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Abstract: The production of Antarctic Bottom Water is influenced by Ice Shelf Water which is formed due 
to the modification of shelf water masses under huge ice shelves. The coupling of inflow conditions, 
thennohaline processes at the ice shelf base and the sub-ice shelf circulation is studied with a two- 
dimensional thermohaline circulation model which has been developed for a section perpendicular to the ice 
shelf edge. Different boundary conditions appropriate to the Filchner Ice Shelf regime are considered. The 
model results indicate that, in general, shelf water is transported toward the grounding line, where at the ice 
shelf base melting occurs with a maximum rate of 1.5 my-' . Accumulation of ice takes place at the end of 
the melting zone close to the ice shelf edge with a rate on the order of 0.1 my-'. The location of this 
accumulation zone determines whether or not the density increase by salt rejection causes an upper 
circulation cell and the separation of the modified water mass from the ice shelf base at mid-range depth. At 
the ice shelf edge the simulated temperature, salinity, helium and 6l80 values for the temperature minimum 
layer are typical for Ice Shelf Water. However the sub-ice shelf circulation is highly variable as well as 
sensitive to changes in boundary conditions. Moderate changes in the characteristics of the inflowing water 
or in sea-floor topography may double the intensity of the circulation. Non-linear processes in the 
accumulation zone cause variabilities which can be described by an ice shelf edge oscillator influencing the 
entire circulation regime. 
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Introduction 

Ice Shelf Water (ISW), a shelf water mass with temperatures 
well below the surface freezing temperature (Foldvik et al. 
1985a), may be an important ingredient in Antarctic Bottom 
Water formation. Around Antarctica ISW occurs on large 
continental shelves which are bounded to the south by huge 
ice shelves like Ross Ice Shelf or Filchner-Ronne Ice Shelf. 
Potential temperature sections parallel to the ice shelf edges, 
representing typical Antarctic summer conditions, reveal 
distinct cores of ISW. These are separated horizontally by 
less than 100 km and vertically by a few hundred meters 
(Carmack & Foster 1975, Jacobs et al. 1979, GammelsrGd & 
Slotsvik 1981, Dieckmann et al. 1986). There are slight 
differences in their characteristics: adeepISW core is colder 
and saltier than a shallow one (Jacobs et al. 1985). This is an 
indication of dlfferent, vertically separated, circulation regimes 
in the sub-ice shelf system. 

Sverdrup (1940) and Lusquinos (1963) assumed that ISW 
results from the modification of shelf water masses due to 
heat loss at the base of deep-drafting ice shelves. A more 
detailed description concerning the whole sub-ice shelf 
system was given by Robin (1979). He proposed, for the first 
time, melting at the grounding line and accumulation of ice 

near the ice shelf edge and related these processes to a single, 
essentially two-dimensional circulation regime. Some of 
these aspects have been reproduced in tidally forced numerical 
models for the Ross Sea. Specifically the thermohaline 
circulation and the melting rates below the ice shelf have 
been determined diagnostically by MacAyeal(l984). A dual 
thermohaline circulation regime, responsible for two ISW 
cores in front of the Ross Ice Shelf, was illuminated by a 
plume-model (MacAyeall985). The dependence of melting 
or accumulation of ice on the ratio of the axes of the tidal 
current ellipse was investigated by Scheduikat (1988) in a 
mixed-layer model where a one-dimensional stratified water 
column interacts with the ice shelf at the top. All these 
models, however, do not consider the essential intercon- 
nection of thermohaline processes at the ice shelf base and 
the sub-ice shelf circulation. Both melting and freezing at 
the base of an ice shelf result from and influence the sub-ice 
shelf circulation and, specifically, the modification of shelf 
water masses. A two-dimensional model has been developed 
to study both the thermohaline processes and circulation 
under an ice shelf and the dependence of the oceanlice shelf 
system on different boundary conditions. The Filchner Shelf 
Ice regime in particular is considered, and topographic, 
hydrographic and isotopic data from the Filchner Depression 
enter into the model as boundary conditions. In the outflow 
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region 'hydrographic stations provide verification of ISW 
characteristics obtained by the model. 

ModeE description 

Large-scale motion of an incompressible sub-ice shelf ocean 
can be described by the Boussinesq and hydrostatic 
approximations of the momentum balance: 

u , + u u ~ + v u ~ + w u ~ - ~ v  =-P,+A,(u,+u,)+A,u,, (1) 

V ,  + U V ~  + v vY + w V ,  + f ~  = -py + AH(vn + V J  + AVv, (2) 

0 = -P, - g P (3) 

u , + v y + w z = o  (4) 

and the continuity equation: 

The notation is standard, the y-axis (normal to the edge) IS 
positive toward the ice shelf edge with y = 0 at the grounding 
line, and z is positive upward with z = 0 at the ocean surface. 
Further, p and p are the perturbation pressure and density, 
respectively, andfis taken as a constant -1.43 x 10' s-l 
corresponding to a latitude 80"s. 

Foilowing Robin (1979) it will be assumed that the 
thermohaline circulation under the ice shelf is predominantly 
two-dimensional with u << v ( u  is typically 0.01 ms-' and v 
is typically 0.1 ms-I). At the scales of interest (typically 100 
km) the momentum balance parallel to the edge is geostrophic: 

In the normal component the Coriolis term andx-gradients 
will be neglected because of the restriction of two- 
dimensionality, so that 

(2') 
which exhibits the direct driving of v by thermohaline 
forces. With the two-dimensional continuity equation 

the dynamics can be described by the vorticity equation in 
the yiz-plane 

( 5 )  
where the streamfunction Y is defined by 

v =YJ, and w=-Yy. (6) 

-fv = -p,. (1') 

V ,  + V V ~  + W V ,  = -py + A,v, +AVv,, 

v,+w,=O (4') 

~',,, + (vwzz)y + (WY, ) ,  = g P y  +AHYqy + A v ~ , , ,  

The coupling to the thermohaline processes enters by the 
density torque g py. The density p is given by the equation of 
state expressed here as a function of potential temperature 0, 
salinity Sand pressure (depth) following Fofonoff & Millard 
(1 983) 

p = P(@,S,Z). (7) 
The thermohaline balances are described by the conser- 

vation equations: 

(8) 
wherexrepresentseither Bor Sand K,andK,are horizontal 
and vertical eddy diffusivities. Convection, indicated by the 
term C,  will bemodelledby convectiveadjustmentremoving 

x, + (vx)y + ( W X ) ,  = K"Xn +KVx,, + c 

static instabilities in the water column. Passive tracers such 
as helium and 6l80 will be described by the same equation 

Appropriate boundary conditions for the vorticity equation 
(8). 

are: 
a. 

b. 

C. 

vanishing of the velocity perpendicular to solid 
boundaries, so that Y = constant at the bottom and the 
ice shelf base, 
normal in- and outflow at open boundaries, so that w = 
-Yy = 0 at the open front at the ice shelf edge and 
no-slip conditions at solid boundaries, so that the parallel 
velocity vanishes as well. 

With these simplifications the model now consists of a 
thermohaline circulation forced by a horizontal density 
gradient which is controlled by inflow conditions and the 
processes at the ice boundary. For the open boundary at the 
ice shelf edge all fluxes are assumed to be entirely advective 
so that the diffusive flux KJy vanishes there. At the ice shelf 
base, heat and salt fluxes cause melting and freezing and 
therefore variations in density and in 4He and 6l80 
concentrations. All fluxes are represented schematically in 
Fig. 1. At the oceanhe shelf boundary the heat balance is 
given by: 

(9) 
where Q, is the total heat flux crossing the interface. QT is 
proportional to the temperature difference between the ice 
shelf base (TB) and the ocean (P), and is parameterized by 
(Welander 1977): 

wherep, is the sea-water density, cpw= 4000 J kg-'"C-' is the 
heat capacity of sea-water at 0°C and yT is the turbulent heat 
exchange coefficient taken as 10' ms-'. 

The amount of heat, QB, lost by the ocean due to melting of 
glacial ice (h < 0) or gained due to the formation of ice 
crystals within the water column (h > 0) is parameterized by: 

where pE = 920 kg m-3 is a mean density for glacial ice, L = 
3.34 x 105 J kg-l is the latent heat of fusion and h is the 

QT - Q," - Q; = 0 

QT = ~wc ,w~r (T~  -TW) (10) 

Q," = p E  L A  (11) 

IS 
T 

h 

Fig. 1. Schematic representation of the heat, salt, helium and 
6"O fluxes at the oceadice shelf boundary. 
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melting/accumulation rate. The third term in equation (9), 
QA derives from the molecular heat conduction through the 
ice. For a linear temperature profile in the ice Q1 is given by 

TIs -T5 QL = P E C ~ I ~ D  (12) 
where D is the ice shelf thickness, cpl = 2000 J kg-' "C-' is the 
heat capacity of ice, K = 1.54 - m2 s-' is the thermal 
diffusivity of ice at -20°C (Hobbs 1974) and Fs is the 
temperature at the surface of the ice shelf. 

Neglecting the molecular diffusion of salt through the ice, 
the total salt flux at the ocean/ice shelf boundary 

must be equal to the salt flux 

caused by melt-water input or to a salt input due to salt 
rejection during freezing. Here ys = 5.05 x lo-' ms-' is a 
turbulent salt exchange coefficient and (S5 - Sw) is the 
salinity difference between ice shelf base and ocean. 
Hydrographic measurements from the central Ross Ice Shelf 
(bore hole J 9) showed that the temperature at the ocean/ice 
shelf boundary (P) is at the in-situ freezing point (Jacobs et 
al. 1979). The freezing point temperature (m can be ex- 
pressed, after Foldvik & Kvinge (1974), as a function of 
salinity S5 and the pressure p (MPa): 

with the constants a = -O.O57"C, b = 0.0939"C and c = 7.64 
x102 "CMPa-'. Thissetofequations, (9)-(15),canbesolved 
(see Scheduikat 1988) for the ice shelf base salinity S5 and 
the melting rate h in terms of Z", P' and Sw. Equations (10) 
and (13) determine the total heat and salt fluxes, QT and Qs 
which enter into the model as boundary conditions of equation 
(5) at the ocean/ice shelf boundary. 

The input of 4He and the oxygen isotope l60 are proportional 
to h and are given by: 

Q," = pES5h (14) 

TF =US' +b - C P  (15) 

and 

Cie represents the 4He concentration of glacial melt-water, 
which is supersaturated relative to a solubility equilibrium 
with air by a factor of 14 (Schlosser 1986). Assuming a 
surface water value of 4.02 x lo-" m3 kg H20-l which 
represents a solubility equilibrium in the north-westem 
Weddell S e a  (Schlosser et ul. 1987, station 225) Cie is 
taken as 5.63 x lo-'' m3 kg H20-l. The formation of ice 
crystals within the water column does not change the 4He 
concentration. This condition is also taken for 6l80 since the 
depletion in 6180 of cs"la0 = -2700 due to freezing is small 
compared to C;ao = -54 * 9'700 due to melting of glacial 
ice (Weiss et al. 1979). Considering the 6l80 concentrations 
at the base of the Ross Ice Shelf, about - 4 2 0 / 0  (Grootes & 

Stuiver 1983), the latter value might be too low. 
The model equations are solved numerically operating 

with a finite difference scheme with forward differences in 
time and centered differences in space. These approximations 
are used on a special grid in the ylz-plane (Fig. 2) to 

a. achieve a second order accuracy for the space deriva- 
tives, O(Ay2, Az2)), 

b. take into consideration the boundary conditions defined 
for equation (5), and 

c. formulate the advective terms of equation (8) in a 
conservative manner, so that interior variations are 
caused only by boundary fluxes. 

The space increments Ay and Az are constant over the 
entire model area. Inclined boundaries, such as ice shelf 
morphology or bottom topography, are approximated by 
steps with the resolution of Ay and Az. 

Results for the Filchner Depression 

Hydrographic data collected off the Filchner Ice Shelf 
during the German Antarctic Expedition ANT III/3 in 1985 
and a simplified geometry of the Filchner Depression were 
used for the setup of the model. The dynamics of an ice shelf, 
ice shelf thickness variations with time and other glaciological 
aspects are neglected. It is assumed that melting of glacial 
ice and the accumulation of ice crystals at the ice shelf base 
are compensated at the top by snow accumulation and 
ablation, respectively, so that the ocean/ice shelf boundary 
remains stationary during the integration. 

For the standard experiment, the conditions for the Filchner 
Ice Shelf regime have been projected on a section perpendic- 

X 

+ c-> y T.S.He!'O 

I 

model boundary 

grid-box boundary 

Fig. 2. The variables v, w, '€', T, S, He and 6I8O staggered in the 
y lz  plane. 
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ular to the ice shelf edge (Fig. 3). Using data, published by 
Behrendt (1970) and Robin et al. (1983), the model 
configuration is chosen such that: 

a. an open boundary exists only at the ice shelf edge, 
b. the distance from the grounding line (y = 0) to the ice 

c. the ocean floor has a constant depth of z= -1 100 m with 

d. the ice shelf draft at the ice shelf edge is z = -300 m, and 
e. the ice shelf has a constant basal slope of 1: 1000. 
This idealized model area is illustrated in the following 

figures presenting two-dimensional distributions of modelled 
sub-ice shelf quantities. The model parameters are given in 
Table I. The model starts with a sub-ice shelf ocean at rest, 
i.e. v, w(t = 0) = 0. At the open boundary (= ice shelf edge) 
the initial profiles for potential temperature and salinity 
correspond to those measured at station 292 (see Fig. 3), 
which following Carmack & Foster (1975) is situated within 
the inflow region of the Filchner Ice Shelf regime. Interior 
initial conditions are chosen considering data of Jacobs et al. 
(1979) for the Ross Ice Shelf which indicate that temperature 
and salinity decrease toward the grounding line at rates of 3 x 

'CAY-' and 3 x lo3 700 Ay-', respectively. The initial 4He 
and 6"O distributions are taken to be constant over the entire 
sub-ice shelf area with values corresponding to Western 
Shelf Water (WSW) of 4.6 x lo-" m3 kg H,O-' and -0.5 x 

respectively (P. Schlosser, personal communication 
1988). During the simulation no horizontal gradient exists at 
the open boundary, i.e. d/ay = 0. Variations in potential 
temperature, salinity and tracer profiles occur only in the 

shelf edge equals 620 km, 

no bottom topography, 

Y 'p ? :(w ? a m ?  
/ 

Fig. 3. Map of the Filchner-Ronne Ice Shelf before 1986 
including ice shelf thickness distribution (m) after Robin et 
al. (1983), locations of stations 292, 295 and 298 (German 
Antarctic Expedition ANT III/3) and the section (solid line) 
supplying boundary conditions. 

Table I. List of parameters used for all simulations. 

'Y 'Y Al AH KH KV YT 7s 
(m) (m) (s) (m2 s-l) (m' s.I) (m2 s-I) (m' sl) (m' s.') (m' s') 

20.000 20 io.so0 1 103 1 x 10-3 1 101 1 104 1 x 104 5.05 x 10-7 

outflow region, where v > 0. For the inflow, v 5 0, values 
from station 292 are prescribed. 

The air temperature, F', is constant over the whole ice 
shelf length and fixed at -20°C after Schwerdtfeger (1970). 
This is a year-averaged value, because temperature variations 
at the top influence the sub-ice shelf ocean on time scales 
much longer than the time of integration. Variations of some 
of these boundary conditions will be considered in a separate 
section below. 

The standard experiment 

The spin-up of the system was controlled by monitoring the 
total kinetic energy content and the total heat content. An 
integration time of 10 years proved to be sufficient for all 
model runs to achieve a stationary (vs. quasi-stationary) 
state. 

For the condition described above the model settled to a 
quasi-periodic state with a period of about 300 days after 
integration for about 500 days (Fig. 4). Comparison of the 
time series in the figure shows that every peak in the total 
kinetic energy is related to an increase in the total amount of 
convectiveevents. This deepconvection takesplacenearthe 
ice shelf edge. Here the circulation regime changes period- 
ically as the annual representation of the streamlines for the 
upper model areareveal (Fig. 5). After 10 years of integration 
the sub-ice shelf circulation is dominated by an anti-clockwise 
circulation cell (L) transporting water masses from the ice 

time Idaysl 

Fig. 4. Time series of total amount of convective events for the 
standard simulation (MS) and of total kinetic energy per unit 
volume for the standard simulation (ES) and simulations I, IIa 
and 111. 
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Fig. 5. Streamlines of the standard 
simulation during and at the end of time 
of integration for the upper and the entire 
model area. Contour interval (CI) = 0.2 
m2 s-'. 

t = 1 year 

t = 5 years 

t = 4 years t = 2 years t = 3 years 

t = 8 years t = 7 years t = 6 years 

t = 9 years 
300 -300 

shelf edge toward the grounding line, where they first 
contact the ice shelf. The strong gradient along the ice shelf 
base, indicating relatively high velocities, vanishes after the 
streamlines detach from the base to tend horizontally toward 
the open boundary at a mid-range depth. Detachment and the 
evolution of a clockwise circulation cell (H) in the upper part 
takes place at the same time (Fig. 5). An additional L-type 
circulation cell develops as cell H reaches maximum strength. 
Both cells cause the transport of water masses under the ice 
shelf at lower depths. The distribution of potential temperature 
corresponds to the circulation regime described above (Fig. 
6). A relatively warm, > -1.9S°C, bottom layer is cooled 
down to about 2.6"C due to contact with the ice shelf near the 
grounding line, as indicated by strong gradients. This water 
mass again warms as it ascends along the inclined ice shelf 
base. After about 500 km of modification the temperature 
minimum (T-) layer detaches from the ice shelf base with 
T- > -2.2OC and flows toward the open boundary at 
500-550 m depth. Cooling at lower depths is less effective 
due to the influence of pressure on the freezing point. But the 
existence of the upper L-type circulation cell causes a 
second T- at the ice shelf edge at -330 m depth. A broad 
transition zone exists between the T,, of the outflow and the 
Tmx of the inflow region. 

The distributions of 4He and 6l80, which serve primarily 
as verification of model results, are not shown because their 

t = 10 years 

-400 

-500 

-600 
I 

E 
I 

L -700 
4- 

a m 

-800 

-900 

-1000 

-1100 
600 550 500 4 5 0  400 350 300 250 200 150 100 50 0 

ice shelf length (krn) 

structure is almost identical to the potential temperature 
field. In both cases the property exchange between ocean 
and ice shelf causes an enrichment detectable as extreme 
values at the ice shelf edge. 

The reason for various sub-ice shelf circulation cells is 
obvious from the potential density field (Fig. 7). The horizmal 
density gradient py has different orientations in the layers at 

(Cci  shell lcnglh / k m ;  
Fig. 6. Potential temperature distribution of the standard 

simulation after 10 years of integration for the entire model 
area. CI = 0.02OC. 
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-1 

'1 0,Ikg rn-3 
_&LA I.-& I LU-_I...ICL. 

Mo 5 9  5m rw 4u) )Y) 320 250 200 IS0 L(i3 so 

ice shelf length [krn] 

Fig. 7. Same as Fig. 6, but for potential density. CI = 
0.02 kg rn '. 

700-900 m and 300-500 rn depths. The homogenous water 
column indicated at kilometer 490 arises from a convection 
event and is of particular interest for the development and 
decay of the upper circulation cells. This is discussed further 
below. 

For the glacial regime the ocean/ice shelf interaction is 
evident from the distribution of melting and accumulation 
rates along the ice shelf base (Fig. 8). Strong melting occurs 
near the grounding line at a rate of 1.5 my-'. The melting 
decreases monotonically toward the ice shelf edge until ice 
accumulation starts with a maximum rate of 0.1 my-' at 
kilometer490. Near the ice shelf edge melting again occurs, 
but is less effective. 

1 ,  1 I I I I 
i 

I F  - 
- 0  
x 
E 
I 

I r 

accumulation 

m h i j k  - -  

I melting 

I I I I I I 
600 500 400 300 200 100 0 

ice shelf length [km] 

Fig. 8. Distribution of melting and accumulation rates for the 
standard simulation at the ice shelf base compared with 
values given in the literature. a. Behrendt (1970). b. 
Kohnen (1982). c + i. MacAyeal(l984). d. Lange & 
MacAyeal(l988). e. Engelhardt & Determann (1987). f + k. 
Jacobs et al. (1979). g. Zotikov (1986). h. Stephenson 
&Doake (1982). j. MacAyeal(l985). 

With the restrictions in mind arising from the two- 
dimensional view of athree-dimensional regime, an attempt 
is made to give a picture of the sub-ice shelf wean by 
interpreting the model results (Figs 5-8) presented above. 
Melting of glacial ice combined with an enhanced fresh 
water input near the grounding line causes a horizontal 
density gradient near the bottom over the entire length of the 
ice shelf. As a result relatively warm, salty shelf water is 
drawn under the ice shelf to support a heat reservoir far from 
the open boundary. Water mass modification and the sign of 
h is determined by the effect of pressure on the freezing 
point, which dominates at the ocean/ice shelf boundary. The 
temperature difference (P - P'), i.e. the heat available for 
melting glacial ice is reduced both by heat loss due to 
melting and by the increase of the freezing point due to 
decreasing pressure. In the melting zone strong entrainment 
of ambient water masses into the boundary layer retards the 
reduction. Nevertheless, after a distance of 450 km, the 
water mass under modification is at the in-situ freezing point 
of -2.2"C at 500 m depth. With further ascent the water 
temperature drops below F and the water mass becomes in- 
situ supercooled. This thermodynamic non-equilibrium is 
compensated by the formation of ice crystals within the 
water column, a process simulated in the model by the 
accumulation of ice at the ice shelf base. 

The formation of ice is also responsible for a density input 
due to salt rejection which causes static instabilities in the 
water column of the freezing zone. These are removed by 
deep convection which influences the density field near the 
open boundary through variations of depth and/or thickness 
of the inflow region. At lower levels the density input is 
responsible for the change in sign of the horizontal density 
gradient p, which drives the H-type circulation cell. Melting 
near the ice shelf edge, less effective due to the smaller 
temperature difference (P - T), causes both a decrease in 
the existing density gradient and the development of a new 
one orientated as in the bottom layer. An additional L-type 
circulation cell, smaller in size, appears and provides for an 
outflow at about 300 m depth (= ice shelf draft), which 
corresponds to an upper Tm-layer at the ice shelf edge. 
Finally the upper circulation system weakens as the density 
gradients decrease, invigorating the initial conditions, i.e. 
forcing the formation of ice crystals. This kind of interaction 
near the ice shelf edge can be thought of as an oscillator as 
illustrated schematically in Fig. 9. The oscillation period is 
influenced by the morphology of the ice shelf, the bottom 
topography and the characteristics of the inflowing water. 

The interpretation of model results given above shows 
qualitative agreement with existing theories for circulation 
(Robin 1979) and modification (Foldvik et af. 1985~) of 
shelf water masses in the sub-ice shelf regime, but is in 
contrast to the ideas published by Zotikov (1986). The 
existence of the ice shelf edge oscillator is a new aspect 
which has to be verified by detailed measurements in front 
of an ice shelf. 
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ice crystals 

salt input 

c - -- 
decrease ICE SHELF EDGE change of orientation . I OSCILLATOR t 

I -  I I 1 

I I - <  - +  

H-type circulation cell 
- 
2 circulation cells 

melting near the ice shelf edge 

Fig. 9. Schematic representation of the ice shelf edge oscillator. 

The quantitative agreement between model results and 
measurements is shown by comparing model profiles at the 
ice shelf edge with data from the Filchner Depression. 
However in doing so it must be remembered that with a two- 
dimensional model it is not possible to reproduce all details 
seen in measured profiles. In addition to the potential 
temperature and salinity data of stations 292 and 295, 
positioned within the ISW plumes, 4He and P O  data are 
also used for verification of model results. 

Referring to the structure of the potential temperature in 
Fig. 10, the T--layer at station 295 is shifted upward (right 
side) only to show the agreement of the model profile in both 
a layer thickness of about 200 m and a difference of the 
extreme values of 0.005"C. The upper T--layer is 0.03"C 
warmer than that of station 292. The model and station 292 
data in the bottom layer, not included in Fig. 10, inevitably 
agree, because the model inflow characteristics are pre- 
scribed by these data. Fig. 11 shows that the model reproduces 
the monotonic increase in salinity with depth. But the water 
columns at both stations are saltier than the model one. For 
station 295 the salinity difference between ISW core and 
T--layer amounts to 0.07 x an indication of the 
entrainment of saltier water into the plume on the western 
flank of the Filchner Depression where ISW overrides more 
saline WSW. This salinity input is absent in the model. As a 
result of the two-dimensionality , the cores are separated 
vertically by more than 500 m. 

Considering 4He and 6l80, the T--layer values are hardly 
different from the data given by Schlosser & Roether (1989) 
for the ISW core at station 298 (see Fig. 3). As an example, 
the potential temperature vs. 4He diagram (Fig. 12) 
demonstrates the good agreement between the model values 

potential temperature L0Cl 
-2.w -2.35 -2.1) - 2 . 1  -2.m -Z,IS -2.10 -2.1 -2.0 -1.- -1.- -1.15 - cmmrmmm 

-400 - 

-500 - 
- 
E 

m u -500 - 
- - 
E" 
m 
5 - -700 - . 
N 

N 

m 
1 

a 
U 

m - 
-m - 

c 

m 

-3CO - 

station 292 

f--+ station 2 9 5  
-1000 - - standard simulation 

Fig. 10. Comparison between modelled potential temperature 
profile at the ice shelf edge after 10 years of standard 
simulation and profiles at station 292 and station 295; 
locations marked in Fig. 3. 

and the sparse data of station 298. The extreme value for 
6l80 of -0.64700 (not illustrated) corresponds closely to that 
given by Weiss et al. (1979, table 1: station 49) of -0.66 k 
0.01 "ho. Additionally the model profiles reveal that the T-- 
depth coincides with those of 4He,,x and 6l80,, as seen by 
Schlosser & Roether (1989). 

Another kind of verification is the comparison of the 
melting and accumulation rates produced by the model with 
estimates from calculations of ice shelf mass balance or 
diagnostic results from other numerical models. The rates 
which partly represent averages for other ice shelves are 
divided into zones and are summarized in Fig. 8. Nearly all 
model rates are within the range given in the literature. 
Higher melting rates at the ice shelf edge, a and b in Fig. 8, 
might be caused by tides, which are not part of this model but 
could be responsible for an enhanced transport of relatively 
warm shelf water, > -1S0C, under the ice shelf (Foldvik et 
at. 1985~). 

Sensitivity of the results 

The boundary conditions defined for the standard simulation 
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salinity 

Fig. 11. Same as Fig. 10, but for salinity. 

- 
0 

E 
0 
L_ 

3 

a, 
F 
2 
a, 

m 
c 
a, 
0 a 

c - 
._ 
c 

c 

-1.9 

-2.0 

-2.1 

-2.2 

4.5 4.6 4.7 4.8 

He[*lO rn kgH20 ] 
4 11 3 - 1  

Fig. 12. Potential temperature vs. 4He diagram resulting from 
the model profile at the ice edge and from data of station 298. 

are idealized. Other conditions at the ice shelf edge and 
different configurations of the sub-ice shelf regime are 
likely to occur and may influence model results. As an 
example, the sensitivity of the model to different boundary 
conditions was investigated. The following variations were 
considered: 

I. seasonal variability of the temperature and salinity 
values of the inflowing water with an amplitude of 
0.01"C and 0.01 x lo3, after a standard simulation 
time of 5 years, 

11. temperature and salinity values near the ocean floor 
increased or decreased by 0.02"C and 0.02 x 
respectively, and 

111. bottom topography decreasing at a rate of 1: 1000 from 
the ice shelf edge toward the grounding line. 

Referring to the time series of the total kinetic energy 
content in Fig. 4, the model reaches different states after a 
simulation time of about 500 days. According to the dis- 
cussion in the previous section this may be an indication of 
variable conditions in the upper model area. 

I. The seasonal signal in temperature and salinity values 
of the inflowing water may change the period of the ice shelf 
edge oscillator to an annual period (Fig. 4). Whereas the 
upper circulation regime does not change, the transport of 
water masses to the grounding line varies between 750 rn 
depth and the bottom. As illustrated in Fig. 13 this variability 
is caused by the development of several circulation cells 
near the bottom. Their orientation changes due to the 
advection of water masses with different densities. 

At the ice shelf edge the vertical gradients in temperature 
and salinity are small below the T--layer. Therefore the L- 
type circulation cell, dominating the sub-ice shelf ocean, 
transports water masses under the ice shelf with the same 
characteristics as in the standard simulation. For this reason 
the melting and accumulation rates and the characteristics of 
the T--layer do not deviate from the standard results. 
Variations on time scales greater than the time necessary to 
transport water from the ice shelf edge to the grounding line, 
about 360 days, however may have a considerable influence 
on the sub-ice shelf circulation. 

11. When enhanced or reduced sea ice production on the 
shelf longer than the simulation time (10 years) occurs, the 
characteristics of WSW may change from the standard 
values of 

0 = -1.92"C and S = 34.72 x 10.' to 
IIa 0 = -1.94"C and S = 34.74 x or 

0 = -1.90OC and S = 34.70 x IIb 
After about 400 days both conditions reach a stationary 

state, i.e. the ice shelf edge oscillator does not exist. The 
circulation regimes, each representing one of the standard 
states, are quite different in structure and in strength. While 
in simulation IIa (Fig. 14a) the sub-ice shelf wean consists 
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Fig. 13. Streamlines of simulation I after 
10 years of integration. CI = 0.2 m2 s ~ l .  
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Fig. 14. Streamlines of simulation 11. 
a. Simulation IIa after 10 years of 
integration. CI = 0.2 m2 s-'. 
b. Simulation IIb. CI = 0.2 m2 s-'. 
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of three circulation cells with different orientations, simulation 
IIb (Fig. 14b) is dominated by one L-type circulation cell, 
twice as strong as in IIa. 

These variations are produccd by the different capacities 
of the heat reservoir interacting with the ice shelf near the 
grounding line. The influence of a variable salinity on TF is 
minor compared to the decrease/increase in temperature of 
the inflowing water. As simulation IIa illustrates, reduced 
melting far off the ice shelf edge (Fig. 15) weakens the 
horizontal density gradient and therefore the intensity of the 
circulation. Less entrainment of ambient warmer water 
masses reduces the distance in which the water mass under 
modification reaches the freezing point and shifts the 
accumulation zone toward the grounding line by about 100 
km. As aresult the T--layer detaches from theice shelf base 
at a greater depth with lower temperatures (Fig. 16). The 
circulation regime of the upper model area characterized by 
a constant horizontal density gradient seems to be invariant 
with time due to an equilibrium between ice formation 
(density increase) and fresh water input (density decrease) 
due to the H-type circulation cell in the accumulation zone. 

The results obtained with simulation IIb can be summarized 
as follows: enhanced melting (Fig. 15) causes stronger 
horizontal density gradients, the intensification of the L- 
type circulation and more entrainment. To reach the freezing 
point temperam a longer distance of modification is necessary 
and the detachment of the T--layer takes place at lower 
depths with higher temperatures (Fig. 16). The development 
of an upper circulation regime is suppressed by the shift of 
the accumulation zone toward the ice shelf edge. Referring 
to Figs 14-16, the comparison of the potential temperature 
profiles at the ice shelf edge demonstrates that the colder the 
T--layer the deeper the detachment from the ice shelf base. 
This indicates smaller melting rates and a accumulation 
zone closer to the grounding line. 

accumulation 

111. A flat ocean floor is a reasonable geometry for the 
Filchner Depression. Less than 200 km to the west, under the 
Ronne Ice S helf, the ocean floor slopes toward the grounding 
line due to the weight of the continental ice sheet. For 
simplicity a slope of 1:lOOO is introduced starting from a 
zonally averaged depth of 620 m at the ice shelf edge. To 
investigate only the influence of bottom topography, the 
characteristics of WSW are shifted upward by about 500 m 
at the expense of mid-range temperature and salinity values. 

The results of simulation I11 (Fig. 17) are similar to those 
of simulation IIb. Again one L-type circulation cell, increased 
by 20% over simulation IIb, dominates the sub-ice shelf 
regime reduced to a channel. This increase in strength is 
caused by strong horizontal density gradients which result 
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Fig. 16. Modelled potential temperature profiles at the ice shelf 
edge obtained by simulations IIa and IIb and the standard 
simulation. 
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17. Streamlines of simulation m after 
10 years of integration. CI = 0.3 m2 s-I. 

from the small separation between salty and fresh water 
masses. Model profiles at the ice shelf edge reveal that 
changes in temperature, salinity and tracer values of the T-- 
layer, resulting from enhanced melting, are more-or-less 
compensated by increased entrainment of ambient water 
masses into the boundary layer. 

Final remarks 

At present data are still too sparse to develop a three- 
dimensional circulation model for the sub-ice shelf regime. 
On the other hand the restriction to two dimensions requires 
simplifications which seem unrealistic or can not be examined 
by available in-situ measurements. Nevertheless, two- 
dimensional simulations, done by MacAyeal (1985) and 
here, do supply results which show good agreement with 
measurements in front of ice shelves. 

This model illustrates the importance of the processes at 
the ocean/ice shelf boundary. The results reflect the variability 
of the sub-ice shelf circulation. The accumulation of ice 
accompanied with a density input near the ice shelf edge 
causes a dual circulation regime below the ice shelf. Therefore 
two layers of minimum temperature appear in the model 
profiles at the ice shelf edge. The characteristics of these 
layers, supported by tracer values, are almost the same as 
those found for ISW in the Filchner Depression (Carmack & 
Foster 1977, Schlosser & Roether 1989). This agreement 
indicates that, for the Filchner Depression, both ISW-cores, 
separated horizontally by about 80 km, might result from 
one sub-ice shelf circulation system in which two circulation 
cells strongly interact with each other. However this seems 
to be inconsistent with the existing theory for the circulation 
within the Filchner Depression. According to Carmack & 

ICC shelf length lkm] 

Foster (1975) the ISW-core at station 292 originates from the 
recirculation of deeper ISW (station 295), which is blocked 
from the deep ocean by a sill about 600 m deep. 

The sub-ice shelf ocean loses heat. Assuming 2 x 104 m for 
the width of the inflow (Filchner Depression) and taking the 
transport value 3.5 m2 s-l averaged over the quasi-stationary 
state of the standard simulation, 7 x 104 m3s1 are transported 
under the ice shelf. With a temperature difference between 
in- and outflowing water of 0.25"C, heat is lost in the sub-ice 
shelf regime at arate of 7 x10'O W. Estimating the total width 
of water flowing under the ice shelves around Antarctica to 
4 x 105 m, the South Polar Ocean loses heat in the sub-ice 
shelf regime at a rate of 10l2 W. This is small compared with 
total oceanic heat loss south of 60's which is 5.4 x lOI4 W 
according Gordon & Owens (1987). 

The existence of the ice shelf edge oscillator has not yet 
been verified by measurements in front of an ice shelf. 
However current measurements at the shelf break indicate a 
variable flow out of the Filchner Depression; the ISW 
overflow is estimated to be on the order of lo6 m3 s.' (Foldvik 
et al. 1985a). Using the transport value mentioned above of 
3.5 m2 s-l multiplied by the width of the ISW-core on the 
western flank of the Filchner Depression of 1.2 x lo5 m, a 
transport of ISW off the Filchner Ice Shelf of 0.42 x lo6 m3 
s.' results. This value corresponds with the estimate given by 
Foldvik et al. (19856). Additionally this model illustrates 
that the production of ISW can change by about 40% due to 
moderate variations in the characteristics of WSW indicating 
a sensitivity of the sub-ice shelf Ocean to climatic changes 
accompanied by an increaseor decrease of seaice production 
on the shelf. However to obtain a more realistic picture of 
the nature of an ice shelf regime more data including 
oceanographical, meteorological, geophysical and glacio- 
logical measurements are necessary. Since they will be 
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sparse even in future, the development of a threedimensional 
model using this data set as boundary conditions might be 
helpful to further illuminate the sub-ice shelf regime. 
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