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on Vavilov Ice Cap
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1Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY, USA, 2Cooperative Institute for
Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO, USA, 3’Department of Geological
Sciences, University of Colorado Boulder, Boulder, CO, USA, 4Department of Geology, The University of Kansas,

Lawrence, KS, USA

Abstract Surge-type glaciers typically undergo cyclical flow instability due to mass accumulation;
however, some recent glacier surges have caused irreversible ice loss in a short period. At Vavilov Ice Cap,
Russia, surge-like behavior initiated in 2013 and by spring 2019 the ice cap had lost 9.5 Gt of ice (11% mass
of the entire basin). Using time series of surface elevation and glacier velocity derived from satellite optical
and synthetic-aperture radar imagery, we identify a shift of flow pattern starting in 2017 when shear
margins formed within the grounded marine piedmont fan. Multiple summer speedups correlate with
warmer summers during 2015-2019 and suggest that surface melt may access the subglacial environment.
Force balance analysis and examination of the Péclet number show that glacier thinning propagated
upstream in 2016-2017, and diffusion became a significant dynamic response to thinning perturbations.
Our results suggest that the glacier has entered a new ice stream-like regime.

Plain Language Summary A glacier surge is a sudden speedup of glacier flow coinciding with a
large advance of the ice front. Some glaciers surge periodically every 10-100 years, and so surge mechanism
is thought to be independent of climate change. However, some recent surges have evacuated so much

ice that another surge is unlikely to occur in the same place again. A glacier surge at the Vavilov Ice Cap,
Russia, is one of these cases. Since 2013, the glacier has drained more than 11% of the ice basin (9.5 Gt)
into the ocean. After the initial surge in 2013, the glacier still retains fast flow at around 1.8 km/year, an
unusually high and long-lasting speed for a glacier surge. To understand the future of the surge, we use
satellite images to calculate surface elevations and ice speeds, and analyze their change over time for the
glacier. The results reveal that the glacier now physically behaves more like an “ice stream,” a stream of
fast-flowing ice within an ice sheet, which can probably flow at high speed for a long time and drain ice
efficiently. This is the first documented case of an ice stream-like feature ever being formed.

1. Introduction

Glacier dynamic instabilities can be triggered in several different ways, such as by changes in basal condi-
tions (Dunse et al., 2015; McMillan et al., 2014; Murray et al., 2002), frontal ice advance or retreat (Nuth
et al., 2019; Willis et al., 2018), or loss of buttress support from either an ice shelf or moraine sediment (Benn
et al., 2007; De Angelis & Skvarca, 2003; Goldberg, 2017; Willis et al., 2018). A glacier surge, defined as a
sudden and short-lived fast glacier acceleration (Clarke et al., 1986; Dowdeswell et al., 1991; Meier & Post,
1969), is a common expression of glacier instability and has been observed in all major glacierized areas of
the world except for Antarctica (Sevestre & Benn, 2015). In the traditional sense, a surge-type glacier has
a poorly developed hydraulic drainage system, and ice mass builds up over time in the accumulation zone
until the glacier reaches a critical driving stress (e.g., Sevestre & Benn, 2015). After this, a surge begins with
significant downstream ice transport and frontal advance. A typical surge only lasts for a few months to years
(Dowdeswell et al., 1991), after which the glacier returns to its quiescent phase and starts to accumulate ice
mass again for 10-100 years (Clarke et al., 1986; Cuffey & Paterson, 2010). This cyclic process is thought to
be independent of climate perturbations (Dowdeswell et al., 1991). However, recent surges in Svalbard and
the Russian Arctic challenge this hypothesis; these Arctic surges have undergone irreversible ice mass loss
in a short period, which is likely triggered by different factors (Dunse et al., 2015; Murray et al., 2012; Nuth
et al., 2019; Willis et al., 2018).
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Figure 1. (a) Map of Severnaya Zemlya showing Vavilov Ice Cap (rectangular box) and Golomyanny Island weather
station (GOL). Blue ice outlines are from the Randolph Glacier Inventory 6.0. (b) Landsat 8 false-color composite
(SWIR-NIR-Blue) from 24 June 2018. Gray box shows the extent of panels (c)—(f). Dotted, dashed, and solid pink lines
represent the terminus position in 1984, 2013, and 2016, respectively. Black lines indicate the center flowline and three
profiles used in the lower panel. (c-f) Landsat 8 false-color composites with dates shown. Note the propagation of the
shear margins (horizontal stripes with darker reflectance) since 2016. (g) Evolution of ice elevation from 1984 to 2018
along three cross-sectional profiles (dubbed A-A' to C-C') and the center flowline, with basal topography. Teal dashed
lines indicate estimates of equilibrium line altitudes (330-530 m). The intersections of three cross-sectional profiles and
the flowline profile are marked as brown dashed lines or black triangles.
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Vavilov Ice Cap, Severnaya Zemlya, Russia (79°18'N, 94°40'E), destabilized in 2013 likely due to the loss of
frontal support when one of its marine-terminating glaciers advanced and overran weak marine sediment
(Willis et al., 2018; Figure 1). The first active stage of the collapse between 2013 and 2016 resembles a typical
surge phase due to its significant frontal advance and mass redistribution. During this time, the glacier
terminus advanced ~10 km from the precollapse terminus position (Figure 1g) and subsequently formed
a mostly grounded piedmont fan (Willis et al., 2018; Figures 1c-1f). Between 2015 and 2016, the glacier
speed reached a maximum number of 26 m/day (9.5 km/yr; Bushueva et al., 2018; Willis et al., 2018) with a
negative mass balance of —4.5 Gt/yr (0.9% of the mass of the entire ice cap; Willis et al., 2018).

Unlike many other surge-type glaciers, there are no historical records or morainal evidence of a glacier
surge at Vavilov (Bushueva et al., 2018; Dowdeswell & Williams, 1997; Willis et al., 2018). The high rate
of ice loss at Vavilov makes recovery to presurge conditions unlikely considering the polar desert climate
(Moholdt et al., 2012; Willis et al., 2018) and the elevation loss that has moved 14% of the area of the ice cap
to below the equilibrium line altitude (ELA). The collapse slowed down in 2016 but did not stop, and is still
ongoing in 2019. Elevations along the highly crevassed outlet glacier continue to drop, and ice-thinning area
is propagating both upstream and laterally as seen from Figure 1g. The shear margins of the glacier have
also expanded from the coastal region of the ice cap into both the interior and the offshore piedmont fan
(Figures 1e-1f). The formation of shear margins over the course of 2-3 years has not been observed at any
other glaciers, to our knowledge. The outlet has maintained a high flow rate (>1 km/yr) for 6 years, which
is longer than a typical Svalbard-type surge that usually lasts 1-5 years (Clarke et al., 1986; Dowdeswell
etal., 1991).

The rapid ice flow at Vavilov is not bounded by any bedrock and is only loosely controlled by subglacial
topography (Figures 2a-2d and 2i). The extended shear margins that formed since 2016 give the glacier
an ice stream-like appearance. An ice stream is usually defined as a grounded area of enhanced ice flow
within an ice sheet or an ice cap, bounded laterally by ice and without visible rock boundaries (Cogley et al.,
2011; Cuffey & Paterson, 2010; also, see section 4.3). However, whether an outlet glacier can transition to an
ice stream remains uncertain. Apart from the well-known shutdown of the Kamb ice stream in Antarctica
(Anandakrishnan & Alley, 1997; Catania et al., 2003; Joughin et al., 2002), the evolution of an ice stream,
including its formation, has never been recorded. A prolonged ice sheet surge (i.e., a surge that takes place
at a sector of an ice sheet rather than an individual outlet glacier) might be a physical cause of ice stream
formation (Fowler & Johnson, 1996), but such a surge has never been observed either (De Angelis & Skvarca,
2003; Joughin, Smith, Howat, et al., 2010). Additionally, a glacier surge evacuates its reservoir ice quickly
(Clarke et al., 1986; Engelhardt & Kamb, 2013) while an ice stream may maintain a more or less stable
mass balance (which can be either positive or negative) for a long time (Cuffey & Paterson, 2010; Rignot &
Thomas, 2002; Shepherd et al., 2012). Given the much smaller volume of Vavilov Ice Cap than the Greenland
or Antarctic Ice Sheet, it is unclear if the outlet glacier at Vavilov will last long enough to be categorized as
an ice stream.

Here we use dense elevation and velocity time series derived from high-resolution satellite optical and
synthetic-aperture radar (SAR) images to constrain the physical processes that occur at Vavilov Ice Cap.
We aim to better understand the prolonged evolution of the glacier acceleration and thinning and to physi-
cally characterize ice flow changes (including a possible transition from a surging glacier to an ice stream).
We model the thinning perturbation as a diffusive kinematic wave and calculate the Péclet number (P,) to
determine if the ice flow dissipates a perturbation advectively or diffusively over time (Felikson et al., 2017).
Lastly, we compare our time series with local weather data to understand the impact of weather variations
on the temporal behavior of the glacier.

2. Data and Methods

We use digital surface models (DSMs) generated from along-track WorldView-1, -2, and -3 satellite opti-
cal stereo pairs from 2013-2019. DSMs from 2013-2016 are from the open-access ArcticDEM data set
(www.arcticdem.org; Porter et al., 2018), processed using the SETSM (Surface Extraction from TIN-based
Searchspace Minimization) software (Noh & Howat, 2015). To extend the time series, we use SETSM to gen-
erate additional WorldView-DSMs from 2017-2019. We use ICESat elevation returns over nonglacierized
areas as a standard reference to align all DSMs and calculate DSM uncertainty (Text S1 in the supporting
information; Melkonian et al., 2016; Zheng et al., 2018). We mosaic DSMs from March to April each year to
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Figure 2. Time series of ice velocity from Landsat 8 (a-c) and Sentinel-2 (d), surface elevation from WorldView DEMs
(e-h), basal elevation from airborne radar sounding (i) (Bassford et al., 2006; Dowdeswell et al., 2002), and elevation
difference (j-1). The black outline in all panels shows the extent of the collapse in the 2016 spring. Teal dashed lines in
panels (e)-(h) indicate the boundary of ELA (see Figure 1).

produce elevation maps and calculate annual elevation change. In order to estimate the ELA, we identify
the snow line location from Landsat 8 late-summer images around the entire ice cap and read the corre-
sponding elevations from the DSMs. The annual ice volume change and annual ice mass change above sea
level are derived from the elevation change, assuming a fixed ice density of 850 + 60 kg/m3 (2 sigma; Huss,
2013; Zheng et al., 2018). We also estimate the total ice mass of the collapsed basin using the glacier outline
from Randolf Glacier Inventory version-6 (Pfeffer et al., 2014) and the density assumed here. Other elevation
products used include a digitized cartographic map from 1984 and an ASTER DSM from 2005 as reference
elevations before the collapse (Figure 1g; Willis et al., 2018). We also use bedrock depths from an airborne
radar sounding survey in 2007 (Bassford et al., 2006; Willis et al., 2018; Figure 2i) to calculate ice thickness.
Table S1 provides a complete list and the details of all elevation products we use in this study, and Text S1
provides an overview of the quality of each data set.

Glacier velocities from 2013-2019 are obtained through pixel tracking (e.g., Fahnestock et al., 2016; Joughin,
Smith, & Abdalati, 2010; Kd4b et al., 2016; Paul et al., 2015; Strozzi et al., 2002) on pairs of optical (Landsat
8 and Sentinel-2) and SAR (Sentinel-1, Radarsat-2, and ALOS-2) images. We utilize the workflow described
in Willis et al. (2018) with minor changes described in Text S2. We developed an open-source software pack-
age called “Cryosphere And Remote Sensing Toolkit (CARST)” (https://github.com/whyjz/CARST; Zheng
et al., 2019) in order to access modules from GDAL and the InSAR Scientific Computing Environment
(Rosen et al., 2004). These modules are integrated into a simple workflow in CARST. Besides, velocities from
Radarsat-2 (2016-2017), Sentinel-1 (2016-2019), and ALOS-2 PALSAR-2 (2015-2016) were computed using
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all available data by Strozzi et al. (2017) and have been shared with us. Table S2 provides a complete list of
the satellite image pairs we use in this study.

The closest weather station to Vavilov Ice Cap is on Golomyanny Island (79° 33'N, 90°37'E, Figure 1), ~80 km
NW of the outlet glacier. Weather station data are available online (https://rp5.ru/Weather_archive_on_
Golomyanny_Island since 2005 and https://climexp.knmi.nl since 1936; see Text S3 for details), and in this
study we use all the available records from 1936 to 2019. The positive degree day sum (PDD; Text S3) is used
as a proxy for summer melt (e.g., Barrand et al., 2013; Nuth et al., 2019).

We use the force budget method described in Van Der Veen and Whillans (1989) to calculate the driv-
ing stress and three balancing resistive stresses: basal drag, longitudinal stress gradients, and lateral drag,
assuming the acceleration of the ice flow is negligible at any given time. Details are described in Willis
et al. (2018).

To determine if the ice flow responds to perturbations advectively or diffusively, we use the Péclet num-
ber (P,) and assume a hard-bed sliding law (Weertman, 1957). Following the equations set up by Nye
(1963); Bindschadler (1997); Felikson et al. (2017) with the input of the observed glacier velocity, P, can be
expressed as

_[m+Da v H &

- =+ 2y 6))

P
¢ mH U H «a

where m is the flow law parameter, U is ice speed along a flowline, H is ice thickness, a is surface slope, and
lis characteristic length. U, H, and « are sampled from observations and vary with distance away from the
ice divide, and U, H , and «  are their first-order derivative with respect to the distance. The parameter m is
set to 3 in this study. Changing m does not significantly affect P, since m only exists in the first term of the
equation as a form of '"7“, which roughly equals to 1. Detailed steps in deriving this equation are provided
in Text S4. A highly advective alpine valley glacier with a constant speed, a constant surface slope of 10°, and
a constant ice thickness of 200 m yields a Péclet number around 10; an outlet glacier in the Greenland ice
sheet typically has a value below 3 except for some areas with steep bed topography (Felikson et al., 2017).
On the other hand, a typical Siple Coast ice steam (slope = 0.0012, thickness = 1,000 m, Perol et al. 2015)
has a P, of ~0.02 (Bindschadler, 1997) assuming a constant glacier speed. Here we set [ at 10,000 m, which
represents the approximate length of the thinning perturbation along the flowline (e.g., Figure 2j).

3. Results

3.1. Elevation Change

The destabilization began in 2013 at a lower altitude, 0-100 m below the lowest estimate of the ELA (330
m), and slowly migrated inland. During 2015-2016 the glacier reached the maximum thinning rate at ~100
m/yr (Figure 2j; Willis et al., 2018) in the region of the ELA (330-530 m). The geodetic mass balance between
2013 and 2019 is —9.49 + 0.69 Gt (2 sigma interval), which accounts for 11% of the ice mass of the entire
basin (~84 Gt). The annual mass balance data are available in Table S3.

The centroid of thinning continued to move upstream after the main collapse (Figures 2j, 2k, and 4d). In
2017-2018, it went past the highest estimate of the ELA. Rapid thinning of about 10 m/yr is observed almost
to the ice divide (the 25 km mark on Figure 1g) in 2018. The upstream section of the thinning glacier lies
roughly within a bedrock channel (Figure 2i), which may explain the curvature of the ice flow due to greater
ice thickness and driving stresses.

Since 2016 the terminus began to fluctuate in a position by about 2 km (Figures 2f-2h). The terminus may
have temporarily achieved flotation when it stopped advancing (Figure 1g; Willis et al., 2018); however, the
height at the front of the piedmont fan grows over time after 2016 within +4 km from the center flowline
(Figures 1A-A’ and 1g; Figures 2h and 21), suggesting that it is grounded more recently. Furthermore, after
2016 the north and south flanks of the piedmont fan stagnated, suggesting that they are grounded as well.

3.2. Glacier Velocity and Its Correlation With Temperature

The velocities between 2015 and 2019 from different data sets and sources (Figure 3b) highly agree with
each other within their 95% confidence interval (e.g., Figure S2). The mean uncertainty (1 sigma) of Landsat
8, Sentinel-2, and Sentinel-1 velocities processed with CARST is 0.34 m/day, 0.22 m/day, and 0.78 m/day,
respectively. RADARSAT-2 velocity is estimated to have an uncertainty of 0.014 m/day (5 m/yr; Strozzi et al.,
2017). The uncertainty of the Sentinel-1 velocities from Strozzi et al. (2017) is 0.17 m/day (63 m/yr) based
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Figure 3. (a) Five-day running mean of the daily mean temperature from
Golomyanny Island in 2015-2019, bounded by the daily minimum and

terminus. We observe ice mass spreading out to form a piedmont fan
between 2013 and 2016 (Figures 2a and 2b), but subsequently in 2017, the

maximum temperature gray-shaded area. (b) Glacier speed at the centerline ~flanks of the fan become stagnant since its velocity dropped to nearly zero
of the 1984 terminus position at the same time, measured from several (Figures 2c and 2d). At the boundary of the new fast-flowing channel, we
optical and SAR sensors (see legend). Each point is an average speed observe more marginal crevasses from Figures 1e and 1f, which is inter-

during the period bounded by its horizontal bar, with the 2 ¢ uncertainty
indicated by the vertical bar. Small red dots in the upper part of the plot are

preted as the formation of shear margins. The area of the new channel

days with a positive daily mean temperature, and the associated numbers also corresponds to the area of thickening after 2017 (Figure 21).

are the positive degree day sum (PDD) for each year.

Both the 2015 and 2018 summer speedups correspond to the timing of
positive degree days (Figure 3). The glacier speed started to increase when
the summer temperature in Golomyanny Island stayed above the freezing point for about 1-2 months. Addi-
tionally, both 2015 and 2018 have a higher PDD than years with a weak or no summer speedup (2016 and
2017). If compared to the long-term average (1936-2018, see Table S4), these two years are 30-100% higher
than the average (PDD = 60).

3.3. Variation in Force Balance and Reaction to Perturbation Over Time

Willis et al. (2018) noted that the basal drag significantly reduced in 2016 compared to 2013. The force
balance results (Figures 4a-4c) indicate that the trend continued to 2017, with the basal drag eventually
dropping to around zero in the spring of 2018. At that time the driving stresses are nearly fully balanced by
the longitudinal stress gradients and lateral drag. The shear margins, including the part in the piedmont fan,
seem to stabilize by spring 2017 because subsequent changes to the lateral drag are small. There is an area
in the upper, easternmost part of the glacier where lateral drag points in a different direction, suggesting a
new branch of glacier channel forming to the south of the main channel.

Figure 4d shows the Péclet number along the center flowline over time between 2014 and 2018. A small |P,|
means that any perturbations within the ice flow is dominated by diffusion, a typical mode in an ice stream
(Bindschadler, 1997). Figure 4e plots the advective strength (speed) versus the diffusivity along the flowline
for each year. Note that P, can be positive or negative, meaning that the kinematic wave can propagate either
downstream or upstream. The advective speed corresponds to the migration rate of the thinning center. For
example, in 2015 the ice flow near the thinning center (red circle in Figures 4d and 4e) has an advective
speed of —9 m/day, and in 2016 the advective speed near the thinning center decreases to —25 m/day (yellow
circle in Figures 4d and 4e. The average of the two advective speeds is close to the rate of the thinning center
migration between 2014 and 2016 (—17.7 m/day or —6.46 km/yr, see Figure S1).

The years 2015 and 2016 show a relatively strong influence (|P,| > 3) of advection somewhere along the
profile, although the location has changed and migrated upstream. Starting from 2017, P, became low every-
where along the profile (|P,| < 1.8). Figure 4e indicates that this is likely due to a change to a larger diffusivity
in larger area caused by the flattening of the surface. Since 2016, the entire lower portion of the flowline pro-
file (0-13 km from the 1984 terminus) shows a diffusivity around or more than 2 x 10° m?/day, a value more
similar to a typical ice stream (2 X 10® m?/day) than a normal glacier (3 X 10> m?/day; Bindschadler, 1997).
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Figure 4. (A-C) Spring glacier force balance results in 2016-2018. Note the sudden decrease in basal drag after 2016
and the increase of lateral drag over time. (D) Péclet number (P,) along the flowline during 2014-2018. Every 5 km is
marked with a distinct symbol, and the thinning center location for each year is marked with a circle. (E) The advective
speed (cy — %) versus the diffusivity (D) from each year. Marked places on each line correspond to the specified
mark locations from panel D, and smaller dots are plotted every 200 m along the flowline.

4. Discussion

4.1. Summer Speedup Events

Many tidewater glaciers and ice streams show periodic summer speedups (e.g., Dunse et al., 2015; Kehrl
et al., 2017; Neckel et al., 2016; Schellenberger et al., 2017; Sevestre et al., 2018). This is due to seasonal
variation in subglacial hydrology that greatly affects the glacier sliding speeds (Sevestre et al., 2018). During
summer, melt can penetrate to a glacier bed and lubricate the interface, causing higher glacier speeds (Dunse
et al., 2015). The summer speedup in 2018 seems to fit this pattern, as the highly crevassed glacier channel
provides an easy way for surface melt to percolate down to the bed (e.g., Dunse et al., 2015; Gong et al., 2018).
Moreover, the speed pattern of 2015 (Figure 3) resembles one of the seasonal velocity modes of Greenland
glaciers (Moon et al., 2014). When surface meltwater is drained quickly to the bed in the summer, channels
at the bed efficiently transport water to the coast. The effective water pressure thus drops, slowing down the
glacier. When part of the subglacial channels begins to refreeze during early fall and the channels narrow,
effective water pressure increases due to an increasingly inefficient drainage system, speeding up the glacier
(Moon et al., 2014). However, the speedup at Vavilov occurred in August 2015 when monthly temperature
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was the highest during the year (Figure 3) instead of early fall, which might indicate other factors affecting
the pattern, such as the relationship between terminus advance and glacier slowdown (Moon et al., 2014).
Nevertheless, the sustained warmer summer air temperature in both 2015 and 2018 (Figure 3) still provides
a potential link of the seasonal speedups with the supply of surface melt.

Whether there was a late summer speedup in 2016 remains somewhat ambiguous due to a data gap. During
June-August 2016 and July-September 2017, the glacier speed roughly stayed the same. This might suggest
that a small speedup component canceled out the decreasing trend of the ice speed, and a colder-than-usual
summer weather in both years (only half of the long-term PDD) might explain this smaller anomaly.

4.2. Formation of the Shear Margins in the Piedmont Fan

To our knowledge, this is the first time that the formation of shear margins within an offshore piedmont fan
has been observed. Typically, shear margins form due to a transition in ice thickness (Rippin et al., 2004),
basal strength (Anandakrishnan et al., 1998; Rippin et al., 2004), thermal regime (Jacobson & Raymond,
1998), or subglacial hydrology (Bougamont et al., 2011; Tulaczyk et al., 2000) across the margin. Since the
piedmont fan lies on the seafloor, there is likely minimal cross-flow variability in ice thickness or basal
conditions. We thus propose an alternative mechanism here: the new shear margins formed when the
entire piedmont fan stagnated in the 2016/2017 winter. During this time, the glacier was still flowing fast
(~1.6 km/yr), advecting a substantial volume of ice downflow. Driving stresses over the flat piedmont were
low, as were basal drag (over weak marine sediments) and longitudinal stress gradients (Figure 4). Driving
stress, while small, was still larger in the along-flow direction than across-flow. Thus, while small amounts
of ice continued to flow laterally, thickening the flanks of the piedmont (Figure 2k), the constant advection
of fast-moving ice within the laterally confined trunk damaged the piedmont flanks, creating distinct shear
margins. Once the shear margins formed, they stabilized the new channel by providing support from the
stagnant ice adjacent to the channel.

4.3. Transition From a Collapse to an Ice Stream

There is a wide range of ice stream properties, but typically an ice stream has a gentle and uniform slope
throughout its highly crevassed channel that is bounded by shear margins (Cogley et al., 2011; Truffer &
Echelmeyer, 2003). Shear margins typically restrict the width of an ice stream. Some ice streams are only
a few kilometers wide, while others are tens of kilometers in width. Ice stream speeds are typically from
50 m/yr to 1 km/yr, while ice speeds adjacent to the ice stream are much lower, only a few meters per year
(Joughin et al., 2002).

During the collapse of the Vavilov Ice Cap, a new outlet glacier formed with an ice stream-like geom-
etry and velocity pattern. When the major collapse initiated in 2014/2015, diffusivity was low (mostly
< 1x10° m?/day, Figure 4e) and the perturbation at the thinning center (8-10 km distance from 1984 termi-
nus) was dominated by advection. The negative P, (~ —3, Figure 4d) suggests that the thinning perturbation
was propagating upstream. In 2016, the downstream region (0-15 km distance from 1984 terminus) reached
a high diffusivity (> 2 x 105> m?/day) and a low |P,| while the upstream region still underwent advection
(P, = —6). In 2017/2018, |P,| decreased along the entire ice stream, even at the upstream area. This sug-
gests the collapse entered a new regime in 2017 when perturbations in ice thickness began to evolve more
diffusively, like an ice stream rather than a glacial collapse. From this study, we suggest that the threshold
between the normal glacier flow during the collapse and formation of ice stream-like flow may be defined
as |P,| < 2 or diffusivity > 1.5 x 10° m?/day.

The analysis of P, also shows that once a glacier begins to collapse, P, is likely to decrease, causing thinning
or thickening perturbations to diffuse inland (or advect inland if P, is negative enough). A similar process
has been observed in many tidewater glaciers of Svalbard (e.g., McMillan et al., 2014; Murray et al., 2012;
Nuth et al., 2019; Sevestre et al., 2018; Strozzi et al., 2017). Fowler and Johnson (1996) point out mathemat-
ically that this process can also take place on an ice sheet and subsequently form an ice stream, although
an ice sheet surge has never been observed in the modern data records. The destabilization of Vavilov Ice
Cap provides an analogy for the formation of an ice stream at larger ice sheets, as the major cause of the
destabilization is due to the reduction of basal drag when the glacier advanced on to weak marine sediment
(Willis et al., 2018). As marine ice sheets are eroded by warm marine water, they are likely to be subjected
to instability due to the removal of buttressing ice shelves (Goldberg, 2017; Pollard et al., 2015). Once debut-
tressing has occurred, ice streams may form, which can efficiently evacuate ice into the global ocean within
a surprisingly short time.
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5. Conclusions

We document the evolution of surface elevation, velocity, and mass balance between 2013 and 2019 on the
destabilized Vavilov Ice Cap. We identify a summer speedup event from both 2015 and 2018 that correlates
to a sustained warm summer. New shear margins appeared in the piedmont fan in 2017, coincident with
the pattern shifts of both glacier velocity and elevation change. The evidence indicates that the ice dynamics
have entered a new regime that is similar to ice streams. A transition of response behavior is recognized using
Péclet number, which suggests advection-dominated ice mass wasting before 2016 and diffusion-dominated
ice mass transport after 2017. The analysis using Péclet number explains the natural migration of the thin-
ning center and provides us a threshold to identify the ice-stream formation after 2017. Since the mechanism
of the collapse is similar to a removal of ice shelves in front of a marine ice sheet, the formation of ice stream
at the boundaries of a marine ice sheet is anticipated in the future under plausible global warming scenarios.
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