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Sea level rise Budget from 
the IPCC-2007 report
For 1961-2004

SLR = 1.8 mm/yr
[1.6 mm/yr Domingues et al., Nature, 2009]

Glaciers and ice caps =
0.5 mm/yr

Alaskan glaciers = 
0.15 mm/yr

IPCC, 2007: “Values for […] Alaska are 
mainly derived from altimetry evaluations 

made by Arendt et al. (2002)”

Cumulative mass balances for large glaciated
regions [Kaser et al., GRL, 2006 ; IPCC, 2007]

Alaskan glaciers: largest contributor to SLR



~90,000 km2 of ice

Laser profiling compared 
to contour maps (50s-
1995) & repeat laser 
profiling (1995-2001)

Few tenth of glaciers.
Mandatory extrapolation 
to un-surveyed areas:
- profile-to-glacier
- regional

Ice loss (SLE):
0.14 mm/yr 50s-90s
0.27 mm/yr after 1995

Alaskan glaciated regions and location of the 67 glaciers 
used by Arendt et al. (2002) for their early period (1950s-

1995) ice loss estimate

Seminal study of ice loss in ‘Alaska’ 

© UAF

Arendt et al., Science, 2002



Average annual mass 
balance for 1966-2001:
GUL = -0.34 m/yr w.e.
WOL = -0.31 m/yr w.e.
LEM = -0.44 m/yr w.e.
Mean = -0.36 m/yr w.e.

Ice loss (SLE):
0.09 mm/yr 1966-2001
vs
0.16 mm/yr for Arendt et al., 
2002

Location of the long terme mass balance record in Alaska
[Moore et al., Hydro Proc, 2009]

Field mass balance data ‘Alaska’ 
Meier & Dyurgerov, Science, 2002, Perspective paper:

“For the three glaciers [Gulkana, Wolverine, Lemon Creek], laser-altimeter 
results and mass-balance observations agree within the error limits”

???



Accumulation plateau of the Icefields Ranges (© E. De Giuli)



Accumulation plateau of the
icefields ranges (© E. De Giuli)



Kaskawulsh Glacier (© E. De Giuli)



Dusty Glacier (© E. De Giuli)



Elevation changes for the Bagley ice Valley (a) 
and Malaspina glacier (b) during 1972-2000

Recent sequential DEM analysis

Elevation changes for the Glacier Bay
and Yukatat areas ~1948-2000

Muskett et al., GRL, 2003

Larsen et al., JGR, 2007

Schiefer & al., GRL, 2007 = B.C.
Van Looy & al., GRL, 2006 = Kenai Peninsula
Muskett & al., EPSL, 2008 = Icy Bay

� Highly complex pattern of ice elevation changes



The question:

Did airborne laser profiling by Arendt et al. (2002) capture 
this complex pattern at the glacier scale and regional 
scale? 

Compile a comprehensive inventory of Alaskan ice-covered 
areas.

Measure ice elevation change by subtracting two sets of 
Digital Elevation Models (DEM)

A two-step answer:



- Glacier outlines from 
US and Canadian maps

- outlines updated to 
2000s for the few 
glaciers that advanced

- total ice covered area: 
~88,000 km2

- higher resolution than 
previous data

In gray our inventory and overlaid in yellow the inventory 
of the Digital Chart of the World used by Arendt et al., 2002

‘Alaskan’ glacier inventory 

Inventories agree

Glaciers not inventoried by A02 

Nunataks misclassified as glaciers in A02



Old topography: 
DEMs derived from 
contour maps (dates: 
early 50s to mid-80s)  

Recent topography 
(2001-2008) from 
satellite imagery 
covering 75% of the ice-
covered area: 

ASTER (NASA/GLIMS)
(1/3 of the area)

SPOT5-HRS (SPIRIT)
(2/3 of the area) SPOT5 3D view of Columbia Glacier (Sept-2007). 

The 5-m resolution image and 40-m DEMs have 
been derived from SPOT5 stereo imagery

Method: sequential DEM analysis for Alaska 



Western Chugach Mountains

Surface elevation change in the Western Chugach Mountains between 
the 1950s (USGS maps) and 2007 (SPIRIT DEM). 

82 % of the ice-covered area is measured



St Elias Mountains (~40 000 km2)

Surface elevation change in the St Elias Mountains between the 
~1970s (USGS, YT maps) and 2003-2007 (ASTER, SPOT5 DEM). 

Thickening 
Hubbard G.

Rapid 
drawdown 
Yukatat

Build up of 
the Bagley 
Ice Valley

Thinning 
of Bering, 
Icy Bay 
and
Maslapina

Muskett et al., 2003

Muskett et al., 2008, 

2009a, 2009b

Arendt et al., 2002

Larsen et al., 2007



Regional Mass Balance and Ice loss

DEM-derived mass balances in the different ice-
covered regions of Alaska

Bn more negative on 
maritime icefields 

Total annual ice loss 
during 1962-2006:
~42 km3/yr w.e. 

or
0.12 mm/yr SLE

Our new estimate is 
34±8% smaller than 
Arendt et al., 2002* 

* Extended to the same time period 
using ice loss determined after 2002 
using GRACE data [Arendt et al. & 
Luthcke et al., JOG, 2008] 



1) Our total ice-covered area is slightly lower (2%) and 
our inventory has a higher resolution

2) The insulating effect of debris coverage was not taken 
into account in earlier work

Why is our Estimate Lower?



Debris cover: influence on Bering glacier

Hypsometry and elevation changes during 1972-2004 on the debris-
free (blue) and debris-covered (brown) area of Bering Glacier  

Thinning rates are 
reduced by a factor of two
under debris

Overestimation of the 
Bering ice loss by 13% if 
this reduction is ignored

Definition of Bering Glacier 
System. In Brown, debris covered 
areas. Beedle et al., TC, 2008



Debris cover: others glaciers?

Google Earth images of glaciers illustrating that  debris-
coverage is wide-spread in Alaska  

Proportion of debris-
covered ice is unknown 
but significant at low 
elevations (where most 
ice loss occurs…)

Sequential DEM analysis 
accounts for this effect

Alaska Range

St Elias Mts Stikine icefield

Malaspina © NASA



Why Might our Estimate be Lower?

1) Our total ice-covered area is slightly lower (2%) and 
our inventory has a higher resolution

2) The insulating effect of debris coverage was not taken 
into account in earlier work

3) Over-estimation of the thinning rates when only 
centerline profiles of the main ice trunk are measured 
(example of Columbia glacier).



Western Chugach Mountains

Surface elevation change in the Western Chugach Mountains between 
the 1950s and 2007. Columbia glacier alone account for 42% of the 

ice loss in this mountain range.



Across-Glacier Variability in Ice Loss

Transverse elevation changes during 1957-2007 for five different branches 
of Columbia Glacier at ~700 m a.s.l. The relative difference (%) between the 

centreline and the mean transverse elevation change is given

UAF laser profile

Virtual laser profile 



Across-Glacier Variability in Ice Loss

Distribution of the elevation differences in the [530m-560m] 
altitude range of Columbia glacier

Arendt et al., 2002 

assumed a ±1.3 
m profile-to-
glacier random 
error

but

recognized that 
this small random 
error may not be 
applicable to 
large glaciers

This error was

- underestimated 
by two orders of 
magnitude
- is not random

MeanCenterline



Centerline profiling vs. sequential DEM

Columbia Ice loss:

(1) whole glacier 
basin sampled:
2.4 km3/yr w.e.

(2) sampling along 
laser profiles 
3.1 km3/yr w.e.

(3) results from 
UAF laser profiling 
3.1 km3/yr w.e.
Arendt et al., 2002 ; 
assuming continuing ice loss 
after 2001

� Over-estimation by 27% 



Centerline profiling vs. sequential DEM

Over-estimation of ice loss by laser altimetry for ten large glaciers in 
Alaska and comparison to UAF estimates.



Conclusions

• Our estimate of ice loss from Alaskan glaciers is 21 ± 5 km3/yr w.e. 
lower than previous estimate (0.12 mm/yr SLR vs 0.17 mm/yr). 
Still, they lost a lot of ice!

• Total glaciers and ice caps contribution to SLR since 1960s should 
be revised (reduction by ~10% from 0.5 to 0.45 mm/yr)

• Repeat laser profiling is the most efficient technique to detect
change in the rate of ice loss, but large scale DEM are preferable 
to measure complex pattern of elevation changes

Berthier, Schiefer, Clarke, Menounos, Remy, 

Contribution of Alaskan glaciers to sea level rise 

derived from satellite imagery, 

Nature Geoscience, 2010.
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Retreat and thinning of 

Columbia Glacier between 1980 and 2007





Reduced thinning at the 

glacier margins 


