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As	
  global	
  air	
  temperatures	
  con3nue	
  to	
  rise,	
  all	
  of	
  these	
  components	
  
–	
  accumula3on,	
  mel3ng	
  and	
  flow	
  rates	
  –	
  are	
  expected	
  to	
  increase.	
  	
  

Workshop	
  on	
  Future	
  Seismic	
  and	
  Geode5c	
  Facility	
  Needs	
  in	
  the	
  Geosciences	
  5th	
  May	
  2015	
  

snow accumulation 

Antarc3ca	
  +	
  Greenland	
  =	
  58.3	
  m	
  

mass gain 
mass loss 

?	
  
?	
  

2100	
  



Ice	
  velocity	
  metres/year	
  

The role of ice streams

Roland	
  Warner	
  

Most	
  of	
  ice	
  ends	
  up	
  in	
  the	
  ice	
  shelves	
  

Ice	
  streams	
  carry	
  ice	
  from	
  the	
  ice-­‐
sheet	
  interior	
  to	
  the	
  ice	
  shelves/
outlet	
  glaciers	
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Shrinking	
  of	
  ice	
  shelves	
  does	
  not	
  affect	
  sea-­‐level	
  but	
  ice	
  shelves	
  restrain	
  the	
  flow	
  of	
  
the	
  grounded	
  ice	
  through	
  “buDressing”	
  

The role of ice shelves

Plan	
  view	
  of	
  an	
  ice	
  shelf	
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Accelera3on	
  increase	
  occurred	
  for	
  all	
  glaciers	
  
feeding	
  the	
  catastrophic	
  breakup	
  area	
  (e.g.	
  
Crane)	
  
 
   

The	
  role	
  of	
  ice	
  shelves	
  

No	
  accelera3on	
  change	
  was	
  observed	
  in	
  glaciers	
  
south	
  of	
  the	
  total	
  break-­‐up	
  zone	
  (e.g.	
  Leppard).	
  

Scambos	
  and	
  others,	
  2004	
  

Removal	
  of	
  the	
  northern	
  2/3	
  of	
  the	
  Larsen	
  B	
  
had	
  an	
  instant	
  effect	
  on	
  the	
  speed	
  of	
  glaciers	
  
flowing	
  into	
  it	
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Instability	
  due	
  to	
  grounding	
  line	
  being	
  on	
  reverse	
  bedrock	
  slope	
  

Marine ice sheet instability 



IPCC	
  AR4	
  Chapter	
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Ice	
  	
  

Ice	
  sheets	
  are	
  vast	
  and	
  cold,	
  and	
  mainly	
  respond	
  to	
  
change	
  on	
  long	
  3me	
  scales	
  

Recently	
  changes	
  are	
  occurring	
  much	
  faster	
  at	
  the	
  ice	
  
margins	
  &	
  ice	
  shelves. 

Ice	
  	
  
Time	
  scales	
  for	
  ice	
  sheet	
  changes	
  

Both	
  horizontal	
  &	
  ver3cal	
  signals	
  important	
  

Ø  Horizontal:	
  ice	
  sheet	
  flow	
  

Ø  Ver5cal:	
  ice	
  sheet	
  mass	
  balance,	
  3des,	
  
	
   	
   	
  subglacial	
  lakes	
  



Fricker and Padman - Grounding lines from ICESat - AGU Fall Meeting 7 December 2005 San Francisco California 

Ice	
  shelf	
  3dal	
  mo3on	
  
Ice shelves float on the ocean in hydrostatic 
equilibrium & move with tides 
 

GPS height measurements made at different 
tidal states show this vertical motion. 
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King	
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Time-­‐varying	
  ice	
  sheet	
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Whillans	
  Ice	
  Stream	
  slowing	
  down	
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  2005	
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  flow	
  modulated	
  by	
  3des	
  at	
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  Rugord	
  Ice	
  Stream,	
  West	
  

Antarc3ca	
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S3ck–slip	
  on	
  the	
  Whillans	
  Ice	
  Stream	
  first	
  observed	
  in	
  	
  
Jan.	
  1999	
  with	
  GPS	
  
	
  
Tidal	
  modula3on	
  controls	
  when	
  slip	
  events	
  
occur	
  during	
  spring	
  3des	
  

Slip	
  events	
  follow	
  shortly	
  aier	
  peak	
  high	
  
3de,	
  then	
  again	
  at	
  low	
  3de.	
  
	
  
Low	
  3de	
  events	
  are	
  increasingly	
  being	
  
‘skipped’.	
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Like	
  faults,	
  ice	
  streams	
  display	
  a	
  range	
  of	
  
dynamic	
  behavior	
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  Stream	
  
Slide	
  from	
  Paul	
  Winberry	
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  sheet	
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  Stream	
  



Neither	
  GPS	
  nor	
  seismic	
  are	
  able	
  
to	
  resolve	
  mo3on	
  at	
  all	
  frequencies	
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  et	
  al.,	
  2014	
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Whillans	
  also	
  produces	
  large	
  glacial	
  
earthquakes	
  
	
  
	
  	
  

Whi l lans 	
  Events 	
  are 	
   	
  ~M	
  7	
  

Wiens	
  et	
  al.,	
  Nature,	
  2008	
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Ice	
  sheet	
  seismic	
  ac3vity	
  

“Glacio-­‐seismology”	
  

“icequakes”	
  



Winberry	
  et	
  al.,	
  EPSL,	
  2011	
  

Each	
  event	
  is	
  different	
  due	
  to	
  a	
  3dal	
  pacing	
  in	
  stressing	
  rate	
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Time-­‐varying	
  ice	
  sheet	
  mo3on	
  

Flow rates increase during summer 
because surface meltwater reaches 
ice sheet base 

Zwally et al., 2002 
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  Stream,	
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  subglacial	
  water	
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MacAyeal	
  Ice	
  Stream,	
  West	
  Antarc3ca	
  

Seismic	
  detec3on	
  of	
  subglacial	
  water	
  ac3vity	
  

Winberry	
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  al.,	
  GRL,	
  2009	
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Harmonic	
  tremor	
  interpreted	
  as	
  
water	
  travelling	
  in	
  a	
  conduit	
  
under	
  the	
  ice	
  stream	
  



Es3ma3ng	
  ice	
  sheet	
  mass	
  balance	
  

Radar 

Radar/laser 
altimeter 

Three methods used to assess ice 
sheet mass balance from satellites: 

SAR 

GRACE

«  Direct	
  measurement	
  of	
  change	
  in	
  height	
  
with	
  3me	
  (using	
  al3metry)	
  

« Measurement	
  of	
  mass	
  change	
  with	
  3me	
  
(using	
  GRACE)	
  

«  Es3ma3on	
  of	
  mass	
  fluxes	
  (input-­‐output	
  
method)	
  

Needs	
  GIA	
  

Needs	
  GPS	
  ground-­‐
truth	
  

Needs	
  GPS	
  veloci3es	
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Pritchard	
  et	
  al.,	
  Nature,	
  2007	
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ICESat	
  laser	
  al3metry	
   GRACE	
   Input/output	
  

Some	
  discrepancy	
  between	
  results	
  from	
  the	
  three	
  methods	
  

All	
  agree	
  there	
  is	
  net	
  mass	
  loss	
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  Sheet	
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Intercomparison	
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Volume	
  loss	
  from	
  ice	
  shelves	
  is	
  accelera3ng	
  

Paolo,	
  Fricker	
  and	
  Padman,	
  Science	
  2015	
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Ø  Ice	
  sheets	
  are	
  changing	
  &	
  have	
  large	
  poten3al	
  
contribu3on	
  to	
  sea-­‐level	
  rise	
  (SLR)	
  &	
  freshwater	
  
flux	
  to	
  the	
  oceans	
  

Ø  We	
  s3ll	
  have	
  limited	
  understanding	
  of	
  ice	
  sheet	
  
mass	
  loss	
  processes	
  

Ø  In	
  20	
  years,	
  we	
  have	
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  a	
  vast	
  amount	
  about	
  
ice-­‐sheet	
  processes	
  from	
  GPS	
  &	
  seismology,	
  that	
  
would	
  not	
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  been	
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  via	
  other	
  methods	
  

Ø  We	
  need	
  to	
  observe	
  on	
  short-­‐3me	
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  long	
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  physical	
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We	
  learn	
  something	
  every	
  :me	
  we	
  deploy	
  a	
  GPS	
  or	
  seismometer	
  on	
  a	
  glacier!	
  


