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Abstract

Changes in water mass distribution and horizontal circulation due to seasonal influences on the Ross

Sea continental shelf are investigated using a circumpolar numerical model. An anticyclonic circula-

tion cell that extends across the open shelf and into the ice shelf cavity is formed in the model. The

increase of the east-west density gradient, caused by the strong brine release in the Ross Sea polynya

in winter, results in an intensification of this anticyclonic cell from 1.5 Sv to 2.5 Sv. This supports the

idea that the horizontal circulation on the Ross Sea continental shelf is to a large degree thermohaline

driven. In addition to a temporal change in the circulation strength, the changes in the density struc-

ture lead to complex temporal and spatial variability in the circulation around Ross Island. Due to

seasonal variation in circulation strength and water temperatures, the area averaged basal melt rate of

25 cm/a shows a bimodal seasonal cycle with peaks of 27.5 cm/a in March and 28.5 cm/a in August.
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1 Introduction

The summer waters on the Ross Sea continental shelf are among the best sampled around Antarctica.

This is due to the fact that the Ross Sea is ice-free during summer and hence conditions are logisti-

cally convenient to conduct oceanographic measurements. However, very little data are available

representing conditions in winter and underneath the Ross Ice Shelf. But it is during this time and in

this location that modification processes and water mass formation resulting in products that have the

potential to form Antarctic Bottom Water take place. The relevant water masses are High Salinity

Shelf Water (HSSW) formed in the southwestern Ross Sea during winter due to extensive brine

release in the Ross Sea polynya (Zwally et al. 1985 , Jacobs & Giulivi 1998) and Ice Shelf Water

(ISW) that forms by means of melting at the Ross Ice Shelf base (Jacobs et al. 1985).

To improve knowledge of the circulation and water mass distribution a numerical model should be a

useful tool. Previous modelling efforts concentrated either on the cavity (e.g., Hellmer & Jacobs

1995) or on reproducing the regional shelf circulation over short time periods (e.g., Commodari and

Pierini 1999, Bergamasco et al. 1999). We use a coupled sea ice-ice shelf-ocean model configured

for the cavity, continental shelf and deep ocean and integrate it for multiple years to obtain a climato-

logically representative seasonal cycle. Thereby we represent the main component of seasonal forc-

ing, namely, the brine release and freshwater input due to, respectively, sea ice growth and melting,

as well as the slope current as the northern boundary of the shelf regime.
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2 Model Description

The coupled sea ice-ice shelf-ocean model employed here has been successfully applied to the Wed-

dell Sea in the framework of the BRIOS (Bremerhaven Regional Ice Ocean Simulations) group

(Timmermann et al. 2002 a, b). The ocean component is based on the S-coordinate Primitive Equa-

tion Model SPEM (Haidvogel et al. 1991), and the sea ice component on a dynamic-thermodynamic

sea ice model with a viscous-plastic rheology (Hibler 1979). The interaction between ice shelf base

and ocean is described by the same formalism as the one between sea ice and ocean. Therefore the

freezing point temperature is calculated as a function of pressure and salinity over the whole model

domain. Ice shelf extent and thickness are prescribed as constant over time, and velocities are set to

zero (Timmermann et al. 2002 a). The model is run on a circumpolar grid with zonal boundaries at

50°S and 82°S, with an isotropic resolution of 1.5° zonally and 1.5° cos(φ) meridionally for the

whole circumpolar domain (Fig. 1a), and 24 vertical levels with increasing resolution near ocean sur-

face and bottom. Since the vertical coordinates are terrain-following, the uppermost model layer rep-

resents sea surface conditions outside the ice shelf cavity and follows the ice shelf base inside the

cavity (Fig. 1b). The bottom topography was prescribed from Smith and Sandwell (1997) north of

70°S, while south of 70°S where the former data set does not extend to ETOPO5 data were used. Ice

shelf and water column thicknesses for the Ross Ice Shelf were supplied by Greischar et al. (1992

(electronic version supplied by Greischar)). Since the southern model boundary is located at 82°S,

only 80 % of the area of the Ross Ice shelf is represented in the model. However, because much of

the area South of 82°S has water column thicknesses of less than 200m (Greischar & Bentley

1980),but the model requires a minimum water column thickness of 200m, inclusion of this area

might lead to artefacts in circulation and melt rate. The hydrographic data for initialisation and

boundary restoring were taken from the WOCE Hydrographic Programme Special Analysis Centre

(Gouretski et al. 1999). As atmospheric forcing, daily NCEP Reanalyses for 10m wind speed, 2m air

temperature, specific humidity, cloudiness and precipitation (P-E) were used for the period from

1978 to 1997. The first ten-year period served as a model spin-up time; the following decade (1988-

1997) was analysed, and the results shown here represent the mean seasonal cycle over this time

period.

3 Model Validation

3.1 θ/S-Characteristics

Comparing the mean modelledθ/S characteristics on the Ross Sea continental shelf for Febru-

ary(summer) and September(winter), the peak salinity of the High Salinity Shelf Water (HSSW)
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clearly shows the strong brine input to the water column due to sea ice formation by rising from

34.85 in February to 35.0 in September (Fig. 2 a & b). The summer value lies within the range

observed over a 33-year period in the vicinity of Ross Island (Jacobs & Giulivi 1998). Ice Shelf

Water (ISW) found on the continental shelf has salinities around 34.7 and minimum temperatures

reaching down to -2.2°C (Fig. 2 a & b), values which agree well with observations (Jacobs & Giulivi

1998, Gouretski 1999). Waters in the cavity cluster around the melting line determined by the pres-

sure dependence of the freezing point for seawater at the ice shelf base. A seasonal signal can also be

seen in the minimum temperature of the Low Salinity Shelf Water (LSSW). While this is near the

winter surface freezing point at -1.85°C in September (Fig. 2 b) it rises to -1.6°C in February (Fig. 2

a) when most of the sea ice has melted and surface waters are heated by increased solar radiation.

The characteristic salinity of the Modified Circumpolar Deep Water (MCDW) at just over 34.7 is

well-preserved in the model. The temperature maximum is slightly lower (0.6°C) than observed

(0.9°C) but still well within range (Jacobs & Giulivi 1998).

3.2 Climatological Annual Mean Circulation

The most striking feature of the horizontal circulation on the continental shelf is the bottom-intensi-

fied westward slope current (Fig. 3). In the bottom model layer, modelled velocities in this current

are about 7 cm/s in a north-northwestward direction. This compares well with a value of 9 cm/s

observed close to the bottom near the continental shelf break in this region (Picco et al. 1999). This

current forms in part the northern limb of an anticyclonic circulation cell that extends underneath the

ice shelf all the way to the southern model boundary (Fig. 3a). In the surface layer the coastal current

splits at 175°W to follow either the ice shelf edge up to Ross Island (Pillsbury & Jacobs 1985, Keys

et al. 1990) or the continental shelf break (Fig. 3b). At the bottom and at middepth on the western

shelf the flow is guided topographically entering the cavity through McMurdo Sound (Fig. 3a), in

agreement with observations (Lewis & Perkin 1985, Locarnini 1994) and the circulation pattern sug-

gested by Locarnini (1994). In the upper ocean, the main flow into the ice shelf cavity is located east

of Ross Island. Velocities are directed more to the west in the surface layer than in the bottom layer

due to wind influence (Fig. 3b).

In the ice shelf cavity, the anticyclonic circulation is largely confined to the area of larger water col-

umn thicknesses west of 175°W. While current velocities of about 3-4 cm/s can be found along the

main path, they do not exceed 1.5 cm/s in the eastern cavity. As described by Hellmer & Jacobs

(1995), another weak anticyclonic circulation cell can be discerned near the bottom around Roo-

sevelt Island (Fig. 3a). There are two regions in the model where ISW flows out of the cavity: one in

the central Ross Sea and one east of Roosevelt Island, both in agreement with Jacobs et al. (1970).

The central outflow is located at 173°W, in agreement with the ISW observations by Pillsbury &

Jacobs (1985) and Picco et al. (1999). However, in the model this outflow is very weak since the

main current follows the sub-ice topography to the east just south of the ice shelf front (Fig. 3a). This

is caused by a model resolution (40 km at the ice shelf front) too coarse to represent the north-south
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running ridges in this area. The northwestward directed outflow east of Roosevelt Island agrees well

with observations (Hellmer & Jacobs 1995, Rock 1995), though the model slightly underestimates

bottom velocities with 6 cm/s compared to an observed 9 cm/s (Rock 1995).

3.3 Sea Ice & the Ross Sea Polynya

The Ross Sea polynya is a well-described feature in the sea ice characteristics of the Ross Sea

(Zwally et al. 1985, Jacobs & Comiso 1989). Therefore, its representation by the model can be used

for additional validation of the coupled sea ice-ocean model. The modelled mean sea ice thickness

distribution for September shows reduced values (< 0.7 m) in the southwestern Ross Sea (Fig. 4a)

where the polynya has been permanently observed (Jacobs & Comiso 1989). The sea ice drift is

directed to the north in the polynya area with velocities up to 15 cm/s (Fig. 4a) due to strong, pre-

dominantly southerly winds in the western Ross Sea. Strong, persistent off-shore winds (Fig. 4b) in

combination with a thermally homogenized water column in this area suggest that the polynya can

be characterized as a latent heat polynya. In the eastern Ross Sea wind velocities are considerably

lower and form a quasi-cyclonic feature (see also Jacobs & Comiso 1989). Consequently, with the

sea ice much less divergent, a tongue of thick sea ice (> 1.5 m) extends into the central Ross Sea, in

agreement with observations by Zwally et al. (1985).

4 The Seasonal Cycle

4.1 Water Mass Distribution and Horizontal Circulation

The summer salinity structure along the ice shelf edge displays the characteristic distribution of pre-

dominantly LSSW in the eastern and HSSW in the western Ross Sea (Fig. 5a). The density gradient

caused by this salinity structure supports the anticyclonic circulation described in the previous sec-

tion. A drastic steepening of the isohalines (and isopycnals) occurs in winter because of an enhanced

sea ice growth in the Ross Sea polynya (Fig. 5b). Through deep convection the released brine raises

the salinity on the western shelf to a value > 34.8, constant over the entire water column. This

enhanced horizontal density gradient increases the circulation strength of the anticyclonic cell from

1.5 Sv in March to 2.5 Sv in November (Fig. 6). This agrees well with the notion that the circulation

is strongly controlled by the thermohaline structure on the shelf (Pillsbury & Jacobs 1985). The win-

ter salinity distribution reflects that very different sea ice growth rates exist in the eastern and west-

ern Ross Sea. To the east, sea ice formation stays fairly constant around 2 cm/d between April and

October, while, to the west, sea ice growth rates vary between 4 and 12 cm/d reaching the maximum

in August (Fig.4b).
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Considering the vertically integrated transport stream function, the modelled circulation pattern on

the Ross sea continental shelf is dominated by an anticyclonic circulation cell that extends from the

shelf break to the southern model boundary inside the ice shelf cavity (Fig.6). While this pattern

stays the same in the eastern Ross Sea and in most of the cavity throughout the year with variation

only in the strength of this circulation cell, more substantial temporal and spatial changes occur

around Ross Island. By July, the water column has homogenised at salinities between 34.8 and 34.9

from Ross Island to the Victoria Land coast (Fig. 5b). Through McMurdo Sound HSSW flows south

into the cavity over most of the water column (Fig. 5d). Due to the increase in the east-west density

gradient, the strength of the anticyclonic circulation cell has increased to 2.3 Sv, i.e., almost to maxi-

mum strength (Fig. 7). A northward current of low-salinity water exists all winter along the western

slope of McMurdo Sound carrying glacial meltwater out of the cavity (Fig. 5d). This current which

rises toward the surface along the ice shelf front carries meltwater out of the cavity all winter. During

the peak strength of the circulation (October and November) this current pattern is visible as a small

cyclonic circulation of 0.3 Sv south of McMurdo Sound (Fig. 6a) agreeing well with observations

made during this time of the year (Barry & Dayton 1988). After sea ice growth has reached its peak

in August (not shown), the brine input to the water column in the western Ross Sea starts to decrease.

By November, the meltwater flow through McMurdo Sound has been sufficient to erode most of the

HSSW near the Victoria Land reversing the zonal density gradient. This in turn supports the north-

ward current and due to a positive feedback increases it. Together with the input of freshwater due to

sea ice melting at the surface this process leaves a dome of HSSW at about 170°E (Jacobs & Giulivi

1998) that can be seen in the summer sections (Fig. 5a). During the summer months the minimum

depth reached by the top of the dome, here defined as the minimum depth reached by the 34.8 psu

isohaline, increases from 100 m in December to 350 m in April. In a sensitivity study with McMurdo

Sound closed, the summer horizontal gradient towards lower densities near the Victoria Land coast

disappeared (not shown). Therefore, a considerable outflow from the cavity through McMurdo

Sound seen in the standard run (Fig. 5d) seems to be necessary to lower salinities in the western Ross

Sea sufficiently for the observed dome of HSSW to appear.

The minimum strength of the anticyclonic circulation cell in March and April (1.5 Sv) coincides

with the period at which freshwater input due to the melting of sea ice has reduced the horizontal

density gradient to its minimum value (Fig.5a). Due to southeasterly winds acting on the ocean sur-

face unperturbed by sea ice in summer, the near-surface inflow east of Ross Island reaches its maxi-

mum strength (Fig. 5c). This inflow carries near-surface waters into the ice shelf cavity, only slightly

blocked by the shallow ice shelf draft of about 80m (Fig. 5 c & d). The resulting positive meridional

density gradient induces a westward current that transports the low-salinity water towards McMurdo

Sound along the southern periphery of Ross Island. In the far southwestern corner of the Ross Sea,

sea ice growth has already commenced again. The resulting brine release is not yet strong enough to

trigger deep convection. Therefore outflow through McMurdo Sound continues to alter the density

structure. The vertically integrated transport of this cyclonic circulation around Ross Island amounts

to 0.3 Sv (Fig. 7b).
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4.2 Melting and Freezing at the Ice Shelf Base

Since previous estimates of the average basal melt rate only include the inner ice shelf cavity and

exclude melting of the ice shelf front (Jacobs et al. 1992, Jacobs et al. 1979), the first row of grid

boxes defined as ice shelf were not taken into account to calculate a comparable value from the

model results. Modelled average melting is 25 cm/a which agrees very well with values previously

calculated from measurements, 25 cm/a (Jacobs et al. 1979) and 22 cm/a (Jacobs et al. 1992). A

bimodal seasonal cycle exists with maxima in March and August and minima in May and December

(Fig. 7).

The March maximum of 27.5 cm/a is caused by warm summer surface waters carried into the cavity

with the surface intensified inflow east of Ross Island (Fig. 5c) enhancing the melting south of Ross

Island which is already very high (Bamber & Bentley 1994). The thin ice shelf edge in this area

might be a result of this warm near-surface inflow. When the circulation strength is above 90 % of its

maximum value in August (Fig. 8c), the increased ventilation of the cavity results in a second maxi-

mum of melting of 28.5 cm/a. For the May minimum of 24.5 cm/a neither of the mechanisms men-

tioned above apply: the surface waters have already cooled down and circulation strength is still

reduced. After November the mean temperature of the water in contact with the inner ice shelf base

drops since cold winter waters have reached this part of the cavity (Fig. 7). With less potential heat

for melting the water becomes in situ supercooled as it rises from the southwestern corner towards

the centre of the cavity. A large area over which freezing occurs appears in the central cavity (Fig.

8b) where maximum melting rates do not exceed 10 cm/a during the rest of the year. Hence, a second

minimum of 20.5 cm/a results for December (Fig. 7). During most of the year freezing at the ice

shelf base only occurs in patches at a mean rate of 2.5 cm/a (Fig. 8a & c). Previous estimates of basal

freezing rates range from 1 cm/a (Clough & Hansen 1979) to 3.5 cm/a (Jacobs et al. 1979). Between

November and February, this rate increases to 7 cm/a in the model's central cavity.

5 Discussion and Conclusions

Validation against summer observations shows that the coupled sea ice-ocean model BRIOS2.2 pro-

vides a very reasonable representation of the water mass distribution and the circulation on the Ross

Sea continental shelf. The main water mass characteristics are reproduced and the modelled circula-

tion pattern agrees well with observations. In addition, the mass fluxes at the ice shelf base are in the

range provided by literature.

The strength of the anticyclonic circulation cell increases from 1.5 Sv in summer to 2.5 Sv in winter

accompanied by a shift of the main cavity inflow from east of Ross Island to McMurdo Sound (west

of Ross Island). Since the east-west density gradient across the continental shelf steepens drastically

in winter due to strong brine release in the Ross Sea polynya, the shelf circulation seems to be pre-
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dominantly thermohaline-driven (Pillsbury & Jacobs 1985). Wind does affect the surface circulation,

but mostly in summer when the continental shelf is ice-free. During winter, the period of vigorous

sea ice production in the Ross Sea polynya and resulting deep convection, surface currents mainly

coincide with the subsurface circulation pattern which is controlled by bottom topography.

After the water column has homogenised at high salinities in winter, the main inflow to the cavity is

located in McMurdo Sound extending almost over the entire water column. Due to an enhanced ven-

tilation of the cavity caused by higher sub-ice velocities, the averaged basal melt rate reaches a max-

imum of 28.5 cm/a. During this time a northward, near-surface flow of meltwater from the ice shelf

cavity forms in the western McMurdo Sound. A sensitivity study in which McMurdo Sound was

closed shows that this current is essential in creating the HSSW dome observed in the western Ross

Sea in summer. Not only were higher salinities found near the Victoria Land coast throughout the

year in this case, but the absence of the meltwater also leads to an increase in temperature. This

results in a decrease of sea ice growth by 10% and, hence, brine input. The fact that despite this

reduction the salinities in the western Ross Sea are still higher for a closed McMurdo Sound indi-

cates how important the meltwater current along Victoria Land is for the watermass structure in the

western Ross Sea. The positive zonal density gradient for the open case has been enhances the out-

flow and weakens the inflow through McMurdo Sound. This and the stronger wind influence at the

surface in summer shift the main inflow to the east of Ross Island and closer to the surface. Since this

favours the flow of warm near-surface waters into the cavity, the increase in basal melt in the inflow

region causes the summer peak of 27.5 cm/a in the overall melt rate. The surface inflow is also

responsible for the region of high basal melt rates south of Ross Island as found also by Bamber &

Bentley (1994).

The existence of a bimodal signal in a system that can be assumed to be dominated by a strong

annual cycle seems at first surprising. However, evidence for this can be found in current measure-

ments along the ice shelf edge near Roosevelt Island (Hellmer & Jacobs 1995) and in the central

Ross Sea (Jacobs & Giulivi 1998). Model results by Holland et al. 2003 also confirm the existence of

a semiannual mode in circulation strength and basal melting even though the mean melt rate pro-

duced by this model is much lower than values found in literature.

The smoothed model topography does not permit the observed in- and outflow pattern along the cen-

tral part of the Ross Ice Shelf edge (Pillsbury & Jacobs 1985) to develop. The intrusion of weakly

modified HSSW into the eastern Ross Sea caused by a single anticyclonic circulation cell supports

the idea put forward by Locarnini (1994) that two separate anticyclonic circulation cells have to exist

on the Ross Sea continental shelf to preserve the observed horizontal salinity gradient along the bot-

tom. Therefore, the use of a more accurate topography in this area could further improve our results.

The fresh-water budget of the Ross Sea is dominated by the flux due to sea ice production and melt-

ing (Fig.9). The fresh-water export due to sea ice transport off the continental shelf is equivalent to

31.7 mSv (1 mSv = 103 m3 s-1) which is similar in magnitude to the value calculated by Timmer-
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mann et al. (2001) for the inner Weddell Sea. Since the area defined by Timmermann et al. (2001) is

considerably larger than that of the Ross Sea continental shelf, this emphasizes the exceptionally vig-

orous sea ice production in the southern Ross Sea. Ice shelf melting including melting at the ice shelf

edge and net precipitation contribute similar amounts of fresh-water with 5.3 mSv and 5.1 mSv,

respectively. Since the southernmost part of the ice shelf is not included in the model the fresh-water

flux due to ice shelf melting is probably somewhat too small. However, the discrepancy should not

be too grave since ice cores taken in this region of the ice shelf show the existence of marine ice and

hence basal freezing (Zotikov & Jacobs 1985). As pointed out by Jacobs et al. (2002) the fresh-water

fluxes due to ice shelf melting and net precipitation do not balance the fresh-water extracted due to

sea ice production. Possible components to balance the budget are sea ice imported from the Amund-

sen Sea and fresh-water advected with the coastal current.

The general agreement with observations documents that the model is a sound working tool for the

Ross Sea environment. Furthermore, this study constitutes a basis for further investigations in the

area as well as providing useful insight into the winter processes on the Ross Sea continental shelf.
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Figure captions

Fig.1. Model grid:a. Horizontal model grid in the Ross Sea sector including coast line (bold lines)

and ice shelf mask (crossed boxes). Abbreviations: CA=Cape Adare, CC=Cape Colbeck, LAB=Lit-

tle America Basin, Rv.Is.=Roosevelt Island, RI=Ross Island, McM.S.=McMurdo Sound.b. Vertical

model layers on a section along 180?.

Fig.2. Modelled θ/S characteristics for the Ross Sea continental shelf (bottom depth < 1000m).

Water masses in the ice shelf cavity are marked light grey:a. Summer. February 10-year mean.b.

Winter. September 10-year mean. The diagram is supplemented by isopycnals (σ0) and freezing tem-

perature (Tf) relative to sea surface pressure. HSSW = High Salinity Shelf Water, LSSW = Low

Salinity Shelf Water, ISW = Ice Shelf Water, MCDW = Modified Circumpolar Deep Water. Water

mass definitions according to Trumbore et al. 1991.

Fig.3. 10-year mean horizontal circulation pattern in the Ross Sea. The thick yellow line marks the

ice shelf edge:a. Bottom circulation. Velocities in the lowest model layer (vectors) and water col-

umn thickness (colour coded).b. Surface Circulation. Velocities (vectors) at the ocean surface in the

open ocean and in the layer closest to the ice shelf base in the ice shelf cavity (Fig. 1b) and ice shelf

draft (colour coded).

Fig.4. Modelled 10-year mean September sea ice conditions in the Ross Sea:a. Sea ice thickness

distribution (grey-scale shaded area) and drift velocities (vectors).b. Sea ice growth rate (grey-scale

shaded area) and NCEP wind velocities (vectors).

Fig.5. Section along the Ross Ice Shelf edge, facing south for salinity (colour coded) and density

(thick, dashed contour lines):a. Summer. February 10-year mean.b. Winter. September 10-year

mean, convectively adjusted and for meridional velocities. Positive values denote northward veloci-

ties, negative southwards. The ice shelf draft is marked by the thick, black, dashed line:c. Summer.

February 10-year mean.d. Winter. September 10-year mean.

Fig.6. Seasonal variation of the vertically integrated transport (10-year mean). Shown is the verti-

cally integrated transport stream functionψ: a. At maximum strength. 10-year mean for October.b.

At minimum strength. 10-year mean for March. Solid contour lines / positive values denote cyclonic

circulation cells, dashed contour lines / negative values anticyclonic ones.

Fig.7. Seasonal cycles of the circulation strength of the main anticyclonic circulation cell on the

Ross Sea continental shelf as shown in Fig.6 (dashed line, upper left scale), ice shelf basal melt rate

for the inner cavity (solid line, lower right scale) and mean potential temperature in the uppermost

model layer in the inner cavity (dotted line, far left scale). Monthly mean values are shown and

denoted by markers.
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Fig.8. Distribution of basal melt rates under the Ross Ice Shelf (negative values and dashed contours

denote freezing) and velocities in the uppermost model layer (vectors):a. Annual mean pattern. 10-

year mean.b. December. 10-year mean.c. August. 10-year mean.

Fig.9. Mean annual cycle of monthly mean surface fresh-water fluxes from sea ice formation (dashed

line), basal melting of the Ross Ice Shelf (including melting off the ice shelf edge, dotted line), net

precipitation (grey line) and the overall total surface over the Ross Sea continental shelf (thick black

line). Also shown is the sea ice transport off the Ross Sea continental shelf (thin solid line). 1 mSv =

103 m3 s-1.
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