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Ice caps that are mostly frozen at the bedrock-ice interface are thought to be stable and respond slowly to 
changes in climate. We use remote sensing to measure velocity and thickness changes that occur when 
the margin of the largely cold-based Vavilov Ice Cap in the Russian High Arctic advances over weak 
marine sediments. We show that cold-based to polythermal glacier systems with no previous history of 
surging may evolve with unexpected and unprecedented speed when their basal boundary conditions 
change, resulting in very large dynamic ice mass losses (an increase in annual mass loss by a factor of 
∼100) over a few years. We question the future long-term stability of cold and polythermal polar ice 
caps, many of which terminate in marine waters as the climate becomes warmer and wetter in the polar 
regions.

© 2018 Elsevier B.V. All rights reserved.
Significance statement: A tipping point is reached as a largely 
cold-based ice-cap outlet glacier with no previous history of surges 
advanced over low-friction marine sediments, causing it to accel-
erate and thin.

1. Introduction

High latitude cold and polythermal glaciers and ice caps cover 
∼450,000 km2 of the Earth’s surface (Gardner et al., 2013) and 
hold ∼0.30 m of potential sea-level rise (Radić et al., 2014). These 
glaciers occur in polar desert environments that are character-
ized by sub-freezing average temperatures and low rates of an-
nual precipitation, typically below 250 mm/yr. Cold-based glaciers 
are frozen to their bed and flow by internal deformation at rates 
of only a few meters per year. Ice in temperate glaciers is at 
the melting point throughout the body of the glacier with the 
glacier moving primarily by sliding. Polythermal glaciers are in-
termediate, with some parts of the glacier cold-based and other 
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parts wet and temperate. Some 2,300 polythermal and temperate 
glaciers around the planet surge, undergoing short-duration ac-
celerations in ice flow (Copland et al., 2003; Grant et al., 2009a;
Jiskoot et al., 2000; Sevestre and Benn, 2015) that manifest as 
a rapid glacier advance, thinning in the accumulation area and 
thickening at the ice front. These surge mechanisms are not un-
derstood fully, but are thought to be driven by cyclic oscillations in 
basal hydraulic conditions (Clarke, 1991; Harrison and Post, 2003;
Kamb et al., 1985; Raymond, 1987), controlled by a combination 
of sub-glacial geometry, the local climate and/or the basal ther-
mal regime (e.g. Bindschadler et al., 1976; Dunse et al., 2015;
Murray et al., 2003). Surges result in a rapid transfer of ice mass 
from the accumulation zone of a glacier to the ablation zone 
and often leave a long-term glaciological and/or geomorphologi-
cal signature, such as looped moraines, that can be used to iden-
tify surging glaciers in their quiescent phase (Grant et al., 2009b;
Ottesen et al., 2017; Ottesen and Dowdeswell, 2006). The quies-
cent phase is usually an order of magnitude longer in duration 
than the active phase. Here we present the first observations of an 
outlet glacier at a largely cold-based ice cap, the Vavilov Ice Cap 
on October Revolution Island, Severnaya Zemlya archipelago in the 
Russian High Arctic [Fig. 1], that is undergoing extraordinary ac-

https://doi.org/10.1016/j.epsl.2018.08.049
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:mike.willis@colorado.edu
https://doi.org/10.1016/j.epsl.2018.08.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.08.049&domain=pdf


M.J. Willis et al. / Earth and Planetary Science Letters 502 (2018) 146–155 147
Fig. 1. Vavilov Ice Cap, Severnaya Zemlya Archipelago, Russian High Arctic. A) True color ASTER image from late summer, 2009: note front position and extent of summer 
melt. Red dotted box details region shown in C. Insets show location of Severnaya Zemlya and October Revolution Island (black). B) Landsat-8 true color image on May 
8th 2016, note front position and crevasse field extending into the interior of the ice cap. C) Worldview-02 true color image showing front moraine, terminus position and 
continuous sediment bands in 2011. Image © 2011, DigitalGlobe, Inc. D) Elevation of Vavilov Ice Cap from spring 2016. Thin black lines – drainage basins from Randolf Glacier 
Inventory version-5 (Pfeffer et al., 2014). Thick grey line – centerline profile in Figs. 2, 3 and 4. Thick black lines – transverse profiles in Fig. 4. DEM created from DigitalGlobe 
Inc. stereo imagery. E) Bed elevation derived from airborne radio echo sounding. Green contours are 25 m intervals; dotted black contours are sea level, solid black basins 
outlines are from Randolf Glacier Inventory version-5. Yellow lines are flight lines used to collect radar echo sounding data; yellow dotted line is extent of crevassing in 2011 
sub-meter optical imagery. Note scales in panels A, B, D and E are identical. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this 
article.)
celeration and thinning but displays no previous surface evidence 
of surging (Dowdeswell and Williams, 1997), confirmed with high 
resolution imagery in Fig. 1c).

The ∼300 to 600 m thick, 1,820 km2 Vavilov Ice Cap [Fig. 1] 
is frozen to its bed over the majority of its area, apart from a re-
gion along its western margin where basal sliding is potentially 
important for faster flow (Bassford et al., 2006a). Similar polyther-
mal conditions are seen elsewhere in the Arctic (Gilbert et al., 
2016). Ice-core drilling near the summit suggests the oldest ice 
at the base of the ice cap is Pleistocene age and shows the ice 
cap sits on top of frozen clay and sandstone deposits (Stiévenard 
et al., 1996). Palynological study of the ice core suggests precip-
itation at the ice cap became increasingly focused on the south-
west side of the ice cap about 500 yrs ago (Andreev et al., 1997;
Bassford et al., 2006b). Bassford et al. (2006b) suggest this change 
in precipitation pattern caused the western margin to advance 
slowly through time. During periods of intense melt the ice cap is 
stripped almost entirely of its snow cover and narrow supraglacial 
streams flow to the ice cap periphery. When intense melt occurs, 
continuous sediment bands in the ice can be traced in high resolu-
tion imagery at low elevation around the full periphery of the ice 
cap. At the western margin, these sediment bands are disturbed 
compared to elsewhere on the ice cap [Fig. 1C]. The disturbed but 
continuous bands coincide with the region of slightly faster ice 
flow and slow terminus advance.

Satellite radar interferometry from 1996 observed this western 
region of the ice cap moving at a peak rate of around 20 m/yr 
(∼5.4 cm/day), a rate at which modeling required some of the mo-
tion to be accommodated by basal sliding. The rest of the ice cap 
moved at speeds of less than 5 m/yr, consistent with internal de-
formation (Bassford et al., 2006b).

2. Results

In 2010, the ice in the western region started to accelerate. The 
front of this “fast” flow region was vertical and had a sediment 
apron, a configuration that is indicative of cold-based ice at the 
glacier front (Chin, 1991). In 2011 crevasses were observed from 
the western margin inland to within 5 km of the ∼700 m a.s.l. 
summit plateau of the ice cap using sub-meter resolution satel-
lite imagery [Fig. 1]. The extent of the crevasses matches that of 
the inland extent of the ongoing ice acceleration and roughly co-
incides with an inherited, shallow sub-glacial valley [Fig. 1]. The 
increasingly rapid motion observed since 2010 requires a compo-
nent of basal sliding. This motion may be accommodated by the 
plastic deformation of subglacial sediments or at the glacier-bed 
interface (Bassford et al., 2006b) or possibly due to enhanced de-
formation in Pleistocene ice (Gilbert et al., 2016) at the bottom of 
the ice cap, or at the boundary between Pleistocene and Holocene 
ice (Stiévenard et al., 1996).

From 1952 to 1985 the western part of the ice cap advanced 
around 400 m (∼12 m/yr) (Bassford et al., 2006b). The rate of 
advance accelerated significantly to ∼75 m/yr between 1998 and 
2011. By 2000, the grounded ice front had moved offshore into 
the shallow Kara Sea pushing sediment before it. Rates of advance 
were steady between 2000 and 2009. By the spring of 2013 the 
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Fig. 2. Evolution of front position with time superimposed over Landsat-8 Panchromatic image from spring 2016. Black line is centerline flow-profile. Pink lines were used to 
calculate variability of advance in Fig. 3. Extents traced by hand. Black dotted lines show rough boundaries of flow units behaving like ice tongues. Noted numerical positions 
correspond to speed measurement locations along the centerline in Fig. 3, transverse thinning profiles in Fig. 4 and ASCAT sites in Extended data Fig. 2. Zero km is the 
position of the coastline before the glacier advanced, pre-1985.

Fig. 3. Terminus position and ice speeds between 1985 and late 2016. Terminus position (black circles, right hand axis) show advance from the shoreline (0 km) until late 
2016, when the front section of the glacier broke off. Ice advanced about 2 km between 1985 and late 2013. Rapid advance occurs between late 2014 and 2016. Grey 
envelope shows minimum and maximum ice advance based on the pink flowlines in Fig. 2. Terminus speeds between 1988 and 2013 are less than 50 m/yr. Very rapid 
speeds start in mid-2014 at the shoreline, with speeds reaching ∼25 m/day in late 2015, early 2016 at the same location. Inland speeds reach 10 m/day in 2016. Colored 
symbols are speeds through time at positions along the glacier centerline calculated using pixel-tracking on optical imagery. Stars indicate imagery source is WorldView, 
boxes are Landsat images from the same path and row, diamonds are Landsat images from different paths and rows. Uncertainties in speed are two sigma. Horizontal lines 
on speed points indicate interval between images which are often 8–24 days and too short to be seen on figure. Note change in X-axis scale.
terminal moraine at the front was absent. At this time the ice 
accelerated rapidly and started to form an unconfined marine-
terminating piedmont glacier [Figs. 2, 3; Movie S1]. The bed be-
neath the offshore portion of the glacier is likely low-friction, satu-
rated marine sediments similar to those commonly found offshore 
around other Arctic ice caps, such as those in Svalbard (Solheim, 
1991). The front subsequently split and produced several grounded 
or partially grounded ice tongues that began to advance even more 
rapidly, at rates of more than 1000 m/yr between 2014 and 2015 
[Figs. 2, 3]. The ice front may have achieved partial flotation (as 
revealed by a flattening of the profile of surface elevation, Fig. 4C) 
when it advanced into the Kara Sea more than 5,000 m in the one-
year period between April 2015 and April 2016 [Figs. 2, 3 and 4; 
Movie S1]. The reduction of resistive basal stresses and the rapid 
divergence of flow at the ice front led to a simultaneous speed up 
[Fig. 3] and steepening [Fig. 4] of the inland ice, where rates of 
motion accelerated to 9125 ± 354 m/yr (25.10 ± 0.97 m/day – 
uncertainties are 2 standard deviations) [Fig. 3].

We investigate the possibility that surface meltwater is able to 
penetrate to the glacier bed during summer melt periods, as seen 
at a cold-based ice cap in northern Greenland (Willis et al., 2015a)
and as has been suggested to contribute to a surge event at the 
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Fig. 4. Elevation changes at Vavilov Ice Cap, Russian High Arctic. A) Shaded Digital Surface Models from WorldView stereo imagery for Spring 2013 through 2016. The 
westward advance of the outlet glacier and propagation of thinning inland can be seen through time. DEMs created from DigitalGlobe Inc. stereo imagery; B) Profiles of 
elevation change perpendicular to the central flowline. The former shoreline at 0 km is on the left, then profiles every four kilometers inland extend to the right. Profile 
locations shown in Fig. 1D. Thickening occurs at the former shoreline, while large amounts of thinning occur inland between March 2015 and March 2016; C) Elevation 
profiles along centerline of glacier. 0 km is former shoreline. Bed elevation is red dotted line. Recent Worldview profiles are “noisier” due to observation of crevasse depths. 
The front advance offshore is clearly seen, as is the increased steepening of the ice surface at around 5 km inland, between 2014 and 2015. Large amounts of thinning are 
occurring far inland. Color key is the same as 4B. Blue dotted lines are estimated equilibrium line altitudes (Bassford et al., 2006c), below these heights the glacier is unlikely 
to regain mass in the future; D) Detailed plan views of rates of change of elevation through time from WorldView DEM differencing. The glacier is getting wider though time 
and is thinning inland at extraordinary rates of ∼0.30 m/day. White gaps are areas of no data caused by blowing snow. DEMs created from DigitalGlobe Inc. stereo imagery.
more temperate Austfonna in Svalbard (Dunse et al., 2015). There 
are conflicting accounts of changes in surface meltwater at Vav-
ilov Ice Cap. There are no exceptional air temperature anomalies 
that would drive the glacier dynamic changes [Dataset S1] from 
2005 to mid-2016 at the Golomyanny weather station, near sea 
level approximately 80 km to the west, but climate data are not 
available on the ice cap, where conditions may be different. The 
yearly average temperature at Golomyanny is about −12 ◦C with 
peak summer temperatures of +10 ◦C and minimum winter tem-
peratures of about −40 ◦C. We note that the average amount of 
rainfall in 2011 and 2012 was larger than in the preceding 5 years 
[Dataset S1, Fig. S1].

Passive microwave observations of ice-surface wetness show 
2011 and 2012 had extended melt seasons compared to previous 
years (Zhao et al., 2014). Sub-meter resolution optical satellite im-
ages from the melt seasons of 2009, 2011 and 2012 show bare ice 
over almost the entire ice cap, but that supraglacial runoff streams 
are narrow and supraglacial lakes are small, only a few square me-
ters in area, and rare. Supraglacial meltwater might have been able 
to penetrate into the ice through existing crevasses and moulins 
and, if the water supply were constant, it may have reached the 
bed and helped precondition this region of the ice cap for rapid 
flow.

Fluctuations in ice motion [Fig. 3] in 2015 and 2016 are likely 
tied to an actively evolving drainage system at the ice bed, as 
observed in Greenland (Bartholomew et al., 2010; Moon et al., 
2015, 2014; Stearns and van der Veen, 2018). Ice across the region 
accelerated by about 25% between late March of 2015 and late May 
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2015, before any melting had occurred at low elevation coastal 
portions of the ice cap. By mid June 2015 glacier speeds slowed as 
ice surface melting became more pervasive as temperatures at the 
Golomyanny station fluctuated around 0 ◦C [Fig. S1]. We assume 
this is because subglacial drainage became more efficient and or-
ganized. Ice velocity accelerated massively from late June through 
mid-July 2015 before slowing to springtime-like speeds again in 
August 2015 [Fig. S2]. We cannot observe winter ice velocity with 
optical sensors as the region is dark. A timeseries of SAR observa-
tions indicate a speed up occurred after late August 2015 (Strozzi 
et al., 2017). Our optically derived speeds [Fig. 3] match closely 
with the SAR observations. Our early springtime speeds in March 
of 2016 are between 50% and 100% faster than those we observe 
in late August of 2015 confirming the acceleration over winter, as 
previously observed by Strozzi et al. (2017). A winter speed up in-
dicates that the supply of supraglacial meltwater to the base of the 
glacier system may be of secondary importance to the ice speeds 
in 2016 [Fig. 3], though it is possible that the cumulative effect of 
increased meltwater over multiple years had an effect.

Digital Elevation Models (DEMs) derived from sub-meter res-
olution satellite imagery are co-registered to ICESat returns over 
bedrock for the region and detail the remarkable evolution in ice-
surface elevations between 2013 and 2016 [Fig. 4]. Ice height dif-
ferences between a DEM produced by digitizing Russian military 
maps, sourced from aerial photos in 1984, and ICESat controlled 
DEMs produced in April 2013 show 10–30 m of thinning at alti-
tudes of between 200 m and 600 m and an ice front advance of 
about 2.5 km over the 29-year interval. They show no evidence 
of excess mass or thickening in the accumulation area that would 
drive a kinematic wave downstream, a commonly observed surge 
mechanism at other glaciers (e.g. Sund et al., 2009). April 2013 to 
April 2014 shows a thickening of 30–50 m at the ice front, a slight 
advance and the formation of a prominent ice cliff. Inland there 
is virtually no difference in elevation profiles between 2013 and 
2014. From April 2014 to April 2015 thinning of up to 50 m propa-
gates about 8 km inland from the former coastline. The offshore ice 
front thickens considerably and the ice advances rapidly. Changes 
between April 2015 to April 2016 indicate full activation of the 
outlet glacier with thinning propagating to within 5 km of the 
summit region of the ice cap. The most pervasive thinning of more 
than 100 m/yr (∼0.30 m/day) occurs along the center flowline 
∼11 km inland from the former coastline [Fig. 4D]. The surface-
topographic expression of a small sub-glacial overdeepening near 
the former shoreline is apparent in the elevation profiles with the 
ice surface dropping upon entering the basin and then turning up-
wards at the downstream lip [Fig. 4C]. Transverse profiles [Fig. 4B] 
show a similar rapid acceleration in thinning between 2015 and 
2016.

We investigate thinning rates and ice surface motions using 
knowledge of the bed geometry in an effort to gain insight into the 
broad-scale mechanisms controlling glacier motion. We calculate 
the stresses that drive and resist ice flow using the force budget 
method (Van Der Veen and Whillans, 1989). The force balance is 
calculated by rotating every pixel based on its velocity vector, with 
forces then determined in the along-flow direction. Resistance to 
flow can come from friction at the bed, from the sides, or from 
along-flow obstacles. Changes over time in the velocity field of a 
glacier should be explained by a subsequent change in the balance 
of forces controlling the flow.

Vavilov Ice Cap underwent a dramatic shift in its force balance 
between 2013 and 2016. In 2013, the driving stress was almost 
entirely balanced by basal drag, both of which show fairly uniform 
values of ∼100 kPa, except for in a small region just upstream 
from the former shoreline where lower stresses and some lon-
gitudinal stretching is seen (Fig. 5A). Contributions from lateral 
drag and longitudinal stress gradients are small during this time 
(Fig. 5A).

By 2015, basal drag along the trunk of the glacier drops to 
nearly zero, suggesting that the bed is well lubricated or highly 
mobile. The driving stresses along the trunk are almost entirely 
resisted by a combination of lateral drag and longitudinal stress 
gradients. The small area of low basal drag in 2013 expands to the 
north and south suggesting the addition of water from shear heat-
ing at the edges of the ice stream. The reduction of stress in this 
region cannot be attributed to infiltration of sea water as the bed 
is above sea level, and it is unlikely to be attributed to water from 
supraglacial sources as 2015 was a relatively normal year with very 
few supraglacial streams and ponds in the imagery. Fingers of high 
lateral drag values near the terminus of the glacier in 2015 indi-
cate that the glacier remains grounded at the front. High values of 
driving stress and basal drag are propagating inland as the draw-
down of interior ice causes steeper surface slopes (Fig. 5B).

By 2016, high values of driving stress and basal drag have prop-
agated further inland and to the lateral margins where surface 
slopes are now high. Similar to an ice stream, the trunk of the 
glacier has low driving stresses, negligible basal drag values and 
attains very rapid speeds. Lateral drag and longitudinal stress gra-
dients resist most of the driving stress along the trunk (Fig. 5C). 
These results show that up until 2013 the glacier was strongly 
supported by the bed. By 2015, the bed can no longer support the 
driving stresses, which are predominantly supported by longitudi-
nal stress gradients and lateral drag. An extraordinary transition 
from a high friction bed to a near frictionless bed has taken place 
over just two years.

The geodetic mass balance of the grounded portion of the ice 
cap between 1984 and April 2013 is slightly negative at −0.04 ±
0.02 km3/yr w.e. and is in agreement with modeled rates (Bassford 
et al., 2006c). Between April 2014 and April 2015 the mass balance 
is 21 times more negative, at −0.84 ± 0.004 km3/yr w.e. Between 
2015 and 2016 the mass loss is 5 times greater still at −4.48 ±
0.004 km3/yr w.e. (∼100 fold increase on long-term rates). This is 
the single largest mass imbalance occurring in the Russian High 
Arctic; for comparison, the mass budget for the entire of the Rus-
sian Arctic region was −9.1 ± 2.0 km3/yr w.e. between 2004 and 
2009 (Moholdt et al., 2012). The 2015–2016 Vavilov rate equates 
to a loss of about 0.9% of the total volume of the 570 km3 ice cap 
per year.

3. Discussion

Pan-Arctic radar observations of ice speeds indicate that glacier 
acceleration is becoming more common (Strozzi et al., 2017). Even 
within this context, the rate of ice loss at Vavilov is extreme. The 
area that is thinning (∼175 km2) is relatively small but the to-
tal mass losses are more than half of those observed at the much 
larger 1,160 km2 Basin-3 catchment at the Austfonna Ice Cap on 
Svalbard (McMillan et al., 2014). It is startling that the Vavilov Ice 
Cap, until recently an apparently stable ice cap with an almost en-
tirely frozen bed that is almost entirely above sea level, is able to 
rapidly discharge such a large proportion of its ice in to the ocean 
in such a short period. The reduction in elevation and the ongo-
ing widening of the inland portion of the outlet glacier [Fig. 4D] 
increases the area of the ice cap susceptible to melting below the 
equilibrium-line altitude. It is unlikely that the ice cap will recover 
mass in the warming climate, even with concomitant increases in 
precipitation, but this inference must be confirmed by future mass 
balance calculations.

The most rapid collapse of the Vavilov Ice Cap initiated as the 
ice front advanced over marine sediments into an unconfined bay 
that allowed spreading and stretching. The initial slow glacier ad-
vance was suggested by Bassford et al. (2006b) to be a legacy 
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Fig. 5. Components of the force balance calculated using ice velocity and surface elevation data for A) 2013; B) 2015; and C) 2016. The left column shows the driving stress, 
and the three resistive stresses: basal drag, longitudinal stress gradients and lateral drag (positive values are resisting flow). The right column shows ice velocity (upper right), 
and the ratio of each resistive stress divided by the driving stress. Comparing the right-hand column in A, B and C highlights how the spatial patterns of resistive forces vary 
through time. Axes are in meters.
of the reorganization of the pattern of precipitation affecting the 
ice cap – a phenomenon of climate change that is often over-
looked compared to changes in temperature in the polar regions. 
The slow advance could also be associated with small, unobserved 
changes in basal drag that would suggest the destabilization pro-
cess at Vavilov is part of a very long duration process. The glacier 
advance was associated with long-term thinning at higher eleva-
tions [Figs. 3B, 4C] as expected, but the extraordinary acceleration 
after 2013 was not (Bassford et al., 2006b). During the subsequent 
rapid ice advance, continuity forced the inland ice to thin rapidly, 
accelerate and the areas at the margins to steepen dramatically.

We contend that the collapse of the ice cap has been driven 
by changing resistive stresses at the bed, and the effective de-
buttressing, or removal of resistive stresses at the ice front. Precon-
ditioning of the ice for rapid flow by internal warming caused by 
the percolation and refreezing of surface water (Dunse et al., 2015;
Willis et al., 2015a) in 2009, 2011 and 2012 is plausible, but the 
massive acceleration of the inland ice over the 2015–2016 win-
ter suggests that an active supply of supraglacial meltwater to the 
bed of the glacier is not a controlling factor. The thermal regime 
and bed interface properties most likely control this rapid ice mo-
tion, with high speeds promoting strain softening (Schoof, 2004;
Schoof and Hewitt, 2013; Suckale et al., 2014) at the shearing 
boundary between stationary and fast moving ice, and friction at 
the bed and shear margins promoting water production. This basal 
water, at lithostatic pressure, may have infiltrated and mobilized 
the clays and till beneath the ice cap, contributing further to the 
extraordinary sliding speeds (Iverson et al., 1998).
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Fig. 5. (continued)
It is surprising that a previously stable ice cap like Vavilov can 
lose mass in such a dramatic manner, as marine terminating cold-
and polythermal based ice caps and ice sheets with sub-glacial bed 
elevations that are above sea level are often thought to be insu-
lated from rapid accelerations and dynamic changes. It has long 
been recognized that marine-terminating glaciers with reverse-bed 
slopes and bed elevations well below sea level can experience in-
stabilities that propagate inland, triggering collapse (DeConto and 
Pollard, 2016). There is, however, a general acceptance that ice caps 
in the polar regions will only respond slowly to a warming climate 
and changes in boundary conditions. Our observations indicate this 
assumption should be questioned, especially when glaciers can ad-
vance over low friction sediments. We show polar glaciers that 
have bed elevations above sea level can rapidly collapse. This has 
ramifications for glaciers elsewhere in the polar regions and espe-
cially for those fringing Antarctica and Greenland, many of which 
are above sea level and are therefore assumed to be stable.
4. Material and methods

Ice depths were measured using helicopter-borne radar echo 
sounding. Full details of the method can be found in (Dowdeswell 
et al., 2002). Surface Elevations from WorldView DEMs were 
derived using the Ames Stereo Pipeline applied to half-meter 
resolution imagery (Shean et al., 2016). We independently co-
register DEMs using filtered and cleaned NASA ICESat lidar re-
turns (Moholdt et al., 2010) over nearby bedrock. The robust 
mean of the smallest 75% percentile fit between WorldView de-
rived DEMs and the ICESat over bedrock are typically better than 
0.35 m, ASTER results are 20 times noisier (Table S1). When per-
forming volume calculations, we add the ICESat uncertainty to 
the DEM uncertainties in quadrature and assume an ice density 
of 900 kg/m3. All ICESat-corrected DEMs are available as 32-bit 
geotiff files at the Polar Geospatial Center of the University of 
Minnesota. Elevations from 1984 are taken from a 90 m posting 
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Fig. 5. (continued)
DEM compiled from Russian military maps and available at the 
www.viewfinderpanorama .org website. Uncertainties on this prod-
uct when compared to ICESat in the Vavilov region are ±10.0 m, 
see (Willis et al., 2015b). Ice motions are derived using the amp-
cor pixel-tracking module from ROI_PAC (Rosen et al., 2004). This 
normalized cross-correlation routine determines the peak on a 
correlation surface generated from a co-registered satellite image 
pair (Willis et al., 2012). Seventy-nine pairs of Landsat 8 Opera-
tional Land Imager (OLI) panchromatic (band 8, 15 m pixel size) 
images and 1 pair of WorldView-01 panchromatic (0.5 m pixel 
size) are processed. To improve the quality of the correlation 
surface, we apply a gaussian high-pass filter and a square-root 
stretch function to each raw image. We correct for mis-registration 
by calculating the median offset over exposed bedrock regions, 
which should be zero, and subtract this from pixel-tracking re-
sults. The corrected results are smoothed, masking local outliers. 
Uncertainties are calculated as the standard deviation of bedrock 
offset. We used ESA Advanced Scatterometer (ASCAT) vertically 
polarized all-pass (msfa) microwave data with a local effective 
time of day generated from multiple overpasses of the Arctic 
region. Data were processed using the scatterometer image recon-
struction (SIR) algorithm with filtering (Drinkwater et al., 1994;
Early and Long, 2001). Data used were in sigma naught at 40 de-
gree incidence. Data are at 4.45 km resolution due the multiple 
overpasses, yielding higher spatial resolution but compromising 
on temporal frequency. Enhanced resolution SIR data were pro-
vided by the Brigham Young University MERS Laboratory [http://
www.scp .byu .edu /data /Ascat /SIR /msfa /Arc .html]. Daily data were 
concatenated into a time series shown for select pixels on the Vav-
ilov Ice Cap (Fig S2). The dramatic drop in sigma naught indicates 
high probability of surface snow melt.
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