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Abstract. A thermodynamically interactive ice shelf cavity representation in ocean models absolutely vital for future
parameterization is coupled to the Regional Ocean Modeprojections.

System (ROMS) and is applied to the Southern Ocean do- Since the pioneering work deacon(1937), the primary
main with enhanced resolution in the Weddell Sea. This im-source of the Antarctic Bottom Water (AABW), which is the
plementation is tested in order to assess its degree of immain water mass in the Southern Ocean responsible for the
provement to the hydrography (and circulation) of the Wed-oceans ventilation, has commonly been placed in the Wed-
dell Sea. Results show that the inclusion of ice shelf cavi-dell Sea. This is mainly due to the strong interaction between
ties in the model is feasible and somewhat realistic (considthe atmosphere, ocean and sea ice that takes place in that re-
ering the lack of under-ice observations for validation). Ice gion (Gill, 1973. In fact, in line withOrsi et al.(1993 and
shelf-ocean interactions are an important process to be corahrbach et al(1995, between 50 and 90 % of the AABW
sidered in order to obtain realistic hydrographic values undemacquires its characteristics in the Weddell Sea.

the ice shelf. The model framework presented in this work Several attempts to study the Weddell Sea circulation and
is a promising tool for analyzing the Southern Ocean’s re-water mass formation by means of numerical simulations
sponse to future climate change scenarios. have been recently undertaken. Most of them consist of anal-
ysis of global-scale model outputs concentrated in the region
of interest (e.g.Goosse and Fichefet999 Kerr et al, 2009
Renner et a).2009. However, global ocean circulation mod-
els (GCMs) do not usually resolve the high-latitude processes
in an adequate way and the characteristics and flow patterns
of deep and bottom water often remain unrealistic.

Wind and buoyancy forcing in the Southern Ocean transfers The implementation of regional models in the Weddell
water between density layers and connects the deep oceaseg has to deal with the significant challenge to adequately
to the surface. In this way, it controls the connection be-yepresent regional processes such as the significant sea ice,
tween the lower and upper layers of the global overturningice shelf-ocean interactions that occur in the regi®eck-
circulation and thereby regulates, together with the North At-mann et al(1999 described a circumpolar regional model
lantic, the capacity of the ocean to store and transport heaor the Southern Ocean including the major sub-ice shelf
carbon and other properties. By exporting waters the Southaregs, The ocean circulation component is the hydrostatic
ern Ocean ventilates the vast majority of deep waters in thebrimitive equation, rigid-lid, model SPEMHaidvogel et al.

rest of the world ocearRintoul et al, 2012. Therefore, it 1997) that was modified to allow for the inclusion of sub-
has a significant impact on climate change and variability a§ce shelf cavities Timmermann et al(20023 presented a
well as on biogeochemical cycles (e.g., carbon and nutrients)eoumed sea ice—ocean model based on the rigid lid SPEM

It is expected that changes in the Southern Ocean can havgcean model and a dynamic-thermodynamic sea ice model.
global impacts, which makes its realistic three-dimensional

1 Introduction
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The major sub-ice cavities were included. They showed thashelves are not common, some recent studies are available
sea ice formation appears as a necessary condition for bofLosch 2008 Hellmer et al, 2012 Timmerman et a.2012.
tom water production in the Weddell S@ammermann et al. This work aims to advance the understanding of the role
(20021 applied their previous model to study the interannual of sea ice and ice—ocean interactions in the Weddell Sea. In
variability during 1985 and 1993 and they found a strong cor-particular the relative importance of ice shelves is studied by
relation between fluctuations of atmospheric forcing and seaneans of process oriented numerical simulations applying a
ice formation.Matano et al(2002 implemented the Modu- circumpolar, free surface, regional model. In order to achieve
lar Ocean Model (MOM) in a circumpolar domain to study this, the Regional Ocean Model System (ROMS) coupled to
the circulation of the northwestern Weddell Sea and its in-a sea ice model is run in the Southern Ocean with a higher
teraction with the Scotia Sea. They did not consider the iceresolution in the Weddell Sea. An ice shelf parameterization
shelf cavities and sea icBlelimer(2004), applying the cou- is included. This model configuration is integrated for a pe-
pled sea ice—ocean model presentedTbymermann et al.  riod of 100 yr. This way, for the first time, ROMS is applied
(20023 quantified the freshwater originating from melting with active sea ice and ice shelf processes for climate-scale
ice shelf bases. His results show that the freshwater flux duéntegrations.
to deep basal melting significantly stabilizes the shelf water
column in front of an ice shelf as well as downstream due
to advection by the coastal current. More recertdg/imer 2 Model description
et al.(2009 forced the model ofimmermann et al(20023
with the atmospheric output of the IPCC (Intergovernmen-2.1 Model configuration and setup
tal Panel on Climate Change) 20th century scenario simu-
lation of the coupled atmosphere—sea ice—ocean ECHAM5The model used in this study is ROMS, which is a free-
MPIOM to study the decadal variability around the Antarc- surface, terrain-following, hydrostatic primitive equations
tic marginal seas. They found that the strongest signal ococean model§ong and Haidvogell994 Haidvogel et al.
curs on the southeastern and western Weddell Sea contineddi991, 2008. As discussed irHaidvogel et al.(2008, the
tal shelves where changes in bottom salinity are initiated bycomputational kernel in ROMS utilizes consistent temporal
a variable sea ice cover and modification of surface watersveraging of the barotropic mode to guarantee both exact
near the Greenwich meridian. conservation and constancy preservation properties for trac-
There are studies that discuss the circulation under the icers and therefore more accurately resolves barotropic pro-
shelvesJenking(1991]) developed a one-dimensional model cesses, while preventing aliasing of unresolved barotropic
in which the ice shelf water plume is treated as a turbulentsignals into the slow baroclinic motions. More details can be
gravity currentJenkins(1997) applied the model to a flow found in Sect. 3 oHaidvogel et al(2008 and Shchepetkin
line on Ronne Ice Shelf to explain the observed distributionand McWilliams(2005.
and rate of basal melting and freezidgnkins and Holland Two topographic surfaces must be defined for this model
(2002 applied an isopycnic ocean model to the southernconfiguration: the bottom of the water column and, where
Weddell Sea, in which the Filchner—Ronne Ice Shelf is in- necessary, the depth of the portion of the ice shelf thickness
cluded, to investigate the buoyancy forced circulation on thethat is below the mean sea level. Bottom topography (Fig. 1a)
continental shelf. Finally, the thermodynamic fluxes betweenwas constructed combining ETOPOBGDC, 1988 and
the ice baseline and the ocean was the subject of several pBEDMAP in which sea floor topography is derived from
pers.Holland and Jenking1999 presented a hierarchy of Smith and Sandwe(lL997), ETOPO2 and ETOPOMWNGDC,
models describing the thermodynamic interaction betweerl988. Ice shelf thickness (Fig. 1b) was obtained from the
the base of an ice shelf and the underlying ocean watersBEDMAP gridded digital model of ice thicknesdythe
Beckmann and Goosg2003 developed a simple parame- et al, 2001). Both surfaces were smoothed with a modi-
terization for ice shelf melting and the corresponding freshfied Shapiro filter, which was designed to selectively smooth
water flux in ocean modelsiolland et al. (2009 studied the  areas where the changes in the ice thickness or bottom
response of idealized ice shelves to a series of ocean warnathymetry are large with respect to the total depthiKin
ing scenarios. and Hedstrom1998. It should be noted that perhaps too
The previous studies have shown that to obtain a realismuch smoothing was applied. In particular at the Amery Ice
tic representation of the circulation and water masses forShelf.
mation in the Southern Ocean, it is necessary to take the A periodic circumpolar domain between 83 and S0with
atmosphere—ocean—ice interactions under serious considergariable horizontal resolution was constructed (Fig. 1c, d).
tion. Nevertheless, a complete model framework consideringZonal resolution (Fig. 1c¢) gradually increases from 150 to
a sea ice model coupling and an ice shelf parameterization ii0 km in the Weddell Sea. Meridional resolution (Fig. 1d)
aregional ocean model with a free surface is less studied, pawaries approximately between 20 and 110 km, reaching the
ticularly for climate-scale integrations. While climate-scale finest scale at the highest latitudes. The horizontal resolution
integrations of ocean models that include sea ice and icén the Weddell Sea is approximately between 20 and 50 km.
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Fig. 1. Bathymetry and ice thickness in meteasafhdb) and variable horizontal resolution in kilometecsahdd).

In the vertical, 40 terrain-following levels with higher resolu- computational efficiency, ROMS uses a split-explicit time-
tion near surface and bottom are used. In this configurationstepping scheme in which external (barotropic) and inter-
the model domain contains 2070 grid cells and 40 verti- nal (baroclinic) modes are computed separately. The exter-
cal levels. This grid allows for an efficient and computation- nal and internal time steps were set to 0.75 and 30 min, re-
ally time-effective modeling framework with a higher reso- spectively, in compliance with the Courant, Friedrichs and
lution in the areas of interest. Lewy (CFL) criterion.

For the 3-D momentum advection a 4th order centered A dynamic-thermodynamic sea ice module is coupled
scheme is applied in the horizontal and in the vertical. Forto the ocean model, having both of them the same grid
tracers, a 3rd order upstream horizontal and a 4th order cenArakawa-C) and time step and sharing the same parallel
tered vertical advection schemes are applied. Biharmonicoding structure Budgell 2005. The sea ice dynamics is
horizontal mixing of momentum and tracers is used in whichbased on elastic—viscous—plastic (EVP) rheologyrke
the viscosity and diffusivity depend on the grid spacing. 2001). The sea ice thermodynamics followgllor and Kan-
Quadratic bottom stress, with a coefficient of 3.00°3 tha(1989. Two ice layers and a single snow layer are used in
was applied as a body force over the bottom layer. Thethe seaice module to solve the heat conduction equation. The
vertical momentum and tracer mixing were handled usingsalt flux underneath the seaice is a function of the basal melt-
the KPP (K-Profile Parameterization) mixing scheme. Foring or freezing, which is controlled by the difference between
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the water—sea ice heat flux and the sea ice—atmosphere co~ _
ductive heat flux.

In addition to sea ice, an ice shelf parameterization is in-
cluded in order to consider the ice shelf impacts on ocean cir-
culation and water mass formation. The thickness and exten
of the ice shelf do not change along the simulations. Under
the ice shelves, the upper boundary is no longer at sea leve
but conforms to the ice shelf base. Below the ice shelves, the
atmospheric contributions to the momentum and buoyancy
fluxes are set to zero. The heat and salt fluxes are calculate
as described iDinniman et al(2007) with the modification
that the heat and salt transfer coefficients are functions of the
friction velocity (Holland and Jenkinsl999.

The model was initialized by the temperature and salin-
ity fields from the January Levitus World Ocean Data 1998
climatology. Under the ice shelf, specified vertical profiles
of temperature and salinity were prescribed as initial con-
ditions. This avoids instabilities produced by the excessive
gravity waves at the beginning of the simulation. At the open
northern boundary, the model uses the free-surface Chapme
condition, the 2-D momentum Flather condition and the 3-D
momentum and tracer radiation condition. Temperature and
salinity from Levitus 1998 climatology are prescribed as lat- Fig. 2. Related to the spin-up period simulatiqa) Time series of
eral boundary conditions at the open northern boundary. the annual mean kine_tic (red) and potentigl (plue) energy integrated

The atmospheric forcing corresponds to the normal yea'over the model domair{b) Annual mean I.<|net|c energy integrated
forcing version 2.0 — COREV2 L érge and Yeage2009. over a horizontal plane as a function of time and depth.

The normal year forcing consists of a single annual cycle of

all the data needed to force an ocean model. These data a
representative of climatological conditions over decades an
can be applied repeatedly for as many years of model inte
gration as necessarkdrge and YeageP009 Griffies et al,
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fdditional experiment was conducted after the spin-up pe-
iod (90yr) and was run for 10 yr. The first experiment, here-
after named M1, represents the full run with all the complex
sea ice and ice shelves physics included. M1 is considered

igoQ' It 'm.:fl.Udr?S a_((js_:{hourg/ 118 m vv_ln;js, sea Itevel. Ezrr]eszurle’the control run. The second experiment, hereafter named M2,
M Specilic humidily an M ar lemperature, the dally a5 run to address the effects of the ice shelf inclusion. To

solar shortwave radiation flux and downwelling longwave ra- run this experiment, the ice shelves were completely omitted

d'a“°f‘ flux and the mothIy precipitation. The air-sea 'N* and therefore this case consists only in the coupling of the
teraction boundary layer is based on the bulk parameteriza,

" f Fairall et al (2003. It dapted f the Counled sea ice module to the ocean model. Note that the area cov-
ion of Fairall et al(2003. [t was adap ediromine oupled goq by the ice shelves can eventually be occupied by sea ice
Ocean—Atmosphere Response Experiment (COARE) algo-_ ., . . :

. . In this simulation.

rithm for the computation of surface fluxes of momentum,

. L The model solutions have been saved daily and a model
sensible heat and latent heat. Surface salinity is relaxed t%limatology (a mean year of 365 days) was constructed av-
Levitus climatology with a timescale of 180 days.

eraging the last 9yr of simulations for all the experiments.

. . These are compared in the next section.
2.2 Model simulations P

A first simulation with all the cryospheric processes in- 3 Results
cluded was run starting from an ocean at rest and integrat-
ing the model for 90 yr with a repeated annual cycle forcing. A rigorous model validation is limited by the scarcity of ob-
Time series of the annual mean kinetic (red) and potentiakervations in this specific region of the global ocean. The
(blue) energy integrated over the model domain are plottedack of historical observations has slowed progress in un-
in Fig. 2a. The annual mean kinetic energy integrated over alerstanding the Southern Ocean and its connections to the
horizontal plane is plotted against time and depth in Fig. 2b.rest of the Earth system. The Southern Ocean, particularly
It can be observed that the integrated energy is maintainednder the ice shelves, is a typical example of where the
almost constant from year 10 to 90. spatiotemporal sampling is still poor despite all the recent
In order to address the sensitivity of the regional modelefforts from the scientific community. The present analy-
to the thermodynamic active ice shelf implementation, ansis has the purpose of identifying the relative importance of
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10 m Annual 10 m Annual
Temperature (°C) Salinity

Levitus Levitus
0° o°

Fig. 3. Near surface (10 m) annual mean temperature fields in centiFig. 4. Near surface (10 m) annual mean salinity {a) Levitus
grade for(a) Levitus climatology(b) M1, and(c) M2 simulations. climatology,(b) M1, and(c) M2.

the cryosphere’s components and their interactions with the To evaluate the local differences in temperature and salin-
Weddell Sea in the Southern Ocean. Therefore our analysiity produced by the inclusion of the ice shelf, vertical sec-
is focused on comparing the different experimental resultstions were compared. Figure 5 shows the vertical sections
rather than a robust validation against observations. Nonethesf annual temperature (Fig. 5b) and salinity (Fig. 5c) along
less, global databases such as Levitus Word Ocean Data 1998° W through the Filchner—Ronne Ice Shelf (Fig 5a) for
climatology, Simple Ocean Data Assimilation (SODA) and the Levitus and model climatologies. It can be seen that the
sea ice concentration derived from satellite data were used tonodel qualitatively reproduces the vertical Levitus thermo-
perform a qualitative comparison with the model results. It haline structure in experiments M1 and M2. In these cases,
should be noted that the Levitus dataset has a summer bidbe ocean surface is covered by ice, accounting for the min-
because it is the time of the year when most ships make meamum values of temperature and salinity in the upper lev-

surements in the Southern Ocean. els. Both variables increase their values with depth. Whereas
o modeled salinity compares well with Levitus, the model
3.1 Annual mean temperature and salinity tends to underestimate temperature in lower levels.

i o To better compare the model experiments, Fig. 6 shows the
The annual mean fields of temperature and salinity were calygrtical sections of annual temperature (Fig. 6b) and salin-

culated for the four model climatologies. In order to be com- ity (Fig. 6¢) under the Ronne Ice Shelf in the Weddell Sea
pared, the horizontal fields were linearly interpolated to stan-(57o W; Fig. 6a). It should be noted that ice shelves are not
dardz levels considering the bathymetry, the ice shelf thick- hart of the Levitus climatology, therefore it cannot be com-
ness and the mean sea surface height. Figure 3 shows thgyreq to the model results. In M1 the ice thickness is pre-
annual mean temperature at 10 m for the Levitus 1998 climagriped and a layer of thickness 150-300 m is present under
tology (Fig. 3a), experiments M1 (Fig. 3b) and M2 (Fig. 3C). the jce shelf. It can be seen in Fig. 6 that the modeled temper-
The 10m Levitus annual temperature, representative of Upayre and salinity in M1 and M2 experiments are very similar
per levels, shows a clear latitudinal gradient along the mode|, the northernmost part of the section but they are very dif-
domain. In particular, higher gradients are observed towardgerent under the ice shelf, showing a reasonable configuration
the west of the Antarctic Peninsula (from 3510 45 W,  consistent with lower temperatures and higher salinities as-
clockwise) where temperature differences higher thé@ 7 qciated with ice-melt and brine rejection in experiment M1.
from 83 S to 50 S can be found. These features are well 1o temperature values for M1 and M2 experiments range

represented in every experiment, suggesting that the modgenyeen-2.0 and—1.75°C and salinities between 34.6 and
adequately resolves the surface fluxes. No large qualitativg, g south of 76S.

differences between M1 and M2 experiments can be reported
regarding temperature at the upper levels along the wholg.2  Annual mean circulation in the Weddell Sea
model domain.

The annual mean salinities at 10 m for Levitus 1998 cli- The Weddell Sea is characterized by a climatological low
matology and the model results are shown in Fig. 4. The neaatmospheric pressure center that dominates the basin-scale
surface salinity according to Levitus (Fig. 4a) presents theocean circulation. The Weddell Gyre extends from the
highest values in the Weddell Sea where the sea ice formaAntarctic Peninsula to 3 covering both Weddell and En-
tion is a crucial process, and at low latitudes in the Pacificderby basinsQ@rsi et al, 1993. To the north it is bounded
Ocean. This pattern is reproduced by the model in the M1by the Antarctic Circumpolar Current and to the south by the
and M2 experiments (Fig. 4b, c). continental shelf slope in the southern Weddell Sea. Since

www.geosci-model-dev.net/6/1209/2013/ Geosci. Model Dev., 6, 1239 2013
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Fig. 5. Vertical sections along the Flichner-Ronne Ice Shelf at . .
model climatologies.

40° W (a) of annual mean temperatufte) and salinity(c) for Levi-
tus and model climatologies.

Mean Sea Surface Height (m)
and Barotropic Circulation

the vertical density gradients in the Weddell Sea are rela: #

tively small, sea surface height (SSH) can be used to describ 24 4P
depth integrated flow. Figure 7 shows, for the Weddell Sea.
the annual mean SSH in meters together with the simulate:
barotropic currents modeled for the two experiments. Nega-
tive SSH values can be seen for both experiments. The mini
mum values for M1 and M2 are centered in the Weddell Sea,

which shows that the Weddell Gyre is qualitatively well rep- Fig. 7. Annual mean sea surface height in meters and barotropic

resented. . ~ circulation in the Weddell Sea for M) and M2(b) experiments.
Transport of volume or mass can be established using

the meridional overturning stream function. It is commonly
used to sum up various features of the large-scale circula-
tion, particularly the effects of the thermohaline forcing. The
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- . . . M2. In addition, both experiments are able to reproduce a
Meridional Overturning Streamfunction (Sv) in . ;
coastal cell of approximately 10 Sv very close to Antarctica.
the Weddell Sea The difference between the two experiments is very subtle
Longitude range of integration where the strength of the circulation south of approximately
- 65° S is greater for M2 while north of it the circulation is
stronger for M1, with its maximum extending below 2000 m.
The presence of the ice shelf thermodynamics in experiment
M1, changes the nature of the water mass interactions con-
tributing to the displacement of the overturning circulation
relative to M2.

3.3 Water masses identification in the Weddell Sea

-1000

-2000

Water masses act as important reservoirs of heat and salt

acquiring their signatures from atmospheric processes near

their formation zones and, consequently, they are excellent
. indicators of climatic changeTomczak 1999. Potential

A temperature—salinity diagrams were constructed to identify,

fqr each model exper_|ment, the Weddell Sea water masses.

S0 200 0 1020 Figure 9 shows the diagrams derived from the annual mean

temperature and salinity along 4/ of Levitus climatology

and the two experiments. The boxes insideThe diagram

in Fig. 9a indicate the thermohaline limits for the typical wa-

ter masses reported in the Weddell Sea. The Warm Deep

Water (WDW), with O< 6 < 1°C and 34.6< S <34.75, is

Depth (m)

-3000

-4000

-5000

Fig. 8. Weddell Sega) annual mean meridional overturning circu-
lation in Sverdrups for SODA, M1 and M2 simulation results.

meridional overturning stream function was computed for the

Weddell Sea as follows: a relatively warm and salty water found in the intermedi-
ate layers of the Weddell Se€drmack and Fostef975.

0° z The WDW can suffer mixing processes with the Antarctic

Yy = — / / vdxdz, (1) Surface Water (AASW), the Winter Water (WW) and the

SGW iy ) Shelf Water (SW), producing the Modified Warm Deep Wa-

ter (MWDW). This water mass, with temperature range be-
d tween—1.7 and-0.7°C and salinity range between 34.4 and
34.6, has an important role in the AABW formatio@dr-
mack and Foster1975. Below the WDW, the Weddell Sea

extends from 50W to the Greenwich meridian. This compu- = _
tation was repeated for the four experiments and for the anPrésents two varieties of AABW: the Weddell Sea Deep Wa-
ter (WSDW) with< —0.76 <0°C and 34.4 S < 34.6, and

nual mean data obtained from the Simple Ocean Data Assim )
ilation (SODA) dataset. SODA consists of an ocean reanalih® Weddell Sea Bottom Water (WSBW) with< —0.7°C
ysis that provides an estimate of the evolving physical staté®"d 34.62< S < 34.68 Carmack and Fostef973. Finally,
of the oceanCarton and Gies@008. The dataset obtained "€ 1c€ Shelf Water (ISWg < —1.9°C; 34.20< § < 34.70;

from SODA reanalysis represents a considerable improveerT €t al, 2019 is formed in the south of the Weddell Sea

ment when compared to the existing hydrographic observalfom the interactions of High Salinity Shelf Water (HSSW)
tions or even available numerical simulations in the analy-a1d Possibly Low Salinity Shelf Water (LSSW) with the ice

sis and diagnostic of ocean processes, in particular those réhelf Kerr et al, 2012). _ _

lated to water mass changes and variability. All available data S°Me of the features from the Levitds-S diagram are
from hydrographic stations, expandable bathythermograph¥/€ll reproduced by the M1 and M2 experiments. For in-
(XBTSs), altimetry and floats are assimilated into the model. Stance, whereas the WDW is not captured by the model, the
Freshwater fluxes are determined from precipitation data of/WDW is present. Besides, the WSDW can be identified in
the Global Precipitation Climatology Project (available since P0th M1 and M2 experiments (Fig. 9b, c). The ISW is only

1979) and evaporation is calculated from bulk formulae. ThePrésent in the M1 experiment with a slight overestimation of
surface heat flux is also calculated using bulk formulae, ~ S@linity (of approximately 0.06), indicating the importance
The results are plotted in Fig. 8 as a function of latitude of the full representation of the ice shelves to reproduce this

and depth. Results from experiments M1 and M2 compareVater mass.
reasonably well to SODA, Simulation of the Deacon cell,

reaching values in excess of 20 Sv north of 65n response

to the westerlies at 6@, is well represented in M1 and

whereuv is the meridional velocity, the vertical limits exten
from the ocean bottori to a depthy, and the zonal integral
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of maximum sea ice coverage observed in the Southern HemiMinimum sea ice coverage observed in the Southern Hemisphere)
sphere) obtained from th{e) Nimbus-7 SMMR and DMSP SSM/I optained from théa) Nimbus-7 SMMR apd DMSP SSM/I passive
passive microwave daté)) M1, and(c) M2 experiments. microwave data(b) M1, and(c) M2 experiments.

3.4 Seasonal sea ice cover SSM/I passive microwave dat&€évalieri et al. 1996, up-
dated 200Bover the period 1979-2007. Figures 10 and 11
Sea ice concentration (area of sea ice per grid cell area) renap the sea ice concentration (in percentage) for September
flects the effects of dynamics and thermodynamic processe@nonth of maximum sea ice coverage in the Southern Hemi-
originating in the atmosphere—ocean—sea ice system. Thusphere) and March (month of minimum sea ice coverage),
this variable is a good diagnostic of the model's ability to respectively, derived by the satellite data and the numerical
reproduce near surface processes in high latitudes. Modedxperiments.
results regarding the sea ice concentration are compared to For the Southern Hemisphere’s wintertime (Fig. 10) all
satellite climatology from the Nimbus-7 SMMR and DMSP experiments show results that are in agreement with the
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observations, which indicates a good parameterization of the Although model solutions underneath the ice shelves are
surface fluxes. In particular, the horizontal pattern with adifficult to validate due to the scarcity of observations, our
minimum latitudinal sea ice extension in the western Pacific,results suggest that the thermodynamic fluxes between the
at approximately 135, and a maximum in the Weddell Sea ice shelf and the ocean must be considered in order to obtain
are adequately represented by the model in all the simularepresentative hydrographic values under the ice shelves. The
tions. Nevertheless, the model seems to overestimate the seapresentation of the cryosphere—ocean processes, and hence
ice coverage in September. Model results for sea ice concerdense water formation, is much more complex than having
tration differ very little between the experiments, which is an sea ice alone.
indication of how closely linked sea ice formation is to the  The results presented in this paper constitute a contribu-
surface atmospheric forcing. It is worthwhile to note that thetion to the development of a powerful tool in order to study
area covered by the ice shelves is completely occupied by sethe atmosphere—ocean—ice coupled system in the Southern
ice when they are turned off (M2 model experiment). Ocean. In particular, our interest is focused on the predic-
The observed sea ice concentration in March (Fig. 11a}ion of the system response to climate change scenarios and
shows an ocean free of sea ice in the eastern Atlantic, Indiaits implication on global climate. Ergo, our next step will be
and western Pacific oceans (approximately from the Greento study the interannual variability of the last 60yr and the
wich Meridian to 160 E, clockwise), whereas the Weddell role of the tidal forcing in the ocean circulation and mixing.
Sea, the eastern Pacific and the Ross Sea present covered Hewever, to provide a more comprehensive picture of these
eas. In particular the maximum ice concentration in summerprocesses, a higher horizontal resolution model is needed,
time occurs to the east of the Antarctic Peninsula, where valnot only for the Weddell Sea but all around the circumpolar
ues of 100 % concentration are found. This last feature is capdomain. As the processes in the Weddell Sea significantly in-
tured by the model in the M1 and M2 experiments (Fig. 11b, fluence the hydrography of the South Atlantic, the character-
c). Nevertheless the model overestimates the summer sea iégtics of the Ross Sea should be adequately considered since
cover in the Weddell Sea and in general performs a poor repthey would influence the hydrography in the South Pacific.
resentation around Antarctica. Processes that occur in the open ocean also have to be con-
sidered. Consequently a combination of physical processes
and refined model resolution may be needed to better un-
derstand the important interactions that take place within the

. . . . . continental shelf. Efforts are currently being devoted to im-
In this paper a thermodynamic active sea ice and ice shelf pa:

rameterization is used in a regional numerical model of theplement an extended and higher resolution model domain.
Southern Ocean. For the first time, ROMS was applied in a
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