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Abstract. We describe a method to calculate regional 1 Introduction
show line elevations and annual equilibrium line altitudes

(ELAs) from daily MODIS imagery (MOD02QKM) on large  |n the next century, wastage of mountain glaciers and icecaps
glaciers and icefields in western North America. An au-jn response to anthropogenic climate change is expected to
tomated cluster analysis of the cloud-masked visible andncrease mean global sea levels by 0.051-0.128az¢nave
near-infrared bands at 250m resolution is used to delinand Nerem2004 Raper and Braithwaite2006 Radi and
eate glacier facies (snow and ice) for ten glacierized re-Hock 2011). In western North America, notable area and
gions between 2000-2011. For each region and season, th®lume loss of glaciersLarsen et al.2007 Schiefer et al.
maximum observed value of the 20th percentile of snow-2007 Berthier et al,201Q Bolch et al, 2010 and decreased
covered pixels Zs(20)) is used to define a regional ELA |ate-summer flows in glacier-fed river$tahl and Moorg
proxy (ELAesp. Our results indicate significant increases 2006 Moore et al, 2009 have already been observed. On
in the regional ELA proxy at two continental sites (Peyto annual timescales, surface runoff in glacierized basins is af-
Glacier and Gulkana Glacier) over the period of observa-fected by glacier mass changégore and Demuth2001)

tion, thOUgh no Statistica”y Significant trends are identified which Supp|ements streamflow in years with thin snowpack
at other sites. To evaluate the utility of regional ELA proxies or dry summers. On longer timescales, reduction in glacier
derived from MODO02QKM imagery, we compare standard yolumes will reduce total streamflow volumes and alter the
geodetic estimates of glacier mass change with estimates dgming of runoff, yet globally there exist only 37 sites with
rived from historical mass balance gradients and Observasurface mass balance records |0nger than 3@@[}‘(0 et al.
tions of Zs(2q) at three large icefields. Our approach yields 2011). In western North America, there are only 18 glacier
estimates of mass change that more negative than traditionghass balance records longer than 10 yr.

geodetic approaches, though MODIS-derived estimates are Regional assessments of glacier mass change are required
within the margins of error at all three sites. Both esti- to quantify the non-steric fraction of sea level rise, assess
mates of glacier mass change corroborate the continued maghanges in glacier contributions to streamflow, and man-
loss of glaciers in western North America. Between 2000age water resources in mountain environments. Currently, re-
and 2009, the geodetic change approach yields mean annugjonal glacier mass change can be estimated from (a) ground-
rates of surface elevation change for the Columbia, Lillooet,hased measuremen®ddic and Hock 2010, (b) anomalies
and Sittakanay icefields 6f0.294+ 0.05,—-0.26+0.05, and in regiona| gravity ﬁe|ds/{\rendt et aL 2009 Jacob et aj
—0.63+0.17 ma?, respectively. This study provides a new 2012, (c) empirical models RadE and Hock 2011), (d)
technique for glacier facies detection at daily timescales distributed mass balance modeMachguth et al. 2009,

and contributes to the development of regional estimates ofnd (e) geodetic measuremen&fiiefer et a.2007 Ten-
glacier mass change, both of which are critical for studies ofhant et al. 2012. However, these approaches may be lim-
glacier contributions to streamflow and global sea level rise. jted in terms of either spatial or temporal resolution, or both.
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Table 1.Area, glacier elevation range, and number of possible MODO02QKM piRé)of regional icefields/glacierized regions analysed in
this study. Index glacier mass balance sites included in parentheses. Area and elevation range based on GLIMS glaciérmstiinag (
etal, 2012 and GMTED 200 m digital elevation model.

Region (index mass balance site) Area @I)m Z range (m) N
Eastern Alaska Range (Gulkana) 1298 760-2885 18814
Southern Juneau Icefield (Lemon Creek, Taku) 1451 5-2003 22371
Columbia Icefield 216  1721-3624 3436
Wapta/Waputik (Peyto) 86  2078-3203 1363
North Kenai (Wolverine) 569 66-1730 8927
Southern Coast Mountains (Place) 50 1675-2545 805
Rainier (Emmons) 92  1163-4367 1475
South Cascades (S. Cascade) 19 1533-2604 304
Sittakanay Icefield 399 64-2173 6403
Lillooet Icefield 490 911-2958 7845

Geodetic approaches, for example, are limited spatially byand Riggs 2007 make it less suitable for use on mountain
the availability of accurate digital elevation data, and tempo-glaciers. The MOD02QKM product contains calibrated and
rally by the frequency of such data. Gravity-based methodggeolocated radiances in the red (0.620-0.670 um) and near-
are unable to resolve mass changes at the scale of individnfrared (0.841-0.876 pum) bands with spatial resolutions of
ual watersheds or icefields. Distributed and empirical mas®250 m at nadir. Others have used these bands to calculate sub-
balance models rely on the sparse network of mass balanggixel fractional snow cover and monitor snow line evolution
observations for calibration and testing. (Lopez et al. 2008 Sirguey et al.2009, and a recent study

An alternative approach to estimate glacier mass changeeveloped estimates of mass change from MODIS-derived
exploits the relation between a glacier's annual net mass balsurface albedoDumont et al, 2012).
ance (B,) and its equilibrium line altitude, or ELARaba- In this study, we employ the 250 m visible and near-
tel et al, 2009. The distinct boundary that separates snow-infrared bands of MODIS to estimate transient snow line ele-
covered and snow-free zones on a glacier varies both spasations and annual ELA (EL&y) for ten glacierized regions
tially and temporally. During the melt season, this boundaryin western North America. Relations between regional ELAs
is defined as the transient snow lifgstrem 1975, and over  and ground-based observations of glacier mass balance at
a large region, the transient snow line approximates the “reseven field sites are examined, and correlations and trends
gional transient snow line”. The mean elevation of the tran-in regional ELA are identified. We extend our approach to
sient snow line at the end of the ablation season closely mirestimate the mass change of three large icefields using his-
rors the ELA Williams et al, 1991 Klein and Isacks1999 torical mass balance gradients, and compare these results to
Winther et al, 1999 Chinn et al, 2005, which represents geodetic estimates of mass change. Basin-scale estimates of
the elevation where accumulation is balanced by ablatiorglacier mass change are useful for diagnosing glacier con-
(Dstrem 1975. One advantage of using ELA to estimdtg  tributions to streamflow and sea level rise, and the approach
is that it can be regularly measured across a region with suitdeveloped here complements other estimates of glacier mass
able space-borne sensors. Others have estimated glacier maggnge.
change from ELA observations with air photo@strem
1973 or optical imagery Rabatel et a).2009, but the 14-
day repeat cycle of Landsat, for example, limits its applica-5  pata and methods
tion in mountain environments with pervasive cloud cover.

The MODIS (Moderate Resolution Imaging Spectrora- 5 1  sijte selection
diometer) sensor provides an opportunity to monitor the tran-

sient snow line on large mid-latitude glaciers across the globegyr analyses focus on index glacier mass balance sites
on a daily basis. The MOD10 snow cover produtlal  near large icefields in western North America, where ei-
et al, 2002, based on normalised difference snow index ther ground observations of surface mass balance or geode-
(NDSI) thresholds, has been used to estimate snow line eljc estimates of glacier mass change are available. Between
evations on large glacier®¢ltq 2011), validate hydrolog- 2000 and 2009, net glacier mass balance is reported for
ical models Parajka and Risch| 2008 and to map snow 24 sites in western North AmericZ¢mp et al, 2011). Of
cover in large watershed®gry and Brown2007). Unfor-  these, 14 glaciers are less than Zkim area, and a large
tunately, the 500m resolution of the MOD10 product and majority are clustered in the North Cascades regheltp

its poor discrimination between snow and ice facieigll  and Riedel 2001). We use eight glacier mass balance sites
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1. Columbia Icefield

2. Emmons Glacier

3. Gulkana Glacier/Alaska Range (East)

4. Lemon Creek and Taku Glacier/
Juneau Icefield (South)

5. Bridge Glacier/Lillooet Icefield

6. Peyto Glacier/Wapta and Wapultik Icefield

7. Place Glacier

8. Sittakanay lcefield

9. South Cascade Glacier

10. Wolverine Glacier/Kenai Peninsula

11. Clemenceau Icefield

Fig. 1. Study area, with locations of index glaciers and geodetic
comparison.

(Fig. 1, Table1) where the index glacier area exceeds Zkm

Elevation (masl)

. 0-500

Columbia Icefield

W 500-1000
B 1000-1500
BN 2000-2500

BN 2500-3000 [}
I

10 km
] 3000-3500
3500-4000

Sittakanay Icefield
4000 -

mass balance sites. Columbia, Lillooet, Sittakanay icefields shown for

bers using the HDF-EOS to GIS Format Conversion

and adjacent terrain contains numerous glaciers which ar&ool (HEG,http://gcmd.nasa.gov/records/HEG.httakt ac-

required to test our approach.

cessed 10 November 2012). After the MOD10L2 product

We test our approach on three large icefields (Columbiawas resampled to 250 m resolution using the Geospatial Data

Lillooet, and Sittakanay) where both historical mass balanceAbstraction Library (GDAL), the cloud mask was extracted
data by elevation band and geodetic estimates of glacier masmnd applied to the MOD02QKM imagery.

change are available. Peyto Glacier is a long-term mass bal- Cloud-masked visible and near-infrared bands were sub-
ance monitoring site, located approximately 75km south-sequently clipped to glacierized regions using publicly avail-
east of the Columbia Icefield (Fig®), and mass balance able digital outlines of the glaciers obtained from the Global

data are available from 1965-2008dkievsky-Zubok et a.
1985 Dyurgeroy 2002. Bridge Glacier is a tributary of the
Lillooet Icefield (Fig.3), and mass balance data by eleva-
tion band are available from 1977-1988dkievsky-Zubok

et al, 1985 Demuth and Keller1997 Dyurgeroy 2002.

Land Ice Monitoring from Space (GLIMS) databagerf-
strong et al.2012. At 250 m resolution, the MOD02QKM
product is too coarse to classify snow and ice on small
glaciers. For each mass balance site, we thus use a regional
sample of glaciers to classify snow and ice facies and calcu-

Mass balance data for the Andrei Glacier from 1977-1985late ELAsst At each site and day, an unsupervised k-means

were obtained fromMokievsky-Zubok et al.(1985 and
Dyurgerov (2002, with additional mass balance data for
1989-1991 extracted from BC Hydro reportddkievsky-
Zubok 199Q 1991, 1992. Andrei Glacier lies approximately
100 km southeast of the Sittakanay Icefield (Aig.

2.2 MODO02QKM classification

MODO02QKM and MOD10L2 scenes covering western
North America were obtained for the end of the abla-

tion season (15 August-15 October) between 2000 an(i

2009 (NASA, 2012 Hall et al, 2012. Between two

and four scenes were analysed per day, which repre
sents about 1830 scenes over the study period. The a

c

cluster analysis of the visible and near-infrared bands was
conducted to classify all glacierized and cloud-free pixels as
either snow or ice. Thkmeans2module in Python (Scipy)
was used to perform the unsupervised k-means cluster analy-
sis, which minimises the Euclidean Distance between cluster
means. Errors due to topographic shading were minimised
by analysing scenes that were obtained between 10a.m. and
3 p.m. local time, though shading on north-facing slopes will
still occur. The effects of atmospheric variability (smoke,
haze) on the cluster analysis results are unknown. To avoid
ampling errors due to excessively cloudy conditions or fresh
nowfall events, we analysed scenes with less than 50 %
cloud cover and greater than 5% ice cover, as defined by the

MOD210L2 product.

tual number of scenes used for each site and season (Ta-

ble 2) primarily depends on cloud cover. MODO02QKM
and MOD10L2 imagery were projected first to BC Al-
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Fig. 2. (A) Landsat 5 scene of Columbia Icefield, 29 August 2009, {Bthcorresponding MODO02 snow (white) and ice (grey) clusters, and
(C) MOD10 snow cover product. Cloud-obscured pixel¢@) are shown in red. Map coordinates are in metres, and refer to the BC Albers
projection.
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Fig. 3. (A) Landsat 5 scene of Lillooet Icefield, 5 September 2001, {@)rcorresponding MODO02 snow (white) and ice (grey) clusters, and
(C) MOD10 snow cover product. Cloud-obscured pixel$@) are shown in red.

2.3 Estimation of Regional ELA study, we focus specifically on the 10th and 20th percentiles
of snow-covered pixel elevationZ {10y, Zs(20)), accumula-

) ) ] tion area ratios (AAR), and the arithmetic mean of the snow
Localised enhancements of accumulation (e.g. by wind reqjne contour sL). For each region, the maximum seasonal

distribution) or ablation (e.g. south-facing slopes) can re-yyes 0fZsa0), Zsc20, and Zs, were compared with ob-
sult in large variations in snow line elevation across thegepyed index glacier net mass balance.

surface of a glacier or icefield on any given day. To gen-
erate estimates of ELA; from MOD02QKM imagery, we 2.4 Regional Glacier Mass Change
resample digital elevation models (DEMs) from the Global
Multi-resolution Terrain Elevation Data (GMTED) and the We extend the approach Babatel et al(2009 to estimate
Shuttle Radar Topography Mission (SRTM) digital elevation annual net mass balance at 100 m elevation bangsiging
datasets@esch et a).2002 Farr et al, 2007 to 250 m reso-  a piecewise linear splind=guntain and Vecchjad 999 with
lution. For each classified scene and region, we then calcuseparate mass balance gradients above and below thesELA
late the mean, range, and quantiles of elevation for the snow
arld ice classes, and construct time series of each metric (e.qg. [ brbo—Z)). Z; < bo
Fig. 4). bu(j) = bo(Zi —bo), Z; > b @)

To quantify ELAst a locally weighted least squares ! P '
(lowess) regression, with points weighted by the proportionwherebg is ELAgs, b1 and b are mass balance gradients
of cloud-free pixels, is fit for each snow line metric. In this (mm w.e.nT1) below and above ELA; respectively, and

The Cryosphere, 7, 667680, 2013 www.the-cryosphere.net/7/667/2013/
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Table 2. Number of MOD02QKM scenes that meet criteria for time of acquisition, cloud cover, and snow extent thresholds for each index
glacier/icefield region and year.

Site 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 Totals
Columbia 18 26 15 17 18 14 41 15 21 21 206
Emmons 34 46 46 18 40 32 55 38 31 38 378
Gulkana 8 17 12 13 17 13 11 13 3 13 120
Lemon Creek/Taku 3 6 5 12 21 8 10 11 4 14 94
Lillooet 27 24 39 11 21 16 44 21 25 28 256
Peyto 17 25 12 17 13 14 40 15 17 24 194
Place 25 27 33 12 27 17 47 22 25 29 264
Sittakanay 1 9 8 14 14 8 8 12 6 12 92
S. Cascade 28 32 35 16 31 28 51 25 22 41 309
Wolverine 19 8 18 19 36 9 15 19 7 17 167
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Fig. 4. Top panel: observations (crossesygfoo) by day of year (DOY) for the Wolverine Glacier region, 2011 ablation season. The lowess
curve (black) with standard errors (grey) is weighted by the percentage of cloud-free pixels (bottom panel) in each scene. The maximum
value on the lowess curve (red) is assumed to represent the annual ELA.

Z; is the midpoint of elevation bang (m). Values forby weighted lowess curves and an assumed error in mass bal-
andb; at each icefield were obtained by settingas a free  ance gradients of 10 %. Our choice of an assumed error of
parameter, and fitting Eql) to annual net mass balance 10 % for mass balance gradients is arbitrary, and attempts to
observations at Peyto, Bridge, and Andrei glaciers (Bjg. reflect the possible errors in misspecified mass balance gra-
Average fitted values fob; and b, range from 5.17 to dients. Uncertainty irZs g is primarily related to the fre-
7.25mmm? and 2.15 to 4.07 mmm, respectively (Ta- quency of cloud-free scenes.
ble 3). To evaluate the utility of ELAs; we compare MODIS- and
Hypsometric data derived from the GLIMS glacier bound- geodetic-derived estimates of mass change at the Columbia,
aries and the SRTM DEMs were then used with Ef. ( Lillooet and Sittakanay icefields. Using SPOT and SRTM
to estimate annuaBy. Errors in ELAs; estimates of vol- DEMs (Table 4), icefield geodetic balances were com-
ume change were computed from the standard error in th@uted following the methods dschiefer et al(2007) and

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 66860, 2013
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Fig. 5. Observed net mass balance by elevation band for Peyto (Columbia), Bridge (Lillooet), and Andrei (Sittakanay) glaciers and icefields.
Solid black lines denote mean fitted mass balance gradients.

Table 3. Median elevations£4meq inm a.s.l.) for mass balance sites and glacierized regions, and meand standard deviatiow | of
fitted mass balance gradients, in mm w.e mStandard deviation is also shown as a percentage of the mean in brackets.

Glacier  Regional

Site/lcefield Zmed(M)  Zmed(M)  Xp1  Xp2 op1 (%) op2 (%)

Andrei/Sittakanay 1589 1388 5.48 2.09 0.74(13.5) 0.77(36.5)
Bridge/Lillooet 2272 2318 6.62 353 1.46(22.0) 0.74(20.9)
Peyto/Columbia 2644 2689 7.48 401 1.27(17.1) 1.87(46.7)

Tennant et al(2012. For each icefield, SPOT and SRTM Table 4.Imagery used in geodetic mass change calculations.
DEMs were reprojected to BC Albers and resampled to a

90 m resolution. The resulting DEMs were then differenced Site Imagery  Acquisition date
and.elevation changes on .stable areas free of ice and veg- Columbia  SRTM Feb 2000
etation were analysed. Uglng the sFabIe areas, we chgcked SPOT-5 20 Aug 2009
for co-registration by plotting elevation change normalised SPOT-5 30 Aug 2009
by the tangent of the slope versus aspéaith and Kéab,

2011). If the DEMs are accurately co-registered, there should Lillooet SRTM  Feb 2000

SPOT-5 20 Aug 2009

be no bias in this plot. The Columbia and Lillooet icefield
SPOT-5 29 Aug 2009

DEMs showed no significant bias. There was a bias between
the Sittakanay Icefield DEMs, which was modelled and re- Sittakanay SRTM  Feb 2000
moved using the methods biuth and Kéab (2011). Biased SPOT-5 2 Jul 2008
estimates of glacier elevation changes may also arise due to
SRTM radar penetration. Where possible, we corrected our
SRTM elevation data for radar penetration over glacierized

surfaces and resolution following the methodsGxdrdelle 3 Results

et al. (2012. SRTM X-band data were not available for the

Lillooet Icefield scene, so radar penetration corrections were3.1 ~ Glacier surface classification
performed only for the Columbia and Sittakanay icefields.

Comparisons of the cluster analysis results and contempo-
raneous Landsat scenes demonstrate that the MOD02QKM
product can be used to successfully discriminate between
snow and ice facies (Fig, 3, and 6). In contrast to
the MOD10 binary snow product, the MOD02QKM clus-
ter analysis technique developed in this study also provides

The Cryosphere, 7, 667680, 2013 www.the-cryosphere.net/7/667/2013/
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Table 5. Comparison of snow line metrics derived from manual de- to be equivalent to the ELA reported for a single glacier. The
lineation of snow and ice classes (Landsat scene) and automategsbserved ELA represents the elevation whBre= 0, and

classification from MODO2QKM cluster analysis. this is typically taken from interpolated observations of net
mass balance. Our Elg takes into account spatial varia-
Wapta/Waputik, 20 Aug 2009 Lillooet, 4 Oct 2001 tinons jn snow cover and snow line elevation, which will vary

Metric Manual Automatic Manual  Automatic with slope, aspect, and shading, and will represent the entire
Zsao (M) 2631 2624 2102 2132 icefield or region.
Zs20) (M) 2656 2655 2203 2245 Simple linear trends in th&go ELA proxy were cal-
AAR 0.47 0.34 0.73 0.52 culated over the period 2000-2011 (Fidl). Annual rates
Zst (M) 2671 2408 2089 2050

of change in theZso) ELA proxy at Gulkana Glacier and
Peyto Glacier, respectively, werel6.8ma?l (p = 0.04),
and+2.9ma (p = 0.09). No significant trends in regional
improved discrimination between snow and ice surfacesELA were found at other index glacier sites. In compar-
over large glaciers and icefields. To evaluate our approachison, geomorphic evidence suggests that the ELA of the
we compared snow lines manually digitized from high- Clemenceau Icefield, located approximately 100 km north-
resolution Landsat imagery with the cluster analysis resultsvest of Peyto Glacier, has increased between 100 and 200 m
(Figs.7 and8; Tableb). from the Little Ice Age (LIA) to 2001 Jiskoot et al.2010.
Snow line metricsZs(10),Zs20, AAR, Zs|) were calcu-  Assuming a LIA maximum at ca. 185Qijckman 2000,
lated for both the manual and automated classifications usthis represents an average ELA rise betweed.7 and
ing the 90 m SRTM DEM (Tablé). Despite some differ- +1.3mal, versus our estimate of2.9ma* over the pe-
ences in the delineated snow lines, the general snow line patiod 2000—2009 for the Peyto Glacier region.
terns and derived snow line metrics are similar. Automated The correlations of ELAst anomalies calculated for the
(MODO02QKM) and manually-derived (Landsat) values of 10 regions examined in this study are complex (Tad)le
Zs(20) for the Wapta/Waputik icefield on 20 August 2009, ELAst anomalies derived for Peyto Glacier region, for ex-
for example, are 2656 and 2655 m, respectively. For the Lil-ample, are significantly correlated £ 0.75) with those ob-
looet Icefield on 4 October 2001, th&soo metric man-  tained for the Columbia Icefield, but regional ELAs at Place
ually derived from Landsat imagery is 2203 m, while the Glacier are not significantly correlated with those observed
MODO02QKM cluster analysis give&s g = 2245. Differ- at the Lillooet Icefield, which is located only 75km to the
ences inZs 1) are similarly small between the manual and northwest (Figl). Regional ELA anomalies observed at the
automated classifications, while differences in derived AARsSouth Cascade site are significantly correlated with a num-

and mean snow line elevationgd) ) are substantial. ber of locations in the Pacific Northwest, including Peyto
Glacier ¢ = 0.50), Emmons Glacier(= 0.61), Lillooet Ice-
3.2 Regional ELA and glacier mass balance field (- =0.72) and Place Glacier = 0.84). Weak nega-

tive correlations between regional ELAs observed at Alaskan

Relations between observed glacier mass balance andfeLA (Wolverine and Gulkana) and southern sites (Emmons, Place,
were examined using the WGMS net mass balance datd.illooet) support previously documented north—south rever-
The Zs regional ELA proxy is a significant predictor sals in mass balance signals in response to large-scale atmo-
of glacier mass balance at four of eight index glacier massspheric circulation pattern8itz and Battisti 1999 McCabe
balance sites in western North America (FB). Simple  etal, 2000.
linear regressions between regional ELA and obsem®gd
are significant atv =0.05 for Peyto, Gulkana, Wolverine, 3.3 Estimates of glacier mass change
and South Cascade glaciers. We do not find significant re-
lations between maximurscg and B, at Place Glacier, Geodetic estimates of glacier mass change (Taflet
or Emmons Glacier, ang values at Lemon Creek and Taku the three icefields examined in this study range between
Glacier are 0.169 and 0.122, respectively. The failure of this—0.62+0.11 and—2.10+ 0.57 Gt. To put these results in
approach at Place and Emmons glaciers may be related toontext, total mass changes (in Gt) were converted to'ma
glacier size (Place Glacier is less than Znsample size using the icefield area, the years between image acquisi-
(n = 4yr at Emmons Glacier), and/or the representativenession, and the density of water (1000 kg)n The geodetic
of these glaciers within their glacierized regions. mass change rate at the Columbia Icefield@9ma?l) is

Overall, theZs(20 ELA proxy provides a better estimate half that observed between 1985 and 1999.64 ma?l,
of field-based estimates of ELA compared to mean snow lineSchiefer et al.(2007), hereafter S07). Previously reported
elevations Zsi; Fig. 10). We find significant relations be- rates of surface elevation change at the Andrei Icefield range
tween theZgo estimate of ELA and the ELA based on between—0.5 (1965-1982) and-1.1 (1985-1999) mat
mass balance measurements at only two sites (Peyto an@07). Our geodetic estimates of mass change at the nearby
Taku glaciers). However, the regional EbAis not likely Sittakanay Icefield between 2000 and 206063 mal)

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 66860, 2013
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Fig. 6. (A) Landsat 5 scene of the eastern Alaska Ranges, 15 August 2004Byi22 August 2004 MODO02 snow (white) and ice (grey)
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Fig. 7. Landsat 5 scene of the Wapta/Waputik Icefield and Peyto Glacier, 20 August 2009 (a)itihanual classification, and
(b) MODO02QKM automated classification of snow (white) and ice (grey).

suggests continued high rates of mass loss in this region. Aapproaches differ by 0.12 Gt (or 0.06 mt over the 10yr
Lillooet Icefield, the geodetic rate of glacier mass change calperiod of calculation. Possible reasons for these discrepan-
culated between 2000 and 2009i6.26 ma®, comparedto  cies are discussed below.
arate of—0.6 ma ! observed between 1970 and 1988 (S07).

Taking the geodetic approach as the true estimate of
mass loss, the EL&: approach results in more negative 4 piscussion
mass changes at all three sites (Ta@le At the Lil-
looet Icefield, ELAstmass loss{2.24+ 0.80Gt) is nearly  oyr approach can be readily applied to construct time se-
twice that derived from traditional geodetic approachesyies of transient regional snow line elevations and regional
(—=1.28+0.26 Gt). At Sittakanay Icefield, the Ele& ap-  gquilibrium line altitudes on large glaciers and icefields us-
proach produces a mass loss-68.00+0.59 Gt, versus a  jng moderate resolution optical imagery. Comparisons of
geodetic estimate 0+2.10+0.57 Gt. The ELAstapproach  gnoy fine metrics manually extracted from 30 m resolution

appears to work best at the Columbia Icefield, where the twq 5nqsat imagery and an automated cluster analysis of 250 m
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Fig. 9. ELAestversus observed net mass balance at eight index glacier sites, 2000—-2009.

MODO02QKM imagery illustrate the skill of the cluster anal- tive 74 % of the time during this period. Persistent negative
ysis method. While some classification errors exist on shadedlacier mass balance indicates that the annual ELA is higher
slopes, the derived snow line metrics are similar. Future rethan that required for a neutral mass balance (5L#). The
search should examine the glacier facies detection methodbsence of a trend in ELA combined with observations of
presented here with the MODSCAG approach (igtger negative mass balance would suggest that the current mean
etal, 2013. ELA is greater than ELfn—o.

Significant positive trends in th&gg regional ELA Geodetically determined rates of glacier mass change
proxy were identified at two continental sites (Peyto andfound in this study corroborate the continued loss of glacier
Gulkana glaciers) over the period 2000-2011. No significantmass in western North America observed from surface mass
trends were identified at the other sites, though this does ndbalance recordsZemp et al. 2011). Our estimates of mass
imply that glacier mass balance was neutral or positive. In-loss are comparable with those found in other regions, though
deed, net glacier mass balance at the study sites was negslightly lower. A geodetic balance of1.26 mw.e.a?
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Table 6. Regional ELA anomaly correlation matrix. Correlations significan &t0.1 (*) and p = 0.05 (*) are noted.

Columbia Emmons Gulkana Juneau Lillooet Peyto Place Sittakanay S. Cascade Wolverine
Columbia 1.00 0.62" 0.24 0.5% 0.52 0.75* 0.02 0.16 0.46 0.11
Emmons 0.62¢ 1.00 —-0.32 —-0.01 0.59* 0.27 0.39 —-0.25 0.6F* —-0.22
Gulkana 0.24 -0.32 1.00 0.35 0.26 041 -0.22 0.20 0.08 0.23
Juneau 0.5 -0.01 0.35 1.00 0.37 0.82 0.09 0.73* 0.24 0.45
Lillooet 0.52 0.59%* 0.26 0.37 1.00 0.48 0.48 0.24 0¥72 —-0.17
Peyto 0.75* 0.27 0.41 0.82 0.48 1.00 0.21 0.49 0.50 0.17
Place 0.02 0.39 —-0.22 0.09 0.48 0.21 1.00 0.15 0184 0.06
Sittakanay 0.16 -0.25 0.20 0.73° 0.24 0.49 0.15 1.00 0.06 0.27
S. Cascade 0.46 0.51 0.08 0.24 0.72¢ 0.50¢ 0.84* 0.06 1.00 0.02
Wolverine  0.11 —-0.22 0.23 0.45 —-0.17 0.17 0.06 0.27 0.02 1.00
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Fig. 10.Index glacier ELAs observed from field data vergagmaximum regionak goo) and(b) maximum regionaks , 2000-2009.

Table 7. Geodetic and ELAst estimates of glacier mass change
(in Gt), for Columbia, Lillooet, and Sittakanay icefields.

Site Area (knf) Period Geodetit ELAest

Columbia 216 2000-2009 —-0.624+0.11 -0.744+0.67
Lillooet 490 2000-2009 -1.284+0.26 —2.24+0.80
Sittakanay 416 2000-2007 —2.10+0.57 —3.004+0.59

2 Error term derived by propagation of errof@qnant et a).2012.
b Geodetic balance calculated from February 2000 to 2 July 2008.

was recently found for a site in northern Norwagnf
dreassen et a@l2012, while an overall geodetic balance
of —1.0mw.e.al was estimated for the Patagonian Ice-
field (Rignot et al, 2003. At South Cascade Glacidgfrim-
mel (1999 found geodetic balances ranging froni.90 to
—0.24m w.e. &1 between 1985 and 1997.

ELAest approach yields estimates of mass change that were
more negative than the geodetic approach. Discrepancies be-
tween the approaches could arise from (1) improperly spec-
ified mass balance gradients, (2) errors in the regional ELA
proxies, (3) differences in the dates of geodetic image ac-
quisition and our calculation of end-of-season glacier mass
change, and (4) unidentified errors in the geodetic balance
calculations. We discuss these in sequence below.

At long-term mass balance sites where gradients can be es-
timated with a linear piecewise approach (Peyto and Place),
we note no temporal trends in the fitted gradients above or
below the ELA (Fig.12). It is also possible that short-term
mass balance records, or those that do not correspond with
the dates of ELA observation (e.g. at Bridge and Andrei
glaciers) are unsuitable for estimation of glacier mass change
in a different period. Additionally, the extrapolation of mass
balance gradients below the elevation range of the observa-

ELAesrbased estimates of glacier mass change are withinions may introduce additional errors (e.g. at Sittakanay Ice-
the margins of error of the geodetic approach at all threefield, Fig.5). Following the work ofkKuhn et al.(2009, we

sites studied, but only one estimate (Columbia Icefield) isattempted to adjust the balance profiles using the differences
within 20 % of the geodetic approach. In all three cases, the

The Cryosphere, 7, 667680, 2013
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Fig. 11.Time series of regional ELA anomalies derived from MODO02QKM imagery. Least-squares regression fits are shown as dashed lines,
trend magnitude (in m_al) is given in the figure caption, and solid trend lines are significapt-at0.1.

between the median elevation of the reference glaciers anthe index glacier due to the regional variability of snow line
the regional icefields (Tabl®). In all cases this resulted in elevation, the observed trends should be approximately the
more negative estimates of glacier mass change. same.

The sensitivity of estimated glacier change based on There may be a small source of error introduced by dif-
ELAest was assessed by recalculating glacier mass changterences in the dates of geodetic image acquisition and our
using different balance gradients at the Lillooet Icefield. assumed end of ablation season calculations of mass change.
The original estimate-{2.24 Gt) uses mass balance gradi- SRTM data were collected in February 2000, and our as-
ents from Bridge Glacier (1977-1985). If we use all avail- sumption that this represents the end-of-summer surface ele-
able mass balance gradient data from Place Glacier (1966wvation in 1999 may introduce a seasonal snow accumulation
2005), located 75 km southeast of the Lillooet Icefield, thesignal. We further assume that SPOT data collected in late
mass loss estimate nearly doublest4.14 Gt. The use of July 2009 (Columbia, Lillooet) represents the surface eleva-
mass balance gradients derived from data at Andrei Glacietion at the end of 2009, while SPOT data collected in early
and Peyto Glacier results in mass change estimated5  July 2008 (Sittakanay) represents the surface elevation at the
and —2.83 Gt, respectively. Applying 2000-2007 averagedend of 2007. Significant amounts of glacier ice melt will oc-
mass balance gradients obtained from regionally downscaledur in July when glacier ice is exposed and solar radiation
climate data (F. Anslow, unpublished data) also results in aand air temperatures remain high.
similar mass change 6f2.38 Gt. Finally, it is possible that unidentified sources of error ex-

Errors in the ELA proxy may provide another explanation ist in the geodetic calculations. We were unable to calculate
for the discrepancy between geodetic and Edi#odelled  a correction for SRTM radar penetration for the Lillooet Ice-
mass change. Values of MODIS-derived ELA proxies will be field, which showed the greatest difference between geodetic
sensitive to the availability of cloud-free imagery, though the and modelled glacier mass change. Further unidentified er-
use of lowess smoothers provides a conservative estimate @brs in our geodetic calculations may be a contributing factor
the maximum value of s20. However, while this ELA met-  in the differences between modelled and geodetic estimates
ric will not necessarily correspond with the ELA observed at of glacier mass change.

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 66860, 2013
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- tributed glacier mass balance and hydrologic models at daily

} /»/\.\'/\/\A,Ax- \/\/\/\‘ mesteps:
| o
D‘}:ﬂ] % g 5 Conclusions
i MDWD Cluster analyses of MOD02QKM visible and near-infrared
T T T

T T imagery were used to generate daily ablation season snow
1970 1980 1990 2000 2010 and ice coverages over large glaciers and icefields, with
marked improvements over the MOD10 snow product. Sig-
nificant relations exist between ground-based mass balance
observations and regional MODIS-derived ELA proxies, and
significant positive trends in th&g>q metric are observed
at two continental locations. When applied to individual ice-

_ W fields, estimates of total mass change generated from re-
a
T
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gional ELA proxies are more negative than traditional geode-
tic approaches, which suggests that further improvements to

the ELAsstmodelling approach are required. Our geodetic re-
' sults are consistent with the rates of mass change observed in
1970 1980 1990 2000 2010 previous studies, and we find continued overall net mass loss

Year at three large icefields in western North America. The clus-

ter analysis technique developed in this study will be useful

_ for hydrological and glacier mass balance model calibration.

o ig’ég Alternative approaches for the estimation of regional glacier
7] mass change are critical, as large mountain glaciers and ice-
- o fields are expected to be one of the largest contributors to sea

level rise over the next century.
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