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�I found, essentially, that there is a 50-50 chance that the West 
Antarctic Ice Sheet is indeed disintegrating...The question can of 
course be answered with field observations... Furthermore, if the 
rate of retreat is on the order of Hughes�s estimate, field 
measurements over many decades would be required 
to obtain a reliable answer.�
J. Weertman, Nature, 253, 159, 1975. 

(Mercer, 1978)



Marine-based sectors of the Antarctic Ice Sheet (blue) 
are potentially unstable and could retreat rapidly in a warming climate.

Elevation of the Bedrock beneath the ice sheet
marine-based regions (blue) BEDMAP

Today’s Ice Sheets: Marine Ice Instability



Uncertainty in Future Sea Level Change



IPCC 5th Assessment Report: “Only the collapse of the marine-
based sectors of the Antarctic ice sheet, if initiated, could cause 
GMSL to rise substantially above the likely range during the 21st

century.”  

Seismic Tomography, Morelli & Danesi (2004)

Past and ongoing ice mass 
changes contributing to Earth 
deformation

BEDMAP2

marine-based regions 
(blue)
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Antarctica’s Response to Climate Warming is complicated



Antarctic Ice has responded rapidly to 
climate change in the past.

(Pollard and DeConto, 2009)

G
rounded Ice Thickness

Floating Ice Thickness

Marine Ice In Antarctica is Vulnerable



HOW FAST IS ANTARCTICA CHANGING?

NASA Goddard Visualization Studio



Working in Antarctica



Getting there….

Living there…



(Pollard and DeConto, 2009)
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Floating Ice Thickness

Ice Sheet Dynamics Overview

Much of the following overview of ice dynamics and ice sheet 
modeling comes from the introductory website:  
www.antarcticglaciers.org

And from notes, slides and discussions with David Pollard at 
Pennsylvania State University.



• Glacier flow (velocity and motion) is controlled by several factors including:
• ice geometry (thickness, steepness)
• Ice properties (temperature, density)
• Valley geometry
• Bedrock conditions (hard, soft, frozen bed…)
• Subglacial hydrology (water at the bed)
• Terminal environment (land, sea, ice shelf, sea ice)
• Mass balance (rate of accumulation and ablation)

Ice Sheet Dynamics

Siegert,	2002,	Amer.	Sci.

www.antarcticglaciers.org



Siegert,	2002,	Amer.	Sci.

• Glaciers flow by creep under gravitational driving stress, through the processes of:
• internal deformation (creep)
• basal sliding (ice sliding on bed below)
• soft bed subglacial deformation (bed deforming, transporting overlying ice)

• Driving Stress controlled by gravity, ice density and temperature, ice thickness and ice 
surface slope.

• Resistive stresses include basal drag, lateral drag against valley walls, or buttressing of 
ice shelves (which themselves are experiencing drag from below or their sides) 

Ice Sheet Dynamics

www.antarcticglaciers.org



• Glaciers flow by creep under gravitational driving stress, through the processes of:
• internal deformation (creep)
• basal sliding (ice sliding on bed below)
• soft bed subglacial deformation (bed deforming, transporting overlying ice)

• Ice Streams:  corridors of fast ice flow on wet, slippery bed that drain the ice sheet
• 90% of discharge occurs through ice streams in Antarctica. 

Ice Sheet Dynamics

www.antarcticglaciers.org

NASA Animation of Rignot
et al. (2011) ice velocity

Ice stream scale: 
• > 20 km in width
• > 150 km in length
• 100s m/y (where surrounding 

ice flows at <10s m/y)



www.antarcticglaciers.org

Ice Sheet Dynamics: Stress

Driving and resisting stresses operating 
on a block of ice on an inclined slope.
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Ice	Sheet	Model	Ingredients

3) Flow Equations

4) Interactions with ocean, bed and climate
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P. Hoffman, www.snowballearth.org/slides

Ice Conservation (Continuity) Equation:

u

B

H

B = surface accumulation minus ablation
H = ice thickness
(u,v) = depth-averaged velocity

z

x
∂H
∂t

= −
∂(uH )
∂x

−
∂(vH )
∂y

+ B

Surface snowfall accumulates on interior, is 
compacted to ice (upper ~100 m) and is 
transported by ice flow to lower marginal 
regions (taking ~104  to 105 years). 

Grounded ice is lost as surface melt, or 
discharged to floating ice shelves or bergs.

Pollard & DeConto (2009, 2012)

Ice	Sheet	Model	Ingredients:	Continuity	Equation
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Two different modes of flow, two different scaled equations:

Ice	Sheet	Model	Ingredients:	Flow	Equations
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• Other standard components: ice temperatures, bedrock response to ice 
load

Pollard & DeConto (2009, 2012)

What about the transition zone (or “grounding zone”)  where 
longitudinal and vertical stresses are both important?  
- Full stokes (requires high resolution, computationally expensive)
- Shallow Ice Approximation (SIA) and Shallow Shelf Approximation (SSA) plus 

parameterization across the grounding line.
- Hybrid (e.g. neglecting higher order terms + Schoof parameterization)

Ice	Sheet	Model	Ingredients:	Flow	Equations



Ice	Sheet	Model	Ingredients:	Flow	Equations



Schoof’s (2007, JGR) parameterization of flux across 
grounding lines, and buttressing:

Ice	Sheet	Model	Ingredients:	Grounding	Zone

Flying buttress schematic
Riems Cathedral, 

France,1320-1335 AD
Ice shelf 
buttressing

Ice thickness 
at grounding 
line



Ice	Sheet	Model	Ingredients:	Flow	Equations

Hybrid Model example
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What about the transition zone (or “grounding zone”)  where 
longitudinal and vertical stresses are both important?  
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Ice	Sheet	Model	Ingredients:	Flow	Equations



Marine Ice Sheet Stability and Dynamics

grounding line retreat

B

ice interior

If the bed of a marine ice 
sheet deepens upstream 
from the grounding line, 
then there is a possibility 
of runaway retreat.

B

A

A

A

Vaughan and Arthern (2007)

BEDMAP

**BUT!  This implies viscoelastic 
deformation of the solid Earth and 
sea level changes at the grounding 
lineinfluence ice sheet stability.



Ice Sheet Model Ingredients



Marine Ice Sheet Stability and Dynamics



(Pollard and DeConto, 2009)

G
rounded Ice Thickness

Floating Ice Thickness

Other Ice

Greenland
Ice Sheet:
Strong seasonal variations,
Surface Melting
Topography driven flow
… and more!



(Pollard and DeConto, 2009)

G
rounded Ice Thickness

Floating Ice Thickness

Other Ice

Mountain Glaciers: Mountain glaciers have been thinning and 
receeding significantly in recent decades

• see the movie “Chasing Ice” for visually impactful 
demonstration of climate change.



(Pollard and DeConto, 2009)

G
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Floating Ice Thickness

Other Ice

Sea Ice: Frozen water that forms, grows 
and melts in the ocean.  Impacts 
climate and ocean circulation.    

Northern Hemisphere sea ice extent 
anomalies in March (max) and 
September (min) relative to the mean 
values for the period 1981-2010.  

Average sea ice extent in 2015.



(Pollard and DeConto, 2009)
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Other Ice

Past Ice Sheets:



Last Glacial Maximum

Modern Climate
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Averaged	δ18O	in	deep	sea	sediment	carbonate

Schmidt	(1999)

Sea	Level	Physics:	 Ice-Age	Timescales



Mitrovica and Milne (2002)

Numerical	 prediction	 of	the	present-day	 rate	of	change	 of	global	sea	 level	

due	to	ongoing	GIA	effects	 from	the	 last	 ice	age

Sea	Level	Physics:	 Ice-Age	Timescales



Exposed beach lines in Hudson Bay

Mitrovica and Milne (2002)

Sea	 level	 fall
Sea	 level	rise

Sea	Level	Physics:	 Ice-Age	Timescales



Mitrovica and Milne (2002)

Exposed coral reef in equatorial regions

Sea	 level	 fall

A

B

Ocean	 Syphoning

Sea	Level	Physics:	 Ice-Age	Timescales



Mitrovica and Milne (2002)

Exposed coral reef in equatorial regions

Sea	 level	 fall

Continential Levering

Sea	Level	Physics:	 Ice-Age	Timescales



Tamisiea et	al.	(2014)

Sea	level	

(tide	gauges)

Sea	surface	

height	

(altimetry)

Geoid	height

(GRACE)

Crustal	motion	

(GNSS)

All	modern	observations	 of	sea-level-related	 quantities	 are	

impacted	 by	past	 ice	and	ocean	 loading	 changes!

Expressions	of	GIA	in	modern	sea-level	records

Sea	Level	Physics:	 Ice-Age	Timescales



Marine	Ice	Sheet	Stability	and	Dynamics

grounding line retreat

B

ice	 interior

If	the	bed	of	a	marine	ice	

sheet	deepens	upstream	

from	the	grounding	line,	then	

there	is	a	possibility	of	

runaway	retreat.

B

A

A

A

Vaughan and Arthern (2007)

BEDMAP
**BUT!	 	This	 implies	 viscoelastic	

deformation	 of	the	solid	 Earth	and	sea	

level	changes	 at	the	grounding	

lineinfluence ice	sheet	 stability.



Morelli &	Danesi (2004)

Variations	 in	viscoelastic	 Earth	structure	

can	impact	 predictions	 of	sea-level	

change	and	surface	deformation	

following	surface	 loading	 (ice	cover	

changes)	 by:

1) Altering	 the	timing	 and	geometry	 of	

load-induced	 Earth	deformation

2) Perturbing,	 via	a	sea-level	 feedback,	

the	timing	 and	extent	 of	the	 ice-

sheet	 retreat/advance	

Earth	Structure	Beneath	Antarctica

Seismic	S-velocity	maps	at	depth

An	et	al.	(2015)



This Class: Sea Level Change Continued…

1. Sea level change and GIA on ice age timescales.

1. An Example Calculations

2. Applications
1. Short timescale modern: 20th Century Tide Gauge Analysis

2. Short timescale paleo: Meltwater Pulse 1A (~14ky ago)

3. GIA: Archaeological evidence for recent acceleration in sea level rise 
(Holocene – last 2 ky)

4. Ice age timescale:  Sea Level during the Last Interglacial (~125 ky ago)

Outline



• Marine Isotope Stage 5e (or the 
Eemian stage)

• ~125 kyr B.P.
• Polar temperatures were 3-5o

higher than present (consistent 
with 1-2o of global warming) 

• Current greenhouse gas 
concentrations are sufficient to 
raise global temperatures 1.4-
3.2o

• Thus, LIG may be a good 
analogue for reasonable global 
warming scenarios

Clark & Huybers [2009]

5e

5c5a

4

2

Ice	Age	Sea	Level:	The	Last	Interglacial



Interglacial outcrop Exmouth, W. 
Australia, courtesy Bill Thompson 
(WHOI)

Local LIG sea level markers ~4-6 m 
above present sea-level. What was 
globally averaged sea level at LIG?

5e

5c5a

4

2

Ice	Age	Sea	Level:	The	Last	Interglacial



Ice	Age	Sea	Level:	The	Last	Interglacial



Ice	Age	Sea	Level:	The	Last	Interglacial



Statistical Method (Complicated)

SEA	LEVEL	DATABASE

(isotopic,	coral,	etc.)

Noisy	(uncertainties	in	

dates,	tectonics),	sparse

Empirical	�data
covariance�

MANY	ICE	AGE	

SEA	LEVEL	MODELS

Covariance	between	

LSL	and	GSL	

BAYESIAN	

FRAMEWORK

Posterior

Probability	Density

Function	of	GSL(t)

Ice	Age	Sea	Level:	The	Last	Interglacial



Posterior Probability Densities

Use these to set up hypothesis 
tests and confidence intervals

Ice	Age	Sea	Level:	The	Last	Interglacial



• 95% likely that globally 
averaged sea level at LIG 
peaked > 6.6 m above present 
level (67% likely that it 
exceeded 8.0 m; only 33% 
likely that it exceeded 9.4 m)

• 95% likely that both Antarctica 
and Greenland ice loss at LIG 
exceeded 2.5 m (equivalent sea 
level units) relative to present 
day (not necessarily at the same 
time)

GSL

Ice	Loss

Ice	Age	Sea	Level:	The	Last	Interglacial



The West Antarctic Ice Sheet

• Collapse of marine-sectors = 3.2m 
GSLR (Bamber et al., Science, 
2009)

The Greenland Ice Sheet

• Climate models (Otto-Bliesner et 
al., Science, 2006) suggest a 
maximum ice loss in the GIS and 
circum-Arctic ice fields at LIG = 
3.4 m GSLR.

Thermal expansion ~ 1 m GSLR

Ice	Age	Sea	Level:	The	Last	Interglacial



Mean prediction of sea-level 
change at these sites 
(weighted by number of data 
points)?

Physics	of	this	result?

Ice	Age	Sea	Level:	The	Last	Interglacial



Ice	Age	Sea	Level:	The	Last	Interglacial





Dynamic	Topography



Dynamic	Topography



Dynamic	Topography



Dynamic	Topography



Dynamic	Topography


