
1.  Introduction
Sea salt aerosols (SSAs) strongly influence regional climates via their role as cloud condensation nuclei (O'Dowd 
et al., 1997) and ice-nucleating particles (DeMott et al., 2016; Wise et al., 2012), thus impacting on radiative 
forcing (Murphy et al., 1998; Murray et al., 2021; Neubauer et al., 2019). In addition, SSAs are of great impor-
tance in atmospheric chemistry due to their submicron and micron-sized structures and large quantities, offering 
an immense specific surface area for heterogeneous chemical reactions (Bertram et al., 2018; Wilson et al., 2015; 
Yang et al., 2019). In polar regions, SSAs, together with salty ice surfaces, are assumed to be the key media 
in bromine explosion events (BEEs), which usually associate with ozone depletion events (ODEs) (Keiichiro 
Hara et  al.,  2018; Shepson, 2021). Such occurrences are characterized by surface ozone level concentrations 
below 10 ppbv (part per billion volume); the typical background values range between 30 and 40 ppbv (Barrie 
et  al.,  1988; Tarasick & Bottenheim,  2002). Over the open ocean, SSAs originate from bubble bursting and 
wave breaking (Keene et al., 2007); however, they can be also produced in open leads (Kirpes et al., 2019; Leck 
et al., 2002; May et al., 2016; Nilsson et al., 2001). In addition, SSAs were proposed to be based on frozen salty 
solutions, such as those embodied in sea ice, sea-water contaminated snow, frost flowers (FFs) (Kaleschke, 2004), 
and blowing snow (Yang et al., 2008). The extent of the sources' relative contributions and their intensification 
at particular conditions have not been defined to date (Abbatt et al., 2012). The fact that sea ice zones are a large 
source of SSAs was deduced from the sulfate depletion relative to sodium in SSAs and snow with respect to sea 

Abstract  Using an environmental scanning electron microscope, we quantified for the first time aerosol-
sized salt particles formed during the sublimation of sea ice as a function of temperature and concentration. The 
sublimation temperature of the ice is a dominating physical factor to determine the size of the residua: Below 
−20°C, micron-sized pieces of salt emerge, whereas above the temperature large chunks of salt are detected. 
Another such aspect influencing the distribution of sizes in salt particles is the concentration: Micron-sized 
particles are observed exclusively at salinities below 3.5 psu, while below 0.085 psu particles with a median 
smaller than 6 μm arise from sea ices at any subzero temperature. Moreover, when a chunk of salt sublimes at 
less than −30°C to be dried and warmed later, a large number of sub-micron crystals will appear. We relate our 
findings to the production of the polar atmospheric sea salt aerosols.

Plain Language Summary  In polar regions, saline ices on sea ice or at coastal areas are thought 
to be a direct source of chemical compounds and sea salt aerosols; these salty aerosols are important to polar 
atmospheric chemistry and global climate for various reasons, such as that they affect atmospheric radiation 
in both a direct and an indirect manner. However, the exact location of the salts within the ice, together with 
the temperature and concentration dependence of the size and number density of the salt particles formed, was 
previously poorly understood and not well quantified. We therefore utilized a unique electron microscope to 
observe the structural changes occurring when saline ices sublime to create salt particles. Our experiments 
showed that small salt particles, proxies of sea salt aerosols, are preferably generated from low-concentrated 
ices and at low temperatures. These microscopic observations provide direct laboratory evidence to the 
proposed mechanism of sea salt aerosol production from sublimating saline ice and snow and may help us to fit 
the missing piece of information into the puzzle of polar spring ozone depletion and bromine explosion events.
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water in coastal regions and inland Antarctica (K. Hara et al., 2004; Wagenbach et al., 1998). The global models 
show that the observed winter peak of sodium in SSAs in polar regions cannot be produced solely by sea spray 
from open water, due to the longer distances from the open ocean in winter; however, when sea ice-sourced SSAs 
are implemented, the winter peak can be reproduced well (Rhodes et al., 2017; Yang et al., 2019). Until now, the 
role and effect of the newly identified blowing snow-induced production of SSAs in polar climate and atmos-
pheric chemistry have not been sufficiently explored and remain rather obscure.

Previously, the microscopic observation focused on the ice with impurities or the aerosols; by contrast, to the 
best of our knowledge, no detailed report on the sea ice sublimation process and the resulting particles has been 
proposed thus far. Investigations utilizing the low temperature scanning electron microscope  (SEM) revealed 
that dissolved impurities can be present in the grain boundaries, the veins (triple junctions) of metamorphosed 
snow (Chen & Baker, 2010; Domine et al., 2003), and polar glaciers (Barnes et al., 2002; Cullen & Baker, 2001; 
Mulvaney et  al.,  1988). Micrometric inclusions and crystals were identified with either X-ray dispersion or 
Raman analysis (Ohno et al., 2005; Sakurai et al., 2009). Sublimating the ice, that is, sintering, found use as a 
method to increase the concentration of impurities in polar ice cores (Oyabu et al., 2020); exhaustive sublimation 
then yielded an ice grain cast (Rosenthal et al., 2007). Optical microscopy was applied in the observation of gase-
ous and solid inclusions in natural ices at temperatures above −25°C (Killawee et al., 1998; Light et al., 2003). 
Analyzing sea spray aerosols from open sea ice leads exposed a large contribution of marine organic compounds, 
in addition to that of the sea salts (Kirpes et al., 2019); the native conditions of the compounds were studied via 
cryo-TEM (Patterson et al., 2016). Impurity inclusions in laboratory-made ices were monitored in NaCl (Black-
ford et al., 2007; Light et al., 2009; Yang et al., 2017), CsCl, and rose bengal (Hullar & Anastasio, 2016; Vetráková 
et al., 2019), showing a strong influence of the sample preparation. The sublimation of frozen aerosols containing 
organics in an environmental chamber showed that the aerosols can become very porose to expand from their 
original volumes (Adler et al., 2013); an analogy to atmospheric freeze-drying in ice clouds is inferable.

The role of the temperature in both the occurrence of bromine explosion events (BEEs) and ozone depletion 
events (ODEs) in polar spring and the production of SSAs from saline substances has not been unambiguously 
characterized thus far. Previous in situ data showed that most of the ozone depletion events (ODEs) were observed 
at temperatures below −20°C (Tarasick & Bottenheim, 2002), despite some exceptions at higher temperatures 
(Bottenheim et al., 2009). As regards the relationship between BrO radicals and increasing temperature (in the 
range of −24 to −15°C), a close-to-linear decrease was revealed under solar radiation (Pohler et  al.,  2010). 
Similarly, in BrO, a linear decrease with increasing temperature was observed up to 0°C (Bognar et al., 2020). 
An other study, however, did not recognize the local temperature as an important factor (Halfacre et al., 2014). 
Apparently, the atmospheric observations do not link the ODEs and bromine explosion events (BEEs) with the 
temperature in a straightforward manner (Bognar et al., 2020).

The genesis of SSA production from blowing snow on sea ice is assumed to be proportional to the snow salin-
ity and sublimation flux of the blowing snow, which is a complex function of the wind speed, temperature, 
and humidity (Yang et al., 2008, 2019). Although the threshold wind speed for the blowing snow was found to 
depend on the air temperature (Li & Pomeroy, 1997), the proposed SSA formation mechanism itself does not 
indicate a temperature-dependent relationship. SSAs were previously also considered to directly arise from FFs 
(Rankin, 2002); recent laboratory research nevertheless provided evidence that, at temperatures above the eutectic 
point of NaCl solutions (−21.2°C) (Brady, 2009), FFs cannot produce micron-sized SSAs (Roscoe et al., 2011; 
Yang et al., 2017). The role of temperatures below the eutectic point of NaCl has not been defined yet. Thus, 
in this study we undertake microscopic examination of sublimating sea ices at various temperatures and salt 
concentrations to explore the microscopic-level processes, and we also discuss the implications for polar SSAs.

2.  Materials and Methods
2.1.  Environmental Scanning Electron Microscope (ESEM)

The microscopic images were recorded with an ESEM AQUASEM II redesigned from a Tescan SEM VEGA 
(Nedela, 2007); the microscope comprised a Peltier-cooled sample holder. The electron beam energy of 20 keV 
and a current of 100  pA were applied to scan the sample, with the backscattered electrons detected by a 
YAG:Ce 3+ scintillation detector (Neděla et al., 2018). To acquire the high-resolution images and to perform the 
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energy dispersive spectroscopy (EDS), we employed an ESEM Quanta 650 FEG at +20°C, after thorough water 
sublimation (see the detailed description in Text S1 of Supporting Information S1) (Neděla et al., 2015). The 
resolution is ∼400 nm, limiting our observation of fine particles.

2.2.  Freezing and Sublimation

Sea salt solutions with the salinities of 0.085, 0.85, 3.5, 35, and 78 psu were prepared by dissolving an appropriate 
amount of synthetic sea salt (Sigma S9883) in demineralized water. A droplet (5 μl) of the solution was placed 
onto a silicon pad on the Peltier cooling stage of the ESEM and then cooled down to one of the final sublimation 
temperatures, that is, −16, −30, or −40°C. Regarding the Peltier stage (see Text S2 in Supporting Information S1 
for the calibration), the temperature progress in time is shown in Figure S1 of Supporting Information S1. The 
freezing occurred spontaneously, and its temperature was determined with a thermocouple to range between −10 
and −14°C. The frozen samples were sublimed after controlled evacuation of the ESEM specimen chamber at a 
nitrogen pressure of between 10 and 300 Pa.

3.  Results
The sublimation of ice from a frozen sample yielded sea salt particles and crystals with a reproducible morphol-
ogy for each combination of a concentration and a sublimation temperature. The main features and the particle 
shape statistics are presented in Figure 1 and Table S1 of Supporting Information S1, respectively. As the lowest 
examined concentration (0.085 psu) produced solely separate particles, these clearly appear in white on a black 
silicon pad (for the original images, see Figure S2 in Supporting Information S1); the particles were counted and 
examined in terms of their maximum dimensions (d) and aspect ratio (Text S3 in Supporting Information S1, 
Figure S3 in Supporting Information S1). All the other micrographs are displayed in the original gray shades, 
which reveal particles, crystals, and filaments attached to the silicon pad. The particle analysis was also possi-
ble for the 0.85 and 3.5 psu concentrations sublimed at −30 and −40°C. Under the other conditions, the salt 
interconnected into large clusters. Generally, the edges of the original drop were characterized by amounts of 
particles lower than those in the centers. The crowding in the central part of the drop can be explained by (a) a 
greater height of the drop and (b) the drag of the particles during the sublimation. The nonparametric Mann-Whit-
ney-Wilcoxon statistical tests were employed to determine the difference between the particle population sizes.

3.1.  Sublimating the 0.085 psu Ice

At the lowest examined concentration of 0.085 psu, the sublimation yielded tiny salt particles (Figure 1), whose 
maximum length and appearance were found to depend on the sublimation temperature (Figure S3a in Supporting 
Information S1). The diameters of the particles formed through sublimation at −16°C (median = 4.5, interquar-
tile range (IQR) = 3.4–6.1, mean = 5.2 μm) are, on average, slightly smaller than those of the particles sublimed 
at −40°C (median = 5.7, interquartile range (IQR) = 3.7–9.7, mean = 7.7 μm). This subtle difference can be 
rationalized via the shape analyses (see Text S4 in Supporting Information S1).

3.2.  Sublimating the ≥0.85 psu Ice at −16°C

The sublimation residua at −16°C and −20°C (the latter are not shown) in all of the higher concentrations, that 
is, 0.85–78 psu, have common characteristics and will therefore be described together in this paragraph. As most 
of the salts composing the sea water are at these temperatures, the liquid solution evaporates concurrently with 
the ice sublimation. Thus, planar salt crystals attached to the silicon pad are always visible. The original concen-
tration dictates the sizes of the resulting salt crystals. In 0.85 psu, for example, the image in Figure 1 displays  the 
boundary between the original separate droplets (left lower sector); such a layout then results in a number of 
smaller crystals (median = 6.49, interquartile range [IQR] = 4.48–9.44, mean = 7.13 μm) and one larger drop (in 
the center), from which there arise concentrically grown crystals. The varied shapes of the crystals are likely to 
be indicative of distinct minerals, as exemplified via the EDS spectroscopy in Figure S10 of Supporting Informa-
tion S1. The shapes resemble those of the efflorescence-produced crystals, (Patterson et al., 2016) indicating that 
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Figure 1.  The structure of the sea salt residua after the sublimation of the 0.085, 0.85, 3.5, 35, and 78 psu frozen samples at 
−16, −30, and −40°C. The micrographs relating to 0.085 psu were contrasted; the scale in the first image applies to all others.



Geophysical Research Letters

ZÁVACKÁ ET AL.

10.1029/2021GL097098

5 of 10

both types of crystals share the same genesis. At concentrations higher than 
35 psu, the silicon pad is fully covered with salt crystals of various geomet-
rical shapes (dendritic structures, stars, rectangles). In one particular case, 
we observed the fractional crystallization of NaCl and CaSO4 (Figure S11 
in Supporting Information S1) by using EDS spectroscopy. The synoptical 
micrographs having the lowest resolution revealed the evolution of the crys-
tallization patterns during the evaporation (Figure S4 in Supporting Informa-
tion S1). The crystal morphology patterns take the form of concentric circles.

3.3.  Sublimating the ≥0.85 psu Ice at −30 and −40°C

In the residua obtained through the sublimation at −30 and −40°C, we 
observed that the particle sizes increase with rising concentration and 
temperature (Figure 2). The concentration dependence can be clearly demon-
strated on the sublimation of the 0.85 and 3.5 psu samples at −40°C (Figure 
S5 in Supporting Information S1): Most probably, at this concentration range 
and with the applied freezing method the veins and walls surrounding the 
ice crystals are not fully wetted with the brine, and this is even less so at 
the lower concentrations, resulting in smaller particles. Our analyses of the 
micrographs are summarized by the medians, IQRs, and means, the values 
being 4.4, 3.4–6.3, and 6.6 μm at 0.85 psu and 7.3, 5.1–11.6, and 11.2 μm at 
3.5 psu. Above 3.5 psu, the brine sublimes into large clusters, which prevent 
their diameters from being analyzed. Nevertheless, optical inspections of the 
micrographs show that at 35  psu the image is not entirely filled with salt 
clusters, unlike the situation at 78 psu (excluding the edges of the sample). At 
this highest examined concentration, regular structures of salt aggregates are 
observed, which can be considered indicative of fully wetted veins between 
the ice crystals. The sublimation residua often assume sponge-like structures.

The role of the temperature in the sublimation is apparent from both the 
micrographs and the statistics that describe them (Figure 1, Figures S6 and 
S7 in Supporting Information  S1). The crystals formed at −30°C do not 
exhibit features as sharp as those formed at −40°C; this is true of all the 
concentrations but becomes more discernible at the higher ones. The particle 
diameter distributions at 0.85 and 3.5  psu show a notable increase in the 
sublimation at −30°C as compared to the process at −40°C (Figure 2, Figures 
S6 and S7 in Supporting Information S1). Especially notable is the diminish-
ing of particles whose diameters range below 10 μm: Apparently, a minority 

of salts liquid at −30°C suffices to conjoin smaller particles into larger ones in the sublimation process. A similar 
conclusion can be drawn from observing the residual salt filaments, as described in Text S5 and Figure S8 of 
Supporting Information S1.

3.4.  Drying and Warming to +20°C

Lastly, the sublimation residua were further dried, and their temperature increased to +20°C. These processes 
then resulted in a very large number of small crystals; more concretely, in the sublimation residua of sea ice 
having 35 psu and sublimed at −40°C a full 75% of the crystals exhibited a side dimension below one micrometer 
(Figure 3, Figure S9 in Supporting Information S1; range = 0.4–2.5 μm, IQR = 0.63–0.94 μm). A similar trend 
was observed in the sublimation residua formed at −30°C (not shown), as opposed to those emerging at −16°C, 
which possessed solid monolithic salt structures (Figures S10, S11 in Supporting Information S1). Furthermore, 
an elemental analysis of the sublimation residua was performed, finding areas of Na and Cl excluded from Mg, 
Ca, K, S, and O to identify fractional salt crystallization of MgSO4, CaSO4, and, possibly, other sulfates (Figure 
S12 in Supporting Information S1).

Figure 2.  The histograms showing the distribution of the largest particle 
diameters after the sea ice sublimation at −40°C (red) and −30°C (blue) 
as a function of salinity; the smallest applied interval is 1 μm. The data are 
truncated at 51 μm (see Table S1 in Supporting Information S1 and Figures 
S6 and S7 in Supporting Information S1 for the full datasets); the instrumental 
resolution equals 400 nm.
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4.  Discussion and Implications for the Formation of SSAs
The central item of knowledge obtained through the microscopic observations is a strong dependence of the 
amount and size of the salt crystals on both the ice sublimation temperature and the concentration of the original 
solution. At all but the lowest concentrations examined (0.085 psu), the sublimation above the NaCl's eutectic 
temperature (Te) resulted in large pieces of salt, whose sizes often exceeded 100 micrometers (Figure 1). Such 
large particles have a very short airborne lifetime because they will soon be deposited back onto the ground due to 
the gravity sedimentation, even if carried by the wind; thus, they cannot act as SSAs. The formation of these large 
salt crystals at temperatures above −20°C embodies a consequence of the brine, which is mostly liquid inside the 
ice matrix (Light et al., 2003; Yang et al., 2017); as the ice sublimes, the liquid brine from the channels surfaces, 
accumulates at the edge of the sample, and crystallizes, producing large chunks of salt. This finding establishes 
a temperature bound of −20°C, above which SSAs will likely not form at the early stage of sea ice formation 
unless the concentrated brine has been diluted to very low levels of <0.085 psu. Conversely, at low temperatures 
(below −30°C), less liquid brine is present, and the sublimation process thus yields micrometer-sized particles 
(IQRs: 3.4–6.3 μm in 0.85 psu and 5.1–11.6 μm in 3.5 psu), given concentrations below 3.5 psu. Such an obser-
vation can be rationalized by assuming that the veins (triple junctions) and cell walls around the individual ice 
crystals contain the brine (Vetráková et al., 2020); the diameter of the veins, typically 2.5 micrometers (Vetráková 
et al., 2019), defines the particle dimension. Below the Te of the individual salts, the brine partly solidifies via 
fractional crystallization (Figures S10–S12 in Supporting Information S1), reduces its flow, and breaks into small 
pieces (Figure 1). The fact that the particles are larger upon sublimation at −30°C than at −40°C (Figure 2) can 
be explained by the overall Te of sea salt, whose value is supposed to reach −36.2°C according to the Gitterman 
pathway of salt precipitation (Marion et al., 1999). The occurrence of micrometric salt particles at the lowest 
examined concentration (0.085 psu), with the ice subliming at any subzero temperature, is simply a consequence 
of brine separation by the ice matrix. Thus, SSAs are expected to arise from sea ices of comparably low salinities 
at any subzero temperature. The observation can be extrapolated to a salinity lower than that of our experiments, 
where fine aerosol particles having a long atmospheric lifetime are likely to be produced by the sublimation.

The sublimation of the ice matrix at temperatures below the Te of NaCl will therefore result in disintegrated 
small particles unless the solution is concentrated highly enough (above 35 psu, i.e., the equivalent to sea water 
salinity) to yield interconnected sponge-like structures. Surprisingly, when such sizable particles are further 
dried and warmed to room temperature, a large number of sub-micron sized crystals will appear (Figure 3). The 
particular conditions under which the small crystals form will be examined in the future; here, we hypothesize 
their connection with a close-to-eutectic amount of water, crystal-bound hydration water, or the amorphous solid 
brine, whose existence in the ice matrix was already reported (Imrichova et al., 2019). We have no data on the 

Figure 3.  A micrograph of the 35 psu sea salt sublimed at −40°C and subsequently warmed to +20°C, (a) Encircled are the analyzed areas, whose particle size 
distribution is shown in the histogram, (b).
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mechanical stability of the observed clusters of crystals; the clusters, however, can be expected to disintegrate 
under a mechanical stress, through, for example, physical collisions in strong winds.

The provided images show that the micrometric crystals largely develop from ices with very low salt concen-
trations. The snow salinity on Antarctic sea ice was found to range from less than 0.1 psu to more than 100 psu 
(Massom et al., 2001). Very high snow salinities are detected mainly on the surfaces of young sea ice, especially 
in FFs (Douglas et al., 2012) and at the basal part of the snowpack; conversely, very low salinities appear at the 
top layer of the snowpack on sea ice (Domine et al., 2004), inland and/or near the coast. Recent cruise data from 
the Weddell Sea, Antarctica, indicate a median salinity of 0.06 psu (mean 0.31 psu) in the top 10 cm of snow 
(Frey et al., 2020). The lowest concentration applied in our study (0.085 psu) can therefore represent well the 
salinity on the surface layer of sea ice. In polar winter-spring, due to the net radiation cooling effect, the temper-
ature at the surface of the snowpack on sea ice is often minimal compared to the temperatures beneath. Thus, the 
most exposed exterior layers of the snowpack (the coldest ones and those with relatively low salt concentrations) 
supposedly embody the media that best sublime into a multitude of small salt particles.

Highly saline FFs, exhibiting a salinity of up to 120 psu (Douglas et al., 2012), were previously thought to be a 
direct source of SSAs (Rankin, 2002). FFs grow on the surface of newly formed, fresh sea ice under calm condi-
tions, especially at very low temperatures (Kaleschke, 2004). The low temperatures may well be a confounding 
factor between the growth of FFs and the formation of SSAs; our study indicates that aerosol-sized salt particles 
are mostly formed at low temperatures (<NaCl Te). Frost flowers and SSAs, however, do not need to be interre-
lated causally. Although FFs are an unlikely direct source of SSAs even at temperatures below the NaCl Te, the 
wind-cropped needles of FFs may contaminate the adjacent snow and, subsequently, get diluted through dissolu-
tion. The diluted salts may nevertheless retain the ability to form small salt particles after further sublimation. In 
addition, even the residua of FFs generated after the sublimation could supply an efficient surface for heteroge-
neous reactions, including halogen reactivation (Yang et al., 2017).

It has to be borne in mind that the morphologies of both the frozen solution and the final residuum depend on the 
freezing procedure; here, only one particular embodiment of the process is presented (Bartels-Rausch et al., 2014; 
Domine et al., 2013; Ebner et al., 2016; Imrichova et al., 2019; Ondrušková et al., 2020). Moreover, the freezing 
rate, linked to the sample cooling conditions, can strongly influence the distribution of impurities within the 
sample (Heger et al., 2005; Hullar & Anastasio, 2016; Vetráková et al., 2017). The variability characterizing 
the outcomes of the freezing impedes posing firm boundaries on concentrations that are typical of particular 
behavior. Nevertheless, the microscopic analysis allowed us to estimate the number of particles emanating from a 
unit of volume of the frozen solution at specific conditions (Text S7 in Supporting Information S1, Table S3 and 
S4 in Supporting Information S1). For example, the estimated number densities of salt vary from a minimum of 
∼300 particles mm −3 under 3.5 psu at −30°C to a maximum of ∼3,100 particle mm −3 under 0.085 psu at −16°C. 
Further, let us note that the results have distinct consequences for the snowpack and sea ice as opposed to the 
blowing snow. We propose that the former foster the following process: Below the Te and at low salt concen-
trations, small particles are produced, while above the Te large salt chunks arise. This dual behavior, however, 
ceases to apply in the blowing snow, due to the relatively small size ranging from several tens to a few hundreds 
of microns and the fixed amount of salts contained in the particles when they become airborne. The particles 
produced by blowing snow will be smaller than the surface ice-generated ones on the condition that the size limits 
apply (Yang et al., 2019). Thus, the experimental results directly describe the sea ice and metamorphosed salty 
snow that has aged for several weeks or months, depending on the temperature (Domine et al., 2003; Rosenthal 
et al., 2007). Nonetheless, the observed phase behavior should be valid in all salty ices alike.

The sublimation in a microscope differs from that in a natural environment, especially as regards the absolute 
pressure and orientation. Previously, the method of ice sintering at a high vacuum and a low temperature was 
applied to identify the natural ice and snow impurities (Blackford et al., 2007; Cullen & Baker, 2001). The meta-
morphic processes in natural snow (Domine et al., 2003) and lab samples (Vetráková, et al., 2019) were already 
characterized. Here, we employ higher temperatures and pressures (as to comparing the values, see (Krausko 
et  al.,  2014)) to observe the ice sublimation products. An ice sample in a microscope experiences an upper 
draft, whereas blowing snow sublimes equally from all the sides. Therefore, we expect the mechanism of ice 
sublimation, and its temperature-controlled phase dependence in particular, to be identical in a microscope and 
in nature; however, the sublimation rates may differ substantially, as they are convection-limited (Jambon-Puillet 
et al., 2018). Other aspects not included in the current study, and ones possibly important for the outcome of the 
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sublimation, comprise the presence of dust, particulate matter (Domine et al., 2003), and organic compounds 
(Kirpes et al., 2019) on the one hand, and the absence of water vapor condensation on the other.

5.  Conclusions
Although the actual sublimation processes in nature are far more complex than those within the ESEM chamber, 
our laboratory data show clear evidence to support the assumption that SSAs can originate from sublimating 
saline sea ice, surface snow, and blowing snow. Interestingly, we established that both the temperature and the salt 
concentration are important in terms of determining the size and number density of a salt particle formed during 
the sublimation process; thus, these two parameters are relevant for the chemistry of polar boundary layers and 
climate. In particular, at least 75% of the particles formed were smaller than 12 μm in the 0.085 psu ice sublimed 
at both −16 and −40°C and in the 0.85 and 3.5 psu ices sublimed at −40°C. Higher salt concentrations and 
sublimation temperatures resulted in larger particles. At −16°C, above the eutectic temperature of NaCl·2H2O, 
water ice is solid, whereas a freeze-concentrated solution remains mostly liquid, producing large salt crystals 
(>100 μm) through the evaporation of the solution. Thus, temperatures above the Te of NaCl restrict the formation 
of SSAs in frozen solutions concentrated above 0.85 psu. At the concentrations of 0.85 and 3.5 psu, we observed 
the smallest particles, delivered by the sublimation at −40°C (IQR = 4–9 μm); at such a temperature, most of the 
sea salts are solid. Already at −30°C were the particles more sizable (IQR = 9–29 μm), suggesting that the veins 
are partly liquid and that the solutes can communicate and aggregate. Above 35 psu, the sublimation, regardless 
of the temperature, produces particles sized within hundreds of micrometers, implying an extensive intercon-
nection of the vein network. Surprisingly, when these particles are further dried and warmed up to +20°C, a 
large number of submicrometric crystals appear. Fractionated salt was noticed via an elemental analysis. This 
study establishes that the number and size of the SSAs that form through the sublimation process depend on the 
temperature and salt concentrations; these factors have not been considered to date in chemical models as regards 
the production of SSAs and the release of reactive bromine.

Data Availability Statement
The micrographs can be downloaded from https://www.doi.org/10.17632/hzh7y84hys.2.
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