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Abstract

Sample collection and field studies of sea ice take place under harsh conditions which, combined
with the logistical difficulties and high cost of voyages to the polar regions, limits the abilities of
researchers to determine its properties. Observations of laboratory-grown sea ice can help quan-
tify important sea-ice properties and incorporate them into numerical models. The growth of
laboratory sea ice requires experimental set-ups that consider the complexity of sea-ice growth.
Regulation and monitoring of environmental variables allow for growth and melt conditions
to be controlled, manipulated and reproduced. Facilities thus vary widely because of differing
research objectives. This paper presents a summary of some of the published sea-ice laboratories
that study the physical properties of sea ice and an overview of their major design considerations,
such as tank size, freezing method and instrumentation. It also discusses how these design con-
siderations were implemented in the set-up of the new sea-ice growth laboratory at the Marine
and Antarctic Research for Innovation and Sustainability. This paper should guide others in
designing their facilities as well as in their understanding of other facilities for results comparison.

1. Introduction

Sea ice is a complex, multi-component, multiphase material consisting of solid ice containing
inclusions of liquid brine as well as solid salts and gas bubbles (Hunke and others, 2011). The
complexity of sea ice emerges from the proportionality and geometric arrangement of these
components which differ according to growth conditions (Weeks, 2010). Under turbulent con-
ditions, sea ice develops from frazil ice crystals which consolidate, and form rounded pieces of
sea ice called ‘pancakes’, which in turn consolidate into large sheets (Lange and others, 1989).
Calmer conditions lead to the formation of a thin, flexible and continuous ice sheet known as
‘nilas’, which thickens through bottom freezing (Petrich and Eicken, 2010). Sea-ice research
has been steadily increasing since the second half of the 20th century and the motivation
for such research has been diverse, ranging from offshore oil and gas exploration in the
Arctic, to concerns regarding climate change (IPCC, 2007). While these research activities
have different focuses, there is often an overlap of the desired properties and research
questions.

Sea ice experiences significant property changes once removed from its environment, mak-
ing it difficult to accurately observe certain properties (Cox and Weeks, 1986). As mentioned
by Weeks and Cox (1974), dangerous conditions and harsh environments, combined with the
logistical difficulties and high cost of voyages to polar regions limits the abilities of researchers
to study these in situ processes, or even to obtain samples for analysis. Laboratory-grown sea
ice provides a means of observing these properties of sea ice by enabling its controlled growth
under adjustable environmental conditions with tight variable control (Haas, 1999).
Laboratory-grown sea ice is saline ice that is grown under a specific set of boundary conditions
which mimics that of naturally grown sea ice. It can be used to evaluate and improve compu-
tational models for processes such as brine transport (Griewank and Notz, 2013; Turner and
others, 2013; Rees Jones and Worster, 2014) and wave—ice interaction (Sutherland and others,
2019). The control of these variables in a stable laboratory environment allows for experimen-
tal repeatability, as well as examination of the effect of single variable variation. Study of in situ
phenomena such as brine drainage is possible to a greater extent in a controlled environment
than in the field (Eide and Martin, 1975). There are some limitations to laboratory-grown sea
ice: it generally cannot reach thicknesses typically observed in nature, and tanks are often too
small to study important processes (such as pancake ice formation). There have been several
studies of sea-ice properties carried out using laboratory-grown sea ice, such as the INTERICE
project (Haas, 1999) and the Reduced Ice Cover in the Arctic Ocean (RECARO) project
(Wilkinson and others, 2009).

The researchers at the University of Cape Town’s Chemical Engineering Department
through the Marine and Antarctic Research Centre for Innovation and Sustainability
(MARIS), undertook an investigation of the physical and structural properties of sea ice. In
order for this research to be carried out, an appropriate polar laboratory needed to be devel-
oped. The initial stages of this development included the creation of an appropriate laboratory
set-up. Beyond the early review and directions provided by Weeks and Cox (1974) and the
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design considerations briefly outlined by Thomas and others
(2021), no cohesive resource that covered all the factors and con-
siderations involved in the creation of laboratory-grown sea ice
was found. As a result, the initial set-up was limited by tank
design and instrumentation. As there was insufficient existing lit-
erature providing a comprehensive resource for the initial design
and set-up of such a laboratory, this paper thus aims to summar-
ise existing literature and to provide a directional guide for those
who wish to build and improve their own sea-ice growth set-up.

2. Growth of laboratory sea ice

Laboratory-grown sea ice is used by researchers to better under-
stand naturally occurring sea ice and is grown to mimic natural
sea ice. It is used to study how it would behave under varying
environmental conditions. These conditions include, and are
not limited to, the ambient temperature, water temperature, salt
content and agitation. These variables may differ to suit the
research aims.

2.1 Freezing methods

Analogous to the natural conditions in which sea-ice growth is
mainly driven by heat loss to the atmosphere, laboratory-grown
sea ice is formed by a saline water solution in contact with cold
ambient air in the controlled environment, or by contact with
cold plates. The growth of laboratory sea ice has been carried
out in atmospheric temperatures ranging from —5 to —30°C
using a variety of freezing methods. Roscoe and others (2011)
grew laboratory sea ice in temperatures as low as —40°C; however,
this was specifically to examine the growth of frost flowers. The
choice of atmospheric temperature affects the growth rate which
in turns affects the sea-ice properties such as crystal size and sal-
inity (Weeks and Assur, 1967). A surface temperature of —20°C is
a popular choice since it mimics natural average winter air tem-
peratures measured in the polar regions and allows for reasonably
fast ice growth (Cox and Weeks, 1975; Middleton and others,
2016).

It is common to make use of a temperature-controlled room,
that houses a tank filled with a saline solution, where the tempera-
ture can be adjusted to the desired atmospheric temperature
(Weeks, 1962; Cottier and others, 1999; Loose and others, 2009;
Roscoe and others, 2011), with heat transfer taking place between
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the cold ambient air and the saline water solution surface. Several
of these laboratories are re-purposed refrigeration shipping con-
tainers (Light and others, 2015; Marks and others, 2017).

Many experimental set-ups include a fan which blows the cold
air above the saline solution surface which enhances circulation,
thereby improving the heat transfer rate and homogeneous distri-
bution of cold air (Perovich and Grenfell, 1981; Marks and others,
2017). Insulation of the sides of the tank set-ups is used to limit
the heat exchange to the water’s surface. Many of these laborator-
ies use floor-based air circulation (Roscoe and others, 2011;
Marks and others, 2017), thus further requiring the use of thick
insulation at the bottom of the tank. Some refrigeration laborator-
ies require a warming period every few hours to remove ice
build-up around the compressor unit (Wiese and others, 2015;
Marks and others, 2017). Marks and others (2017) note an
increase in the room temperature of up to 6°C during these
defrosting periods. Haas (1999) describes the use of the purpose-
built, temperature-controlled sea-ice tank facility at the Hamburg
Ship Model Basin that consists of a tank with top-down cooling
that accomplishes directed cooling at a variety of flow rates. In
addition, the use of additional compressors or fans allows their
use on a rotational basis; when one undergoes a warming period
another keeps the container’s temperature at the set temperature,
hence removing these defrosting periods. Defrost cycles can be
modified in some systems to occur more often and for a shorter
period which may reduce the effect on the air temperature inside
the laboratory.

For certain studies, such as mechanical testing or investigation
of growth rates, it is optimal to procure samples that are grown at
a single, stable temperature such that the effect of temperature can
be selectively examined (Schwarz and others, 1981). This can be
accomplished using a cold plate in direct contact with the saline
solution. Cold plates consist of a machined metal plate that is
placed over the saline solution and in direct contact with it
(Fig. 1). The plate has channels through which a coolant is
pumped, allowing very stable control of temperature, with fluctua-
tions as low as 0.1°C (Golding and others, 2014).

The cold plate may replace the need for convective atmos-
pheric cooling but housing the experimental system in a
temperature-controlled room is still preferable (Notz and
Worster, 2006). Cold plates are the most precise cooling method
if temperature control is a key concern. The cold plate, however,
does not allow a natural sea-ice freeboard and requires a pressure

Fig. 1. Cold plate used for controlled cooling in direct contact with the solution sea ice (Schulson and others, 2015).
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relief system to account for the density change during sea-ice
growth (Notz and Worster, 2006). Furthermore, it adds complex-
ity to the measurement systems as the instrumentation has to pass
through either the cold plate or tank sides to measure tank con-
ditions, rather than the exposed water surface.

In some studies, experimental set-ups deviating from natural
growth conditions were necessary for the research objectives
such as testing of the salinity measurement harp (Shirtcliffe and
others, 1991; Notz and Worster, 2006). Details of these set-ups
exceed the scope and are not further discussed in this review.

In addition to cooling from the top surface, control of the tem-
perature or heating rate is typically required for the underlying
saline solution (Weeks and Cox, 1974; Roscoe and others, 2011;
Wiese and others, 2015; Marks and others, 2017). A heat input
prevents undesired supercooling from occurring, and further
ensures top-down cooling from the surface of the saline solution.
Wiese and others (2015) found that a heat input of 15W m~? via
the installation of a heating wire at the bottom of the tank was
sufficient to prevent supercooling.

2.2 Tank configuration and material

Laboratory-grown sea ice has been grown in tank vessels ranging
from less than a litre (Eide and Martin, 1975), to tanks >1 million
litres (Haas, 1999). The first design consideration is whether the
tank will be cooled using ambient temperatures, or a cooling
mechanism. Some facilities, such as the 589000 L tank at the
Sea-ice Environmental Research Facility (SERF), University of
Manitoba, or the Geophysical Institute, University of Alaska
Fairbanks are in areas where ambient temperatures are below
freezing for sustained portion of the year (Hare and others,
2013; Galley and others, 2015; Oggier and others, 2019). This
allows them to have outdoor tanks which are cooled using ambi-
ent temperatures which saves on the cooling costs of electrical
cooling methods. However, it is sometimes preferable to have
the ability to supplement this natural ambient cooling using add-
itional chillers, such as the Ohmsett tank, at the National Oil Spill
Response Research and Renewable Energy Test Facility, which can
keep the saline solution at freezing point (Buist and others, 2011).

The choice of tank size, configuration and freezing method is
largely influenced by research aims and budget. The properties of
sea ice are not independent of tank size and there are advantages
and disadvantages to whichever size is chosen. Smaller tanks are
cheaper and are useful for analysis of structure and chemical com-
position, where the formation of large samples is not crucial
(Weeks and Cox, 1974). Larger tank sizes, together with the
shape of the vessel, are useful for the implementation of wave
pumping and circulation, however large wave pumping forces
are needed to evenly distribute circulation and wave motion.
The shape of the tank is important to consider if wave pumping
or agitation is being incorporated as undesired water circulation
patterns may arise (Timmons and others, 1998). Additionally,
large tanks generate a greater number of samples which is recom-
mended for testing of properties that require a minimum sample
size and fixed dimensions, such as testing of mechanical proper-
ties (Schwarz and others, 1981).

Rounded tanks have been found to minimise the stress on the
tank walls (Perovich and Grenfell, 1981). A variety of materials
have been used for tank construction. Marks and others (2017)
and Golding and others (2014) chose to construct their tanks
from plastic, since this is a cost-effective, lightweight and non-
reactive material.

Weeks (1962) used a steel tank coated in an anticorrosion
paint due to the salt in the saline solution. The metal would
also have conducted temperatures extremely well, which may
exacerbate any effects at the tank sides. Indeed, it was mentioned
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by the authors in a later paper (Cox and Weeks, 1975) that the sea
ice was thicker at the tank sides, suggesting a greater degree of
cooling near the walls. Shaw and others (2011) used a square
stainless-steel tank to examine the diffusive transport of atmos-
pheric halocarbons through sea ice; in this case, stainless steel
was used since it would not interact with the halocarbons.

Glass tanks are suitable for experiments that prioritise visual-
isation of the laboratory-grown sea ice (Eide and Martin, 1975;
Middleton and others, 2016). Concrete is also commonly used
for large tanks with length on the order of 10 m (Rysgaard and
others, 2014).

Insulating round tanks provides some challenges because the
insulation must be flexible to tightly fit around the curved sides.
Both Weeks (1962) and Marks and others (2017) used neoprene
sheets adhered to the tank wall to provide a first insulation layer.
However, their next layers differ, as Weeks (1962) used glass wool
and tar paper, while Marks and others (2017) built up a square
wooden box fitted with polystyrene sheets. A simple and novel
solution to both tank and insulation was used by Light and others
(2015), who grew sea ice in a commercially available, insulated
square tank primarily used for food transport. Square tanks
have also been commonly used, either made of glass (Thomas
and others, 2021), plexiglass (Eide and Martin, 1975; Middleton
and others, 2016), steel (Shaw and others, 2011) and concrete
(Rysgaard and others, 2014).

2.3 Agitation

Haas (1999) points out that growth rates and temperature gradi-
ents for laboratory-grown sea-ice set-ups are much greater than
those found in naturally occurring sea ice. Therefore, some
laboratory-grown sea-ice set-ups use a system to circulate or agi-
tate the underlying saline solution to ensure that temperature and
solution salinity stratification does not occur while the sea ice
grows. This mixing can be provided by using a pumped water cir-
culation system (Marks and others, 2017) or aquarium impeller
pumps (Roscoe and others, 2011; Wiese and others, 2015;
Thomas and others, 2021). The geometry of tanks influences mix-
ing, and different geometries will require different mixing set-ups
and pump placements to ensure optimal mixing. Circular mixing
works best in round tanks with a single pump able to provide
good mixing when placed tangentially to the tank wall to create
a circularly orientated flow (Timmons and others, 1998). The pri-
mary tangential flow pattern generates a secondary, radial flow
that creates bottom circulation towards the tank centre.
However, Timmons and others (1998) did note that there could
be a dead zone formed near the centre of the tank where low
fluid velocities result in poor mixing (Fig. 2).

Square tanks do not work well with circular flow and have
dead zones in their corners (Lekang, 2013). A general configur-
ation for the pump placement in a square tank is to use two
pumps, and to place them diagonally across from each other in
the tank corners (Loose and others, 2011; Shaw and others, 2011).

The agitation rate is important as Langhorne and Robinson
(1986) found that a significant degree of horizontal alignment
within the crystal c-axes could be seen under growth conditions
with currents faster than 10 mms~". This crystal alignment was
due to a current formed within the tank from the agitation
(Stander and Michael, 1989; Cottier and others, 1999). Currents
also affect the sea-ice porosity, with stronger currents resulting in
smaller pores but greater pore densities (Eicken and others, 2000).

2.4 Pressure relief and formation of free-floating ice

Sea ice has a density less than that of sea water, instigating a vol-
ume increase upon freezing. Natural sea ice floats, maintaining a
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Fig. 2. Schematic diagram of flow pattern generated with primary tangential mixing in a round tank. Adapted from Timmons and others (1998).

certain freeboard. Within a closed volume system, this volume
increase can lead to rupture of a tank, damage to instrumentation
or falsification of measurements through flooding of the ice sur-
face. Maintaining the freeboard within the tank is important to
avoid this. This can be achieved by a pressure-relief pipe or the
creation of free-floating sea ice. Side heating of the tank walls
may prevent sea ice from freezing to the walls and form free-
floating sea ice (Thomas and others, 2020). Side heating should
be considered carefully as extensive heat input can prevent or
reduce sea-ice growth. Smooth glass tanks prevent sea ice forming
against the tank walls with a lower side heating input (Wiese and
others, 2015; Thomas and others, 2021). Any irregularities of the
tank material will also affect natural floating of the sea ice. The
choice of free-floating sea ice affects the mounting of the instru-
mentation, since free floating sea ice will result in the surface
level of the ice moving upwards due to volume increase.

Systems with capped, top-down cold plates cannot maintain
free-floating sea ice and have often used pressure relief pipes
(Cox and Weeks, 1975; Golding and others, 2014). No valve is
required in such set-ups, since if the height of the relief pipe is
above the water surface, no drainage will occur. The water head
will naturally increase above the sea-ice level to equalise pressure
as the sea ice grows downwards. The same system of pressure
relief has been used in open tanks where the sea ice is constrained
against the tank walls (Weeks, 1962) and the overflowing water in
the pressure relief pipe was routed into a secondary tank or basin.
It is crucial that such pipes are insulated to prevent freezing and
subsequent blockage of the pressure relief pipe (Weeks, 1962;
Schulson and others, 2015).

Weeks (1962) found that using insulation only was insufficient
to prevent freezing of the pressure relief pipe, and thus used a
heated wire wrapped around the pipe. Style and Worster (2009)
prevented pressure build-up in their tank by drawing liquid out
of a submerged methanol bladder, which allowed them to prevent
flooding of the sea-ice surface. Roscoe and others (2011) used
plastic envelopes filled with bubble wrap that were clamped to
the tank walls slightly below the sea ice which minimised the pres-
sure build-up. Shaw and others (2011) also used a similar air-
compressible system for pressure relief.

2.5 Solution preparation and salinity

The formation of laboratory-grown sea ice requires a solution of
salt and water, ideally one that mimics natural sea water found in
the polar regions. Nomura and others (2006) and Weissenberger
and others (1992) both made use of available natural sea water for
their growth set-ups. However, as noted by Weeks and Cox
(1974), this can be expensive if one is located far from the coast
and natural sea water may not have the required salinity for the
planned experiments. Additionally, when growing sea ice in

https://doi.org/10.1017/jog.2022.115 Published online by Cambridge University Press

small tanks, the water should have a lower starting salinity to
obtain the a bulk salinity of the resulting sea ice that resembles
that of natural sea ice (Schulson and others, 2015). This is due
to the brine drainage from the newly grown sea ice which
increases the salinity of the underlying saline solution, which in
turn forms more saline sea ice.

To overcome the difficulties of using natural sea water, one can
make the saline solution using deionised water or tap water and
salts. Some experimental set-ups have used sodium chloride for
the formulation of their saline solution (Weeks, 1962) while
others have used water with a representative sea-water compos-
ition (Cottier and others, 1999; Papadimitriou and others, 2004;
Hare and others, 2013; Marks and others, 2017).

Typical values for the starting solution salinities range from
17.5 (Schulson and others, 2015) to 32 gkg ™' (Marks and others,
2017). The resultant sea-ice bulk salinities within these studies
show a much smaller range. The aforementioned solution sali-
nities resulted in sea-ice bulk salinities of 5 and 7 gkg ™" respect-
ively. Schulson and others (2015) recommend that the required
solution salinity should be experimentally determined for differ-
ent set-ups. Murdza and others (2021) grew laboratory sea ice
at a starting solution salinity of 17.5 and 35 g kg™ at a tempera-
ture of —20°C. It was reported that the final sea-ice bulk salinities
were 3 and 6 g kg™ ' respectively, which both fall within the range
of natural sea-ice bulk salinity (Weeks and Ackley, 1986; Weeks,
2010). However, under mechanical flexural test conditions, sea-ice
samples grown with different initial salinities performed differ-
ently under cyclical loading with different flexural strengths
(Murdza and others, 2021).

2.6 Seeding for selective sea-ice growth

The freezing point of a saline solution refers to the thermodynam-
ically defined temperature at which sea ice will begin to form
from a saline solution. The saline solution, however, may be
supercooled and remain in its liquid phase at a temperature
lower than what the thermodynamic limit predicts (Freitag,
1999). In such cases, a process of nucleation needs to occur for
ice to form.

Nucleation can take place as either primary or secondary
nucleation. Primary nucleation refers to the spontaneous nucle-
ation of sea ice from solution and takes place at temperatures
lower than the thermodynamically predicted crystallisation tem-
perature. Secondary nucleation involves the addition of a small
number of sea-ice crystals into the solution, providing a site for
sea-ice nucleation. Secondary nucleation is possible within a
very small degree of supercooling. This process of adding small
amounts of sea-ice crystals, or parent material is known as seed-
ing (Randall and others, 2009). The formation of natural sea ice
commonly occurs through a natural process of secondary
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nucleation from readily available heterogeneous nuclei such as
dust or aerosol particles (Weeks, 2010) as well as from snowfall
(Murdza and others, 2021) which promotes granular sea-ice for-
mation at the surface before columnar textures form under calm
conditions. Tucker and others (1987) reported that an absence of
this natural seeding has been found to occasionally occur on lakes,
in Arctic melt ponds and in polynya. Increased agitation of the
water body also increases the probability of natural seeding (van
der Elsken and others, 1991; Liang and others, 2004; Ye and
Doering, 2004). Therefore, in laboratory-grown sea ice, where nat-
ural secondary seeding is not present, it is common to manually
seed the saline solution with ice shavings or milled sea-ice speci-
mens at the predicted freezing point to promote sea-ice growth
and control grain size (Cottier and others, 1999; Kim and others,
2006; Golding and others, 2014).

Seeding has been accomplished using two methods. Cottier
and others (1999) and Dempsey and others (1989) used spray
seeding, where a spray bottle of supercooled deionised water
was sprayed over the water surface. The water droplets crystallised
upon contact with the cold ambient air and provided crystals for
nucleation to occur. Another method is to sprinkle crushed sea
ice over the saline solution surface while it is at its freezing
point temperature (Barrette and Jordaan, 2001; Golding and
others, 2014).

3. In situ measurement systems
3.1 Temperature measurement

Sea-ice temperature is one of the most important variables to
record during sea-ice growth. Parameters such as growth rate
and brine volume depend on the temperature. A record of tem-
perature enables a description of the history of the sea-ice growth,
which allows for a better understanding of its properties. Haas
(1999) remarked that the ability to record this temperature history
easily is one of the greatest advantages of laboratory-grown sea
ice. Temperature of both, the underlying saline solution and the
sea-ice temperature, can be measured using one of the three
popular sensor types, depending on the property of interest and
the degree of accuracy required. These are thermocouples, ther-
mistors and resistive temperature detectors (RTDs).

The most common sensor type used for temperature measure-
ment in laboratory sea-ice set-ups is a thermistor (Eide and
Martin, 1975; Perovich and Grenfell, 1981; Cottier and others,
1999; Haas, 1999; Wiese, 2012). Thermistors are comparatively
low in cost, with a high accuracy and small footprint.
Thermistors have been used by Lake and Lewis (1970) to track
brine movement by analysing temperature fluctuations within
sea ice, taking advantage of the small size of the probe instru-
ments. Unfortunately, thermistors experience drift over time, in
the region of 0.2°Ca™". They therefore require frequent calibra-
tion to ensure their measurement accuracy (Wiese, 2012). The
two most common types of RTD sensors are PT100 or PT1000,
commonly used for water and air measurement and can be
used in hand-held measurement devices. RTDs have long
response times, taking between 1 and 50 s to respond to tempera-
ture changes. However, they can be accurate, with class A PT100s
rated to an accuracy of 0.15°C. In addition, their measurement is
highly stable over time, with a drift of 0.05°C a~'. Thermocouples
are simple and have a robust design that allows for measurement
across a large range of temperatures (Omega, 2019). However,
associated accuracy is 0.5°C at best and can cover a wide range
of temperatures (Omega, 2019). Galley and others (2015),
Marks and others (2017), Nomura and others (2006), Shokr
and others (2009) and Weeks (1962) all made use of the thermo-
couples’ simple design in their experiments.
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Spatial resolution is an important consideration for placement
of temperature probes for vertical temperature profiles. The verti-
cal span of the sensors should cover the full thickness of the sea
ice that is to be grown, such as in a vertical chain of probes.
Reported vertical resolutions range from 0.5 to 8 cm (Notz and
Worster, 2008; Wiese, 2012; Galley and others, 2015; Wiese and
others, 2015; Thomas and others, 2021). Horizontal spacing of
sensors (for multiple vertical profiles) can be used to investigate
heterogeneities in the sea ice. However, the area of sea ice that
can be destructively sampled without damaging sensors is reduced
when more sensor arrays are deployed, and this may limit the
number of vertical profiles in small tanks.

3.2 Salinity measurement

Liquid salinity is commonly calculated from measurements of
conductivity and temperature, which are converted to salinity
using the thermodynamic equation of seawater (TEOS-10).
Salinity measurement can differ when observing the salinity of
the solution or water and when observing the salinity within
the sea ice. A common method in sea-ice labs is the use of a
CTD in the surrounding saline solution, an oceanographic instru-
ment array that measures conductivity, temperature and depth
(Wiese, 2012). These are precise, commercially available instru-
ments, providing an accurate measurement of the solution salin-
ity. Another method to measure solution salinity is the use of
small sampling tubes placed at the desired measurement location
(Notz and Worster, 2008; Garnett and others, 2019). These tubes
can be run to outside of the tank, where a syringe can be used to
draw a sample that can then be measured using a salinometer to
determine its salinity. While simple and low cost, this method has
a low temporal resolution and requires the sample lines to be kept
heated to prevent unwanted ice build-up and requires the
extracted volume to ideally be added back into the system so as
not to have any effect on freeboard (Thomas and others, 2020).
Weeks and Cox (1974) suggested that if the solution is well
mixed during sea-ice growth, and at constant pressure, the solu-
tion can be assumed to be at freezing point and thus salinity
can be calculated using the salinity-temperature relationship.
While very simple, it does involve a few assumptions such as
the absence of supercooling or sea-ice formation at the tempera-
ture measurement point and can only be used once sea-ice forma-
tion has begun.

For sea-ice bulk salinity, Cox and Weeks (1975) presented a
method that used a radioactive tracer that was added to the initial
saline solution. By using a scintillation detector, the location and
relative salinity within the sea ice could be determined. However,
a disadvantage of this method is the additional safety concerns
and precautionary measures instigated by the radioactive element.
A salinity harp developed by Notz and others (2005) can also be
used for continuous sea-ice bulk salinity measurement (Notz and
Worster, 2006). The salinity harp consists of a vertical array of
wire pairs that are spaced at roughly centimetre vertical reso-
lution. The resistance between each wire pair can be measured
allowing derivation of the sea-ice liquid fraction and a co-located
temperature measurement allows the brine salinity to be calcu-
lated. The salinity harp therefore provides profiles of the liquid
fraction, brine salinity and bulk salinity of the sea ice.
Uncertainties on the salinity harp measurement are further dis-
cussed in Zeigermann (2018) and Fuchs (2017).

In the absence of a non-destructive method, the bulk sea-ice
salinity can be measured by removing a sea-ice sample, cutting
it into vertical sections and melting each section down before
using a salinometer to measure the salinity of the meltwater
(Weeks, 2010). This is the most common method to measure
sea-ice bulk salinity, both in field and laboratory-derived samples.
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In addition to the loss of the temporal evolution of the sea-ice
bulk salinity profile, this method’s primary drawback is the loss
of brine during extraction, which affects the accuracy of the result
(Thomas and others, 2021).

3.3 Sea-ice thickness

Measurement of the sea-ice thickness is important to determine
its growth rate. The simplest method of measuring sea-ice thick-
ness is by visual inspection, which can be used if the tank is made
of transparent material such as glass or plexiglass (Wiese and
others, 2015; Thomas and others, 2021). A removable square of
the insulation can be cut, allowing for a measurement to be
taken using a rule stuck to the side of the glass. However, if the
tank is opaque or the insulation cannot easily be removed, then
other methods are available. Weeks (1962) measured sea-ice
thickness using a metal rod with a cross bar that was frozen
into the sea ice. The rod was heated to enable it to slide freely
within the sea ice, and by pulling the cross bar up to the underside
of the sea-ice surface, a measurement of sea-ice thickness could be
obtained. The salinity harp designed by Notz and others (2005)
also allows for the measurement of sea-ice thickness and records
the data continuously. The linear temperature profile within sea
ice provides a reasonable approximation up to thicknesses of
0.8 m (Feltham and others, 2006). This linear trend is seen in
laboratory-grown sea ice as well by Marks and others (2017) as
a means of continuous sea-ice thickness approximation.

3.4 Sea-ice characterisation

With the growth of laboratory sea ice, analysis of the specimens is
needed to understand and validate whether the growth para-
meters are producing sea ice that is similar to natural sea ice.
Temperature, salinity and crystal structure are commonly mea-
sured properties of sea ice that can assist in characterisation.

Vertical temperature profiles of growing sea ice have an
approximately linear relationship with depth, with the lowest tem-
perature at the surface of the sea ice and the highest temperature
at the ice-ocean interface (Weeks and Ackley, 1986; Weeks,
2010). This recognisable profile is a simple way to initially deter-
mine whether the laboratory sea ice was grown under top-down
cooling conditions.

The vertical salinity profile of sea ice can differ depending on
its growth stage (Eicken, 1992). Typically, however, C-shaped and
S-shaped profiles are found in growing winter sea ice. These pro-
files have a high salinity measurement at the sea-ice-ocean inter-
face and a low bulk salinity throughout the middle of the sea ice.
The C-shaped profile has a high salinity at the sea-ice surface
while an S-shaped profile has a slight decrease in salinity at the
surface followed by a high salinity measurement, just below the
sea-ice surface (Eicken, 1992). Similarly, to the temperature pro-
file, these salinity profiles are distinct and can validate the growth
conditions as brine convection was present within the sea ice to
form such profiles.

Analysis of crystal and grain structure in sea ice is commonly
carried out using cross-polarisation imaging techniques, which
views a thin section of a sample between two cross-polarised
lenses (Weeks and Ackley, 1986; Weeks, 2010). Preparation of a
thin section has typically been carried out using a microtome
and viewed with a Rigsby stage to determine the c-axis orienta-
tions and crystal grain sizes (Langway, 1958; Hill and Lasca,
1971) in order to characterise the sea ice in terms of its structure,
which is closely linked to its growth conditions. Crystal sea-ice
textures such as granular and columnar are the two dominant
and recognisable textures in natural sea ice and are indicative of
turbulent and calm growth conditions respectively (Weeks and
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Ackley, 1986; Weeks, 2010). Furthermore, imaging techniques
such as micro-computed tomography (uCT) imaging and mag-
netic resonance imaging, can be employed to visualise the internal
structure of the sea ice: its porosity, brine connectivity and brine
channel structure (Galley and others, 2015; Middleton and others,
2016).

4. Summary of existing set-ups

The existing laboratory sea-ice growth set-ups vary considerably
in research aims and vessel configuration. Table 1 summarises
some of the published laboratory sea-ice set-ups and highlights
the differences between them. We found these facilities by manu-
ally searching existing literature. The list captures the breadth of
approaches in the literature but is not exhaustive. The included
facilities were limited to those who primarily focused on sea-ice
physics or its material properties. Ship design and offshore engin-
eering as sole motivation for laboratory sea-ice research was
excluded from this study. The differences between these facilities
are important to note within the context of the facility’s research
and emphasises the need to review and detail the process of
designing and setting up a general sea-ice growth system based
on the available resources and research outcomes.

5. Facility description of MARIS sea-ice laboratory
5.1 Tank design

Using the design considerations reviewed, the polar laboratory at
the University of Cape Town was set-up for laboratory sea-ice
growth to investigate the physical, structural and mechanical
properties of sea ice and its relationship with its growth condi-
tions. A refrigerated container was used to house the designed
tank and to create cold atmospheric temperatures for the freezing
of the saline solution. The designed system consisted of a 400 L
circular, high-density polyethylene (HDPE) plastic tank with a
height and diameter of 0.8 m (Fig. 3), which was large enough
to obtain sufficient samples for analysis and remained affordable.
As wave pumping was not considered as part of the experimental
plan of this laboratory, a circular tank was chosen. The tank’s wall
was covered with a thin layer of closed-cell neoprene and a layer of
foil to promote even heat distribution from a heating tape which
was wrapped around the foil layer and covered with thick plastic
wool insulation. The side heating, provided by the 65 W m™
waterproof heating tape, was wrapped repeatedly around the
tank and provided a small heat input to maintain the boundary
conditions.

The instrumentation within the tank can be seen in Figure 4.
The cooling unit within the laboratory was to the right of the tank
such that the direction of cold air flow and such that the predom-
inant cooling was from this direction. Occasionally, a fan was
placed from the opposite direction, providing air flow over the
tank surface. The presence of wind flow on the water’s surface cre-
ated mixing of the surface such that nucleation occurred faster.
The velocity of the air flow from the fan was a feature of the
apparatus available and was not chosen to emulate strong wind
conditions. Aquarium pumps were placed in the tank for continu-
ous mixing of the solution throughout the experiment. These
pumps were located at a depth of 0.45 and 0.7 m from the
water surface, with P1 at a depth of 0.7 m located tangentially
to provide tangential mixing as described by Timmons and others
(1998). P2 at a depth of 0.45 m was directed radially, on a pulse
cycle to create random flow and counteract the formation of
dead zones that may occur from tangential flow patterns
(Timmons and others, 1998). Pump flow rates were set to 100
Lh™" for P1 and 50 Lh™" for P2. The pumps remained on for
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the duration of sea-ice growth and their heat input was assumed
to be negligible. Ambient temperature was measured with a
PT100 probe placed 0.01 m above the solution surface. The sea-ice
temperature was measured with two temperature chains at pos-
ition T;,,. Two vertical chains for temperature measurement
were used to monitor horizontal heterogeneities in temperature
to ensure that cooling was occurring at the same rate on the hori-
zontal plane. These chains consisted of eight temperature probes,
at depths of 0.01, 0.03, 0.05, 0.08, 0.13, 0.18, 0.25 and 0.3 m.
Further probes were located at 0.45 and 0.70 m, to measure the
underlying solution temperature. All temperature probes were
class A Pt100 (+0.15°C) and were connected to a Campbell
Scientific CR5000 datalogger. Temperature was recorded every
5 min. Typical sea-ice growth for sufficient thickness for sampling
took ~10 d, thus 5 min intervals was deemed a sufficient interval
to capture the temperature changes and profiles in the tank. A
flexible, PVC pipe with wire reinforcing was used for pressure
relief to prevent tank rupture and equipment damage from exces-
sive pressure build-up. It exited from the bottom of the tank into a
smaller, overflow vessel and was located at the position indicated
by S, at 0.7 m below the solution surface. Heating tape was also
incorporated at the bottom of the tank to prevent convective cool-
ing from the beneath the tank. The bottom and side heating coils
were set to the freezing point of the saline solution. A similar
heating coil and relay was used within the pressure relief pipe
to prevent freezing and blocking of the pipe during experiments.

Once set-up was complete, the laboratory temperature was set
to the desired temperature and the experiment ran until the sea
ice reached a desired thickness. Defrost cycles were part of the
refrigerated container’s operation and occurred once every 24 h.
This defrosting of the compressor unit brought the ambient tem-
perature of the laboratory up to ~—5°C.

5.2 Sea ice sampling and techniques

Sampling was carried out using a modification of the protocol
described by Cottier and others (1999). Blocks of sea ice were
cut using an auger and saber saw to outline the sample sizes.
The blocks were then removed by inserting a wire underneath
the sea ice to lift the sample clear. While Cottier and others (1999)
provided a method for entrapping the brine and preventing brine
drainage with sampling, the protocol would call for a large area of
the tank to be taken up, thus limiting the number of samples
available for study, and therefore was not applied.

5.3 Sea ice physical properties

The following results are those of an experimental run that grew
laboratory sea ice at —20°C ambient temperature with a starting
solution salinity of 28 gkg™'. The sea ice grew to a thickness of
23 cm over a period of 160 h. It was experimentally determined
that a starting solution salinity of 28 gkg™" resulted in a sea-ice
bulk salinity between 7 and 15gkg™' for this tank set-up.
These preliminary results aim only to showcase that the tank
set-up, as described, can successfully grow sea ice that mimics
natural sea ice, particularly in its general temperature profile, sal-
inity profile and internal structure.

The sea-ice temperature profiles followed a linear trend
(Fig. 5a) with depth as described in both laboratory-grown sea-ice
experiments by Marks and others (2017), Weeks (1962) and
Wiese (2012) as well as those found in natural sea ice (Weeks
and Ackley, 1986; Timco and Weeks, 2010). This suggests an
accurate representation of the unidirectional bottom-up heat
flux as experienced under natural conditions (Maykut and
Untersteiner, 1971). Figure 5a shows the initial uniform cooling
of the saline solution before the freezing point was reached.
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Fig. 3. Tank layers: (a) cut HDPE tank, (b) insulated with 3 mm rubber foam, (c) covered with foil for heat conduction from side heating and (d) final tank with outer

135 mm plastic wool insulation.

Direction of Cold Air
Flow from Coolers

Fig. 4. Schematic diagram of experimental set-up, show-
ing locations of fan (F), pressure relief pipe (Sp), pumps
(P1-2), manual ice depth measures (D1-2), in-ice tem-

S perature chains (Ti;1-2), ambient temperature (Ta) and
P ice samples (I11-3).
160 0
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Fig. 5. (a) Thickness versus temperature profile of laboratory sea ice during experiment, showing linear sea-ice temperature profile, with the approximate sea ice-
solution interface point shown with open circles. The final open circle at the end of the 160 h reports a thickness of 23 cm. (b) Bulk salinity profile of laboratory sea

ice with thickness at the end of the experiment.

temperature profile within the laboratory sea ice can be clearly
seen by the portion of the profile in Figure 5a with a lower gradi-
ent, starting from the coldest temperature at the sea-ice surface to

After sea-ice growth began, the temperature profile for the under-
lying solution remained vertical and showed only a small decrease
in temperature for the remainder of the growth experiment. The
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the warmer underlying ice-solution interface. As the experiment
progressed, the portion of the profile with a higher gradient
increased in depth, thus indicating the growth of the sea ice.

The sea-ice thickness was determined from the temperature
profile and its corresponding freezing temperature (Fig. 5a).
This model was able to give an estimate of the increase in sea-ice
thickness. This preliminary evaluation of thickness assumed
homogeneity throughout the growing sample and did not account
for potential differences of thickness with the presence of equip-
ment and the tank walls. The fastest growth rate happened early
in the experiment, after which it slowed. The slowing rate was
caused by the insulating effect of the thickening sea ice together
with the salinity increase in the underlying saline solution during
sea-ice growth from brine drainage (Weeks and Cox, 1974).

The bulk salinity profile of the sea ice at sampling can be seen
in Figure 5b. This profile was constructed using the three samples
from the tank, marked by I, , 5 in Figure 4. The measured sali-
nities were found to be similar to the laboratory-grown sea-ice
bulk salinity measured by Wiese and others (2015) and the
young, natural sea-ice bulk salinity measured by Eicken (1992).
The profile shape is that of an S-shaped curve, typical of young
sea ice (Eicken, 1992).

In the early set-up stages of the laboratory at MARIS, visualisa-
tion with cross-polarisation techniques were not available to use.
Further improvement and development of equipment for visual-
isation is currently underway. However, preliminary uCT scans
were available to assist in the visualisation of the sample structure
to determine if the internal structure, namely the brine pore and
channel arrangement, was like that of natural sea ice.

These scans were produced by a Phoenix v|tome|x
micro-X-ray CT scanner at room temperature for a duration of
20 min at 35 um resolution. The temperature was not able to be
controlled as the equipment was not in a cold room or laboratory,
thus it was only possible to achieve viable images with 20 min of
scanning time before the sample was compromised from melting.
The samples were 3 cm’ from the top and bottom sections of a
laboratory-grown sea-ice specimen, which was 23 cm in length.
uCT scans produce images in greyscale that allows one to differ-
entiate features by their respective density. The resulting images,

Benjamin Hall and others

shown in Figure 6, highlight the air pockets, brine channels and
dendritic platelet growth within the laboratory sea ice. As air
has a lower density compared to the solid ice, the air pockets
are displayed as black spots marked by the red circles, while
brine has a higher density, thus it is identified by the white inclu-
sions marked by the yellow circles.

The images received from the top of the laboratory grown sea
ice (Fig. 6a) showed rounded pore spaces with spotted brine
inclusions. The brine inclusions were difficult to determine accur-
ately. The distribution and general shape of the brine inclusions
were rounded and sporadic, indicating a granular structure within
the sea ice. Granular structures are typically found at the surface
of natural sea ice whereby the growth conditions are erratic and
more turbulent with fast-freezing conditions (Weeks and
Ackley, 1986; Weeks, 2010).

The images taken from the bottom of the laboratory-grown
sea-ice specimen (Fig. 6b) displayed the development of a colum-
nar structure within the sea ice with elongated brine inclusions
and air pockets. These elongated air pockets may be indicative
of brine loss during sample extraction. Columnar structure is typ-
ical for sea ice formed under calm conditions whereby the crystals
can align themselves perpendicular to their basal plane, to form
long column-like crystals (Weeks, 2010). This texture was closely
linked to the formation of brine channels throughout the sea ice

(Fig. 6b).

5.4 Evaluation of set-up

In summary, the laboratory sea ice grown within the small-scale
system had many of the properties that classified it as sea ice.
The sea ice had a vertical, linear temperature profile, with a square
root function sea-ice thickness evolution. The preliminary uCT
scan showed that the sea-ice crystal structure at the bottom of
the sample consisted of vertically elongated crystals. The uCT
scan also showed the location of brine inclusions as vertically
orientated, contained within the intracrystalline planes. Lastly,
the bulk salinity profile of the sea ice was observed to fit the
S-shaped profile described within literature. The bulk salinity
values were within range of that measured in young sea ice by

Fig. 6. Micro-X-ray CT scan images of 3 cm® sections of laboratory-grown sea ice in the X3-X2 plane, which views the sample from the side. Image A is from the top
of the laboratory-grown specimen while image B is from the bottom of the specimen. The pore spaces are highlighted in red while the brine inclusions are high-

lighted in yellow.
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Eicken (1992) and in laboratory studies by Wiese and others
(2015). By fulfilling these key properties, the proof of design con-
cept validated the tank system design with regards to its ability to
usefully replicate the environmental conditions necessary to grow
columnar sea ice in the laboratory. Therefore, the design objec-
tives of the study have been met.

Further work is underway to improve this set-up and expand
the scope of study on laboratory-grown sea ice. This includes
the creation of a more permanent design with more temperature
measurement equipment for higher horizontal and vertical spatial
resolutions, external access to the data logger to reduce tempera-
ture fluctuations from entering and exiting the laboratory, and
modification to the cooling fan and compressor unit to mitigate
the need for defrost cycles.

6. Final remarks

This detailing of the major design considerations for laboratory
sea-ice facilities aims at providing a starting point for the design
of such a system. These design considerations were used when
building the facility at the University of Cape Town and an experi-
ment was performed to characterise the sea ice grown in this new
facility. Salinity and temperature measurements as well as prelimin-
ary uCT scan images of the internal structure of the specimens are
consistent with natural sea ice. The facilities discussed in this paper
are by no means an exhaustive list and does not aim to provide a
definitive methodology for creating laboratory sea ice. The exact
requirements depend on the intended field of study, but it is
recommended to properly determine the optimal selection for all
the design considerations through an initial selection based on
the desired sea-ice property of study, followed by careful iteration
of each of the other design considerations.
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