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Abstract: Both a decrease of sea ice and an increase of surface meltwater, which may induce ice-flow
speedup and frontal collapse, have a significant impact on the stability of the floating ice shelf
in Greenland. However, detailed dynamic precursors and drivers prior to a fast-calving process
remain unclear due to sparse remote sensing observations. Here, we present a comprehensive
investigation on hydrological and kinematic precursors before the calving event on 26 July 2017
of Petermann Glacier in northern Greenland, by jointly using remote sensing observations at high-
temporal resolution and an ice-flow model. Time series of ice-flow velocity fields during July 2017
were retrieved with Sentinel-2 observations with a sub-weekly sampling interval. The ice-flow speed
quickly reached 30 m/d on 26 July (the day before the calving), which is roughly 10 times quicker
than the mean glacier velocity. Additionally, a significant decrease in the radar backscatter coefficient
of Sentinel-1 images suggests a rapid transformation from landfast sea ice into open water, associated
with a decrease in sea ice extent. Additionally, the area of melt ponds on the floating ice tongue
began to increase in mid-May, quickly reached a peak at the end of June and lasted for nearly one
month until the calving occurred. We used the ice sheet system model to model the spatial-temporal
damage and stress on the floating ice, thereby finding an abnormal stress distribution in a cracked
region. It is inferred that this calving event may relate to a weakening of the sea ice, shearing of the
tributary glacier, and meltwater infiltrating crevasses.

Keywords: frontal collapse precursors; high-resolution remote sensing; ice sheet system model;
Petermann Glacier

1. Introduction

Ice shelf calving in Greenland can trigger and/or enhance ice flow acceleration and
glacier front retreat [1], which is becoming a crucial factor affecting Greenland’s ice sheet
stability [2]. In particular, loss of an ice shelf can reduce resistance to ice flow from a
grounded glacier [3-5], leading to increased discharge from the ice-sheet interior into the
oceans [6,7]. Ice shelf calving is an important component of dynamic ice sheet changes,
representing the greatest source of uncertainty in projections of sea level rise. Although
some observation and modeling investigations suggest that tidewater glaciers are sensitive
to both atmospheric and oceanic forcing [8-10], the physical processes of the frontal collapse
and their responses to warming air and sea temperatures are not fully understood [2].

The frontal collapse of floating ice shelf is a complex process, which is mainly driven
by several hydrological and kinematic forces, including tributary glacier inflow, sea ice but-
tressing and supraglacial pond drainage. During the past decades, ocean warming [11,12]
and increased air temperature [13] reduced sea ice concentration in the fjords and intensified
glacier surface melt, influencing the vulnerability of marine-terminating glaciers [14-16].
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Some studies suggested that an increase of surface melting induced instability of the outlet
of the glacier, leading to hydro-fracturing or even collapse due to melt ponds filling some
crevasses in Northeast Greenland [17,18]. Additionally, sea-ice concentration controlled
the seasonal dynamics of the ice velocity response to buttressing fluctuations in the Tot-
ten Ice Shelf of Antarctica [19]. In addition, the tributary glacier inflow destabilized ice
structural heterogeneity and intensified the vulnerability of the Larsen C ice shelf [20,21].
The dynamic characteristics of the hydrological and kinematic precursors and underlying
response mechanisms, which control the development of ice calving, remain poorly un-
derstood. Thus, it is crucial when investigating a frontal collapse process to capture the
spatial-temporal variability of these hydrological and kinematic precursors.

Satellite remote sensing has proven to be a useful tool to observe ice velocity change [22],
supraglacial lakes [23-26] and sea ice evolution [19,27,28]. Optical and microwave remote
sensing images (e.g., Landsat-8 and Sentinel-1) have been widely applied to extract annual
and seasonal ice velocity of outlet glaciers in Greenland [29-31]. Very long-term remote
sensing observations have recorded the multi-decadal evolution of supraglacial lakes on
the Larsen B ice shelf before it collapsed in 2002 [32,33]. However, ice flow speed-up,
terminus calving and lake drainage usually occur at daily to weekly timescales. Limited
by the spatial-temporal resolution of the available remote sensing images, it is a challenge
to acquire dense and abundant observations to characterize such short-lived dynamic
process [31,34]. In recent years, the focus in optical remote sensing has shifted from the use
of a few scenes from individual satellites to utilizing data from multiple satellites. Twin
satellites or constellations of satellites can shorten the revisit time and meet continuous
coverage. The advantages of the short-temporal sampling rate and increasing spatial reso-
lution recently have been exploited to capture rapid changes in glacier flow [35], indicating
a huge potential to acquire the high spatial-temporal characteristics of hydrological and
kinematic precursors of ice calving.

The Petermann Glacier (PG), located in the outermost northwest corner of Greenland,
is one of only three glaciers in Greenland with a floating ice tongue. Two major calving
events occurred in PG between 2010 and 2012, which dramatically reduced the ice tongue
length from approximately 85 km in 2010 to around 50 km in 2012 [36]. Previous studies
showed that the 2010 calving event was noted to be followed by minimal glacier accelera-
tion (<100 m a~') and had no significant ice dynamical effect on glacier stability [36,37].
However, recent observations showed that an average acceleration of 10% between winter
2011/2012 and winter 2016/2017 was directly connected to the 2012 calving event based
on ice flow modeling [38]. Another model verified the idea that once calving removes
ice within 12 km of the grounding line, loss of these thicker and stiffer sections of the
ice tongue could perturb stresses at the grounding line enough to substantially increase
inland flow speeds, and so grounded ice discharge [39]. Since the 2012 calving event,
the Petermann ice shelf has been steadily advancing, but a newly developing fracture,
as shown in Figure 1, from the eastern margin to the center of the ice tongue, marks a
forthcoming calving event [39]. The winter 2016/2017 speedup [38], followed by the latest
relatively small calving event occurring on 26 July in 2017, broke the steady-state and
focused more attention on future instability. Even though the relatively small calving event
did not have a direct impact on upstream stability, this frontal collapse lost the connection
with the fjord and reduced the lateral drag, weakening the ice tongue’s structural integrity.
Additionally, it may reactivate the new fracture and promote the adjacent fracture’s exten-
sion. Consequently, it may imply to initiate a new cycle of calving, given signs of ice shelf
break-up even during recent years. Exploring the precursors and causes of the relatively
small calving event was crucial to assessing the instability of the Petermann glacier tongue
to predict a forthcoming calving event [40].
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Figure 1. Overview of study map in the Petermann Glacier frontal collapse in 2017. The background image is from a
composite of visible-band Landsat 8 scene for 26 July 2017. The light brown and green line illustrate the ice fronts of 2010

and 2012 calving events. The purple line represents a newly developing fracture, from the eastern margin to the center of
the ice tongue, marking a forthcoming calving event [38].

In this study, we aimed to characterize the hydrological and kinematic precursors
of the frontal collapse on 26 July 2017 at the Petermann Glacier, by jointly using high-
resolution remote sensing and ice flow modeling. The surface velocity, melt ponds and
sea-ice backscatter were derived from Sentinell /2 images to capture their dynamic response
variations before the collapse occurred in the melt season of 2017. Moreover, the distribution
of stress and damage solution was modeled with the ice sheet system model (ISSM) to
assess the dynamic structural instability of the floating ice tongue. Finally, we discussed
what triggered the frontal collapse of the PG in 2017, including the weakening of landfast
sea ice, the shearing of tributary glacier inflow and the meltwater infiltrated crevasses.

2. Study Site

The Petermann Glacier in northern Greenland is approximately 70 km in length, with
a 15 km in width floating ice tongue whose thickness changes from about 600 m at its
grounding line to about 30-80 m at the ice front [41]. Draining approximately 4% of the
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Greenland ice sheet [36], PG is the second largest floating ice tongue in Greenland. About
80% of the mass flux across the grounding line is lost through basal melting of the PG
ice shelf [41], and the other mass loss (~20%) takes place during the intermittent calving
events and the processes of surface sublimation in winter and meltwater runoff in summer.
The glacier lost ~40% of its tongue in two massive calving events in 2010 and 2012, and its
terminus is now at its most retreated position since records began [36,37]. The mass loss
has been attributed to increased oceanic heat flux to Greenland’s glaciated margins [12,42],
which is related to the increase in calving rate, including the collapse of ice shelves and the
retreat of grounding lines. The latest relatively small calving event occurred on 26 July in
2017, along a pre-existing rift in the Petermann Glacier, northern Greenland, branched off
from the glacier’s terminus. The tabular iceberg formed covered 8.9 square kilometers and
drifted in the fjord. The frontal collapse made the ice tongue terminus further retreat and
lose the connection with right side of fjord wall.

3. Data and Methodologies
3.1. Satellite Images

The European Copernicus Sentinel-2 satellites mission consists of a constellation of
Sentinel-2A and Sentinel-2B satellites, launched successively in June 2015 and March 2017.
The swath width of a frame is 290 km, and the spatial resolutions of the four bands (blue,
green, red and near-infrared (NIR) are 10 m. Compared with the revisit time (16 days)
of Landsat 8, Sentinel-2 reduces this by 11 days. Remote sensing satellites passing from
neighboring orbits could further shorten initial revisit time (5 days) due Petermann in
North-West Greenland located high latitudes region. This is of benefit when monitoring
the changes of glacier surfaces at a finer temporal scale, especially for short-lived collapse
events. In this study, Sentinel-2A /B images were respectively acquired with <10% cloud
cover during the summer months (May to July) to derive the ice velocity and melt ponds
in PG from the European Space Agency Copernicus Open Access Hub and Google Earth
Engine in Tables S1 and S2. In addition, Landsat 8 OLI (Operational Land Imager) was
preferred in using to cover the whole extent of sea ice just from one scene of images without
mosaics other frame images seen in Table S3.

The Sentinel-1 synthetic aperture radar (SAR) Level-1 Ground Range Detected (GRD)
data product (https://developers.google.com/earth-engine/guides/sentinell) (accessed on
7 February 2021) was employed to quantify the hardness of the landfast sea ice neighboring
ice front of PG in July 2017. These data were processed using the SNAP Sentinel-1 Toolbox
(https:/ /step.esa.int/main/toolboxes/sentinel-1-toolbox/) (accessed on 7 February 2021)
to estimate the backscatter (applying a precise orbit, border noise removal, thermal noise
removal, radiometric calibration, and terrain correction) via the Google Earth Engine platform.
All the corresponding remote sensing images are presented in the Table S4.

3.2. Extracting Ice Velocity and Melt Pond Extent

We utilized cross-correlation feature tracking [43] to derive the ice flow on the selected
Sentinel-2 images near-infrared (NIR) band between May and September in 2017. The ice
flow was first established by a speckle tracking technique in two dimensions implemented
on COSI-Corr software [43,44]. We then used the Rosenau filter algorithm to remove the
speed outliers [45], which is processed by region growth filter, median and directional filter
to remove from velocity field. Additionally, the inverse distance weight algorithm is used
to interpolate velocity field. Finally, we chose the mean speed in a non-glacier stable region
for the accuracy estimation [46].

Melt ponds were extracted from the floating ice in the Sentinel-2 images by a threshold
segmentation algorithm executed on the Google Earth Engine platform [23]. We applied this
physically based technique to the pond outlines defined with the normalized difference
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water index (NDWI) [47], which was set to 0.25 for segmentation threshold. NDWI is
calculated with the difference ratio of the red and blue bands, following Equation (1):

(Blue — Red)

DWI,,, — \othe = Xed)
NDWlice (Blue + Red)

@

The pixels were classified as water and no-water to count meltwater extent statistics.
We visually check manually the results corresponding Sentinel-2 images to excluded
evident gross error due to could, shade and coverage void. Finally, we calculated the whole
melt ponds area at each scene and acquire the time series of melt ponds evolution.

3.3. Numerical Ice-Flow Modeling

We applied an analytical forward model implemented in the ice sheet system model
to calculate the spatial-temporal distribution of damage and stress [48]. The ice flow was
approximated using MacAyeal /Morland’s “shelfy stream approximation” (SSA) technique
within a 2-D model. The observed velocity and rheology assumed as constant were used
to calculate the stress field of floating ice according to Glen’s flow law, which revealed
an approximately proportional relationship between glacier strain rate and deviatoric
stress [49]. An important consequence of this analytical solution is that the damage and
effective deviatoric stress can be calculated analytically as the stress balance evolves to
quantify and diagnose the glacier instability state. The axes of the principal stress was
computed by using the surface stress to compare with the orientation of the crevasses on
glacier terminate position [50]. We can write the expression for effective stress and damage
in the simplified form [48,50]:

. .2 .2 .2
b = (5“ + 8y + 5W> /2 2)

oo 152

éxx B

where 53 5xx, Sxy and Syy respectively represent effective stress, transverse stress, shear
stress and longitudinal stress; D is damage scalar; xy is transverse strain rate; 6 is the
contribution of lateral and shear strain rate terms; p is the density of ice; g is gravitational
acceleration; H is the ice thickness; B is the ice rigidity.

The model geometry was obtained from the mass conserving bed product in the
Bed-Machine v3 Greenland dataset [51]. This dataset includes the ice thickness and ice
base derived from the ice surface by employing the floating condition. We updated the
recent ice fronts and set up the boundary conditions, in which a stress-free surface and
water pressure were respectively applied at the ice-atmosphere and ice-ocean interface.
Along the other boundaries of the model domain, Dirichlet conditions were applied to
ensure that the ice velocity equaled the observed velocity, and that the direction of the ice
velocity was tangential to the boundary. The modeling domain covered the Petermann
Glacier basin. The model calculation was performed on an adaptive finite element grid,
with a high resolution of 50 m in fast-flowing regions and a coarser resolution of 2000 m
in the slow-moving region. For the fracture of floating ice, the region was refined with a
mesh resolution of 20 m. In total, the mesh was made up of about 1,757,389 elements.

4. Results
4.1. The Sub-Week Timescale Ice Flow

Sentinel 2A /2B images characterized the frontal collapse process near the glacier
terminus in PG, as shown in Figure 2. We acquired the high-resolution 20-m ice velocity
with a sub-week or even daily overpass timescale in July in 2017. There is a sign of
widening of the fracture taking place on the day (25 July 2017), prior to the calving event
date (26 July 2017). The contours of the PG terminus position are shown in Figure 3, and
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we calculated the mean velocity to analyze the trend of the flow rates. Average surface
velocities on the calving region show a relatively steady state of 3 m/d, with a huge peak
of 31 m/d observed one day before the calving, which corresponds to evident accelerated
signal shown in Figure 3d. In the glacier velocity field results, the average displacement of
bedrock in an off-glacier region was used as an accuracy measure to assess uncertainty of
the ice speeds [21]. The uncertainty of ice velocity for six-days internal was approximately
4.2 m (0.69 m/d), and the measurement error of ice velocity between 24 July and 25 was
2.52 m for the one-day internal, as shown in Figure 4. Additionally, the speed of the
upstream region at one-day internal showed less than other dates in Figure 3d due to the
measurement error limited by the capacity of feature tracking algorithm extracting small
displacement. In general, the accuracy of velocity is reliable to analyze the changes of time
series at the terminus calving region within considerable accuracy range.
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61°12'W 60°48'W 61°12'W 60°48'W

—

20170729 &

81°00'N
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Figure 2. The sequence of Sentinel-2 NIR-band images showing the Petermann Glacier terminus
collapse event in 2017. (a) The fracture of the terminus region occurring; (b) the fracture of the
terminus region widening; (c) the frontal collapse event that occurred on 26 July 2017; (d) iceberg
drift after collapse. The red polygon region shows the shear zone and the green line denotes the
bending deformed ice.
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Figure 3. Surface daily velocity field of the Petermann glacier in four periods of July 2017, prior to the frontal collapse. (a)
The daily velocity field from 08 July to 13 July in 2017; (b) the daily velocity field from 13 July to 18 July in 2017; (c) the daily
velocity field from 18 July to 24 July in 2017; and (d) the daily velocity field from 24 July to 25 July in 2017.
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Figure 4. The time series of Petermann Glacier’s velocity, the blue polygon in Figure 3, during July 2017,
prior to the calving event. Additionally, the red error bar represents the velocity accuracy evaluation.



Remote Sens. 2021, 13, 591

8 of 16

Widening of the fracture of the terminus region in the outlet glacier was accompanied by
an abrupt increase of the scalar flow rates. Although we cannot directly capture the subpixel
change due to the restriction of the resolution (10 m) of the remote sensing image shown in
Figure 2b, we could monitor the significant increase—by about 10 times—of the speeds in
Figure 3d. Pre-collapse velocity served as a kinematic precursor to enlargement of the crack
before glacier calving occurrence. In addition, the tributary glacier feeds and drains from the
perpendicular direction and pushes the joint region of the main glacier’s terminus, leading to
a deformed shear zone which weakens the outlet glacier surface structure with continuing
evolution of the rift, and afterwards the calving will occur sooner or later. The analysis for the
calving cause from inflow of a tributary is discussed in Section 5.1.

4.2. Damage and Stress Analysis

We used analytical stress and damage solution in July 2017 to assess diagnostic
fracture stability and to analyze the calving process. Figure 5a illustrates transverse stress
distribution that stretches across the flow line forming in a transverse extension zone
with large crevasses. The longitudinal stress showed crevasses in an ice divergence zone
where opening rift existed in Figure 5b. Splashing crevasses developed a shearing zone in
Figure 5c with adjacent tributary glacier terminate. Local stress fields promoted crevasse
opening and enhanced ice flow near the shear margin, leading to a relative rotation of
the flow in the convergence zone. Additionally, the middle part in the crevasse, marked
green line in Figure 2a, was bended convex upward shape with respect to local flow in
red rectangle region of Figure 2a,b. In general, crevasses are typically parallel to the least
tensile principal stress axes and normal to the most tensile principal strain rate axes in the
horizontal plane [52]. We computed the axes of the principal stress by using the surface
stress to compare with the orientation of the crevasses on glacier terminate position in
Figure 5d. On the connected point with tributary glacier terminate, high shear stress
showed unbalanced force from different direction ice movements producing vulnerable
region in Figure 5c. However, we did not find the obvious velocity change from crevasses
region during the period of 18 July to 24 July in Figure 3¢ until the day of 25 July despite of
remarkable signals on stress from high longitudinal and transverse stress values in Figure 5.
The stress characteristics serves as preconditioning factor describing the fracture instability.

An evident sign was seen that the gradually increased effective stress series exerted
within the front of glacier during July 2017 in Figure 6. The weakness of structural integrity
was mainly distributed at zone of fracture which have consistently yielded an effective
stress field. The magnitude of effective stress ranged from 300-800 kPa in the shear zone. As
long as weakened ice shelf stepped into an unstable state of rheology in Figure 6, unstable
regime controlled by the plastic rheology of crevasse may reduce ice tongue strength
under the increased effective stress burden. The spatial-temporal changes of effective
stress present the instantaneous effect to destroyed crevasse. One day prior to collapse,
pressure on the tongue reached the ultimate threshold in Figure 6d; glacier strength was
not sufficient to carry more effective stress, hence the calving event.

An example of this preconditioning can be seen in the interaction of these damaged
shear zones with the existing fractures perpendicular to flow in the center of the PG’s ice
tongue. To quantify how ice-shelf stress affects fracture stability, we constructed a fracture
stability damage diagram referring to the Equations (2) and (3). The increasing damage
scalar series of ice tongue before calving gradually weaken and impair the glacier integrity
in Figure 7, which could not offer enough buttressing at the glacier’s terminus. In days prior
to collapse, there was obvious damage region in the crevasse which reached the threshold
(0.5), even the completed damaged state. A highly damaged region means the crevasse has
been penetrated, which could not forbear an occurrence of caving soon afterwards. When
these rifts connect with the damaged shear zone, the ice front is no longer stabilized due to
the structural weakening, resulting in large calving events. The high effective stress and
damages in frontal region shows that an underlying and vulnerable condition for this type
of glacier flow instability was reaching an ultimate disintegration.
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Figure 5. Ice stress condition distribution at the glacier’s terminus corresponding to the period of
Figure 3c (average daily stress from 18 July to 24 July in 2017) before the calving event. (a) The
transverse stress, (b) the longitudinal stress, (c) the shear stress and (d) the first principle stress.
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Figure 6. The effective stress distribution evolution for the Petermann Glacier ice tongue in four
stages in July of 2017, prior to the calving day. (a-d) respectively represent mean effective stress fields
from the corresponding periods.
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Figure 7. The damage scalar series of the Petermann Glacier on the days in July 2017, prior to the
calving. (a—d) respectively represent mean damage scalar from the corresponding periods.

4.3. The Backscatter Coefficients of the Landfast Sea Ice

We calibrated the backscatter calculation based on SAR images to quantify the freeze
and thaw state, which provided a representative condition estimate [53] and reflected the
toughness of the landfast sea ice. Additionally, the sea-ice extent adjoint to ice front has
declined dramatically summer ice extent in recent days by delineating the extent of sea
ice in fjord. Backscatter yyy (dB) value of Sentinell GRD data serves as an index for
thaw-melt state of sea ice and ice mélange. The landfast sea ice transformed into open
water and break up in Figure 8 when the backscatter coefficient decreased to —28 (dB)
from 17 July to 26 July (calving day) accompanied by sea ice extent declining in Figure 9.

The Google Earth Engine Platform has provided the data products so we only use
it to make time series analysis of backscatter to quality the rigidity varieties of sea ice
and ice mélange. The results show that reduction in stiffness of the ice mélange since
stepped into melt season, and sea ice transformed into open water as soon as calving
day (26 July 2017), which was attributed to losing the buttressing effect of sea ice and ice
mélange. To fully understand the spatial and temporal variability of sea-ice rigidity, we
inspected 16 Sentinel-1 images acquired throughout the high melt period between 9 July
and 26 July. The weakening of multiyear landfast sea ice evolved with fjord condition
and glacier terminus and followed by the frontal collapse event that occurred there in
2017. Additionally, the breakup of sea ice located close to the ice front was synchronous
with frontal collapse event and had an influence on glacier terminus instability. Abundant
sea ice filled in fjord consolidates and fastens to the terminate in early melt season. The
following time the sea-ice extent declined from 589.75 km? in 17 July to 12.81 km? in
25 July in Figure 8. Landfast sea-ice minimum extent occur nearly coincident in time with
observed collapse velocity maxima. The resulting changes in buttressing of sea ice lost
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leads to a sudden increase in effective stress that propagated the instability through the
frontal calving region in only a few days. The weakening of sea ice directly accelerated

ice flow immediately and the concretely calving mechanism about sea ice was found in
Section 5.2.
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Figure 8. The outline of landfast sea-ice images of Landsat 8 in the Petermann glacier fjord in July of 2017. The red polygon
region denotes the extent of landfast sea ice in (a—c). (d) The landfast sea ice has completely disappeared.
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Figure 9. The evolution of sea-ice extent and backscatter of the surrounding sea ice of the ice front
during July 2017 prior to calving events (26 July 2017).
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4.4. The Evolution of Melt Pond Extent

The onset of surface melt typically occurs on the earliest summer melt recorded in
mid-June. The produced meltwater started to fill crevasses in the suture damage zone,
which formed many water-filled crevasses or saturated crevasses on floating ice. The extent
of melt ponds on the floating ice reached the peak about 30 km? coverage in late June/early
July at high melt period and lasted for nearly one month until the calving occurred in
Figure 10. The multi melt water on the floating ice runoff by the river which have filled
and infiltrated surface crevasse on ice shear zone. In melt season, the observed velocity
delayed the change of meltwater generation and the multi melt pond existed before the
frontal collapse. How abundant meltwater has impact on glacier instability was described
in discussion in Section 5.3.

100

| Melt Pond Area

30

10 k high melt period

Area km”

3k Calving |

01 May 11 May 21 May 31 May 10Jun 20Jun 30Jun 10July 20July 30 July
Time (2017)

Figure 10. The time series of the Petermann glacier melt ponds’ area in the floating ice region prior
to the calving event of July 2017.

5. Discussion
5.1. Tributary Glacier Shear

The tributary glacier shows confluences and extrudes in the shear zone in Figure 2a,b,
which deformed the curving arch, resulting in pushing ice terminate disintegration. The left
side of icebergs from the tributary glacier developed one band of ice bend existing in front
of the fracture, and it suffered from high lateral shear stress (Figure 2a,b and Figure 5c).
The right side of the trunk glacier denotes a developing shear margin with the initiation of
weakening ice strength. Glacier confluence and erosion developed the vulnerable region
with high damage zone in Figure 7. With melt season coming, the glacier terminate region
was vulnerable to tributary glacier mass-wasting deposition, which resulted in the fracture
expanding. The shear margin in Figure 2 suffered high maximum principal stress and
developed multiple crevasses and damaged ice areas [50].

The advection of tributary glacier fed and supplied the trunk glacier in step with
aggravating the development of a vulnerable zone and ice tongue disintegration [21]. The
discharged ice volume from tributary glacier inflow filled in the fracture to intensify the
evolution of the crevasse in heavily damaged areas in Figure 2. Consequently, ice calving
may be associated with glacial erosion and inflow from a tributary glacier. The tributary
glacier fed in ice tongue and served as a preconditioning factor through the process of
outer-margin fracture amplification. The iceberg movement trajectory indicated a relative
rotation of the flow towards the northwest under the effect of tributary and trunk glaciers
in Figure 2c. The tributary inflow has an impact on stress balance in the convergence zone
and triggers calving.

5.2. The Weakening of Sea Ice

The calving event of PG in 2017 was attributed to the breakup of sea ice at the ice
tongue termination. It has been shown that landfast sea ice can protect the ice tongue
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from fracture and delay calving events. The backscatter serves as an indicator of sea-ice
condition to detect the evolution of sea-ice rigidity in Figure 9. The water reflected the
low backscatter values due to the high dielectric constant, and with the temperature of the
sea warming, ice mélange and sea ice melt volume started to increase. The warming sea
water weakened the rigidity of sea ice responding to the decline of the observed backscatter
parameter seen in Figure 9. The warming sea water destabilized with a frontal collapse
signature on the terminus surrounded by stagnant regions easily visible in satellite images
in Figure 8. In particular, the ocean temperature increased by 0.1 °C since 2017 below 450 m
on the Petermann floating ice shelf (Figure 11)—the improved basal melt rate thinned the
frontal ice shelf [54]. Ocean warming makes landfast sea ice vulnerable, and the reduced
buttressing enhances the potential for calving. Quantifying and analyzing sea ice condition
will enhance the ability of understanding the mechanism of ice front retreat. The weakening
of landfast ice becomes the most proximal cause for the onset of ice disintegration.
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Figure 11. Monthly series of ocean temperature below 450 m at the Petermann ice shelf from 2015 to
2017 at position (59.9671 W, 80.5804 N) from Andreas Muenchow.

5.3. Meltwater Infiltrating Crevasses

Many melt ponds decrease the albedo of the glacier tongue, which suffers the risk
of potential glacial collapse [55]. The presence of englacial liquid water can weaken ice,
and it is plausible that surface melt at the suture zone could percolate into the ice, weaken
shear margins, and allow the ice tongue to speed up as a result of reduced rigidity [17,18].
The storage capacity and estimated water depths of these crevasses are large enough to
induce hydro-fracturing if there is sufficient meltwater supply. The afflux from rivers and
melt ponds into water-filled crevasses may triggered hydro-fracturing [32]. The coincident
coordinated drainage occurs during the peak in meltwater production, which means that
lake drainage events occurred during a high melt period [56,57].

Generally, ice speeds along flow lines gradually increases as the melt season progresses,
particularly within the shear margins in grounded ice. However, on floating ice, surface
meltwater may also influence ice calving by percolating through crevasse and hydrofracture
drainage, weakening the ice shelf shear margins [18]. Certainly, the complex process
and feedback between calving and floating ice hydrology-driven forcing may need to be
examined. Our efforts focused on the evolution of melt pond area that shows a short-term
increase in surface velocity correlated with an ice terminate disintegration. In addition, the
observation demonstrated that the time at which there is a maximal area of melt ponds
is preceded by the moment when ice flow reaches peak values; some time is spent in
the high melt period to destabilize the fractures and penetrate crevasses. Additionally,
the meltwater infiltrating crevasses may not accelerate ice flow immediately, so it cannot
directly induce an instantaneous ice calving event. Therefore, the surface meltwater has a
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potential impact on glacier terminus stability, due to hydrofracturing under a warmer and
continued high melt season, which eventually drive ice calving.

6. Conclusions

This paper quantified high spatial-temporal ice flow speeds, sea ice backscatter and
melt-water ponds with multi-source remote sensing datasets and calculated the stress
and damage of a floating ice tongue using a numerical ice flow model, to understand
the precursors and causes for a calving event that occurred in July 2017 at the Petermann
Glacier, northern Greenland. The weakening of landfast sea ice reduces the buttressing
force for the glacier terminus as its extent declines, which most directly leads to calving.
Additionally, tributary glacier extrusion and shear also play roles in destabilizing the
frontal shear zone. In addition, multiple melt ponds evolve to fill in fractures, which may
induce the hydrofracturing and weaken the floating ice structure as a precondition of
triggering subsequent frontal collapse. In total, we infer that weakening sea ice, shearing
due to inflow from the tributary glacier and meltwater in crevasses may all have led to this
calving event. The joint use of dense remote sensing observations and numerical ice-flow
models for a quick ice-flow system will deepen our understanding of the hydrological
and kinematic precursors of frontal collapse in Greenland ice shelves and its response to
climate change.
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