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Abstract

Realistic representation of sea-ice in ocean models invadg the use of a non-linear
free surface, a real freshwater ux and observance of requig conservation laws. We
showhere that these properties can be achieveih practice through use of a rescaled
vertical coordinate \ z " in z-coordinate models that allows one to follow undulations
in the free surface under sea-ice loading. In particular, tle adoption of \z " avoids
the di cult issue of vanishing levels under thick ice.

Details of the implementation within MITgcm are provided. A high resolution
global ocean-sea-ice simulation illustrates the robustngs of thez formulation and
reveals a source of oceanic variability associated with seae dynamics and ice-
loading e ects. The use of the z* coordinate allows one to adeve perfect conser-
vation of fresh-water, heat and salt, as shown in extended itegration of coupled
ocean sea-ice atmospheric model.
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1 Introduction

The importance of conserving heat, fresh water and salt isuwial for ocean -
sea-ice models and coupled atmosphere sea-ice ocean GCMbB(®lt et al.,
2004), especially to prevent drift in long term simulationsThis is particularly
true in high-latitudes, where the exchange of water (solidrdiquid) is relatively
large and associated with signi cant heat content di erenes and with strong
time variability (such as large seasonal cycles in Arcticver run-o ). Indeed,
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the delity of coupled ocean sea-ice simulations is sens#i to the manner in
which the high-latitude fresh-water ux is treated in oceanmodels (Prange
and Gerges, 2006).

Generally, each component of a coupled model strictly enfias conservation,
based on a consistent set of approximations (e.g., volumesiead of mass
conservation in a Boussinesq ocean model). However, "I€afspurious sources
and sinks) can appear when coupling di erent components dawith their own
di erent | albeit internally consistent | conservation rul  es. For example, the
internal energy associated with precipitation (temperatte, solid or liquid) is
generally neglected in ocean models, but represents a cali@art of a sea-ice
model where snow is concerned (similarly for snow over land)

To avoid conservation problems related to the sea-ice inface, Schmidt et al.
(2004) made the following recommendations:

- to carefully de ne the interface between each component dnuxes across
the interface;

- to account for the energy content (relative to an energy refence level, ERL)
and tracer content of any mass exchange between the di ereabmponents
using a uniquely de ned ERL across all components;

For example, and in particular, the height of the water colum under sea-ice
needs to be allowed to vary when sea-water freezes (or seanelts), since the
corresponding fresh water amount has to be taken out (or be @éed into) the
uppermost ocean grid box (the so called "real fresh-water xi formulation).

Despite advantages in term of realism and conservation, &l z-coordinate
ocean sea-ice models do not allow mass exchange betweennceozean (see
sections 6 & 7, Schmidt et al., 2004; Johns and Coauthors, B)OHistorically,
this was in part because of the need to employ a time-varyingpper level
thickness which follows sea-surface undulations (the sadled "non-linear free
surface"). Almost all modern ocean GCM's presently employ mon-linear free
surface (Gries et al., 2001; Roullet and Madec, 2000) and sthis is not now
a limitation. However, there is another, more challenginggroblem. As pointed
out by Schmidt et al. (2004), there are potential numerical pblems which
occur when the surface level becomes very thin or even varashin regions of
thick ice compared to the depth of the upper ocean grid cell.oge crude and
unphysical remedies are sometime used to avoid this proble@.g., Gries
et al., 2005). This di culty is speci c to z-coordinate models, since isopycnal
or terrain following coordinate ocean sea-ice models havieeady adopted a
realistic mass exchange formulation, even under the hugeimading e ect of
an ice-shelf (Holland and Jenkins, 2001; Timmermann et aR002).

Recently, Adcroft and Campin (2004) described the rescaldaeight coordi-
nates (z ) formulation as a solution to the problem of vanishing surfee levels



under large sea-surface displacement, whilst retaining éhconvenience of a
height coordinate. Here we describe how the coordinate approach can be
used to solve the sea-ice interface problem by allowing on@ ¢onsider mass
exchange between ice and ocean in an exact way, without anytbé incon-
veniences of the traditional z-coordinateA similar approach, but applied to
a mass coordinate ocean model, is used in the GISS couplednale model
(Russell et al., 1995).

Our paper is set out as follows: in section two we formulate éhproblem in
terms of z ; section three and four illustrates the successful implemtation of
sea-ice ocean mass exchange witlz acoordinate: a \realistic" global set-up at
relatively high resolution ( 1=6 , section 3), that includes sea-ice dynamics
emphasizes the dynamical response ; a GFD-type, idealizemv| resolution
coupled con guration on an aqua-planet (section 4) over chatic timescales
serves to illustrate the all-important conservation propgies of mass, salt and
heat. Finally, we summarize and conclude in section ve.

2 Formulation of the coupling between sea-ice and ocean mode Is
in z* coordinates

The ice-ocean mass exchange formulation discussed hereis strictly-speaking,
"new" (as mentioned in Schmidt et al. (2009) but for clarity, and to make
the connection withz , it is useful to present: (1) the equations incorporating
ice-ocean mass exchange which apply to all non-linear freerface models,
independently of vertical coordinate; (2) the simpli ed femulation without
ice-ocean mass exchange, emphasizing drawbacks, in pattc in the treat-
ment of salt ux; (3) the implications for sea-ice dynamics(4) the z solution
to the current z-coordinate implementation; and nally, (5 the time-stepping
algorithm.

2.1 Ice-ocean mass exchange formulation

The column integrated mass, salt and heat budget of a Bousssqg uid are
expressed :

@h z
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where is the position of the ocean surface (below the ice}y is the column
thickness h = + H, with the ocean bottom atz= H < 0), u,, the water
horizontal velocity, and S the potential temperature and salinity, ,, and ¢,
the reference density and heat capacity of sea-watét,,,Fs and Fy the mass,
salt and heat uxes in units of kg=n?=s, psu:kg=nf=g(' g=n?=s) and W=nv
respectively. Di usion is not considered here, but could edy be added to the
right hand-side of equations (2) and (3).

Further terms can be added to equations (3) and (2), to accotifor the heat
content and salt content of the water mass uX:+ ., Fn=w and +Sy, Fn= w
where S, and , are, respectively, the salinity and temperature of the frés
water ux (precipitation, evaporation, run-o ). Without a ny loss of generality,
here the heat content of the fresh-water ux is considered tbe part of the
heat ux Fy 2; Similarly for salinity, in the few cases wheres,, F, is non-
zero, it can be considered to be part d¥s, as, for instance, when salty sea-ice
melts or when the small amount of salt that some rivers bringat the ocean is
accounted for. This approach is consistent with the \energyreferencelevel”
concept developed by Schmidt et al. (2004); it also simplie equations (2)
and (3) and avoids the need to distinguish between the varisitemperatures
of all the fresh water ux components (evaporation, rain, sow, run-o, ice-
melting and freezing) as far as the ocean is considered. Oretbther hand, an
accurate evaluation of those fresh-water related contriltions is easy to derive
from a coupled atmospheric component, sea-ice model or b#itkmulae over
open ocean, and convenient to combine with heat and salt uge

At the sea-ice ocean interface, because sea-water freezZjiog melting) is a
positive (negative) contribution to the mass budget of theea-ice component,
the same mass ux needs to be subtracted from (added to) the @an com-
ponent: melting and freezing are part of the mass ux, into the ocean.
This also implies that the ocean upper boundary (surface, pion ) is the
ice-ocean interface where ice is present, and the open ocearface elsewhere.

1 those terms are viewed as part of fresh water advection acrssthe interface by
Jenkins et al. (2001).

2 for example, when the "energy reference level" correspond® liquid water at
0°C, melting of fresh snow at @®C implies only latent heat exchange. In contrast,
when basal melting occurs, the heat ux that the sea-ice compnent returns to the
ocean accounts for the freezing temperature of sea-water iaddition to the latent
heat.



The hydrostatic pressurePy,y term in ocean horizontal momentum equation:

@w=@t 1= ,r Puyqg + [Coriolis; Advection; Viscosity] (4)

is computed from:

Z
F)hyd = I:)zz + gdZ with Pzz = I:)atm + gM(ice+snow) (5)

z

and accounts for atmospheric pressuréPf,) and the weight of sea-ice and
SNOW @Miice+ snow))- Although the ocean-ice interface moves up (down) with
melting (freezing) the oceanic hydrostatic pressure is n@ ected by sea-ice
melting or freezing, as the amount of water in the column renras unchanged.
And indeed, in the case where only melting/freezing is comEred, @ M=@xt

F, balances$ @ =@t F,,=  and the hydrostatic pressurePpyq in the eq.5
will not change.

For clarity, it is useful to de ne the sea-level position tha one would measure
in drilling a hole through the ice: %% = + M (ice+ snow)= w- In the limit
where salinity di erences between sea-ice and sea-watendze neglected, '¢ads
corresponds approximatelyto the mean sea-level position \as if" all the ice
had melted.

In a numerical model, according to the nite-volume discratation, the model
sea-surface position |* of a partially ice-covered mesh (ice fraction:) is
de ned as the weighted average of the sea surface positiortie two fractions
of the grid cell, under the ice (j) and in the open water ( j, e ):

[ ] = jice + (1 ) jwater

Since our de nition of '®3% corresponds precisely t0j,, .., this allows one
to express the grid cell average sea-surface positioh &s equal to:

[]1= jice +(1 ) leads —  leads M ](ice+ snow) = w
with the grid cell average M ](ice+ snow) — ( iceHice + snostnow) :

Two types of di culties can be encountered when attempting o use this sim-
ple and most realistic boundary condition at the surface (socalled "real fresh
water" exchange):

3 the cancellation is almost exact, apart from the small dendly di erence between
the surface and the Boussinesq reference, .

4 the bracket notation "[]" is intended to distinguish the dis cretized variable that
the model uses from the continuous one. However, this spea notation is dropped
when the context is clear enough and no risk of ambiguity exits.



Firstly, from a pure implementation point of view, it demands that one deals
with a varying ocean column thickness (at least, the surfadevel thickness)
in all the model equations, including the barotropic dynanas, resulting in a
non-linear free-surface formulation. This implementatio is not always avail-
able (Prange and Gerges, 2006) or is source of technical dulties (e.g.: to
derive the adjoint, P. Heimbach, personal communication).

Secondly, when sea-surface position is strongly depressaat reaches the rst
vertical interface, the surface level vanishes. This sittian can be relatively
common under heavy sea-ice-loading, with ne vertical rekdion as is typi-
cally in usenear the surface. This is illustrated in gure 1b by the left olumn
and corresponds to a situation where the condition:

Z; + [ ] = Z; + leads [M ](ice+ snow) = w >0 (6)

is not satis ed, with  z; corresponding to the vertical grid spacing at the
uppermost level

Most large-scale z-coordinate OGCM are not able to deal wittlisappearing
levels, and so would require signi cant e ort and special ating (see how
isopycnal models deal with in nitely thin layer thickness,e.g.: Bleck, 2002).
For these reasons, many z-coordinate ocean sea-ice modélsise a simpli ed
formulation, as detailed below.

2.2 Simpli ed formulation: no mass exchange

A commonly used approximation is to ignore the surface massix and asso-
ciated fresh water ux and to retain only its dilution/concentration e ect on
ocean salinity. Regarding the sea-surface position in thegsence of sea-ice,
since no mass is taken out of the ocean when sea-ice formseZneg/melting
does not a ect the sea-surface elevation. Additionally, foconsistency, ice-
loading should not be considered so that oceanic hydrostatpressure is not
a ected by freezing/melting as in the real world. As a consagence, the sea-
surface is not depressed under the ice (Fig.1a), \as if" thee had melted
(sometimes ironically called "levitating" sea-ice), ~ '®2% and the disap-
pearing of the surface level under thick sea-ice is no longar issue.Here, in
this section, the notations ~and h are used to di erentiate the approximated
sea-surface position and water column thickness from the approximated
one, andh, as de ned in section 2.1

This approximation results in a di erent equation for the waer column thick-

nessh:
z
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The evolution of salinity can be expressed as

@s _

Qb

@n_h)

@t

+ S5

@t

@t

‘N,

Fig. 1. Schematic view of
three sea-ice formulations: (a)
no mass exchange (virtual salt
ux); (b,c) real fresh water
formulation (non-linear free{
surface), in z-coordinates (b)
and using z -coordinates (c).
Heat ux ( Q), and salt ux
(S) in (a) or fresh water
ux (W) in (b,c), are repre-
sented by short arrows, cor-
responding to freezing con-
ditions. Two open arrows in
(a) represent the surface layer
thickness dz which is used
to compute oceanic advective
uxes, corresponding to the
non-linear free-surface case
dz= 2z + and the approx-
imated linear free-surface case
dz= z;. The sea-surface po-
sition is not a ected by sea-ice
in (a) (so-called "levitating"
sea-ice), but is depressed by
the weight of sea-ice in (b,c),
with the rst level empty in
the left column of (b). The tilt
of the coordinate in (c) avoids
the problem of disappearing
levels.

(7)



with Sg being the surface salinity. The rst term is given by eq. 2, ad the
second term is equal to S¢ Fn=, and appears on the right-hand-side as
a virtual salt ux. The approximate \virtual salt ux" formu lation neglects
the third and last term (' h)@=@#nd similarly the equivalent term in the
heat budget, so that the column mass, salt and heat budget eations (1,2,3)
become:

@ a3
=y Uy dz (8)

@t y

— Z~
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H
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with ¢ being the surface temperature.

The pressure term in ocean dynamics (4) simpli es to:

Z~
Phyd = P2:—~ + gdZ Wlth P2:—~ = Patm (11)

z

Some of the implication of the \virtual salt ux" approximat ion are summa-
rized hereafter:

a) virtual s% ux accuracy. Without a signi cant net global fresh water
water ux ( FndA' 0, which is generally the case), the barotropic dynam-
ics will adjust quickly and ensure thath ', so that the term in equation
(7) which is neglected here, { h)@ S=@will remain small and the virtual
salt ux Ss Fy=  will accurately represent the local dilution/concentraton
e ect. On the other hand, when the fresh water ux is not globdly balanced
over a long period, as in climate change scenarios, the vialusalt ux formu-
lation holds mean sea-level constant, making analysis anateérpretation less
straightforward.

b) salinity conservation.  Global conservation of salinity which should re-
place the conservation of the total amount of salt in the redresh water ux
formulation, is no longer satis ed. For instance, in the cas of no net global
fresh water ux, the global mean salinity is expected to rema constant. How-
ever, because of horizontal variations in the local surfasalinity Ss, which are
generally anti-correlated with fresh-water ux (higher suface salinity in evap-
orative feg}Q{IS,Fm < 0, and lower saHEity in regions of excess precipitation,
Fn > 0), Ss FndA< 0, evenif F,dA =0 ; thus the global salinity
will drift away. The magnitude of this salt loss can be estimated from clima-



tological data sets : using a globally balanced fresh watewx, the net salt
imbalance is about ~ 1:6 10 °g=n?=s, resulting in a global mean salinity
drift of 0:14 psu per thousand years of simulatioA. A possible remedy to
this conservation problem is to evaluate the virtual salt « using a uniform
salinity S, instead of the local surface salinityss, leading to a far less accurate
representation of the dilution e ect, which, for example, an be responsible
for negative salinity in regions of large river out ow (Gri es et al., 2005).

C) inaccurate velocity to mass transport relation . Since the column
thickness is left una ected by the overlying sea-ice, the hizontal oceanic
mass transport is overestimated by an amount of the order ofi¢ sea-ice trans-
port, assuming comparable velocities. In thick ice-covategegions, part of the
advantages of the non-linear free surface, which consistsa more accurate
representation of mass transport, is lostHowever, since the model dynamics
generally compensates by adjusting the oceanic velociti¢se mass transport
is not a ected signi cantly, and the inaccuracy and di erences are more likely
to be found in the velocities. This is con rmed in section 3 aalysis.

d) ice-dynamics e ects on oceanic variability. The divergence of the ice
transport modi es the ice-loading eld which a ects the ocanic pressure, on
the contrary to melting or freezing (which have no e ects on ceanic pressure).
The virtual salt- ux approximation with no ice-loading (eq.11) ignores this ef-
fect, although the divergence of the oceanic transport mighompensate in the
special case where sea-ice and ocean velocities are idaht{@n the other hand,
sea-ice and ocean velocities are rarely identical, in partilar when the response
to high frequency wind forcing is considered; and through éhice-loading cou-
pling, sea-ice dynamics can represent a signi cant sourceaxeanic variability,
specially near the ice-edge where ice divergence/converge is large; section
3.2 illustrates this aspect.

e) barotropic dynamics.  Another important missing aspect in this virtual
salt- ux approximation is the dynamical e ect of the fresh water ux, known
as the Goldsbrough-Stommel circulation (Stommel, 1984).ltkhough di erent
intermediate formulations have been proposed to incorpdethis e ect, in
rigid-lid model (Huang, 1993) or linear-free-surface mobéTartinville et al.,
2001), one must convert fresh water to an equivalent salt uxsince the column
thickness, which is relevant for tracers, is held xed.

2.3 Implications for sea-ice dynamics

With regard to ice dynamics and ignoring sea-ice loading, @ssure forces are
generally expressed as a sea-surface slope (see e.g., Hibel979):

Mi@;i=@t hir Pam Migr +[Coriolis; Stress] (12)

5> similarly, the heat loss can be estimated to be around @W=m? or equivalent to
0:5K=kyr



whereh;, M; are respectively the sea-ice thickness and mass ands the sea-
ice velocity. Although the atmospheric pressure gradiensia relatively small
term, it has been added here to ensure consistency with ocedynamics: it
is important to account for the same forcing in both media (#her to neglect
atmospheric pressure in both, or to include it in both). Thismay be partic-
ularly important at low frequency since the ocean will adjusto atmospheric
pressure loading (the inverse barometric e ect).

When sea-ice loading is accounted for, the sea-surface sldp consider is
no longer the gradient of the mean ocean surface height)(but becomes
the gradient of the equivalent open-water surface position®@s as de ned
in section 2.1, and the second term on the right-hand-side efg.12 reads:

Migr leads — Migr ([ ]+[M ](ice+ snow) = w)

This can be easily derived by considering the external press induced by
horizontal forces acting on an ice- oat of thicknesh;, fromz= toz= +h;;
below the oating line located atz = %39, the external pressureP (z) is equal
to the oceanic hydrostatic pressureP(z < '%3%) = P, + ,g( %8s 2)
whereas above it, only atmospheric pressure remaird(z > '9395) = P, .
Assuming a locally-uniform sea-water density ,,, the vertically integrated
horizontal pressure gradient can be written as:

Zhi Zhi >
r P(z)dz = r Paym dz+ r ( wo( "% 2))dz

=  hir Pam +( leads ) wor leads

which allows one to recover the modi ed eq.12, sindd; = ( 639 ) , .

2.4 A way forward using z*

The z* coordinate approach is an unapproximated, non-linedree surface
implementation which allows one to deal with large amplitud free-surface
variations relative to the vertical resolution (Adcroft and Campin, 2004). In

the z* formulation, the variation of the column thickness de to sea-surface
undulations is not concentrated in the surface level, as imé z-coordinate for-
mulation, but is equally distributed over the full water coumn. Thus vertical

levels naturally follow sea-surface variations, with a lear attenuation with

depth, as illustrated by gure 1c . Note that with a at bottom , such as in
Fig.1c, the bottom-following , coordinate andz are equivalent.

The de nition and modi ed oceanic equations for the rescatk vertical coor-
dinate \z ", including the treatment of fresh-water ux at the surface are de-
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tailed in Adcroft and Campin (2004). The major points are sumrmarized here.
Using the " " notation to distinguish variables and expressions evalted in
the z vertical coordinate system rather than in the familiar z-cordinate, the
position (z ) and vertical discretization ( z ) are expressed as:

H +

H+z =(H+2)=r and Zz = z=r with r= v

(13)

Since the vertical displacement of the free surface is inparated in the vertical
coordinatez , the upper and lower boundaries are at xed position,z =0

andz = H respectively. Also the divergence of the ow eld is no longe
zero as shown by the continuity equation:

@r @ _
@t+rz (r uy)+ @—Z(rw)—O (14)

wherew represents the vertical velocity in the movingz coordinate which is
related to the xed frame vertical velocity w by the relation:

rw =rDy(z)=w (1+z=H)Dy +(=H)(z=H)u, rH

with the time total derivative notation D;.

The set of equations that must be solved is detailed in Adcrioand Campin

(2004). Tracers (potential temperature, salinity, or a pasive tracer) follow
closely the continuity equation 14 and the main di erence, @mpared to equa-
tions in height coordinate, appears in the horizontal moméam equation with

a term related to the slope of the coordinate: with the dens;itz-}]pomaly and
hydrostatic pressure anomaly de ned as®= wandp®= ", %Ydz the

horizontal pressure gradient term in z-coordinates is repted by

(or . +1:szp(§! ar +1:wrzp0+g(O:w)rz[(l"'Z:H)]
Interestingly, sincez iso-surfaces are generally very close to horizontal sur-
faces, this slope term is generally small, even more when diy anomaly is
used as here. Problems related to pressure gradient errond)ich are familiar
to terrain following coordinate ( ), are thus not an issue here.

Constraints on minimum sea-level and maximum sea-ice loadj, which are

severe in z-coordinates (eq.6), are much less restrictivehat is required is
that the thickness of the column be positive:

h=H+ =H+ 'eads M(ice+snow): w>0 (15)
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External Forcing

Sea-Ice: Dynamics Uy s M ; "5 Pam 5 (Wind)"=2
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Thermodynamics:

I (h )n+1 =(h )n tr nu\r)v+1 + tF,;Hl:z:( )
I (hS)™*! =(hS)" tr hS"untt & fF n+l=2_

S w

Fig. 2. Sketch of time stepping sequence: the time steppingamprises a sequence
of partial updates with a right arrow to indicate updated el ds and a left arrow
to indicate input elds used in the updating process. In addition to notations from
equations (1-5), Wind), 4 and j, represent, respectively, wind speed, wind stress
over ice and stress between ice and waterj¢e) represents all sea-ice state variables
and G, is the oceanic momentum tendency.

2.5 Time-stepping implementation

In this section, we set-out details of the implementation o$ea-ice with z* in
the MITgcm (Marshall et al., 1997a,b) using \real fresh-watr" boundary con-
ditions and ice-loading e ects. The time-stepping method &s been identi ed
as a crucial aspect for conservation of heat, salt and frestat®r in non-linear
free surface ocean models (Gri es et al., 2001; Campin et ak004). Without
sea-ice, the fresh water ux is weakly coupled to heat ux (sice the precip-
itation and run-o, which contains the largest high frequery variability, are
uncoupled to heat or salt uxes); in this case, a one time stegelay between
di erent component of the surface forcing is unlikely to case problems, and
details of the time-stepping of surface uxes is not an issuS&ea-water freezing
and sea-ice melting are more demanding. Firstly, the impbieheat ux (latent
heat of freezing/melting) is a crucial component of the adgtment process
of sea-surface temperature towards the freezing point. Ascansequence, this
heat ux needs to a ect oceanic temperature without any delg to avoid any
numerical stability problems. Secondly, the implied heatux is also associated
with signi cant fresh-water exchange (which is much largethan the evapo-
ration analog since latent heat of melting is much smaller #n latent heat of

12



vaporisation). A consistent time-stepping treatment of hat and fresh-water
uxes is therefore desirable.

Most MITgcm applications use a staggering in time of densitand momen-
tum (staggered time-stepping) instead of a synchronous tienstepping® since
the former is more stable regarding internal mode dynamicStaggered time-
stepping is also commonly used in sea-ice models, to advantdéime sea-ice
dynamics, advection and sea-ice thermodynamics (growth émelt); it is also
used in the current model between sea-ice and oceanic comgms. This allows
one to, amongst other things, eliminate a one time-step dgian the response
to atmospheric forcing, oceanic mixed layer or sea-ice tmeodynamics, as sea-
ice is advected away or into a grid box. The resulting time-spping appears
as a sequence of (groups of) equations being advanced in tiroee after the
other.

The forward time stepping sequence that is currently used WITgcm is sum-
marized in gure 2: sea-ice is stepped forward in time in theeseparate stages,
ice-dynamics rst, then sea-ice advection and nally seace thermodynamics.
The ice-dynamics uses ice-velocitw('), ocean velocity (1), sea-surface ("),
and ice-loading M2.) from the previous time-step (subscript H") and com-
putes wind ( ;‘fl :2) and ice-ocean (i(,‘v” :2) stresses. The updated ice-velocity
(uM*!) is used to advect sea-ice elds (ce) , where " " denotes an interme-
diate state). Sea-ice thermodynamics results in a new sea-istate ((ce)"*!,

n+1=2
)

subscript "n + 1") and oceanic uxes of fresh water £1*1=?), salt (Fg

and heat (FQ+1 ). At this stage, all oceanic forcing are known and the mo-
mentum equations, including the continuity equation, are dvanced in time:
the explicit momentum tendency term G,) are computed before solving the
free-surface equation implicitly ("**;ull*!). And nally, using the recently
updated ow eld (ul*!), the active tracers (potential temperature and salin-
ity) are stepped forward ("**; S"*1). Tracer conservation is exact, since level
thickness ("; h"**) and surface forcing F,; Fu; Fs) are consistent with the
continuity equation.

The starting point is arbitrary, since the sequence is repéad in loops. Re-
garding the ordering of the three main blocks (sea-ice, dymacs and thermo-
dynamics), the only alternative ordering sequence is to paute dynamics and
thermodynamics steps, which was the inherited choice in aamier implemen-
tation of the non-linear free surface (Campin et al., 2004)lhe di culty of

this alternative time-stepping lies in the synchronizatia of surface uxes and

6 both time-stepping methods are available in MITgcm, with the simple forward
time-stepping or the Adams-Bashforth (second or third orde) time stepping op-
tions. However, depending on the advection scheme used foenperature and salin-
ity, some option combinations might not be stable, thus limiting the e ective choice.
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thickness level between the continuity equation and tracegquation’ ; when
sea-ice coupling was introduced, the order was changed tasttmore natural
time-stepping sequence.

Although melting and freezing modify the sea-surface posn, they have no
e ect on oceanic pressure or dynamics. This is strictly thease in this time-
stepping implementation, since melting reduces the ice Idimg (M 2:') and at
the same time, adds the same amount of fresh watef [*1=2?). Without any

ocean current anomaly, the fresh water ux induces, within e same time
step, an increase of sea-surface elevation which exactlydrees the reduction
of ice-loading in the surface pressure term of the momentunguation.

Some numerical instabilities in ice-ocean coupled dynarsibave been reported
(Schmidt et al., 2004) when mass exchange and ice-loading accounted for.
The implementation used in MITgcm did not show any dynamicaihstabilities.
The time-stepping method might be one reason: the free-sace backward
time stepping scheme tends to damp the fastest, unresolveddes, and has a
stabilizing e ect. It is likely to adjust smoothly to the newly updated sea-ice
loading (M 221) which contributes to the right-hand-side of the implicit free-
surface equation. Another reason might be the horizontal sliretization on the
Arakawa-C grid, which is used both in the sea-ice model and ocean model,
and is known to behave well in this type of situation.

3 Tests of an implementation of sea-ice using z* in a high-res olution
ocean model

Here we test out the MITgcmz implementation of sea-icelocean mass ex-
change employing a non-linear free-surfacAn extensive description of the
model (Marshall et al., 1997a,b) is available on-line (MITgn Group, 2002)
and a summary of MITgcm recent developments can be found in Awbft et al.

(2004b). We presents results from a high resolution simulation inctling ice-

dynamics and high frequency forcing, which is particularldgemanding in terms
of numerical stability. This example addresses potentialumerical instabilities

related to ice-dynamics and mass exchange coupling that feateeen reported
by, for example, Schmidt et al. (2004).

7 when thermodynamics is stepped forward just after the seace model, which
provides the nal surface uxes, heat and salt uxes are ready to be added to
the right-hand side of and S equations, and need to be incorporated directly for
stability reason, as mentioned above. However, the fresh-ater mass ux will only
a ects the next time-step column thickness, after solving for the continuity equation
at the end of the dynamics block.
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3.1 “Realistic' simulations

Fig. 3. Fields are presented at the end of 10 years of integrain (September 12,
2002) of a global eddy resolving on the cubed sphere at resdion CS-510: Ocean
velocity at 15m depth is represented in color on the native CS510 model grid. White

areas designate the presence of sea-ice. The blue contoudicates the 50% sea-ice
concentration from satellite observations (SMMR-SSMI).

The simulations presented here are part of the ECCQ (Estimating the Circu-
lation and Climate of the Ocean) project (Menemenlis et al2005). A cubed-
sphere grid (Adcroft et al., 2004a) with 510 grid points on te edge of each face
provides relatively uniform resolution of 6 at the equator, and allows the
use of a 20 minutes time-step. The z* coordinat@dcroft and Campin, 2004)
is employed with 50 layers whose thickness increases withptte from 10m at
the surface to 450m at 6km. Vertical mixing is computed fromhe K-pro le
parametrization (KPP) (Large et al., 1994). The sea-ice mad computes ice
thickness, ice concentration and snow cover (Zhang et al.998) and solves
viscous-plastic ice rheology using the Zhang and Hibler (28) algorithm. The
6 hourly NCEP reanalysis of wind, air temperature and humidy and short-
wave and long-wave downward radiation are used to calculasmospheric
forcing through bulk-formulae.

Ocean currentsat the second level, corresponding to a depth of approximaye
15m, are shown in Fig.3 on the native model cubed sphere grichm Septem-
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ber 12 of thelast year of a 10 years integration, similar to thecontrol simu-
lation (see details below) Although the horizontal resolution in mid and high
latitudes is relatively coarse to adequately resolve the dg length scale, the
meso-scale eddy eld is clearly well developed and qualite¢ly match the
observed SSH variability.

Two simulations, each of 3 years duration, were performed:

(1) the “control' experiment uses "levitating ice' as in Fid.a, ignores the mass
ux exchange at the ocean upper surface and converts fresh tem ux
into virtual salt- ux (salt- ux formulation). This is a com monly used
implementation in z-coordinate models.

(2) the “ice-loading' experiment fully accounts for ice laling and mass ux
exchange with the atmosphere and between ocean and sea-ice.

Those are the only di erences between the two simulations,nd other pa-
rameters, forcing and initial state are strictly identical For convenience, both
experiments use a non-linear free-surface employing a z‘ocdinate.

Sea-ice is locally thicker in the Arctic region than in the Sathern hemisphere
and so we choose to focus on the Northern hemisphere polarioegwhere ice-
loading will be consequently larger. The simulated sea-iakstribution (sea-
ice fraction) is represented over the north face of the culsphere gricf, at
the time of maximum ice extent (March 10') and the time of minimum ice
extent (September 8). The black contour represents the fty percent ice
concentration from the SSMI satellite and allows one to asse the skill of
the simulation. In winter ( g 4a), the model notably reproduces the position
of the ice edge in the Bering and Okhotsk seas, as well as in tGeeenland
and Barents Seas, but slightly underestimates sea-ice cowe the Labrador
Sea and the Great Banks area (South-East of Newfoundland)h& model also
captures the retreat of the ice in summer (Fig.4b), especiglin the Greenland
Sea, the Barents Sea and in the coastal area North of Siberlais pleasing
to see the model maintaining sea-ice in the East Siberian Séar Chukchi
Sea) as observed. However, too much sea-ice remains in thenBlaay, in
the Canadian Archipelago and near the coast in the Beauforte&. One also
observes a reduction of ice-concentration down to 6070% over a large area
of the central Arctic ocean at the end of the melting season,hich is not
obviously evident in the satellite measurements.

8 This mapping is in fact very similar to a polar projection at high latitudes.
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3.2 Analysis of Ice-loading e ects

The comparison of the two simulations reveals that the seae elds are very
similar, as are almost all oceanic diagnostics. Given thegh intrinsic variabil-
ity of the currents, longer integrations would be necessarty derive statisti-
cally signi cant di erences. For example, the GoldsbrougkStommel circula-
tion (typical magnitude < 1:Sv, see: Roullet and Madec, 2000, their g.4a),
which ought to manifest itself as a di erence in the verticdy integrated trans-
port between the two experiments (not shown), is dominatedybthe footprint
of eddies which induce di erences which are 1 or 2 orders of gmatude larger.

Di erences between the control and ice loading experimentse most evident,
not surprisingly, in the SSH. Fig.5 illustrates several dignostics of SSH from
the two experiments, both averaged over a winter month (Mahc1994) when
sea-ice, and especially sea-ice dynamics, have the largagtact. The mean
SSH is represented in color on Fig.5a,5¢ with four ice thickas contour lines
of increasing thickness (at 0.1m, 0.3m, 1m and 3m).

Sea-ice loading (Fig.5c) strongly depresses the mean SSkvddo 4m below
the reference sea-level North of Greenland, where sea-isethie thickest, in

contrast to the control experiment (Fig.5a) in which the mothly mean SSH
in the Arctic ocean is uniformly around 1m below sea-level thi no associated
gradient in sea-ice thickness. This results in an "inverseabometric" e ect ?,

in which SSH rapidly adjusts to compensate for the surface gssure loading,
so that no signi cant di erence persists between the two in ranthly-mean

diagnostics of ocean surface pressuoe equivalent '*2% (not shown), except
for the signature of eddy variability.

The monthly standard deviation of SSH in the control experirant (Fig.5b) in-
dicates high SSH variability in shallow, ice-free regionsish as in the North-
Sea, which are also noticeable in the ice-loading experimgifrig.5d). The
mesoscale eddy footprint on SSH standard deviation is mucbwer on time
scales as short as 1 month, and can only be identi ed in the ntoactive
regions such as the mid-latitude North Atlantic sector (lowr left corner of
Fig.5b & 5d). In contrast to the control run, the ice loading eperiment shows
a much higher standard deviation of SSH (Fig.5d) in ice-corked regions, es-
pecially along the sea-ice margin where the largest valuee dound, such as
in the southern part of the Greenland Sea (exceeding 0.5m)aalso near the
Siberian coast.

9 no SSH dynamical adjustment is needed in the course of freemj and melting, if
sea-ice does not move. However, changes in ice loading duedea-ice advection are
not locally balanced by a mass exchange at the ocean surfacand will therefore
trigger an ocean dynamical response.
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Fig. 5. a,c: March 1994 monthly mean SSH (color) and sea-icehickness (lines: 0.1,
0.3, 1., 3. m). b,d: March 1994 monthly standard deviation ofSSH. The top 2 panels
(a,b) are from the control experiment and the bottom 2 panels(c,d) from the ice
loading experiment. The same color scales are used to fatdte comparison.

The SSH variability associated with sea-ice loading has dirent consequences
on ocean dynamics: sea-ice thermodynamics processes s\glfreezing and
melting a ect sea-ice loading and contribute to SSH variality, but have no
direct e ects on ocean dynamics since the surface mass exoppa exactly com-
pensates (both physically and numerically) the ice-loadgvariations, leaving
the ocean surface pressure unchanged. On the other hand,-Esaadvection
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also aects sea-ice loading and modi es ocean surface prags As a con-
sequence, ocean dynamics responds to surface pressureatrans, adjusting
SSH and therefore contributing to SSH variability. This dymmical adjust-
ment takes place whenever sea-ice velocity and ocean cutseare di erent
from one-another, but must be neglected unless sea-ice lmadis taken in to
account.

We believe that most of the sea-ice associated SSH varialgjliespecially near
the sea-ice edge, is due to ice-advection and little can bepéained by sea-ice
thermodynamics alone: sea-ice freezing and melting is rathslow (compared
to the forcing period) and weak, especially during the mongof maximum
sea-ice extent. In contrast, ice-dynamics responds rapydind strongly to high

frequency wind forcing, even more so than ocean curreffs Therefore, we
believe that most of the sea-ice related SSH variability seen Fig.5d in-

volves dynamical oceanic adjustment to wind-driven ice-éaling variations;

this source of oceanic high frequency variability is absem the control ex-

periment without ice-loading e ects.

3.3 Evidence of model stability

In order to clarify the interpretation of the SSH standard deiation pattern,
two di erent versions of SSH time derivative root-mean-sgare (RMS) have
been computed, both from the same period (March 94) of the ieading
simulation. The rst one uses directly the un ltered SSH time derivative from
the model (time-step = t = 20.minutes) whereas the second one estimates
the SSH time derivative from 6 hourly mean SSH (= 6:h = forcing period)
thus ltering out the highest frequencies:

" # r " # r
@ RMS month @ RMS _ ﬁ
@t @t

month

= ( = 1) and

The rst diagnostics is plotted in Fig.6a in units of cm=day and gives an
indication of the full SSH variability resolved by the modekt all frequencies.
The ratio of the two diagnostics (second divided by the rst)is plotted in
Fig.6b. It is a measure of the relative contribution of the vaability at the

forcing and longer frequencies, to the total variability.

10 several factors contribute to the stronger and faster seaee response to high fre-
guency wind forcing compared to ocean surface currents: 1he air drag coe cient
is generally larger over sea-ice than over open water; 2) urett sea-ice, a delay is ex-
pected from the ocean response to a rapid change in the windrsie the momentum
ux is passed to the ice, and then sea-ice velocity generatege-ocean stress which
in turn drive ocean currents; 3) the inertia of a meter or so ofsea-ice is smaller than
the 10.m surface ocean level, thus leading to a more rapid séee response.
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Fig. 6. March 1994 RMS sea-surface height time derivativedm=d]: (a) sampled at
the modeltime step (= t) thus retaining all frequencies; (b) sampled at forcing
period (  =6:h) normalized that in panel (a).

The RMS SSH tendency including all frequencies (Fig.6a) isuch larger in
the North-Sea and in the Bering Sea. This is a response to wantstorm track
activity in the North Atlantic and Paci ¢ which becomes ampli ed in shallow
regions (storm-surge like phenomena) and occurs mainly ate forcing fre-
guency as indicated by Fig.6b (RMS ratio very close to unity)At the ice-edge
boundaries in the Greenland and Labrador Seas, the SSH stamnd deviation
is large (Fig.5b) and the variability seen on Fig.6a, althogh weaker than in
shallow seas, is alsconcentrated at the forcing frequency (see Fig.6b). This
can be understood in terms of the in uence of wind forcing orea-ice dynam-
ics and consequent ice-loading uctuations. In other areas the Arctic ocean,
the RMS of SSH tendency is remarkably low (Fig.6a), even indations where
the SSH standard deviation is signi cant (Fig.5d) and theréore corresponds
to low frequency variability relative to the forcing period

The comparison of SSH variability at di erent frequenciess a good indica-
tor of numerical noise and potential dynamical instability Since the fastest
oceanic response is barotropic and necessarily involvedHS®&Ijustments, any
dynamical instability will generate high frequency oscidlitions and therefore
appear in the unltered RMS tendency but make little contribution to di-

agnostics based on the 6 hourly Itered elds. Such instaltly is therefore
expected to produce a small RMS ratio of Itered versus un lered SSH ten-
dencies in Fig.6b. The central Arctic region reveals a few fwhes of lower
variability ratio ( 50%, Fig.6b) where the full variability (Fig.6a) is extremely
small, and therefore not signi cant. On the contrary, the rdio is very close
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to one at the ice-edge where the full variability is signi cat. In most sea-ice
covered areas (Greenland sea, Bering Sea, Labrador Sea) thBo is even
higher than in the nearby open ocean; values of 70% in icedreegions are
commonly found next to steep bottom slopes and could resuloin dynamical

adjustment and interaction with topography. This compari®n allows one to
conclude that there is no sign of dynamical instability in ouimplementation

of sea-ice loading and sea-ice ocean mass exchange.

4 Test of conservation in an idealized coupled atmosphere, 0 cean,
sea-ice model

The objective of this second example is to illustrate the ality of a coupled
model employing a rescaled vertical coordinate to consemess, heat and salt
during extended climate integrations. The coupled model ad here exploits
an isomorphism between ocean and atmosphere dynamics (Mat et al.,
2004) allowing one to generate an AGCM and OGCM from the sameadular
MITgcm code. The two GCMs use speci ¢ physics packages butagie the same
hydrodynamical kernel using an isomorphic vertical coordate: the rescaled
pressure coordinateff ) for the compressible atmosphere, and rescaled height
coordinate @ ) for the Boussinesq ocean (Adcroft and Campin, 2004).

Thickness (m) Fraction (%)
T -
|:E;Il-.j_.| Month 75
T 0 )

0O 05 1 15 2 25

Fig. 7. Thickness (in m) and sea-ice fraction on the 75th mont (March) of a coupled
integration. An animation covering the rst 50 years of inte gration can be viewed
from http://mitgcm.org/movies/Sea _lce_ Donut_x1.mpg

In particular, both models use the same cubed-sphere grid déroft et al.,
2004a) at low resolution (32x32x6 faces,:& resolution at the equator) which
greatly simpli es the implementation of a conservative inerface between the
two GCMs. The computationally inexpensive atmospheric plsics \speedy "
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(Molteni, 2003) is used at low vertical resolution (5 leve)JsThe sea-ice model is
based on the Winton (2000) two and half layer thermodynamices-ice model.
The prognostic variables are ice fraction, snow and ice tlicess and a two-
level sea-ice enthalpy representation which accounts forifee pockets and
sea-ice salinity employing an energy conserving formulati. More details of
the coupled model can be found in Marshall et al. (2007).
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Fig. 8. Top: latitudinal dependence of zonally average sudce heat ux (W=m?, left
axis) ; the zonal mean sea-ice fraction has been added in rech@ 10 times smaller
scale. Bottom: Zonally averaged heat budget of the sea-icgs a function of latitude:
the heat storage (in red) perfectly matches the integrated feating rate (dashed blue
line) computed from the di erence between top and bottom hea ux. All quantities
are 5-year averages corresponding to years 5 to 10.

Although our model can simulate an earth-like climate in a r&istic con gura-
tion, including topography, bathymetry and land processedere an idealized
agua-planet con guration has been selected since it sim@é diagnostics of
global budgets because there is no land componéhtwhilst retaining the

1 The simple land-component and run-o scheme conserve freswater and heat;

23



sea-ice ocean interface, the focus of the present study. Tmedel set-up and
parameters are identical to the Marshall et al. (2007) studyexcept that:

(1) an ocean of reduced depth in used (3.km instead of 5.2 knTjhis has
the advantage of bringing the global ocean volume closer tbd present
value and reduces by almost a factor of 2 the time required totegrate
the system to equilibrium.

(2) the number of vertical levels employed on the ocean modslincreased
from 15 to 25 levels with 10m resolution near the surface andlévels in
the top 100 m.

(3) the KPP vertical mixing scheme is employed (Large et al1994) rather
than convective adjustment.

(4) implicit treatment of internal gravity waves (Robert et al., 1972) enable
the use of a longer atmospheric time-step.

These changes a ect the spin-up time scale but result in veijttle di erence
to the mean climatic state of the model that emerges after thisand years of
integration (see Marshall et al. (2007) for a description dhe mean state).

The experiment presented hereafter is an adjustment after @ude restart in
which the atmosphere and ocean are set to have zero winds andrents.
The atmosphere is assumed to be dry and uniformly strati edthe ocean
temperature and salinity structure is taken from a quasi-aglibrium coupled
agua-planet integration. Sea-ice is assumed not be presamthe initial state.
With only the long-term memory of the coupled system (tempeature and
salinity) as initial conditions, after a few hundred years bintegration, the
coupled model returns to its mean statistical equilibrium tate. However, in
the rst 50 years of the adjustment period, the sea-ice distoution develops
a fascinating \donut" shape in both hemispheres, which, dumg the rst 5
years, melts away in summer. Thereafter the sea-ice \donutiecomes perma-
nent until year 27, as illustrated on Fig.7, and in subsequéryears partially
closes during the winter until disappearing completely afr 50 years. A de-
tailed analysis indicates that during the rst winter, seaice recovers almost the
same area as that in the equilibrium state, leading to largeea-ice formation
in polar regions. The implied brine release is large enougb érode the polar
halocline and to trigger deep mixing and convection at the pes. The presence
of warmer water at depth ( 200m) provides a source of heat over the next
few decades, which prevents sea-ice from completely congrthe poles. Over
the open polar waters, strong atmospheric cooling and brirrejection sustain
deep mixing during this period. The 5-year average (from yes5 to 10) zonal-
mean net heat uxes from the ocean to the atmosphere is repesged in Fig.8

however, continental ice is not yet accounted for in the present model. And in
general, storage over land that involves very di erent time-scales complicates global
budgets.
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(top panel) and indicates larger heat loss at the pole, arodn 50W=n?, than
on the equatorial ank of the sea-ice ring (represented in éar) (16:W=nv, at
65°). In contrast, the isolating e ect of the sea-ice cover redtes the heat loss
to only 8:W=n? at 75°. The persistent large-scale polynya at the two poles are
simulated here without sea-ice dynamics, but the involved ethanism resem-
bles the one mentioned for the Antarctic region polynya (Ma@les Maqueda
et al., 2004).
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15 T T T T T

— From EmP
== From Yh/qt
— FromY
—— Residual

05 Residual £ 10% sv

15 I I I I I
Eulerian Streamfunction Y (in Sv)

-200

0¢

-400

10

-600

depth

-800

-1000 |

(014

-2000 |

-3000 : : : -
-80 -60 -40 -20 0 20 40 60 80

latitude

Fig. 9. Bottom: oceanic meridional overturning stream fundion (in Sv), average
over ve years. the stream-function is non-zero at the surface (top panel) a a result
of integrating the meridional transport upwards, from the b ottom to the top. Top
panel: oceanic stream-function at the surface (red line), eea integrated fresh water
ux (blue line) and area integrated sea-level change (dasha blue line); the green
line represent the residual: EmP @ =@t

On yearly time scales, and since ice dynamics is not repreth here, the
surface net heat ux from ocean to atmosphere and the oceartieat exchange
at the base of the sea-ice are not very di erent: the di erene is plotted in
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Fig.8 (bottom panel, dashed blue line) and does not exceedWk=n¥ over a
5-year period. It matches exactly, to machine precision, thheat storage in the
sea-ice and snow cover (red line), thus con rming the excetit conservation
of heat at the ocean-sea-ice-atmosphere interfaces.

Time Integrated Fresh-Water Budget [kg/m 2]
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Fig. 10. (a) Global mean, time integrated fresh-water budgé, in units of kg=n?

: from the atmosphere (P-E, black line), at ocean-surface blew sea-ice (red line),
evolution of the sea-ice fresh water content (blue line) andevolution of the mean
sea-level (green dashed line). (b) Residuals derived fromagmel (a): the sum of E-P,

Ice content and Sea-level (black line); the sum of E-P, ux bdow sea-ice, and ice
content (blue line) and the ocean sea-level plus ux below sa-ice (red-line).

A similar diagnostic for fresh water can be derived. The 5-ge average (years
5 to 10) zonally-integrated meridional transport in the ocan (Fig.9 bottom
panel) has been integrated on the native model grid, from thbottom to
the top, taking into account the time-varying grid-cell thickness of thez
coordinate. The stream-function at the surface (top paneled line) does not
vanish but is very close to the integrated fresh water ux at he surface (blue
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line). A perfect match is obtained when the sea-level storagterm @ =@dt
(dashed blue line) is added to the fresh water ux, with residal di erences of
less than 10 Sy, the precision of the machine.
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Fig. 11. (a) Global mean, time integrated heat budget, in unis of J=m? : net heat

ux from the atmosphere (black line, Qnet), at ocean-surface below sea-ice (red
line, Qice), evolution of the sea-ice (blue line) and oceawi (green dashed line) heat
content anomaly from the initial state (J=m?); (b) residuals derived from panel (a):

the sum of Oceanic and Ice heat content, minus atmospheric Qat (black line); the

sum of Qice ux and Ice content, minus atmospheric Qnet (blueline); the sum of

Qice and Ocean heat content (red line).

In addition to uxes and transport, the evolution of mean sedevel, heat con-
tent or salt content can also be compared to the time integratl associated
surface ux, and is an even more precise indicator of any snhalrift or in-
accuracy that might accumulate over time. Such diagnosticare discussed
hereafter.
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The time-integrated atmospheric fresh-water ux (P-E, Figl0a, black line)
drops rapidly but then remains remarkably constant, repremnting the initial
moistening of the atmosphere, which is initialized from a copletely dry state.
Thereafter the atmosphere takes on a relatively constant ead' of water va-
por. In contrast, the sea-ice and ocean fresh water conterfti¢.10a, blue and
green line) can be seen drifting in the opposite directionpoesponding to a
global increase of sea-ice and snow storage. A double seabaycle in sea-
ice volume can be identi ed in the rst years of integration Fig.10a) but is
subsequently strongly damped when ice volume steadily grevafter year 5.
As expected, the integrated fresh-water ux into the oceananhd below sea-
ice where sea-ice is present) (Fig.10a, in red) matches wile evolution of
sea-level (in green). Simply by subtracting the incoming mme-integrated fresh
water ux from the fresh-water content (Fig.10b), one can chck the accuracy
of the fresh-water conservation over the 50 years of integi@n, for the ocean
component (red line), the sea-ice component (blue line) ohé combination
of the two (black line). In all cases, the residual is of the der of the ma-
chine precision (10 2 kg=n?) when compared to the magnitude of local
variations ( 1000kg=n? 1:m of sea-level).

The time-integrated salt budget (not shown) is somewhat sipier, since it
involves only sea-ice (with constant salinity) and the ocedc component. It
has similar levels of conservation with residuals of the ced of 10 “g=n?,
close to the machine precision when compared to a typical veatcolumn salt
content ( 1CPg=n7).

The time integrated heat budget (Fig.11) shows a larger digeilibrium than
its salt and fresh-water counter-parts : the atmospheric mesurface heat ux
(black line), the oceanic surface heat ux (red line) and theceanic heat con-
tent (green line) all indicate a relatively large oceanic waning which slowly
diminishes toward the end of the 50 years simulation, but reans much larger
than the sea-ice heat storage term (blue line). The couplegstem is subject
to radiative uxes at the top, which are not balanced in this a@justment exper-
iment: compared to the quasi-equilibrium state from whichhe initial oceanic
temperature is taken, and to where the coupled model is retoing over time,
the planetary albedo is lower because of reduced sea-ice andw cover extent.
This explains the signi cant early warming phasewhich attenuates after 25-
30 years of simulation, as the sea-ice cover increases alaitly the planetary
albedo.

The accuracy to which heat is conserved (Fig.11b), for the een component
(red line), the sea-ice component (blue line) or the combitian of the two
(black line) is again limited by machine precision, and exhits residuals of the
order of 10 3J=m? when compared to the typical water column heat content
( 10"J=m2).
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The perfect conservation of heat, salt and fresh water demsinated in these
coupled experiment, is a consequence of the use of the nowdir free formula-
tion which provides a natural and conservative way of dealghwith free-surface
undulations and fresh-water mass exchange in tracer budggiCampin et al.,
2004). However, in applications where sea-ice can becoméhea thick near
the poles, and thicker than the vertical resolution at the sdace (10m in this
case), the rescaled vertical coordinate becomes essential since it allows mass-
exchange and its related ice-loading formulation to be usegithout vertical
resolution limitations near the surface.

5 Conclusions

The rescaled vertical coordinate allows one to fully account for fresh-water
mass exchange between sea-ice and ocean and the resultirggice loading
acting at the top of the ocean column. In particular, thez formulation avoids

the problem of surface levels disappearing under thick s loading even
when modest vertical resolution is used.

Sea-ice and the upper ocean are strongly coupled becausereéfing and
melting. But in addition to this thermodynamical coupling, the sea-ice loading
strengthens the dynamical coupling between the two compants. Thus places
special demands on the time-stepping methods employed inupted sea-ice
ocean model required to ensure numerical stability. The dated time-stepping
implementation described here proves to be stable and constive.

Two radically di erent set-ups were used to illustrate the sccessful imple-
mentation of mass exchange and ice-loading with coordinate:

The non-linear free surface provides a natural and consetive way of dealing
with free-surface undulations and tracer budgets which acant for free-surface
induced column thickness variations in the tracer budget(@mpin et al., 2004).
The z formulation inherits from this free surface implementatio and demon-
strates perfect conservation of fresh-water heat and sait an idealized con g-
uration of the coupled atmosphere sea-ice ocean MITgcm madEehis endows
the coupled model with a crucial advantage for long term intggrations.

The ice-loading dynamical e ects are analyzed in a high relsmion z coordi-
nate global ocean sea-ice model, and do not show any sign statility despite
use of a reasonably long time step. The sea-ice dynamics i@sgs rapidly to
high frequency wind forcing, and generates high frequencgeanic variabil-
ity, which is neglected unless sea-ice loading is accountied. Although this
source of oceanic variability is signi cant at the forcing fequency, and tends
to dominate near the ice-edge front, its relative importane would need to be
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addressed by comparing with other sources of barotropic ting such as tides
(absent in our simulations).

Among other applications that can bene t from thez coordinate formulation,
the explicit representation of barotropic tides in OGCMs igertainly a major
one, as illustrated by Adcroft and Campin (2004). With growng interest in
tides - sea-ice interactions (e.g. Hibler 1lI, 2006), a signant improvement
can be expected from the coordinate with realistic sea-ice loading e ects
interacting with oceanic tides and sea-ice dynamics. Thisilvbe the subject
of future papers.
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