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Summary  We have used simple laboratory experiments with viscousldltn explore the dynamics of grounding lines between
Antarctic ice sheets and the freely floating ice shelvesivtiich they develop. Ice sheets are shear-dominated grawitgnts, while
ice shelves are extensional gravity currents having zeearsto leading order. Though ice sheets have non-Newtohieolagy,
fundamental aspects of their flow can be explored with Neiatofluid mechanics. We have derived a mathematical modeiisf t
flow that incorporates a new dynamic boundary conditionfiergosition of the grounding line, where the gravity curieses contact
with the solid base. Good agreement between our theorgtiedictions and experimental measurements gives confidienthe
fundamental assumptions of our model, which can be incatpdrinto shallow-ice models to make important predicti@uarding
the dynamical stability of shelving ice sheets.

INTRODUCTION

The Antarctic ice cap contains several tens of millions difickilometers of frozen water, enough to raise sea level by
60—70 metres should it melt. So, while sea level is estimateide by a few tens of centimetres in the next hundred years
by direct melting of the polar ice caps due to global warmandynamical collapse of the ice sheets has the potential for
a truly catastrophic rise in sea level. The recent IPCC tagemurs from making any quantitative prediction of such a
rise because there is currently insufficient confidence rability to model the dynamics of ice sheets.

Most of the bedrock of Western Antarctica is below sea level & is simply the weight of the ice sheet, some 2-3
kilometers thick, that keeps it grounded. However, the sttgas as it flows from the continental interior, and there
comes a point at which the ice can float freely on the ocean tashekaches from the bedrock to become an ice shelf.
The locus of such points is called the grounding line of theeshelf. Its position is determined in part by the floatation
condition just described but that is not sufficient. For eglana condition of continuous longitudinal stress has been
added to formulate closed mathematical models of ice slumgtsnated by basal shear terminating at grounding lines
with free ice shelves [1, 2]. However, the predictions ofsthenodels are untested and the characteristics of the flows
considered are difficult to reproduce experimentally.

EXPERIMENTS

To explore fundamental aspects of this problem, we havewstird a series of conceptually simple laboratory expertsen

in which a ‘sheet’ of viscous fluid (golden syrup) flows dowri@pg into a denser ‘ocean’ (aqueous solution of potassium
carbonate) to form a ‘shelf’ (figure 1). These Newtonian #utdn be easily handled and characterized in the laboratory,
and their flows are well described by the Navier-Stokes égusit For given input flow rates, viscosities and density
contrasts between ‘ice’ and ‘ocean’, we can measure theigeolof the grounding line and compare our measurements
with our theoretical predictions.

Figure 1. Photograph of an experiment in which a sheet of golden syawsfldown a slope into a denser ‘ocean’ of potassium
carbonate solution and floats off to form a shelf. In this expent the reservoir at the right was supplied with a cortdtar of syrup.

THEORY

Consider a two-dimensional, grounded, viscous gravityenir(sheet) developing into an extensional surface gravit
current (shelf), as depicted in figure 2. We seek a descntiahis flow within the approximations of lubrication (thin
film) theory.



Figure 2. Schematic of the sheet—shelf system defining variablesingbe theory.

The shelfinzg(t) < < zn(t) is assumed to be in local hydrostatic equilibrium so that
pH =pu(H —h) = h=H(pw—p)/puw, (1)

whereH = h + b is the total depth of the shelf. We consider the case in whietfluids bounding the shelf (air above
and water below) exert no tangential stress on it. Thereforeading order in lubrication theory, the horizontalogity
u(zx, t) is independent of depth and satisfies the extensional floveantihuity equations

(4p/H)(Hug)e = pghe = pg'Hy, H; + (Hu), =0, (2,3)

whereg’ = g(pw, — p)/pw- This system of equations can be integrated using chaistateito determiné (z, t) in terms
of the time history of the position of the grounding line ahd thickness and volume flux of the sheet there.
Lubrication theory applied to the sheetin< = < z(t) gives

hy = —q. = (9Hh,/3v),  where  H =h+b. (4)

At the grounding line, we apply the floatation condition (hféalance the depth-integrated longitudinal stress terdet
mine, after some lengthy algebra, an evolution equatiothi®grounding line, which for shallow slopes is given by

(bopwg'/pig — ha)ic = gH?h2/2v — g'H? /8. (5)

If the sheet is supplied by a constant flyxupstream then we can show that the grounding line reachesdysposition
(ct[1])
zc = (pi/pw)(6va0/9)"*(9/g") "/ /b (6)

RESULTS AND CONCLUSIONS

Some results of our experiments and theory are shown in fRjurlere is a good trend between the theoretical and exper-
imental results, and the discrepancies may be explainaldems of viscous stresses exerted by the side walls of ttke ta
and by the addition of fluid to the tank. These effects areenily being quantified. This is the first experimental study
of grounding lines and our theoretical approach has pravateexplicit differential equation governing their evadut

This approach will lead eventually to robust and confideatjmtions of the future of our polar ice caps.
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Figure 3. (a) Comparison between the measured position of the grogridie and the theoretical prediction (6). (b) Numerical
solutions of the governing equations (1)—(5) at two diffetémes, showing the qualitative evolution of the sheetHstystem.
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