
1. Introduction
The Arctic is warming faster than any other environment on the planet (Manabe & Wetherald, 1975; Serreze & 
Barry, 2011). The accelerated warming—Arctic amplification—leads to other changes, such as sea ice decline, 
glacier melt, permafrost thaw, and changes in the composition of the biological communities in the Arctic Ocean 
(e.g., AMAP,  2015). Aerosol particles can affect Arctic climate directly, through interactions with radiation 
(e.g., AMAP, 2015), and indirectly, through interactions with clouds (Albrecht, 1989; Mauritsen et al., 2011; 
Twomey, 1977). Our limited understanding of the feedback mechanisms and local processes related to clouds and 
aerosol–cloud interactions in the Arctic contributes significantly to the uncertainty in projections of future Arctic 
climate (IPCC, 2013). The large differences between polar night and day in terms of, for example, radiation, 
sea ice, cloud type and phase (liquid, mixed-phase, or ice), and atmospheric circulation result in large seasonal 
variations not only in aerosol particle abundance and composition but also in their impact on clouds (e.g., Willis 
et al., 2018). These conditions make the Arctic environment particularly challenging to represent in large-scale 
climate models (e.g., Sand et al., 2017; Schmale et al., 2021; Whaley et al., 2021).

Aerosol particles that activate into cloud droplets are called cloud condensation nuclei (CCN). There are large 
seasonal and regional variations in Arctic CCN number concentrations (e.g., Schmale et  al.,  2021; Willis 
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et al., 2018, and references therein), and summertime high Arctic (above 80°N) concentrations are sometimes 
so low that either low-level clouds do not form due to lack of CCN, or the cloud droplet number concentrations 
are severely limited by the available CCN (Mauritsen et al., 2011; Stevens et al., 2018). Under such CCN-limited 
conditions, a small increase in the CCN concentration can lead to large changes in cloud properties and radiative 
effects (Mauritsen et al., 2011). If the supersaturation is sufficiently high and the concentration of accumulation 
mode particles is very low, there is also potential for Aitken mode aerosol particles (here particles <70 nm in 
diameter based on the average location of the Hoppel minimum (Hoppel et al., 1986) in our data) to act as CCN 
(e.g., Bulatovic et al., 2021; Leaitch et al., 2016; Lohmann & Leck, 2005).

Previous measurements in the high Arctic have suggested a range of potential sources of CCN in the summertime. 
In the boundary layer, the major sources are generally particles formed over the pack ice or in the marginal ice 
zone. This includes, for example, aerosol generated from bubble-bursting at the surface of leads in the ice (e.g., 
Held et al., 2011; Leck & Bigg, 2005), blowing snow from sea ice (e.g., Frey et al., 2020; Yang et al., 2008), 
or secondary marine aerosol formation (e.g., Chang et al., 2011; Siegel et al., 2021) which can also include the 
formation of particles from inorganic vapors such as sulfuric acid (e.g., Beck et al., 2021; Leck et al., 2002) 
or iodic acid (e.g., Allan et al., 2015; Baccarini et al., 2020). Primary marine aerosol can be transported from 
outside the pack ice, but are usually a negligible source of particles to the boundary layer over the pack ice since 
they are efficiently scavenged by the presence of fog and low clouds at the marginal ice zone (e.g., Heintzenberg 
et al., 2006). Anthropogenic and other continental aerosols are generally transported above the boundary layer in 
summer (Stohl, 2006; Thomas et al., 2019), and some studies show that long-range transported aerosol therefore 
have a limited influence on the boundary layer aerosol population (e.g., Kupiszewski et al., 2013). However, 
the free troposphere can be a source of aerosol particles to the boundary layer by entrainment and down-mixing 
through clouds (Igel et al., 2017; Solomon et al., 2011). Therefore, it seems that the importance of free tropo-
spheric aerosols for the formation of low-level clouds is limited by the frequency with which these aerosols come 
into contact with the cloud tops (Igel et al., 2017), and the frequency of this interaction is highly uncertain.

Even in summer, low-level clouds in the Arctic are often mixed-phase (Shupe et al., 2006, 2013), which means 
that to understand them we have to understand not only CCN but also ice nucleating particles (INP) and other 
ice-related cloud processes. Sources of INP outside the high Arctic include glacial dust (Tobo et al., 2019), aerosol 
from boreal regions (Schneider et al., 2021), and marine biogenic aerosol (Ickes et al., 2020; Wilson et al., 2015). 
In the summertime high Arctic, the limited influence of long-range transport means more local sources may also 
be important (Bigg & Leck, 2001; Leck & Svensson, 2015). However, recently Porter et al. (2022) found that the 
most active INP in the central Arctic could be traced back to the waters and coasts of Siberia, while local sources 
in the pack ice and marginal ice zone were less important.

The high Arctic region is difficult to reach and, as a result, most measurements have been conducted in the 
summertime when expeditions are logistically easier. Over the last few decades, several expeditions have been 
carried out aboard different research vessels (e.g., Abbatt et al., 2019; Leck et al., 1996; Leck et al., 2001, 2004; 
Tjernström et al., 2014; Uttal et al., 2002; Wendisch et al., 2019). Detailed in situ measurement campaigns like 
these are necessary to deepen our process understanding of Arctic cloud formation and for improved representa-
tion of Arctic clouds in models, which are required to better understand the role that aerosol–cloud interactions 
play in Arctic amplification and to improve projections of climate change in the Arctic.

Here, we present measurements obtained during the Microbiology-Ocean-Cloud-Coupling in the High Arctic 
(MOCCHA) campaign as part of the Arctic Ocean 2018 (AO18) expedition, which took place on the Swedish 
icebreaker (I/B) Oden during August and September 2018. The expedition extended from the late summer melt 
through the onset of the fall freeze-up (see Vüllers et al., 2021, for a detailed meteorological overview), that is, 
the start of the transition from summer to fall, which allowed us to capture some of the seasonal variation in the 
high Arctic aerosol population and cloud properties. We set out to answer the following main research questions: 
(a) What are the physical and chemical properties of particles forming fog or low-level clouds? (b) What are the 
main sources of cloud-forming particles and how important are particles of local origin relative to long-range 
transported aerosol? (c) How variable are the microphysical properties of cloud-forming particles during summer 
and the transition to early fall?

To address these questions, a ground-based counterflow virtual impactor (GCVI) inlet in conjunction with an 
interstitial and whole-air inlet were deployed for the first time over the central Arctic Ocean. A CVI inlet samples 
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only cloud droplets and ice crystals and allows for measurements of the aerosol particles that remain after removal 
of the water (termed cloud residuals), providing a direct means of characterizing the particles that are present in 
low-level cloud droplets and crystals. Interstitial and total aerosol and cloud residuals were analyzed with respect 
to their size and concentration. Chemical composition measurements using aerosol mass spectrometry and air 
parcel back-trajectory analysis were used to better understand the properties and sources of the particles. These 
measurements provide new insight on aerosol–cloud interactions in the high Arctic.

2. Methods
2.1. Arctic Ocean 2018 Expedition

Data were collected during the AO18 expedition, a joint US–Swedish research cruise to the high Arctic on board 
Swedish I/B Oden. The expedition set out from Longyearbyen, Svalbard (78.22°N, 15.65°E) on 1 August 2018 
and reached the “North Pole” sampling station (89.8932°N, 38.0423°E) on 12 August 2018. On 13 August 2018, 
Oden moored to an ice floe and drifted with the pack ice for approximately 5 weeks (14 August–14 September 
2018) before heading back south, reaching Longyearbyen on 22 September 2018. The ship track and the ice drift 
are shown in Figure 1. On the way to and from the ice drift station, two 24 hr sampling periods in the marginal 
ice zone (MIZ) took place on 3 August (82.1547°N, 9.9695°E) and 19 September (82.2833°N, 19.8333°E), 
respectively. Data from the first MIZ station are not included here because significant influence of ship exhaust 
was observed. The location of the second MIZ station is indicated in Figure 1.

2.2. Inlets and Instrumentation

Measurements of aerosols and clouds were conducted on the fourth deck of Oden, sampling from approximately 
21 m above sea level. Inlets were mounted on the roof of container labs inside which most of the instruments were 
installed (see Figure S13 in Supporting Information S1 for a schematic of the set-up and Table S5 in Supporting 
Information S1 for an overview of the instrumentation).

2.2.1. Inlets

Three main inlets were operated during the expedition:

1.  A GCVI inlet, for sampling cloud residuals (the particles that remain when cloud droplets and ice crystals are 
dried),

2.  An interstitial inlet, for sampling non-activated aerosol particles (<1 μm diameter), and
3.  A whole-air inlet, for sampling activated and non-activated aerosol particles alike.

Figure 1. Sampling locations during the Arctic Ocean 2018 expedition. (a) The map shows the position of Oden throughout the expedition (light purple line). The 
position during the ice drift (14 August–14 September) is highlighted (dark purple) and shown in the inset. The location of a 24 hr sampling station in the marginal 
ice zone (MIZ) on 19 September is marked by an upside-down triangle. The average sea ice concentration (%) for the period 2 August–20 September 2018 (Spreen 
et al., 2008) is also shown. To the right are photos of the ice floe (b) before (20 August) and (c) after (6 September) the freeze-up.
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The GCVI inlet (Brechtel Manufacturing Inc., USA, Model 1205) uses a wind tunnel and a counterflow to sepa-
rate particles based on their inertia, only letting particles above a certain size, that is, cloud droplets and ice 
crystals (henceforth cloud particles), enter the sample flow. A brief description will be provided below; more 
detailed descriptions of CVI inlets can be found in, for example, Ogren et al. (1985), Noone et al. (1988), Shingler 
et al. (2012). The same type of GCVI inlet used during AO18 was extensively evaluated in Karlsson et al. (2021).

The wind tunnel accelerates the cloud particles onto the inlet tip where they meet the compressed, dry air of the 
counterflow. This dries the cloud particles as they travel through the inlet, and the cloud residuals are subse-
quently sampled. The set-up causes particle concentrations to be enhanced relative to ambient concentrations, 
requiring measurements downstream of the GCVI to be corrected. During AO18, the Dp50% cut size of the GCVI 
inlet was 7.8 ± 1.0 μm (cloud particle aerodynamic diameter), and the enrichment factor (EF) was 6.4 ± 0.2 
(both cut size and EF are calculated values but agree well with experimentally determined values, see Shingler 
et al., 2012). The GCVI was installed on the roof of the container (inlet height approximately 20 m a.s.l.). The 
total sample flow was shared between the various instruments sampling behind the inlet and a bypass flow which 
was adjusted to maintain a constant sample flow of 15 L per minute (lpm). The GCVI was operated in manual 
mode, that is, it was manually turned on when there was a fog at the sampling site, determined using the GCVI 
weather system’s integrated visibility sensor (Belfort Instrument, USA, Model 6400). For further details on the 
criteria for fog/clouds, see the Supporting Information S1. The weather system also had a heated precipitation 
sensor, for detecting rain or snow, and an RH and temperature sensor. Our set-up was regularly tested for potential 
leaks by having the GCVI turned on with the wind tunnel air speed set to 0 ms −1 and monitoring that the CPCs 
showed no particles.

The GCVI inlet does not sample all cloud particles with a sampling efficiency of unity (Karlsson et al., 2021; 
Shingler et  al.,  2012) and the actual value needs to be determined experimentally by using collocated cloud 
particle measurements or by comparing the accumulation mode of whole-air and cloud residual size distribution 
for liquid clouds (see Karlsson et al., 2021, for more details). Due to the malfunctioning of the cloud sensor 
(see Supporting Information S1), no reliable size-resolved cloud particle measurements were available for an 
event-based efficiency determination. As such, a constant correction factor had to be used. The GCVI sampling 
efficiency determined during this study is described in more detail in the Supporting Information S1. All cloud 
residual concentrations presented here have been multiplied by a constant factor of 17 (after dividing by the EF), 
assuming cloud residual size and cloud particle size are not correlated.

The interstitial inlet (o.d. 12 mm, length 5 m) used a standard PM1 cyclone with a sharp cut, sampling 50% of the 
particles at 1 μm diameter. The total sample flow was approximately 16.7 lpm. The inlet was installed at a 45° 
angle (inlet height approximately 19 m a.s.l.). The inlet line was heated such that the relative humidity (RH) did 
not surpass 40% as recommended by GAW (WMO/GAW, 2016).

The whole-air inlet (o.d. 3 in, length 4 m), which is designed to sample both interstitial aerosol and cloud particles 
up to approximately 40 μm diameter (follows guidelines for whole-air aerosol sampling in extreme environments: 
Wiedensohler et al., 2014; WMO/GAW 2016), was mounted at a 45° angle on the container roof (inlet height 
approximately 21 m a.s.l.). The inlet was heated to approximately 40°C and had a total sample flow of 90 lpm. 
The RH at the end of the whole-air inlet was also monitored (Hytelog-USB, B  +  B Sensors, Germany; RH 
12.1 ± 2.3% during AO18).

The inlets were fitted with valve switches, which allowed instruments to sample from the whole-air inlet when 
the GCVI was not running, and also allowed some instruments to continually switch between sampling from the 
whole-air inlet and the interstitial inlet (see Figure S13 and Table S5 in Supporting Information S1).

2.2.2. Cloud Measurements

Cloud residual number size distributions were measured with a differential mobility particle sizer (DMPS; 
sample flow 1 lpm) consisting of a custom built medium Vienna type differential mobility analyzer (DMA) and 
a condensation particle counter (CPC; TSI Inc., USA, Model 3010). The DMPS measured particles in the size 
range 10–921 nm diameter. An additional CPC (TSI Inc., USA, Model 3772) was used to measure the total cloud 
residual number concentration. When the GCVI was not on, the DMPS instead sampled from the whole-air inlet.

A particulate volume monitor (PVM; Gerber Scientific Inc., USA, Model PVM-100) was also mounted on the roof 
of the lab container (approximately 20 m a.s.l.), measuring the liquid water content (LWC) and effective radius  
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of the cloud particles. The PVM was regularly calibrated using the standard calibration protocol recommended by 
the manufacturer. Additional small drifts in the LWC and particle surface area (needed to calculate the effective 
radius) were corrected by subtracting the background signal during non-cloud periods.

2.2.3. Aerosol Measurements

Total aerosol particle number size distributions in the size range 10–921 nm were measured with a DMPS (sample 
flow 0.36 lpm) consisting of a custom built medium Vienna type DMA and a mixing condensation particle coun-
ter (MCPC; Brechtel Manufacturing Inc., USA, Model 1702) measuring behind the whole-air inlet. An additional 
MCPC 1702 was used to measure the total particle concentration.

Interstitial particle concentrations were measured by a custom built scanning mobility particle sizer (SMPS; 
details in Supporting Information of Schmale et  al.,  2019), covering the size range 18–661  nm. The SMPS 
switched inlets every hour (even hours whole-air inlet, odd hours interstitial inlet).

Measurements of the chemical composition of non-refractory sub-micron material were performed with a High 
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research Inc., USA) at 1 min 
time resolution. The AMS uses a PM1 aerodynamic lens; a detailed technical description can be found in DeCarlo 
et al. (2006). Zero measurements were conducted several times per week by installing a HEPA filter in front of 
the instrument inlet. These zero measurements were used to adjust the fragmentation table such that the organic 
CO2 concentration during the filter periods fluctuated around zero. The AMS measured sulfate, organics, nitrate, 
ammonium, and chloride with detection limits (at 1 min time resolution) of 6.51, 56.89, 0.86, 0.65, 6.20 ng m −3, 
respectively. The limit of detection (LOD) is derived from the average species concentration during the zero 
filter measurements plus one standard deviation (see the Supporting Information S1 for more about the LOD). 
In our study, methanesulfonic acid (MSA) mass concentration was calculated based on Crippa et al. (2013). The 
detection limit of MSA mass concentration is 0.51 ng m −3. The observed concentrations exceed the detection 
limit. A composition dependent collection efficiency (CDCE, Middlebrook et al., 2012) was applied to the AMS 
data. The AMS switched between the interstitial and whole-air inlets on the same schedule as the SMPS (see 
above).

A multi-angle absorption photometer (MAAP, Thermo Scientific Inc., Germany, Model 5012) was used to derive 
the equivalent black carbon concentration behind the whole-air inlet. The equivalent black carbon concentration 
is determined by assuming a mass absorption coefficient of 6.6 m 2 g −1 (see Petzold et al., 2002, for more technical 
details).

2.3. Meteorological Data

Ship position, temperature, and wind data were obtained from the navigation and meteorological systems of 
Oden (Prytherch & Tjernström, 2019). A detailed description of the meteorological conditions during AO18 can 
be found in Vüllers et al. (2021). Visibility and the presence of precipitation was measured by the GCVI system 
(see above).

2.4. Trajectory Analysis

Trajectories were calculated 10 days backwards from the position of the ship during the entire expedition, using 
the Lagrangian analysis tool LAGRANTO (Sprenger & Wernli, 2015). As meteorological input, wind fields from 
3-hourly operational ECMWF analyses that were interpolated to a regular grid with 0.5° horizontal resolution 
on the 137 model levels were used. In this study, we limit the trajectories to 5 days back in time as a compromise 
between aerosol lifetime and trajectory uncertainties (which increase with trajectory length). Trajectories were 
released from the five lowest model layers since we use them to explain near-surface measurements (inlet heights 
around 20 m a.s.l.). Including trajectories up to model level ∼10 (average release altitude 957 hPa) does not make 
a significant difference in terms of source regions, so using levels 0–4 (average release altitude 1,007–1,011 hPa) 
should be representative of the air we sampled since our inlets were more or less at surface level. In addition, we 
tested the effect of restricting the trajectories to 3, 7, and 10 days (see Figure S3 in Supporting Information S1) 
and the source regions were similar to the ones discussed here based on 5 days.
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The fractions of time each trajectory spent in the boundary layer over land, open ocean, or ice, and the time it spent 
above the boundary layer were calculated. The trajectory positions were interpolated to 15 min time resolution, 
and then each latitude–longitude point was classified as land or ocean using the Python packages Cartopy (Met 
Office, 2010–2015) and Shapely (Gillies et al., 2007). The sea ice concentration (SIC; %) at each data point was 
derived from daily average SIC from the University of Bremen satellite product (Spreen et al., 2008), and data 
points with a SIC >85% were classified as ice. In order to classify a trajectory point as in or above the bound-
ary layer, the pressure along the trajectory was compared to the corresponding boundary layer height pressure 
from the ECMWF analyses. For points above the boundary layer no further distinction was made between land, 
ocean, or ice. The Arctic boundary layer is difficult to accurately represent in models (Birch et al., 2012; Graham 
et al., 2019; Sotiropoulou et al., 2016; Tjernström et al., 2021; Young et al., 2021). However, varying the ECMWF 
boundary layer pressure by ±15 hPa or assuming a constant value (965 hPa, which corresponds to the mean 
boundary layer pressure along all trajectory data points started from the lowest model layer) did not significantly 
change the results or the patterns observed (see Figure S2 in Supporting Information S1).

3. Results
We sampled 25 cloud events with a total of 327 measured cloud residual size distributions, corresponding to 
48.8 hr of in-cloud measurements (for more details on the definition of cloudy periods, see Supporting Infor-
mation S1). The cloud events can be divided into four distinct geographical groups: the transit (icebreaking) 
from the MIZ to the ice drift station at the North Pole, the 5-week ice drift period, the transit (icebreaking) back 
toward  the MIZ, and the second MIZ station (see also Figure 1). We will begin with a data overview, then discuss 
the differences between the different geographical locations and later zoom in on the ice drift period which is the 
main focus of this study.

As AO18 took place in the summer and early fall, the clouds we sampled were liquid or mixed-phase. Unfortu-
nately, we had no means of distinguishing cloud phase and could therefore not characterize cloud droplet resid-
uals and ice crystal residuals separately. Since cloud droplets usually far outnumber ice crystals in mixed-phase 
clouds, it is fairly safe to assume that the vast majority of the cloud residuals we measured were cloud droplet 
residuals. Thus, we will use the terms cloud droplet residual or droplet residual from here on as opposed to the 
more general cloud residual, with the caveat that we cannot exclude the (most likely limited) influence of ice 
crystals on our measurements.

3.1. Cloud Droplet Residual Size Distributions Over the Central Arctic Ocean

Figure 2 shows an overview of the cloud droplet residual number size distributions measured during the AO18 
expedition, in which cloud events longer than 72 min (8 DMPS scans) have been divided to show approximately 
hourly mean size distributions (between 27 and 72 min depending on the length of the main event). Note that the 
size distributions have been normalized by the integrated number concentration and smoothed with a five-bin 
rolling average to better visualize the size modes. Non-normalized size distributions are shown together with 
concurrent whole-air particle size distributions in Figure S17 in Supporting Information S1. Note that the droplet 
residual size distributions in Figure S17 in Supporting Information S1 have been multiplied by a constant factor 
of 17 to account for the GCVI transmission efficiency and that this factor is an average that may over- or under-
estimate droplet residual concentrations when used on shorter timescales.

Overall, the cloud droplet residual size distributions are bimodal, but the cloud events during the first icebreaking 
period stand out as being very much dominated by the accumulation mode (diameter above 70 nm; >80% by 
number). It is clear that there are differences between the sampling locations (MIZ, icebreaking, ice drift), but 
Figure 2 shows that there are also differences within these groups, particularly the longer ice drift period which 
contains the highest number of individual cloud events (n = 18). The average droplet residual diameter seems to 
decrease with time during the expedition, increasing the relative contribution of the Aitken mode (diameter below 
70 nm) from 20% at the start of the ice drift to around 70% around 10 September. However, the Aitken mode is 
almost always present. We can also see that the temperature was generally lower during the second half of the 
expedition (the freeze-up onset was identified as 28 August in Vüllers et al., 2021). The same can be said for the 
number concentration of cloud droplet residuals (shaded outline on axes next to the size distributions in Figure 2), 
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which was highest at the start of the expedition and lowest toward the end of the expedition. Note that the absolute 
concentration of the cloud droplet residuals is approximate (see Section 2.2 and Supporting Information S1).

The temporal trends described above are shown in more detail in Figure S18 in Supporting Information S1. 
The increase in Aitken mode contribution with the start of the freeze-up of sea ice toward the end of August 

Figure 2. Overview of cloud droplet residual size distributions during the Arctic Ocean 2018 expedition. Normalized cloud droplet residual size distributions, color-
coded by the corresponding mean ambient temperature, are shown for all observed cloud events (each mean covers 27–72 min; longer cloud events have been split up). 
The size distributions have been smoothed by a five-bin rolling average. The labels to the left of each distribution indicate the corresponding time. The shading on the 
axes to the right of the size distributions shows the corresponding normalization factors, that is, the droplet residual number concentrations. On the same axes, markers 
show the organics to sulfate ratio (measured with the Aerosol Mass Spectrometer [AMS]), color-coded by the equivalent black carbon concentration (measured with the 
multi-angle absorption photometer). Since the AMS switched between the whole-air (▵) and interstitial (◦) inlet every hour, data from both inlets are shown (depending 
on how individual cloud events were divided, each “hour” either includes AMS data from both the whole-air and interstitial inlets, or only from one of the inlets). Gray 
asterisks mark periods where one or more AMS values were below the detection limit at the relevant time resolution.
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translates to generally smaller droplet residuals (shown as number mean diameter in Figure S18a in Supporting 
Information S1) and coincides with an increase of new particle formation (Baccarini et al., 2020). Figure S18 in 
Supporting Information S1 also shows that, although there are overarching seasonal trends in the transition from 
summer to fall, there can still be significant variability in the microphysical properties of the droplet residuals and 
whole-air aerosol during the individual cloud events which occasionally lasted several hours.

Figure 2 also shows the organics to sulfate mass ratio (from the AMS) and the equivalent black carbon concen-
tration (eBC; from the MAAP) associated with each time period. There is generally a slightly higher organics 
to sulfate ratio within the interstitial aerosol (i.e., smaller, non-activated particles) compared to the whole-air 
(all particles). This behavior could be due to aqueous-phase production of sulfate or preferential activation of 
sulfate-containing particles which are more hygroscopic than particles with relatively more organic substances, 
but it is difficult to say without information on the particle mixing state.

Overall, eBC concentrations were very low (2 ± 6 ng m −3, mean ± standard deviation, during our cloud events). 
Since we only have information about eBC in the whole-air particles, it is not possible to infer anything about the 
eBC content of the cloud residuals. The eBC was elevated during the period before we reached the ice drift station, 
with a maximum concentration of approximately 24 ng m −3 in Figure 2 (80 ng m −3 at 1 min resolution). This is 
about an order of magnitude higher than typical eBC values over the pack ice (e.g., Leck & Persson, 1996), but 
such concentrations are not unheard of. Heintzenberg (1982) attributed similar observations (also in the summer-
time high Arctic) to an injection of polluted air from lower latitudes, and our observations also show that high 
eBC values are associated with a larger fraction of the trajectories having continental influence (see Figure 3a 
with relatively high influence from Northern Eurasia). Thus, it is possible that the higher eBC concentrations 
are due to transported aerosol (e.g., anthropogenic or biomass burning aerosol). However, it is also possible that 
there is a remaining but small influence from the ship exhaust (i.e., a diluted old ship plume), particularly during 
the first icebreaking period which shows the highest equivalent black carbon concentrations in addition to an 
increased contribution of particulate sulfate. The first icebreaking transit required some going back and forth to 
find a way through the pack ice, which increases the risk of encountering an old but diluted ship plume.

3.2. Importance of Geographic Variability

To further investigate the geographical dependence of the cloud droplet residual microphysical properties, Figure 3 
shows the average cloud droplet residual size distribution for each of the periods in Figure 2, together with the 
corresponding average total particle size distribution. For the ice drift and icebreaking periods (Figures 3a–3c), 
the size distribution obtained by subtracting the average interstitial particle size distribution from the average 
total particle size distribution is also shown (in blue; difference is based on SMPS data). This should, ideally, be 
similar to the cloud droplet residual size distribution, since it is an indirect way of measuring the size distribution 
of activated aerosol particles. Note that the absolute concentration of the cloud droplet residuals is approximate 
since the data were corrected using a constant GCVI sampling efficiency (see Section 2.2 and Supporting Infor-
mation S1) as opposed to using the actual measured cloud particle size distribution as done in previous work 
(Karlsson et al., 2021).

As already seen in Figure 2, the cloud droplet residual size distributions are bimodal on average, while which of 
the two modes (Aitken or accumulation) is most prominent varies. The same approximate size modes are present 
in the total and total-minus-interstitial particle size distributions; however, there are some discrepancies. For the 
icebreaking periods (Figures 3a and 3c), the droplet residual Aitken mode extends to slightly smaller diameters 
than the corresponding mode in the whole-air data. The average difference in concentration below 25 nm is 
three and two particles cm −3 for a and c, respectively, corresponding to an excess of around 4% and 19% of the 
respective total cloud droplet residual concentrations. This could potentially be due to differences in the DMPS 
systems’ transmission efficiencies, but then it should show up in all panels. The extension of the droplet residual 
Aitken mode into smaller sizes than the corresponding whole-air size mode could also be due to evaporation 
or volatilization losses in the GCVI or the sampling lines after it. This cannot be confirmed since no gas phase 
measurements were made behind the GCVI, but given that the GCVI counterflow is heated it seems plausible that 
some material could have evaporated. As for the total-minus-interstitial size distributions, they agree reasonably 
well with the droplet residual size distributions in the accumulation mode particle size range, while they show 
fewer Aitken mode particles than the droplet residual size distributions.
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CVI inlet measurements can suffer from sampling artifacts such as droplet/ice crystal shattering (e.g., Karlsson 
et al., 2021) or particle capture by the wake effect (Pekour & Cziczo, 2011), so the question arises if the Aitken 
mode cloud droplet residuals are real or caused by sampling artifacts. Shattering starts to occur at Weber numbers 
of 10–12 (e.g., Twohy et al., 2003), which corresponds to droplet diameters of approximately 60–73 μm under our 
sampling conditions. Ice crystals possibly start to shatter at a slightly smaller equivalent diameters (F. Brechtel, 
pers. comm. 24-02-2022). Even so, these sizes are all significantly larger than the cloud droplets measured during 
AO18 (see e.g., Figure S6 in Supporting Information S1 and later Figure 5h), so droplet shattering seems an 
unlikely cause for the observed discrepancies. The presence of large hydrometeors like rain or drizzle increases 
the risk of droplet shattering producing elevated concentrations of Aitken mode residuals, but precipitation was 
only observed during one of the cloud events. While this event did occur during the first icebreaking period (i.e., 
Figure 3a), no effect on the shape of the cloud droplet residual size distribution was observed by removing the 
scans affected by precipitation, suggesting that this was not the cause of the observed differences.

The total-minus-interstitial size distributions start at 18 nm, so they cannot shed any light on what happens at 
smaller diameters. They do, however, show overall lower concentrations of Aitken mode particles compared to 
the cloud droplet residuals, as mentioned above. Part of this difference could potentially be explained by wake 
capture of particles in the CVI, except this type of artifact should only make up a few percent of the cloud drop-
let residuals at most (Pekour & Cziczo, 2011) and not an entire size mode. So what causes the difference? The 
SMPS (used for the total-minus-interstitial size distributions) has a relatively low signal-to-noise ratio because of 
the shorter scan time and higher number of bins compared to the DMPSs. This could increase the uncertainty in 

Figure 3. Data grouped by sampling location. (a) Transit (icebreaking) from the marginal ice zone (MIZ) to the ice drift station (4–12 August, 31 in-cloud differential 
mobility particle sizer [DMPS] scans), (b) ice drift period (14 August–14 September, 250 in-cloud DMPS scans), (c) transit (icebreaking) back toward the MIZ (15–18 
September, 46 in-cloud DMPS scans), and (d) second MIZ station (19 September, 3 in-cloud DMPS scans). The top row shows the whole-air particle size distributions 
(in gray) and the cloud droplet residual size distributions (in purple, multiplied by 17) for each period. Where available, the whole-air minus interstitial scanning 
mobility particle sizer particle size distribution is also shown in blue. Note the different y-axis scales (a has one scale, b–d share another). Solid and dotted lines show 
mean and median values, respectively, and shaded areas indicate the 25th to 75th percentile ranges. The numbers in the top right corner of each panel show the average 
particle number concentrations (cm −3). The middle row shows the chemical composition measured by the aerosol mass spectrometer and multi-angle absorption 
photometer (MAAP) for each period, where the outer and inner donuts show data from the whole-air and interstitial inlets, respectively. The numbers indicate the 
average total mass in ng m −3. Note that MAAP data are only available for the whole-air inlet (i.e., it is only shown for the outer donut). The bottom row shows the 
density of five-day backward trajectories and the average sea ice concentration for each period.
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the total-minus-interstitial size distributions, particularly in the Aitken mode where the difference is expected to 
be small. Because the total and interstitial size distribution measurements are not concurrent, averaging does not 
necessarily produce better results when the size distributions are highly variable. These uncertainties might mean 
that the total-minus-interstitial and droplet residual size distributions are not necessarily inconsistent with each 
other. As mentioned earlier, it is also possible that evaporation or volatilization losses shrunk some droplet resid-
uals to smaller sizes, but the extent of this effect (if it was active) is uncertain. Regardless, the fact that there is an 
Aitken mode (albeit smaller in concentration) in the total-minus-interstitial data provides independent confirma-
tion of the existence of Aitken mode cloud droplet residuals. This is especially true for the ice drift  measurements 
(our main focus, see Figure 3c and next section) in which there is a clear Aitken mode signal in the total-minus-in-
terstitial data and the cloud droplet residual size modes line up with the total particle size modes.

The average droplet residual number concentration decreases with time, from around 100 cm −3 in Figure 3a to 
an order of magnitude lower in Figures 3b–3d, with the lowest concentrations observed during the second MIZ 
station (see also Figure S18c in Supporting Information S1). The total particle concentration follows a similar 
pattern (see also Figure S18d in Supporting Information S1). The decrease in aerosol number concentration with 
time is also reflected in the AMS data, which shows a decrease in the absolute mass concentrations from both the 
whole-air and interstitial inlets (second row in Figure 3).

The second row in Figure  3 shows the mass fractions of sulfate (𝐴𝐴 SO
2−

4
 ), organics, nitrate (𝐴𝐴 NO

−

3
 ), ammonium 

(𝐴𝐴 NH
+

4
 ), and chloride (Cl −) from the whole-air (outer circle) and interstitial (inner circle) inlets, as measured by 

the AMS. Some compounds are only present in very small amounts, sometimes even below the detection limit 
(see Table S3 in Supporting Information S1 for details on signal strengths). The AMS measures non-refractory 
PM1 and the composition measurements are applicable to the accumulation mode particles but not necessarily to 
the Aitken mode particles, partly because the mass is dominated by the larger particles but also because the AMS 
aerodynamic lens transmission efficiency is lower for Aitken mode particles (e.g., Liu et al., 2007). The AMS 
will also not detect all compounds that were present (e.g., compounds that do not vapourize at or below 600°C 
such as dust, sodium chloride or marine polymer saccharide gels (Orellana et al., 2021)). The bottom row in 
Figure 3 shows the density of five-day backward trajectories for each period to further indicate potential particle 
source regions.

The first ice breaking period (Figure 3a) shows particles containing more sulfate than particles during the other 
periods and trajectories traveling along the ice edge from the Laptev Sea and from Siberia's Taymyr Penin-
sula. The relatively high influence of absorbing particles during this period, seen in Figure 2, is also visible in 
Figure 3a. The simultaneous occurrence of sulfate and black carbon in conjunction with trajectories traveling over 
Siberia suggests either an anthropogenic or a biomass burning influence on the aerosol population, but the sulfate 
could also originate from secondary marine aerosol coming from the Siberian Arctic ocean.

The back trajectories for the ice drift station (Figure 3b) and the second icebreaking and MIZ station (Figures 3c 
and 3d) show relatively more air circulation over the pack ice prior to sampling. A larger fraction of local, high 
Arctic sources is consistent with the pristine conditions indicated by the low number and mass concentrations 
also seen in Figures 3b–3d. The source regions do not change significantly if only trajectory points within the 
planetary boundary layer are considered (see Figure S4 in Supporting Information S1). The ice drift station data 
will be discussed in more detail in the next section.

Figure 3 shows some differences between the whole-air and interstitial chemical compositions. For example, the 
whole-air has a relatively larger sulfate fraction while the interstitial aerosol contains relatively more organics, 
which agrees with the general pattern in the organics to sulfate ratio seen in Figure 2. The observed differences 
between the whole-air and interstitial aerosol chemical compositions are slight in comparison to the differences 
between the sampling periods, and the same overall trends in mass concentration and relative abundance of 
compounds are seen in both inlets. We therefore assume that the measured chemical compositions are also rele-
vant for the cloud droplet residuals (at least in the accumulation mode). A simplified mass-closure between the 
whole-air size distributions and the AMS showed a reasonable agreement (see Figure S9 in Supporting Informa-
tion S1), indicating that the AMS detected most of the relevant particle mass. The average droplet residual mass 
and composition for the periods could be estimated by taking the difference between the whole-air and interstitial 
data; however, due to the fact that the whole-air and interstitial measurements are not simultaneous, the resulting 
difference is uncertain. Figure S10 in Supporting Information S1 shows the result.



Journal of Geophysical Research: Atmospheres

KARLSSON ET AL.

10.1029/2021JD036383

11 of 20

3.3. Origin and Properties of Cloud Droplet Residuals at the North Pole

The location of the start of the ice drift was chosen to be as remote as possible, with limited influence of long-
range aerosol sources, in order to study the importance of local particle sources contributing to cloud formation. 
Potential local sources can be of primary or secondary aerosol origin from the pack ice surface (incl. blowing 
snow) or from water surfaces such as leads or melt ponds. The latter ones changed significantly during the 
expedition, with leads around Oden varying in size and melt ponds starting to freeze toward the end of August. 
Figure 4 shows the ice drift station measurements binned by the number mean diameter (NMD) of the cloud 
droplet residuals. The data were split into six equal-size groups between 32 and 273 nm NMD (each containing 
41 or 42 data points). The NMD of the cloud droplet residual size distributions increases from left to right (panel 
a–f) in Figure 4. Like Figure 3, Figure 4 also includes information about the chemical composition and air origin.

The smaller the NMD, the larger is the Aitken mode fraction of the size distribution, and vice versa. This is also 
reflected in a (moderate) correlation between droplet residual NMD and whole-air NMD (Spearman ρ = 0.59). 
During cloud measurements when the droplet residual size distributions have a larger Aitken mode than accumu-
lation mode fraction, that is, small NMD (Figures 4a and 4b), the corresponding total particle size distributions 
(gray curves) are also dominated by the Aitken mode. Conversely, at larger cloud droplet residual NMD, the total 
particle size distributions have a relatively larger accumulation mode fraction, although the modes are more even 
in magnitude compared to the behavior in the droplet residuals.

Table 1 shows the parameters from fitting a bimodal lognormal distribution to the mean size distributions in 
Figure 4 (see also Figure S19 in Supporting Information S1 for the fit results). In the total particle size distribu-
tions, the mean modal diameter of the Aitken mode is 30–32 nm. The mean modal diameter of the accumulation 
mode increases from 109 nm in Figure 4a up to 163 nm in Figure 4f. These numbers are comparable to values 
reported from previous expeditions in the summertime high Arctic (Heintzenberg & Leck, 2012; Heintzenberg 
et  al.,  2006, and references therein). The number concentration of accumulation mode particles is generally 

Figure 4. Cloud droplet residual size distributions binned by number mean diameter. Cloud droplet residual size distributions from the ice drift period (14 August–14 
September 2018) were split into six equal-size bins (41 or 42 data points) based on the number mean diameter (NMD) of each droplet residual distribution: (a) 
32–79 nm, (b) 79–99 nm, (c) 99–114 nm, (d) 114–126 nm, (e) 126–146 nm, and (f) 146–273 nm. The top row shows the whole-air particle size distributions (in gray) 
and the cloud droplet residual size distributions (in purple, multiplied by 17) for each bin. Solid and dotted lines show mean and median values, respectively, and shaded 
areas indicate the 25th to 75th percentile ranges. The numbers in the top right corner of each panel show the average particle number concentrations (cm −3). The middle 
row shows the chemical composition measured by the aerosol mass spectrometer and multi-angle absorption photometer (MAAP) for each bin, where the outer and 
inner donuts show data from the whole-air and interstitial inlets, respectively. The numbers indicate the average total mass in ng m −3. Note that MAAP data are only 
available for the whole-air inlet (i.e., it is only shown for the outer donut). The bottom row shows the density of five-day backward trajectories for each bin. Note that, 
since the trajectories were calculated for each hour and a given hour may contain size distributions belonging to more than one NMD bin, some trajectories may occur 
in more than one panel. The bottom row also includes the sea ice concentration for the day that contributed the most to each respective NMD bin.
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lower for the bins with small cloud droplet residual NMD. The average total 
particle concentrations observed here (approximately 40–60 cm −3) are lower 
than concentrations from previous expeditions; however, the concentrations 
are not directly comparable since we only present data during fog periods. In 
fact, the whole-air inlet used during AO18 means that our observed concen-
trations are likely to differ from previous measurements also during fog peri-
ods, since earlier expeditions used PM10 inlets which cannot sample the full 
cloud particle distribution (since there was a significant number of cloud 
droplets larger than 10 μm, see Figure S6 in Supporting Information S1). A 
more detailed study focusing on non-fog measurements would be needed to 
determine if the aerosol population during AO18 is different from previous 
years.

The average integrated droplet residual number concentration ranges 
between approximately 22 and 38 particles cm −3 in Figure 4. The mean over 
the ice drift period was 29 cm −3, and the median was 21 cm −3 (25th and 75th 
percentiles of 11 and 40 cm −3, respectively). As mentioned in the method 
section, these concentrations include a constant correction factor of 17 to 
account for the GCVI transmission efficiency. While this is an approxima-
tion, the cloud droplet residual concentrations are nevertheless in the range 
of the most frequently observed CCN concentrations during previous Arctic 
expeditions (also during summer and in the same area) based on CCN coun-
ter measurements for a range of different supersaturation levels (e.g., Bigg & 
Leck, 2001; Leck & Svensson, 2015; Mauritsen et al., 2011, and references 
therein). In terms of size, the fitted modal diameter of the droplet residuals 
varies between 23 and 30 nm for the Aitken mode. These particles are very 
small. Activation diameters in this size range have been indirectly observed 
before in the Arctic by Leaitch et al. (2016), although in their study the small-
est particles were observed in higher-altitude clouds. Modeling studies have 

shown that Aitken mode particles can be important CCN in clean environments with a low number concentration 
of accumulation mode particles (e.g., Bulatovic et al., 2021; Korhonen et al., 2008; Lohmann & Leck, 2005), 
which is relevant for the conditions during the ice drift period of AO18. Baccarini et al. (2020) also showed a case 
study from AO18 where the fog was sustained even in the absence of accumulation mode particles.

Results from a cloud parcel model (Lowe et al., 2019; Partridge et al., 2012; Roelofs & Jongen, 2004) using 
the fitted whole-air size distribution from Figure 4a and assuming a uniform chemical composition are shown 
in Figure S16 in the Supporting Information S1. In Figure 4a, comparing the droplet residual and total particle 
concentrations indicates that around 65% of the aerosol particles are activated (assuming all residuals correspond 
to CCN). Based on the adiabatic parcel model simulations performed, this would require initializing the model with 
a characteristic updraft velocity of around 0.5–0.6 m s −1 (Figure S16b in Supporting Information S1). From the 
simulations we demonstrate activation of particles down to around 25 nm diameter at updraft velocities of 1 m s −1  
for particles consisting of 30% ammonium sulfate and 70% organics (a compromise between the composi-
tion in Figure 4a and the Aitken mode chemical composition in Lawler et al., 2021, cf. below). If the particles 
are assumed to be more hygroscopic (in this case, pure sulfuric acid), the model predicts activation diameters 
approaching 20 nm in dry size (Figure S16a in Supporting Information S1). We suggest two factors that could 
potentially explain the high concentration of Aitken mode droplet residuals we observe: (a) A size-dependent 
chemical composition (more hygroscopic Aitken mode) and (b) The role of sub-grid scale fluctuations in updraft 
velocity on supersaturation, thus droplet activation (e.g., Malavelle et al., 2014; Prabhakaran et al., 2020). Larger 
updraft velocities that correspond to the positive tail of the updraft probability density function (PDF) which may 
exceed 1 m s −1 could be associated with activation of smaller particles.

The updraft velocities required are similar to those observed in Shupe et al. (2008) (0.42 ± 0.47 m s −1 mean ± SD) 
and Shupe et al. (2013) where Doppler cloud radar measurements of central Arctic stratus showed the tail of the 
updraft velocity PDF extended above 1  m s −1. However, the values are quite high compared to some Arctic 
modeling studies in which simulated updraft velocities rarely exceeded 0.5 m s −1 (e.g., Bulatovic et al., 2021; 

NMD 
bin (nm)

Aitken mode Accumulation mode
Hoppel

Min. 
(nm)

N 
(cm −3)

dmod 
(nm) σ

N 
(cm −3)

dmod 
(nm) σ

Residuals 32–79 15 23 1.5 11 87 2.2 81

79–99 20 26 1.6 15 136 1.7 64

99–114 12 27 1.8 12 153 1.4 67

114–126 18 30 2.0 19 153 1.4 64

126–146 13 29 1.7 19 160 1.4 67

146–273 5 29 1.6 15 164 1.5 59

Whole-air 32–79 33 30 1.3 5 109 1.4 64

79–99 31 31 1.3 12 128 1.5 67

99–114 21 31 1.4 16 145 1.5 67

114–126 34 32 1.4 28 148 1.4 71

126–146 30 32 1.4 26 155 1.4 71

146–273 17 32 1.4 20 163 1.5 67

Note. The number concentration of the mode N (cm −3), the mean modal 
diameter dmod (nm), and the geometric standard deviation σ are given for 
the Aitken mode and the accumulation mode. The locations of the Hoppel 
minimum between the two modes are also listed. See Figure S19 in Supporting 
Information S1 for the individual fits.

Table 1 
Lognormal Fit Parameters of the Mean Cloud Droplet Residual and Whole-
Air Particle Size Distributions for Each Cloud Droplet Residual Number 
Mean Diameter (NMD) Bin
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Sotiropoulou et al., 2020). Depending on which updrafts are most relevant for AO18, the parcel model results may 
not fully explain how such a large fraction of Aitken mode particles would be activated. There are many uncer-
tainties in both the model and the measurements, and more detailed information on the in situ updraft velocities as 
well as size-resolved chemical composition data (and a model that can handle such input) including information 
on the surface activity of organics (Lowe et al., 2019) would be needed to fully evaluate the observations. It should 
be noted that cloud dynamical processes such as collision-coalescence, and entrainment were not accounted for in 
the adiabatic parcel model simulations. In addition, no conclusions can be drawn from these simulations regard-
ing fog formation as supersaturation formation during radiative cooling (e.g., Poku et al., 2021) is not simulated.

In the accumulation mode, the cloud droplet residual mean modal diameter ranges from 87 nm in the smallest 
NMD bin up to 164 nm in the largest NMD bin (Table 1). Similarly to the total particle size distributions, the 
modal diameter of the droplet residual accumulation mode increases with increasing NMD and there is a tendency 
for the accumulation mode number concentration to be higher at larger NMD as compared to small NMD.

Figure 5. (a–i) scatter plots of cloud droplet residual number mean diameter (NMD) versus (a–e) whole-air mass fractions of sulfate, organics, nitrate, ammonium, 
and chloride, (f) whole-air organics to sulfate mass ratio, (g) whole-air methanesulfonic acid concentration, (h) cloud droplet effective radius (from particulate volume 
monitor), (i) back trajectory mean latitude, (j) average precipitation rate along the trajectories. In (a–j), Spearman ρ correlation coessfficients are included, with an 
asterisk if the p-value < 0.05. The black stars show the mean values for each NMD bin. In (f–j), the data points are color coded by the day of year. Panel (k) shows a 
stacked bar plot of the back trajectory time fraction spent over land, ocean, ice (sea ice concentration >85%), and above the boundary layer for each NMD bin. The 
black line shows the time fraction spent over ocean divided by the time fraction spent over ice.
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The average AMS mass concentration increases with increasing cloud droplet residual NMD in both the inter-
stitial and whole-air data (middle row in Figure 4). This reflects the increase in the accumulation mode particle 
concentration and size, to which the AMS is most sensitive. There is also an observable trend in the mass frac-
tions of the individual chemical compounds with NMD—periods when small particles dominate are associated 
with a high fraction of organics, while the sulfate mass fraction increases with increasing particle size. However, 
one has to keep in mind that the AMS is sensitive to the accumulation mode and that this correlation does not 
necessarily imply a causation. Ammonium and chloride concentrations are, again, below the detection limit (see 
Table S4 in Supporting Information S1).

The interstitial data show consistently lower sulfate mass fractions than the whole-air data. The same pattern 
was seen in Figure 3 and, as mentioned earlier, could be a result of aqueous-phase production of sulfate or the 
activation of more hygroscopic particles with a high sulfate fraction (since cloud droplets are not sampled by the 
interstitial inlet). With the exception of the last NMD bin, the relative difference between the sulfate fractions in 
the two inlets becomes larger with larger NMD. Figure S11 in Supporting Information S1 shows the difference 
between the whole-air and interstitial data as a proxy for the droplet residual mass and composition. While the 
trend is not quite as linear as in the whole-air data, Figure S11 in Supporting Information S1 shows that the cloud 
droplet residuals in the first two NMD groups have, on average, a higher fraction of organics (more than half the 
mass) than the last four NMD groups (in which sulfate makes up more than half the mass). This is in qualitative 
agreement with recent results from Antarctica (Saliba et al., 2021; Sanchez et al., 2021; Twohy et al., 2021), 
although it should be noted that the meteorology and aerosol sources might differ between the two polar regions. 
However, as demonstrated earlier, this approximation of the droplet residual composition using the AMS data is 
quite uncertain. As far as the Aitken mode is concerned, Lawler et al. (2021) determined the mean Aitken mode 
composition during fog periods (during AO18) to include at least 25% organics such as secondary organic aerosol 
and polysaccharides, while another 25% consisted of inorganic compounds (mostly sulfate). Approximately half 
of the mass was not determined in Lawler et al. (2021), so it is difficult to say whether the Aitken mode particles 
consist of mostly organic or inorganic material.

There is an effect of source regions on the size and composition of the cloud droplet residuals—the groups with 
smallest NMD (Figures 4a and 4b) have more air influence from the pack ice near the Canadian Arctic, while the 
groups with larger NMD (Figures 4d–4f) are relatively more influenced by air coming from the Greenland Sea 
and Siberia. More trajectories traveling over continents or open water, or indeed the MIZ, is consistent with the 
higher sulfate fractions observed for these particles. Figure 4c is a mix of the other two groups, with influence 
from all aforementioned source regions. The source regions do not change significantly if only trajectory points 
within the planetary boundary layer are considered (see Figure S5 in Supporting Information S1).

The trends described above are studied in more detail in Figure 5. The figure shows scatter plots and correspond-
ing correlation coefficients for different chemical and trajectory parameters versus cloud droplet residual NMD. 
The (whole-air) sulfate mass fraction increases with increasing NMD (Figure 5a), while the organic fraction 
decreases (Figure 5b) (Spearman ρ values of 0.57 and −0.52 based on whole-air AMS data for individual DMPS 
scans). There is also a positive correlation between droplet residual NMD and MSA concentration derived from 
the AMS measurements (Figure 5g). Similar trends are observed in the interstitial data, but with slightly weaker 
correlation coefficients (not shown). It is tempting to use these correlations to infer the chemical composition 
of the Aitken mode; however, even in the interstitial data, the Aitken mode makes up less than 10% of the total 
volume (i.e., mass) of the size distributions. Therefore, the differences in composition between the NMD groups 
probably only reflect differences in the accumulation mode composition, which, in turn, could be related to 
source regions or atmospheric processing of the aerosol particles. However, if the aerosol population is not exter-
nally mixed or if both the Aitken and accumulation mode particles were growing by condensation, the chemical 
composition measurements will also be relevant for the Aitken mode.

In the absence of fog or clouds, the primary sink for MSA and sulfuric acid vapors is condensation onto previ-
ously existing aerosol particles (Kerminen & Leck, 2001) or dry deposition (Baccarini et al., 2020). If fog or 
clouds are present, sulfate mass can also be added to the particles through aqueous-phase production (aqueous 
oxidation of sulfur dioxide and dimethyl sulfide) or direct water uptake of MSA and sulfuric acid vapors, though 
the latter is probably less significant (e.g., Barnes et al., 2006; Hoffmann et al., 2016; Chen et al., 2018). In-cloud 
production of sulfate can produce bimodal size distributions like the ones we observe. Table 1, which shows 
the lognormal fit parameters of the mean distributions in Figure 4, also includes the approximate locations of 
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the Hoppel minimum, which, if formed through cloud processing, is the separation of processed (activated) and 
non-processed aerosol particles (Hoppel et al., 1986).

The geometric standard deviation of the accumulation mode is almost constant at 1.4–1.5 for both cloud residuals 
and whole-air (apart from the first two residual classes for which the standard deviation is slightly larger with 
1.7 and 2.2). The Hoppel minima of all binned size distributions from Figure 4 range from 64 to 71 nm for the 
whole-air measurements, which is in the same range as in previous expeditions (Heintzenberg & Leck, 2012) and 
measurements from Alert, Canada (Leaitch et al., 2013). The corresponding Hoppel minima of the cloud droplet 
residuals lie in the same range (59–81 nm, see Table 1). It is notable that we observe cloud droplet residuals 
smaller than the Hoppel minima indicated by the whole-air measurements and that similar Hoppel minima are 
observed in the cloud droplet residual size distributions. While the low number of accumulation mode particles 
(5–28 cm −3, Table 1) could help the Aitken mode particles take up water and activate into cloud droplets, our 
measurements suggest that no significant extra mass was added during cloud processing over the pack ice—
otherwise, the activated Aitken mode particles would grow and the minimum would move, yet we observe a fairly 
constant minimum at 65–70 nm in both the whole-air and cloud droplet residual size distributions—and that the 
characteristics of the accumulation mode particles transported to the North Pole were determined by the sources 
and cloud activation outside the pack ice. In other words, while there may be cloud processing and addition of 
secondary mass in, for example, the marginal ice zone, our observations suggest that additional cloud encounters 
as the air mass travels over the pack ice do not lead to any significant further additions of mass.

Figure 5k, which shows the fraction of time the trajectories spent over land, ocean, ice, and above the boundary 
layer for each NMD bin, also shows that the time fraction over ocean relative to ice increases with increasing 
NMD. Relating this back to the trends in chemical composition, it would seem that a higher fraction of organic 
material in the accumulation mode is associated with more travel time over the ice, while a higher sulfate fraction 
is associated with more travel time over the ocean. Given the apparent lack of aqueous-phase production of sulfate 
over the pack ice, it is a possibility that the differences in chemical composition mostly reflect different stages of 
aging of the accumulation mode aerosol particles. However, the source regions outside the pack ice also differ 
between the NMD groups (as seen in Figure 4)—the Laptev and East Siberian Seas dominate for the smaller 
NMD groups, while the Greenland Sea dominates for the larger NMD groups. This, in combination with the fact 
that there is also some covariance with time (smaller NMD is more common after the freeze-up/the transition to 
fall, see colors in Figures 5f–5j and also Figures 2, S16 in Supporting Information S1) could also mean that the 
differences in chemical composition are simply a result of different source regions with different environmental 
conditions. For example, they could be related to seasonal differences in the biological activity in the ocean and 
ice. The back trajectories for the size distributions with larger NMD also, on average, tend to originate from 
further away (Figure 5i), that is, closer to potential anthropogenic sources of sulfate and/or sulfur dioxide (besides 
the oceanic sulfur sources).

Trajectories that have traveled from far away have, on average, spent relatively less time over the pack ice before 
reaching the sampling location and might therefore have relatively less contact with local aerosol sources. Trajec-
tory analyses from previous expeditions have also shown correlations between travel time and particle size modes, 
indicating sources of small particles in the inner Arctic (Heintzenberg et al., 2006, 2015). The dominance of the 
Aitken mode could potentially also be a result of more removal of the larger particles during transport; however, 
only a very weak anti-correlation between particle NMD and average precipitation rate along the trajectories was 
observed (Figure 5j). In summary, we see that cloud particles originating from air that spent more time over the 
pack ice are on average smaller compared to larger cloud seeds which have more oceanic influence. The relation-
ship remains the same if the calculations of surface residence times are done with 7- or 10-day back-trajectories 
(Figure S3 in Supporting Information S1), since increasing the trajectory length mainly adds more points in the 
free troposphere.

4. Conclusions
Within this work, we provide direct and extensive experimental evidence that cloud-forming particles over the 
central Arctic Ocean are strongly influenced by Aitken mode particles with an average mode diameter of around 
30 nm. The expedition covered the end of the high-Arctic summer season and the transition into fall, allowing us 
to capture the freeze-up period and some of the seasonality in the aerosol and cloud droplet residual populations.
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Seasonal variation in the cloud droplet residual number concentration, size, and Aitken mode fraction were 
observed. Overall, the whole-air and droplet residual particle concentrations and their size decreased toward fall, 
while the Aitken mode fraction of the cloud droplet residual size distributions increased, especially after the start 
of the freeze-up of the sea ice. However, the variability within individual cloud events was sometimes very high. 
During the ice drift period, the average cloud droplet residual number concentrations were in the range of 20–30 
particles cm −3, which is comparable to CCN measurement results from previous expeditions in the same region 
and time of year. The Aitken mode was almost always present in the droplet residual size distributions, strongly 
supporting previous indirect measurements and model predictions that the Aitken mode may contribute signif-
icantly to cloud droplet formation in remote regions when accumulation mode particle concentrations are low.

Cloud droplet residual size distributions with a dominance of smaller particles were associated with trajectories 
that traveled for longer time periods over the pack ice compared to size distributions dominated by larger parti-
cles, which were associated with trajectories that had more influence from the MIZ and the open ocean. However, 
co-variance with time and chemistry made it difficult to disentangle the seasonal component from the source 
analysis. The size of cloud droplet residuals showed a clear correlation with the sulfate and organic mass fraction, 
with organics being more dominant for smaller modal diameters of the accumulation mode and sulfate dominat-
ing when the modal diameter of the accumulation mode was larger. Addition of aerosol mass to the accumulation 
mode due to aqueous-phase chemistry and cloud processing over the pack ice was probably small due to almost 
unchanged Hoppel minima and the presence of cloud droplet residuals smaller than these minima. This suggests 
that particles with a large sulfate contribution most likely had their source in the MIZ or beyond and were trans-
ported over the pack ice to the measurement site.

For the first time, a ground-based virtual impactor inlet was used over the central Arctic Ocean for an extended 
period allowing new perspectives in understanding the characteristics of cloud-forming particles and their role in 
this pristine environment. Future work should shed further light on the details of the particle and cloud residual 
chemical composition and should further disentangle the influence of meteorology and other cloud properties 
(including cloud phase and cloud layering) on the in situ measured cloud residual properties.

Data Availability Statement
The data of the Arctic Ocean 2018 expedition is available at the data centre of the Bolin Centre for Climate 
Research (https://bolin.su.se/data/oden-ao-2018-expedition-1; Leck et al., 2021). The main data used within this 
study is found here: https://doi.org/10.17043/oden-ao-2018-aerosol-cvi-1 (Karlsson et al., 2022).
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