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Ice streams carry ice from the
interior of the continent to thelis
ice shelvg y

UCSD Ledden lecture - 15 April 2009




Velocity of Amery Ice Shelf (RADARSAT)
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Monitoring ice sheets with SAR
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Velocity of Siple Coast ice streams

SAR Imagery CFSA, 1997
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Sentinel-1 Near Real Time Ice Velocity

http://www.cpom.ucl.ac.uk/csopr/iv/
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MODIS Ch. 1-4-3 (250m and 500m pixel size)

The Larsen B Breakup, 2002 Landsat?BandB 15m pixel S|ze)
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Collapse of Larsen B Ice Shelf
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Collapse of Larsen B Ice Shelf
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Crane and Leppard Glacier
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Hektoria Glacier
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Evans glacier shows
a similar pattern



ice speed (m/d)
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1. Stable glacier and ice shelf
Glacier flow driven by gravity

Buoyant (hydrostatic) force at shelf front
partially supports ice wall; backstress
from islands/coastline provides
some resistance to glacier flow

Water level “— l E

Grounding line =
{where ice begins to float) (>4

b) water-filled fractures
carve through ice shelf;
shelf disintegrates

—_—— —-v—v—v-—vﬁﬁ
Grounding Iine/\/ e
e

3. Ice shelf retreat

Retreat past islands and other
“pinning points” reduces backstress;
glacier flow increases

Grounding line

4. Unstable glacier front after ice shelf collapse

As shelf retreats past grounding line
buoyant support decreases at front
but glacier flow continues and

glacier front calves rapidly

Water level

Grounding line

5. Glacier acceleration

% /Oid surface Lower part of
S New surface glacier steepens,

Calved icebergs accelerates, and
- loses mass
.

Water level

Grounding line

After shelf or ice tongue loss, the news
is the same... faster glaciers.

OR -

Effects of warmer
water on underside
and ice front

* Loss of shelf backstress an initial effect, but..
- the more dramatic effect may be due to
increasing ‘freeboard’ as glacier retreats
above the grounding line. Collapse of this
taller, lightly grounded ice front leads to
higher slope in the lower glacier and in-
creased driving stress.

- Converting to tidewater glaciers

Air photo taken by Pedro Skvarca, late March, 2002
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Ice shelf grounding zone (GZ)

Transition zone between fully

floating & fully grounded ice

Often poorly defined by pre-
ICESat datasets

Regions of significant basal melt
Complex physics: coupling of
bedrock, till, ice & ocean

Can rapidly evolve in response to
changes in ice thickness & sea
level

Monitoring GZs is important part of
iIce sheet change detection, the
primary goal of the ICESat Mission




H: inshore limit of the hydrostatic zone of free floating ice shelf ice

|: inflexion point - in some cases this may just be a change in slope

G: limit of ice flotation

F: limit of ice flexure from tidal movement

Relative locations of these features will change depending on ice thickness, bedrock
topography & properties etc.
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_______Te —

tidal motion
of floating
shelf

ice shelf

ocean
adapted from Vaughan, 1994




INSAR detection of grounding lines

y coordinate (km)
20 30

GROUNDED

=
£
o
8
©
=
°
e
o
o
Q
>

Interferogram of the Rutford Ice Stream, West Antarctica. Both the rapid flow of the ice stream and the location of
the grounding line are visible. The fringes show displacements over a 6 day period with each color cycle
representing 28mm of LOS displacement. Courtesy D. Goldstein, JPL.




INSAR detection of
grounding lines

Differential SAR Interferometry (DSI)

Difference between two
interferograms over same time
interval (to remove ice flow)




INSAR detection of grounding lines

Example: Glacier Recession, Pine Island Glacier, Antarctica
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Reference: Rignot, Science, 1998




ICESat crossover differences

ICESat coverage extends much further south than ERS;’

Xover differences are large over the ice shelves due to tides

High along-track resolution of ICESat (65m footprint, 172m spacing) allows
accurate identification of GZs |




Southern F|Ichner-Ronne Ice Shelf
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Repeat track data filtering using
gain and return energy
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Repeat track data filtering using
gain and return energy
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Track 1304: ICESat data and flexure
model fit
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Southern Filchner-Ronne Ice Shelf
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Marine ice sheet instability

—>» Tidal mixing

—>» High-salinity shelf water

—» Circumpolar Deep Water (CDW)
Buoyant melt plume

—» Subglacial outflow

Mary, . .
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Se
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ice shelf
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iceberg
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I
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continental
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subglacial
lake
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Prepared by Matthew Siegfried
Scripps Institution of Oceanography
Modified from Joughin et al., 2012
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Antarctica is an interdisciplinary system

Atmospheric Circulation I

f«‘,f. Snow

Precipitation
Evaporation
Sublimation

Equilibrium
Line

Heat

Ocean
Circulation

THREE-DIMENSIONAL CIRCULATION OF GLOBAL OCEANS,
SHOWING CONNECTIONS VIA THE SOUTHERN OCEAN
BETWEEN THE WORLD'S DIFFERENT WATER MASSES AND
THE GLOBAL INFLUENCE OF ANTARCTIC BOTTOM WATER

6@“ SIO 115 Ice in the Climate System — Helen A Fricker



Iceberg calving

Tabular iceberg
calving from Pine
Island Glacier

o
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ML
e S5 NASA/GSFC/LaRC/JPL MISR Team
David Diner (JPL)



Monitoring iceberg calving

® Four year field program
(funded by NASA 2002-03 and
NSF 2004-07), in collaboration
- with Australian Antarctic
Division

@ Rift motion and

“icequakes” monitored with
GPS and seismometer
stations

| Bassis., Fricker et al., GRL. 2005 |




Monitoring iceberg calving

“Loose Tooth” rift system

| pbassis. Frickeret al.. GRL. 2000 |




Measuring ice sheet mass balance
(and sea-level rise)

Three methods used to assess
“health” of an ice sheet by
e satellite:

Radar/lase Direct measurement of change in

altimeters elevation with time (using altimeters)
MELTING

I L
& Measurement of mass change with time

(using GRACE)

Estimation of mass fluxes (Input-output
method)

September 131" 2013




altimeters

Radallase |

IcE

Measuring ice sheet mass balance
(and sea-level rise)

Pass 2

'N * Radio waves are bounced off
A the surface on two separate
passes

* Phase differences resolve
elevation changes in fractions
of the wavelength of the radar

MELTING
IcE

aunt
Paul
MASE: -
Me amerm\ 5

SAR carried on EﬁS 112 &“RA D
Gives surface velocity D
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Average global mean sea level rise 1993-2012

50 ©  TOPEX

& Jason-1

40 —  60-day smoothing

Inverse barometer app'Iied, GIA corrected

30

20 Nerem et al. 2010, updated at

http://sealevel.colorado.edu

Rate = 3.1 = 0.4 mm/yr
Seasonal signals removed

-10 1—3

University of Colorado 2012_rel4
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Altimetry Crossovers
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Antarctica dH/dt 1992-2003

ERS satellite radar altimetry
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WAIS losing 50 Gta™', EAIS gaining 25 Gta
=> net loss 25 Gta™!
Particular ice streams or glaciers are

dominating the mass balance for the whole
ice sheet
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Elevation rate (cm/year)

September 131" 2013




Antarctica/Greenland dH/dt 2003-2008
ICESat laser altimetry

Pritchard and others, Nature, 2007

<15 -05 -02 0 . .
. \ | ! 1,000 km
L ]

myr!

Figure 2 | Rate of change of surface elevation for Antarctica and and 746 d for Greenland). East Antarctic data cropped to 2,500-m altitude.
Greenland. Change measurements are median filtered (10-km radius), White dashed line (at 81.5° S) shows southern limit of radar altimetry
spatially averaged (5-km radius) and gridded to 3 km, from intervals (At) of measurements. Labels are for sites and drainage sectors (see text).

at least 365 d, over the period 2003—2007 (mean At is 728 d for Antarctica

September 131" 2013




Antarctica ice mass change 2003-2011

GRACE

tssol_w30000_d100_t10_con1_v12+sean_correc_geocenter+20030401_20101201
Mass change by region

500 G1¢

AlS Total
-158.4 + 61.2 Gtlyr

AlS <2000m
-156.4 + 22.9 Gtlyr

EAIS
25.0 + 37.2 Gtlyr

2003 2004 2005 2006 2007 2008 2009 2010 2011
Year

Luthcke et al., submitted July 2012
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Greenland ice mass change 2003-2011

GIS mass change by region

GIS Total
-220.2 + 14.3 Gtlyr

GIS < 2000m
-216.5 + 20.8 Gtlyr

2004 2005 2006 2007 2008 2009 2010 2011
Year

Luthcke et al., submitted July 2012
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Antarctica mass loss 2006
Mass flux estimates

1 ]
200 400 &00

Van den Broeke et al. 2006
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Antarctica mass loss 2006
Mass flux estimates

F#A0Gtyr-1 @

_10 tyr ‘ W
P 10 Gtyr1 @ | s - 140 Indian

150 180
200 km

de. 160 160
70

September 131" 2013

0 001 01 123 kmyr
|1 .




Summary: ice sheet mass change

Antarctica
.f-"") o o Rate of mass
’ \:x increase (Gt/year)
100
0 L8 )
T I5 ] I 2
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Summary: ice sheet mass change

o Greenland
W@' / 0 :'

Rate of mass
increase (Gt/year)
100
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Summary: ice sheet mass change

Greenland
Rate of mass Rate of mass

increase (Gt/year) increase (Gt/year) Antarctica
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Summary: ice sheet mass change
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A Reconciled Estimate of Ice-Sheet
Mass Balance

Andrew Shepherd,™* Erik R. Ivins,?* Geruo A, Valentina R. Barletta,* Mike ). Bentley,®
Srinivas Bettadpur,® Kate H. Briggs,* David H. Bromwich,” René Forsherg,* Natalia Galin,®
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" We combined an ensemble of satellite altimetry, interferometry, and gravimetry data sets using
common geographical regions, time intervals, and models of surface mass balance and

gladial isostatic adjustment to estimate the mass balance of Earth’s polar ice sheets. We find that
3 there is good agreement between different satellite methods—especially in Greenland and
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Shepherd et al., Science, 2012
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Antarctic ice shelves dH/dt 2003-2008
ICESat laser altimetry

Pritchard and others, Nature, 2012~ . - The distribution of Antarctic ice-shelf
S AN e c c c ; : :
4;;—% {z_;,%__, . thinning is regional, and is most rapid
' 2% poe 5‘; —~ along the Amundsen and Bellingshausen

Sea coasts.

A

All thinning ice shelves have accelerating
glaciers behind them

Most thinning ice shelves related to
warming ocean currents

The warmer the seawater gets, the less
resistance to flow there is in the outlet
glaciers, and the more rapidly they
dump their ice into the sea.

September 13" 2013




Antarctica is losing its marginal ice shelves at an
accelerated rate
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Paolo F.S., H.A. Fricker, L. Padman, Volume loss from -~"*\.
Antarctic ice shelves is accelerating, Science (2015). ~1500 DB 500 km
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doi:10.1126/science.aaa0940 B s B N e —
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+ We integrated measurements from three overlapping satellite altimetry missions (from 1994 to 2012)

+ We developed methods to process and analyze 18 years of satellite radar-altimeter data over icy surfaces

+ We constructed the most comprehensive record of changes in Antarctic ice-shelf height to date

+ We showed that Antarctic ice-shelf volume loss is accelerating

+ We showed that some key ice shelves could disappear completely within this century

* We showed that ice shelves can respond quickly to changes in atmospheric and oceanic conditions

+ We showed that single satellite missions are insufficient to draw conclusion about the long-term response of ice she



Volume loss from ice shelves is accelerating
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lce-shelf thinning
West Antarctica
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Thickness change (m)
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Current(er) status of Antarctica
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Antarctica mass loss 2006
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There are 145 documented subglacial lakes under the Antarctic
ice sheet — the first lake discovery was made in the 1960s




Antarctlc subglamal water

(
|
|
|

Sea

AUs

‘\A Italian

| '
|

i

y

1 \
\ Amundsen

! Be llmqshau;‘cn .’

'y Sea |

AN
| ¥ Russian
\\

A\ UK-US-Danish

/0 250 500 750 1000km

/

7 Weddell

Amery
L Ice
Shelf

Siegert et al.,

LAKE VOSTOK

Ice flow

0, & CO,
Hydrates?

Cored 3623 m

Liquid'water depth#

650-800m

‘Méthane hydrates’?“_> —

Geothermal?

,@ |

}Accre_tion ice
~200 m thick

Lake sediments
_300-400m thick

Lake Vostok (discovered 1993) is the largest known subglacial
lake; its area is 14,000 km® - about the same area as Lake Ontario

but it is twice as deep (volume 5,400 km?3)




Antarctic subglacial water
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The water below the ice remains
liquid by the pressure of the ice sheet
above and by geothermal heating




&

Wingham et al. Nature, 2006

Until recently water flow was thought to be a steady trickle,
however results by Gray et al. (GRL, 2005) and Wingham et al.
(Nature, 2006) has shown that subglacial water can move rapidly
in large quantities = “subglacial floods™




Antarctic subglacial water

There is evidence for large scale subglacial water movement in
the Transantarctic Mountains — a feature known as the Labyrinth —
believed to have last flooded between ~12 & 14 million years ago
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Antarctic subglacial lakes
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SIO 115 Ice in the Climate System — Helen A Fricker




Antarctic subglacial water
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@ Results by Gray et al. (GRL, 2005), Wingham et al. (Nature, 2006)
. &Fricker et al. (Science, 2007) showed that subglacial water can
e?if move rapidly in large quantities = “subglacial floods”
ﬁwv SIO 115 Ice in the Climate System — Helen A Fricker
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How does water flow under ice?

Water moves from places with high pressure =» places with low pressure
Ice overburden pressure P, plays the role of a pump

D= pwgB+Pi

SIO 115 Ice in the Climate System — Helen A Fricker
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The signals are the
surface expressions of
subglacial water moving
beneath the ice streams
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Active subglacial lake inventory

Journal of Glaciology, Vol. 55, No. 192, 2009

An inventory of active subglacial lakes in Antarctica detected by
ICESat (2003-2008)

Benjamin E. SMITH,' Helen A. FRICKER,” lan R. JOUGHIN,' Slawek TULACZYK®

'Applied Physics Laboratory, University of Washington, 1013 NE 40th Street, Box 355640, Seattle,
Washington 98105-6698, USA
E-mail: bsmith@apl.washington.edu
*Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California-San Diego,
La Jolla, California 92093-0225, USA
? Department of Earth and Planetary Sciences, University of California Santa Cruz, Santa Cruz, California 95064, USA

ABSTRACT. Through the detection of surface deformation in response to water movement, recent
satellite studies have demonstrated the existence of subglacial lakes in Antarctica that fill and drain on
timescales of months to years. These studies, however, were confined to specific regions of the ice sheet.
Here we present the first comprehensive study of these ‘active’ lakes for the Antarctic ice sheet north of
86°S, based on 4.5years (2003-08) of NASA's Ice, Cloud and land Elevation Satellite (ICESat) laser
altimeter data. Our analysis has detected 124 lakes that were active during this period, and we estimate
volume changes for each lake. The ICESat-detected lakes are prevalent in coastal Antarctica, and are
present under most of the largest ice-stream catchments. Lakes sometimes appear to transfer water from
one to another, but also often exchange water with distributed sources undetectable by ICESat,
suggesting that the lakes may provide water to or withdraw water from the hydrologic systems that
lubricate glacier flow. Thus, these reservoirs may contribute pulses of water to produce rapid temporal
changes in glacier speeds, but also may withdraw water at other times to slow flow.
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NAsA Link between lakes & ice dynamics

“* Byrd Glacier velocity
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< Byrd Glacier velocity
increased by 10% for a period of
14 months from December 2005

** Speed-up started within one
month of initiation of drainage of
subglacial lake upstream (1.7
km3 water)

“* First evidence of direct link
between subglacial floods and
ice dynamics

“* Few repeat velocity
measurements available for

ICESat period (2003-08); no
other links yet found



Antarctic subglacial water
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Knowledge of subglacial water movement is fundamental to our
understanding of ice stream dynamics and critical to predicting
future behaviour and sea-level contribution




Antarctic Ice Sheet Mass Balance
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Current and future changes are a complex function of
accumulation and melting as well as dynamic ice sheet behaviou

Predicting the future requires careful incorporation of subglacial
water processes into ice sheet models




Preliminary Resultsi Northeastern Greenland
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Preliminary Results: Northeastern Greenland
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Northern Greenland: R_yder Glacier
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INSAR over ice shef rifts

7

Ice shelf motion
around Hemmen Ice
Rise, Antarctica

Images can be combined to form an interferogram
that is sensitive to both topography and motion




