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Abstract. The shelf areas around the Antarctic Continent are locations of
dense water formation; part of these water masses ventilate the adjacent deep
ocean basins and enter the global thermohaline circulation. This paper takes a
look at regional differences of shelf sea–deep ocean exchange in high southern
latitudes (mainly between the Weddell and Ross Seas), highlights a few
physical mechanisms potentially causing these differences (the influence of ice
shelves, density driven flows, effects of topography, and tidal mixing effects)
and points out the need for and possible ways of their parameterization in
coarse resolution climate models.

Introduction

The subject of this workshop, boundary layer pro-
cesses and their parameterization, had been conceptu-
ally subdivided into surface and bottom boundary lay-
ers. Regions where both join, for example the high lat-
itude shelf and slope areas, deserve therefore special
attention.

Continental margins in general may be viewed as the
lateral boundaries of the ocean. This view is particu-
larly helpful in the context of coarse resolution ocean
climate models, which often do not include shallow shelf
areas and have to make do with a relative crude repre-
sentation of the processes along the continental slopes.

The Antarctic Marginal Seas are the origin of Antarc-
tic Bottom Water (AABW), and the locations, rates
and spreading paths of the dense water are crucial
for our understanding of the Southern Ocean contri-
bution to the global thermohaline circulation (see, e.g.,
Hellmer and Beckmann, 2001). One of the yet unan-
swered questions is the relative contribution of individ-
ual shelf areas around Antarctica to the global dense
water production and deep ocean ventilation, in other
words: is (and if so, why is) the Weddell Sea more im-
portant in this respect than the Ross Sea. Studies in
this area will not only lead to improved knowledge of
the southern downward branch of the meridional over-
turning but also help to identify ways to include unre-
solved and excluded processes in coarse resolution cli-
mate models.

In recent years, numerous studies on these lateral
boundary processes have been carried out within the
BRIOS (Bremerhaven Regional Ice Ocean Simulations)
project. Selected results of these simulations will be
used here to investigate aspects relevant to climate vari-
ability and climate change.

80°S   75°S   70°S

Figure 1. Location of measurements with (red) and with-
out(blue) indications for cross–slope exchange of dense water
around Antarctica (after Baines and Condie, 1998,). Large
ice shelf areas are highlighted in light blue.
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Observations

An excellent starting point for our considerations is
the compilation of the available hydrographic observa-
tions around Antarctica by Baines and Condie (1998),
which have been divided into active and passive sites
as well as those without any indications for downslope
flow. The interpretation of this data set (see Fig. 1)
has led to the conclusion that the most important water
mass production sites are located in the western Wed-
dell Sea, with some contributions in the Prydz Bay and
Adélie Land areas and (to a surprisingly small degree)
the Ross Sea.

Although this reasoning seems plausible, some cau-
tion is necessary, because (a) production sites and ven-
tilation sites may not always coincide, (b) the obser-
vations are not uniform in time nor space, such that
important (but only periodically or episodically active)
ventilation sites may have been missed.
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Figure 2. Observed CFC-11 distribution along the Green-
wich Meridian (after Schodlok et al., 2001).

An independent observational data set is provided by
passive tracer measurements along the Antarctic conti-
nental margin. Figure 2 shows the observed CFC-11
concentration along the Greenwich Meridian. We see
“cores” of higher tracer values along the Antarctic con-
tinental margin, around Maud Rise and on the north-
ern side of the Weddell–Enderby basin, i.e., along the
southern flank of the Mid-Atlantic Ridge. All theses
cores are characterized by a distinct off-bottom tracer
maximum. Note also that the northern core is located
deeper in the water column than the Southern core.

A somewhat surprising conclusion from these mea-
surements (which have been confirmed by repeated sur-
veys, see Klatt et al., 2002) is that obviously high tracer
concentrations may exist at depth despite the fact that

no direct ventilation can be inferred from hydrographic
observations in the surrounding area. Another piece of
the puzzle comes from the “age” determination of the
tracer cores: apparently, the water is several years old
(Klatt et al., 2002). This may mean that ventilation
took place at that time, however it may also mean that
lateral along–slope transports are far more important
in this area than the direct downslope ventilation.

These seemingly contradictory observations call for a
more systematic investigation of the regional differences
and the underlying physical mechanisms of dense water
formation and spreading.

A more complete list of potentially important factors
includes: the type and strength of atmospheric forcing
(persistence of katabatic off–shore winds; atmosphere–
ocean heat fluxes related to the degree of southern expo-
sure of the marginal sea), the presence of large ice shelf
regions (see Fig. 1) and the corresponding availability of
Ice Shelf Water (ISW), the peculiarities of the topogra-
phy (wide/narrow shelves, steep/gentle slopes, canyons)
and coastline (most importantly deviations from zonal
symmetry) and finally any spatially non-uniform mix-
ing.
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Figure 3. BRIOS model configuration. Note that the
model explicitly includes the ice shelf cavities and has in-
creased vertical resolution both near the surface and the
bottom.

The Model

A model designed for studying the climate relevant
processes and mechanisms related to deep ocean ven-
tilation was developed within the framework of the
BRIOS (Bremerhaven Regional Ice Ocean Simulations)
project. The model in its latest version is a coupled
sea ice–ocean–ice shelf model based on a hydrostatic
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primitive equation model with terrain-following coordi-
nates modified to include the ice shelf cavities, coupled
to a state–of–the–art dynamic–thermodynamic sea ice
model (Timmerman et al., 2002).

The focus of the modeling studies lies on the Antarc-
tic marginal seas rather than the Southern Ocean with
ACC dynamics. Consequently, the model domain cov-
ers the area south of 50◦S including ice shelf cavity areas
down to 82◦S at a resolution of 1.5◦ × 1.5◦ cos (lati-
tude), with 24 terrain–following levels (see Fig. 3).

The model is forced with atmospheric fields including
2-m air and dew point temperatures, 10-m winds, short
wave solar radiation and cloudiness, as well as precipita-
tion/evaporation data (see Fig. 3). Further description
of details as well as an extensive validation of model
results can be found in Beckmann et al. (1999) and
Timmerman et al. (2002).

Selected Processes

This presentation cannot be exhaustive, too much
needs further detailed study; therefore, the goal here is
to highlight a few (usually ignored) aspects and thereby
to generate some motivation and direction for future
work.

The role of ice shelves in water mass
transformation

One of the main modifications of water mass char-
acteristics takes place through interaction between the
ocean and the ice shelves around the Antarctic conti-
nent. In a process called the “ice pump”, relatively
warm Circumpolar Deep Water (CDW) is cooled and
freshened through contact with ice at the ice shelf base
(Fig. 4); the resulting water mass (ISW) is the one of
the ingredients to form AABW. The ocean–ice shelf in-
teraction is included in the BRIOS model following the
system of equations by Hellmer et al. (1998).

Figure 5 shows the modeled water mass modifica-
tion in TS–space. Mixing takes place primarily between
Warm Deep Water (WDW) and High Salinity Shelf Wa-
ter (HSSW); however, the process is significantly mod-
ified by the presence of the ISW. The concave shape of
the TS–curve between WDW and HSSW has also been
inferred from observations (Gordon, 1998). Without
the ISW, our model produces a much denser (warmer
but more saline) HSSW. This is the result of excessive
deep convection, due to reduced near–surface stability.
The presence of the ISW thus stabilizes the upper wa-
ter column and at the same time reduces the density of
the resulting shelf water masses. In addition it plays a
mayor role in the sea ice formation, by increasing the
net sea ice formation.
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Figure 4. The “ice pump” process which transforms in-
flowing water masses by cooling and freshening to ISW (af-
ter Beckmann and Goosse, 2003). Note that a significant
part of the circulation is closed inside the cavity due to the
abrupt change in water depth at the ice shelf edge.

Today’s global climate models, however, ignore the
contribution from ice shelf melting, which usually leads
to unrealistic open ocean convection in the Weddell Sea
(see Timmerman et al., 2002, and Timmerman and
Beckmann, 2003) for more detailed discussions). An
“ad-hoc” fix has often been to increase the precipitation
in the area, which may be justified due to the large un-
certainties in the observations and atmospheric model
products. However, it is not only the fresh water in-
put itself that has a strong influence on stratification
and circulation, but also the cooling, the subsurface in-
jection of this water mass as well as the non–uniform
geographical distribution of the sources that leads to
the observed thermohaline structure.

Spreading of dense water masses at the
continental slope

One of the implicit assumptions about high lati-
tude deep ocean ventilation is that the bottom wa-
ter formation sites are not far from the ventilation
sites. This assumption is probably coined by pictures of
avalanches and mudslides, which seek their fastest way
steep downslope directions. However, this perception is
not as adequate for high latitude ocean margins where
slopes are much more gradual, the density differences
are relatively small (hardly exceeding 0.2 kgm−3) and
rotation plays a much larger role.

On the contrary: in an investigation of ventilation
pathways (see Schodlok et al., 2001), the model dis-
played a strong systematic westward flow of all the
dense water masses; after reaching the bottom by slope
convection they only gradually penetrated into the
abyss. Two examples are shown in Fig. 6: water from
Prydz Bay sinks down to 1500-2000 m near the forma-
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Figure 5. (Schematic representation of dense water masses
along the Antarctic continental margin. WDW, and HSSW
mix with contributions of ISW (dashed magenta lines). In
the absence of ISW, a much denser HSSW is formed (dashed
black line). For more details, see text.

tion site and then follows along f/H contours into the
western Weddell Sea. The Prydz Bay water mass can
be further traced eastward along the southern flanks of
the mid-ocean ridge. Along its path the water mass has
left the bottom layers and has entered the interior circu-
lation. Depth, structure and age of the modeled Prydz
Bay water mass at the Greenwich Meridian correspond
favorably to the observed CFC distributions and may
thus explain the observed tracer core. The northern
core along this section, however, cannot be connected
to this source region. Instead, the model results suggest
that the observed northern core originates from a differ-
ent source, located in the inner Weddell Sea. The cor-
responding time scales have been extracted from three-
dimensional Lagrangian floats that were added to the
model (Schodlok et al., 2001). The along–slope west-
ward spreading takes place at about 2 cm s−1 and it
requires several years to descend down to fill the deep
basins around Antarctica.

Summarizing the model results, we are confronted
with a system of predominantly along–slope spreading
pathways of bottom water masses, with only gradual
downslope penetration.

Topographic slopes and coastline

Much of our understanding of downslope flows of
dense water stems from the so–called “stream–tube”
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Figure 6. Schematic representation of the spreading of
modeled tracers (upper panel) and tracer cores along the
Greenwich meridian in the model (lower panels).

model (Smith, 1975). Yet, it may be worth reconsid-
ering this relatively old (and undoubtedly often very
successful) concept.

The stream tube model assumes a single layer of ho-
mogeneous fluid with vertically uniform velocity. Then,
the “plume”-parallel flow (assumed to be in geostrophic
balance) depends on the bottom slope, density anomaly
and rotation:

v =
g′

f
tan θ (1)

where θ is the topographic slope and g′ the reduced
gravity between the plume and surrounding water. The
downslope turning α is then induced by (linear) body
force bottom friction r,

tan α =
r

hfcos θ
(2)

where h is the plume thickness. It is obvious that the
downslope component depends on the bottom friction,
assumed to act uniformly on the whole plume.

While this concept may yield an adequate descrip-
tion for the time–dependent penetration of a dense wa-
ter plume into the surrounding water, a quasi–steady
along-slope flow may be governed by different physical
principles.

For example, studies of gravity currents in non–
rotating framework (Baines, 1995) have revealed an in-
tense internal circulation in such a plume. One of the
important features is the development of an alomost
motionless layer beneath the plume that serves to re-
duce bottom drag to near–zero (see Fig. 7).
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Preliminary process studies show that this mecha-
nism is also at work in rotational dynamics , thus re-
ducing the down–slope turning of along–slope flows and
even minimizing Ekman drainage from the plume. A
sheet of near–bottom dense water could then spread
along–slope over huge distances. Note that this is also
consistent with the fact that observed (and modeled)
tracer cores are usually removed from the bottom.

x

motionless sub-layer

Figure 7. Internal circulations in bottom–arrested dense
water plumes: in (a) non-rotating, (b) rotating frameworks.

If this assumption is correct, the effect of subma-
rine canyons may also be smaller than often thought.
Since the along–slope current is slightly removed from
the bottom, the topographic steering by canyons is un-
likely to be significant at high latitudes, especially as
long as the density difference between plume and ambi-
ent water is small. This might be significantly different
for sediment–laden bottom boundary layers; canyons
can be important in combination with sediment plumes
(which may further erode the canyon).

Tidal mixing

The contribution of tides to oceanic mixing is usually
expected to be most prominent in the vertical diffusiv-
ity and viscosity (e.g., Polzin et al., 1997; Makinson
and Nicholls, 1999; Beckmann et al., 2001;, Pereira et
al., 2002), and of course this is a process of great im-
portance for water mass modification in many areas of
the ocean. A somewhat overlooked aspect is the lateral
mixing caused by barotropic tides over strongly varying
topography. Stress and strain may lead to the reduction
of water mass contrasts throughout the water column,
including near the bottom boundary, where it may be
responsible for intense interaction between the bottom
boundary layer and the interior.

In a recent study, Bekmann and Pereira (2003) have
computed Southern Ocean tides in a regional barotropic
tidal model, which considers the 4 main constituents
(K1, O1, M2, S2) at an increased resolution of 0.25◦

× 0.25◦ cos (latitude). The resulting tidal amplitudes,
phases and currents are in acceptable agreement with

observations, and estimates of the lateral mixing are
possible.

The stress and strain related mixing have been con-
verted into a mixing time scale, according to

τtides =

((
∂U

∂x
− ∂V

∂y

)2

+
(

∂U

∂y
+

∂V

∂x

)2
)−1/2

(3)

and the regional distribution of this lateral tidal mixing
has been examined. Interestingly, there are large differ-
ences (see Fig. 8) due to the location of amphidromic
systems, the occurrence of continental shelf waves and
smaller scale topographic features. While many shelf
edge areas feature high levels of tidal mixing, the west-
ern Weddell Sea stands out as an area with particularly
weak tidal mixing. Note that this is an area where in-
dications of deep ocean ventilation have been found in
several locations at several times. In general, the min-
ima in lateral tidal mixing do coincide with observed
“active” ventilation areas (Fig. 8).
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Figure 8. Mixing time scales due to lateral tidal stress
and strain as computed from eq. 3 (after Beckmann and
Pereira, 2003). Strong mixing occurs in the eastern and
inner Weddell Sea, at the Filchner-Ronne ice shelf edge and
all along the Ross continental shelf edge.

This is also true for the Ross Sea continental shelf
edge, where the model results suggest a continuous band
of generally higher levels of mixing (shorter mixing time
scales), which may explain that the very dense water
from the Ross shelf does not leave the area undiluted.
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Parameterizations

Ice shelf melting

In a first attempt to parameterize the ice shelf–ocean
interaction for climate models, Beckmann and Goosse
(2003) have recently proposed to include the vertical
boundary layer effects beneath the ice shelf as a lateral
boundary condition for these coarse resolution models.
The advantage is that the models do not need to include
the ice shelf cavities nor need to extend southward be-
yond 75◦S.

The parameterization assumes that for each ice shelf
area the total heat flux through ocean–ice shelf interac-
tion is proportional to the oceanic temperature and the
freezing point temperature at the ice shelf edge, multi-
plied by an effective area of melting Aeff , which is the
product of the width of the ice shelf and the penetration
depth of the oceanic water masses into the cavity.

Qnet
oi = ρwcpwγT (T ∗

ocean − Tf |−zedge
ice

)Aeff (4)

where T ∗
ocean is a suitably chosen oceanic temperature,

and zedge
ice is the depth of the ice shelf at the edge.

Tf |−zice(x, y) is the freezing point temperature at the
ice shelf base −zice. Other symbols have their standard
meaning.

The total net melting rate can then be diagnosed
from

∂mnet

∂t
=

Qnet
oi

ρiLi
(5)

where L is the latent heat of fusion and ρi is the density
of the ice shelf. The corresponding fresh water flux and
the heat flux can then be applied as lateral boundary
conditions to the ocean model without cavities.

From BRIOS model results, this effective area turns
out to be surprisingly uniform for different ice shelves,
and is generally in the order of 5-10 km, regardless of
the actual size of the ice shelf.

Beckmann and Goosse (2003) report on several im-
provements of the CLIO global climate model after ap-
plication of this parameterization. Further improve-
ments of this parameterization are conceivable and cer-
tainly in order, but some kind of parameterization
should be considered for future climate models to im-
prove the realism of Southern Ocean stratification and
sea ice distribution.

Lateral tidal mixing

Based on the above considerations on lateral tidal
mixing, one may consider a physically based specifica-
tion of lateral mixing coefficients on the Southern Ocean
shelves. Assuming 10 km lateral scale, we arrive at mix-
ing coefficients of about 1000 m2s−1 in those areas with

1 day time scale. More typical are values of 200 m2s−1

along the shelf break of the Ross and Weddell, with the
notable exception of the western Weddell.

Many of today’s climate models may have higher
eddy diffusivities already due to coarse resolution or im-
plicit smoothing, yet experiments with regionally vary-
ing coefficients may still be worthwhile.

Summary and Conclusions

The regional and temporal distributions of deep and
bottom water formation sites around Antarctica are still
largely unknown. One of the intriguing questions is why
the Weddell Sea in the Atlantic sector of the South-
ern Ocean is more productive than the Ross Sea in the
Pacific sector despite the fact that the geographic and
hydrographic settings are very similar.

To address these questions, the deep ocean ventila-
tion along the Antarctic continental margin has been
investigated in a coupled ice–ocean model. The climate
model simulations indicate a predominantly along–slope
spreading of dense water masses, which is in agreement
with hydrographic and tracer observations. As a di-
rect consequence, the Weddell Sea receives contribu-
tions from multiple sources around the Antarctic conti-
nent and the northward extending Antarctic Peninsula
leads to both meridional and downslope spreading.

A high–resolution tidal model has been used to es-
timate the tidally induced mixing around Antarctica.
Strong mixing is found along the shelf break and the
ice shelf edges, except for the western Weddell, favoring
downslope penetration of largely undiluted dense water
masses in this area.

Combining these two facts may lead to the answer
to the question posed in the introduction: why ob-
servations in the past decades have always identified
shelf areas in the Weddell Sea sector as more produc-
tive than the Ross Sea sector. First, the Weddell Sea
acts as the catchment basin for circum-Antarctic water
masses; second, the absence of strong lateral tidal mix-
ing all along the shelf break in the western Weddell Sea
provides undiluted dense water access to deeper regions.

So in summary, the various factors mentioned in the
introduction have varying influence on dense water for-
mation and spreading around Antarctica.

• northern exposure: the degree of northern expo-
sure does not seem to be the most important fac-
tor in determining the main source regions for
ventilation water masses (while the Ross Sea is
farthest south, its contribution is not larger than
other marginal seas).

• ice shelf melting: water mass modification by ice
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shelves is substantial and should be suitably pa-
rameterized in climate models; it reduces the
density of shelf water masses and increases the
near–surface stratification and stability.

• along–slope spreading: preliminary process stud-
ies confirm the BRIOS model results in that cross-
slope transport by Ekman drainage seems to be
negligible for quasi–steady “contour–currents”.

• topographic irregularities: canyons may be less
important than often speculated (except maybe
for triggering instabilities, or in case of sediment
plumes).

• coastline: Weddell Sea acts as a catchment basin
for circum-Antarctic spreading of water masses
(i.e., the ventilation there occurs partly by remote
water masses).

• mixing: lateral tidal mixing may be responsible
for significant loss of water mass characteristics
(especially along the Ross Sea shelf break).

We conclude by emphasizing again that down–slope
transports of dense water masses around Antarctica are
often only gradual, or localized and/or episodical (ed-
dies, sediment plumes). As a consequence, direct mea-
surements and hence “monitoring” of deep ocean ven-
tilation will remain difficult.
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