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Inversion of basal friction in Antarctica using exact and incomplete adjoints of a higher-order model
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Glacier Flow

Surface time lapse: https://youtu.be/1ai9Q27J)2vc

Bed time lapse: https://youtu.be/njTjfJcAsBg



Glacier flow

Ice sheet flow (SIA)
A

Sliding Deformation

A

Ice shelf flow (SAA)

Sliding

A

Ice stream flow (SIA/SSA)

Sliding Deformation

Base of glacier

www.AntarcticGlaciers.org
After Kirchner, 2011

Ice-ocean interface

Base of glacier




Glacier Flow

www.AntarcticGlaciers.org

Full Stokes: accounts for all stresses

Gravitational driving stress

Lateral drag

Longitudinal
(compressional
and extensional) stresses

»
>

Longitudinal
(compressional
and extensional)
stresses

Shallow Ice Approximation: neglects longitudinal and transverse stresses

Gravitational driving stress

Basal drag



Glacier flow
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Glacier flow: strain rate components
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|ce viscosity
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Coupling different flow regimes

Ice-sheet flow zone | Grounding zone Ice-shelf flow zone
SIA (zero-order) Merge sheet/shelf SSA (zero-order)
flow

Secord-order
SIA/SSA model

N —

Grounded ice

notion | Calved ||
‘ iceberg



Sliding Laws

Example friction laws

* The “Correct” sliding law for a
particular application requires - — — —
knowledge of the processes at - ; - .
play. e

* These are fundamentally v
parameterizations, meaning
that they are simplified , . .
representatlons Of unreSOIVed Power law ) Sliding with cavitati(:lrl/l Coulomb plastiC“b
PIDEESSES. Weorman 657 B0u 0T Uy OS2 o 01 O 0

1675, Zoet & erson 2015

Slides from lan Hewitt’s presentation at the Karthaus Summer School.



Hal’d-bedded S||d|ng Weertman 1957

Tb£,> Uy

A film of water exists between ice and the underlying bedrock (a few microns thick).

Microscopically, free slip is allowed (i.e. 7 micvo =0 ).

Macroscopic resistance comes from the roughness of the bedrock ( 7 macro = f(Ub)).

Flow over roughness occurs via regelation and viscous (plastic) deformation.

Slides from lan Hewitt’s presentation at the Karthaus Summer School.



Regelation Viscous flow

high p low p
low T water flow high T

refreezing

Slides from lan Hewitt’s presentation at the Karthaus Summer School.






Nye-Kamb theory nye 1969, kamb 1970

A more sophisticated approach to (Newtonian) viscous flow and regelation
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T —I’C = — Stokes flow V' =
?/‘ Y A \_/v >0 Zp(z)
D777 7002707 e 2~ / 77 .
Surface z=z,(x,y) Regelation Heat equation V2?7 =0

BEDROCK- - layer

Kamb 1970
K2 [ Zy(k)K
via Fourier transform Ty = U— dk
ourie S10 b = NiUp ; o3 kf

effective ice viscosity n; ~ 1/A7""!

il o regelation important

1/2
transitional wavenumber k. = <4I<:F77-> ~ 27 /50 cm for short wavelengths

power spectrum of bed profile  Z,(k) = lim —' / Zy(z)e™ ™ dx

M—oco M

Slides from lan Hewitt’s presentation at the Karthaus Summer School.



Viscous flow and regelation

Combining these two mechanisms:

aA\ "
Uy ~ | — | =
14 ( 2n ) V2n

kI’ \
U= (Pz’La) v?

effective for LARGE bumps

effective for SMALL bumps

There is a ‘controlling obstacle size’ for which stress / speed cross over: a o U, "~/

. q- 2/(n+1
=> Weertman sliding law ‘ m =" RU/"Y \ R=

Slides from lan Hewitt’s presentation at the Karthaus Summer School.

Pz‘L 1/(n+1)
2k’ A



Sliding with cavitation uiboutry 1968

Ty §>
e Uy

Cavitation occurs when pressure on downstream face of bumps reduces to critical level p.

Sliding law becomes dependent on effective pressure N = p, — p, p; (macroscopic) ice
normal stress

=> 7 = f(Us, N)

>

N TN =

Decreased Pc Increased p.
High N Low IV

Slides from lan Hewitt’s presentation at the Karthaus Summer School.



Cavitation Experiments (Zoet and lverson 2015, 2016)

Loading
frame

Yoke

Removable
rod (1 of 6)

Bearing plate
(1 of 4)

Hyd. cylinder
piston

Figure 2. Device schematic used for sliding experiments. The inset details the sample chamber containing the stepped
bed. An annular plate with teeth grips the ice ring at its upper surface and drags it across the bed and along smooth
walls that confine the ice ring laterally.



Cavitation Experiments (Zoet and lverson 2015, 2016)

Figure 7. Ice deformation. Along-flow view of the ice ring at the end of an experiment, showing displacement of beads (pink)
that were in a vertical column prior to sliding. The upper surface was gripped and displaced to the right (as denoted by the
arrow) as ice slid across the bed. Note that left side of the scale is in centimeters. Nonpink beads were used to track sliding
displacement and were not initially in vertical columns. Clear ice in the lowermost 40% of the ice ring reflects recrystallization
during ice deformation that purged air bubbles from the ice.



Cavitation Experiments (Zoet and lverson 2015, 2016)
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Fig. 3. Cavities at the bed due to sliding. Longitudinal profiles of
cavities at the ice-ring center line at sliding speeds of 2.6, 7.25 and
290ma”’ (gray lines), under a total vertical stress of 500 kPa and
atmospheric pressure in cavities. Cavity geometry at 290 ma~' was
both measured directly (crosses) and fitted (gray line) using the
theory of Kamb (1987), as described in the Appendix. Error bars
indicate +10 of variability based on measurements of multiple
cavities. Note the exaggerated vertical scale.



Cavitation Experiments (Zoet and lverson 2015, 2016)

180 ¢ Stress-controlled, sinusoidal bed
¢ Speed-controlled, sinusoidal bed

160 -1 4 «—7.25ma" e Speed-controlled, flat bed

120 — Theory + background drag
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Fig. 4. Drag on the bed. Mean steady shear stress as a function of
sliding speed for a sinusoidal bed and a flat bed. Error bars indicate
+10 from the mean, once a time-averaged steady stress or speed
was reached (e.g. Fig. 2). The speeds (2.6, 7.25 and 290ma™")
correspond to the cavity geometries of Figure 3. The solid line is the
sum of the shear stress estimated using a theory of sliding in the
presence of cavities (Lliboutry, 1968, 1979) and the background
shear stress measured with the flat bed.



Sliding with cavitation Liboutry 1968, ken 19811983

Lliboutry suggested the sliding relationship was hon-monotonic - a ‘multivalued’ sliding law

Tb¢

>
Uy

Iken suggested there should be a maximum shear stress

7o ¢ associated with cavities ‘drowning’ the bed roughness.

N =

Slides from lan Hewitt’s presentation at the Karthaus Summer School.




S||d|ng W|th CaVitation Fowler 1986, Schoof 2005, Gagliardini et al 2007

Fowler suggests cavities never really ‘drown’ bed - stress is just transferred to larger bumps

/\ Tb/Nf

=> TbZNf(%)

=> ‘Generalized’ Weertman law 7, = CU/N? 0<pg<l - /]Tf"
b

Some experimental support for this law with p=¢ =31 (Budd etal 1979)

Schoof suggests an alternative with a maximum shear stress

1/n
. , v (U
=> Regularised ‘Coulomb’ law N (UbJr)\ANn)

Slides from lan Hewitt’s presentation at the Karthaus Summer School.






Soft-bedded inding Boulton & Hindmarsh 1987, Kamb 1991, Tulaczyk 2000, Clarke 2005

Subglacial till has a complicated rheology (more complicated than ice)

Laboratory experiments suggest plastic behaviour, i.e. no deformation beneath a yield stress

Ty = 96 + o tan o.= P —p, effective stress
T~ N

tany ~ 0.44

When yield stress exceeded, there are two main possibilities:

- Visco-plastic model e = A(r — 74)%?
U
\b
Till layer depth hr ‘ Uy = hy ATEN® I .
- Perfect plasticity 7 =1 Ty, = uN
Up

\

—

Stress must be transferred laterally to sticky spots

No ‘local’ sliding law in this case

Slides from lan Hewitt’s presentation at the Karthaus Summer School.



Summary

Hard bedrock T, = RUbl/m

Cavities

gt

Soft sediments

Tb:,uN l

Slides from lan Hewitt’s presentation at the Karthaus Summer School. Ub/]\/'”




Sliding on fine grained beds
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lce sheet sectors that experience sliding tend to rest on soft sediments.



Sliding on fine grained sediments

 Why does ice slide over fine grained sediments?

* Why doesn’t the ice just entrain small particles?




Ice Premelting: molecular thermodynamics of ice premelting
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PNAS

David T. Limmer PNAS 2016;113:44:12347-12349

©2016 by National Academy of Sciences



lce Premelting

* Premelting occurs many (but not all) interfaces

* Premelting occurs due to the intermolecular
forces that act at interfaces.

* These intermolecular forces affect many
Processes:
* The transformation of snow into ice
" The nucleation of snowflakes
" Frost heave
= Sediment entrainment in glacier ice
= and glacier sliding ....

FIG. 10. (Color) Examples of frost heaving phenomena. (a)
Needle ice growing out of dead wood (N. Page photo). (b) Ice
lenses (dark) formed during solidification of water-saturated
clay (modified from Taber, 1930, and reprinted with permission
from the University of Chicago Press). (c) Stone circles in
Spitspergen (B. Hallet photo, circles are 1-2 m across).



Premelting and glacier sliding

Many experiments have
demonstrated that the melting point
of ice is lowerwhen it is contained
within a porous media.

This is due to the Gibbs-Thomson
effect. (Dash et al., 2007)

The more well known GT effect is that
small volumes of a sustance freeze at
a lower temperature due to surface
tension...
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