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Abstract. We describe a method to calculate regional
snow line elevations and annual equilibrium line altitudes
(ELAs) from daily MODIS imagery (MOD02QKM) on large
glaciers and icefields in western North America. An au-
tomated cluster analysis of the cloud-masked visible and
near-infrared bands at 250 m resolution is used to delin-
eate glacier facies (snow and ice) for ten glacierized re-
gions between 2000–2011. For each region and season, the
maximum observed value of the 20th percentile of snow-
covered pixels (ZS(20)) is used to define a regional ELA
proxy (ELAest). Our results indicate significant increases
in the regional ELA proxy at two continental sites (Peyto
Glacier and Gulkana Glacier) over the period of observa-
tion, though no statistically significant trends are identified
at other sites. To evaluate the utility of regional ELA proxies
derived from MOD02QKM imagery, we compare standard
geodetic estimates of glacier mass change with estimates de-
rived from historical mass balance gradients and observa-
tions of ZS(20) at three large icefields. Our approach yields
estimates of mass change that more negative than traditional
geodetic approaches, though MODIS-derived estimates are
within the margins of error at all three sites. Both esti-
mates of glacier mass change corroborate the continued mass
loss of glaciers in western North America. Between 2000
and 2009, the geodetic change approach yields mean annual
rates of surface elevation change for the Columbia, Lillooet,
and Sittakanay icefields of−0.29± 0.05,−0.26± 0.05, and
−0.63± 0.17 m a−1, respectively. This study provides a new
technique for glacier facies detection at daily timescales,
and contributes to the development of regional estimates of
glacier mass change, both of which are critical for studies of
glacier contributions to streamflow and global sea level rise.

1 Introduction

In the next century, wastage of mountain glaciers and icecaps
in response to anthropogenic climate change is expected to
increase mean global sea levels by 0.051–0.124 m (Cazenave
and Nerem, 2004; Raper and Braithwaite, 2006; Radíc and
Hock, 2011). In western North America, notable area and
volume loss of glaciers (Larsen et al., 2007; Schiefer et al.,
2007; Berthier et al., 2010; Bolch et al., 2010) and decreased
late-summer flows in glacier-fed rivers (Stahl and Moore,
2006; Moore et al., 2009) have already been observed. On
annual timescales, surface runoff in glacierized basins is af-
fected by glacier mass change (Moore and Demuth, 2001)
which supplements streamflow in years with thin snowpack
or dry summers. On longer timescales, reduction in glacier
volumes will reduce total streamflow volumes and alter the
timing of runoff, yet globally there exist only 37 sites with
surface mass balance records longer than 30 yr (Zemp et al.,
2011). In western North America, there are only 18 glacier
mass balance records longer than 10 yr.

Regional assessments of glacier mass change are required
to quantify the non-steric fraction of sea level rise, assess
changes in glacier contributions to streamflow, and man-
age water resources in mountain environments. Currently, re-
gional glacier mass change can be estimated from (a) ground-
based measurements (Radíc and Hock, 2010), (b) anomalies
in regional gravity fields (Arendt et al., 2009; Jacob et al.,
2012), (c) empirical models (Radíc and Hock, 2011), (d)
distributed mass balance models (Machguth et al., 2009),
and (e) geodetic measurements (Schiefer et al., 2007; Ten-
nant et al., 2012). However, these approaches may be lim-
ited in terms of either spatial or temporal resolution, or both.
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Table 1.Area, glacier elevation range, and number of possible MOD02QKM pixels (N ) of regional icefields/glacierized regions analysed in
this study. Index glacier mass balance sites included in parentheses. Area and elevation range based on GLIMS glacier outlines (Armstrong
et al., 2012) and GMTED 200 m digital elevation model.

Region (index mass balance site) Area (km2) Z range (m) N

Eastern Alaska Range (Gulkana) 1298 760–2885 18 814
Southern Juneau Icefield (Lemon Creek, Taku) 1451 5–2003 22 371
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 by
the availability of accurate digital elevation data, and tempo-
rally by the frequency of such data. Gravity-based methods
are unable to resolve mass changes at the scale of individ-
ual watersheds or icefields. Distributed and empirical mass
balance models rely on the sparse network of mass balance
observations for calibration and testing.

An alternative approach to estimate glacier mass change
exploits the relation between a glacier’s annual net mass bal-
ance (Bn) and its equilibrium line altitude, or ELA (Raba-
tel et al., 2005). The distinct boundary that separates snow-
covered and snow-free zones on a glacier varies both spa-
tially and temporally. During the melt season, this boundary
is defined as the transient snow line (Østrem, 1975), and over
a large region, the transient snow line approximates the “re-
gional transient snow line”. The mean elevation of the tran-
sient snow line at the end of the ablation season closely mir-
rors the ELA (Williams et al., 1991; Klein and Isacks, 1999;
Winther et al., 1999; Chinn et al., 2005), which represents
the elevation where accumulation is balanced by ablation
(Østrem, 1975). One advantage of using ELA to estimateBn
is that it can be regularly measured across a region with suit-
able space-borne sensors. Others have estimated glacier mass
change from ELA observations with air photos (Østrem,
1973) or optical imagery (Rabatel et al., 2005), but the 14-
day repeat cycle of Landsat, for example, limits its applica-
tion in mountain environments with pervasive cloud cover.

The MODIS (Moderate Resolution Imaging Spectrora-
diometer) sensor provides an opportunity to monitor the tran-
sient snow line on large mid-latitude glaciers across the globe
on a daily basis. The MOD10 snow cover product (Hall
et al., 2002), based on normalised difference snow index
(NDSI) thresholds, has been used to estimate snow line el-
evations on large glaciers (Pelto, 2011), validate hydrolog-
ical models (Parajka and Bl̈oschl, 2008) and to map snow
cover in large watersheds (Déry and Brown, 2007). Unfor-
tunately, the 500 m resolution of the MOD10 product and
its poor discrimination between snow and ice facies (Hall

and Riggs, 2007) make it less suitable for use on mountain
glaciers. The MOD02QKM product contains calibrated and
geolocated radiances in the red (0.620–0.670 µm) and near-
infrared (0.841–0.876 µm) bands with spatial resolutions of
250 m at nadir. Others have used these bands to calculate sub-
pixel fractional snow cover and monitor snow line evolution
(Lopez et al., 2008; Sirguey et al., 2009), and a recent study
developed estimates of mass change from MODIS-derived
surface albedos (Dumont et al., 2012).

In this study, we employ the 250 m visible and near-
infrared bands of MODIS to estimate transient snow line ele-
vations and annual ELA (ELAest) for ten glacierized regions
in western North America. Relations between regional ELAs
and ground-based observations of glacier mass balance at
seven field sites are examined, and correlations and trends
in regional ELA are identified. We extend our approach to
estimate the mass change of three large icefields using his-
torical mass balance gradients, and compare these results to
geodetic estimates of mass change. Basin-scale estimates of
glacier mass change are useful for diagnosing glacier con-
tributions to streamflow and sea level rise, and the approach
developed here complements other estimates of glacier mass
change.

2 Data and methods

2.1 Site selection

Our analyses focus on index glacier mass balance sites
near large icefields in western North America, where ei-
ther ground observations of surface mass balance or geode-
tic estimates of glacier mass change are available. Between
2000 and 2009, net glacier mass balance is reported for
24 sites in western North America (Zemp et al., 2011). Of
these, 14 glaciers are less than 2 km2 in area, and a large
majority are clustered in the North Cascades region (Pelto
and Riedel, 2001). We use eight glacier mass balance sites

The Cryosphere, 7, 667–680, 2013 www.the-cryosphere.net/7/667/2013/
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Fig. 1. Study area, with locations of index glaciers and geodetic mass balance sites. Columbia, Lillooet, Sittakanay icefields shown for
comparison.

(Fig. 1, Table1) where the index glacier area exceeds 2 km2,
and adjacent terrain contains numerous glaciers which are
required to test our approach.

We test our approach on three large icefields (Columbia,
Lillooet, and Sittakanay) where both historical mass balance
data by elevation band and geodetic estimates of glacier mass
change are available. Peyto Glacier is a long-term mass bal-
ance monitoring site, located approximately 75 km south-
east of the Columbia Icefield (Fig.2), and mass balance
data are available from 1965–2005 (Mokievsky-Zubok et al.,
1985; Dyurgerov, 2002). Bridge Glacier is a tributary of the
Lillooet Icefield (Fig.3), and mass balance data by eleva-
tion band are available from 1977–1985 (Mokievsky-Zubok
et al., 1985; Demuth and Keller, 1997; Dyurgerov, 2002).
Mass balance data for the Andrei Glacier from 1977–1985
were obtained fromMokievsky-Zubok et al.(1985) and
Dyurgerov (2002), with additional mass balance data for
1989–1991 extracted from BC Hydro reports (Mokievsky-
Zubok, 1990, 1991, 1992). Andrei Glacier lies approximately
100 km southeast of the Sittakanay Icefield (Fig.1).

2.2 MOD02QKM classification

MOD02QKM and MOD10L2 scenes covering western
North America were obtained for the end of the abla-
tion season (15 August–15 October) between 2000 and
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 ac-
tual number of scenes used for each site and season (Ta-
ble 2) primarily depends on cloud cover. MOD02QKM
and MOD10L2 imagery were projected first to BC Al-

bers using the HDF-EOS to GIS Format Conversion
Tool (HEG,http://gcmd.nasa.gov/records/HEG.html, last ac-
cessed 10 November 2012). After the MOD10L2 product
was resampled to 250 m resolution using the Geospatial Data
Abstraction Library (GDAL), the cloud mask was extracted
and applied to the MOD02QKM imagery.

Cloud-masked visible and near-infrared bands were sub-
sequently clipped to glacierized regions using publicly avail-
able digital outlines of the glaciers obtained from the Global
Land Ice Monitoring from Space (GLIMS) database (Arm-
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-
late ELAest. At each site and day, an unsupervised k-means
cluster analysis of the visible and near-infrared bands was
conducted to classify all glacierized and cloud-free pixels as
either snow or ice. Thekmeans2module 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 10 a.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
sampling errors due to excessively cloudy conditions or fresh
snowfall events, we analysed scenes with less than 50 %
cloud cover and greater than 5 % ice cover, as defined by the
MOD10L2 product.

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 667–680, 2013
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Fig. 2. (A) Landsat 5 scene of Columbia Icefield, 29 August 2009, with(B) corresponding MOD02 snow (white) and ice (grey) clusters, and
(C) MOD10 snow cover product. Cloud-obscured pixels in(C) are shown in red. Map coordinates are in metres, and refer to the BC Albers
projection.

Fig. 3. (A) Landsat 5 scene of Lillooet Icefield, 5 September 2001, with(B) corresponding MOD02 snow (white) and ice (grey) clusters, and
(C) MOD10 snow cover product. Cloud-obscured pixels in(C) are shown in red.

2.3 Estimation of Regional ELA

Localised enhancements of accumulation (e.g. by wind re-
distribution) or ablation (e.g. south-facing slopes) can re-
sult in large variations in snow line elevation across the
surface of a glacier or icefield on any given day. To gen-
erate estimates of ELAest from MOD02QKM imagery, we
resample digital elevation models (DEMs) from the Global
Multi-resolution Terrain Elevation Data (GMTED) and the
Shuttle Radar Topography Mission (SRTM) digital elevation
datasets (Gesch et al., 2002; Farr et al., 2007) to 250 m reso-
lution. For each classified scene and region, we then calcu-
late the mean, range, and quantiles of elevation for the snow
and ice classes, and construct time series of each metric (e.g.
Fig. 4).

To quantify ELAest a locally weighted least squares
(lowess) regression, with points weighted by the proportion
of cloud-free pixels, is fit for each snow line metric. In this

study, we focus specifically on the 10th and 20th percentiles
of snow-covered pixel elevations (ZS(10), ZS(20)), accumula-
tion area ratios (AAR), and the arithmetic mean of the snow
line contour (ZSL). For each region, the maximum seasonal
values ofZS(10), ZS(20), andZSL were compared with ob-
served index glacier net mass balance.

2.4 Regional Glacier Mass Change

We extend the approach ofRabatel et al.(2005) to estimate
annual net mass balance at 100 m elevation bands (bn) using
a piecewise linear spline (Fountain and Vecchia, 1999) with
separate mass balance gradients above and below the ELAest:

bn(j) =

{
b1 (b0 − Zj ), Zj ≤ b0
b2 (Zj − b0), Zj > b0,

(1)

whereb0 is ELAest, b1 and b2 are mass balance gradients
(mm w.e. m−1) below and above ELAest, respectively, and

The Cryosphere, 7, 667–680, 2013 www.the-cryosphere.net/7/667/2013/



J. M. Shea et al.: MODIS ELA and glacier mass change 671

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 (crosses) ofZS(20) 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.

Zj is the midpoint of elevation bandj (m). Values forb1
andb2 at each icefield were obtained by settingb0 as a free
parameter, and fitting Eq. (1) to annual net mass balance
observations at Peyto, Bridge, and Andrei glaciers (Fig.5).
Average fitted values forb1 and b2 range from 5.17 to
7.25 mm m−1 and 2.15 to 4.07 mm m−1, respectively (Ta-
ble3).

Hypsometric data derived from the GLIMS glacier bound-
aries and the SRTM DEMs were then used with Eq. (1)
to estimate annualBn. Errors in ELAest estimates of vol-
ume change were computed from the standard error in the

weighted lowess curves and an assumed error in mass bal-
ance gradients of 10 %. Our choice of an assumed error of
10 % for mass balance gradients is arbitrary, and attempts to
reflect the possible errors in misspecified mass balance gra-
dients. Uncertainty inZS(20) is primarily related to the fre-
quency of cloud-free scenes.

To evaluate the utility of ELAest, we compare MODIS- and
geodetic-derived estimates of mass change at the Columbia,
Lillooet and Sittakanay icefields. Using SPOT and SRTM
DEMs (Table 4), icefield geodetic balances were com-
puted following the methods ofSchiefer et al.(2007) and

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 667–680, 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 (Zmed, in m a.s.l.) for mass balance sites and glacierized regions, and mean (x) and standard deviation (σ ) of
fitted mass balance gradients, in mm w.e. m−1. Standard deviation is also shown as a percentage of the mean in brackets.

Glacier Regional
Site/Icefield Zmed (m) Zmed (m) xb1 xb2 σb1 (%) σb2 (%)

Andrei/Sittakanay 1589 1388 5.48 2.09 0.74 (13.5) 0.77 (36.5)
Bridge/Lillooet 2272 2318 6.62 3.53 1.46 (22.0) 0.74 (20.9)
Peyto/Columbia 2644 2689 7.48 4.01 1.27 (17.1) 1.87 (46.7)

Tennant et al.(2012). For each icefield, SPOT and SRTM
DEMs were reprojected to BC Albers and resampled to a
90 m resolution. The resulting DEMs were then differenced
and elevation changes on stable areas free of ice and veg-
etation were analysed. Using the stable areas, we checked
for co-registration by plotting elevation change normalised
by the tangent of the slope versus aspect (Nuth and K̈aäb,
2011). If the DEMs are accurately co-registered, there should
be no bias in this plot. The Columbia and Lillooet icefield
DEMs showed no significant bias. There was a bias between
the Sittakanay Icefield DEMs, which was modelled and re-
moved using the methods ofNuth and K̈aäb (2011). Biased
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 methods ofGardelle
et al. (2012). SRTM X-band data were not available for the
Lillooet Icefield scene, so radar penetration corrections were
performed only for the Columbia and Sittakanay icefields.

Table 4. Imagery used in geodetic mass change calculations.

Site Imagery Acquisition date

Columbia SRTM Feb 2000
SPOT-5 20 Aug 2009
SPOT-5 30 Aug 2009

Lillooet SRTM Feb 2000
SPOT-5 20 Aug 2009
SPOT-5 29 Aug 2009

Sittakanay SRTM Feb 2000
SPOT-5 2 Jul 2008

3 Results

3.1 Glacier surface classification

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 (Figs.2, 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, 667–680, 2013 www.the-cryosphere.net/7/667/2013/
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Table 5.Comparison of snow line metrics derived from manual de-
lineation of snow and ice classes (Landsat scene) and automated
classification from MOD02QKM cluster analysis.

Wapta/Waputik, 20 Aug 2009 Lillooet, 4 Oct 2001

Metric Manual Automatic Manual Automatic

ZS(10) (m) 2631 2624 2102 2132
ZS(20) (m) 2656 2655 2203 2245
AAR 0.47 0.34 0.73 0.52
ZSL (m) 2671 2408 2089 2050

improved discrimination between snow and ice surfaces
over large glaciers and icefields. To evaluate our approach,
we compared snow lines manually digitized from high-
resolution Landsat imagery with the cluster analysis results
(Figs.7 and8; Table5).

Snow line metrics (ZS(10),ZS(20), AAR, ZSL) were calcu-
lated for both the manual and automated classifications us-
ing the 90 m SRTM DEM (Table5). Despite some differ-
ences in the delineated snow lines, the general snow line pat-
terns and derived snow line metrics are similar. Automated
(MOD02QKM) and manually-derived (Landsat) values of
ZS(20) for the Wapta/Waputik icefield on 20 August 2009,
for example, are 2656 and 2655 m, respectively. For the Lil-
looet Icefield on 4 October 2001, theZS(20) metric man-
ually derived from Landsat imagery is 2203 m, while the
MOD02QKM cluster analysis givesZS(20) = 2245. Differ-
ences inZS(10) are similarly small between the manual and
automated classifications, while differences in derived AARs
and mean snow line elevations (ZSL) are substantial.

3.2 Regional ELA and glacier mass balance

Relations between observed glacier mass balance and ELAest
were examined using the WGMS net mass balance data.
The ZS(20) regional ELA proxy is a significant predictor
of glacier mass balance at four of eight index glacier mass
balance sites in western North America (Fig.9). Simple
linear regressions between regional ELA and observedBn
are significant atα = 0.05 for Peyto, Gulkana, Wolverine,
and South Cascade glaciers. We do not find significant re-
lations between maximumZS(20) andBn at Place Glacier,
or Emmons Glacier, andp values at Lemon Creek and Taku
Glacier are 0.169 and 0.122, respectively. The failure of this
approach at Place and Emmons glaciers may be related to
glacier size (Place Glacier is less than 4 km2), sample size
(n = 4 yr at Emmons Glacier), and/or the representativeness
of these glaciers within their glacierized regions.

Overall, theZS(20) ELA proxy provides a better estimate
of field-based estimates of ELA compared to mean snow line
elevations (ZSL; Fig. 10). We find significant relations be-
tween theZS(20) estimate of ELA and the ELA based on
mass balance measurements at only two sites (Peyto and
Taku glaciers). However, the regional ELAest is not likely

to be equivalent to the ELA reported for a single glacier. The
observed ELA represents the elevation whereBn = 0, and
this is typically taken from interpolated observations of net
mass balance. Our ELAest takes into account spatial varia-
tions in snow cover and snow line elevation, which will vary
with slope, aspect, and shading, and will represent the entire
icefield or region.

Simple linear trends in theZS(20) ELA proxy were cal-
culated over the period 2000–2011 (Fig.11). Annual rates
of change in theZS(20) ELA proxy at Gulkana Glacier and
Peyto Glacier, respectively, were+16.8 m a−1 (p = 0.04),
and+2.9 m a−1 (p = 0.09). No significant trends in regional
ELA were found at other index glacier sites. In compar-
ison, geomorphic evidence suggests that the ELA of the
Clemenceau Icefield, located approximately 100 km north-
west of Peyto Glacier, has increased between 100 and 200 m
from the Little Ice Age (LIA) to 2001 (Jiskoot et al., 2010).
Assuming a LIA maximum at ca. 1850 (Luckman, 2000),
this represents an average ELA rise between+0.7 and
+1.3 m a−1, versus our estimate of+2.9 m a−1 over the pe-
riod 2000–2009 for the Peyto Glacier region.

The correlations of ELAest anomalies calculated for the
10 regions examined in this study are complex (Table6).
ELAest anomalies derived for Peyto Glacier region, for ex-
ample, are significantly correlated (r = 0.75) with those ob-
tained for the Columbia Icefield, but regional ELAs at Place
Glacier are not significantly correlated with those observed
at the Lillooet Icefield, which is located only 75 km to the
northwest (Fig.1). Regional ELA anomalies observed at the
South Cascade site are significantly correlated with a num-
ber of locations in the Pacific Northwest, including Peyto
Glacier (r = 0.50), Emmons Glacier (r = 0.61), Lillooet Ice-
field (r = 0.72) and Place Glacier (r = 0.84). Weak nega-
tive correlations between regional ELAs observed at Alaskan
(Wolverine and Gulkana) and southern sites (Emmons, Place,
Lillooet) support previously documented north–south rever-
sals in mass balance signals in response to large-scale atmo-
spheric circulation patterns (Bitz and Battisti, 1999; McCabe
et al., 2000).

3.3 Estimates of glacier mass change

Geodetic estimates of glacier mass change (Table7) at
the three icefields examined in this study range between
−0.62± 0.11 and−2.10± 0.57 Gt. To put these results in
context, total mass changes (in Gt) were converted to m a−1

using the icefield area, the years between image acquisi-
tion, and the density of water (1000 kg m3). The geodetic
mass change rate at the Columbia Icefield (−0.29 m a−1) is
half that observed between 1985 and 1999 (−0.64 m a−1,
Schiefer et al.(2007), hereafter S07). Previously reported
rates of surface elevation change at the Andrei Icefield range
between−0.5 (1965–1982) and−1.1 (1985–1999) m a−1

(S07). Our geodetic estimates of mass change at the nearby
Sittakanay Icefield between 2000 and 2007 (−0.63 m a−1)

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 667–680, 2013
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Fig. 6: A) Landsat 5 scene of the eastern Alaska Ranges, 15 August 2004, with (B) 22 August
2004 MOD02 snow (white) and ice (gray) clusters, and (C) 22 August 2004 MOD10 snow
cover product. Cloud-obscured pixels in (C) are shown in red. Gulkana Glacier is highlighted
in red.
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Fig. 6. (A) Landsat 5 scene of the eastern Alaska Ranges, 15 August 2004, with(B) 22 August 2004 MOD02 snow (white) and ice (grey)
clusters, and(C) 22 August 2004 MOD10 snow cover product. Cloud-obscured pixels in(C) are shown in red. Gulkana Glacier is highlighted
in red.

8 J. M. Shea et al.: MODIS ELA and glacier mass change

Fig. 6: A) Landsat 5 scene of the eastern Alaska Ranges, 15 August 2004, with (B) 22 August
2004 MOD02 snow (white) and ice (gray) clusters, and (C) 22 August 2004 MOD10 snow
cover product. Cloud-obscured pixels in (C) are shown in red. Gulkana Glacier is highlighted
in red.

26

Fig. 6: (A) Landsat 5 scene of the eastern Alaska Ranges, 15 August 2004, with(B) 22 August 2004 MOD02 snow (white)
and ice (grey) clusters, and(C) 22 August 2004 MOD10 snow cover product. Cloud-obscured pixels in(C) are shown in red.
Gulkana Glacier is highlighted in red.

(a) Manual snow/ice classification (b) Automated MOD02QKM classification

Fig. 7: Landsat 5 scene of the Wapta/Waputik Icefield and Peyto Glacier, 20 August 2009, with(a) manual classification, and
(b) MOD02QKM automated classification of snow (white) and ice (grey).

context, total mass changes (in Gt) were converted to m a−1

using the icefield area, the years between image acquisi-
tion, and the density of water (1000 kg m3). The geodetic
mass change rate at the Columbia Icefield (−0.29 m a−1) is
half that observed between 1985 and 1999 (−0.64 m a−1,
Schiefer et al.(2007), hereafter S07). Previously reported
rates of surface elevation change at the Andrei Icefield range
between−0.5 (1965–1982) and−1.1 (1985–1999) m a−1

(S07). Our geodetic estimates of mass change at the nearby
Sittakanay Icefield between 2000 and 2007 (−0.63 m a−1)
suggests continued high rates of mass loss in this region. At
Lillooet Icefield, the geodetic rate of glacier mass change cal-

culated between 2000 and 2009 is−0.26 m a−1, compared to
a rate of−0.6 m a−1 observed between 1970 and 1988 (S07).

Taking the geodetic approach as the true estimate of
mass loss, the ELAest approach results in more negative
mass changes at all three sites (Table7). At the Lil-
looet Icefield, ELAest mass loss (−2.24± 0.80 Gt) is nearly
twice that derived from traditional geodetic approaches
(−1.28± 0.26 Gt). At Sittakanay Icefield, the ELAest ap-
proach produces a mass loss of−3.00± 0.59 Gt, versus a
geodetic estimate of−2.10± 0.57 Gt. The ELAest approach
appears to work best at the Columbia Icefield, where the two
approaches differ by 0.12 Gt (or 0.06 m a−1) over the 10 yr

The Cryosphere, 7, 1–15, 2013 www.the-cryosphere.net/7/1/2013/

Fig. 7. Landsat 5 scene of the Wapta/Waputik Icefield and Peyto Glacier, 20 August 2009, with(a) manual classification, and
(b) MOD02QKM automated classification of snow (white) and ice (grey).

suggests continued high rates of mass loss in this region. At
Lillooet Icefield, the geodetic rate of glacier mass change cal-
culated between 2000 and 2009 is−0.26 m a−1, compared to
a rate of−0.6 m a−1 observed between 1970 and 1988 (S07).

Taking the geodetic approach as the true estimate of
mass loss, the ELAest approach results in more negative
mass changes at all three sites (Table7). At the Lil-
looet Icefield, ELAest mass loss (−2.24± 0.80 Gt) is nearly
twice that derived from traditional geodetic approaches
(−1.28± 0.26 Gt). At Sittakanay Icefield, the ELAest ap-
proach produces a mass loss of−3.00± 0.59 Gt, versus a
geodetic estimate of−2.10± 0.57 Gt. The ELAest approach
appears to work best at the Columbia Icefield, where the two

approaches differ by 0.12 Gt (or 0.06 m a−1) over the 10 yr
period of calculation. Possible reasons for these discrepan-
cies are discussed below.

4 Discussion

Our approach can be readily applied to construct time se-
ries of transient regional snow line elevations and regional
equilibrium line altitudes on large glaciers and icefields us-
ing moderate resolution optical imagery. Comparisons of
snow line metrics manually extracted from 30 m resolution
Landsat imagery and an automated cluster analysis of 250 m

The Cryosphere, 7, 667–680, 2013 www.the-cryosphere.net/7/667/2013/
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(a) Manual snow/ice classification (b) Automated MOD02QKM classification

Fig. 8: Landsat 5 scene of the Lillooet Icefield and Bridge Glacier, 4 October, with(a) manual classification, and(b)
MOD02QKM automated classification of snow (white) and ice (grey).
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Fig. 9: ELAest versus observed net mass balance at eight index glacier sites, 2000–2009.

period of calculation. Possible reasons for these discrepan-
cies are discussed below.

4 Discussion

Our approach can be readily applied to construct time se-
ries of transient regional snow line elevations and regional
equilibrium line altitudes on large glaciers and icefields us-
ing moderate resolution optical imagery. Comparisons of
snow line metrics manually extracted from 30 m resolution
Landsat imagery and an automated cluster analysis of 250 m

MOD02QKM imagery illustrate the skill of the cluster anal-
ysis method. While some classification errors exist on shaded
slopes, the derived snow line metrics are similar. Future re-
search should examine the glacier facies detection method
presented here with the MODSCAG approach (e.g.Rittger
et al., 2013).

Significant positive trends in theZS(20) regional ELA
proxy were identified at two continental sites (Peyto and
Gulkana glaciers) over the period 2000–2011. No significant
trends were identified at the other sites, though this does not
imply that glacier mass balance was neutral or positive. In-
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Fig. 8.Landsat 5 scene of the Lillooet Icefield and Bridge Glacier, 4 October, with(a) manual classification, and(b) MOD02QKM automated
classification of snow (white) and ice (grey).
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Fig. 9.ELAestversus observed net mass balance at eight index glacier sites, 2000–2009.

MOD02QKM imagery illustrate the skill of the cluster anal-
ysis method. While some classification errors exist on shaded
slopes, the derived snow line metrics are similar. Future re-
search should examine the glacier facies detection method
presented here with the MODSCAG approach (e.g.Rittger
et al., 2013).

Significant positive trends in theZS(20) regional ELA
proxy were identified at two continental sites (Peyto and
Gulkana glaciers) over the period 2000–2011. No significant
trends were identified at the other sites, though this does not
imply that glacier mass balance was neutral or positive. In-
deed, net glacier mass balance at the study sites was nega-

tive 74 % of the time during this period. Persistent negative
glacier mass balance indicates that the annual ELA is higher
than that required for a neutral mass balance (ELAbn=0). The
absence of a trend in ELA combined with observations of
negative mass balance would suggest that the current mean
ELA is greater than ELAbn=0.

Geodetically determined rates of glacier mass change
found in this study corroborate the continued loss of glacier
mass in western North America observed from surface mass
balance records (Zemp et al., 2011). Our estimates of mass
loss are comparable with those found in other regions, though
slightly lower. A geodetic balance of−1.26 m w.e. a−1

www.the-cryosphere.net/7/667/2013/ The Cryosphere, 7, 667–680, 2013
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Table 6.Regional ELA anomaly correlation matrix. Correlations significant atp = 0.1 (∗) andp = 0.05 (∗∗) are noted.

Columbia Emmons Gulkana Juneau Lillooet Peyto Place Sittakanay S. Cascade Wolverine

Columbia 1.00 0.62∗∗ 0.24 0.51∗ 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 0.61∗∗

−0.22
Gulkana 0.24 −0.32 1.00 0.35 0.26 0.41 −0.22 0.20 0.08 0.23
Juneau 0.51∗ −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 0.84∗∗ 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 0.61∗∗ 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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(b) ELA versus ZSL

Fig. 10: Index glacier ELAs observed from field data versus(a) maximum regional ZS(20) and
(b) maximum regional ZSL, 2000-2009.
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Fig. 10: Index glacier ELAs observed from field data versus(a) maximum regional ZS(20) and
(b) maximum regional ZSL, 2000-2009.
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context, total mass changes (in Gt) were converted to m a−1

using the icefield area, the years between image acquisi-
tion, and the density of water (1000 kg m3). The geodetic
mass change rate at the Columbia Icefield (−0.29 m a−1) is
half that observed between 1985 and 1999 (−0.64 m a−1,
Schiefer et al.(2007), hereafter S07). Previously reported
rates of surface elevation change at the Andrei Icefield range
between−0.5 (1965–1982) and−1.1 (1985–1999) m a−1

(S07). Our geodetic estimates of mass change at the nearby
Sittakanay Icefield between 2000 and 2007 (−0.63 m a−1)
suggests continued high rates of mass loss in this region. At
Lillooet Icefield, the geodetic rate of glacier mass change cal-
culated between 2000 and 2009 is−0.26 m a−1, compared to
a rate of−0.6 m a−1 observed between 1970 and 1988 (S07).

Taking the geodetic approach as the true estimate of
mass loss, the ELAest approach results in more negative

mass changes at all three sites (Table7). At the Lil-
looet Icefield, ELAest mass loss (−2.24± 0.80 Gt) is nearly
twice that derived from traditional geodetic approaches
(−1.28± 0.26 Gt). At Sittakanay Icefield, the ELAest ap-
proach produces a mass loss of−3.00± 0.59 Gt, versus a
geodetic estimate of−2.10± 0.57 Gt. The ELAest approach
appears to work best at the Columbia Icefield, where the two
approaches differ by 0.12 Gt (or 0.06 m a−1) over the 10 yr
period of calculation. Possible reasons for these discrepan-
cies are discussed below.

4 Discussion

Our approach can be readily applied to construct time se-
ries of transient regional snow line elevations and regional
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Fig. 10.Index glacier ELAs observed from field data versus(a) maximum regionalZS(20) and(b) maximum regionalZSL, 2000–2009.

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

Site Area (km2) Period Geodetica ELAest

Columbia 216 2000–2009 −0.62± 0.11 −0.74± 0.67
Lillooet 490 2000–2009 −1.28± 0.26 −2.24± 0.80
Sittakanay 416 2000–2007b

−2.10± 0.57 −3.00± 0.59

a Error term derived by propagation of errors (Tennant et al., 2012).
b Geodetic balance calculated from February 2000 to 2 July 2008.

was recently found for a site in northern Norway (An-
dreassen et al., 2012), while an overall geodetic balance
of −1.0 m w.e. a−1 was estimated for the Patagonian Ice-
field (Rignot et al., 2003). At South Cascade Glacier,Krim-
mel (1999) found geodetic balances ranging from−1.90 to
−0.24 m w.e. a−1 between 1985 and 1997.

ELAest-based estimates of glacier mass change are within
the margins of error of the geodetic approach at all three
sites studied, but only one estimate (Columbia Icefield) is
within 20 % of the geodetic approach. In all three cases, the

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-
tions may introduce additional errors (e.g. at Sittakanay Ice-
field, Fig.5). Following the work ofKuhn et al.(2009), we
attempted to adjust the balance profiles using the differences
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Fig. 11.Time series of regional ELA anomalies derived from MOD02QKM imagery. Least-squares regression fits are shown as dashed lines,
trend magnitude (in m a−1) is given in the figure caption, and solid trend lines are significant atp = 0.1.

between the median elevation of the reference glaciers and
the regional icefields (Table3). In all cases this resulted in
more negative estimates of glacier mass change.

The sensitivity of estimated glacier change based on
ELAest was assessed by recalculating glacier mass change
using different balance gradients at the Lillooet Icefield.
The original estimate (−2.24 Gt) uses mass balance gradi-
ents from Bridge Glacier (1977–1985). If we use all avail-
able mass balance gradient data from Place Glacier (1966–
2005), located 75 km southeast of the Lillooet Icefield, the
mass loss estimate nearly doubles to−4.14 Gt. The use of
mass balance gradients derived from data at Andrei Glacier
and Peyto Glacier results in mass change estimates of−2.25
and −2.83 Gt, respectively. Applying 2000–2007 averaged
mass balance gradients obtained from regionally downscaled
climate data (F. Anslow, unpublished data) also results in a
similar mass change of−2.38 Gt.

Errors in the ELA proxy may provide another explanation
for the discrepancy between geodetic and ELAest modelled
mass change. Values of MODIS-derived ELA proxies will be
sensitive to the availability of cloud-free imagery, though the
use of lowess smoothers provides a conservative estimate of
the maximum value ofZS(20). However, while this ELA met-
ric will not necessarily correspond with the ELA observed at

the index glacier due to the regional variability of snow line
elevation, the observed trends should be approximately the
same.

There may be a small source of error introduced by dif-
ferences in the dates of geodetic image acquisition and our
assumed end of ablation season calculations of mass change.
SRTM data were collected in February 2000, and our as-
sumption that this represents the end-of-summer surface ele-
vation in 1999 may introduce a seasonal snow accumulation
signal. We further assume that SPOT data collected in late
July 2009 (Columbia, Lillooet) represents the surface eleva-
tion at the end of 2009, while SPOT data collected in early
July 2008 (Sittakanay) represents the surface elevation at the
end of 2007. Significant amounts of glacier ice melt will oc-
cur in July when glacier ice is exposed and solar radiation
and air temperatures remain high.

Finally, it is possible that unidentified sources of error ex-
ist in the geodetic calculations. We were unable to calculate
a correction for SRTM radar penetration for the Lillooet Ice-
field, which showed the greatest difference between geodetic
and modelled glacier mass change. Further unidentified er-
rors in our geodetic calculations may be a contributing factor
in the differences between modelled and geodetic estimates
of glacier mass change.
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Fig. 12.Time series of fitted mass balance coefficients for Peyto and
Place glaciers.

Our results further demonstrate the need to compare mod-
elled estimates of glacier mass change with geodetic ap-
proaches. The use of MODIS-derived ELAest and mass bal-
ance gradients demonstrated here is limited by the need for
appropriate mass balance gradients, by the size of the glacier-
ized area being analysed, and by the availability of cloud-
free scenes. The approach developed in this study is further-
more not applicable for tidewater glaciers or debris-covered
glaciers, but it could be employed in other regions where
observations or modelled estimates of glacier mass balance
gradients are available (e.g. the Andes or the Himalayas).
We also recommend further comparisons between the ELAest
method developed here and the MODIS-retrieved albedo ap-
proach (Dumont et al., 2012). Where suitable test data ex-
ist, future research should also determine if cluster analy-
sis methods are sufficient for extracting three glacier surface
classes (snow, firn, and ice). Finally, glacier facies maps de-
veloped in this study can be used to calibrate and test dis-

tributed glacier mass balance and hydrologic models at daily
timesteps.

5 Conclusions

Cluster analyses of MOD02QKM visible and near-infrared
imagery were used to generate daily ablation season snow
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 theZS(20) metric are observed
at two continental locations. When applied to individual ice-
fields, estimates of total mass change generated from re-
gional ELA proxies are more negative than traditional geode-
tic approaches, which suggests that further improvements to
the ELAestmodelling approach are required. Our geodetic re-
sults are consistent with the rates of mass change observed in
previous studies, and we find continued overall net mass loss
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.
Alternative approaches for the estimation of regional glacier
mass change are critical, as large mountain glaciers and ice-
fields are expected to be one of the largest contributors to sea
level rise over the next century.

Acknowledgements.This work was supported by BC Hydro,
the Western Canadian Cryospheric Network (WC2N) and the
Canadian Foundation for Climate and Atmospheric Science
(CFCAS), and NSERC Discovery Grants to BM and RDM. We
thank F. Anslow for the modelled mass balance fields, M. Zemp for
supplying the glacier mass balance data, F. Weber of BC Hydro for
supplying the internal mass balance reports, and acknowledge the
commitment and efforts of agencies and investigators who provide
mass balance data to the WGMS: W. R. Bidlake (South Cascade),
M. Demuth (Peyto and Place), R. March and S. O’Neel (Gulkana
and Wolverine), M. Pelto (Lemon Creek and Taku), and J. Riedel
(Emmons). M. Pelto, M. Zemp, and two anonymous reviewers
provided valuable comments on the initial manuscript.

Edited by: A. Nolin

References

Andreassen, L. M., Kjøllmoen, B., Rasmussen, A., Melvold,
K., and Nordli, Ø.: Langfjordjøkelen, a rapidly shrink-
ing glacier in northern Norway, J. Glaciol., 58, 581–593,
doi:10.3189/2012JoG11J014, 2012.

Arendt, A. A., Luthcke, S. B., and Hock, R.: Glacier
changes in Alaska: can mass-balance models explain
GRACE mascon trends?, Ann. Glaciol., 50, 148–154,
doi:10.3189/172756409787769753, 2009.

Armstrong, R., Raup, B., Khalsa, S., Barry, R., Kargel, J., Helm, C.,
and Kieffer, H.: GLIMS glacier database, Digital Media, avail-

The Cryosphere, 7, 667–680, 2013 www.the-cryosphere.net/7/667/2013/

http://dx.doi.org/10.3189/2012JoG11J014
http://dx.doi.org/10.3189/172756409787769753


J. M. Shea et al.: MODIS ELA and glacier mass change 679

able at:http://www.glims.org, National Snow and Ice Data Cen-
ter, Boulder, Colorado, USA, 2012.

Berthier, E., Schiefer, E., Clarke, G. K. C., Menounos, B.,
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