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Abstract

Exchange of water across the Antarctic shelf break has considerable scientific and so-
cietal importance due to its effects on circulation and biology of the region, conversion
of water masses as part of the global overturning circulation and basal melt of glacial
ice and the consequent effect on sea level rise. The focus in this paper is the onshore5

transport of warm, oceanic Circumpolar Deep Water (CDW); export of dense water
from these shelves is equally important, but has been the focus of other recent papers
and will not be considered here. A variety of physical mechanisms are described which
could play a role in this onshore flux. The relative importance of some processes are
evaluated by simple calculations. A numerical model for the Ross Sea continental shelf10

is used as an example of a more comprehensive evaluation of the details of cross-shelf
break exchange. In order for an ocean circulation model simulate these processes at
high southern latitudes, it needs to have high spatial resolution, realistic geometry and
bathymetry. Grid spacing smaller than the first baroclinic radius deformation (a few
km) is required to adequately represent the circulation. Because of flow-topography15

interactions, bathymetry needs to be represented at these same small scales. Atmo-
spheric conditions used to force these circulation models also need to be known at a
similar small spatial resolution (a few km) in order to represent orographically controlled
winds (coastal jets) and katabatic winds. Significantly, time variability of surface winds
strongly influences the structure of the mixed layer. Daily, if not more frequent, surface20

fluxes must be imposed for a realistic surface mixed layer. Sea ice and ice shelves
are important components of the coastal circulation. Ice isolates the ocean from ex-
change with the atmosphere, especially in the winter. Melting and freezing of both sea
ice and glacial ice influence salinity and thereby the character of shelf water. These
water mass conversions are known to have an important effect on export of dense25

water from many Antarctic coastal areas. An artificial dye, as well as temperature, is
used to diagnose the flux of CDW onto the shelf. Model results for the Ross Sea show
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a vigorous onshore flux of oceanic water across the shelf break both at depth and at
the surface as well as creation of dense water (High Salinity Shelf Water) created by
coastal polynyas in the western Ross Sea.

1 Introduction

The exchange between the deep ocean and continental shelves is typically thought to5

be important for the processes over the shallower shelf. Cross-shelf exchange brings
in nutrients from the ocean, which fuels biological production, as well as salt which
balances the effect of river discharge and excess precipitation.

At high southern latitudes around the continent of Antarctica, continental shelves
also exchange water with the open ocean. However, the geometry, processes, and10

even the direction of water exchange can be very different from those on non-polar
continental shelves. Antarctic shelves are active participants in the Global Overturn-
ing Circulation; some Antarctic shelves (e.g., the Weddell and Ross Seas) are places
where dense water is formed. Deep water surfaces just off the shelf break in many
areas (e.g., west side of the Antarctic Peninsula) and is converted into either surface15

or dense water (Rintoul et al., 2001).
The Antarctic Circumpolar Current (ACC), the largest current on Earth by various

measures, flows along the Antarctic shelf break in several areas. This fast, baroclinic
current is associated with several processes that affect exchange. In particular, the
vertical shear of the ACC is supported by sloping density surfaces (the thermal wind20

balance) that rise to the south. These sloping surfaces provide a path for deep water
to rise adiabatically by as much as 3 km as it moves southward across the ACC. This
vertical excursion allows surfacing of Circumpolar Deep Water (CDW) at the continental
shelf break (or the base of the surface mixed layer).
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Finally, ice plays an important role in the dynamical processes of these shelves. The
most obvious is the annual growth and retreat of sea ice which changes the properties
of water near the surface and can produce dense water on the shelf through the release
of salt during the freezing process. In addition, sea ice insulates the ocean from the
atmosphere during the harsh winter, reducing the influence of the extreme cold and the5

blustery winds.
Less obvious is the effect of the massive ice shelves which are produced by snowfall

over Antarctica and which slide remorselessly off the continent into the ocean. These
floating ice shelves cover nearly 40% of the Antarctic continental shelf and thus iso-
late much of the shelf water from direct atmospheric forcing. Heat exchange between10

the not-quite freezing ocean water and the base of the ice shelf melts the glacial ice
and cools (and freshens) the water. This basal melt of the glaciers produces a buoy-
ancy driven circulation, sometimes called the “ice pump” (Lewis and Perkins, 1986),
which influences water properties on the shelf and, thus, circulation and shelf break
exchange.15

The focus of this paper is on mechanisms responsible for onshore flux of CDW which
has important effects on a number of properties and processes on Antarctic continental
shelves. An equally important offshore flux of dense water, which is created on Antarc-
tic shelves, is not discussed in detail as it is the focus of extensive analysis presented
elsewhere (Ivanov et al., 2004; Legg et al., 2009; Gordon et al., 2009).20

The next section provides an overview of Antarctic continental shelves. It is followed
by descriptions of several processes that could move CDW onto the shelf. Section 4
provides some details of a model applied to the Ross Sea which illustrates the de-
tails of ocean-shelf exchange. Section 5 gives some results from Ross Sea simula-
tions compared to climatology and some estimates of cross-shelf exchange. Section 625

comments on the effects of bottom topography and polynyas on exchange processes.
Speculation is included on the effects of anticipated climate changes. The last section
offers conclusions.
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2 Overview of Antarctic shelves

Antarctic continental shelves are different in a number of ways from those at lower
latitudes. First, they are relatively deep (about 400 to 600 m on average and more than
1500 m in places), due mainly to the isostatic loading of the land by the weighty ice
sheet. Bottom topography over these shelves is very rugged due to the scouring of the5

bottom by the ice sheets over various times in the past. Deep troughs have been cut
by long vanished ice sheets (ten Brink and Cooper, 1992).

In most places on Antarctic shelves, the stratification is weak, due mainly to the
lack of precipitation and coastal runoff, producing relatively uniform salinity; and strong
surface cooling, producing uniform, cold temperatures. The resulting internal radius of10

deformation over most of the Antarctic continental shelf is about 4 to 5 km (Hofmann
and Klinck, 1998). A small internal radius means that geostropic flow can follow paths
with radii of curvature of a few internal radii (∼10 km) and that mesoscale eddies will
have diameters of 10 to 20 km.

Atmospheric conditions at high southern latitudes, being cold, dry, and windy, pro-15

duce vigorous exchange with the ocean. Solar insolation has a strong seasonal depen-
dence varying from moderate strength to non-existent. These surface fluxes give rise
to relatively deep surface mixed layers over the shelf (about 100 m), which can extend
to the bottom for sufficiently strong cooling (and ice formation) in the winter.

The freezing of the ocean surface to produce sea ice gives rise to a kind of salt pump20

in which brine produced during freezing sinks away from the surface ocean increasing
the salinity of the subsurface waters. Melting of sea ice in the summer reduces the
surface salinity producing an increased stratification and a persistent pycnocline at a
depth of about 200 m.

If winds push away newly formed ice, then freezing is nearly continuous forming a25

polynya. In these cases, increasingly dense water is formed which results in very deep
mixing – to the bottom, in most cases.
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3 Possible dynamics for CDW intrusions

CDW has a distinctive warm and saline character and occurs along almost all of the
Antarctic continental shelf break; although with different temperatures at different lo-
cations. The exchange of CDW onto the shelf has the potential to moderate sea ice
cover, provides macro- and possibly micro-nutrients for primary production, and pro-5

vides a relatively warm, subsurface habitat for some animals, such as krill (Hofmann
and Hüsrevoğlu, 2003).

In addition, this warmer water intruding onto the shelf is a source of heat which
moderates sea ice cover and melts the bottom of floating ice shelves which could
increase the rate at which glacial ice sheets slide off the continent into the ocean which10

would lead to a rise in global sea level. For all of these reasons, the exchange of this
water mass between the ocean and shelf is important for both physical and biological
processes on Antarctic shelves.

Intrusions of warm oceanic CDW across the shelf break can be driven by a variety
of physical processes. The subsections below describe possible mechanisms.15

3.1 Bottom Ekman layer

The flow along the shelf break of the Bellingshausen Sea (105◦ W to 70◦ W) is mostly
eastward. The bottom Ekman transport in the Southern Hemisphere is to the right of
the overlying flow; so, along this part of the Antarctic Coast, the bottom frictional layer
will transport water onshore. A similar onshore frictional transport would occur along20

the west side of the Antarctic Peninsula (WAP).
Farther to the west, the flow along the shelf break of the Amundsen and Ross Seas

is towards the west due to the ACC being offshore and the westward flow being the
southern part of the Ross Sea Gyre (Gouretski, 1999). Along this coast, the bottom
frictional transport is offshore.25
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The total onshore transport per unit width (T ) is controlled by the speed of the overly-
ing flow (U) and the bottom Ekman thickness (D), so that T = .5UD (Cushman-Roisin,
1994, p. 66). The estimated onshore transport is about 0.5 m2 s−1 for a 10 m Ekman
depth and 0.1 m s−1 overlying flow.

This onshore transport would not have a strong effect on the typical shelf as indi-5

cated by an estimated flushing time. For a shelf that is 150 km wide and 500 m deep,
the estimated flushing time is about 5 yr [(150 km)(500 m)/0.5 m2 s−1]. However, if the
frictional layer brings in pure CDW (1.8 ◦C), then it would supply about 48 Wm−2 of
heat over the entire width of the shelf, assuming that there is no heat loss as the water
crosses the shelf. Exchanging cooler CDW (say, −1 to 0 ◦C) would provide half to a10

quarter of this heat. If the coastal circulation is a gyre, then the frictional layer would
transport the water only to the center of the shelf (center of the gyre).

This bottom frictional intrusion process would act uniformly along the shelf break
which is contrary to the observation–warm water intrusions occur at fixed locations
that are tied to bathymetric features (Klinck et al., 2004; Dinniman and Klinck, 2004).15

Also, warm intrusions are observed in places where the alongshore flow would give
rise to offshore transport in the bottom frictional layer, e.g., Ross Sea (Dinniman et al.,
2007; Orsi and Wiederwohl, 2009).

3.2 Flow inertia and bathymetry

Flow along a bumpy shelf break can produce net onshore intrusion of water (Dinniman20

et al., 2003; Dinniman and Klinck, 2004). The basic mechanism is due to the inertia of
the flow in the presence of bathymetry that curves offshore in front of alongshore flow;
inertia pushes water onto the shelf. For the water to intrude over the shelf proper, there
must be onshore flow on the shelf that will pull the recently upwelled water across the
shelf. Because of this two-step process, not all locations with offshore curving isobaths25

are sites of cross-shelf exchange.
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While this process has been shown to be active in models of both the Ross Sea
(Dinniman et al., 2003) and the WAP (Dinniman and Klinck, 2004), the detailed depen-
dence on flow speed, bathymetry and temporal variations has not been analyzed. The
speed of the ACC is known to be variable (Hughes et al., 2003; Meredith et al., 2004).
We do not know if there is a threshold speed below which this process is ineffective or5

if intrusions occur only during accelerations of the ACC.

3.3 ACC density variation due to thermal wind

The ACC is a geostrophically balanced flow with vertical shear that, by the thermal
wind relation (1), requires that the density increase to the south, thereby supporting
the continual rise of isopycnals towards the south. Imbedded within this general rise10

are sharper density slopes at locations of the three important frontal jets (Orsi et al.,
1995).

The integrated transport of the ACC is known to be time variable (Cunningham et al.,
2003; Hughes et al., 2003; Meredith et al., 2004; Meredith and Hughes, 2005). Part
of the speed change could be associated with changes in the vertical shear that gives15

rise to variations in the depth of isopycnals along the Antarctic coast. Hydrographic
observations over the years do not find large differences in the depth of certain isopy-
cnals (for instance, the 27.70σo density surface associated with CDW). Nevertheless,
it is possible that there is some vertical excursion of these isopycnals that would result
in increased (or decreased) access of CDW to the shelf break.20

The following simplified calculation puts a bound on the vertical excursion of CDW
along the continent that is associated with variations of ACC speed. The focus of this
calculation is in Drake Passage where there are a large number of measurements.
This area also allows a clear separation of the ACC from the currents that are part of
the adjacent Subtropical and Polar Gyres (Rintoul and Sokolov, 2001; Gladyshev et al.,25

2008).
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Assuming hydrostatic, geostrophic flow, the vertical shear of the through-passage
flow (v) is proportional to the horizontal gradient of density,

vz =
∂v
∂z

=−
g

f ρo

∂ρ
∂x

, (1)

where g is the acceleration of gravity, f is the local Coriolis parameter and ρo is the
reference density. The origin of the right-handed coordinate system is at the surface5

on the northern edge of Drake Passage with x positive to the south, y positive to the
east and z positive upward.

For simplicity, let neutral density in Drake Passage be a linear function of both depth
and across-passage distance, or ρ(x,z)= a+bx−cz, where b and c are the average
across-passage and vertical density gradients, respectively.10

Given this density field, the vertical shear in the Passage is constant. The vertically
integrated transport (V ) is then

V =
∫ 0

−H
v(z)dz= vbH+

1
2
vzH

2, (2)

where vb is the bottom speed and the total transport through the passage is T = V L
where L is the width of the Passage. In the calculations below, L= 725 km and H =15

3.8 km.
We want to estimate the elevation of density surfaces along the southern side of the

passage in response to changes in baroclinic transport. The various relations above
can be used to specify the total transport as

T =LH
(
vb+

H
2

g

|f |ρo

∂ρ
∂x

)
(3)20

This relationship can be solved for the across-passage density gradient (b). The depth
of an isopycnal is obtained from the density equation as

ẑ= (a+bx− ρ̂)/c (4)
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where ρ̂ is the target density to track and ẑ is its depth as a function of distance (x)
across the Passage.

The vertical density gradient for Drake Passage is estimated from neutral density
along WOCE line S1 (Orsi and Whitworth, 2005, p. 2) as 0.8 kg m−3 over 3.8 km depth.
The horizontal density gradient is obtained from the estimated baroclinic transport of5

107.3±10.4 Sv (Cunningham et al., 2003). The elevation of CDW (density of ∼27.7)
along the southern side of the Passage is known to be about 500 m, the depth of the
shelf break.

The purpose of this analysis is to estimate the depth change of CDW along the
southern side of Drake Passage due to changes in ACC baroclinic transport. If we10

combine the equations above, assume that the average vertical density gradient does
not change with transport and assume, without much observational support, that trans-
port changes do not affect the depth of the isopycnal on the north side of the ACC, we
can obtain an expression for the change in the south side depth (∆ẑ) as a function of
the change in transport (∆T ):15

∆ẑ=
2|f |ρo

H2gc
∆T (5)

The estimated 10% variation in the baroclinic transport (Cunningham et al., 2003) pro-
duces about 100 m vertical excursion of the isopycnal associated with CDW. Lifting
CDW to a depth of 200 m would require the baroclinic transport to increase to about
140 Sv (about 40% increase) which is a large (but not impossible) change.20

We note in passing that increasing the horizontal density gradient will increase the
potential energy of the ACC providing additional energy for baroclinic instability (Cushman-
Roisin, 1994), which could counteract the lifting effect of the increased transport (Böning
et al., 2008). Similarly, increases in ACC transport may result in latitudinal shifts of the
current which could amplify or diminish the resulting vertical excursion of CDW along25

the Antarctic shelf break. These issues would require more detailed calculations to
analyze.
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3.4 Flow dynamic instability

ACC frontal jets are known to be baroclinically unstable (Inoue, 1985; Moore et al.,
1997, 1999; Sprintall, 2003; Dong et al., 2006) and there are suggestions that the ACC
is actually in an “eddy saturated” (Hogg et al., 2008) state where wind increases do
not significantly change the transport but instead increases the eddy kinetic energy5

(Meredith and Hogg, 2006).
The Southern ACC Front is very near the continental shelf along the Bellingshausen

Sea so flow meanders or eddies can affect flow at the shelf break and thereby influence
intrusions. There are two possible processes at work. One possibility is that the frontal
jet can become unstable at any location and produce a meander or eddy. Another10

possibility is that bottom topography, in the form of ridges at the base of the continental
slope, perturbs the flow at certain places triggering a meander or eddy. This topo-
graphically induced meander can interact with the shelf break to create site-specific
locations of intermittent intrusions. The intrusion site at the offshore end of Marguerite
Trough on the west Antarctic Peninsula is one such circumstance (Klinck et al., 2004;15

Moffat et al., 2009).

3.5 Atmospherically forced exchange

Direct atmospheric forcing of cross shelf exchange is mainly due to surface wind stress,
but buoyancy flux can also force circulation (due to cooling or sea ice formation) that
might affect shelf break exchange.20

Wind driven upwelling occurs through frictional export of water in the surface layer
and onshore replacement of water at depth. Along the Antarctic coast, upwelling
winds would be westerlies (or southwesterlies along the WAP). Average winds along
the Amundsen/Bellingshausen coast are easterlies (Hurrell et al., 1998), although the
strength of these winds changes seasonally due to the migration of the Polar Trough25

(a low pressure band typically along 60◦ to 70◦ S). Similarly, winds along the Peninsula
are onshore or southward (Hurrell et al., 1998). Thus, average winds will not create
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wind driven upwelling as found in typical upwelling areas, such as the northern half of
the west coast of North America. Furthermore, Antarctic shelves are around 500 m
deep, which is rather far for Ekman suction to lift water. Finally, no ocean observations
exist near the coast in this area showing strongly lifted density surfaces that would be
consistent with classical coastal upwelling.5

A model study of the Pine Island Bay area (Thoma et al., 2008) shows that stronger
westerly wind is associated with increased intrusions. This could be associated with
upwelling, but it could also be associated with acceleration of the ACC along the shelf
break creating stronger flow topography interaction or increased topographically in-
duced meanders. Similar processes occur along the WAP (Dinniman et al., 2010).10

Atmospherically forced dense water formation, whether due to heat loss at the sur-
face or ice formation or both, increases the volume of sub-pycnocline water which
requires a subsurface offshore volume flux somewhere along the shelf. Because of
entrainment during convection, it is possible for water at mid-depth to be lowered re-
quiring lateral replacement from the shelf break. Dense water on the shelf can drive a15

cyclonic circulation (similar to a cold-core eddy) that could bring water on the shelf in
one location while exporting water at another location. These circulation patterns are
strongly influenced by bottom topography so the location of dense water formation is
critical. For example, coastal polynyas are associated with coastal orography (valleys
or ridges) and can create dense water at specific locations.20

3.6 Ice shelf circulation

A vertical-plane circulation under an ice shelf is driven by basal melt – the so called
“ice pump” (Lewis and Perkins, 1986). The freezing point of seawater decreases with
depth (pressure) so water at the surface freezing temperature is above the subsurface
freezing temperature and can melt the base of an ice shelf. This effect is particularly25

enhanced if warm water (CDW) moves under ice shelves. Basal melting makes the
water fresher and buoyant which causes it to rise along the bottom of the ice shelf.
Eventually, this water will reach a compensation density and will flow out from under
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the ice shelf – a mechanism that makes Ice Shelf Water (ISW). In some cases, such
as the George VI Ice Shelf (Potter and Paren, 1985), the water becomes so buoyant
that it rises to the surface and does not produce a mid-depth ISW plume but rather
contributes to the fresh, cold water at the surface.

This buoyancy driven flow has the effect of pulling deeper water to the base of the ice5

shelf and exporting it at mid-depth (or higher). Analysis of Ross Sea model simulations
(Hüsrevoğlu, 2008) shows that both High Salinity Shelf Water (HSSW) and modified
CDW on the shelf are associated with this circulation. This forced circulation involves
water in the mid- and inner-shelf, but the importance of this process in forcing flow
across the distant shelf break is not known.10

4 Details of a regional ocean circulation model

A more complete analysis of exchange processes requires consideration of the details
of variable bottom topography, variable stratification, time and space varying forcing,
and a number of other details. These details are best considered in a numerical ocean
circulation model.15

Antarctic coastal numerical models need relatively small grid spacing for two major
reasons. One reason is the need to represent ocean circulation with small spatial
scales. The second reason is to represent atmospheric forcing which also can have
relatively small spatial scales.

The first reason is due to the small radius of deformation (4–5 km) which sets the min-20

imum radius of curvature for quasi-geostrophic flow and sets the diameter of mesoscale
eddies. This dynamical scale also determines the minimum spatial scale for bathymetry.
Thus, the maximum grid spacing for an Antarctic coastal model is a few to 10 km. This
grid size resolves most of the bottom features (banks and troughs) and would be “eddy-
permitting”. That is, the model would allow some flow meandering and would represent25

mesoscale eddies by a few (4 or 5) grid points.
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The second reason is the need for fine scale atmospheric information. The major is-
sue is proper representation of katabatic winds (Bromwich and Parish, 1998), which are
drainage flows of dense air from the high interior of Antarctica. These winds either flow
along the side of mountain ranges (such as the barrier winds along the Transantarctic
Mountains or the Antarctic Peninsula) or collect in valleys which open to the coast (such5

as that in Terra Nova Bay in the southwestern Ross Sea). Because of the topographic
constraint, they can be very strong, although relatively narrow and close to the coast.
These winds are important in creating polynyas which are areas of open water during
times when freezing should create an ice-covered ocean.

A further, less dramatic, reason for fine scale atmospheric information is the need10

to represent the effect of the various mountain ranges on the general atmospheric cir-
culation. For example, the high mountains along the spine of the Antarctic Peninsula
create winds within a few tens of km of the coast which are not well represented by
the global atmospheric analysis models. The Antarctic Mesoscale Prediction System
(AMPS) (Powers et al., 2003; Bromwich et al., 2005) uses a mesoscale meteorolgi-15

cal model with grid spacing in different domains of 6 to 30 km. These models better
represent the atmospheric conditions over the Antarctic coastal areas.

For all of these reasons, regional ocean circulation models along the Antarctic coast
need to have grid spacing smaller than 10 km. Adequate resolution of the structure of
the flow in these regions may argue for grid spacings as small as 1 km. Such small grid20

spacing would require bottom topography at the same scale, which exists in some, but
not all, areas of the Antarctic continental shelf.

4.1 ROMS model description

The results from an ocean circulation model of the Ross Sea, based on the Regional
Ocean Model System (ROMS) (Shchepetkin and McWilliams, 2005; Haidvogel et al.,25

2008), are used to illustrate high latitude exchange processes. ROMS is a 3-D primitive
equation, finite difference model that uses a terrain following vertical coordinate system.
This model is similar to that described in Dinniman et al. (2007), which includes the
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water filled cavity under the Ross Ice Shelf (RIS) and has sea ice that is imposed from
observations rather than calculated from a sea-ice dynamic/thermodynamic model.

The model domain (Fig. 1) extends from well north (67.5◦ S) of the continental shelf
break southward to 85◦ S, which includes almost all of the cavity beneath the RIS. The
horizontal grid spacing is 5 km with 24 vertical levels whose thickness varies with the5

water column depth but are concentrated towards the top and bottom surfaces.
Two bathymetric surfaces must be defined for this model: the bottom of the water

column and, where necessary, the draft below mean sea level of the ice shelf. Both
of these were obtained from the BEDMAP gridded digital model of ice thickness and
sub-glacial topography for Antarctica (Lythe et al., 2001), with additional data for the10

open shelf from a digitized version of an updated Ross Sea bathymetry (Davey, 2004).
Initial fields of temperature and salinity are obtained from the World Ocean At-

las 2001 (Boyer et al., 2002). Open boundaries for all runs are handled as in (Dinniman
et al., 2007).

Vertical momentum and tracer mixing use the K profile parameterization (KPP) mix-15

ing scheme (Large et al., 1994) with the small changes for sea ice given in Dinniman et
al. (2003). Daily winds were obtained from AMPS. The model is spun-up for six years
using a repeatable cycle of daily winds over a two year (2000 and 2001) period and
then is forced by daily winds covering the period 15 September 2001–15 September
2003.20

4.1.1 Sea ice and open water

In place of a fully dynamic sea ice model, ice concentration from the Special Sensor
Microwave Imager (SSM/I) is imposed. The model surface heat flux is calculated as
a linear combination of heat flux through the ice cover and open water with the ratio
determined by the ice concentration in that grid cell (Markus, 1999). Additional details25

on the surface fluxes are given in Dinniman et al. (2007).
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4.1.2 Ice shelf

The thickness and extent of the ice shelf do not change for these simulations. Under the
ice, the upper boundary of the model conforms to the ice shelf base. The hydrostatic
pressure at the base of the ice shelf is computed by the integral over depth of the
density of the water replaced by the ice. The details of this calculation are given in5

Dinniman et al. (2007).
The drag of the moving water against the bottom of the ice shelf is represented by

a quadratic stress with a coefficient of 3.0×10−3 (non-dimensional). A three equation
model for the conservation of heat and salt is applied to a thin layer at the ice-water
interface. The equations and parameter values are given in Dinniman et al. (2007) ex-10

cept that the heat and salt transfer coefficients are no longer constant but are functions
of the friction velocity (Holland and Jenkins, 1999).

4.2 Analysis methods

There are a variety of ways to analyze numerical model results to determine exchange
across the shelf break. The flux of any number of properties (volume, salt, heat, etc.)15

can be readily calculated across a plane defined by the shelf break. In highly variable
flow, it is often necessary to either save the solution often (daily or more often), or
to save time averages of terms in the budget equations to allow more accurate flux
calculations.

In these experiments, we use water properties (temperature and salinity) to mark the20

rate and direction of exchange as well as to partition the exchange by water types. In
the Ross Sea, we are interested in the onshore movement of CDW, which provides a
source of heat and nutrients. We are also interested in the offshore transport of cold,
salty water (HSSW) that is the source of dense bottom water.

The most identifiable feature of the onshore moving CDW is its relatively high tem-25

perature compared to water on the shelf. However, due to efficient vertical and hor-
izontal heat exchange, this water rapidly loses its excess heat making it difficult to
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track. Instead, we use an artificial dye to track CDW on the shelf and to identify the
processes by which its properties change. Specifically, we use a scalar which advects
and diffuses in the same way as salt. This scalar is initially set to a value of 100 at
offshelf locations (no dye on the shelf initially) which are occupied by CDW (defined by
temperature >0.0 ◦C). A second identifiable water mass is HSSW which is the cold and5

salty water formed in the polynyas of the southwestern Ross Sea. Salinity greater than
34.6 for water deeper than 200 m is the best indicator of this water.

5 Results

5.1 Model comparison for salinity

A zonal-vertical section of salinity (Fig. 2) across the Ross Sea gives a clear indication10

that various model processes are working correctly. Model results for summer (12 Feb.)
show high salinity at depth in the far west with decreasing salinity both to the east and to
the surface. A shallow surface mixed layer exists in the west and deepens to about 50 m
in the central and eastern areas. In the winter (30 Sep.), parts of the western Ross Sea
have mixed to the bottom, while the eastern Ross Sea maintains its stratification even15

under winter conditions. Results from a new high resolution climatology of the Ross
Sea (Orsi and Wiederwohl, 2009) compare best with the summer results because most
of the hydrographic observations are from the ice-free summer months.

The model salinity at 300 m depth (Fig. 3) shows the location of HSSW and the path
of this water as it flows away from the formation region. The highest salinity is found20

near Terra Nova Bay; this water drains both northward and southward along the coast.
The climatology (Fig. 4) has a bit more structure, but the general pattern of salinity
shows that the model is acting realistically on the shelf.

The lowest salinity water at 300 m (Figs. 3 and 4) occurs in the eastern Ross Sea
near the edge of the Ross Ice Shelf (RIS). This lower salinity in the eastern Ross Sea25

is due to reduced ice production (due to persistent sea ice cover and no polynyas),
import of fresher water from the east and melting of the RIS (Jacobs et al., 2002).
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5.2 Ocean exchange indicated by temperature

Annual mean temperature at 300 m (Fig. 5) provides a smoothed image of the location
and path of CDW water intrusion onto the shelf from the ocean. Specifically, water
warmer then −1.0 C must have recently crossed the shelf break. These intrustions
occur in certain places – one large area in the eastern Ross Sea (180◦ E to 170◦ E) as5

well as several narrow, persistent streams entering along the western side of several
banks (e.g. Pennell Bank at 175◦ W). These locations of onshore movement of CDW
are consistent with observed locations (Orsi and Wiederwohl, 2009) and demonstrate
that bottom topography controls these locations.

5.3 Ocean exchange indicated by theoretical dye10

The CDW dye streams onto the shelf from early times in the simulation. After 412 d of
simulation (Fig. 6), the dye indicates locations along the western part of the shelf break
(near Pennell Bank and westward) where active exchange occurs. The highest dye
concentrations are along the western sides of the various banks in the western Ross
Sea, consistent with the temperature (Fig. 5).15

The near surface dye concentration (Fig. 7) shows that CDW is crossing the pycn-
ocline and reaching the surface. This is an indication that there is vertical exchange
across the pycnocline. Analysis of the advection/diffusion equation for dye reveals two
processes moving dye to the surface over the shelf: local, cross-pycnocline, vertical
diffusive flux and onshore transport of surface dye that moved to the surface near the20

shelf break.
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6 Discussion

6.1 Topographic effect on intrusion locations

Circulation at high southern latitudes responds to small scale topography due to the
small stratification and small radius of deformation. In addition, the strong flow at the
shelf break is a critical element of the processes which move water from the oceanic5

side of the shelf break to the shelf side. Finally, the speed of the flow at the shelf
break may change due to external forcing (either local winds or global averaged winds)
which can affect the time variability of the onshore intrusions. For these reasons, it
is important to design a numerical grid with small grid spacing and to impose realistic
bathymetry.10

6.2 Effects of polynyas

Polynyas are an important component of the dynamics and thermodynamics of high
latitude ocean systems. In the Antarctic, they are important for creation of dense waters
in some areas. The main forcing mechanism for many polynyas is an offshore wind
stress to clear the coastal area of newly created ice. Polynyas are mostly associated15

with land orography which channels winds across certain parts of the coast. Polynya
locations are thus fixed in space.

Due to the strong exchange with the atmosphere, polynyas are also locations of
strong vertical convection which has the effect of injecting surface waters deep into the
ocean, often to the bottom. This vertical convection involves entrainment which drags20

other waters deeper. Processes associated with polynyas are an efficient means to
move surface properties to the bottom on the shelf, as well as, into the abyssal ocean.
Finally, it should be noted that polynyas tend to be small in area but can have global
consequences due to the dense water that they produce.
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6.3 Climate change speculations

We are all aware of the changes now occuring in various parts of the atmosphere and
ocean. These changes are modifying the character of ocean water masses and their
circulation. We would like to offer some speculations on the possible effects of these
changes.5

Under different surface forcing, the ACC is thought to change its location (Fyfe and
Saenko, 2005, 2006). If these lateral shifts occur, then the water being presented to
the shelf break around the Antarctic will change. If different types of water moved
onto the shelf break then there can be radical changes in the heat and salt fluxes as
well as changes to the biological systems that depend on nutrients provided by these10

exchanges.
Varying speed of the ACC, without shifts in location, can lead to a different type of

water being available for exchange at the shelf break. These changes in the vertical
structure of the ACC influence the location of surfacing of various deep water masses
which can have locally important effects on coastal systems. These differences can15

affect the atmosphere creating a feedback loop to modify these exchanges.
One effect of increased exchange of water across the shelf break is warmer subsur-

face water on the shelf. Changes in the winds may also lead to more vertical mixing
and loss of this heat to the atmosphere. However, if this water moves under ice shelves
quickly enough to retain most of its excess heat, then it can increase the melt rate of20

the bottom of the ice shelves. A number of research programs are looking at these ex-
change processes both with observations and with theoretical calculations. Removal
of ice shelves can fundamentally alter the water structure and circulation of various
coastal areas. Changing the floating end of glacial ice can impact the rate of move-
ment of the whole ice sheet. In addition, the newly ice-free ocean areas can exchange25

heat and moisture with the atmosphere which can influence its circulation. Whether
this change will amplify or diminish the cross shelf exchange is at present unknown.
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The changing strength of katabatic winds can have an important effect on the size, lo-
cation and even existence of polynyas around the Antarctic continent. Katabatic winds
respond to changes in the atmosphere since they are due to dense dry air created
on the polar plateau which drains to the coast by various paths controlled by orogra-
phy. Changes in the density of the air on the plateau will change the pressure gradients5

driving these flows. Over the last 20 to 200 years, there has been no persistent temper-
ature change at South Pole although some warming is occuring over West Antarctica
(Mayewski et al., 2009). Given the importance of polynyas in creating dense water,
these changes to katabatic winds may have far reaching effects on the strength of the
ocean overturning circulation. Latent heat release over the ocean is likely to have an10

influence in the lower atmosphere over the polynya but it is unknown if this will feedback
on the dense air created over the Antarctic Plateau.

7 Conclusions

Exchange of water across the Antarctic shelf break is important because of its effects
on circulation and biology. In particular, conversion of water masses on these shelves15

are part of the global overturning circulation. Heat from oceanic water can melt glacial
ice thereby influencing global sea level.

A variety of physical mechanisms are described which can influence onshore flux of
warm oceanic water. Flow instability and flow-topography interaction are shown to be
important for exchange. Wind driven and bottom Ekman layer exchange are argued20

not to be important.
A numerical model for the Ross Sea continental shelf is used for more detailed eval-

uation of cross-shelf exchange. Analysis of salt and temperture distributions show
persistent exchange at certain locations controlled by bottom topography. An artificial
dye is use to mark CDW to better analyze the influence of the oceanic water, even in25

diluted amounts. Model results show a vigorous onshore flux of oceanic water across
the shelf break both at depth and at the surface as well as creation of dense HSSW by
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coastal polynyas in the western Ross Sea. Salinity distributions indicate movement of
HSSW both northward to the shelf break and southward under the Ross Ice Shelf.

As part of this study, it was determined that for an ocean circulation model to simulate
processes at high southern latitudes, it needs to have high spatial resolution, realistic
geometry and bathymetry. Grid spacing must be smaller than the first baroclinic radius5

deformation (a few km). Because of flow-topography interactions, bathymetry needs to
be well represented at these same small scales. Atmospheric forcing conditions also
need to be given at a similar small spatial resolution (a few km) in order to represent
orographically controlled winds (coastal jets) and katabatic winds. Furthermore, daily,
if not more frequent, surface fluxes must be imposed for a realistic surface mixed layer.10

Sea ice and ice shelves both isolate the ocean from the atmosphere, and modify the
character of water masses by freezing and melting.
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Fig. 1. Domain for Ross Sea model. The contour interval for the bathymetry is 100 m up to
1000 m depth and 250 m beyond. The shaded area is the part of the model covered by the
Ross Ice Shelf. The horizontal line is the cross section for Fig. 2.
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Fig. 2. Model salinity compared to climatological salinity from Orsi and Wiederwohl (2009).
The upper two panels are the salinity section (see Fig. 1) from west to east across the Ross
Sea during summer and winter. The lower panel is the climatological salinity from Orsi and
Wiederwohl (2009).
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Fig. 3. Annual average salinity at 300 m from the simulation model. White areas in the figure
are either land or areas that are shallower than 300 m.
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Fig. 4. Climatological salinity at 300 m from Orsi and Wiederwohl (2009). White areas in the
figure are either land, areas that are shallower than 300 m or areas with no data (i.e. beneath
Ross Ice Shelf).
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Fig. 5. Annual mean temperature at 300 m from the simulation model. White areas in the figure
are either land or areas that are shallower than 300 m.
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Fig. 6. CDW dye on model level 12 (mid-depth) for 1 November 2002. Dye values of 100 are
undiluted CDW. The black line represents the position of the Ross Ice Shelf Front.
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Fig. 7. CDW dye on the surface for 1 November 2002. Dye values of 100 are undiluted CDW.
The black line represents the position of the Ross Ice Shelf Front.
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