
 Recent Changes in 
Greenland & Antarctica 

Kristin Poinar 
and Ian Joughin 

Polar Science Center 
Applied Physics Lab 

University of Washington 

April 23, 2013 
Ice and Climate, ATM S 514  



What is 1 meter of sea level rise? 

IPCC 21st Century Sea 
Level Change: 

0.18 to 0.59 meters   
 

… uncertainties about glacier 
basal conditions, ice 
deformation and interactions 
with the surrounding ocean 
seriously limit the ability to make 
accurate projections  
(IPCC, 2007).  

From ice sheets /glaciers: 

0.04 to 0.23 meters 



IPCC 2007 

Potential Cryosphere Contributions to Sea Level 
Ø Glaciers:     0.37 meters 
Ø Greenland:      7 meters 
Ø Antarctica:     57 meters 

Ø West Antarctica:     5 meters 



This talk: Recent lines of thought on what 
controls and will control ice discharge 

Surface melt 
& supraglacial 
lakes 
(Greenland) 

Outlet glacier 
speedup and ice/
ocean interaction 
(Greenland & 
Antarctica) 

Marine Ice 
Sheet Instability

(Antarctica) 



Ice movement:  
part deformation, part sliding 

Zwally 2002 hypothesis: 
 
Increasing the amount 
of water at the bed 
should* increase 
sliding, which would put 
more ice into the ocean.  
 
*we now know this isn’t the case 
(see Schoof 2010) 



Greenland – Wet and Warm 

Antarctica – Cold and Dry 



How surface meltwater could reach the bed 

Lake 

Zwally et al, 2002 



July 12, 2012 
NASA 
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Fettweis et al., 2007 
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Recent observations of Greenland melt 



Greenland surface melt – where does it go? 

The ice melts and turns into water, 
and water flows downhill. 

The ocean is downhill from the ice sheet, 
so all the water ends up there... right? 

kayarchy.co.uk 

In a river, 
rocks on the bottom  
control the surface pattern of 
the fluid moving over them. 

On an ice sheet, 
bumps on the bedrock  

control the surface pattern of 
the fluid moving over them. 



These lakes 
are not 

exactly rare! 
Lake on 
the next 
slide è 

MODIS image, June 26 2008 

Sarah Das, WHOI 



photo by Ian Joughin, http://bigice.apl.washington.edu 

4 km 

… What happens next? 

Meltwater collects in surface depressions of the ice sheet 



What’s wrong with this situation? 
(water sitting on top of ice) 

Water (high density)  
on top of  

ice (low density) 

Ice (low density)  
on top of  

water (high density) 

Sarah Das, WHOI 

 

ρwater >ρice 
 



Hydrofracture 

•  ρwater >ρice 

•  Pressure from 
the water column 
can fracture the 
ice 

•  If enough water 
is available, it will 
drive the crack 
all the way down  

~1 km 

Ian Joughin, http://bigice.apl.washington.edu 



Melt water can punch a hole in the ice sheet 

To punch a hole in the Greenland Ice Sheet,  
all you need is 11 billion 

gallons of water 
and a slight depression 

in the ice sheet 

to put it in. 



Hydrofracture causes lake drainage 

Ian Joughin, http://bigice.apl.washington.edu 

South Lake, July,  
filling up with meltwater 

South Lake site, July,  
crack the lake drained through 

How do the cracks form? 
 

How long does draining take? 



The fracture: 
cracks & blocks 

Lake 

Network of cracks 
creates detached 

ice blocks 



90 minute lake drainage 

her height 

×5 
= old 
water 
level 
 
Lake 
used to 
be 8m 
(24 ft) 
deep 

Flow rate 
Niagara Falls 

average 1,800 m3/s 

South Lake 
drainage 8,700 m3/s 



Moulin: an in-glacier waterfall path 

Photo by Ian Joughin, http://bigice.apl.washington.edu 



1 day after lake drainage 

1 week after lake drainage 

1 year after lake drainage 

10 years after first lake drainage 



Hydrofracture causes lake drainage 

Ian Joughin, http://bigice.apl.washington.edu 

South Lake, July,  
filling up with meltwater 

South Lake site, July,  
crack the lake drained through 

Where does the water go?  
Why does it matter?  



GPS stations:   
 Horizontal motion (ice sheet velocity) 
 Vertical position (ice sheet uplift) 

Pressure loggers to measure water depth:   
 Volume of water in lake over time 

Field project: If meltwater reaches 
the bed, does it affect ice flow? 



Does the meltwater speed up ice sheet flow? 

The meltwater “blisters” up the ice sheet 
locally and speeds it up temporarily… 
 
… but the effects of lake drainage 
become small as you go far from the lake, 
 
… and the speedup is short-lived (~24 hr). 

Lake drainage (gray bar) 

Colors: ice velocity measured at GPS stations 
Black/gray: air temperatures (-> ice melt) 

hot, 
melty 
week 



Lake with 
drainage 
recorded 

MODIS image, June 26 2008 

Does the meltwater speed up ice sheet flow? 

Approximate 
area 

experiencing 
temporary 

speedup 

Large, far away glaciers are not 
perceptibly affected 

The meltwater “blisters” up the ice sheet 
locally and speeds it up temporarily… 
 
… but the effects of lake drainage 
become small as you go far from the lake, 
 
… and the speedup is short-lived (~24 hr). 



Speeds on Jakobshavn Isbrae,  
a huge outlet glacier nearby 

Ian Joughin 

If the enhanced 
basal lubrication 
from nearby surface 
meltwater can’t 
explain this glacier’s 
acceleration,  
then what can? 



Surface Melt vs. Buttressing Effects 

•  Melt-related seasonal speedup is widespread across the 
ablation zone in Greenland. 

•  Melt-related seasonal speedup is significant in regions of 
ice sheet flow (rather than outlet glacier flow) 

•  Season melt lubrication is not responsible for the rapid 
speedups on outlet glaciers (can explain <10% of 
speedup). 

•  Jakobshavn Isbrae shows much stronger seasonal 
sensitivity to ice front position, which supports the 
hypothesis that its large speedup is a response to the 
loss of a buttressing ice tongue or terminus retreat. 
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Iceberg calving and ice discharge is 
the source of much of our 
uncertainty in projecting sea level 
rise contributions from ice sheets. 



Buttressing Effects 



icebergs, bergy bits, and sea ice Ice sheet / 
outlet glacier 

Jakobshavn Isbrae, Greenland 



Disko Bay Temperature and Sea 
Ice Concentration 

Ice Shelf Disintegration 



Ice Shelf Buttressing 
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To The Ocean 





Pine Island Glacier, west Antarctica 
Acceleration & grounding line retreat 
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Pine Island Glacier, west Antarctica 
Acceleration & grounding line retreat 

Strong Sensitivity to Warmer 
Ocean Temperatures 

circumpolar deep water (WARM) 
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Observations of warming waters  
(more CDW) under Pine Island ice shelf 

Warm ocean waters are melting the Pine 
Island ice shelf from below 

•  Reduction of ice shelf buttressing 
•  Speedup 

We can also directly observe the thinning of 
the ice from this melt & acceleration 

Jacobs et al., 2011 



Thinning Rates 
Lines: measured from space 
Solid area: modeled 

thickening 1 m/yr  

thinning 1 m/yr  

thinning 2 m/yr  

thinning 3 m/yr  

thinning 4 m/yr  

thinning 5 m/yr  

0 

This model can tell us 
what’s likely to happen to 
Pine Island Glacier… 
 
how much ice will it 
discharge to the ocean over 
time? 

Sensitivity of 21st century sea level to ocean-induced 
thinning of Pine Island Glacier, Antarctica 
Ian Joughin, Benjamin E. Smith, & David M. Holland 
(2010) 

 



Projected sea level rise from PIG by year 2100 

0.5 to 2.7 cm 
depending on how quickly the ice shelf disappears 

Earlier upper bound estimates (Pfeffer et al., 2008) 

•  Pine Island Glacier: 4 to 15 cm 
•  Amundsen Coast: 11 to 37 cm 

(Pine Island accounts for about 40% of the mass loss of the Amundsen 
Coast glaciers) 

 

Sensitivity of 21st century sea level to ocean-induced 
thinning of Pine Island Glacier, Antarctica 
Ian Joughin, Benjamin E. Smith, & David M. Holland 
(2010) 

 



Why Better Predictions are Difficult 
•  Most of the processes just described are poorly understood and not 

represented in most models. 
–  Calving dynamics and sensitivity to temperature.  
–  Sliding law (response to change) 

•  Boundary conditions for ice flow models are poorly known (e.g., 
deep channels through which most Greenland glaciers flow are not 
resolved in bed topography maps). 

•  Resolution of ice sheet models (~20 km) is insufficient to include the 
fast flow features(~5 km) that influence the rate at which the ice 
sheet responds to climate change.  
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Slide by Gerard Roe 
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Slide by  
Gerard Roe 



Flux out (~H5) must balance snowfall in 

Schoof 2007 



Flow speed ~ H5 !!! 



Flow speed ~ H5 !!! 



Flow speed ~ H5 !!! 



Marine Ice Sheet Instability hypothesis 

This positive 
feedback has the 

potential to 
destroy WAIS 
anywhere with 
reverse-sloped 

bedrock,  
 

and will “float” 
any ice grounded 
below sea level 

(BLUE here) 



Hannes Grobe, Bremerhaven 



Triggering MISI: warmer ocean water 

Strong Sensitivity to Warmer 
Ocean Temperatures 

circumpolar deep water (WARM) 



Triggering MISI: tidal flexure at grounding zone 

Ross Ice Shelf 
Tides ~3m peak to peak 







“For now, this has not caused catastrophic melting  
because once high tide arrives, the glacial tongue floats back up  

and the inland ice settles, squeezing the water out. 
  

In the process, the glacier compacts sediment underneath the ice,  
cementing a muddy ridge that actually further stabilizes ice.” 

 
(News article on Richard Alley’s AGU talk, 2012) 



WHITE	  –	  ice	  removed	  due	  to	  MISI	  condi5ons	  
LIGHT	  GRAY	  –	  ice	  shelf	  
DARK	  GRAY	  –	  ice	  remaining,	  but	  below	  sea	  level	  
BLACK	  –	  ice	  remaining,	  above	  sea	  level	  

Reassessment of the Potential
Sea-Level Rise from a Collapse
of the West Antarctic Ice Sheet
Jonathan L. Bamber,1* Riccardo E. M. Riva,2 Bert L. A. Vermeersen,2 Anne M. LeBrocq3

Theory has suggested that the West Antarctic Ice Sheet may be inherently unstable. Recent
observations lend weight to this hypothesis. We reassess the potential contribution to
eustatic and regional sea level from a rapid collapse of the ice sheet and find that previous
assessments have substantially overestimated its likely primary contribution. We obtain a value
for the global, eustatic sea-level rise contribution of about 3.3 meters, with important
regional variations. The maximum increase is concentrated along the Pacific and Atlantic
seaboard of the United States, where the value is about 25% greater than the global mean,
even for the case of a partial collapse.

Glaciologists have proposed that the ma-
rine portion of the West Antarctic Ice
Sheet (WAIS) is potentially unstable

and that, as a consequence, it may be susceptible
to a rapid disintegration as a result of a relatively
modest change in climatic boundary conditions
(1–4). There is compelling evidence that the
WAIS has undergone partial collapse in the past,
possibly as recently as 400 thousand years be-
fore the present (kyr B.P.) (5, 6) as a conse-
quence of moderate warming. The proposed
instability of the WAIS is a consequence of the
marine ice sheet instability (MISI) hypothesis,
which has its basis in the idea that removal of
fringing ice shelves will result in the rapid and
irreversible inland migration of the grounding
line where the bedrock is below sea level and
slopes downward from the margins toward the
interior (4, 7). First suggested in the 1970s, the
hypothesis is supported by recent theoretical
analysis of grounding line stability (8). The
WAIS is unique in possessing a large proportion
of its mass where these conditions hold (Fig. 1).
Collapse is considered to be a low-probability,
high-impact event with, for example, a 5%
probability of the WAIS contributing 10 mm
year!1 within 200 years (9). Risk and mitiga-
tion assessments have, in general, used a single,
historic sea-level rise (SLR) value or range re-
sulting from a collapse. The most often quoted
range in the literature for a complete collapse of
the WAIS is 5 to 6 m with no regional variations
(10).

The first estimate of the potential eustatic (11)
SLR from a collapse of the WAIS was about 5 m
(2) and remains the generally accepted lower

value quoted (12). As is the case here and in
paleoreconstructions (6), it was assumed, pre-
sumably on the basis of glaciological theory, that
ice grounded above sea level would survive, but
no details have been provided about how the
calculation was made (Fig. 2).

More recently, with the benefit of improved
bedrock and surface topography, the total vol-
ume of the WAIS, including the Antarctic Pe-
ninsula, and ice grounded above sea level was
estimated and found to be equivalent to 5 m of
eustatic SLR (13). This calculation was not,
however, attempting to assess the volume of ice
that met the MISI hypothesis criteria or any
other glaciological or geophysical constraints,
such as the response of East Antarctic glaciers
or glacio-isostatic adjustment. Previous estimates
have not defined the region susceptible to a
collapse, the extent of the marine portion of the
continent that they assume will contribute, or
any assumptions made. The Antarctic Peninsula,
for example, is both topographically and glacio-
logically distinct from the WAIS, lies almost
entirely above sea level (Fig. 1 and 2), and was
included in the most recent estimate of the sea
level equivalent volume of the WAIS (13). Fur-
ther, although much of the WAIS is grounded
on bedrock below sea level (BSL), there are
extensive areas around the Transantarctic and
Ellsworth mountains and the Executive Com-
mittee Range that are not and/or that do not
have negative bed slopes (i.e., where the bed
elevation deepens inland in the opposite direc-
tion to ice motion) (Fig. 1 and figs. S1 and S2).
Of equal importance is the fact that the impact
on SLR of a collapse of the WAIS would not be
uniformly distributed across the oceans. Al-
though this was identified at an early stage, the
estimation of the regional impact (14) assumed
a uniform loss across the WAIS and did not in-
clude important effects, such as Earth rotational
changes (polar wander) and shoreline migration
(15). Here, we perform a detailed assessment of

the potential contribution of the WAIS, taking
into account relevant glaciological constraints
along with the solid earth and geoid response.
To do this, we used recent estimates of the geoid,
bedrock, and ice surface elevation, combined
with a viscoelastic Earth model, to estimate the
regional SLR from a glaciologically consistent
collapse of the marine portion of the WAIS. We
stress, however, that we are not attempting to
assess the validity of the MISI hypothesis, the
likely rate of mass loss, or the probability of a
complete or partial collapse.

Data sets. We have taken new bedrock ele-
vation data sets for the Amundsen Sea sector of
West Antarctica (16, 17) and combined these with
an older bed elevation data set for the rest of the
continent (13), a new ice surface digital elevation
model (18), and a new geoid derived fromGravity
Recovery and Climate Experiment (GRACE)
satellite mission data (www.gfz-potsdam.de/pb1/
op/grace/results/index_RESULTS.html). We ap-
ply these data to two scenarios of steady wasting
based on earlier estimates of the rate of wastage of
the WAIS (19).

To determine the volume of ice resting on
bedrock BSL, we merged new bedrock data for
the Amundsen Sea Embayment sector with the
older BEDMAP data set (13). We then identi-
fied grid cells that (i) were BSL and (ii) have
negative bed slopes. This condition was applied
loosely to provide an upper limit for the area
susceptible to collapse (20). For convenience,
this area will henceforth be referred to as the
region of interest (ROI). The ROI is shown in
Fig. 1 and includes the Antarctic Peninsula, al-
though it is only its most southerly limit and
margins that are BSL and nowhere does it satisfy
the MISI conditions discussed earlier (Fig. 1).

The volume of ice in the ROI above sea level
was summed, excluding floating ice shelves, by
using the ice surface digital elevation model with
respect to the geoid. We used the EIGEN-GLO4C
gravity model, derived from data provided by
the GRACE satellite mission, which has a stated
accuracy of 0.18 to 0.44 m on the basis of compar-
ison with Global Positioning System data across
Europe and North America (www.gfz-potsdam.de/
pb1/op/grace/results/index_RESULTS.html).
The ice volume above sea level was corrected for
the density difference between ice and seawater,
assuming a value of 918 kgm!3 for the former and
1028 kg m!3 for the latter. The same densities
were used to calculate the change in volume of
submerged ice that is replaced by seawater. An
additional term was calculated to take account of
the drawdown of newly formed ice margins ad-
jacent to the unstable areas. Where ice has been
removed, rather than a nonphysical vertical bound-
ary, the ice surface will, over time, relax to a new
equilibrium profile. We estimated the impact of
the surface drawdown by imposing a flotation
criterion at the new ice margins and then using
a thermomechanical ice sheet model to esti-
mate the postcollapse equilibrium profiles, in
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Summary 
Greenland:  

 Enhanced basal lubrication from surface melt 
  - significant effect only locally, temporarily 

 
 Speedup of outlet glaciers 
  - tied to decreased buttressing in fjords 

 
Antarctica: 

 Speedup of Pine Island Glacier 
  - tied to warm ocean waters melting ice shelf from below 

 
 Marine Ice Sheet Instability hypothesis 
  - reverse-slope bed below sea level (WAIS) is vulnerable 
  - a wildcard; plausible and possible at Thwaites Glacier 

 



Greenland / Lake drainages 
 
Fracture Propagation to the Base of the Greenland Ice Sheet During Supraglacial Lake Drainage 
Sarah B. Das, Ian Joughin, Mark D. Behn, Ian M. Howat, Matt A. King, Dan Lizarralde and Maya P. Bhatia 
Science 9 May 2008: Vol. 320 no. 5877 pp. 778-781  
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Surface Melt-Induced Acceleration of Greenland Ice-Sheet Flow 
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The asterisk on Slide 5 (new developments since the assumption that more water at the bed means faster motion) 
Ice-sheet acceleration driven by melt supply variability  
Christian Schoof 
Nature 468 803 (2010) 
doi:10.1038/nature09618 

 
Greenland / Jakobshavn velocities 

 
Large fluctuations in speed on Greenland's Jakobshavn Isbræ glacier 
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Marine Ice Sheet Instability hypothesis 
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