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A model of the flow and salinity fields forced by sea-surface salinity flux and wind stress cud is develoln• 
and used to examine the processes that create High-Salinity Shelf Water (HSSW). The flow field is the sum 
of the baroclinic geostrophic flow driven by salinity variations and a barotropic geostrophic flow driven 
by wind stress curl. The salinity field is controlled by advection, convection, and sea surface salinity flux 
associated with sea ice formation. The model domain represents the Weddell Sea or Ross Sea continental 
shelf without topography. To examine the relative effects of wind stress and buoyancy forcing in HSSW 
production, the peak polynya freezing rate in the model is varied from 0.0 to 0.30 m d -1, and the Ekman 
pumping derived from the wind stress curl is varied independently from 0.0 to 1.8 x 10 -6 m s -1. The 
Ekman pumping was seen to control the magnitude of the circulation, while the polynya freezing rate 
controlled the extent of salinization in the shelf water. The flux of HSSW increases linearly with increas- 
ing Ekman pumping above 0.3 x 10 -6 m s -1. The flux of HSSW is linear with respect to the polynya freez- 
ing rate. The modelled flux of HSSW and the flux of derived Bottom Water for present estimates of the forc- 
ings (a peak freezing rate of 0.10 m d -1 and Ekman pumping of 0.2 x 10 .6 m s -1) agree with with the fluxes 
inferred from physical and chemical observations in the deep Weddell Sea by oceanographic field pro- 
grams. The modelled flux of Bottom Water for the Ross Sea also agrees with observations. 

INTRODUCTION 

High-Salinity Shelf Water (HSSW) is one of many water 
masses in the Antarctic ocean. The six principal water masses 
are illustrated in Figure I [after Carmack, 1986]. Water masses 
are der'reed in terms of their temperature and salinity character- 
istics. Winter Water is the cold, relatively fresh water found 
toward the east of the Weddell Sea; Ice Shelf Water is water that 
has been supercooled with respect to the• surface freezing point 
by ice shelves. Weddell Sea Bottom Water (WSBW) is espe- 
cially cold bottom water found in the Weddell Sea, that does not 
flow-out of the Antarctic Ocean. Antarctic Bottom Water 

(AABW) is the deep water mass which actually reaches the rest 
of the ocean from Antarctica. The W/urn Deep Water (WDW) is 

the sites of the greatest geographic changes during the last ice 
age, and the regions most sensitive to climate changes. 

Three simple mechanisms can form deep water. One mecha- 
nism operates on the deep sea, and two operate on the conti- 
nental shelf. The first continental shelf mechanism is the for- 

marion of a saline water mass on the continental shelf, HSSW, 
followed by its flow down the continental slope. The second 
mechanism involves forming supercooled water, Ice Shelf 
Water, by freezing or melting at the base of a thick ice shelf, 
such as the Filchner-Ronne Ice Shelf in the Weddell Sea, and 
advecting this water down the continental slope. 'The deep-sea 
mechanism is the cooling of an already weakly stable water to 
the point where the column overturns to great d•pth. I will 
focus on HSSW because it is the water that is supercooled to 

an extension to the Antarctic continental slope of the flow of form Ice Shelf Water [Foldvik et•al., 1985] and because it may 
water from the deep north Atlantic Ocean. produce deep water itself, even in the absence of deep sea con- 

High-Salinity Shelf Water is formed on the continental shelf vection and Ice Shelf Water. 
and is important for •t number of reasons. First, High-Salinity 
Shelf Water is one of the few water types cold enough and dense 
enough to contribute to keeping the world ocean cold. Second, 
HSSW is likely to exhibit great changes as a result of both past 
and future climate changes. Ice sheets and ice shelves, which 
serve as boundaries for the polar continental shelves at pre- 
sent, extend their range greatly during a glacial period. At the 
last glacial maximum they may have reached the edge of the 
continental shelf in Antarctica, and possibly covered the entire 

Crucial to the formation of HSSW is the rejection of salt into 
the water column as sea ice freezes. The most striking feature 
of satellite observations of the Antarctic ocean surface is the 

presence of open water (polynyas) in the Antarctic during win- 
ter, when the air temperature is far below the freezing point of 
seawater [Zwally eta/., 1983]. The preferred sites of polynya 
formation are over the deep sea or near the coast [Zwally et al., 
1985]. The coastal polynyas recur annually, kept open by the 
coastal winds, and have large salt fluxes associated with the lo- 

Arctic Ocean [Hughes et al., 1981]. The greatest changes in the cal freezing [Zwally et al., 1985], large enough to change the 
atmospheric circulation also occur in the polar regions of salinity of the water column by several tenths of a part per 
model simulations of the climate of the last 18 kyr [Kutzbach thousand. Further, the polynyas confine their effects much 
and Guetter, 1986] and simulations of future CO2-enriched eli- more closely to the coast than has been used in prior models. 
mate [Manabe and Bryan, 1985; Hansen et al., 1984; This confinement makes convection a much more important 
Washington and Meehl, 1984]. The polar oceans are simulta- factor than was previously Used for HSSW modelling. 
neously the regions responsible for bulk ocean composition, 

MODEL EQUATIONS 
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Modelling Background 
High-Salinity Shelf Water, HSSW, is defined by its relatively 

high salinity and low temperature [Carmack, 1986]. Its salin- 
ity is over 34.69'oo and the temperature is within a few tenths of 
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Fig. 1. Simplified classification of water masses on a temperature 
salini,'ty diagram, after Carmack [1986]. Typical values used by Foster 
and Carmack [ 1976] are denoted by stars. The foilowing abbreviations 
are used: Winter Water (WW), Ice Shelf Water (ISW), High-Salinity 
Shelf Water 0tSSW), Weddell Sea Bottom Water (WSBW), Antarctic 
Bottom Water (AABW), and Warm Deep Water (WDW). 

a degree of freezing on the Antarctic continental shelves. This 
s,al•e shelf water is important to the ocean and climate because 
it is a major component in the formation of deep water. The 
deep water formation process is a major control on the vertical 
circulation of the'ocean and the ocean's composition. Prior 
modelling studies have focussed on either the wind-driven or 
the buoyancy-driven circulation and have been unable to pro- 
duce the observationally inferred flux of HSSW. The region 
that has been studied most intensively for deep water forma- 
tion, both in model s and by observations, is the Weddell Sea. 

The models developed previously examined only the flux of 
water volume without regard to the composition of the water, or 
studied the composition of shelf water without regard to the 
flux. The two considerations are intimately connected because 
both the composition of the deep water and its flux must be 
predicted correctly in order to model deep water formation. 
Modelling both the composition (primarily controlled by the 
buoyancy forcing) and volume flux (primarily controlled by the 
wind stress forcing) succeeds in predicting a flux of deep water 
precursor off the continental shelf consistent with observa- 
tions, Important elements in the success of this model are the 
concentrated effect of the polynya, and the combined forcings. 
Either wind stress or buoyancy forcing alone is insufficient to 
produce both the flux and salinity of water that are observed. 

There have been few predictive models of the modification of 
water masses on the Antarctic continental shelf. Most of the 

models have been developed on the basis of either interpreting 
observations, or using observations of the density field to 
make inferences about the water mass modification process. 
Solomon [1969] and Killworth [1974] studied the response of 
the ocean to buoyancy forcing only. Killworth [1973] exam- 
ined the mass flux response to both wind and buoyancy forcing 

of an annular region with reference to Antarctica. None of the 
models specifically considered the difference between fluxes of 
all water and the flux of deep water or deep water precursors. 

Solomon [1969] used a mixed layer model overlying either a 
two-layer or a continuously stratified ocean. He showed that 
the buoyancy-forced circulation is always weak compared with 
the circulation believed to be driving the flux of AABW. In 
particular, the outflow of bottom water from the Weddell Sea 
during winger could not be driven by the seasonal formation of 
ice at the surface alone. He suggested that the bottom water ac- 
quired its characteristic properties as a result of local convec- 
tion, but the flux was determined by nonfreezing processes. 

Killworth [1973] used a longitudinally-integrated model 
without side walls to study the mass flux which could. be driven 
by wind stress and averaged buoyancy forcing. The model was 
not used to examine the density of the water forced off the con- 
tinental shelf. Killworth [1973] also found that the buoyan, cy 
forcing alone is insufficient to produce significant flux of water 
off the continental shelves. The wind stress forcing was suffi- 
cient to produce a flux of only 1 - 1.5 Sv of water from the 
Weddell Sea compared with an observed flux of 10 -, 20 Sv, 
which could be obtained only by integrating around the entire 
coastline of Antarctica. Observa.tions, however, suggested that 
the Weddell Sea alone is the major source of Antarctic Bottom 
Water [Carmack, !977]. 

Killworth [1974] modelled the purely buoyancy driven circu- 
lation on the continental shelf using a two-level, flat-bottomed 
ocean model. He found that the asymmetric density and veloc- 
ity fields on the continental shelf were primarily due to geo- 
strophically induced upwelling and to the resulting feedback 
between divergence and salinity. This upwelling persisted, 
even in summer. The flux of water near the western boundary at 
the latitude of the continental shelf break was only 0.21 Sv at 
the end of 2 years and 0.39 Sv at the end of 6 years. Both val- 
ues are well below the 1 - 2.5 Sv expected from observations 
[Foster and Carmack, 1976]. 

The models used so far have three major shortcomings: they 
did not combine wind and buoyancy forcing; the buoyancy 
forcing was not localized; and the diagnostic fluxes were not 
def'med in terms of water masses. All three efforts [Solomon, 
1969; Killworth, 1973, 1974] led to the conclusion that wind 
stress forcing or buoyancy forcing alone is insufficient to 
model both the volume flux and water properties, and they sug- 
gested that the combination might work. The buoyancy forc- 
ing used by Killworth [1974] was localized to the extent that 
freezing increased slowly toward the southern coast. 
Observations of persistent open water areas [Zwally et al., 
1985] suggest a much stronger localization towards the coast 
than was used by Killworth [1974]. The more localized forcing 
makes convective overturning an important vertical salt trans- 
fer mechanism. Since the earlier models did not use a water 

mass definition in computing fluxes, their model-computed 
fluxes are not readily compared with observations. The model 
consmactecl here will combine wind and buoyancy forcing, use a 
localized buoyancy forcing comparable to the effects of coastal 
polynyas, and use a water mass definition for computing 
fluxes. The resultant model is similar to models developed by 
Killworth [1985] and lkeda [1987] to study the thermocline. 
The derivation of the model equation will be discussed in some 
detail because of the significantly different domains and pro- 
cesses studied. Symbols used in this paper are defined in the 
notation section. 
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Governing Equations 
The numerical model domain, shown in Figure 2, represents 

the large embayment of the Weddell Sea continental shelf as a 
square bounded by coasts on the south, east, and west sides. 
The southern boundary corresponds to the Filchner-Ronne Ice 
Shelf. The western boundary represents the Antarctic 
Peninsula, and the eastern boundary corresponds to the Coats 
Land coast. The north boundary lies on the Weddell Abyssal 
Plain and is between modelled and nonmodelled ocean. The 

model domain represents the Ross Sea continental shelf if the 
southern boundary is taken to be the Ross Ice Shelf, the eastern 
boundary is Byrd Land, and the western boundary is Victoria 
Land. The model domain has a flat bottom. The shelf break, if 

topography were included, is halfway between the northern and 
southern boundaries. 

Continental Sh½ff Break 

N 

360kin 

Fdchner-Ronne Ice Shelf 

Plan View of Model Domain 

Vertical Cross Section of Model 

• U+U', S+S' 

• U-U', S-S' 

250 m 
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Fig. 2. Schematic of numerical model domain. 

The model must include at least the first baroclinic wave mode 

in order to have a response to surface buoyancy forcing, such as 
freezing [Killworth, 1974]. The simplest models that include 
the first baroclinic wave mode are the level model, with two 

levels of constant thickness and variable property [Killworth, 
1974], and the layer model, with two layers of fluid with con- 
stant property and variable thickness. Since the composition 
of the water is of more concern than the thickness of some 

layer, a level model is used here. The level model has a further 
advantage in representing convective overturning more simply 
than a layer model does. 

The Boussinesq, incompressibility, hydrostatic, and small 
momentum advection approximations are made to the primitive 
equations. Convection is modelled in the manner of Bryan 
[1969]. If adjacent levels are unstably stratified, vertical diffu- 

sion of scalars (salt, temperature, etc.) is set to infinity. This 
treatment effectively homogenizes the levels in their scalar 
properties but does not affect the horizontal velocity field 
[after Bryan, 1969]. 

The equation of state for seawater is simplified using the pro- 
gram for approximating the equation of state for seawater de- 
veloped by Bryan and Cox [ 1972] with the equation of state for 
seawater [Gill, 1982]. The temperature and salinity ranges used 
are those from the water masses involved in forming deep water 
in the Antarctic, i.e., temperature from -2 ø to +IøC and salinity 
from 34.2 to 35.09'oo [Foster and Carmack, 1976]. Temperature 
is neglected in the model because it makes only a small contri- 
bution to the density and flow fields and is not needed to define 
the water mass of interest, High-Salinity Shelf Water. A cost, 
and advantage, of neglecting the temperature field is that the 
freezing process may be parameterized. 

A rigid lid is imposed at the surface of the ocean model to 
eliminate surface gravity waves. The price of the rigid lid ap- 
proximation is that the pressure becomes unknown [Bryan, 
1969]. There are two ways to eliminate the pressure from the 
momentum equations. Taking the vertical derivative of the 
horizontal momentum equations allows P to be replaced by 
•}P/•}z, which is known from the hydrostatic balance. Second, 
the equation for the vertical component of vorticity may be 
formed. The pressure term is eliminated in forming the vortic- 
ity equation because VxVP is identically zero. The velocity 
field is represented by a vertically integrated vorticity (the 
barotropic vorticity equation) and a vertical mean shear. The 
vorticity and shear are then used to compute the level 
velocities. 

In both the depth-averaged and level deviation momentum 
equations, local acceleration is also ignored. Local accelera- 
tion is neglected for two reasons, time scale and forcing. The 
barotropic flow time scale is given by balancing the advection 
of planetary vorticity with its time derivative. For this small 
basin, the time scale is only about 2.5 days. For time scales 
long compared with 2.5 days, as is the polynya scale of 1 - 3 
weeks, the local acceleration should be negligible. The wind 
stress forcing is poorly known, so that a constant field in time 
is used. In the absence of a time dependent forcing, the 
solution to the vorticity equation is steady. The barotropic 
flow solution is found once at the start of the model integration 
and left unchanged thereafter. The smallness of the local 
acceleration is probably the reason that Killworth [1974] 
inferred that although his model (which retained the local 
acceleration term) permitted internal gravity and Kelvin waves, 
they did not seem to be important. 

Momentum diffusion causes the western boundary layer in the 
barotropic flow field to form in this model, as in Munk's 
[1950] model of the Gulf Stream, so must be retained for mass 
conservation [Pedlosky, 1979]. The observed width of the 
boundary layer in the Weddell Sea is approximately 225 km 
[Gordon et al., 1981], and the eddy viscosity is chosen to give 
a boundary layer this wide by using equation (1). Changing the 
eddy viscosity changes the width of the boundary layer, but 
only slowly because of the 1/3 power in the relation giving the 
width of this boundary layer. 

Lbt = (Am/[•) 1/3 (1) 
The baroclinic western boundary layer will be ignored in the 

model. The width of this layer is determined from equation (2) 
to be 24 km for the values in the notation section. 



22,052 GRUMBINE: HIGH SALINITY SIIELF WATER MODEL 

Lbc = (Am/f) 1/2 (2) 

This layer is not needed for mass conservation, which is satis- 
fied by the fact that the lower level velocity is equal and oppo- 
site to that in the upper level and there is no flow normal to the 
boundaries. The baroclinic boundary layer is also much nar- 
rower than the barotropic boundary layer. The barotropic 
boundary flow will then control the boundary advection of salt. 
Finally, while the barotropic western boundary layer is a re- 
gion of flow stronger than in the interior region, the baroclinic 
western boundary layer is a region of flow slower than the inte- 
rior. The importance of the baroclinic boundary layer was fur- 
ther tested by reintroducing diffusivity to the baroclinic flow 
equations in the standard model run. The changes in the solu- 
tion was less than 2% of the solution without the baroclinic 

boundary layer. 
Current meter data from the Ross Sea near the Ross Ice Shelf 

front suggest that the tangential velocity does not go to zero 
near this boundary [Pillsbury and Jacobs, 1985]. So the south- 
ern boundary layer is neglected in the solution. The Ekman 
pumping and boundary conditions are selected to be consistent 
with the absence of a southern boundary layer. There is no 
normal flow at the southern boundary. 

The flow is horizontally nondivergent to first order 
[Pedloslcy, 1979]. The resulting system of equations for the 
entire (barotropic and baroclinic) flow field is 

•U+ 3V 0 
•x 3y (3) 

[IV = _ f WE + A,,•3V 
H Ox3 (4) 

"' -' gH kxU' = Vp 
4fpo (5) 

(6) 
WE = k. 1 Vxr• 

fo0 

= c(S+S') (7) 

The I• effect is neglected in computing W E. It can be verified 
that for a small domain, such as the one used in this study, the I• 
effect on W E is small. Primed quantities denote the deviation 
from the vertical average in the upper level. Equations (3) - (7) 
represent the incompressibility of the barotropic flow, the 
barotropic vorticity, the thermal wind relation for the baro- 
clinic velocity, the relation between wind stress curl and 
Ekman pumping velocity, and the simplified equation of state, 
respectively. 

The flow's being nondivergent suggests using a stream func- 
tion to represent the velocity field. The stream function used is 
deftned by 

(8) u = - away 

(9) v =- a/ax 

Rewriting the vorticity equation and the boundary conditions 
gives 

•}••x :5.•.. E +Am ?41It Ox4 (10) 

• Ix- 0 = ••x Ix=O = 0 Oy - (11) 

•}y Ix=Lx = x=Lx = 0 

Ollt ly= 0 = 0 Ox Ox "- y 

(12) 

(13) 

The narrowness of the boundary layers relative to the model 
domain suggests finding an interior solution, where dissipa- 
tion is neglected, and then modifying this solution with the 
viscous effects as needed to match the boundary conditions, af- 
ter Pedlosky [1979]. The stream function solution is, to order 
Lbt/Lx [Pedlosky, 1979], 

(14) 

x[{ ) = 
I•H 

(15) 

where W I is the stream function solution in the absence of vis- 
cosity. The entire solution is computed at the start of the simu- 
lation and then used without change through the rest of the 
simulation. 

The no-normal-flow boundary conditions at the southern and 
northern boundaries are satisfied by the interior solution with- 
out need for a boundary layer expansion by requiring 
[Killworth, 1985] 

WE(x,y=0) = WE(x,y=Ly) = 0 (16) 

The Elcman pumping used in forcing this model satisfies the 
constraint in equation (16). 

The equations for salt conservation in the level model are de- 
rived from the simplified set of equations by averaging proper- 
des over each depth interval, top to middle and middle to bot- 
tom. Following Killworth [1974], the levels are assumed to be 
equally thick. The approximation is made in averaging the ad- 
vection terms through depth that the mean of a product is equal 
to the product of the means [Killworth, 1974]. The velocity is 
written as the sum of the barotropic (depth independent) com- 
ponent and a baroclinic (depth dependent) component. 
Similarly, salinity is written as the sum of a colurn mean and 
level deviation. 

Since the levels are equally thick, the value of the deviation 
in one level is the negative of the value in the other. The upper 
level salinity is taken to be the mean plus the deviation, while 
the lower level salinity is the mean minus the deviation. 
Salinity in the surface Elcman layer is taken to be equal to the 
salinity in the upper level. Salinity in the bottom Ekman layer 
is taken to be equal to the salinity in the lower level. In taking 
this definition, we ignore the possibility that the salinity 
within the Elcman layer may be different from that in the adja- 
cent level. This assumption is tenable as long as the impact on 
salt conservation is small. If we consider the magnitude of the 
salt flux due to advection from the Elcman layer, we find that for 
an extreme Elcman layer 15'oo more saline that the upper model 
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level, the salt flux is 2 x 10 -7 kg m -2 s-1; this is indeed small 
compared to the salt forcing from the freeze-melt cycle, where a 
typical flux is 10 -6 kg m -2 s -1. This approximation was used 
successfully in a thermocline level model by lkeda [1987]. The 
salinity at the level interface is taken to be the column mean 
salinity (centered vertical differencing). The equations for the 
mean and deviation salinity obtained from the level-averaged 
equations are: 

.., • AsV2S OS +u. vs +V.S'U'- = -S' WE + Q_s.s 
i}t H H (17) 

3S' • + U. VS' + U'.VS + 8Ks S' AsV ' -S 'WE + Q• 
6H 2 H H (18) 

Qs and Qd are the forcing terms for the salinity mean and de- 
viation, respectively. For salinity, Qs and Qd are equal because 
there are no internal sources and there is no source or sink at 

the bottom of the region. These two constraints are not neces- 
sarily met for a chemical, so the more general form is used. The 
analytic form is given in (19) - (23). 

There are two types of horizontal boundaries. One type repre- 
sents the line where the ocean meets land in the numerical do- 

main and in the physical domain. The other is an artificial 
boundary imposed by the numerical domain, where the physical 
domain is ocean on both sides. The baroclinic velocity bound- 
ary condition is no normal flow at all lateral boundaries and is 
freely slipping tangential to the walls. The salinity satisfies 
no normal gradients at all boundaries. The barotropic flow sat- 
isfies no normal flow at all boundaries and no tangential flow 
at the east and west boundaries. 

The model has three boundaries in the vertical. The seafloor 

and sea surface are the physical boundaries. The interface be- 
tween levels is artificial. The value of the salinity at the inter- 
face is defined by a centered difference to be the mean salinity 
in the water column. The vertical velocity at the sea surface is 
given by an Elcman pumping velocity and is the forcing for the 
barotropic momentum equation, after lkeda [1987] and 
Killworth [1985]. The vertical velocity at the seafloor is zero 
from the no-normal-flow constraint combined with the neglect 
of basal friction. The vertical velocity at the interface is found 
by integrating the continuity equation from the upper boundary 
to the interface. The salinity at the seafloor is taken to be the 
salinity at the base of the lower level. Above the upper level 
the value of the salinity may, in principle, be different from the 
value in the upper level. The simplest assumption to make 
about the salinity in the Ekman layer is that the salinity in the 
Ekman layer and the upper level are the same. This assumption 
has been used successfully in a wind- and buoyancy-forced 
thermocline model [Ikeda, 1987]. 

The time marching scheme is forward in time with explicit 
evaluation of forcing terms. The barotropic advective terms are 
evaluated using an explicit one step Lax-Wendroff scheme 
[from Haltiner and Williams, 1980]. Convective adjustment is 
applied by setting the stratification to zero if the extrapolated 
salinity field is unstable. 

Model Forcing 
Satellite passive microwave observing instruments used since 

the early 1970's allow the seasonal and regional cycle of sea 
ice area and concentration to be observed globally [Comiso and 
Zwally, 1984]. The ice cover area growth and retreat periods in 
the Antarctic are observed to be asymmetric. The growth of ice 

cover, qualitatively, is diae to the advance of consolidated ice 
[Comiso and Zwally, 1984]. The ice edge retreat is accompa- 
nied by a simultaneous decrease in concentration within the ice 
pack [Comiso and Zwally, 1984]. The growth period is ap- 
proximately 5 months long, beginning in March, while the de- 
cay occurs in approximately 3 months, beginning in October. 
Superposed on this cycle are local variations with time scales 
of 1 - 3 weeks [Zwally et al., 1985; Kurtz and Bromwich, 
1985]. 

These features of the seasonal cycle are incorporated crudely 
into the model forcing. Winter is the period of rapid growth in 
ice cover and is 5 months long. Summer is the period of rapid 
decrease in ice cover and is 3 months long. During the 1- 
month fall and 3-month spring, there is little change in ice 
area. During the model winter there is a a constant rate of freez- 
ing. In the summer there is a constant rate of melting. And dur- 
ing model fall and spring there is no melting or freezing. 
Shorter-term variations are represented in only an averaged 
sense. 

The size of coastal polynyas is suggested by observations 
tabulated by Zwally et al. [1985]. The area-weighted average 
open water concentrations for the Weddell sector study areas 
(Larsen, Weddell, and Halley) [Zwally et al., 1985] is 11%. 
Observations of coastal polynyas [Zwally et al., 1985; 
Cavalieri and Martin, 1985; Kurtz and Bromwich, 1985] sug- 
gest that the polynyas are strongly localized toward the shore- 
line and show that they tend to be longer parallel to the coast 
than perpendicular. The maps of the open water in the Weddell 
Sea [Zwally et al., 1983] and the results of numerical modelling 
[Hibler and Ackley, 1983] suggest that the center of the open 
water region is toward the eastern boundary of the Weddell Sea 
continental shelf. 

The spatial structure of the polynya is represented by a 
Gaussian function of distance from the polynya center. The 
peak value of freezing, reached in the center of the polynya, 
corresponds to the freezing rate for completely ice-free water. 
The decrease in effective freezing is due to increasing fractional 
ice cover away from the polynya center. The area of com- 
pletely ice-free water which would produce the same amount of 
freezing as the polynya is the open water equivalent. The size 
of the polynya is chosen to correspond to an open water equiv- 
alent of 10% of the continental shelf area, near the value for the 
Weddell Sea areas studied by Zwally et al. [1985]. The aspect 
ratio between the along-coast and perpendicular directions is 
taken to be 10 to 1. Combining the open water equivalency 
constraint with the aspect ratio gives the standard deviation in 
the longitudinal direction to be 400 km, and 40 km in latitude. 

Two freezing magnitudes must be specified, one for the open 
water freezing in the polynya, and one for the freezing that oc- 
curs by accretion at the base of ice floes, the background freez- 
ing. The buoyancy forcing is determined from the difference in 
salinity between the ice and seawater, about 30 g kg -1 [Ackley, 
1979]. The value for open water freezing is taken from 
Cavalieri and Martin [1985], who found a 3-month average rate 
of 0.10 m d -1 in polynyas along the Wilkes Land coast. 
Energy balance estimates of freezing rates range as high as 
0.30 m d -1 [Kurtz and Bromwich, 1985]. The freezing due to 
accretion on ice floes is taken to occur at a rate of 0.6 m per 
winter based on observations in the Weddell Sea by Wadhams 
et at. [1987]. 

The summer meltback is described by a uniform melting of ice 
with a linear increase toward the north. The background melt- 
ing is taken to be 0.6 m per summer everywhere, in accordance 
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Fig. 3. Net annual freezing in meters of ice per year. 

with the observation that the summer meltback occurs mainly 
by erosion of the ice cover over the entire Weddell Sea [Comiso 
and Zwally, 1984]. A linear increase in melting with distance 
from the southern boundary is superposed on the background 
melting. This trend represents the tendency for ice to be blown 
offshore before melting. An additional term which must be 
balanced is the downwelling term in the salt conservation equa- 
tion (17). The increase in melting is forced to be such that the 
mean annual forcing integrated over the area of the domain is 
zero. The zero net input allows the mean salinity field to reach 
a limit cycle. The increase in melting is sufficient to raise the 
summer melting from 0.6 m near the coast to 2.8 m at the 
northern boundary. The salinity forcing is summarized by 

Q(fall) = o.o (19) 

Q(winter) = Qr + Qpex• (x - x__0)2 2o2x 

Q(spring) = 0.0 

Q(summer) = Qm - ey 

(y - y0) 2 ) (2O) 

(21) 

(22) 

f Q(winter)dA 
e = __;L Xw A 

f WES' dA 
_Qm +XY ̂ 

Xs LxLy (23) 

The wind stress curl is the other forcing which must be speci- 
fied, as it drives the barotropic flow. For simplicity, it is taken 
to be constant thoughout the year. The forcing due to the wind 
stress is incorporated by defining an Ekman pumping velocity 
at the surface. The Ekman pumping velocity, following Ikeda 
[1987] and Killworth [1985], is given in equation (6) where the 
terms are defined in the notation section. The Ekman pumping 
remains the same under ice cover as on the open ocean because 
the ice-water stress vector is essentially in the same direction 
as the air-ice stress [Martinson and Wamser, 1990]. The 
ice-water and air-ice stress magnitude is also equated. 

The wind stress curl is taken to vary sinusoidally with latitude 
to satisfy the constraint in equation (15) that the Ekman pump- 
ing vanish at the southern and northern boundaries. The mag- 
nitude of the wind stress curl is found by averaging the annual 
average observed wind stress curl in the Weddell Sea at 70 øS 



GRUMBINE: HIGH SALINITY SHELF WATER MODEL 22,055 

6 

Fig. 4. Upper levd salinity in parts per thousand. The line in the middle of the figure denotes the latitude at which fluxes 
were computed. 

[Hellerman and Rosenstein, 1983]. The average value in the 
Weddell Sea is -0.325 x 10 -8 N•m -3. Substituting this value 
into the expression for W E gives an Ekman pumping magni- 
tude of 0.226 x 1026 m s -1. The Ekman pumping spatial struc- 
ture in themodel is given by 

•' Wœ(x,y) = W0 sin •(•yy) (24) 

Model Testing 
The numerical scheme has been tested by comparing the mod- 

elled time until overturning with an analytic approximate solu- 
tion for the time until overturning. Two sets of resets were 
made, one With forcing centered near the boundary (Y0 = 0), and 
one with forcing centered away from the boundary (Y0 = 240 

ß 

kin). This test Would demonstrate any possible dependence of 
convection on being near a boundary, where persistent diver- 
gence is expected. For both forcing locations, the computa- 
tional solufi6n for time of convection is within 1% of the ana- 
lyric solution. The times until convection in the model were 
also compared with the analytic solution for the case of a uni- 

form westward barotropic velocity from 0.001 to 0.05 m s -1, 
and again were • good agreement. The analytic solution is 
given by T such that: . 

H (25) 

where 

and T is the time until overturning begins, and AS is the 
stratification. 

The barotropic flow is required to be nondivergent, so the di- 
vergence of the model-derived flow field was computed and veri- 
fied to be on the, same order as the round-off error. That the 

bound ary conditions Were satisfied was verified by checking 
the velocity components •ong the boundaries. The normal ve- 
locities were of the order'of the numerical round'Off limit. The 

; 
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Fig. 5. Lower level salinity in parts per thousand. The line in the middle of the figure denotes the latitude at which fluxes 
were computed. 

tangential component was less than 10 -5 m s -1 at the western 
boundary and of the order of the numerical round-off at the east- 
ern boundary. 

The use of centered, rather than upwind, differencing is capa- 
ble of giving unphysical solutions [Killworth, 1985]. Upwind 
differencing was tested against centered differencing for the 
standard model run and found to have little effect. The HSSW 

flux equilibrated at 0.94 Sv, compared to 0.97 Sv for centered 
differencing. The salinity and velocity fields were similarly 
close. Since there was little difference in modelling results, the 
simpler centered differencing scheme was used. 

NUMERICAL EXPERIMENTS 

The experiments are designed to examine the relative roles of 
wind and buoyancy forcing in controlling the flux of high- 
salinity shelf water off the continental shelf. The sensitivity 
of the HSSW flux to these forcings is also tested. The water 
mass flux predicted by the model represents a long-term cli- 
matic average, since the seasonal cycle is taken to be invariant 

and the wind forcing is taken to be constant. The principle 
quantity predicted is the flux of HSSW at the top of the conti- 
nental slope, which should be representative of the flux which 
reaches the deep sea. HSSW is water more saline than the 
34.6459'00 salinity of Weddell Sea Bottom Water [Foster and 
Carmack, 1976]. 

The simulation is typically run for 32 years. The 
limit cycle is typically reached by the sixteenth year, and the 
solution is near the limit cycle by the eighth year. The flux at 
the shelf break is used because north of there, the real ocean has 

a continental slope that is not modelled. The flux is computed 
at every time step and is integrated for an annual average. 

The parameters for a model simulation fall into three families: 
those describing the forcings, those describing the ocean, and 
those needed by the numerical method. Most of the parameters 
are constrained by observations. The standard values of the pa- 
rmeters are given in the notation section. The magnitude of 
the Elcman pumping is varied from 0.0 to 1.8 x 10 -6 m s-1 
about its standard value of 0.2 x 10 -6 m s -1. The center of the 
polynya is located at the coast, three quarters of the way to the 
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Fig. 6. Upper level velocity. The arrow in the lower left comer is 4 cm s '1. The line in the middle of the figure denote• 
latitude at which fluxes were computed. 

eastern boundary. The Peak freezing rate is taken to be 0.10 m in g falls off rapidly, reaching zero nei•freezing 'about 100 km 
d -1, and is varied from 0.0 to 0.30 m d -1. .• n&rth of. the somfi•rn boundary. North of thht, there is a 
The mean depth is taken to be 500 m, compared with a mean steadily increasing net melting, increasing to near 2 m yr '1 at 

depth of the entire Antarctic Continental shelf of 518 m th• northe• edge of the model domain. 
[Carmack, 1977]. The Coriolis parameter and beta effect are The is•halines i•the uoper and lower levels (Figures 4 and 5) 
taken to be -1.4 x 10 -4 s '1 and 7 x 10 -12 •i'ls -1 respectively, form a series of e0ncen•tric arcs about a low in the east central 
based on their values at 72 øS. The mean salinity is initialized portion 'of the•basin. • The isohalines are strongly compressed 
at 34.53%oo, from the value for the mean salinity of the Atlantic toward the s:t>g.them and western coasts. The resultant density 
sector of the Antarctic continental shelf computed by Carmack distribution suggests a cyclonic gyre, intensified• towards the 
[1977]. The initial salinity stratification is taken to be southern and xO[•tem coasts. The large-scale salinity balance 
0.10%o, based on inspection of the Weddell continental shelf is between northward flowing high-salinity water in the west- 
salinity fields given by Gordon and Molinelli [1982]. For the em part of the basin and southward flowing 10w-salinity water 
Ross Sea, the mean salinity is taken to be 34.46%0 [Carmack, in the east and central part of the basin. 
1977], and the stratification is again taken to be 0.10%o0. The upper level velocity field (Figure 6) suggests an anticy- 

clonic gyre, while the lower level currents (Figure 7) suggest a 
The Standard Run stronger cyclonic gyre. This velocity pattern (currents increas- 

The annual average state for the limit cycle solution and forc- ing With depth and an upper level anticyclonic circulation) is 
ing is given in Figures 3 to 7. The mean annual forcing, ex- consistent with the description given by Carmack [1986] for 
pressed in meters of ice freezing per year, is given in Figure 3. the Weddell Sea continental shelf flow. The current speeds are 
The mean annual freezing is quite large near the coast, reaching generally small, on the order of 2 cm s '1 in the upper level and 
15 m yr -1 at the southeastern boundary. The annual net freez- up to about 5 cm s -1 in the lower level. 
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Fig. 7. Lower level velocity. The arrow in the lower left comer is 4 crn s '1. The line in the middle of the figure denotes the 
latitude at which fluxes were computed. 

Figure 8 presents the flux of HSSW versus time for the last 9 1 
years of the standard run, when the system has reached its limit 
cycle. The peak flux of HSSW is 1.03 Sv and occurs in mid- 

May, shortly after the March start of the winter freezing sea- 1.0 
son. The rn'mimum flux is 0.91 Sv and occurs in December. 

The delay is determined by the length of time required to raise 
the salinity of a parcel to the minimum salinity required in the 
definition, and the time required for the parcel to move from its 
point of modification to the top of the continental slope. It is 

notable that the seasonal variation is quite small compared i'i- 0.• 
with the mean. flux. 
Given the tempei'ature, salinity, and flux of the HSSW, we . . 

should be able-to estimate the flux of Weddell Sea Bottom fJ} 0.4 
Water that wo•d be formed from the modelled HSSW flux. The '!" 

temperature of HS•;W is assumed to be the freezing point, 
-1.9øC. The flu•t and salinity of HSSW are computed directly by 0.2 
the model. The mean salinity of HSSW is found by dividing the 
salt flux by the mass flux. The mixing ratios of HSSW, WDW, 
and WW are required to be such that the mixture has a tempera- 0.0 
ture of-1.3 øC and salinity of 34.645%0, the typical values for 
WSBW used by Foster and Carmack [1976]. The temperature 
constraint gives that 75% of the mixture must be HSSW and 
WW. The salt constraint is that 

ß 
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Fig. 8. Seasonal flux of HSSW for 9 years at the limit cycle. 
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aS0tSSW) + (0.75-a)S(WW) + 0.25S(WDW) = 34.645 (26) 

or 

a = 0.10/(S(HSSW)-34.5) (27) 

for the given salinifies of WDW and WW, where a is the frac- 
tion of the mixture that is HSSW. The derived flux of WSBW is 

then the flux of HSSW divided by a. In the standard run, the 
flux of WSBW is 3.2 Sv. Foster and Carmack [1976], using 
hydrographic data, estimate the flux of WSBW to be 2 to 5 Sv. 
Weiss et al. [1979], using tritium data, find a best estimate of 
the flux of WSBW to be 2.9 Sv. 

Wind Forcing Experiments 
Experiments 1 to 11, described in Table 1, held the polynya 

forcing fixed while varying the magnitude of the Ekman pump- 
ing. When the Ekman pumping is zero, the flux of HSSW is 
1.1 Sv when the limit cycle is finally reached, in the sixtieth 
year. This experiment is analogous to the model of Killworth 
[1974] in that there was no wind forcing and a prescribed 
polynya forcing. In Killworth's experiment, the northward 
flux of water in the western portion of the embayment was 0.39 
Sv in the sixth year. In the sixth year of this simulation, the 
flux of HSSW was 0.26 Sv. The limit cycle is only slowly ob- 
tained here because the balance between southward flowing 
fresh water and northward flowing saline water is reached only 
through slow baroclinic boundary currents. The salinity, in re- 
sponse to the weak currents, reaches unphysically high values, 
37.5%0 in some regions. This problem does not occur for 
tested nonzero values of the Ekman pumping. 

TABLE 1. Ekman Pumping and Polynya Freezing Experiments 

Experiment W E Qp, HSSW, S, WSBW, 
10 -•{ m s -1 cm d -1 Sv %o Sv 
o 10' 1.i 5.00 

2 1 10 1.1 34.95 4.7 
standard 2 10 0.97 34.86 3.2 

4 3 10 0.86 34.83 2.6 
5 4 10 0.88 34.80 2.4 
6 5 10 0.92 34.79 2.4 
7 6 10 0.97 34.78 2.4 
8 7.5 10 1.1 34.76 2.7 
7 9 10 1.3 34.76 3.0 
9 12 10 1.6 34.75 3.6 

10 15 10 1.9 34.74 4.2 
11 18 10 2.3 34.74 4.9 
12 2 0 0.0 - 0.00 
13 2 2 0.084 34.65 0.10 
14 2 4 0.33 34.71 0.60 
15 2 6 0.54 34.76 1.3 
16 2 8 0.81 34.80 2.2 
standard 2 10 0.97 34.86 3.2 
17 2 12 1.1 34.91 4.4 
18 2 15 1.4 35.00 6.5 
19 2 20 1.9 35.12 11 
20 2 30 2.7 35.35 22 

HSSW is the flux of water more saline than 34.645ø/'o0. S is the mean 

.. 
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Fig. 9. HSSW and WSBW versus W E. 

the dependence of WSBW on HSSW salinity as well. The mean 
HSSW salinity decreases steadily for increasing circulation. 

That the mean salinity of HSSW decreases for increasing cir- 
culation rates is expected. Water parcels spend less time under- 
neath the polynya and so have less chance to collect salt. Why 
the flux of HSSW and WSBW has a minimum in the plot of flux 
versus circulation rate is initially unclear. This fact hinges on 
both diffusion and advection. The increased advection associ- 

ated with increased winds gives a greater flux of water, so the 
increasing portion of the curve can be expected. For very 
currents, though, salt diffusion begins to be significant. 
Because of the slow currents, the salinity of the water passing 
below the polynya is very high. Also, because the currents are 
slow, there is time for some of this salt to diffuse into the more 

interior parts of the embayment. Water that was just below the 
critical salinity, prior to diffusion, is raised just over that criti- 
cal value and increases the mass flux of HSSW. 

Polynya-Forcing Experiments 
The relation between water mass flux and polynya freezing 

rates is quite simple. The magnitude of the polynya forcing 
was varied in experiments 12 to 20 in Table 1, with the stan- 
dard Ekman pumping. The flux of HSSW increases nearly lin- 
early for all polynya freezing rates. The mean salinity of 
HSSW also increases nearly linearly, so that the flux of WSBW 
is nearly quadratic in the freezing rate. The best power law fit 
between the flux of WSBW and Qp is for the flux proportional 
to the 1.95 power of the freezing rate. The dependence of 

salinity of HSSW. WSBW is the flux of Weddell Sea Bottom Water that HSSW and WSBW flux on the peak polynya freezing rate is il- 
would result from mixing all the HSSW to form WSBW. The fluxes 
have been rounded to two significant digits. 

The fluxes of HSSW and the inferred fluxes of WSBW versus 

the Ekman pumping are plotted in Figure 9. As the Ekman 
pumping is increased from 0, the flux of HSSW decreases 
slightly, until WE = 0.3 10-6m s -1, then increases linearly. 
The derived fluxes of WSBW exhibit the same dependence on 
WE, but the minimum is shifted to 0.5 10 -6 m s-1 as a result of 

lustrated in Figure 10. 

Ross Sea Experiment 
A simulation was also made for a case with parameters 

typical of the Ross Sea continental shelf, another site of deep 
water formation in the Antarctic. Several parameters require 
modification. The most important are that the Ekman pumping 
is typically greater on the Ross Sea than the Weddell, 0.4 x 

10 -6 m s -1 vs. 0.2 x 10 -6 m s-1 (derived from Hellerman and 
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Fig. 10. HSSW and WSBW versus Qp. 

Rosenstein [1983]), and that the polynya covers a greater por- 
tion of the shelf region, 20% versus 10% [Zwally et al., 1985]. 
From these two features, and on the basis of the Weddell Sea 

experiments, we would expect that the Ross Sea would produce 
far more deep water than the Weddell Sea. 

The predicted flux of Ross Sea Shelf Water, the saline compo- 
nent of Ross Sea Bottom Water, is 1.25 Sv and varies by about 
0.4 Sv (maximum to minimum) seasonally. The mean annual 
salinity predicted is 34.976%o, which is more saline than is 
commonly observed (34.838%o [Jacobs et al., 1985]) but not 
unreasonably so, since it is observed that the salinity of HSSW 
has varied by 0.05 to 0.10%o over the last 2 decades [Jacobs, 
1985]. The flux of Ross Sea Bottom Water that would be pro- 
duced from the Ross Sea variety of HSSW depends on the defini- 
tion of RSBW used and on the water masses involved in the 

mixing. Two types of bottom water are observed in the Ross 
Sea, a high-salinity bottom water and a low-salinity bottom 
water [Jacobs et al., 1985]. Ice Shelf Water may also be impor- 
tant in the Ross Sea mixing processes [Jacobs et al., 1985]. 
There are only three strong constraints on the mixing process' 
the temperature and salinity of the resultant bottom water, and 
the fact that the mixing fractions must add to unity. As a result, 
only three mixing components may be used while finding a 
unique mixing pattern. 

We will assume that the three components are Low-Salinity 
Shelf Water (-1.59 øC, 34.526%o), Circumpolar Deep Water 
(Warm Deep Water), (1.17 øC, 34.704%o), and High-Salinity 
Shelf Water (-1.91 øC, salinity predicted), where water mass 
definitions are from Jacobs et al. [1985]. High-Salinity 
Bottom Water is 0.34øC, 34.71%o, while Low-Salinity Bottom 
Water is -0.16øC, 34.65%o. For comparison, Deep Ice Shelf 
Water in the Ross Sea is -2.03øC and 34.678%o. We can see 

that High-Salinity Bottom Water must contain some admixture 
of HSSW, as it is the only water mass more saline than HSBW. 

The total flux of Ross Sea bottom water (of both types) is ob- 
servationally estimated to be 13 Sv [Jacobs et al., 1985]. The 
flux of High-Salinity Bottom Water predicted from the flux and 
salinity of the modelled HSSW is 9.9 Sv. The flux of Low- 

Salinity Bottom Water would be 18.4 Sv if all HSSW were used 
to make it. The two limits neatly bracket the observation. 

Additional Experiments 
Additional experiments were made varying only one other pa- 

rameter in the forcings at a time to verify the interpretation of 
the results presented here. The terms varied were the back- 
ground freezing rate, the length of the freezing season, the rate 
of decline in the polynya freezing rate away from the coast 
(with the peak freezing rate also decreased in order to keep the 
total salt input the same). Finally, the wind stress curl structure 
was changed from being the sinusoidal in latitude to being the 
product of sinusoids in latitude and longitude, both with a 
wavelength of twice the domain size. 

Decreasing the background freezing rate from its standard 
value had little effect on the flux. This is to be expected be- 
cause the background freezing rate has little effect on whether a 
parcel reaches the critical salinity. Increasing the background 
freezing rate has little effect on the flux until the rate reaches 
0.85 m per winter. At this point, convection is induced over 
the entire region by the background freezing alone. 

Decreasing the length of the winter decreases the mean flux, 
as expected. For a winter 2 months long, 40% of the standard, 
the total salt input in the polynya is the same as it is when the 
freezing rate is 0.04 m d -1, also 40% of the standard. The flux 
of HSSW for a freezing rate of 0.04 m d -1 is 0.33 Sv, 35% of 
the flux in the standard experiment. For a 2-month freezing 
season, the flux of HSSW is 0.41 Sv, 45% of the flux in the ref- 

erence experiment. Increasing the length scale of the polynya 

perpendicular to the coast, C•y, while decreasing Qp so as to 
keep their product constant keeps the total salt input from the 
polynya constant. This experiment corresponds to making the 
polynya larger, but less locally intense. The flux of HSSW to 
the top of the shelf only changes from 0.97 Sv to 0.92 Sv 

when {Jy is increased from 40 km to 100 km and Qp decreases 
from 0.10 m d -1 to 0.04 m d -1. The flux of HSSW is then de- 
pendent mainly on the salt input within the polynya, rather 
than on the individual terms which constituting it. 

The spatial structure of the Ekman pumping was changed to 
the product of sinusolds in latitude and longitude. In this ex- 
periment the resultant flux of HSSW is comparable to the re- 
sults with a sinusold in latitude only and a correspondingly re- 
duced Ekman pumping. The barotropic flux northward at the 
shelf break in the reference run is 0.97 Sv. In the product of 
sines case it is 1.02 Sv, which is consistent with an increase in 
flux for the decreased effective winds. 

CONCLUSIONS 

The model used here includes buoyancy forcing, wind stress 
forcing, and coasts. Buoyancy forcing is from sea ice 
formation and melting, with enhanced freezing in a polynya. 
Wind stress forcing of the mean flow is from the regional wind 
stress curl. The polynya forcing is described as a Gaussian en- 
hancement to the freezing rate centered in the southeastern por- 
tion of the continental shelf, and elongated in the east-west di- 
rection. 

When the wind forced flow is added to a buoyancy forced con- 
tinental shelf, the modelled volume flux agrees with observa- 
tions for both the Ross and Weddell Seas. The volume flux 

alone is not the term of interest in studying deep water forma- 
tion; salt flux is also needed. Also in accordance with these 

earlier models is the fact that the density of the deep water pre- 
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cursor is determined primarily by the buoyancy forcing. The Lx 
buoyancy-forced model circulation alone is too weak to provide Ly 
physically reasonable limit cycle, although the fluxes of p 

HSSW and Weddell Sea Bouom Water (WSBW) happen to agree Qrn 
with observations. 

Results from the model are tested by comparing the volume QP 
and salt flux in modelled HSSW and bottom water with the vol- Qr 
ume and flux of HSSW and bottom water inferred from tempera- Qs 
ture and salinity observations in the deep Weddell Sea by Qr 
Foster and Carmack [1976], tritium data in the Weddell Sea by P 
Weiss et al. [1979], and isotopic and hydrographic data in the P0 
Ross Sea by Jacobs et al. [1985]. The model domain is flat, so S 
the computed flux of volume and salt at the shelf break is the 
flux to the line where the continental slope would be if topog- S' 
raphy were included. The standard values of the wind stress curl S O 
and the maximum freezing rate in the polynya give a 0.97 Sv 
flux of HSSW and 3.2 Sv of WSBW, compared with the obser- 
vational inference of 1 to 2.5 Sv for HSSW and 2 to 5 for c• x 
WSBW [Foster and Carmack, 1976], and 2.9 Sv of WSBW 
[Weiss et al., 1979]. The Ross Sea Bottom Water flux is mod- 
elled to be 9.9 to 18.4 Sv, as compared with the observation- C•y 
ally inferred 13 Sv [Jacobs et al., 1985]. 

The model was tested by varying the magnitude of the wind t 

stress curl and the maximum freezing rate in the polynya. 
These are the two most poorly constrained features in the forc- Xa 
ing. Increasing the freezing rate simply increases the flux of Xs 
HSSW at the continental slope and the mean salinity in that Xw 

water. Correspondingly, the estimated flux of WSBW also in- Xy 
creases. The fluxes of HSSW and WSBW increase linearly for U 
increasing wind stress curl for Ekman pumping greater than 
about 0.3 10 '6 m s '1 and 0.5 m s -1, respectively. 
The absence of topography in the model is its most serious W E 

shortcoming. Without topography, we can not include Ice W0 
Shelf Water (forming underneath the ice shelves, and separated 
from the rest of the continental shelf by a steep topographic 
front: the ice shelf edge). We also are unable to follow the mix- 
ing of HSSW to form WSBW, which occurs on its descent down XE 
the continental slope to the deep sea. The topography on the 
continental shelf is also not represented. The effects of topog- •I•l 
raphy on the basic processes discussed in this paper will be 
considered in future work. 

NOTATION 

A m 

At 

e 

Lbc 

Lbt 

lateral eddy viscosity, equal to 8 x 104 m 2 S '1. 
lateral eddy diffusion, equal to 400 m 2 S '1. 
latitudinal gradient of Coriolis parameter at 72 øS, 
equal to 7 x 10 '12 s '1 m '1. 
change in density with respect to salinity, equal to 
0.809 kg m '3 %oo-1. 
numerical time step, equal to 1/240 years. 
numerical grid spacing, equal to 20 km. 
convective overturning parameter equal to 
1 if column is stable, and 0 otherwise. 
linear increase offshore in melting. 
Coriolis parameter at 72 øS, equal to -1.4 x 10 '4 s '1. 
acceleration due to gravity, equal to 9.8 m s '2. 
depth of basin, equal to 500 m. 
vertical eddy diffusion, equal to 3 x 10 -4 m 2 s '1. 
bart)clinic boundary layer width, equal to (f/Am) 1/2. 
barotropic boundary layer width, equal to (Am/J5) 1;3. 

length of domain east-west, equal to 720 km. 
length of domain north-south, equal to 720 km. 
pressure. 

background melting rate, equal to 0.0066 m d -1. 
peak polynya freezing rate, equal to 0.10 m d -1. 
background freezing rate, equal to 0.004 m d -1. 
forcing of mean salinity. 
forcing of stratification. 

density change from P0, equal to 0.3 kg m -3. 
reference ocean density, equal to 1027.8 kg m -3 . 
salinity change from reference value S O , 
equal to 0.3%o. 
salinity stratification, equal to -0.1%o. 
reference salinity, equal to 34.53%o for the Weddell 
Sea continental shelf and 34.46%o for the Ross Sea 
continental shelf. 

standard deviation of Gaussian polynya forcing in 
longitude, equal to 400 km. 
standard deviation of Gaussian polynya forcing in 
latitude, equal to 40 km for the Weddell Sea and 
75 km for the Ross Sea. 

time and time scale, equal to 107 s. 
wind stress from the atmosphere on the ocean. 
length of summer, equal to 3 months. 
length of winter, equal to 5 months. 
length of year. 
mean horizontal velocity and its scaling value, 
equal to 0.05 m s -1. 
level deviation in velocity from vertical mean. 
Ekman pumping velocity. 
magnitude of Ekman pumping, equal to 0.2 x 10 -6 m 
s '1 for the Weddell Sea, and 0.4 x 10 -6 m s -1 for the 
Ross Sea. 

eastern boundary, equal to 720 km. 
barotropic stream function. 
inviscid barotropic stream function. 
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