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Accumulation

Surface melting

Calving

Subglacial discharge

How does meltwater penetrating to the bed affect ice velocities?

What effect does this have on ice loss (sea level)?
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Greenland ice sheet surface melt

Average runoff Change from 1961-1990 to 1991-2015
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Greenland ice sheet velocities

Summer drainage of surface meltwater to the bed causes large fluctuations in ice speed.

—> suggests potential for significant changes in ice velocity
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Greenland ice sheet velocities

Longer term measurements show a slight decreasing trend in average velocity,
while runoff shows an increasing trend.

—> suggests possible negative relationship between runoff and average velocity?
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Theoretical framework
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Sliding and basal water pressure
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Some theory and some measurements suggest a friction law of the form 7, = f(u, N)
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Mathematical model
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o Vertically-integrated mass conservation
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Subglacial hydraulic model: poro-elastic sheet

Water conservation
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Hydraulic potential (hydraulic head)
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Subglacial hydraulic system: channel

Creep
\;/
Melting
9 1| 9¢| SN
ot  p,L|°0x n;

Water conservation

05 0@
o o

06 1/2

r Q=—KS*? 5

Hydraulic potential (hydraulic head)
¢ — pwgb + Dw

500 t

| Elevation / Hydraulic head [m]

15T Sheet thickness [m] j
1 —

0.5 /

0.04

[ Discharge [m“/s]
0.02

-30 -20 -10 0
Distance [km]

Uniform input to subglacial channel over 30km
dashed = low input, solid = high input



Network-based numerical model

Channel segments connected on a planar
graph, coupled to a continuum ‘sheet’.

€ Woater flow

20
T

30
T

40
T

50

60

t = 50d

Werder et al 2013

|
40

|
50

60



Il u
10
. . 126 d
Subglacial discharge . lce speed
2
(areal m+/s) 0
10 =
\ 140 d Ty = N uy
0
10
154 d
0
10
168 d
0
10
182 d
£ .9 Time
< 196 d
0 v
10
210d
0
10
224 d
0
10 T
ol | 238 d
o ll!g:m“‘!}‘:‘i‘_‘
0
10
252 d
. 1
0 10 20 30 40 50 0O

Hewitt 2013, EPSL



Mathematical model
annually averaged

= b
ZT_, Bedrock y (33)

X

o Vertically-integrated mass conservation

Oh 0q

o Tor q = hu a = A(s — se) netaccumulation - melting

Se equilibrium line altitude (ELA)
o Force balance + friction parameterisation

Jds O ou
= _ngh(‘?— P 4hm;— 5 = u(N) =7  bed ‘strength’

Goal: consider effect of a long-term change in 7o



Land-terminating glacier

ZI ,  Bedrock 70
xr xm

o Boundary conditions h=0, ¢g=0 at T = Tp(t)

Js . .. Tm
Force balance To = —pz-gh% —» critical ‘yielding’ geometry + ' = / hdx
0

e.g. for a flat bed profile 1 = - /ZT; (2, — )12

: dV o _ _ ! Oh
Mass conservation —» pr / adr + ice velocity /flux ¢ = a5 dx
0 0

cf. Nye 1951, Weertman 1961, 1976



Land-terminating glacier

Slowly increase 7 Slowly decrease T
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—» |ncreasing the bed strength causes decrease in velocities and mass gain
Decreasing the bed strength causes the opposite



Land-terminating glacier

Net accumulation a = A(s — s.) Se equilibrium line altitude (ELA)
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—» Raising the ELA causes increased melting and decreased ice velocities



Marine-terminating glacier

hy
Bedrock T, z = b(x)
. . ou 1 2 2
o Boundary conditions hi,, = g — q. 4hm% =35 (pigh — Pogb ) at T = T,,(1)
+ calving condition (prescribed ice depth) h = fh;(x,,) f>1 flotation factor

hi(z) = —%b(x) flotation thickness

o A near-terminus boundary-layer analysis determines a relation between ice
depth and calving flux (cf. grounding-line flux).
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Time-lapse movie

© 2015 James Balog

Extreme Ice Survey - Time-lapse camera

Columbia Glacier, Alaska




More on calving

o Dominant balance in kinematic condition h,,z,, = ¢—q. IS ¢~ q.

o lce dynamics give a relationship between terminus ice depth and flux.

(?) Ocean / calving dynamics provide a similar relationship - expect a rapid
iIncrease near flotation due to buoyancy and flexure.

e A

1 h/h

o Intersection determines calving rate. (lf no intersection, an ice shelf forms)



Marine-terminating glacier

g
z = b(x)

Bedrock T,
0s Tm
Force balance 7 = —pigha— —» geometry + volume V = / hdx
L 0
_ dV Tm
Mass conservation — - = adr — q, qc = Q(f, hy)
0

an ODE for the evolution of margin position



Marine-terminating glacier

Elevation [m)]

Slowly increase 7 Slowly decrease T
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—» Increasing the bed strength causes decrease in velocities but can initiate
margin retreat that results in mass loss (i.e. tidewater / marine-ice-sheet
instability)



Summary

Large seasonal velocity fluctuations driven by surface melt water can be
qualitatively explained by changes in basal water pressure.

Ice-sheet models should concentrate on fitting longer-term average velocities.

A Coulomb friction law implies long-term ice velocity is kinematically controlled

Slow-down of marine-terminating glaciers is not necessarily advantageous,
since it tends to initiate retreat into over-deepenings.



