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The heterogeneity of ocean surface conditions associated with a spatially variable sea ice cover needs to
be represented in models in order to represent adequately mixed layer processes and the upper ocean
density structure. This study assesses the sensitivity of the ocean-sea ice model NEMO-LIM to a subgrid-
scale representation of ice-ocean interactions. The sea ice component includes an ice thickness distribu-
tion, which provides heterogeneous surface buoyancy fluxes and stresses. A multi-column ocean scheme
is developed to take them explicitly into account, by computing convection and turbulent vertical mixing
separately in the open water/lead fraction of grid cells and below each ice thickness category. For the
first time in a three-dimensional simulation, the distinct temperature and salinity profiles of the ocean
columns are allowed to be maintained over several time steps. It is shown that the model response is
highly sensitive to the homogenization time scale between the columns. If the latter are laterally mixed
with time scales shorter than 10 h, subgrid-scale effects exist but the mean state is practically unaffected.
For longer mixing time scales, in both hemispheres, the main impacts are reductions in under-ice mean
mixed layer depths and in the summer melt of sea ice, following decreased oceanic heat flux at the ice
base. Large changes in the open water temperature in summer suggest that the scheme could trigger
important feedback processes in coupled simulations.
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1. Introduction

The sea ice covering the surface of polar oceans is an extremely
heterogeneous medium. Within a restricted region, areas of open
water, thin newly-formed ice, level ice a few meters thick or pres-
sure ridges several meters thick may be found (Thorndike et al.,
1975). Because the insulating properties of ice strongly depend on
its thickness, the atmosphere-ice-ocean interactions are highly spa-
tially variable as well. The ice growth rate, which is associated
with brine rejection in the underlying ocean, decreases rapidly
with thickness, especially for thin ice (Maykut, 1982). Furthermore,
warming of the oceanic mixed layer in summer results mostly
from the absorption of solar radiation in ice-free areas (Maykut
and McPhee, 1995). The effects of sea ice on the sea surface tem-
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perature and salinity, hence on upper ocean stratification and mix-
ing, are therefore variable at small horizontal scales. The mixed
layer dynamics, on the other hand, is of crucial importance for the
evolution of the sea ice cover. Indeed, it determines the ice bottom
boundary conditions, most importantly influencing the ice energy
balance through modulations of the oceanic heat flux at the ice
base.

Modeling studies have shown that representing the heteroge-
neous nature of ocean surface boundary conditions under sea ice
might be necessary to achieve an adequate simulation of the upper
ocean physics in polar regions (Losch et al., 2006). Convective mix-
ing related to intense brine rejections following ice formation is
for instance likely to prevail only in open water or thin ice areas,
which may represent a small fraction of grid cells in large-scale
models. Brine rejection parameterizations have been developed to
mimic such processes (e.g., Nguyen et al., 2009), but their effect is
to suppress convection instead of making it localized (Barthélemy
et al., 2015). They are consequently not able to account for the en-
trainment of water from the upper pycnocline, which could consti-
tute a significant component of the mixed layer heat budget (e.g.,
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Polyakov et al., 2013; Close and Goosse, 2013). In the Arctic, a part
of the solar heat that is absorbed in summer is indeed stored in
a near-surface temperature maximum below the mixed layer (e.g.,
Jackson et al., 2012; Timmermans, 2015). In addition, although they
are largely insulated from the surface layer by the strong halo-
cline stratification (e.g., Toole et al., 2010; Shaw and Stanton, 2014),
warm waters of Atlantic and Pacific origins are present at depth in
the Arctic Ocean. Because of the much weaker stratification, en-
trainment of heat from below the mixed layer by localized convec-
tive mixing might be even more important in the Southern Ocean
(e.g., Gordon and Huber, 1984; Martinson, 1990; Wong and Riser,
2011).

In most advanced sea ice models nowadays, an ice thickness
distribution is used to represent the subgrid-scale variability of ice
thickness, which has long proven crucial to simulate accurately the
ice cover evolution (e.g., Hibler, 1980). Heterogeneous ocean sur-
face boundary conditions are therefore available in such models.
For example, in the coupled ocean-sea ice model NEMO-LIM (see
the next section for description), all surface variables behave very
differently in the open water fraction of grid cells compared to the
ice-covered one (Barthélemy et al., 2016). This includes freshwater,
salt, solar heat and non-solar heat fluxes and the surface stress.
Salt and freshwater fluxes, as well as the solar heat flux reaching
the under-ice interface in the Arctic, further show a strong depen-
dency on ice thickness. However, the coupling with a single ocean
grid cell underneath requires the subgrid contributions from the
various fractions of the surface to be aggregated (Fig. 1). The infor-
mation about their heterogeneity is hence not utilized and poten-
tially important subgrid-scale ocean physics is not resolved. Such
merging of subgrid-scale fluxes amounts to assuming an instan-
taneous lateral mixing between the different parts of the ocean
model columns. Although horizontal homogenization definitely oc-
curs, it is most likely not instantaneous in all situations. For in-
stance, measurements performed during the SHEBA campaign (Sur-
face Heat Budget of the Arctic Ocean) have shown that, following a
period of calm winds, the surface of a lead had warmed to around
1 °C above the freezing point and freshened to become close to
15 PSU (Holland, 2003).

Previous studies have investigated the implications of explicit
subgrid-scale vertical mixing schemes on ocean and sea ice simula-
tions. By performing the mixed layer calculations separately in six
columns corresponding to five ice thickness categories and to open
water, Holland (2003) reproduced in a one-dimensional ocean and
sea ice model the above-mentioned warming and freshening of
summertime leads observed during SHEBA. In this study, the ice-
covered columns were laterally mixed every time step, while the
mixing with the open water column occurred every six hours. A
large sensitivity to this homogenization time scale was underlined.
Jin et al. (2015) implemented a two-column vertical mixing scheme
in an ocean-sea ice configuration of the Community Earth System
Model (CESM). The total salt flux resulting from ice growth was
applied solely in one of the two columns, and lateral mixing be-
tween them occurred at the end of each time step. They noted
strong effects on the simulated mixed layer depths only when the
salt column was reduced to a size much smaller than the actual
lead fraction. In the different context of heterogeneous ocean con-
vection related to unresolved eddies, [licak et al. (2014) also devel-
oped a two-column scheme with a homogenization at each time
step. In contrast to the previous examples, changes in the depth of
convective mixing between the columns were not caused by het-
erogeneous surface fluxes, but rather by different initial stratifica-
tions in each of them. Strong assumptions were needed to set the
relative size of the two columns as well as the imposed spread in
density profiles.

Our main objective in this study is to assess the impacts of
a representation of subgrid-scale ice-ocean interactions on the

Fig. 1. Schematic illustration of the main principles of a multi-column ocean
scheme. In the reference case, the subgrid fluxes and stress (F,) from the sea ice
model are aggregated before being transmitted to the single ocean grid cell under-
neath, and the ocean vertical physics computation (represented by a red arrow) is
unique. In the multi-column case, the water column is divided into several sub-
columns, corresponding to the open water fraction and to the categories of the ice
thickness distribution. The specific fluxes and stress are applied at the surface of
the sub-columns and the oceanic vertical physics is computed separately in each of
them. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

NEMO-LIM model results. For that purpose, an improved multi-
column ocean mixing scheme has been developed for NEMO-LIM,
based on and generalizing the studies described above. The ba-
sic principle is to divide each ocean grid cell in several columns,
whose areas are imposed by the ice thickness distribution and
the open water fraction provided by the sea ice model. Those
columns are forced at the surface by available subgrid fluxes
and vertical physics computations are done separately in each of
them (Fig. 1). The major novelty lies in the possibility to main-
tain different columns properties over several time steps. It is
the first time that this option is enabled in three-dimensional
simulations. The sensitivity to the columns’ homogenization time
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scale is evaluated, and model results are analyzed in both polar
regions.

This paper is organized as follows. The NEMO-LIM model
setup and the multi-column ocean scheme are described in
Sections 2 and 3, respectively. Results are presented and discussed
in Section 4, starting with the heterogeneity of ocean surface
boundary conditions in the reference simulation and continuing
with the ocean and sea ice changes in the sensitivity experiments.
A summary of our findings and concluding remarks are finally
given in Section 5.

2. Model description

The current study is based on the global ocean-sea ice
model NEMO-LIM, configured strictly in the same manner as in
Barthélemy et al. (2016). Only the major model features and
configuration aspects are thus described here, while components
of importance to the multi-column scheme are presented in
Section 3.2. A revised version of the Louvain-la-Neuve sea Ice
Model (LIM3.6, Vancoppenolle et al., 2009; Rousset et al., 2015)
has been incorporated in version 3.5 of NEMO (Nucleus for Euro-
pean Modelling of the Ocean, Madec, 2008). The ocean component
is a finite difference, hydrostatic, free surface, primitive equation
model, while LIM is a dynamic-thermodynamic sea ice model in-
cluding an ice thickness distribution (ITD) and an advanced halo-
dynamics scheme. The number of ice thickness categories N¢g is
taken equal to five, with upper bounds for the first four categories
fixed at 0.63 m, 1.33 m, 2.25 m and 3.84 m.

The reference model simulation is initialized in January 1948
with climatological temperature and salinity data from the World
Ocean Atlas 2001 (Conkright et al., 2002) and is run until Decem-
ber 2014. The ocean-sea ice coupled model is forced using the so-
called CLIO formulation, by a combination of NCEP/NCAR daily air
temperature and wind reanalysis data (Kalnay et al., 1996) and of
monthly climatologies for relative humidity, cloudiness, precipita-
tion and river runoffs. The ice-ocean coupling is thoroughly dis-
cussed in Barthélemy et al. (2016), while surface heat fluxes are
parameterized as in Goosse (1997). The sea surface salinity (SSS)
restoring has a time scale of 310 days for a 50 m mixed layer,
but it is reduced under sea ice, proportionally to the ice concen-
tration, in order to avoid altering the ice-ocean interactions. The
ocean and sea ice models share the quasi-isotropic global tripo-
lar grid ORCA1, with a nominal 1° resolution in the zonal direc-
tion and 46 layers based on a z coordinate on the vertical, ranging
from 6 m at the surface to 250 m at the bottom. The ocean model
time step At is 1 h. LIM is embedded in the surface boundary
condition (SBC) module of NEMO, which is called every six time
steps.

While the model skill in representing the ocean will be ad-
dressed when we examine the sensitivity experiments results, a
few comments about the sea ice simulation are worthy. In the ref-
erence configuration, LIM tends to overestimate the sea ice extent
compared to observations (Barthélemy et al., 2016). The bias in the
Arctic ranges between 1 and 2 x 10% km? throughout the year.
In the Antarctic, the issue is most striking during the melting sea-
son, at the end of which the simulated extent is more than twice
the observed one. The sea ice trends over the past decades, how-
ever, agree well in both hemispheres with satellite products (for
the extent, Comiso, 2000) and reanalysis estimates (for the volume,
Schweiger et al., 2011; Massonnet et al.,, 2013). NEMO-LIM is an ap-
propriate tool to study the effects of a subgrid-scale representation
of ice-ocean interactions, but this discrepancy between simulated
and observed sea ice extents has to be kept in mind when analyz-
ing model results.

Table 1
List of symbols used in the text.

Symbol  Description Value and/or unit
At Ocean time step 1h

Neat Number of ice categories 5

Neor Number of ocean columns 6

Fry Freshwater flux kg m2 s~!

F; Salt flux kg PSU m~2 5!
Feor Solar heat flux W m—2

Fosol Non-solar heat flux W m—2

Fy Buoyancy flux m? s3

T Norm of the surface stress N m—2

N? Square of the Brunt-Vdisild frequency  s—2

K, Vertical eddy diffusivity m? s~!

fm Fractional area of column n -

Smix Mixing fraction in MCO#2 -

T hom Homogenization time scale in MCO#2  h

3. Multi-column ocean scheme

Our aim in this study is to develop a scheme in which the
ocean vertical physics is calculated separately below the open wa-
ter and the N4 ice thickness categories, in order to investigate the
role of subgrid-scale ice-ocean interactions. The ocean grid cells
are therefore split into N, parts that we name columns (with
Neoi = Near + 1 = 6), and the scheme is referred to as multi-column
ocean (MCO). In this section, we first detail the modifications that
are needed in the SBC module. Some background about the other
ocean model components involved in the scheme is then pre-
sented, before describing the two distinct versions of MCO that
will be tested. A list of symbols used in the text is provided in
Table 1.

3.1. Surface boundary conditions

First of all, the MCO scheme requires keeping track of the
SBC variables for each column separately. We follow exactly the
methodology presented in Barthélemy et al. (2016), where addi-
tional details can be found. The code modifications are straightfor-
ward and simply consist in saving the contributions of open wa-
ter and ice categories when they are calculated. They mostly take
place in the sea ice code. The salt, freshwater, solar heat and non-
solar heat fluxes are diagnosed for each column, as well as the
norm of the surface stress. The latter is however identical for all
ice categories. Since NEMO is used here in a linear free surface
configuration, freshwater fluxes are turned into virtual salt fluxes
that, along with real salt fluxes from sea ice processes, affect the
SSS evolution.

A second modification is needed in the SBC and ice modules
to allow the use of sea surface temperatures (SSTs) and SSSs spe-
cific to each oceanic column, instead of grid cell-average values.
This further implies that the oceanic heat flux at the ice base can
vary from one category to the other, mostly because of SST dif-
ferences, but also because the ice bottom is at the local freezing
point, which depends on the SSS.

3.2. Overview of relevant ocean model components

The MCO scheme requires substantial changes in the ocean
model. The components of the code that are involved in its im-
plementation are reviewed in Fig. 2. These are essentially the ones
computing the vertical mixing and the update of tracers. Other
components, related in particular to ocean dynamics and lateral
mixing, are left untouched. Those only see the mean temperature
and salinity (T/S) fields and are not directly affected by MCO.
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Fig. 2. Model components and variables relevant to MCO, as they stand in the reference code (left) and as they are modified in the MCO schemes (center and right). T/S
denotes the temperature and salinity fields, whose surface values are used by the SBC module, while vertical profiles are used to compute the water column stability. Vertical
mixing and convection are treated using the TKE and NPC schemes, respectively, which are described in Section 3.2. The elements in red and with exponents (n) are the
ones that exist/are computed separately in each column. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

In our model configuration, turbulent vertical mixing is han-
dled with the so-called TKE scheme (Blanke and Delecluse, 1993;
Madec, 2008). Turbulent kinetic energy (TKE) is calculated from
a prognostic equation. The vertical eddy viscosity and diffusivity
are then derived using diagnostic non-local turbulent length scales.
The TKE input at the surface is prescribed as a function of the
norm of the surface stress t, provided by the SBC module. Within
the ocean, TKE is produced by vertical shear and destroyed by
stratification, which is represented by the square of the Brunt-
Viisild frequency N2. The TKE evolution is further influenced by
vertical diffusion and Kolmogorov dissipation. Among the outputs
of the TKE scheme, the most important one in the context of MCO
is the vertical eddy diffusivity K.

The part of the code most impacted by MCO is the tracer up-
date, where the changes in temperature and salinity from various
processes are successively taken into account. Advection, lateral
mixing, runoffs and bottom boundary layer processes are associ-
ated with tracer trends that will remain common to all columns.
These trends are calculated using the mean T/S fields, without be-
ing affected by the subgrid-scale distribution of the tracers. Trends
related to other processes will be computed separately in each col-
umn within the MCO schemes. These first include the application
of surface fluxes (freshwater Fy,, salt Fs and non-solar heat F,).
The penetrative solar radiation scheme used in our configuration
implies that the solar heat flux F;, is not, strictly speaking, a sur-
face flux. Instead, it is exponentially absorbed in the first few tens
of meters of the ocean. We will nonetheless not make the distinc-
tion further in the text. The effect of vertical mixing is then cal-
culated, using the K, mixing coefficient from TKE. Finally, a non-
penetrative convection scheme (NPC, Madec et al., 1991) is applied
to remove the static instabilities that may have appeared in any of
the ocean columns.

3.3. MCO#1

The main feature of the first version of the MCO scheme is to
homogenize the oceanic columns at the end of each time step. It
follows in this respect the work of Ilicak et al. (2014) and Jin et al.
(2015). Given the NEMO time-stepping, the only differences in tur-
bulent mixing that could arise across the columns would be due
to different surface stresses in open water/leads and below ice cat-
egories. However, Barthélemy et al. (2016) have shown that the
stress is the SBC variable that shows the least variability at the
subgrid scale. Therefore, in MCO#1, the only mixing process that
is computed separately in each column is convection, which may
present a strong heterogeneity as a result of the large subgrid-scale
variability of buoyancy fluxes.

The details of the implementation are illustrated in Fig. 2. The
tracer trends due to processes common to all columns are first cal-
culated. These trends are then updated in the N, columns using
the specific thermohaline fluxes provided for each of them by the
SBC module. In contrast to the study of Jin et al. (2015), where
only a subgrid-scale repartition of salt fluxes is accounted for, we
deal with all surface fluxes and with their simulated distribution
across the open water/leads and ice categories. Vertical mixing is
then computed, using however the same diffusivity K, in each col-
umn. Finally, the NPC convection scheme is called, yielding N, T/S
profiles at each grid point. The last step consists in the homoge-
nization of these profiles, which is done in a conservative way by
weighting them by the columns relative areas.

3.4. MCO#2

The principle of the second version of MCO is to allow the
ocean columns to be maintained over multiple time steps. In sev-
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eral aspects, it corresponds to a three-dimensional generalization
of the study by Holland (2003). A number of technical issues need
to be addressed and consequently make the implementation of
MCO#2 much more complex than MCO#1. Furthermore, since the
differences in T/S fields among the columns can grow over time,
the vertical mixing scheme now also has to be called indepen-
dently in each of them.

At the beginning of a time step, N, T/S profiles are available
at each grid point. The SBC module, including the sea ice model,
receives SSTs and SSSs that may differ across the columns. This
means in particular that atmosphere-ocean exchanges in open wa-
ter are calculated with a specific SST. The heat fluxes at the base
of each ice category are likewise computed with distinct SSTs and
SSSs (hence freezing points).

The sea ice integration is possibly associated with shifts in the
ITD and changes in the open water fraction, which induce modifi-
cations of the column areas. As a consequence, a redistribution of
T/S profiles is required. It is handled in the following basic way. On
the one hand, the properties of columns of decreasing area are un-
changed. On the other hand, expanding ones are updated according
to:

FOOXD 4 (fron = FI) Xeas
(n) ’

new

Xiew =

where X(™ is the field considered and £ the fractional area of
column n. The field X,4 used in the redistribution corresponds to
the average in the areas lost by the decreasing columns:

NCO
Yt max(0, i — faew)Xgg

NCO
>N max (0, f) — fim)

ers =

By construction, this redistribution process is conservative and
keeps the mean ocean properties unaltered.

In the vertical mixing scheme, the production of TKE by shear
is computed only once, using velocities and a turbulent viscosity
that are common to all columns. This term is then used in the
TKE evolution calculations that are done separately in each col-
umn. These use distinct surface stress norms as boundary condi-
tions in the ice-free and ice-covered parts of grid cells, as well as
stratifications specific to each column. The subgrid-scale buoyancy
fluxes are taken into account through this stratification term. The
result is N, vertical diffusivity profiles K, at each grid point. The
profiles of TKE by column are transferred to the next time step in
exactly the same way as the T/S fields. They undergo in particular
the same redistribution as described above. A final TKE computa-
tion is done based on the mean surface stress and mean stratifica-
tion, in order to calculate the eddy viscosity for use in the ocean
dynamics and in the shear production.

The update of tracers is basically the same as in the MCO#1
case, except that the turbulent vertical mixing coefficients can now
differ among the columns. Nonetheless, a major difference is that
the T/S profiles are only partially homogenized. More precisely, at
each time step and for each oceanic column, a fraction f,;, of the
profile is replaced by the average:

thg\zv =(1- fmix)xo(,rzj) + fmixxavb
where the average Xgye is simply:

Neol

Xave = Z f(”)xélré)-

n=1

This partial homogenization intrinsically conserves the mean tem-
perature and salinity. It actually corresponds to a restoring towards

Table 2

List of sensitivity experiments.
Experiment ~ MCO Fmix Thom
REF no n/a n/a
S11 MCO#1  n/a ~1h
S2.2 MCO#2 0.5 2h
S2.10 MCO#2 0.1 10 h
S2.50 MCO#2  0.02 50 h
$2.250 MCO#2  0.004 250 h

Fig. 3. Selected areas for the computation of spatial averages.

the mean profile, with a time scale ty,,, given by:

At
Thom = fi ’
mix

with At the ocean time step.

3.5. Sensitivity experiments

MCO#1 has no tunable parameter. The column homogenization
in that version of the scheme is complete and has a fixed implicit
time scale equal to the ocean time step, i.e. 1 h in our model con-
figuration. The only parameter in the MCO#2 scheme is the ho-
mogenization time scale tp,, between the columns. This lateral
mixing is most likely variable both in space and time, because it
depends on the columns distribution and on the ocean and sea ice
dynamics (see the discussion in Section 4.4). For the sake of sim-
plicity, it is kept constant within each of the simulations in this
study.

The set of sensitivity experiments conducted in this paper is
given in Table 2. The REF and S1.1 experiments correspond to the
reference code without MCO scheme and to MCO#1, respectively.
For MCO#2, a wide range of homogenization time scales are tested,
from 2 to 250 h, which are equivalent to mixing fractions from 0.5
to 0.004. All sensitivity tests begin in 1985 from a restart of the
REF simulation. They are run until end of 2014 and, unless other-
wise stated, their last 20 year outputs are analyzed. The 10 year
spinup is sufficient for the mixed layer and sea ice to adjust to
the introduction of the MCO schemes. Short additional simulations
have been performed with a higher coupling frequency between
the sea ice and the ocean. The qualitative response to MCO remains
the same as in the experiments presented hereafter, in which the
coupling occurs every six ocean model time steps.

4. Results and discussion

The results of the reference and sensitivity experiments are now
presented. We first illustrate the heterogeneity of SBC across the
columns, then examine the impacts of MCO on the ocean proper-
ties and finally investigate feedbacks on the sea ice itself. Several
diagnostics consist of spatial averages, which are computed in the
areas represented in Fig. 3. The objective is to obtain mean val-
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Fig. 4. Seasonal cycles of the ocean surface buoyancy flux in each column in
exceeds 15 %, in the Arctic (left) and in the Antarctic (right).

ues that are representative of the inner sea ice pack and of regions
where significant changes occur in the ocean. The area chosen for
the Arctic is delineated by the 500 m isobath and by the 80°N par-
allel in Fram Strait, hence excluding the highly stratified continen-
tal shelves where little vertical mixing occurs. Without an obvious
physical northern boundary, the Antarctic area is based on a visual
examination of the simulated sea ice concentration, and is chosen
to ensure that it is fully covered with ice in winter.

4.1. Surface boundary conditions

A complete discussion of the modeled SBC heterogeneity across
the columns in NEMO-LIM is provided in Barthélemy et al. (2016).
Only major results are recalled here.

Changes in the density structure of the ocean upper layer,
which may lead to convective mixing, are largely driven by the
fluxes of salt, freshwater and heat that influence the evolution of
SST and SSS. These fluxes can be combined into a single buoyancy
flux F, following:

g

F==
b ow

o
<CT (Fsol + Fnsol) - .BSFS*>
w

where g, pw and ¢,y are the gravitational acceleration (9.81 m s~2),
reference seawater density (1035 kg m~3) and specific heat
(4000 ] kg~!' K1), respectively. The thermal expansion and haline
contraction coefficients o and fBs are taken equal to 0.3 10~4 K~!
and 7.7 10~4 PSU-!, respectively, which are typical values for the
cold and fresh waters found in the polar oceans (Marshall and
Plumb, 2007). Finally, F* is the total salt flux made up of real com-
ponents from sea ice processes (Fs) and virtual components asso-
ciated with freshwater fluxes (Fy, ).

The mean seasonal cycles of the simulated ocean surface buoy-
ancy flux for all columns are plotted in Fig. 4. Positive values in-
dicate a gain of buoyancy, leading to an increase in stratification.
The averaging is computed without weighting the fluxes by the
column fractional areas. Furthermore, it only takes into account re-
gions where the sea ice concentration exceeds 15 %. This threshold
is useful in order not to include low ice concentration areas where
the fluxes depart significantly from their inner ice pack values.

The most obvious features in Fig. 4 are the strong seasonal-
ity and the stark contrast between the ice and open water/lead
columns. Since at low temperature the seawater density is mostly
determined by salinity, the buoyancy fluxes follow closely the sea-
sonal cycles of salt fluxes. The intense ice formation rates in leads
in winter lead to large buoyancy losses associated with brine rejec-
tions. These are at least one order of magnitude larger than below

Month

experiment REF, averaged in the areas depicted in Fig. 3 and where sea ice concentration

ice. In summer, the strong warming of open water by solar radi-
ation yields positive buoyancy fluxes. These are however weaker
than the fluxes existing under melting ice due to the freshwater
input at the ocean surface. In the model, water from melting ice
and snow does not reach the open waters, because ice lateral melt,
runoff from the ice surface and flushing of freshwater produced by
bottom melt into the leads are not implemented.

Differences among ice categories also exist. In winter, thin ice
grows more rapidly and therefore produces larger destabilizing salt
fluxes. In summer, it loses its thinner insulating snow cover ear-
lier, hence melting more rapidly. In the Arctic, penetration of so-
lar radiation through thin ice categories also plays a minor role in
strengthening their positive buoyancy fluxes. The peculiar behavior
of thickest ice categories in summer in the Arctic and in winter in
the Antarctic is due to the porosity of ridges in LIM. This parame-
ter is taken equal to 0.3, following the estimate of Leppdranta et al.
(1995) derived from in situ observations. Large amounts of salty
water are thus entrapped when thick ice forms through ridging,
and the subsequent brine drainage gives rise to large salt fluxes
below the thickest ice.

In LIM, the ocean-ice stress is the same for all ice categories. As
shown in Barthélemy et al. (2016), the surface stress is character-
ized by a much weaker seasonality than the thermohaline fluxes,
and does not differ much between the columns. Still, on average in
the Arctic, it is up to twice as large in open water compared to ice.
In the Antarctic on the other hand, the stress tends to be stronger
below ice and differs by less than 15 % in the ice-free fraction of
grid cells.

By influencing ocean and sea ice (see the next sections), the in-
troduction of the MCO schemes implies feedbacks on the SBC vari-
ables, mostly on the thermohaline fluxes. It turns out that this re-
sults in only slight quantitative adjustments to the main picture
described above, which remains fully valid. These are therefore
considered second order effects that will only briefly be addressed
in the context of sea ice changes induced by MCO.

4.2. Ocean

The impacts of MCO on the ocean are presented in this section.
We consider first the subgrid-scale processes, and then examine
what influence they have on the mean fields.

4.2.1. Subgrid-scale processes
The difference between the depth of convection (CVD) in each
column and the mean mixed layer depth (MLD) in winter is shown
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in Fig. 5. As its name implies, the CVD is the depth up to which
the ocean column is homogenized by the NPC algorithm in or-
der to remove static instabilities. A single MLD value is computed
at each grid point from the mean density profile. It is defined in
the model as the depth where the density is 0.01 kg m~3 higher
than in the second level, at 10 m depth. The CVD - MLD differ-
ence maps are shown for February in the Arctic and for August in
the Antarctic. This is just before the sea ice maximum, at a time
when sea ice still forms in all regions but the ice edge and when
the spread between subgrid-scale fluxes is the largest. Experiments
S1.1 and S2.50 are presented. This first one illustrates the effects of
the MCO#1 scheme, while the second is used to exemplify a situ-
ation in which clear changes in the mean fields are obtained (see
the next section).

In experiment S1.1, the deepest CVDs within the sea ice zone
are close to the MLD, suggesting that convective mixing due to
surface fluxes (mostly brine rejections) is a major process in
the mixed layer deepening. Furthermore, a gradient in CVD ex-
ists among the columns, which is readily explained by the vari-
ability of ice growth rates, the latter being the most intense
in leads and decreasing with increasing sea ice thickness. An
exception is the fifth ice category in the Antarctic, whose con-
centration is nonetheless very low, due to brine drainage from
ridges as explained above. The differences of CVD between the
columns also occur because a finite, weak stratification may ex-
ist inside the mixed layer in the multi-column formalism. Indeed,
whenever a single ice category melts, the mean profile resulting
from the averaging of one stratified column with others, possi-
bly undergoing convection, will present a weak stratification close
to the surface. Only the most intense brine rejections will gener-
ate enough instability to overcome this stratification. Convection
shallower than the MLD occurs in two other cases. First, in both
hemispheres, the melting of ice advected towards warmer waters
produces freshwater fluxes that inhibit convection, as is the case
close to the ice edge. Second, in the Antarctic, the Ross and Wed-
dell Seas are characterized by relatively small CVDs. In those re-
gions, the very weak stratification at depth may however cause an
overestimation of the MLD estimated using the density threshold
method.

The MCO#2 scheme allows differences in temperature and in
salinity between the columns to accumulate over several time
steps. As a consequence, in experiment S2.50, convection is able
to penetrate well below the mean MLD for the columns with the
strongest surface fluxes. This includes in both hemispheres the col-
umn corresponding to leads, as well as the first (and to a lesser
extent the second) sea ice category in the Arctic. The effect related
to saline, newly formed ridges is again visible for the fifth category.
In S2.50, north of Greenland and the Canadian Arctic Archipelago
(CAA), convection in leads reaches depths more than 20 m larger
than the mean MLD, while it can be up to 50 m in many coastal
regions along Antarctica. Changes in MLDs compared to the refer-
ence experiment are smaller than these values (see Fig. 7). This
means that the MCO#2 scheme allows, in at least a fraction of
the grid cells, to entrain within the mixed layer waters from
below, which would not have been put in contact with the surface
otherwise.

The T/S profiles in each column are plotted in Fig. 6. Only ex-
periment S2.50 is considered here, since such profiles exist ex-
clusively in the MCO#2 scheme. Winter profiles are for the same
months as in Fig. 5, while summer results are for July in the North-
ern Hemisphere (NH) and January in the Southern Hemisphere
(SH), when the subgrid-scale fluxes are the most representative of
the summer season.

The profile characteristics are fairly consistent for both hemi-
spheres in each season. Expectedly, the most visible differences

are between the open water/leads column and the ice ones. In
winter, the column corresponding to leads is more saline in the
mixed layer, by 0.25 PSU down to around 25 m in the Arctic and
by 0.1 PSU down to 50 m in the Antarctic. This arises from ad-
ditional salt input at the surface, as well as from entrainment of
saltier water from below through deeper convection. A very slight
salinity gradient also exists among ice categories in the NH. The
effect of deeper convective mixing in leads has an impact on tem-
perature profiles too. Vertical mixing of warmer water from be-
low the mixed layer with cold surface water results in an increase
(decrease) in temperature above (below) the MLD. Differences are
nevertheless weak, of the order of 0.1 °C in the Antarctic and even
smaller in the Arctic.

Summer profiles feature temperatures well above the freez-
ing point in open water. The SST difference between open wa-
ter and ice columns amounts on average to 1 °C in the NH and
to 0.75 °C in the SH. This is caused by the absorption of around
150 W m~2 of solar energy in ice-free areas, only partly balanced
by non-solar heat losses less than 20 W m~2 in the Arctic and less
than 50 W m~2 in the Antarctic (Barthélemy et al., 2016). By con-
trast, the summer ocean-to-ice heat flux maintains the under-ice
water close to the freezing point. Nevertheless, in the Arctic, the
transmission of a fraction of incoming solar radiation through thin,
snow-free ice leads to SST differences of up to a few tenths de-
grees between the thinnest and the thickest ice categories. This
does not happen in the Antarctic, because ice remains covered
with snow during summer, which absorbs all solar energy in the
model.

Salinity profiles indicate that thin ice melts more rapidly, lead-
ing to a fresher ocean surface below the first categories. Differ-
ences are of the order of a few tenths PSU and are confined to
the uppermost ocean levels. The highest SSSs are encountered in
open water. This contrasts with the examination of SHEBA data by
Holland (2003), which showed the surface of the lead to be several
PSU fresher than the under-ice. Absence of explicit lateral melt and
of meltwater runoff from the ice surface in LIM are likely to be re-
sponsible for this discrepancy.

An equivalent of Fig 5 for the summer season would show the
same absence of convection in all columns. Fig. 6 indicates how-
ever that distinct situations occur in open water and below ice. On
the one hand, melting ice has a cooling but freshening effect on
the ocean surface. On the other hand, the open water undergoes
little salinity changes from surface fluxes, but warms due to the
absorption of solar radiation. In both cases, the water columns be-
come stable and vertical mixing is hampered.

4.2.2. Effects on mean fields

In this section we determine whether MCO has an impact on
the ocean mean state, beyond the subgrid-scale effects described
above. MLDs could be affected in two ways. Firstly, the application
of destabilizing surface fluxes in a limited part of the grid cells, and
the fact that the average of unstratified and stratified profiles is
stratified, could lead to a reduction in MLDs. Secondly, the deeper
convection in some columns could weaken the stratification be-
low the MLD compared to the reference experiment, which could
permit a greater penetration of turbulent mixing and an increase
in MLDs. As will be shown here and in agreement with previous
studies (Ilicak et al., 2014; Jin et al., 2015), the first effect is in gen-
eral dominant in winter.

In the NH, the simulated MLDs are compared with the global
upper ocean MIMOC climatology (Monthly Isopycnal and Mixed
layer Ocean Climatology, Schmidtko et al., 2013). This product
is based on individual conductivity-temperature-depth (CTD) pro-
files from traditional shipboard data, but also from automated ice-
tethered profilers, which provide upper ocean observations of the
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Fig. 5. Difference between the convection depth in each oceanic column and the mean mixed layer depth, in experiments S1.1 (left) and S2.50 (right), for February in the
Arctic (upper panels) and for August in the Antarctic (lower panels).
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Fig. 6. Temperature and salinity profiles in each oceanic column in experiment S2.50, averaged in the areas depicted in Fig. 3 and where sea ice concentration exceeds 15 %,
for February and July in the Arctic (upper panels) and for January and August in the Antarctic (lower panels).
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Fig. 7. Mixed layer depths in the MIMOC climatology and in experiment REF, and differences with experiments S1.1 and S2.50, for February in the Arctic (upper panels) and
for August in the Antarctic (lower panels). A logarithmic color scale is used in the difference maps.
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Table 3

Monthly maximum of the average mixed layer depth in the areas depicted in Fig. 3 and sea ice extent and volume monthly
extrema, in the reference and sensitivity experiments, in the Arctic (upper part) and in the Antarctic (lower part). The numbers

in brackets indicate the differences compared to the reference experiment.

Experiment REF S1.1 S2.2 $2.10 $2.50 $2.250
Arctic

Max. MLD (m) 34 34 (0) 35 (1) 35 (1) 33 (-1) 29 (-5)
Min. extent (106 km?) 7.0 7.0 (0.0) 7.0 (0.0) 7.2 (0.2) 7.7 (0.7) 8.5 (1.5)
Max. extent (105 km?) 16.8 16.8 (0.0) 16.8 (0.0) 16.8 (0.0) 16.9 (0.1) 17.0 (0.2)
Min. volume (103 km?) 14.7 14.7 (0.0) 14.8 (0.1) 15.2 (0.5) 16.8 (2.1) 19.3 (4.6)
Max. volume (103 km?) 30.8 30.8 (0.0) 30.9 (0.1) 311 (0.3) 32.0 (1.2) 33.3 (2.5)
Antarctic

Max. MLD (m) 79 78 (-1) 78 (-1) 76 (-3) 73 (-6) 69 (-10)
Min. extent (10° km?) 8.0 8.0 (0.0) 8.1 (0.1) 8.4 (0.4) 9.6 (1.6) 114 (34)
Max. extent (108 km?) 209 20.9 (0.0) 20.9 (0.0) 21.0 (0.1) 211 (0.2) 21.2 (0.3)
Min. volume (103 km?) 5.6 5.6 (0.0) 5.6 (0.0) 5.8 (0.2) 6.6 (1.0) 7.6 (2.0)
Max. volume (10° km?) 16.6 16.6 (0.0) 16.6 (0.0) 16.7 (0.1) 16.8 (0.2) 16.9 (0.3)
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ice-covered Arctic region in all seasons (Krishfield et al., 2008).
As shown in Fig. 7, experiment REF reproduces relatively well the
MLDs in the Arctic Ocean in winter. The main biases compared to
the climatology are too deep MLDs in areas around Greenland, in
Hudson Bay and in the Sea of Okhotsk, and a slight underestima-
tion of MLDs in the Canada Basin.

On average in the Arctic area chosen for analysis (Fig. 3), the
maximum monthly MLD in MIMOC is 34 m. The corresponding
values for all simulations are listed in Table 3. The good agreement
with REF is noticeable. The mean impact of MCO is weak, except
for simulation S2.250 which exhibits a maximum MLD reduction
of 5 m. The small changes in that mean value could result from
the spatial averaging, but as far as experiment S1.1 is concerned,
Fig. 7 shows that MCO#1 has indeed nearly no impact. In S2.50 on
the contrary, MLDs generally decrease in the sea ice zone, up to
10 m north of Greenland, but they show a weak increase in the
Canada Basin. However, the changes are too small to offset the ini-
tial model biases. The largest differences actually occur beyond the
sea ice edge, in regions of much deeper MLDs, likely because of
weak modifications in the large-scale T/S fields.

Due to the lack of under-ice winter hydrographic observations
close to Antarctica, the MIMOC climatology severely underesti-
mates MLDs on the continental shelves (Barthélemy et al., 2015).
Besides, measurements collected between 2004 and 2011 by CTD
sensors carried by seals provide an extremely valuable source
of information about the hydrography of the Southern Ocean
south of the Antarctic Circumpolar Current. We thus use here the
MEOP-CTD dataset (Marine Mammals Exploring the Oceans Pole to
Pole, Roquet et al., 2011; 2013), a calibrated compilation of T/S pro-
files collected by hundreds of instrumented seals, to evaluate our
model results. In short, climatological MLDs are obtained from the
database by averaging, for each month and each ORCA1 grid point
where they are available, the MLDs computed from the measured
profiles in the same way as they are estimated in NEMO. More de-
tails about the model-data comparison can be found in Barthélemy
et al. (2015). Out of the continental shelves, the MLDs from MI-
MOC compare quite well with the ones calculated from seal ob-
servations. Hence, the following analysis is only based on the
latter.

MLDs in experiment REF are evaluated against MEOP-CTD esti-
mates in Fig. 8. The map of differences is shown for the month of
May, when mixed layers become deeper and when the data cover-
age is still relatively good. Overall, the model tends to underesti-
mate MLDs. The issue is clearest along the coast of East Antarctica,
where the bias is locally up to 150 m. The only location where sig-
nificantly too deep mixed layers are modeled is the eastern Wed-
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Fig. 8. Comparison of mixed layer depths in the MEOP-CTD dataset and in experi-
ment REF, for the period 2004-2011. Upper panel: mixed layer depths difference in
May. Lower panel: scatter plot of simulated versus observed mixed layers depths in
the Antarctic area depicted in Fig. 3; the solid line is a least squares linear fit and
the dashed line is the diagonal.

dell Sea. The scatter plot extends the evaluation to all months and
supports the above finding. Weddell Sea data points are clustered
above the diagonal. The correlation between simulated and ob-
served MLDs is 0.38 and the slope of the least square linear fit
is 0.59, confirming the MLD underestimation by the reference ex-
periment.
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Fig. 9. Differences in temperature and salinity profiles between the sensitivity and REF experiments, averaged in the areas depicted in Fig. 3, for February in the Arctic (left)

and for August in the Antarctic (right).

As in the NH, the introduction of MCO schemes in NEMO re-
duces MLDs in the Antarctic, with a larger impact for longer ho-
mogenization time scales. On average, the MLD drops from 79 m
in REF to 73 m in S2.50 (Table 3), whereas the changes are barely
visible for S1.1 (Fig. 7). Substantial decreases in MLD appear more
restricted to the ice-covered areas than in the Arctic. The largest
changes, of the order of 50 m in experiment S2.50, occur on
the continental shelves, except in the Ross Sea. A comparison of
S2.50 with the MEOP-CTD dataset yields a correlation coefficient
of 0.41 and a linear fit slope of 0.54. This is consistent with a
small improvement in the mean MLD representation where mea-
surements exist in the Weddell Sea, but with an increased un-
derestimation elsewhere. The equivalent of Fig. 8 for this experi-
ment looks very similar to the one displayed for REF and is thus
not shown. Since the MEOP-CTD profiles are recorded during the
quasi-vertical ascent of seals, it is possible that the animals over-
sample the lead areas. Because of the large differences in the depth
of convection between the columns in MCO#2, such a non-uniform
sampling could have an influence on the model-observation
comparison.

The MCO effects on mean T/S fields are presented in Fig. 9. They
are negligible in S1.1 and small in all other simulations, so that the
general shape and properties of profiles remain mostly unaffected.
Therefore, the differences compared to the reference experiment
are plotted for the winter season. In summer in both hemispheres,
the most consistent signal is an increase in SSS (not shown) that
we attribute to a reduced sea ice melt (see the next section). Pro-
files averaged over various sectors of the Southern Ocean present
the same key features as described below.

In the Antarctic, the temperature and salinity increase at a
depth close to the MLD, with a magnitude depending of the ho-
mogenization time scale. This is consistent with a shoaling of
the mixed layer, which allows the warmer and saltier water from
below to get closer to the surface. The maximum warming and
salinity gain are of 0.1 °C and 0.02 PSU in experiment S2.50.
The temperature profiles also indicate a slight cooling at depth,
which is explained by a greater penetration of cold water due
to deeper convection in leads. At the surface, the presence of
sea ice forces temperatures to remain at the freezing point in all
simulations.

In the Arctic, the model response does not seem linear as a
function of the mixing time scale. For experiments S2.2 and S2.10,
only a weak cooling is present down to 150 m. A warming in the
upper layer, associated with a MLD shoaling or to the entrain-
ment of water from below, exists exclusively in $2.50 and S2.250.
The temperature differences at greater depths (below 150 m) likely
originates from changes in vertical mixing in remote areas, with
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Fig. 10. Differences in temperature (left) and salinity (right) at 190 m depth be-
tween experiments S2.50 and REF, for August in the Antarctic.

impacts on deep water masses. Certainly, the changes are min-
imal, being at maximum of the order of 0.02 °C in experiment
S$2.50, which is too small to correct the generally large tempera-
ture biases of current models at intermediate depths in the Arc-
tic Ocean (e.g., Ilicak et al., 2016). Salinity profiles show the same
variety of behaviors, with a consistent increase close to the sur-
face but with a freshening below the mixed layer only in S2.2 and
S2.10.

The MCO impacts on mean T/S profiles are thus weak, espe-
cially for temperature in the Arctic and for salinity in the Antarc-
tic. This may appear surprising in comparison to the subgrid-scale
effects presented in the previous section. This is because some of
the subgrid-scale processes occur in columns of very small extent.
The most meaningful example is winter leads, whose vertical mix-
ing and hydrography are so peculiar. Their average concentration
in the model falls to less than 0.03 % in February in the Arctic and
to less than 0.5 % in August in the Antarctic. A higher and more re-
alistic simulated open water fraction would strengthen the effects
of MCO, by increasing the area of the column with the strongest
buoyancy fluxes and the deepest convection.

Additionally, the mean profiles considered so far mask regional
changes that are larger in magnitude. Spatial distributions of tem-
perature and salinity differences at 190 m depth between experi-
ments S2.50 and REF are shown in Fig. 10 for August in the Antarc-
tic. While changes close to the surface are relatively uniform (not
shown), complicated patterns exist at this depth, because it is lo-
cally below, near or above the mixed layer base. The mean differ-
ence plotted in Fig. 9 is therefore not representative of all regions.
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At depths greater than the MLD, however, the changes caused by
MCO tend to be very small everywhere.

Especially in the Ross Sea, the cooling effect of MCO below
the MLD is clear, reaching up to 0.15 °C for the waters exiting
the continental shelf. In the Weddell Sea, higher temperatures are
found close to the ice shelf where the mixed layer is deeper than
190 m, while colder waters occupy the other areas. This is con-
sistent with the one-dimensional effect described above based on
mean profiles. In absolute values, maximum differences are of the
order of 0.15 °C as well. Along the coast of East Antarctica, wa-
ters at 190 m depth are warmer in S2.50 than in REF, which can-
not always be explained by deep MLDs as in the Weddell Sea. At
1° resolution, we do not expect an accurate representation of the
coastal currents. Nonetheless, changes in the zonal ocean velocity
(not shown) are a possible reason for the different model response
in that region. The salinity presents a more uniform increase
along the continent, up to 0.02 PSU in the three areas discussed
above.

The changes induced by MCO are robust, in the sense that the
differences between the experiments are similar if we select other
time intervals in the simulations. They are also non-negligible
when put into perspective with observed decadal variations in the
temperature of bottom water masses in the Weddell Sea for ex-
ample, which occur at rates close to 0.01 °C year—! (e.g., Fahrbach
et al.,, 2004; Couldrey et al., 2013). Nevertheless, these changes are
small compared to the model bias or to the variability of the sys-
tem. Specifically, the application of a Student t-test has demon-
strated that the changes in mean temperature and salinity are al-
most never statistically significant when compared to the interan-
nual variability. At this depth around Antarctica, the simulated in-
terannual standard deviation is indeed of the order of 0.3 °C for
temperature and 0.05 PSU for salinity.

4.3. Sea ice

The impacts of the MCO schemes on the sea ice cover are
now investigated. Maximum and minimum monthly ice extents
and volumes are given for all sensitivity experiments in Table 3.
The overall effect of MCO is to increase the ice extent and vol-
ume, mostly at the seasonal minimum. It is weak for homogeniza-
tion time scale equal or shorter than 10 h, but becomes substan-
tial for S2.50 and S2.250. In those simulations, the minimum sea
ice extent rises by around 1 106 km? in the Arctic. The increase
is even larger in the SH, but given the positive summer bias in
Antarctic sea ice, the model results should be treated with caution.
In both hemispheres, the extent is only marginally affected at the
winter maximum. The Arctic sea ice volume changes are similarly
at their highest during summer, reaching for instance 2.1 103 km3
for experiment S2.50, but approximately half of the signal per-
sists during winter. In the Antarctic, differences in volume occur
mainly at the sea ice minimum and amount to 1.0 103 km? for
S2.50.

Maps of sea ice concentration and thickness are shown in
Fig. 11, for experiments REF and S2.50, which is the first in which
MCO has significant effects, and for the months of February and
August when the differences with respect to the reference simula-
tion are the largest. It is worth noting that these months are not
the ones corresponding to the simulated sea ice minimum (March
and September), which could give an exaggerated impression of
the real model bias in summertime ice extent. The average sea ice
thickness over the whole grid cell is plotted, i.e. ice 1 m thick at
50 % concentration appears as 0.5 m thick in the figure. In other
words, it corresponds to the sea ice volume per unit area.

Sea ice concentration increases preferentially in peripheral ar-
eas where it is low, whereas it is almost unchanged in the central

Arctic basin and CAA, and in the Weddell Sea. Differences are typ-
ically of the order of 10 %, but exceed 15 % locally. The gains in ice
thickness tend to be more widespread. In the Arctic, ice gets 15 cm
thicker almost everywhere and the increase is up to 30 cm in the
marginal ice zone. The thickening is at most 15 cm in the Antarctic.
Although the magnitude of the changes varies from one sensitivity
experiment to the other, the general patterns remain the same in
all cases.

In order to understand the origin of the sea ice changes de-
scribed so far, we examine the non-solar part of the oceanic sur-
face heat flux in experiments REF and S2.50 (Fig. 12). In the ice-
covered columns, this corresponds practically to the heat trans-
ferred from the ocean to the ice base. In current ocean-sea ice
models, and in our reference simulation in particular, the oceanic
heat flux is common to all ice categories. With MCO#2, it can vary
from one category to another one, according to the specific ocean
conditions underneath.

Considering first the subgrid-scale distribution in S2.50,
Fig. 12 shows that the heat flux at the ice base tends to be larger
for thinner ice. In the Antarctic, the differences are limited to the
winter season and are of the order of 5 W m~2 between the
first and the third and fourth categories, which is roughly 30 %
in relative terms. The highest fluxes are caused by enhanced ver-
tical mixing that brings more oceanic heat to the surface. With
its large salt fluxes resulting from brine drainage, the fifth cate-
gory behaves in a similar way as the first. The same processes oc-
cur in winter in the Arctic as well, where the heat flux below the
thinnest ice is more than twice as high as below the thickest cat-
egory. However, in contrast to the SH, the fluxes are also hetero-
geneous in summer. At the maximum in August, the first, the sec-
ond and the other categories undergo fluxes of 27, 22 and around
20 W m~2, respectively. This arises from differential penetration
of solar radiation for the different ice classes. On average, a maxi-
mum difference of 15 W m~2 in the amount of energy reaching the
ice-ocean interface indeed exists between the first two categories
(Barthélemy et al., 2016). The lateral mixing between the columns
and the penetration of shortwave radiation inside the ocean imply
that only a third of this difference is reflected in the oceanic heat
fluxes to the ice.

Comparing the oceanic heat fluxes between experiments REF
and S2.50 is also of interest. During winter in both hemispheres,
the REF curve tend to follow the S2.50 curve corresponding to the
category in which most ice lies (third in the NH and second in
the SH), suggesting modest differences between both simulations.
In summer the signal is clear nonetheless: the fluxes in the MCO
experiment are systematically lower than in the reference simula-
tion. The difference is between 5 and 10 W m~2 in the Arctic on
average, but reaches as much as 15 W m~2 in the Antarctic. The
main source of heat to the ocean in summer is the warming by so-
lar radiation, which is maximum in open water. Without an MCO
scheme, the absorbed energy is immediately spread over the whole
grid cell. When MCO#2 is activated, the warming is concentrated
in the open water column. It reaches the under-ice only thanks to
the column homogenization, which is controlled by the mixing pa-
rameter f;. This explains the lower ocean-to-ice heat fluxes, and
consequently the reduced sea ice melt. This process also explains
that the differences between MCO#2 and REF are the largest where
concentration is low, because it is where the amount of solar en-
ergy entering the ocean is the highest.

Also shown in Fig. 12 are the non-solar heat fluxes at the sur-
face of open water/leads. When sea ice forms, this is actually not
the total heat loss to the atmosphere, but rather the flux needed
to keep the ocean close to the freezing point. The additional term
corresponding to the heat losses associated with the freezing of
seawater has no impact on the SST. This is the reason why it is
not included in this diagnostics. Focusing on the surface boundary



40 A. Barthélemy et al./Ocean Modelling 104 (2016) 28-44

Concentration

$2.50 - REF

-0.1 -0.06 0 0.05 0.1

REF S2.50 - REF

ET s

0 02 04 06 08 1 -0.1 -0.06 0 0.05 0.1

Thickness

REF §2.50 - REF

0 1 2 3 4 5 02 01 0 0.1 02
m m
REF S2.50 - REF

(T T T
o 05 1 15 2 04 005 0 005 0.1
m m

Fig. 11. Sea ice concentration (left) and mean thickness (right) in experiment REF, and differences with experiment S2.50, for August in the Arctic (upper panels) and for

February in the Antarctic (lower panels).
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Fig. 12. Seasonal cycles of non-solar heat flux at the ocean surface under ice (left) and in open water/leads (right) in experiments REF and S2.50. The spatial averages are

computed in the areas depicted in Fig. 3 and where sea ice concentration exceeds 15 %.

condition for the ocean, the changes between experiments with or
without MCO are substantial. The heat losses are higher in winter
because deeper convection in leads brings more heat to the surface
and in summer because the SST is higher in open water following
solar warming. The differences can reach several tens of W m~2 on
average.

Given the high subgrid-scale variability of oceanic heat fluxes
with MCO#2, one may expect changes in the simulated ice thick-
ness distribution (ITD). The average concentration in each category
and the open water/lead fraction are presented in Fig. 13 for winter
and summer months, in the areas delineated in Fig. 3 and for sim-
ulations REF and S2.50. The mean ice thickness in a given category
differs much less between the two experiments than its concen-
tration, and is hence not shown in the figure. Although the differ-

ences are qualitatively well explained by the heterogeneity of heat
fluxes discussed above, it turns out that MCO has quantitatively lit-
tle influence on the ITD. The concentration of thick categories tend
to increase, at the expense of the thinner ones that undergo higher
heat fluxes, but the changes are at most a few percent. Attempts
to evaluate the modeled ITD against observations have shown er-
rors up to 20 % for some ice classes (Barthélemy et al., 2016), i.e.
much larger than the differences between the experiments ana-
lyzed here.

4.4. Discussion

The analysis of model results in the previous sections has
shown their high sensitivity to the homogenization time scale be-
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tween the columns. In MCO#1, in which complete homogeniza-
tion takes place at each time step, i.e. every hour in our con-
figuration, some effects exist at the subgrid scale but the model
mean state is practically unchanged. This indicates that the het-
erogeneity in surface fluxes due to the presence of sea ice is
not sufficient to induce, over one hour, very different oceanic
regimes among the columns. A scheme like MCO#2 is therefore
required to test the model sensitivity to a possible shift between
the columns that grows over a longer period, corresponding to sev-
eral time steps. Another strong motivation for MCO#2 is its ability
to decouple the homogenization time scale from the model time
step, in case MCO principles would have to be tested in different
configurations.

Among the MCO#2 sensitivity experiments, it appears that im-
pacts are relatively weak for homogenization time scales up to
10 h in our setup. Effects on the ocean and on the ice become
substantial only for longer time scales. Typically, changes in the
mean fields start to occur in winter when the convection reaches
depths greater than the MLD in some of the columns. This pro-
cess indeed allows waters from below, whose properties differ
significantly from the surface, to be entrained within the mixed
layer. While no convection occurs in summer, large-scale changes
in sea ice emerge when the homogenization is sufficiently slow to
let the solar radiation absorbed in open water be stored in the
corresponding column, thereby delaying its influence on the ice
melt.

Since quantitatively the MCO impact strongly depends on how
fast the columns are homogenized, a physical estimation of the
mixing time scale would be highly valuable. This is however a
complex problem, which is beyond the scope of the present study.
The mixing between columns is very likely variable in both space
and time, depending first on their spatial distribution and second
on the ocean and ice dynamics.

The column distribution is related to the size of ice floes of
different thicknesses and how they are spread at the ocean sur-
face. In a summer situation where small floes are evenly dis-
tributed among areas of open water, differences in water proper-
ties could be limited to a very thin layer close to the ice-ocean
interface, while at greater depths, the large contact area between
the columns would prevent distinct ocean regimes. By contrast, in
a polynya in which sea ice is blown away from the coast by winds,
there may exist a clear distinction between the ice-free portion of
the area and the portion where thicker ice accumulates, allowing
separate ocean columns to develop. The floe size distribution has
long been recognized crucial for processes such as lateral melting
(e.g., Steele, 1992). Its explicit modeling is nevertheless just start-

ing to be considered for inclusion in large-scale operational fore-
cast or climate models (Zhang et al., 2015; Horvat and Tziperman,
2015), which is promising for the current application. In the same
vein, a representation of the lead width distribution could be im-
portant, as turbulent fluxes show a dependence on the size of leads
(Marcq and Weiss, 2012).

The second factor that could influence the mixing of ocean
columns is the ice-ocean relative velocities. If they are large, the
heterogeneous surface fluxes are not continuously applied on the
same fractions of the water column. For instance, a 300 m wide
ice floe drifting at 10 cm s~! needs less than one hour to be
moved away from the region it was initially occupying and thus
to cover another portion of the ocean surface. The model results
indicate that such relative velocities are often encountered inside
the Antarctic ice pack, while the ice drift tends to be slower in the
Arctic (not shown). Besides, the ice motion induces vertical shear
and turbulent mixing in the upper layers of the ocean (Morison
et al., 1992; Smith and Morison, 1993; Kantha, 1995; Skyllingstad
and Denbo, 2001), that tend to homogenize the oceanic columns
quickly. Low relative velocities may thus be even more critical than
the distribution of ice floes in allowing large differences between
the columns.

Although the discussion presented above is only qualitative, we
suspect that the homogenization time scale of 50 h used in exper-
iment S2.50 might be a high value in most conditions. The effects
that we have examined in more detail in that simulation must
hence probably be considered as an upper limit for the impacts
of a subgrid-scale representation of ice-ocean interactions. Experi-
ment S2.250 should even more clearly be seen as an idealized test
case.

A direct estimation of the homogenization time scale from ob-
servations would be extremely difficult to obtain. The required data
would include repeated and simultaneous CTD profiles performed
under different types of ice and in leads in a given area, in both
the freezing and melting seasons, and for different ice-ocean rel-
ative velocity regimes. This would have to be compared to ideal-
ized, detailed processes studies in a model, in order to determine
the horizontal mixing rate that gives the best agreement with ob-
servations. Parameter estimation based on data assimilation (e.g.,
Massonnet et al.,, 2014) might provide an alternative and help to
guide the development of an empirical parameterization of the
homogenization time scale, but the problem could be too loosely
constrained for the method to be effective. Large eddy simulations
of the sea ice-ocean system might be another approach to study
the processes that modulate the horizontal mixing between the
oceanic columns.
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Other model features play a role in our estimation of MCO ef-
fects. In addition to the uncertainty on the mixing time scale, the
open water fraction and the particular concentrations of ice of dif-
ferent thicknesses provided by the ITD display clear biases, that
have a significant influence on the quantitative impact of MCO in
our experiments. A short examination of the LIM results against
IceBridge datasets (Kurtz et al.,, 2013) has actually demonstrated
errors locally up to 20 % in the areal fractions of given ice cate-
gories. Compared to passive microwave satellite products, it also
appears that the model underestimates the amount of leads in
winter (Barthélemy et al., 2016).

A further issue regarding an accurate simulation of open water
in summer is the lack of explicit lateral melt in LIM, whose ade-
quate implementation is conditioned upon a representation of the
ice floe size distribution (Steele, 1992). Although it is implicitly ac-
counted for through melt of thin ice in the ITD (Bitz et al., 2001), it
does not constitute a source of freshwater at the top of the ice-free
column, as it should be. Yet, lateral melt during SHEBA represented
up to 29 % of the total change in sea ice mass (Perovich et al.,
2003). The absence of runoff from the snow and surface ice melt,
or of a mechanism by which water originating from bottom melt
could accumulate and subsequently be flushed laterally, might be
a problem as well. Finally, Holland (2003) note that to achieve a
realistic representation of summer warming and freshening of the
open water surface, the latter must be embedded within the ice
cover, in order to hinder direct lateral mixing between the lead
and the under-ice ocean system. This is in line with the model-
ing results of Skyllingstad et al. (2005). However, it raises technical
difficulties in a full three-dimensional model and has not been ad-
dressed here.

Although it requires substantial modifications in the model, the
MCO scheme consists mostly in repeating several times the verti-
cal mixing and tracer update computations that are already done
in the reference code. Since the TKE and NPC schemes are time-
consuming portions of the code, our developments significantly
increase the model integration time. MCO#1 and MCO#2 are re-
spectively 1.4 and 2.2 times more demanding in CPU time than
the reference simulation. Optimization has not been a major con-
cern so far, but it is clear that both versions could benefit from
reducing the number of columns, possibly focusing on open water
and thin and thick ice classes only. Reducing the amount of output
fields in MCO#2 would be another straightforward source of per-
formance improvement. Finally, the memory use is also larger with
MCO#2 due to several additional three-dimensional fields that ex-
ist for all six columns (temperature, salinity, turbulent kinetic en-
ergy and turbulent mixing coefficients).

5. Conclusions

The sensitivity study presented in this paper intended to exam-
ine the effects of a representation of the heterogeneous nature of
sea ice-ocean interactions in the global model NEMO-LIM. A multi-
column ocean scheme has been developed, in which the subgrid-
scale surface boundary conditions related to the ice thickness dis-
tribution present in LIM can be explicitly taken into account. While
convection is always computed separately in open water and un-
der the ice categories, whether distinct temperature and salinity
profiles are allowed to be maintained over several time steps dic-
tates if the model turbulent mixing scheme has to be called indi-
vidually in each column as well. This distinction gives rise to two
scheme versions that differ significantly in complexity. Nonethe-
less, model computations relative to ocean dynamics and lateral
mixing are unmodified in both cases.

By using the actual buoyancy fluxes and column areas provided
by the sea ice model, if lateral mixing occurs at each time step,

there exist subgrid-scale effects in ocean convection but large-scale
impacts on the model mean state are practically nonexistent. One
option to artificially amplify the effect of subgrid-scale fluxes is to
apply the salt rejections in a column of arbitrarily small extent as
in Jin et al. (2015). We rather chose to maintain the columns over
several time steps. By doing so, we obtained a number of phys-
ically plausible effects. The major ones are a reduction in mixed
layer depths and an increase in sea ice extent and volume at
the seasonal minimum, themselves explained by decreases in the
oceanic heat flux at the ice base. Mean temperature and salin-
ity profiles are only weakly affected. Nevertheless, in the Antarc-
tic, changes of up to 0.15 °C are found at a few hundreds meters
depth in the Ross and Weddell Seas and along the coast of East
Antarctica, which are key areas for the formation of bottom wa-
ters. The length of our model runs is however too short to evaluate
the long-term effects of the multi-column ocean scheme on these
water masses. In the particular configuration used in our analy-
sis, the scheme causes the model to underestimate mixed layer
depths, mostly in the Antarctic, and reinforces the positive sum-
mer ice bias. The increase in Southern Hemisphere summer sea ice
would actually be beneficial with other setups and forcing formu-
lations, in which the Antarctic minimum extent is often too low
(e.g., Rousset et al., 2015).

We noted that substantial effects on the ocean and sea ice
start to appear when the time scale of homogenization between
the columns is of the order or larger than 10 h. The large sensi-
tivity to this time scale implies that additional work is required
to estimate the lateral mixing rate from a strong physical basis,
and thereby to reach a robust implementation of the multi-column
ocean scheme and an precise quantitative evaluation of its impact.
This is dependent on several other model features, among which
an accurate representation of the ice thickness distribution and
of the open water fraction, floe size distribution, lateral melting,
runoff from the ice and embedment of leads within the sea ice
cover. Those are all topics which deserve additional research and
developments.

To fulfill the objective of this study, an advanced multi-column
ocean scheme has been developed, making use of the full ice thick-
ness distribution of LIM. This comprehensive scheme allows an in-
depth examination of the role of subgrid-scale sea ice-ocean inter-
actions. It would also be a highly valuable tool to assess their im-
pacts in atmosphere-ice-ocean coupled simulations, or with mod-
els including a representation of the biogeochemistry (e.g., Long
et al., 2015). This fully justifies the computational overhead asso-
ciated with it. For other applications though, the first order ef-
fects could be captured using a simplified version of the scheme.
The most important feature to include in a model is certainly
the stark contrast between the open waters and the under-ice,
which is much larger than between the different ice classes. Allow-
ing the existence of separate upper ocean temperatures in sum-
mer for the ice-covered and open water fractions of grid cells,
for a time scale longer than the model time step, appears to be
the minimal requirement in terms of subgrid-scale sea ice-ocean
interactions
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