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ABSTRACT

The high heterogeneity of sea ice properties implies that its effects on the ocean are spatially variable at
horizontal scales as small as a few meters. Previous studies have shown that taking this variability into
account in models could be required to simulate adequately mixed layer processes and the upper ocean
temperature and salinity structures. Although many advanced sea ice models include a subgrid-scale ice
thickness distribution, potentially providing heterogeneous surface boundary conditions, the information
is lost in the coupling with a unique ocean grid cell underneath. The present paper provides a thorough
examination of boundary conditions at the ocean surface in the NEMO-LIM model, which can be used
as a guideline for studies implementing subgrid-scale ocean vertical mixing schemes. Freshwater, salt,
solar heat and non-solar heat fluxes are examined, as well as the norm of the surface stress. All of the
thermohaline fluxes vary considerably between the open water and ice fractions of grid cells. To a lesser
extent, this is also the case for the surface stress. Moreover, the salt fluxes in both hemispheres and the
solar heat fluxes in the Arctic show a dependence on the ice thickness category, with more intense fluxes
for thinner ice, which promotes further subgrid-scale heterogeneity. Our analysis also points out biases
in the simulated open water fraction and in the ice thickness distribution, which should be investigated

in more details in order to ensure that the latter is used to the best advantage.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of sea ice at the polar oceans surface has numer-
ous impacts on their upper layer physics and biogeochemistry. Its
high albedo compared to seawater strongly reduces the amount
of absorbed solar radiation, giving rise to the well-known positive
ice-albedo feedback (Curry et al., 1995). It constitutes an efficient
barrier for mass exchanges between the atmosphere and the sea
surface, inhibiting evaporation and preventing at least a fraction
of precipitation from entering the ocean at the time when it falls.
Owing to its low thermal conductivity (Pringle et al., 2007), sea
ice dampens the oceanic heat losses to the atmosphere in winter.
Because its salinity is lower than that of the sea surface, and be-
cause it is transported by winds and currents, its formation and
melt are associated with buoyancy fluxes that influence the up-
per ocean stratification, convective processes and eventually the
global thermohaline circulation (e.g., Goosse and Fichefet, 1999). A
compact sea ice cover prevents the formation of waves and direct
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wind-generated turbulence in the water column, but its relative
motion with respect to the water is a source of stress at the ocean
surface. From a biogeochemical point of view, sea ice modulates
the gas exchanges at the atmosphere-ice-ocean interface, provides
a support for microbiological activity and chemistry, and acts to
concentrate, transport or release nutrients and substances like in-
organic carbon (Vancoppenolle et al., 2013).

The sea ice cover is a fundamentally heterogeneous medium.
During summer, large open water areas can exist between the
melting floes. A few percent of the sea surface remain free of ice
even at the core of the winter season, in the form either of lin-
ear openings caused by divergence of the pack, known as leads, or
of polynyas created by strong winds or high oceanic heat supply.
The ice itself is a mixture of components ranging from thin new
ice formed in open water areas to ridges several meters thick re-
sulting from deformation inside the pack (Thorndike et al., 1975).
While the most substantial differences in surface conditions occur
between ice-covered and ice-free areas, several of the processes
listed above also depend on the sea ice type, thickness and surface
state. As these vary significantly on small horizontal scales, so do
their effects on the underlying ocean and the atmosphere above.

It has long been recognized important to represent the subgrid-
scale heterogeneity of ice thickness in order to accurately simulate
the sea ice evolution (Thorndike et al., 1975; Hibler, 1980). As a
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consequence, ice thickness distributions are included in most ad-
vanced models nowadays, among which CICE (Los Alamos Sea Ice
Model, Hunke et al., 2015) and PIOMAS (Pan-Arctic Ice-Ocean Mod-
eling and Assimilation System, Zhang and Rothrock, 2003). It al-
lows them to compute the open water fraction and the concen-
tration of ice of various thicknesses based on thermodynamic and
dynamic processes. The implementation details and the impacts
on model results are likewise intensively studied (e.g., Massonnet
et al., 2011; Komuro and Suzuki, 2013; Castro-Morales et al., 2014;
Hunke, 2014). However, the spatial heterogeneity in ocean surface
boundary conditions implied by this variability in ice properties
has been so far overlooked. This is explained by the fact that the
various ice thickness categories have to exchange information with
a unique ocean grid cell underneath, which requires the fluxes to
be aggregated into single values.

Previous studies have shown that taking the surface conditions
heterogeneity into account is necessary in order to adequately sim-
ulate the ocean physics below sea ice. By comparing vertical mix-
ing parameterizations commonly used in coarse resolution large-
scale models with large eddy simulations, (Losch et al., 2006) have
demonstrated that neglecting the heterogeneous nature of buoy-
ancy fluxes associated with a partial ice cover leads to biases in the
mixed layer depth and the upper ocean density structure. Brine re-
jection parameterizations have for instance been developed to rep-
resent the impacts of intense convective mixing in winter leads
(e.g., Duffy and Caldeira, 1997; Nguyen et al., 2009; Barthélemy
et al., 2015). Further studies have implemented explicit separate
vertical mixing computations in fractions of individual grid cells
corresponding to ice and to open water (Holland, 2003; Jin et al.,
2015).

Nevertheless, a detailed description of the heterogeneous ocean
surface boundary conditions under sea ice is still missing, to our
knowledge. The objective of the present paper is therefore to fill
in this gap. In addition to leading to a better understanding of
the spatial distribution of sea ice-ocean interactions, this will be
of great interest to help interpreting the results of the above-
mentioned studies. Under-ice observations are still far too sparse
to allow examining under-ice fluxes at large scale and in all sea-
sons. Our study will hence make use of the global ocean-sea ice
model NEMO-LIM, whose ice component includes a state-of-the-
art ice thickness distribution and in which the subgrid-scale het-
erogeneity of all fluxes and of the stress provided at the ocean sur-
face will be thoroughly investigated.

This paper is organized as follows. The NEMO-LIM model setup
is described in Section 2, with a particular emphasis on the ocean
surface boundary condition aspects. The modeled mean sea ice
state and ice thickness distribution are documented in Section 3,
because they constitute the background for the simulation of het-
erogeneous boundary conditions. The latter are presented and dis-
cussed in Section 4. A summary of our findings is finally given in
Section 5.

2. Model setup
2.1. Ocean-sea ice model NEMO-LIM

The ocean component of NEMO (Nucleus for European Mod-
elling of the Ocean) is a finite difference, hydrostatic, free sur-
face, primitive equation model fully described in Madec (2008).
The ocean model’s version 3.5 is coupled to the latest revision
of the dynamic-thermodynamic sea ice model LIM (Louvain-la-
Neuve sea Ice Model), known as LIM3.6 (Vancoppenolle et al.,
2009; Rousset et al.,, 2015). LIM includes an ice thickness distri-
bution (ITD), which allows to represent the subgrid-scale hetero-
geneity of ice thickness, enthalpy and salinity. A C-grid formulation
of the elastic-viscous-plastic rheology is utilized for ice dynamics

(Bouillon et al.,, 2013). The model configuration is very close to
the one used in Barthélemy et al. (2015). Three noticeable differ-
ences are listed hereafter, along with details about the ocean sur-
face boundary conditions (SBCs) and the experimental design.

First, compared to Barthélemy et al. (2015), we use a slightly
updated version of LIM, in which several minor heat conservation
leaks have been fixed (Rousset et al., 2015).

Second, the background diffusivity in the so-called TKE vertical
mixing scheme (for turbulent kinetic energy, Blanke and Delecluse,
1993; Madec, 2008) has been lowered in the polar regions, fol-
lowing studies showing that it improves Arctic Ocean simulations
(Zhang and Steele, 2007; Nguyen et al., 2009; Komuro, 2014). In
practice, a tenfold reduction of the background vertical diffusiv-
ity poleward of 60° N and of 60° S is implemented, whereas the
reference value (1.2 x 107> m/s2?) is maintained between 50° N
and 50° S. The transitions between the different sectors are linear.
In the Antarctic, results are mostly unaffected because the vertical
diffusivity computed by the TKE scheme is nearly always above the
default background value. Lowering the latter has therefore almost
no impact in this region. Simulated mixed layer depths (MLDs) in
the Arctic Ocean are reduced, leading to a better agreement with
observations (Barthélemy et al., 2015).

Third, two artificial connections present in the standard ver-
sion of LIM between the ice-free and ice-covered fractions of grid
cells have been removed. Previously, ice was allowed to grow in
the ice-free part of a grid cell only if the surface heat loss was
large enough as to cool the entire top oceanic cell down to the
freezing point. On the other hand, in the melting season, positive
surface heat fluxes in open water were not used to increase the
temperature of ocean cells in which ice was still present, but were
rather transferred to the sea ice base. These two processes pro-
vided an instantaneous link between the ice-free and ice-covered
parts of grid cells, and complicated the interpretation of ocean sur-
face fluxes in open water and below ice. Their removal leads to
smaller open water fractions in winter, but the combined effect
on sea ice thickness is weak. The code has been modified so that
ice can grow in the ice-free fraction of a grid cell as soon as the
heat loss is sufficient to lower the temperature of the correspond-
ing cell fraction to the freezing point, and positive heat fluxes in
open water simply increase the sea surface temperature (SST). The
impact of the treatment of ice formation in leads has been exam-
ined in greater detail in a recent study using the sea ice model
CICE (Wilchinsky et al., 2015).

In virtually all large-scale applications since it was introduced
in version 3 of LIM, the ITD has been used with five ice thickness
categories. The surface of each grid cell is thus separated into six
parts. The first one is the ice-free fraction, representing open water
and leads within the sea ice cover, and the remaining five corre-
spond to the ice thickness classes, each one having its own concen-
tration. The upper thickness limits for the first four categories are
0.63 m, 1.33 m, 2.25 m and 3.84 m, while the fifth is unbounded.
Transfers between the different categories are caused by thermo-
dynamic growth or melt and by the deformation processes that
the model accounts for, namely ridging and rafting (Vancoppenolle
et al., 2009).

2.2. Ocean surface boundary conditions

Our aim here is examining the subgrid-scale heterogeneity of
ocean SBCs associated with the ITD present in LIM. To this end,
the surface thermohaline fluxes and the norm of the surface stress
have been diagnosed separately for the six fractions of each grid
cell.

On the one hand, the thermohaline fluxes are the main drivers
of SST and sea surface salinity (SSS) variations, and hence of buoy-
ancy changes at the ocean surface. We will look at the freshwater,
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salt and heat fluxes, the latter being further split into its solar and
non-solar components. In this study, a positive flux is directed to-
wards the ocean. The surface stress is, on the other hand, a driver
of turbulent mixing in the upper ocean. In the TKE vertical mixing
scheme used in our NEMO configuration, its norm sets the surface
boundary condition on turbulent kinetic energy (Madec, 2008). It
is worth mentioning that, in this version of the TKE scheme, the
parameterization of surface and internal wave breaking depends
on the ice fraction. Since the vertical mixing computations remain
unique in each oceanic columns, this does not constitute a subgrid-
scale mixing scheme. The SBCs also have effects on upper ocean
currents, but the impact of their heterogeneity is more complex
and not discussed here.

It is important to note that these subgrid-scale fluxes and stress
are merely diagnostics in this work. They are still aggregated across
the six grid cell fractions before being transmitted to the ocean
model. The formulation and the terms included in each of these
SBC variables are detailed in the following subsections. All model
features listed below are from Vancoppenolle et al. (2009) and
Rousset et al. (2015) for the sea ice and from Madec (2008) for
the ocean.

2.2.1. Freshwater and salt fluxes

To understand how freshwater fluxes affect the SSS in the
model, it must be mentioned that our setup uses NEMO in its lin-
ear free surface formulation, with a filtering term in the momen-
tum equation to dampen the fast external gravity waves (Roullet
and Madec, 2000). This approach allows taking into account the
mass flux due to freshwater input at the ocean surface in the
momentum equation. However, the linearization implies that the
ocean volume is fixed in time and that the thickness of the first
ocean layer in particular is constant. Consequently, the salinity
concentration or dilution effect associated with negative or positive
(according to the convention chosen above) freshwater fluxes Fy, is
achieved by turning them into virtual, or equivalent, salt fluxes F;, v
following:

F&v = _Ffwsss,

where S is the sea surface salinity. By comparison, in a non-linear
free surface context with variable volumes, such a virtual salt flux
would not be necessary. In that case, the thickness of the first
ocean layer would adjust to the freshwater flux and the SSS change
would arise from the concentration or dilution of its unchanged
salt content.

Freshwater fluxes in open water include evaporation and solid
precipitation. A fraction ff of all solid precipitation, with 8 = 0.6,
reaches the open water area f;, because winds blow some snow
off the sea ice surface. In the rare cases when the air temperature
is high enough to allow liquid precipitation over sea ice, these are
supposed to percolate through the ice and reach the oceanic grid
cell surface uniformly. Concentrating liquid precipitation in open
water, in an attempt to mimic runoff from the ice, would indeed
result in extremely large freshwater fluxes when the ice-free area
is small. Moreover, a SSS restoring towards the PHC3 climatology
(Polar Science Center Hydrographic Climatology, Steele et al., 2001)
is implemented as a damping term in the surface freshwater bud-
get, with a 310 days time scale for a 50 m mixed layer. This term
is likewise spread out uniformly at the surface. It is furthermore
multiplied by the open water fraction fy, meaning that its magni-
tude is reduced under sea ice, as in Barthélemy et al. (2015). Fi-
nally, although continental runoffs are taken into account in the
model, they are not included in the freshwater fluxes examined
here.

Since the pressure effect of sea ice is not included in our
model configuration, the formulation of ice-related processes im-
plies small errors on the ocean dynamics, but their consideration is

beyond the scope of the present study (e.g., Schmidt et al., 2004).
As a concrete example of freshwater and salt exchanges between
the ice and the ocean, the formation of sea ice at salinity S; is as-
sociated in reality with a negative freshwater flux FJZW (out of the

ocean) and with a real salt flux F;r given by:
E.=F,Si.

This flux is also negative, meaning that a relatively weak
amount of salt is extracted from the ocean to be stored in the sea
ice. The observed increase in SSS following sea ice formation is due
to the concurrent freshwater output, whose concentration effect is
included, as above, by means of a virtual salt flux in the model.
The total flux used to compute the SSS evolution is then:

P;i = Fslr + P;lv = F}W(S,- = Sss)

and is indeed positive for sea ice formation, since Ff"W <0 and
S; < Sss. Bottom growth, bottom melt, surface melt, snow-ice for-
mation and formation of new ice in open water are handled with
such a combination of real and virtual salt fluxes. The fluxes from
each category and from open water are readily attributed to the
corresponding grid cell fractions.

Three additional sea ice and snow processes affect freshwater
and salt fluxes below each ice category. Firstly, the advanced halo-
dynamics scheme included in LIM allows a representation of brine
entrapment and drainage, and makes the sea ice salinity variable
both in space and time. The rejection of brine through gravity
drainage and flushing is treated as pure, real salt fluxes which are
specific to each ice category. Secondly, the melt of snow accumu-
lated on sea ice induces a pure freshwater flux to the ocean, dis-
tinct for each category. It is thus handled as a virtual salt flux in
the computation of SSS. At last, ridges simulated in LIM are as-
sumed to have a porosity of 0.3. The entrapped water volume is
turned into ice with salinity S; =S, i.e. there is no immediate
brine rejection. The corresponding F! is zero, showing that the for-
mation of porous ridges has no direct impact on the SSS. Subse-
quent brine drainage occurs nonetheless and lowers the salinity of
the ridges.

What we refer to as salt flux in the following sections is actu-
ally the combination of both real and virtual components, the lat-
ter accounting for the effects of freshwater fluxes, which therefore
do not need to be examined separately.

2.2.2. Heat fluxes

The solar radiation reaching the ocean surface is strongly re-
duced under sea ice. The high ice albedo, which in the model
depends on the state of the surface, the ice thickness, the snow
depth and the cloudiness, implies that a large fraction of the radi-
ation is reflected back to the atmosphere. The remaining solar flux
is totally absorbed by snow, if present. Without snow, the upper
ice layer absorbs a fraction of the net surface radiation, while the
rest is transmitted through the ice, where it attenuates exponen-
tially with an attenuation length equal to 1 m. The solar heat flux
considered here is the amount of energy per unit time and area
that eventually reaches the ice-ocean interface. It can vary signif-
icantly from one sea ice category to another, since they have dif-
ferent snow covers and, by definition, different thicknesses. Inside
the ocean, as parameterized in the model, 42% of the surface flux
are associated to wavelengths at which seawater is more transpar-
ent. This fraction of the flux penetrates the top few tens of meters
with a decreasing exponential profile and contributes to local heat-
ing. Because of a much shorter depth of extinction, the remaining
58% are absorbed in the first few meters.

The constituents of the non-solar heat flux at the ocean surface
are very distinct under sea ice and in the open water. Under ice,
the major contribution is the sensible heat flux from the ocean to
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the ice Fy. Following McPhee (1992), it is taken to be proportional
to the difference between the sea surface temperature Tss and the
ice base temperature, corresponding to the freezing point Ty at the
local salinity. It is also related to the norm of the ice-ocean rela-
tive velocity through the friction velocity u;, whose lower bound
is fixed here at 5 x 10=3 m s~!'. We have:

Fy = prwChuTO(Tss - Tfr)

where py is the reference seawater density, ¢, the specific heat of
seawater and c;, a heat transfer coefficient equal to 0.0057. Positive
heat flux to the ice F,, are negative contributions to the non-solar
heat flux, with our convention. They are identical for all ice cat-
egories, since the SST and SSS (hence Tj) are unique within one
grid cell. The non-solar heat flux at the ice-ocean interface also in-
cludes smaller terms originating from mass exchanges at temper-
atures different from the SST, for instance from ice or snow melt,
which can vary from one category to another.

In the open water fraction of grid cells, the non-solar heat flux
is made up of the atmosphere-ocean longwave, sensible and la-
tent heat fluxes, which are computed from the classical CLIO bulk
formulas described by Goosse (1997). Smaller contributions come
from the sensible heat of precipitation and from the latent heat
of solid precipitation. In conditions of sea ice formation, a frac-
tion of the non-solar flux is used to erode the ocean heat content
and lower the SST to the freezing point, while the remaining is
compensated by the latent heat released by seawater freezing. The
first component can be non-negligible in case oceanic heat is sup-
plied from the subsurface (Haid and Timmermann, 2013). The sec-
ond component does not lead to SST variations, and its effects on
the water column stability are through salt fluxes associated with
ice formation. In the following, we consider the first component
only and refer to it simply as the non-solar heat flux, although it
might not be its usual definition.

2.2.3. Surface stresses

Both the atmosphere-ocean and the ice-ocean stresses derive
from quadratic bulk formulas. The drag coefficients are 1 x 103
and 3 x 1073, respectively. The norm of the ice-ocean stress is
the same for all categories, since the drag coefficient is taken as
a constant. More recent parameterizations allow this coefficient to
be dependent on the sea ice state and therefore to evolve spatially
and temporally (Tsamados et al., 2014), and could be of interest to
refine the ice-ocean momentum exchange.

2.3. Experimental design

The model simulation is designed as follows. The initial tem-
perature and salinity fields are taken from the World Ocean At-
las 2001 (Conkright et al., 2002), and the ocean-sea ice model is
run from January 1948 until December 2014. Atmospheric forcing
fields consist of a combination of NCEP/NCAR daily reanalysis data
of surface air temperature and wind speed (Kalnay et al., 1996)
with monthly climatologies of relative humidity (Trenberth et al.,
1989), cloudiness (Berliand and Strokina, 1980) and precipitation
(Large and Yeager, 2004). Continental runoff rates are prescribed
from the climatological dataset of Dai and Trenberth (2002). In the
Antarctic, a runoff of 2600 Gt year~! is distributed over the grid
boxes closest to the continent, with a seasonal cycle presenting a
maximum in December and a minimum from June to August. Heat
fluxes at the atmosphere-ice and atmosphere-ocean interfaces are
parameterized as in Goosse (1997).

The ocean and sea ice models run over a common domain
extending from 78° S to 90° N. This domain is discretized on
the quasi-isotropic global tripolar grid ORCA1, based on the semi-
analytical method of Madec and Imbard (1996), which has 1° reso-
lution in the zonal direction. A z coordinate is used on the vertical.

Fig. 1. Selected areas for the computation of mean seasonal cycles.

The surface layer is 6 m thick. The thickness of the 46 layers in-
creases non-uniformly with depth, reaching 20 m at 100 m depth
and 250 m for the bottommost layer. The ocean model has a time
step of 1 h and LIM is called every six ocean time steps.

3. Results: sea ice

Results from our NEMO-LIM simulation are now examined,
starting with the overall state of the sea ice and the ITD. Ex-
cept when compared to specific observational datasets, the last 20
years (1995-2014) of the outputs are analyzed. The 47 year spinup
(1948-1994) in the single cycle of the NCEP/NCAR reanalysis that
we run is sufficient for the sea ice and upper ocean to adjust to
the forcing. It is therefore also appropriate for the analyses of SBCs
that we want to conduct.

In this section and the following, mean seasonal cycles of
spatially-averaged model fields are shown. In both hemispheres,
the domain chosen for the averaging is the intersection between
the regions depicted in Fig. 1 and the areas where the monthly
mean sea ice concentration exceeds 15%. During the summer
months, the 15% threshold is more restrictive. It is required to
avoid including areas of very low ice concentrations, where the
considered fields tend to depart very strongly from the values they
have elsewhere. During the winter season, the domain is rather
constrained by the regions selected in Fig. 1, which are chosen
in order to ensure that the average values are typical of the in-
ner sea ice pack. The Arctic area includes the Arctic Ocean and
the marginal seas, excluding the Barents Sea and with bound-
aries at Bering Strait, the northern limit of the Canadian Arctic
Archipelago (CAA) and Fram Strait. Without an obvious physical
northern boundary, the Antarctic area is based on a visual ex-
amination of the position of the simulated winter sea ice edge.
The conclusions derived from the mean seasonal cycles shown in
Figs. 2, 6 and 10 are qualitatively insensitive to the details of the
areas chosen above. Quantitatively, however, one has to keep in
mind that these figures represent the situation for the inner sea
ice pack.

The 15% ice concentration threshold further implies that the sea
ice edge is systematically excluded from the computation of mean
seasonal cycles. While we will not study this part of the sea ice
cover in details, the spatial distributions presented in Figs. 3, 7, 8,
9 and 11 are not masked but show the mean 15% ice contours, al-
lowing to visualize how the ice edge differs from the rest of the
pack. These maps are shown for February and July in the North-
ern Hemisphere (NH) and for January and August in the South-
ern Hemisphere (SH). These months have been found to be the
most representative of the winter situation immediately prior to
the sea ice extent maximum (February and August) and of the
summer season (July and January) for the various fields that we
examine.
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Fig. 2. Seasonal cycles of simulated fractions of grid cells covered by open water/leads and by ice categories, averaged in the areas depicted in Fig. 1 and where sea ice
concentration exceeds 15%, in the Arctic (a) and the Antarctic (b). The upper bounds for the first four ice thickness categories are 0.63 m, 1.33 m, 2.25 m and 3.84 m. The

fifth category is unbounded.

Table 1

Sea ice metrics in observations or reanalyses and as simulated by the model. Sea ice extent
is compared between 1983 and 2012 with passive microwave products generated with the
Bootstrap algorithm (Comiso, 2000). Arctic sea ice volume estimates are from the PIOMAS
reanalysis (Schweiger et al., 2011) over the 1983-2013 period. The Antarctic sea ice volume
data are from the model reconstruction by Massonnet et al. (2013) between 1980 and 2008.

Arctic Antarctic

Obs./reanalysis Model  Obs./reanalysis Model
Max. monthly extent (106 km?) 15.5 171 19.2 20.8
Min. monthly extent (10° km?) 6.7 7.9 3.2 7.6
Trend extent (10 km? year—') —53 —56 +21 +28
Max. monthly volume (10° km?®)  27.8 33.0 10.1 16.2
Min. monthly volume (103 km?3) 1.2 17.4 1.9 4.7
Trend volume (km? year—!) —346 —361 +36 + 34 +60

3.1. Overall view

In Table 1, general sea ice metrics are given that allow to com-
pare the model results with observations.

Arctic sea ice extent is slightly overestimated compared to
passive microwave products generated with the Bootstrap algo-
rithm (Comiso, 2000). The positive bias is larger in winter and is
comprised between 1 and 2 x 10% km?2 throughout the year.
The declining trend over recent decades is in excellent agree-
ment with observational estimates. While absolute values of ice
volume appear significantly larger than the PIOMAS reanalysis
using data assimilation (Schweiger et al., 2011), the amplitude
of its mean seasonal cycle is very similar, as is its interannual
trend. The differences in total volume can be shown to originate
from the CAA, whose representation by the model is challeng-
ing at 1° resolution and where thick stagnant ice accumulates
in LIM.

The positive bias in sea ice extent in the Antarctic is larger than
in the NH, most importantly in summer when the observed ex-
tent is less than half the simulated one. This seems to be caused
by an inability to melt ice rapidly enough during spring in the
simulation. This issue was already present in studies using older
versions of LIM with a similar atmospheric forcing (CLIO bulk for-
mulas, Massonnet et al., 2011; Lecomte et al., 2013), but is absent
in a more recent configuration where another forcing formulation
is used (CORE bulk formulas, Rousset et al., 2015). The excessive
summertime ice cover is located mostly in the eastern Weddell
Sea, and to a lesser degree in the Ross and Amundsen Seas. This
is the main discrepancy between model results and available ob-
servations, which has to be kept in mind when analyzing other as-

pects of the simulation. It is also associated with a positive bias
in sea ice volume compared to the model reconstruction with data
assimilation of Massonnet et al. (2013). Interestingly, the simulated
trend in Antarctic ice extent is comparable with satellite estimates,
whereas the volume trend in LIM lies within the range provided
by Massonnet et al. (2013).

3.2. Ice thickness distribution

Mean seasonal cycles showing the behavior of the ITD in LIM
are presented in Fig. 2. In both hemispheres, the mean open wa-
ter fraction falls very close to zero in winter and peaks between
0.3 and 0.4 in summer. As a reminder, these values are obtained
from an averaging inside the sea ice pack by excluding areas with
less than 15% concentration. The amplitude of the seasonal varia-
tions of ice categories fractions tends to decrease with increasing
thickness. This is more striking in the SH where the third category
already has a very weak seasonal cycle. The distribution across the
different classes is also very distinct in the Arctic and the Antarc-
tic. In the former, all categories contribute notably to the total sea
ice concentration, while in the latter the first two ice classes are
clearly dominant, with a smaller contribution from the third one
in winter. A recent study has shown that having five categories in
an ITD may not be enough to provide an accurate representation of
the Arctic sea ice cover (Hunke, 2014). The issue is therefore likely
even more critical in the SH. Thin ice forms as the freezing sea-
son begins, before being progressively replaced by thicker ice, ei-
ther from thermodynamic growth or from deformation processes.
This evolution is visible in the mean seasonal cycles. Starting in
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summer, the months of the maximum mean fraction of each ice
class are indeed exactly ordered according to their thickness.

Fig. 3 shows that the distribution among ice categories is ex-
tremely variable in space. In February in the NH, high concentra-
tions in the first and second ice categories are confined along the
sea ice edge and in the marginal seas and eastern part of the Arc-
tic basin, respectively. Most of the Arctic Ocean is occupied by ice
in the third thickness category, with large values in the fourth and
fifth ones north of Greenland and in the CAA. In July, extensive
areas are still covered with ice in the third class, while the con-
centration of the first one has increased in the central part of the
basin as a result of melting of thicker ice.

The same distinctions among the categories can be observed in
the SH. In winter, thin ice is present in the northernmost regions,
but also in coastal areas (mostly in the Ross Sea and along the
coast of East Antarctica), where strong offshore winds transport ice
northwards, creating polynyas and reducing the mean ice thickness
(e.g., Barthélemy et al., 2012; Nihashi and Ohshima, 2015). Thicker
ice in the inner sea ice pack is represented mostly by the second
category, and to a small extent by the third one in the Weddell,
Bellingshausen and Amundsen Seas. In summer, the open water
fraction is more variable than in the Arctic, with large values in
the regions of thin winter ice, especially in the Ross Sea polynya.

The large-scale validation of a modeled ITD is a complex task.
Nonetheless, the measurements collected during Operation Ice-
Bridge campaigns provide a way to carry out a model-observation
comparison in specific seas and regions with sizes of the order of
500 km. Datasets obtained during airborne surveys from an array
of remote sensing platforms have been processed to retrieve sea
ice freeboard and snow depth, from which ice thickness is derived
based on a hydrostatic balance assumption (Kurtz et al., 2013).
Two separate datasets are utilized here. The first one, which has
been reprocessed very recently, includes data collected mostly in
the American side of the Arctic Ocean from 2009 to 2013 in the
months of March and April (Kurtz et al., 2015). The second includes

measurements from two campaigns in October of the years 2009
and 2010, primarily in the Weddell Sea (Kurtz et al., 2012).

IceBridge data are given at 40 m resolution in the along-
track direction. We compute the observed ITD by constructing his-
tograms with thickness ranges corresponding to the LIM ice thick-
ness categories. The simulated ITD is taken as the five ice classes
average concentrations. Because of this difference in the way mean
ITDs are computed, large spatial gradients in sea ice properties
could make the model-data comparison questionable. In order to
minimize the issue, the analysis is carried out in limited areas
where the IceBridge data coverage is high (Fig. 4). Three areas are
selected in the Arctic: north of Greenland and the CAA (NH-A, 84-
87° N, 5-115° W), in the northern part of the Canada Basin (NH-
B, 81-84° N, 120-155° W) and north of Alaska (NH-C, 72-77° N,
140-170° W). The data from March and April are aggregated. In
the SH, a single area in the Weddell Sea is considered (SH-D, 68-
73° S, 38-53° W). Nevertheless, the retrieval of snow depth from
the radar system for the Antarctic region is still highly uncertain
(Kurtz et al., 2013). As a consequence, only sea ice freeboard is pro-
vided in the IceBridge dataset. We crudely assume three uniform
snow depths of 0.1, 0.3 and 0.5 m, to obtain an uncertainty range
in the ice thickness recovered from hydrostatic balance. The range
in snow depth is likely sufficiently wide to include a realistic es-
timate (Lecomte et al., 2013). For points where the assumed snow
thickness is larger than the measured freeboard, it is reduced to be
equal to the latter. In the end, several tens of thousands thickness
data points can be used in each region.

The ITDs derived from observations and from the model are
shown in Fig. 4. In the Arctic, the overall shape of the distribu-
tion is well reproduced, exhibiting in each region a dominance
of intermediate ice thicknesses over thin and thick ice types. Yet,
quantitatively, large differences occur with IceBridge estimates. In
NH-A, the model lacks 50% of the ice thicker than 3.84 m. In the
other two Arctic areas, the ice is too concentrated in the third cat-
egory, at the expense of almost all other ones in NH-B, or of only
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the thinner ones in NH-C. The apparent good agreements between
simulated and observed mean thicknesses are therefore achieved
through a representation of the ITD that is reasonable but still dis-
plays clear biases. Errors up to 50% in specific category concentra-
tions are indeed not uncommon. It is worth noting however that
the IceBridge ice thicknesses have a large uncertainty, of the or-
der of 75 cm on average in the NH areas considered (Kurtz et al.,
2015).

In the SH, the absence of snow measurements prevents a de-
tailed model-observation comparison. Nonetheless, whatever the
assumed snow depth, too much ice lies in the second category,
while ice above 2.25 m appears critically missing from the mod-
eled ITD. The processing of the IceBridge measurements includes a
filter designed to remove the data contaminated by icebergs (Kurtz
et al., 2012), which hence cannot explain this discrepancy. We note
a negative bias in the simulated mean ice thickness in SH-D, that
is specific to this region. Except in a few coastal areas, LIM in this
configuration actually overestimates the Antarctic sea ice thickness
compared to the ASPeCt dataset based on shipboard observations
(Antarctic Sea ice Processes and Climate, Worby et al., 2008), with
a mean absolute error of 45 cm.

A comparison of the observed and simulated winter open water
fractions is finally presented in Fig. 5, over a common and longer
period for both hemispheres (2001-2010). Results are qualitatively
insensitive to the chosen winter months. A large spread exists be-
tween the probability density functions obtained for the Bootstrap
(Comiso, 2000) and NASA Team (Cavalieri et al., 1996) algorithms,
although they utilize the same passive microwave datasets. These
uncertainties in the observational estimates illustrate the difficul-
ties to derive accurately low open water fractions from satellite
measurements. The differences between the two products are es-
pecially large in the Antarctic, where the NASA Team algorithm
yields much lower sea ice concentrations. In any case, the simu-
lated open water fractions seem strongly underestimated in win-
ter in both hemispheres. This is related either to a lack of ice
divergence in the model, or to an excessively rapid closing of
leads. The bias likely reaches a few percent in the Arctic and is
as large as 10 to 15% in the Antarctic if the NASA Team product is
considered.

4. Results: ocean surface boundary conditions
The discussion in the previous section has demonstrated that

the simulated concentrations in open water and in ice thickness
categories differ quantitatively from reality. In the detailed exami-

nation of SBCs that follows, we will thus mostly focus on the ther-
mohaline fluxes and surface stress for the six parts of grid cells
separately, regardless of their areal fraction. In other words, the
spatially averaged seasonal cycles are computed without weight-
ing the fields by the concentrations of the open water and ice
categories, in order not to be impacted by errors in the modeled
ITD. The contribution of a specific portion of the surface to the
total flux or stress is also of interest to estimate to which ex-
tent it participates in the forcing of the ocean. But these mean
contributions depend on the areal fractions of open water and
ice categories, whose representation in the simulation is uncer-
tain. This aspect will consequently be only briefly addressed in
Section 4.4.

4.1. Salt fluxes

The mean seasonal cycles of salt fluxes are shown in Fig. 6 and
the geographical distributions are presented in Fig. 7. In winter,
the most intense ice production rates take place in leads. Their salt
fluxes are at least one order of magnitude larger than those of any
ice category. They reach almost 0.05 and 0.04 kg PSU m~—2 s~! on
average in the Arctic and Antarctic, respectively. To put these val-
ues in perspective, the growth, over the course of one month, of
1 m of ice whose salinity is 30 PSU lower than the SSS would cor-
respond to a salt flux of 0.01 kg PSU m~2 s~!. In one month, such a
flux would increase the salinity of a 50 m mixed layer by 0.5 PSU.
Fluxes of large magnitude are widespread across the Arctic basin
and their values tend to decrease towards lower latitudes and to-
wards the sea ice edge, where air is less cold. In the SH, the largest
fluxes are essentially found in a narrow band around the continent.
Exceptions are the northern tip of the Antarctic Peninsula, as well
as a central part of the Ross Sea and an area west of the Amery
Ice Shelf, where sea ice production is counteracted by high oceanic
heat supply (Fig. 9).

The freezing rate below existing ice is determined by the bal-
ance between the oceanic and conductive heat fluxes. Since the
latter is inversely related to ice thickness while the former is iden-
tical for all categories, more ice forms under the thinner classes.
Other factors contributing to this relation include a shallower
depth of insulating snow on young thin ice and, in the Antarctic,
more frequent snow-ice formation for thin ice that cannot support
a lot of snow. Decreasing salt fluxes for categories of increasing
thickness are indeed visible in model results (see also the equiv-
alent of Fig. 6 in the supplementary material, in which the axes
have been adjusted in order to better visualize the differences
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between the ice categories). The relation breaks in the Arctic sea-
sonal ice zone and in the Antarctic for the fourth and fifth cate-
gories. In those regions, very thick ice is only produced by ridging,
which incorporates large amounts of salt. The effect of later brine
drainage is to yield positive salt fluxes, up to 0.02 kg PSU m~2 s~!
locally, even though such ridges may be so thick as to melt from
below throughout the year. This process occurs, however, for very
small concentrations. Finally, for all categories and both hemi-
spheres, sea ice advected close to or across the ice edge is melt-
ing, hence freshening the ocean, even during the coldest winter
months.

In summer, the salt fluxes in the open water and leads are very
low, reaching a minimum of the order of —5 10~ kg PSU m~2 s~!
on average in both hemispheres. They actually only comprise the
effects of evaporation and precipitation, since no explicit lateral
melt is implemented in LIM. Besides, no runoff from the snow and
ice surface melt is assumed. This is a physical shortcoming of the
model, but determining the fraction of the meltwater that flows
onto the ice surface and reaches the open water is a non-trivial
question. This is also related to the representation of melt ponds,
which are absent from this version of LIM but have been examined
recently (Lecomte et al., 2015).

Negative salt fluxes from ice melt are larger in magnitude
than the positive fluxes from ice growth, but the melt season
is shorter than the growth season so that the two nearly com-
pensate in an annual mean. Summer fluxes are of the order of
—0.01 kg PSU m~2 s~! in the NH and —0.005 kg PSU m~2 s~!
in the SH. The differences among the ice categories show that the

melt rate varies from one to the other as well. Thin ice loses its
snow cover more rapidly, which increases its albedo and its surface
melt. In July in the Arctic, the ocean freshens almost twice as fast
under the first category than under the fifth. The peak in salt flux
for the fifth ice class in June is due to brine flushing favored by in-
creasing ice temperatures and meltwater input at the surface. The
largest freshening occurs along the sea ice edge, where air temper-
atures are high and where the ocean is strongly warmed by solar
radiation entering large open water areas.

4.2. Heat fluxes

Simulated solar heat fluxes are shown in Figs. 6 and 8. The
mean seasonal cycle for the open water portion of grid cells is
mostly driven by the strong seasonality of insolation in polar re-
gions. To a small extent, these cycles can be modulated by changes
in cloudiness, whose importance is clearly visible in the spatial dis-
tribution. In the Arctic, solar radiation at the ocean surface is es-
sentially zero from October to February and peaks at 1770 W m~2
in June. The mean solar heat flux in the SH area that we have
chosen for analysis (Fig. 1) is close to zero only from May to July,
because it extends to lower latitudes. The maximum insolation of
190 W m~2 occurs in December.

As a reminder, for the ice-covered fractions of grid cells, what
we consider is the penetrative shortwave flux that reaches the base
of the ice. As explained in Section 2.2.2, the amount of solar en-
ergy transmitted through sea ice depends not only on its thickness,
but also on the state of the snow cover and of the ice surface. In
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our simulation, Antarctic sea ice remains snow-covered throughout
summer, except the first category in limited areas along the edge
and in the Amundsen Sea. There, up to 25 W m~2 is transmit-
ted through the first sea ice category. However, when averaged
over the entire ice pack as in Fig. 6, the numbers become much
smaller. Thus, in the model, little solar radiation appears to reach
the Southern Ocean from the ice, although this claim could be af-
fected by its positive summer ice bias.

The situation is different in the Arctic. Except very locally for
the thickest ice, snow melts away during summertime. The peak
in transmitted solar heat results from both the changes in sur-
face conditions and the general increase in insolation. Expectedly,
more radiation enters the ocean earlier in the season through thin-
ner ice. The maximum occurs in July with values of 28, 13 and
5 W m~2 on average for the first three categories, while being neg-
ligible for the thickest two (see also the equivalent of Fig. 6 in the
supplementary material). This is slightly later than suggested by
the results of Arndt and Nicolaus (2014), whose observation-based
estimates indicate a maximum monthly mean solar heat flux under
ice in June, with 96% of the annual input taking place between May
and August. Using under-ice measurements taken mainly in August
2011, Nicolaus et al. (2012) find a threefold increase in transmitted
solar radiation between first-year ice and multi-year ice. The ra-
tios between the solar heat flux in August under the first category
and the second, third and fourth ones are 3, 9 and 27, respectively.
Under the assumption that thicker ice is older, this might suggest
too large a gradient in transmitted solar energy in the model. Fi-
nally, energy budget measurements of a melting ice floe 0.8 m
thick north of Svalbard in July and August 2012 give a transmitted
heat flux through ice of 26 W m~2 (Hudson et al., 2013). Simulated
solar fluxes for the corresponding region and period range between

10 and 15 W m~2 for the second ice category, whose thickness in-
terval (0.63 to 1.33 m) encompasses that of the observed floe. A
better agreement is found with the thinner first category, whose
fluxes lie between 20 and 30 W m~2.

The mean seasonal cycles of non-solar heat fluxes are plot-
ted in Fig. 6. As mentioned in Section 2.2.2, differences among
the sea ice categories can only originate from heat fluxes asso-
ciated with mass exchanges in the model. It turns out that the
fluxes for the different categories are practically indistinguishable.
This means that the only significant contribution is the oceanic
heat flux to the ice base, which is uniform in each grid box. Only
the first category is therefore represented in the spatial distri-
butions shown in Fig. 9. In contrast to the solar component of
the surface heat flux, the non-solar part always acts to cool the
ocean.

Seasonal changes in ocean-to-ice heat flux are mostly driven
by SST variations because the ice base temperature is fixed at
the freezing point, which does not vary much. Maxima (in ab-
solute values) occur in both hemispheres just after the peak in
insolation, i.e. in July and August in the NH and in January and
February in the SH. The oceanic heat loss to the ice is around
45 W m~2 on average during these months. As insolation van-
ishes and the solar heat stored in the ocean decreases, the oceanic
heat flux diminishes, reaching minima of 3 W m~2 in April in the
Arctic and 10 W m~2 in November in the Antarctic, on average.
At those times, the ocean surface is maintained above the freez-
ing point mainly due to entrainment of warmer water from below.
The very low value in the NH is consistent with the view that, at
least away from shallow bathymetric features, heating of the Arc-
tic mixed layer mostly originates in summer solar heating (Maykut
and McPhee, 1995; McPhee et al., 2003).
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As shown in Fig. 9, strong spatial variations exist, which compli-
cates the comparison between the existing local observations and
the simulated average values given above. Higher heat fluxes are
encountered in winter in peripheral regions where a longer ice-
free season allows more solar energy to enter the ocean (Hudson
Bay, for instance) and along the ice edge where sea ice is advected
in warm waters. In summer, intense oceanic heat fluxes are asso-
ciated to large open water fractions and reach several hundreds
W m~2 in low ice concentration areas.

In the Arctic, the high mean summertime value of 45 W m—2
arises partly from the large fluxes in the low ice concentration
regions. Based on data collected between 2002 and 2010 in the
Transpolar Drift in the framework of the North Pole Environmen-
tal Observatory, Stanton et al. (2012) obtained a lower maximum
ocean-to-ice heat flux of around 15 W m~2 from mid-July to the
end of August. In their energy budget analysis of a melting ice
floe in the Nansen Basin in July and August 2012, Hudson et al.
(2013) found that the oceanic turbulent heat flux provided, on av-
erage, 13 W m~2 of energy to the ice. Measurements from the
SHEBA study (Surface Heat Budget of the Arctic Ocean) in 1997
and 1998 showed a heat flux as low as a few W m~2 from Oc-
tober through June, followed by a steady increase reaching a peak
value of about 33 W m~2 in July (Perovich and Elder, 2002). Re-
sults from the AIDJEX campaign (Arctic Ice Dynamics Joint Exper-
iment) in 1975 in the Beaufort Sea also found the heat flux from
the ocean to the ice to be strongly seasonal, with maximum values
of 40 to 60 W m~2 in August (Maykut and McPhee, 1995). A com-
parison with the synthesis by Krishfield and Perovich (2005) ul-
timately confirms the good observation-model agreement, at least
qualitatively, at the scale of the Arctic basin (Fig. 5 in the above-
mentioned reference).

Oceanic heat flux measurements are even rarer in the Antarc-
tic. Observations collected during the Austral winter in 1994 in
the Weddell Sea near Maud Rise yielded fluxes between 25 and
35 W m~2 (McPhee et al, 1999). Mixed layer turbulence data
obtained during two wintertime drift stations in August 2005 in
the same region gave average fluxes of 13.8 and 28.0 W m2

(Sirevaag et al., 2010). By comparing sea ice thickness observed us-
ing upward-looking sonars with simulations of thermodynamic sea
ice growth in the central Weddell Sea, Behrendt et al. (2015) noted
that the best consistency between observations and model re-
sults was obtained for average oceanic heat fluxes between 6 and
14 W m~2. Except for this later, indirect, source of information,
the mean seasonal cycle in Fig. 6 and the spatial distributions in
Fig. 9 appear compatible with the extremely sparse observations.
The non-solar component of the surface heat budget is signif-
icantly different in the open water compared to the ice-covered
fraction of the grid cells. The heat loss at the water surface de-
pends on both the SST and the state of the atmosphere. Minima
are reached in summer, about at the same period ocean-ice fluxes
are at their maximum, in absolute value. The mean in the re-
gions considered for the computation of seasonal cycles is as low
as —8 W m~2 in the Arctic and —30 W m~2 in the Antarctic. As
already explained, during the freezing season, the total heat loss
from the ocean to the atmosphere is used partly to cool the ocean
and partly to compensate latent heat released by sea ice produc-
tion, and the flux considered here corresponds to the first com-
ponent only. Very low values simulated in the Antarctic in winter
along the coast of the Amundsen and Bellingshausen Seas and of
most of East Antarctica indicate that the ocean there is close to
the freezing point and that almost all of the heat loss is used to
form ice. On the contrary, large fluxes are found in the Weddell Sea
(< —200 W m~2) and in and west of the Ross Sea and west of the
Amery Ice Shelf (< =300 W m~2), which are the signs of a strong
energy supply from the subsurface. On average, the non-solar heat
flux becomes higher over the course of the freezing season, as
the deepening of the mixed layer entrains larger amounts of heat,
reaching —90 W m~2 in April in the NH and —150 W m~2 in Oc-
tober in the SH. The increase is relatively steady in the Antarctic,
whereas in the Arctic, it first settles at an intermediate value be-
tween —30 and —40 W m~2 from September to February. A more
detailed examination of its various components would be needed
to fully understand this behavior. The smaller value in the Arctic
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Fig. 10. Seasonal cycles of simulated surface stress norms in open water/leads and under ice, averaged in the areas depicted in Fig. 1 and where sea ice concentration
exceeds 15%, in the Arctic (a) and the Antarctic (b). The seasonal cycles are identical for all ice categories.
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Fig. 11. Simulated surface stress norms in open water/leads and under ice, for February (a) and July (b) in the Arctic and for January (c) and August (d) in the Antarctic. The

black lines correspond to the 15% ice concentration contours.

again point towards a lower heat supply from the subsurface in
that hemisphere.

4.3. Surface stresses

Simulated surface stress norms are shown in Figs. 10 and 11.
In open water, it actually corresponds to the wind stress. As pa-
rameterized in LIM, the ice-ocean stress is the same for all ice
categories. Overall, surface stress is the SBC variable that differs
the least between ice and open water in the model. Furthermore,
it shows less seasonal variations than salt and heat fluxes. Max-
ima take place just after the sea ice extent minima, while min-
ima occur a few months before. In the Arctic, stresses are typically
0.02 N m~2 in magnitude on average, and can be up to twice as
large in the open water compared to the ice-covered fraction of
grid cells. In the Antarctic, the typical norm of the surface stress
is close to 0.045 N m~2. It is slightly larger for ice than for open

water and leads, which is made possible by the differences in drag
coefficients between the atmosphere-ice and atmosphere-ocean in-
terfaces (1.3 x 1073 and 1 x 1073, respectively) and which re-
flects the more mobile nature of Antarctic sea ice compared to its
Arctic counterpart.

In the Arctic, the spatial distribution of winter stresses in open
water shows that surface winds are weak within the sea ice zone.
Overall, stresses are small where ice concentrations are high, and
larger where ice concentrations are low. Stresses are even smaller
under ice, exceeding 0.05 N m~2 only in the Barents Sea, around
Greenland and in the Bering Sea. Widespread areas of very low
stresses along Siberia and in the CAA indicate almost motion-
less ice in the model. In July, winds appear to be weaker, mostly
at lower latitudes, but the ice-ocean stresses start increasing in
the inner pack as a result of a loosening and weakening sea ice
cover.
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Table 2

Integrated contributions of open water and leads (O.w./l.) and ice categories (1 to 5) to the total mean fluxes and
stress seen by the ocean (Tot.), in the areas depicted in Fig. 1 and where sea ice concentration exceeds 15%. The
winter (summer) month is February (July) in the Arctic and August (January) in the Antarctic. Mean fractions of
open water/leads and ice categories are given (Frac.), along with corresponding contributions to salt (F;), solar heat
(Fs;) and non-solar heat (F,;) fluxes and to surface stress norms (7).

Frac. (%) Fs (104 kg PSUm2 s7')  Fg (W m2) Fsot (W m~2) 7 (1073 N m2)

Win. Sum. Win. Sum. Win.  Sum.  Win. Sum. Win.  Sum.
Arctic
O.w./L. 0.2 213 0.4 0.2 0.0 32.0 -0.3 -1.7 0.1 43
1 6.5 13.6 2.5 -15.7 0.0 3.7 -0.6 -74 1.9 24
2 323 22.0 5.2 -18.9 0.0 2.8 -13 -8.0 5.8 3.7
3 43.8 25.6 5.6 -13.2 0.0 1.2 -1.2 -5.7 4.7 3.6
4 9.6 8.9 0.8 -3.6 0.0 0.2 -03 -1.5 0.7 0.9
5 7.6 8.6 04 -3.7 0.0 0.0 -0.2 -2.4 0.7 1.0
Tot 100.0 100.0 14.8 —54.8 0.0 39.8 -3.8 —26.7 14.0 15.8
Antarctic
Oo.w./L. 0.4 283 1.1 -0.5 0.1 46.3 -0.8 -9.4 0.2 9.5
1 321 33.7 5.4 -20.7 0.0 0.6 -6.0 -13.9 16.9 141
2 61.1 31.7 21 -10.0 0.0 0.0 -8.5 -8.3 25.7 11.7
3 4.5 3.8 0.0 -0.9 0.0 0.0 -0.5 -0.9 14 1.0
4 0.4 0.5 -0.0 -0.2 0.0 0.0 -0.0 -0.2 0.1 0.1
5 1.5 2.0 0.4 -04 0.0 0.0 -0.2 -0.7 0.5 0.6
Tot 100.0 100.0 9.1 -32.7 0.1 46.9 -16.0 —-334 449 371

The Antarctic shares similarities with the NH, among which low
winds and low open water stresses in summer and in regions of
high ice concentrations. Differences include the presence of strong
coastal winds in winter, resembling the katabatic winds existing in
reality, which drive locally stresses up to 0.1 N m~2 in open water
and are also visible in the under-ice fields. Much less ice is station-
ary along the coast than in the Arctic, reducing the regions where
stresses are close to zero to small embayments barely visible in
Fig. 11 and to the area close to the Amery Ice Shelf. The fact that
Antarctic sea ice is thinner and not constrained in a basin implies
that it is more tightly linked to winds, which is why the open wa-
ter and ice stress maps match better than in the NH.

Our results are in line with Goosse and Fichefet (1999), who
had already pointed out that the modifications of the stress at the
ocean surface induced by the internal ice forces have only a re-
gional effect.

4.4. Integrated contributions

Although a specific fraction of a grid cell may have the largest
fluxes, its net contribution to sea surface changes depends on its
area. Integrated contributions of open water and leads and ice cat-
egories to the total mean fluxes and stress seen by the ocean are
thus given in Table 2 for the typical winter and summer months
that we have considered so far. This gives an insight into their rel-
ative importance in the surface forcing of the ocean. With the ex-
ception of the solar heat flux, the results described hereafter show
that the contribution of any ice category, even the thickest ones,
can be dominant over open water because of a much higher con-
centration.

Although winter leads have the largest salt fluxes due to in-
tense ice growth, they only contribute 3% to the total flux in the
Arctic, and 12% in the Antarctic, due to their very small concentra-
tions. Associating these fluxes to frazil ice formation in open water,
these numbers suggest an model underestimation of the amount of
ice produced in this way. In the Antarctic in particular, local obser-
vations indicate that possibly up to 50% of the ice volume origi-
nates from frazil (Wilchinsky et al., 2015, and references therein).
In summer, the role of open water appears rather limited by weak
freshwater fluxes, but this could be underestimated since lateral

melt and runoff from ice are lacking in LIM. The salt budget is
dominated in the NH by the first three categories, which combine
non-negligible fluxes with high concentrations, and by the first two
in the SH, mainly because they are the only ones with significant
areas.

As suggested by previous results, almost all solar radiation
reaches the ice-covered Southern Ocean through open water. Only
1% of the total energy is supplied through the first sea ice cate-
gory. During July in the Arctic, the average solar heat flux amounts
to nearly 40 W m~2, among which 20% originates from radiation
transmitted through the first three categories.

Since the non-solar heat flux and the surface stress are essen-
tially the same for all ice classes, differences among them result
from different mean areal coverage as well as distinct spatial dis-
tributions. Indeed, ice tends to be thinner in areas close to the
edge where the oceanic heat flux is higher, which explains the
large contribution of the first category relative to its mean con-
centration (particularly obvious in summer in the Antarctic). The
non-solar heat loss in open water and leads is less than 10% of
the total, except in January in the SH where it reaches 28%, mostly
due to large open water fractions. The link between mean con-
centrations and integrated contributions is even stronger for the
stress norm. This is consistent with a smaller spatial variability and
with a lesser difference between the ice categories and the open
water.

5. Conclusions

Sea ice being a fundamentally heterogeneous medium, its ef-
fects on the underlying ocean are highly spatially variable as well.
Although most advanced sea ice models today attempt to represent
the ice subgrid-scale heterogeneity by means of ice thickness dis-
tributions, the information about the spatial variability of surface
boundary conditions is lost in the process of coupling them in a
classic way to an ocean model. The present study is the first com-
prehensive examination of the simulated heterogeneity of ocean
surface boundary conditions in an ocean-sea ice model including
an ice thickness distribution, namely NEMO-LIM. The heteroge-
neous nature of atmosphere-ice interactions is a related and in-
teresting question, that we have not addressed in this work.
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The analysis of sea ice results in our simulation calls for two
comments about ice thickness distributions in general. First, a
recent study has shown that the commonly used number and
boundaries of ice categories may not be optimal for an accurate
representation of Arctic sea ice (Hunke, 2014). We have shown
here that Antarctic sea ice is mostly confined in the two thinnest
ice categories. Therefore, it is likely that in the current configura-
tion we do not make the best use of the ice thickness distribution
in the Southern Hemisphere. The second comment concerns the
simulated concentrations of ice of given thickness ranges. A brief
evaluation of NEMO-LIM results against IceBridge observations has
indicated errors up to 50%, even when the mean modeled thick-
ness is close to the observational estimate. A closer analysis of the
origin of these errors, which could arise from biases in the large-
scale sea ice deformation patterns or in the thickness redistribu-
tion process, is needed.

Our study has confirmed and quantified the high spatial vari-
ability of boundary conditions at the ocean surface in the sea ice
zone in a model. Although large seasonal and geographical varia-
tions exist, the following conclusions can be drawn. The most strik-
ing contrast is between the open water/leads and ice-covered frac-
tions of grid cells. Winter salt fluxes due to brine rejection dur-
ing ice formation are up to an order of magnitude larger in leads
than below ice. In summer, solar radiation can only penetrate the
ocean through open water in the Antarctic. The situation is only
slightly different in the Arctic, where some solar energy is trans-
mitted through thin ice. Except in summer, the ocean cooling by
non-solar heat fluxes is several times larger in the open water than
under ice. Finally, the norm of the under-ice stress is up to 50%
smaller than the wind stress in open water in the Arctic, whereas
it is just a few percent larger in the Antarctic where sea ice is
more mobile. This variable is nonetheless much less spatially vari-
able than thermohaline fluxes. While the various sea ice categories
are usually associated with smaller fluxes, integrated contributions
(i.e. weighted by the concentrations) highlight their importance in
the overall forcing of the ocean.

Even though they are of smaller magnitude than the ones be-
tween open water and ice-covered areas, significant differences
also exist between the ice categories for the salt flux and for the
solar heat flux in the Arctic. Since thin ice forms and melts faster,
the simulated salt fluxes show a dependence on the ice thickness
category in both hemispheres. In the Arctic, snow on top of the ice
melts in summer, allowing solar radiation to be transmitted to the
ocean. This results in different amounts of solar heat flux reach-
ing the ice-ocean interface for different categories. In our model,
the year-round presence of snow in most regions onto Antarctic
sea ice prevents heterogeneities in transmitted shortwave radiation
through the ice in the Southern Ocean.

The under-ice non-solar heat flux corresponds practically to the
oceanic heat flux at the ice base. This flux is proportional to the
difference between the sea surface temperature and the freezing
point, which is determined by the sea surface salinity. Without a
representation of the subgrid-scale heterogeneity of oceanic con-
ditions under sea ice, the sea surface temperature and salinity are
unique within one grid cell, and the oceanic heat flux is neces-
sary identical for all thickness categories. On the other hand, the
homogeneity of the ice-ocean stress results from the use in the
model of a simple parameterization with a constant drag coeffi-
cient. More advanced formulations of the drag coefficient would
introduce variability in the surface stress among the categories as
well (e.g., Tsamados et al., 2014).

The present work is intended to serve as a guideline for the
understanding of small-scale ice-ocean processes, and in particu-
lar for the implementation of subgrid-scale ocean vertical mixing
schemes under sea ice. Such a scheme has been developed, tested
and evaluated in a parallel study (Barthélemy et al., 2016), which

revisits and generalizes the work of Holland (2003) and Jin et al.
(2015). The main principle is to replicate, at each grid point, the
mixed layer computations in sub-columns corresponding to open
water and to the ice thickness categories. Thus, this method makes
use of the subgrid-scale surface boundary condition variables, in-
stead of leaving them as mere diagnostics. It allows to represent
specific oceanic conditions in open water and under each category.

One of the main results of this follow-up study is that hetero-
geneities in surface boundary conditions are associated in winter
with a pronounced subgrid-scale variability in the depth of con-
vective mixing. At low temperatures, the surface buoyancy fluxes
are indeed tightly linked to salt fluxes. In certain conditions, the
most intense brine rejections occurring in leads are able to gener-
ate convection reaching depths greater than the mixed layer, hence
affecting the heat and salt budgets of the latter. In summer, the
subgrid-scale distribution of the solar heat flux has clear conse-
quences. Open waters within the sea ice zone become significantly
warmer than the freezing point. Performing fully coupled simu-
lations, in which this warming could trigger important feedback
processes, would be a useful further step. Besides, the differential
heating of the under-ice waters leads to an oceanic heat flux at
the ice base that is larger for thinner ice. Faster melt of thin ice
could thereby enhance the ice-albedo feedback (e.g., Maykut and
Perovich, 1987). Finally, as demonstrated by Long et al. (2015), rep-
resenting the subgrid-scale heterogeneity of shortwave radiation is
also required to simulate correctly the primary productivity in sea
ice-covered waters.
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