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Abstract

We observed the wastage of ice masses on the Kerglgtands (Indian Ocean, 49°S, 69°E)
using historical information and recent satellitgad Overall, the total ice-covered area on the
islands declined from 703 to 552 kinetween 1963 and 2001, a reduction of 21%. Tha afe
Cook ice cap (the main ice body) decreased asyrivakyrfrom 501 to 403 krh West-flowing
glaciers lost 11% of their area while east-flowmlgciers lost 28%. After 1991, the retreat rate
accelerated from 1.9 Kityr (1963-1991) to 3.8 kffyr (1991-2003). Between 1963 and 2000, the
ice volume loss was 25-30 Rpmequivalent to an area-average ice thinning réate.41.7 m/yr.
The glacial retreat took place in the climatic exttof a relatively low level of precipitation
(compared to the 1950s) and a ~1°C warming thauroed between 1964 and 1982. The
acceleration of the ice losses since, at least189s indicates that the state of the ice bodmes o
the Kerguelen Islands is still far from balancedgdther with other studies in Patagonia, South
Georgia and Heard Island, our analysis is condistgtin a pattern of strong and accelerated
wastage of ice masses influenced by the Southeear©c
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l. Introduction

The Kerguelen Islands (49°S, 69°E) are a group §721r) of isolated islands in the southern
Indian Ocean that were 10% ice-covered in 1963. Fhench TAAF Terres Australes et
Antarctiques Francais@sorganized several scientific missions to thenidtabetween 1961 and
1966, nearly two centuries after their discoveryMues de Kerguelen in 1772. Approximately
5000 aerial photographs were taken of the three mlaicierized areas: Cook ice cap, Rallier du
Baty Peninsula and Mount Ross (highest peak at 185s.l., Figure 1). One outcome was a
comprehensive map of the islands published by tinseéographique National (IGN) [1967]
(hereinafter referred to as the IGN map) [see Bls@and de Corbiac1970].

69°0'E 69°30'E
I T

* Presqu'ile de la Sociétée
de Géographie

49°0'S
49°0'S

49°30'S
\
|
|
49°30'S

-r‘ e 4 i
< e .
H | H
Mt Ross - ‘
N measl Jo-4om
0] 400m
Peninsula ! %mn‘,mm
Rallier du Baty e [ 500 -c0om
12,5 25 50 Kilometers = 1000

I N S T | I T (N | I

T
69°O‘E 69 30'E 70°0E 70°30'E

Figure 1: Topography of Kerguelen Islands. The fowain glacierized areas and the base station (Port-
aux-Francais) are indicated. The small globe idiéedi the Islands in the South Indian Ocean.

These early measurements were followed by sevéaalofpgical field campaigns in the early
1970s. Ampeére glacier, a southern outlet that dchiane fifth of Cook ice cap, was the main
target of these surveys. A map of the sub-glaciagraphy was mad&/@llon, 1977b] and some
measurements of the mass and energy balance asdrthee elevation changes were performed
[Poggi 1977;Vallon, 1977a]. Aerial photographs taken in February 1@/é4e used to derive a
detailed topographic map covering most of the a@blaarea of the Ampére and neighboring
Diosaz glaciers. Vallon [1977a] observed that,hia 1960s and the early 1970s, Ampere glacier
was rapidly receding and thinning.

Ice masses on the Kerguelen Islands belong to @pgob ice caps and glaciers located on sub-
Antarctic islands, covering a total area of ~706% kDyurgerov and Meier2005]. Multi-decadal
measurements of glacier changes are rare on tlhésArgarctic islandsPyurgerov and Meier
2005;Cogley 2009]. Thus, the objective of the present stgdpicombine the available historical
information on the Kerguelen Islands with modertellige data to inventory all ice masses and
assess their evolution during the last four decaddbe context of climate records at Port-aux-
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Francais (Figure 1). Glacier fluctuations are alsmpared to those reported for other ice masses
around the Southern Ocean.

ll. Changes in ice-covered areas

II.1. Data and Methods

We measured the extent of glaciers and ice captherKerguelen Islands by digitizing and
comparing successive glacier outlines on a mapsatedlite images. Our oldest data set is the map
published by IGN at a scale of 1:200,000. It wasdpced using aerial photographs taken in 1963
of Cook ice cap and in 1964 of Presqu’ile de lai@éae Géographie, Mount Ross and Rallier du
Baty Peninsula (M. Vallon, personal communicatid®08). The IGN map was reprojected from
UTM-International Ellipsoid to UTM-WGS84.

For Cook ice cap, the main ice body, a comprehensbllection of optical images was compiled
to provide a time series of ice cap extent. SPA@P111994 and 2003), Landsat (November 2001)
and Advanced Spaceborne Thermal Emission and tiefeRadiometer (ASTER; 2005 and 2006)
images are listed in Table 1. For ice masses oltlaer Cook ice cap, glacier outlines were derived
from only one recent (SPOT 1994 or Landsat 200tllga image, in addition to the IGN map.
Both glacier inventories (for 1963-64 and 1994-20@dve been incorporated into the Global Land
Ice Measurements from Space (GLIMS) Glacier Datalfa$p://nsidc.org/glim9/

Satellite Date Id (reference number)

SPOT 2 1991-09-0822324509109080507162P

SPOT 3 1994-03-0332324509403030522061P

SPOT5 2003-11-1652324500311160538041A

Aster 2005-02-14 SC:AST_L1A.003:2028170903

Aster 2006-01-11 SC:AST_L1A.003:2032694112
LE71390942001011SGS00

Landsat 2001'01'11(source Global Land Cover Facility)

LE71380952001068SGS00

(source Global Land Cover Facility)

Landsat 2001-11-27-E71390942001331SGS00
(source Eurimage)

Table 1: Satellite images used in this study. Dateggiven as YYYY-MM-DD. Pixel sizes are 2.5 m for
Spot-5; 10 m for Spot-2 and Spot-3; 15 m for Astel Landsat images.

Landsat 2001-03-09

Due to its coarse scale (1:200,000), the IGN mapoisa suitable source of ground control points
for orthorectifying high resolution satellite imagdnstead, we chose a Landsat-7 panchromatic
image acquired 11 January 2001 (orthorectifieduphothe Global Land Cover Facility —-GLCF-
project, http://glcf.umiacs.umd.edu/index.shynads a reference; all other data (map and satellite
images) were co-registered to this reference. Timesabsolute location of all our data may not be
perfect (50 m according to the GLFC webpage); h@wethis does not have a major impact on
the relative changes in ice-covered areas. Thecehoif a Landsat image as a reference was
motivated by its large footprint (180 km by 180 kiwhich allows most ice masses to be included
in a single image.

SPOT and Aster (Level 1A) images were orthoredtifead co-registered to the Landsat scene
using the COSI-CORR softwarkdprince et al.2007] and the SRTM (Shuttle Radar Topographic
Mission) DEM.
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The accuracy of the co-registration of the IGN raag satellite images to the Landsat scene was
assessed by comparing the cartographic coordin&t®8 to 25 points that could be identified on
the map and satellite images (lakes, mountain ped&s Satellite images are co-registered within
one or two pixels of the Landsat reference imagdbld 2). In the case of the IGN map, errors are
about 100 m in both directions, leading to a redy large uncertainty (140 m) for the position
of glacier outlines.

Std deviation X Std deviation Y

Data Year
(m) (m)

IGN 1963-64 114.7 105.9

1991 8.5 6.7
SPOT 1994 13.3 6.0

2003 8.4 12.0
Landsat 2001-03 22.4 12.3
Landsat 2001-11 8.4 11.7
Aster 2005 38.7 14.9

2006 23.4 14.4

Table 2: Relative horizontal accuracy between tiffergnt data sets and the reference 11 Januaryi 200
Landsat image.

Another source of uncertainty is the ability of thyerator to identify the glacier outline on the
map and on the satellite images, i.e. an outlinetimy error. Human interpretation probably
remains the best means for extracting consisteiegl outlines from different data seRaup et
al., 2007]. To ensure consistency of the successitBnes, any given ice body was always
digitized by the same operator. Two operators ieddpntly digitized the same ice body and an
“outline pointing” of about +1 pixel was determined

The co-registration error and the “outline pointirgror were summed quadratically to estimate
the total error. A conservative estimate of theorerfior the ice extent was then obtained by
multiplying this total error by the perimeter ofobace body Rivera et al, 2007].

I1.2. Retreat of all glaciers and ice caps

Region Year Area Ice loss,
(km?) km? (%)
Cook ice cap 1963 500.9 90.9 (18.2
2001 410.0
Ralh_er du Baty 1964 102.3 231025
Peninsula 2001 79.2
Mont Ross 1964 59.3 24.2 40.9
2001 35.1
Presquile dela 1964 14.7
Société de 10 68)
Géographie 1994 4.7

Table 3: Changes in ice-covered areas between $d631d 2001 (1994 for Presqu’ile de la Société de
Géographie). The ice losses (in%amd in percentage of the initial surface) are giwe the last column.
Isolated glaciers (covering 18 krim 1963-1964) are not included in this table.

In 1963/64, the total ice-covered area on the Kelegulslands was 703+51 knOur inventory is
consistent with another analysis (based on the saput data) that found a total glacier extent of
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698 knf (J. G. Cogley, personal communication, 2008). &heal changes for the four main
glacierized regions on the Kerguelen Islands arensarized in Table 3. Between 1963-64 and
2001, the ice-covered areas on Cook ice cap, RallieBaty Peninsula and Mont Ross contracted
from 662+45 km to 524+10 km, a reduction of 21%. The relative ice loss is rivessor
Presqu'ile de la Société de Géographie, the giaeibrmrea of which contracted from 14.7+1%m
in 1964 to 4.7+0.1kMin 1994. For this small region, if this rate ofiskage (0.33 + 0.03 kffa)
remained unchanged since 1994, the glaciers shavd disappeared in 2008 or 2009. In 2001,
the total ice-covered area on the Kerguelen Islahdsnk to 552+11 kfn

[1.3. Accelerating and asymmetrical retreat of Coate cap

Due to clouds in the images, complete glacier nedlifor Cook ice cap were available only in
1963, 2001 and 2003. However, in 1991 only a simattion (5%) of the ice cap was masked by
clouds. Hence, for this small fraction, we computeel ice extent by linear interpolation between
the 1963 and 2001 outlines.

Between 1963 and 2001, the size of Cook ice capedeed from 501 kfrto 410 knf (Figure 2a).
This reduction is due to the strong retreat obatlet glacier fronts and the growth and appearance
of nunataks (isolated rock outcrops within the w&p). We estimated the overall rate of
contraction for two time periods (Figure 2b). Tlke loss was 1.9+1.3 Kfyr between 1963 and
1991 and increased to 3.8+0.7 ¥yn after 1991. Thus, in recent years, nearly 1%hefice cap
has disappeared annually. The temporal resoluti@uiodata on glacier change is rather low and
does not permit us to observe the inter-annualecadal variability of the ice loss. However, we
detect a recent acceleration of ice loss.
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Figure 2: Retreat of Cook ice cap between 196320@il. (a) 2001 Landsat image with the 1963 (white)
and 2001 (black) glacier outlines. (b) Temporal whes of the ice-covered area. The rates of glacier
shrinkage (krflyr) are indicated for 1963-1991 and 1991-2003.

6/20



The retreat also exhibits a strong asymmetry betwke eastern and western sides. To quantify
this difference, we examined changes on either gidbe ice divide which formed the boundary
between two nearly-identical sectors of Cook ige, c@vering ~250 kfeach in 1963 (Figure 3).
The area of the western part contracted from 253+kff to 226+3.8 ki between 1963 and
2003, losing ~11%. The eastern part lost ~28% firiftial surface, from 247+18.5 Knto
177+3.0 kM. Thus, the shrinkage was 2.5 times greater inehst than in the west. This
conclusion also holds if 1963-2003 is split intmttAme periods: 1963-1991 and 1991-2003 (Table
4). The asymmetry of the retreat is a continuoastuie throughout the last 40 years.

Nunatak
Lacroix

Nunatak
Lapparent

\ % g
Diosaz Glacier

Ampere

Glacier

0 25 5 10
[= = Kilometers

Figure 3: East/west asymmetry of Cook ice cap &lage. The dark grey represents ice-covered arests th
disappeared between 1963 and 2001.

1963 area 1991 area Ice loss, kmi (%) Rate of Ice loss, kityr

East 246.9+185 210.3%+1.8 36.6 4.9 1.3
West 2549+19.1 236.4%+2.0 18.5(7.2 0.7
1991 area 2003 area Ice loss, km (%)  Rate of Ice loss, kityr

East 210.3+1.8 177.3+3.0 33.0@5.9 2.8
West 236.4+20 2258+38 10.6 (4.5) 0.9
1963 area 2003 area Ice loss, km (%)  Rate of Ice loss, kifyr

East 246.9+185 177.3+3.0 69.6 £8.2 17
West 254.9+19.1 2258+3.8 29.2 (1.4 0.7

Table 4: Evolution of the ice-covered areas {kim 1963, 1991 and 2003 for the eastern and wastarts
of Cook ice cap (in parenthesis, the percentaghefnitial surface that has been lost).

Il.4. Retreat of Ampere glacier

To study the behavior of each outlet glacier, Cmakcap was split into different drainage basins
using the SRTM DEM (Figure 4a, inset). We discuseelthe evolution of the largest and best
studied Vallon, 1977b; afrenot et al, 1993] outlet glacier, Ampeére glacier.
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| CE WASTAGE ON THE KERGUELEN | SLANDS

The successive glacier outlines are plotted in féigla. Between 1963 and 2006, the retreat of the
terminus was 2830+£161 m, equivalent to a meanaetae of 70+3.7 m/yr, the glacier length
decreased from 15.3 km to 12.5 km and the gladgtracted by 18.3+5.1 Ki(Figure 4b). The
area loss took place mostly close to the glacientfrwhere a proglacial lake (Ampére Lake)
appeared in the 1960s and covered 1.8ikm 991 and 3.5 kfrin 2006.
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Figure 4: Shrinkage of Ampere glacier between 183 2006. (a) Retreat of the glacier front. (b)
Temporal changes of the ice-covered area.

lll. Changes in ice volume

[11.1. Elevation datasets

[ll.1.a. 1963-IGN map

To assess the vertical accuracy of the IGN mapcavepared the altitudes of 43 geodetic points
located in ice-free regions with the elevationsrfrthe SRTM DEM. The standard deviation (SD)
of the elevation differences was 19.4 m. Given##en error of the SRTM DEM (error at 1 SD,
see below), a £19 m uncertainty was attributecheo 1963 Cook ice cap elevations below 700 m
a.s.l. (~300 krhin 1963). No significant elevation bias was obselv
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However, the altitudes in the central part of Cawk cap (above 700 m a.s.l. and covering 200
km? in 1963) must be considered with caution since1®@3 aerial photographs were acquired
only within a distance of 3 km from the ice cap gmafVallon, 1977a] and the contour lines in the

interior were drawn manually. Yet, Vallon [1977a]ipted out the good quality of the map in the

accumulation area and never found errors largan thafew tens of meters”. Thus, we used a
conservative systematic error of £50 m in the cdrart of the ice cap.

[ll.1.b. 1974 map

The 1974-map encompasses 36’ lahice-covered areas. Most of it (31 Rncorresponds to the
lowest 40 % of Ampere glacier; the rest consist®fsaz glacier. The map was published in a
local coordinate systemVllon, 1977a]. The map was co-registered to the SRTM DiBM
collecting tie points on the two elevation contanaps. We then digitized the 1974 elevation
contours and converted them into a continuous serfa DEM) using the PCI Orthoengifie
software (version 10). The registration betweenSREM and 1974-map was found to be within
+150 m. This relatively large co-registration erremot due solely to errors in the 1974-map but
also reflects the difficulty of co-registering twetevation datasets with a coarse resolution (pgstin
of 90 m for the SRTM DEM).

The vertical accuracy of the 1974-map was assemselde stable terrain surrounding the glaciers.
On average, the map was 10 m lower than the SRTM.Dithis systematic difference was added
to the 1974 DEM values. Locally, the elevation elifnces can be much larger on the steep non-
glacierized slopes surrounding the tongue of Ampgeeier, a result of the difficulty of co-
registering the two elevation datasets. The stahdawiation of the elevation difference on this
steep ice-free terrain is 25 m and provides a coatiee estimate of the elevation difference errors
on the smoother topography of Ampére and Diosazaji@ongues.

l1l.1.c. SRTM DEM and ICESat elevation profiles

The shuttle radar topographic mission (SRTM) wasvfl in February 2000Rabus et a).2003].
The SRTM DEM of Kerguelen Islands, downloaded friip//eOsrpOlu.ecs.nasa.gov (SRTM3,
version 2), is characterized by a small percentdgiata voids (~1%). Although SRTM is a global
product, previous studies reported some significagional differences in its accuraddrthier et
al., 2006; Rodriguez et al.2006; Surazakov and Aizer2006]. Thus, SRTM errors need to be
determined on stable ice-free land before any glagical application.

The SRTM DEM was evaluated against ICESat datairsddlafrom the National Snow and Ice
Data Center4wally et al, 2002]. We used GLAS release 28 (GLA14 product) eollected all
the laser periods available at the time of oursi{laser period 1A to 3H from February 2003 to
March 2007, Figure 5a). For each laser footpriovécing about 70 m), the corresponding SRTM
elevation is extracted by bilinear interpolationl KCESat data points for which the elevation
difference with SRTM was greater than 50 m weresm®red outliers and remove@drabajal
and Harding 2005]. They correspond to reflections at the edlouds. The histogram of the
elevation differences between SRTM and ICESatHerremaining points is shown in Figure 5b.
This comparison underlines the remarkable accucddhe SRTM DEM on Kerguelen Islands,
which exhibits a very small bias (SRTM lower th&@EBat only by 0.2 m, SD = 4.1; n=6676).
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Figure 5: Comparison of SRTM and ICESat elevati¢aslLocation of all ICESat laser footprints avdila
between 2003 and 2007. (b) Distribution of the &iewn differences on ice-free terrain. The mean
difference is 0.2 m (standard deviation = 4.1 mGiA¥6).

Penetration of the C-Band radar signal in dry sravhigh elevations has been shown to be
significant in Greenland and Alaska and could leadinderestimated SRTM elevations in the
upper accumulation regions of glacieBa]l et al, 2001;Rignot et al. 2001]. However, in the
case of Kerguelen Islands, February 2000 was ortkeofvarmest months ever recorded (with a
mean temperature of 9.1°C at Port-aux-Francaian3hs.l.). Thus, if we assume a strong (dry)
adiabatic lapse rate of -10 K/km, even the higlpestt on the ice cap (1040 m a.s.l.) probably
experienced some melting in February 2000. HencBa@l penetration must have minimal
impact on the SRTM elevations. Consequently, th& RDEM appears to be an excellent
reference topographic dataset for mapping ice étavahanges.

[11.2. Ice elevation changes

I1l.2.a. 1974-2000 elevation changes on the AmpackDiosaz glaciers

By subtracting the 1974 DEM from the 2000 DEM, vedcalated the 26-year elevation difference
for the Ampeére and Diosaz glaciers. It is a minimestimate of the ice thinning, as it does not
take into account the ice that was replaced by mmt&mpere and Diosaz lakes. The bathymetry
of these lakes is not known. Ampeére glacier bedroskasured in the 1970¥4dllon, 1977b],
reached 100 m below sea level close to the gldooat where Ampére lake had, in 2000, an
altitude of 25 m a.s.l. This suggests a maximumeugstimation by 125 m for the ice thinning.
Note that the area where bedrock was below Ampaie Llevel in 2000 (and thus where ice
thinning is underestimated) covers less than ~2 km

All ice-covered areas have thinned since 1974 feigd). On Ampere glacier, the maximum
thinning reaches, at least, 220+25 m (8.5+£0.9 mryrggions that are now fully deglacierized and
filled by Ampére Lake. The disintegration is evearmspectacular at the tongue of Diosaz glacier,
which thinned by over 330+25 m. The higher thinniates (12.7£0.9 m/yr) for Diosaz glacier are
probably due to a local high point in its bedroogdgraphy: a small initial thinning in the 1960s at
this location greatly reduced the ice fluxes towtrd downstream glacier tongue, which then
disintegrated rapidly (M. Vallon, personal commuticn, 2008). On average, the lowering of the
glacier surfaces has been 115+25 m (4.4+0.9 m/yr).
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Figure 6: Ampére glacier eleation changes betwk® and 2000 measured by comparing the SRTM
DEM with a map [Vallon, 1977a]. The glacier outlje 1974 (blue) and 2000 (yellow) and the -100, -
150, -200, -250 and -300 m elevation differendeis (tlack line) are shown.

111.2.b. 1963-2000 elevation changes around nungtak

We use the 1963-IGN map and 2001-Landsat imageetermine the growth of nunataks and
derive elevation changes from a single elevatiolastd (here the SRTM DEM). Growing rock
outcrops have been used as a qualitative indicatoglacier downwasting in the Alps and
PatagoniaRaul et al, 2007;Rivera et al. 2007]. Here, they are used quantitatively to chetee
ice thinning.

The principle of the technique is illustrated ilgtiie 7a, a 3D-view of nunatak Lapparent, on the
eastern side of Ampere glacier. The outlines ofnilneatak in 1963 and 2001, overlaid on the 2003
Spot-5 image, show its significant growth (from ®.® 3.45 krf) due to the lowering of the
glacier surface. Because nunatak Lapparent covéaisga elevation range (from 400 to 600 m
a.s.l.) experiencing different thinning rates, @swdivided into 3 parts using transects parallel to
elevation contours on the surrounding ice cap.damh part, the elevation drop was computed by
subtracting the mean SRTM elevation along the 186tine from the mean SRTM elevation
along the 2001 outline. Elevation change uncergamuue to a geolocation (horizontal) error of
the nunatak margin in the 1963-IGN map and 200ldkanhimage. It is calculated as the product
of the horizontal error of each glacier outline ifflea2) and the tangent of the slope angle in the
vicinity of the outline Echelmeyer et §11996].
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The agreement between the thinning measured onsdelof nunatak Lapparent (within a few
meters) gives some confidence in our method (FigbjeThe ice losses were largest at the lowest
elevations. The thinning rates were 3.5£1.6 m/y8@2 m a.s.l., 4.8£1.6 m/yr at 500 m a.s.l. and
5.9+1.6 m/yr at 400 m a.s.l.

Figure 7: Growing nunataks as indicators of icevalton changes. (a) 3D view of nunatak Lapparent
(region of Ampére glacier, Figure 3) with its oatiin 1963 (white) and 2001 (red). The blue arrows
symbolize the thinning that can be measured usisigge topography (here, SRTM). In the lowestgpaft
the nunatak, real elevation changes (noflad.) were obtained after applying a ~50 m correction
(symbolized by a black arrow and notdd,,) to take into account the non horizontal slop¢hef1963 ice
surface. (b) Mean ice elevation changes around taknaapparent between 1963 and 2000.

Our method only works if nunataks were already gmesn the oldest map (here 1963); otherwise
it would only provide a minimum estimate of the tbéning. Apart from nunatak Lapparent, only

nunatak Lacroix, on the western side of Cook ige, egas also visible in 1963. The altitude of

nunatak Lacroix is only slightly higher (650 m B)shan the highest part of nunatak Lapparent,
but the thinning rate (1.3+£0.8 m/yr) was 2.4 tirtess.

111.2.c. 2000-2005 elevation changes on RallieBaty Peninsula

Due to clouds, the only ICESat profile useful forasuring ice elevation changes was acquired 25
February 2005 across Arago glacier, a western tootIRallier du Baty Peninsula ice cap (Figure
8). The elevation differences are small outside dgleier, confirming the consistency of the
SRTM and ICESat elevations. A clear lowering of gh&cier surface is observed during the five
years separating the two surveys (2000-2005), petformed in February so that seasonal effects
have little impacts on these elevation changes.riiéan lowering was 30.5+4.1 m (6.1+0.8 m/yr).
This single profile confirms the potential of cominig ICESat profiles and SRTM DEM to map
glacier elevation changesyrazakov and Aizer2006]. The main limitations are the limited
amount of cloud-free ICESat data and the spacintbeotiifferent tracks.
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Figure 8. Recent (2000-2005) elevation changesadiieRdu Baty Peninsula (Figure 1). (a) Locatioh o

the 25 February 2005 ICESat track (laser period aBjoss Arago glacier; in yellow, the glacier linmit

1964, (b) close-up, background is a 2001 Landsaige (c) elevation profile extracted from the SRTM
DEM and ICESat; (d) elevation changes between Fatyrd000 and February 2005.

For the same profile on Arago glacier, we alsoaetad the mean elevation from the 1964-IGN
map. Between 1964 and 2000, the surface lowering 819 m (from 375 to 295 m a.s.l.),

equivalent to a mean thinning rate of 2.2+0.5 miyris is another indication that ice losses have
accelerated during recent years.

[11.3. Cook ice cap total volume change

I1l.3.a. Volume change using sequential DEMs

The 37-year volume change of Cook ice cap is caledl by subtracting the 1963-IGN map from
the 2000-SRTM DEM. The elevation differences rafrgen -400+£19 m (maximum thinning for
Diosaz glacier) to 50+50 m (at high elevations lo@ Wwestern side of Cook ice cap). We have no
means of assessing whether the thickening in thenaglation area is a realistic feature. Rather,
the appearance of small nunataks at elevationgghsas 800 m a.s.l. suggests that the thickening
is an artifact due to large errors in the IGN m&mnsequently, our volume loss may be
underestimated. By summing the elevation changes all/grid cells, we found a total ice loss of
26.4+15.9 kmi over 37 years. The ice losses were 3.4 timesrnangehe eastern side than on the
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western side. The latter observation is in agre¢méh our findings of rapidly growing nunataks
and stronger glacier retreat on the eastern side.

111.3.b. Volume change by extrapolating local elésa changes

All measured elevation changes were compiled asnatibn of altitude (Figure 9). The sharp
reduction in thinning at the lowest elevations fioe Diosaz and Ampere glaciers is due to the
disappearance of all the ice that existed at theiteis, leaving unchanging bedrock or water.
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Figure 9: Hypsometry of Cook ice cap in 1963 (uppemel) and elevation changes as a function ofualé
on different regions of the ice cap (lower panéhe elevation differences were measured by congparin
two topographies (1974-2000, Figure 6) and analgzire growth of nunataks (1963-2000, Figure 7).

These ice elevation changes were combined witH8&3 hypsometry of Cook ice cap to obtain
another estimate of its ice volume loss. We fingttisesized our sparse and inhomogeneous
measurements of ice thinning rates into a genenigec In computing this curve, we did not take
into account the very high thinning rates on Diogkier or around the lower reaches of nunatak
Lapparent, as they are due to local destabilizifigces (e.g. disintegration of glacier tongues
calving into lakes). We assumed that the 1974-2€@0ation changes for Ampere glacier are
representative of all ice-covered areas lying betwsea level and 450 m a.s.l. Between 600 and
700 m a.s.l.,, we calculated the average of thea@lmv changes measured around the nunatak
Lacroix (in the west) and the upper reaches of taknbapparent (in the east). Linear interpolation
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was used between 450 and 600 m a.s.l. We do na&t &iay measurement of elevation changes
above 700 m a.s.l. We assumed a limited thinnirigydsen 700 and 800 m a.s.l. (0.5 m/yr) and no
elevation change above 800 m a.s.l. The occurrehtieinning between 700 and 800 m a.s.l. is
supported by the emergence of new, but still smalhataks on recent satellite images (both in the
eastern and western side of the ice cap). Alsoimdicitly assumed that the rates of elevation
changes for 1963-2000 and 1974-2000 were identithls assumption is supported by the
observation of fast thinning on Ampere glacierd@0 m/yr below 200 m a.s.l.) between 1962 and
1974 \Vallon, 1977a]. This curve is labeled “Cook synthesisFigure 9 and, combined with the
hypsometry, leads to an ice loss of 29.8 km

[1l.3.c. Volume change using a scaling relationship

The size of Cook ice cap decreased from 501 ikn1963 to 410 krin 2001. Area changes are
converted to volume changes using an empiricairsgaklationship derived from six ice sheets
and ice caps that were “sounded in enough detaiaie volume estimatesPterson 1972]:

logV =123(logS-1)
The resulting volumes are 123.2 ki 1963 and 96.3 kfrin 2001, indicating a loss of 26.9 Rm

Although they are all highly uncertain, we obtain¢dree independent and consistent
measurements for Cook ice cap volume loss betw86B and 2000, in the range of 25-30%m
This is equivalent to an area-average thinningottie4-1.7 m/yr.

V. Discussion

IV.1. Climatological context of the glacier retreat

There is only one permanent weather station on W&den Islands. It is located at Port-aux-
Francais on the eastern and dryer side of the mkind, 80 km away from Cook ice cap (Figure
1). Daily values of temperature and precipitatiorts 1951 are available (Figure 10).

The relationship between the climate at Port-awaa€ais and glacier changes must be considered
cautiously. First of all, the climate of the Kertgre Islands is characterized by strong spatial
gradients. Rallier du Baty Peninsula and Cook a@are part of a north-south mountain range that
creates a topographic barrier perpendicular todibminant westerly winds; they thus receive a
large amount of precipitation. Precipitation wasaseed between 1995 and 2001 in Ampére
glacier forefield (source: Institut Paul Emile \GctiPEV 136). The mean annual precipitation was
3155 mm (SD = 300 mm) compared with 692 mm (SD & dfin) at Port-aux-Frangais. On the
annual time scale, the two series of precipitasimreasonably well correlated<10.39, n=7). For
annual temperature, the correlation is godg .83, n=7) and the mean difference is 0.1°C,
indicating a more homogenous temperature distobubn Kerguelen Islands.

Careful comparison of climate data and glacier geans also needed, as the variations in glacier
length and area are a delayed response to cunauldiaate fluctuations@Qerlemans2001]. We
computed the response time (or volume time scaleggnhesson et al. [1989]) of Ampeére glacier as
the ratio between its characteristic ice thickn@s®ut 300 mYallon, 1977b]) and the ablation at
the terminus (about 10-12 m water equivaléralfon, 1977a]). A response time of 25-30 years
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indicates that Ampere glacier responds quite rgptdl climate perturbations. Note that this
response time is representative of one outletglaod certainly not of the whole Cook ice cap.
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Figure 10: Temperature and precipitation at Portxalerancgais (80 km east of Cook ice cap). The sysnbol
correspond to the yearly values whereas the limegte 5-year running means. (a) Annual precipiati
between 1951 and 2005. The decadal means of pgedpi are given above the X-axis. (b) Mean annual
temperature between 1951 and 2002. The tempereguoed has been split into three time periods for

which the linear trend is given in the upper pdrthe graph.

The most striking climate feature is a marked réidacin precipitation in the late 1950s and the
early 1960s (Figure 10a). It dropped from 1129 mnthe 1950s to 632 mm in the 1960s. During
the accumulation season (April to November on Cioekcap Vallon, 1977a]), it dropped in the
same proportion, from 739 mm to 393 mm. Northwargration of the Antarctic Convergence is a
potential candidate that may explain this stepwisé in climate in the early 19608i&ll, 2002].
Since the 1970s, the annual precipitation remaatedlow level, around 700 mm (SD = 150 mm).

The temperature time series can be divided inteetiperiods (Figure 10b). The first [1951-1964]
was synchronous with the reduction in precipitataord characterized by decreasing temperature
with a trend of -0.82K/10yr. This phase was followby a period [1965-1981] of rising
temperature (+0.66K/10yr). After 1982, the tempan@tremained at a high level. The linear trend
for the 51 year temperature series is a warmin@.b5K/10yr, in agreement with previous work
[Jacka et al. 2004]. The warming was similar in spring, sumraad fall (0.15-0.2K/10yr) and
slightly reduced in winter (0.09K/10yr).

On ice-covered areas, the low level of annual pration since the mid-60s and the rise in
temperature in the 70s (in particular during thiatdn season) have favored negative glacier mass
balance by reducing the winter accumulation andtleming the period of the year in which ice
ablation, and not snow ablation, takes place.

I\VV.2. Factors contributing to the asymmetrical icgastage

We have observed enhanced ice shrinkage and thirumrthe eastern, lee side of Cook ice cap.
Similar observations have been in made in Southrgs®owhere glacier recession on the
windward and wetter southwest coast has been lespread during the second half of th&' 20

century [Gordon et al. 2008]. The same is true for Heard Island andttisbated to different
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climate sensitivity Ruddel| 2006]. In Norway, several maritime glaciers sdrto advance in the
1990s as a response to higher winter accumulatioinglthe first part of the 1990€hinn et al,
2005; Nesje et al. 2008]. The Kerguelen Islands are small and tmearitime climate is
homogeneous, primarily controlled by the largewcalrface properties of the surrounding
Southern Ocean. A differential climate change othsides of Cook ice cap cannot be excluded
but is unlikely as evidenced by the good correlatietween the interannual climatic fluctuations
at Port-aux-Francais and in Ampere glacier fordfi&ather, we will see that differential ice cap
sensitivities (changes in terminus properties aggsbmetry) may account for the different
evolution of its eastern and western sides.

On the eastern side of Cook ice cap, many outkstigf fronts, which were grounded in 1963,
were lake-terminating in 1991 and beyond. The swftom a land- to a water-terminating ice
front introduces a calving component into the nizeance of these glaciers and transforms their
dynamics and climatic sensitivitiKjrkbride and Warren1999], generally leading to rapid ice loss
[Chinn, 1996;Benn et al. 2007;Larsen et al. 2007]. The formation of pro-glacial lakes is an
efficient means of eroding a glacier front becaoSsubmarine melting due to warm lake waters
[Rohl 2006;Paul et al, 2007]. On the western side, only the PasteurRiede Curie glaciers
were calving icebergs into the ocean in 1963. Altffothey experienced a limited retreat, it was
enough to transform Pierre Curie glacier into adisrminating glacier. The switch from a
tidewater to a non-calving glacier acts as a stabg influence as calving losses are removed.

The hypsometry of Cook ice cap makes it highly gemsto climate change. Most of the ice cap
surface lies between 600 and 900 m a.s.l. (Figurln@he 1970s, the equilibrium line altitude was
around 700 m a.s.IVpllon, 1977a], such that even a small change in ittudki leads to major
changes in accumulation area ratio and thereforesnbalance. This vulnerability, due to the
distribution of ice with altitude, differs on the/d sides of the ice cap. On the eastern side, 39.5%
of the ice cap was below 600 m a.s.l. in 1963, ameg to only 26% on the western side. Thus,
the ice cap history (prior to 1963) resulted in wfferent hypsometries that partially controllesl i
differential wastage.

I\VV.3. Comparison of glacier changes around the Sheatn Ocean

As in Kerguelen Islands, the majority of ice massesund the Southern Ocean are rapidly
shrinking. This is true at different spatial scalfssm a 1.8 krf (or 29%) reduction in the area
covered by the small Brown glacier on Heard Islé@b@FS) between 1947 and 200Bhpst and
Truffer, 2008] to a 140 kidecrease (or 3.4%) for the Northern Patagoniafielde(NPI, 47°S)
between 1975 and 200Rijvera et al. 2007]. Changes in ice-covered areas are not texpan
South Georgia (54°S) but the majority of glaciemtis are retreatingjordon et al. 2008]. Area-
average thinning rates of about 1 m/yr were obskfee the two Patagonian Icefields between
1968/1975 and 200(Rjgnot et al. 2003] and the long term [1947-2004] thinning ré&de the
Brown glacier is 0.5 m/yrTllhost and Truffer2008]. We determined higher thinning rates fookCo
ice cap, 1.4-1.7 m/yr between 1963 and 2000. Theeafentioned studies and our present work
consistently point to an accelerated rate of glagtreat since the 1990s, indicating that thee su
Antarctic glaciers are actively responding to reeranges in climatic conditions.

V. Conclusion

In the present study, we compared historical dath r@cent data from space-borne sensors to
measure the changes in extent and elevation ofegtaend ice caps on the Kerguelen Islands
during the last forty-five years. The total ice-eoed area on the islands declined from 703 to 552
km? between 1963 and 2001. For Cook ice cap, we detechthe total volume change between
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1963 and 2000 using three independent methodsagraed within £10%. The ice cap lost 25-30
km?®, equivalent to an area-averaged thinning rate .6§117 m/yr. We observed consistently
reduced ice loss on the western, windward side efyielen Islands. This asymmetry is mainly
attributed to lower mean elevation and the switdmfa land- terminating to lake-calving termini
for the eastern outlet glaciers.

The accelerated rates of ice loss observed siecg&3B0s suggest that ice masses on the Kerguelen
Islands have not yet approached a steady state. dddwilite acquisitions would be useful in
assessing whether the apparent trend toward aatsderice loss is confirmed. A better
understanding of the dynamics of glaciers and a@s®n the Kerguelen Islands is also needed in
order to predict at what pace they will react te 1h2°C warming predicted by the end of thé 21
century Meehl et al. 2007].
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