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Abstract

Sea ice is an inhomogeneous continuum of solid ice crystals, liquid highly saline
brine and gas bubbles. The solid fraction and bulk salinity of sea ice determine its
dynamical and dielectric properties which are influencing large-scale measurements
of sea-ice properties by satellites. The salt drains out of the ice due to desalination
processes, gravity drainage during freezing and flushing during melting. The physics
of desalination are poorly understood so far due to sparse continuous measurements
and only a few sea-ice model implementations. This thesis presents and discusses
several laboratory experiments of freezing and melting artificial sea ice in a cooling
chamber. The temporal evolution of solid fraction, ice temperature and bulk salinity
in growing sea ice, up to 16 cm, was observed continuously in a 2 cm vertical reso-
lution by a so-called wireharp. The experiments were simulated with a 1-D sea-ice
model, called SAMSIM, to investigate the agreement of the implemented physical
description of desalination in a model with the measurements. During freezing, the
bulk salinity decreases and the a vertical profile evolves which show a low salinity
of about 5-7 g/kg in the interior of the ice and an increase towards the ice bottom.
SAMSIM is able to simulate the measured shapes of the temporally evolving profiles
of bulk salinity and solid fraction but its slightly underestimates the solid fraction
and overestimates bulk salinity by about 2-5 g/kg. Experiments with several wire-
harps show that the bulk salinity and solid fraction evolve spatially inhomogeneous
caused by non-uniform ice temperatures across the artificial sea ice. SAMSIM was
not able to simulate the differences in solid fraction and bulk salinity due to the
temperature difference. The melting experiments provide the first continuous mea-
surements of solid fraction and bulk salinity during melting. It was observed that the
ice temperature becomes homogeneous and that the bulk salinity decreases slightly
in upper layers what goes along with a slight increase in solid fraction. For sea ice,
thinner than 12 c¢m, the solid fraction decreases almost in all ice depths simultane-
ously and the bulk salinity in the interior increases, very likely due to a replacement
of melt water by salty water form below the ice. SAMSIM is not able to simulate
the measured profiles because its flushing parameterization is based on assumptions
which could not be found in the measurements. These melting experiments could be
used to adapt SAMSIM’s flushing parameterization for thin sea ice and in a further
context could reduce the uncertainty of satellite measurements in summer.
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1 Introduction

Sea ice is frozen sea water but it is less saline. During freezing, salt cannot be
incorporated into the solid ice-crystal structure. The salt remains as highly saline
brine in the interstices between the freshwater ice crystals. The concentration of
brine depends on the ice temperature because the freezing temperature depends on
the salinity of seawater (Assur, 1958). Over time, the brine drains out due to the
potential-energy difference between brine and saltwater (so-called gravity drainage)

and freshwater flushing in summer (Notz and Worster, 2009).

When brine is rejected into the underlying ocean, the density of seawater and the
vertical stratification of the ocean is influenced. The exchange of salt between sea
ice and seawater therefore contributes to water mass formation and influences ocean
circulations across hundreds of kilometers, specially in the Arctic, where changes
in salinity affect ocean’s density more than changes in temperature (Aargaard and
Carmack, 1989).

Salt in sea ice is also important on very small scales. Sea ice is not a lifeless medium
rather it is colonized by sympagic bacteria, algae and photo-and metazoans (Horner,
1985 and 1990). The life in sea ice concentrates in the brine-channel system as its
walls constitute large surface areas that are used as attachment, locomotion and
grazing for living organism. Since the geometry of brine channels occur in depen-
dence to physical changes in liquid fraction, the space which can be colonized and
biogeochemical processes are directly linked to changes in temperature and salinity
of sea ice (Krembs et al., 1999).

The most used technique to observe sea-ice salinity is by direct measurements of
ice cores. After taking an ice core, it is divided into sections which are melted af-
terwards. Hence, it is possible to measure the bulk salinity respective to the ice
depth. The drawbacks of this method are brine drainage while removing the core
out of its hydrostatic equilibrium, short continuous time series and it is not possible

to observe temporally varying salinity profiles in situ (Notz et al., 2005).

Ice-core measurements show different salinity profiles for sea ice during freezing
and melting because sea ice is continuous in salinity and solid fraction. The salin-
ity profile of Arctic first-year ice was found to be C-shaped, what means, a higher
salinity at the ice surface than in the interior and an increase in salinity towards

the ice bottom (e.g Nakawo and Sinha, 1981). In absolute values, it could be mea-



sured that the salinity is decreasing from 20 %o and 10 %o when sea-ice thickness
has reached about 30 cm (Kovacs, 1996). Information about the salinity of melting
first-year Arctic sea ice are rare. From ice-core measurements in the Fram strait re-
gion, Tucker et al. (1987) found that a strong desalination occurs at the ice surface

during melting from about June to July.

As an first approach for in situ measurements, Cox and Weeks (1975) grew ice
from a radioactive sodium-chloride solution and determined the evolution of salinity
distribution in 1 cm spatial resolution over a 16 hours. This method is just possible
as an laboratory experiment and not suitable for field observations. Another used
technique is time-domain spectroscopy and capacitance measurements which allow
determining the liquid fraction in an amount of partially frozen systems, by measur-
ing absorption of electromagnetic waves through a sample of sea ice and determining
the liquid fraction. By measuring the vertical temperature profile it is possible to

define the the existing salinity with cm resolution (e.g. Campbell, 1990).

Notz et al. (2005) introduced a measurement device, hereafter referred as wire-
harp which can be used for continuous in situ measurements of solid fraction and
temperature in sea ice. It is based on the assumption, that pure is ice is a very good
electrical insulator and that the electrical resistance of sea ice increases proportional
to its solid fraction. The instrument has a spatial resolution of 2 cm and and is
suitable for measurements in thin sea ice. Due to its high temporal resolution,
continuous recording and simple implementation, the wireharp is an appropriate

measuring device for field campaigns and laboratory experiments.

As continuous measurements of salinity in growing sea ice are sparse, I let arti-
ficial sea ice grow and melt in a glass tank to study desalination. I used a wireharp
to determine the temporal evolution of solid fraction and salinity profiles in thin sea
ice. These kind of laboratory experiments are unique as they provide continuous
in-situ measurements of solid fraction and salinity with a high temporal resolution
of artificial sea ice which grew and melt under relatively near-natural conditions:
free-floating ice, a free air/ice interface and a well mixed salty water column. The
proceeded experiments show how suitable and reliable the measurements of the wire-

harp are to understand desalination during freezing and melting.

Sea ice can have a high horizontal heterogeneity in salinity (below about 10 cm)

caused by the location and morphology of brine channels (Cottier et al., 1999).



Variability that occurs at 2-20 m scale is controlled by variability in brine drainage
(Eicken et al. 1991). Due to this heterogeneity, ice-core measurements has to be
regarded with a certain uncertainty if they are treated as representative for a larger
region from where they were taken. To study the heterogeneity of sea ice I per-
formed experiments whereby I measured the solid fraction and ice temperature at 3
different locations (about 0.3 m distance) in sea ice in one single tank. From these
measurements | can estimate reasons for similarities and differences in the temper-

ature, salinity and solid fraction profiles across the artificial sea ice.

Measurement campaigns in the Arctic and Antarctic as well as lab measurements
are sparse because they are expensive and time-consuming. It is therefore indispens-
able to perform model studies as it is much easier to create a diversity of boundary
conditions and long terms. Currently, desalination is not implemented in the sea-ice
component of global earth system models (GESMs). For example, the MPI-ESM
(Max-Planck-Institute Earth System Model) includes sea-ice thermodynamics, snow
accumulation along with snow-ice transformation but the salinity is assumed as con-
stantly 5 g/kg for freezing and melting (Jungclaus et al, 2013). Sea-ice is a continuum
of salty brine and fresh ice. The assumption of a constant salinity will inevitably
lead to a loss of information about the thermodynamical properties. On the other
hand it is still unclear how much sophisticated a salinity parameterization should
become to not exceed computational cost and code complexity in contrast to a few
improvements (Griewank and Notz, 2015). It is therefore convenient to invent and
improve sea-ice models with simple parameterizations to test the suspected physical

processes which are causing desalination during freezing and melting.

I simulated the proceeded freezing experiments with a 1-D sea-ice model, called
SAMSIM (Griewank, 2013). It includes a thermodynamic core, gas phase and a
parameterization for gravity drainage. The model was forced with the experimental
ice-surface temperature and a heat flux from the water. The included sea-ice ther-
modynamics were very likely able to reproduce the measured ice temperature. A
comparison between modeled and measured salinity and solid-fraction profiles could
therefore be used to investigate how far the implemented gravity-drainage param-
eterization is able to reproduce the evolution of solid fraction and salinity during

freezing.

The lab measurements only cover very thin sea ice. But thin sea ice could be-

come more frequent as satellites observed that the arctic sea ice becomes thinner



and the extent in winter and summer has shrunk significantly over the last few
decades (NSIDC, 2018a). This decrease in sea ice is related to climate change and is
supposed to continue in future. For the coming decades, the arctic sea ice is expected
to become younger and thinner and the seasonal variety of sea ice could increase
(Vaughan et al., 2013). Thin first-year ice could therefore become more and more

present in the central Arctic and freezing and melting could become more frequently.

Satellite measurements are the measuring instruments which collect highly-resolved
data of thickness, extent and other parameters of sea ice in Arctic and Antarctic.
The measurements are based on the understanding of the thermodynamic and dielec-
tric properties of sea ice which are determined by solid fraction and salinity amongst
other things. For example, the short wave radiation is scattered in the ice and is
therefore affected by the size and the shape of the brine-channel system (Perovich,
1998). The relatively small-scale lab measurements and model studies, I performed,

could therefore also contribute to an improvement of large-scale measurements.

There do not exist continuous measurements of salinity and solid fraction in melting
sea ice. The physical processes at the surface and in the interior of the ice are poorly
understood so far as there is only a sparse amount of ice-core measurements from the
melting season (e.g. Eicken, 2002). Satellite measurements have therefore a higher
uncertainty in summer than in winter (Yang et al. 2016). The melting experiments,
I performed under near-natural conditions, provide the first continuous measure-
ments of salinity and solid fraction during melting. From these experiments, I can
identify physical processes occurring at the ice surface and the ice bottom during

melting.

Griewank and Notz (2015) introduced a flushing parameterization for SAMSIM.
This parameterization was found to be able to simulate the salinity profile of sea-ice
cores which were taken during the melting season at Point Barrow, Alaska (Eicken
et al., 2002). My continuous lab measurements of solid fraction and temperature
during melting allow to test if the flushing parameterization in SAMSIM is also
suitable to simulate the evolution of salinity in very thin sea ice during melting. I
will compare and discuss the similarities and differences of measured and simulated

of melting sea ice.



2 Theory of desalination processes

Sea ice is frozen sea water, so it contains salt. However, the bulk salinity of a melted
sea ice sample is usually lower than the salinity of sea water. The reason is that salt
cannot be incorporated into the solid ice crystals during freezing. The salt becomes
concentrated as highly saline brine in so-called brine pockets in the interior. Sea ice
therefore consists basically of a solid part, fresh ice and a liquid part, salty brine and
the relation of them can change continuously. Several physical processes were con-
sidered to cause desalination in winter and summer. Comparing several laboratory
studies and field campaigns, Notz and Worster (2009) found that gravity drainage
is the most important process for desalination in winter and flushing and flooding

In summer.

2.1 Gravity drainage

Gravity drainage desalinates sea ice during freezing in winter. Cold air cools the
water until the freezing temperature is reached and ice formation starts. During the
freezing in winter sea ice is at its coldest at the ice-atmosphere interface and grows
vertically. Meanwhile the bottom of sea ice is at the freezing temperature of seawa-
ter, -1.8 °C. This produces a vertical temperature gradient which goes along with
a gradient in brine salinity, as the concentration of brine is determined by the ice
temperature (Assur, 1958), see [Figure 1} The gradient in brine is unstable because
denser brine is located at the cold ice surface and less dense brine at the warmer
bottom of the ice. The potential energy of the brine is higher at the ice surface than
at the ice bottom. This potential energy difference leads to downwards-draining
brine as sea ice is permeable. A convectional overturning process, known as gravity
drainage, starts: Some of the upper brine is replaced by sea water from the bottom
or lower ice layers. After draining out of the ice, the brine mixes with the underlying

seawater and sinks down (Notz and Worster, 2009).
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Figure 1. The potential difference between brine and seawater starts a convectional
process: Gravity drainage.

2.2 Flushing

Flushing is considered to be the main process of desalination in summer. Higher air
temperatures lower the temperature gradient within the ice or even turn it around
what stop gravity drainage and increases the permeability. Sea ice starts to melt
at the top and melt ponds are created, see They contain relatively fresh
melt water which can seep downwards through a brine-channel system in the warm

and porous ice and 'washes out’ highly saline brine in deeper layers.

Flooding describes the condition that the amount of snow on sea ice becomes so
heavy that it pushes the floating sea ice underwater and creates a negative free
board. This process is associated with the formation of slush and snow-ice at the
snow /ice interface. Flooding is comparable to flushing but with a reversed pressure
gradient (Notz and Griewank, 2015). Flooded sea ice is more present in Antarctic

because of more snowfall and thinner sea ice than in the Arctic.

Figure 2. Melt water flushes the ice and 'washes-out’ the remained brine.



3 The experimental setup and measuring

instruments

To observe the salinity evolution in sea ice during freezing and melting in a labora-
tory environment, there are several necessary experimental conditions: well-mixed
saline water in a closed environment, negative or positive heat fluxes at the water /ice
surface and instruments measuring water temperature and salinity, air temperature,
and ice temperature and salinity. These conditions and the measurement setup were
created in the cooling chamber of the Max Planck Institute for Meteorology (MPI-
M) in Hamburg. All experiments described in this work were set up in this chamber.
It has a size of about 3 m x 1.2 m and contains a cooling element located outside of
the building which provides cold air through air ventilation at one of the short sides
of the rectangular room (see [Figure 3| right). All the performed experiments are
listed in with the key boundary conditions: air temperature of the cooling
chamber (Cooling), number of measuring devices for ice salinity (number of wire-
harps), water salinity (Salinity), water heat input (Heating wires) and if an ice core

was taken or not.

3.1 The tanks

Two glass tanks are located in the cooling chamber, simulating a small section of
ocean. A small tank can be found in the back of the room. It has a size of 34.6 cm x
34.6 cm and can be filled with water up to 30 cm. This tank has the advantage that
it is placed on a metal plate which can cool or warm the water from below and is
operated from a thermostat outside of the cooling chamber. Because of its small size
it was only used for the calibration of temperature sensors and small experiments to
test if measurement instruments are working properly. The larger tank in the room
was used for all experimental setups described in this work. It has a size of 196 cm
x 66 cm and was filled with water until about 94 cm. Both tanks are isolated by
Styrofoam plates to shield the water at the sides. The larger tank is additionally
standing on a Styrofoam plate to ensure that the water/ice is just cooled at the

surface by the air in the chamber and not at the sides or the bottom of the tank.

3.2 Air conditions

The air in the chamber is cooled by a ventilator at the ceiling at one of the short
sides of the room (see right, in the back of the room). Therefore, the air



temperature is not spatially constant in the room. To reduce the air temperature
gradient across the tank, the side facing the cooling ventilator is shielded by a plastic
plate (see , red cover of the left side of the tank). It is meant to provide a
relatively homogeneous ice growth across the length of tank. Additionally, a ven-
tilator is placed close to the water surface and mixes air from the un-shielded part
of the tank with air from the shielded one (see in the middle, light blue
arrows show ventilated air). Nevertheless, there are small differences in temperature

and ice thickness observed in the tank during the experiments.

Moreover, the cooling element defrosts every six hours and the air temperatures
rise up to 0 °C during this time. For the rest of the time, the room temperature
can be set to a certain temperature with a resolution of 1 °C. Nevertheless the air
temperature can rise about 4 °C higher than the set value, because the cooling
includes a threshold until which temperatures are allowed to rise and the cooling

switches on again.

3.3 Heating wires and floating sea ice

To provide a mainly constant mixed water column, two pumps were placed at the
short sides of the tank at different heights. They provide a well-mixed water column
by creating a vertical overturning circulation in the tank (see blue and red
arrow inside the tank). The temperature and the salinity of the water are recorded
at two different depths and locations in the tank with CTD’s (see , illus-
trated as white cylinders in the middle and on the left-hand side) .

An additional important element of the tank are heating wires at walls of the tank
close to the water surface. Five wires cover a height of around 20 cm under the
water surface and are meant to prevent the ice from freezing at the walls. This is
essential to simulate natural conditions. Freezing ice at the walls prevents the ice
from floating as it exerts pressure to the underlying water. The water is forced to
rise through brine channels upwards. It was observed that solid ice at the walls can
even force the underlying water to flood the ice surface. This process can only be
observed in nature when the load of snow on the ice surface becomes as big as it
pushes the ice under water and flooding occurs. All experiments were set up without

SNNOW Ccover.

The heating wires are covered by a Teflon foil which creates convection cells of
warmed water behind the foil (see left side, grey arrow). This horizontal



tube of warmer water is located directly at the surface and covers around 20 cm
water depth. The warm water tube ensures that the ice cannot stick to the walls
for ice thicknesses less than 20 cm, which is the operating thickness for salinity
measurements. The enclosed water behind the Teflon foil also creates less sharp ice
at the sides of the tank. The additional heat fluxes of heating wires and the pumps

warm the water slightly but an absolute value is difficult to estimate.

Figure 3. Left: Schematic side view of a tank wall. The Teflon foil covers heating wires
(red dots) located close to the water surface and creates a convection cell of warm water.
The ice therefore does not freeze to the walls of the tank and is rounded of at its sides.
Right: Front view into the cooling chamber.
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Figure 4. Schematic view of the big tank: Two CTDs, white cylinders, are located at
two different depths in the tank. Two pumps create an overturning circulation (red and
blue arrow). The wireharp is located in the middle of the tank. The air temperature is
measured by a pen-type thermometer close to the water surface. A small ventilator mixes
the air (light blue arrows), between the un-shielded and the shielded part of the tank.
Heating wires and a Teflon foil close to the water surface prevent the ice from freezing at
the walls.

3.4 Measuring instruments

I implemented several measuring instruments in and above the tank to observe the
bulk salinity evolution and the boundary conditions of the ice growth. The following
measuring instruments were available for the experiments: The air temperature
was measured by a pen-type thermometer, water salinity and temperature were
measured by two CTDs, (conductivity, temperature, depth measuring device), the
ice temperature was measured by small temperature sensors attached to the so-
called wireharp, a measuring instrument which can determine the salinity of sea ice

in situ.

3.5 The Wireharp

The measurement device hereafter referred as wireharp was first introduced by Notz
et al. (2005) and is used for in-situ measurements of solid fraction and temperature
in sea ice. The instrument consists of eight parallel wire pairs which have a vertical
spatial resolution of 2 cm (shown in left). The instrument can therefore
cover an ice thickness of 14 cm. Small temperature sensors, so-called Tsticks are

perpendicularly attached to the wire pairs.
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The measurement principle of the wireharp is based on the assumption that pure
ice is a good electrical insulator and does not allow an electrical flow along the wire
pair. The liquid brine in turn allows transport of electrical loading. The measured
increase of resistance along the wires is therefore assumed to be proportional to the
increase of solid fraction ® as ice grows (see right). The homogeneity of
brine pockets and the solid ice is ensured because the length of wire pairs (~ 18

cm) is much longer than the typical size of brine pockets (< 1 mm) (NSIDC, 2018a).
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Figure 5. Left: Wireharp attached to a white plastic tube in the tank. Right: schematic
view of a wire pair and equivalent circuit diagram. The grey shadow around the wires
shows the solid ice and the blue tubes illustrate the liquid brine. Assuming homogeneity
of brine and solid ice, the solid fraction ® and the liquid fraction 1 — ® of this sea-ice layer
can be measured. A constant alternating current is applied to the wires and the voltage
drop across the wires determines the resistance of sea ice.

Due to the liquid brine within the solid fresh ice, the current can run across the wire
pair. There is a continuous alternating current applied to a wire pair. Across the
both wires, the voltage drops due to the electrical insulation of the pure ice crystals.
Through the relation U = R - I, the resistance R of the medium around the wires
can be determined by the applied current I and the voltage drop AU, see
equivalent circuit diagram on the right. The current I needs to alternate because of

the capacitor behavior of the electrical charge of the water/ice around the wires.

For a continuous current, the charge carriers of the medium are sorting along the
wire and form a so-called Debye Layer. This layer works as a capacitor which is
charging and then prevents the electrical current from flowing. This effect is avoided
by applying an alternating current I with a frequency over 10 kHz. By changing the
polarization of the electrical current as fast as the charge carriers of the water /ice

are not able to sort, the electrical current is constant across the wires. This way
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the capacitors C; and C5 can be ignored and only the ohmic resistor R has to be

considered, see |[Figure 5| right.

3.6 Measurement set up

The pen-type thermometer which measures the air temperature is placed about 10
cm above the water surface, close to a wireharp (see for illustration . The
thermometer and 3 wireharps are attached to white cylindrical plastic tubes which
are plugged loosely in plastic bars. These bars are again stucked in plastic tubes
which can be mounted at a metal lattice at the bottom of the tank. A wireharp
attached to the loose plastic tube is therefore able to move up and down if the
expanding ice is moving. Additionally this setup guarantees that the wires of the
wireharp stays in one single ice depth during the experiment and are not displaced

by deforming ice.

The wireharps are located directly at the water surface at different locations in
the middle of the tank. The aim of this measurement setup is to cover inhomo-
geneities of ice thickness and ice temperatures within the tank. They are caused by
a not heterogeneous air fluxes in the cooling chamber due to the fixed location of

air ventilation, an insufficient mixing of air within the chamber.

The body of the wireharp is about 1 ¢m ’higher’ than the upper most wire pair,
when the instrument is implemented vertically in the water (seen in left,
green elongated cuboid). The body contains electronics and need to be covered
completely by water to prevent air temperatures from influencing the measurements
of the Tsticks. This is why the upper most measurement of solid fraction and ice
temperature starts a few centimeters (~ 2.0 cm) below the water surface for all

experiments.

A schematic top view of the measurement set up is shown in [Figure 6| and was
just slightly varying for the different experiments. That means, the setup of CTDs
and the air thermometer stays the same but the location and the number of wire-
harps are varying. The cooling element of the chamber, which is not part of the
scheme is located to the left-hand side of the tank.

12
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Figure 6. Top view of the tank: The CTD in the middle is located close to the tank bottom. The
CTD at the side is located about 35 cm deep. WirearpLocation 1 is installed in the halfshielded
part of the tank, wireharp/location 2 in the middle and wireharp/location three is fixed in the
un-shielded part of the tank. The air thermometer is mounted above wireharp 1.

3.7 Sensors

For all kind of experiments, it is imperative to know about the uncertainty of the
various sensors to interpret the results properly. With the help of uncertainties it is
possible to derive absolute errors, calculate error propagation and to interpret the

quality of the results.

During all experiments following parameters are measured: air temperature, wa-
ter and ice temperature, salinity and the electrical resistance of water and ice. The
uncertainties are instrument-dependent. The air temperature is measured by a pen-
type thermometer which is fabricated by Greisinger measurement technology. It is
therefore often referred as Greisinger thermometer in the following. The water tem-
perature in the tank is measured by two different kind of CTD fabricates, a SeaBird
CTD and a RBR CTD.

The SeaBird CTD was placed closely to the bottom in the middle of the tank and
the RBR CTD in the upper part of the water column the left-hand side of the tank.
The eight Tsticks of the wireharp measure the ice temperature in different depths
of the forming ice but also measure the water temperature before freezing starts. I
calibrated the Tsticks by myself in the cooling chamber what is explained later on.
Next to wireharp, I used ice cores to measure the salinity of the sea ice in the large
tank. After taking an ice core, it was cut into sections and they melted separately
in plastic boxes. The salinity of the melted sections was measured with an hand-
hold conductivity measuring instrument, which is named Hach HQ40d Multimeter.
The wireharp is measuring the electrical resistance of the surrounding medium ei-

ther water or ice and its uncertainty is described later on in detail. All sensors are
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listed in with the respective uncertainty, serial number and if it was known,

calibration date.

Sensor Measured Uncertainty — Serial number  Calibration

parameters date

SeaBird CTD Temperature 0.001 °C 37TSM55750- July 2015

SBE37 SM and Salinity 0.001 g/kg 7247
Microcat
RBR XR-620 Temperature n. a. n. a. n. a.
CTD and Salinity
Greisinger GTH Temperature 0.03 °C 32503104 July 2016
3700 PT-100
Hach HQ40d Salinity 1 g/kg 081100026390 August
Multimeter 2018

Table 1. List of sensors with respective serial number, uncertainty and calibration date.

3.8 Temperature sensor calibration

As already mentioned the Tsticks of all three wireharps needed to be calibrated in
the laboratory environment by myself. The Greisinger thermometer is used as a
reference thermometer and was stirred together with the Tsticks of wireharp one in
the coolant of the thermostat which is connected with the small tank in the cooling
chamber. The liquid oil was cooled down too about -15 °C. During a time of 2.5
hours the constantly circulating coolant slowly warmed up by the room temperature.
The Greisinger thermometer was recording constantly every second but each Tstick
was just measuring once every 1.5 minutes. The recorded data of the Greisinger
thermometer and the Tsticks were then compared for temperatures between -13 °C
and 4 °C. A linear function was found for each individual Tstick in the considered
temperature range. The Root mean square error (RMSE) of the linear regression
for temperatures varies for the 8 sticks of wireharp one between 0.06 °C and 0.1 °C.
Therefore a maximum error for the calibrated temperature of the Tsticks is assumed

to be 0.1 °C in further error estimations.
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The calibration process for wireharp one and three was done similarly. They were
placed together with the Greisinger thermometer in a well stirred NaCl concentra-
tion in the small tank located in the cooling chamber. The water was mixed by
a small pump. The NaCl solution was then slowly cooled down to -15 °C over a
time period of eight hours by its thermostat. The temperature data was recorded
every four seconds for each Tstick and the Greisinger thermometer was recording
constantly every second. The linear regression for wireharp two and three was done
the same way as for wireharp 1. The RMSE of temperature calibration for wireharp
two and three is about 0.05 °C and hence slightly smaller than from wireharp one.
This is probably caused by a slower cooling process and therefore higher resolution

of temperature data.

3.9 Error estimation for temperature sensors

During a short experiment which lasted 2.5 hours, the Tsticks of wireharp one,
the SeaBird CTD and the RBR CTD and the Greisinger thermometer were placed
as close as possible in the big tank which had a temperature of about 2 degrees.
The pumps ensured a well mixed water column and the air temperature was held
constant in the cooling chamber. This experiment can be seen as a one-point-
calibration. From the uncertainty of the sensors, the one-point-calibration and the

calibration of Tsticks following error estimations can be derived:

e The temperature measurements of the Seabird CTD are treated as not error-
affected

e The temperature difference between the RBR and the Seabird CTD is on a

scale of 0.01 °C and is negligible for error estimations

e The temperature difference between both CTDs and the Greisinger thermome-
ter is in the range of the uncertainty of the Greisinger thermometer and will

not be considered in error estimations
e The Tsticks have a standard deviation of about 0.02 °C

e The temperature difference between calibrated temperatures from the Tsticks
and the Greisinger thermometer is not exceeding the maximum error AT=

0.1°C
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4 Theory and error estimation of Bulk salinity

calculation

Solid fraction and Bulk salinity

Sea ice is a continuum of solid ice and liquid brine. The solid fraction of sea ice
describes the fraction of pure ice and the liquid fraction determines the fraction
of the highly saline brine which cannot be incorporated into the ice crystals. The
brine stays liquid in small brine pockets because its high salinity lowers its freezing
temperature. Before freezing, the solid fraction of seawater is zero but increases
with the start of ice growth as sea ice becomes a combination of liquid and solid.
The wireharp can determine the solid fraction of growing sea ice around a wire pair
because the measured electrical resistance R is assumed to rise proportional to the
solid fraction ®. Based on this assumption the liquid fraction (1-®) can be defined
as the relation between R and the measured resistance when sea water is still totally
liquid Ry (Notz et al., 2005):
Ry

11— = Nk (1)
The salinity of brine Sy, is defined by the ice temperature because of the relationship
between the freezing temperature and salinity of seawater. It can be calculated from

the liquidus relationship for seawater from (Assur, 1958):

Spr = —1.20 — 21.8T — 0.9197° — 0.01787T°, (2)

which is valid for ice temperatures from -2 to -20 °. The bulk salinity Sy, is defined
as the measured salinity of a melted sample of sea ice. It can be calculated from
the measurements of the wireharp by multiplying the brine salinity with the liquid

fraction:
Spuik = (1 — D) - Sy (3)

4.1 Choice of R

Ry is the measured value of R of water at the freezing point when its solid frac-
tion is still zero. From this assumption it can be concluded that the value of Ry
for each wire pair can be chosen as R of sea water at the freezing temperature.
Practically, At the beginning of ice formation, the ice around the wires is still very

inhomogeneous, e.g. ice crystals can form at the body of the wireharp and the wires.
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Reasonable values for the bulk salinity can only be calculated after homogeneity of
the surrounding ice is ensured and the wire pair is completely enclosed with ice. So

this method is not suitable for choosing Rj.

To find a suitable criteria for the choice of Ry, first a Median filter is applied to the
time series of R. Otherwise 'Spikes’ in the time series, random high values of R,
make it impossible to apply a general method to find Ry within the raw data. To
find the start of ice growth at each wire pair, the significant increase of R, I calculate
the difference in R after an interval of 25 values. That corresponds roughly to a
time interval of 36 minutes. This is done for each wire pair individually, because
all wires show slightly different values of R in water at the freezing temperature so

have therefore different values of Ry.

Ry is chosen when the following criteria is fullfilled for the first time:
Ry = R(n); for R(n + 25) — R(n) > 0.3 Q,

n is the time step of the experiment, forward in time. This method is pure arbitrary
and variations would lead to slightly different bulk salinities after further calcula-

tions. The error in Ry is suggested as A Ry= 0.3 €2 and is demonstrated for a single

wire pair in [Figure 7] left.

4.2 Procedure of the experiments

To simulate the growth of sea ice, the air temperature in the cooling chamber was
set to about -15 °C or -20°C. The freezing was observed until the ice thickness
had reached about 16 cm because this is the maximal ice thickness, the wireharp
can cover. After all wirepairs measured a significant increase in resistance of the
surrounding ice, the air temperature of the room was set to a temperature which was
supposed to balance the heat flux from the water and the heating wires. The aim
was to create a stable ice thickness and salinity profile. The balancing temperature

was estimated by the Stefan’s law for ice growth:
e = - LT ()

ice
with h;. =~ 17 cm, the heat flux from the heating wires and the water ¢ ~ 100
W/m? and k =~ 2 W/K - m. The necessary temperature gradient (T — T,;. can be
derived as 8.3 °C . The freezing temperature T of the sea water is about -1.8 °C.

Therefore, the air temperature was set to -10 °C. The aim of this procedure was to
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stabilize the salinity and temperature profile before the melting process starts and

took about 2 days.

The melting process was simulated by setting the air temperature to + 5 °C. Due
to the positive air temperatures, the ice starts to melt from the top and from the
bottom. The aim is to simulate flushing in summer and observe the evolution of

solid fraction and bulk salinity profiles.

4.3 Error estimation in bulk salinity

To derive the maximum error for Sy, different error-affected variables have to be
considered. The bulk salinity can be derived by measurements of R, Ry and T. With
[Equation 12 and 3 the dependence of Sy, on these variables can be formulated as:

Spuir (T, R, Ry) = % (~1.2-21.8-T —0.919-T% — 0.0178 - T*). (5)

I assume an error of + 0.3 € for the value of Ry, as explained in [subsection 4.1, The

value of R is not treated as error affected. The error in temperature measurements

is assumed to be AT=0.1 °C, as described in [subsection 3.9l The error of Sy, is

then determined by Gaussian error propagation. With the already explained error
estimations AT=0.1 °C', ARy= 0.3 Q and AR= 0 2, A Sy can be calculated by:

ASpuis = \/(‘SSM)Q CATZ 4+ (%)2 - AR2 (6)

oT 0 Ry
A Sy strongly depends on the increase in R, because Ry appears as numerator and
R as denominator in [Equation 1l Therefore, a strong increase in R as ice growth
starts, leads to decreasing values of ASy, . for R >> Ry. The error in temperature
AT only affects the calculation of brine salinity. As a consequence, for an increasing
R and ® and the amount of brine becomes smaller. Therefore, AT does not strongly
influence ASp,, for high solid fractions. A representative evolution of Sy, during
ice growth for one wire pair is shown in right. The error in bulk salinity
sinks from 2.3 g/kg for low solid fractions to 0.3 for high solid fractions. The total

error in Bulk salinity for solid fractions higher than 0.8 can therefore assumed as
0.6 g/kg.
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Figure 7. Left: Choice of Ry and estimated error ARy. Right: Error evolution of Sy,
for an strong increase of R.

Ideally, the time when the wire pair shows a significant increase in resistance and
the time the temperature stick measures a significant drop, coincide (see therefore
Figure 33)). This was not found for all experiments. In several experiments it was
found that the times of Ry and the drop in temperature are shifted (see therefore
Figure 34). The most obvious explanation for this observation is a wireharp which
is not completely horizontally attached. This causes an error in depth of the wire
pair itself and in temperature, because the temperature stick does not measure in

the same depth as the wire pair.

The depth and the horizontal position of a wire pair cannot be checked or cor-
rected afterwards with the recorded data. But I calculated the error in bulk salinity
for a higher AT than assumed before, to investigate the influence of a deviating

temperature and therefore brine salinity in the calculation of Sp.

It was found that AT dominates the value of ASy,; in the beginning of ice growth
at a single wire pair because a higher AT causes a higher ASy,;. as it can be seen in
for low solid fractions. But after ice formation has started, ASy,;. sinks to
about 0.5 g/kg within 20 hours for all various AT. The measured solid fraction has
already increased to about 0.8 after this time. This circumstance can be explained
as the amount of brine gets significantly small for high solid fractions and therefore
the uncertainty in temperature becomes less important. So it can be assumed that
ASpu is about 0.5 and the total error of Sy = 1 g/kg for solid fractions greater
or equal 0.8.
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Figure 8. Evolution of ASy in an ice depth of 2 cm for AT = 0.1, 0.5, 1 and 1.5 °C.

4.4 Error estimation for melting

During melting, the wire pairs measure a significant decrease in resistance due to
warming and melting ice. This leads to an increasing A Sy, in contrast to the
freezing process. From the calculated errors by [Equation 3| I find that A Sy
increases up to 2.3 g/kg for decreasing solid fractions smaller or equal 0.6. Therefore
the calculated bulk salinity during melting can not be treated as highly reliable for
small solid fractions. I rather consider the temporal trend in bulk salinity for an

advanced melting and an increasing liquid fraction.

4.5 Salt budget

To evaluate the quality of salinity measurements, I did a simple salt budget calcula-
tion: I multiply the calculated salinity in a single ice layer Sy, ;. With its thickness
hice and sum it with the respective water depth hyae, and salinity Spywater 0f the
underlying water. For a closed salt budget this equals the salinity multiplied with
the water depth Si and hige at the start of an experiment when the tank is
totally ice-free. The following equation is solved for S, at each time k£ when a
new wire pair is enclosed by ice to ensure the optimal knowledge about the current

ice thickness, whereas n is a single ice layer :

k
Z hice(”) : Sbu,ice(n) + hwater<k) : Sbu,water(k) - Statal : htotal (7>

n=1
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I calculate Sy, for eight ice thicknesses and can therefore asses if the quality of the
calculated salinities is depended of the ice thickness. An error in ice thickness was
estimated as A h;..= 1 cm, because of roughness at the ice bottom and misalignment
of the wireharp. The inhomogeneity in ice thickness across the tank is not covered by
this estimation, the assumed error would be too optimistic. AS;. can be calculated
by the uncertainties of Ah;..= 0.01 m, Ahygrer= 0.01 m and ASy,;, derived from

quation 6| as:

AStotal = \/(M)2 : Ah’?ce + (M)2 ' Ah%uater + (%)2 : ASbZU, ice (8)
htotal htotal htotal ’
\
hice
L
J

Figure 9. Schematic view of variables used in
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5 The 1-D sea-ice model SAMSIM

One way to use the measured profiles of salinity and solid fraction for a better
understanding of desalination is to investigate, how far a model, including the re-
spective physical processes, can reproduce the measurements. For this purpose, I
use a 1-D thermodynamic Semi-Adaptive Multi-phase Sea-Ice Model, called SAM-
SIM, developed by Griewank and Notz (2013). The main aim of the model study is
to investigate how well the physical description of desalination processes in SAM-
SIM can simulate the salinity and solid fraction measurements during freezing and

melting.

5.1 Model description

SAMSIM was developed to understand how gravity drainage affects the thermody-
namics of sea ice. Its thermodynamic core is based on the mushy-layer equations of
sea-ice (Feltham et al., 2006) and was extended by a gas phase, gravity drainage,
flushing and flooding. SAMSIM is semiadaptive because it does not contain a pre-
scribed ice-ocean front but the solid fraction in every layer increases for a constant
ice thickness. This allows a detailed description of brine dynamics because it de-
scribes sea ice as a continuum of a solid and liquid part. Furthermore SAMSIM
contains vertically and horizontally homogeneous layers whereby each single layer
is defined by four core variables: absolute salinity, absolute enthalpy, mass, and
thickness. A full description of the thermodynamic core of SAMSIM is described in
Griewank (2013).

5.2 Gravity drainage parameterization

Gravity drainage was found to be the main process of desalination during freezing
(Notz and Worster, 2009). As it is a convective process, it is a three-dimensional
process and can just be parameterized in SAMSIM which is a 1-D model. A convec-
tive parameterization simulates brine movement, based on a few basic assumptions
and a simple parameterization computes the salinity evolution. The strength and
onset, of gravity drainage is referred to a Rayleigh number Ra which describes the
ratio of driving buoyancy to the thermal diffusion and viscous resistance in a porous
medium. SAMSIM defines the Rayleigh number for a single layer 7 as:
B gApITi

Ra' = 27— —— 9
R )
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with the standard gravity g, the density difference between the brine of layer ¢ and
the lowest layer Ap?, the distance from the layer i to the ocean h?, the thermal diffu-
sivity k. With some assumptions, Ra can be used to define the onset and strength
of gravity drainage. These assumptions include that there is a critical value of the
Rayleigh number. For values which exceed these critical Rayleigh number R..;, so
that the potential energy overcomes thermal diffusivity and friction, brine leaves the
respective layer through a channel system and get resolved in the underlying water.
This brine is replaced by water as it is a convectional process. The amount of brine
which leaves a certain layer is proportional to the difference Ra of the respective

layer and R .

The uncertainty of this number is high because the assumed permeability is not
very uniform across varying studies. The way SAMSIM is defining Rayleigh num-
bers is to distinguish between the whole vertical sea ice profile and the convectional
flow between a single layer and the underlying water. The complete definition of the
Rayleigh number and how it is implemented in SAMSIM can be found in Griewank
and Notz (2013 and 2015).

5.3 Flushing parameterization

Besides gravity drainage, Griewank and Notz (2015) introduced a flooding and flush-
ing parameterization which can be used to simulate the salinity evolution in sea ice
during melting. Until now, there are just a few flushing parameterizations imple-
mented for a full thermodynamic sea-ice ice model (Vancoppenolle et al., 2006 and
Griewank and Notz, 2013), SAMSIM is one of them. Vancoppenolle et al. (2007)
could reproduce field measurements of salinity by assuming that after sea ice has
reached a certain permeability, a fraction of melt water flows vertically through
brine channels in the underlying ocean. Additionally to the vertical component of
flushing, SAMSIM includes a horizontal component of brine movement which was
found to occur in the upper layers of sea ice by Eicken et al (2002): The brine moves
horizontally until it reaches a crack through which it can flow downwards into the
ocean or even forms new ice at layers where it can freeze again due to its low salin-
ity. The aim of SAMSIM’s flushing parameterization is, to implement a physically
consistent system including vertical and horizontal brine fluxes. A full description
and its implementation in SAMSIM are described in Griewank and Notz (2015).
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5.4 Forcing of SAMSIM

SAMSIM offers different ways to implement heat fluxes causing the growth of sea
ice. One way is to calculate the heat flux between air and water by assuming a
proportionality of the difference between the temperature in 2 meters above the ice
and the ice-surface temperature. This temperature forcing was chosen for the sim-
ulation of melting. For the freezing process, the best way to simulate the observed
ice growth was found to force SAMSIM with the time-corresponding temperatures

of the ice surface, referred hereafter as Ti,,.

The ice temperature is measured by the temperature sensors of the wireharp with a
2 cm vertical-spacing whereby the first sensor is implemented 2 cm below the water
surface. I assume a perfect linear temperature profile within the ice and calcu-
late Ty,, by doing a linear regression whenever a new temperature sensor registered
cooler temperatures than the freezing temperature, see , left. Ty, was
than interpolated in time so that simulated time matches the experimental time.
The time step in SAMSIM is one second but the output was chosen as only one per

hour.

® 0cm-9-4 cm 6 cm -9-8 cm -@-10 cm 12 cm -@-14 cm -@-16 cm

T
PAEIPY PRI P - -
0 T N * T T —Temperature in 2 cm ice depth

—Tiop

2

Ice Depth [cm)]
o 2
Temperature [°C]

12

14+

16

-10 -8 -6 -4 -2 0 0 24 48 72 96 120
Temperature [°C] Hours of freezing

Figure 10. Left: Profiles of ice temperature, when ice has reached a deeper temperature
sensor. The dots show Ti,,, derived by a linear regression. The grey dot is a start
temperature, when no sea ice is existent. Right: Evolution of the temperature in 2 cm
depth for a freezing process and the derived temperature at the ice surface, T;op.

Tyop can just be calculated for ice thicknesses greater equal 4 cm, because for 2-cm-

thick ice there is just a single temperature measurement and a linear regression is
not possible. Ty,,, before ice growth starts (grey dot in [Figure 10| left) was set to
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a certain temperature. This temperature was chosen by comparing the times of an
ice thickness of 2 cm in the experiment and a simulated ice thickness of 2 cm in
SAMSIM. T,,, was then chosen when the times of 2-cm-thick ice in coincide best in
the experiment and in the simulation. For the temporal evolution of ice thickness,
the best agreement for experiment and simulation was found by choosing a certain

heat flux from the water.
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6 Which temporal evolution of Bulk salinity can

be observed with the wireharp during freezing?

In the following chapter, I will document the data processing a freezing experiment
(referred to as Exp_20_1). The measured profiles of solid fraction and bulk salinity
will answer the question which profiles of solid fraction and bulk salinity evolve
in the growing artificial sea ice and if the results are reliable and comparable to

alternative measurement methods, like ice cores.

6.1 Boundary conditions

To initialize ice growth, the cooling element of the cooling chamber was set to -20
°C. The actual air temperature close to the ice surface either varied mostly between
-16 £ 0.01 °C and -20 £ 0.01 °C (see |[Figure 11} left). The temperature variations

are caused by the operation of the cooling element (explained in [subsection 3.2)).

The sub-zero air temperatures provide a cooling of the water surface. The positive
heat input by the heating wires close to the water surface was set to 100 Watt to

prevent the ice from freezing at the walls.

The temporal evolution of the water temperature and salinity during the freez-
ing process is shown in [Figure 11|, right. The water salinity increased from about
33.1 + 0.001 g/kg before ice growth to 39 £ 0.001 g/kg when the ice had reached
a thickness of about 16 cm. The water temperature increased from about -1.9 4+
0.001°C to -2.2 £ 0.001 °C. Both CTDs show nearly the same values (deviations
smaller than 0.01 °C), therefore I just show the measurements from the seabird CTD

implemented close to the bottom in the middle of the tank.
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Figure 11. Left: Temporal evolution of air temperature during the freezing process. The
variations are caused by the operation of the cooling element. Right: CTD measurements
of water salinity and water temperature during ice groth.

6.2 Temperature profiles

The wireharp was implemented in the left part of the tank (see wire-
harp/location 1) about 2 ¢cm below the water surface. The vertical resolution of
temperature sensors and wire pairs is 2 cm, therefore the measurements can cover
16 cm of ice. The temporal evolution of calibrated temperatures is shown in
the color legend of the graphs can be understood as the ice depths of Tsticks.
The ice grew to about 2 cm in about 15 hours of recording. The freezing tempera-
ture of the water was already reached after 8 hours and can be identified as the end

of a strong decrease in temperature. The times when ice growth reached greater
depths is listed in

The temperature evolution shows the expected decrease after ice encloses a deeper
temperature sensor. The three upper most Tsticks ’feel’ the air temperature varia-
tions caused by the cooling element of the chamber (compare to , left). The
freezing temperature of the water sinks over time because the salinity of the water
increases due to released brine. This slow increase of water temperature agrees well
with the measurements of the CTD (see also right). This indicates a well
mixed water column because the temperature measurements close to the bottom
of the tank agree with the temperatures directly under the ice. The temperature
measurements also show a nearly linear temperature gradient from the cold surface
to the warm ice bottom. The ice becomes colder in all depths when time progresses.

This indicates that the temporal increasing solid fraction comes along with brine
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getting more concentrated. When the ice has grown about 16 cm, the uppper most
temperature sensor in 2 cm depth measures about 9.5 + 0.1 °C and the ice bottom
is about 2.2 + 0.1 °C.

Ice thickness [cm] | Time [h] [ —tm —tm — v 0w —1em —tiem
2 7
4 16
6 27 E
8 41 ;
10 59 e
12 79 i
14 99
16 120 0 | |

Hours of freezing

Table 2. Time in hours, after which the Figure 12. Temperature evolution of every
water has reached the freezing tempera- single Tstick. The colors represent imple-
ture. Ice thickness is referred to the depth mentation/ice depths.

of wire pairs.

6.3 Resistance measurements and solid fraction

The wireharp measures the electrical resistance R of the ice surrounding a wire pair.
The recorded data of R of Exp_20_1 is shown in left. A significant
increase in R indicates that ice starts to form around a wire pair. This special time

and the concerning value of R, called Ry, and was found by a self-selected method,

described in [subsection 4.1 The times when R is increasing suddenly, coincide well

with the times for the start of ice growth found in the temperature measurements
(compare to times of . Hence, the ice thickness can be identified by both
measured parameters for this special freezing experiment. The wire pairs in the
respective ice depths show a chronological ice growth from 2 cm to 16 cm. The
measured R also feels the variability in air temperature what can be seen as small

variations in ice depths of 2 cm and 4 cm.

From R and the parameter Ry, the solid fraction ® can be derived by [Equation I}

The first values of ® after ice-growth starts (ca. 1 h after a significant increase in R
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for every wire pair) has to be ignored, see [subsection 3.5 & increases from 0 (liquid

water) and is approaching to 1 (pure ice) during freezing. The calculated values
for ® show the expected increase over time. After a certain time the solid-fraction
increase stagnates for every wire pair. When the ice thickness has reached 16 cm,
® is very uniform in the upper most 10 cm (about 0.94), 0.9 in 12 ecm and 0.85 in
14 cm ice depth.
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Figure 13. Temporal evolution of resistance measurements (left) and solid fraction (right) during
freezing. Time in hours responds to the data-recording and the colors show ice depths.

6.4 Bulk salinity and Salt budget

The measured ice temperatures determine the brine salinity, Sy by [Equation 2|
From Sy, and the liquid fraction (1-®), the temporal evolution of the bulk salinity
Spuir can be calculated by [Equation 3] The profiles in show the bulk
salinity in all ice depths at the time when ice growth has reached a deeper wire pair,
hence the colors represent the salinity profile of ice with a certain thickness. The
black crosses show the current salinity of the underlying water which is assumed to
equal the salinity of the newly forming ice at the ice bottom. The dots in [Figure 14
show the calculated values of bulk salinity in the respective ice depths. They are

connected linearly because the salinity profile in sea ice is assumed to be continuous.
The profiles illustrate that the bulk salinity over the whole ice column is lower than

the salinity of the underlying water. The bulk salinity is decreasing in all ice depths

for increasing ice thickness, what can be understood as a decrease in time. The
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strongest decrease can be found in 2 cm depth until the ice thickness has increased
to 14 cm (red profile). The deeper ice layers desalinate chronology until the bulk
salinity is relatively equal in all ice depths from 2 cm to 10 ¢m for an ice thickness
of 14 cm. There is a big jump from a high to a low salinity between the greatest ice
depth of a profile and 2 cm depth above. This jump becomes stronger for increasing
ice thicknesses because the water salinity increases over time. When an ice thickness
of 14 cm is reached, the bulk salinity from 2 cm to 10 cm depth is approximately
equal if about 8 4+ 0.6 g/kg. The salinity in 12 cm ice depth is about 14 + 0.6 g/kg
and the salinity in 14 cm depth equals the salinity of the water, 37.5 g/kg. For an ice
thickness of 16 cm, the salinity profile changes slightly. The lowest bulk salinity can
be found in 10 cm depth (about 6.5 + 0.6 g/kg) and increases slightly from 10 cm
upwards to about 7 £ 0.6 g/kg and increases towards the ice bottom. This "buckling’

of the salinity profile continues slowly for later times (later shown in [subsection 4.2)).

In general it can be said, that the salinity profile is not C-shaped as it was found in
measurements of Arctic ice cores of thin ice, up to 30 cm thick (Kovacs, 1996). It is
rather formed as half C-shaped, because a low salinity in the interior is followed by
a strong increase in salinity in the lowest-most 4 cm of all thickness profiles but the
increase in salinity at the ice surface is missing. On the other hand, the measure-

ments start in 2 cm ice depth and the salinity of the ice below remains unknown. I

will return to measured salinity profiles in greater detail in [subsection 7.2|

6.5 Salt budget calculation

To evaluate the measurements of the wireharp, I did a simple calculation for the sum
of the bulk salinity Spux and the water, S by [Equation 71 The salinity budget
was calculated for times when ice growth reached a deeper wire pair to get the best
assumption of the current ice thickness. The results of the budget calculation are
listed in[Table 3|for the respective ice thicknesses. The salinity of the water before ice
growth has started was measured as 33.07 g/kg by the CTD. The calculated values
of Siorar converge slightly to the original water salinity as the ice becomes thicker.
Generally S is about 1 g/kg higher than the original salinity of the water. The
absolute error was calculated by and is getting smaller for increasing
ice depths. This behavior seems reasonable because the uncertainty caused by the
not-known salinity of the upper most 2 cm of ice, becomes less important for greater

a ice thickness. Additionally, the sum of A Sy, of the different ice depths becomes
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smaller for an increasing solid fraction and the ratio A h;./h¢oa becomes smaller
which also lowers the error. Due to the small difference between the water salinity
and Sjoq, the budget calculation contributes to the reliability of the bulk salinity

derived by the measurements of the wireharp.
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Figure 14. Profiles of bulk salinity for Table 3. Table of S;,t; the sum of ice and
increasing an ice thickness (colors). The water salinity for increasing ice thicknesses.
crosses in the respective greatest ice depth The values and their error are calculated by
indicate the water salinity assumed as the IEquation 7| and [Equation 8

salinity of newly forming ice.

6.6 Ice-core measurements of bulk salinity

Another way to validate the salinity measurements by the wireharp is the compari-
son with ice-core measurements. During the experiment Exp_20_1, an ice core was
taken close the wireharp after about 160 hours of recording (see , before
the temperature in the cooling chamber was set from -20 °C to -10 °C. As an ice
core often decomposes already before cutting it into pieces, the sections of the cores
are not uniform. So the length of the different sections differs from 2.5 ¢cm to 4 cm.
The measured bulk salinity of the different melted sections are shown as red vertical
bars in [Figure 15 respective their length. The bulk salinites of the wireharp at this

time are shown as blue crosses.

The core sections represent Sy, of different depths and can not be compared one-
to-one with the measurements of the wireharp due to the different spacing. The
wireharp observes that the bulk salinity has increased in the upper most 6 cm dur-
ing the elapsed 15 hours after the ice has reached a thickness of 16 cm (compare to

Figure 14)). The tiny decrease in salinity which could be seen in 8 cm and 10 cm in
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has continued and leads to a bulk salinity of 5.3 4+ 0.6 g/kg in 10 cm and 5.7 + 0.6
g/kg in 8 cm depth. The salinity in the upper most 6 cm is about 6.8 + 0.6 g/kg.
The salinity of the core sections in comparison to the respective depths of wireharp
measurements is in a very good agreement for the 3 ’interior’ sections of the core,
from about 6 cm to 12 cm ice depth. The inner core sections are just 1 to 2 g/kg
higher than the measured bulk salinity of the wireharp, what can be treated as a
good agreement as the uncertainty of the measurement instrument which was used

to measure the salinity of the melted ice core sections, is about 1 g/kg.

The bulk salinity of the upper most core section is much higher than the wire-
harp’s measurement in 2 cm and 4 c¢m ice depth. That is very likely due to the
fact that the salinity of the 2 c¢cm is unknown. The lowest ice core section shows
a relatively low bulk salinity of about 8.5 + 1 g/kg in contrast to the wireharps’s
bulk salinity of about 15 £ 0.6 in 16 cm depth. This might be caused by brine
loss at the bottom edge during taking the core. Concerning these attempts of ex-
planation I would interpret the comparison of the measured bulk salinity by the
wireharp and the core measurements as another confirmation for the reliability of

the measurements of the wireharp.
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Figure 15. Comparison between ice-core-section salinities and calculated bulk salinities
of the wireharp in 2 cm vertical spacing, after 160 hours of recording the freezing process.
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7 How well can SAMSIM simulate the measured
profiles of temperature, solid fraction and bulk
salinity?

The freezing process of Exp_20_1 was simulated with SAMSIM to investigate the
agreement of my lab measurements and a model which includes the respecting
physics of desalination during freezing. To achieve a suitable comparison, I forced

the model by the top temperatures of the ice, determined by the measured temper-

ature profiles for increasing ice thicknesses (explained in [subsection 5.4)). SAMSIM

assumes a perfect linear temperature profile across the whole thickness, where the
coldest temperature can be found at the ice surface. The ice-bottom temperature
is the freezing temperature of the water below, which depends on the current water

salinity:.

I found 7Tj,, for the start of simulation by choosing a value which provides the best
temporal agreement between measured and simulated ice thicknesses of 2 ¢cm and 4
cm. This was necessary because Tj,, can just be calculated for ice thicknesses > 4
cm. For the further temporal agreement of measured and simulated ice thicknesses,
the heat flux of the water was set to a value which showed the best agreement for

thickness and temperature evolution.

To answer the question, how well SAMSIM can simulate the measured profiles, I
decided to compare profiles of equal ice thicknesses (colored profiles in
and . That means, I compare temperature, bulk salinity and solid frac-
tion profiles for the times, when a deeper temperature sensor shows a significant
decrease in temperature below the freezing temperature, with the respective values
from SAMSIM. I justify this decision by the fact that I just know about the exact
ice thickness in the lab when a new sensor is reached and that the simulated and
measured ice thickness agrees very well in time. A reason for comparing equal times
would have been that the time simulated in the model elapsed as fast as in the mea-
surements because T},, was respectively temporal interpolated. This could cause a
better agreement of temperatures in 2 cm depth but I would lose information of the
current ice thicknesses in the lab measurements and therefore, I decided to compare

laboratory and simulated sea ice of the same thickness.
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7.1 Ice thickness and Ice temperature

The layer thickness in SAMSIM was set to 0.02 cm, therefore the simulated profiles
are much higher resolved in depth than the lab measurements which are only 2
cm vertically spaced. As already mentioned the measured ice thicknesses in the
lab agree very well with the simulated thickness after adapting the heat flux and
Tiop in the beginning of the experiment (see [Figure 16| left). The deviation of
equal ice thicknesses does not exceed 2 hours for Exp_20_1. The temperature
profiles for increasing ice thicknesses agree very well with the modelled profiles (see
, right. Colors represent the current ice thickness). The difference between
the measured and the modelled profiles have a maximal absolute deviation of 0.1
°C except the temperatures at the ice bottom. This small difference does not even
exceed the error in measured temperature, derived from the sensor calibration. The
simulated temperature at the ice bottom is increasingly slightly higher for increasing

ice thicknesses than the measured bottom temperatures.
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Figure 16. Temporal evolution ice thickness (left) and temperature profiles (right) for
increasing ice thicknesses in different colors. The lab measurements are shown as filled
circles, connected by a solid line. The simulated temperatures are shown as blank circles,
connected by a dashed line.

7.2 Bulk salinity and solid fraction

As a first result of the comparison between the measured and simulated solid fraction

and bulk salinity, it can be said that the shapes of profiles are very similar for all ice
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thicknesses (see [Figure 17} left). For the uppermost 2 cm ice, there are no measure-
ments provided by the wireharp. SAMSIM shows a strong decrease in salinity of 25
g/kg and 30 g/kg at the ice/air interface to a salinity of about 10 g/kg in 2 cm ice
depth. These high values at the surface are caused by the implementation of gravity
drainage in SAMSIM which is further described later on. Furthermore the simulated
and measured profiles mostly differ in absolute values and the agreement becomes
less good for greater depths. The greatest depth of each thickness profile coincides
well as the salinity of newly forming ice equals the water salinity in lab measurements
and in SAMSIM. However, it can be seen that this agreement becomes less precise
for the bulk salinity in the lowest layer for greater ice thicknesses. SAMSIM seems
to underestimate the water salinity because this trend can not be found in such a
strong way in the comparison between measured and simulated solid fraction (see
Figure 17} right). This could be caused by a lower measured bulk salinity over the
whole ice thickness than the simulated bulk salinity for an ice thickness greater equal
10 cm. That explains why SAMSIM underestimates the water salinity, and therefore

the salinity of newly forming ice, due to a higher simulated salinity content in the ice.

The measured bulk salinity of 16-cm-thick ice is about 4 + 0.6 g/kg to 5 + 0.6
g/kg lower than the simulated bulk salinity for all depths except the ice bottom.
This is a relatively high deviation if I calculated an absolute error in the measured
bulk salinity of 0.6 g/kg. At low solid fractions, the error is relatively high, about 2.3
g/kg but it can be neglected in the comparison of profiles because the solid fraction

increases as fast as that it is already about 0.8, 2 cm above the ice bottom.

The absolute values of measured and simulated solid fractions seem to agree better
than the absolute bulk salinity even if the measured solid fraction is slightly higher
than the simulated solid fraction. It is caused by the fact that a small deviation in

solid fraction leads to a relatively high deviation in bulk salinity.
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Figure 17. Profiles of bulk salinity and solid fraction for increasing ice thicknesses in
different colors. The filled circles are the lab measurements. The dashed lines/ blank
circles are the simulated profiles.

SAMSIM simulates the bulk salinity and the solid fraction in respect to brine fluxes
which result from a gravity drainage parameterization, introduced in Griewank and
Notz (2013). The parameterization is based on the assumption that the Rayleigh
number describes the onset and strength of gravity drainage which was
found to be the only valid desalination process during freezing (Notz and Worster,
2009).

With the use of ice temperature, volume fraction and brine salinity of all active

layers from 1 to n, SAMSIM calculates the Rayleigh number of each layer i (see for

explanation [subsection 5.2)). If Ra’ >Ra.., a critical Rayleigh number, the layer

¢ is considered as unstable and the mass of brine that flows from layer ¢ into the
ocean in a time step of length dt is calculated by:

b'rj = a(R' — Rei) A" - dt.

Further implemented brine dynamics of SAMSIM are explained in Griewank and
Notz (2013). However, this parameterization only includes two free parameters:
R..;; and a. These both values were tuned with the help of lab measurements from

Notz et al. (2005) who implemented a wireharp beneath a cooling plate and mea-
sured the solid fraction and temperature during freezing (shown in [Figure 18]).
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The so-called ’C-profiles’ of bulk salinity in sea ice (high salinites at the surface
of the ice, low values in the interior and increasing values towards the bottom)
which SAMSIM simulates, are caused by the definition of the Rayleigh number. As
it was explained before, gravity drainage and the respective brine fluxes into the
underlying water are supposed to set on when R..; is reached. For very thin sea
ice, a critical value cannot be reached, because the difference between the potential
energy of brine (see and seawater is not high enough. This causes the
simulated high salinity in the top layers. This so-called ’delay in onset of gravity
drainage’” was found to be consistent with CTD measurements by Wettlaufer et al
(2000) in the Antarctic ocean but is not consistent across different studies (Notz and
Worster, 2008). In my measurements, this delay cannot be observed for ice depths
greater equal 2 cm ice depth. Furthermore, the freezing temperature at the water
surface is reached during the cooling process after about 7.2 hours (see
and the water salinity started to increase after about 7.5/8 hours (see [Figure 11]
right). Considering that the CTD was installed relatively close to the tank bottom,
I would conclude that this delay in onset of desalination cannot be found in CTD

measurements for this experiment.

Furthermore, I would interpret the offset in salinity at the ice bottom of the different
profiles (see , left) caused by the generally higher salt content of the whole
ice column in SAMSIM in contrast to my measurements. SAMSIM has implemented
a salt-budget calculation, which ensures that the salinity of the underlying water
volume increases proportional to the brine what is drained out of the ice. As the
simulated salt content in the ice is generally higher, a lower water salinity will be
calculated by the model and the newly forming ice has therefore a slightly lower

salinity than the measured salinities.

As mentioned before, the gravity drainage parameterization of SAMSIM was tuned
by lab measurements of solid fraction and temperature measurements (shown in
ure 18). These experiments were conducted under following boundary conditions:
There was no free ice surface due to a cooling plate on the top of the water. The
temperature of the plate was switched from -5 °C to -10 °C every 12 h. The experi-
ment was conducted twice under the same temperature conditions. My experiments
were conducted with a free surface and the air temperature was held relatively con-
stant during the whole time. The shows the profile of bulk salinity across
the ice column for 24 h, 48 h and 72 hours of freezing. The profiles show a higher
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bulk salinity at the ice top and the ice bottom. A low bulk salinity can be found in
the interior, but the salinity is not as homogeneous in the interior as it was found

in my measurements.
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Figure 18. Lab measurements from Notz (2005) of bulk salinity profiles after 24 h, 48 h
and 72 h of freezing. Setup 1 and 2 are two experiments for similar boundary conditions
(Setup 1 and 2: black and white dots) and the respectively fitted profiles of SAMSIM
(grey and black lines). Adopted from Griewank and Notz (2013).

As the experiments from Notz et al. (2005) were conducted under pretty different
conditions, I do not want to compare absolute values of bulk salinity. Moreover, I
want to highlight that SAMSIM was tuned to simulate the not uniform desalination
(varying bulk salinities from 7 + 1 g/kg to 12 + 1 g/kg in 2 cm to 14 cm ice depth)
after 72 hours of freezing in the measurements of Notz et al. (2005) from both exper-
iments. Forced by the lab measurements of temperature, SAMSIM can also simulate

a very uniform salinity in the ice column which can be seen for 16-cm-thick ice from

2 cm to 12 cm depth in my experiments (compare |[Figure 18|right and [Figure 17| left).

Furthermore, the bulk salinity for both experiments of Notz et al. (2005) differ
for equal ice depths of about 1 pm g/kg to 5 g/kg. Therefore, I would interpret
the generally higher bulk salinity of SAMSIM, in comparison to my measurements,
not as a physical misunderstanding of gravity drainage. Moreover the underesti-
mation seems to raise from the spare number of measurements, collected under
similar boundary conditions, available to fit the free parameters of gravity-drainage

parameterization in SAMSIM.
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8 How homogeneous is growing sea ice in

thickness, temperature and salinity?

8.1 Several wireharps in one single tank

As Exp_20_1 was proceeded with one wireharp, I could only observe the solid frac-
tion and salinity evolution at one single spot in the ice. In the following, I want
show the results of experiment Exp_15_3_A which was conducted with three wire-
harps located in one single tank. The question after differences and similarities
between the measurements at different locations can be considered as a case study
of homogeneity of sea ice in general. This is an urgent question, considering that
ice-core measurements only cover a single sample of sea ice and a lot of vertical and
horizontal information about salinity and solid fraction can be lost, as global earth

system models often assume sea ice to be homogeneous.

The ice growth in the tank was observed with three wireharps at different loca-
tions as schematically shown in the numbering of location and wireharp
is equal in this context. The cooling temperature in the chamber was set to -15
°C and the heating wires were supplied with a power of 200 Watt. The measured
parameters during the experiment were the same as for Exp_20_1, explained in
section 6] Furthermore, the ice growth was simulated with SAMSIM individually

for all three locations, forced by the respecting 7},,,.

8.2 Ice thickness evolution at different locations

The locations of wireharp 1, 2 and 3 were chronologically chosen from the left to the
right side of the tank. The ice did not grow simultaneously fast at the 3 locations in
the tank, see [Figure 19, It took about 7 days until the ice grew to 16 cm at location

3, 8.5 days at location 2 and almost 9 days location 1.
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Figure 19. Temporal evolution of ice thickness for lab experiment Exp_15_3_A observed
at three different locations in the tank (measured (solid line) and simulated (dashed line)
ice thickness.

As the ice grew the fastest at location 3, which was furthest away from the cooling
system, I suspect two different reasons for the irregular ice growth: The air is not
as well-ventilated above the ice as it would be needed to create a homogeneous heat
flux at the ice surface for all 3 locations. Additionally the convection of the water

beneath the ice could cause different heat fluxes from the underlying water.

Concerning the agreement between measured and simulated thickness, the temporal
difference in ice thickness is smaller equal 5 hours and also the start of ice growth is
well-simulated for all three wireharps. The chosen heat fluxes for wireharp 1, 2 and
3 were set to 65 Watt, 58 Watt and 60 Watt and were chosen in agreement with the
measured ice thickness. I would expect the difference in ice thickness be caused by
the air temperature because the heat fluxes of the water in the simulation are more

or less equal.

8.3 Surface-temperature deviation

For each wireharp, there was an individual simulation setup forced by the top tem-
peratures calculated from the respective temperature profiles. For all three simula-

tions, the simulated temperature profiles agree very well with the measured profiles,

shown in [Figure 20| and [Figure 21| Only for location 2 and 3, the measured tem-

perature in 2 cm depth differs more (from about 0.2 °C to 0.5 °C) than in greater
depths from the simulated profiles . This small offset can be explained by the differ-
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ence in the simulated and measured ice thickness. SAMSIM is forced by the ice-top
temperatures at a certain time and the temporal difference of ice thickness in lab
measurements and simulation leads to an offset between the temperature profiles

which can be seen the strongest in 2 cm ice depth.
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Figure 20. Measured (solid dots and line) and simulated (blank circles and dashed line)
temperature profiles for increasing ice thicknesses (colors) of Location/wireharp 1 (left)
and 2 (right).
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From the temporal thickness evolution, shown in [Figure 19| I could see that for cer-
tain times, temperature profiles of different ice thicknesses can be compared among
the three wireharps. Though I have chosen 48, 144 and 168 hours and the respec-
tive measured /simulated ice thicknesses h;.. of the wireharps. The chosen thickness
profiles are listed in [Table 4 Ty, is the simulated surface temperature of the re-
specting thickness profile. Ty, is simulated but I assume these temperatures to
represent very similar top temperatures in the tank. From T,,,, I derived the total
horizontal temperature gradient between the warmest and the coldest location (1
and 3) AT. As AT is about 3 °C, it seems that temperature profile within the ice
in the tank is very sensitive to air conditions and that the growing sea ice is hetero-

geneous in temperature across the tank.

8.4 Solid fraction and bulk salinity at different locations

The simulated and measured profiles of solid fraction and bulk salinity at the three

locations are shown in |Figure 22| [Figure 23| and [Figure 24, For all three simulations,

SAMSIM generates almost the same absolute values and shape of bulk salinity and
solid fraction profiles for increasing ice thicknesses. The simulated profiles also co-
incides with the simulated profiles of Exp_20_1. There is a very high simulated
salinity at the ice surface (about 25 g/kg), a low salinity in the interior (about 10
g/kg), and increasing values from about 4 ¢cm above the ice bottom, towards the
bottom. In contrast to the similar simulated profiles, the measured profiles are more

or less different from each other. I will briefly explain them separately.
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Wireharp/Location 1: The sea ice at location 1 grew the slowest comparing to lo-

cation 2 and 3. The highest solid fraction can be found in 2 ¢cm depth and becomes

more and more uniform for increasing ice thicknesses, except at the ice bottom.

Reaching an ice thickness of about 12 c¢cm, the measured salinity is about 4.8 to 5

+ 1 g/kg in the upper layers. The simulated profile shows a bulk salinity of about

10 g/kg (except the first 2 cm) in the upper layers. The measured solid fraction

is slightly higher than the simulated values, the thicker the ice becomes. The solid

fraction increases up to 0.95 in 2 ¢m depth for 16-cm-thick ice. In the upper lay-

ers, the solid fraction is pretty uniform and shows a decrease towards the ice bottom.
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Figure 22. Location/ Wireharp 1: Bulk salinity and solid fraction profiles for increasing
ice thicknesses (colors), Measurements (solid dots and lines) and simulation (blank circles

and dashed lines) from wireharp 1.
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Wireharp/Location 2: The measured desalination at location 2 seems to be as
strong as at location 1 (see . The absolute values of bulk salinity in the
upper ice depths sink to about 4.6 to 5 + 1 g/kg within even if the ice grew 4 cm
more than at location 1. The bulk salinity is not uniform in all upper layers as it
was seen for location 1. However, the measured solid fraction is also about 0.95
from 2 cm down to 10 cm depth, for the thickest ice. Comparing the measured
profiles with the simulations, the findings of location 2 coincide with location 1:
SAMSIM overestimates the bulk salinity by about 5 g/kg and underestimates the
solid fraction by 0.05.
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Figure 23. Location/Wireharp 2: Bulk salinity and solid fraction profiles for increasing
ice thicknesses (colors), Measurements (solid dots and lines) and simulation (blank circles
and dashed lines) from wireharp 2.

Wireharp/Location 3: Generally, the bulk salinity is higher for all ice thicknesses
at location 3 than at location 1 and 2. The shape is also a bit different: The profiles
do not show an uniform bulk salinity in the upper layers. The bulk salinity in 2 cm
depth sinks to about 6.5 £ 1 g/kg during the ice grew 16 cm. For greater ice depths
of all profiles, there can be seen a slight decrease of about 5 + 1 g/kg until the bulk
salinity increases fast towards the bottom. In general, it seems that the ice desali-
nated less strong at location 3 in comparison to location 1 and 2. Even if SAMSIM
simulate a slightly different shape of the measured profiles, the absolute values of

bulk salinity do agree slightly better with the measurements than for location 1 and

2.
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Figure 24. Location/Wireharp 3: Bulk salinity and solid fraction profiles for increasing
ice thicknesses (colors), Measurements (solid dots and lines) and simulation (blank circles
and dashed lines) from wireharp 3.

8.5 Sensitivity to ice temperatures

In general it can be said that the ice in the tank was inhomogeneous in thickness,
temperature, solid fraction and bulk salinity at the three different locations. The
main reason for that was found to be the gradient in air temperature across the tank
and the resulting different ice-surface temperatures at the three locations. The total
simulated surface temperature gradient across the three locations was about 3 °C to
3.5 °C. Location 1, in the left part of the tank (half-shielded part) was the warmest
and location 3, the coldest. The surface temperature of the central location 2, was

approximately between the surface temperature at location 1 and 3.

The most obvious conclusion of the comparison between the measured profiles at
the three locations in thank is that the ice grew the fastest at the coldest location
and the slowest at the warmest location. The measured bulk salinity at the coldest
location is up to 5 £+ 1 g/kg higher for the upper layers than for location 1 and 3.
SAMSIM simulates ice thickness and temperature very well (highest absolute devi-
ation is 5 hours for thickness and about 0.3 °C for temperature) but the calculated

solid fraction and bulk salinity profiles are almost the same for all three locations.

45



The best agreement in absolute bulk salinity and solid fraction can be seen for the
third location. On the other hand, the shape of simulated solid fraction and salinity
profiles agree better with location 1 and 3 because both show a uniform bulk salinity
in the interior of the ice. For location 3, the bulk salinity increases slowly by 5 4
1 g/kg from the top towards 4 cm above the bottom. Even if there is a surface
temperature gradient between location 1 and 3, the absolute salinity in the interior

and the shape of the profiles are more similar than comparing location 2 and 3.

The measured absolute values of bulk salinity differ at the three locations but the
simulated profiles of SAMSIM remain the same even if they were forced by the
individual temperature profiles. Besides, SAMSIM overestimates the bulk salin-
ity in the interior and underestimates the solid fraction. It simulates the shape of
bulk salinity at location one and three well. As a uniform bulk salinity could not
be found at location three, the shape of measured and simulated profiles differ the
most. In absolute values, the simulated salinity and solid fraction agrees better with
the measured profiles at location three, as the measured bulk salinity at location
three is higher than at location one and three. This coincides with lab experiments
by Cox and Weeks (1975) and Wettlaufer et al. (1997) who measured that more
salt is retained in growing sea ice, the colder the cooling temperature. In model
studies by Griewank and Notz (2013) it was found that both, solid fraction and
brine salinity, are slightly higher for lower freezing temperatures. In relation to
the Rayleigh number, [Equation 9 I would explain that lower freezing temperatures
lower the permeability due to initial higher solid fractions. A lower permeability
coincides with a lower Rayleigh number and results in an later onset and less strong
gravity drainage. I would not consider the irregularity in the brine channel system
as the reason for the heterogeneity in bulk salinity across the locations. The het-
erogeneity in brine channels, was found by (Cottier et al., 1999) to only occur on

horizontal scales of 10 cm. The wireharps had a greater distance between each other.

From the comparison of solid fraction and bulk salinity across the three locations, I
would conclude that the gravity drainage of SAMSIM is not as sensitive to freezing
temperatures as it would be required. On the other hand, this is just one exemplary
experiment at three locations and the observation of heat fluxes (water and air) was
limited. An increase in the reliability of measurements could probably be caused
by the repetition of the experiment under very similar boundary conditions. This
was aspired by repeating the experiment Exp_15_3_A under the same boundary

conditions, called Exp_15_3_B. Unfortunately one of the two pumps fell of the wall
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of the tank during Exp_15_3_B what caused an insufficient mixing of the water in
the tank. As a consequence, the ice grew much slower and even more heterogeneous
within the tank as it was the case for Exp_15_3_A. I decided that a comparison
between these both experiments would not be gainful for improving SAMSIM’s pa-

rameterization of gravity drainage.
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9 Period of stabilization

After the ice had grown to 16 cm, the melting was not directly introduced. There
is an interim time between freezing and melting, I will call this time, period of sta-
bilization in the following. It was introduced when the last wire pair was enclosed
with ice. The air temperature of the cooling chamber was then set to -10 °C to
generate a smaller temperature and brine gradient within the ice. Unfortunately,
there is a lack in the measurements of temperature and resistance during this time
for Exp-20_1. But from the whole time of recording (see [Figure 35 left) it can be
seen that when the temperature in the cooling chamber increased (after about 150
hours of recording), the resistance measurements of the upper ice layers (2 cm to 10
cm depth) dropped to a certain resistance value. This resistance is very similar to
the value which was measured when the recording of data started again (after about
210 hours). From other experiments which were proceeded the same (Freezing, Sta-
bilization and Melting) it can be seen, that the resistance and temperature stay
nearly constant, after dropping due to warmer air temperatures and before melting

was introduced.

This period of stabilization was simulated the same way as the freezing process
with SAMSIM. T},, was derived by the temperature gradient within the ice and
SAMSIM was forced by its temporally interpolated evolution. The temperature,
salinity and solid fraction profiles, simulated by SAMSIM and the profiles of the lab

measurements after the period of stabilization are shown in [Figure 25| and [Figure 26

The measured profiles of solid fraction and bulk salinity changed slightly after the
period of stabilization. The simulated profiles do not show any further desalina-
tion, either the ice grew about 2 ¢m in the simulation. The temperature gradient
is smaller within the ice, but still consistent, low temperatures, due to the cold air,

are measured at the top and are linearly increasing over the whole ice depth.
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Figure 25. Measured (solid dots and line) and simulated (blank circles and dashed line)
temperature (left) and bulk salinity (right) profile after the period of stabilization.
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Figure 26. Measured (solid dots and line) and simulated (blank circles and dashed line)
solid fraction after the period of simulation.

The profiles of solid fraction and bulk salinity changed a bit during the period of
stabilization: It seems that gravity drainage has further decreased the salinity in ice
depths from 4 cm to 14 cm depth, so that the profile has been ’buckled’ towards

a lower salinity in these depths. The salinity in the upper most 4 even increased

slightly (compare therefore [Figure 25| with [Figure 17)).

The reason for that might be, that the cold temperatures at the top and the high

solid fraction decrease permeability as far as gravity drainage cannot occur because
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a critical Rayleigh number could not be reached any more. In the downer layers,
the bulk salinity was already pretty low but the temperatures are higher than in
upper layers which coincide with a higher permeability. This could cause a critical

Rayleigh number in the dower layers and further desalinated the ice.
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10 Which processes of desalination does the

wireharp observe during melting?

10.1 Boundary conditions during melting

The melting of sea ice was introduced by setting the air temperature in the cooling
chamber to +5 °C. The air over the ice became stable layered, because the ice is
cooling the air from underneath. The measured air temperature in 10 cm height
above the ice was therefore about -3.8 & 0.01 to -1.5 £ 0.01 °C (shown in [Figure 27|
left).

The melting experiment is treated as a single experiment and not in attachment
to the freezing and stabilization process. This is why the temporal evolution of
measurements in this chapter are starting with zero hours, even if the recording of

data started with the freezing process.

The CTD measurements show that the water temperature increased slightly and
water salinity decreased during melting (see [Figure 27] right). The water salinity
had increased to about 40 £+ 0.001 g/kg during the process of freezing and stabiliza-
tion. After setting the air temperature in the room to 5 °C, it took about 115 hours
to reach a stable water salinity of about 33.3 g/kg, which is about 0.2 g/kg higher
than the salinity measured in the beginning of the experiment. The risen salinity is

very likely due to evaporation during the experiment.

The melting can be seen in the water temperature as a slow increase until about
110 hours after melting has started (see [Figure 27] left). Afterwards, the water
temperature increases linearly stronger what indicates that the water was warmed
by the air and no ice was consuming energy for melting anymore. A stable wa-
ter salinity was reached after about 110 hours, what I would identify as the time
of completely melted ice in the tank. This is a crucial information because the
wireharp can only measure ice thicknesses which have shrinked to 2 cm. The ice
got very porous, permeable and irregular in thickness across the tank during melt-
ing (see a snap shot of the tank in the end of melting in . Therefore it

is not trivial to identify the current ice thickness within the resistance measurements
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Figure 27. Left: Water temperature and salinity evolution during melting, measured by
the CTD in the middle of the tank. Right: Air temperature in 10 cm height above the ice
where the wireharp was installed.

Figure 28. Picture of a melting experiment with several wirharps. One wireharp is already
totally ice-free while another one is still frozen.

10.2 Stages of melting

Up to now, there do not exist continuous in-situ measurements of solid fraction and
salinity in melting thin sea ice. Therefore I will present the measurements of the
wireharp and interpret the data in the way that I link the results to physical pro-
cesses which might be occured.

As it could be seen in [Figure 25| and [Figure 26, the absolute values of solid fraction,

temperature and bulk salinity changed during the period of stabilization. Addition-
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ally, in the beginning of melting, the highest resistance is not measured in 2 cm
depth any more as it was the case for freezing. Rather the highest resistance can
be found in 10 cm depth followed by the resistance in ice depths of 8 cm, 12 cm
and 6 cm (see , left). However, the calculated solid fraction in all depths,
except in 16 cm, is very similar of about 0.92. The temperature gradient within the
ice became less strong during the period of stabilization and the bulk salinity is the
lowest in the interior of the ice (see . In the following, I have divided the
melting measurements in three stages, titled as I: initial warming, II: Increase in
solid fraction and bottom melt, and III: melting in all depths. The temporal evolu-

tion of resistance, solid fraction, temperature and bulk salinity in the respective ice

depths are shown in |[Figure 29| and [Figure 30| I will discuss these stages of melting

separately because of different observed physical processes.

I: Initial warming

After the air temperature was switched to +5 °C, the ice temperature becomes al-
most homogeneous within about 18 hours (see , left) and also the resistance
measurements decrease for all ice depths as the ice becomes warmer. The resistance
in 14 and 16 cm ice depth shows a slightly stronger decrease than in the upper
layers. They are warmed by the heat flux from the water. At the end of period I,
the solid fraction in 14 ¢cm and 16 cm decreases to 0.65 and 0.75, while the upper
layers just decrease to a solid fraction of about 0.9. An exception is the wire pair
in 2 cm depth. Its resistance sinks nearly as strong as the resistance over the wire
pair in 14 cm depth. The upper most wire pair feels the warmer air over the ice
the most because the air temperature directly above at ice surface is between -1.5
+ 0.1 °C and -3.8 & 0.1 °C. During this time, the salinity increases in 14 cm and
16 cm depth due to a decreasing solid fraction and increasing temperatures while
the salinity from 4 cm to 12 ¢m depth stays constant and the salinity in the upper
most 4 cm sinks slightly from 8 4+ 3.3 g/kg to 6 + 3.3 g/kg. The large error in bulk
salinity will be explained in the third stage of melting.

The fact that the 2 upper most wire pairs measure a lower solid fraction in this
first period of melting, I would identify as melting at the ice-air interface. Addition-
ally, the ice starts to melt at the bottom what can be seen as the strong decrease in
solid fraction after about 12 hours in 14 cm and 16 cm depth. The ice experiences
almost no melting in 12 cm, 10 cm, 8 cm depth at this time, as the solid fraction

stays constant. This can be seen in the temperature measurements after about 10
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hours when the ice in the upper 4 cm becomes warmer than the ice in 12 cm, 10 cm
and 8 cm depth due to the warming of fresher melt water. The bulk salinity stays
almost constant in all depths, just a slight decrease can be seen in 2 cm and 4 cm
depth.
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Figure 29. Stages of melting I, IT and III. Temporal evolution in ice depths (colors) of resistance
(left) and solid fraction @ (right) during melting.
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Figure 30. Stages of melting I, II and III. Temporal evolution in ice depths (colors) of
temperature (left) and bulk salinity (right) during melting.
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IT: Increase in solid fraction and bottom melt

After 18 hours of melting, the general decrease resistance and solid fraction changes.
In between 18 and 32 hours of melting, the resistance and solid fraction increases
slightly again in 2 cm to 6 cm depth whereas the resistance in 8 cm, 10 cm and 12 cm
depth stays constant. The resistance in 14 cm and 16 cm sinks to a resistance which
is slightly higher than the resistance of pure water which was measured before ice
growth. This indicates that there is an error in the resistance measurements. This
may be caused by the circumstance that the data cable of the wireharp was removed
from the circuit board during the period of stabilization. This is additionally the
reason why the data of the time between freezing and melting is not recorded for
Exp_20_1. The plug of the wire-harp cable at a later time may be disturbed by
frozen water or salt crystals, which could cause the measured offset in resistance.
However the reason for the offset can not be explained properly. It can just be said
that this behavior was not found for the other experiments when no removal of the

curcuit board took place.

The error in bulk salinity due to the uncertainty of Ry, the resistance of pure water
was calculated for the offset in resistance of about 5 €2 which was recorded in the
end of the experiment. For a solid fractions above 0.8 it was found that the offset
in R cause an increase of ASy,;, up to 3.3 g/kg and increases further for solid frac-
tions smaller than 0.8, up to 15 g/kg (see also . Therefore, values of Sy
for solid fractions smaller than 0.8 cannot be treated as absolute for this melting

experiment, rather the temporal evolution was considered to explain the processes.

Simultaneously to the increase in solid fraction, the temperature increases up to
-1.5 &£ 0.1 °C in 2 cm depth and up to -2 £ 0.1 °C in 4 cm depth. The deeper
sensors measure a temperature of about -2.3 + 0.1 °C. The exceed of freezing tem-
perature in the upper 4 cm might be caused by ice and melt water which can be
warmed to this temperature because of its low salinity content. The resistance mea-
surements show an increase for the upper 6 cm and the resistance in 8 cm and 10
cm depth stops decreasing. This coincides with an decrease and stagnation in solid

fraction.

The increase in solid fraction must be caused by water that refreezes. That can be
introduced by flushing, so water with a low salinity content which travels downwards
through the ice, and mixes with/ drains out the liquid brine in deeper ice layers.

When the brine is diluted by melt water, it can freeze again until the amount of
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brine is reached what coincides with the ice temperature (respectively
and its solid fraction increases. This process would decrease the salinity content as
it can be seen in 2 cm, 4 cm and 6 cm depth if the melt water mixes the brine and
travels further through the ice. So brine with a lower salinity content would remain

in the pockets and lower the bulk salinity in the respective ice depth.

The solid fraction in 12 ¢cm and 14 cm depth sinks continuously after a certain
time (about 14 hours) and the ice has already been melted completely in 16 cm
depth. The values of solid fraction cannot be treated quantitatively after falling be-
low 0.6 because of the offset in resistance measurements. Therefore a solid fraction
of 0.3 is caused by the offset in Ry and must be interpreted as a solid fraction of 0,

pure water.

III: Melting in all depths

During the third stage of melting, there are just 14 cm of ice left and the solid frac-
tion decreases fastly in all depths and reaches a solid fraction of 0.3 (respectively 0,
pure water) at a certain time (see , right), from about 40 hours to 68 hours
what makes it nontrivial to say how thickness evolves during this time. I suspect
that the melting ice bottom becomes very rugged due to the strong circulation in
the tank and the high heat input by the heating wires. This could be an explanation
for the circumstance that the wire pairs in 10 cm to 4 cm measure a resistance drop

to the resistance of pure water shortly.

The bulk salinity increases as fast as the solid fraction decreases (see [Figure 30,
right). Specially, the salinity increases for all ice depths even if ice beyond a certain
depth has not melted totally. That thinner ice than 12 cm, melts simultaneously as
the solid fraction decreases and the bulk salinity increases at the same time. That
indicates that melt water in the interior of the ice must be replaced by underlying
water, otherwise the salinity would stay the same in an ice depth before the layer

below has melted completely.

The temperature gradient across the ice thickness is almost zero during the third
stage (see , left). The temperature in 2 cm depth, which has increased to
about -1.5 + 0.1 °C in stage two, sinks slightly, increases again for several hours and
decreases finally to the freezing temperature of water. This behavior in tempera-
ture, which also can be found in 4 ¢cm, but for slightly lower temperatures, coincides

with an short increase in solid fraction in 4 and 2 cm depth after 37 and 42 hours.
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Probably these ice depths experience a melting effect in stage three, resulting in a
lower solid fraction and melt water which can warm to a higher temperature. After a
certain time, about 72 hours, the temperature in all depths increases homogeneously

to the freezing temperature and the bulk salinity increases for the upper layers.
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11 Is it possible to simulate the melting process
with SAMSIM?

As it was mentioned before, there do not exist continuous measurements of tem-
perature, solid fraction and salinity in melting sea ice. I therefore investigate if
SAMSIM is able to simulate the measured profiles during melting. The flushing
parameterization in SAMSIM is based on different assumptions, discussed later on,
which were found to be able simulating the salinity profile of ice cores, taken during
the melting season (Griewank and Notz, 2015). Up to now, there do not exist model
studies how far this parameterization is able to reproduce the salinity evolution in
thin sea ice. This chapter explains and discuss the attempt to simulate the melting
of Exp_20_1 with SAMSIM. I will first show the results of a comparison between
measured and simulated profiles of temperature, solid fraction and bulk salinity pro-

files and discuss how it reflects the assumptions of SAMSIM concerning flushing.

The forcing of SAMSIM during melting differs from simulating the freezing pro-
cess. The freezing was simulated by deriving the top temperature of the water/ice,
time-depended. This method was found to be not suitable to simulate the melting
in SAMSIM. I have chosen the way of initializing profiles of specific enthalpy, total
mass and the absolute salinity of the different layers in SAMSIM. These profiles
originate from the end of the total simulation of freezing and period of stabilization.
As the model was fed by profiles of already existing ice, the melting was introduced
by a respective positive heat flux from the air or/and the water. The heat exchange
between ice and air in SAMSIM is derived by the assumption that the heat flux is
proportional to the gradient between the top-layer temperature and the air temper-
ature in 2 m above the ice. So the melting was forced by setting the air temperature
in the model setup to +5 °C and the heat flux from the water to 50 Watt.

11.1 Simulated and measured ice thickness and

temperature evolution

Concerning the measured ice thicknesses/depths of the profiles shown in [Figure 31
and |Figure 32] it must be mentioned that they do not contain surface ablation as no
surface ablation about 2 cm was measured in the tank. The ice depth on the y-axis

is the respective depth where the wire pairs and temperature sensors were frozen
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during the freezing process. Additionally it is not trivial to define the ice depth to
a certain time as already could be seen in the resistance measurements. Therefore
I have chosen the time of profiles whenever the resistance over a wire pair reaches
the resistance of pure water. This is not the resistance Ry as it was measured before
freezing for Exp_20_1, as already explained. Therefore I have chosen the thicknes
profiles whenever a wire pair showed a stable resistance. The times of measured ice
thickness can be seen in comparison to the simulated thickness in on the
left.

The bottom heat flux was assumed as 50 Watt what is 10 Watt higher than the
heat flux which was chosen for the freezing and the stabilization period. The reason
for that was the slightly better matching thickness evolution of measurements and
simulation. It could be explained that the heat flux from the heating wires is more
warming the water as the ice shrinks at the sides during melting and the water
can be warmed by the air at the sides. As another reason for a complicated iden-
tification of ice thickness, I would suppose that the ice becomes very rough at its
bottom. Additionally, the convection which is generated by the pumps in the tank,

could be responsible for a not very homogeneous ice thickness retreat during melting.

As it could be seen in the temperature gradient which existed through the
period of stabilization disappears within 16 hours after introducing melting. The
temperature decreases to about -2 °C in all ice depths, that can be seen in the thick-
ness profile of 16 cm, see solid lines in [Figure 31| right. The ice temperature in the
upper most 6 cm is even slightly higher than the water at the ice-water interface.
I would explain these temperature profile by a relatively high solid fraction, so not
much ice has melted away until this time but a low bulk salinity in the upper 6
cm. For a decreasing ice thickness, the profiles of temperature stay at the freezing
temperature.

The simulated temperature profiles differ a lot from the measured profiles. At the
top of the ice, the temperature is about 0 °C and the ice shrinks, the deeper layers
also become 0 °C. For an ice thickness of 16 cm the temperature sinks down to -2
°C from 10 cm to 14 cm depth and increases from 14 c¢cm to 16 cm depth up to
-1.5 °C. For the profiles of less or equal 14-cm thick ice, this behavior remains: the
temperature in the upper layer/layers is about 0 °C, sinks to a certain value in a

certain depth and shows a warming in the most lowest 2 centimeters.

These temperature profiles are caused by the assumptions of SAMSIM’s complex
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flushing parameterization approach. SAMSIM assumes a temperature of 0 °C for
0 g/kg salt during melting. The temperature of 0 °C at the top of ice, for all ice
thicknesses, is caused by a complete desalination of the upper layers, due to simu-
lated melt water at the top which is assumed to move vertically through the layers
and washing out brine. Additionally, melt water can occur vertical and horizontal.
Brine which is transported horizontally in SAMSIM, is assumed to reach a fictional
‘crack’ in the ice (as SAMSIM is only 1-D) and is flowing directly in the underlying
water. So the most upper layer cannot become fullfully liquid because the layer is
then assumed to be completely melted and the melt water is removed. SAMSIM
assumes this melt water as been flown through a crack and transported into the
lowest most layer of the model. The temperature increase at the bottom of the ice
is due to the positive heat flux. The heat flux can warm the bottom layers strongly
as the melt water in the lower layers is relatively fresh and can warm stronger than

ice or salty water.
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Figure 31. Measured (solid circles and line) and simulated (blank dots and dashed lined)
temporal thickness evolution (left) and temperature profiles (right) for decreasing ice thick-
nesses (colors) during melting.
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11.2 Measured profiles of liquid fraction and bulk salinity

during melting

The behavior of measured liquid-fraction and bulk-salinity profiles for decreasing ice

thicknesses reflects the analysis of melting data, shown in [Figure 29 and [Figure 30|

Until now, I compared measured and simulated solid fraction ®, but for the melting
process I will show the comparison of measured and simulated liquid fraction, what
is simply 1- ®. I compare the profiles for decreasing thicknesses but it must be said
that the ice thickness is a very unreliable parameter for the melting process, as the
ice bottom becomes very rough and the complete melting of a layer is not trivial to

identify in the resistance measurements.

For an ice thickness of 16 cm, the wireharp measured a liquid fraction which is
low (about 0.1) in 2 cm depth, but relatively constant (about 0.3) for all ice depths
from 4 cm to 14 cm depth. As the liquid fraction in an ice depth is 1, the ice is
assumed to be fullfully melted. For an ice thickness of 14 cm, the measured profile
of liquid fraction looks very different from the measured profile of 16 cm thick ice:
The liquid fraction in 2 cm is still very low but increases much faster for greater ice
depths, it increases from 2 cm to 12 cm depth, from 0.1 to about 0.6. The greatest
ice depth of 14 cm depth is assumed as completely liquid. Until the ice has melted
to 8 cm, the liquid-fraction profile is very similar to the profile of the 14-cm-thick
ice. For a decreasing ice thickness, the liquid fraction becomes even higher in lower

ice depths.

The evolution of the measured bulk-salinity profiles behaves very similar to the
liquid fraction profiles, because of the non-existing temperature gradient within the
ice. The liquid-fraction profile determines the bulk-salinity profile and leads to a
slightly increasing salinity from the top to the bottom of about 5 to 10 &+ 3.3 g/kg
for an ice thickness of 16 cm. For an ice thickness of 14 c¢m, the bulk salinity stays
about 5 + 3.3 g/kg in 2 cm depth but increases linearly from 2 ¢cm to 6 cm to 20 4+
3.3 g/kg and from 6 cm to 12 cm depth, it increases further to 25 + 3.3 g/kg. The
salinity of the lowest ice depth of every ice thickness is assumed as the salinity of

the underlying water.
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11.3 Simulated profiles of liquid fraction and bulk salinity

during melting

The high difference between measured and simulated profiles of bulk salinity and
liquid fraction raises from the complex flushing parameterization of SAMSIM. The
simulated liquid-fraction profile of the 16-cm-thick ice shows a relatively high value
of about 0.6 at the top and decreases fastly until it reaches about 0.35 in 2 cm
depth. A relatively low liquid fraction is found between 2 cm and 12 cm depth and
increases towards the bottom. The profile still has the C-shape, as it was simulated
for the freezing process and for the period of stabilization, For an ice thickness of
14 cm, there can be found a liquid fraction on 0.2 at the top of the ice and for the
profiles of decreasing ice thicknesses, this minimum increases with the ice depth. For
decreasing ice thicknesses, there can be seen a small ’bump’ of higher liquid fraction
after the value was at constantly 0.2. After this small increase, it sinks again to
about 0.2. The increase towards the ice bottom can be found in every profile and is

mostly present in the lowest 4 cm of the ice.

The simulated bulk salinity profiles do not behave as similar to the liquid-fraction
profiles as it was the case for the measurements. This raises from the simulated
non-homogenoeus temperature profile, as it was measured. The bulk salinity in the
upper most layers becomes 0 g/kg as deep as the liquid fraction is about 0.2 for the
different profiles. In the beginning of melting, there is a smooth increase in bulk
salinity from the top towards the bottom. It is followed by a strong increase due to

the strong increase in liquid fraction in the lowest 4 cm of ice.

The increase in bulk salinity towards the bottom can be explained by brine which
is flushed downwards from upper layers and increases their salinity by mixing with
melt water. The bulk salinity at the ice bottom becomes lower for decreasing ice
thicknesses. So for example, for ice what is about 16 cm thick, there can be found a
relatively high bulk salinity of about 27 g/kg at the bottom and for an ice thickness
of about 10 cm, there is a simulated bulk salinity of 15 g/kg. I suspect that there
is fewer brine what can be flushed into greater depths for smaller ice thicknesses
because the most of the brine has already been flushed before. This can be also
seen in the simulated salinity, which becomes deeper and deeper 0 g/kg at the ice

surface, for a decreasing ice thicknesses.
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Figure 32. Simulated (blank circles and dashed line) and measured (solid circles and line)
bulk-salinity and liquid fraction profiles for decreasing ice thicknesses (colors).

11.4 Flushing in SAMSIM

I will briefly sum up and discuss the important differences between measurements
and simulation caused by the flushing approach in SAMSIM: The simulated sur-
face temperatures result mainly from the salinity profile. A strong surface melting/
flushing, leads to a completely salt-free surface, what the simulated profiles show.
SAMSIM assumes that the surface temperature is always 0 °C for 0 g/kg salt dur-
ing melting. The increase in bottom temperatures is caused by the positive heat
input from the water beneath. This high salinity at the bottom is caused by flushed
brine, moving downwards to the ice-ocean interface, increasing the salinity of the
bottom layers. Griewank and Notz (2015) already showed that their complex flush-
ing parameterization leads do an increase of salinity close to the ice-ocean interface
if gravity drainage is deactivated. The main difference between the measured and
the simulated profiles of liquid fraction and bulk salinity is the increase of both from
6 cm depth towards the bottom (see . The simulated profiles stay at a
relatively low liquid fraction for the respective depths as well as the bulk salinity
which is very low and even decreases for thinner ice. This can be explained as
the simulated ice melts across the whole ice column. The melting desalinates the

ice at the top by melt water which flows, due to the assumptions of the flushing
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parameterization, vertically and washes out the brine in deeper layers. Horizontal
flushing in all layers leads to melt water, being assumed to flow into a ’crack’ and
transporting heat and salt into the lowest layer of ice. Melt water due to surface
melt is therefore not able to form melt ponds at the top of the ice, because SAMSIM
removes the horizontal flushed water in all layers immediately when it is formed.
The complete desalination of the upper layers could not be found in the measured
data, where the salinity in 2 cm depth stays nearly constant at about 4 + 3.3 g/kg
and just a slightly lower salinity can be measured in 4 cm depth for a progressed

melting process (comparing the salinity in 4 cm ice depth, 14 ¢cm versus 12 c¢m ice

thickness). As it was shown in [subsection 10.2] a desalination of the upper layers

only occured before the ice had melted to 16 cm.

The complex flushing approach was tested to simulate Arctic conditions (Griewank
and Notz, 2015) and comparing salinity profiles with ice-core measurements which
were taken at Barrow, Alaska during the melting season (Eicken et al., 2012). It
was found that SAMSIM simulates the salinity profile of the ice cores very well with
the complex flushing approach and the deviation did not exceed 2 g/kg, except the
ice-bottom salinity. The ice cores showed a sharp increase in salinity at the ice-ocean
interface but the simulated salinity even showed higher values. This is in contrast
to my experiments which show much higher salinities for greater ice depths, due to
convection. Futhermore the SAMSIM’s flushing approach leads to a salt-free sur-
face in summer, whereas the ice cores, taken in June and July show a salinity of
about 1 g/kg at the top. In comparison to this, my experiments show a very small
decrease of salinity in the upper layers for progressed melting. On the other hand
the salinity of the upper layers is not known before melting, so it is not clear how

much desalination occured due to flushing.

Furthermore, it is not trivial to estimate the heat flux in SAMSIM which is re-
sponsible for surface ablation. During the melting process, SAMSIM simulated a
total surface melting of about 8 cm. In the lab experiments, the wires of the wire-
harp were still completely covered by water in the end of the experiment. As the
wireharp was installed to move up and down, the surface melting could not exceed

2 cm for my experiment. The measured and simulated profiles of ice thicknesses

which are compared in [Figure 31| and [Figure 32| are therefore not representing the

same ice layers.

The wireharp stayed solid in one ice depth after freezing and the ice depth of freezing
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is the same as for melting. The simulated ice thickness is in contrast a combination
of surface and bottom melting. From the strong surface melt in the model, I expect
that the heat input of the air is overestimated in the model. I would suspect a slower
complete desalination of the top layers in the simulation if the heat flux would be
better represented because less fresh melt water would be available for vertical and

horizontal flushing and therefore desalination of the upper layers.

On the other hand, I would not expect a better surface-ablation representation
in the model to enlarge the agreement between the measurements and the simula-
tion. The surface melting do not influence physical processes of the complex flushing
approach, because the deviation from the measurements originates from the convec-
tion within the ice. The convection of the underlying water may caused higher
liquid fractions, homogeneous temperatures and a high salinity in the interior and
not only in the bottom layer. A simple parameterization approach introduced in
Griewank and Notz (2015) which just includes vertical flushing was also tested to
simulate the results of Exp_20_1 (not shown) but it also could not better simulate

the measurements.
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12 Conclusion

Sea ice is continuous in temperature, salinity and solid fraction. Gravity drainage
and flushing lead to a desalination during freezing and melting. The proceeded ex-
periments provide a unique set of continuous measurements of these processes which
are poorly understood so far. The so-called wireharp was found to be an appropri-
ate measuring device for observing the bulk salinity evolution in thin sea ice in situ,
specially in a laboratory environment.

Across the different experiments, the measured profiles almost show an half-shaped
C-profile for solid fraction and bulk salinity, whereby a uniform low salinity can be
found in the interior of the ice and a strong increase towards the bottom is present
in the the lowest 4 cm of the ice. The newly forming ice at the bottom was assumed
to have the salinity of the underlying water. In contrast to the lab measurements,
Arctic ice cores of first-year ice show a C-shape (e.g Nakawo and Sinha, 1981), so a
higher salinity at the ice surface. One explanation attempt in literature is a delay
in the onset of gravity drainage which was found in laboratory and CTD measure-
ments by Wettlaufer et al. (1997 and 2000). I did not find a temporal delay between
reaching the freezing temperature of the water at the surface and the increase of
water salinity in the CTD measurements. On the other hand, the wireharp has a
vertical resolution of 2 cm and needed to be installed 2 cm under the water surface.
Therefore the solid fraction and salinity for the upper most 2 ¢cm remain unknown
and the question if such an delay in desalination happened, cannot be answered

completely.

As laboratory measurements offer only a limited setup of boundary conditions, I
used the laboratory measurements to investigate how well a model can simulate the
desalination during freezing. I used SAMSIM, a 1-D sea-ice model including the
respective physical processes to simulate desalination during freezing. I forced the
model with ice-surface temperatures and boundary conditions, measured in the cool-
ing chamber. The simulated and measured ice thickness and temperature profiles do
not differ more than 2 hours for thickness and about 0.1 °C for temperature. SAM-
SIM simulates a C-shape for Sy, and reversed for ® whereas the lab measurements
only show a half C-shape. Either the measurements only start in 2 cm ice depth, it
cannot be said if a full C-shape has developed in the artificial sea ice. The measured
values of the interior sea-ice salinity are generally about 2-5 g/kg lower than the
simulated salinity. This coincides with a slight underestimation of the simulated
solid fraction. Due to the good agreement in shape of the profiles, I would argue

that this is rather a physical misunderstanding of gravity drainage in SAMSIM than
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caused by the choice of free parameters in the parameterization which were found
by lab measurements of Notz et al. (2005). An improvement could be obtained
by tuning the free parameters with a number of experiments conducted under very

similar boundary conditions.

In contrast to ice-core measurements which only can cover a small fraction of time
and space I used three wireharps to observe the temporal salinity evolution at dif-
ferent spots in the tank to investigate the homogeneity of the artificial sea ice. The
measurements of the three wireharps were simulated with the respecting ice-surface
temperatures. A comparison between measurements and simulations show a high
agreement in ice thickness and ice temperature. The ice-surface temperature was not
homogeneous across the tank, the total gradient in simulated surface temperature
between the coldest and the warmest location was about 3 °C. From the bulk-salinity
profiles, it can be seen that the ice at the coldest location entrapped more salt during
freezing than at the warmer locations, what corresponds to findings of Notz et al.
(2005). The comparison between the three locations showed, that SAMSIM is not
very sensitive to the differences in ice temperature and simulates almost the same
salinity profile for all three locations, whereas it overestimates the salinity at the
two warmer locations by about 5 g/kg. In total values of bulk salinity, simulation
and measurements agree the best for the coldest location. I would expect, that a
collection of experiments for different freezing temperatures could help to enhance

SAMSIM’s sensivity to slightly changing boundary conditions.

To generate stable conditions in the artificial sea ice, the air temperature was set
to a value which was supposed to create a stable ice thickness. This period of sta-
bilization took about 2 days. As a result, the temperature gradient within the ice
decreased, and the salinity as well as the solid fraction profile 'buckled’ to a lower
bulk salinity in the interior of the ice, whereas the ice in the upper most measured
layer increased slightly. A reason for that could be brine redistribution within the
ice but nothing can be said significantly as the salinity and solid fraction of the
upper most 2 cm remain unknown. Further, these findings could explain the reason
of C-shapes found in Arctic ice cores for sea ice, thicker than 30 cm. The higher
salinity at the ice surface would then not be caused by a delay in the onset of gravity

drainage rather by a redistribution of brine in the interior as the ice becomes thicker.

The collected measurements of the wireharp during melting are the first contin-

uous measurements. The results therefore offer an observation of physical processes
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which are almost unknown so far. The melting in the cooling chamber was intro-
duced by setting the air temperature to +5 °C as the ice had grown to about 18 cm.
The ice melted completely within 72 hours and the temperature gradient within the
ice already disappeared in about 15 hours. Additionally the ice melted mostly from
the bottom, surface melting did not exceed 2 cm as the wireharp was still covered
by water in the end of the experiment. It was found, that there is a period during
melting where the solid fraction sligthly increases in the upper layers. During this
period, the temperatures in the upper most 2 cm increased to about -1.5 + 0.1
°C an the salinity decreases. So the upper layers did experience a slight desalina-
tion. Afterwards, the ice melted at all layers as the resistance did not only decrease
chronologically in the respective depths for decreasing ice thicknesses. Moreover as
the ice became thinner than 12 cm, melting occured in all layers and the bulk salin-
ity increased to 20 - 25 g/kg in the interior of the ice. I would assume the reason to
be convection which replaced melt water with salty water from below. However it
was not trivial to determine the ice thickness during melting, I assume the reason

to be that the ice became very rugged in the end of melting

The melting process was simulated with SAMSIM, by implementing a positive atmo-
spheric heat flux. The complex flushing approach of flushing introduced by Griewank
and Notz (2015) assumes vertical and horizontal flushing, as it was found in ice-core
measurements by Eicken et al. (2002). Brine is vertically flushed by melt water from
the top and horizontally moving brine reaches cracks in the ice and flows directly
in the underlying ocean. SAMSIM transports horizontal brine fluxes directly in the
lowest layer. Furhermore, SAMSIM does not simulate the measured homogeneous
temperature profile, either it generates a surface temperature of 0 °C. This goes
along with a deeper and deeper completely desalination of the upper layers whereas
I only measured a slight desalination in the upper layers. SAMSIM also only simu-
lates an increase of bulk salinity in the lowest 4 cm of ice due to flushed salty brine
from upper layers. It does not simulate the relatively high salinites in the interior,
measured in the laboratory, as it does not assume a replacement of melt water by
sea water. From these findings, I would concluded that SAMSIM’s flushing param-
eterization is currently not able to simulate melting of very thin sea ice as it grew

in the cooling chamber.
The measured profiles of solid fraction and bulk salinity during melting could be

the basis of an improvement of the current flushing parameterization of SAMSIM. I

would expect that the current state of the GSMs is far away from including a flushing
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parameterization as it’s improvements would be infinitesimal small in comparison
to the computational time and cost. Contrary, 1-D models like SAMSIM offer a fast
and easy way to enhance the understanding of physical processes. A higher accuracy
of the solid fraction and also other properties of melting sea ice could help to im-
prove satellite measurements. The uncertainty of sea-ice parameters, satellites can
measure, is much higher in summer because the understanding of physical processes
at the top and the interior of sea ice is worse than for winter. My measurements
of the physical processes during melting occur on very small scales but they could

contribute to improve large-scale observations.
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Appendix

List of experiments

Experiment Number | Cooling Salinity | Heating Ice

Name of wire- | [°C] lg/kg] wires Core
harps W /m?

Exp_ 151 1 -15 32 100 Yes

Exp_20_1 1 -20 33 100 Yes

Exp 153 A |3 -15 314 200 No

Exp_153 B |3 -15 31.2 200 No

Table 5. List of processed experiments. The name of experiment is composed as: Exp _
Cooling temperature (positive) - number of wireharps - A/B, (A/B: Experiment
was repeated with similar boundary conditions).
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Figure 33. Temperature and resistance evolution of the freezing process. Start of ice growth

derived by criteria from [subsection 4.1] (black vertical lines) and ice growth derived by decreasing
ice temperatures (green ellipses) coincidence.
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Figure 34. Temperature and resistance evolution for the freezing process. Start of ice
growth derived by criteria from (black vertical lines) and ice growth derived
by decreasing ice temperatures (green ellipses) do not coincidence. This leads to an error
in temperature and depth of wirepair. The questionmark on the right-most side means,
that the temperature drop cannot be seen for the shown time.

Data of the whole experiment, explained in [section 6,
[section 9] and [section 10|
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Figure 35. Resistance measurements R and Solid fraction ¢ for freezing and melting.
Cooling temperature, varying between-20 °C and -15 °C.
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Figure 36. Temperature evolution for freezing and melting. Cooling temperature, varying

between-20 °C an -15 °C.
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Figure 37. Solid fraction in 2 cm ice depth and ASy, for ARy=5 €, for the melting

process of Exp_20_1.
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