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e We find no single clear control on calving and cleariations in calving behaviour over
time, producing a bimodal calving event-size dttion

e Our findings suggest that grouping glaciers byrtdeminant calving mechanism is not
tenable, as this mechanism can change over time
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Abstract

Calving and solid ice discharge into fjords accdontapproximately half of the annual net ice
loss from the Greenland Ice Sheet, but these pseseme rarely observed. To gain insights into
the spatio-temporal nature of calving, we use @stnial radar interferometer to derive a three-
week record of 8,026 calving events from SermecpHer (Store Glacier, west Greenland),
including the transition between a meélange-filled &e-free fjord. We show that calving rates
double across this transition and that the interfeater record is in good agreement with
volumetric estimates of calving losses from conterapeous UAV surveys. We report
significant variations in calving activity over tenwhich obfuscate any simple power-law
relationship. While there is a statistically sigreint relationship between surface melt and the
number of calving events, no such relationshiptexbetween surface melt and the volume of
these events. Similarly, we find a 70% increasénumber of calving events in the presence
of visible meltwater plumes, but only a 3% incregemsealving volumes. While calving losses
appear to have no clear single control, we findh@obal distribution of iceberg sizes due to
small blocks breaking off the subaerial part of ghecier front and large capsizing icebergs
forming by full-thickness failure. Whereas previausrk has hypothesised that tidewater
glaciers can be grouped according to whether thbye @redominantly by the former or latter
mechanism, our observations indicate that calvierg iInherently comprises both, and that the
dominant process can change over relatively stesrogs.

Plain Language Summary

We observe the release of icebergs by calvingaa glacier in Greenland for three weeks,
during which we find 8,026 calving events acrosgae range of environmental conditions. We
show that our observation method (radar interfetoyhagrees well with an independent method
(aerial drone photography). We find that the typeadving varies significantly over time, but
that there is no single mechanism that controks\tariation; instead, it is due to multiple factors
This leads to two kinds of calving events: smatids falling off the visible part of the front of
the glacier, and large blocks of the entire thideef the front (including the area underwater)
breaking off. Previous work has assumed that glacan be grouped by which of these types of
calving is more important, but we show that thiansover-simplification at large glaciers such
as Store, as both these mechanisms are observdénbtmnare the more important mechanism at
different times.

1 Introduction

Tidewater outlet glaciers (i.e. glaciers that flmto the sea) drain 88% of the area of the
Greenland ice sheet (GrIS) (Rignot & Mouginot, 201@e discharge due to calving from these
glaciers is currently responsible for 40% of Grifhiaal net mass loss (equivalent to 0.33 mm a
global sea-level rise) (Mouginot et al., 2019). Whicreasing surface melt and runoff act to
reduce the solid ice discharge due to the thinitinguses, tidewater glaciers are discharging
more ice into the ocean (King et al., 2018). Tharefunderstanding how calving occurs and its
relationship to other processes in the tidewatacigl system and external forcing becomes of
central importance in forecasting the evolutionh& GrIS in the coming decades and century.

Calving is an important glaciological process detvater environments in which glaciers

discharge ice into fjords and coastal seas. Itscatnen extensional stresses at the terminus
produce fractures that intersect the calving ffom either the surface or the base of the glacier
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(Bassis and Jacobs, 2013; Benn et al., 2017b)irgaily governed by the distribution of stresses
created by the flow of the glacier and its setasgvell as environmental processes that can
increase stresses at the terminus, such as bugyanéyce melting or submarine melt
undercutting (Benn et al., 2017b; Benn and Astra@1,8). As such, calving is a highly complex
process that happens with little detectable warbeged on small changes in one or more of the
controlling variables (Astrém et al., 2013; Benrakt 2017a).

Calving at tidewater glaciers, due to this unpredtite nature, is therefore a difficult process to
observe directly, meaning that obtaining informatatoout overall rates or controls, which could
allow the development of simple calving parameggiasis, is challenging. Conventional remote-
sensing does not offer sufficient temporal resohytwith satellites typically providing images a
few days apart and even more recent techniquesasudmmanned Aerial Vehicles (UAVS)
several hours apart (Chudley et al., 2019; Jouvait ,e2017; van Dongen et al., 2019). Time-
lapse cameras, whilst having sufficient temporabhetion, produce 2D imagery that is not
easily converted into 3D volumes of calving evéhisw et al., 2018; Mallalieu et al., 2017;
Vallot et al., 2019). Terrestrial laser scanning haen used ¢Ricki and Kinnard, 2016;
Podgorski et al., 2018), but repeat surveys withtéchnique are problematic due to the large
guantity of data in each survey, as well as theia@nt logistical effort required and the
relatively short range of the instrument. Contirsiand detailed datasets on calving behaviour at
tidewater glaciers are thus lacking, yet understanthis process is crucial for advancing
numerical models and for better prediction of tidéasv-glacier behaviour and consequent sea-
level rise. One possible solution to this issuthésuse of terrestrial radar interferometry, which
can provide high-resolution scans, both tempoialig spatially, of a calving front (e.g.
Voytenko et al., 2017; Walter et al., 2020). Thizvel method has so far only been applied to a
limited number of tidewater outlets, but shows pigaior providing the kind of continuous
calving records that have been lacking in studiesdate.

In this study, we use a real-aperture terrestadar interferometer (TRI) (Chapuis et al., 2010;
Strozzi et al., 2012; van Dongen et al., 2019; ¥okb et al., 2017; Walter et al., 2020; Xie et
al., 2019) to produce a directly observed, neatiooous, 3-week record of calving events for a
major Greenlandic outlet glacier. The high resolutof this technique, both spatially and
temporally, allows us to characterise 8,026 caleéngnts in terms of size and frequency, while
exploring the effect of different environmental tiars.
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2 Methods

2.1. Study site
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Figure 1 — Location of Store Glacier (ins&t and location of TRI and time-lapse camera (red
circle). The study area is outlined in green (imgefhe red rectangle represents the area
zoomed in on in Figures 2 and 3 and the blue arskow the two regions where surfacing
plumes are commonly observed in the time-lapse e@maddackground image from Landsat 8,
acquired on 19 October, 2016.

Sermeq Kujalleq (Store Glacier ) (70MI50.6 W, Figure 1), referred to here as Store, is one of
the largest tidewater outlet glaciers on the weastof Greenland. The glacier discharges
around 12 Gt annually into lkerasak Fjord (Rigricdle 2016) in the southern end of
Uummannaq Bay. The calving front of Store is 5 kideywith surface velocities reaching up to
6600 m & (Joughin, 2018), and is located at a lateral camtiemn in the fijord on top of a basal
pinning point, making the terminus position relatiwstable (Todd et al., 2019) with no
observed retreat since at least 1985 (Catania, &Ml8). This stability makes it an ideal target
for developing calving models (e.g. Morlighem ket 2016; Todd et al., 2018; Todd and
Christoffersen, 2014; Xu et al., 2013) and for obisg) tidewater-glacier processes in a
‘natural’, i.e. unperturbed setting. However, behthis pinning point, Store sits in a deep trough
that could condition it for rapid retreat shoule finont be pushed back from the pinning point
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(Aschwanden et al., 2019). This means Store idiaddily interesting, as it may provide
information on the transition from a stable calvimmnt to a retreating calving front in the future.

2.2. Radar set-up

The TRI used in this study was a Gamma Remote Sg&iound-based Portable Radar
Interferometer Il (GPRI-II). This is a Ku-bant=1.75 cm), real-aperture, rotating instrument
that has a range of up to 16 km with a range résolof 0.75 m and an azimuthal resolution
proportional to slant range with a ratio of 8:1qD8., an azimuthal resolution of 8 m at 1 km
distance) (Werner et al., 2008). The instrumentdmestransmit and two receive antenna, spaced
25 cm apart, allowing measurement of spatio-temmbr@nge in calving-front dynamics.
Topography can be computed by comparing images fraitm antennae taken at the same time.

The GPRI-1l was located about 2 km from the glat#éeminus on the northern side of the fjord,
on a rocky promontory overlooking the calving fr@higure 2). A Canon EOS 750D time-lapse
camera was also installed next to it. The TRI weig@scan at a repeat interval of 3 minutes
continuously for 21 days (each scan lasted apprabeity 30 s), between 18:25 on thednd
11:01 on the 26July 2017.

Figure 2 Photo shing set-up of the TRI overlooking ¢hkr/ing front of Store.

2.3. Radar data processing

We used the interferogram record from the TRI, pssed using the Gamma software suite, to
generate a sequence of digital elevation modeld§)Erom which a record of calving events at
Store could be extracted. Topography can be cordguden the difference in path lengths
between the transmitting and receiving antennag;hwk related to the measured interferometric
phase and wavelength of the radar. In this casgpghography was calculated following the
method of Strozzi et al. (2012), with the resultiDMs being resampled to a 10 m by 10 m
resolution and reprojected to Cartesian co-ordgiade the measurements from each antenna are
simultaneous, no atmospheric or phase displacecoerdctions are needed (Strozzi et al., 2012).
Inspection of the resulting record revealed a smathber of significant phase breaks and
changes in orientation of the TRI over the coursth® observation period, which we ascribe to
periods of high winds buffeting the instrument. Wentified four stable periods, covering the
majority of the three-week record (18 out of 21g)awithin which orientation and instrument
biases were constant. Rotations were applied to pagod to ensure alignment of DEMs, as set
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out in Table 1. These rotations were calculateduabiyby comparing the position of the fjord

walls with reference satellite imagery.

Table 1- Stable periods and applied rotations to endigeraent. Times are in local Greenland

time WGST).
Name Start End Rotation
Period 1 18:25 05/07/17 07:18 14/07/17 0
Period 2 19:06 14/07/17 23:36 18/07/17 -10°
Period 3 14:06 21/07/17 01:03 26/07/17 -3°
Period 4 01:09 26/07/17 11:01 27/07/17 0

To identify calving events, we difference conseeDEMs produced at each timestep within
the above periods (Table 1). Initially, we spagiatiterpolated the DEMs to fill gaps, but this
created substantial interpolation artefacts inaofaadar shadow and poor radar return. We
therefore avoid interpolation and restrict our gsial to the northern embayment of the calving
front (insetb. in Figure 1), as the southern embayment was fratyuebstructed through the
study period by the protruding terminus of Storadgdr, and did not generate good-quality radar
returns. This decision means some calving evenysbaaplit into several smaller events by no-
data pixels, but means that we avoid false poséents. Where DEMs showed anomalous
differences (tens of metres of change or more iampexel value across the entire DEM) in
elevation values, they were deleted from the rebefdre differencing was undertaken, to leave
a consistent set of DEMs within each of the peridésitified in Table 1.

Although no ground control was reliably availablghmn the viewing angle, we have confidence
in the data as the remaining DEMs, when consideoadecutively, do not show decorrelation
within each period. Relative height changes cas theureliably measured, which is sufficient for
our purpose, so we did not pursue a solution ®isisue. We did not perform additional
correction for differences in atmospheric condisictetween DEMSs as noise created by this will
have been filtered out by the steps detailed bedmd,accounted for within the error estimate
described in Section 3.

To identify calving events, the remaining DEMs wtren differenced within each period,
though no differencing was undertaken across diffeperiods. Calving events were then
extracted. To ensure elevation changes caused &y sallapse inland on the glacier, or by
iceberg movement or fragmentation in the fjord,eMgnored, a mask of the ice-front position
for each period was produced by manual digitisatieaving the area around the calving front (a
few hundred metres in either direction), where icg\events would be detected, unmasked. The
exact position of the calving front within the urskad area for each DEM was then digitised
using an edge-detecting Sobel filter. Valid calvewgnts were identified as negative changes in
elevation of more than 10 m with at least one porethe digitised calving front and entirely
within the unmasked area. Additionally, events @ix&ls or fewer in area (i.e. 30 area or
less) were filtered out. The area of each eventthws calculated by summing up the number of
contiguous DEM pixels meeting the above criteriar @pproach is similar to Walter et al.
(2020), although we use a slightly wider frontalskn@ecause Store is larger and more dynamic.
We also use a smaller number of pixels as a thi@$bodetermining real calving events
compared to noise, as our pixel size is largerttitequired adjacent area (>308) im the

same.
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Finally, the volume of each event was calculatednojtiplying the area of each pixel by the
elevation change, producing a record of subaeaiairy volumes and frequencies for the
northern half of Store’s terminus. This method ¢f@re imposes a minimum detectable calving
event size of 4000 #i.e. 4 pixels of area (10 x 1(’maach) x 10 m of elevation change), so
smaller events are not part of the analysis inghjger. This minimum detectable size is also
comfortably in excess of our estimated error (se&i®n 3), giving us confidence that we are
measuring actual calving rather than noise. To suppe time-series data, we compare it to
total daily surface melt from the Store drainagsitnédrom modelled RACMO 2.3p2 data (van
Wessem et al., 2018) at 1 km resolution. We alsoually examine the TRI footage to
determine when the majority of the northern sidéhefcalving front and fjord were mélange-
covered and when at least one plume was visibtledrarea. Counts and volumes of calving
events during ice-covered and ice-free periods,cdipdume-visible and plume-absent periods,
were subsequently standardised to enable diregb@aoson. We express the calving events as
expected totals for an ‘average’ day by workingloatv many calving events in the TRI record
fall within the ice-covered/ice-free and plume-gnetgplume-absent periods and scaling these
totals to a period of 24 hours. We of course res®these binary categorisations are
simplifications of complex processes; we use therahalytical convenience.

3 UAV and time-lapse data

For comparison and validation, we combine TRI diaten Store with DEMs produced
photogrammetrically with a 20 cm resolution fromntmporaneous UAV surveys. Overlapping
imagery was captured using a Se®)00 camera mounted on a Skywalker X8 2m fixed-wing
UAV. Flights were flown at an altitude of approxitely 450 m above the glacier surface.,
targeting a ground sampling distance=ttl cm, a forward overlap of 80%, and a sidelap of
60%. 3D models were produced using Structure-froatidh with Multi-View Stereo (SfM-
MVS) photogrammetry using Agisoft Metashape sofeavaodels were geolocated via aerial
triangulation using a L1 carrier-phase GPS recaiveunted on the UAV, post-processed
kinematically against a bedrock-mounted GPS badmst For a full outline of the methods, see
Chudley et al. (2019). We use DEMs produced fraghts over the calving front at 2017-07-12
at 22:00 and 2017-07-13 at 10:00 WGST. Calving was were calculated by differencing the
two DEMs, manually delineating the calved area tieth multiplying the area of each pixel by
the elevation change. To correct for ice flow betw the two UAV flights, we perform this
volume calculation with the DEMs “as is” (i.e. imptly assuming that all calving happened just
before the second UAYV flight) to derive a minimupiume. We then perform the same
calculation, but with the later UAV DEM georefereddo the earlier one using identifiable
features on both DEMs as ground control points &ssuming that all calving happened just
after the first flight) to obtain a maximum volum&e then calculate the difference between
these two volume estimates, divide it by two (&sTRI data show the volume of calving was
spread nearly time-symmetrically about the mid-pbetween the two UAV flights) and
subtract the result from the maximum estimate taiabour final figure presented below.
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We also use the contemporaneous UAV observatioasdess the error bar on the TRI
observations. The error on the UAV-derived DEMSs Ib@sn shown to be around 10 cm in both
the horizontal and vertical directions (Chudleywlet2019), which means we can reasonably use
these as the ‘true’ surfaces when we compare agamsuch coarser TRI DEMs. We
georeferenced the TRI observations from 18:18 erl# July and resampled the
contemporaneous UAV DEM to match. We then diffeeghthe TRI DEM and the resampled
UAV DEM to estimate the error bar ) in the TRI data. After removing no-data pixelslan
those more than three times the interquartile rafge the third quartile or below the first
quartile, we find an error bar of 5.4 m for the Td®lservations compared to the UAV
observations. This validates our choice of the libireshold, as described above, for
discriminating between ‘real’ calving events andsepand also our discarding of any DEMs
that showed jumps in mean elevation values of ¢émsetres. This error bar means the
maximum error on volume measurements is thereféden$ per pixel (5.4 x 10 x 10) or at least
2160 nd per event (4 pixels minimum), which is a) welld&lour minimum threshold of
detectability imposed by the processing methodritest above (4000 #y giving us confidence
that our results represent actual calving, rathen inoise, and b) is sufficiently small that it sloe
not materially impact the presentation of our resul

In addition, we used stationary time-lapse imag&sn at 5-minute intervals by a camera
installed next to the TRI throughout the field segsncluding the 12-hour period separating the
two UAV surveys. These images are used here pasedyvisual record.
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4 Results

4.1. Comparison of TRI with UAV and time-lapse data

Elevation (m)[__] -300 !77
Bl 600 []-150 /
[]-450 MWHO

|

Elevation (m)
Il o
Il 20
I 40
B 60
F1 80
1100

1" Elevation (m)
o
=l 20

Bl 40 ,.
' 60
[ 80
S 1100

%

f

! [
\ *
R, "% TR *
22:18 10:15 ]
12/07/37 3 3/07/17 S Diff, DEM

Figure 3— Comparison of calving loss detection across Wahd TRI datasets. Pan@sndb
show a large-scale calving loss from UAV-derivedNEacquired across a 12-hour period,
panelc shows the difference between parendb. Panelsl ande show the same calving loss
on TRI-derived DEMs; panélshows the difference between parkende. Panelg shows the
location of the calving at the front of Store (keuk) and the bed DEM (see Cook et al. (2020)
for its derivation) used in volume calculationseTitiack line is the approximate outline of the
calving front and northern lateral margin of StdMhite areas represent line-of-sight radar
shadows due to poor radar coherence or surfacgraploy; see Section 5.3 for discussion of
these data gaps.
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Figure 4 — Comparison of specific calving-event detectioroas time-lapse and TRI datasets.
Panelsa-c show a smaller constituent calving event of thaltioss in Figure 3 from time-lapse
imagery (event marked by red ellipse); Paeisshow the same event from the TRI's
perspective (event denoted by green circle). Pajethow the largest constituent calving event
of the loss in Figure 3 from time-lapse footagené?sj-l show this event from the TRI's
viewpoint (inside green box). See Section 5.3 fecussion of the data gaps.

Before extracting the full TRI record of calvingents, we compare the TRI observations against
two contemporaneous high-precision DEMs from UAWsYys separated by 12 hours. We also
use time-lapse camera images captured sequeridlyninute intervals during this period
(Figure 3), focusing specifically on the sectiortloé calving front denoted by the red box in
Figure 1. The UAV-derived DEMs (Figure 3a-c) shodistinct change in the terminus position,
but cannot specify whether calving occurred asiglsilarge event or multiple smaller events for
the total 1,400,000 r#in subaerial volume loss calculated by differegdime two DEMs. This

is resolved by the TRI, which captured identicahtial positions (Figure 3d-f) and how terminus
geometry changed (Figure 4). With data acquiredye¥eninutes, the TRI record reveals a total
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of 48 individual calving events over the 12-houripa between the two UAV surveys. Figures
4a-c and 4d-f show one of the smaller constitueahts, from the perspective of the camera and
TRI, respectively, and Figures 4g-i and 4j-I shbw largest constituent event, which generated
about 40% of the total subaerial volume loss deteover the 12-hour period. As can be seen,
the time-lapse and TRI footage both agree on thmg of the calving events. Only 6 out of the
observed 48 events (12.5%) exceeded a size of*BwlL(Figure 5), but these larger events were
responsible for 56% of the volume loss across giadur period. The smaller events, whilst
seven times more numerous, contributed just unalé44%) of the volume of ice calved.
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Figure 5— Cumulative distribution function (right axis)dhistogram (left axis) of frequency-
magnitude relationship of single set of calvingréseat Store for the 12 hours from 22:17
12/07/17 to 10:15 13/07/17 considered in the UAYdaion exercise. Compare with Figure 6
below. Size refers to the observed subaerial volume

The total subaerial ice volume loss detected bgiificing the two UAV DEMs is 1,404,000

m3. When we sum up all the events within the sama det¢ected by the TRI we obtain a total
subaerial ice volume loss of 1,240,008 mhich is a discrepancy of only 12% compared & th
independent UAV method. Assuming that the calviiogt remains close to vertical, and using
the bed DEM shown in Figure 3g, we estimate thatitcompanying submarine volume loss is
11,900,000 i giving a total calving volume of 13,150,006.1@iven that the submarine loss is
~9 times the subaerial loss derived from the UAV @Rd DEMs, the setting of the glacier is
close to floatation. This 12% mismatch figure bedwéhe TRI and the UAV data also provides a
useful constraint on calving under-estimation fritm@ TRI due to radar shadows.

4.2. Calving magnitude-frequency distribution

Over the entire three-week period of observationfind a total of 8,026 calving events with a
mean size of 48,428 (Figure 6). Two thirds of the events by frequeaoy under 50,000 hin
subaerial volume, but these only account for 15%eftotal volume loss, excluding the small
events below the detection threshold. Very largenés; over 500,000 hin subaerial volume,
are much rarer, totalling only 35 in the recordD@t% of total events, but are responsible for a
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disproportionate 8% of total volume loss. The esémtbetween (50,000-500,00C)are
consequently responsible for the vast majorityotdltvolume loss, at 77% (Figure 6).
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Figure 6 — Cumulative distribution function (right axis)dhistogram (left axis) showing size-
frequency relationship of all detected calving @sebserved subaerially at Store for 23 days
from 5" July to 27" July 2017. Dashed black bars show posited acizelo$ full-thickness

calving events which is estimated to be 9 timesatgirethan the subaerially observed fraction
because the glacier is near floatation. Dashedbilae shows the cumulative distribution
function based on the inferred actual size (datiaes) rather than the observed red bars (>¥x10
m?3). Compare with Figure 5 above.

4.3. Time-varying behaviour in calving

Considering the distribution of calving events otiere (Figure 7), we observe low calving
activity of <200 events per day prior to 8 July whbe fjord was still frozen and filled with
mélange. On the'8 when the mélange broke up, calving activity imiataly increased to 300
events, mostly driven by an increase in larger &) icebergs. From thé"o the 14,

calving activity increases further, @00 events per day, with a continued high proportib
larger events. From tH&" to the 17, calving activity declines back 800 events per day,
with a particular reduction in the number of thegést (>1¢ m3) category of events, before
starting to increase again, on thé"1®ith a doubling in the number of the smallest®(10* m3)
events. Due to weather interference (high windédbiufy the TRI), there is a data gap on th& 19
and 2@". However, immediately after this gap, the 10 hardata collected on the 2%how a
day of significant calving activity (Figure 7). @alg volumes peak with a value of nearly
2,000,000 rion the 224 while the daily number of events peaks on th& &4721, or 30 events
per hour. In general, the number and volume ofieglevents remain high between thé" H#hd
24" though volumes are lower from the®8nwards.
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Figure 7 — Time series of calving events at Store. Barskst@d by volume of event. Daily counts
are shown by thick red bars; cumulative volumesghiayinner blue bars. Note how calving
activity increases on th&8uly when the proglacial mélange broke up.

A possible trigger for calving activity is the what or, more specifically, surface melt variations
due to changes in air temperature, as greaterceunfi@lt is hypothesised to enhance the depth of
surface crevasse penetration (Benn & Astrom, 2048) examine this by plotting calving counts
and volumes (Figure 8) against surface melt forStwge basin, derived by integrating surface
runoff from the RACMO dataset across the Storerbdghnoring days with incomplete or no
calving data, we find correlation coefficients od® for the counts, which is significant at the

95% confidence interval (p<0.05), but only 0.12tfoe volumes, which is statistically
insignificant.
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Figure 8 — Time series ofsurface melt from RACMO 2.3p2 dgtay bars, left axis) and TRI-
derived calving events (coloured bars, right axdsjalving event frequency (red bars) and
calving volumes (blue bars).

To examine any diurnal variation in calving actyyiMve investigated the hourly record of calving
on specific days (Figure 9), each taken from om@gef calving activity: the , for the pre-
mélange-break-up state of calving; thé&lih the period of sustained higher calving follogyi
break-up; the 15 in the following period of lower calving; and t@&9, for the second period of
higher calving.
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Figure 9— Time series of calving binned by hour frar6/07/2017 (before mélange breaks
up),b 11/07/2017 (high calving activity following mélambreak-up)¢ 15/07/2017 (reduced
calving activity), andd 23/07/2017 (renewed high calving activity).

As Figure 9 shows, there are significant intra-daations but no statistically significant

diurnal trend in calving activity. However, thenme ghared features across all four days seen as
nominal peaks in counts and volumes around 04:0@t2s; 12:00+2 hours and 20:00 +2 hours
WGST. The most noticeable recurring peak is theatmeidday, although inspection of all
seventeen days with sufficient data to performdinenal analysis shows it is not a persistent
feature and occurred only on five days (including 6", 11" and 23", shown in Figure 9). We
also investigated whether a link between the tigale and calving activity could be discerned,
but found no statistically significant relationship

4.4. Spatiotemporal variations in calving

Two major factors that are hypothesised to infleecalving rates are the presence/absence of
mélange in the fjord and of active meltwater plufegsby subglacial discharge. We assess the
impact of both of these at Store by comparing ogl\dounts and volumes for periods of
mélange presence and absence and of visible pltesenre and absence within the study area
(Figure 10). In both cases, the counts and volienegxpressed as an average rate per day. We
observe more than a doubling in the number of ngleivents in the absence of mélange (from
271 events per day with mélange to 588 events wijhoompared to when it is present, and a
concomitant 44% increase in volumes. In the preseheisible plumes, the number of calving
events increases by 70%, from 395 per day to 6f2hle volume loss from these events only
increases very slightly, by 3%, compared to wheplnmes are visible.
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frequency of smaller and mid-sized calving events.

5 Discussion

5.1. Calving behaviour

The observed magnitude-frequency distribution bfing shows a positively skewed

relationship (Figure 6): there are far more smadig¥nts than larger ones, though the rarer larger
events account for most of the volume loss. Thdlsmavents mostly represent occurrences
similar in style to that shown in Figure 4a-f, idetachment of relatively small blocks of ice from
the subaerial portion of the calving front thatrttiall into the fjord. The larger events are ingtea
exemplified by Figure 4g-l, where entire sectiohthe front peel off and topple over. No large
tabular-style calving events are observed her8iae, these events usually happen on the
floating southern part of the calving front and ootthe grounded northern section analysed here
(Todd et al., 2018). Contrary to other observatigkstrom et al., 2014; Chapuis and Tetzlaff,
2014; Walter et al., 2020), the calving eventsuised here do not follow a clear power-law
distribution (Figure 6), with the cumulative disuition across the entire dataset suggesting a
bimodal sequence of calving events (Figure 11). @#ak is at a magnitude of the order of 10

m?, with another on the order of 6. We hypothesise that the first peak representsrtiadler
calving events described above, where only a (velg) small subaerial portion of the calving
front calves. The second peak then representsitbericalving events in which a larger portion
of the front breaks off. We explain the bimodal v&ize distribution (with a paucity of
intermediate sized events) to be due to the mecbafifracture propagation: if a fracture
reaches the waterline, it will usually fill with vea, which will propagate it deeper, which will
further increase the water pressure in a posigeélback. It is also possible that surface fractures
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will intersect basal crevasses that propagate usvaom the base (Todd et al., 2018). Both of
these mechanisms can generate large, full-thickredgsg events. The first peak consequently
represents those events where the initiating fradoes not reach the waterline, limiting calving
to detachment of blocks on the subaerial regiath@fcalving front; the second peak represents
those where the fracture has reached the watenfidecontinued to the base, or intersected a
basal crevasse, resulting in events that are ar ofdnagnitude greater or even larger. Because
our observations are limited to the subaerial partf the front and we know the terminus is
close to floatation, the larger events reportedhaitmodal peak of 20n®* may be the subaerial
portion of events with a true modal size closet@m? (as shown by dashed black lines in
Figure 6). As such, intermediate events are raealse detachment of blocks can only be so
large (i.e. a few tens of metres of ice thicknessss a small section of the front) whereas the
large toppling of bergs can only be so small tindreds of metres of ice thickness across a
larger portion of front).

Returning to how previous calving datasets havevahem power-law distribution for the
magnitude-frequency of events, we hypothesisethiisis primarily due to the relatively short
duration of previous observations (typically a weekess — 4 days for Chapuis and Tetzlaff
(2014); 6.5 days for Walter et al. (2020)). The bdality we observe here is a result of two
characteristic iceberg size distributions: one ¢aimall blocks of ice falling off the front due to
instability from fractures that are tens of metlegp and the other being larger bergs forming
when fractures penetrate the whole ice-column. Smpesed on this bimodality is a time-
varying calving behaviour (Figure 11). In the dégading up to mélange break up on tHetlis
bimodality is evident in a similar pattern to tii@tind for the whole dataset. Thereafter, from the
8™ through to the 11§ there is a higher-than-average representatidinedfarger class of calving
events while the smaller class is under-represebtfdre the 1% returns to near the overall
distribution. After the 1%, however, the rest of the dataset tends towardktve under-
representation of the larger events, while the Emalents are more frequent than average.
Therefore, if our observations had been limited few days only, e.g. as shown in Figure 5, we
might have concluded that a power law fitted ondlope of the cumulative distribution function
would be an accurate representation of the datdhigeslope varies greatly over the period of
observations (Figure 11). We therefore suggest tbaet an accurate picture of the calving
distribution at a tidewater glacier, detailed olbaéions of calving need to be maintained for at
least a week, ideally for a fortnight or even longghorter observational periods run the risk of
missing out on aspects or distinct periods of cg\behaviour or of attempting to fit a single
power law to a distribution that might have mukiglistinct causes, each best-represented by a
single power law. In the case presented here, aa&ppower law, based on the variety of
cumulative distribution functions we observe (Fgad), would be needed for a) the system
before mélange break-up@™"), b) the system in the immediate aftermath of mgéabreak-up
(8M-14™), and c) the system in the later post-break-upddd3"-27") (Figure 8, Figure 11).
Doing so, we find best-fit power laws with exporeaf 0.53, 0.64 and 0.57, respectively, add R
values of 0.58, 0.73, and 0.44, respectively, ssiyog that this calving dataset is mostly poorly
represented by power laws, with the possible exaepif the immediate post-mélange-break-up
period, though, even in this period, we still obggoronounced bimodality.
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5.2. Calving controls

The TRI record from Store provides some interestifigrmation on the global distribution and
controls on calving. We find a sustained 6-dayqueof higher calving activity in the aftermath
of mélange break-up on th& 8uly (Figure 7), with rates more than doubling paned to before
break-up. Previous modelling work on Store (Toddlgt2018) suggests this corresponds to the
loss of backstress from the mélange, which provedessisting force when the mélange is rigid.
When the backstress is lost, this force disappé&agsitating crevasse propagation of sufficient
depth to trigger detachment of full-thickness sewiof the front (Amundson & Truffer, 2010).
As such, we find the highest proportions of thgést events at this time, with the largest two
categories of events (>16 in terms of subaerial volume and potentially &a8 in total

volume) making up an average of 33% of all evests/ben the @ and the 1?2, inclusive,
compared to an average of 24% beforehand and 1tE¥wvafds. We then see a period of
renewed calving intensity from at least thé'fd the 24, this time predicated on smaller events,
which seems to tail off on the 2and 268 before possibly starting to pick up again on ti#&, 2

the very last day of the record. An interestingspective on this behaviour is provided by the
theory of calving fronts as self-organised critispstems (Astrom et al., 2014; Chapuis &
Tetzlaff, 2014), whereby the front continually distes around a critical point that is determined
by the environmental boundary conditions — air water temperature, bed topography, glacier
geometry, etc. Fronts that are subcritical willdéa move towards the critical point, building up
instabilities and manifesting small-scale, subdceding behaviour. At some point, the calving
front will find itself in a state of supercriticfidue to a change in the environment or as it
overshoots the critical point, which produces lasgale, sustained calving as the system adjusts
back towards the critical point. Therefore, remasahe mélange can be interpreted as shifting
the critical point of the system, suddenly plading calving front of Store in a position of
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overshoot, and therefore supercriticality, manddghrough a series of large calving events (the
initial period of strong calving from thé"8.3"). The now-subcritical system then steadily re-
advances towards the critical point, building ugtailities as it does so, and exhibiting small
calving events (the quieter period of calving frtma 14" to the 18'). Although greater calving
activity is observed subsequent to this until the ef the record (the ¥&o the 21), the shape

of the cumulative distribution functions (Figure) 1with a marked dominance of smaller events,
suggests this is a prolongation of the subcrifptalse, rather than a return to supercriticality.

This theory also helps to explain the very poorelation found between calving event size and
amount of surface melt (Figure 8). Whilst therstetistically significant correlation between
surface melt and theumber of calving events (Figure 8a), there is none betwsurface melt

and thevolume of events (Figure 8b). Increased surface meltlshenhance fracture

propagation by increasing the amount of water abésl for hydrofracturing at the surface, or by
generating more vigorous freshwater-plume circafatt the front, leading to increased
submarine melting and undercutting (O’Leary & Ctaifersen, 2013) — this link is discussed
further, below. Hence we would expect to findrk Ibetween surface melt and counts of calving
events. Whether these fractures grow in such aasdg produce large or small calving events,
however, would seem to be primarily determined tyeofactors, such as whether the system is
in a subcritical or supercritical state.

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

We also examine two important factors contributmghe criticality of the system (Figure 10).

In accordance with the pattern of activity obseriweBigure 7, we find much stronger calving
activity in the absence of mélange compared to whisrpresent (Figure 10a; compare Figure
7). One point worth noticing is that the largestwd observed modal peaks in calving accounts
for a greater proportion (28%, representing 888 &)eof the total calving count when mélange
is present compared to when it is not (15%, repitesg 1041 events), suggesting that mélange
presence preferentially suppresses smaller evautss relatively ineffective at holding back
larger events, which will calve regardless oncg thecome sufficiently unstable. The latter may
reflect a limitation in the ability of the mélanbattressing force to suppress large calving
events, i.e. once fracture propagation from the/émd-rotating weight of the collapsing
subaerial ice exceeds the closure imposed by mélbackstress. We note, however, that this
limitation is specific only to our observations ahdt the mélange buttressing force could have
been higher prior to the melt season when the \eeaths colder.

However, a calving front exhibiting self-organisedical behaviour near its critical point should
show calving activity that follows a power-law dibution with exponents in the range 1.06-
1.46 (Astrom et al., 2014), which we do not obsénvihis study. On the other hand, we do
observe qualitative changes in calving behaviotween a likely subcritical calving phasé'(5
7 dominated by smaller events), a likely superaitphase 8-14"; dominated by larger
events) and a second subcritical phasé-@#'; dominated by smaller events), with the period
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of subcriticality representing over 2/3 of the netduration. These features are consistent with a
calving front operating in a self-organised criticagime (Astrom et al., 2014). It is also worth
noting that, for grounded tidewater margins, whgthe relevant category for the northern part
of Store’s calving front, the power law is expectedlisplay an exponential cut-off for calving
events with volumes over 4@ (Astrom et al., 2014). If we only consider the migebelow this
volume threshold and repeat the power-law anatieseribed in Sect. 4.1, we find Ralues of
0.83, 0.77, and 0.78, respectively. These repressignificant improvement in®Ralues for the
two putatively subcritical phases and little chafyethe putatively supercritical phase, which is
consistent with grounded calving fronts operatim@ iself-organised critical regime (Astrom et
al., 2014). The power-law exponents, however, jaonp.66, 3.73 and 3.64 when considering
events below this #am? threshold, which is much higher than expected fAstom et al.

(2014). We attribute this to our processing metéwcluding events below 400C%im size,
distorting the tail of the distribution. Howeverewote that Walter et al. (2020) found a power-
law exponent of 3.7 for the shallow section of thé/ing front of Eqip Glacier, and 2.3 for the
deep section, with calving biased towards the snalhd of the size scale considered in our
study, so our power-law exponents may not be owbslprted by the truncated tail. Therefore,
we suggest that the calving front at Store exhitésaviour that is at least qualitatively
consistent with self-organised criticality and puially provide quantitative support for this.

This point also reinforces our assertion that cg\nehaviour changes over time and thus cannot
be necessarily well-represented or modelled byoat sime series of observations.

We additionally show that visible active meltwapdwmes, driven by surface melt, encourage
more frequent calving events (Figure 10b), possiisla response to undercutting of the calving
front, as described above. What is less intuitb/éhat the increase in the number of events is
associated with barely any increase in the volurss from calving. The presence of plumes in
this study greatly increases the number of smédig®® m?) calving events at the expense of the
larger events (>20m®), which fall from 24% (representing 909 events]1 1686 (representing 730
events) of the total event count. We attribute thiplume-induced melting making it ‘easier’ for
blocks and small vulnerable sections of the frortreak off, removing them consecutively in a
relatively high number of events, which may redstesses in the ice, thereby reducing the
frequency of large calving events. This does notvdver, mean plumes reduce the total mass
loss as we are unable to observe the quantityedbit by plume-induced melting, or calving,
taking place below the waterline. The finding daemetheless, highlight that the relationship
between plumes and calving is not as straightfalvaarpreviously proposed (O’Leary &
Christoffersen, 2013; Mercenier et al., 2020).

Also, the bimodal distribution of iceberg sizesridun this study of Store shows that
classification of glaciers into types that prodedéer small magnitude icebergs by serac failure
or large icebergs by full-thickness capsizing slabtbular icebergs, with Store falling in the
latter category according to Fried et al. (2018yrhe too simplistic since both types of events
are observed to occur frequently at Store. Whiig jgossible that some glaciers will calve
mostly by one mechanism and that others will catestly by the other, our TRI record from
Store indicates that the calving mechanism inhgrenimprises both and that the predominant
calving style can change from one type to the otier relatively short periods. This finding is a
result of the extremely high resolution of the T®Rhich recorded calving every 3 minutes.
While our UAV investigation showed a subaerial vokiloss of 1,404,000 hfrom a frontal
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retreat between two surveys separated by 12 hbigsré 4), the TRI showed this retreat was
comprised of 48 individual events and that icetszgs varied by two orders of magnitude or
more (Figure 5). This finding indicates that thare inherent limitations in the use of remotely
sensed images to discern calving styles and thasification of calving glaciers may require
size-frequency distributions and assessment ofgimibty (Figure 6, Figure 11).

5.3. Limitations and validation

This study has produced one of the longest reaafrdalving from the use of a TRI. The
instrument captured calving events occurring ot ¢f the calving front of Store during three
weeks in July 2017. Overall, we found a very gogaceament between the volumetric loss of ice
in a multitude of calving events with those estieagafrom the UAV-derived DEMs produced at
a 0.2 m resolution (Figure 3, Figure 4). This giusxonfidence that the TRI was successful in
identifying calving events on the northern sidé&tdre and that the TRI analysis has produced
accurate volumetric estimates. However, due tdtkm-wide calving front, it was not possible
to also survey calving taking place in the southeih of the terminus, where numerical
modelling indicates the largest, tabular-style weg\events are most likely to occur (Todd et al.,
2018). However, our study shows that the northemminus is very close to floatation and thus
that the differences between our observations leddating southern half may not be so
pronounced.

A fundamental limitation of the TRI is that it onbppserves subaerial calving volumes. As
computed in Section 4.1, we find a nine times greatbmarine calving volume than the
subaerial volume from UAV and TRI DEMs for the seqce of calving events displayed in
Figures 2 and 3. This shows that the northern eglfriont we observe is at or very close to
floatation, and hence that the observed modal petie subaerial calving volume of larger
events represents only 1/16f the actual iceberg size. The modal peak ofthaller iceberg
sizes may, however, be close to the actual volurenghat these events represent relatively
smaller blocks or slabs of ice falling off the fton

While the use of the TRI has provided a recordabfing with unprecedented detail and
resolution, the presence of radar shadows is #&iion that introduces inherent data gaps, i.e.
when the coherence of the TRI returns are insefficio extract elevation data. The effect of
these on the dataset is to a) not detect smalingpéxvents that happen in the radar voids, and b)
not detect the full size of large calving events pread across a void. With an independent
record of calving from contemporaneous UAV surveys estimate the error induced by these
radar shadows to be around 12%. The main limitatahis study as a result of this error is a
bias towards underestimating both small and laaddrg events. This error is small in
comparison to the limitation associated with detectange, which restricts our study to the
northern half of the terminus. To detect all cadvevents at Store in an absolute sense, multiple
TRI instruments would be needed. These additiesdurces were not available in this study.

6 Conclusions

We present a novel 3-week-long record of calvingnewy at Store Glacier from a TRI survey that
includes the transition from a mélange-filled pehl fjord setting to a mélange-free
environment. The record includes a total of 8,0&16ing events with a mean volume of 4.8 x
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10* m. Maximum calving rates peak at 30 events per hmnir20 per day, with an average rate
of 17 events per hour, or 408 per day. This dassggests mélange presence preferentially
suppresses smaller calving events and that mélamegé-up leads to a prolonged period of
higher calving activity at Store, with calving rateearly doubling in open-water and mélange-
free conditions. We assess the accuracy of thesdaby making a comparison with calving
events independently and contemporaneously recacteds a 12-hour period between two
UAV surveys. The UAV surveys show that radar shadgwnay introduce a 12% error in the
TRI-detected calving volume; however the TRI recsindws that the single-volume change
recorded by the UAV surveys actually representsm8ll calving events. With the TRI
capturing calving events in high resolution, bagthtsally and temporally, we find a bimodal
size-frequency distribution of events that refl@ete specific types of calving: blocks and
relatively small sections of ice breaking off thdaerial part of the terminus with a
characteristic modal size of 46w, and much larger icebergs released from full-thésls

failure. While the observed modal size of the kel m3, we estimate the actual volume to be
closer to 10 m? since our observations capture only the subaguidion of the terminus, which

is at or near floatation. However, we find the mn@ghant type of calving can change from small
to large events over relatively short periods.

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