an overview of the instrumentation de-
ployed during the 1-year-long Ny-Ålesund Aerosol and
Cloud Experiment 2019–2020 (NASCENT) for this study
and the data processing procedures used to determine the
chemical characteristics of cloud residuals. Further informa-
tion on the campaign and additional instrumentation used
during NASCENT can be found in Pasquier et al. (2022).

2.1 NASCENT campaign

The data presented here were acquired during NASCENT. In
brief, the aim of the campaign was to determine the physical
and chemical properties of trace gases, aerosol, and cloud

particles in high detail with state-of-the-art instrumentation
over the course of a full year. During the campaign, mea-
surements were conducted at different locations and altitudes
near Ny-Ålesund, including the Zeppelin Observatory. In this
study we only focus on the measurements conducted at the
Zeppelin Observatory.

2.2 Zeppelin Observatory

The Zeppelin Observatory near Ny-Ålesund, Svalbard
(78◦54′ N, 11◦53′ E), is one of a few permanent measurement
stations in the Arctic. The observatory itself is located about
2 km south of the small research settlement in Ny-Ålesund,
on Mt. Zeppelin at an altitude of 474 m a.s.l., and is equipped
with instrumentation to continuously measure atmospheric
trace gases, particles, and other atmospheric properties. The
measurement station was established in 1989 and is now part
of several monitoring programs as a global background sta-
tion, e.g. the Global Atmosphere Watch Programme (GAW)
(Platt et al., 2022). The remote location of the observatory
is characterized by the 26 km long Kongsfjorden located to-
wards the north and east and mountainous landscape with
glaciers in the south and west. During the NASCENT year,
low-level mixed-phase clouds were present in all seasons,
covering between 20 % to around 40 % of the monthly cloud
cases (Pasquier et al., 2022). The Zeppelin Observatory itself
is frequently covered in clouds (between October 2019 and
December 2020 about 15 % of the time), providing an ideal
location to study the physicochemical properties of Arctic
clouds and aerosol–cloud interactions.

2.3 Instrumental setup during NASCENT including
GCVI

The instruments used in this study at the Zeppelin Obser-
vatory were connected through a three-way switching valve
(Fig. 1) to a whole-air inlet during cloud-free conditions and
to a GCVI (Brechtel Manufacturing Inc., USA, model 1205)
inlet during cloudy conditions. The inlet height was approx.
480 m.a.s.l. With the whole-air inlet, both interstitial (non-
activated) aerosol particles and cloud droplets ∼< 40 µm
were collected, whereas the GCVI inlet only sampled cloud
droplets and ice crystals > 6 to 7 µm (aerodynamic diam-
eter). With our setup, we cannot state how large the frac-
tions of droplets and ice crystals were. The only available in-
strumentation to differentiate between a mixed-phase, liquid
or ice cloud is the cloud radar. In brief, the working prin-
ciple of the GCVI is as follows: within a wind tunnel, the
cloud particles are accelerated onto the GCVI tip, where an
opposing air flow (counterflow) is generated such that only
those particles with high enough inertia make it into the sam-
pling flow, thereby removing the interstitial aerosol and par-
ticles < 6–7 µm (Ogren et al., 1985; Noone et al., 1988).
This lower cutoff size of the GCVI was achieved by keeping
the counterflow always 1 L higher than the sampling flow,
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16 and 15 L min−1, respectively. Regular zero checks were
done during operation where the counterflow was set close
to 0 L min−1 during cloud-free conditions to ensure that the
flow control operates well. The quality of the counterflow
was also routinely tested by switching off the wind tunnel
and only sampling counterflow through the sample line. A
more detailed description and evaluation of the inlet system,
the GCVI, and additional instrumentation used to character-
ize microphysical aerosol and cloud residual properties are
available in a previous study (Karlsson et al., 2021).

The number of cloud particles sampled with the GCVI is
higher compared to the actual ambient cloud particle concen-
tration. This enrichment of particles can be corrected for by
calculating an enrichment factor (EF), which is determined
by the settings of the GCVI (sampling flow and airspeed in
the wind tunnel) and its geometry (Shingler et al., 2012). We
used the median EF (EFmed) of the respective sample to cor-
rect the DMPS1 (differential mobility particle sizer) data dur-
ing times when we sampled cloud residuals. For the entire
dataset discussed here, the EFmed was in the range of 6.8 and
19.5 (mean 11.1, median 10.5, Table 1).

In addition, a sampling efficiency (eff) needs to be deter-
mined for particle number concentrations sampled behind the
GCVI. The eff depends on the cloud particle number size dis-
tribution and has been experimentally calculated for our site
to be 0.46 (Karlsson et al., 2021).

During the NASCENT campaign, the GCVI was partly op-
erated in manual mode and partly in automatic mode. Man-
ual mode means that the GCVI was manually turned on in
the presence of a cloud. As an indication of cloudy condi-
tions, the visibility sensor (Belfort, model 6400) that comes
with the GCVI was used. Similar to Karlsson et al. (2021),
we used a visibility threshold of 1000 m, where visibility be-
low this threshold meant presence of a cloud according to
the World Meteorological Organization’s definition of fog
(World Meteorological Organization, 2018). In automatic
mode, the GCVI was automatically turned on whenever the
visibility at the observatory was equal or less than 1000 m.

2.4 FIGAERO-CIMS

The chemical composition of cloud residuals at molecular
level was obtained from a FIGAERO-CIMS (Aerodyne Re-
search Inc., USA) (Lopez-Hilfiker et al., 2014; Thornton et
al., 2020) using iodide (I−) as reagent ion. The FIGAERO-
CIMS was installed in October 2019, and data are available
almost continuously from November 2019 until December
2020, with a larger gap in July and August 2020.

The FIGAERO-CIMS was installed inside one of the
rooms at the Zeppelin Observatory and connected to two
separate inlet lines (Fig. 1). The particle-phase inlet was
connected via 1

2 -inch stainless-steel tubing to the three-way
valve of the main inlet, switching between the whole-air in-
let and the GCVI inlet. The gas-phase inlet was connected

Figure 1. Setup of the FIGAERO-CIMS and the DMPS at the Zep-
pelin Observatory. A three-way valve (3-way-v) defines the type of
particles sampled. With the whole-air inlet, all particles (referred
to as total particles, i.e. both aerosol particles and cloud particles)
are sampled, whereas the GCVI inlet only samples cloud particles.
Upstream of the FIGAERO-CIMS particle-phase inlet, a second fil-
ter (b-filter) was in place to perform regular particle-phase blanks.
DMPS2 consists of two separate DMPS systems measuring partly
overlapping size ranges. These two size ranges have been harmo-
nized to one dataset in this study. Modified version of Fig. 1 from
Karlsson et al. (2021), where DMPS2 consists of DMPS 2a and
DMPS 2b.

via 1
4 -inch polytetrafluoroethylene (PTFE) tubing to ambient

air directly through a hole in the wall.
The FIGAERO automatically cycled between its two

modes: gas-phase analysis with simultaneous particle depo-
sition and thermal desorption and analysis of the deposited
particulate matter. These two modes are hereafter referred to
as the sampling and heating periods, respectively. The sam-
pling period with simultaneous particle deposition was 2.5 h.
The particles were sampled with a flow of 4 L min−1. During
the gas-phase measurements, zero air was introduced every
40 min for 15 min to obtain the gas-phase background signal.

After the sampling period, the particle-laden filter was au-
tomatically moved to the desorption position. A 2 L min−1

flow of heated ultrapure nitrogen (from a nitrogen genera-
tor, Peak Scientific NG5000) was passed through the filter to
thermally desorb the particles. This heating period was di-
vided into three phases of 20 min each: ramping, soaking,
and cooling. During ramping, the temperature of the nitro-
gen flow passing through the filter was gradually increased
from room temperature to approx. 200 ◦C. During the soak-
ing phase, the heated nitrogen flow was held at this temper-
ature to ensure complete evaporation of the deposited mate-
rial. During the cooling phase, the nitrogen flow was cooled
back down to room temperature. The signals obtained during
the heating procedure (start of the ramping until end of the
soaking) are hereafter referred to as thermograms. Particle-
phase background samples, also called blanks, were col-
lected using a filter upstream of the sampling filter (Fig. 1).
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Automatically switching valves allowed sample air to either
bypass or pass through the zeroing filter (blank). Every third
sampling period was a blank.

The FIGAERO-CIMS data were acquired at 1 s time res-
olution until February 2020 and at 2 s until the end of the
campaign, pre-averaged to 30 s for analysis. To account for
the instrument’s sensitivity on the water vapor pressure in
the ion–molecule reaction region, the data were normal-
ized to the signal sum of iodide (I−; mass-to-charge ratio
(m/z): 126.905) and the iodide–water cluster (H2OI−; m/z:
144.916) (Lee et al., 2014). Since dry nitrogen (N2) is used
to vaporize the particulate compounds during the heating pe-
riod, accounting for the iodide–water cluster signal is not
relevant for the particle-phase data. Using iodide as reagent
ion allows for mainly the detection of polar and oxygenated
compounds (e.g. carboxylic acids), of which we can obtain
the molecular composition up to an m/z of around 600 Th
(thomson) (Lee et al., 2014).

Since the cloud residual samples and blanks of this study
were distributed over the entire year with long periods of
cloud-free conditions and/or instrumental breaks in between,
we treated the signals as if they were offline filter samples
following the procedures detailed by Cai et al. (2023). In
order to take varying instrument backgrounds into account,
for each compound, the signal of the blank thermogram was
scaled by the signal ratio of blank and corresponding sample
thermogram at the end of the soaking period (last 3–6 data
points/last ∼ 1.5 to 3 min, Method 2b in Cai et al. (2023),
Sect. S2, Fig. S2). After this step, the thermograms of the
sample and the scaled blank were integrated from the begin-
ning of the ramping period until the end of the soaking pe-
riod. To obtain the total signal, the integrated thermogram
signal from the scaled blank was subtracted from the in-
tegrated thermogram signal of the sample. The integration
of the thermograms resulted in the total number of detected
ions, which is also the unit of the data reported here.

To obtain the ambient aerosol composition (sampled via
the whole-air inlet) of the two samples before and after the
cloud for the case study of 18 May 2020, we used the neigh-
boring ambient blank and subtracted the integrated thermo-
gram blank from the integrated thermogram sample. We did
not use the scaling approach here, as the instrument back-
ground of neighboring heating periods usually does not differ
substantially.

2.5 DMPS

The particle number size distribution at the Zeppelin Obser-
vatory is continuously measured with a differential mobility
particle sizer (DMPS) since 2000 (Ström et al., 2003; Tunved
et al., 2013). In total there are three DMPS systems installed
at the observatory: one, similar to the FIGAERO-CIMS, be-
hind a three-way valve switching between the whole-air and
GCVI inlets (DMPS1, installed in November 2015) and two
behind the whole-air inlet. The two DMPS systems behind

the whole-air inlet measure partly overlapping size ranges,
which is why the data of these two were harmonized and are
used hereafter as one size range (DMPS2, Fig. 1). DMPS1
measured cloud residuals during cloudy conditions (when the
GCVI was on) and ambient aerosol during cloud-free condi-
tions (when the GCVI was off) in the size range of 10 to
945 nm. DMPS2 measured all ambient particles in the size
range of 5 to 708 nm. More technical specifications of both
DMPS systems can be found in Karlsson et al. (2021).

All the cloud residual number size distributions in this
study were corrected by a factor k (Eq. 1), which is the in-
verse of the product of the sampling efficiency and the en-
richment factor of the GCVI (see Sect. 2.3). No other parti-
cle loss calculations were applied. The data for the number
size distributions of some samples were filtered for potential
droplet splashing according to the procedure described in the
Supplement (Sect. S3).

For the conversion from number to mass concentrations,
we used a density of 1.3 g cm−3, representing secondary or-
ganic aerosol (e.g. Alfarra et al., 2006; Malloy et al., 2009).
The mass-based measurements (e.g. FIGAERO-CIMS) were
not corrected by k, as we only show relative changes when
comparing in-cloud with out-of-cloud conditions and no am-
bient concentrations when comparing the cloud residual sam-
ples. All given sizes in this study refer to the diameter (D).

k =
1

eff× EFmed
(1)

2.6 Back trajectories, meteorological data, and cloud
target classification

Air mass back trajectories were obtained using HYSPLIT
(Stein et al., 2015), starting at 474 m a.s.l. at the Zeppelin
Observatory (3-hourly archive data from the Global Data As-
similation System (GDAS), operated by the National Centers
for Environmental Prediction (NCEP), 1◦ horizontal grid res-
olution). The back trajectories were calculated for 10 d, out
of which the most recent 5 d was used here. Data within and
above the boundary layer were used. The hourly tempera-
ture (T ) and relative humidity (RH) data were downloaded
from EBAS (https://ebas-data.nilu.no, last access: 12 Au-
gust 2021). The cloud target classification for Ny-Ålesund
(Nomokonova et al., 2019) was taken from Cloudnet (https:
//cloudnet.fmi.fi/, last access: 24 November 2022).

2.7 Definition of cloud residuals and selection of
samples

In analogy to the previous study by Karlsson et al. (2021),
we here define cloud residuals operationally as the particles
remaining after drying the cloud droplets and ice crystals col-
lected with the GCVI. This is to clarify that with our instru-
mental setup we do not measure CCN or INPs directly. Even
though cloud residuals are often termed as CCN or INPs in
the literature, this is not entirely correct, as coalescence or
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https://ebas-data.nilu.no
https://cloudnet.fmi.fi/
https://cloudnet.fmi.fi/


6818 Y. Gramlich et al.: Chemical characteristics of cloud residuals

Table 1. Cloud residual samples and the respective sampling start and end dates and times (in UTC) of the FIGAERO-CIMS collection
period, as well as corresponding median visibility, mean temperature (T ), and median enrichment factor (EFmed) during the sampling time.

Cloud residual name Sampling start Sampling end Median visibility Mean T EFmed
(yyyy-mm-dd) (yyyy-mm-dd) (yyyy-mm-dd) (m) (◦C)

2019-12-25 2019-12-25 16:42:29 2019-12-25 19:12:50 233.9 −13.7 6.8
2020-05-18 2020-05-18 07:32:54 2020-05-18 10:03:02 48.8 −3.1 9.7
2020-05-21 2020-05-21 12:47:44 2020-05-21 15:17:46 244.2 −2.4 10.2
2020-06-02 2020-06-02 14:08:20 2020-06-02 16:38:22 135.3 −0.5 10.6
2020-06-12-1 2020-06-12 18:20:20 2020-06-12 20:50:22 76.5 −0.8 10.2
2020-06-12-2 2020-06-12 21:50:23 2020-06-13 00:20:25 265.3 −1.9 10.6
2020-06-14 2020-06-14 01:50:04 2020-06-14 04:20:06 162.9 −1.9 10.3
2020-06-25 2020-06-25 16:59:09 2020-06-25 19:29:11 87.7 4.2 9.6
2020-06-26 2020-06-26 17:29:11 2020-06-26 19:58:44 41.4 −0.3 10.7
2020-06-27-1 2020-06-27 00:28:53 2020-06-27 02:58:55 101.1 −0.5 12.0
2020-06-27-2 2020-06-27 03:58:56 2020-06-27 06:28:58 105.0 −1.1 12.3
2020-09-12 2020-09-12 02:31:29 2020-09-12 05:01:39 168.9 1.2 9.3
2020-10-28 2020-10-28 20:38:37 2020-10-28 23:09:01 407.6 −9.8 19.5
2020-12-09 2020-12-09 10:18:37 2020-12-09 12:49:04 432.6 −4.2 14.1

chemical reactions may occur inside the cloud particles and
thereby modify the original cloud nuclei (Twohy and Ander-
son, 2008).

As mentioned above (Sect. 2.3), the GCVI was not oper-
ated automatically throughout the entire duration of the cam-
paign. As a consequence, there are times when the visibility
at the observatory was above 1000 m, but the GCVI was still
on.

Following from the above, we selected the FIGAERO-
CIMS cloud residual samples according to the following cri-
teria:

– The inlet was set to GCVI during the entire 2.5 h sam-
pling time of the FIGAERO-CIMS, and GCVI flows
were fully operational for at least 95 % of the sampling
time.

– The median visibility during the 2.5 h sampling time
was below 1000 m.

Following these criteria, we are left with in total 14 cloud
residual samples and 10 cloud residual blanks from the
NASCENT campaign. An overview of the cloud residual
samples and the respective ambient conditions during the
sampling times are listed in Table 1.

3 Results and discussion

3.1 Seasonal distribution of cloud residuals
characterized by FIGAERO-CIMS

Figure 2 shows the monthly number of cloud residual sam-
ples and related blanks measured with the FIGAERO-CIMS
during NASCENT, as well as the corresponding monthly
total number of hours with visibility below 1000 m, am-
bient temperature, and RH. The monthly average temper-

ature during the year-long campaign was lowest in March
(−19 ◦C) and highest in July (7 ◦C) (Fig. 2a). Based on the
temperature, most of our cloud residual samples are proba-
bly originating from mixed-phase clouds. Compared to the
meteorological average (1994–2018), the winter months of
NASCENT were around 6 K colder, and the summer slightly
warmer (around 2 K) (Pasquier et al., 2022). Monthly av-
erage RH was lowest in December 2019 and January 2020
(67 %) and highest in June and July (91 %, Fig. 2b).

Overall, the cloud occurrence at the measurement sta-
tion was higher from February to September than during the
winter months, as observed previously (Chernokulsky et al.,
2017; Dekhtyareva et al., 2018; Gierens et al., 2020). March
and June were the 2 months with the most hours of cloudy
conditions at the observatory (Fig. 2c). Unfortunately, during
that period, the GCVI was run mostly in manual mode and
therefore not always following the visibility threshold crite-
rion. The sampling time with the GCVI inlet was highest in
June, resulting in total eight cloud residual samples and six
blanks. In May we collected two samples and two blanks,
and in September we collected only one cloud residual sam-
ple and one blank. During October 2020 and December 2019
and 2020, we could only measure one cloud residual sam-
ple in each month. Although the haze season (March–May)
showed cloudy conditions (19 % of time), we did not mea-
sure cloud residual samples in this period due to problems
with the instrumentation (in only 15 % of the cloudy condi-
tions the GCVI was on).

In the following, we will focus first on the number size dis-
tribution of ambient and cloud particles during NASCENT
before we discuss their chemical composition in more detail.
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Figure 2. Atmospheric conditions during the entire year of
NASCENT measurement and number of cloud residual samples.
(a) Monthly mean and median temperature; (b) monthly mean and
median relative humidity. The shaded grey area represents the stan-
dard deviation. (c) Monthly total hours of visibility below 1000 m
for at least 5 min (solid line) and corresponding total hours of sam-
pling with the GCVI inlet (GCVI ON, dashed line), as well as the
number of FIGAERO-CIMS cloud residual samples (sample) and
blanks (blank) collected in the individual months.

3.2 Number size distributions of cloud residuals during
NASCENT

Karlsson et al. (2021) analyzed 2 years of cloud residuals
and corresponding total particle (cloud residuals and non-
activated particles) sizes and number concentrations at the
Zeppelin Observatory. They found that cloud residuals and
aerosol particles have a similar annual cycle with respect
to number, with highest concentrations in spring and sum-
mer and a minimum in fall and winter. In the winter months
(December–February), they observed a dominating fraction
of Aitken mode particles (D < 80 nm) in the cloud residu-
als, while during Arctic haze until summer (April–June) the
cloud residuals were most frequently found in the accumu-
lation mode. Cloud residual sizes down to 20–30 nm were
observed throughout all seasons. For liquid clouds, smaller
cloud residual sizes occurred at lower total particle numbers.

To illustrate how both the number and the size of the cloud
residuals and the total particles behave for our cloud cases,
we show the number size distributions of cloud residuals and
total particles for a cloud case of winter, spring, summer, and
late fall (Fig. 3). In agreement with Karlsson et al. (2021),
we observe more aerosol particles and cloud residuals in the
spring and summer and fewer in winter and fall. Also, the

ambient aerosol size distributions largely follow the findings
from a previous long-term study on ambient aerosol number
size distributions at this site (Tunved et al., 2013) with a dom-
inating accumulation mode in winter and fall and a shift to
more Aitken-mode-dominated distributions in summer. The
number size distributions for the cloud residuals agree with
Karlsson et al. (2021) to some extent: they agree insofar that
they both show accumulation mode cloud residuals dominat-
ing in spring (144 nm on 18 May 2020) and Aitken mode
cloud residuals dominating in winter (18 nm on 25 Decem-
ber 2020). In summer and late fall, our cloud residuals show
a peak in the Aitken mode (56 nm on 12-1 June 2020 and
plateau from around 66 to 144 nm in late fall), while Karls-
son et al. (2021) show that cloud residuals in these seasons
are more dominated by accumulation mode particles. How-
ever, the cloud residuals in our study also exhibit a peak in
the accumulation mode in summer, with lower number con-
centrations compared to the Aitken mode.

As we only focus on a few cloudy events throughout an
entire year, deviations from the seasonal pattern of particle
number and size are expected. This can be illustrated in the
case of the cloud event on 27 June 2020 (samples 27-1 and
27-2 June, Sect. S3, Fig. S3), where the ambient average par-
ticle number concentrations (46 cm−3) are much lower com-
pared to typical conditions during this time of the year (Ström
et al., 2003; Tunved et al., 2013; Karlsson et al., 2021). The
visibility was below 1000 m for several hours before we sam-
pled the two cloud residual samples, and the low aerosol
number concentrations are most likely a result of cloud scav-
enging.

For most of the cloud samples, the average number of
cloud residuals per size bin is smaller than the total num-
ber of particles measured at the same time in the same size
bin (Sect. S3, Fig. S3). This is largely expected, since the
number of cloud residuals is just a fraction of the number
of total particles. However, for three cloud residual samples
(27-1, 25 June, and 12 September 2020), we observe on av-
erage more Aitken mode particles (14–16 nm) in the cloud
residuals than the average total particles. It is possible that
this behavior is a sampling artifact from the GCVI. Karls-
son et al. (2021) have discussed potential artifacts in the
cloud residuals due to shattering of ice crystals when hit-
ting the tip of the GCVI, mainly during the winter months
when the fraction of ice crystals exceeds the number of liquid
droplets. Our sample from 25 December 2019 (T :−13.7 ◦C)
can be grouped into this category. In the 27-1, 25 June, and
12 September 2020 samples, the temperature was between
−0.5 and 4.2◦C, and the sampled clouds were composed
of mostly liquid droplets but contained some ice as well
(Sect. S3, Fig. S4). In analogy to ice crystal shattering, it can
be possible that the enhanced number of cloud residuals with
a peak below 20 nm arises from splashing drizzle droplets
within the funnel of the GCVI wind tunnel. Other possible
reasons could be that in the dry counterflow air, hygroscopic
particles shrink to sizes much smaller than they have at ambi-
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ent high humidity conditions, the capture of smaller particles
by larger particles due to the wake effect (Pekour and Cz-
iczo, 2011), or entrainment of drier air (Targino et al., 2007).
Based on the target classification on all three days, it is likely
that there was drizzle present (Sect. S3, Fig. S4).

These potential artifacts are of negligible relevance for
the discussion of the chemical composition of the cloud
residuals following below, as their contribution to the bulk
mass and hence bulk chemical composition measured by the
FIGAERO-CIMS is small (Sect. S3, Fig. S5). Moreover, in
the case of droplet splashing, only the size of the cloud resid-
uals is affected and not the chemical composition, as the ma-
terial of the splashing droplets would remain in the cloud
residuals when the cloud droplets evaporate.

3.3 Chemical characteristics of cloud residuals

In the following, we discuss the chemical composition of
the cloud residuals of the 14 cloud events measured dur-
ing the year-long NASCENT campaign with the FIGAERO-
CIMS behind the GCVI as a function of season, as well as
in relationship to the composition of the total particle pop-
ulation. With the FIGAERO-CIMS using iodide as reagent
ion, we were able to identify the molecular composition of
in total 1558 different compounds. These include inorganic
compounds, and organic compounds following the formula
IhCiHj OkY−l (Y= {N, S, Cl, Br, Si}), where h is the num-
ber of iodide atoms; i the number of carbon atoms; j the
number of hydrogen atoms; k the number of oxygen atoms;
and l the number of either nitrogen, sulfur, chlorine, bromine
or silicon atoms. In total 1094 of the detected compounds
were clustered with iodide (h= 1–3).

The observed compounds can be grouped as follows based
on their composition: ICHO (h= 1, i > 0, j > 0, k > 0),
CHO (h= 0, i > 0, j > 0, k > 0), ICHON (h= 1, i > 0,
j > 0, k > 0, Y=N, l = 1), ICHOS (h= 1, i > 0, j > 0,
k > 0, Y=S, l = 1), I2CHO (h= 2, i > 0, j > 0, k > 0),
I3CHO (h= 3, i > 0, j > 0, k > 0), and “others”. A sub-
group of ICHO and CHO are likely fatty acids (FA), with
h < 2, 3 < i < 29, k = 2,0 < j < 2× i, representing a nat-
ural origin as they can be released into the atmosphere via
sea spray emissions (Mashayekhy Rad et al., 2018). Lev-
oglucosan (IC6H10O−5 ), a tracer for biomass burning, is part
of the ICHO group. We exclude formic acid (ICH2O−2 ) from
the following analyses due to interference from the gas phase
(Sect. S4, Fig. S7). From the ICHON group, we exclude
IC6H15O7N−. It is unclear where this compound is origi-
nating from, but since it shows a very high signal in the
cloud residual blanks, we attribute it to a background signal.
For the ICHOS group, our focus hereafter lies on MSA (de-
tected as ICH4O3S−, with a clear signal above background,
Sect. S2, Fig. S2). In the “others” group, we include the in-
organic compounds sulfuric acid (SA, detected as IH2SO−4 )
and nitric acid (NA, detected as IHNO−3 ), as well as organic
compounds clustered with more than one iodide ion, I2CHO

and I3CHO, the identification of the molecular formula of
which was not straightforward.

To illustrate the difference in the molecular composition
of the cloud residuals observed during the different sea-
sons of NASCENT, we present a mass spectrum from winter
(25 December 2019), spring (18 May 2020), summer (12-
1 June 2020), and late fall (28 October 2020) each (Fig. 4).
Negative signals occur due to the subtraction of the blank.
For all seasons except winter, we find a clear contribution
of organic compounds across the entire mass spectrum and
higher signals of a few individual compounds such as MSA,
SA, and NA. For most of the cloud residuals in spring, sum-
mer, and fall, the ICHO compounds show a similar pat-
tern to that in mass spectra from offline filter samples from
the summertime high Arctic measured by FIGAERO-CIMS
(Siegel et al., 2021), with several molecules in the mass
range of about 220 until 360 Th. In contrast to spring, sum-
mer, and fall, the winter cloud residuals show signal above
background for only very few compounds, mainly IC3H6O−3
(likely lactic acid) and the fatty acids IC16H32O−2 (likely
palmitic acid) and IC18H36O−2 (likely stearic acid). The two
latter have been previously observed in the sea surface micro-
layer from the Arctic Ocean (Mashayekhy Rad et al., 2018).
However, these observations were from the summertime high
Arctic, and the conditions for winter might not be compara-
ble. In addition, lactic, palmitic, and stearic acid might also
be attributed to handling of the GCVI during maintenance.
We show the impact of these three compounds on the chem-
ical composition of the cloud residuals in Sect. 3.4. In the
dark months, the contribution of organic aerosol to the total
particulate matter is expected to be lower than during the sun-
lit part of the year (Moschos et al., 2022b). The absence of
more oxygenated organics in the wintertime cloud residual
samples seems to reflect this. The average signal-weighted
O : C ratio of the ICHO group is slightly larger than the ra-
tio of the ICHON group (0.55–0.81 and 0.59–0.73, respec-
tively), which is in agreement with offline FIGAERO-CIMS
measurements conducted in the central Arctic (Siegel et al.,
2021).

The cloud residuals observed in spring, summer, and early
fall (18 May until 12 September 2020) show a clear MSA sig-
nal, whereas the cloud residuals observed in late fall and win-
ter (25 December 2019; 28 October and 9 December 2020)
do not (Sect. S5, Fig. S8). The large signal of MSA suggests
a marine contribution to CCN in the summertime. In a re-
cent study from the Southern Ocean, it was suggested that
MSA is formed in the aqueous phase and thereby contributes
to the growth of aerosol particles (Baccarini et al., 2021). In
Sect. 3.5 we investigate this further.
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Figure 3. Average number size distributions of cloud residuals and total particles during the corresponding 2.5 h FIGAERO-CIMS sampling
time of (a) 25 December 2019 (winter), (a) 18 May 2020 (spring), (c) 12-1 June 2020 (summer), and (d) 28 October 2020 (late fall). The
insert in (d) shows the number size distributions of cloud residuals and total particles with the y axis adjusted such that the shapes of the
distributions are visible. The solid and dashed lines represent the mean and median, respectively. The shaded areas are the standard deviations.
The orange and blue numbers show the peak in the particle number size distribution of the total particles and the cloud residuals, respectively.

3.4 Seasonal patterns of cloud residual chemical
components

In general, the ambient organic aerosol mass is much lower
in the dark period of the year than during the bright season.
Based on literature, the particle composition in Ny-Ålesund
during the dark period is dominated by anthropogenic emis-
sions reaching the station due to atmospheric long-range
transport, whereas in the sunlit period of the year natural
emissions can account for almost half of the organic submi-
cron aerosol burden (Moschos et al., 2022a, b). The transi-
tion period from late winter to spring is known as the Arctic
haze, characterized by enhanced aerosol mass concentrations
(e.g. Tunved et al., 2013). In the following, we will investi-
gate how this general pattern is reflected in the cloud residu-
als. We note that we have less cloud residual data during the
winter months, due to less cloudy conditions and lower con-
centrations close to the detection limit, and in the haze month
because of the mentioned problems with the instrumentation
(Sect. 3.1); hence, our observations are skewed towards the
summer months.

In Fig. 5 we present the cloud residual signal of var-
ious compounds and groups of compounds measured by
FIGAERO-CIMS behind the GCVI as absolute signal
(Fig. 5a) and as relative signal (Fig. 5b). We include com-
pounds related to natural (MSA, SA, levoglucosan, FA) and
anthropogenic (ICHON, SA, NA) emissions and show that
they are present in the cloud residuals throughout the year.

We also indicate the absolute and relative signals for the win-
ter samples when excluding the compounds that might be re-
lated to handling of the GCVI (lactic, palmitic, and stearic
acid). For more details about the signals of lactic, palmitic,
and stearic acid and the fact that excluding these compounds
does not change the overall pattern of the chemical composi-
tion during the rest of the year, see Sect. S6 and Figs. S9 and
S10.

The largest fraction of compounds in all cloud residuals is
made up by the organic CHO+ ICHO groups. The relative
contribution of these compounds to the total measured sig-
nal is highest in the two cloud residuals on 12 June, whereas
the absolute signal is highest in the cloud residual sample of
25 June. Except for the sample of 12 September 2020, the
observed absolute signal contribution follows the expected
ambient organic aerosol seasonality (Moschos et al., 2022b).
It is interesting to note that from 25 June until 12 September,
the signal of CHO+ ICHO and MSA both decrease in ab-
solute numbers, but MSA has a more pronounced decrease
in relative terms. This could be linked to the different source
regions. While the MSA precursor DMS peaks in late spring
until early summer (May–June), other organic compounds
are present all year round and have both natural and anthro-
pogenic continental sources (Behrenfeldt et al., 2008; Jang et
al., 2021). The elevated levels of CHO+ ICHO, NA, and lev-
oglucosan in late summer (12 September) indicate an anthro-
pogenic influence, supported by the back trajectories origi-
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Figure 4. Mass spectra of cloud residuals. (a) 25 December 2019, (b) 18 May 2020, (c) 12-1 June 2020, and (d) 28 October 2020. The
detected compounds are presented as I clusters, as detected by the FIGAERO-CIMS.

nating from the large anthropogenic source region of sulfur
dioxide (SO2) in the Kola Peninsula (Sect. S7, Fig. S11).

The absolute signal of organonitrates (ICHON) follows the
pattern of the CHO+ ICHO group, and their relative contri-
bution to the total signal observed with the FIGAERO-CIMS
is similar for the individual cloud residual samples. ICHON
compounds might be related to oxidation of CH(O) and NOx

emissions from year-round ship traffic in the surrounding
seas and the Arctic Ocean or from the nearby power plant
(Eckhardt et al., 2013).

The seasonal contribution of compounds with molecular
formulae corresponding to fatty acids with 4 to 28 carbon
atoms follows the contribution of the CHO+ ICHO. FA-like
compounds were also found in ambient aerosol samples from
the high Arctic with offline FIGAERO-CIMS (Siegel et al.,
2021). Their presence indicates organic-enriched sea spray
as a natural source of CCN (Mashayekhy Rad et al., 2018).
The group of fatty acids also includes the previously men-
tioned palmitic and stearic acid that might be related to hy-
giene products. Excluding these two compounds would de-
crease both the absolute and the relative signal of fatty acids
in 25 December 2020, but the pattern of the rest of the year
remains similar (Sect. S6, Fig. S10).

The seasonal pattern of the absolute signal of NA in the
cloud residual samples is similar to that of the CHO+ ICHO
group for the majority of the samples. However, while
CHO+ ICHO has the highest absolute signal on 25 June,
NA shows the largest absolute and relative signal on 18 May.
Given that NA is related to anthropogenic emissions, and
back trajectories (Sect. S7, Fig. S11) indicate the northern

coast of Russia as the source region, it is possible that there
was a prominent continental contribution to the aerosol pop-
ulation on 18 May.

Levoglucosan (IC6H10O−5 ) is a known tracer for biomass
burning (Simoneit et al., 1999). Of all the compounds and
compound groups we present in Fig. 5, levoglucosan has
the lowest contribution to the observed signal in each of the
cloud residual samples (below 1 % in all samples in Fig. 5b).
We observe elevated absolute signals of levoglucosan in the
cloud residuals from mid-June until 12 September and lower
absolute signals in May and October. These results show that
long-range transport of biomass burning aerosol (Stohl et al.,
2007; Zangrando et al., 2013; Moroni et al., 2020) is con-
tributing to the CCN fraction during large parts of the year.

The measured total contribution of MSA to the cloud
residual mass is overall low in the beginning of the year, in-
creases towards June, and decreases again from September
onwards. We observe the highest contributions to the cloud
residual mass at the end of June 2020. Elevated MSA abso-
lute signal can also be found in the cloud residuals in May,
in the beginning of June, and in mid-September 2020. The
increase of MSA in the cloud residuals towards June fol-
lows the overall pattern of ambient particulate MSA levels
measured with the FIGAERO-CIMS in 2020 (Siegel et al.,
2023). Also in previous years, the ambient concentration of
particulate MSA in Ny-Ålesund was found to follow a sea-
sonal pattern with the highest concentrations in May or June
(Jang et al., 2021; Park et al., 2021; Moschos et al., 2022b).
Since MSA is an oxidation product of DMS, the presence of
MSA in the cloud residuals during the sunlit time of the year
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indicates a marine contribution to the aerosol particle popu-
lation able to act as CCN. This indicates that DMS oxidation
products are relevant to grow aerosol particles to CCN-active
sizes, which is what previous ambient aerosol observations
at the same measurement location already suggested (Park et
al., 2021).

Another oxidation product of DMS is SA, which was ob-
served in the cloud residuals as well. Since SA is formed via
oxidation (in both gas and aqueous phase) of SO2, which has
both anthropogenic (e.g. emissions from coal burning) and
natural origins (e.g. oxidation product of DMS), source re-
gions of the air mass need to be considered to estimate its
origin. The absolute signal of SA in general shows a similar
pattern as the absolute signal of MSA, except for the cloud
residuals on 21 May and 12 September, when both the abso-
lute and relative SA signals are highest of all cloud residual
samples. For 21 May, HYSPLIT trajectories show that the
air mass originated from the southwest and spent some time
over the Greenland Sea, and the Barents Sea and Kara Sea
further east of Svalbard (Sect. S7, Fig. S11). On 12 Septem-
ber, the trajectories show air arriving from the Barents Sea
and the northern coast of Norway. The Greenland Sea south-
west of Svalbard provides a source for DMS emissions, and
air masses from this area have been previously observed to
contain high levels of SA (Lee et al., 2020). A large anthro-
pogenic source region of SO2 emissions, the Kola Peninsula,
is located near the coastal region of the Barents Sea. SO2
emissions from this region have been identified to form SA,
which drives new particle formation far away from the source
region (Sipilä et al., 2021). Given that these high SA concen-
trations do not correlate with the observed MSA, the high
SA signal in the cloud residuals on 21 May and 12 Septem-
ber can probably be attributed to be mainly of anthropogenic
origin. It is interesting to note that on 25 June 2020, the HYS-
PLIT trajectories indicate air coming from near the continen-
tal border between Norway and Russia, similar to 12 Septem-
ber, but with less exposure over the Barents Sea. However,
the cloud residual sample on 25 June contains much less SA
and high MSA. The reason for this could be linked to the
seasonality of MSA, with a large source in June (Jang et
al., 2021). The different signals of the two DMS oxidation
products suggests that the aerosol particles acting as CCN
in the Arctic can have a strong seasonality, and natural sul-
fur sources might contribute to their mass to a large extent
during the phytoplankton bloom season.

3.5 Cloud residual composition and size

To investigate if there is a link between the size and the
sources of the cloud residuals, we investigated the mass frac-
tion of Aitken mode particles (< 80 nm) to particles with
a diameter smaller 1 µm (PM1) and the number fraction of
Aitken mode particles to the sum of Aitken and accumula-
tion mode particles (Fig. 6a), as well as the ratio of MSA-
to-SA (Fig. 6b). Since MSA is only produced from natural

sulfur emissions and SA can be produced from both natural
and anthropogenic emissions, their ratio provides a relative
estimate of the dominating source region. We note again that
this is not a direct comparison of size and chemistry, as the
overall contribution of the Aitken mode to the chemical com-
position is much smaller than that of the accumulation mode.

The number fraction of Aitken mode particles in the cloud
residuals shows a minimum in spring and late fall (18 May
and 28 October 2020) and a maximum in the summer (27-1
and 27-2 June 2020) and in the winter (25 December 2019
and 9 December 2020, Fig. 6a). The contribution of Aitken
mode particles to the PM1 mass of the cloud residuals is
clearly increasing from spring towards summer (18 May un-
til 27-2 June 2020) and is low during the rest of the year. The
dominating number of Aitken mode particles in the winter is
most likely linked to the presence of ice particles that create
artifacts in the GCVI (Karlsson et al., 2021).

In general, the summer period with a high number contri-
bution of Aitken mode particles in the cloud residuals coin-
cides with MSA / SA ratios > 10 and absolute MSA signals
between around 75 000 and 200 000 ions in the cloud resid-
uals (Fig. 6b). The highest MSA / SA ratio is found in the
cloud residual sample on 2 June 2020, suggesting that during
this cloud case the contribution of natural sulfate was high-
est of all the cloud residual samples. In absolute terms, the
largest signal of MSA is found in the cloud residual sample
on 25 June 2020. Aitken mode aerosol particles measured in
Ny-Ålesund have previously been associated with new par-
ticle formation (NPF) events during the summertime when
local sources dominate the aerosol population (Tunved et al.,
2013; Lee et al., 2020). Ambient particulate MSA concen-
trations have been reported to be highest during NPF events,
and based on gas-phase measurements, this DMS oxidation
product has been shown to be an important contributor to the
growth of newly formed particles in Ny-Ålesund (Dall’Osto
et al., 2017; Beck et al., 2021; Park et al., 2021). Aitken mode
particles have previously been shown to play a role as CCN
in the summertime Arctic (Kecorius et al., 2019; Bulatovic et
al., 2021; Karlsson et al., 2022). The combination of the ob-
served dominating Aitken mode and elevated levels of MSA
in the cloud residual samples at the end of June 2020 further
indicates that during this time of the year MSA clearly con-
tributes to the growth of newly formed particles into CCN
sizes.

3.6 Cloud case study – 18 May 2020

In Fig. 7 we present different ambient properties during a
cloud event on 18 May 2020. On this day, we observed a
cloud event before, during, and after which the air masses
were originating from the same region (Fig. 7a). This situa-
tion allowed us to study potential cloud processing of aerosol
particles in detail. To do so, we identified FIGAERO-CIMS
samples before, during, and after the cloud occurrence based
on the observed visibility (Fig. 7b). The Before period de-
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Figure 5. (a) Absolute signal of different compound groups (CHO+ ICHO, ICHON, I0−1Ci=4−28H2iO
−

2 (fatty acids), IHNO−3 (NA),
IC6H10O−5 (levoglucosan), IH2SO−4 (SA), ICH4SO−3 (MSA)) in the different cloud residual samples and the respective PM1 mass. (b) Rel-
ative signal of different compound groups in the different cloud residual samples. Note that in the absolute signal view in panel (a) the
CHO+ ICHO group contains also the signal of IC6H10O−5 and I0−1Ci=4−28H2iO

−

2 , whereas for the relative signal in panel (b) the signal
from these two groups have been subtracted from CHO+ ICHO. The colored horizontal lines in panel (a) indicate the absolute signals of
CHO+ ICHO and fatty acids when excluding the compounds that might be related to handling of the GCVI (lactic, palmitic, and stearic
acid). In analogy, in panel (b) the colored horizontal lines indicate the relative signal of CHO+ ICHO (green), fatty acids (purple), and
ICHON (blue; see Sect. S6, Fig. S10 for the other compound groups) when excluding lactic, palmitic, and stearic acid.

fines the 2.5 h directly before the cloud was observed at the
Zeppelin Observatory, and the visibility was around 60 km.
The During period is equal to the sampling time of the
FIGAERO-CIMS cloud residual sample of 18 May 2020,
measured in the beginning of the cloud when the median
visibility was 49 m. For this time period we measured the
size distribution of both the cloud residuals and the intersti-
tial aerosol particles (together termed total particles) and the
chemical composition of the cloud residuals only. The Af-
ter period refers to the sampling time after the cloud had
dissipated and the visibility was around 75 km. The aver-
age temperature during the cloud event was between −1.7
and −3.5 ◦C, indicating most likely a low-level mixed-phase
cloud, which is also identified as such in the target classifi-
cation (Fig. 7c). The air mass reached the Zeppelin Obser-
vatory from the east, where it spent time over the northern
coast of Russia. Throughout the cloud event, the back trajec-

tories show very similar source regions, with a slight shift to
more marine influence over time. The air mass spent most of
the time above the boundary layer (Sect. S8, Fig. S12). The
accumulated precipitation along the back trajectories was on
average 0.3 mm (median 0.2 mm, max. 1 mm, min. 0 mm).

3.6.1 Changes in aerosol number size distribution

In the before period, the aerosol number size distribution
was composed of a dominating Aitken mode with a peak
at around 45 nm and a smaller contribution of accumulation
mode particles with a peak at around 125 nm (Fig. 7d). The
total aerosol population also included particles in the nucle-
ation mode (8–17 nm).

In the during period, the accumulation mode particles with
a peak at around 144 nm dominated the number concentra-
tion in the cloud residuals (Fig. 7d). A few Aitken mode
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Figure 6. (a) Mass fraction of Aitken mode particles to total PM1 and number fraction of Aitken mode particles to the total number of
Aitken and accumulation (acc) mode particles. As Aitken mode particles we consider particles < 80 nm. (b) Ratio of MSA to SA and their
absolute signal for all cloud residuals.

particles down to around 56 nm were observed in the cloud
residuals as well. Overall, the cloud residuals span a size
range of around 60 to 300 nm. Due to the larger size of the
accumulation mode particles, they are expected to activate
into cloud droplets first. The peak in number occurring at
144 nm for the cloud residuals and lower numbers towards
the 56 nm sized cloud residuals confirm this expected behav-
ior. The total particle population (activated and non-activated
aerosol particles) exhibited fewer particles in the nucleation
and Aitken mode, and slightly more particles in the accumu-
lation mode compared to the before period. Additionally, an-
other peak in the size distribution occurred at around 79 nm
in the total particle population, and a minimum at around
56 nm. The reduced number of nucleation and Aitken mode
particles in the total particle population was probably a result
of their coagulation with the cloud droplets. The second peak
in the Aitken mode could indicate the advection of a differ-
ent air mass. The back trajectories indicate that in the during
period, the air spent less time over the Russian coast com-
pared to the before period, and more time over the Kara Sea
(Fig. 7a). Additionally, while most of the time the air mass
was above the boundary layer in the before, during, and after
periods, there are indications in the back trajectories that in
the during period the air was within the boundary layer when
it was passing over the Kara Sea (Sect. S8, Fig. S12a, b).
In this region, the air mass could have collected the parti-
cles visible as a peak in the number size distribution around
79 nm.

In the after period, the number size distribution showed a
bimodal distribution of Aitken and accumulation mode parti-
cles (Fig. 7d). Compared to the during period, the nucleation
mode particles were completely removed, and the number of
Aitken mode particles had decreased further. Additionally,

compared to the before period, the peak in the accumulation
mode had shifted to a larger size at around 141 nm, similar
to the during period. The average particle number concen-
tration had decreased by about half, from 559 cm−3 in the
before period to 344 cm−3 in the after period. In the during
period, there were on average 456 cm−3 total particles and
105 cm−3 cloud residuals. This decrease in total number can
be mainly attributed to the decrease in Aitken mode particles.
In combination with the shift to larger particles in the after
period, this could indicate growth of the accumulation mode
particles due to coalescence with the Aitken mode particles
in the during period, which resulted in larger aerosol particles
in the after period when the cloud droplets had evaporated. It
is also possible that the accumulation mode particles grew
due to in-cloud processing. We investigate this in the next
section.

The after-period bimodal size distribution with a minimum
between Aitken and accumulation mode at 63 nm (known as
the Hoppel minimum; Hoppel et al., 1986) indicates a non-
precipitating cloud, and this agrees well with observations
from the central Arctic (64 to 71 nm; Karlsson et al., 2022).
According to Hoppel et al. (1986), this minimum is related to
the activation diameter of the aerosol particles. The presence
of a Hoppel minimum in the aerosol size distribution at the
Zeppelin Observatory has frequently been observed (Tunved
et al., 2013).

3.6.2 Changes in aerosol chemical composition

Overall, we observed only small changes in the chemical
composition throughout the cloud event (Fig. 8a, pie charts).
The “other” group, containing largely inorganic sulfur- and
chloride-containing species, contributes the same fraction
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Figure 7. Cloud case on 18 May 2020. (a) 5 d back trajectories of air masses arriving at the Zeppelin Observatory before, during, and after
the cloud event color-coded by time. (b) Time evolution of the visibility and sampling times of the FIGAERO-CIMS samples before, during,
and after the cloud event (grey shaded area). (c) Target classification on 18 May 2020 (Cloudnet, 2021) (d) Number size distributions before,
during, and after the cloud event. Before and after the cloud event, the two DMPS systems both measure behind the whole-air inlet; hence,
they both measure the same particle population during these times. For before and after, we only show the DMPS2 data. During the cloud
event, DMPS1 measured behind the GCVI, and DMPS2 measured behind the whole-air inlet; hence, DMPS1 measured the cloud residuals,
and DMPS2 measured the total particle population. Average total particle number concentrations: 552 cm3 before, 379 cm3 during – total
particles, 96 cm3 during – cloud residuals, 285 cm3 after.

throughout the cloud event. The largest change from the
before period to the after period is the increased fraction
of CHO+ ICHO (also in absolute terms, not shown here),
whereas MSA and NA show a slight decrease. Also, the abso-
lute signal of NA is decreasing from the before period to the
after period (not shown here). MSA and NA show a decreas-
ing trend also from the before period to the during period.
However, the changes in chemical composition are not that
pronounced, which is similar to a study conducted at a moun-
tain site in Sweden using a quadrupole aerosol mass spec-
trometer behind a GCVI observing no significant change in
aerosol composition between before and after a cloud event
(Drewnick et al., 2006).

As the CHO+ ICHO compounds contribute the largest
fraction of cloud residual signal for the cloud case on
18 May 2020 and also of most of the cloud residuals

measured with the FIGAERO-CIMS during the year (see
Sect. 3.4), we investigate this group in more detail and look
at its molecular composition. Overall, the molecular compo-
sition of the CHO+ ICHO group does not change much dur-
ing the cloud event. The majority of the CHO+ ICHO com-
pounds are composed of 2 to 11 carbon atoms and 3 to 6 oxy-
gen atoms (Fig. 8a). Among these, the compounds with four
oxygen atoms, likely dicarboxylic acids, dominate the sig-
nal in the before, during, and the after periods. Dicarboxylic
acids have been shown to be part of the water-soluble fraction
of organic aerosols (Saxena and Hildemann, 1996). In the
during period, the number of oxygen atoms shifts to smaller
numbers. Most of the CHO+ ICHO signal comes from com-
pounds with five and seven carbon atoms. The largest change
is observed for compounds with three carbon atoms. Their
relative contribution is much lower in the before than the
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during and after periods. Compounds that show a smaller
change in relative contribution are those with 4 and 10 carbon
atoms. Their contribution is much higher in the before and
after periods than in the during period (Sect. S8, Fig. S13).
The increase in absolute and relative signal in the after period
compared to the before period is possibly linked to aqueous-
phase oxidation in the cloud droplets.

In the following, we identify individual compounds that
showed an increasing (79 compounds) or decreasing (46
compounds) trend from the before period to the after period
in the cloud event, as well as compounds that are highest dur-
ing the cloud residuals (Fig. 8b, including all CHO+CHOI,
CHION, NA, MSA, SA groups). In Fig. 8b we show the
trends in the form of a mass defect plot to show how the
compounds are spread over the entire m/z range. The highest
during category comprises 428 compounds. Of all the com-
pounds with a change in relative signal, no specific chemical
families could be identified. We therefore focus on the three
compounds showing the most pronounced relative change in
signal in each of the three groups (increasing, decreasing, and
highest during).

The three compounds with the strongest relative increase
were IC4H6O−4 , IC3H4O−4 , and IC5H8O−4 , which are the
chemical formulae corresponding to succinic acid, malonic
acid and glutaric acid, respectively. Succinic and malonic
acid have previously been found in cloud water in continental
Europe (Löflund et al., 2002). We also observed levoglucosan
in this group. Except for succinic acid, these acids have been
found to be able to serve as CCN in the laboratory (Cruz and
Pandis, 1997; Giebl et al., 2002; Rosenørn et al., 2006). It
is likely that the compounds in the increasing category are
chemical tracers of good CCN or produced in the aqueous
phase through oxidation of water-soluble or co-condensing
gases and due to their higher oxidation state are more likely
to stay in the particulate phase after the cloud droplets evap-
orate.

The three compounds that showed the strongest relative
decrease were NA, IC2H4O−3 (might be glycolic acid), and
IC5H6O−4 (might be citraconic acid or glutaconic acid). Their
decrease could be due to either aqueous-phase reactions or
evaporation.

The three compounds that showed the highest signal in
the during period were IC3H6O−3 , IC7H8O−4 , and IC8H10O−4 .
IC3H6O−3 can likely be attributed to lactic acid, whereas the
other two compounds could not be unambiguously identified.
The compounds in the highest during category may be partic-
ularly efficient as CCN or INPs or be formed in the aqueous
phase. However, lactic acid is also a tracer of human activity,
and the high lactic acid signal could therefore indicate con-
tamination from handling of the GCVI during maintenance.

The normalized signal of SA showed that it belongs to the
highest during category. The elevated level of SA in the cloud
residuals indicates aqueous-phase reaction of dissolved SO2
in the cloud droplets (Hoppel et al., 1994). Elevated contribu-
tions of sulfate in the cloud residuals compared to the ambi-

ent aerosol particles were also found in an aircraft study dur-
ing the haze season near Alaska (Zelenyuk et al., 2010). In
contrast to our study, they measured the difference in ambient
particle and cloud residual composition vertically, where am-
bient particles were measured below the cloud. It is interest-
ing that the SA levels in the after period drop down to a sim-
ilar level as in the before period (Fig. 8c). If SA is produced
inside the cloud droplets, we would expect the evaporated
cloud droplets in the after period to be enriched with SA.
SA is rather non-volatile, and partitioning into the gas phase
is therefore unlikely. From the changes in the total particle
number size distribution, we saw an additional Aitken mode
at around 79 nm in the during period, which we attributed
to be linked to advection of a different air mass. Hence, a
possible explanation for the lack of enrichment in SA after
the cloud could be that we were not measuring the same air
mass throughout the cloud event or different air masses were
entrained from above throughout the cloud event.

MSA does not show a clear trend from the before period
towards the after period (Fig. 8b). It showed the highest nor-
malized signal in the before period and the lowest in the dur-
ing period (Fig. 8c). Hence, our data do not support previous
studies stating that MSA is mainly produced in the aqueous
phase (Hoffmann et al., 2016; Chen et al., 2018; Baccarini et
al., 2021; Xavier et al., 2022). The ratio of MSA to SA in the
before and after periods is very similar, whereas in the dur-
ing period the ratio is much smaller (Fig. 8c). This decrease
in the cloud residuals is almost entirely driven by changes
in SA and can either indicate that the during period is influ-
enced by anthropogenic sources or that SA is formed in the
cloud droplets through aqueous-phase oxidation of SO2.

Overall, the chemical composition of the aerosol particles
is similar throughout the cloud event. This indicates that the
aerosol particles were subject of cloud processing already be-
fore we observed this cloud case or cloud processing occurs
on longer timescales than regarded in this study.

4 Conclusions

In this study, we provide the first year-long in situ chem-
ical characterization of cloud residuals at molecular level
from the Arctic. We investigated the chemical composition
of cloud residuals measured with a FIGAERO-CIMS behind
a GCVI inlet at the Zeppelin Observatory, Svalbard, during
the NASCENT campaign. From December 2019 until De-
cember 2020, we analyzed in total 14 cloud events: two in
December (one in 2019 and one in 2020), two in May 2020,
eight in June 2020, one in September 2020, and one in Octo-
ber 2020. No cloud residual sample was collected during the
haze period.

The number concentrations and size distributions of the
cloud residuals agreed roughly with the seasonal pattern ob-
served in the long-term study by Karlsson et al. (2021). We
found that the overall chemical composition of the cloud
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Figure 8. Cloud case on 18 May 2020, chemical composition of total particles before, during and after the cloud event. (a) Pie charts
showing the relative contribution of groups and individual compounds to the measured FIGAERO-CIMS signal. Green: CHO+ ICHO,
purple: fatty acids, blue: ICHON, yellow: ICH4O3S− (MSA), red: IH2O4S− (SA), and grey: IHNO−3 (NA). Bar chart with absolute signal
of CHO+ ICHO compounds before, during, and after the cloud event grouped by the number of carbon (1–19) and oxygen (O1–O10)
atoms. (b) Mass defect plot highlighting individual compounds that show an increasing or decreasing trend during the cloud event (all: all
compounds detected with the FIGAERO-CIMS; increasing: compounds of which the relative signal is increasing from before via during to
after the cloud; decreasing: compounds of which the relative signal is decreasing from before via during to after the cloud; highest during:
compounds of which the relative signal is highest during the cloud compared to before and after). (c) Ratio of MSA to sulfuric acid (SA) and
their normalized signal to the total signal before, during, and after the cloud event.

residuals follows the expected annual cycle of aerosol chem-
ical composition in the Arctic, with a large contribution of
naturally derived secondary aerosol in the form of MSA dur-
ing spring and summer. Organic aerosol was present in the
cloud residuals during the entire year, with higher absolute
signals in the summer compared to winter. Inorganic acids,
namely nitric acid and sulfuric acid, had their largest con-
tribution, both absolute and relative, in spring and late sum-
mer, indicating anthropogenic influence. The biomass burn-
ing tracer levoglucosan was observed in the summer cloud
residuals as well, although its relative contribution to the to-
tal measured signal was below 1 % during the entire year.
Our results indicate that most of the large enough aerosol
particles serve as cloud seeds in the Arctic. In this aerosol-
limited environment, the chemical properties of the aerosol
particles are not as relevant as the physical properties (size
and number).

We observed a general relation between the number of
Aitken mode particles and the amount of MSA in the cloud

residuals, where higher contributions of Aitken mode parti-
cles were present at elevated levels of MSA in the summer.
This indicates that during this time of the year, MSA clearly
contributes to the growth of newly formed particles into CCN
sizes.

In a cloud case study from 18 May 2020, we investi-
gated the change in the aerosol chemical composition due
to cloud processing. To do so, we identified distinct peri-
ods before, during, and after the cloud event, during which
the air was coming from the same region east of Sval-
bard. This cloud case revealed that after the cloud event, the
aerosol population contained a larger relative and absolute
signal of oxygenated hydrocarbons (CHO+ ICHO), possibly
linked to aqueous phase oxidation in the cloud droplets. Ni-
tric acid showed decreasing relative and absolute signal, pos-
sibly linked to evaporation. Among individual compounds
that showed a relative increase throughout the cloud event
are succinic, malonic, and glutaric acid, as well as levoglu-
cosan. No clear increase of MSA in the cloud residuals was
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observed, thus not supporting results from previous studies
that indicated MSA to be formed in cloud droplets. However,
we note that the observed cloud event was rather short (9 h).
Overall, the presence of the cloud did not seem to change the
chemical composition of the aerosol particles much. This in-
dicates, at least for the timescales of a few hours the cloud
could be observed, that cloud processing mainly has an im-
pact on the mass of the aerosol particles and to a lesser extent
on the relative contribution of individual compounds.

Whereas little change was observed for the chemical com-
position of the aerosol particles in comparison to the cloud
residuals, the presence of the cloud reduced the number of
nucleation and Aitken mode particles. This can be attributed
to coagulation of particles and cloud droplets. Overall, the
cloud event shifted the average submicron particle popula-
tion to fewer but slightly larger accumulation mode particles.

The method used in this study allowed us to only inves-
tigate the organic fraction and some inorganic acids in the
cloud residuals. As the Arctic aerosol also contains other
species such as sea salt, heavy metals, or dust, our results
only reflect part of the cloud residual composition. Never-
theless, our study highlights the importance of natural marine
sources as CCN in the Arctic region and further suggests that
the entire organic aerosol fraction can serve as CCN in the
Arctic.

For future experiments, it would be crucial to identify the
size-segregated cloud residual chemical composition, espe-
cially of the Aitken mode particles, which play an important
role in acting as cloud seeds during a large part of the year
(Lawler et al., 2021). In addition, the chemical composition
of the total particle composition (cloud residuals and intersti-
tial aerosol particles) along with the cloud residual composi-
tion should be investigated – in analogy to the data avail-
able for the size distributions. This additional information
would shed light on the chemical composition of the intersti-
tial aerosol particles and would allow us to better determine
the properties of CCN. Offline and size-segregated filter sam-
pling for later FIGAERO-CIMS analysis could be a suitable
option.

In the sunlit part of the year, the contributions of natu-
ral, local aerosol particle sources to the Arctic aerosol are
higher than in the dark period. Our results show that these
sources provide relevant seeds for cloud formation in the
Arctic. Since the highest cloud cover in Ny-Ålesund is usu-
ally expected in summer, the locally produced aerosol par-
ticles could be more important for cloud formation than the
long-range-transported aerosol particles in the dark period.
Especially in the context of a warming Arctic, where more
open ocean provides a larger source for phytoplankton emis-
sions and thereby also MSA formation, the marine envi-
ronment could provide an important source of atmospheric
aerosol particles able to activate as cloud droplets.
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