N

N

Contribution of Alaskan glaciers to sea level rise derived
from satellite imagery
Etienne Berthier, Eric Schiefer, Garry K. C. Clarke, Brian Menounos,
Frédérique Rémy

» To cite this version:

Etienne Berthier, Eric Schiefer, Garry K. C. Clarke, Brian Menounos, Frédérique Rémy. Contribution
of Alaskan glaciers to sea level rise derived from satellite imagery. Nature Geoscience, 2010, 3 (2),
pp.92-95. 10.1038 /ngeo737 . hal-00537722

HAL Id: hal-00537722
https://hal.science/hal-00537722
Submitted on 1 Feb 2011

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00537722
https://hal.archives-ouvertes.fr

Contribution of Alaskan glaciers to sea-level rise
derived from satellite imagery

BERTHIERE.}?, SCHIEFERE.2, CLARKE G.K.C.*, MENOUNOSB.?, REMY F .12
1 CNRS; LEGOS; 14 Av. Ed. Belin, F-31400 Toulousanée

2 Université de Toulouse; UPS (OMP-PCA); LEGOS; ¥4Bd. Belin, F-31400
Toulouse, France

3 Department of Geography, Planning and Recreatiorthern Arizona University;
Box 15016 Flagstaff, Arizona 86011-5016, USA

“ Department of Earth and Ocean Sciences; Univeddi§ritish Columbia; 6339
Stores Road, Vancouver, BC, Canada V6T 174

®> Geography Program and Natural Resources Enviroridé3tudies Institute;
University of Northern British Columbia; Prince Gge, BC, Canada V2N 479

Full Reference:

Berthier E., Schiefer E., Clarke G.K.C., MenounosBRemy, F. Contribution of
Alaskan glaciers to sea level rise derived froneltd imagery Nature Geoscienge
3(2), 92-95, doi: 10.1038/ngeo737, 2010

The paper is also available at:
http://www.nature.com/ngeo/journal/v3/n2/full/ng&a7html

Supplementary information is (freely) available at:
http://etienne.berthier.free.fr/Berthier_et _al NG2010.htm




Over the past 50 years, retreating glaciers and iaeaps contributed 0.5mm yi* to
sea-level ris§ and one third of this contribution is believed tocome from ice masses
bordering the Gulf of Alaska®>. However, these estimates of ice loss in Alaskaear
based on measurements of a limited number of glacgethat are extrapolated to
constrain ice wastage in the many thousands of otfge Uncertainties in these
estimates arise, for example, from the complex patn of decadal elevation changes
at the scale of individual glaciers and mountain rage$~". Here we combine a
comprehensive glacier inventory with elevation chages derived from sequential
digital elevation models. We find that between 196and 2006, Alaskan glaciers lost
41.9 + 8.6 kni yr™* of water, and contributed 0.12 + 0.02mm yt to sea-level rise,
34% less than estimated earliér’. Reasons for our lower values include the higher
spatial resolution of our glacier inventory as wellas the reduction of ice thinning
underneath debris and at the glacier margins, whichwvere not resolved in earlier
work. We suggest that estimates of mass loss frorfagiers and ice caps in other
mountain regions could be subject to similar revisins.

The extent and high turnover rates of glacierslaska and northwest Canada
(Fig. 1), hereafter “Alaskan glaciers”, make thepogentially important contributor to
historical and future SLR. With the exception déw tidewater glaciers, the majority
have retreated since the late nineteenth cehtBrgvious efforts to estimate their mass
loss since the 1950s have relied on extrapolatieespecific measurements to the
entire regioA®® In their landmark study, Arendt al?, for example, used laser
altimetry to measure elevation change on 67 gladevering 20% of the area of
Alaskan glaciers.

We apply sequential DEM analy§lso estimate the mass loss of Alaskan glaciers
over the period 1962-2006. A digital glacier invamyt created by merging glacier
outlines derived from US and Canadian maps (se@adds), indicates that the total ice-
covered area for the mid-to-late"2@entury is about 87,860 Kn(iTable 1). This
estimate is somewhat higher than the total ared$85nf) reported in Dyurgerov and
Meier and in the gridded inventory of Cogféy80,430 kM), but slightly lower than
the 90,000 krhvalue used by Arendtt al®. Our inventory, compiled from a variety of
sources with different accuracies and differeneslabetter resolves small glaciers and
emerging rock outcrops on large glaciers and itdfid-or those few glaciers that
advanced between the median date of the maps (A962)f the satellite images
(2006), the inventory was updated using 5-m (Spatsl) 15-m (ASTER) resolution
satellite images.

We calculated ice elevation changes for nearlyetiogugarters of the ice-covered
areas in Alaska by subtracting an old DEM derivedif map elevation contour lines
from a recent DEM derived from Spot5 and ASTER iggd o reduce systematic
errors in our estimate of ice elevation changeswo topographic datasets have each
been adjusted to ICESat altimetric profiles (seehdés). Although random elevation
errors are relatively high in the map ( = 45 mhe iccumulation argand in the
satellite DEMs (+ 15 m for ASTER + 10 m for Spot5), they are reduced by
averaging over vast regions (see SupplementarysiNote
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Figure 1: Regional area-average glacier mass bala@én northwest North America
between 1962 and 2006 he boundaries and names of the different gledietgions follow
those of Arendet al?, except that the Wrangell Mountains have beemied in the St Elias
Mountains. AR stands for Alaska Range.

The complexity of glacier wastage during the ped®62-2006 is illustrated by
ice loss in the Western Chugach Mountains (FigV)st glaciers thinned, especially
for their low elevation tongues (Fig. 3). A few gkx's, such as tidewater Harvard
Glacier thickened and advanéédColumbia Glacier alone accounts for 42% of thee ic
loss in this mountain range. For this tidewatecigia maximum thinning rates averaged
10 m yr* during 1957-2007 but thinning accelerated aft&01vith the onset of rapid,
frontal retred?. Maps of ice elevation change for other Alaskagiaies reveal the
pattern of glacier changes over the past 50 yewtdheeir distribution with altitude
(Supplementary Figs S1, S2). The heterogeneowsagation changes within each
mountain range results from differences in gladigramics (many glaciers are surge-
type, lake-terminating or tidewater) and in climasmsitivity (effect of debris cover,
and distribution of ice with altitud&}** The limited thinning or slight thickening at the
highest elevations is consistent with the enhamacedmulation observed since 1950 in
an ice core drilled at 5,340 m a.s.l. in the Sia€Mountain¥.
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Figure 2: Map of surface elevation change in the W&tern Chugach Mountains between
the 1950s and 2007The thin black line corresponds to our new icesirtary. The thick black
line is the outline of Columbia Glacier. The locatiof laser altimetry profiles used by Aremrdt
al.? to estimate the ice loss of Columbia Glacier &\ in blue. Regions where no reliable
elevation changes could be measured are denotelitie.
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Figure 3: Hypsometry and rate of ice elevation chage versus altitude in the Western
Chugach Mountains.Upper panel, the hypsometry (distribution of ice«ered areas with
altitude) is shown for the whole mountain rangé49,knf) and Columbia Glacier (1,066 Kjm
Lower panel, 1957-2007 rate of ice elevation char{geeraged every 50-m elevation bins)
extracted from the sequential DEM for the Westehngach Mountains, the Columbia Glacier,
and along the altimetric laser profiles (see Fjgveyed by Arendit al?

Our estimate of mass loss is supported by thedaatable elevation bias in
our datasets on ice free terrain (SupplementaryeT@B) and the agreement between



our geodetically-derived and field-based mass leaigihfor Gulkana and Wolverine
glaciers although the time intervals differ (Suppémtary Table S3).

Table 1] Ice loss and mass balance in the different mountain ranges of Alaska

Region lce-covered Surveyed area Map date Satellite date Ice loss Areaaverage
area (km?) (%)* (km® yr~'w.e.) mass balance

(myr~' we.)

Brooks Range 598 1 1956 2002 0.18+0.05 —0.37+0.06

Alaska Range 15,834 &7 1953 2004 433414 —030+0.09
Kenai Peninsula 4,351 68 1950 2007 1.95+0.47 —0.45+01

Western Chugach Mountains 9149 82 1954 2006 5.81+0.66 —0.64+0.07
St Elias and Wrangell Mountains 45905 75 1968 2006 21.66+4.4 —0.47+0.09
Coast Mountains 12,026 72 1966 2007 7.BEL1.6 —0.65+0.14
Alaskan Glaciers 87,862 73 1962 2006 419+ 8.6 —0.48+0.10

*Thefraction of the ice-covered area where elevstion changes were measured using sequentizl DEMs.

To compare our results to Arergttal?, we time-weighted their ice loss for
1962-1995 and 1995-2006 by assuming that the ts&001-2006 equals that
measured for 1995-2001 and constructed a singlaastfor 1962-2006. The extension
for 2001-2006 is consistent with field-based anmasés balance measureméhend
with a recent analysis based on GRACE gravity §8ldur estimate is 34% smaller
than the 62.7 + 19.9 khyr* w.e. ice loss (0.17 + 0.05 mm yiSLR) based on airborne
laser altimetr§. Uncertainties are large in both our estimatethrdne of Arendét al?
and arise mainly from the uncertainties of theaddtour maps (Supplementary Table
S1). Because the same maps were used, howevespthie of error is shared by both
estimates and thus, we constructed an error estithat applies only to differences in
ice loss (Supplementary Notes). Our revised valg9i8 + 4.8 krhyr * w.e. lower than
the laser altimetry ice loss.

Regional extrapolation to unsurveyed ice massag®entially important source
of uncertainty”. Unmeasured glaciers covered 80% in the laseneilty study but
only 27% in our sequential DEM analysis. Three pfhetors, taken together, could
explain why Arendet al? overestimated the ice loss:

(i) Their glacier inventory had a lower resoluti@md overestimated the Alaskan
ice-covered area by 2%.

(i) No correction was made for the insulating etfef debris cover. Thinning
rates on debris-covered glaciers differ considgrabim rates measured for non-debris
covered ice when influenced by similar climf8t©ur maps of ice elevation changes
show that debris-covered glaciers experienced ldwening rates. At low elevation, on
Bering Glacier, for example, we observe a twof@duction of thinning rates under
debris compared to debris-free ice. If elevatioanges on debris-free ice were assumed
to be representative of the whole Bering Glacies,tbtal ice loss for this glacier would
be overestimated by 13%. Many Alaskan glaciergartly debris-covered and the
mass lost from these glaciers will be lower thamfon debris-covered ice. This effect
is implicitly included in our sequential DEM anailys

(iii) For individual glaciers, Arendét al> measured elevation changes along two
or three profiles, generally following a centrallline, and from this information the



glacier-wide changes were estimated. Though sedyrimgpcent, this method can lead
to a systematic overestimation of ice loss. Thewrhof downwasting cannot exceed
the ice thickness so thinning at the glacier marggrtypically lower that that observed
along its central flowlin€. In contrast, sequential DEMs provide a nearly plete
coverage of ice elevation changes and allows astess the magnitude of errors
associated with this flowline sampling bias. Fotudabia Glacier, one of the largest
contributor to SLR among Alaskan glaciers, thinnmgverestimated along laser
altimetry profiles below 1500 m a.s.l. and the gdaevide estimate of ice loss is
inflated by 27% (Fig. 3 and Supplementary Fig. S8nilar comparisons were made
for other large glaciers in the Arergital? dataset and, in total, we found that altimetry-
simulated ice loss exceeds actual ice loss by Z%plementary Table S4). The
magnitude and sign of the bias in the ice losstdwentral flowline sampling varies
among the glaciers and depends on how reliablptbies captured the across-flow
variations in elevation change. We find no simglation in our data that could be used
to improve calculations of ice loss based on |asefiling.

We conclude that Arendt al? overestimated ice loss for Alaskan glaciers, an
opposite conclusion to that of Larsetal® who also used sequential DEM analysis to
find that Arendeet al? underestimated the ice loss by more than a fattwo for a
14,500 kni ice-covered area in the Coast and southern $s Blbuntains. In fact, our
results are compatible with Larsenal? because in this area, our ice loss (12.5 + 2.0
km® yr*w.e.) is close to the Larsemal? value (15 + 4.0 kihyr * w.e.) and, therefore,
remains higher than the ice loss previously repasteArendtet al?.

Repeat airborne laser profiling is an efficient meto detect changes in the rate
of ice loss along the centreline for a given glgéjéut new approaches are required to
scale these measurements up to an entire gladeglaciated region. Where such data
exist, we advocate the use of sequential DEMs taimla comprehensive view of GIC
contributions to SLR for other regions that contsizeable fractions of global ice cover.
Such regionally-integrated measurements could bgeced to results obtained through
grid-based mass balance modeffihip resolve the relative role played by surfacesnas
balance and tidewater dynamics in the regionaliastage, and thus better constrain
the future GIC contribution to SI!R** This is crucial given that SLR is one of the
major socio-economic hazards associated with glvaaming”.

METHODS

Glacier inventory. In Alaska (AK), our glacier inventory is basedtbe Digital Line Graph (DLG) files
that contain all water features digitized from thaited State Geolocical Survey (USGS) 1:63,360escal
15 minute topographic maps. In southeast Alaskat oG files were missing. Instead, we used the
inventory compiled by Beedi&for the largest icefields complemented with smidtte masses extracted
from the USGS National Hydrographic Database. Rerttukon Territory (YT), glacier extents were
extracted from the 1:50,000-scale Canadian Natibopbgraphic Database and in British Columbia
(BC) the 1:20,000-scale Terrain Resource Informmaitanagement datab&s#linimal manual editing
was performed to correct some obvious errors, wiiserwe rely on the capacity of the original
cartographers to identify and outline each ice mass

Map DEMs. DEMs derived from the original map contour lifes/e been obtained from the USGS for
AK, Geomatics Yukon for YT and GeoBC for BC. In Aldd YT, the vertical reference for altitude is the
National Geodetic Vertical Datum 1929 which diffesm the Earth Geopotential Model 1996 vertical
reference used for recent satellite DEME0 account for this difference, we systematicatiynpared AK



and YT DEMs with ICESat dataon the ice free terrain. On average, we found AH ¥T map
elevations to be 2.5 m higher than ICESat datadstal deviation of 20-25 m), in good agreement with
the 2.3 m offset calculated by Larsetral®. Thus, 2.5 m has been subtracted from AK and Y MBE
before comparison with recent satellite data.

Satellite DEMs. Where available, we used a 40-m DEM derived f&pot5-HRS images acquired
during the SPIRIT projett Accuracy in glaciated areas is better than +1@eafs 7,13). Unreliable
elevations have been masked using the score chadm&pot5-HRS DEM is available in the Alaska
Range, Alaska Peninsula, and in part of the SsHial Coast mountains. Some of these gaps weae fill
with ASTER 30-m DEMSs calculated using the SILCASftware with an accuracy of +15 m (ref. 12).
Images as close as possible to the end of the@blae¢riod (mid-September in Alaska) were seletbed
minimize errors due to seasonal elevation chanifesacquisition dates of all images are listed in
Supplementary Table S5. Both ASTER and Spot5-HR®I®&re automatically derived from stereo-
imagery without ground control points and, thusyrmantain some planimetric and altimetric bi&3és
These biases have been estimated and correcteplG&iSat data acquired closest in time to the
acquisition date of the satellite-derived DEM. EBach ICESat footprint, the corresponding DEM
elevation was extracted by bilinear interpolatidh.data points for which the absolute elevation
differences were greater than 70 m were consideseaxlitliers. The planimetric shift was corrected by
minimizing the standard deviation of these elevatiferencé. Elevation differences were then plotted
as a function of altitude and a least squares amdgrg was used to model the elevation Bigkhe
parameters of this adjustment, the slope anf, the vertical offset at sea level) are providedeach
satellite DEM in Supplementary Table S5. When #imaes glaciated area was covered by different DEMSs,
we chose the one that had the lowest standardtaeviaf the elevation differences when compared to
ICESat data.

Volumes changes in unsurveyed area&lacier volume change for the 27% of unmeasulaciaed

areas was estimated by integrating the measuredtrir changes over the altitude distribution of
unmeasured areas in each mountain range. This wals@dded to the measured changes to obtainla tota
volume change in each region. For the Brooks Rangemost of the Aleutian Islands and Alaska
Peninsula (Fig. 1), the USGS maps have a poor giearmtrof® and the coverage using satellite data is
limited, so that it was not possible to reliablyasere elevation changes. In the Brooks Range, @¢hes
specific mass balance of McCall Glaéfeand following Rabus and Echelmeffeassumed that this
glacier was representative for the whole mountange. In the Aleutian Islands and Alaska Peninsula,
we applied the specific mass balance measuredgemuential DEMs on two icefields around Mt Katmai
(covering 580 krf) to other ice-covered areas (totalizing 263F)kfhe volume changes for these
regions are more uncertain but they have smaltinered areas and contribute less than 2% to the
overall ice loss.

Conversion to regional mass balance and SLR.otal ice volume change in each region is conveited
mass change assuming a constant density of 900°kéter dividing the mass loss by the maximum ice
extent, we obtain an area-weighted mass balanasafdr mountain range. The total mass loss from
Alaskan glaciers is converted to changes in sesl lfter dividing by the area (362 x®llo?) of the

global oceaf?.

Supplementary Information is linked to the online version of the paper atwvmature.com/nature
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