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We investigate the role of sea ice in the Northern Hemisphere climate as sim-
ulated by the IPSL coupled ocean-atmosphere model. A complex thermodynamic
parameterization of sea ice has been introduced in this global model. Our study
is based on the comparison of a simulation performed with this new version, with
an earlier one that only differs by the sea-ice scheme. Our results demonstrate not
only the need to include an efficient thermodynamic sea ice model in global coupled
ocean-atmosphere models, but also the large impact of the sea ice on the climate
system. The thermal inertia of sea-ice plays a role as important as the sea-ice albedo
feedback and the insulator effect of sea ice. It needs to be accounted for to get a
good representation of the seasonal cycle of sea-ice cover. This inertia is modulated
by the heat budgets at the bottom and surface of the ice and by the energy ab-
sorbed into leads. In our simulations, the sea-ice has an impact on the atmospheric
circulation in the Arctic and North Atlantic and on the hydrological cycle, which
strongly affects the surface and thermohaline ocean circulation in the Atlantic. The
transport of heat and salt from the North Atlantic to the Norwegian sea and the
seasonal ice brine rejection favor the deep convection in the Norwegian sea during
the winter. They have a key role in the model and strengthen the ocean equator to
pole heat transport.
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Abstract: We investigate the role of seaice in the Northern Hemisphere dimate &
simulated by the IPS. couped ocear-atmosphere model. A complex thermodynamic
parameterization d seaice has been introduced in this global model. Our study is based
on the comparison d a simulation performed with this new version, with an ealier one
that only differs by the seaice scheme. Our results demonstrate not only the need to
include an efficient thermodynamic seaice model in global couged ocean-atmosphere
models, bu also the large impad of the seaice on the dimate system. The thermal
inertia of seaice plays a role & important as the seaice dbedo feedbadk and the
insulator effed of seaice It needsto be acourted for to get agoodrepresentation d the
seasond cycle of seaice mver. This inertia is moduated by the hea budgets at the
bottom and surfaceof the ice and by the energy absorbed into leads. In ou simulations,
the seaice has an impad on the amospheric drculationin the Arctic and North Atlantic
and onthe hydrologicd cycle, which strongly aff eds the surface ad thermohaline ocean
circulation in the Atlantic. The transport of hea and salt from the North Atlantic to the
Norwegian sea and the seasona ice brine rgedion favor the deg convedion in the
Norwegian seaduring the winter. They have akey role in the model and strengthen the
ocean equator to pde hea transport.

1. Introduction

Seaiceis amaor comporent of the dimate system at high latitudes. It has a strong
impad on the muped interadions between the amosphere and the ocean (e.g. Van
Ypersele 1990. When seaice is present, the radiative properties of the surface ae
modified compared to free ocean condtions. Its high abedo (between 0.6 and 0.9
limits the anournt of absorbed solar energy at the surface Short-wave radiation
penetrating into seaiceis mainly converted into latent energy, and orly asmall part can
reat the ocean through the thinnest seaice The snow and ice surfacetemperature can
drop dawn to -30°C or lessin winter, which contrasts with the relatively warmer sea
surface temperature that remains above the seawater freezing point (~ -1.8°C). The
surfaceinfrared emisson is then reduced from 300to 200Wm™ in winter. With its very
wek therma condictivity, seaice is a very good insulator for the turbulent hea
exchanges at the ar-seainterface Latent and sensible hed fluxes are very wegk over sea
ice, whil e fluxes of several hunded Wm™ are typicdly found ower open water aress in
winter (Smith et al. 1990. A friction with a slowly moving solid (Semtner 1987
replaces wind stresses at the ocean surface Sea ice intercepts part of the snow
predpitation, bu its main effed on the hydrologicd cycle is through krine rgedion
during its formation and fresh water release during its melting. These processes modify
the density of the surfacewater (Aagaad et a. 198). In winter, the salinity increase
favors the degp convedion.

Seaice variations can have aprofoundimpad on climate dhange (Rind et a. 1995
Houghton et a. 1996, and real to be introduced into the models used for future or past
climate smulations (Vavrus 1999. Therefore, coupded ocean-atmosphere genera
circulation models (GCM) have to include apertinent parameterization d seaice and o
its interadion with the ocean and the amosphere to simulate properly the high latitude
climate (Van Ypersele 1990. The parameterization d seaice in climate models has
evolved towards an interadive dimatic comporent. According to the CMIP (Coupded
Modd Intercomparison Projed) database, approximately 2/3 of the 19 CMIP couped
models represent only the thermodynamic processes (Cubash et a. 1992 Moore and
Gordon 1994 Murphy 1994). For most of them the ice thicknessis represented by a



single layer (Johrs et a. 1997 and the different ice types are not separated. The
dynamic processes are represented in orly 1/3 of the models (Lunkeit et al. 1996, and
half of them use asimple "freedrift" model (Manabe and Stouffer 1994). Moreover, half
of these 19 couped climate models use flux corredion at the ar-seainterface(Cubash
et al. 1992 Manabe and Stouffer 1994 Murphy 1994 to prevent climatic drift. Finally,
only the last version d the NCAR cougded model uses both complex thermodynamic
and dynamic seaice withou flux corredion (Weaherly et a. 1998.

These dimate models have been mainly used to simulate the transient resporse of
climate to the gradual increase of carbon doxide, or to focus on the tropicd variability.
Some studies with only a dlab ocean (Rind et a. 1995 or with a global oceax model
(Washington and Meenl 1996 have shown a grea sensitivity of seaiceto the dimate
warming with a dramatic reduction d the Arctic seaice ®ver. However, no spedfic
study has been achieved with a globa cougded mode in order to evaluate how the
parameterization d seaice ca affed the model results.

The main oljedive of the present paper is to analyze the impad of the representation
of seaicethermodynamics on the Northern Hemisphere dimate & smulated by aglobal
coupded modd. We nsider a simulation with the IPS._CM1 (Ingtitut Pierre Simon
Laplace couded ocean-atmosphere model into which a complex thermodynamic seaice
mode has been recantly introduced. To better emphasize the role of seaice in the
ocear-atmosphere interadion at the seasonal time scde, we mmpare the results of this
simulation with those of a simulation with the previous version d the model (Bracmonna
et al. 2000 where seaice thermodynamics was smplified and the dimate of the Arctic
not well reproduced. Seaice parameterization is the only difference between the two
simulations. We investigate not only the role of seaice on the seasonal cycle of the
surfacehed fluxes, but also its adive role in the oceanic and atmospheric arculation o
the Northern Hemisphere. The impad of seaice processs on the degp-water formation
in the North Atlantic is also emphasized.

The mupded model, the seaice parameterizations, and the muping procedures are
described in sedion 2. The results are discussd in the four following sedions. The
sedion 3 pesents on the one hand the initiali zation and the spin-up d the simulation
and on the other hand the simulated sea ice ®ver. In sedion 4 we focus on the
relationships between the seasona cycle of the hea fluxes at the surface the seaice
cover and the surface temperature in the Arctic Ocean. The mean hydrology of the
Arctic basin and its conredion with the North Atlantic ae discussd in the sedion 5.
The sedion 6show the interadion between degp-water formation and the thermohaline
circulationin the ocean. .

2. The coupled model

a. The atmosphere and ocean components

The cuped modd is the low-resolution version d the IPS.-CM1 (Institut Pierre &
Simon Laplace coupded model described in Braconnd et a. (1997, 200

The amospheric comporent is the version 5.3 @& the Laboratoire de Météorologie
Dynamique (LMD) grid pant atmospheric general circulation model (Sadouny and
Laval 1984 Harzall ah and Sadourny 1995. The resolution is 64 pantsin longitude, 50
points in sine of the latitude, and 11 \erticd sigma levels. At the surface momentum
and hea fluxes are mmputed separately for seaice and open water fradions, using
different drag coefficients over ice and acean (Braconnd et al. 2000).

The oceanic comporent is the primitive equation model OPA developed at the



Laboratoire d'Océanographie Dynamique & de Climatologie (LODYC) (Andrich et al.
1988 Deleduse & al. 1993. The horizontal mesh is orthogonal and curvili nea on the
sphere. The configuration is geographicd in the Southern Hemisphere, but the northern
point of convergence has been shifted orto Asiato overcome the singularity at the North
Pole (Madec and Imbard 1996. The resolution is 92 pants by 76 pants, which
corresponds to roughly 4° by 3° degree with a meridiona resolution d 1° rea the
equator. The model has 30 werticd levels, with 10levels in the upper 100 meters. The
turbulent diffusion is isopycnal-diapycnal, with a limitation d the isopycna slopes to
1% (Guilyardi et al. 1999). The isopycna diffusion coefficient is 2000 m2s1, with no
badkground heizontal diffusion.

In order to close the global hydrologicd cycle, the drainage basins and ouflows of
the 46 maor rivers have been defined at the amospheric model resolution.
Correspondng river mouths have been defined onthe ocean model grid. Coastal rundf
is aso taken into acourt and pous diredly into the neaest coastal boxes of the ocean
mode.

b. Sea ice parameterization

In the previous version d the model (Braconnd et a. 1997, theredter referenced as
DI (Diagnostic sealce), an ocean grid-box is suppased to be frozen when the seasurface
temperature (SST) falls below the freezing point of seawater. The hea flux from the
ocean to the bottom of seaice is prescribed as -2 Wm in the Northern Hemisphere
(Arctic) and as -4 Wm™ in the Southern Hemisphere (Antarctic) (Maykut and
Untersteiner 1971). When this happens, the seasurfacetemperature can ony warm up by
hea advedion and dffusion. Sincethe grid resolution is greder in the ocean model than
in the amosphere, the aea ©vered by seaice represents a fradion in an atmospheric
grid bax. The surfacetemperature and albedo d the seaice fradion are mmputed using
asimple one-layer thermodynamic model and making the assumption that seaiceis 3m-
thick. At the bottom of seaice, the temperature is prescribed as 271, XK.

The new seaice model developed at Laboratoire dOcéanographie Dynamique d de
Climatologie (LODYC) (L'Heveder 1999, theredter referenced as Ml (Modeled sea
Ice), has now been introduced in the model. At present, this model provides a complex
representation d seaicethermodynamics, bu seaicedynamicd processs are till under
development. It is entirely integrated into the first level of the ocean model OPA
(surfacelayer between 0and 10m depth), and wses the same grid and time step..

The thermodynamic scheme is derived from the works of Hibler (1980. The model
uses a redistic distribution function associated to four different ice types. open water
(nil i cethicknesy, thin ice (thicknessbetween 0 and 0.5m), intermediate ice (thickness
between 0.5and 3m), and thick ice (thicknessgreaer than 3 m). Each ice type has its
own thermodynamic behavior. For example, thin ice grows and decays more rapidly
than thick ice A variable fradion d leads in the seaice @ver is sSmulated in order to
parameterized the open water due to ice motion at subgrid scde. The minimum lead
fradionlinealy deaeases with icethicknessfrom 15% for icethinner than 0.1m. to 2%
for ice thicker than 0.4 m. in the southern hemisphere and Im in the northern
hemisphere. The ice thermodynamic is resolved into 3 layers (one for the snow and the
two ahers for the ice) following (Semtner 1976. A linea equilibrium temperature
profile is assumed in ead layer, and the verticd condwction o hea is propational to
the temperature gradient. The bottom temperature of the ice @rresponds to the seavater
freezing point (~ -1.8°C). Temperatures at the snow-ice interface ad into the ice ae
computed asuming flux continuity between the layers. The surface temperature T is
determined from the surface mergy balance The surfacetemperature is fixed at 0°C



when it exceals the melting point and the surface @ergy balance is recomputed. The
energy excessisthen used to compute the surfacemelti ng rate of snow or ice

The energy absorbed in the open water areas (leals) is used to melt seaice 4 its
bottom. A lateral ice growth can occur in leads. When ice thickening increases the ice
volume, afradion d open water is converted into thin ice Snow acawmulation ontop d
theiceis represented as well asits transformation into "white ice' due to snow floodng.
The snow surface #bedo evolves with the snow age like in the DI case. Frozen and
melting ice have dso their own abedo. At the bottom of the ice the thickness can
change by freezing or melting foll owing the bottom energy balance The evolution d an
internal latent energy reservoir is resolved. It represents the internal brine pockets
creded by the penetration o solar radiation into the ice Part of this radiation can also
read the ocean through sufficiently thinice

c. Coupling procedure

The ocean and atmosphere models are wupded synchronowsly once aday using the
OASIS coufder developed at CERFACS (Terray 1994. No flux corredion techniques
are used at the ar-seainterface The amosphere uses as surfaceboundry condtions the
daily sea surfacetemperature and seaice @ver provided by the ocean. The ocean is
forced by the net hed fluxes (solar and nonsolar), the water fluxes (preapitation,
evaporation, coastal rundf and river's flows) and the wind stresses given by the
atmosphere. The surfacefluxes, which are omputed separately over the seaice and free
ocean fradionsin the amosphere model, are averaged owver the two sub-surfaces prior to
couping.

In the dasscd daily couding scheme between ocean and atmosphere, the ocean
model uses a mnstant hea forcing during one day. Because of the charaderistics (hea
cgpadty, minimum thicknesg of the seaice, the seaice model is unstable when it is
diredly forced by mean daily hea fluxes. A term of feedbadk between the simulated
surfacetemperature and the hea flux is required to stabili ze the system at ead time
step. Therefore, we use a couding technique that alows the hea flux to vary as a
function d the locd surfacetemperature (Dufresne and Grandpeix 1996. In an ccean
grid b, the nonsolar hea flux over the fradion d ead ice type is lineaized at the
first order around the mean temperature of the grid box. Therefore, the sensitivity
(derivative) of the flux to the surfacetemperature, which is computed as the sum of the
sengitivity for the turbulent hea fluxes and the infrared flux, is also provided to the
ocean model. Its annual mean is snaller than -20 WmK™ in high latitudes, espedally
in the seaice region (-10 Wm™K™). The solar radiation is also dstributed acording to
thelocd abedo d ead icetype.

3. Simulations

a. Initialization and spin-up
In the following, we @mnsider a 120-yeas long simulation with this cougded model

(M1). Theinitial condtion o the muped integration corresponds to January 18t of year
16 d an atmosphere done simulation forced with the mean seasonal cycle of
climatologicd SST (Reyndds 1988 and seaice @ver. It is exadly the same state as the
one used before for the simulation with the diagnaostic seaice (DI) (Braomonnd et al.
2000.

The ocean starts from rest and its thermohaline structure is prescribed from the
climatology of Levitus (1982. The initial seaice @ver is diagnostic and corresponds to



the ocear-grid pants where the SST is below the seawvater freezing point. The ice
concentration is fixed to 70% and the mean thicknessrespedively to 1 and 3metersin
the Antarctic and in the Arctic. The spin up d the ocean-ice model is dore diredly with
the cmuded model. During the first nine yeas, the thermohali ne structure of the ocean is
restored bah at surface ad at depth towards the initial climatology, except under sea
ice After yea nine, the mupded model can evolve fredy withou any flux corredion a
restoring. This initi ali zation technique minimizes the couging shock andis now used by
several groups (Stouffer and Dixon 1997.

After the spin-up period the model adjusts within 10yeas and the simulationis quite
stable from yea 20, as ill ustrated by the annual mean evolution d the global mean SST
(Fig. 1). In absence of flux corredion, this gability results from the balance of the he&
fluxes at the ocean surface The small drift is limited to 0.3°C per century for the global
SST andis lessthan 0.05°C per century for the global ocean temperature. This version
of the model is dightly colder than the previous one (Fig. 1), which is due to the more
redistic seaice @ver inthe Arctic.

b. Seaice cover

Indedd, after the spin upand the period d adjustment, the smulated seaice @ver is
quite stable and the seasonal cycle is represented in the Northern Hemisphere (Fig. 2).
Since the initial shock is absorbed after yea 20, we dose the yeas 20 to 120as the
reference period to compute the mean seasond cycle.

The mean seasonal cycle of the seaice @ver in the Northern Hemisphere is redistic
(Fig. 3). The maximum cover (13.7 x 10°km?) is smilar to the mean estimate (13.5 x
10°km?) deduced from satellit e data (Gloersen and Campbell 1991), but the minimum is
too high (7.5 x 10°km? compared to 6 x 10°km? from the data). The geographicd
distribution d the dfedive seaice mver, excluding the open water areas included in the
ice pad, is also consistent with the seaice mver used as boundry condtions for
AMIP1 simulations (Boer 1992 Gates 1992 and interpdated onthe amospheric grid
(Fig. 4). However, the marginal seaice front delimiti ng the maximum extension is too
zona around 65N (Fig. 4b). This is mainly due to the asence of a crred North
Atlantic Drift (see sedion 5, which dces nat bring enough warmer and saltier water
from mid-latitudes to the Norwegian Sea Also, the asence of any seaice dynamics
prevents the extension d sea ice towards the Irminger Sea through the Fram and
Denmark straits. Similarly, the seaice tensionistoowedk in the Bering Sea

On the other hand, the model is not able to maintain a rred seaice over in the
Southern Hemisphere. Part of this drawbad is due to a too large solar hea flux
simulated at the ocean surface This problem is also listed in cther models (Guil yardi
and Madec 1997 Gordonet a. 2000Q. It results from aladk of low level stratus clouds
al over the southern latitudes. However, it has been shown in recent simulations with
the IPSL model that the seasonal rundf from Antarctica iceberg discharge has also a
large @ntribution. (Dufresne, pers com). Seaice is much better simulated in the
Southern Hemisphere when this fresh water flux is introduced, because it favors the
formation d ahalocline andin turn the freezing of seawvater.

We therefore do nd consider the Southern Hemisphere in this dudy and focus on the
Northern Hemisphere where seaice is more redisticdly smulated. The rred
simulation d seaicein the Arctic dlows us to use the M| simulation to investigate the
role of seaicein the muded occea-atmosphere system. It is interesting to compare the
mechanisms operating in M1 with those of DI. Indeed, the seasonal cycle of the seaice
cover and aher climatic parameters are dso stable in DI (Fig. 1), bu the seaice



vanishes dmost entirely in September and the maximum seaice @ver is underestimated
in March (Fig. 3 and 4. There ae thus important interadions between seaice and the
circulation bah in the @mosphere andin the ocean that are missng in DI and reed to be
considered. In the following, we investigate successvely the surface hea fluxes, the
fresh water fluxes and the link with the large scde surface ad thermohaline drculation
of the ocean.

4. Mean seasonal cyclein the Arctic: surface energy budget

In order to study in more depth the seasonal cycle of the surfacehea fluxes over the
Arctic Ocean, we averaged the different fields over a spedfic box defined acording to
Orvig (1970. It includes al the Arctic Ocean down to the Bering Strait for the Paafic
Ocean side, and davn to 65N for the Atlantic Ocean side.

From April to September the net hea flux at the surfaceis driven by the net solar
hea flux and ads to melt the seaice (Fig. 58). The non solar hea flux becomes
dominant during winter (October to March) and contributes to increase the seaice
cover. Although the axnual mean surfacenet hea budget (-16 Wm™) isidenticd for the
two simulations over the Arctic, the magnitude of the seasonal cycleislarger in DI (Fig.
5a). This difference diredly follows the differences in the seaice @ver and surface
temperature. Thereis lessicein summer in DI and the solar hea flux is 60 Wm™ larger.
The @dling by the non solar hea flux is also more adive in November (70 Wm)
because the seaice @ver isvery poa and the mean surfacetemperature 20°C higher.

The behavior of seaice is thus very important and strongly constraints the hea
budget of the Arctic. The two simulations have a omparable seaice @ver in March
(Fig. 4). However in DI, as 90n as the temperature rises above the seawater freezing
point (Fig. 5b), the seaice c@ dsappeas from the ocean grid bax. Then, since the
surface #bedo becomes much wedker, more solar radiation can read the surface(Fig.
5a), leading to the well-known pdasitive dired seaice ®ver-albedo fealbadk (Kelogg
1973 Curry et a. 1995 and thereby to the disappeaance of seaice

Since the physicd processes included in the thermodynamic model are more
complex, the behavior of the seaicein MI is nat so extreme. Until May, thereis gill no
surfacemelting (Fig. 5¢) and the ocean temperature remains close to the freezing point
(Fig. 5b). The mean seaice mncentration ower the Arctic Ocean remains around 905,
and the fixed maximum of 98% is readed in the central part of the basin in May. Even
if the bottom acaetion deaeases (Fig. 5¢), it continues to thicken the ice padk that
exhibits a maximum (2.3 m) of mean thickness over the Arctic in May. Then, the
surfacehea budget becomes positive and the surface #lation rate increases to read a
maximum of 14 mm/day during July (Fig. 5c). As shown by Fichefet and Gaspar (1988,
the ocean hea flux at the bottom of the ice plays also a aucia role in the simulation o
seaice Because of the increase of the energy supfy from the ocean, seaice melts from
its bottom (Fig. 5¢). Since dl the energy absorbed into the leals is used under seaice
the ocean hea flux is larger than 20 Wm™? during July when the alation rate is
maximum (6.6 mm/day). This large hea absorption by the seaice model contributes to
limit the summer warming. Since the ocean temperature under seaice is fixed to the
freezing paint, the mean ocean temperature over the Arctic does not exceal 0°C, while
the mean surfacetemperature does not exceal +0.5°C (Fig. 5b).

In September, the mean concentration and the mean thicknessover the Arctic ae &
their minimum (63% and 1.1 m respedively). The surface @ergy budget becmes
negative again (Fig. 5a), the temperature goes down and the seaice @ncentration
increases. Since the energy lost into the leals is taken from the bottom of seaice the



mean thickness increases by bottom growth of the ice Thus, bah the temperature
codling and the insulator effed of seaice limit the non solar hea fluxes, and stabili ze
the system (Kellogg 1973. Thisregulation loop viathe hea fluxes all ows to reconstruct
ead yea the maximum of seaice @ver. This medhanism also operates in DI, and leads
to the remnstruction d the seaice @ver during the winter.

This analysis clealy shows that the dbedo feadbadk and the insulator effed of sea
ice ae not sufficient to represent corredly the seaice @ver of the Arctic and that the
thermodynamic processes controlli ng the inertia of the seaice need to be acourted for.
The resolution d the ice hed budget independently in 3 layers and the thermodynamics
of leads play an important role and introduceleads and lags in the system.

Interestingly, the impad of the seaice parameterization onthe surfacetemperature is
limited to the Arctic basin and the Atlantic sedor (Fig. 6a). There is amost no
difference between the two simulations over land, except a slight coding along the
Arctic coast and in Siberia during winter only. The Arctic coding affeds the
atmospheric structure up to 600 HPa, bu only for latitudes higher than 60N (Fig. 7).
However, the whole thermal structure of the ocean is affeded. The impad of seaice
seansthus only locd for the @mospheric drculation, as can be inferred from the change
in 500 hPa geopaentia height between MI and DI (Fig. 6b). On the other hand, its
impad is more global for the oceanic drculation. Thisisinvestigated below.

5. Hydrology and circulation in Arctic and North Atlantic
a. urface salinity and circulation in the north

A low salinity anomaly is built up along the Siberian coasts during the first yea of
both simulations. It then moves through the Barents Seg leading to a rapid deaease of
the surfacesdlinity in the Barents Sea and in the Greenland, Icdand, Norwegian seas
(GIN seas). It is due to an urredistic anticyclonic amospheric drculation ower the
Greanland Sea and the Norwegian Sea and to a shift of the oceanic paar gyre towards
the Spitzberg. The fresh waters from the grea Siberian rivers are alveded to the
entrance of the Norwegian Sea

However after thisinitia drift, the two simulations have very different adjustments.
The surface salinity recovers very sowly in MI, while the anomaly intensifies dowly
through time in DI —withou any preferential season-. The mean verticd profiles of
salinity and temperature ae thus very diff erent between the two simulations in the GIN
seas. In March, a strong halocline dfeds the first 300 meters of the water column in DI
(Fig. 8a). The gradient between the surface ad the bottom reades 2.3 PSJ. The
temperature profile (Fig. 8b) presents a strong inversion. The situationis thus gable and
no convedion can occur. In Ml, the gradient between the surface ad 300meters depth
is only 0.3 PU (Fig. 8a), and the surface temperature remains nea 0 °C. Surface
potential density is thus aufficient to allow the sinking of surfacewaters. Because of
convedion and mixing, the temperatures of the water column are more homogenous.

The @amospheric and aceanic drculation in the North Atlantic and the GIN sees are
also very different between the two simulations. In the red ocean, the North Atlantic
Drift brings ome sub-tropicd warmer and saty waters into the Norwegian Sea and
Greanland Sea(Schmitz and McCartney 1993. These waters penetrate dong the masts
of Scandinavia viathe Norwegian current, and a small part continues along the masts of
Siberia. In DI, the mean flow simulated at mid-latitudes is very zonal and the mean
surface arrentsin the South of Icdand are very wedk (Fig. 9a). The intensity of the sub-
poar gyreis limited to abou 5 Sv, with noextension into the Norwegian Sea(Fig. 9a).
In MI, the meridional comporent of the surface arrents at mid latitudes is enhanced
(Fig. 9b). The sub-pdar gyre is much stronger with a maximum of 18 Sv into the



Irminger Sea and extends northward into the Norwegian Sea (Fig. 9b). Even if this
extension is 4gill too limited, a mixing between North Atlantic saty waters and
Norwegian Seafresher waters can occur.

Since we only changed the parameterization d seaice between DI and MI, these
differences in the model behavior are the signature of different interadions between the
seaice the hydrologicd cycle and the drculationin bah the amosphere and the ocean.

b. Surface fresh water inputs into the Arctic

Changes in the fresh water inputs between the two simulations could be & the origin
of the diff erences between the two simulations. Compared to the estimation d Aagaad
and Carmadk (1989, the aanual mean budyet of surfacefresh water fluxes is under-
estimated by abou 20% in bah simulations (Table 1) and therefore caana explain the
maintenance of the salinity anomaly in DI. This budget only includes the contribution o
continental rundf and P-E (predpitation minus evaporation) since seaice has no impad
onthe fresh water fluxesin the annual mean.

River rundf is a aiticd source of fresh water in the Arctic (Weaherly and Walsh
1996 Miller and Russll 1997. The simulated annual mean dscharges of the aght
major rivers and the dired coastal rundf are similar between the two simulations and
underestimated (Table 1). A comparison with the values given by a data cmpilation
(Perry et a. 1996 shows this comes from a underestimation d the discharges of the
largest rivers locaed in the midd e of the Siberian coast (Fig. 10). In particular, thereis
a deficit of predpitation ower the drainage basins of the Ob and lenessi rivers. The
discharges of the smallest rivers locaed onthe eatern part of the Siberian coast are
over-estimated mainly because the size of their drainage basins are over-estimated in the
coarse resolution d the amosphere model at high latitudes.

The @ntribution d P-E is more different between M1 and DI, since the annual fresh
water input over the Arctic Ocean from P-E is +20% larger in MI (Table 1). Because of
the insulating effed of seaice the aanual mean evaporation is reduced by aimost 50%
over the basin, whereas the annual mean total predpitation (rain plus s1ow) is reduced
only by 15%. These dhanges follow the differences of seaice ®ver and temperature
over the Arctic Ocean and so are maximum in ealy fall. Nevertheless these diff erences
are nat sufficient to ater significantly the sali nity of the GIN sess.

c. Impact of sea-ice on the atmospheric and oceanic circulation

The diff erences between M| and DI result thus mainly from diff erences in the oceanic
and atmospheric drculation. They are induced by the seaice daraderistics and
interadion with the fresh water cycle.

The differences in the simulated seaice ®ver between M1 and DI is the first fador
that can explain the different oceanic drculation described above. In bah simulations,
the Icdandic low-presaure zone is sifted to the West. This dhift already exists in the
atmosphere done simulation as in many models (Kageyama d@ a. 1999, bu is
reinforced in the muded simulations (Laurent et al. 1999. The tail of the storm-tradks
does naot extend far enough aaoss the North Atlantic towards Europe, and easterlies
dominate the simulated circulation instead of southwesterlies over the south of Icdand.
However, the moreredistic seaice @ver smulated in M1 during fall and winter leads to
colder temperature in the Arctic (Fig. 6), andin turn higher surfacepresaure than in DI.
The presaure gradient between the Icdandic low and the Arctic is enhanced and more
redisticdly represented (Fig. 9c). Compared to DI, the surfacewinds are strengthened in



thisregion (Fig. 9¢), induwcing alarger northward Ekman transport, and thereby a surface
import of warmer and saltier waters from the Atlantic into the Arctic. The transport of
water mass through the Icdand-Faeaoe-Scotland ridge reades 4.7 Sv in annual mean
(against 0.7 Sv in DI) and prevents the development of the initial salinity anomaly.

The secndeffed of sea iceinvaves a mmplex loop kEtween the impaad of seaice
on the hydrologicd cycle (salinity), the charaderistics of water masss in the GIN seas
and deg conwvedion. Indead seaice has a aucia role on the surface salinity at the
seasond time scde, through the processes of brine rgjedion duing its formation, and
fresh water release during its melting. At high latitudes, these processes could have a
dired impad on the rate and locaion d deg convedion and bdtom water formation
(Lenderink and Haasma 1996. In the GIN seas areg the mean surfacesalinity is higher
throughout the yea in MI (Fig. 11a). In addition, krine rgjedion and fresh water release
due to the seasonal cycle of seaice which are not considered in DI, introduce aseasonal
variability of the surfacesalinity. The winter surfacesalinity is 1 PSJ larger than the
summer value. Combined with the winter codling of the sea surfacetemperature, this
higher sali nity enhances the seasurfacepatential density and thus destabili zes the water
column. Thisverticd mixing in Ml (Fig. 11b is aso well ill ustrated by the diff erence of
the zonally global averaged ocean temperatures between the two simulations (Fig. 7).
Between 60N and 80N, the first 500 meters are lder in M1, whereas the waters
below are warmer espedally around 1500m. In turn the mnvedion strengthens the
surfacewater advedion. These results ill ustrate the strong cougding between seaice, the
surface ad the thermohaline drculation.

6. mpact on the thermohaline circulation and the equator-to pole heat
transport

The aanual mean integrated export through the Greenland-Icdand ridge readies 6.1
Svin Ml (1.6 SV for DI), with amaximum at the bottom. The hed is exported at depth
in the North Atlantic, as the first part of the thermohaline awnwveyor belt (Gordon 1986.
In o model, the other source of deg water winter convedion is centered south of

Iceland at about 559N, whereas it shoud be located in the Irminger and Labrador seas.
The pasition d this convedion zone in the model is not well understood. It isa common
feaure of many ocean circulation model (Manabe and Stouffer 1994, and is alrealy
present in ocean aone simulation forced by surface hea and fresh water fluxes
climatology (Esbensen and Kushnir 1981, Oberhiber 1988. The wnwedion in this
region daes nat change between the two simulations.

The formation o dense water in the Norwegian Sea plays thus an important role in
the aanual mean owerturning stream function (Fig. 12). The surfacewaters snk around
60°N until the bottom ridge down to 2000m, while in DI the sinking signal is diffuse
and affeds only intermediate depths down to 1000m. The aanual mean maximum of
the overturning function in North Atlantic (between 500and 5000meters, and between
10°N and 70N) can be mnsidered as an index of the strength o the thermohaline
circulation. This mean index is only 9.1 Sv in DI, whereas it reades abou 14.6 Sv in
MI. Therefore, the upwelling at the equator is gronger in MI and the thermocline is
narrower and exhibits a well-simulated "W"-structure (Fig. 7). Between 30°S and 30N,
the intermediate waters around 500meters are waler. Nevertheless the intensity of the
North Atlantic Deg Water (theredter NADW) is dill too wed& acording to estimates
(Schmitz and McCartney 1993.

These diff erences in the thermohaline drculation have alarge impad on the eguator
to pde oceanic hea transport. The poeward hea transport by the Atlantic Ocean is
nealy douded in Ml compared to DI (Fig. 133). At 35°N latitude, its maximum is about



0.6 PW in Ml and orly 0.3 PW in DI. The Atlantic hea transport in Ml is nat only
closer to the estimations of Trenberth and Salomon (1994 -which gives pe&k values of
1.1+0.2 PW at 20 to 3N in the Atlantic-, bu is also now pasitive (northward) at all
latitude in bah hemispheres. Differencesin the total atmospheric hed transport between
the two simulations are limited to the higher latitudes (beyond 40N) (Fig. 1309. North
of 30°S, differences in the hea transport by the global ocean are entirely dominated by
the dhanges in the Atlantic basin. Finally, the total hea transport is enhanced by 0.2 PW
in Ml for latitudes locaed between 30°S and 30N. The maximum value 0.8 PW
reaced at 35°N is closer to the observed estimate.

7. Conclusion

The sensitivity of the IPS. couped ocear-atmosphere model to a dhange in seaice
parameterization ill ustrates well the important interadions between seaice and bah the
oceanic and atmospheric arculation at high nathern latitudes. Our results are based on
the cwmparison d a simulation, which includes a cmplex thermodynamic seaice
model (MI), and a simulation with the previous version d the model where seaicewas
only diagnastic in the ocean (DI). These two couded simulations have been performed
withou flux corredion at the ar-sea interface ad dffer only by the sea ice
parameterization used. The seaice model used for M1 is more sophisticated than the
thermodynamic parameterizations included in most of the cmugded models referenced in
the CMIP projed. In particular, it includes sveral icetypes computing a fradion d
leads, and it resolves the thermodynamic of seaicein threelayers taking acourt of an
internal latent hed reserve.

The seaice dbedo feedbadk and the insulator effed of seaice ae sufficient to
produce astable smulation d the Arctic dimate in DI, with an annual reconstruction o
the seaice mver. Nevertheless they do no alow for a good representation o the
seasond cycle neither of the seaice daraderistics and na of the drculation ower the
Arctic and the North Atlantic. Our study confirms that the thermal inertia of seaice
plays a aucia role in regulating the seaice ®ver, the seaicethickness and thereby the
mean surfacetemperature and the seasonal cycle of the surfacehea fluxesin the Arctic.
It shows that it is important to resolve the hea budyet for the ice independently at the
interfaces between the amosphere and the ocean, and also within the ice Indeed, the
seasond cycle of these fluxes is nat in phase, and time lags between them increase the
seaiceinertia

A redistic seasond evolution d the seaice @ver is needed to properly simulate the
surface temperature over the Arctic. The impad of seaice on the a@mospheric
circulation hawever, is limited to the Arctic and North Atlantic. There is nealy no
change over land where predpitation is underestimated in bah simulations, which leals
to an uncerestimation d the river rundf in the Arctic.

The impad of seaice and d the wuging between the seaice mver and the
atmospheric drculation has an important effed on the oceanic drculation. The thermal
structure of the ocean is adtered bah in the North Atlantic and in the tropicd regions
where the shape of the thermocline is very sensitive to small changes in ocean
upwelli ng. These large diff erences between the two simulations result mainly from what
happens in the Norwegian Sea When the seaice @ver simulated is coherent with the
observations, the presaire gradient between the high surface presaure locaed ower the
Arctic and the Icdandic low induces uthwesterly wind aroundicdand. The asociated
Ekman transport favors the penetration into the Norwegian Sea of the North Atlantic
Drift. The import of saline and relatively warm waters together with the seasonal cycle



induced by ice brine rejedion and seaice melting favor the deg water convedion in
winter, and the formation d deep waters. These waters are exported at depth through the
Denmark Strait as a branch of the thermohaline drculation.

The ougding between amore adive transport in the west boundry current, the north
Atlantic Drift and the @nwedion in the Norwegian sea is also very important to
simulate a orred Atlantic equator to pde ocean hed transport. The only introduction o
a more omplex thermodynamic seaice model increases the ocean hea transport from
0.3to 0.6PW in the Atlantic & 35°N. The whole thermohaline structure of the Atlantic
Ocea isimproved.
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Table 1: Simplified annual mean balance (yeas 20to 120 of the surfacefresh water inpus
in the Arctic basin (both in mm/day and km®/yea) as estimated from DI and MI, and from
data by (Aagaad and Carmadk 1989. The P-E budget and the total rundf are presented
separately, and then cumulated in the total.

DI Experiment MI Experiment Estimation
Area 11.634 16 km? 11.634 16 km? 12.10 16 km?
Unit mm/iday km3/lyea  mmiday km3lyea mm/iday  km3/lyea
P-E Budget 0.434 1818 0.521 2182 0.388 1690
Rundf 0.497 2082 0.463 1939 0.854 3720

Tota 0.931 3899 0.984 4121 1.242 5410




Figure captions

FIG. 1. Time series of the annual global mean seasurfacetemperature (°C ) from year 1 to yea 120 for
MI (solid line). For comparison, we have reported the same arve obtained for DI (dotted line) (see
Braoonnot et a. 2000for a cmplete description). The different behavior between M1 and DI during the
first ten yeasisdueto dfferent spin up technics.

FIG. 2. Time series of monthly mean effedive seaice mver (10° km?) in the Northern Hemisphere from
yea 1toyea 120for MI.

FIG. 3. Mean monthly seasonal cycle of the dfedive seaice @ver (10° km? in the Northern Hemisphere
for M1 (solid line), for DI (dotted line) and for the dimatologicd data used in AMIPL (dashed line). The
extrema of seaice etension estimated from satellit e data (Gloersen et al. 1991) are dso plotted (Min. and
Max. dashed lines).

FIG. 4. Mean March (left) and September (right) seaice oncentration (%) (a) for the dimatologicd data
used in AMIPL, (b) for Ml and (c) for DI (The cntour interval is 10% and values greaer than 15% are
shaded).

FIG. 5. Mean monthly seasonal cycles over the Arctic ocean of (a) the net surfacehea fluxes (Solar, Non
Solar and Total) (W.m?) and (b) the surfacetemperatures (Ocean and Mean Surface (°C) for Ml (solid
curves) and for DI (dotted curves), and of (c) the seaice budget (mm/day) for MI: bottom growth rate
(solid line), surfacesnow or seaice dlation rate (dashed line), and snow acaimulation (dotted line).

FIG. 6. Differences of Ml minus DI (a) annual mean surfacetemperature (°C) (The contour interval is
1°C. Vaues greder than 1°C arein heavy gray and values snaller than -1°C arein light gray) and (b) 500
hPa geopaential height (m) (The cntour interval is5 m and pasitive values differences are shaded) over
the northern hemisphere (beyond 30°N).

FIG. 7. Differences Ml minus DI annual zonal mean temperature (°C) for the amosphere (top) and the
ocean (bottom) respedively plotted as a function of altitude and depth (The contour interval is 0.25°C and
pasitive values diff erences are shaded). The first 1000meters of the ocean are expanded.

FIG. 8. Mean March verticd profiles of (a) salinity (PSU) and (b) temperature (°C) plotted as a function
of depth for M1 (solid line) and for DI (dashed lin€) at paint (70°N, 10°W) locaed in the Norwegian Sea

FIG. 9. Annwel mean barotropic strean function (Sv) (The a@ntour interval is1 Sv and negative values are
shaded) and surface arrents (m.s™) (The vedor upper right of the panel (a) gives the scde for a surface
current of 0.1 m.s™) for (a) DI and (b) MI. (c) Differences MI minus DI annual mean sealevel presare
(hPa) (The ntour interval is 0.25 hPa and negative values differences are shaded) and surfacewind
stress(Pa) (The vedor upper right of the panel (c) givesthe scde for a surfacewind of 0.1 Pa).

FIG. 10. Annwal mean flows (km’/yea) of the major rivers pouring into the Arctic basin estimated from
data (Perry et a. 1996 (black), and simulated by MI (light gray) and DI (white).

Fig. 11. Mean monthly seasonal cycle over the Greenland, Icdand and Norwegian seas (GIN seas) of (a)
the surfacesalinity (PSU) and (b) the mixed layer depth (m) for M1 (solid lines) and for DI (dashed lines).

FIG. 12. Annual mean dobal overturning stream function (Sv) for (a) M1 and (b) DI (contour interval is 2
Sv and negative values are dashed), and for (c) the difference MI-DI (contour interval is 0.5 Sv and
negative values are dashed and shaded). The first 1000meters of the ocean are expanded.

Fig. 13. (@) Annual zonal mean poleward hea transport (PW) by the Atlantic Ocean as a function of
latitude for M1 (solid lines) and for DI (dashed lines). (b) Difference M1 minus DI annual zonal mean
poleward hea transport (PW) as a function of latitude: contributions from the @mosphere (dotted line),
the Atlantic Ocean (dashed line) and the global Ocean (solid line) are shown.
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