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Abstract
In the Arctic, new particle formation (NPF) and subsequent growth processes are the keys to produce Aitken-mode particles, which under 
certain conditions can act as cloud condensation nuclei (CCNs). The activation of Aitken-mode particles increases the CCN budget of 
Arctic low-level clouds and, accordingly, affects Arctic climate forcing. However, the growth mechanism of Aitken-mode particles 
from NPF into CCN range in the summertime Arctic boundary layer remains a subject of current research. In this combined Arctic 
cruise field and modeling study, we investigated Aitken-mode particle growth to sizes above 80 nm. A mechanism is suggested that 
explains how Aitken-mode particles can become CCN without requiring high water vapor supersaturation. Model simulations suggest 
the formation of semivolatile compounds, such as methanesulfonic acid (MSA) in fog droplets. When the fog droplets evaporate, 
these compounds repartition from CCNs into the gas phase and into the condensed phase of nonactivated Aitken-mode particles. For 
MSA, a mass increase factor of 18 is modeled. The postfog redistribution mechanism of semivolatile acidic and basic compounds 
could explain the observed growth of >20 nm h−1 for 60-nm particles to sizes above 100 nm. Overall, this study implies that the 
increasing frequency of NPF and fog-related particle processing can affect Arctic cloud properties in the summertime boundary layer.
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Significance Statement

In the Arctic, processes leading to more cloud condensation nuclei (CCNs) are crucial for radiative cloud properties and Arctic climate. 
The short lifetime and limited condensable vapors often prevent Aitken-mode particles from growing rapidly into CCN range. In the 
summer, Aitken-mode particles can activate to cloud droplets above the boundary layer, when accumulation-mode particle concen
trations are low, enabling higher supersaturation. Near the ocean surface, supersaturations are generally lower, requiring the par
ticles to be larger to activate. Observations showed a rapid growth of Aitken-mode particles after fog evaporation to sizes beyond 
80 nm where they are more likely to act as CCN. This work reveals that the postfog growth of Aitken particles results from chemical 
in-fog production of semivolatile compounds and postfog repartitioning processes.

Introduction
High-latitude regions have experienced a well-documented and 
stronger-than-average increase in near-surface temperature (1–3). 
Resulting changes in the Arctic include, but are not limited to, (i) 
the development of melt ponds, (ii) an increase in the mean speed 
of sea-ice flow, and (iii) deformation and decline in multiyear sea-ice 
cover (4–6). Such changes are expected to have impacts on the 
Arctic ecosystem as a whole (7), local and global climate (8, 9), 

worldwide economies (10), and shifting geopolitical interests (11). 
While some of these transformations may result in new opportun
ities (e.g. in maritime transport) (12), the warming Arctic and its ef
fects can be seen as one of the greatest environmental challenges of 
the 21st century.

To determine the energy flows and surface energy budget in the 
Arctic, a comprehensive understanding of aerosol effects on 
clouds and their properties is required. In general, clouds in the 
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Arctic warm the surface for most of the year (13, 14). Although 
studies on Arctic clouds do exist (15–17), the role of aerosol par
ticles and their effect on Arctic clouds remains uncertain. This 
is likely due to insufficient and only episodic measurements in 
the region (18). Because of the high sensitivity of Arctic clouds to 
the number concentration of aerosol particles upon which clouds 
form (19), identifying and understanding the potential sources of 
cloud condensation nuclei (CCNs) in the high Arctic is of high im
portance. Investigations on cloud formation and quantification of 
CCN sources are required to improve cloud-related Arctic surface 
radiative budget parameterizations and model predictions.

Because primary particle sources are scarce in the Arctic, at
mospheric new particle formation (NPF) here is one of the main 
processes producing a high number of aerosols, at times up to 
three orders of magnitude higher than the background concentra
tion (20). However, in the Arctic, formation and growth rates (GR) 
of aerosol particles are considerably smaller compared with 
anthropogenically influenced environments (21). Low concentra
tions of condensable vapors hinder newly produced particle 
growth to sizes >80 nm, a size at which Aitken-mode particles 
can act as CCN without requiring high water vapor supersatur
ation (S) to exceed the critical diameter for activation. This, in 
turn, may decrease their atmospheric relevance. Under ambient 
noncloud conditions, observed GR of Aitken-mode particles in 
the pristine Arctic environment are usually 0.2 to 1.2 nm h−1 

(20, 22). Occasional GR > 2 nm h−1 were also observed (23) and 
were linked to condensable organic vapors. While some model 
studies have highlighted the importance of dimethyl sulfide 
(DMS) oxidation in enhancing aerosol particle growth between 
60 and 200 nm (24–26), others argue against it (27). This may be be
cause the applied DMS oxidation schemes do not consider the im
portance of aqueous-phase chemistry processes on the cloud 
droplet number concentration (28, 29). It remains unclear how 
biogenic emissions and resulting semivolatile compounds (SVCs) 
affect the growth of newly formed particles into CCN size ranges 
>80 nm in pristine Arctic environments and to what extent DMS 
oxidation is involved (30).

It is important to note that particles below 50 nm can act as 
CCN [see Abbatt et al., Komppula et al., Croft et al., Leaitch 
et al., Pöhlker et al., Kerminen et al., and Koike et al. (30–36) and 
references therein] under Arctic conditions. It is known that 
Aitken-mode particles can particularly activate to cloud droplets 
during summertime conditions in the upper part of the Arctic 
boundary layer due to higher S and correspondingly lower droplet 
activation diameters (33, 36). The activation of smaller particles 
in clouds at higher altitudes is additionally driven by low 
accumulation-mode particle number concentration (PNC), which 
increases cloud S > 0.3%. Near the ocean surface, however, cloud 
or fog S is generally lower (33, 36), requiring certain conditions [e.g. 
low accumulation-mode PNC; updraft wind speed in a range of 
0.3 m s−1 (37); particle diameter in a range of 80 nm] for particles 
to activate. Although possible, such conditions may be less fre
quent (37, 38) than other mechanisms contributing to increased 
CCN concentrations (e.g. NPF followed by particle processing in 
fogs). Moreover, the success of newly formed particles in becom
ing CCNs depends on their survival in the atmosphere. The ultra
fine particles can be efficiently removed over the open water 
surface by coagulation with fog droplets (22). With that said, 
newly formed particles in general seem to be persistent and re
appear after fog has dissipated (see also Fig. 1). In addition, 
Arctic fog may create favorable conditions (e.g. via in-cloud chem
ical processes) for efficient formation of secondary aerosol mass 
and SVCs. Recent measurements onboard the research vessel 

(RV) Polarstern in the Arctic showed regional NPF (20) and rapid 
unexpected growth of Aitken-mode particles after extended 
Arctic fog periods. Such postfog growth processes can also be 
seen in a recent study (22), however, with no further investigation.

Due to a changing Arctic climate, NPF events and fog occur
rence are predicted to increase, particularly in marginal sea ice 
zones (23, 39–41). Accordingly, the rapid increase in <60 nm par
ticles observed in our study may become a dominant source of 
CCN; thus, it is important to understand their linked processes 
in more detail. The goals of this work are (i) to investigate unex
pected observed growth of Aitken-mode particles, (ii) to provide 
evidence for the role of chemical in-fog and physical postfog proc
esses, and (iii) to investigate the radiative responses of more 
CCN-active particles. To this end, all in situ observations are com
prehensively studied, and the fog-related growth of Aitken-mode 
particles is simulated with an advanced multiphase chemistry 
model, while the radiative effects were simulated with a 1D radia
tive transfer model. The implications of the study findings are dis
cussed with regard to particle growth processes and increased 
CCN number concentration. Finally, given the high frequency of 
occurrences of low-level clouds and fogs in the Arctic summer 
(41–43) and the increasing frequency of NPF episodes (23, 40, 41), 
the potential implications of the observed particle growth for fur
ther Arctic warming are discussed.

Results and discussion
Particle properties related to the fog events
Aitken-mode particle growth was observed following a regional 
NPF event (occurring at sea level; there was no particle entrain
ment from aloft) and subsequent fog formation in the summer 
Arctic, suggesting secondary aerosol mass formation through in- 
fog and postfog processes. This led to an investigation of the proc
esses for Aitken-mode particles to grow in size, which can result in 
a CCN concentration increase in the summer Arctic. A detailed de
scription of NPF events observed during the two-leg cruise in the 
Fram Strait and Barents Sea in the vicinity of Svalbard (Norway) 
from 2017 May to July, onboard the German RV Polarstern 
(PS106) was reported in a previous study (20). The 
supplementary material provides data on the physical and chem
ical properties of aerosol particles relevant only to the present 
study.

The rapid growth of Aitken-mode particles from ∼60 to 
>100 nm (with GR > 20 nm h−1) was observed when the following 
sequence of events occurred: (i) NPF and subsequent particle 
growth into the Aitken-mode; (ii) fog formation (lasting >10 min, 
required to produce SVCs); and (iii) fog evaporation. Although sev
eral regional NPF (involving aerosol particle formation and initial 
growth; Fig. S1) and multiple fog events were observed during the 
campaign, two episodes fulfilled all of the criteria for the rapid 
growth: an episode on 2017 June 1–2 (Fig. 1) and another episode 
on 2017 June 19–20 (Fig. S2). It should be noted that the fog events 
mentioned contained liquid droplets because the median tem
perature during the measurement campaign was 0.8°C (25th per
centile—negative 2°C). The fact that two events of this kind 
occurred within 3 weeks during the measurement campaign sug
gests that the observed phenomenon is not a rare event. From a 
literature review on Arctic NPF and fog observations, it can be con
cluded that such combined conditions (NPF and subsequent fog 
occurrence) are rather frequent because of the commonly ob
served temporal relation between Arctic summer NPF and fog 
(see the supplementary material for details).
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In this study, the episode of 2017 June 1–2 was chosen for a case 
study because of the available comprehensive aerosol measure
ment data set, which involves both the microphysical and chem
ical properties of aerosol particles and fog droplets. Data for the 
episode between June 19 and 20 were limited, and therefore this 
episode was excluded from the further discussion in this study. 
For a more structured discussion of the June 1–2 episode, the event 
was divided into six distinct periods (in the text referred to as #1, 
#2, #3, etc.) reflecting the different conditions and co-occurring 
processes as shown in Fig. 1. The observed growth event of 
Aitken-mode particles started with NPF during period #1, recorded 
on June 1 at 6:00 UTC, when RV Polarstern was 80.4°N and 7.2°E 
(Fig. S1). Prior to the NPF events, the PNC decreased to 2 particles 
cm−3 and was associated with air masses prevailing from the 
North. The background particle number size distribution (PNSD) 
before the NPF event of June 1 was composed of two modes 
(Fig. S3). Because of NPF, the observed total PNC increased by 
two orders of magnitude: from background concentrations of 
20 cm−3 on May 31 to 4,000 cm−3 on June 1 (Fig. 1). Over 11 h (peri
od #1), newly formed particles grew in size to the geometric mean 
diameter of 24 nm, forming a PNSD with three modes (see Fig. S3). 
Particle hygroscopicity several hours after the beginning of the 
NPF event (June 1, approximately 12:00 to 17:00 UTC) was κ20nm  

= 0.41 ± 0.02 and κ150nm = 0.52 ± 0.1. At 19:00 UTC, the fog episode 
began causing a perturbation in the PNSD. During the first part of 
the fog episode (period #2 in Fig. 1), the small particle (10–60 nm) 
surface area concentration [particle surface area size distribution 
(PSSD), see Fig. 1B] rapidly decreased (solid black line in Fig. 1A). 
This indicates that particles <60 nm can initially be activated for 
about 3 to 4 h [activation of Aitken-mode particles requires high 

S during the fog formation, which is possible under clean Arctic 
conditions (44)] and/or lost due to scavenging by fog droplets. 
Coagulation is unlikely to play an important role here due to rela
tively small Aitken and accumulation mode PNCs. Interestingly, 
about 3 to 4 h after the fog formation, the number concentration 
of <60 nm particles recovered to a slightly lower level compared 
with prefog conditions indicating deactivation of smaller fog drop
lets or possible advection of nonfog processed particles. The in
creased surface area concentration suggests mass production by 
in-fog processes, which also increase particle size. During the se
cond half of the fog episode (period #3 in Fig. 1), particles >60 nm 
were still activated, as indicated by the small number of particles 
in this size range (Fig. 1A). After 4:00 UTC on June 2, as the meas
ured visibility increased, the number concentration of particles 
<60 nm began gradually decreasing for the next 4 h. In compari
son, among particles with diameters > 60 nm, the number of par
ticles increased. Later, the fog continued to dissipate and the 
measured visibility continued to increase until about 6:00 UTC 
(Fig. S4). PNSD showed a distinct growth of Aitken-mode particles 
to accumulation mode sizes (growing from ∼60 to 170 nm in diam
eter) with a GR > 20 nm h−1 during the postfog period #4, illus
trated by purple squares in Fig. 1A. This observed GR is much 
higher than reported values in the literature, e.g. 0.01–1.49 nm 
h−1 by Park et al. (26).

By 8:00 UTC, the number concentration of <60 nm particles de
creased to about 1/6 of the initial particle number at 4:00 UTC. 
Subsequently, the remaining PNSD comprised two modes 
(Fig. S3), resembling the shape of the observed background 
PNSD before the NPF event. Overall, because of the fog-related 
processes, the accumulation mode PNC increased by 14% (from 
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70 to 80 cm−3). The hygroscopicity of newly formed accumulation 
mode particles was slightly lower—κ150nm = 0.43 ± 0.06, compared 
with hygroscopicity before the fog event. This suggests that organ
ic compounds may be involved in particle growth to sizes above 
60 nm, demonstrating that specific processes related to fog drop
let chemistry could drive the growth of Aitken-mode particles. 
After the observed fog-induced rapid growth of Aitken-mode par
ticles, the CCN concentration (associated with the background 
aerosol) increased by about 45%. Such an increase could affect 
the radiative properties of low-level clouds. A first-guess calcula
tion has been performed to investigate this influence (see 
supplementary material). After 10:00 UTC (period #5), the PSSD 
showed dominant accumulation mode particles that can be 
CCN-active at relatively low S, allowing optically brighter clouds 
at low altitudes. The sudden appearance of a high concentration 
of smaller particles in period #6 was caused by RV emissions.

Fog-related multiphase chemistry modeling
To analyze the observed postfog growth of particles (<60 nm) and 
to find out what caused their growth into a size range where CCN 
activation is enabled without high S, three multiphase chemistry 
model simulations were carried out without (model case 1) and 
with (model cases 2 and 3) fog occurrences. The simulations focus 
solely on the long fog event between 2017 June 1 and 2, because of 
limited data availability for other events with longer fog duration 
after NPF. Two model cases with fog were simulated to distinguish 
between fogs with low (0.2%) and high (0.5%) S conditions during 
their formation.

In the fog formation phase, particles with a diameter of 
≥102 nm are activated in model case 2 and particles with a diam
eter of ≥79 nm in model case 3. These activated particles are fur
ther named CCN-active particles. In model case 3, particles with 
diameters between >27 and <79 nm are partly activated for only 
a few hours; i.e. they are temporarily activated and deactivate 
after a while. These particles are named partly CCN-active par
ticles and are only present in model case 3. Particles not activated 
in the model simulations are named CCN-inactive. Thus, in model 
case 2, CCN-inactive particles cover the size range of the 
Aitken-mode, whereas in model case 3, partly CCN-active par
ticles dominate the Aitken-mode. An overview of the covered 
size ranges for the different simulations is provided in Table 1. 
All model investigations focused on the chemical processing dur
ing fog and the subsequent postfog periods.

For the model cases with fog, a small increase in particle mass 
of about 75 and 71 ng m−3 was modeled at the end of the simula
tion for model cases 2 and 3, respectively (see Fig. S5). Due to clean 
conditions in the Arctic environment, characterized by low trace 
gas concentrations, fog chemistry-related mass increase is domi
nated by in-fog SO2 oxidation. The simulations also indicate in-fog 
production of methanesulfonic acid (MSA), nitric acid, and oxalic 
acid (Fig. S6). Consistent with the results of Topping et al. (45) and 
their reported cocondensation process for pristine regions, an in
crease in dry mass is modeled during the early fog formation. 
During fog, the mass of Aitken-mode particles is simulated to de
crease in model case 2 (CCN-inactive particles), while it is simu
lated to increase in model case 3 (partly CCN-active and 
CCN-active particles; see Fig. S5). However, an overall mass in
crease for Aitken-mode particles, such as in model case 3, is in
consistent with the in situ particle measurements (Fig. 1).

The mass decrease of CCN-inactive particles in model case 2 is 
related to the evaporation of SVCs from these particles to the 
undersaturated gas phase. This undersaturation results from 
the strong uptake of the soluble SVCs into the fog droplets, repre
senting a stronger sink for SVCs compared with the gas-phase oxi
dation or the uptake to interstitial particles. The mass increase of 
Aitken-mode particles in model case 3 is then due to chemical in- 
fog production in partly activated particles (>27 to <79 nm in 
diameter). These dominate the fog droplet number for a short 
time period. As larger fog droplets grow at the expense of smaller 
ones, partly CCN-activated particles get deactivated after about 
1.7 to 3.7 h increasing the number of Aitken-mode particles with 
a diameter <79 nm. This agrees also with the modeled decrease 
of S (Fig. 1). The modeled deactivation of smaller fog droplets is 
consistent with the observed particle number increase between 
10 and 60 nm during June 1 (end of period #2 in Fig. 1). However, 
the fog and associated processes continued for another 4 h where 
advection of other aerosol/fog particles was possible. This implies 
that the particles during period #3 (Fig. 1) were not necessarily as
sociated with the initial fog processing and high S as the particle 
size does not show an expected increase. Therefore, the simula
tion with lower S is more likely to represent these particles, and 
further discussion focuses on model case 2, as it appears to be 
more realistic for a long fog period (≥4 h).

The fog-related change in the dry mass concentration of 
CCN-inactive particles [c(t)/c(t = 5:40 UTC, 2017-06-02)] is dis
played as a red line in Fig. S5. With fog dissipation, the model sim
ulates a logarithmic increase of dry particle mass for the 
CCN-inactive particles (Fig. S5), which is in line with the in situ ob
servations (period #4 in Fig. 1). The logarithmic increase is more 
strongly pronounced for model case 2 where particles ≤102 nm 
are not partly activated. At the end of the simulations, the dry 
mass is increased by a factor of about 1.1. In contrast, the positive 
slope is more linear in the simulation without fog occurrence, sug
gesting that fog chemistry plays a decisive role in the observed 
postfog-related growth processes of Aitken-mode particles.

To further investigate the processes responsible for the rapid 
increase of modeled CCN-inactive particle mass concentration 
(and thus their size), the predicted contribution of single chemical 
compounds to the observed growth was explored. In a pristine 
marine Arctic environment, the oxidation of DMS into MSA and 
sulfuric acid (H2SO4), as well as ammonia (NH3) emission from 
the ocean surface, should be the most important drivers for par
ticle growth. Ship-based emissions from RV Polarstern, rich in ni
trogen oxides (NOx), may also have contributed to particle growth 
through the fog-related aqueous phase HNO3 formation. The 
modeled concentrations of MSA, ammonium, nitrate, and sulfate 

Table 1. Specification of the different simulation cases.

Run 
identifier

Specification Comment

Model 
case 1

No fog formation

Model 
case 2

Fog formation with 0.2% 
supersaturation

CCN-inactive particles with 
diameter < 102 nm 

CCN-active particles with 
diameter ≥ 102 nm

Model 
case 3

Fog formation with 0.5% 
supersaturation

CCN-inactive particles with 
diameter ≤ 27 nm 

partly CCN-active particles with 
diameter between >27 and 
<79 nm 
CCN-active particles with 
diameter ≥ 79 nm

4 | PNAS Nexus, 2023, Vol. 2, No. 5

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad124/7111842 by guest on 22 Septem

ber 2023

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad124#supplementary-data


in CCN-inactive and CCN-active particles, as well as particle mass 
increase related to fog evaporation, are shown in Figs. 2 and S7 for 
model cases 2 and 3, respectively. The orange color represents the 
sum of the modeled mass of CCN-active particles, and the violet is 
the sum of the modeled mass in CCN-inactive particles. The nor
malized mass increase due to fog is calculated for 5:40 UTC, be
cause MSA evaporation from CCN-active particles and 
condensation onto CCN-inactive particles peaks at this time (see 
orange and violet area in Fig. 3 that represent the phase transfer 
flux of CCN-active and CCN-inactive particles, respectively). For 
CCN-inactive particles in model case 2, a rapid logarithmic in
crease of ammonium mass is simulated within the first 3 h after 
fog dissipation (from 6 to 9 AM, red line in Fig. 2A). This increase 
of about 0.6 ng m−3 corresponds to an increase of the ammonium 
mass by around one order of magnitude. The recondensation of 
ammonia, released from the evaporating fog droplets onto 
CCN-inactive particles, is fostered because of the higher acidity 
of the CCN-inactive particles compared with the CCN-active par
ticles shortly after fog dissipation. Additionally, the simulation re
sults reveal a strong logarithmic increase of MSA mass peaking 
around 12 AM following the ammonium mass increase for the 
CCN-inactive particles (purple area and red line in Fig. 2B), i.e. 
Aitken-mode particles in model case 2 and particles ≤27 nm in 
model case 3. A logarithmic increase is also modeled for other dis
solved semivolatile acids such as nitric acid and its dissociated 
form nitrate (HNO3(aq)+NO3

−). As the density of MSA (1,480 kg 
m−3) is 80% of H2SO4 (1,830 kg m−3), the mass increase of MSA 
might also lower the overall density of the CCN-inactive particles 
and enhance an increase of the particle volume. At the end of the 
simulation, the mass of MSA is increased by a factor of 11 and 79 
(with a peak value of 18 and 90) for model cases 2 and 3, respect
ively. This MSA mass increase is very interesting, as in general be
fore fog occurrence, the model simulates MSA partitioning 
(average flux 2.8 × 10−17 mol m−3 s−1) from the CCN-inactive 
(Aitken-mode) particles into the gas phase (Fig. 3). In contrast to 
this, all MSA from the gas phase is taken up into the fog droplets 
within the fog period thus triggering a phase transfer flux of 
MSA from the CCN-inactive particles to the gas phase (average 
flux 1.2 × 10−16 mol m−3 s−1) and from the gas phase to fog droplets 
(average flux 2.5 × 10−16 mol m−3 s−1) (repartitioning; Fig. 3). When 
the liquid fog water evaporates, the MSA concentration becomes 
oversaturated in the larger CCN-active particles and begins to 
evaporate around 5:40 AM into the gas phase. With fog dissipa
tion, the MSA gas-phase concentration is >6.0 × 106 molecules 
cm−3, six times higher compared with the time period before the 
fog episode (red line in Fig. S6). The enhancement occurs because 
of an effective MSA production by aqueous-phase chemistry dur
ing the fog (28). Additionally, the modeled increase of gas-phase 
MSA is affected by higher acidity and lower liquid water content 
(LWC) of the CCN-active particles compared with fog droplets. 
From the gas phase, the MSA is then taken up by the particles be
fore 11 AM with a maximum mass flux of 2.0 × 10−15 mol m−3 s−1 

at 5:50 AM leading to the modeled logarithmic increase in par
ticulate MSA in the CCN-inactive particles. Around 8 AM, the 
mass flux toward the CCN-inactive particles decreases, whereas 
it begins to increase for CCN-active particles. Around 11 AM, the 
flux pattern changes, showing that the MSA evaporates from the 
CCN-inactive particles. The MSA transfer from the evaporating 
CCN-active particles to the CCN-inactive particles is also evident 
from Fig. S8, where the MSA mass in the different simulated 
aerosol size bins at 5:40 and 8 AM is shown. A logarithmic in
crease is not seen for sulfate (red line in Fig. 2C), a stronger 
and less-volatile acid than MSA (46), suggesting that sulfate 

remains in the CCN-active and partly CCN-active particles and 
is not responsible for the observed growth. A logarithmic in
crease of the nitrate mass concentration in the CCN-inactive 
particles is also simulated. However, with the value of 0.1 ng 
m−3, the modeled nitrate concentration in CCN-inactive par
ticles is one order of magnitude lower than that of MSA (violet 
area in Fig. 2D). This indicates that nitrate is not likely to be a 
key driver of the observed particle growth. Nevertheless, Arctic 
climate change can induce higher ship traffic emissions and 
thus increases the importance and probability of nitrate-driven 
growth events.

The ability of the model to reproduce the distribution of key 
acids and bases between the different particle sizes was investi
gated by comparing the modeled data with Berner impactor meas
urement performed between 2017 June 1 and 4. As these values 
were also used to initialize the model, some technical issues 
were investigated to determine whether the approach was feas
ible. The relative concentrations of the measured compounds 
were used to initialize aerosol particle composition. Thus, the ini
tial mass is not the same as the measured one. For example, the 
measured MSA mass in the impactor stage 1 (IS1) was 1.14 ng 
m−3, while the initialized value was only 0.34 ng m−3. This differ
ence is caused by the initialized size distribution that is not repre
sentative for the whole measurement period of the impactor. 
Additionally, the flux investigation of MSA reveals that before 
the fog occurrence, the MSA in CCN-inactive particles from a 
size range of IS1 evaporates into the gas phase. The fog of interest 
occurred during the first part of the sampling period of the impact
or. In the model, every particle size from the second IS is activated 
and grown to droplet diameters > 10 µm. Therefore, comparisons 
between modeled and measured concentrations for different IS of 
typical CCN sizes above 80 nm are limited. Activated and subse
quently grown CCN particles were either not sampled due to their 
growth to larger sizes (above the cutoff size of the sampling inlet) 
or were sampled at a higher IS due to effective coagulation proc
esses in the inlet system at very high RH. As the model does not 
consider the mentioned processes, only the comparison between 
model results and the first IS is discussed further.

Comparisons between measured concentrations of the Berner 
impactor and modeled values for model cases 2 and 3 are shown 
in Table S3. Special emphasis is put on MSA and nitrate as these 
are formed predominantly in the fog and can then recondense 
onto smaller particles. For the first IS, which includes the particle 
sizes affected by the observed volume increase, the modeled MSA 
is about a factor of 3 lower than the measurements for model case 
2 (see Table S3). For nitrate, the detection limit is <0.66 ng m−3, 
and a concentration of 0.13 ng m−3 is modeled. An overestimation 
of more than one order of magnitude is modeled for MSA and ni
trate in model case 3. This underlines the proposed conclusion 
that for longer fog episodes, model case 2 is more realistic. 
However, concentrations of sulfate and ammonium in the first 
and second IS are overestimated by the model by more than an or
der of magnitude for both model cases 2 and 3. This overesti
mation is explainable as the Berner impactor measurements, 
used to initialize the model, already contained the contribution 
from in-fog processes. Besides the Berner impactor measure
ments, the composition of fog droplets was also measured and 
compared with the modeled values. The comparison revealed 
that the model calculates less formate and oxalate as measured 
within the fog droplets, which might be related to missing emis
sion sources or excessively low emissions within the model. A 
broader discussion of the comparisons is provided in the 
supplementary material.
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The measured concentration of MSA, given in Table S3, shows 
that MSA accounts for only about 1% to the measured IS1 mass. 
However, EC contributed about 25% to the measured mass during 
the long measurement period from June 1 to 4. The high EC con
tent is caused by the ship exhaust emitted after the fog period. 
Since other compounds that condense onto particles may have 
been emitted in the process, it can be assumed that up to half of 
the measured mass might be due to ship exhaust. Thus, in the ab
sence of this contamination, the MSA mass could contribute up to 
2% of the total IS1 mass during the episode of interest. From the 
determined maximum normalized mass increase by a factor of 
18 to 90 of MSA, a mass and volume increase of particles can be 
calculated. Considering a factor of 18, a particle volume increase 
factor of up to 1.36 can be calculated. Furthermore, assuming a 
constant density and spherical aerosol shape, an aerosol size in
crease can be determined. Thus, particles with a diameter of 
60 nm can grow in size to 66 nm only by condensation of MSA.

However, this increase is still too small to explain the growth of 
the observed particles and should therefore be attributed to other 
SVCs. The comparison between the model IS1 data after the fog 
evaporation and the observational data reveals that the model 
underestimates the organic mass by about half. Unfortunately, 
detailed chemical information is unavailable to identify the 
main individual organic compounds contributing to the organic 
mass. On the other hand, the model has limitations in predicting 
in-fog formation of other oxidized organic compounds and/or 
their partitioning to the IS1 particles after the fog dissipation. 
Thus, the model underestimates the organic mass and the growth 
in diameter. Consequently, future measurements should focus on 
a more detailed determination of the organic mass composition, 

the partitioning of semivolatile organic compounds, and the gas- 
phase concentration of potential precursors emitted by the ocean 
leading to organic mass.

In conclusion, the model results indicate that the observed par
ticle growth is related to in-fog production of SVCs more volatile 
than sulfate. After fog evaporation, SVCs can partition from the 
larger fog-processed particles to the gas phase and then to recon
dense onto CCN-inactive particles initiating a rapid postfog 
growth process (Fig. 4). This process can predominantly occur 
after a longer fog duration when enough SVCs are formed, and 
the effect of high S is small. For short fog durations (<4 h) and 
fogs formed through higher turbulence, higher S can also activate 
particles with diameters > 27 nm, which might inhibit their rapid 
postfog growth, because these particles were already affected by 
fog chemistry and saturated with the formed SVCs.

Conclusion and implications
During an intensive field campaign in the summer Arctic, fog- 
related rapid growth (GR > 20 nm h−1) of newly formed particles 
to CCN relevant sizes (>80 nm) was observed. The process respon
sible for such particle growth can be important in explaining CCN 
number concentration in the Arctic and its impacts on the radia
tive forcing of Arctic low-level clouds. The underlying growth 
mechanism of 60 nm particles was investigated by combining in 
situ field measurements and multiphase chemistry modeling. 
The model investigations revealed that effective aqueous-phase 
chemistry in Arctic fog droplets can lead either directly to a 
mass increase of activated and grown particles or indirectly to a 
mass increase of nonactivated particles through the production 
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Fig. 2. Simulated concentration of particulate A) ammonium, B) methanesulfonate, C) sulfate, and D) nitrate after the fog period at June 2, 5:40 UTC 
(tmodel = 54.17 h) for CCN-active and CCN-inactive particles for the model case 2. The normalized increase for the CCN-active and CCN-inactive particles 
is calculated as c(t)/c(t = 5:40 UTC, 2017-06-02). The blue line represents dissipation of the fog.
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and postfog repartitioning of semivolatile acids (in particular 
MSA, but also nitrate and oxalic acid). These acids are formed 
within fog droplets by effective aqueous-phase chemistry. They 
can evaporate to some extent from the processed CCN-active par
ticles during fog dissipation. With fog dissipation, the concentra
tion in the gas phase was modeled to be enhanced by a factor of 
6, 1.6, and 2 for MSA, nitric acid, and oxalic acid compared with 
the time before the fog formation, respectively. These semivolatile 
acids can immediately recondense onto the undersaturated 
CCN-inactive particles (Aitken-mode) along with semivolatile 
bases, mainly NH3. The observed rapid growth of 60 nm particles 
to sizes above 100 nm can be explained through this sequence of 
chemical in-fog production and physical repartitioning processes. 
In this context, the model simulations indicate S to be a key factor 
determining the observed rapid growth process during Artic sum
mer. For high modeled S (0.5%) which is more likely for clouds 
aloft of the ocean surface (33), very small Aitken-mode particles 
(diameter ∼30 nm) can be activated and grow to droplet sizes, 
which allows in-cloud processing but inhibits subsequent rapid 
postfog growths. However, when lower S (0.2%) is modeled, which 
seems to represent a reasonable S estimate for Arctic fogs (33, 47), 
Aitken-mode particles are not activated and the repartitioning 
process is responsible for their rapid growth. Here, fog duration 
is a key variable. Longer fog duration enables chemical in-fog 
processes to produce more SVCs required for a postfog reparti
tioning. This in turn enables a stronger postfog growth of nonacti
vated Aitken-mode particles. The proposed fog-initiated growth 
mechanism is illustrated in Fig. 4. Due to a changing climate in 
the Arctic, the frequency and duration of fogs are increasing 
(39, 48, 49). As a result, the observed growth phenomena and pro
posed mechanism may have substantial implications to better 
understand the radiative forcing of Arctic low-level clouds.

The extent, frequency, and potential significance of this CCN 
formation process need to be further investigated through the 
additional combined field, laboratory, and modeling studies. 

Future field studies in the summer Arctic should focus on highly 
time-resolved measurements of aerosol and cloud microphysics 
in parallel with advanced chemical analysis techniques to charac
terize important gas-phase components, as well as aerosol and 
fog droplet compositions. Particular emphasis should be dedi
cated to time-resolved measurements of semivolatile acids and 
bases in all phases. Consequently, further evidence for the pro
posed growth mechanism and its relevance can be provided. In 
perspective, advanced parameterizations need to be developed 
to incorporate fog-driven CCN formations in global climate mod
els to improve model predictions on Arctic amplification.

Materials and methods
Field measurements
The field measurement results presented here were collected on
board the RV Polarstern during the first leg of the expedition 
named “Physical feedbacks of Arctic boundary layer, Sea ice, 
Cloud and AerosoL (PASCAL, PS 106/1)” (18). The cruise track 
and geographical location of the discussed event, alongside with 
other relevant information are presented in Fig. S9.

Continuous measurements of PNSDs in a size range from 3 to 
800 nm were made using a neutral cluster and air ion spectrom
eter (NAIS, 2 to 10 nm) (50) and a TROPOS-type mobility particle 
size spectrometer (MPSS, 10 to 800 nm) (51). Size-segregated 
(15 to 150 nm) particle hygroscopicity at subsaturation (90% RH) 
was measured using a TROPOS-type volatility–hygroscopicity tan
dem differential mobility analyzer (VHTDMA). Aerosol sample RH  
< 40% was ensured with a membrane dryer.

For offline chemical analysis, aerosol particles were sampled 
at the side wall of the measurement container using five-stage 
(0.05–0.14, 0.14–0.42, 0.42–1.2, 1.2–3.5, and 3.5–10 µm of aero
dynamic particle diameter) low-pressure Berner impactors 
(Hauke, Austria). Sampling lines were heated to ΔTmax = 9°C to 

-2.5x10-14

-2.0x10-14

-1.5x10-14

-1.0x10-14

-0.5x10-14

 0

 0.5x10-14

 1.0x10-14

M
S

A
 fl

ux
 in

to
 g

as
 a

nd
 a

qu
eo

us
 p

ha
se

 / 
m

ol
 m

-3
 s

-1

Mass flux CCN-active particles Mass flux CCN-inactive particles

 0:00  4:00  8:00  12:00  16:00  20:00  0:00

2017-06-01

 4:00  8:00  12:00  16:00  20:00  0:00

2017-06-02

Fig. 3. Modeled mass flux of particulate MSA for the second and third model day within all size bins of CCN-active and CCN-inactive, respectively, for the 
model case 2. Here, MSA flux into gas phase is represented by negative, and MSA flux into aqueous phase is represented by positive values. The light blue 
and shaded blue bars represent fog and the formation and dissipation of the fog, respectively.
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reduce sample humidity to 75–80% RH, while minimizing the 
losses of the species discussed. An isokinetic inlet at a flow rate 
of 75 L min−1 was used. Size-segregated aerosol particles were col
lected on preheated (350°C for at least 2 h) aluminum foils.

Fog samples were collected using the Caltech Active Strand 
Cloud Collector Version 2 (CASCC2). Cloud droplets were sampled 
on the strands and gravitationally channeled into a Nalgene bot
tle. The 50% lower size cut for the CASCC2 is ∼3.5-µm diameter 
(52). More details of the cloud-water sampling procedure can be 
found in Hartmann et al. (53). Supplementary meteorological pa
rameters, such as global radiation, temperature, and RH were 
measured by the autonomous ship weather station.

Multiphase chemistry simulations
Simulations with the SPectral Aerosol Cloud Chemistry 
Interaction Model (SPACCIM) framework (54) were carried out to 
examine the impact of multiphase chemistry on the observed par
ticle growth. Detailed gas- and aqueous-phase chemistry is re
solved by the Master Chemical Mechanism (MCMv3.2, http:// 
mcm.york.ac.uk/) coupled to the Chemical Aqueous Phase 
RAdical Mechanism (CAPRAM4.0) (55). Halogen chemistry is de
scribed by CAPRAM-HM2.1 (56) and DMS chemistry by 
CAPRAM-DM1.0 (28). Additionally, uptake and dissociation of 
monomethylamine and trimethylamine (57, 58), the dominant 
emitted amines from the ocean into the atmosphere, have been 
included to better represent aerosol acidity evolution. For the sim
ulations, an air parcel moves along a predefined trajectory for 72 
h. Note that the simulations were performed using local time. 
Temperature is fixed at T = −2°C and RH = 95% to be consistent 
with the measured average values for the period of interest 
(2017 June 1–2). The first 24 h are used as model spin-up. Within 
the second model day, the fog occurrence is included. Fog forma
tion is realized in the model by an adiabatic cooling of the air par
cel for a certain time that occurs after 43.25 h (model case 2) and 
after 43.48 h (model case 3) of modeling time. Thereby, the 
amount of adiabatic cooling defines the modeled S leading to a S 
of 0.2 and 0.5% in model cases 2 and 3 during fog formation. At 
43.5 h (corresponding to June 1, 19:00 UTC), fog is formed, which 
resides until 52.5 h (June 2, 4:00 UTC). For model case 2, particles ≥  
102 nm and, for model case 3, particles > 27 nm in diameter were 
activated, respectively. In the model case 3, smaller particles (be
tween >27 and <79 nm in diameter) are activated to fog droplets 

that shrink shortly after activation back to particle sizes because 
the water condenses more efficiently onto the bigger droplets 
with ongoing simulation time, and the S is reduced so that such 
particles are deactivated. The slow fog dissipation is simulated 
by an adiabatic warming of the air parcel for 2 h until 54.5 h model 
time (June 2, 6:00 UTC). Time was converted to UTC (measure
ment time) for data presentation. To investigate the observed par
ticle size growth, the model was initialized using the in situ 
measured PNSD during the fog dissipation (Fig. S3C). This distribu
tion is fixed in the box model, and thus, the discussed results on 
size evolution are qualitative of nature. The chemical composition 
of aerosol particles included is determined from impactor meas
urements from June 1 to 4 (Table S2). During that time, a stable in
flow from the west was observed, i.e. no air mass change during 
the sampling. The initialized aerosol composition contains the 
relative contributions to the aerosol mass derived from the meas
ured individual compound masses and the total particulate mass. 
Gas-phase model initialization of volatile organic compounds and 
inorganic trace gases such as NOx is based on the two measure
ment stations at Ny-Ålesund (code numbers NO1665R and 
NO0042G), as well as on a literature survey of background 
concentrations during Arctic summer (see Table S1). 
Anthropogenic emission values of 2017 June along the trajectory 
are taken from the Atmospheric Chemistry and Climate Model 
Inter-comparison Project (ACCMIP) (59) inventory. Natural emis
sions from the Arctic Ocean surface are initialized from literature 
studies (60), except DMS for which a monthly mean for 2017 June 
was used. The DMS emission was calculated online in a previous 
study (61). Emissions from snowpack and dry deposition values 
of gases were initialized following Piot and von Glasow (62) and 
Zhou et al. (63). The whole model initialization data are summar
ized in Table S1. To evaluate the model prediction accuracy, the 
simulated chemical compound concentrations were compared 
with measured ones (Tables S3 and S4).

Data evaluation, trajectory model, and satellite 
data
Electrical particle mobility measured by a NAIS instrument was 
inverted to particle mobility diameter using the v14-lrnd inversion 
algorithm (64). MPSS data were inverted by following the respect
ive inversion algorithm (65). Particle transmission losses and 
counting efficiency were accounted for in preparing final particle 

Fig. 4. Illustration of processes involved in the postfog growth of Aitken-mode (CCN-inactive) particles due to the recondensation of SVCs. The 
implications for the radiative forcing, i.e. the supposed changes in cloud albedo and related radiation effects are also shown.
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and ion number size distributions (51, 66, 67) To clear MPSS meas
urement data from ship pollution, the sliding 25th percentile filter 
over a window of 1 h and 30 min (corresponding to 18 measure
ment points) was applied. Particle GR were calculated utilizing 
methodology by Kulmala et al. (68). The DMAinv routine (69) 
was used to invert VHTDMA data. The computed hygroscopic 
growth factor was used to parameterize particle hygroscopicity 
by κ−Köhler theory (70).

For laboratory particle chemical analysis, ion chromatography 
(ICS3000, Dionex, Sunnyvale, CA, USA) was used (71). Sea salt sul
fate (ss-sulfate) was calculated from the constant mass ratio 
m(SO2−

4 )/m(Na+) = 0.25 in bulk seawater (72). The data analysis 
was performed using the R programming language and free soft
ware environment for statistical computing and graphics (73). 
Backward air mass trajectories were calculated using HYSPLIT 
(74). The chlorophyll-a mass concentration in surface water 
(product 
OCEANCOLOUR_ARC_CHL_L3_REP_OBSERVATIONS_009_069) is 
taken from E.U. Copernicus Marine Service (http://marine. 
copernicus.eu/, last access: 2021 April 6). Cloud/fog coverage is 
taken from NASA Worldview (https://worldview.earthdata.nasa. 
gov, last access: 2021 April 6; VIIRS product).
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