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Abstract

We use a 1-D model to study how salinity evolves in Arctic sea ice. To do so, we
first explore how sea-ice surface melt and flooding can be incorporated into the 1-D
thermodynamic SAMSIM sea-ice model presented by Griewank and Notz (2013). We
introduce flooding and a flushing parametrization which treats sea ice as a hydraulic
network of horizontal and vertical fluxes. Forcing SAMSIM with 36 years of ERA-interim
atmospheric reanalysis data, we obtain a modeled Arctic sea-ice salinity that agrees
well with ice-core measurements. The simulations hence allow us to identify the main
drivers of the observed mean salinity profile in Arctic sea ice. Our results show a 1.5—
4 gkg‘1 decrease of bulk salinity via gravity drainage after ice growth has ceased and
before flushing sets in, which hinders approximating bulk salinity from ice thickness
beyond the first growth season. In our simulations, salinity variability of first-year ice is
mostly restricted to the top 20 cm. We find that ice thickness, thermal resistivity, fresh-
water column, and stored energy change by less than 5% on average when the full
salinity parametrization is replaced with a prescribed salinity profile. We conclude that
for earth system models the impact of fully parametrizing the Arctic temporal salinity
evolution is too small to justify the increase in computational cost and model complexity.

1 Introduction

Sea ice is a multi-phase material consisting of salty brine, fresh ice, and gas bubbles
and is far from static. Brine moves through the ice and across the ice-ocean interface
transporting dissolved tracers such as salt. The thermal properties of sea ice change
along with the phase composition, bubbles form, dissolve, and escape into the atmo-
sphere while chemical and biologic processes occur in the brine. Salt is a core compo-
nent of sea ice as it along with temperature dictates the phase composition of sea ice
through the liquidus relationship. It also influences the brine density, the chemical prop-
erties, the small scale sea-ice structure, and the vertical stratification of the underlying
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ocean via salt transport to the mixed layer. Unfortunately, the salinity of sea-ice is an
elusive quantity which is difficult to observe. Many open questions related to the salinity
evolution can not be answered due to the limited amount and the isolated nature of ice-
core measurements, such as to what extent gravity drainage occurs during ice melt,
what causes interannual salinity variability, how first-year ice transforms to multi-year
ice, and how bulk salinity is linked to ice thickness. To fill these gaps in our understand-
ing we here study the salinity evolution of Arctic sea ice and quantify the impact of
the salinity evolution on various sea-ice properties using an expanded version of the
Semi-Adaptive Multi-phase Sea-lce Model (SAMSIM) introduced in Griewank and Notz
(2013).

To do so, SAMSIM needed to be expanded to model sea-ice surface melt. The sur-
face of melting sea ice is complex and highly heterogeneous. Melt water flows horizon-
tally through snow and ice into melt ponds and cracks or percolates vertically through
the ice. The properties of melting wet snow differ strongly from those of dry fresh snow,
and the ice surface also deteriorates during melt and can form a layer of white deteri-
orated ice which is visually similar to snow (Eicken et al., 2002). All these processes
influence albedo. Due to the large influence the ice albedo has on sea-ice evolution, the
sea-ice modelling community has produced many albedo and melt pond parametriza-
tions (e.g. Flocco and Feltham, 2007; Pedersen et al., 2009), but otherwise surface
melt has received very little attention. All 1-D thermodynamic models since Maykut
and Untersteiner (1971) have disregarded the physical structure and high gas fraction
of the surface during melt, and treat melting sea ice as freshwater ice with modified
thermal properties.

Over the last decade researchers have begun to parametrize the sea-ice salinity
evolution (e.g. Vancoppenolle et al., 2006, 2007, 2009; Wells et al., 2011; Hunke et al.,
2011; Rees Jones and Worster, 2013; Turner et al., 2013) to study the biogeochemical
and physical processes in and below sea ice (e.g. Vancoppenolle et al., 2010; Tedesco
etal., 2010, 2012; Jeffery et al., 2011; Saenz and Arrigo, 2012; Jardon et al., 2013). De-
spite these developments, the only published sea-ice model with a fully parameterized
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salinity evolution is the LIM 1-D model of Vancoppenolle et al. (2007) based on the
1-D thermodynamic model of Bitz and Lipscomb (1999). Accordingly, many possible
approaches to model surface melt and parametrize salinity remain unexplored in 1-D
sea-ice models. We introduce new schemes to parametrize surface melt, flooding, and
flushing within our 1-D sea-ice model SAMSIM, making it capable of simulating the full
growth and melt cycle of sea ice including the salinity evolution.

We force SAMSIM with Arctic reanalysis data to study the desalination processes
and the resulting salinity evolution in the Arctic. This is the first general multi-year model
study of sea-ice salinity throughout the Arctic. The only previous model study of sea-
ice salinity is the study by Vancoppenolle et al. (2007) which focuses on two ice-core
sites of land fast ice from 1999-2001. Model studies are necessary as measurement
campaigns can only provide brief glimpses of the full salinity evolution, whereas we can
easily explore a far greater diversity of conditions over a longer time frame. The sim-
ulated salinity profiles are compared to ice-core measurements to evaluate the model
performance.

We have decided to limit the study to the Arctic because flooding and the corre-
sponding snow ice formation play a large role in the Antarctic. As explained in detail
in Sect. 2.4.4, we treat the flooding parametrizations currently implemented in SAM-
SIM as ad hoc solutions only suitable for dealing with isolated and sporadic flooding
events. Accordingly, we will refrain from studying Antarctic ice until flooding is better
understood.

The final topic we address is how parametrizing the salinity affects various sea-
ice properties important to climate models. As sea-ice components of climate models
are slowly becoming more sophisticated and modelers have begun to treat sea-ice
salinity as a variable instead of a prescribed value or profile (e.g Vancoppenolle et al.,
2009; Turner et al., 2013), it remains unclear how much model performance can be
improved by fully parametrizing the temporal salinity evolution, and how sophisticated
the parametrizations should be to balance the improvements against the increase in
computational cost and code complexity.
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This paper is organized as follows. In Sect. 2 we detail how surface melt, flooding,
and flushing are implemented in SAMSIM. The section ends with a description of the
three separate salinity approaches used to parametrize salinity in SAMSIM and a dis-
cussion of the relative numerical costs associated with these approaches. In Sect. 3
we conduct an idealized melting experiment to study flushing and to determine how
sensitive SAMSIM responds to changes of key parameters. In Sect. 4 we study the
salinity evolution of 36 years of simulated sea ice forced with ERA-interim reanaly-
sis data taken from throughout the Arctic. The simulations are split into first-year and
multi-year ice which are analyzed separately and compared to ice-core data. The final
Sect. 5 uses the same atmospheric forcing as Sect. 4 to quantify the impact of the var-
ious salinity approaches on quantities relevant to climate-models in order to evaluate
if climate models would benefit from a fully parametrized temporal salinity evolution in
their sea-ice sub models.

2 Model description

For the purpose of this paper, we expand the SAMSIM model which we first described
in Griewank and Notz (2013). SAMSIM (Semi-Adaptive Multi-phase Sea-lce Model) is
a 1-D column model which employs a semi-adaptive grid. In this section we will intro-
duce how SAMSIM treats surface ablation and processes related to surface melting as
well as flooding.

We provide a very brief description of the fundamentals of SAMSIM in Sect. 2.1,
a detailed description can be found in Griewank and Notz (2013). Following the
brief description of SAMSIM we address a small modification of the gravity drainage
parametrizations originally presented in Griewank and Notz (2013) in Sect. 2.2. Sec-
tion 2.3 addresses how sea-ice melts in reality and in SAMSIM. The final additions to
SAMSIM are the parametrizations of flushing and flooding introduced in Sect. 2.4. In
Sect. 2.5 we describe the three salinity setups used in SAMSIM. Section 2.5 includes
a discussion of the numerical costs and merits of each of the salinity approaches.
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2.1 SAMSIM

Each layer of SAMSIM is defined by the four fundamental variables mass m, absolute
salinity S, absolute enthalpy H,,¢, and thickness Az. Absolute values are simply the
integral over the mass weighted bulk salinity S, and enthalpy H. The solid and liquid
mass fractions y; and y,;, as well as the solid, liquid, and gas volume fraction ¢, ¢,
and @4 are derived from the fundamental variables. A salt-free snow layer can exist
on the ice, which has a variable density that affects the snow thermal conductivity.
However, the only process currently implemented in SAMSIM which affects the snow
density is rainfall into snow. In this paper, we refer to a specific layer by an upper right
index counting from top to bottom, with the exception of the snow layer which is marked
with “snow”. E.g. m® is the mass of the sixth layer from the surface, m’ is the mass of
the top ice layer, and m*™" is the mass of the snow layer.

SAMSIM is the only sea-ice model to employ a semi-adaptive grid which grows and
shrinks in discrete steps of Az, at the ice-ocean interface (Griewank and Notz, 2013).
However, at the ice-atmosphere boundary it is necessary to have a freely adjustable
boundary to deal with incremental surface ablation and snow to ice conversion. This
is addressed by letting the top ice layer thickness vary freely between 1/2Az, and
3/2Az,. Once the top ice layer grows thicker than 3/2Az, it is split into two layers, the
lower layer of the two with a thickness of Az,. Similarly when the top ice layer shrinks
below 1/2Az, it is merged together with the second layer. A sketch of how a grid with
three top ice layers evolves during melt is shown in Fig. 1.

The short wave radiation properties of the ice are set with a number of parameters
which determine how much radiation is absorbed at the ice surface and how much of
the radiation penetrates into the ice and is absorbed in the lower layers. These pa-
rameters are the albedo alb, the fraction of penetrating short wave radiation pen, and
the optical thickness of the ice k. Various parametrizations have been proposed which
define the optical properties based on the surface temperature, ice thickness, and ab-
lation rates. In SAMSIM the gas volume fraction could also be used to parametrize the
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optical properties, as the amount of air bubbles has a large impact on the optical prop-
erties of the ice (Light et al., 2008). However, because the focus of this paper is on the
salinity evolution we will use constant values of alb, pen, and « for sea ice to remove
a source of variability in the model results (values shown in Table 1).

2.2 Modified gravity drainage

We have implemented a slight change to the calculation of the Rayleigh number of the
layer / which is used in the gravity drainage parametrizations introduced in Griewank
and Notz (2013) as

' gAp/ﬁ/h/
RI=Z8E
K

The terms that enter the equation are the standard gravity g, the density difference
between the brine in layer / and the lowest layer Ap', the distance from the layer / to the
ocean h', the thermal diffusivity «, the dynamic viscosity U, and the permeability term
I=I’_. We have modified the Rayleigh number by replacing 1’ with the bulk permeability

ﬁl for a Darcy through a stack of layers, which is given by the harmonic mean over all
layers from / to the lowest layer n

. ' k
ﬁ/ _ z;(=n Az

=S
Yien

M’ is the permeability and Az' is the thickness of the layer /. In Griewank
and Notz (2013) instead of the harmonic mean the minimal permeability =
min(N’,N’*",..., ") was used as a simplification. However, Vancoppenolle et al. (2013)
demonstrated that using the minimal permeability instead of the harmonic mean leads
to substantially different Rayleigh numbers. Accordingly, we replace the minimal per-
meability with the harmonic mean in the definition of the Rayleigh number.
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Changing the definition of the Rayleigh number requires the free parameters a and
R to be readjusted which link the amount of brine leaving each layer bri to the
Rayleigh number, timestep dt, and layer thickness Az via

br| = a(R’ - Rey)AZ' - dt.

To readjust a and A.;;, the same procedure is used which was used to initially de-
termine the free parameters in Griewank and Notz (2013). The procedure numerically
derives values which lead to the best agreement between modelled salinity and the
laboratory measurements of Notz (2005). Two separate sets of measurements and
the mean of the two sets are used, resulting in the following free parameter pairings:
a =0.000510, R = 7.10; a = 0.000681, A,,;; = 3.23; a = 0.000584,A,;; = 4.89. As in
Griewank and Notz (2013), we will use the values optimized to fit the mean of the
two measurement sets as the default values, which are a = 0.000584,R; = 4.89. In
Sect. 4.3.3 the effect of the parameter uncertainty of a and A,; on the multi-year salin-
ity profile is addressed.

Updating the Rayleigh nhumber definition has a substantial effect on the modelled
salinity evolution of both the complex and simple gravity drainage parametrizations.
However, the qualitative conclusions of Griewank and Notz (2013) and this paper are
unaffected by the changed definition of the Rayleigh number. That the qualitative results
are unaffected by the change in Rayleigh number definition can be seen by comparing
this paper to the results of Griewank (2014), which uses the same simulations but the
original Rayleigh number definition of Griewank and Notz (2013).

2.3 Surface melt

There are two main difficulties which complicate simulating surface melt in a 1-D ther-
modynamic sea-ice model. The first is the strong spatial heterogeneity of melting sea
ice. Although certain aspects such as melt ponds can be parametrized, there is no way
to overcome the fact that a 1-D approximation is less valid for melting sea ice than for
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growing sea ice. The second major difficulty is that many physical processes which oc-
cur at the surface during sea-ice melt are poorly understood. This is especially true for
processes which occur at the snow-ice boundary and processes which involve capillary
forces in snow or ice.

We have decided against separating the 1-D column into a ponded and non-ponded
fraction, as this is impossible without sacrificing physical consistency in a number of
ways. A possible compromise is to couple a 1-D column with a melt pond cover to an-
other 1-D column with no pond. A melt pond and albedo parametrization could be in-
troduced to modify short-wave radiation penetration and reflectance without any effect
on sea-ice permeability, freeboard, or melt water formation. However, we have decided
to not introduce such an albedo parametrization for two reasons. Firstly, most albedo
parametrizations are not suitable for SAMSIM. For example, some parametrizations
change the albedo as an empirical function of surface temperature. If the parametriza-
tion assumes that the surface layer is salt free, the parametrization will assume that
the surface temperature during melt will always be at 0°C. However in SAMSIM, the
surface temperature varies during melt depending on the salinity of the top ice layer.
Other parametrizations rely on the surface melt speed, which is not a variable in SAM-
SIM. Instead SAMSIM has melt water formation and surface ablation, which are linked
but not identical. The second reason is that slight albedo changes would overshadow
the effects of the sea-ice salinity. If the albedo parametrization were fully physically
consistent with SAMSIM this would be acceptable. However, albedo parametrizations
mostly rely on empirical measurements and are intended to improve large-scale mod-
els and are ill-suited to determine how the albedo would react to a 5 % increase of gas
volume fraction or a 0.1°C increase of temperature in the top ice layer of SAMSIM.
Including an albedo parametrization would result in a high non-physical source of vari-
ability which would greatly complicate interpreting the results. Extending SAMSIM by
an albedo parametrization that is compatible with SAMSIM physics remains, however,
desirable and will be subject to future work. For now, we simply use a constant value
for the ice albedo.
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From the measurements taken at the Surface Heat Budget of the Arctic Ocean
Project (SHEBA) site, Eicken et al. (2002) identified three stages of melt for Arctic
multi-year ice. During stage | melt ponds form, fed by horizontal transport of melting
snow. The snow cover still persists and while most of the melt water movement is hori-
zontal, some melt water drains to the bottom of the ice through cracks and flaws in the
ice. Stage Il begins when the snow cover has completely melted away. During stage |l
melt water moves horizontally until it reaches flaws as well as vertically through the ice.
In stage Il the flaws have enlarged to the point of ice disintegration. Melt water moves
vertically through the ice as well as horizontally until it reaches cracks and the edge of
the ice flows, and convective overturning occurs close to the ice-ocean interface.

In SAMSIM, surface melt is implemented by separating melt into two separate
stages. The first stage is snow melt, in which snow is converted to slush. This pro-
cess thins the snow layer by transforming a fraction of the snow into slush, which is
then added to the top sea ice layer as described in Sect. 2.3.1. The second stage is
surface ablation in which a fraction of the liquid volume of the top ice layer is desig-
nated as melt water as described in Sect. 2.3.2. This melt water is either transported
directly into the ocean, or flows through the ice and cracks according to the flushing
parametrization introduced in Sect. 2.4.2.

2.3.1 Snow melt

The physics of snow is very complex and a scientific field of its own. The snow layer
in SAMSIM is intended to simulate only the most basic aspects of snow on sea ice. In
contrast to the widely used 1-D thermodynamic sea-ice model of Bitz and Lipscomb
(1999) which is implemented in both the Los Alamos (CICE) and the Louvain-la-Neuve
(LIM) sea-ice models, snow does not turn directly into melt water in SAMSIM. Instead,
melted snow from the snow surface percolates downward and accumulates on the sea-
ice surface forming a slush layer of depth B as illustrated in Fig. 2. This snow to slush
conversion in SAMSIM is based on two core assumptions. The first assumption is that
the snow can only retain a maximum liquid mass fraction (¥ ma.x) Which is a function of
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the snow solid mass fraction. The function we use is
snow)

(1 - Ws
SNnow
S

which we take from the laboratory study of Coleou and Lesaffre (1998). In Fig. 2 the
volume fractions are shown instead of the mass fractions, because the volume fractions
are proportional to the area depicted. The second core assumption is that when the
liquid water content surpasses the retainable amount, the excess water pools at the
bottom of the snow layer forming a layer of slush. At each time step the depth of the
slush layer is determined and then the slush layer is added to the top ice layer.

Two additional assumptions are required to determine the slush depth which is
marked as B in Fig. 2, namely the gas fraction of the slush ¢y e, @and the solid fraction
of the slush layer and remaining snow layer. We assume that the solid volume fraction
equals the solid fraction of the previous time step, and that @y e; is @ constant. In this
paper we set @y e 0 20 %, which we base on the measured surface sea-ice densities
of Eicken et al. (1995).

Following these assumptions, when the liquid volume fraction of the snow layer ex-
ceeds @ nax the slush depth B is calculated from the snow solid fraction of the last
time step (3 °") and the gas content as

snow
¢| - ¢I, max
snow )
1- d)l,max - d’s - d’g,melt

As a result the top ice layer grows thicker by B, and mass and enthalpy are transfered
according to the composition of the slush layer. To maintain the solid fraction of the
last time step the snow needs to be compacted by A as illustrated in Fig. 2. In total
the snow to slush conversion shrinks the snow layer by A + B, the total snow and ice
column shrinks by A, and the top ice layer grows by B.

To our current knowledge, the approach of converting snow into slush before it can
run off as melt water is unique. Compared to the standard approach in which melted
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snow is directly removed as melt water, our approach leads to a slight delay in the
onset of flushing. In reality sea-ice has a varying surface height, which causes the melt
water in the slush to flow into melt ponds. In SAMSIM, by the time the snow layer has
melted away, the top model layers which were formed by snow to slush conversion are
predominantly liquid and salt free but also contain the solid fraction of the melt water
soaked snow. These top ice layers can be interpreted as a spatial average over melt
ponds and snow remnants. As a result the snow melt stage of SAMSIM is shorter than
the first melt stage of Eicken et al. (2002). Although the implemented snow to slush
conversion neglects many of the finer aspects of snow physics, we trust that it captures
snow melt more realistically than the standard approach of turning snow directly into
melt water.

Two additional processes also convert snow to slush, flooding as introduced in
Sect. 2.4.4 and melt water wicking. Wicking occurs when the top ice layer is so lig-
uid that excess brine seeps into the snow. This process is incorporated into the model
as introduced in the following subsection.

2.3.2 Surface ablation

Surface ablation begins once the snow layer has been completely transformed to slush
and the top sea-ice layer is in direct contact with the atmosphere. Surface ablation in
SAMSIM requires deciding how much of the liquid fraction runs off as melt water and
how much of the departing melt water is replaced by gas. In reality the ice surface
varies immensely in space and time, from dark deep melt ponds to deteriorated white
ice which looks like snow from afar (Eicken et al., 2002). In contrast, the ice surface in
SAMSIM is solely represented by the phase composition of the top ice layer.

The way we define melt water is that melt water is the fraction of the brine in the top
ice layer which can leave the top layer. Melt water can leave the top layer via flushing
which causes surface ablation, or by wicking into the snow layer as explained at the
end of Sect. 2.3.1. In the model melt water has the same temperature and brine salinity
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as the brine in the top layer. At each time step the amount of melt water is calculated
independently of the previous amount of melt water.

Melt water formation and runoff in SAMSIM is restricted to the top ice layer and is
based on three assumptions. The first is that ice melted at the ice surface directly turns
into melt water. The second is that if the solid fraction of the top ice layer sinks below
a minimal low value, excess brine is free to flow off as melt water. The third is that over
time the gas fraction increases until it reaches the value of @y mef-

Melt water can form by surface melting as soon as the surface temperature sur-
passes the freezing temperature given by the bulk salinity of the top ice layer. The
amount of melt water formed is determined by the amount of latent heat release neces-
sary to balance the energy difference between the atmospheric heat flux to the surface
and the flux from the surface into the top ice layer (depicted in Fig. 3). This approach is
commonly used in sea-ice thermodynamic models (e.g. Bitz and Lipscomb, 1999) but
needs to be adapted to incorporate the varying density and gas fraction of SAMSIM.
The discretized diffusive heat flux from the ice surface into the top ice layer is

Tfreeze _ 7—1

1 1
=-k'2
a Az

The thermal conductivity of the top ice layer k' is a linear combination of the liquid
and solid phases, while the gas phase is treated as an insulator. The depth of the melt
water film for a given atmospheric energy flux g*™°® is then

|qatmos _ q1 |

(p;psL
The second way melt water can form is when the solid fraction of the top ice layer

cp; falls below a minimal low value ¢ - When this occurs the solid fraction is com-
pacted by Az, until the solid fraction reaches ¢4 o @s shown in Fig. 4. From volume

Az melt =
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conservation it follows that

1
Az = Az <1 - %) .
s, melt

This simplification ensures that melt water forms before the top ice layer is fully liquid.
Not shown in the figure is that a similar limit exists on the gas fraction. If the gas fraction
exceeds ¢4 meir then the top ice layer is compacted to reduce d);; t0 @y meit- Pg, met IS
the same parameter which determines the amount of air captured in the slush during
snow melt, and is set to 0.2 based on density measurements at the surface of Eicken
et al. (1995). To our knowledge there are no measurements from which to estimate
®s, meit- A range of values will be explored later in this paper, but as a first guess we
assume a value of 0.4, which is slightly above the solid fraction assigned to fresh snow
in SAMSIM. If the ice melts primarily through compacting due to low solid fractions, the
top ice layer will approach the given values of @y meir and @Pg mei OVer time.

If the melt water forms due to a low solid fraction while snow is present, the melt
water is assumed to wick up into the snow and creates a slush layer which is then
added to the top ice layer again. We refer to this as wicking which is similar to snow
melt (Fig. 2), except that the amount of water available to form slush is given by the
amount of melt water present in the top ice layer.

2.4 Salinity parametrizations

There are three known relevant desalination processes in sea ice: gravity drainage,
flushing, and flooding (Notz and Worster, 2009). We addressed how gravity drainage
is implemented into SAMSIM in our previous publication (Griewank and Notz, 2013). In
this subsection we introduce parametrizations for flushing and flooding, making SAM-
SIM the second published 1-D model capable of capturing the full salinity evolution.
The first model capable of capturing the full salinity cycle is the 1-D LIM sea-ice model
of Vancoppenolle et al. (2006).
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Parametrizing flushing faces the same challenges that modeling surface melting
faces, namely high horizontal heterogeneity, insufficient data, and a lack of theoreti-
cal understanding. No quantitative laboratory studies of flushing have been published
to this date, and due to sampling issues and challenging conditions field studies have
been limited to studies of dye dispersion and ice-core salinity (Eicken et al., 2002). The
understanding of flooding is even poorer, and is limited to the analysis of ice cores
which contain flooded snow-ice.

2.4.1 Flushing

The first and only published flushing parametrization incorporated in a full thermody-
namic sea-ice model by Vancoppenolle et al. (2006) assumes that once the ice reaches
a certain permeability, a fraction of the melt water flows downward through the sea ice
and into the ocean below. Although this approach neglects many aspects of flushing,
it is able to reproduce field measurements of salinity (Vancoppenolle et al., 2007). In
this subsection we will introduce two parametrizations. The complex parametrization
attempts to model flushing as a physically consistent hydraulic system, and the simple
parametrization is a numerically cheap alternative based on the assumption that the
liquid fraction increases towards the surface during surface melt.

2.4.2 Complex flushing

It is known from the field observations of Eicken et al. (2002) that much of the brine
movement during flushing occurs horizontally in the upper layers. Once the horizontally
flowing melt water reaches a flaw or crack it drains below the sea-ice which can lead to
underwater ice formation (Eicken et al., 1995; Notz et al., 2003). The parametrization of
Vancoppenolle et al. (2006) has no explicit treatment of horizontal fluxes. Our goal is to
design a flushing parametrization which is as physically consistent as possible in a 1-D
model and includes horizontal brine fluxes which are highest close to the ice surface.
Additionally the parametrization should have as few free parameters as possible. The
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resulting parametrization (sketched in Fig. 5) treats sea ice as a hydraulic network in
which each model layer has a vertical and horizontal hydraulic resistance (R, and RA,,).
The assumptions on which the parametrization is based are:

TCD

8, 1723-1793, 2014
1. Cracks always exist in the ice, and the average horizontal distance between these

flaws grows linearly with ice thickness.

Jaded uoissnasiq

Sea-ice salinity
2. Once brine reaches such a crack it drains away to the ice-ocean interface without
interacting with the underlying ice layers.

P. J. Griewank and
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U
4. FIusEingT rr]nelt watfer flows Virticallyhfll'om Iayedr to Iayerdatr:d rr:or:]zodntallly to the (%;
cracks. The specific amount for each layer is determined by the hydraulic resis- : [
tances and the hydraulic head.
5. The hydraulic head is assumed to be equal to the freeboard ¢, resulting in a pres- =
. . . . . (@]
sure difference of Ap = {pg for the brine density p and gravitational constant g. é — “
The resulting parametrization has only a single free parameter 8 which determinesthe &
average distance x to the next crack for a given ice thickness h through x = G- h. A _ _
The Darcy flow in a porous medium with a hydraulic resistance of R leads to a mass = Back [ Close |
flux £ of T
- Full Screen / Esc
Ap-A [ SR
f= pr O
for the pressure difference Ap and liquid density p. In SAMSIM, for each layer / the — .
vertical hydraulic resistance =
U
. 'u X QO
Ri=—E Az 8 O
Y n(e)A @ g

1738


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/1723/2014/tcd-8-1723-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/1723/2014/tcd-8-1723-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

is defined by the permeability M which is a function of the layer’s liquid fraction ¢, the
brine viscosity u, the column area A, and the layer thickness Az.

To define the horizontal hydraulic resistance we take the average distance to the next
crack from our assumptions resulting in

Aoty
N(g)A,

In contrast to the vertical flow area A which is always 1 m? in the column model, the
horizontal flow area A\, varies with layer thickness as well as with the geometry of the
cracks and resulting flow field. We take A, to be equal to the vertical layer surface with
an area of Az'-1m.

The resulting horizontal and vertical brine fluxes (f, and f, as shown in Fig. 5) are
then computed from hydraulic head and resistance. The total resistance over multiple
layers is calculated as a sum of parallel and serial resistances, the same method used
in resistor ladder circuits. The total flux is limited by the amount of melt water present
in the top ice layer.

Vertical fluxes advect salt and heat from layer to layer using the upstream method,
while horizontal fluxes transport both salt and heat directly to the lowest model layer,
i.e. the ice-ocean interface. As the thermal profile in melting ice is almost uniform, the
vertical fluxes lead to a smaller desalination than the horizontal fluxes.

Although the top ice layer can accumulate melt water faster than it can flush away,
a fully liquid layer is impossible. As the top ice layer becomes more and more liquid,
the permeability increases and the horizontal hydraulic resistance of the top ice layer
decreases, resulting in a strong horizontal flushing in the top ice layer.

2.4.3 Simple flushing

We propose a second numerically cheaper parametrization which we will refer to as
the simple flushing parametrization. In contrast to the complex parametrization which
1739
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calculates brine fluxes which affect salinity via advection, the simple parametrization
directly modifies the salinity to fulfill a stability criterion. This stability criterion is based
on the simple assumption that the liquid fraction is highest in the top ice layer during
melt, and decreases into the ice.

The implementation is as follows. At each time step the melt water which forms in
the top ice layer as explained in Sect. 2.3.2 is removed. As the salinity of the melt
water given by the ice-brine liquidus relationship is higher than the bulk salinity of the
top ice layer, the melt water removal desalinates the top ice layer. At each time step it
is checked if d)l1 > ¢>|2. Given that the temperature differences between the top layers
is small during surface melt, the second saltier layer gradually becomes more liquid
than the fresher top layer. When this occurs, the salinity of the second layer is simply
reduced by a fixed fraction e. The same procedure is then applied the next lower layer
aslongas @, > ¢|"". Forexample if ¢ < @7 < ¢° > ¢, < @7, the salinity of the second
and third layer are reduced.

2.4.4 Flooding

Flooding can occur when snow pushes the ice below the ocean surface, causing ocean
water to well up and flood the snow. The resulting frozen mix of snow and ocean water
called snow ice can be identified by various means in ice cores, from which we know
that flooding occurs mainly in the Antarctic and contributes up to 25 % of ice produc-
tion in certain areas (Jeffries et al., 2001; Maksym and Jeffries, 2001). We base our
understanding and treatment of flooding on the work of Ted Maksym and Martin O.
Jeffries (Maksym and Jeffries, 2000, 2001; Jeffries et al., 2001). To readers interested
in flooding we recommend the PhD thesis by Maksym (2001).

Although at first glance flooding seems to be the same process as flushing but with
a reversed pressure gradient, there are a number of additional uncertainties. Field
measurements have shown that a negative freeboard does not automatically lead to
flooding, although the chance of flooding is higher the lower the freeboard. Additionally,
very little is known about what happens to the flooded brine once it reaches the ice
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surface. As flooding occurs at the bottom of the snow mantel, direct observations of
flooding are extremely difficult to obtain. Snow metamorphism is by itself a complex
process, but the interactions between flooding brine and snow are even more complex
and little research has been devoted to this specific issue. Brine movement must occur
at the ice surface after or during flooding, because otherwise snow-ice salinities would
be higher than the measured values.

As for flushing and gravity drainage we again developed two separate parametriza-
tions for flooding. However, the two flooding parametrizations are rather similar. We
will simply refer to the slightly more sophisticated parametrization as the complex
parametrization and the simpler one as the simple flooding parametrization.

2.4.5 Complex flooding

The complex parametrization assumes that during flooding ocean water passes
through cracks and channels in the ice to flood the snow layer. The flooding ocean
water is assumed not to interact with the brine in the sea ice, as Maksym and Jef-
fries (2001) showed that if flooding resulted in an upward brine displacement through
the whole ice the resulting desalination would quickly turn the ice impermeable. The
flux of ocean water to the surface is calculated as a Darcy flow driven by the negative
freeboard and limited by the permeability of the least permeable model layer. This ap-
proach can lead to a large negative freeboard if the ice layer is impermeable. To avoid
this a maximum negative freeboard (. is defined. If the freeboard sinks below this
threshold, the flux of ocean water necessary to raise the freeboard to the threshold is
determined and applied.

The ocean water which is transported to the ice surface forms a slush layer which is
added to the top ice layer. This is the same approach SAMSIM uses to imitate snow
melt and melt water wicking into the snow layer (described in Sects. 2.3.1 and 2.3.2).
However, given a snow solid volume fraction of approximately 30—40 % this approach
would result in the flooded slush layer having a very high salinity of roughly 209kg_1,
which is inconsistent with measurements. To avoid this high salinity, we assume that
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the ocean water which floods the snow simultaneously wicks upward and dissolves
additional snow into the slush which leads to a freshening of the slush. The ratio of
dissolved to flooded snow is assumed to be constant, and is defined by an additional
free parameter 6.

In this paper we use a value of 5cm for {,,,,, Which is based on the freeboard mea-
surements analyzed in Maksym and Jeffries (2000) and for § we use a value of 0.5 as
a preliminary best guess.

2.4.6 Simple flooding

The simple parametrization is simply the complex parametrization stripped of the per-
meability dependent flooding speed and without snow dissolving into the slush layer.
The simple parametrization is identical to the complex parametrization if the free pa-
rameters are set accordingly, {,,ax = 0m and é = 0