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Abstract. New particle formation (NPF) can impact the Arctic radiative energy budget since this region is par-
ticularly sensitive to changes in aerosol particle and cloud condensation nuclei concentrations. Prior measure-
ments have predominantly investigated NPF in the Arctic atmospheric boundary layer (ABL), while vertically-
resolved studies on newly formed aerosol particles remain scarce. Here, we present an analysis which suggests
that NPF may take place throughout the entire lower Arctic troposphere. We have reached this conclusion by
analyzing aerosol particle number size distribution data collected during a springtime aircraft campaign (BAC-
SAM II) in the vicinity of Svalbard, the Fram Strait, and northern Greenland. We detected newly formed aerosol
particles over distances of hundreds of kilometers, at various altitudes ranging from about 60 to 3900 m, and
identified four atmospheric scenarios for their occurrence: newly formed particles in the free troposphere, in the
ABL over sea ice, in the vicinity of clouds, and in the ABL over ocean with sea ice floes. Our results indicate
that regional Arctic atmospheric processes as well as long-range transport may play key roles in the formation
of new particles. In particular, we deduce that one possible mechanism leading to free tropospheric NPF could
be associated with warm-air intrusions.

1 Introduction

Aerosol particles are an important component of the global
climate system (Forster et al., 2021). They enter the atmo-
sphere either directly by primary emissions or are formed in
situ by secondary aerosol particle formation from condens-
able gases (Seinfeld and Pandis, 2006). The latter process,
which generates particles with diameters of initially a few
nanometers, is termed new particle formation (NPF, Kulmala
et al., 2004). Depending on the atmospheric thermodynamic
conditions, subsequent growth can increase particle sizes to
values large enough such that the particles may act as cloud

condensation nuclei (CCN, Kulmala and Kerminen, 2008;
Kerminen et al., 2018). CCN play a crucial role in cloud
formation, affecting cloud life time, precipitation formation,
and cloud albedo, thereby influencing Earth’s radiative en-
ergy budget (Andreae and Rosenfeld, 2008; Forster et al.,
2021). Globally, about 50 % of CCN are estimated to result
from NPF (Gordon et al., 2017; Pierce and Adams, 2009;
Merikanto et al., 2009). In the Arctic, with commonly low
background aerosol particle number concentrations, NPF is
particularly important because of the high susceptibility of
Arctic cloud formation (and hence cloud radiative forcing) to
changes in aerosol particle and CCN number concentrations
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under low aerosol levels (Mauritsen et al., 2011; Leaitch
et al., 2013; Carslaw et al., 2013; Gordon et al., 2017).

Currently, the Arctic is changing rapidly in response to
global climate change (Box et al., 2019; Wendisch et al.,
2017, 2023). Among others, these changes manifest in a sub-
stantial decrease of the Arctic sea ice cover, especially at the
end of the Arctic summer in September (Stroeve et al., 2007).
Furthermore, an increase of the near-surface air temperature
is observed, which exceeds the global average warming by
a factor of two to three (Wendisch et al., 2023). The pro-
cesses causing the intensified response of the Arctic climate
system to global climate change are commonly referred to as
Arctic amplification (Serreze and Francis, 2006; Serreze and
Barry, 2011; Wendisch et al., 2023). A changing Arctic also
entails consequences for the Arctic aerosol population. For
example, the decline of the sea ice cover affects both primary
emissions from the ocean surface and secondary formation of
aerosol particles (Willis et al., 2018; Schmale et al., 2021).
Concerning the latter, enhanced emissions of precursor gases
from open sea surfaces, leads, or through thinning sea ice
have been reported and are expected to proceed as the sea ice
fractures and retreats further (Cuevas et al., 2018; Galí et al.,
2019). There is indirect evidence reported by Dall’Osto et al.
(2017, 2018) who found a correlation between an increase of
NPF events and decreasing sea ice extent. Furthermore, al-
tered meridional transport may lead to enhanced aerosol par-
ticle and/or precursor transport into the Arctic, for instance,
via warm-air intrusions (Dada et al., 2022; Wendisch et al.,
2023, 2024), which are expected to occur more frequently
in the future (Bintanja et al., 2020; Wendisch et al., 2025).
Similarly, Heslin-Rees et al. (2020) showed that changed air
circulation patterns resulted in an increased marine influence
on the aerosol population at the Arctic Zeppelin station (Sval-
bard).

NPF has been observed in several locations Arctic-wide
(Willis et al., 2018; Schmale and Baccarini, 2021). Most
studies were based on measurements conducted during ship-
borne campaigns (e.g., Wiedensohler et al., 1996; Allan
et al., 2015; Baccarini et al., 2020) or at ground-based sta-
tions including Alert, Villum, Zeppelin, Tiksi, and Utqiagvik
(e.g., Leaitch et al., 2013; Croft et al., 2016; Asmi et al.,
2016; Freud et al., 2017; Beck et al., 2021). These stations
provide temporally extended datasets and enable the anal-
ysis of annual cycles and long-term trends. Yet, inherently,
station- and ship-based measurements can hardly provide
precise vertical information. However, data on the vertical
distribution of NPF are crucial to identify and study key
transport and formation processes, and ultimately, to assess
the corresponding effects on the Arctic climate (Lee et al.,
2019; Schmale et al., 2021; Price et al., 2023). There are
remote sensing instruments such as lidar that can provide
vertical information on aerosol particles, but these methods
mostly miss the required sensitivity to reliably infer quantita-
tive information on NPF. Consequently, to observe and ana-
lyze NPF, airborne measurements with balloons, helicopters,

or aircraft appear indispensable (Garrett et al., 2002; We-
ber et al., 2003; Engvall et al., 2008; Khosrawi et al., 2010;
Kupiszewski et al., 2013; Willis et al., 2016, 2017; Burkart
et al., 2017; Pilz et al., 2024; Pohorsky et al., 2026). Despite
these growing efforts to conduct vertically-resolved measure-
ments on aerosol particles in general, and NPF in particu-
lar, data on the vertical distribution of NPF in the Arctic
are still scarce (e.g., Burkart et al., 2017; Schmale et al.,
2021; Pohorsky et al., 2026). Hence, the relative importance
of the ABL and the free troposphere as sources of newly
formed particles remains elusive. A number of studies re-
ported on the predominant occurrence of NPF close to the
surface (Kupiszewski et al., 2013; Willis et al., 2016, 2017;
Burkart et al., 2017; Willis et al., 2018), while other measure-
ments detected NPF in the free troposphere as well (Weber
et al., 2003; Khosrawi et al., 2010).

In this paper, rather than focusing on the process of NPF
itself (i.e., the initial nucleation mechanism), we investigate
the occurrence of newly formed particles produced by NPF,
which have initial diameters of less than 20 nm (Kulmala
et al., 2004). Here, we report on the frequent occurrence of
these newly formed particles in the Arctic, found at various
altitudes ranging from about 60 to 3900 m above sea level
(a.s.l.). The corresponding data were collected during an air-
craft campaign carried out in the Fram Strait, surrounding the
Svalbard Archipelago, and in the vicinity of Villum Research
Station (Station Nord) in Greenland in April 2024.

2 Methods

2.1 Aircraft campaign overview

The airborne campaign “Boundary layer and Aerosol and
Cloud Study in the Arctic, based on aircraft and T-Bird Mea-
surements II” (BACSAM II) was conducted from 5 April to
2 May 2024. We carried out eleven research flights (RFs)
with the German research aircraft Polar 6 (P6, Wesche et al.,
2016), operated by the Alfred Wegener Institute, Helmholtz
Centre for Polar and Marine Research (AWI; see Supplement
Fig. S1 for a map of all flight paths). With the operational
base in Longyearbyen (Svalbard), target areas included the
Fram Strait, the Svalbard Archipelago, and the vicinity of
Villum Research Station in north-eastern Greenland. Flights
were conducted between 7 and 29 April 2024. This time
period was characterized by persistent warm air advection
driven by low pressure systems south-west of Svalbard, re-
sulting in above-average surface temperatures in Svalbard.
Two exceptions with typical cold conditions and high pres-
sure at the beginning of the campaign from 7 to 11 April and
from 15 to 17 April occurred. Note that our sampling is po-
tentially biased toward viable flight conditions, i.e., high visi-
bility at Longyearbyen Airport. Furthermore, we mostly pre-
ferred cloud-free conditions in the target regions or elevated
cloud layers (cloud base ' 200m), and no precipitation.
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2.2 Aerosol measurements and detection of newly
formed particles

Aboard the P6 aircraft, we measured aerosol particle num-
ber size distributions (PNSDs) with a mobility particle size
spectrometer (MPSS, Wiedensohler et al., 2012, 2018). The
custom-built MPSS measures the PNSDs in the particle di-
ameter size range between 10 and 850 nm based on the
electric mobility of aerosol particles with a time resolu-
tion of about 300 s. In this paper, we only use data up
to 600 nm since on some measurement days arcing inside
the differential mobility analyzer (DMA) led to artifacts in
the PNSDs appearing at larger diameters. The system fea-
tures a Vienna-type DMA (built by the Leibniz Institute for
Tropospheric Research) and a condensation particle counter
(CPC, TSI model 3760A, TSI Incorporated, USA). For fur-
ther details on the MPSS system see Wiedensohler et al.
(2012, 2018). The flow in the sampling tubing leading to the
MPSS was manually adjusted depending on the true airspeed
of the aircraft (typically ≈ 60 m s−1 during legs in the target
area and ≈ 90 m s−1 during transit flights) to achieve near-
isokinetic sampling. As the onboard-temperature was sig-
nificantly higher than the ambient temperature, the relative
humidity of the sampled air in the aerosol inlet was below
40 %. Consequently, all reported particle diameters refer to
dry conditions (Jurányi et al., 2025). All particle number con-
centration data have been corrected to standard conditions
(1013 hPa and 273.15 K). Particle losses inside the sampling
line from the aerosol inlet to the MPSS due to diffusion, sed-
imentation, turbulent inertial deposition, and inertial deposi-
tion in bends and contractions have been corrected for, based
on calculations utilizing the particle loss calculator (von der
Weiden et al., 2009, Sect. S2).

Since the minimum diameter of aerosol particles that can
be detected with our measurement instrumentation is 10 nm,
it is not feasible to clearly identify the exact region where
NPF occurred, i.e., where the process of the initial nucle-
ation of particles with sizes of about 2 to 3 nm from con-
densable gases took place (Kulmala et al., 2004; Kerminen
et al., 2018). Nevertheless, particle sizes of 10 nm still imply
that these particles were newly formed by secondary parti-
cle formation (i.e., by NPF, Kulmala et al., 2004). We hence
refer to these particles as newly formed particles and, in this
paper, instead on the process of NPF, focus on the occurrence
of such secondarily formed particles.

To detect newly formed particles, we fitted mono-modal,
bi-modal, or tri-modal log-normal functions to the MPSS-
measured PNSDs, with the different modes representing nu-
cleation, Aitken, and accumulation modes, respectively. Fol-
lowing Kulmala et al. (2004), we refer to aerosol particles in
the measured dry diameter range from below 10 to 20 nm as
nucleation mode particles, from 20 to 90 nm as Aitken mode
particles, and from 90 to 600 nm as accumulation mode parti-
cles. We consider an MPSS-measured PNSD as indicative for
newly formed particles if the fitted distribution features a nu-

Figure 1. Examples of MPSS-measured PNSDs, showing nucle-
ation and/or Aitken, and accumulation modes. The PNSDs in the
panels (a) and (c) are considered as indicative for newly formed
particles, while the measurement displayed in panel (b) shows no
indication for newly formed particles.

cleation mode with a geometric mean diameter below 10 nm,
i.e., a mode with a maximum below the lower size limit of the
MPSS. The detection of newly formed particles was verified
by visual inspection of the fitted PNSDs. Only distributions
measured at a constant altitude were considered for quan-
titative analysis, i.e., PNSDs measured during the aircraft’s
ascents and descents were not taken into account in quanti-
tative terms. Figure 1 shows examples of three fitted PNSDs,
with the data displayed in Fig. 1a and c indicating the pres-
ence of newly formed particles, and the data in Fig. 1b the
absence of newly formed particles.

2.3 Meteorological measurements

A nose boom was installed at the tip of the aircraft to measure
air pressure, temperature, and the three-dimensional wind
vector. The nose boom features an Aventech five-hole probe
to measure static, dynamic, and differential pressures to de-
rive the wind vector from these data, and an open-wire Pt100
in an unheated Rosemount housing to record air tempera-
ture data. These data were measured with a time resolution of
100 Hz. Humidity data are available at 20 Hz from a Vaisala
HMT333 in a Rosemount housing installed aboard the air-
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craft. Surface skin temperature data at 20 Hz are derived from
measurements by a KT-19 infrared pyrometer (Heitronics
KT-19.85 II). Position and altitude were measured by com-
bining Global Positioning System (GPS) and Inertial Navi-
gation System (INS) data, which were recorded at 100 Hz.
See Hartmann et al. (2018) for further details on the instru-
mentation and data processing.

2.4 Backwards trajectory analysis

Backward trajectories were calculated from ERA5 wind
fields (Hersbach et al., 2020) utilizing the Lagrangian analy-
sis tool LAGRANTO (Sprenger and Wernli, 2015). The tra-
jectories were initiated every minute along the flight track
of the P6 at the corresponding flight altitude. The trajec-
tories were calculated for 120 h backward in one minute
time steps and several meteorological parameters from ERA5
were traced along the trajectory. Based on these parameters,
we carry out an analysis of air mass history in Sect. 3. Among
others, we determine the last contact of these air masses
with clouds based on the specific cloud liquid water content
(CLWC) and the specific cloud ice water content (CIWC).
Here, we consider an air mass to have been in contact with
a cloud if the total water content (CWC= CLWC+CIWC)
exceeds the threshold of CWC > 0.01 g kg−1 (McFarquhar
and Cober, 2004; Moser et al., 2023, see Sect. S3).

3 Results and discussion

3.1 Geographical and vertical distribution of newly
formed particles

Throughout the entire BACSAM II campaign, we frequently
observed newly formed particles over large areas of the Arc-
tic region studied (Fig. 2). Newly formed particles were de-
tected during all eleven research flights, with the first obser-
vation of such particles on 7 April 2024, and the last on 29
April 2024. We encountered newly formed particles at vari-
ous locations (approximately between 76 to 85° N and 15° W
to 26° E) and altitudes ranging from about 60 to 3900 m a.s.l.
(Fig. 2). The time periods during which we identified newly
formed particles amount to an overall duration of about 10 h
and 30 min, which corresponds to approximately 29 % of the
total measurement time (at constant altitude) of all research
flights and a distance flown of about 2770 km.

Analyzing all measurements featuring newly formed par-
ticles in the course of our campaign, we could identify four
distinct environmental conditions (based on the in situ data,
see Sect. S3; Fig. 3). These cases include newly formed par-
ticles in the free troposphere (without clouds being present,
Sect. 3.2), newly formed particles at low altitudes in the ABL
over sea ice (Sect. 3.3), newly formed particles in the vicinity
of clouds (Sect. 3.4), and newly formed particles inside the
ABL over ocean with sea ice floes, i.e., the sea surface con-
sisted of both open water and sea ice during the latter obser-

Figure 2. Geographical location and altitude at which newly
formed particles (NFPs) were observed during the BACSAM II
campaign. The flight tracks are shown in gray and the locations
where newly formed particles were identified are color-coded by
the corresponding flight altitude. The sea ice concentration is shown
exemplary for 15 April 2024, during which we encountered newly
formed particles at low altitudes over the ice-covered sea east of
Svalbard (see Sect. 3.3). The corresponding sea ice data were re-
trieved from https://www.seaice.uni-bremen.de on 10 June 2024
(Spreen et al., 2008).

vations (Sect. S5). No indications of the presence of newly
formed particles were found within or near the ABL over
open, completely ice-free ocean (Sect. S5).

Figure 3a depicts the median size distributions of the
PNSDs indicating the presence of newly formed particles, for
each of the four environments. The highest particle number
concentrations in the nucleation mode are found during ob-
servations of newly formed particles in the free troposphere.
Inside the ABL over sea ice and in cloud vicinity, concen-
trations in the nucleation mode are smaller by a factor of
roughly two. The smallest nucleation mode concentrations
are observed inside the ABL over ocean with sea ice floes,
with the concentrations being reduced by about one order of
magnitude compared to the free tropospheric case.

In the accumulation mode, roughly similar concentrations
are observed during newly formed particle-occurrence inside
the ABL over ocean with sea ice floes and in cloud vicinity.
Inside the ABL over sea ice, accumulation mode concentra-
tions are slightly higher. The lowest accumulation mode con-
centrations are found in the free troposphere, with the mode
being decreased by factors of roughly two to four compared
to the other cases.

The reader is referred to Sect. S4 and Fig. S3 regarding
the related temperature and relative humidity conditions pre-
vailing during observations of newly formed particles. We
will discuss the observations for each of the four categories,
which combined represent 92 % of all observations of newly
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formed particles, in more detail in Sects. 3.2, 3.3, 3.4, and
S5.

As mentioned earlier, newly formed particles were de-
tected in a wide range of altitudes between approximately 60
and 3900 m (Fig. 3b). Here, 60 and 3900 m correspond to the
minimum and maximum flight altitudes at which measure-
ments were carried out (Fig. 3b). Consequently, we cannot
rule out that newly formed particles could be present at al-
titudes even higher than 3900 m in the target regions during
our campaign.

In the free troposphere, newly formed particles were de-
tected at altitudes between about 900 and 3900 m (Fig. 3b).
These observations amount to measurement times of approx-
imately 4 h and 40 min, corresponding to distances flown of
≈ 1460 km. Inside the ABL over sea ice, at altitudes be-
tween roughly 60 and 200 m, newly formed particles were
identified during about 1 h and 40 min of measurements (≈
350 km), and inside the ABL over ocean with sea ice floes,
at altitudes between 60 and 300 m, during approximately
40 min (≈ 130 km). During about 2 h and 40 min (≈ 630 km)
of measurements in the vicinity of clouds, newly formed par-
ticles were observed. Here, these particles were found at al-
titudes between 300 and 2700 m (Fig. 3b).

Table 1 summarizes the durations of newly formed
particle-occurrence for the four environments. Furthermore,
based on ERA5 reanalysis data, we present total measure-
ment times spent in the free troposphere, in the ABL over
sea ice and over ocean with sea ice floes, and in cloud vicin-
ity throughout the campaign (see Sect. S3 for details). Addi-
tionally, relative frequencies of occurrence of newly formed
particles for each environment are provided in Table 1. As
discussed in Sect. S3, the ERA5-based values are associ-
ated with large uncertainties. Consequently, the total mea-
surement times throughout the campaign as well as the fre-
quencies of occurrence should be interpreted solely semi-
quantitatively and only provide a very rough estimate.

It should be noted that, for all case studies described be-
low, as well as for the assignment of measurement periods
featuring newly formed particles to the four categories free
troposphere, cloud vicinity, ABL over sea ice, and ABL over
ocean with sea ice floes, we only considered flight sections
for which the prevailing conditions could be clearly identi-
fied based on the in situ data. If newly formed particles were
detected but either, e.g., the ABL height could not be deter-
mined for the target region or the absence/presence of clouds
close to the aircraft could not be verified, these observations
are assigned to the unclassified cases (Sect. S3). Such obser-
vations represent 8 % of all PNSDs featuring newly formed
particles (≈ 50 min, ≈ 200 km of measurements).

Naturally, during the campaign, sampling times and con-
sequently numbers of PNSDs measured, as well as distances
flown at certain altitudes, were not evenly distributed over
the investigated altitudes, geographical locations, and synop-
tic conditions (Fig. 3b). For example, while measurements
in the lowest 100 m were carried out for a total duration of

almost 400 min (over a distance of about 1480 km), mea-
surements at 3500–3600 and 3800–3900 m were merely per-
formed during one research flight, and at each altitude range
for merely 5 to 10 min (27 to 54 km, to feature one full MPSS
scan; Fig. 3b). The values of duration and relative frequency
of newly formed particle-occurrence reported in this section
are thus not intended to constitute representative values for
the lower Arctic troposphere. They rather provide a rough
overview and represent (semi-quantitative) statistics of the
observations made during the BACSAM II campaign.

Nevertheless, despite these limitations with respect to the
statistical analysis, our measurements clearly demonstrate
that newly formed particles were frequently found through-
out the lower Arctic troposphere, and suggest that NPF in
the Arctic occurred across large geographical areas and over
a wide range of altitudes during our campaign in April 2024.

To further elucidate the atmospheric scenarios under
which newly formed particles were observed, and to gain
insights into potential precursor gases and their origins, in
the following sections, the results of case studies focusing
on newly formed particles in the free troposphere, inside the
ABL over sea ice, and in the vicinity of clouds will be pre-
sented. First, specific examples for these scenarios will be
given. Second, to put the given examples into a larger per-
spective, we will discuss respective backward trajectory anal-
yses for all air masses featuring newly formed particles for
each of these three environments. Regarding the presence of
newly formed particles inside the ABL over ocean with sea
ice floes, as well as the absence of such particles inside the
ABL over completely ice-free ocean, the backward trajec-
tory analysis required is somewhat different compared to the
other three cases (for example, due to the prevailing meteo-
rological conditions, e.g., air masses passing over the island
of Spitsbergen, see Sect. S5 for details). To keep the main
text both consistent and concise, these latter observations (in-
side the ABL over ocean with sea ice floes and over open
ocean) are discussed comprehensively in the Supplement in
Sect. S5.

3.2 Newly formed particles in the free troposphere

Here, as an illustrative example, we present results concern-
ing newly formed particles in the free troposphere which
were encountered on 13 April 2024 during RF04 while
transiting from Longyearbyen (Svalbard) to Villum Re-
search Station (northern Greenland) at an altitude of 2890 m
(Fig. 4a).

In the two days ahead of the flight, a low pressure system
located over the east coast of Greenland advected warm and
moist air over the sea ice edge in the Fram Strait (Fig. 4b).
Within this warm-air intrusion, North Atlantic ABL air was
lifted up to the free troposphere. The uplifting over the sea
ice edge was accompanied with the formation of precipi-
tating clouds, which dissipated before sampling of the air
mass. Consequently, the sampled free tropospheric air was
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Figure 3. (a) Median PNSD of all measurements showing newly formed particles (NFPs) associated with one of the environments described
in the main text: newly formed particles in the free troposphere (Sect. 3.2), inside the ABL over sea ice (Sect. 3.3), in the vicinity of clouds
(Sect. 3.4), and inside the ABL over ocean with ice floes (Sect. S5). (b) Total measurement time per altitude (grouped into altitude bins
with a width of 100 m). Colored bars illustrate the duration of newly formed particle-occurrence in each altitude bin, labeled by the different
environments. White bars indicate the absence of newly formed particles. The data are shown as stacked bars.

Table 1. Overview of total measurement time as well as duration and frequency of newly formed particle-occurrence (NFP-occurrence) for
the four environments.

Free troposphere ABL irrespective ABL over ABL over ocean Cloud vicinity
of surface sea ice with sea ice floes

Duration of NFP-occurrence 4 h 40 min 2 h 20 min 1 h 40 min 40 min 2 h 40 min
(based on in situ data)

Total measurement time1 25 h 10 min 8 h 10 min 3 h 30 min 1 h 2 h 10 min
(based on ERA5)

Frequency of NFP-occurrence1 19 % 29 % 48 % 67 % (> 100 %)2

1 Note that the ERA5-based values (i.e., total measurement time and, consequently, frequency of NFP-occurrence) should be considered semi-quantitatively only
(see the discussion in the main text and Sect. S3 for details). 2 Nonphysical value, resulting from ERA5 not always predicting clouds throughout all legs which are
known to have been carried out in cloud vicinity, according to the in situ observations. Considering those times based on the in situ data instead of the ERA5-based
values, a frequency of about 73 % can be reported.

cloud-free. The cumulus clouds visible in the satellite image
in Fig. 4a capped the marine ABL, which was located more
than 2 km beneath the flight track. Therefore, we expect no
influence of these low-level clouds on our measurements in
the free troposphere. In addition to the southerly air masses
from the Atlantic, air masses originating at higher latitudes
close to Svalbard were probed during RF04 (Fig. 4c).

During the time period from about 06:23 to 07:40 UTC,
flying at high altitudes (≈ 2890 m), and covering a distance
of about 409 km, we encountered elevated number concen-
trations in the lower MPSS size bins (Fig. 5). The measured
PNSDs featured a sharp decline in the size range from 10
to about 60 nm, i.e., we observed the “upper” end of a pro-
nounced nucleation mode (see Fig. S8 for the related median
PNSD). Detected particle number concentrations in the size

range from 10 to 20 nm reached on average values of about
N10−20 ≈ 778 cm−3, which constituted about 68 % of the
total particle number concentrations measured in the range
from 10 to 600 nm (Fig. 5c). In other words, we detected
newly formed particles in the Arctic free troposphere across
a large geographical area.

For the time period 07:40 to 08:19 UTC, encountered
PNSDs featured no distinct nucleation mode, and number
concentrations in the size range from 10 to 20 nm were sub-
stantially lower (N10−20 ≈ 27 cm−3, 17 % of the total MPSS-
measured number concentrations, Fig. 5c), i.e., no newly
formed particles were present. Notably, the newly formed
particles observed during the first part of the transit flight
were associated with air masses originating from lower lati-
tudes which were transported into the Arctic within a warm-
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Figure 4. (a) Flight track of RF04 on 13 April 2024. The Moderate-resolution Imaging Spectroradiometer (MODIS)-TERRA satellite
image was retrieved from https://wvs.earthdata.nasa.gov on 30 April 2024. (b) Five-day backward trajectories associated with newly formed
particles (NFPs) along the flight track. (c) Five-day backward trajectories connected to PNSD measurements featuring no newly formed
particles. The sea ice concentration data shown in the subplots (b) and (c) were retrieved from https://www.seaice.uni-bremen.de (Spreen
et al., 2008).

Figure 5. (a) P6 altitude during RF04 on 13 April 2024. (b) MPSS-
measured PNSD. (c) Integral particle number concentrations in the
total measured size range (10 nm≤Dp ≤ 600 nm, solid line) and in
the nucleation mode size range (10 nm≤Dp ≤ 20 nm, dashed line),
respectively.

air intrusion (Fig. 4b), while in the northerly air masses no
newly formed particles were detected (Fig. 4c).

Backward trajectory analysis of all air masses featuring
newly formed particles in the free troposphere

To further elucidate free tropospheric newly formed parti-
cles, which we observed on eight different days, consider-
ing all research flights performed during BACSAM II, and
utilizing backward trajectories, a systematic analysis of free
tropospheric air mass history was carried out. We investi-
gated both free tropospheric air masses that show clear signs
of newly formed particles, and free tropospheric air masses
that exhibit no indications of newly formed particles. Every
minute of each flight, we initiated a five-day backward tra-

jectory at the pressure altitude of the aircraft. Hence, the air
sampled during one PNSD measurement, which lasts for ap-
proximately 5 min and indicates either the presence or ab-
sence of newly formed particles, is represented by five back-
ward trajectories. The results of the analysis are presented in
Fig. 6, which depicts median values of meteorological and
geographical parameters along the trajectories of all flight
sections carried out in the free troposphere throughout the
campaign.

Predominantly, air masses featuring newly formed parti-
cles in the free troposphere originated further south com-
pared to air masses with no indications of free tropospheric
newly formed particles, and gradually moved poleward at
high altitudes during the five days prior to arrival (Fig. 6a–c).
Initially, these air masses connected to newly formed parti-
cle were warmer and contained more moisture (Fig. 6d, f).
Higher values of northward integrated water vapor transport
(IVTnorth) show that in the whole column more water vapor
was transported poleward for cases when newly formed par-
ticles were observed in the Arctic free troposphere (Fig. 6g).
About 60 h before arrival, temperatures of air masses linked
to newly formed particles started to decrease, and between 24
to 48 h prior to arrival, specific humidities decreased as well,
while for the trajectories featuring no newly formed particles,
the specific humidities remained rather constant throughout
the last five days. Consequently, air masses associated with
newly formed particles became colder and less humid com-
pared to air masses showing no signs of free tropospheric
newly formed particles. The latter, i.e., the decrease of spe-
cific humidity, might be caused by the formation of precipi-
tating clouds, as already mentioned in the case study above.
Considering the 75th percentile of the specific humidity in
addition to the median values, the analysis suggests that some
precipitation already set in up to roughly 100 h prior to ar-
rival for trajectories connected to newly formed particles.
About 80 % of all backward trajectories linked to free tropo-
spheric newly formed particles were in contact with clouds
on their way to the measurement location during the previ-
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Figure 6. Comparison of geographical and meteorological parameters along the backward trajectories of flight sections in the free tropo-
sphere between trajectories connected to the presence (red) and absence (black) of newly formed particles (NFPs). Shown, as a function of
time prior to arrival at the measurement location, are median values (solid lines) and interquartile ranges (shaded areas) of (a) latitude Lat,
(b) altitude h, (c) potential temperature 2, (d) absolute temperature T , (e) relative humidity RH, (f) specific humidity Q, and (g) northward
integrated water vapor transport IVTnorth. The last two subplots show the cumulative fraction of the last contact of the trajectories with the
(h) ABL and (i) clouds. Note that if the cumulative fraction does not increase to 100 % at t =−120 h, this indicates that a fraction of the
trajectories was not in contact with the ABL/clouds during the last five days (the maximum time span the calculated trajectories cover).

ous five days, as well as about 70 % of the backward trajec-
tories featuring no newly formed particles (Fig. 6i). However,
no clouds were present during the last 24 h before the mea-
surement for the air masses featuring newly formed particles.
For approximately 50 % of the respective trajectories the last
contact with clouds occurred between about 24 to 48 h prior
to arrival (Fig. 6i). The decrease in specific humidity during
the same time period (Fig. 6f) already mentioned above indi-
cates that the removal of clouds, at latest 24 h prior to arrival,
could (partly) be caused by precipitation. None of the back-
ward trajectories featuring newly formed particles resided in
the ABL during the last 48 h prior to arrival, and about 70 %
of the backward trajectories had no contact with the ABL for
the last five days (Fig. 6h).

These findings suggest that the cases of newly formed par-
ticles in the Arctic free troposphere observed during our cam-
paign are predominantly connected to poleward transport of
warm and moist air, as occurring, e.g., during warm-air intru-

sions (Wendisch et al., 2024). Furthermore, because the tra-
jectories overwhelmingly remained in the free troposphere
during the transport to the measurement region, the results
indicate that the precursor gases involved in the formation
of these particles originated from long-range transport from
lower latitudes, with NPF very likely occurring in the Arc-
tic free troposphere. Such a transport pathway for precursor
gases resulting in free tropospheric NPF has already been
suggested in a modeling study by Price et al. (2023).

The above findings imply a potential role for clouds in
the transport and possibly transformation of precursors, e.g.,
through releasing precursor gases from evaporating cloud
droplets (Weber et al., 2001; Wehner et al., 2015). Precipi-
tation caused by these clouds might have also increased the
probability for NPF to occur by removing large aerosol par-
ticles, thus decreasing the pre-existing particle surface area
and consequently reducing scavenging of gaseous precursors
and newly formed particles (Perry and Hobbs, 1994; Weber
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et al., 2001). Interestingly, already Khadir et al. (2023) ob-
served a consistently positive correlation between nucleation
mode particles and precipitation rate within the air mass dur-
ing the transport to Zeppelin research station from about 24
to 96 h prior to arrival, and mostly negative correlations be-
tween precipitation rate and nucleation mode particles in the
last 12 h. These results were found for data recorded from
March to May, i.e., for a similar season as for our campaign,
and covered the years from 2010 to 2019. Although with our
dataset we cannot robustly identify significant correlations
similar to Khadir et al. (2023), our analysis likewise suggests
that precipitating clouds (occurring until about 24 h prior to
the measurement) might create favorable conditions for NPF
to occur by releasing precursors and reducing the existing
particle surface area (i.e., decreasing the condensation sink).

The presence of newly formed particles in the Arctic free
troposphere has occasionally been reported before (Weber
et al., 2003; Khosrawi et al., 2010). For example, Weber
et al. (2003) conducted systematic aircraft measurements in
the free troposphere of the Canadian Arctic from January to
May 2000. During one of 38 research flights, they observed
one clear NPF event at an altitude of approximately 4200 m
over the Canadian Arctic Archipelago. During the other 37
flights of their campaign, no indications of NPF occurring at
high altitudes were found. Similarly, Khosrawi et al. (2010)
detected one NPF event in the upper free troposphere at an al-
titude of 7000 m over Storfjoden (Svalbard). Below 4000 m,
nucleation mode particles were reported to occur quite fre-
quently during their campaign centered around Svalbard in
May and June 2004. Yet, no further altitude-resolved infor-
mation or discussion discriminating between ABL and free
tropospheric NPF was provided, except for one case study,
where in addition to the NPF event at 7000 m, nucleation
mode particles were found inside the ABL. Analyzing mea-
surements conducted with a tethered balloon system, Pilz
et al. (2024) reported enhanced number concentrations of
aerosol particles in the size range from 12 to 150 nm con-
currently with low concentrations of particles larger than
150 nm in the summertime Central Arctic during the Mul-
tidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAiC) expedition. The authors hypothesized
that NPF taking place aloft lead to these elevated concentra-
tions of smaller particles but were unable to constrain poten-
tial sources and associated processes due to a limited maxi-
mum measurement altitude of 1000 m and because of miss-
ing PNSD measurements. Utilizing helicopter (Kupiszewski
et al., 2013) and aircraft measurements (Burkart et al., 2017;
Willis et al., 2016, 2017), a number of studies reported gen-
erally lower concentrations of nucleation mode particles in
the Arctic free troposphere compared to the ABL. In these
studies, however, several NPF events were observed near the
surface.

Similar to the previous observational results, our data
show that newly formed particles occurred in the free tropo-

sphere. Notably, our observations suggest that these particles
prevailed over distances of several hundreds of kilometers.

Whether the formation of clouds and thus cloud radiative
forcing could be affected by the presence of newly formed
particles in the free troposphere following their potential
growth to CCN sizes, remains to be assessed and is both be-
yond the scope of this article and not feasible with the present
dataset. In this regard, e.g. Leck and Bigg (1999), Bigg and
Leck (2001) described that during their summertime cam-
paign over the central Arctic Ocean, highly stable conditions
prevented mixing between the free troposphere and the ABL.
Pointing toward the importance of free tropospheric particles
for cloud formation, however, Pohorsky et al. (2026) reported
that free tropospheric sources of CCN were required to ex-
plain measured cloud droplet number concentrations. This is
in line with a large-eddy simulation study by Igel et al. (2017)
which demonstrated that elevated aerosol particle layers in
the free troposphere could be entrained into the cloud-topped
ABL by cloud-induced mixing.

Overall, our results lead us to the hypothesis that merid-
ional transport in combination with cloud processing and pre-
cipitation, as occurring in connection with, e.g., warm-air in-
trusions, may play an important role in free tropospheric Arc-
tic NPF by delivering the ingredients (precursor gases includ-
ing water vapor) to locations (high altitudes) with favorable
conditions (intense solar radiation, low temperatures, small
pre-existing particle surface area) for NPF.

3.3 Newly formed particles inside the atmospheric
boundary layer over sea ice

Inside the ABL, newly formed particles were detected, e.g.,
on 15 April 2024 during RF05 while flying east of Sval-
bard at low altitudes (approximately 70 and 155 m) over sea
ice, where cracks as well as open and partly refrozen leads
were present (Fig. S9). The associated flight track is shown
in Fig. 7a, with Fig. 7b, c depicting the backward trajectories
for the air masses encountered along the flight track.

The area investigated was subject to the anti-cyclonic flow
around a high pressure system north of Svalbard, causing
cold air advection from the central Arctic to the target region.
This meteorological situation resulted in air masses that ex-
clusively originated in the high Arctic and traveled toward
the P6 flight track from higher latitudes over sea ice-covered
regions (Fig. 7b, c). All the way between waypoint 1 (WP1)
and WP3, over a distance of about 115 km, clear sky condi-
tions prevailed (Fig. 7a).

The presence of newly formed particles is indicated by
the occurrence of a distinct nucleation mode, i.e., elevated
aerosol particle number concentrations in the lower size bins
of the PNSDs, which we observed during three consecutive
legs at altitudes of≈ 70 and≈ 155 m between WP1 and WP3
(Fig. 8). Mean number concentrations in the nucleation mode
size range reached N10−20 ≈ 206 cm−3 (time period 10:03
to 10:39 UTC), N10−20 ≈ 185 cm−3 (11:08 to 11:22 UTC),
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Figure 7. (a) Flight track of RF05 on 15 April 2024. The MODIS-TERRA satellite image was retrieved from https://wvs.earthdata.nasa.gov.
(b) Five-day backward trajectories associated with newly formed particles (NFPs) along the section of the flight track shown in Fig. 8.
(c) Five-day backward trajectories connected to PNSD measurements featuring no newly formed particles. The sea ice concentration data
shown in the subplots (b) and (c) were retrieved from https://www.seaice.uni-bremen.de (Spreen et al., 2008).

and N10−20 ≈ 125 cm−3 (12:17 to 12:40 UTC), accounting
for about 40 %, 38 %, and 31 % of the total MPSS-measured
aerosol particle number concentrations. In contrast, during
the leg at ≈ 850 m altitude (11:30 to 12:00 UTC) between
WP1 and WP3, as well as during the transit to and from the
target region at ≈ 1360 m altitude, the PNSDs featured no
nucleation mode and, accordingly, low number concentra-
tions in the sub-20 nm size range (Fig. 8, N10−20 ≈ 3 cm−3,
1 % of the total MPSS-measured particle number concentra-
tion at 850 m).

From the vertical profiles of potential temperature ob-
tained during the ascents and descents at WP1, WP2, and
WP3 (Fig. 8a), we determine an ABL height of about 190 m
in the region of interest (see Fig. S10). Thus, the three legs
at 70 and 155 m, during which newly formed particles were
detected, were carried out inside the ABL, while the leg at
higher altitude (≈ 850 m), as well as the transits to and from
the region of interest, took place in the free troposphere.

Integral aerosol particle number concentrations in the to-
tal measured size range (10 to 600 nm) and in the size range
from 10 to 20 nm decreased from WP1 to WP3, i.e., from
south to north (Figs. 7a, 8). The spatial variability of the num-
ber concentration of nucleation mode particles points toward
newly formed particles as the result of regional formation
rather than long-range transport. Nucleation mode particles
have short atmospheric residence times due to their high dif-
fusion, coagulation with larger particles, and condensational
growth out of the nucleation mode size (e.g., Pruppacher and
Klett, 2010; Wallace and Hobbs, 2006). These effects tend to
smooth out concentration gradients of such small particles,
thereby making a contribution from long-range transport to
the observed events less likely (Kupiszewski et al., 2013).

Interestingly, the particle number concentrations in the nu-
cleation mode size range from 10 to 20 nm recorded during
the legs inside the ABL between WP1 and WP3 (i.e., in the
same area) decreased not only spatially, but also over time
(Fig. 8c). In addition to the integral values shown above,
Fig. S11 depicts median PNSDs for each of the three legs

Figure 8. (a) P6 altitude during RF05 on 15 April 2024. (b) MPSS-
measured PNSD. (c) Integral particle number concentrations in the
total measured size range (10 nm≤Dp ≤ 600 nm, solid line) and
in the nucleation mode size range (10 nm≤Dp ≤ 20 nm, dashed
line), respectively. The data measured from 10:51 to 11:01 UTC are
grayed out in panels (b) and (c) since erroneous measurements due
to possible sampling of aircraft exhaust cannot be ruled out.

close to the surface individually, which likewise shows that
number concentrations of particles in the nucleation mode
reduce over time. This temporal variability points toward a
regional source as well, since it suggests that we observed an
NPF event that becomes weaker throughout the day. How-
ever, we are not able to unambiguously resolve if the pre-
cursors involved in NPF originated directly from the sea ice-
covered measurement region, with various cracks and leads
being present (Fig. S9), or if the precursors were transported
to the target area from the higher Arctic. But, in our view,
it appears feasible to conclude that the spatial and temporal
variability of the newly formed particles encountered here
(i.e., the decrease of sub-20 nm particles from WP1 to WP3
and throughout the day) and the similar origin of air masses
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featuring newly formed particles (Fig. 7b) and air masses
without newly formed particles (Fig. 7c) rather indicate a re-
gional source.

Backward trajectory analysis of all air masses featuring
newly formed particles in the atmospheric boundary layer
over sea ice

To further investigate the occurrence of newly formed par-
ticles inside the ABL over sea ice, an analysis of air mass
history was carried out for the respective observations made
during our campaign. Newly formed particles inside the ABL
over sea ice were found twice, i.e., on 15 April (case study)
and on 13 April for approximately 15 min north of Villum
Research Station (see Fig. 2). Figure 9 presents the results of
the backward trajectory analysis carried out for both events.

Both days were characterized by cold air masses from
northern latitudes which traveled over sea ice-covered re-
gions (median sea ice concentration values between ≈ 95 %
and 100 %, Fig. 9a, b, e). The air masses featured low specific
humidities, but, due to cold temperatures, high relative hu-
midities (w.r.t. water, Fig. 9e–g). Furthermore, the data sug-
gest that all trajectories resided inside the ABL during the
last 24 h (Fig. 9i) before arriving at the P6, providing the
possibility for precursor uptake. For about 60 % of the tra-
jectories, the last cloud contact occurred approximately 24 h
before arrival in the target region (Fig. 9j). Roughly 15 % of
the trajectories were not influenced by clouds on their way to
the measurement location during the last five days, including
80 % of all trajectories on 13 April. For both days, the tra-
jectories descended during the last five days, with the lowest
altitude along the trajectories reached just before arrival at
the aircraft (Fig. 9c). The descent of the backward trajecto-
ries again indicates rather regional precursor sources as the
gases are very likely emitted from the surface.

NPF in the Arctic ABL in sea ice-covered regions has been
observed e.g. by Allan et al. (2015), Sipilä et al. (2016), Bac-
carini et al. (2020), Beck et al. (2021). In these studies, con-
current chemical measurements suggested a link between io-
dine species and NPF events. Furthermore, it has been shown
for both the Arctic and Antarctica that iodine can be emitted
from the sea ice. Potential sources include marine microal-
gae (diatoms) growing below the sea ice (Hill and Manley,
2009; Atkinson et al., 2012), where the iodine can be emit-
ted through cracks and leads and has been connected to thin-
ning Arctic sea ice (Cuevas et al., 2018). The sea ice itself
or the snowpack can also release iodine via abiotic, photo-
chemical processes (Gálvez et al., 2016; Kim et al., 2016;
Raso et al., 2017). Yet, since we cannot resolve the parti-
cle composition of nucleation mode particles nor conducted
gas-phase measurements, at this point, we cannot ultimately
determine the precursor gases which could have participated
in the formation of the newly formed particles observed in
this case study. Nevertheless, these previous results suggest

the sea ice-covered target area as a plausible source region of
precursor gases and newly formed particles.

In summary, from our observations, we hypothesize that
the observed presence of newly formed particles in the ABL
over sea ice is connected to precursor gases (conceivably io-
dine components, as reported by Allan et al., 2015; Sipilä
et al., 2016; Baccarini et al., 2020; Beck et al., 2021) which
originate from natural, most likely regional, but possibly also
higher-latitude Arctic sources within the sea ice, from leads,
or snow.

3.4 Newly formed particles in the vicinity of clouds

Newly formed particles in the vicinity of clouds were, e.g.,
encountered on 24 April 2024 during RF08, while flying
north of Svalbard over sea ice (open leads and cracks were
present, see Fig. S12) with an initially slightly broken and
then closed stratocumulus cloud deck (Fig. 10a). Measure-
ments were carried out below cloud base and at cloud top.

On 24 April, a high pressure system was centered di-
rectly over Svalbard, resulting in westerly flow in the target
region. The air mass probed at altitudes between approxi-
mately 600 and 1200 m originated either in the North At-
lantic close to Greenland, near Iceland, or northern Scandi-
navia (Fig. 10b), and was advected from the North Atlantic
marine ABL and lifted above the sea ice, where this layer
was decoupled from the surface (Sect. S8.2, Fig. S13). At the
top of that elevated mixed layer, stratocumulus clouds were
present (Fig. 10a), with a cloud base at about 800 m altitude,
and cloud top at about 1150 m. The air mass that was probed
at about 2100 m in the free troposphere originated in north-
ern Canada and passed over Greenland on its way to the P6
position (Fig. 10c).

Here, we specifically discuss the data collected between
WP1 and WP2 over a distance of 75 km in the time period
between 10:28 and 11:35 UTC. This time period includes a
descent from approximately 2100 m down to below cloud
level (10:29 to 10:35 UTC), a leg at cloud base (10:35 to
10:52 UTC), an ascent through cloud with subsequent dry-
ing away of the ice collected inside cloud, and finally a
leg at cloud top (11:07 to 11:35 UTC). With respect to the
aerosol particle measurements, the time period from 10:52 to
11:07 UTC, i.e., the ascent through cloud and the subsequent
drying away of ice, is excluded from further analysis, as erro-
neous measurements due to icing of the aerosol inlet and/or
droplet shattering (Weber et al., 1998) cannot be ruled out.
The MPSS data from this period are grayed out in Fig. 11b,
c.

The PNSDs at cloud top and at cloud base featured a
pronounced nucleation mode and correspondingly enhanced
number concentrations in the nucleation mode size range
from 10 to 20 nm, regardless of the cloud cover being closed
or broken (Fig. 11). In contrast, in the PNSD measured dur-
ing the descent toward cloud level around 10:30 UTC, which
we assume to be representative for the free troposphere, con-
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Figure 9. Comparison of geographical and meteorological parameters along the backward trajectories of flight sections linked to newly
formed particles inside the ABL over sea ice for the events on 13 and 15 April. Shown, as a function of time prior to arrival, are median
values (solid lines) and interquartile ranges (shaded areas) of (a) latitude Lat, (b) sea ice concentration csea ice, (c) altitude h, (d) potential
temperature 2, (e) absolute temperature T , (f) relative humidity RH, (g) specific humidity Q, and (h) northward integrated water vapor
transport IVTnorth. The last two subplots show the cumulative fraction of the last contact of the trajectories with the (i) ABL and (j) clouds.
Note that if the cumulative fraction does not increase to 100 % at t =−120 h, this indicates that a fraction of the trajectories was not in
contact with the ABL/clouds during the last five days (the maximum time span the calculated trajectories cover).

Figure 10. (a) Flight track of RF08 on 24 April 2024. The MODIS-TERRA satellite image was retrieved from https://wvs.earthdata.nasa.gov.
(b) Five-day backward trajectories associated with newly formed particles (NFPs) along the section of the flight track shown in Fig. 11.
(c) Five-day backward trajectories connected to PNSD measurements featuring no newly formed particles. The sea ice concentration data
shown in the subplots (b) and (c) were retrieved from https://www.seaice.uni-bremen.de (Spreen et al., 2008).

centrations in the sub-20 nm size range were low. This PNSD
should be considered semi-quantitative only, as it represents
an average over an altitude range of more than 1000 m. The
presence/absence of particles in the size range from 10 to
20 nm is also clearly visible in Fig. 11c, with particles in
the size range below 20 nm contributing approximately 67 %,

60 %, and 9 % to the total aerosol particle number concentra-
tions at cloud top, cloud base, and in the free troposphere,
respectively. A more detailed comparison between PNSDs
measured at cloud top and at cloud base reveals an inter-
esting effect (Fig. 12). The overall shapes of the distribu-
tions are qualitatively similar, with the cloud top and cloud
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Figure 11. (a) P6 altitude during RF08 on 24 April 2024.
(b) MPSS-measured PNSD. (c) Integral particle number concen-
trations in the total measured size range (10 nm≤Dp ≤ 600 nm,
solid line) and in the nucleation mode size range (10 nm≤Dp ≤
20 nm, dashed line), respectively. The data measured from 10:52 to
11:07 UTC are grayed out in panels (b) and (c) since erroneous mea-
surements due to icing of the aerosol inlet and/or droplet shattering
cannot be ruled out.

base accumulation mode concentrations following each other
rather closely, while the number of Aitken and nucleation
mode particles is reduced by roughly a factor of two to
three at cloud base, resulting in a more pronounced Hoppel-
minimum for the PNSDs measured at cloud base. Even a
small shift of the accumulation mode at cloud base to larger
sizes can be seen, which could be due to particle growth in-
side cloud. For the comparison of the PNSDs measured at
cloud top and cloud base, we only considered measurements
carried out in the exact same geographical area, i.e., measure-
ments between WP1 and WP2 from approximately 10:38 to
10:52 UTC (cloud base) and 11:17 to 11:31 UTC (cloud top).
However, as differences are small and spatial and/or tempo-
ral variability cannot fully be ruled out, we cannot draw solid
quantitative conclusions. To indicate the absence of nucle-
ation mode particles in the free troposphere, the PNSD mea-
sured during the descent from 2100 m toward cloud level is
also shown in Fig. 12.

Backward trajectory analysis of all air masses featuring
newly formed particles in the vicinity of clouds

Figure 13 presents the results of the backward trajectory
analysis carried out for all PNSD measurements featuring
newly formed particles in the vicinity of clouds, which were
observed during three different research flights on 23, 24
(case study), and 26 April.

Predominantly, the air masses approached from lower lat-
itudes and moved northward, mainly in the last 48 h prior to
arrival (Fig. 13a). The trajectories traveled over the open sea

Figure 12. Median PNSDs measured at cloud top, cloud base, and
in the free troposphere. The shaded areas represent the interquartile
ranges.

in the last 18 to 60 and 90 to 100 h (Fig. 13b), whereby they
became warmer and picked up humidity (Fig. 13e–g). Since
the moist air masses moved poleward, an increase of IVTnorth
is visible in the last 48 h before arrival (Fig. 13h). Almost
75 % of the trajectories were in contact with the ABL dur-
ing the last five days (Fig. 13i), presenting the opportunity
for moisture and gaseous precursor uptake, potentially from
the open ocean. In about 90 % of the air masses, clouds had
formed within the previous five days (Fig. 13j). The gradual
decrease in potential temperature found in the last 24 h prior
to arrival (Fig. 13d) might result from the presence of these
clouds, i.e., from cloud top radiative cooling.

Cloud tops, due to the prevailing high humidities and high
actinic fluxes, which enhance photochemically driven pro-
cesses, as well as the presence of potential particle precur-
sors released from evaporating droplets, have been reported
to be favorable locations for NPF to take place (e.g., Hegg
et al., 1990; Clarke et al., 1998; Weber et al., 2001; Keil
and Wendisch, 2001; Wehner et al., 2015). In the Arctic, en-
hanced concentrations of particles in the size range from 20
to 300 nm at the top of stratus clouds were previously ob-
served by Garrett et al. (2002), who suggested that recent
particle formation at cloud top lead to these high concentra-
tions. Similarly, a burst of nucleation mode particles within
50 m of the top of an Arctic low-level cloud was recently de-
tected by Pohorsky et al. (2026).

Overall, this leads us to the hypothesis that NPF in the
vicinity of the cloud top led to the observed elevated con-
centrations of newly formed particles at cloud top and cloud
base, with the newly formed particles being simultaneously
mixed down and cloud processed (wet scavenging and/or
growth depending on their size). Such a process is con-
ceivable for a marine ABL with the dynamics of radia-
tively cooled clouds (radiative cooling rate at cloud top ≈
−120 K d−1, Fig. S14, Lonardi et al., 2024) and the related
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Figure 13. Meteorological parameters along backward trajectories linked to newly formed particles detected in the vicinity of clouds. Shown,
as a function of time prior to arrival, are median values (solid lines) and interquartile ranges (shaded areas) of (a) latitude Lat, (b) sea ice
concentration csea ice, (c) altitude h, (d) potential temperature 2, (e) absolute temperature T , (f) relative humidity RH, (g) specific humidity
Q, and (h) northward integrated water vapor transport IVTnorth. The last two subplots show the cumulative fraction of the last contact of
the trajectories with the (i) ABL and (j) clouds. Note that if the cumulative fraction does not increase to 100 % at t =−120 h, this indicates
that a fraction of the trajectories was not in contact with the ABL/clouds during the last five days (the maximum time span the calculated
trajectories cover).

transport and mixing processes (Wood, 2012). Considering
the abundance of Arctic stratiform mixed-phase clouds (e.g.,
Shupe et al., 2013), NPF in the vicinity of such clouds may
play an important role in the Arctic aerosol particle and CCN
budgets.

4 Conclusions

In this study, we discussed the frequent occurrence of newly
formed aerosol particles in the Arctic troposphere as ob-
served during the airborne measurement campaign BAC-
SAM II, which was conducted from 5 April to 2 May 2024
utilizing the Alfred Wegener Institute’s Polar 6 aircraft
(Wesche et al., 2016). The Polar 6 was instrumented with
dedicated meteorological and aerosol instrumentation col-
lecting data over and around the Svalbard Archipelago, over
the Fram Strait, and in the vicinity of Villum Research Sta-
tion (Station Nord) in Greenland. We observed newly formed
particles during all eleven research flights at various loca-
tions (approximately between 76 to 85° N and 15° W to
26° E). Newly formed particles were encountered in an al-
titude range from about 60 to 3900 m a.s.l., i.e., throughout

the flight altitude range investigated during the campaign.
Specifically, these particles were detected in the free tropo-
sphere, inside the atmospheric boundary layer (ABL) over
sea ice, in the vicinity of clouds, as well as inside the ABL
over ocean with sea ice floes. No clear indications of newly
formed particles inside the ABL over open, completely ice-
free ocean were found.

Newly formed particles in the free troposphere were en-
countered across large geographical areas (with individual
events spanning distances of hundreds of kilometers) and at
different altitudes. Our respective analyses suggest a possi-
bly important role of meridional transport in combination
with cloud processing and precipitation for free tropospheric
new particle formation (NPF). Such a scenario could be en-
countered during, e.g., warm-air intrusions which may de-
liver the precursor gases to atmospheric conditions (high al-
titudes, intense solar radiation, low temperatures, small pre-
existing particle surface area) favorable for NPF. With re-
spect to the newly formed particles detected inside the ABL
over sea ice, we hypothesize that these particles are the result
of regional NPF events induced by precursor gases (conceiv-
ably iodine components) originating from the sea ice, leads,
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or snow present in the measurement region. However, contri-
butions of higher-latitude Arctic (precursor) sources cannot
be ruled out. Concerning newly formed particles observed at
both cloud tops and cloud bases, we found indications that
these particles are formed at the cloud tops and subsequently
mixed down to the cloud bases, with the cloud tops providing
a favorable environment for NPF to occur. The presence of
newly formed particles inside the ABL over ocean with sea
ice floes could partly be related to a phytoplankton bloom
which occurred in the respective target region on the day of
the research flight. But ultimately, the source of precursors
which contributed to the formation of the observed newly
formed particles could not be identified. Furthermore, our
analysis suggests that during the measurements carried out
inside the ABL over open, completely ice-free ocean, no phy-
toplankton bloom occurred in the target regions, i.e., no indi-
cations pointing toward significant emissions of biologically-
produced precursors were found. This might explain why no
newly formed particles over open ocean were observed dur-
ing our campaign.

Taken together, our results show that newly formed par-
ticles were frequently present and very likely produced in
both the Arctic free troposphere and the Arctic ABL dur-
ing our measurements in spring 2024. In particular, for the
first time, our study presents observational results which in-
dicate that NPF in the Arctic free troposphere occurred over
distances of several hundreds of kilometers. In this context,
a possible mechanism leading to Arctic free tropospheric
NPF could be associated with warm-air intrusions. A similar
transport pathway of precursor gases and/or newly formed
particles from lower latitudes to the Arctic free troposphere
was previously suggested in a modeling study by Price et al.
(2023), but to date had not been substantiated by analysis
of in situ-measured data. We present observational evidence
which likewise shows that meridional transport can lead to
NPF in the Arctic free troposphere.

Further modeling studies are required to assess the im-
pact of newly formed particles occurring over distances of
hundreds of kilometers and a wide range of altitudes in-
side and above the Arctic ABL on the Arctic aerosol and
cloud condensation nuclei (CCN) budgets. In particular, be-
cause relatively small, sub-100 nm particles readily act as
CCN in the clean Arctic atmosphere, the occurrence of newly
formed particles in the free troposphere and the ABL might
exert an important influence on Arctic aerosol-cloud-climate
interactions. Future observational campaigns would profit
from trace gas measurements and fast, size-resolved mea-
surements of particles with diameters of less than 10 nm,
e.g., with multiple condensation particle counters featuring
different lower cut-off diameters. Such measurements could
facilitate the identification of the relevant precursor gases and
the precise nucleation region. Importantly, prospective stud-
ies should include vertical measurements and target both the
Arctic ABL and free troposphere. Here, the use of drop son-

des to provide high-resolution profiles of the vertical struc-
ture of the atmosphere would be beneficial.

Finally, in a rapidly warming Arctic, where the sea ice con-
tinues to retreat, more clouds might be present in the future,
and the occurrence of warm-air intrusions is expected to in-
crease, NPF frequency and location will likely be affected
by these changes. Especially NPF in the free troposphere,
possibly linked to warm-air intrusions, and at the tops of
Arctic stratiform clouds, might significantly impact current
and future Arctic aerosol and CCN budgets due to its poten-
tially large geographical extent and frequent occurrence, and
should therefore be considered in atmospheric models for the
prediction of future Arctic weather and climate.

Data availability. Master tracks are available on PAN-
GAEA for all research flights of the BACSAM II cam-
paign (https://doi.org/10.1594/PANGAEA.971763, Jurányi
et al., 2024). Backward trajectory data are available on
PANGAEA for all research flights of the BACSAM II cam-
paign (https://doi.org/10.1594/PANGAEA.971694, Kirbus
and Wendisch, 2024). PNSD data from all research flights
of the BACSAM II campaign are available on PANGAEA
(https://doi.org/10.1594/PANGAEA.993546, Simon et al., 2026).
Sea ice data were retrieved from https://www.seaice.uni-bremen.de
(last access: 10 June 2024) (Spreen et al., 2008). MODIS-TERRA
satellite images were retrieved from https://wvs.earthdata.nasa.gov
(last access: 30 April 2024). This study has been con-
ducted using E.U. Copernicus Marine Service Information;
https://doi.org/10.48670/moi-00281 (E.U. Copernicus Marine
Service Information (CMEMS), 2025).
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