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Abstract Calving and solid ice discharge into fjords account for approximately half of the annual
net ice loss from the Greenland ice sheet, but these processes are rarely observed. To gain insights into
the spatiotemporal nature of calving, we use a terrestrial radar interferometer to derive a 3-week record
of 8,026 calving events from Sermeq Kujalleq (Store Glacier, West Greenland), including the transition
between a mélange-filled and ice-free fjord. We show that calving rates double across this transition and
that the interferometer record is in good agreement with volumetric estimates of calving losses from
contemporaneous unmanned aerial vehicle surveys. We report significant variations in calving activity
over time, which obfuscate any simple power-law relationship. While there is a statistically significant
relationship between surface melt and the number of calving events, no such relationship exists between
surface melt and the volume of these events. Similarly, we find a 70% increase in the number of calving
events in the presence of visible meltwater plumes but only a 3% increase in calving volumes. While
calving losses appear to have no clear single control, we find a bimodal distribution of iceberg sizes due
to small blocks breaking off the subaerial part of the glacier front and large capsizing icebergs forming
by full-thickness failure. Whereas previous work has hypothesized that tidewater glaciers can be grouped
according to whether they calve predominantly by the former or latter mechanism, our observations
indicate that calving here inherently comprises both and that the dominant process can change over
relatively short periods.

Plain Language Summary We observe the release of icebergs by calving at a large glacier in
Greenland for 3 weeks, during which we find 8,026 calving events across a wide range of environmental
conditions. We show that our observation method (radar interferometry) agrees well with an independent
method (aerial drone photography). We find that the type of calving varies significantly over time, but
there is no single mechanism that controls this variation; instead, it is due to multiple factors. This leads
to two kinds of calving events: small blocks falling off the visible part of the front of the glacier and large
blocks of the entire thickness of the front (including the area underwater) breaking off. Previous study has
assumed that glaciers can be grouped by which of these types of calving is more important, but we show
that this is an over-simplification at large glaciers such as store, as both these mechanisms are observed
and both are the more important mechanism at different times.

1. Introduction

Tidewater outlet glaciers (i.e., glaciers that flow into the sea) drain 88% of the area of the Greenland ice
sheet (GrIS) (Rignot & Mouginot, 2012). Ice discharge due to calving from these glaciers is currently re-
sponsible for 40% of the GrIS annual net mass loss (equivalent to 0.33 mm a™" global sea-level rise) (Moug-
inot et al., 2019). While increasing surface melt and runoff act to reduce the solid ice discharge due to the
thinning it causes, tidewater glaciers are discharging more ice into the ocean (King et al., 2018). Therefore,
understanding how calving occurs and its relationship to other processes in the tidewater-glacier system
and external forcing becomes of central importance in forecasting the evolution of the GrIS in the coming
decades and century.

Calving is an important glaciological process in tidewater environments in which glaciers discharge ice into
fjords and coastal seas. It occurs when extensional stresses at the terminus produce fractures that intersect
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the calving front from either the surface or the base of the glacier (Bassis & Jacobs, 2013; Benn, Astrom,
et al., 2017). Calving is governed by the distribution of stresses created by the flow of the glacier and its
setting as well as environmental processes that can increase stresses at the terminus, such as buoyancy, sur-
face melting, or submarine melt undercutting (Benn & Astrom, 2018; Benn, Astrom, et al., 2017). As such,
calving is a highly complex process that happens with a little detectable warning based on small changes in
one or more of the controlling variables (Astrdm et al., 2013; Benn, Cowton, et al., 2017).

Calving at tidewater glaciers, due to this unpredictable nature, is therefore a difficult process to observe
directly, meaning that obtaining information about overall rates or controls, which could allow the devel-
opment of simple calving parameterizations, is challenging. Conventional remote-sensing does not offer
sufficient temporal resolution, with satellites typically providing images a few days apart and even more re-
cent techniques such as unmanned aerial vehicles (UAVs) several hours apart (Chudley et al., 2019; Jouvet
et al., 2017; van Dongen et al., 2019). Time-lapse cameras, whilst having sufficient temporal resolution, pro-
duce two-dimensional imagery that is not easily converted into three-dimensional (3D) volumes of calving
events (How et al., 2018; Mallalieu et al., 2017; Vallot et al., 2019). Terrestrial laser scanning has been used
(Petlicki & Kinnard, 2016; Podgoérski et al., 2018), but repeat surveys with this technique are problematic
due to the large quantity of data in each survey, as well as the significant logistical effort required and the
relatively short range of the instrument. Continuous and detailed data sets on calving behavior at tidewater
glaciers are thus lacking, yet understanding this process is crucial for advancing numerical models and for
better prediction of tidewater-glacier behavior and consequent sea-level rise. One possible solution to this
issue is the use of terrestrial radar interferometry, which can provide high-resolution scans, both temporally
and spatially, of a calving front (e.g., Voytenko et al., 2017; Walter et al., 2020). This novel method has so
far only been applied to a limited number of tidewater outlets, but shows promise for providing the kind of
continuous calving records that have been lacking in studies to date.

Here, we use a real-aperture terrestrial radar interferometer (TRI) (Chapuis et al., 2010; Strozzi et al., 2012;
van Dongen et al., 2019; Voytenko et al., 2017; Walter et al., 2020; Xie et al., 2019) to produce a directly ob-
served, near-continuous, 3-week record of calving events for a major Greenlandic outlet glacier. The high
resolution of this technique, both spatially and temporally, allows us to characterize 8,026 calving events in
terms of size and frequency, while exploring the effect of different environmental factors.

2. Methods
2.1. Study Site

Sermeq Kujalleq (Store Glacier) (70.4°N 50.6°W, Figure 1), referred to here as Store, is one of the largest
tidewater outlet glaciers on the west coast of Greenland. The glacier discharges around 12 Gt annually into
Ikerasak Fjord (Rignot et al., 2016) in the southern end of Uummannaq Bay. The calving front of Store is
5 km wide, with surface velocities reaching up to 6,600 m a™t (Joughin et al., 2018), and is located at a lat-
eral constriction in the fjord on top of a basal pinning point, making the terminus position relatively stable
(Todd et al., 2019) with no observed retreat since at least 1985 (Catania et al., 2018). This stability makes
it an ideal target for developing calving models (e.g., Morlighem et al., 2016; Todd & Christoffersen, 2014;
Todd et al., 2018; Xu et al., 2013) and for observing tidewater-glacier processes in a “natural”, that is, unper-
turbed setting. However, behind this pinning point, Store sits in a deep trough that could condition it for
rapid retreat should the front be pushed back from the pinning point (Aschwanden et al., 2019). This means
Store is additionally interesting, as it may provide information on the transition from a stable calving front
to a retreating calving front in the future.

2.2. Radar Set-Up

The TRI used in this study was a Gamma Remote Sensing Ground-based Portable Radar Interferometer
II (GPRI-II). This is a Ku-band (1 = 1.75 cm), real-aperture, rotating instrument that has a range of up to
16 km with a range resolution of 0.75 m and an azimuthal resolution proportional to slant range with a
ratio of 8:1,000 (i.e., an azimuthal resolution of 8 m at 1 km distance) (Werner et al., 2008). The instrument
has one transmit and two receive antenna, spaced 25 cm apart, allowing measurement of spatiotemporal
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Figure 1. Location of Store Glacier (inset (a)) and location of TRI and time-lapse camera (red circle). The study area is
outlined in green (inset (b)). The red rectangle represents the zoomed area in Figures 2 and 3, and the blue circles show
the two regions where surfacing plumes are commonly observed in the time-lapse imagery. Background image from
Landsat 8, acquired on October 10, 2016.

change in calving-front dynamics. Topography can be computed by comparing images from both antennae

taken at the same time.

The GPRI-II was located about 2 km from the glacier terminus on the northern side of the fjord, on a rocky
promontory overlooking the calving front (Figure 2). A Canon EOS 750D time-lapse camera was also in-
stalled next to it. The TRI was set to scan at a repeat interval of 3 min continuously for 21 days (each scan
lasted approximately 30 s), between 18:25 on the July 5 and 11:01 on July 26, 2017.

Figure 2. Photo showing set-up of the TRI overlooking the calving front
of Store. TRI, terrestrial radar interferometer.

2.3. Radar Data Processing

We used the interferogram record from the TRI, processed using the
Gamma software suite, to generate a sequence of digital elevation models
(DEMs) from which a record of calving events at Store could be extracted.
Topography can be computed from the difference in path lengths between
the transmitting and receiving antennas, which is related to the meas-
ured interferometric phase and wavelength of the radar. In this case, the
topography was calculated following the method of Strozzi et al. (2012),
with the resulting DEMs being resampled to a 10 m by 10 m resolution
and reprojected to Cartesian co-ordinates. As the measurements from
each antenna are simultaneous, no atmospheric or phase displacement
corrections are needed (Strozzi et al., 2012). Inspection of the resulting
record revealed a small number of significant phase breaks and chang-
es in orientation of the TRI over the course of the observation period,
which we ascribe to periods of high winds buffeting the instrument. We
identified four stable periods, covering the majority of the 3-week record
(18 out of 21 days), within which orientation and instrument biases were
constant. Rotations were applied to each period to ensure alignment of
DEMs, as set out in Table 1. These rotations were calculated manually by
comparing the position of the fjord walls with reference satellite imagery.
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Table 1 To identify calving events, we difference the consecutive DEMs produced
Stable Periods and Applied Rotations to Ensure Alignment at each timestep within the above periods (Table 1). Initially, we spatially
Name Start End S, 1¥1terp0¥ated Fhe DEMs to fill gaps, but this created substantial interpola-
tion artifacts in areas of radar shadow and poor radar return. We therefore
Liolg. I 18:2505/07/17 07:18 14/07/17 Z avoid interpolation and restrict our analysis to the northern embayment
Period 2 19:06 14/07/17 23:36 18/07/17 -10° of the calving front (inset (b) in Figure 1), as the southern embayment
Period 3 14:06 21/07/17 01:03 26/07/17 —3° was frequently obstructed through the study period by the protruding ter-
Period 4 01:09 26/07/17 11:01 27/07/17 0 minus of Store Glacier, and did not generate good-quality radar returns.

Note. Times are in local Greenland time WGST.

This decision means some calving events may be split into several smaller
events by no-data pixels, but means that we avoid false positive events.
Where DEMs showed anomalous differences (tens of meters of change or
more in mean pixel value across the entire DEM) in elevation values, they
were deleted from the record before differencing was undertaken, to leave a consistent set of DEMs within
each of the periods identified in Table 1.

Although no ground control was reliably available within the viewing angle, we have confidence in the data
as the remaining DEMs, when considered consecutively, do not show decorrelation within each period.
Relative height changes can thus be reliably measured, which is sufficient for our purpose, so we did not
pursue a solution to this issue. We did not perform additional correction for differences in atmospheric con-
ditions between DEMs as noise created by this will have been filtered out by the steps detailed below, and
accounted for within the error estimate described in Section 3.

To identify calving events, the remaining DEMs were then differenced within each period, though no dif-
ferencing was undertaken across different periods. Calving events were then extracted. To ensure elevation
changes caused by serac collapse inland on the glacier, or by iceberg movement or fragmentation in the
fjord, were ignored, a mask of the ice-front position for each period was produced by manual digitization,
leaving the area around the calving front (a few hundred meters in either direction), where calving events
would be detected, unmasked. The exact position of the calving front within the unmasked area for each
DEM was then digitized using an edge-detecting Sobel filter. Valid calving events were identified as negative
changes in elevation of more than 10 m with at least one pixel on the digitized calving front and entirely
within the unmasked area. Additionally, events of 3 pixels or fewer in area (i.e., 300 m” in area or less) were
filtered out. The area of each event was then calculated by summing up the number of contiguous DEM
pixels meeting the above criteria. Our approach is similar to Walter et al. (2020), although we use a slightly
wider frontal mask because Store is larger and more dynamic. We also use a smaller number of pixels as a
threshold for determining real calving events compared to noise, as our pixel size is larger, but the required
adjacent area (>300 m®) is the same.

Finally, the volume of each event was calculated by multiplying the area of each pixel by the elevation
change, producing a record of subaerial calving volumes and frequencies for the northern half of Store's ter-
minus. This method therefore imposes a minimum detectable calving event size of 4,000 m® (i.e., 4 pixels of
area [10 x 10 m* each] x 10 m of elevation change), so smaller events are not part of the analysis here. This
minimum detectable size is also comfortably in excess of our estimated error (see Section 3), giving us con-
fidence that we are measuring actual calving rather than noise. To support the time-series data, we compare
it to total daily surface melt from the Store drainage basin from modeled RACMO 2.3p2 data (van Wessem
et al.,, 2018) at 1 km resolution. We also manually examine the TRI footage to determine when the majority
of the northern side of the calving front and fjord were mélange-covered and when at least one plume was
visible in the area. Counts and volumes of calving events during ice-covered and ice-free periods, and of
plume-visible and plume-absent periods, were subsequently standardized to enable direct comparison. We
express the calving events as expected totals for an “average” day by working out how many calving events
in the TRI record fall within the ice-covered/ice-free and plume-present/plume-absent periods and scaling
these totals to a period of 24 h. We of course recognize these binary categorizations are simplifications of
complex processes; we use them for analytical convenience.
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3. UAV and Time-Lapse Data

For comparison and validation, we combine TRI data from Store with DEMs produced photogrammetrical-
ly with a 20 cm resolution from contemporaneous UAV surveys. Overlapping imagery was captured using
a Sony a6000 camera mounted on a Skywalker X8 2 m fixed-wing UAV. Flights were flown at an altitude
of approximately 450 m above the glacier surface, targeting a ground sampling distance of ~11 cm, a for-
ward overlap of 80%, and a sidelap of 60%. 3D models were produced using Structure-from-Motion with
Multi-View Stereo (SfM-MVS) photogrammetry using Agisoft Metashape software. Models were geolocated
via aerial triangulation using an L1 carrier-phase GPS receiver mounted on the UAV, post-processed kin-
ematically against a bedrock-mounted GPS base station. For a full outline of the methods, see Chudley
et al. (2019). We use DEMs produced from flights over the calving front at 2017-07-12 at 22:00 and 2017-07-
13 at 10:00 WGST. Calving volumes were calculated by differencing the two DEMs, manually delineating
the calved area and then multiplying the area of each pixel by the elevation change. To correct for ice flow
between the two UAV flights, we perform this volume calculation with the DEMs “as is” (i.e., implicitly
assuming that all calving happened just before the second UAV flight) to derive a minimum volume. We
then perform the same calculation, but with the later UAV DEM georeferenced to the earlier one using iden-
tifiable features on both DEMs as ground control points (i.e., assuming that all calving happened just after
the first flight) to obtain a maximum volume. We then calculate the difference between these two volume
estimates, divide it by two (as the TRI data show the volume of calving was spread nearly time-symmetri-
cally about the mid-point between the two UAV flights) and subtract the result from the maximum estimate
to obtain our final figure presented below.

We also use the contemporaneous UAV observations to assess the error bar on the TRI observations. The
error on the UAV-derived DEMs has been shown to be around 10 cm in both the horizontal and vertical
directions (Chudley et al., 2019), which means we can reasonably use these as the “true” surfaces when we
compare against the much coarser TRI DEMs. We georeferenced the TRI observations from 18:18 on July
12 and resampled the contemporaneous UAV DEM to match. We then differenced the TRI DEM and the
resampled UAV DEM to estimate the error bar (1 o) in the TRI data. After removing no-data pixels and those
more than three times the interquartile range above the third quartile or below the first quartile, we find
an error bar of 5.4 m for the TRI observations compared to the UAV observations. This validates our choice
of the 10 m threshold, as described above, for discriminating between “real” calving events and noise, and
also our discarding of any DEMs that showed jumps in mean elevation values of tens of meters. This error
bar means the maximum error on volume measurements is therefore 540 m® per pixel (5.4 X 10 X 10) or at
least 2,160 m’ per event (4 pixels minimum), which is (a) well below our minimum threshold of detecta-
bility imposed by the processing method described above (4,000 m?), giving us confidence that our results
represent actual calving, rather than noise and (b) is sufficiently small that it does not materially impact the
presentation of our results.

In addition, we used stationary time-lapse images taken at 5-min intervals by a camera installed next to the
TRI throughout the field season, including the 12-h period separating the two UAV surveys. These images
are used here purely as a visual record.

4. Results
4.1. Comparison of TRI With UAV and Time-Lapse Data

Before extracting the full TRI record of calving events, we compare the TRI observations against two con-
temporaneous high-precision DEMs from UAV surveys separated by 12 h. We also use time-lapse camera
images captured sequentially at 5-min intervals during this period (Figure 3), focusing specifically on the
section of the calving front denoted by the red box in Figure 1. The UAV-derived DEMs (Figures 3a-3c) show
a distinct change in the terminus position, but cannot specify whether calving occurred as a single large
event or multiple smaller events for the total ~1,400,000 m? in subaerial volume loss calculated by differenc-
ing the two DEMs. This is resolved by the TRI, which captured identical frontal positions (Figures 3d-3f)
and how terminus geometry changed (Figure 4). With data acquired every 3 min, the TRI record reveals
a total of 48 individual calving events over the 12-h period between the two UAV surveys. Figures 4a—4f
show one of the smaller constituent events, from the perspective of the camera and TRI, respectively, and
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Figure 3. Comparison of calving loss detection across UAV and TRI data sets. Panels (a) and (b) show a large-scale
calving loss from UAV-derived DEMs acquired across a 12-h period; panel (c) shows the difference between panels (a)
and (b) Panels (d) and (e) show the same calving loss on TRI-derived DEMs; panel (f) shows the difference between
panels (d) and (e) Panel (g) shows the location of the calving at the front of Store (red box) and the bed DEM (see Cook
et al., 2020 for its derivation) used in volume calculations. The black line is the approximate outline of the calving front
and northern lateral margin of Store. White areas represent line-of-sight radar shadows due to poor radar coherence or
surface topography; see Section 5.3 for discussion of the data gaps. DEM, digital elevation model; TRI, terrestrial radar
interferometer; UAV, unmanned aerial vehicle.

Figures 4g-41 show the largest constituent event, which generated about 40% of the total subaerial volume
loss detected over the 12-h period. As shown, the time-lapse and TRI footage both agree on the timing of
the calving events. Only 6 out of the observed 48 events (12.5%) exceeded a size of 5 x 10* m® (Figure 5), but
these larger events were responsible for 56% of the volume loss across the 12-h period. The smaller events,
while seven times more numerous, contributed just under half (44%) of the volume of ice calved.

The total subaerial ice volume loss detected by differencing the two UAV DEMs is 1,404,000 m?>. When we
sum up all the events within the same area detected by the TRI, we obtain a total subaerial ice volume loss
of 1,240,000 m?, which is a discrepancy of only 12% compared to the independent UAV method. Assuming
that the calving front remains close to vertical, and using the bed DEM shown in Figure 3g, we estimate that
the accompanying submarine volume loss is 11,900,000 m’, giving a total calving volume of 13,150,000 m°.
Given that the submarine loss is ~9 times the subaerial loss derived from the UAV and TRI DEMs, the set-
ting of the glacier is close to floatation. This 12% mismatch figure between the TRI and the UAV data also
provides a useful constraint on calving under-estimation from the TRI due to radar shadows.
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Figure 4. Comparison of specific calving-event detection across time-lapse and TRI data sets. Panels (a—c) show a smaller constituent calving event of the
total loss in Figure 3 from time-lapse imagery (event marked by red ellipse); Panels (d-f) show the same event from the TRI's perspective (event denoted by
green circle). Panels (g-i) show the largest constituent calving event of the loss in Figure 3 from time-lapse footage; Panels (j-1) show this event from the TRI's
viewpoint (inside green box). See Section 5.3 for discussion of the data gaps. TRI, terrestrial radar interferometer.
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Figure 5. Cumulative distribution function (right axis) and histogram (left
axis) of frequency-magnitude relationship of single set of calving events at
Store for the 12 h from 22:17 12/07/17 to 10:15 13/07/17 considered in the
UAV validation exercise. Compare with Figure 6 below. Size refers to the
observed subaerial volume. UAV, unmanned aerial vehicle.

4.2. Calving Magnitude-Frequency Distribution

Over the entire 3-week period of observation, we find a total of 8,026
calving events with a mean size of 48,428 m’ (Figure 6). Two-thirds of
the events by frequency are under 50,000 m’ in subaerial volume, but
these only account for 15% of the total volume loss, excluding the small
events below the detection threshold. Very large events, over 500,000 m*
in subaerial volume, are much rarer, totaling only 35 in the record, or
0.4% of total events, but are responsible for a disproportionate 8% of total
volume loss. The events in-between (50,000-500,000 m®) are consequent-
ly responsible for the vast majority of total volume loss, at 77% (Figure 6).

4.3. Time-Varying Behavior in Calving

Considering the distribution of calving events over time (Figure 7), we
observe low calving activity of <200 events per day before July 8, when
the fjord was still frozen and filled with mélange. On July 8, when the
mélange broke up, calving activity immediately increased to 300 events,

COOK ET AL.

7 of 16

85U801 7 SUOWILLIOD BA1E810 3|qedl|dde aup Aq peusenob ae ssjoiie YO ‘9sn Jo SaInJ 10} A%eid178U1IUO A8|IA LD (SUORIPUOD-PUR-SLLIBYWI0D" AB 1M A l.q [BU JUO//StY) SUORIPUOD Pue swie 1 8y} 88S *[2202/TT/T0] Uo AriqiTauliuo A8|IM ‘lod aiwepex v 8yosieziemuyds Aq TS0900-00202/620T 0T/I0p/w0o" A im Are.q 1 puljuosqndnBe//sdny wolj pepeojumoa v ‘1202 ‘TT0669TZ



A2 | .
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF006051

ADVANCING EARTH
AND SPACE SCIENCE

mostly driven by an increase in larger (>10° m®) icebergs. From July 9 to

2000 1 14, calving activity increases further, to ~400 events per day, with a con-

g 1500 ] tinued high proportion of larger events. From July 15 to 17, calving ac-
@ = tivity declines back to ~300 events per day, with a particular reduction in
g 1000 4 E’ the number of the largest (>10° m?) category of events, before starting to
£ increase again, on July 18, with a doubling in the number of the smallest
2 500 A (10°-10* m?) events. Due to weather interference (high winds buffeting
the TRI), there is a data gap on July 19 and 20. However, immediately af-

oS 10¢ Toe T ter this gap, the 10 h of data collected on July 21 show a day of significant

Size of calving event (m?) calving activity (Figure 7). Calving volumes peak with a value of nearly

2,000,000 m* on July 22, while the daily number of events peaks on July

Figure 6. Cumulative distribution function (right axis) and histogram 24 at 721, or 30 events per hour. In general, the number and volume of

(left axis) showing size-frequency relationship of all detected calving
events observed subaerially at Store for 23 days from July 5 to July 27,
2017. Dashed black bars show posited actual size of full-thickness calving
events which is estimated to be nine times greater than the subaerially
observed fraction because the glacier is near floatation. Dashed black

line shows the cumulative distribution function based on the inferred

calving events remain high between July 18 and 24, though volumes are
lower from July 23 onwards.

A possible trigger for calving activity is the weather or, more specifical-
ly, surface melt variations due to changes in air temperature, as greater

actual size (dashed bars) rather than the observed red bars (>7 x 10* m?). surface melt is hypothesized to enhance the depth of surface crevasse

Compare with Figure 5 above.

penetration (Benn & Astrom, 2018). We examine this by plotting calving

counts and volumes (Figure 8) against surface melt for the Store basin,

derived by integrating surface runoff from the RACMO data set across
the Store basin. Ignoring days with incomplete or no calving data, we find correlation coefficients of 0.42
for the counts, which is significant at the 95% confidence interval (p < 0.05), but only 0.12 for the volumes,
which is statistically insignificant.

To examine any diurnal variation in calving activity, we investigated the hourly record of calving on specific
days (Figure 9), each taken from one period of calving activity: July 6, for the pre-mélange-break-up state
of calving; July 11, in the period of sustained higher calving following break-up; July 15, in the following
period of lower calving; and July 23, for the second period of higher calving.

As Figure 9 shows, there are significant intra-day variations but no statistically significant diurnal trend in
calving activity. However, there are shared features across all 4 days seen as nominal peaks in counts and
volumes around 04:00 + 2 h; 12:00 + 2 h, and 20:00 + 2 h WGST. The most noticeable recurring peak is the
one at midday, although inspection of all 17 days with sufficient data to perform the diurnal analysis shows
it is not a persistent feature and occurred only on 5 days (including July 6, 11, and 23, shown in Figure 9).
We also investigated whether a link between the tidal cycle and calving activity could be discerned, but
found no statistically significant relationship.
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Figure 7. Time series of calving events at Store. Bars stacked by volume of event. Daily counts are shown by thick red
bars; cumulative volumes by the inner blue bars. Note how calving activity increased on July 8 when the proglacial
mélange broke up.
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Figure 8. Time series of surface melt from RACMO 2.3p2 data (gray bars, left axis) and TRI-derived calving events
(colored bars, right axis). (a) Calving event frequency (red bars) and (b) calving volumes (blue bars). TRI, terrestrial
radar interferometer.

4.4. Spatiotemporal Variations in Calving

Two major factors that are hypothesized to influence calving rates are the presence/absence of mélange in
the fjord and of active meltwater plumes fed by subglacial discharge. We assess the impact of both of these
at Store by comparing calving counts and volumes for periods of mélange presence and absence and of vis-
ible plume presence and absence within the study area (Figure 10). In both cases, the counts and volumes
are expressed as an average rate per day. We observe more than a doubling in the number of calving events
in the absence of mélange (from 271 events per day with mélange to 588 events without), compared to when
it is present, and a concomitant 44% increase in volumes. In the presence of visible plumes, the number of
calving events increases by 70%, from 395 per day to 672, but the volume loss from these events only increas-
es very slightly, by 3%, compared to when no plumes are visible.

5. Discussion
5.1. Calving Behavior

The observed magnitude-frequency distribution of calving shows a positively skewed relationship (Fig-
ure 6): there are far more smaller events than larger ones, though the rarer larger events account for most
of the volume loss. The smaller events mostly represent occurrences similar in style to that shown in Fig-
ures 4a-4f, that is, detachment of relatively small blocks of ice from the subaerial portion of the calving front
that then fall into the fjord. The larger events are instead exemplified by Figures 4g-41, where entire sections
of the front peel off and topple over. No large tabular-style calving events are observed here; at Store, these
events usually happen on the floating southern part of the calving front and not on the grounded northern
section analyzed here (Todd et al., 2018). Contrary to other observations (Astrdm et al., 2014; Chapuis &
Tetzlaff, 2014; Walter et al., 2020), the calving events discussed here do not follow a clear power-law distri-
bution (Figure 6), with the cumulative distribution across the entire data set suggesting a bimodal sequence
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break-up), (c) 15/07/2017 (reduced calving activity), and (d) 23/07/2017 (renewed high calving activity).

of calving events (Figure 11). One peak is at a magnitude of the order of 10* m?, with another on the order
of 10° m®. We hypothesize that the first peak represents the smaller calving events described above, where
only a (relatively) small subaerial portion of the calving front calves. The second peak then represents the
larger calving events in which a larger portion of the front breaks off. We explain the bimodal event size
distribution (with a paucity of intermediate-sized events) to be due to the mechanics of fracture propaga-
tion: if a fracture reaches the waterline, it will usually fill with water, which will propagate it deeper, which
will further increase the water pressure in a positive feedback. It is also possible that surface fractures will
intersect basal crevasses that propagate upwards from the base (Todd et al., 2018). Both of these mecha-
nisms can generate large, full-thickness calving events. The first peak consequently represents those events
where the initiating fracture does not reach the waterline, limiting calving to detachment of blocks on the
subaerial region of the calving front; the second peak represents those where the fracture has reached the
waterline and continued to the base, or intersected a basal crevasse, resulting in events that are an order of
magnitude greater or even larger. Because our observations are limited to the subaerial portion of the front
and we know the terminus is close to floatation, the larger events reported with a modal peak of 10° m® may
be the subaerial portion of events with a true modal size closer to 10° m® (as shown by dashed black lines in
Figure 6). As such, intermediate events are rare, because detachment of blocks can only be so large (i.e., a
few tens of meters of ice thickness across a small section of the front), whereas the large toppling of bergs
can only be so small (i.e., hundreds of meters of ice thickness across a larger portion of front).

Returning to how previous calving data sets have shown a power-law distribution for the magnitude-fre-
quency of events, we hypothesize that this is primarily due to the relatively short duration of previous ob-
servations (typically a week or less, 4 days for Chapuis and Tetzlaff [2014] 6.5 days for Walter et al. [2020]).
The bimodality we observe here is a result of two characteristic iceberg size distributions: one being small
blocks of ice falling off the front due to instability from fractures that are tens of meters deep and the other
being larger bergs forming when fractures penetrate the whole ice-column. Superimposed on this bimodal-
ity is a time-varying calving behavior (Figure 11). In the days leading up to mélange break up on July 8, this
bimodality is evident in a similar pattern to that found for the whole data set. Thereafter, from July 8 to 13,
there is a higher-than-average representation of the larger class of calving events while the smaller class is
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and (b) when plumes are visible compared to when they are not. Note how mélange presence suppresses calving
activity and how plume presence increases the frequency of smaller and mid-sized calving events.
under-represented, before July 14 returns to near the overall distribution. After July 14, however, the rest of
the data set tends toward a relative under-representation of the larger events, while the smaller events are
more frequent than average. Therefore, if our observations had been limited to a few days only, for example,
as shown in Figure 5, we might have concluded that a power law fitted on the slope of the cumulative distri-
bution function would be an accurate representation of the data; yet this slope varies greatly over the period
of observations (Figure 11). We therefore suggest that, to get an accurate picture of the calving distribution
100 A
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< 901 gth  —— 21st
3
< 9th 22nd
% 40 10th 23rd
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Figure 11. Cumulative distribution function for calving events observed from July 5 to 27, 2017, with colored lines
denoting distribution on specific days and dashed green line showing the overall distribution. Notice how days earlier
in the observation period cluster below the overall average distribution, whereas those later in the period cluster above
it.
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at a tidewater glacier, detailed observations of calving need to be maintained for at least a week, ideally for a
fortnight or even longer. Shorter observational periods run the risk of missing out on aspects or distinct pe-
riods of calving behavior or of attempting to fit a single power law to a distribution that might have multiple
distinct causes, each best-represented by a single power law. In the case presented here, a separate power
law, based on the variety of cumulative distribution functions we observe (Figure 11), would be needed for
(a) the system before mélange break-up (July 5-7), (b) the system in the immediate aftermath of mélange
break-up (July 8-14), and (c) the system in the later post-break-up period (July 15-27) (Figures 8 and 11).
Doing so, we find best-fit power laws with exponents of 0.53, 0.64, and 0.57, respectively, and R? values of
0.58, 0.73, and 0.44, respectively, suggesting that this calving data set is mostly poorly represented by power
laws, with the possible exception of the immediate post-mélange-break-up period, though, even in this pe-
riod, we still observe pronounced bimodality.

5.2. Calving Controls

The TRI record from Store provides some interesting information on the global distribution and controls on
calving. We find a sustained 6-day period of higher calving activity in the aftermath of mélange break-up
on July 8 (Figure 7), with rates more than doubling compared to before break-up. Previous modeling work
on Store (Todd et al., 2018) suggests this corresponds to the loss of back stress from the mélange, which
provides a resisting force when the mélange is rigid. When the back stress is lost, this force disappears, facil-
itating crevasse propagation of sufficient depth to trigger detachment of full-thickness sections of the front
(Amundson & Truffer, 2010). As such, we find the highest proportions of the largest events at this time, with
the largest two categories of events (>10° m? in terms of subaerial volume and potentially >10° m? in total
volume) making up an average of 33% of all events between July 9 and 12, inclusive, compared to an aver-
age of 24% beforehand and 11% afterward. We then see a period of renewed calving intensity from at least
July 21 to 24, this time predicated on smaller events, which seems to tail off on July 25 and 26 before pos-
sibly starting to pick up again on July 27, the very last day of the record. An interesting perspective on this
behavior is provided by the theory of calving fronts as self-organized critical systems (Astrém et al., 2014;
Chapuis & Tetzlaff, 2014), whereby the front continually oscillates around a critical point that is determined
by the environmental boundary conditions, air and water temperature, bed topography, glacier geometry,
and so on. Fronts that are subcritical will tend to move toward the critical point, building up instabilities and
manifesting small-scale, subdued calving behavior. At some point, the calving front will find itself in a state
of supercriticality due to a change in the environment or as it overshoots the critical point, which produces
large-scale, sustained calving as the system adjusts back toward the critical point. Therefore, removal of the
mélange can be interpreted as shifting the critical point of the system, suddenly placing the calving front of
Store in a position of overshoot, and therefore supercriticality, manifested through a series of large calving
events (the initial period of strong calving from July 8 to 13). The now-subcritical system then steadily re-ad-
vances toward the critical point, building up instabilities as it does so, and exhibiting small calving events
(the quieter period of calving from July 14 to 18). Although greater calving activity is observed subsequent
to this until the end of the record (from July 19 to 27), the shape of the cumulative distribution functions
(Figure 11), with a marked dominance of smaller events, suggests this is a prolongation of the subcritical
phase, rather than a return to supercriticality.

This theory also helps to explain the very poor correlation found between calving event size and amount
of surface melt (Figure 8). Whilst there is a statistically significant correlation between surface melt and
the number of calving events (Figure 8a), there is none between surface melt and the volume of events
(Figure 8b). Increased surface melt should enhance fracture propagation by increasing the amount of water
available for hydrofracturing at the surface, or by generating more vigorous freshwater-plume circulation at
the front, leading to increased submarine melting and undercutting (O'Leary & Christoffersen, 2013), this
link is discussed further, below. Hence, we would expect to find a link between surface melt and counts of
calving events. Whether these fractures grow in such a way as to produce large or small calving events, how-
ever, would seem to be primarily determined by other factors, such as whether the system is in a subcritical
or supercritical state.

A link between surface melt and calving activity is also observed (Figure 8), but this does not translate into
the consistent appearance of a midday peak in calving that could be driven by increased insolation and
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therefore surface melt, thus driving fracture propagation, at this time of day. This reinforces the conclusion
that surface melt may influence calving on some days but not all days, and only insofar as sufficient water
becomes available over multiple days to drive hydrofracture. However, this mechanism is not a primary
driver of calving activity.

We also examine two important factors contributing to the criticality of the system (Figure 10). In accord-
ance with the pattern of activity observed in Figure 7, we find much stronger calving activity in the absence
of mélange compared to when it is present (Figure 10a compare Figure 7). One point worth noticing is that
the largest of two observed modal peaks in calving accounts for a greater proportion (28%, representing 888
events) of the total calving count when mélange is present compared to when it is not (15%, representing
1,041 events), suggesting that mélange presence preferentially suppresses smaller events, but is relatively
ineffective at holding back larger events, which will calve regardless once they become sufficiently unstable.
The latter may reflect a limitation in the ability of the mélange buttressing force to suppress large calving
events, that is, once fracture propagation from the forward-rotating weight of the collapsing subaerial ice
exceeds the closure imposed by mélange back stress. We note, however, that this limitation is specific only
to our observations and that the mélange buttressing force could have been higher prior to the melt season
when the weather was colder.

However, a calving front exhibiting self-organized critical behavior near its critical point should show calv-
ing activity that follows a power-law distribution with exponents in the range 1.06-1.46 (Astrom et al., 2014),
which we do not observe in this study. On the other hand, we do observe qualitative changes in calving be-
havior between a likely subcritical calving phase (July 5-7; dominated by smaller events), a likely supercriti-
cal phase (July 8-14; dominated by larger events), and a second subcritical phase (July 15-27; dominated by
smaller events), with the period of subcriticality representing over 2/3 of the record duration. These features
are consistent with a calving front operating in a self-organized critical regime (Astrom et al., 2014). It is
also worth noting that, for grounded tidewater margins, which is the relevant category for the northern part
of Store's calving front, the power law is expected to display an exponential cutoff for calving events with
volumes over 10* m* (Astrém et al., 2014). If we only consider the events below this volume threshold and
repeat the power-law analysis described in Section 4.1, we find R* values of 0.83, 0.77, and 0.78, respectively.
These represent a significant improvement in R* values for the two putatively subcritical phases and little
change for the putatively supercritical phase, which is consistent with grounded calving fronts operating in
a self-organized critical regime (Astrom et al., 2014). The power-law exponents, however, jump to 3.66, 3.73,
and 3.64 when considering events below this 10* m® threshold, which is much higher than expected from
Astrom et al. (2014). We attribute this to our processing method excluding events below 4,000 m® in size,
distorting the tail of the distribution. However, we note that Walter et al. (2020) found a power-law exponent
of 3.7 for the shallow section of the calving front of Eqip Glacier, and 2.3 for the deep section, with calving
biased toward the smaller end of the size scale considered in our study, so our power-law exponents may
not be overly distorted by the truncated tail. Therefore, we suggest that the calving front at Store exhibits
behavior that is at least qualitatively consistent with self-organized criticality and potentially provides quan-
titative support for this. This point also reinforces our assertion that calving behavior changes over time and
thus cannot be necessarily well-represented or modeled by a short time series of observations.

We additionally show that visible active meltwater plumes, driven by surface melt, encourage more frequent
calving events (Figure 10b), possibly as a response to undercutting of the calving front, as described above.
What is less intuitive is that the increase in the number of events is associated with barely any increase in
the volume loss from calving. The presence of plumes in this study greatly increases the number of smaller
(<10° m®) calving events at the expense of the larger events (>10°> m?), which fall from 24% (representing
909 events) to 11% (representing 730 events) of the total event count. We attribute this to plume-induced
melting making it “easier” for blocks and small vulnerable sections of the front to break off, removing them
consecutively in a relatively high number of events, which may reduce stresses in the ice, thereby reducing
the frequency of large calving events. This does not, however, mean plumes reduce the total mass loss as we
are unable to observe the quantity of ice lost by plume-induced melting, or calving, taking place below the
waterline. The finding does, nonetheless, highlight that the relationship between plumes and calving is not
as straightforward as previously proposed (Mercenier et al., 2020; O'Leary & Christoffersen, 2013).
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Also, the bimodal distribution of iceberg sizes found in this study of Store shows that classification of
glaciers into types that produce either small magnitude icebergs by serac failure or large icebergs by
full-thickness capsizing slabs or tabular icebergs, with Store falling in the latter category according to Fried
et al. (2018), may be too simplistic since both types of events are observed to occur frequently at Store. While
it is possible that some glaciers will calve mostly by one mechanism and that others will calve mostly by
the other, our TRI record from Store indicates that the calving mechanism inherently comprises both and
that the predominant calving style can change from one type to the other over relatively short periods. This
finding is a result of the extremely high resolution of the TRI, which recorded calving every 3 min. While
our UAV investigation showed a subaerial volume loss of 1,404,000 m° from a frontal retreat between two
surveys separated by 12 h (Figure 4), the TRI showed this retreat was comprised of 48 individual events and
that iceberg sizes varied by two orders of magnitude or more (Figure 5). This finding indicates that there are
inherent limitations in the use of remotely sensed images to discern calving styles and that classification of
calving glaciers may require size-frequency distributions and assessment of probability (Figures 6 and 11).

5.3. Limitations and Validation

This study has produced one of the longest records of calving from the use of a TRI. The instrument cap-
tured calving events occurring over half of the calving front of Store during 3 weeks in July 2017. Overall,
we found a very good agreement between the volumetric loss of ice in a multitude of calving events with
those estimated from the UAV-derived DEMs produced at a 0.2 m resolution (Figures 3 and 4). This gives us
confidence that the TRI was successful in identifying calving events on the northern side of Store and that
the TRI analysis has produced accurate volumetric estimates. However, due to the 5-km-wide calving front,
it was not possible to also survey calving taking place in the southern half of the terminus, where numerical
modeling indicates the largest, tabular-style calving events are most likely to occur (Todd et al., 2018). How-
ever, our study shows that the northern terminus is very close to floatation and thus that the differences
between our observations and the floating southern half may not be so pronounced.

A fundamental limitation of the TRI is that it only observes subaerial calving volumes. As computed in
Section 4.1, we find a nine times greater submarine calving volume than the subaerial volume from UAV
and TRI DEMs for the sequence of calving events displayed in Figures 2 and 3. This shows that the north-
ern calving front we observe is at or very close to floatation, and hence that the observed modal peak in the
subaerial calving volume of larger events represents only 1/10th of the actual iceberg size. The modal peak
of the smaller iceberg sizes may, however, be close to the actual volume given that these events represent
relatively smaller blocks or slabs of ice falling off the front.

While the use of the TRI has provided a record of calving with unprecedented detail and resolution, the
presence of radar shadows is a limitation that introduces inherent data gaps, that is, when the coherence of
the TRI returns is insufficient to extract elevation data. The effect of these on the data set is to (a) not detect
small calving events that happen in the radar voids, and (b) not detect the full size of large calving events
that spread across a void. With an independent record of calving from contemporaneous UAV surveys, we
estimate the error induced by these radar shadows to be around 12%. The main limitation to this study as a
result of this error is a bias toward underestimating both small and large calving events. This error is small
in comparison to the limitation associated with detection range, which restricts our study to the northern
half of the terminus. To detect all calving events at Store in an absolute sense, multiple TRI instruments
would be needed. These additional resources were not available in this study.

6. Conclusions

We present a novel 3-week-long record of calving events at Store Glacier from a TRI survey that includes the
transition from a mélange-filled proglacial fjord setting to a mélange-free environment. The record includes
a total of 8,026 calving events with a mean volume of 4.8 x 10* m*. Maximum calving rates peak at 30 events
per hour, or 720 per day, with an average rate of 17 events per hour, or 408 per day. This data set suggests
mélange presence preferentially suppresses smaller calving events and that mélange break-up leads to a
prolonged period of higher calving activity at Store, with calving rates nearly doubling in open-water and
mélange-free conditions. We assess the accuracy of this data set by making a comparison with calving
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events independently and contemporaneously recorded across a 12-h period between two UAV surveys.
The UAV surveys show that radar shadowing may introduce a 12% error in the TRI-detected calving vol-
ume; however, the TRI record shows that the single-volume change recorded by the UAV surveys actually
represents 48 small calving events. With the TRI capturing calving events in high resolution, both spatially
and temporally, we find a bimodal size-frequency distribution of events that reflects two specific types of
calving: blocks and relatively small sections of ice breaking off the subaerial part of the terminus with a
characteristic modal size of 10 m®, and much larger icebergs released from full-thickness failure. While the
observed modal size of the latter is 10° m>, we estimate the actual volume to be closer to 10° m> since our
observations capture only the subaerial portion of the terminus, which is at or near floatation. However, we
find the predominant type of calving can change from small to large events over relatively short periods.

With both temporal and spatial variability in calving at Store, our observations do not support any simple
power-law relationship between iceberg size and frequency. Instead, we observe a complex relationship
between calving and the presence of visible meltwater plumes at the calving front. Plume presence leads
to 70% more calving events, but the subaerial volume of ice detaching from the terminus in these events
only increases by 3%. We relate this to reduced support due to plume-induced melting allowing unstable
ice blocks to calve earlier than they might otherwise have done. We further find little relationship between
surface melt and calving volumes, though a statistically significant one between surface melt and calving
counts, again indicating the complexities underlying calving behavior.
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