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ABSTRACT. It is generally accepted that fresh-water fluxes due to ice aceretion or
melting profoundly influence the formation of Antaretic bottom water (AABW). This is
investigated by means of a global, three-dimensional ice-ocean model. Two model runs
were conducted. At the high southern latitudes, the control experiment exhibits positive
(i.e. towards the ocean) fresh-water {luxes over the deep ocean, and large negative fluxes
over the Antarctic continental shelf, because of the intense ice-production taking place in
this region. The salinity of shelf water can increase in such a way that deep-water forma-
tion is facilitated. The simulated net fresh-water flux over the shell has an annual mean
value of —Ima . This flux induces a transport of salt to bottom waters, which corresponds
to an increase of their salinity estimated to be around 0.05 psu. In the second model run,
the fresh-water fluxes due to ice melting or freezing are neglected, leading to a rearrange-
ment of the water masses. In particular, the AABW-formation rate decreases, which allows
the influence of North Atlantic deep water (NADW) to increase. As NADW is warmer and

saltier than AABW, the bottom-water salinity and temperature become higher.

INTRODUCTION

The influence of sea ice on the formation of Antarctic
hottom water (AABW) has been recognised for a long time
(Gill, 1973 and references therein). The brine released
during ice accretion strongly increases salinity on the Ant-
arctic continental shelves, especially in their western part
(Jacobs and others, 1983). In a simplified description of
deep-water formation, this high-salinity shelf water mixes
with fresher winter water (WW) and circumpolar deep
water (CDW) at the shelf break, and then sinks along the
shelf slope to form new bottom water (LFoster and Carmack,
1976). Exchange of heat and mass with the ice shelves also
seems to play a role in bottom-water formation {Weiss and
others, 1979). Newly formed bottom water spreads north-
wards and invades the global ocean as AABW, which is pro-
gressively modified by mixing with ambient deep water
(Gordon, 1991). The major part of AABW is thought to be
formed by this mechanism near the continental shelf]
although a significant amount of AABW production may
be achieved by open-ocean convection (Gordon, 1991).

The impact of the high-latitude salinity and fresh-water
flux on the thermohaline circulation of the world ocean has
been widely studied with a variety of ocean models, ranging
from zonally averaged models (e.g. Stocker and others, 1992;
Fichefet and others, 1994) to three-dimensional models with
realistic bathymetry (e.g. England, 1993; Toggweiler and Sa-
muels, 1995). Unfortunately, observations on the Antarctic
continental shelf are very difficult in winter, owing to the
heavy ice cover. As a consequence, most of the data come
from the summer season, when the surface salinity is low
due to ice melting. Tor example, the widely used Levitus
(1982) climatology shows a bias towards unrealistically low
salinities in the vicinity of the Antarctic continent. Using
these data as surface forcing in ocean general circulation
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models (OGCMs) leads to an underestimation of the rate
of AABW formation. Io solve this problem in part, it has
been suggested that the salinity around Antarctica should
be enhanced (e.g. Lngland, 1993). However, determining
the magnitude and space distribution of the “salt correc-
tion” is complex. When the salinity enhancement is applied
in OGCMs, deep convection and overturning are usually
stronger close to Antarctica, and the bottom waters become
saltier and colder (Stocker and others, 1992; England, 1993;
Toggweiler and Samuels, 1995). Furthermore, the effect of
the “salt correction” is not restricted to the AABW. The for-
mation and export of North Atlantic deep water (NADW)
are reduced as a consequence of the increase of AABW pro-
duction, implying that an adjustment between the two
deep-water masses takes place (see section 4).

In the present study, we investigate the role of the mass
exchange between sea ice and ocean in the Southern Hemi-
sphere with the help of a global ice ocean model, which is
described in section 2. In section 3, the fresh-water fluxes
simulated by the model over the Southern Ocean are pre-
sented and compared with available data. The effect of these
fluxes on the salinity of AABW is also investigated in this
section. In section 4, the results of a sensitivity study, in
which the fresh-water or salt exchanges between ice and
ocean during melting or freezing are neglected, are dis-
cussed. This modification leads to a strong decrease of the
salinity on the Antarctic continental shelves. The experi-
ment design has similarities with the ones mentioned above,
where the response of an OGCM to salinity perturbations
around Antarctica was analysed. However, these models
generally do not include an explicit sea-ice component, and
the variation of salinity is not naturally imposed as in the
experiment presented here. As a consequence, it is useful to
carry oul this experiment using our model and then com-
pare the results obtained with those of other studies.
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2. DESCRIPTION OF THE MODEL

A description of the model used in this work may be [ound in
Goossc and others (1997). Only the main features are pre-
sented here. The model results from the coupling of a global,
free-surface OGCM (Deleersnijder and Campin, 1995) with
a comprehensive sea-ice model (Fichefet and Morales Ma-
queda, in press). The OGCM is a three-dimensional, primi-
tive-cquation, free-surface model that includes 20 levels

along the vertical. The sea-ice model has representations of

both thermodynamic and dynamic processes. A three-layer

model (Fichefet and Gaspar, 1988) simulates the evolution of

the snow and ice thicknesses and heat contents in response
to the atmospheric- and oceanic-heat fluxes. The model
takes into account leads, and has a scheme of snow—ice for-
mation. Ice dynamics is computed by considering that sca
ice behaves as a two-dimensional viscous-plastic continuum
(Hibler, 1979). The oceanic heat flux at the base of the ice
slab 1s proportional to the temperature difference between
the ocean and the ice. The water stress on ice is computed
as a quadratic function of the velocity difference between
ice and the ocean. As the occan velocity is taken close to
the surface (5m depth, the first oceanic level), no turning
angle is applied.

The global grid is obtained by associating two 3° X 3
spherical grids (Deleersnijder and others, 1993). The first one
is a standard spherical grid covering the whole world ocean,
except the northern Atlantic and the Arctic. The latter are
represented on a spherical grid having its poles on the geogra-
phical equator in order to avoid the North-Pole singularity.

The model is driven by surface fluxes of heat, fresh water
and momentum derived from empirical-bulk formulae des-
cribed in Oberhuber (1988). Input ficlds consist of monthly
mean climatological fields of air temperature and humidity,
precipitation, cloudiness, wind and wind stress. The river
runofl’is taken [rom the annual mean climatology of Baum-
gartner and Reichel (1975). Owing to inaccuracies in the
precipitation and runoff data and in the evaporation com-
puted by the model, the net fresh-water flux at the surface
exhibits a slight imbalance inducing a drift in the simulated
global salinity. 1o remedy this problem, a relaxation (o
annual-mean observed salinities (unmodified Levitus’ cli-
matology) is applied in the 10 m thick surface gridbox with
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a time-constant of two months. This restoring induces a
fresh-water flux equivalent to 18 cm of water per year, if the
difference between the simulated salinity and Levitus® data
1s equal to 0.1 psu.

3. SIMULATED FRESH-WATER BUDGET IN
SOUTHERN HIGH LATITUDES

As a first step, the model is integrated in robust diagnostic
mode (i.e. with volume restoring for temperature and sali-
nity) until equilibrium is reached. After this initial stage,
the relaxation is removed except in surface for salinity (see
section 2) and the model is integrated for 750 years. The
results presented here are averaged over the last 10 years of
the experiment. Compared to the estimates of Gloersen and
others (1992), the modelled Antarctic ice extent is overesti-
mated by about 1 x 10°km~ at the winter maximum and
by about 3 x 10°km” at the summer minimum, which is
quite reasonable (Fig. 1). During summer, the major discre-
pancies between model and data occur in the castern Wed-
dell Sea (Fig. la). In winter, the ice is present northwards of
the observed limit in the Pacific sector of the Southern
Ocean. On the other hand, the ice extent is underestimated
off East Antarctica (between 45" E and 100° E) (Fig. 1b).
This is due to unrealistically intense convection there, which
brings heat to the surface and prevents ice formation.

In the high latitudes of the Southern Hemisphere, the
simulated annual mean fresh-water flux is generally positive
(which means that the ocean gains fresh water). However,
on the Antarctic continental shelf, intense ice production
leads to strong negative fluxes ( Fig. 2). This ice production
is mainly a consequence of the winds that transport ice sea-
wards in the vicinity of Antarctica, leaving the ocean di-
rectly exposed to the cold Antarctic air and leading to
intense ice formation. Another consequence of the offshore-
ice transport is the existence of a quasi-circumpolar maxi-
mum in the fresh-water flux at about 60 S.

Off the shelf. ice production is less intense. Ice divergence
is generally weaker than close to the continent. Furthermore,
the negative-feedback mechanism proposed by Martinson
(1990) is particularly active in this zone. This process works
as follows: when ice is created, salt is rejected, tending to de-
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Fig. 1. The simulated ( solid line ) and observed ( dashed line ) ( Gloersen and others, 1992) position of the ice edge ( defined as the

15% ice concentration) in (a) March and () September.
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Fig. 2. Geagraphical distribution of the simulated freshwater
[flux towards the ocean (inma ). This flux includes precipita-
lion, evaporation, a fresh-water flux equivalent to the mass flux
associated with ice melting or freezing, river run-off; iceberg
melting and the flux deduced from the restoring. Conlour inter-
valis 10ma '; negative values are dashed and the curve corres-
ponding to 0 is in bold. The thick dotted line represents the limit
of the continental shelves (1000 m isobath) in the model.

stabilise the water column; this brings warm water [rom the
deep ocean to the surface, which limits the ice growth. Note
that the simulated oceanic heat flux at the ice base is gener-
ally larger in deep ocean regions than in the shelf area.

The Antarctic continental shelf is thus unique in the
Southern Ocean, in the sense that it is the only region where
a strong increase in salinity can occur as a consequence of
negative fresh-water fluxes. The area-averaged. annual
mean [resh-water budget of this zone has been estimated
from model outputs. The components of this budget are
shown in Figure 3.

In the major part of the Southern Ocean, precipitation
exceeds evaporation, as is also the case on the continental
shelf (precipitation—evaporation = 0.10 m a Y. In the model,
we prescribe a fresh-water flux from iceberg melting of
0.10 ma ' This value has been obtained by uniformly distri-
buting the amount of precipitation received by the Antare-
tic continent over the oceanic area south of 353°8
(Baumgartner and Reichel, 1975). Another source of glacit‘r
fresh water comes from the melting of ice shelves. Jacobs and
others (1985) deduced from various sources the total melting
rate of ice shelves around Antarctica, which, distributed
over the entire continental shelf, would lead to a fresh-water
flux of 0.28 ma " This flux has not been explicitly taken into
account in our simulation, but will be included in the next
version of the model.

The simulated net-ice production on the shell amounts to
238ma ' (corresponding to the ice exported). This induces
a fresh-water flux of ~190 ma ', assuming an oceanic sali-
nity of 34.7 psu, a sea-ice density of 900 kg m % and a sea-ice
salinity of 4 psu. (For simplicity, we ignore the evolution of
sea-ice salinity with time, assuming that sea-ice salinity
reaches immediately 4psu and then remains constant.)
Direct measurements of ice production are not available.
Limbert and others (1989) estimated from buoy drifts that
90% of the ice in the Weddell Sea is discharged each year
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Fig. 3. Simulated mean fresh-water balance of the Antarctic
continental shelf (inma ). P~E means precipitation minus
evaporation. I he nel surface flux over the shelf (—1.05m a )
is compensated by the nel advection, the water exported being
0.19 psu saltier than the water imported.

in the Southern Ocean. Unfortunately, the influx from the
eastern part of the Weddell Sea is not known. Furthermore,
even il the sea-ice budget of the whole Weddell Sea were pre-
cisely determined, it would not be straightforward to trans-
form it into useful information for the shelf. From a simple
ice model and oceanic data, Gill (1973) proposed a net ice-
formation rate greater than lma 'in the Weddell Sea. Using
a fresh-water budget of the Ross Sea continental shelf, Jacobs
and others (1983) deduced an ice production rate of 0.95 m a :
In other model studies (e.g. Stossel and others, 1990), the aver-
age net-freezing rate over the shelf is not given, rendering it
difficult to carry out a comparison. A visual estimate of their
results gives a value of 1-2ma ! a little less than in our
model.

The flux induced by the restoring on the continental
shell corresponds to 0.67 ma | The restoring is stronger
than in other regions, since the simulated surface salinity
on the shelfis much higher than that of Levitus. The salinity
exceeds 35 psu on an annual average in the southwestern
Weddell and Ross Seas, values reasonable for winter but
maybe too high in an annual mean basis. These high sali-
nities show that the restoring does not pose problems in our
experiment on the Antarctic continental shelf, even if Levi-
tus’ data are known to be too low there, The restoring may
help to simulate the effect of ice-shelf melting not taken into
account, or to compensate for perhaps a too-high ice pro-
duction, or for other model deficiencies (e.g. too-simple ver-
tical mixing, coarse horizontal resolution). As it is an
integral part of the model boundary conditions, it is incor-
porated in our budget. Nevertheless, the non-physical nat-
ure of this flux must always be kept in mind when
interpreting the results.

The simulated net-surface fresh-water flux over the Ant-
arctic continental shelf is ~1.03 ma . For comparison, the
budget of the region of deep ocean south of 66°5 is
+029ma ' (+0.56 ma 'south of 63° ). The value proposed
by Jacobs and others (1985) from oceanic data is smaller by a
factor 3 (-033ma '). Toggweiler and Samuels (1995) de-
duced a flux of 055 ma ' in the southernmost row of their
OGCM (entirely on the shelf) in their most realistic simul-
ation. However, their model had no sea-ice component, and
they used a surface-restoring boundary condition to the
annual mean salinity of Levitus at 500 m in the shelf arcas
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of the Weddell and Ross Seas and to surface Levitus data
clsewhere. They argue that the annual mean salinity at
500 m is a good estimate of winter-surface salinities on the
shell, the mixed layer being deep at this time. The new esti-
mate of the net fresh-water flux provided by our model is
higher than the two previous ones, This value seems reliable
since the model has representations of the most relevant
processes, and the model results close to Antarctica agree
reasonably well with observations (e.g. Fig. 1). Furthermore,
none of the individual fluxes presented here is out of the
range of the current uncertainty. The flux induced by the
restoring may be the most problematic element of the bud-
get. Nevertheless, ifit were not included in our computation,
the fresh-water flux would be even larger (in magnitude).

[t is important to know the impact of this negative fresh-
water flux on the properties of bottom water. The ~1ma '
fresh-water flux, acting over the 2.8 x10°km” shelf, is
equivalent to a salinity flux to the ocean of 3.1 x 10" kgs ',
considering a salinity of 34.7 psu. Gill (1973) has proposed a
value of 20 Sv for the flux of hottom water out of the South-
ern Ocean. A similar value may be deduced from the model
results, the net northward mass-flux of bottom water at
3578 heing 17.4 Sv (Fig. 4). If the whole 3.1 x 10°kes ' salt
flux were incorporated in this 20 Sv northward transport,
it would cause the salinity of this water mass to increase by
(.15 psu. However, a significant part of the salt is included in
the horizontal circulation close to the surface. The water re-
mains in the top 500 m, mixes with fresher water in the
deep-ocean regions, and, thus, almost no transfer to the
bottom is possible. Furthermore, the water sinking near the
shell slope can be diverted before reaching the bottom. ‘1o
have a rough idea of the amount of salt transported from
the shell to the bottom of the world ocean, Fs, we have com-
puted the northward salt-transfer associated with the deep
circulation at 63° S

ho
= /
Jbhottom

where v is the northward velocity and s is the salinity. The
integration is carried out over depth (z) and longitude ().
The depth, ho, is chosen such that the mass transport

vsdzdz

between the bottom and ho is closed (no net-mass trans-

‘ll“
fi= / vdzdr.
bottom

The net salt Mlux is readily estimated. Furthermore, only the

port), i.e.:

deep circulation is taken into account in the computation.
Fs has a value of l(}“kgs "Il the salt flux incorporated in
the northward Mlux of bottom water amounts to 10°kes ]
rather than 3.1 x 10°kgs !, the effect of the surface negative

[resh-water flux on bottom waters would be to the order of

0.05 psu. It shows that 0.15 psu is clearly an upper boundary.
A reasonable estimate is much less than this, probably about
a third of it.

4. SENSITIVITY STUDY

As described in the previous section, the impact of ice for-
mation on the salinity of AABW is relatively weak. How-
ever, it also has an influence on deep convection, on the
formation of AABW, and, more generally, on global circula-
tion. This issue was addressed by carrying out a model ex-
periment in which the fluxes of [resh water or salt
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Fig. 4. Annual mean global meridional streamfunction in So.
(a) Standard simulation. (b) Experiment WEFE. Contour
interval is 5 Sv. Flow is clockwise around solid contours.

associated with ice formation or melting are neglected
(herealter called experiment WEE, without fresh-water
fluxes). This amounts to assuming that sea ice has the same
salinity as sea water. This modification is applied only in the
Southern Hemisphere to avoid perturbations coming from
the north. The results of WFF are compared with those of
the standard simulation alter 750 years of integration start-
ing from an equilibrium state obtained in robust-diagnostic
mode (as in scction 3).

In WFF, two small polynyas appear inside the pack,
caused by open-water convection that generates ice melting,
However, as no fresh water is associated with this melting,
the convection is not reduced by a negative-feedback me-
chanism and can survive for a long time. The ice extent in
WFF (not shown) is similar to that of the standard simul-
ation, with only a slight increase in ice extent in winter, par-
ticularly in the region where it is underestimated in the
standard experiment (i.e. off East Antarctica, Fig. Ib).
When brine release during ice formation is neglected, con-
vection strongly decreases in this area, allowing ice to form
and maintain. In the standard experiment, convection in
deep-ocean regions off East Antarctica is mainly generated
by the advection of unrealistically high salinity water com-
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ing from the neighbouring shelves. This may suggest that ice
production is too strong on the shelf. However, the too-high
salinity can also be a consequence of a misrepresentation of
the exchanges between the shelf area and the deep ocean
(e.g. by the bottom-gravity currents). This is currently
under investigation.

The annual mean net fresh-water flux at the surface of
the Antarctic continental shelf amounts to 017ma '
WFF, compared to ~1.03ma "in the standard experiment.
The restoring has also changed in magnitude between the

1

two experiments. It is very weak in WI'F (0.lma h, the
simulated salinities being close to Levitus’ data, This modi-
fication of the restoring is of a spurious nature. However, the
restoring was also applied in WFF to keep the same experi-
mental design. Using fixed fluxes diagnosed from the stan-
dard experiment in WFF, instead of restoring, was not
possible since the dynamic of the system forced by fluxes or
by restoring may be different. The relaxation might limit
the effect of ice formation in the standard experiment (see
discussion in section 3). Regardless, the difference between
the two experiments is sufficiently clear to analyse the influ-
ence of the [resh-water fluxes in the model.

The shelf is much fresher in WFF (see Fig. 5 for the
Atlantic) and the water is thus much less dense, the temper-
ature being always close to freczing point on the shelf. As a
consequence, the convection on the shelf and on the edge of
the continental slopes ceases, except in the two polynyas,
and almost no bottom-water formation takes place there.
The intensity of the deep-overturning cell close to Antarcti-
ca decreases significantly, from 25 Sv to 15 Sv (Fig, 4). How-
ever, deep-water formation is still present in the Southern
Hemisphere, as well as in open-ocean convection. Intense
convection appears outside the ice pack, between 35° and
65°S. This feature is also present in the standard run. It
seems to be a common problem of OGCMs using classical
horizontal diffusion (England, 1995).

As a consequence of the reduction in the rate of AABW
formation, the zonally averaged meridional inflow of
AABW in the Atlantic at 35° S decreases from 4.3 Sv in the
standard run to a little more than 2 Sv in WFE. Further-
more, AABW no longer crosses the Equator in the Atlantic,
NADW reaching the bottom in the major part of the North
Atlantic. The zonal average inflow below 3000 m in the
Indian and Pacific oceans also decreases, from 13.15v to
70Sv. On the other hand, the maximum overturning in
the North Atlantic increases by more than 3 Sv. The zonally
averaged meridional outflow of NADW at 357 S (a measure
of NADW exported to the other oceans) increases from
174 Sv to 204 Sv. There is thus a recorganisation of the ther-
mohaline circulation, in which the decrease of AABW for-
mation is partially compensated by an increase in the
NADW overturning, the global circulation being sensitive
to the density contrast between the Southern Ocean and
the North Atlantic.

This modification of the circulation has consequences
on the properties of water masses. On a global average, the
temperature of the bottom gridcell of the model (depth
5125 m) increases from 0.79° to 1.63°C, reflecting the stron-
ger penetration of NADW at great depths. As a consc-
quence, the bottom waters are lighter. The decreased
transport of AABW is clearly visible in Atlantic salinity dis-
tribution (Fig. 5). In the standard simulation, a fresh (and
cold) tongue of AABW is propagating northwards close to
the bottom beneath the salty (and warmer) NADW. In
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Fig. 5. Annual mean, zonally averaged salinity in the Atlantic
in psu. (a) Standard simulation. (b) Experiment WEF
Contour interval is 0.2 psu. Curves below 33 psu are dashed.

WFF. this feature is almost absent. The globally averaged
bottom salinity increases in WFF from 3470 psu to
34.76 psu. This is an unexpected result since brine release in-
duces salt transport to the bottom in the standard experi-
ment. It means that, considering the bottom-water salinity,
the direct impact of the reduction of salt transfer from the
shelf in WFF has a smaller influence that an indirect one,
which is the supply of salty NADW.

Numerous studies have stressed the importance of the
salinity near Antarctica for AABW formation and export
(e.g. Stocker and others, 1992; England, 1993; Fichefet and
others, 1994), and for NADW formation. When the salinity
near Antarctica was decreased, an increase in NADW over-
turning and a reduction of AABW formation were noticed.
However, this modification was not associated with an
increase in bottom salinity as in our experiments (Stocker
and others, 1992; England, 1993; Toggweiler and Samuels,
1995). This may be due to the representation of surface pro-
cesses. The models did not include an explicit sea-ice model,
and only part of them included a seasonal cycle. Further-
more, in our standard run, the salinity of NADW is rela-
tively high, whereas it is underestimated in some of the
other studies. This may lead to different results when the
conditions around Antarctica are modified.
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5. CONCLUSION

A study of the large-scale impact of the mass exchanges oc-
curing during ice formation and melting has been per-
formed with a global icc—ocean model. The simulated
annual mean fresh-water flux in the Southern Ocean exhi-
bits a strong contrast between the open ocean, where a po-
sitive fresh-water flux towards the ocean is observed, and
the Antarctic continental shelf, where the flux is strongly
negative. This strong negative flux over the shelf is caused
by net ice production. The shell waters are thus quite salty,
with salinities much higher than the too fresh Levitus’ data,
the difference being significant only over the shelf and not
over the deep ocean. As a consequence, ocean modellers,
who use a restoring-boundary condition on salinity and en-
hance the Levitus’ data to take into account a sea-ice effect,
should probably apply this correction only on the shelf (e.g.
loggweiller and Samuels, 1995).

The simulated averaged fresh-water flux over the shelf is
~10ma ', This is significantly larger (in absolute value)
than some previous estimates, mainly hecause of the intense
ice production generated by the model in this zone. This
value is within the range of current uncertainty, even il in-
accuracies may arise from deficiences in the model and/or in
the forcing. The impact of this flux on deep water is difficult

to assess. A simple argument leads to an upper boundary of

0.15 psu for the increase of the salinity of bottom water due
to the negative fresh-water flux operating over the shelf, the
actual value being probably around 0.05 psu.

A numerical experiment has been conducted in which
the salt- and fresh-water fluxes associated with ice formation
and melting are ignored. The convection near Antarctica

deereases strongly, as do the formation and export of

AABW. In response to the decreased influence of AABW,
there is an intensification of NADW production, which is
warmer and saltier than AABW. This modification of the
thermohaline circulation induces an increase in bottom
temperature and, contrary to what could have heen ex-
pected, an increase in bottom salinity. This means that the
direct impact of neglecting the transfer of salt at great
depth, which is a consequence of the brine release, is over-
compensated by the higher presence of salty NADW close to
the bottom. These results show that the response of the sys-
tem is clearly non-linear. As a consequence, it is nearly im-
possible to measure the amount of salt transfered from the
shelf to the deep ocean by simply suppressing (or reducing)
this transport and measuring the modification of bottom
salinity. In our case, this method would have led to a pecu-
liar negative salt transport from the surface to the bottom
associated with ice production.
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