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Abstract
Salt within snowpacks onfirst-year sea ice affects snowproperties by reducing themelting point,
which can increase liquidwater content and alter snowpack evolution. These changes lead to
modifications in dielectric properties, which in turn influence snow and sea ice geophysical retrievals
from radar remote sensing. In this study, we conducted laboratory experiments with artificial sea ice
to examine howbrine, originating from sea ice, influences the salinity of overlying snow.Our results
reveal strong positive correlations (0.80< r < 1.00) between the initial water salinity and volume of
the created sea ice discs, and the overlying bulk snow salinity. The impact of brinemigration as a
function of snow grain size (0.710–1mm, 0.355–0.710mmand< 0.35mm) and snow structurewas
explored, with grains less than 0.35mmdiameter leading to a basal snow salinity value seven times
higher than grains in the 0.710 - 1mmrange. Furthermore, the presence of an ice layerwithin the
snowpackwas found to limit upward brinemovement. These findings improve understanding of
snow–ice brine interactions and provide critical insights towards enhancing the accuracy of remote
sensing retrievals over sea ice regions.

1. Introduction

TheArctic haswarmed at nearly four times the global average rate over the last forty years (Rantanen et al 2022)
and the same period has also seen radical reductions in the summerminimum sea ice extent (Stroeve et al 2007,
Parkinson andComiso 2013), the thickness of the sea ice cover (Kwok 2018, Sumata et al 2023), and the age of
the ice cover (Stroeve andNotz 2018, Babb et al 2023). TheArctic sea ice is therefore transitioning froma
primarily second-year ice (SYI) andmulti-year ice (MYI) cover to a thinner, relatively smoother and younger
cover of first-year ice (FYI; (Babb et al 2023))which has different physical properties (e.g.,Weeks andAckley
(1982)). FYI typically has salinity values of 6-15 parts per thousand (ppt) (Nakawo and Sinha 1981)whilst SYI
andMYI range between 0.1 ppt and 3 ppt (Schwarzacher 1959, Cochran et al 2019). FYI is often overlaid by
partially to completely saline snow cover, with bulk snowpack salinity values often exceeding 10 ppt in the basal
snow layers (∼6–8 cm) above the sea ice surface (Nandan et al 2017). Salinity values of several ppt can persist
within the snowpack up to ten centimetres above the sea ice surface (Barber et al 1995,Drinkwater and
Crocker 1988,Geldsetzer et al 2009,Nandan et al 2017).When concentrated in these quantities, the salt can
induce the presence of small quantities of liquidwater at temperatures below 0°C (Geldsetzer et al 2009).
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The presence of saline liquid brine fundamentally alters the physical properties of the snowby increasing its
bulk dielectric permittivity and electrical conductivity, which in turn have a direct and significant impact on
microwave propagation (Crocker 1984, Barber andNghiem1999). The challenges posed by saline snow to
remote sensing have been investigated in the contexts ofmicrowave scatterometry (Barber andNghiem1999,
Nandan et al 2017) and radar altimetry (Nandan et al 2017, 2020). Themicrowave range of electromagnetic
radiation is often used in satellite remote sensing observations, such asKu-band radar (12–18GHz) to retrieve
ice freeboard and subsequently sea ice thickness data. This relies on the assumption that Ku band radar pene-
trates the snow and reflects from the sea ice surface.However, it has been shown thatmicrowave penetration
into snowon sea ice is impacted by a range of physical properties of the snowpack, such as grain size, salinity,
density, surface roughness andwetness, and that such assumptions do not always hold in the natural environ-
ment (e.g. Jutila andHaas (2023),Willatt et al (2010), Stroeve et al (2022)). The dielectric constant of liquid
water is around 40 times greater than snow, and subsequently the presence of liquidwater in the snowpack
causes the dielectric properties to increase by several factors, leading to higher backscatter of the signal and
decreasing themicrowave penetration (Barber et al 1995,Willatt et al 2010). Picard et al (2022) exploited the
sensitivity ofmicrowave brightness temperature to snow liquid content with the aim to better developmodels
that can detect liquidwater such asmelt ponds.Merkouriadi et al (2024) used a snow evolutionmodel to
investigate liquid sources in the snow and their effect onmeasurements of freeboard byCryoSat-2, finding that
in the central Arctic freeboards fromCryoSat-2weremuch largerwhen compared tomodel simulations, sug-
gesting the possibility that the radar signal penetration depthwas affected by flooding of seawater at the snow/
ice interface, though further research is required to confirm this.

Salt in snowon sea ice also plays a crucial role in polar atmospheric chemistry through the release of sea salt
aerosols during blowing snow events, which can significantly influence cloud condensation nuclei concentra-
tions, atmospheric chemical reactions, and regional climate feedbacks (Yang et al 2008).

This study seeks to improve our understanding of howphysical snow and ice conditions influence salinity
and hence liquidwater content in snowon sea ice. In situ data allowing investigation of these independent
variables is lacking due to the difficulty of accessing snow-covered sea icewith appropriately varied sea ice
salinity and snow grain size.Measurements overmultiple timescales with controlled temperatures are unlikely
to be possible under natural conditions.We are also able to replicate different grain size layering configura-
tions, whilst a study of natural snowwould be very unlikely to observe thesewith all other variables held con-
stant.Wenowdiscuss what has been learned in the field, where knowledge gaps remain and how laboratory
experiments, within controlled environments, can help to examine these relationships.

While field observations have identified key overall patterns in the dynamics of snow-sea ice salinity, the
mechanisms that underpin the transfer of brine from sea ice to snow are uncertain (Domine et al 2004). For sea
icewith a positive freeboard, an important source of available salt to the snowpack beginswith the upward
rejection of brine fromwithin the sea ice to the upper surface (Perovich andRichter-Menge 1994, Vancoppe-
nolle et al 2006). This brine ‘skim’ can be extremely saline, with values sometimes exceeding 50 ppt (e.g.,Martin
(1979), Barber et al (2014)). Once snow covers the sea ice and its highly saline upper surface, it acts as amedium
for transfer, wicking the brine upwards through capillary action (Sturm andMassom2016, Shokr and
Sinha 2023). It is observed that snow salinity tends to be higher on FYIwith higher salinity levels (Cox and
Weeks 1973, Frey et al 2020), and observations have shown that snow salinity increases nearer to the ice-snow
interface, and depending on the snowdepthmay sometimes exist throughout the snowpack (Petrich and
Eicken 2010, Frey et al 2020,Nandan et al 2020). Due to delayed freeze up, snow covers are likely to become
thinner (Stroeve et al 2020,Webster et al 2014), which could result in an increase in salinity at the bottom layers
and the presence of salinity throughout the snowpack (Nandan et al 2017).

Two likely controls on the transfer of salt from sea ice into overlying snow are the sea ice salinity and the
properties of the snowpack such as grain size (Colbeck 1974, Coléou and Lesaffre 1998, Calonne et al 2012,
Mallett et al 2024). Stratificationwith layers of different grain sizes have been observed in field studies (Col-
beck 1983,Domine et al 2008)wherewind redistribution creates alternating grain size layers, such as smaller
grains atop larger grainswhen fresh snow falls over older, coarsened snow, depth hoar forms at the base of the
snowpack increasing grain size there, or larger grains sit atop a finer basal layer due to surface growth.How-
ever, there are limited experiments on salt transfer processes in this context, and these controls have not been
systematically varied in a laboratory controlled environment. The transfer of liquid in snowwith varying grain
size structures has been predominantly studied in freshwater contexts, while studies in saline environments are
lacking (Colbeck 1974, Coléou and Lesaffre 1998, Calonne et al 2012). Recent laboratory andnatural environ-
ment experimentswere conducted byMallett et al (2024), who observed salt transfer into snow. Their labora-
tory experiment sampled snow from the natural environment, so did not offer controlled variation of the snow
structure, and used brine salinity of 100 pptwhich is far higher than natural values.

Our confirmatory experiments isolate these variables using artificial sea ice, rather than brine only, with
realistic salinity values, and artificial snow, permitting examination of the control of sea ice and snowproperties
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on salt transfer from ice into snow. Comprehensive quantitative data on brine transfer processes are still lack-
ing, and the effects of physical characteristics and environmental factors on these processes remain under-
studied. In the laboratory, controlled and reproducible experimental setups can be created to isolate and
investigate specific variables affecting brine transfer, which is challenging in natural environmentswhere inter-
actions between uncontrollable factors can impact observations. This study quantitatively verifies field-derived
hypotheses by controlling parameters for how initial sea ice salinity, volume and snow grain size distribution
determine snow salinity and vertical transport of brine on different time scales. These controlled experiments
establish causal relationships that were previously inferred fromfield correlations.

2.Methods

2.1. Experimental approach
This study investigates brine transfer fromartificial sea ice discs into overlying artificial snow. The reported
experimentswere conducted in theUniversity College London Ice Physics Laboratory during 2023 and 2025,
following preliminary experiments in 2022 to refine experimental techniques.We consider upward brine
expulsion from the ice and subsequent upwardmovement into the overlying snowpack. The experimental
approach is grounded in the understanding of ‘brine expulsion’, a phenomenonwhere brine, initially trapped
within the sea ice during its formation, is expelled (Perovich andRichter-Menge 1994, Tschudi et al 2016), and
upwardwicking, which describes the process of brine transfer to the snowpack above through capillary action
(Barber et al 2003).

Artificial sea ice and snowwere produced in the lab and assembled into snow-covered sea ice analogues. Sea
ice and snowproperties, and time elapsed, were varied, to explore their effects on the salinity of the snowpack.
Experiments on all variations of the independent variablewere run simultaneously to ensure that the environ-
mental conditionswere the same. The lab can produce air temperatures between 0 and−30°C; in these experi-
ments air temperature ranged between−9.9 and−5°C (please see Supplement section onTemperature for
details).

Throughout the study, salinities weremeasured using theHannaHI-98319Waterproof SalinityMeter,
which canmeasure from0 to 70 pptwithin an operating temperature range of 0 to 50°C, both of which cover
the relevant values for our study.

The following section details the experimental procedures (figure 1).

2.1.1. Sea ice disc formation
Working at room temperature, artificial seawaterwasmade using ‘InstantOcean’, a powder sea saltmix
commonly used in aquariums and research facilities to replicate seawater. This provided an inexpensive and
practical way to produce a seawater analoguewith the ability to vary salinity. InstantOceanwas added
incrementally towater and the salinitymeasured until it reached the desired value. Specific volumes of the
artificial seawaterwere thenmeasured out into silicone cylindricalmoulds using a pipette. Thesewere then
frozen to form artificial sea ice discs.

The salinity and volume of thewater used to form the sea ice discs were varied during Experiments 1 and 2
(detailed below), ranging from4 ppt to 19 ppt and 25 to 70 ml, respectively. Two sizes of siliconemouldwere
used; the first was of 5 cmdiameter and 2.5 cmdepth and the secondwas of 5.5 cmdiameter and 2.9 cmdepth
(figure 2). The larger diametermould allowed a larger range of sea ice disc volumes to be usedwhen studying
the effect of sea ice disc volume and snowpacks structure on brine transfer, for Experiments 2 and 3.

All sea ice discs frozewithin 20-24 hours.During the first few hours, a thin layer of ice became visible on the
surface of the liquid, indicating that the exposed upper surface froze first due to the insulating effect of the
siliconemould around the sides and base. Once entirely frozen, it was noted that a thick brine skim could be
observed at the surface of ice discs. The salinity of the resulting sea ice discs was therefore slightly lower than
that of the initial salt water. A skimof liquid salt waterwas also observed at the bottomof themould, withmore
of this liquid observed for sea ice discsmadewith higher salinity seawater (figure 2). These observations can be
attributed to the drainage of brine during the freezing process (Weeks andAckley 1982). It was unfortunately
not possible tomeasure the salinity of this liquid due to the salinitymeter requiring a larger liquid volume for
measurement.

For Experiments 1 and 2 (detailed below), no dyewas added to the artificial sea ice prior to freezing. For
Experiment 3, Fluorescein dyewas added to provide a visual indication of the salt transfer.Wemeasured the
salinity of water with, andwithout, the addition of Fluorescein dye, and observed that for the quantities added
for tracing in these experiments, Fluorescein increasedmeasured salinity by∼2 ppt.
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2.1.2. Production of artificial snow
Artificial snow (figure3)wasproduced frompurewater (0ppt salinity) frozen into ice cubes.The cubeswere run
throughan ice crushermachine and thenplaced into ablenderwhich chopped theminto small pieces of varying sizes.
Sieves andavibratingmachinewere thenused to sort snow into threedifferent grain sizes: 0.710–1mm,
0.355–0.710mm,and less than0.355mm. It is important tonote that the snowdoesnot replicate the structure
(shape/orientation)ofnatural snow,but resulted ingrainswith a relevant rangeof sizes.Thediameters of these grains
are significantly larger than typical natural precipitation-fresh snow (typically 50–500μm) (Jäkel et al2021) andwind-
redistributed snow (1–300μmafter sublimation) (Dai andHuang2014,Huang et al2016), and theparticles
themselves aredenser (compared to thedensityofnatural snow,which is 0.01–0.3 g cm3) (Fierz et al2009, Sturmand

Figure 1. Flow chart showing the experimental steps.

Figure 2.Moulds used to create sea ice discs showing examples with Fluorescein dye added: (a) diameter is 5 cm and a depth is
2.5 cm. (b) diameter is 5.5 cmand a depth is 2.9 cm. Some salt waterwas retained in the bottomof themould after freezing, as seen in
the bottomofmouldswhere the sea ice disc has been removed.
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Massom2016) and lessporous. Innature, dependingon the temperature andhumidityduring the snow formation,
snowcan formcomplexhexagonal crystals in awidevarietyof shapes (Fierz et al2009, SturmandMassom2016).
Artificial snowgrains, on theotherhand, donothave the complex crystal structure found in real snow, andare
relativelyuniformly roundand smooth (Fierz et al2009).Althoughbothnatural andartificial snowcancompact and
metamorphose intomuch larger grainsofdiameter via vapourdiffusionwithin the snowpack, forming rounded
grains, facetedcrystals anddepthhoarup to4.5mmindiameter (Colbeck1983,Fierz et al2009), the absenceof
natural crystal structure in artificial snow likely affects permeability, and salt transport dynamics in the experiments.
The smoother, denser artificial grains are expected to reduce capillarypathways, potentially limitingbrinemigration
compared tonatural snowpacks.The small change in snowpackheightobservedafter snowplacement suggests that
themeasurementmethodmaynot capture subtle compactionor settlementduring the experiment. In addition, the
irregular shape and sizedistributionof crushed iceparticles aredifferent fromnatural snow,whichmayaffect the true
porosity andpacking structure.Thesemay lead touncertainties in the calculationof snowpackdensity.These
differences in snowgrain size, shape, andpacking structuremean that the artificial snowusedheredoesnot fully
replicate themicrostructure, porosity, or thermalproperties ofnatural snowpacks.As a result, subtle variations in
compactionand settlementduring the experimentmaynothavebeen fully captured.The small change in snowpack
heightobservedafterplacement suggests that themeasurementmethodmayunderestimateminordensification
processes. Furthermore, the irregular shape andbroad sizedistributionof crushed iceparticles differ fromnatural
snow, affectingporosity andpacking arrangement and introducing slightuncertainty in calculatedbulkdensity.
Despite these limitations, the advantageof the laboratory environment is thathomogeneous snowpacks canbe
produced to isolate the effects of the independent variables suchas grain size, salinity, and structural layering.

2.2. Experiments
Experiments were conducted to test how sea ice and snowproperties affect brine transfer into overlying snow,
aswell as the timescales over which snow salinity evolves (figure 4). Figure 5 shows an example of this
experimental setup. The sea ice disc (yellow)waswrapped in a plastic sheet and a cable tie used to keep this in a
cylindrical shape around the ice. Snow (white)was then added above the sea ice.

Experiment 1 investigated the effect of varying sea ice disc salinities (4, 9, 14, 19 ppt; all 30ml) on snow
salinity in a uniform snowpack (<0.355 mmgrains), with sampling atmultiple time points. Experiment 2
examined the influence of sea ice disc volume; 2.1 used volumes of 25–40 ml (all 9 ppt,<0.355 mmsnow) and
multi-timepoint sampling, while 2.2 included awider volume range (20–70ml) andmeasured vertical salinity

Figure 3.The process ofmaking artificial snow. (a) freezing fresh ice, (b) using an ice crusher to initially crush the ice, (c)using a
blender for finer crushing, (d)using sieves and a vibratingmachine to separate snow in different grain sizes, with sieves sizes of
4.00 mm, 2.00 mm, 1.00 mm, 0.71 mmand 0.355 mm.
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profiles after 24 hours. Experiment 3 explored the impact of snowpack grain size and structure, using homo-
geneous and layered packs of three different grain sizes on 70 ml, 9 ppt ice discs and sampling after 24 hours.

Two control experimentswere also conducted to determine the repeatability and uncertainty of salinity
measurements. The first used nine zero-salinity sea ice discs to confirmwhether the source of salinity in the
snowwas the sea ice disc. The discswere toppedwith snowwith a grain size of<0.355 mm, 0.355–0.710 mm
and 0.710–1.00 mm, and left for an elapsed times of 2, 4, and 24 hours (with the smallest grain size tested only at
24 hours due to availability). Across all conditions, these zero-salinity controls consistently resulted in

Figure 5.Example of one columnar experimental setup showing a dyed sea ice disc toppedwith snowof varying grain sizes (medium,
small, medium).

Figure 4.Experimental designmatrix summarizing all separate experiment, showing control group and variables. Those highlighted
in blue at the top represent the control group, while the four lines below correspond to the experimental groupswith controlled
variables. The orange boxes indicate the independent variables.
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undetectable snow salinity (0 ppt), providing critical evidence that observed increases in snow salinity during
experimentswere driven solely by brinemigration from saline sea ice.

The second set of control experiments addressedmeasurement repeatability and uncertainty. Nine repli-
cate sea ice discs (9 ppt initial salinity, 30 ml volume), each coveredwith 3 cmofmedium-grained snow
(0.355–0.710mm), were left for 2 hours before sampling. After brinemigration, themeasured snow salinity
averaged 0.36 ppt (σ = 0.16 ppt), and the corresponding sea ice disc salinity averaged 7.86 ppt (σ = 0.14 ppt;
table 1). These results demonstrate the reproducibility of salinity transfer and enable robust assessment of
experimental uncertainty under standardized conditions.

After the specified elapsed times, samples of snowor icewere collected via destructive sampling, stored in
labeledWhirlpak sample bags, andmelted at room temperature. The salinity of the liquidwas thenmeasured
using the salinitymeter. These values were recorded for further analysis in subsequent data processing and
interpretation. In this paperwe use bulk salinity to indicate the overall salinity of themelted sample. Unless
stated otherwise, this is a column-averaged value i.e. the entire snowpack atop the sea ice disc.

2.3.Data analysis
Relationships betweenmeasured snow salinity and the control variables after the elapsed timeswere then
examined using scatter plots and visual representations of the snow stratigraphy, allowing for an initial
assessment of any potential relationships. Spearman’s Rank correlation coefficientwas then calculated inR
studio.

3. Results

3.1. Impacts of sea ice properties (experiments 1 and 2)
Panels a and b of figure 6 showbulk snowpack salinity values versus sea ice disc salinities and volumes, at each
elapsed time. Error bars represent the± 0.16 pptmeasurement uncertainty discussed in theMethods section. It
is clear that at all elapsed times there are strong relationships between snow salinity and both sea ice disc salinity
and volume.

Spearman’s correlation analyses (table 2) revealed positive correlations between bulk snowpack salinity and
sea ice disc salinity at all times, indicating a strong connection between higher sea ice disc salinities and
increased bulk snowpack salinities. This positive correlation persisted throughout the experiment, under-
scoring the consistent link between snowpack and sea ice disc salinities as time progressed. Even after 24 hours,
this correlation remained robust. These highly positive correlation coefficients indicate a direct relationship
whereby higher sea ice salinity caused an increase in bulk snowpack salinity.

Regarding the impact of sea ice disc volume on snowpack salinity, consistent trends of increased salinity
with larger disc volumesweremeasured across all time intervals. The highly positive Spearman’s correlation
coefficients of the bulk snowpack salinity versus sea ice disc volume at all time elapsed confirm the robustness of
the observed significant positive relationship between snow salinity and sea ice disc volume (table 2).

We note that sea ice disc salinity values reported in themanuscript are slightly lower than thewater salinity
used tomake sea ice discs, asmentioned in theMethods section. An examination of howmuch salt was lost in
the brine left in themoulds is reported in the Supplement section ‘Salinity LossDuring Freezing Process’.We
found a strong linear relationship between thewater salinity prior to, and after, freezing andmelting, with the
Spearman’s Rank correlation coefficient value of 1.00.

Table 1.Results from the control experiment, performed 9
replicate experiments using sea ice discs (9 ppt salinity, 30
ml volume) and 3 cmmedium-grained snow (0.355–0.710
mm). Salinity values after 2 hours are shown for internal
reproducibility under the same conditions.

Post-expt. snow salinity (ppt) Sea ice disc salinity (ppt)

0.2 7.9

0.3 8.1

0.2 7.8

0.4 7.9

0.6 8.0

0.3 7.8

0.2 7.8

0.4 7.8

0.6 7.6
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Table 2.Results fromExperiment 1 and 2. Spearman’s Rank correlation
coefficient (ρ) between bulk snowpack salinity and sea ice disc salinity
(left column) and sea ice disc volume (right column) at different time
intervals setup.

Time Elapsed (h) Spearman’s ρ Spearman’s ρ
(with sea ice disc

salinity)
(with sea ice disc

volume)

1 1.0 0.8

2 1.0 1.0

3 1.0 1.0

4 1.0 0.8

5 1.0 0.8

24 1.0 1.0

Figure 6. (a) results of Experiment 1: bulk snowpack salinity variationwith sea ice disc salinity; different colours represent different
elapsed time (all discs had 30 ml volume initially). (b) results of Experiment 2.1: bulk snowpack salinity versus different sea ice disc
volume over different elapsed times (all discs weremade of waterwith salinity of 9 ppt). (Note the scales on the y-axes are different
fromplot (a). (c) bulk snow salinity over timewith different sea ice disc salinities (all discsweremadewith 30 mlwater). (d) bulk
snow salinity over timewith different sea ice disc volume (all discs weremadewithwater of salinity 9 ppt). Error bars represent
± 0.16 pptmeasurement uncertainty as discussed in theMethods section.
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Wenow look at howbulk snowpack salinity changed over time, for the different sea ice disc salinities and
volumes (figure 6 panels (c) and (d)). Differences between treatments of less than± 0.16 ppt fall withinmea-
surement uncertainty and should be interpretedwith caution. In the experimental sets with higher initial sea ice
disc salinity of 16.2 ppt or volume of 40 ml, salinity decreased over 24 hours, with the steepest negative slopes.
For lower initial salinities (3.4 ppt, 7.7 ppt, and 11.9 ppt), the trend lines vary, with no consistent changes over
time. Regarding the sea ice disc volumes, all experiments exhibit a decline in snowpack salinity over time.How-
ever, the slopes do not show a similar decrease trend. Compare to the clear time-dependent salinity changes
observed among sea ice discs with different initial salinities, salinity remained relatively stable over time across
sea ice discs of varying volumes.

Error bars with an uncertainty of± 0.16 ppt are present at each data point.Nonetheless, the trends point to
a consistent decrease in snowpack salinity over time, influenced by both the salinity and volume of the under-
lying sea ice.

3.2. Impact of snowpack properties (experiments 3.1 and 3.2)
Wenow examine the impact of snow grain size on snow salinity. Themedium-over-small and small-over-
medium configurationswere designed to replicate naturally occurring snow stratification patterns (figure 7)
with themedium-over-small setup simulating conditionswhere surface snowundergoes grain growth over a
fine basal layer, and the small-over-medium representing fresh snowfall over aged, coarsened snow. This design
allowed for assessment of whether grain size gradients enhance or impede upward brine transport compared to
uniformgrain size distributions. The highest salinities for each grain sizewere foundwithin the basal layer and
the lowest salinities were found in the upper range of the snowpack (figure 7). A linear trendlinewas fitted to the
salinity results for the layer 0 to 1 cm above the snow/ice interface. This indicated that salinity decreases at a
steady rate within the basal layer with increasing grain size. Analysis of snowpackswith different grain size
structures on sea ice discsmadewith 70 mlwater of 9 ppt salinity (figure 7, table 3) revealed distinct salinity
patterns.Within the basal layers, setupswith smaller grains (< 0.355mm) showed higher salinity (3.1 and 4
ppt), followed bymedium (0.355–0.710mm)with salinity of 1.2 ppt and large grains (0.710–1mm) at 0.8 ppt.
Notably, whenmedium-grained snowoverlay small-grained snow, upward brinemigrationwas observed,
whereas reverse configurations impeded thismigration. The uppermost snow layers (3.0–4.5 cm) consistently
showedno salinity, irrespective of the grain size.

Incorporating a fresh ice layer within the snowpacks resulted in salinity confined to the bottom layer adja-
cent to the sea ice discs (figure 8, table 4). Staining patterns indicated extensive brine transfer into small grains,
whileminimal transfer occurred inmediumand large grains.

4.Discussion

This study investigated salt transfer from sea ice into overlying snow in a laboratory environment. The study
did not aim to precisely replicate environmental conditions, but rather to permit investigation of the influence
of some key sea ice and snowproperties on the salinity of snowon sea ice. Artificial sea ice properties (salinity
and volume) and artificial snowproperties (snow grain size and presence of an ice layer)were varied to
investigate their effect on the snow salinty. The progression of snow salinitywas also studied viameasurements
at various elapsed times between 1 and 24 hours. In all experiments, salinitywas detected in the snowdirectly
above the sea ice discs, confirming that salt hadmoved from the sea ice into the snow.

Results fromHudsonBay in 2024 (Mallett et al 2024) suggested the positive impact of ice salinity on basal
snow salinity, so this was investigated in the lab and established a quantitative relationship. Strong positive
correlations between snow salinity and sea ice disc salinity (Experiment 1) and volume (Experiments 2.1 and
2.2)were found at elapsed times between 1 and 24 hours, with Spearman’s Rank correlation coefficient between
0.8 and 1.0.We attribute this to several factors, with brine volume and drainage channels playing a crucial role.
Firstly, higher sea ice salinity indicates a greater brine volumewithin the ice structure (Cox andWeeks 1973). As
sea ice forms, some brine is trappedwithin the icematrix, creating brine pockets. Larger brine volumes provide
more drainage channel for brine release andmigration (Petrich and Eicken 2010). Therefore, the higher the sea
ice salinity, the greater the potential for brine release into the snow above. In the field experiments ofMallett
et al (2024), higher salinity sea ice (15.1 ppt versus 4.9 ppt) increased the salinity of basal snowby an order of
magnitude (5.9 ppt versus 0.7 ppt). Another study conducted in latewinter inCanadianArctic shows that the
basal snow salinity increases significantlywith rising sea ice surface scraping salinity (Nandan et al 2017). Other
previous studies in polar regions have observed that snow salinity tends to be greater on the saltier FYI com-
pared toMYI (Schwarzacher 1959,Untersteiner 1968,Nakawo and Sinha 1981).

The plot of sea ice disc salinity against snowpack salinity at various time intervals shows positive linear
trends across themeasurement range (figure 6, panel a). If the linear trendlines were extrapolated theywould
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reach negative y-intercepts, which are not physical, suggesting the existence of a sea ice salinity threshold to
startmeasurable brine transfer to the snowpack or that the observed linear trends donot continue to lower sea
ice salinity values. Extrapolation beyond themeasurement range requires caution, and though our data suggest
that thisminimum sea ice salinity threshold could be at∼2–3 ppt for our setup, this would require additional
experimentswith lower sea ice salinities for verification.Our zero-salinity control experiment consistently
shows undetectable snow salinity throughout the entire observation period, again demonstrating the presence
of the sea ice salinity required for the upward transfer of salt into the snowpack.

Figure 7. Salinity variationswith different snowpack layering, (a) single layer (i.e. consistent initial grain size at all vertical levels), (b)
varied initial grain sizes in three layers.Medium-over-small and small-over-medium configurationswere chosen to represent
realistic asymmetric snow stratification scenarios commonly observed in natural sea ice environments. The black points indicate the
salinity levels for each snowpack grain size and the values are provided in table 3. All sea ice discs weremadewithwater 70 ml volume
with 11 ppt salinity. Small grain size is less than 0.355 mm,mediumgrain size is 0.355–0.710 mm, and the large grain size is
0.710–1 mm.
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Figure 8. Salinity variations in different snowpack layering including an ice layer.Medium-over-small and small-over-medium
configurationswere chosen to represent realistic asymmetric snow stratification scenarios commonlyobserved in natural sea ice
environments. The black points indicating the salinity levels for each snowpack grain size and ice layer. All sea ice discs weremade
with 70 mlwater of 11 ppt salinity. Small grain size is less than 0.355 mm,mediumgrain size is 0.355–0.710 mm, and the large grain
size is 0.710–1 mm.

Table 3. Initial snow grain size for bottom,middle and upper snow layers andmeasured snow salinity for seven
configurations in different snowpack structures.

Configuration

Bottom (0–1.5 cm) Middle (1.5–3.0 cm) Upper (3.0–4.5 cm)

1 SnowSize (mm) < 0.355 < 0.355 < 0.355

Salinity (ppt) 3.8 0.3 0.1

2 SnowSize (mm) 0.355–0.710 0.355–0.710 0.355–0.710

Salinity (ppt) 1 0.1 0

3 SnowSize (mm) 0.710–1 0.710–1 0.710–1

Salinity (ppt) 0.6 0 0

4 SnowSize (mm) < 0.355 0.355–0.710 0.710–1

Salinity (ppt) 3.1 0.1 0

5 SnowSize (mm) 0.355–0.710 < 0.355 0.355–0.710

Salinity (ppt) 1.2 0 0

6 SnowSize (mm) < 0.355 0.355–0.710 < 0.355

Salinity (ppt) 4 0.1 0

7 SnowSize (mm) 0.710–1 0.355–0.710 < 0.355

Salinity (ppt) 0.8 0 0
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The increase of bulk snowpack salinitywith sea ice disc volume suggests that larger ice samplesmademore
brine available at the ice surface for subsequentwicking. This in turn reinforces our analysis above: that a saltier
ice surface results inmore salt being delivered into the snow.While post-experimentmeasurements of whole
sea ice disc salinity revealed an average 1.2± 0.3 ppt decrease compared to initial values of 9 ppt, the absence of
vertical salinity profiling of the sea ice discs prevents a deeper analysis of fromwhat depth in the ice the salt was
sourced.

We found that salinitywas consistently detected in the snowpack directly above the sea ice discs and
decreasedwith height in the snowpack (Experiment 2.2). No salinity was detected in the top snow layer (3–4
cm). The relationships between layer height and salinity do not appear to be linear, but rather show curves with
salinity quickly reducingwith height; perhaps exponentially, but we do not have sufficient data points to deter-
mine this (figure 9, table 5) .Dye added to the sea ice discs visually confirmed this limited brine transfer, with the
bottom snow stained and the upper snow remaining unstained. This observation suggests that brine transfer
was limited by height above the sea ice discs in these experiments. This is qualitatively consistent with previous
field studies finding higher salinities towards the base of the snowpack (Nandan et al 2017, 2020, Frey et al 2020,
Petrich and Eicken 2010,Mallett et al 2024, Komarov et al 2025).

We investigated 9 layering configurations of snow grain size and inclusion of a non-saline ice layer to inves-
tigate the impact of snow grain size and layering on brine transfer. Snowpackswith small snow grains
(< 0.355mm) consistently exhibited higher salinity compared tomedium (0.355–0.710mm) and large
(0.710–1mm) snow grains (the specific discussion of the effects of snow grain size on brine transfer is provided

Figure 9.Results of Experiment 2.2. Left: snow layer salinity versus snow layer height centre (each layer was 1 cm thick so .5 cm
represents 0 to 1 cm, and so on; different colours represent different sea ice disc volumes.)Right: snow layer salinity versus sea ice disc
volume, different colours represent different snow layer height. Error bars represent standard deviation of 0.16 ppt..

Table 4. Snow grain size and salinity configurations in different snowpack structures.

Configuration

Bottom (0–1.5 cm) Ice (1.5–1.7 cm) Upper (1.7–3.2 cm)

8 SnowSize (mm) < 0.355 / < 0.355

Salinity (ppt) 6.9 0 0

9 SnowSize (mm) 0.355–0.710 / 0.355–0.710

Salinity (ppt) 1.2 0 0

10 SnowSize (mm) 0.710–1 / 0.710–1

Salinity (ppt) 1.2 0 0

11 SnowSize (mm) < 0.355 / 0.355–0.710

Salinity (ppt) 4 0 0

12 SnowSize (mm) 0.355–0.710 / < 0.355

Salinity (ppt) 0.7 0 0
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in supplement). Despite variations in the structure of the upper snow layer, consistent salinity levels were
observed in the bottom snow layerwith the same grain sizes. This suggests that the transfer of brine from the sea
ice to the snow covermay be primarily influenced by the characteristics of the lowermost snow layer. The lower
snow layer serves as a crucial interface for brine transfer, with its permeability and porosity affecting the rate
and extent of brinemigrationwithin the snowpack. Small snow grains in the basal layer resulted in higher basal
layer salinities (3.1 to 4.0 ppt) thanmedium (1.2 ppt) or larger grains (0.8 ppt).When the basal snow layer
contained small grains, themedium-sized snow grains above had a salinity of 0.1 ppt.However, when the basal
snow layer contained large grains the small- ormedium-sized snow grains above had zero salinity. The upward
migration of salt can therefore be interruptedwhen larger grains are present between the sea ice and smaller
grains above. This outcome resonates with previous observations regarding the transportation of freshwater
within various snowpack grain size structures wherewaterwas capable ofmigrating fromfine-grained snow to
coarse-grained snowbutwas constrained or even interruptedwhenmoving from coarse-grained snow to fine-
grained snow (Avanzi et al 2016). This phenomenon can be attributed to the different porosity and capillary
forces inherent to snowof different grain sizes. These results also alignwith field studies on snow sample per-
meability and capillary absorption (Colbeck 1974, Coléou and Lesaffre 1998). In our experiments, however, the
post-experiment salinity profiles do not allowus to unambiguously distinguishwhether the enhanced salinity
of the basal snow arose primarily from surface brine skim expulsion at the ice-snow interface or from sustained
upwardmigration of brine fromdeeperwithin the ice through capillary rise.While both processes are likely to
contribute, their relative dominance is unresolved, and this uncertaintymust be borne inmindwhen extra-
polating to natural sea ice conditions. Finer-grained snow tends to exhibit a larger specific surface area (SSA)
andmore interconnected pores, which favors capillary-driven brinemovement upward into the overlying lay-
ers. In contrast, larger snow grains contain fewer andwider pores, andmay additionally form ice bridges that
obstruct liquid connectivity, both of which could hinder effective brine transport (Avanzi et al 2016).More-
over, it should be noted that the particle size rangewe employed in the laboratory (0.355–1mm) does not cover
the finer particles (<0.3mm) commonly produced bywind-driven sublimation and deposition in natural polar
snow (Dai andHuang 2014,Huang et al 2016), and this limitationmay also influence the representativeness of
our observed transportmechanisms.

We found that introduction of a fresh ice layer into the snowpack impeded transfer of salt, restricting salt to
the snowpack below.When comparing the salinity of themiddle snow layer (at 3-4 cm) fromExperiment 3.1 to
that of the snow above the fresh ice layer (at 3.2–4.2 cm) fromExperiment 3.2, with the same set up of snow
particle sizes:mediumover small (configurations 1 and 8), notable differences were observed. The salinity of
the snow layerwithout fresh ice layer was 0.1 ppt, where therewas no salinity present in the layer with fresh ice
layer. These salinity differences, observed under the same snow grain size set up and height, demonstrate the
limiting of the fresh ice layer on the upward transfer of brine in the snowpacks.

In addition to snow grain size, the effect of snow grainmorphology on capillary action is an important
consideration. Irregularly shaped particlesmay producemore complex paths of capillarymotion than round
particles, which can affect the rate and extent of liquidmovement through capillary action (Colbeck 1974).
Theoretically, smaller grain sizes should lead to higher snow salinities due to increased capillary rise under the
same conditions.

Preliminary experiments, not reported here, employed a hammer to chisel ice, yielding uneven and irregu-
larly shaped snowparticles (figure 10(a)). However, this took considerable time and it was not feasible to pro-
duce the quantities of snowof different grain sizes required for the study presented. This experiment employed
an ice crusher and blender, producing relatively smoother and rounder snowparticles (figure 10(b)) than that
in the preliminary experiments. Smoother particles tend to exhibit reduced capillary forces due to higher con-
tact angles on smooth surfaces, which reduce the strength of capillary forces (Calonne et al 2012, Colbeck 1974).
Moreover, smoother particlesmay possess less interconnected pore space, limiting capillarymovement.
(Calonne et al 2012, Colbeck 1974). The sphericity and surface roughness differences between our artificial
snow and natural snow crystals have important implications for upward brine transportmechanisms.Natural

Table 5. Spearman’s correlation analysis of snow
layer salinity and snow layer height above sea ice
disc.No salinity was detected in the 3–4 cm layer
hence a result ofN.A. is reported.

SnowLayerHeight Centre (cm) Spearman’s ρ

0.5 1.0

1.5 1.0

2.5 0.9

3.5 N.A.

13

Environ. Res. Commun. 7 (2025) 125022 SHuang et al



snow exhibits highly irregular, dendritic structures with complex surface textures thatmaximize specific sur-
face area and create numerousmicro-capillary pathways, facilitating efficient liquid transport through
enhancedwetting and reduced contact angles (Calonne et al 2012). In contrast, our rounded, smooth artificial
snow grains likely underestimate the capillary transport efficiency observed in natural snowpacks, as the greater
surface roughness and lower sphericity of natural snowwould be expected to enhance upward saltmigration
through stronger capillary action andmore extensive pore connectivity.

The results of Experiments 1 and 2.1 indicate that snowpack salinity typically decreased over 24 hours. In
the experiments involving higher initial salinities of 14 ppt and 19 ppt, the overall trend indicated decreasing
snowpack salinity over 24 hours. This suggests a decrease of snow salinity over time, perhaps due tomelting
taking places at the outer edges of snow grains leading tomore rounded shapes and smaller SSA. In contrast,
snowpacks over sea ice discsmadewithwater of 4 ppt and 9 ppt salinity displayed a relatively stable salinity
level, indicating that the systemmay be reaching a state of equilibrium after the initial rapid transfer of brine
(within the first hour). This equilibrium state is crucial for understanding long-termprocesses (such as seasonal
changes) of the salinity distribution and transport within snow-covered sea ice.However, itmust be acknowl-
edged that the small-scale experiments used in this study are limited in their interpretation of brine transport
dynamics. In natural environments, brine transport occurs across vertical gradients thatmay extend for several
meters. In contrast, our laboratory experiments used sea ice discs with diameters of only 5 to 5.5 cm and snow
columns of only 3 centimeters in height, which represent only a small fraction of the spatial dimensions found
in the field. This scalemismatchmay constrain the development of complex brine channels in height andmay
enhance brine retention in the basal snow layer, while the smaller lateral dimensions restrict lateral variations
and the formation of interconnected brine channel networks. Therefore, the brine transport dynamics
observed in our laboratorymay be simplified relative to those in natural environments, and future controlled
experiments should be extrapolated to larger-scale ormore heterogeneous field conditions to better replicate
the vertical and lateral dimensions unique to natural sea ice and snow environments.

In the early stages of growth of FYI it can have a range of salinities from6 to 15 ppt (Nakawo and
Sinha 1981). The salinity of the basal 4 cm snowon FYI observed in the fieldwere as high as 35 ppt (Confer et al
2023). In our experiments, snow salinity was never observed to exceed the salinity of the sea ice. Differences in
salinity between snow and sea ice observed in the field compared to laboratory settings can be attributed to
several factors. Natural environmental conditions, such as temperature fluctuations, can lead to changes in the
migration and redistribution of brine in the snowpack, and processes such asmelting, refreezing, and compac-
tion over time, can lead to brine enrichment in specific layers of the snowpack (Sturm andMassom2016).
However, our laboratory experiments were conducted under controlled temperature conditionswithout co-
located temperaturemeasurementswithin the snowpack, which limits our ability to directly assess how temp-
erature variabilitymay have influenced brinemigration patterns across different snow grain sizes. This absence
of temperaturemonitoring represents a significant limitationwhen interpreting our salt transport results, as
even small temperature gradients can alter capillary forces, brine viscosity, and localizedmelting-refreezing
cycles that drive salt redistribution in natural snowpacks (Colbeck 1974,Domine et al 2004). Additionally, field
environmentsmay contain additional sources of salts orminerals, such as aerosol particles and seawater spray,
whichmay contribute to elevated salinity in snowon sea ice (Domine et al 2004). Very low salinity
(0.01–0.12 ppt)has beenmeasured in the uppermost layers of snow in the field (Domine et al 2004). The lower

Figure 10.Comparison of the shapes of snowmade by (a) chiselling ice with a hammer and (b) grinding ice with a blender.
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valueswithin this rangewould not bemeasurable in our laboratory experiments due to limitations of our
salinitymeter (0.1 ppt).We believe themost likely reason for our lower salinity values to be the smooth grains
fromour artificial snowproductionmethod, with reduced SSA relative tomore irregular shapes.

5. Conclusion and futurework

Wehave demonstrated the value of laboratory experiments using artificial snow and sea ice to investigate the
controls on themovement of salt from sea ice into overlying snow. This study ismotivated by the need to
understand controls on salt transfer, especially in light of the transition fromanArctic sea ice pack
predominantly comprising SYI andMYI to primarily FYIwhich has a higher salinity.

The artificial snowmicrostructure employed in our experiments does not capture the complexity of real-
world snowon sea ice, which falls as precipitation andundergoes continualmetamorphosis driven by temper-
ature fluctuations, wind, and other environmental factors. Our experimentswere conducted under controlled
temperature conditions that do not fully simulate the temperature variability experienced in natural polar
environments, for instance diurnal cycles, or themuch colder temperatures duringArctic winter of−20 to
−68°C (Serreze andBarry 2011). Repeating the experiments at different temperatures could help to reveal the
effect of temperature on saltmovement for a range of sea ice and snowproperties.

The blender and sieves produced grains in rounded shapes of varying sizes.However, real snow is typically
less smooth and future experiments should endeavour to createmore realistic snow grain shapes. Snowpack
layering is oftenmuchmore complex and includes snowmetamorphosis as well as the influence ofmany exter-
nal factors, such aswind, temperature changes, precipitation, etc (Colbeck 1983, Sturm andMassom2016). By
producing uniform snowpackswith controlled grain sizes wewere able to isolate the effect of grain size and
show its impact on salt transfer.

The results indicated that themost rapid brine transfer occurswithin the initial hour of snowfall onto sea
ice. This hypothesis suggests an exploration of changes in snowpack salinity on shorter time scales is needed.
Subsequent experiments and field observations should prioritize the initial hour after snowdeposition on sea
ice, potentially uncoveringmore details of the process through finer temporal resolutions. In addition, exam-
ination of snow grains at various elapsed times (e.g., using amicroscope, or ideally,Micro-CT)would indicate
whether our assertion that snow salinity appears to decrease due to a further rounding of the grains caused by
melting at the edges due to the salt on the surface of grains.

We found that snow salinity (bothwhole-snowpack and basal layer) increasedwith sea ice disc volume, but
we did not investigate whether larger sea ice discs had higher salinity at their upper surface (in a brine skimor
uppermost layer) at the start of the experiment orwhether salinity reduced throughout the sea ice disc during
the experiments.We therefore suggest that future experiments should examine layerwise salinities of sea ice
discs both before and after salt transfer into overlying snow. In addition,measurements of the volume and
salinity of brine skim atop frozen sea ice discs would help to indicate how sea ice disc volume affects salt avail-
ability to the overlying snow.

Salinity has implications for snow and ice physical properties, remote sensing, andmore broadly for cli-
mate. The presence of salt in the snow and ice reduces the freezing point, causingmelting at lower tempera-
tures. Our experimental results provide quantitative relationships between snow salinity, particle size, and sea
ice properties, whichmay inform improved parameterization of remote sensing algorithms via understanding
of salinity transfer into the snow cover, and therefore potential effects on physical and dielectric properties.
Additionally, sea salt fromblowing snow can cause surfacewarming by increasing the concentration of cloud
condensing nuclei, enhancing longwave emissivity (Gong et al 2023).

This study highlights the importance of sea ice and snowproperties in salt transport from the saline upper
sea ice layers into the snowpack, and therefore in the resulting salinities of sea ice and its snow cover. In the
context of awarming climate and younger Arctic sea ice pack, understanding the processes and controls on salt
transfer from sea ice into overlying snow is crucial formonitoring and predicting physical changes to the snow
and ice, developing accurate remote sensing techniques and inmodelling climate-relevant feedbacks via
aerosols.
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