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Abstract. Exchange of water across the Antarctic shelf breaklice isolates the ocean from exchange with the atmosphere,
has considerable scientific and societal importance due to itespecially in the winter. Melting and freezing of both sea ice
effects on circulation and biology of the region, conversionand glacial ice influence salinity and thereby the character
of water masses as part of the global overturning circulationof shelf water. These water mass conversions are known to
and basal melt of glacial ice and the consequent effect orhave an important effect on export of dense water from many
sea level rise. The focus in this paper is the onshore transAntarctic coastal areas. An artificial dye, as well as temper-
port of warm, oceanic Circumpolar Deep Water (CDW); ex- ature, is used to diagnose the flux of CDW onto the shelf.
port of dense water from these shelves is equally importantModel results for the Ross Sea show a vigorous onshore flux
but has been the focus of other recent papers and will nobf oceanic water across the shelf break both at depth and at
be considered here. A variety of physical mechanisms arehe surface as well as creation of dense water (High Salinity
described which could play a role in this onshore flux. The Shelf Water) created by coastal polynyas in the western Ross
relative importance of some processes are evaluated by singea.

ple calculations. A numerical model for the Ross Sea conti-
nental shelf is used as an example of a more comprehensive

evaluation of the details of cross-shelf break exchange. Iy |ntroduction

order for an ocean circulation model to simulate these pro-

cesses at high southern latitudes, it needs to have high spatighe exchange between the deep ocean and continental
resolution, realistic geometry and bathymetry. Grid spacingshelves is typically thought to be important for the processes
smaller than the first baroclinic radius of deformation (a few over the shallower shelf. Cross-shelf exchange brings in nu-
km) is required to adequately represent the circulation. Betrients from the ocean, which fuels biological production, as
cause of flow-topography interactions, bathymetry needs tavell as salt which balances the effect of river discharge and
be represented at these same small scales. Atmospheric cogxcess precipitation.

ditions used to force these circulation models also need to At high southern latitudes around the continent of Antarc-
be known at a similar small spatial resolution (a few km) in tica, continental shelves also exchange water with the open
order to represent orographically controlled winds (coastalocean. However, the geometry, processes, and even the di-
jets) and katabatic winds. Significantly, time variability of rection of water exchange can be very different from those
surface winds strongly influences the structure of the mixedon non-polar continental shelves. Antarctic shelves are ac-
layer. Daily, if not more frequent, surface fluxes must betive participants in the Global Overturning Circulation; some
imposed for a realistic surface mixed layer. Sea ice and iceAntarctic shelves (e.g., the Weddell and Ross Seas) are
shelves are important components of the coastal circulationplaces where dense water is formed. Deep water surfaces
just off the shelf break in many areas (e.g., west side of the

Correspondence to: J. M. Klinck Antarctic Peninsula) and is converted into either surface or
= (Klinck@ccpo.odu.edu) dense waterKintoul et al, 2001).
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The Antarctic Circumpolar Current (ACC), the largest cur- 2 Overview of Antarctic shelves
rent on Earth by various measures, flows along the Antarctic
shelf break in several areas. This fast, baroclinic currentis asAntarctic continental shelves are different in a number of
sociated with several processes that affect exchange. In paways from those at lower latitudes. First, they are relatively
ticular, the vertical shear of the ACC is supported by slopingdeep (about 400 to 600 m on average and more than 1500 m
density surfaces that rise to the south (the thermal wind balin places), due mainly to the isostatic loading of the land by
ance). These sloping surfaces provide a path for deep watdhe weighty ice sheet. Bottom topography over these shelves
to rise adiabatically by as much as 3km as it moves southis very rugged due to the scouring of the bottom by the ice
ward across the ACC. This vertical excursion allows surfac-sheets over various times in the past. Deep troughs have been
ing of Circumpolar Deep Water (CDW) at the continental cut by long vanished ice sheetsif Brink and Coopef.992).
shelf break (or the base of the surface mixed layer). In most places on Antarctic shelves, the stratification is
Finally, ice plays an important role in the dynamical pro- Weak, due mainly to the lack of precipitation and coastal
cesses of these shelves. The most obvious is the annu##inoff, producing relatively uniform salinity; and strong sur-
growth and retreat of sea ice which changes the propertieface cooling, producing uniform, cold temperatures. The
of water near the surface and can produce dense water on thgsulting internal radius of deformation over most of the
shelf through the release of salt during the freezing procesgintarctic continental shelf is about 4 to 5krhd¢fmann
In addition, sea ice insulates the ocean from the atmospherand Klinck 1998. A small internal radius means that
during the harsh winter, reducing the influence of the extremegeostrophic flow can follow paths with radii of curvature of
cold and the blustery winds. a few internal radii ¢ 10 km) and that mesoscale eddies will
Less obvious is the effect of the massive ice shelves whicthave diameters of 10 to 20 km.
are produced by snowfall over Antarctica and which slide Tides provide high frequency flow variability to most parts
remorselessly off the continent into the ocean. These floatof the ocean. There are regions in the Southern Ocean (e.g.,
ing ice shelves cover nearly 40% of the Antarctic continentalwest of the Antarctic Peninsula) where tidal energy is low
shelf and thus isolate much of the shelf water from directWhile other places (e.g., over the Ross Sea) where tides are
atmospheric forcing. Heat exchange between the not-quit€nergetic Padman et al2002 Erofeeva et a).2003. There
freezing ocean water and the base of the ice shelf melts thare two general ways that tides affect exchange: enhancing
glacial ice and cools (and freshens) the water. This basaPasal melt under ice shelveslgkinson 2002 and modify-
melt of the glaciers produces a buoyancy driven circulation,ing the location of shelf break front®&dman et al2009.

sometimes called the “ice pumpl’éwis and Perkins1986), Both of these influences of tides are important in certain ar-
which influences water properties on the shelf and, thus, ciras and both are being actively investigated. Basal melt of
culation and shelf break exchange. ice shelves is thought to be a weak driver of cross shelf ex-

The focus of this paper is on mechanisms responsib|eChange (details be'OW) so is not discussed further. The effect
for onshore flux of CDW which has important effects on a Of tides on the shelf break front seems to influence the re-
number of properties and processes on Antarctic continentdfase of dense water from continental shelves which we have
shelves. An equally important offshore flux of dense wa- chosen not to pursue in this paper.
ter, which is created on Antarctic shelves, is not discussed in Atmospheric conditions at high southern latitudes, being
detail as it is the focus of extensive analysis presented elsecold, dry, and windy, produce vigorous exchange with the
where (vanov et al, 2004 Legg et al, 2009 Gordon et al. ~ 0cean. Solar insolation has a strong seasonal dependence
2009. varying from moderate strength to non-existent. These sur-

The next section provides an overview of Antarctic con- face fluxes give rise to relatively deep surface mixed layers
tinental shelves. It is followed by descriptions of several over the shelf (about 100 m), which can extend to the bot-
processes that could move CDW onto the shelf. Section 40m for sufficiently strong cooling (and ice formation) in the
provides some details of a model applied to the Ross Seavinter.
which illustrates the details of ocean-shelf exchange. Sec- The freezing of the ocean surface to produce sea ice gives
tion 5 gives some results from Ross Sea simulations com!ise to a kind of salt pump in which brine produced during
pared to climatology and some estimates of cross-shelf exfreezing sinks away from the surface ocean increasing the
change. Section 6 comments on the effects of bottom topogsalinity of the subsurface waters. Melting of sea ice in the
raphy and p0|ynya5 on exchange processes. Specu|ati0n sgmmer reduces the surface Salinity producing an increased
included on the effects of anticipated climate changes. Thétratification and a persistent pycnocline at a depth of about

last section offers conclusions. 200 m.
If winds push away newly formed ice, then freezing is

nearly continuous forming a polynya. In these cases, increas-
ingly dense water is formed which results in very deep mix-
ing — to the bottom, in most cases.
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3 Possible dynamics for CDW intrusions observations — warm water intrusions occur at fixed loca-
tions that are tied to bathymetric featur&$iick et al., 2004

CDW has a distinctive warm and saline character and oc-Dinniman and Klinck2004. Also, warm intrusions are ob-

curs along almost all of the Antarctic continental shelf break;served in places where the alongshore flow would give rise

although with different temperatures at different locations.to offshore transport in the bottom frictional layer, e.g., Ross

The exchange of CDW onto the shelf has the potential toSea Dinniman et al. 2007 Orsi and Wiederwoh2009.

moderate sea ice cover, provides macro- and possibly micro-

nutrients for primary production, and provides a relatively 3.2 Flow inertia and bathymetry

warm, subsurface habitat for some animals, such as krill

(Hofmann and Hsrev@lu, 2003. Flow along a shelf break with a corrugated bathymetry can
In addition, this warmer water intruding onto the shelf is produce net onshore intrusion of watddigniman et al,

a source of heat which moderates sea ice cover and melt8003 Dinniman and Klinck 2004. The basic mechanism

the bottom of floating ice shelves which could increase theis due to the inertia of the flow in the presence of bathymetry

rate at which glacial ice sheets slide off the continent into thethat curves offshore in front of alongshore flow; inertia

ocean which would lead to a rise in global sea level. For allpushes water onto the shelf. For the water to intrude over

of these reasons, the exchange of this water mass between thiee shelf proper, there must be onshore flow on the shelf that

ocean and shelf is important for both physical and biologicalwill pull the recently upwelled water across the shelf. Be-

processes on Antarctic shelves. cause of this two-step process, not all locations with offshore
Intrusions of warm oceanic CDW across the shelf breakcurving isobaths are sites of cross-shelf exchange.

can be driven by a variety of physical processes. The subsec- While this process has been shown to be active in models

tions below describe possible mechanisms. of both the Ross Se®(nniman et al. 2003 and the WAP
(Dinniman and Klinck 2004, the detailed dependence on
3.1 Bottom Ekman layer flow speed, bathymetry and temporal variations has not been

analyzed. The speed of the ACC is known to be variable
The flow along the shelf break of the Bellingshausen SegqHughes et a) 2003 Meredith et al,2004. We do not know
(105°W to 70° W) is mostly eastward. The bottom Ekman if there is a threshold speed below which this process is inef-

transport in the Southern Hemisphere is to the right of thefective or if intrusions occur only during accelerations of the
overlying flow; so, along this part of the Antarctic Coast, the ACC.

bottom frictional layer will transport water onshore. A sim-
ilar onshore frictional transport would occur along the west3.3 ACC density variation due to thermal wind
side of the Antarctic Peninsula (WAP).

Farther to the west, the flow along the shelf break of theThe ACC is a geostrophically balanced flow with vertical
Amundsen and Ross Seas is towards the west due to the ACg€hear that, by the thermal wind relation (1) below, requires
being offshore and the westward flow being the southern parthat the density increase to the south, thereby supporting the
of the Ross Sea Gyr&puretskj1999. Along this coast, the continual rise of isopycnals towards the south. Imbedded
bottom frictional transport is offshore. within this general rise are sharper density slopes at locations

The total onshore transport per unit width)(s controlled  of the three important frontal jet©¢si et al, 1995.
by the speed of the overlying flo/() and the bottom Ekman The integrated transport of the ACC is known to be time
thickness D), so thatT =.5U D (Cushman-Roisin1994 p. variable Cunningham et al.2003 Hughes et aJ. 2003
66). The estimated onshore transport is about G.§thfor Meredith et al. 2004 Meredith and Hughe005. Part of
a 10 m Ekman depth and 0.1 misoverlying flow. the speed change could be associated with changes in the ver-

This onshore transport would not have a strong effect ortical shear that gives rise to variations in the depth of isopy-
the typical shelf as indicated by an estimated flushing time.cnals along the Antarctic coast. Hydrographic observations
For a shelf that is 150 km wide and 500 m deep, the estimatedver the years do not find large differences in the depth of
flushing time is about 5yr [(150 km)(500 m)/0.5sT1]. certain isopycnals (for instance, the 27070potential den-
However, if the frictional layer brings in pure CDW (1’8), sity — relative to the surface, kgw surface associated with
then it would supply about 48 Wnf of heat over the en- CDW). Nevertheless, it is possible that there is some vertical
tire width of the shelf, assuming that there is no heat lossexcursion of these isopycnals that would result in increased
as the water crosses the shelf. Exchanging cooler CDW (sayor decreased) access of CDW to the shelf break.

—1to 0°C) would provide half to a quarter of this heat. Ifthe  The following simplified calculation puts a bound on the
coastal circulation is a gyre, then the frictional layer would vertical excursion of CDW along the continent that is asso-
transport the water only to the center of the shelf (center ofciated with variations of ACC speed. The focus of this cal-
the gyre). culation is in Drake Passage where there are a large number

This bottom frictional intrusion process would act of measurements. This area also allows a clear separation

uniformly along the shelf break which is contrary to of the ACC from the currents that are part of the adjacent
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Subtropical and Polar GyreRiptoul and Sokoloy 2003, we can obtain an expression for the change in the south side

Gladyshev et a]2008. depth (Az) as a function of the change in transpastr():
Assuming hydrostatic, geostrophic flow, the vertical shear _21f1 po
of the through-passage flow)(is proportional to the hori- Az = —35—=~AT (5)
zontal gradient of density, £¢
The estimated 10% variation in the baroclinic transpGrtr{-
v, = v ___8 3_'0, 1) ningham et al.2003 produces about 100 m vertical excur-
-0z f po dx sion of the isopycnal associated with CDW. Lifting CDW to

whereg is the acceleration of gravityt is the local Corio- a depth of 200 m would require the paroclinic tran'spo'rt toin-
lis parameter ang, is the reference density. The origin of crease to about 140 Sv (about 40% increase) which is a large

the right-handed coordinate system is at the surface on th&Ut notimpossible) change. _ _ .
northern edge of Drake Passage withositive to the south, We note in passing that increasing the horizontal density

y positive to the east angpositive upward gradient will increase the potential energy of the ACC pro-

For simplicity, let neutral density in Drake Passage be aviding additional energy for baroclinic instabilit¢ushman-

linear function of both depth and across-passage distance, ¢¢°iSin 1994, which could counteract the lifting effect of the
p(x,2)=a+bx—cz, whereb andc are the average across- increased transpoiBning et al, 2008. Similarly, increases

passage and vertical density gradients, respectively. in ACC transport may result in latitudinal shifts of the current

Given this density field, the vertical shear in the Passage i&vNich could amplify or diminish the resulting vertical excur-
constant. The vertically integrated transpdf) s then sion of CDW along the Antarctic shelf break. These issues

would require more detailed calculations to analyze.

0

V= /H v(2)dz=vp H + %Usz, (2) 3.4 Flow dynamic instability

whereuy, is the bottom speed and the total transport throughACC frontal jets are known to be baroclinically unstalte

the passage iE=V L whereL is the width of the Passage. oug 1985 Moore et al, 1997 1999 Sprintall 2003 Dong et

In the calculations below,=725 km and&=3.8 km. al., 2006 and there are suggestions that the ACC is actually
We want to estimate the elevation of density surfaces alongn an “eddy saturated'Hogg et al, 2008 state where wind

the southern side of the passage in response to changes iimcreases do not significantly change the transport but instead

baroclinic transport. The various relations above can be useihcrease the eddy kinetic enerdyi¢redith and Hogg2008.

to specify the total transport as The Southern ACC Front is very near the continental shelf
along the Bellingshausen Sea so flow meanders or eddies can

T=LH <Uh +£ 8 8_'0> (3) affect flow at the shelf break and thereby influence intrusions.

2 |f1 po 0x There are two possible processes at work. One possibility is

This relationship can be solved for the across-passage densifffat the frontal jet can become unstable at any location and
gradient b). The depth of an isopycnal is obtained from the produce a meander or eddy. Another possibility is that bot-
density equation as tom topography, in the form of ridges at the base of the con-

tinental slope, perturbs the flow at certain places triggering a
z=(@a+bx—p)/c (4) meander or eddy. This topographically induced meander can
interact with the shelf break to create site-specific locations
of intermittent intrusions. The intrusion site at the offshore

function of distancex( across the Passage. _ _end of Marguerite Trough on the west Antarctic Peninsula
The vertical density gradient for Drake Passage is esti+s one such circumstancilinck et al, 2004 Moffat et al,
mated from neutral density along WOCE line r¢i and 2009.

Whitworth, 2005 p. 2) as 0.8 kg m® over 3.8 km depth. The

horizontal density gradient is obtained from the estimated3.5 Atmospherically forced exchange

baroclinic transport of 107810.4 Sv Cunningham et al.

2003. The elevation of CDW (density 6f27.7) along the  Direct atmospheric forcing of cross shelf exchange is mainly

southern side of the Passage is known to be about 500 m, thdue to surface wind stress, but buoyancy flux can also force

depth of the shelf break. circulation (due to cooling or sea ice formation) that might
The purpose of this analysis is to estimate the depth changaffect shelf break exchange.

of CDW along the southern side of Drake Passage due to Wind driven upwelling occurs through frictional export of

changes in ACC baroclinic transport. If we combine the water in the surface layer and onshore replacement of water

equations above, assume that the average vertical densigt depth. Along the Antarctic coast, upwelling winds would

gradient does not change with transport and assume, withouie westerlies (or southwesterlies along the WAP). Average

much observational support, that transport changes do not afvinds along the Amundsen/Bellingshausen coast are east-

fect the depth of the isopycnal on the north side of the ACC,erlies Hurrell et al, 1998, although the strength of these

wherep is the target density to track arids its depth as a
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winds changes seasonally due to the migration of the Polar This buoyancy driven flow has the effect of pulling deeper
Trough (a low pressure band typically along®@0 70° S). water to the base of the ice shelf and exporting it at mid-
Similarly, winds along the Peninsula are onshore or south-depth (or higher). Analysis of Ross Sea model simulations
ward Hurrell et al, 1998. Thus, average winds will not (Hisrevalu, 2008 shows that both High Salinity Shelf Wa-
create wind driven upwelling as found in typical upwelling ter (HSSW) and modified CDW on the shelf are associated
areas, such as the northern half of the west coast of Nortlwith this circulation. This forced circulation involves water
America. Furthermore, Antarctic shelves are around 500 mnin the mid- and inner-shelf, but the importance of this process
deep, which is rather far for Ekman suction to lift water. Fi- in forcing flow across the distant shelf break is not known.
nally, no ocean observations exist near the coast in this area
showing strongly lifted density surfaces that would be con-
sistent with classical coastal upwelling. 4 Details of a regional ocean circulation model

A model study of the Pine Island Bay are@hpma et
al., 2009 shows that stronger westerly wind is associated” more complete analysis of exchange processes requires
with increased intrusions. This could be associated with upconsideration of the details of variable bottom topography,
welling, but it could also be associated with acceleration ofvariable stratification, time and space varying forcing, and a
the ACC along the shelf break creating stronger flow topog-number of other issues. These details are best considered in
raphy interaction or increased topographically induced me-2 humerical ocean circulation model.
anders. Similar processes occur along the WBRifiman Antarctic coastal numerical models need relatively small
etal, 2010. grid spacing for two major reasons. One reason is the need

Dense water formation, whether due to heat loss to the att0 represent ocean circulation with small spatial scales. The
mosphere at the surface or to ice formation or both, increasegecond reason is to represent atmospheric forcing which also
the volume of sub-pycnocline water which requires a subsur£an have relatively small spatial scales.
face offshore volume flux somewhere a|0ng the shelf. Be- The first reason is due to the small radius of deformation
cause of entrainment during convection, it is possible for wa-(4-5km) which sets the minimum radius of curvature for
ter at mid-depth to be lowered requiring lateral replacementduasi-geostrophic flow and sets the diameter of mesoscale
from the shelf break. Dense water on the shelf can drive £ddies. This dynamical scale also determines the minimum
cyclonic circulation (similar to a cold-core eddy) that could SPatial scale for bathymetry. Thus, the maximum grid spac-
bring water on the shelf in one location while exporting wa- ing for an Antarctic coastal model is a few to 10 km. This
ter at another location. If water moves across the shelf brea®id size resolves most of the bottom features (banks and
near a trough, then near-bottom water will flow with shallow troughs) and would be “eddy-permitting”. That is, the model
bathymetry to its left creating a cyclonic circulation around Would allow some flow meandering and would represent
a deep area. These circulation patterns are strongly influmesoscale eddies by a few (4 or 5) grid points.
enced by bottom topography so the location of dense water The second reason is the need for fine scale atmospheric
formation is critical. For example, coastal polynyas are as-Hnformation. The major issue is proper representation of
sociated with coastal orography (valleys or ridges) and carkatabatic winds Bromwich and Parish1998, which are

create dense water at specific locations. drainage flows of dense air from the high interior of Antarc-
tica. These winds either flow along the side of mountain
3.6 Ice shelf circulation ranges (such as the barrier winds along the Transantarctic

Mountains or the Antarctic Peninsula) or collect in valleys
A vertical-plane circulation under an ice shelf is driven by which open to the coast (such as that in Terra Nova Bay in
basal melt — the so called “ice pumpldwis and Perkins  the southwestern Ross Sea). Because of the topographic con-
1986. The freezing point of seawater decreases with deptrstraint, they can be very strong, although relatively narrow
(pressure) so water at the surface freezing temperature ignd close to the coast. These winds are important in creating
above the subsurface freezing temperature and can melt thaolynyas which are areas of open water during times when
base of an ice shelf. This effect is particularly enhanced iffreezing should create an ice-covered ocean.
warm water (CDW) moves under ice shelves. Basal melt- A further, less dramatic, reason for fine scale atmospheric
ing makes the water fresher and buoyant which causes it tinformation is the need to represent the effect of the var-
rise along the bottom of the ice shelf. Eventually, this wa-ious mountain ranges on the general atmospheric circula-
ter will reach a compensation density and will flow out from tion. For example, the high mountains along the spine of
under the ice shelf — a mechanism that makes Ice Shelf Wathe Antarctic Peninsula create winds within a few tens of km
ter (ISW). In some cases, such as the George VI Ice Shelbf the coast which are not well represented by the global at-
(Potter and Pareri985, the water becomes so buoyant that mospheric analysis models. The Antarctic Mesoscale Pre-
it rises to the surface and does not produce a mid-depth ISWliction System (AMPS)Rowers et a.2003 Bromwich et
plume but rather contributes to the fresh, cold water at theal.,, 2005 uses a mesoscale meteorolgical model with grid
surface. spacing in different domains of 6 to 30 km. These models
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% T @ ]\L T UQ QU _ UiL from observations rather than calculated from a sea-ice dy-
o Q‘G el ®

namic/thermodynamic model.

The model domain (Figl) extends from well north
(67.5° S) of the continental shelf break southward t¢ 85
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 the water column depth but are concen-
trated 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 the 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 Atlas 2001Bpyer et al, 2002. Open
boundaries for all runs are handled as Binhiman et al,
2007).

Vertical momentum and tracer mixing use the K profile
parameterization (KPP) mixing schemeafge et al. 1999
with the small changes for sea ice given 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 Septem-
Fig. 1. Domain for Ross Sea model. The contour interval for the ber 2001-15 September 2003.
bathymetry is 100 m up to 1000 m depth and 250 m beyond. The
shaded area is _the _part of the modgl covere_d by the Ross Ice Shel&_l_l Sea ice and open water
The horizontal line is the cross section for Fig. 2.

Cape Adare

iy

In place of a fully dynamic sea ice model, ice concentration
. N from the Special Sensor Microwave Imager (SSM/I) is im-

better represent the atmospheric conditions over the Antarcposed. The model surface heat flux is calculated as a linear
tic coastal areas. combination of heat flux through the ice cover and open wa-

For all of these reasons, regional ocean circulation modelser with the ratio determined by the ice concentration in that
along the Antarctic coast need to have grid spacing smallegrid cell (Markus 1999. Additional details on the surface
than 10 km. Adequate resolution of the structure of the flowfluxes are given iDinniman et al(2007).
in these regions may argue for grid spacings as small as 1 km.
Such small grid spacing would require bottom topography at4 1.2 |ce shelf
the same scale, which exists in some, but not all, areas of the

Antarctic continental shelf. The thickness and extent of the ice shelf do not change for
these simulations. Under the ice, the upper boundary of the
4.1 ROMS model description model conforms to the ice shelf base. The hydrostatic pres-

sure at the base of the ice shelf is computed by the integral
The results from an ocean circulation model of the Rossover depth of the density of the water replaced by the ice.
Sea, based on the Regional Ocean Model System (ROMS}he details of this calculation are given Dinniman et al.
(Shchepetkin and McWilliams2005 Haidvogel et al.  (2007).
2008, are used to illustrate high latitude exchange pro- The drag of the moving water against the bottom of the ice
cesses. ROMS is a 3-D primitive equation, finite difference shelf is represented by a quadratic stress with a coefficient of
model that uses a terrain following vertical coordinate sys-3.0x10-2 (non-dimensional). A three equation model for the
tem. This model is similar to that described inniman  conservation of heat and salt is applied to a thin layer at the
et al. (2007, which includes the water filled cavity under ice-water interface. The equations and parameter values are
the Ross Ice Shelf (RIS) and has sea ice that is imposediven inDinniman et al (2007 except that the heat and salt
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Model (Sep. 30, 2002)

transfer coefficients are no longer constant but are functions Model (Feb. 12, 2002)
of the friction velocity Holland and Jenkinsl999. 0 N

4.2 Analysis methods
200

There are a variety of ways to analyze numerical model re- £
sults to determine exchange across the shelf break. The fluxz 400
of any number of properties (volume, salt, heat, etc.) can be &
readily calculated across a plane defined by the shelf break.2

In highly variable flow, it is often necessary to either savethe  ggo
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 the 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 in-

800

terested in the offshore transport of cold, salty water (HSSW) \E 400
that is the source of dense bottom water. =
[a)

The most identifiable feature of the onshore moving CDW
is its relatively high temperature compared to water on the 600
shelf. However, due to efficient vertical and horizontal heat
exchange, this water rapidly loses its excess heat making it
difficult to track. Instead, we use an artificial dye to track

. . ) 0 200 400 600

CDW on the shelf and to identify the processes by which Distance (km)
its properties change. Specifically, we use a scalar which
advects and diffuses in the same way as salt. This scalagtig. 2. Model salinity compared to climatological salinity fradrsi
is initially set to a value of 100 at offshelf locations (N0 and Wiederwoh(2009. The upper two panels are the salinity sec-
dye on the shelf initially) which are occupied by CDW (de- tion (see Fig. 1) from west to east across the Ross Sea during sum-
fined by temperature-0.0°C). A second identifiable water mer and winter. The lower panel is the climatological salinity from
mass is HSSW which is the cold and salty water formed inOrsi and Wiederwoh{2009.
the polynyas of the southwestern Ross Sea. Salinity greater
than 34.6 for water deeper than 200 m is the best indicator of

800

The model salinity at 300 m depth (Fig) shows the lo-

this water. . : :
cation of HSSW and the path of this water as it flows away
from the formation region. The highest salinity is found near
5 Results Terra Nova Bay; this water drains both northward and south-
ward along the coast. The climatology (F# has a bit more
5.1 Model comparison for salinity structure, but the general pattern of salinity shows that the

) . o ) model is acting realistically on the shelf.
A zonal-vertical section of salinity (Fi) across the Ross The lowest salinity water at 300m (Fig8.and 4) oc-

Sea gives a clear indication that various model processes arg s in the eastern Ross Sea near the edge of the Ross Ice
working correctly. Model results for summer (12 February) gheit (RIS). This lower salinity in the eastern Ross Sea is
show high salinity at depth in the far west with decreasing qe tg reduced ice production (due to persistent sea ice cover

salinity both to the east and to the surface. A shallow surface,,q no polynyas), import of fresher water from the east and
mixed layer exists in the west and deepens to about 50 Mhelting of the RIS,JJacobs et al2002.

in the central and eastern areas. In the winter (30 Septem-

ber), parts of the western Ross Sea have mixed to the bos.2 Ocean exchange indicated by temperature

tom, while the eastern Ross Sea maintains its stratification

even under winter conditions. Results from a new high res-Annual mean temperature at 300m (Fig). provides a

olution climatology of the Ross Se@(si and Wiederwohl  smoothed image of the location and path of CDW water in-

2009 compare best with the summer results because most dfusion onto the shelf from the ocean. Specifically, water

the hydrographic observations are from the ice-free summewarmer than—1.0 C must have recently crossed the shelf

months. break. These intrusions occur in certain places — one large
area in the eastern Ross Sea (1BGo 170 E) as well as
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34.400 34.525 34.650 34.775 34.900 -2.0 -15 -1.0 -0.5 0.0

Fig. 3. Annual average salinity at 300 m from the simulation model. Fig. 5. Annual mean temperature at 300 m from the simulation
White areas in the figure are either land or areas that are shallowefodel. White areas in the figure are either land or areas that are
than 300 m. shallower than 300 m.

several narrow, persistent streams entering along the western
side of several banks (e.g. Pennell Bank at°M#%. These
locations of onshore movement of CDW are consistent with
observed locationgrsi and WiederwohR009 and demon-
strate that bottom topography controls these locations.

5.3 Ocean exchange indicated by theoretical dye

The CDW dye streams onto the shelf from early times in the
simulation. After 412 d of simulation (Fig), the dye indi-
cates 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 (Fidh).

The near surface dye concentration (Fi§y.shows that
CDW is crossing the pycnocline 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
34.400 34.525 34.650 34.775 34.900 onshore transport of surface dye that moved to the surface
near the shelf break.

Fig. 4. Climatological salinity at 300 m frordrsi and Wiederwohl
(2009. White areas in the figure are either land, areas that are shal-
lower than 300 m or areas with no data (i.e. beneath Ross Ice Shelf).
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0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0

Fig. 6. CDW dye on model level 12 (mid-depth) for 1 Novem- Fig. 7. CDW dye on the surface for 1 November 2002. Dye values
ber 2002. Dye values of 100 are undiluted CDW. The black line of 100 are undiluted CDW. The black line represents the position of

represents the position of the Ross Ice Shelf Front. the Ross Ice Shelf Front.
6 Discussion to the bottom. This vertical convection involves entrainment

. . _ _ which drags other waters deeper. Processes associated with
6.1 Topographic effect on intrusion locations polynyas are an efficient means to move surface properties to

) ) ) ) the bottom on the shelf, as well as, into the abyssal ocean.
Circulation at high southern latitudes responds to small scalq:ma"y it should be noted that polynyas tend to be small in

topography due to the small stratification and small radius of; a4 put can have global consequences due to the dense water
deformation. In addition, the strong flow at the shelf break is 5t they produce.

a critical element of the processes which move water from
the oceanic side of the shelf break to the shelf side. Fi-6 3 Climate chanae speculations
nally, the speed of the flow at the shelf break may change™ 9¢esp

due to external forcing (either local winds or global averaged o )
winds) which can affect the time variability of the onshore We are all aware of the changes now occuring in various parts

intrusions. For these reasons, it is important to design a nuf the atmosphere and ocean. These changes are modifying
merical grid with small grid spacing and to impose realistic the character of ocean water masses and their circulation. We

would like to offer some speculations on the possible effects
of these changes.

6.2 Effects of polynyas Under different surface forcing, the ACC is thought to
change its locationRyfe and Saenk@005 2006. If these

Polynyas are an important component of the dynamics andateral shifts occur, then the water being presented to the shelf
thermodynamics of high latitude ocean systems. In thebreak around the Antarctic will change. If different types of
Antarctic, they are important for creation of dense waters inwater move onto the shelf break then there can be radical
some areas. The main forcing mechanism for many polynyaghanges in the heat and salt fluxes as well as changes to the
is an offshore wind stress to clear the coastal area of newlpiological systems that depend on nutrients provided by these
created ice. Polynyas are mostly associated with land orogexchanges. In addition to changing the character of the water
raphy which channels winds across certain parts of the coastt the shelf break, increased surface forcing can give rise to
Polynya locations are thus fixed in space. an increased number of mesoscale eddiggf et al, 2009

Due to the strong exchange with the atmosphere, polynyasvhich has the potential to affect the volume of water cross-
are also locations of strong vertical convection which has theing the shelf break. These questions invoke dynamical sub-
effect of injecting surface waters deep into the ocean, oftertleties which are not easily analyzed analytically; detailed

bathymetry.
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numerical studies will be needed to untangle the importanimportant for exchange. Wind driven and bottom Ekman
effects of changes in surface forcing of the ACC. layer exchange are argued not to be important.

Varying speed of the ACC, without shifts in location, can A numerical model for the Ross Sea continental shelf is
lead to a different type of water being available for exchangeused for more detailed evaluation of cross-shelf exchange.
at the shelf break. These changes in the vertical structure ofnalysis of salt and temperture distributions show persistent
the ACC influence the location of surfacing of various deepexchange at certain locations controlled by bottom topogra-
water masses which can have locally important effects orphy. An artificial dye is use to mark CDW to better analyze
coastal systems. These differences can affect the atmosphetfee influence of the oceanic water, even in diluted amounts.
creating a feedback loop to modify these exchanges. Model results show a vigorous onshore flux of oceanic wa-

One effect of increased exchange of water across the shelfr across the shelf break both at depth and at the surface as
break is warmer subsurface water on the shelf. Changes iWell as creation of dense HSSW by coastal polynyas in the
the winds may also lead to more vertical mixing and loss ofwestern Ross Sea. Salinity distributions indicate movement
this heat to the atmosphere. However, if this water moves®f HSSW both northward to the shelf break and southward
under ice shelves quickly enough to retain most of its ex-under the Ross Ice Shelf.
cess heat, then it can increase the melt rate of the bottom of As part of this study, it was determined that for an ocean
the ice shelves. A number of research programs are lookingirculation model to simulate processes at high southern lat-
at these exchange processes both with observations and witfides, it needs to have high spatial resolution, realistic ge-
theoretical calculations. Removal of ice shelves can fundaometry and bathymetry. Grid spacing must be smaller than
mentally alter the water structure and circulation of variousthe first baroclinic radius deformation (a few km). Because
coastal areas. Changing the floating end of glacial ice car®f flow-topography interactions, bathymetry needs to be well
impact the rate of movement of the whole ice sheet. In adrepresented at these same small scales. Atmospheric forcing
dition, the newly ice-free ocean areas can exchange heat argPnditions also need to be given at a similar small spatial
moisture with the atmosphere which can influence its circu-resolution (a few km) in order to represent orographically

lation. Whether these changes will amplify or diminish the controlled winds (coastal jets) and katabatic winds. Further-
cross shelf exchange is at present unknown. more, daily, if not more frequent, surface fluxes must be im-

The changing strength of katabatic winds can have an imbosed for a realistic surface mixed layer. Sea ice and ice
portant effect on the size, location and even existence ophelves bothisolate the ocean from the atmosphere, and mod-

polynyas around the Antarctic continent. Katabatic winds!fy the character of water masses by freezing and melting.
respond to changes in the atmosphere since they are due to _

dense dry air created on the polar plateau which drains tds“:k”o"f"lflsgeénggf\ﬂ‘s BEDMtAP h(ztat?/ was ptrov?ed COL;;'
the coast by various paths controlled by orography. Change§sY ©' the consortiumnttp:/fwww.antarctica.ac.u
in the den>slity of thg air on the pIatgau v?/ill pch);lnge tf?e asresearch/data/access/bedmapghe AMPS data was provided

di drivi h f o he | 20 by John Cassano and AMPS is supported by US National Science
pressure gradients driving these flows. Over the last tc?:oundation support to NCAR, Ohio State University and the Uni-

200years, there has been no persistent temperature chang&sity of Colorado. Computer facilities and support were provided

at South Pole although some warming is occuring over Weshy the Commonwealth Center for Coastal Physical Oceanography.
Antarctica Mayewski et al, 2009. Given the importance of  This work was supported by the US National Science Foundation
polynyas in creating dense water, these changes to katabatgrant OPP-03-37247.

winds may have far reaching effects on the strength of the

ocean overturning circulation. Latent heat release over thd=dited by: J. A. Johnson

ocean is likely to have an 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. References
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