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Abstract. Canadian Arctic glaciers have recently contributed land and Antarctica, a rate much higher than the longer-term
large volumes of meltwater to the world’s oceans. To placeaverage of 0.03: 0.01 mma? (1963 to 2006).

recently observed glacier wastage into a historical per-
spective and to determine the region’s longer-terab(
years) contribution to sea level, we estimate mass and

volume changes for the glaciers of Baffin and Bylot Is- 1 Introduction

lands using digital elevation models generated from air-

borne and satellite stereoscopic imagery and elevation postlhe glaciers of the Canadian Arctic Archipelago have re-
ings from repeat airborne and satellite laser altimetry. Incently experienced a sharp increase in mass wastage in re-
addition, we update existing glacier mass change record§Ponse to anomalously high summer temperatures (Gardner
from GRACE satellite gravimetry to cover the period from €tal., 2011). Between 2006 and 2009 the glaciers of this re-
2003 to 2011. Using this integrated approach, we find tha@ion lost ice at a rate of 92 12 Gta *, making it the largest

the rate of mass loss from the region’s glaciers increased@ontributor to eustatic sea level rise outside of the ice sheets.

from 11.14 3.4 Gta ! (271+ 84 kg 2 a~1) for the period Of the roughly 146 000 kfof ice in the Canadian Arctic
1963-2006 to 23.8 6.1 Gta® (5814 149kgnr2a1) for Archipelago, 40900 kris located on the southern islands
the period 2003-2011. The doubling of the rate of mass los$f Baffin and Bylot (Fig. 1). Between 2003 and 2009 these
is attributed to higher temperatures in summer with little 9laciers lost ice at an area-averaged rate 1.6 times greater
change in annual precipitation. Through both direct and indi-than the glaciers to the north and twice the rate previously es-
rect effects, changes in summer temperatures accounted fémated by Abdalati et al. (2004) for the period 1995-2000.
70-98 % of the variance in the rate of mass loss, to whichApart from the two short periods of 1995-2000 and 2003
the Barnes Ice Cap was found to be 1.7 times more sensitivé009, little is known about changes in glacier mass for this
than either the Penny Ice Cap or the region’s glaciers as 910N _ _ _
whole. This heightened sensitivity is the result of a glacier Here we focus on glaciers of Baffin and Bylot Islands in
hypsometry that is skewed to lower elevations, which areorder to construct a more complete picture of the spatial pat-
shown to have a higher mass change sensitive to temperatuf@ns of glacier change, and to determine the region’s long-
compared to glacier surfaces at higher elevations. Betweeff"™ (50 years) contribution to sea level rise, thereby plac-
2003 and 2011 the glaciers of Baffin and Bylot Islands con-ing recently observed mass loss rates into a historical context.
tributed 0.07+ 0.02mm a’ to sea level rise accounting for N previous works (Gardner and Sharp, 2009; Gardner et al.,

16 % of the total contribution from glaciers outside of Green- 2011) a surface mass budget model has been used to simulate
the long-term glacier mass changes for the northern Canadian
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Arctic Archipelago. Applying the same model to simulate glaciers located on the Cumberland Peninsula, southern Baf-
long-term glacier changes of Baffin and Bylot Islands wasfin Island (Paul and Svoboda, 2009). For Bylot Island, a
not possible due to a paucity of on-glacier climate observa-comprehensive study of late 1800s, 1958/61 and 2001 valley
tions. We instead construct long-term glacier mass change@lacier extents was completed by Dowdeswell et al. (2007).
from changes in elevation that are determined from histori-These local studies indicate that the glaciers of Baffin and
cal aerial photogrammetry, modern satellite stereoscopic imBylot Island have been in a state of mass loss and retreat
agery and repeat airborne and satellite laser altimetry. Fosince at least the 1950s.
completeness, we provide an update to the 2003—-2009 esti- The first regional estimate of glacier mass change was
mates of Gardner et al. (2011) of glacier mass change derivedone by Abdalati et al. (2004) using repeat airborne laser
from repeat satellite gravimetry (GRACE) by including the altimetry collected over the Barnes and Penny Ice Caps in
years 2010 and 2011. spring 1995 and spring 2000. Assuming that the measured

Through our data integration efforts, we are able to assesslevation change gradients with respect to surface elevation
the extent to which sparse elevation change measurements, imere representative of all glaciers in the region, they esti-
particular those determined from satellite and airborne lasemated that the glaciers of Baffin Island lost ice at an average
altimetry, can be used to characterize regional-scale glacierate of 10.2 Gta® (assuming an ice density of 900 kgR).
change. In addition, multi-temporal estimates of mass chang®lore recently, Gardner et al. (2011) used repeat satellite al-
in combination with long-term meteorological records allow timetry (ICESat) and gravimetry (GRACE) to show that the
us to identify the primary climatic drivers of glacier mass rate of ice loss from the entire region (Baffin + Bylot) had
change for this region. more than doubled to 24 Gt4 for the period fall 2003 to

fall 2009.

2 Stud i
udy region 3 Data and methods

Baffin Island is located to the north of Quebec and Labrado

in the territory of Nunavut, Canada (Fig. 1). It covers an

area of about 500000 Kimmaking it the largest island in o ines of glacier complexes were compiled from 214 indi-

the Canadian Arctic Archipelago and one of the five largestjqya| canvec maps, a digital cartographic reference prod-
islands in the world (Andrews et al., 2002). To the north- ,t produced by Natural Resources Canada (acquired from:
east lies the heavily glaciated and uninhabited Bylot 'S'WWW.GeoGratis.gc.Qa An additional 5500 ki of glacier
land. The glaciers of the two islands cover a total area ofgrea not covered by Edition 9 of the CanVec data set were
40900kn? (year ~2000: Fig. 1). The mountainous eastern ayen from an expanded inventory of Paul and Svoboda
coast of the region is clustered with icefields and small ic®(2009). All outlines are based on late-summer Landsat im-
caps (23 600 kihon Baffin and 4900 krhon Bylot) within a agery acquired between 1999 and 2004 with the exception of
.~100 km d|ste}nce from the ocean (Fig. 1_). Extendmg farther{3 canvec maps that used late-summer SPOT 5 imagery ac-
inland on Baffin Island, there are two major ice caps, Bamesquired between 2006 and 2010 and 7 CanVec maps that used
and Penny, that cover an area of 590Gtand 6500krire- 1958 or 1982 aerial photographs. We visually checked the
spectively. Baffin Island is of particular glaciological impor- o3 cjer outlines against late-summer Landsat imagery. Some
tance as it may have played a role in the initiation of the 541 editing was done to reclassify a small fraction of ice
Laurentide Ice Sheet some 116 thousand years ago (Clark @fyerage £1 %) that was missed by the CanVec data set due
al., 1993), the remnants of which still exist today in the two 4 jncorrect classification over debris cover and supraglacial

Ie;rgle iggocgps (Hooke, 1976; Fisher et al., 1998; Zdanowiczakes. The overall quality of the data set was found to be very
etal, .

high.
Scientific research on the glaciers of this region first be- gThe new glacier inventory gives a total glacier-covered
gan in the early 1950s and has focused primarily on theyreq of 36000 ki for Baffin Island and 4900 kfnfor By-
two major ice caps (Ward, 1954; Orvig, 1954, 1951; Baird, ¢ |gjand (Fig. 1). These areas are respectively2% and
1952). Only a handful of in situ conventional and geode- 44 394 smaller than a range of estimates published in the
tic glacier observations exist for the Barnes Ice Cap (1950;9505 and 1960s (see Table 2 in Ommanney, 1971). The
(Ward, 1954), 1962-1966 (Sagar, 1966), 1965-1966 (Lokerynjier area of our data set is attributed to both long-term

and Sagar, 1967), 1970-1984 (Hooke etal., 1987) and 19845, jer retreat and methodological differences in glacier de-
2006 (Sneed et al., 2008)), the Penny Ice Cap (1953 (Warqgineation.

1954), 2008—present (Geological Survey of Canada)) and a

small valley glacier situated to the northeast of the Penny3 2 Elevation data sets

Ice Cap (1969-1976 (Weaver, 1975)). There are also obser-

vations of modern changes in the margin positions of theTo determine changes in glacier elevations through time, we

Barnes Ice Cap (Jacobs et al., 1993, 1997) and some 66@ifference a number of elevation products. We use Canadian

r : .
3.1 Glacier complex outlines
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Fig. 1. Elevation change (nal) between 1962 and 2006 as determined from ICESat satellite laser altimetry and DEMs generated from
airborne stereoscopic imagery (CDED). Numbered dots show the locations of the Environment Canada weather stations used to characteriz
regional climate (Nanisivik (1), Pond Inlet (2), Clyde River (3), Dewar Lakes (4), Fox Five (5) and Igaluit (6)).

Digital Elevation Data (CDED) for historical (1952—1983) areas with incomplete air photo coverage or insufficient im-
elevations, and for modern elevations we use SPOT 5 HR&ge contrast (primarily over ice and snow) were created from
digital elevation models (DEMs: 2008-2010), ICESat satel-modern DEMs generated from satellite stereoscopic imagery
lite laser altimetry (2003—2009), and NASA IceBridge Air- (SPOT 5) and radar interferometry (ERS). All CDED con-
borne Topographic Mapper laser altimetry (1995-2011). Thetaining modern elevations are excluded from our study. A
data sets have varying temporal and spatial coverage and aprevious validation of 21 high Arctic CDED maps against
generated using different methods. ICESat laser altimetry showed the data set to be of high
accuracy with a mean offset of +0.3m above ICESat post-
3.2.1 Historic Canadian Digital Elevation Data (CDED)  iNgs and a standard deviation of 6.2 m (Beaulieu and Clavet,
2009). We preformed a similar assessment of the 340 CDED

Canadian Digital Elevation Data (CDED) were provided at maps used in this study against plane-filtered ICESat data
a scale of 1:50k. Horizontal coordinates are in North Amer- (Stf N S?g[ES?’ 'f'?’)' ;I_'he CDEIID h(?d da dme.ar; offs?t50£ +1'1”:j
ican Datum 1983 (NADS83), and elevations are orthometric2°°V¢ ah at poi |Ings, ta ls_la_?] ar e\t/_la 'ctmtﬁ. M, an
with respect to the mean sea level of the Canadian Vertica) €7y 900¢ horizontal control. The exception 1o this was map
Geodetic Datum of 1928 (CVGD28). The data set has a hori-> heet 026p03 that covers the south-west margin of the Penny
zontal resolution of 23 m in the north—south direction and 8—:Ce Cap, V\:.h'Ch Iwe tr_emgyed frorr tt_he tar].acljlyl/zsgs tbecause of
17 m in the east—west direction. We used Edition 3.0 of the arg;etﬂe%a ve fe e‘.’? 'Orlh |aéeDsEr§ fé\(l)i; ¢ ta ' il
CDED 1: 50k data set that was created primarily from histor- Ki € time otwri 'ggﬁ de' let atase fwatshs lCa
ical aerial photographs by stereo-compilation using control WOk IN Progress and had incomplete coverage for the L.ana-

points from the Canadian Aerial Survey Database. Maps ovefjlan Arctic. Complete CDED coverage was only available at
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a scale of 1:250k and was created from the digitization of Na-erage and a lower standard deviation over glacier surfaces
tional Topographic System (NTS) maps; however, we foundthan Version 2. The SPOT imagery acquired in late August
the quality of this data set{3.2+ 20.7 m) to be insufficient — of 2010 (BarneB) had much better contrast than the Octo-

for elevation change measurement. ber 2008 imagery (Barnes), resulting in fewer interpolated
pixels (better coverage) in the BarnBDEM. Therefore, the
3.2.2 SPOT 5 digital elevation models (DEMS) BarnesA DEM was only used to estimate elevation change

for areas not covered by the Barnl@<DEM. There is very

SPOT 5 HRS (High Resolution Stereoscopic) DEMs werelittle historic (pre-1983) CDED coverage for the north Baffin
provided by the French Space Agency (CNES) throughSPOT DEMSs, so we chose to not include them in our glacier
the SPIRIT International Polar Year project (Korona et al., elevation change analysis.
2009). The DEMs come in two versions with respective re-
liability masks that were generated with sets of correlation3.2.3 Satellite laser altimetry (ICESat)
parameters adapted to different types of relief: Version 1 is
optimized for gentle terrain, and Version 2 is optimized for The Geoscience Laser Altimeter System (GLAS) onboard
rugged terrain. The DEMs have a horizontal resolution of ICESat (Zwally et al., 2002) collected surface elevation pro-
40 m, a maximum ground coverage of 120 km by 600 km,files over 17 repeated observation campaigns between Octo-
and orthometric elevations referenced to the EGM96 geoidber 2003 and October 2009. GLAS determines surface ele-
The DEMs were extracted using a 100 % automatic processvations from laser pulse footprints that have a diameter of
ing method that included no manual intervention and no in-~70m at a spacing of~170 m along each track. We used
teractive check against any kind of ground-based measureelevation postings from Release 531 of the GLAO6 altime-
ments (Korona et al., 2009). The reliability masks provide try product (Zwally et al., 2011b). We converted the data to
grid cell correlation scores of the DEM generation and iden-the WGS84 datum and applied a saturation range correction
tify interpolated pixels. Similar DEMs produced for other that is provided with the product. In order to remove poten-
regions have been found to be highly suitable for elevationtial outlier data from cloud-affected returns, we examined el-
change detection over complex glaciated terrain after applyevation deviations from planes that were fitted 700 m long
ing proper bias corrections (Gardelle et al., 2012a; Berthiersegments of near repeat-track data (Smith et al., 2009; Mo-
etal., 2010). holdt et al., 2010). Elevations that deviated more than 5m

One pair of SPOT DEMs were acquired over Bylot Is- from the calculated plane were excluded from the analysis.
land (10 January 2008), one pair over the northeastern tipn this approach we assume a constant change in elevation
of Baffin Island (19 July 2010), two pairs (A & B) over the with time for each plane when estimated over ice and no
Barnes Ice Cap (3 October 2008, 31 August 2010), one paichange in elevation with time when estimated over ground.
over the Penny Ice Cap (7 July 2010), and one pair over thé’lanes were only calculated if they contained a minimum of
Cumberland Peninsula (directly south of the Penny Ice Cap4 repeat-track profiles and 10 elevation points. This filtering
3 October 2010). SPOT elevations were first referenced t@pproach removes about one-third of the data, but ensures a
the WGS84 ellipsoid, and all interpolated pixels (reliability data set free of gross errors.
masks of 0 or>100) were excluded. The accuracy of non- The uncertainty of the filtered ICESat elevations is esti-
interpolated pixels was then assessed using plane-filterethated to be 0.89 m based on the root-mean-square (RMS)
ICESat elevations (Sect. 3.2.3) acquired witHi®0 days difference at 340 northern and southern Canadian Arctic
of the SPOT acquisition date for ice-covered terrain and allArchipelago crossover points between ascending and de-
June to October (minimal snow cover) elevations for ice-freescending tracks within individual observation campaigns
terrain. For those DEMs generated from 2010 imagery (Ta{<35 days). Similarly, the standard error of elevation change
ble A1), elevations over ice were taken from the prior yearrates ¢lh/df) determined for planes is 0.36 mabased on
since ICESat was not operational in 2010. From this analy-296 crossovers. These errors can be due to unresolved sur-
sis an optimal reliability masks threshold was individually face slopes, temporal variations in rates of elevation change,
selected for each of the SPOT DEMs (Fig. Al). Compar-atmospheric forward scattering, detector saturation, off-nadir
isons of valid SPOT elevations against CDED and ICESatpointing and errors in satellite range and positioning (e.g.
altimetry reveal that the SPOT DEMSs contain horizontal po- Siegfried et al., 2011; Fricker et al., 2005; Schutz et al.,
sitioning errors between 7 m and 29 m (Table A2) and eleva-2005). Correlated errors (bias) are likely smaller than 0.1 m
tion biases ranging from 13 m to+5 m (Table A1). Despite  for individual measurement campaigns and 0.01tfor
the large absolute errors, the relative accuracy of the SPOThe derived elevation change rates (Zwally et al., 2011a).
DEMs is very good with standard deviations in the range 2—
5m over ice-free ground and 1-14 m over glacier surfaces3.2.4 Airborne laser altimetry (ATM)
with respect to near-coincident ICESat altimetry (Table Al).
There is very little difference between DEM versions exceptRepeat track airborne laser altimetry was conducted over
for the BarnesA DEMs, where Version 1 has better cov- the Barnes and Penny Ice Caps using the NASA IceBridge
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Airborne Topographic Mapper (ATM) in May and June of examination of ice-frealh, we only included ice-free ar-
1995, 2000, 2005 and 2011 (Barnes Ice Cap only). The ATMeas outside of a 1km buffer surrounding the glaciers. The
system uses a conical scanning laser to measure surface el@h values were then checked for correlated spatial-, slope-,
vations, the footprint and shot spacing of which have changeelevation-, and maximum curvature-dependent biases over
over time as the ATM hardware has evolved. The system useéte-free ground (Fig. A2). Of these three biases, only spa-
for the 1995, 2000 and 2005 data has 240 m swath, with  tially and maximum curvature correlated biases were de-
each laser shot having a 1-3 m footprint, a ground spacindected and corrected for. Spatially dependent biases can re-
of 2-5m, and a nominal accuracy @0.2m (Krabill et al.,  sult from spatially varying phenomena such as air photo
2002; Abdalati et al., 2004). The 2011 data were collectedcoverage, glacial isostatic adjustment, errors in ground con-
with a newer system that has~a230 m swath, a measure- trol points and errors in geoid transformations. Maximum
ment density of~1 per 10, a laser footprint oF~0.5m curvature-dependent biases are associated with differences in
and a nominal accuracy ef0.1 m. Because the majority of horizontal resolution between elevation products (Gardelle et
transects in our study area were flown over relatively featureal., 2012b).

less ice caps, we used the Icessn product that is a resampledAfter applying bias corrections to the DEMs, we dif-
version of the raw laser data (Krabill, 2011). For the Icessnferenced them over glacier surfaces to determine elevation
product, a block of points is selected-a®.5 s smoothing in-  changes dh) between the CDED and SPOT image acqui-
terval, which is~50 m distance along track (actual distance sition dates. The merged CDED over Bylot Island and the
depends on the aircraft speed). The output interval is half thd®enny Ice Cap were found to have poor elevation control at
smoothing interval, producing a 50 % overlap between suc-higher elevations relative to the SPOT DEMs and ICESat. We
cessive platelets. For each smoothing interval, there are threemoved these errors by applying an iterative standard devi-
platelets produced in the across-track direction, as well as aation filter todh/dtvalues above 400 m that excludes all val-
80 m platelet located at aircraft nadir. We used all 4 plateletsues exceeding one standard deviation from the median within

in our elevation change comparisons. 100 m elevation intervals until the standard deviation of each
interval is less than 0.3 nTa. This filter reduced the cover-
3.3 Elevation change age over ice by about 25 % over Bylot Island and 1-8 % else-

where. Overall the filter has little impact on the area-averaged
Long-term (29-50 years) changes in glacier elevation wereelevation change<0.02 m al) indicating that errors in the
determined by differencing historical CDED with recent CDED and/or SPOT DEM are likely not biased. The work-
SPOT DEMs and ICESat altimetry. For the Barnes Ice Cap/flow of the SPOT versus CDED co-registration and differ-
we also differenced historical CDED with ATM altimetry. encing is provided in Appendix A (Fig. A2).
Short-term (5-16 years) elevation changes were determined
through differencing of repeat-track laser altimetry from 3.3.2 CDED versus ICESat
ATM and ICESat.

The ICESat-CDED differencing follows a similar approach
3.3.1 SPOT versus CDED as the SPOT-CDED differencing (Sect. 3.3.1) except that

CDED elevations were extracted at ICESat postings by
Between 40 and 120 individual: 50k CDED map sheets means of bilinear interpolation and we did not apply an iter-
were mosaiced together to cover each of the 5 pairs of SPO&tive standard deviation filter. No significant horizontal mis-
DEMs. The CDED mosaics were first projected and resam-alignment was detected between CDED and ICESat, so the
pled to the SPOT DEM grid in the UTM map projection CDED DEMs were only adjusted vertically for a small mean
of the WGS84 datum. All CDED elevations acquired after bias (-1.1 m) and spatially correlated biases as determined
1983 were excluded. The SPOT and mosaiced CDED werever ice-free ground (Table A2). Over the Penny Ice Cap, we
then co-registered over ice-free surfaces following an itera-have excluded reference track number 18 that indicates unre-
tive process that corrects for the horizontal and vertical off-alistically high rates of thinning at high elevations. A detailed
sets using a simple trigonometric relation between aspectlescription of the CDED versus ICESat workflow (Fig. A3)
slope and offset (Nuth anddab, 2011). To ensure that there and map showing the location of the ICESat elevation used
is no cumulative degradation of the elevation data, elevationdor the ICESat-CDED differencing (Fig. A4) are provided in
were resampled from their original sources at each iteratiomAppendix A.
of the co-registration process.

The relative accuracy of the DEMs were investigated by3.3.3 Repeat ATM

differencing the co-registered DEMs from each other over
ice-free ground (Table A2). Large elevation differenadly (  Elevation changes for the periods 1995-2000, 2000—-2005
were sometimes observed near the modern glacier margingnd 2005-2011 were calculated from repeat ATM airborne
where the ice has retreated over the study period. To maké&aser altimetry by searching for the closest pairs of platelet
sure that these anomalous values were not included in oucentroids from two different campaign years, using a search
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radius of 100 m (Krabill et al., 2000). We then interpolated
the average platelet elevation to the midpoint between the 40l
two centroids, based on the reported platelet slopes. Appli-
cation of this approach to estimate elevation changes of theg
Greenland Ice Sheet was found to have an elevation change  of
error of 0.085m (Krabill et al., 2002). When averaged over g
tens of kilometers, this error reduced to 0.07 m. We manually 5
removed a small subset of the 1995-2000 elevation changes _;oo|
that were obvious outliers (elevation changez00 m). 2
In 2011 an extensive flight grid was flown over the Barnes
Ice Cap that had sufficient sampling of ice-free terrain to ° 90l —aGLDAS
allow for vertical co-registration and differencing with his- —GRACE - GLDAS
toric CDED. Following the same methodology as outlined %% e extracted annual value
for the ICESat-CDED differencing, we were able to deter-
mine 1960-2011 mass changes over the Barnes Ice Cap. We
then subtracted the repeat ATM estimates of mass changgig. 2. Baffin and Bylot Island monthly cumulative mass change
for the period 1995-2011 to determine the 1960-1995 masfom GRACE shown in blue (with 95 % confidence intervals), from

change, hence providing a better time chronology of mas$3LDAS shown in green, and for GRACE corrected with GLDAS
changes for the Barnes Ice Cap. shown in red. Black dots show summer minima selected as annual

markers.

501

-1501

cumulativi

Jan04 Jan05 Jan06 Jan07 Jan08 Jan09 Jan10 Janit

3.3.4 Repeat ICESat

ICESat and/or ATM elevationgdV/dt was then converted

Glacier elevation change ratesh(d) were calculated from  j,«q mass change ratedN/dt) by applying a constant glacier
the plane fitting technique as described in Sect. 3.2.3. Du%ensity of 900 kg m3.

to filtering and data loss from clouds, all planes do not span

the entire ICESat repeat-track period from October 2003 t03.4.2 From GRACE gravimetry

October 2009. We set a minimum time span requirement of

2 years for eacldh/dt Additionally, we filtered the start and We provide an update to the Gardner et al. (2011) south-
end campaigns of each plane such that they always span a@rn Canadian Archipelago (Baffin and Bylot Islands) glacier
integer number of years; i.e. our ICESHt/dtestimates are mass changes derived from repeat gravity observations col-
not affected by seasonal biases from accumulation/ablatiotected by the GRACE mission. The GRACE satellites mea-

(Moholdt et al., 2010). sure the temporal variations of the Earth’s geopotential field
at a monthly interval, distributed as spherical harmonic coef-

3.4 Mass change ficients up to degree and order 60, from which the redistri-
bution of surface mass can be retrieved (Wahr et al., 1998).

3.4.1 From elevation changes The spatial resolution of these fields is limited to a few hun-

dred kilometers, and the data need to be post-processed and
Volume changesdV/di were estimated for each elevation filtered to reduce noise in the observations (see Wouters and
change data set by first calculating the mean elevation changg8chrama, 2007, and Gardner et al., 2011, for a detailed dis-
rate @h/df within each 50 m elevation interval, after apply- cussion of the processing). This implies that the GRACE
ing a 3 sigma filter within each interval to reduce signal satellites do not make point-observations, but that an ob-
noise. Our estimates are insensitive to the use of elevatioservation at a certain location is representative for a larger
interval means versus medians for determinatiord\éfdt area. As a result, glacier mass loss cannot be directly ob-
all estimates agree withit0.04 mal. Unsampled intervals tained by taking a simple area integral over the glacier sur-
were linearly interpolated from neighboring values. Intervalsfaces. The absence of short wavelength information, in com-
above and below the sampled elevation range were set tbination with the filtering, will bias the signal within the tar-
the median value of the first and last three sampled interget area. Additionally, signals from adjacent locations, such
vals, respectivelydV/dt was then estimated by multiplying as hydrology and glacial isostatic adjustment (GIA), when
the meardh/dt of each elevation interval by the correspond- not properly corrected for, may “leak into” the target area
ing surface areas within the intervals as determined from theand affect the average (see e.g. Swenson and Wahr, 2002).
1: 250k CDED. The choice of DEM used for the hypsomet- To counter these problems, we use the iterative method of
rical extrapolation oflh/dthas shown to have little impact on Wouters et al. (2008): In brief, Baffin and Bylot Islands and
regional volume change estimates (Gardner et al., 2011, sughe surrounding regions were separated into basins (Fig. S1
plementary information). The temporal interval @¥/dt is of Gardner et al., 2011) to which an initial, random mass
determined from the mean date of all valid CDED, SPOT, anomaly is prescribed (we have verified that final result of
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the iteration does not depend on the initial values). By ap-SPOT-CDED, and ATM-CDED differencing (multiplied by
plying the same processing steps to these fields as to the real96 to get the 95 % confidence intervals). For ATM-ATM
GRACE (CSR RLO04) data, pseudo-observations were credifferencing we assigned a correlated repeat measurement
ated and compared to the actual GRACE observations. In anncertainty of 0.14 m~{ 1.96 x 0.07 m standard error) as es-
iterative process, the mass anomalies in the basins were atimated by Krabill et al. (2002), and for the ICESat-ICESat
justed until an optimal agreement in a least-square sense ifferencing we assigned an uncertainty of 0.69Th aith
reached with the GRACE observations. an along-track correlation length of 5km (Moholdt et al.,
To isolate the glacier signal, gravity changes associate®010). To account for small biases resulting from glacial
with GIA were removed using a modified version of the isostatic adjustment, we added a correlated uncertainty of
ICE5-G (VM2) model (Peltier, 2004), as described in Riva 6 mma’ to all repeat altimetry elevation change estimates
et al. (2009). No significant gravity trends due to ice load- (Gardner et al., 2011). This was not necessary for the ICESat-
ing and unloading during the Little Ice Age are expected in CDED, SPOT-CDED, or ATM-CDED differencing, as eleva-
the region (Jacob et al., 2012). Atmospheric mass variationsion products were co-registered over ice-free terrain.
from European Centre for Medium-Range Weather Forecasts To account for changes in glacier area through time, we
(ECMWEF) operational pressure fields are removed by theassigned an uncertainty af10 % to alldV/dtestimates. To
GRACE science teams during processing of the raw sateltest if the assigned uncertainty intervabb10 % is appropri-
lite data. Likewise, a baroclinic ocean model in combination ate, we re-ran our analysis with 1.5 % more ice added evenly
with a tide model is used to account for mass variations into the lowest 400 m of the glacier hypsometry within each
the ocean (Bettadpur, 2007). To further reduce ocean effectgegion. We chose 1.5% as this is roughly the midpoint be-
we estimated mass anomalies in adjacent ocean basins duween area differences (see Sect. 3.1) and can be expected
ing the iterative procedure, simultaneously with the glacierto be the net effect on time-averaged mass change estimates.
and terrestrial water storage variations. Due to the small siz&€hanging the glacier hypsometry in this way resulted in sub-
of the target area, the signal-to-noise ratio in the time setegion losses that were#43 % larger than the unperturbed
ries is relatively high. As is evident from Fig. 2, interannual estimate. Since changes in area are not well constrained, we
changes and trends are very well captured by the GRACHEetain an uncertainty ot-10%. The ICESat and ATM dif-
satellites, but the interpretation of month-to-month variationsferencing have additional uncertaintiesdi/dt due to the
is less straightforward. Therefore, we select the annual valuextrapolation ofdh/dt elevation profiles across each region.
to be the most negative mass value observed at the end d¢for the ICESat-CDED and ATM-ATM differencing, this was

each ablation season (August to September). characterized by using subsets of the 2004-2009 ICESat el-
evation change rateslif/df) as analogs for the spatial sam-

3.5 Uncertainty analysis pling of dh/dt for the ICESat-CDED and ATM data sets.
The dh/dt subsets were selected from a 5km buffer zone

3.5.1 Mass changes from elevation changes around the ICESat-CDED and ATM postings, respectively

(Fig. A4). The 95 % confidence interval for the extrapolation
Sources of uncertainty in our mass change estimates arffom dh/dtto dV/dtwas taken to be 1.96 times the percent-
primarily from uncertainties in the following: the measure- age difference inlV/dtbetween using all 2004—2009 ICESat
ment ofdh, dh due to glacial isostatic adjustment, changesdata and a subset. Using this approach we determined uncer-
in glacier area through time, extrapolationdbfto determine  tainties of 4 % and 31 % for the extrapolation of ATd/dt
regionaldV, mean glacier density, and trends in firn density profiles over the Barnes and Penny Ice Caps, respectively.
from changes in precipitation, compaction rates and inter-Using ATM dh/dt profiles over the Penny Ice Cap to deter-
nal accumulation. All uncertainties are given as 95 % confi-mine the volume change of the remaining glaciers on Baffin
dence intervals. To characterize the measurement uncertaind Bylot Islands introduced an uncertainty of 61 %, which
ties for long-term differencing that are co-registered over ice-is lower than if data from the Barnes Ice Cap are used. In
free terrain, we examined semivariograms of the elevatiorall cases, extrapolation of the ATM data resulted in an ap-
difference over non-ice surfaces. After adjusting for identifi- parent overestimation of mass loss, which indicates that the
able biases, there were still large-scale correlations evident itwo ice caps are ablating more rapidly than the coastal ice-
the SPOT-CDED semivariograms, and a more clearly definedields. CDED are not complete over the accumulation area
correlation length of 50 km in the ICESat-CDED semivari- of the Penny Ice Cap (Fig. 1), so extrapolation of ICESat-
ogram (cf. Rolstad et al., 2009). The approximate diagonalCDED results over the entire ice cap introduced an uncer-
length of the largest CDED map used in the study is 50 km,tainty of 24 %. Similarly, extrapolation of ICESat-CDED re-
indicating thatdh errors are likely correlated by individual sults outside of Bylot Island and the two ice caps introduced
CDED map coverage. Therefore, we applied standard errovolume change uncertainties of 6% and 12 % for the re-
propagation at a correlation length of 50 km to the standardmaining glacier ice to the south and north of 68\ re-
deviation between elevation products over ice-free terrain tespectively. Volume change uncertainties from the extrapo-
estimate the measurement uncertainty for the ICESat-CDEDlation of SPOT-CDED results over Bylot Island, the Penny
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Ice Cap, and the southern glaciers, extrapolation of ICESatiot Islands. Simulations with pseudo-observations based on
CDED results over Bylot Island and the Barnes Ice Cap,a combination of models, representative for mass variations
and the extrapolation of ICESat-ICESat results over all re-in the cryosphere, terrestrial water storage and ocean, have
gions could not by estimated in the same way as done for thehown that the trends in glacier mass for Baffin and Bylot
ICESat-CDED and ATM-ATM results. These estimates werelslands can be retrieved to within3 Gta ! (Gardner et al.,
assigned an uncertainty of 10 %. 2011), indicating that our Baffin and Bylot Islands estimates
To convert fromdV/dt to dM/dt, we applied a constant are not significantly affected by the mass loss of the Green-
glacier density of 900 kg i?, to which we assigned an as- land Ice Sheet.
sumed uncertainty of:17 kg nT3. This approach assumes  The geopotential anomalies observed by the GRACE
a constant firn density over the past 50 years (i.e. Sorge’'satellites are the sum of mass variations in various compo-
law applies (Bader, 1954)). This is likely not a valid assump- nents of the Earth system that need to be removed before
tion as rapid changes in glacier mass have recently been olthe glacier mass anomalies can be estimated. Uncertainties
served (Gardner et al., 2011; Fisher et al., 2012). Zdanowin these corrections are included in the overall error bars.
icz et al. (2012) found that there was almost no changeWe assessed the uncertainty of the atmospheric correction by
in the near-surface (upper 20 m) vertical density-profile be-comparing ECMWF and National Centers for Environmental
tween ice cores from 1979 and 1995 collected at elevation®rediction Reanalysis (NCEP R1). The trend in atmospheric
of 1975m and 1860 m on the Penny Ice Cap (Holdsworth,loading over Baffin and Bylot Islands shows no significant
1984: Fisher et al., 1998). However, comparison with a 2010differences between these two productsl90.1 Gta 1).
core collected at the same location shows that the depthtncertainty in the GIA correction that results from incom-
averaged 20m density has increased by about 341 m plete knowledge of the Earth’s structure and ice loading his-
(2.2kgnT3a1) since 1995 and is nearly identical to the toryis estimated to be 4.9 Gtafor Baffin and Bylot Islands.
mean density of a 1953 shallow ice core collected 30 km toThis uncertainty was determined by considering a range of
the south-southeast at an elevation of 1930 m (Ward, 1954Y¥ealistic viscosity profiles of @ x 10?1 to 1 x 10?1 Pas and
This suggests that the assumption of a constant density prd®.3 x 10! to 1x 10?22Pas for the upper and lower mantle,
file is likely appropriate for the multi-decadal elevation dif- respectively and alternative loading histories [the ICE-3G
ferences but may introduce errors in shorter-term studies(Tushingham and Peltier, 1991) and ANU (Lambeck et al.,
For example, if the average density of the top 20 m of all2004) models]. Note that Gardner et al. (2011) erroneously
glacier areas above the equilibrium line altitudeld00m)  reported a range for the lower mantle viscosity & Q 107
increased at a rate of 2.2kgwa 1, the application of to3.6x10%%; this should have been the same as reported here.
Sorge’s law would result in a 0.23 Gth overestimate of Due to the coarse spatial resolution of the GRACE data,
glacier mass loss from the region. Unfortunately, the regionathe basins used in the iterative basin method do not ex-
changes in firn density are not well enough constrained tcactly follow the glacier boundaries and partly cover non-
justify modifying our mass change estimates. We instead asglaciated areas. This means that our results do not only track
signed an uncertainty of 4 kgmda ! to areas above 1400m the glaciers’ mass budget, but also changes in terrestrial wa-
to account for changes in the 20 m density profile for studiester storage, since GRACE cannot distinguish between the
spanning less than 20 years (repeat ATM and ICESat) andwo. The Global Land Data Assimilation System (GLDAS;
2kgm3a-! for studies spanning 20 years or more (com- Rodell et al., 2004) in its NOAH @5° x 0.25° configura-
parisons with CDED). Note that this uncertainty comes intion gives a very small trend in terrestrial water storage (
addition to the uncertainty in mean densityl(7 kg nT3). 0.9+ 1.2 Gta 1) when considering the end-of-melt-season
To determine the total uncertainty, we assumed that all in-dates that were used to estimate annual mass changes from
dividual sources are correlated in space but uncorrelated witlsRACE (August—September; see Fig. 2 and Sect. 3.4.2). The
each other; i.e. the total uncertainty for each region was takertrend in terrestrial water storage is insignificant, so we sim-
as the root sum of squares (RSS) of individual uncertaintiesply added this to our estimate of uncertainty. In addition
For the total uncertainty of all ice area, we sum each of theto the uncertainties from the GIA and terrestrial water stor-
separate sources of uncertainty for each region then take thage, our monthly GRACE solution (Fig. 2) includes measure-
RSS of the summed individual components to determine thanent error based on sub-set and inter-month comparisons as
total uncertainty. All uncertainties associated with the deriva-provided by the GRACE science team. The monthly values
tion of mass changes from the various elevation change proddiffer slightly from those reported in Gardner et al. (2011,

ucts are provided in Table 1. see their supplementary Fig. 3). This is a result of post-
processing of the GRACE data, which relies on EOF analysis
3.5.2 Mass changes from GRACE gravimetry and therefore evolves with the period of observation. Differ-

ences are well within the error bars of the monthly GRACE
The GRACE trends in the Arctic region are dominated by solutions (Fig. 2).
the mass change signal of the Greenland Ice Sheet that may
affect the retrieval of the mass variations over Baffin and By-
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Table 1. Glacier mass change determined from CDED, SPOT, ICESat and ATM elevation data sets with respective uncertainties.

Method Region Area  Start End dm/dt Sources of error (95 % confidence interval)
9 [km?] date date kgm—2a 1
[kgm=2 [Gta"l] | Measure- GIA Glacierarea Extra- Bulk density Trendsin  Total
al ment F=10%)] polation [E17kgn3] firn density
SPOT-CDED Barnes 5863 1960 2010 —476 -2.8 85 0 47 0 9 0 97
Bylot 4875 1979 2008 277 -1.4 157 0 27 27 5 7 162
Penny 6508 1958 2009 -166 -1.1 86 0 16 16 3 44 99
South 7588 1958 2009 -237 -1.8 28 0 23 23 4 6 43
ICESat-CDED  Barnes 5863 1960 2006 —414 —-2.4 91 0 41 41 8 0 108
Bylot 4875 1980 2006 —277 -1.4 162 0 27 27 5 7 167
Penny 6508 1958 2006 -235 -1.5 80 0 23 55 4 44 109
North 16065 1963 2006 —263 —4.2 45 0 26 31 5 3 60
South 7588 1957 2006 —202 -1.5 48 0 20 12 4 6 54
All 40899 1962 2006 —271 -111 72 0 27 32 5 10 84
ATM-CDED Barnes 5863 1960 1995 —323 -1.9 114 0 32 13 6 0 119
ATM-ATM Barnes 5863 1995 2000 -583 -3.4 25 5 57 23 11 0 68
Penny 6508 1995 2000 -—-194 -1.3 25 5 19 61 4 87 111
nonicecap 28528 1995 2000 —369 -10.5 25 5 36 224 7 9 229
All 40899 1995 2000 —372 —15.2 25 5 36 169 7 20 176
ATM-ATM Barnes 5863 2000 2005 -722 —4.2 25 5 71 28 13 0 81
Penny 6508 2000 2005 —443 -29 25 5 43 139 8 87 172
nonicecap 28528 2000 2005 —647 —18.5 25 5 63 393 12 9 399
All 40899 2000 2005 —625 -25.6 25 5 61 300 12 20 308
ATM-ATM Barnes 5863 2005 2011 -1075 —6.3 21 5 105 42 20 0 117
ICESat-ICESat Barnes 5863 2003 2009 —844 -5.0 40 5 83 83 16 0 125
Bylot 4875 2003 2009 -554 -2.7 47 5 54 54 10 15 92
Penny 6464 2003 2009 -515 -3.3 42 5 50 50 10 88 121
North 16109 2003 2009 -—-520 —-8.4 33 5 51 51 10 7 80
South 7588 2003 2009 -759 -5.8 42 5 74 74 14 11 115
All 40899 2003 2009 -614 -25.1 39 5 60 60 11 20 96
GRACE All 40899 2003 2011 -581 —23.8 86 118 hydrology =39 149
3.6 Climate mass change estimates are provided in Table 1. The cover-

age of the Barnes Ice Cap and Bylot Island glaciers is very
To help interpret glacier mass changes in terms of regionalood for both data sets, but coverage elsewhere is limited by
climate forcing, we examined anomalies in mean summercDED and ICESat availability. Merging results from SPOT
(JJA) homogenized 2 m air temperatures for 4 EnvironmenBarnesB V2 and BarnesA V1 DEMs, we estimated that the
Canada weather stations located at Pond Inlet, Clyde RiveiBarnes Ice Cap lost mass at a rate of 4787 kgnt2a 1
Dewar Lakes and Igaluit (Vincent et al., 2002). We also ex-between 1960 and 2010. This compares well with a rate of
amined anomalies in adjusted total annual precipitation for414+ 108 kgnt2a ! as estimated from ICESat for the pe-
the 5 weather stations at Pond Inlet, Nanisivik, Dewar Lakesyiod 1960 and 2006. Examining the subset of SPOT-CDED
Fox Five and Iqaluit (Mekis and Vincent, 2011). Tempera- didt that is within 1 km of the ICESat tracks indicates that
ture and precipitation records discontinuously span the peabout half of the difference between estimate means can be
riod 1930 to 2010 and 1932 to 2009, respectively. All sta- attributed to differences in spatial sampling. The rest of the
tions except Dewar Lakes are located near the ocean anglifference between the two data sets is likely due to differ-
are therefore biased towards low-altitude coastal conditiongnces in the sampling interval with higher than average losses
(Fig. 1). For this reason, we also examine summer (Junein the years 2007 through 2010. Despite the ice cap’s sim-
July, August) glacier area-averaged NCEP R1 “free-air” tem-ple geometry, the map afh/dtreveals a relatively complex
perature anomalies at 700 mb geopotential height (Kalnay epattern of elevation change (Fig. 3). Thinning rates exceed
al., 1996). 1.5ma along the northwestern and southwestern margins

and at more localized locations along the northeastern mar-

gin where the ice cap abuts proglacial lakes (e.g. Conn and
4 Results Bieler Lakes). These proglacial lakes have been shown to lo-
cally enhance the ice flow of the Barnes Ice Cap (Andrews
et al., 2002). Elevation changes are smallest at higher eleva-

Long-term elevation changes determined from the Compari_tlons and for one of the southwest lobes that has likely ex-

son of historic CDED with ICESat laser altimetry and SPOT penenc«_ad_ '9ca' creep slump? (i.e. enhanc.ed ice creep and
DEMs are shown in Figs. 1, 3, 4 and 5, and Correspondingbasal sliding; see Holdsworth, 1977, 1973; Andrews et al.,

4.1 Mass change
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Fig. 3. Elevation change (mia") of the Barnes Ice Cap between 1960 and 2010 as determined from DEMs generated from airborne and
SPOT-5 satellite stereoscopic imagery. Areas of black indicate no data.

2002), a phenomenon that was also observed by Abdalati @magery. This means that tlod/dtestimates for Bylot Island
al. (2004) in repeat airborne laser altimetry. cover a period that is 21 years shorter than that derived for
The map ofdh/dt for the glaciers of Bylot Island gener- the Barnes Ice Cap (i.e. smaller cumulative changes in ele-
ated from the SPOT Bylot V2 DEM and CDED shows a vation). Second, the magnitudes of glacier elevation change
strong pattern of elevation lowering that is most pronouncedrates are smaller over Bylot Island than over the ice cap. All
at lower elevations (Fig. 4). Most outlet glaciers have ex-of these factors lead to a higher signal-to-noise ratio in the
perienced an average elevation loss of around 1-2maé Bylot Island dh/dt estimates. From SPOT-CDED differenc-
their termini. There are, however, four outlet glaciers (B7, ing, we estimated that the glaciers of Bylot Island lost ice at a
C93, D78, and D20) that experienced little terminus eleva-rate of 277 162 kg nT2 a ! over the 29-year period, which
tion change, suggesting that mass input from glacier flow ands identical to the estimate determined from ICESat-CDED
accumulation has matched surface ablation over this perioddifferencing for the period 1980 to 2006.
This suggests that these glaciers may have experienced part Outside of Bylot Island and the Barnes Ice Cap, the his-
or all of a surge cycle over the sample interval. This inferencetoric CDED coverage is significantly reduced but still suf-
is in agreement with Dowdeswell et al. (2007) who found thatficient to determine regionally representatigb/dt eleva-
most of the major outlet glaciers on Bylot Island are surge-tion profiles and therefore mass changes for the remain-
type. Dowdeswell et al. (2007) also noted that glacier D78,ing ice. From SPOT-CDED (Fig. 5) and ICESat-CDED
the longest glacier on Bylot Island, had an over-steepenedFig. 1) differencing, we determine mass loss rates of
frontal margin and appears to have advanced and overrun it$66+99 kg n2 a1 (1958-2010) and 235109 kg nt2a !
neoglacial terminal moraines. This advance is clearly identi-(1958—2006) for the Penny Ice Cap, and 23B kg nt2a !
fied in Fig. 4 as an elevation gain at the terminus of D78.  (1958-2010) and 202 54 kgnt2a~1 (1958-2006) for the
Overall there is a less coherent spatial pattern of glacief7600 kn? of glaciers south of 686\ excluding the Penny
elevation change over Bylot Island than observed over thdce Cap, respectively. From the ICESat—CDED differenc-
Barnes Ice Cap. This can be attributed to two factors. Firstjng, we determine that the 16 100 krof glaciers north of
the CDED covering glacier ice in this region have a mean68.6° N, excluding Bylot Island and the Barnes Ice Cap,
date of 1979 and the SPOT DEM was generated from 2008ost ice at a rate 263 60 kg nT2 a1 (1963—-2006). With the
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Fig. 4. Elevation change rate (rrré) of the glaciers of Bylot Island between 1979 and 2008 as determined from DEMs generated from
airborne and SPOT-5 satellite stereoscopic imagery. Areas of black indicate no data.
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Fig. 5. Elevation change rate (rrré) of the Penny Ice Cap and the glaciers of the Cumberland Peninsula between 1958 and 2010 as
determined from DEMs generated from airborne and SPOT-5 satellite stereoscopic imagery. Areas of black indicate no data.

exception of the Barnes Ice Cap as noted earlier, analysi€DED analysis. In total, the glaciers of Baffin and Bylot
of the subset of SPOT-CDED data within a 1km distancelslands collectively lost ice at a rate of 2184 kgnt2a 1

of the ICESat tracks indicates no bias due to differenceqor 11.1 Gtal +3.4 Gta 1) between 1963 and 2006.

in spatial sampling between the ICESat-CDED and SPOT-
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Fig. 6. Elevation change rate (nT&) of the Barnes Ice Cap between spring 2000 and spring 2005 as determined from repeat airborne laser
altimetry. Inset graph shows annual mass change of the Barnes Ice Cap determined over varying time periods with corresponding 95 %
confidence intervals. A mass change of 1Gta 169 kgnr2a 1.

The repeat ATM differencing, starting from 1995, shows ased as the ICESat and ATM data sets do not cover the same
higher rates of mass loss for the Barnes and Penny lcéime period.
Caps than the long-term average. Between spring of 1995 The recent increase in glacier mass loss is confirmed by
and 2000, the Barnes Ice Cap lost ice at a rate of4583 near repeat-track ICESat laser altimetry. Our results (up-
68kgm2a 1, increasing to 72281kgnr2a lforthe pe- dated from Gardner et al., 2011, using new glacier hypsom-
riod 2000 to 2005 (Fig. 6), and to 1025125 kgnT2a 1 for  etry) indicate a glacier mass loss of 64496 kgnt2a!
the period 2005 to 2011. Similar analysis for the Penny Ice(25.1+4.0 Gta 1) for Baffin and Bylot Islands between 2003
Cap gives mass loss rates of 19411kgnt2a~! for the and 2009, which is not significantly different from the 2000—
period 1995 to 2000, increasing to 44372 kg2 a1 for 2005 ATM estimate. The updated GRACE results for Baffin
the period 2000 to 2005 (Fig. 7). Unfortunately, there wereand Bylot Islands also confirm the increased rates of mass
no ATM flights over the Penny Ice Cap in 2011 due to logis- loss (Fig. 2). Between 2003 and 2011 GRACE gives an av-
tical constraints. Extrapolating elevation changes measuredrage mass loss of 581149 kgnt2a 1 (23.8+6.1 Gta 1).
over the Penny Ice Cap to the remaining glacier cover, whichMass change estimates for the region as a whole (Fig. 8)
performs better than extrapolating Barnes Ice Cap data (seshow a clear indication of accelerated melt in recent decades.
Sect. 3.5.1), gives a total mass loss for the region of2372
176kgnr?a ! (152+7.2Gta ') and 625:308kgnT?a™ 42 Drivers of increased mass change
(25.6+ 126 Gta 1) for the periods 1995-2000 and 2000—

2005, respectively. The high uncertainties for the ATM €5"The interannual variability of snowfall amounts (accumula-

tlmtateslr?_f lect (tjhe Iarg_(taharega) Oft ex??ﬁ°'gggg gg(;gpgggeiion) over the glaciers of Baffin and Bylot Islands is small rel-
éxtrapolations done with SUbSets of the ~ altive to the interannual variability of ablation, and changes in

elevation changes indicate that the ATM estimates are likely lacier mass budget are well correlated with changes in sum-

blasedtttc))waLds Tof Puchthsstﬁs?ﬁhSe;Eh\?;l.S.13. TTat Sald’b. er temperature but not as well with changes in precipitation
cannot be absolutely certain that the estimates are bsneed et al., 2008; Hooke et al., 1987; Weaver, 1975). Our

analysis of four Environment Canada weather stations shows
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analysis of passive microwave data indicates an increase ifom each station.

the number of melt days over the Barnes Ice Cap between

1979-2010 (Dupont et al., 2012). Measuring precipitation

amounts in the Arctic is notoriously difficult due to gauge summer temperature. To support this conclusion, we inves-
undercatch of solid precipitation and difficulties in correct- tigated the relationship between mass loss rates and sum-
ing gauge biases (Mekis and Hogg, 1999). The sparse mearer glacier area-averaged NCEP R1 700 mBg00 m a.s.l.)
surements that are available indicate that there has been litemperature anomalies averaged for each mass change inter-
tle change in annual precipitation over the period of studyval (Fig. 10a). For the Barnes Ice Cap, there is a nearly per-
(Fig. 9b). This suggests that the increasing mass loss in thé&ct linear ¢ = —0.99) relationship between the rate of mass
region has largely been driven by a long-term increase inchange and summer temperatures—@f05 kg nt2a~1 per
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averaged summer means we find that, for eve'@ increase

in 700 mb temperature, there is a corresponding 4.7%&' m
increase in the downward longwave radiative flux at the sur-
face. Over a three-month period, this is enough energy to
melt an additional 110 kg i of ice at 0°C. Therefore, in-
creased downward longwave radiation directly accounts for
less than 27 % to 46 % of the observed temperature sensi-
tivity. The remaining sensitivity is due to increased sensible
heat flux and indirect effects. One of the largest indirect ef-
fects is the temperature-albedo feedback that results in higher

7 (a)

-500f

@ Barnes
-1000r @ Penny
@ Baffin + Bylot

annual mass change [kg m a'1]

05 0 05 1 15 absorption of downward shortwave radiative flux. Higher
temperature anomaly [K] temperatures result in enhanced snow grain growth and larger

= o effective grain sizes that reduce the albedo of snow. This in-
< (b) P ooel creases shortwave absorption, snow temperature and melt,
- e © N .
S o0t o‘ ° which in-turn can lead to further grain growth (Flanner and
K= ° ., ° Zender, 2006; Gardner and Sharp, 2010). Higher tempera-
2 e o o0 $ b tures also result in earlier and more extensive removal of
=.-400 o8 080 ° - . o
> ® o 005 g snow. This increases absorption of shortwave radiation by
E-SOO oo PN ¢ exposing darker glacier ice and firn.
% o® o A possible non-climactic driver is the feedback between
® PS mass budget and elevation. To assess the possible impact of
8'800' . . . . . . the elevation feedback on accelerated ice loss, we assume
2 250 500 750 1000 1250 1500 1750 that thedh/dt gradient with elevation is constant over a 50-

glacier surface elevation [m] year period and compare volume change estimates using the
. . _ original glacier hypsometry and one that is modified to reflect
- 0
Fig. 10. (a)Glacier area-averaged annual mass change with 95 /(fhe elevation changes that would have occurred over this time

confidence intervals plotted against NCEP R1 summer (June, July, . . . .
August) glacier area-averaged 700 mb temperature anomalies foi?ccordlng to thelh/dtgradient. We find that changes in ele-

each mass change measurement interval. Anomalies are relative ¥1ion over a 50-year period could account for no more than
the 1960-2010 means. Lines show linear fits with the following @ 0.03kg m2a~! increase in ablation for either ice cap.
slopes: Barnes=405 (- = —0.99), Penny=-245 ( = —0.84),
and Baffin and Bylot Island glaciers=238 (- = —0.84) with units
of kg m2g1 per 1°C increase in temperaturgp) Annual mass 5 Comparison with previous studies
change sensitivity with respect to glacier area-averaged 700 mb
summer temperature as a function of glacier surface elevationQther than Gardner et al. (2011), we are aware of only
(b) shows that glacier surfaces are most sensitive to changes in sUMyo other regional estimates of glacier mass change that do
mer temperature at lower elevation. not rely on modeling or interpolation of sparse local-scale
glaciological measurements. The first is that of Abdalati et
al. (2004) who used the ATM data to estimate a mass loss
1°C. Mass loss rates for the Penny Ice Cap and the region asf 10.2 Gta?® for the Baffin Island glaciers between 1995—
awhole appear to be less sensitive to changes in summer ter2000. This is 3.2 Gtal less than our corresponding estimate
peratures{245 to—238 kg nt2a 1 per 1°C,r = —0.84 for of 13.4Gtal. We largely attribute these differences to our
both). Looking in more detail, we find that the sensitivity of use of an improved glacier mask (1600%more ice) that
mass changes to changes in summer temperatures is lineaiilycludes more low-lying glacier ice, the characterization of
related to surface elevation (Fig. 10b) and that the relationglacier hypsometry using a much higher resolution DEM,
ship between sensitivity and elevation differs little betweenand the calculation oflh/dt using the Icessn product that
regions. This elevation dependence explains why the Barnes a resampled version of the raw laser data used by Ab-
Ice Cap, which has lower mean elevation than the Penn Icelalati et al. The second regional estimate of mass change is
Cap (Fig. A5), is more sensitive to changes in summer tem+from a recent GRACE study (Jacob et al., 2012) that shows
perature than the Penny Ice Cap. higher rate of loss for Baffin and Bylot Island glaciers (2003—
The link between higher summer temperatures and in-2010: 33+ 2.5 Gta 1) than our corresponding GRACE esti-
creased glacier ablation is more complex than may first apmate (2003—2009: 28+ 3.1 Gta 1) but agree within error
pear. Higher temperatures lead to more downward longbounds. We have reexamined both estimates and it appears
wave radiation and increased sensible heat flux, but thesthat differences in GIA and terrestrial water storage correc-
direct links can only account for some of the glacier’'s sen-tions, time interval, and the method used to estimate mass
sitivity to temperature. Examining NCEP R1 glacier area- changes (end-of-melt season vs. trend of full time series)
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could only account for a small fraction of the difference (0- attributed to increases in summer temperature. Results for the
2 Gta 1) between GRACE estimates. Other possible source®enny Ice Cap also show accelerated losses, but data cover-
for the disagreement are differences in domains, how signalage is not as good as for the Barnes Ice Cap. The good spatial
outside the target regions are treated, and the partitioning ofoverage of the SPOT-CDED differencing reveals complex
mass changes between northern and southern Canadian Arpatterns of elevation change for the Barnes Ice Cap and By-
tic regions/mascons. Again, both GRACE estimates agredot Island glaciers. Between 2005 and 2011 the Barnes Ice
within error bounds, but a more in-depth examination would Cap lost ice at an area averaged rate of 1060 kg ni2 a1
still be valuable to identify the source of the disagreement. with enhanced elevation lowering in places where the ice

It is difficult to compare our regional estimates of glacier cap abuts proglacial lakes. There are also signs of contin-
mass change with earlier in situ measurements that havaed “local creep slump” of the ice cap’s southwest lobe.
small spatial coverage and span short time periods (Wardior Bylot Island, the SPOT-CDED differencing reveals a
1954; Sagar, 1966; Lgken and Sagar, 1967; Weaver, 1975omplex pattern of valley-glacier elevation change. Under
The only place a reasonable comparison with pre-ATMsimilar climatic forcing, neighboring valley glaciers show
(1995) estimates can be made is for the Barnes Ice Camarkedly different responses over the past 29 years with one
where long-term elevation differences have been measuredf the glaciers experiencing terminus advance (D78) while
for a summit-to-terminus transect along the north-east lobahe neighboring glaciers retreat.
of the ice cap (Hooke et al., 1987; Sneed et al., 2008). Us- In agreement with other recent studies (Nuth et al., 2010;
ing theodolites, GPS, an ASTER DEM, and ICESat altime-Ka&ab et al., 2012), our work demonstrates that, with appro-
try, and averaging over the length of the transect, Hookepriate corrections, regional mass losses can be adequately
et al. (1987) and Sneed et al. (2008) estimated that theletermined from discontinuous measurements of elevation
Barnes Ice Cap had an area-averaged mass loss of 120, 76fhange. This suggests that the methods used here can poten-
and 1000 kg m?a~! for 1970-1984, 1984-2006 and 2004— tially be applied to other glaciated areas with poor coverage
2006, respectively. These later values compare relatively welbf elevation data (i.e. use of ICESat and CryoSat at lower lat-
with our 1995-2000 and 2000-2005 Barnes Ice Cap estiitudes). That said, we find large uncertainties in the extrap-
mates of 583 and 722 kgt a1, respectively, and support olation of ATM elevation change profiles when estimating
our finding that the rate of mass loss from the Barnes Ice Capegional glacier volume changes.
has accelerated in recent years.

Putting our results into a more global perspective, Jacob et )
al. (2012) estimated the total mass loss from glaciers outsidéPPeNdix A
of the ice sheets to be 14830 Gta® for the period Jan-

uary 2003 to December 2010. This period is s_,imilar to 0.urVaIidation of SPOT DEM using ICESat data is provided in
September 2003 to August 2011 GRACE estimate, durmgTabIe Al, and a detailed comparison of CDED with ICESat

which the glaciers of Baffin and Bylot Island lost mass at a ! : : ) . .
9 1 y and SPOT elevations is provided in Table A2. Elevation dif-
rate of 238+ 6.1 Gta . This rate of loss represents 16 % of . . —
. : . ferencing workflows are provided in Fig. Al through A3. Lo-
total glacier loss outside of Greenland and Antarctica. . : : :
cations of ICESat elevations used in the study are provided
in Fig. A4, and glacier hypsometry for select regions is pro-

6 Conclusions vided in Fig. A5.

Between 1963 and 2006 the glaciers of Baffin and By-
lot Islands lost ice at rate of 11+3.4Gta?l (271+
84kgnr?al) increasing to 2B+6.1Gtal (581+
149 kgnr2 a1 for the period 2003 to 2011. The doubling
of the rate of mass loss is attributed to higher temperatures
in summer with little change in annual precipitation. In to-
tal, between 1963 and 2011, the glaciers of Baffin and Bylot
Islands contributed 1.7 mm to the world’s oceans. Summer
temperatures accounted for 68-98 % of the variance in the
rate of mass change, to which the Barnes Ice Cap was found
to be 1.7 times more sensitive than either the Penny Ice Cap
or the region as a whole. The heightened sensitivity of the
Barnes Ice Cap is the result of a hypsometry that is skewed
towards lower elevations.

Results for the Barnes Ice Cap clearly indicate an accel-
eration in the rate of mass loss in recent years, which can be
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Table Al.ICESat validation and filtering of SPOT DEMs over glacier-free ground (grd) and over glacier ice (ice). C.P. stands for Cumberland
Peninsula.

Acquisition date  Standard deviation Mean elevation difference [m] ICESat postings over  Elevation-dependent ~ Min. acceptable % cells
yyyymmdd [m] (SPOT - ICESat) valid cells bias correlation excluded
grd ice grd ice grd ice grd ice grd ice
BarnesAV1 20081003 2.4 3.2 -125 —13.2 6593 1721 no 0 0 54 46
BarnesA V2 20081003 2.4 3.8 -12.5 —13.4 6514 974 no 0 0 55 66
BarnesB V1 20100831* 4.9 1.4 1.3 0 1745 499 yes* 75 0 77 16
BarnesB V2  20100831* 4.8 1.4 1.2 0 2569 499 yes* 20 0 66 17
Bylot V1 20081001 34 5.3 —12.4 -11.3 1087 966 no 85 45 74 26
Bylot V2 20081001 34 4.6 —12.3 -11.5 1185 914 no 80 5 73 32
Penny V1 20100707 4.2 10.6 -3.8 —4.6 913 119 yes* 40 65 73 54
Penny V2 20100707* 5.2 14.2 -3.9 -5.2 952 115 yes* 0 45 73 53
C.P.V1 20100310* 2.8 8.6 3 24 1911 503 yes* 0 0 61 38
C.P.Vv2 20100310* 29 6.6 3 15 1877 388 yes* 0 30 63 49
BaffinNV1  20100719* 4 11 4.8 5 2427 187 yes* 65 80 72 37
Baffin N V2  20100719* 4.5 29 4.9 5.3 2647 210 yes* 5 0 69 30

* 2010 SPOT DEMs were compared with 2009 ICESat altimetry (last year of operation). Observed elevation-dependent bias is consistent with expected changes in glacier
elevations between acquisition dates, so no correction is applied.

Table A2. Comparison of CDED with ICESat and SPOT elevations over ground before and after co-registration and elevation bias correc-
tions. C.P. stands for Cumberland Peninsula.

Acquisition  Standard deviation Mean difference [m] Acceptable grid  Horizontal misalignment
date [m] (ICESat/SPOT — CDED) cells/postings [m]
before after before after

ICESat 2004-2008 5.1 4.8 -1.1 0.0 176 253 0
BarnesA V1 2008 5.4 4.9 —14.7 0.0 3321646 18
BarnesA V2 2008 53 4.8 —14.7 0.0 3240087 18
BarnesB V1 2010 5.8 5.4 -1.3 0.0 1812114 17
BarnesB V2 2010 5.8 5.3 -1.5 0.0 2705195 17
Bylot V1 2008 7.0 5.5 -11.6 0.0 1115868 29
Bylot V2 2008 6.7 5.2 —-11.7 0.0 1194942 29
Penny V1 2010 13.7 12.7 -6.3 0.0 2077098 8
Penny V2 2010 11.8 10.8 —6.2 0.0 2033309 7
C.P. V1 2010 8.9 8.0 -0.3 0.0 3150830 11
C.P.V2 2010 8.0 7.2 -0.4 0.0 2991024 11
Baffin N V1 2010 9.6 8.3 2.7 0.0 1440445 14
Baffin N V2 2010 9.1 7.8 2.9 0.0 1607 803 14
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Single SPOT-5 40 m DEM (GLAO6 altimetry product)

{ reference to WGS84 ellipsoid J

ICESat postings ]

(EGM96 Geopotential Model) t filter using fitted planes J

extract elevations at ICESat postings,
exclude interpolated pixels
L

[ dh = SPOT - ICESat ]
|

‘ identify grid cells over ice (dh,_.), all points outside of 1km ’

ice
buffer surrounding ice = ground ( dh,,)
|

filter by date, include:
dh;.. where ICESat acquisition is within 90 days of SPOT acquisition
where ICESat acquisition has minimal snow cover (June to October)

dh

grd

7
.

filter dH by SPOT correlation score (CS):
std. deviation in dh = S, (over ice) and S, (over ground)
std. deviation in dh for CS < 80 & > 90 = S*,, (over ice) and S*, 4 (over ground)
Aice =( sice - S*ice) and Agrd =( Sgrd' S*igrd)
min. CS for ice (CS,i, ice) = Max. CS where A,./S*,..<0.3 0or A, <2 mbutA,,>5m
min. CS for ground (CS max. CS where A, ,/S*, ;< 0.3 0r A, ;<2 mbut A, >5m

min_grd) =

- J

filter out outliers:
dhgg>3x std(dhgrd) & dh,, > 3 x std(dh,,)
|

check for elevation dependent bias in dh,, 4 using a fitted
second-order polynomial

|
[ if improvement in the standard deviation of dh, 4 > 1% ]

v

TRUE ’ FALSE

adjust dh, 4 and dh,,

L

PROGRESS TO SPOT-CDED DIFFERENCING WORKFLOW

Fig. Al. Workflow for SPOT DEM validation and filtering using ICESat altimetry.
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All 1:50k CDEDs within spatial
Single SPOT-5 40 m DEM

. - limits of SPOT DEM
[adjusted according to SPOT — ICESat workflow] |
1 [ mosaic CDEDs ]
|
reference to WGSSL} ellipsoid project and resample to SPOT
(EGM96 Geopotential Model) DEM grid

1
reference to WGS84 ellipsoid
(HT2.0 geoid model)
|

l exclude interpolated pixels ]

filter points, exclude:
enddate > 1983
| |

[ dh =SPOT - DEM ]
|
‘ identify grid cells over ice (dh,_.), all points outside of 1km ’

ice.
buffer surrounding ice = ground ( dh,)

filter dH by SPOT correlation score (CS), exclude:
CS,.. < CS, & CS,y<Cs

min_ice min_grd

filter out outliers:
dhg4 > 3 x std(dhg,4) & dh;, > 3 x std(dh; )
|

check for horizontal misalignment and vertical offset over ground using the
trigonometric relationship between slope, aspect, and dh,,4
(determined from medians of 5° aspect bins for slopes > 2°)

T

if improvement in the standard deviation of dh, 4> 1%
and the magnitude of the shift is > 1 meter

shift SPOT
DEM

correct for slope dependent bias using a third-order
polynomial fit to slope vs. dh,,

check for maximum curvature dependent bias in dh, 4 using a fitted
third-order polynomial. If the improvement in the standard deviation
of dh,4 > 1% then adjust adjust dh,,4 and dhy.
I

Correct for spatially dependent elevation bias. Median dh,, for all grid cells of a 100 km by 100
km grid are determined. Cells with < 500 grid cells are linearly interpolated from neighboring
cells. Cells that can not be interpolated are set using a plane fit to all filled grid values. The

coarse gird is then interpolated to SPOT DEM grid using cubic spline interpolation.
1

FINISH

Fig. A2. Workflow for SPOT-CDED differencing.
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{ '
mosaic all 1:50k CDED within ICESat postings
region (GLAO6 altimetry product)
I

A

reference to WGS84 ellipsoid
(HT2.0 geoid model)

& J
4 1 N\
extract elevations at ICESat ) o
postings filter using fitted planes
. J
4 1 N\

date filter, exclude:
enddate > 1983

t dh = ICESat - CDED J
I

[ identify grid cells over ice (dh._.), all points outside of 1km buffer ]

ice
surrounding ice = ground ( dh,)

[ filter out outliers: dh, 4 > 3 x std(dh,,4) ’
[ |
check for horizontal misalignment and vertical offset over ground using the
trigonometric relationship between slope, aspect, and dh,q
(determined from medians of 5° aspect bins for slopes > 2°)
1

[ if improvement in the standard deviation of dh,4 > 1% ]

shift CDED

DEM and the magnitude of the shift is > 1 meter

TRUE FALSE

check for elevation dependent bias in dh,, using a fitted
second-order polynomial. If the improvement in the standard
deviation of dh, , > 1% then adjust adjust dh,, and dh;.

[ correct for slope dependent bias using a third-order ]
polynomial fit to dh, 4 vs. slope
1
check for maximum curvature dependent bias in dh,, using a fitted
third-order polynomial. If the improvement in the standard deviation
of dh,4 > 1% then adjust adjust dh,, and dh
|

ice*

Correct for spatially dependent elevation bias. Median dh,,, for all grid cells of a
100 km by 100 km grid are determined. Cells with < 500 postings are linearly
interpolated from neighboring cells. Cells that can not be interpolated are set

using a plane fit to all filled grid values. The coarse gird is then interpolated to the
all ICESat postings using cubic spline interpolation.

FINISH

Fig. A3. Workflow for ICESat-CDED differencing.
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Fig. A4. Locations of ICESat elevations used in study. Underlying black ajtshiow all ICESat points used for ICESat-ICESat estimation

of 20032009 elevation changes. Cyaip {ellow (), blue (), red (), and brown §) dots show the subset of ICESat elevations used for
ICESat-CDED differencing for Bylot Island, north Baffin Island, Barnes Ice Cap, south Baffin Island, and the Penny Ice Cap, respectively.
Orange §¢) and greend) dots show the subsample of ICESat elevations that are within a 5 km radius of the ATM flight lines and were used
to assess the uncertainty in extrapolating ATM-ATM elevation changes to determine regional volume changes.
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Fig. A5. Glacier hypsometry for the Barnes Ice Cap, Penny Ice Cap, and all remaining glacier ice on Baffin and Bylot Island.
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