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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 spatio-temporal nature of calving, we use a terrestrial

radar interferometer to derive a three-week record of 8,026 calving events from Store Glacier, 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 UAV 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 sections of ice breaking off the subaerial part of the front and large

capsizing icebergs forming by full-thickness failure. Whereas previous work has hypothesised 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.
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Key Points: 10 

● We derive a record of 8,026 calving events and sizes at Store Glacier in July 2017 using a 11 

terrestrial radar interferometer 12 

● We find no single clear control on calving and clear variations in calving behaviour over 13 

time, producing a bimodal calving distribution 14 

● Our findings suggest that grouping glaciers by their dominant calving mechanism is not 15 

tenable, as this mechanism can change over time  16 
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Abstract 17 

Calving and solid ice discharge into fjords account for approximately half of the annual net ice 18 

loss from the Greenland Ice Sheet, but these processes are rarely observed. To gain insights into 19 

the spatio-temporal nature of calving, we use a terrestrial radar interferometer to derive a three-20 

week record of 8,026 calving events from Store Glacier, including the transition between a 21 

mélange-filled and ice-free fjord. We show that calving rates double across this transition and 22 

that the interferometer record is in good agreement with volumetric estimates of calving losses 23 

from contemporaneous UAV surveys. We report significant variations in calving activity over 24 

time, which obfuscate any simple power-law relationship. While there is a statistically significant 25 

relationship between surface melt and the number of calving events, no such relationship exists 26 

between surface melt and the volume of these events. Similarly, we find a 70% increase in the 27 

number of calving events in the presence of visible meltwater plumes, but only a 3% increase in 28 

calving volumes. While calving losses appear to have no clear single control, we find a bimodal 29 

distribution of iceberg sizes due to small sections of ice breaking off the subaerial part of the 30 

front and large capsizing icebergs forming by full-thickness failure. Whereas previous work has 31 

hypothesised that tidewater glaciers can be grouped according to whether they calve 32 

predominantly by the former or latter mechanism, our observations indicate that calving here 33 

inherently comprises both, and that the dominant process can change over relatively short 34 

periods. 35 

Plain Language Summary 36 

We observe the release of icebergs by calving at a large glacier in Greenland for three weeks, 37 

during which we find 8,026 calving events across a wide range of environmental conditions. We 38 

show that our observation method (radar interferometry) agrees well with an independent method 39 

(aerial drone photography). We find that the type of calving varies significantly over time, but 40 

that there is no single mechanism that controls this variation; instead, it is due to multiple factors. 41 

This leads to two kinds of calving events: small blocks falling off the visible part of the front of 42 

the glacier, and large blocks of the entire thickness of the front (including the area underwater) 43 

breaking off. Previous work has assumed that glaciers can be grouped by which of these types of 44 

calving is more important, but we show that this is an over-simplification at large glaciers such 45 

as Store, as both these mechanisms are observed and both are the more important mechanism at 46 

different times. 47 

1 Introduction 48 

Tidewater glaciers (i.e. those that flow into the sea) in Greenland drain 88% of the area of the 49 

Greenland ice sheet (GrIS) (Rignot & Mouginot, 2012). Ice discharge due to calving from these 50 

glaciers is currently responsible for 40% of GrIS annual net mass loss (equivalent to 0.33 mm a
-1

 51 

global sea-level rise) (Mouginot et al., 2019). While increasing surface melt and runoff act to 52 

reduce the solid ice discharge due to the thinning it causes, tidewater glaciers are discharging 53 

more ice into the ocean (King et al., 2018). Therefore, understanding how calving occurs and its 54 

relationship to other processes in the tidewater-glacier system and external forcing becomes of 55 

central importance in forecasting the evolution of the GrIS in the coming decades and century. 56 

 57 

Calving is an important glaciological process in tidewater environments in which glaciers 58 

discharge ice into fjords and coastal seas. It occurs when extensional stresses at the terminus 59 

produce fractures that intersect the calving front from either the surface or the base of the glacier 60 
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(Bassis and Jacobs, 2013; Benn et al., 2017b). Calving is governed by the distribution of stresses 61 

created by the flow of the glacier and its setting as well as environmental processes that can 62 

increase stresses at the terminus, such as buoyancy, surface melting or submarine melt 63 

undercutting (Benn et al., 2017b; Benn and Åström, 2018). As such, calving is a highly complex 64 

process that happens with little detectable warning based on small changes in one or more of the 65 

controlling variables (Åström et al., 2013; Benn et al., 2017a). 66 

 67 

Calving at tidewater glaciers, due to this unpredictable nature, is therefore a difficult process to 68 

observe directly, meaning that obtaining information about overall rates or controls, which could 69 

allow the development of simple calving parameterisations, is challenging. Conventional remote-70 

sensing does not offer sufficient temporal resolution, with satellites typically providing images a 71 

few days apart and even more recent techniques such as Unmanned Aerial Vehicles (UAVs) 72 

several hours apart (Chudley et al., 2019; Jouvet et al., 2017; van Dongen et al., 2019). Time-73 

lapse cameras, whilst having sufficient temporal resolution, produce 2D imagery that is not 74 

easily  converted into 3D volumes of calving events (How et al., 2018; Mallalieu et al., 2017; 75 

Vallot et al., 2019). Terrestrial laser scanning has been used (Pętlicki and Kinnard, 2016; 76 

Podgórski et al., 2018), but repeat surveys with this technique are problematic due to the large 77 

quantity of data in each survey, as well as the significant logistical effort required and the 78 

relatively short range of the instrument. Continuous and detailed datasets on calving behaviour at 79 

tidewater glaciers are thus lacking, yet understanding this process is crucial for advancing 80 

numerical models and for better prediction of tidewater-glacier behaviour and consequent sea-81 

level rise. 82 

 83 

 In this study, we use a real-aperture terrestrial radar interferometer (TRI) (Chapuis et al., 2010; 84 

Strozzi et al., 2012; van Dongen et al., 2019; Voytenko et al., 2017; Walter et al., 2020; Xie et 85 

al., 2019), located 1 km from the front of Store Glacier (Store) to produce a directly observed, 86 

near-continuous, 3-week record of calving events for a major Greenlandic outlet glacier. The 87 

high resolution of this technique, both spatially and temporally, allows us to characterise 8,026 88 

calving events in terms of size and frequency, while exploring the effect of different 89 

environmental factors. 90 
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2 Methods 91 

2.1. Study site92 

 93 

Figure 1 – Location of Store Glacier (inset a) and location of TRI and time-lapse camera (red 94 

circle). The study area is outlined in green (inset b). The red rectangle represents the area 95 

zoomed in on in Figures 2 and 3 and the blue ellipses show the two regions where surfacing 96 

plumes were commonly observed during fieldwork. Background image from Landsat 8, 97 

10.10.2016. 98 
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Store Glacier (Sermeq Kujalleq) (70.4∘ N 50.6∘ W, Figure 1), referred to here as Store, is one of 99 

the largest tidewater outlet glaciers on the west coast of Greenland. The glacier discharges 100 

around 12 Gt annually into Ikerasak Fjord (Rignot et al., 2016) in the southern end of 101 

Uummannaq Bay. The calving front of Store is 5 km wide, with surface velocities reaching up to 102 

6600 m a
-1

 (Joughin, 2018), and is located at a lateral constriction in the fjord on top of a basal 103 

pinning point, making the terminus position relatively stable (Todd et al., 2019) with no 104 

observed retreat since at least 1985 (Catania et al., 2018). This stability makes it an ideal target 105 

for developing calving models  (e.g. Morlighem et al., 2016; Todd et al., 2018; Todd and 106 

Christoffersen, 2014; Xu et al., 2013) and for observing tidewater-glacier processes in a 107 

‘natural’, i.e. unperturbed setting. However, behind this pinning point, Store sits in a deep trough 108 

that could condition it for rapid retreat should the front be pushed back from the pinning point 109 

(Aschwanden et al., 2019). This means Store is additionally interesting, as it may provide 110 

information on the transition from a stable calving front to a retreating calving front in the future. 111 

2.2. Radar set-up 112 

The TRI used in this study was a Gamma Remote Sensing Ground-based Portable Radar 113 

Interferometer II (GPRI-II). This is a Ku-band (λ=1.75 cm), real-aperture, rotating instrument 114 

that has a range of up to 16 km with a range resolution of 0.75 m and an azimuthal resolution 115 

proportional to slant range with a ratio of 8:1000 (i.e., an azimuthal resolution of 8 m at 1 km 116 

distance) (Werner et al., 2008). The instrument has one transmit and two receive antenna, spaced 117 

25 cm apart, allowing measurement of spatio-temporal change in calving-front dynamics. 118 

Topography can be computed by comparing images from both antennae taken at the same time. 119 

 120 

The GPRI-II was located about 2 km from the glacier terminus on the northern side of the fjord, 121 

on a rocky promontory overlooking the calving front (Figure 2). A Canon EOS 750D time-lapse 122 

camera was also installed next to it. The TRI was set to scan at a repeat interval of 3 minutes 123 

continuously for 21 days (each scan lasted approximately 30 s), between 18:25 on the 5
th

 and 124 

11:01 on the 26
th

 July 2017. 125 

 126 

Figure 2 – Set-up of the TRI overlooking the calving front of Store. 127 

2.3. Radar data processing 128 

We used the interferogram record from the TRI, processed using the Gamma software suite, to 129 

generate a sequence of digital elevation models (DEMs) from which a record of calving events at 130 

Store could be extracted. Topography can be computed from the difference in path lengths 131 
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between the transmitting and receiving antennas, which is related to the measured interferometric 132 

phase and wavelength of the radar. In this case, the topography was calculated following the 133 

method of Strozzi et al. (2012), with the resulting DEMs being resampled to a 10 m by 10 m 134 

resolution and reprojected to Cartesian co-ordinates. As the measurements from each antenna are 135 

simultaneous, no atmospheric or phase displacement corrections are needed (Strozzi et al., 2012). 136 

Inspection of the resulting record revealed a small number of significant phase breaks and 137 

changes in orientation of the TRI over the course of the observation period, which we ascribe to 138 

periods of high winds buffeting the instrument. We identified four stable periods, covering the 139 

majority of the three-week record (18 out of 21 days), within which orientation and instrument 140 

biases were constant. Rotations were applied to each period to ensure alignment of DEMs, as set 141 

out in Table 1. These rotations were calculated manually by comparing the position of the fjord 142 

walls with reference satellite imagery. 143 

Table 1 – Stable periods and applied rotations to ensure alignment. Times are in local Greenland 144 

time WGST). 145 

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 

 146 

To identify calving events, we difference consecutive DEMs produced at each timestep within 147 

the above periods (Table 1). Initially, we spatially interpolated the DEMs to fill gaps, but this 148 

created substantial interpolation artefacts in areas of radar shadow and poor radar return. We 149 

therefore avoid interpolation and restrict our analysis to the northern embayment of the calving 150 

front (inset b. in Figure 1), as the southern embayment was frequently obstructed through the 151 

study period by the protruding terminus of Store Glacier, and did not generate good-quality radar 152 

returns. This decision means some calving events may be split into several smaller events by no-153 

data pixels, but means that we avoid false positive events. Where DEMs showed anomalous 154 

differences (tens of metres of change or more in mean pixel value across the entire DEM) in 155 

elevation values, they were deleted from the record before differencing was undertaken, to leave 156 

a consistent set of DEMs within each of the periods identified in Table 1. 157 

 158 

Although no ground control was reliably available within the viewing angle, we have confidence 159 

in the data as the remaining DEMs, when considered consecutively, do not show decorrelation 160 

within each period. Relative height changes can thus be reliably measured, which is sufficient for 161 

our purpose, so we did not pursue a solution to this issue. 162 

 163 

To identify calving events, the remaining DEMs were then differenced within each period, 164 

though no differencing was undertaken across different periods. Calving events were then 165 

extracted. To ensure elevation changes caused by serac collapse inland on the glacier, or by 166 

iceberg movement or fragmentation in the fjord, were ignored, a mask of the ice-front position 167 

for each period was produced by manual digitisation, leaving the area around the calving front (a 168 

few hundred metres in either direction), where calving events would be detected, unmasked. The 169 

exact position of the calving front within the unmasked area for each DEM was then digitised 170 

using an edge-detecting Sobel filter. Valid calving events were identified as negative changes in 171 

elevation of more than 10 m with at least one pixel on the digitised calving front and entirely 172 
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within the unmasked area. Additionally, events of 3 pixels or fewer in area (i.e. 300 m
2
 in area or 173 

less) were filtered out. The area of each event was then calculated by summing up the number of 174 

contiguous DEM pixels meeting the above criteria. Our approach is similar to Walter et al. 175 

(2020), although we use a slightly wider frontal mask because Store is larger and more dynamic. 176 

We also use a smaller number of pixels as a threshold for determining real calving events 177 

compared to noise, as our pixel size is larger. 178 

 179 

Finally, the volume of each event was calculated by multiplying the area of each pixel by the 180 

elevation change, producing a record of subaerial calving volumes and frequencies for the 181 

northern half of Store’s terminus. This method therefore imposes a minimum detectable calving 182 

event size of 4000 m
3
 (i.e. 4 pixels of area (10 x 10 m

2
 each) x 10 m of elevation change), so 183 

smaller events are not part of the analysis in this paper. To support the time-series data, we 184 

compare it to total daily surface melt from the Store drainage basin from modelled RACMO 185 

2.3p2 data (van Wessem et al., 2018) at 1 km resolution. We also manually examine the TRI 186 

footage to determine when the majority of the northern side of the calving front and fjord were 187 

mélange-covered and when at least one plume was visible in the area. Counts and volumes of 188 

calving events during ice-covered and ice-free periods, and of plume-visible and plume-absent 189 

periods, were subsequently standardised to enable direct comparison. We express the calving 190 

events as expected totals for an ‘average’ day by working out how many calving events in the 191 

TRI record fall within the ice-covered/ice-free and plume-present/plume-absent periods and 192 

scaling these totals to a period of 24 hours. We of course recognise these binary categorisations 193 

are simplifications of complex processes; we use them for analytical convenience. 194 

3 UAV and time-lapse data 195 

For comparison and validation, we combine TRI data from Store with DEMs produced 196 

photogrammetrically with a 20 cm resolution from contemporaneous UAV surveys. Overlapping 197 

imagery was captured using a Sony α6000 camera mounted on a Skywalker X8 2m fixed-wing 198 

UAV. Flights were flown at an altitude of approximately 450 m above the glacier surface., 199 

targeting a ground sampling distance of ≈11 cm, a forward overlap of 80%, and a sidelap of 200 

60%. 3D models were produced using Structure-from-Motion with Multi-View Stereo (SfM-201 

MVS) photogrammetry using Agisoft Metashape software. Models were geolocated via aerial 202 

triangulation using a L1 carrier-phase GPS receiver mounted on the UAV, post-processed 203 

kinematically against a bedrock-mounted GPS base station. For a full outline of the methods, see 204 

Chudley et al. (2019). We use DEMs produced from flights over the calving front at 2017-07-12 205 

at 22:00 and 2017-07-13 at 10:00 WGST. Calving volumes were calculated by differencing the 206 

two DEMs, manually delineating the calved area and then multiplying the area of each pixel by 207 

the elevation change.  To correct for ice flow between the two UAV flights, we perform this 208 

volume calculation with the DEMs “as is” (i.e. implicitly assuming that all calving happened just 209 

before the second UAV flight) to derive a minimum volume. We then perform the same 210 

calculation, but with the later UAV DEM georeferenced to the earlier one using identifiable 211 

features on both DEMs as ground control points (i.e. assuming that all calving happened just 212 

after the first flight) to obtain a maximum volume. We then calculate the difference between 213 

these two volume estimates, divide it by two (as the TRI data show the volume of calving was 214 
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spread nearly time-symmetrically about the mid-point between the two UAV flights) and 215 

subtract the result from the maximum estimate to obtain our final figure presented below. 216 

 217 

We also use the contemporaneous UAV observations to assess the error bar on the TRI 218 

observations. The error on the UAV-derived DEMs has been shown to be around 10 cm in both 219 

the horizontal and vertical directions (Chudley et al., 2019), which means we can reasonably use 220 

these as the ‘true’ surfaces when we compare against the much coarser TRI DEMs. We 221 

georeferenced the TRI observations from 18:18 on the 12
th

 July and resampled the 222 

contemporaneous UAV DEM to match. We then differenced the TRI DEM and the resampled 223 

UAV DEM to estimate the error bar (1 σ) in the TRI data. After removing no-data pixels and 224 

those more than three times the interquartile range above the third quartile or below the first 225 

quartile, we find an error bar of 5.4 m for the TRI observations compared to the UAV 226 

observations. This validates our choice of the 10 m threshold, as described above, for 227 

discriminating between ‘real’ calving events and noise, and also our discarding of any DEMs 228 

that showed jumps in mean elevation values of tens of metres. This error bar means the 229 

maximum error on volume measurements is therefore 157 m
3
 per pixel or at least 630 m

3
 per 230 

event (4 pixels minimum), which is a) well below our minimum threshold of detectability 231 

imposed by the processing method described above (4000 m
3
), giving us confidence that our 232 

results represent actual calving, rather than noise, and b) is sufficiently small that it does not 233 

materially impact the presentation of our results. 234 

 235 

In addition, we used stationary time-lapse images taken at 5-minute intervals by a camera 236 

installed next to the TRI throughout the field season, including the 12-hour period separating the 237 

two UAV surveys. These images are used here purely as a visual record. 238 



manuscript submitted to JGR: Earth Surface 

 

 239 

4 Results 240 

4.1. Comparison of TRI with UAV and time-lapse data 241 

 242 
Figure 3 – Comparison of calving loss detection across UAV and TRI datasets. Panels a and b 243 

show a large-scale calving loss from UAV-derived DEMs acquired across a 12-hour period; 244 

panel c  shows the difference between panels a and b. Panels d and e show the same calving loss 245 

on TRI-derived DEMs; panel f shows the difference between panels d and e. Panel g shows the 246 

location of the calving at the front of Store (red box) and the bed DEM (see Cook et al. (2020) 247 

for its derivation) used in volume calculations. The black line is the approximate outline of the 248 

calving front and northern lateral margin of Store. White areas are radar shadows which 249 

represent regions of poor radar coherence due to surface topography; see Section 5.3 for 250 

discussion of these data gaps. 251 
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 252 
Figure 4 – Comparison of specific calving-event detection across time-lapse and TRI datasets. 253 

Panels a-c show a smaller constituent calving event of the total loss in Figure 3  from time-lapse 254 

imagery (event marked by red ellipse); Panels d-f show the same event from the TRI’s 255 

perspective (event denoted by green circle). Panels g-i show the largest constituent calving event 256 

of the loss in Figure 3 from time-lapse footage; Panels j-l show this event from the TRI’s 257 

viepoint (inside green box). See Section 5.3 for discussion of the data gaps. 258 

Before extracting the full TRI record of calving events, we compare the TRI observations against 259 

two contemporaneous high-precision DEMs from UAV surveys separated by 12 hours. We also 260 

use time-lapse camera images captured sequentially at 5 minute intervals during this period 261 

(Figure 3), focusing specifically on the section of the calving front denoted by the red box in 262 

Figure 1. The UAV-derived DEMs (Figure 3a-c) show a distinct change in the terminus position, 263 

but cannot specify whether calving occurred as a single large event or multiple smaller events for 264 

the total  ≈1,400,000 m
3
in  subaerial volume loss calculated by differencing the two DEMs. This 265 

is resolved by the TRI, which captured identical frontal positions (Figure 3d-f) and how terminus 266 

geometry changed (Figure 4). With data acquired every 3 minutes, the TRI record reveals a total 267 
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of 48 individual calving events over the 12-hour period between the two UAV surveys. Figures 268 

4a-c and 4d-f show one of the smaller constituent events, from the perspective of the camera and 269 

TRI, respectively, and Figures 4g-i and 4j-l show the largest constituent event, which generated 270 

about 40% of the total subaerial volume loss detected over the 12-hour period. As can be seen, 271 

the time-lapse and TRI footage both agree on the timing of the calving events. Only 6 out of the 272 

observed 48 events (12.5%) exceeded a size of 5x10
4
 m

3
 (Figure 5), but these larger events were 273 

responsible for 56% of the volume loss across the 12-hour period. The smaller events, whilst 274 

seven times more numerous, contributed just under half (44%) of the volume of ice calved. 275 

 276 
Figure 5 – Cumulative distribution function (right axis) and histogram (left axis) of frequency-277 

magnitude relationship of single set of calving events at Store from 22:17 12/07/17 to 10:15 278 

13/07/17. Compare with Figure 6 below. Size refers to the observed subaerial volume. 279 

The total subaerial ice volume loss detected by differencing the two UAV DEMs is 1,404,000 280 

m
3
. When we sum up all the events within the same area detected by the TRI we obtain a total 281 

subaerial ice volume loss of 1,240,000 m
3
, which is a discrepancy of only 12% compared to the 282 

independent UAV method. Assuming that the calving front remains close to vertical, and using 283 

the bed DEM shown in Figure 3g, we estimate that the accompanying submarine volume loss is 284 

11,900,000 m
3
, giving a total calving volume of 13,150,000 m

3
. Given that the submarine loss is 285 

≈9 times the subaerial loss derived from the UAV and TRI DEMs, the setting of the glacier is 286 

close to floatation. This 12% mismatch figure between the TRI and the UAV data also provides a 287 

useful constraint on calving under-estimation from the TRI due to radar shadows. 288 

4.2. Calving magnitude-frequency distribution 289 

Over the entire three-week period of observation, we find a total of 8,026 calving events with a 290 

mean size of 48,428 m
3
 (Figure 6). Two thirds of the events by frequency are under 50,000 m

3
 in 291 

subaerial volume, but these only account for 15% of the total volume loss. Very large events, 292 

over 500,000 m
3
 in subaerial volume, are much rarer, totalling only 35 in the record, or 0.4% of 293 

total events, but are responsible for a disproportionate 8% of total volume loss. The events in-294 
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between (50,000-500,000 m
3
) are consequently responsible for the vast majority of total volume 295 

loss, at 77% (Figure 6). 296 

 297 

 298 
Figure 6 – Cumulative distribution function (right axis) and histogram (left axis) showing size-299 

frequency relationship of all detected calving events observed subaerially at Store from 5
th

 July 300 

to 27
th

 July 2017. Dashed black bars show posited actual size of full-thickness calving events 301 

which is estimated to be 9 times greater than the subaerially observed fraction because the 302 

glacier is near floatation. Dashed black line shows the cumulative distribution function based on 303 

the inferred actual size (dashed bars) rather than the observed red bars (>7x10
4
 m

3
). Compare 304 

with Figure 5 above. 305 

4.3. Time-varying behaviour in calving 306 

Considering the distribution of calving events over time (Figure 7), we observe low calving 307 

activity of <200 events per day prior to 8 July when the fjord was still frozen and filled with 308 

mélange. On the 8
th

, when the mélange broke up, calving activity immediately increased to 300 309 

events, mostly driven by an increase in larger (>10
5
 m

3
) icebergs. From the 9

th
 to the 14

th
, 310 

calving activity increases further, to ≈400 events per day, with a continued high proportion of 311 

larger events. From the
 
15

th
 to the 17

th
, calving activity declines back to ≈300 events per day, 312 

with a particular reduction in the number of the largest (>10
 6
 m

3
) category of events, before 313 

starting to increase again, on the 18
th

, with a doubling in the number of the smallest (10
3
-10

4
 m

3
) 314 

events. Due to weather interference (high winds buffeting the TRI), there is a data gap on the 19
th

 315 

and 20
th

. However, immediately after this gap, the 10 hours of data collected on the 21
st
 show a 316 

day of significant calving activity (Figure 7). Calving volumes peak with a value of nearly 317 

2,000,000 m
3
 on the 22

nd
 while the daily number of events peaks on the 24

th
 at 721, or 30 events 318 

per hour. In general, the number and volume of calving events remain high between the 18
th

 and 319 

24
th

, though volumes are lower from the 23
rd

 onwards. 320 

 321 
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 322 
Figure 7 – Time series of calving events at Store. a Bars stacked by volume of event. Daily 323 

counts are shown by red bars; cumulative volumes by the blue bars. Note greater calving activity 324 

from the 8
th

 to the 14
th

.  325 

A possible trigger for calving activity is the weather or, more specifically, surface melt variations 326 

due to changes in air temperature, as greater surface melt is hypothesised to enhance the depth of 327 

surface crevasse penetration (Benn & Åström, 2018). We examine this by plotting calving counts 328 

and volumes (Figure 8) against surface melt for the Store basin, derived by integrating surface 329 

runoff from the RACMO dataset across the Store basin. Ignoring days with incomplete or no 330 

calving data, we find correlation coefficients of 0.42 for the counts, which is significant at the 331 

95% confidence interval (p<0.05), but only 0.12 for the volumes, which is statistically 332 

insignificant. 333 
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 334 
Figure 8 – Time series of calving events and surface melt derived from RACMO 2.3p2 data. a 335 

shows calving counts (red bars) and b calving volumes (blue bars). 336 

To examine any diurnal variation in calving activity, we investigated the hourly record of calving 337 

on specific days (Figure 9), each representative of one period of calving activity: the 6
th

, for the 338 

pre-mélange-break-up state of calving; the 11
th

, in the period of sustained higher calving 339 

following break-up; the 15
th

, in the following period of lower calving; and the 23
rd

, for the 340 

second period of higher calving. 341 
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 342 
Figure 9 –  Time series of calving binned by hour from a 06/07/2017 (before mélange breaks 343 

up), b 11/07/2017 (high calving activity following mélange break-up), c 15/07/2017 (reduced 344 

calving activity), and d 23/07/2017 (renewed high calving activity). 345 

As Figure 9 shows, there are significant intra-day variations but no statistically significant 346 

diurnal trend in calving activity. However, there are shared features across all four days seen as  347 

nominal peaks in counts and volumes around  04:00±2 hours; 12:00±2 hours and 20:00 ±2 hours 348 

WGST. The most noticeable recurring peak is the one at midday, although inspection of all 349 

seventeen days with sufficient data to perform the diurnal analysis shows it is not a persistent 350 

feature and occurred only on five days (including the 6
th

, 11
th

 and 23
rd

, shown in Figure 9). We 351 

also investigated whether a link between the tidal cycle and calving activity could be discerned, 352 

but found no statistically significant relationship. 353 

4.4. Spatiotemporal variations in calving 354 

Two major factors that are hypothesised to influence calving rates are the presence/absence of 355 

mélange in the fjord and of active meltwater plumes fed by subglacial discharge. We assess the 356 

impact of both of these at Store by comparing calving counts and volumes for periods of 357 

mélange presence and absence and of visible plume presence and absence within the study area 358 

(Figure 10). In both cases, the counts and volumes are expressed as an average rate per day. We 359 

observe more than a doubling in the number of calving events in the absence of mélange (from 360 

271 events per day with mélange to 588 events without), compared to when it is present, and a 361 

concomitant 44% increase in volumes. In the presence of visible plumes, the number of calving 362 

events increases by 70%, from 395 per day to 672, but the volume loss from these events only 363 

increases very slightly, by 3%, compared to when no plumes are visible. 364 
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 365 
Figure 10 – Calving event counts and volumes expressed as the expected average for one day : a 366 

when mélange is present compared to when it is not. Note how mélange presence suppresses 367 

calving; and b when plumes are visible compared to when they are not. Note how plume 368 

presence leads to more, smaller and mid-size calving events. 369 

5 Discussion 370 

5.1. Calving behaviour 371 

The observed magnitude-frequency distribution of calving shows a positively skewed 372 

relationship (Figure 6): there are far more smaller events than larger ones, though the rarer larger 373 

events account for most of the volume loss. The smaller events mostly represent occurrences 374 

similar in style to that shown in Figure 4a-f, i.e. detachment of relatively small blocks of ice from 375 

the subaerial portion of the calving front that then fall into the fjord. The larger events are instead 376 

exemplified by Figure 4g-l, where entire sections of the front peel off and topple over. No large 377 

tabular-style calving events are observed here; at Store, these events usually happen on the 378 

floating southern part of the calving front and not on the grounded northern section analysed here 379 

(Todd et al., 2018). Contrary to other observations (Åström et al., 2014; Chapuis and Tetzlaff, 380 

2014; Walter et al., 2020), the calving events discussed here do not follow a clear power-law 381 

distribution (Figure 6), with the cumulative distribution across the entire dataset suggesting a 382 

bimodal sequence of calving events (Figure 11). One peak is at a magnitude of the order of 10
4
 383 

m
3
, with another on the order of 10

5
 m

3
. We hypothesise that the first peak represents the smaller 384 

calving events described above, where only a (relatively) small subaerial portion of the calving 385 

front calves. The second peak then represents the larger calving events in which a larger portion 386 

of the front breaks off. We explain the bimodal event size distribution (with a paucity of 387 

intermediate sized events) to be due to the mechanics of fracture propagation: if a fracture 388 

reaches the waterline, it will usually fill with water, which will propagate it deeper, which will 389 

further increase the water pressure in a positive feedback. It is also possible that surface fractures 390 
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will intersect basal crevasses that propagate upwards from the base (Todd et al., 2018). Both of 391 

these mechanisms can generate large, full-thickness calving events. The first peak consequently 392 

represents those events where the initiating fracture does not reach the waterline, limiting calving 393 

to detachment of blocks on the subaerial region of the calving front; the second peak represents 394 

those where the fracture has reached the waterline and continued to the base, or intersected a 395 

basal crevasse, resulting in events that are an order of magnitude greater or even larger. Because 396 

our observations are limited to the subaerial portion of the front and we know the terminus is 397 

close to floatation, the larger events reported with a modal peak of 10
5
 m

3
 may be the subaerial 398 

portion of events with a true modal size closer to 10
6
 m

3
 (as shown by dashed black lines in 399 

Figure 6). As such, intermediate events are rare, because detachment of blocks can only be so 400 

large (i.e. a few tens of metres of ice thickness across a small section of the front) whereas the 401 

large toppling of bergs can only be so small (i.e. hundreds of metres of ice thickness across a 402 

larger portion of front). 403 

 404 

Returning to how previous calving datasets have shown a power-law distribution for the 405 

magnitude-frequency of events, we hypothesise that this is primarily due to the relatively short 406 

duration of previous observations (typically a week or less – 4 days for Chapuis and Tetzlaff 407 

(2014); 6.5 days for Walter et al. (2020)). The bimodality we observe here is a result of two 408 

characteristic iceberg size distributions: one being small blocks of ice falling off the front due to 409 

instability from fractures that are tens of metres deep and the other being larger bergs forming 410 

when fractures penetrate the whole ice-column. Superimposed on this bimodality is a time-411 

varying calving behaviour (Figure 11). In the days leading up to mélange break up on the 8
th

, this 412 

bimodality is evident in a similar pattern to that found for the whole dataset. Thereafter, from the 413 

8
th

 through to the 13
th

, there is a higher-than-average representation of the larger class of calving 414 

events while the smaller class is under-represented, before the 14
th

 returns to near the overall 415 

distribution. After the 14
th

, however, the rest of the dataset tends towards a relative under-416 

representation of the larger events, while the smaller events are more frequent than average. 417 

Therefore, if our observations had been limited to a few days only, e.g. as shown in Figure 5, we 418 

might have concluded that a power law fitted on the slope of the cumulative distribution function 419 

would be an accurate representation of the data; yet this slope varies greatly over the period of 420 

observations (Figure 11). We therefore suggest that, to get an accurate picture of the calving 421 

distribution at a tidewater glacier, detailed observations of calving need to be maintained for at 422 

least a week, ideally for a fortnight or even longer. Shorter observational periods run the risk of 423 

missing out on aspects or distinct periods of calving behaviour or of attempting to fit a single 424 

power law to a distribution that might have multiple distinct causes, each best-represented by a 425 

single power law. In the case presented here, a separate power law, based on the variety of 426 

cumulative distribution functions we observe (Figure 11), would be needed for a) the system 427 

before mélange break-up (5
th

-7
th

), b) the system in the immediate aftermath of mélange break-up 428 

(8
th

-14
th

), and c) the system in the later post-break-up period (15
th

-27
th

) (Figure 8, Figure 11). 429 

Doing so, we find best-fit power laws with exponents of 0.53, 0.64 and 0.57, respectively, and R
2
 430 

values of 0.58, 0.73, and 0.44, respectively, suggesting that this calving dataset is mostly poorly 431 

represented by power laws, with the possible exception of the immediate post-mélange-break-up 432 

period, though, even in this period, we still observe pronounced bimodality. 433 
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 434 
Figure 11 – Cumulative distribution function for calving events observed from 5

th
 July to 27

th
 435 

July 2017, with coloured lines denoting distribution on specific days and dashed green line 436 

showing the overall distribution. Notice how days earlier in the observation period cluster below 437 

the overall average distribution, whereas those later in the period cluster above it. 438 

5.2. Calving controls 439 

The TRI record from Store provides some interesting information on the global distribution and 440 

controls on calving. We find a sustained 6-day period of higher calving activity in the aftermath 441 

of mélange break-up on the 8
th

 July (Figure 7), with rates more than doubling compared to before 442 

break-up. Previous modelling work on Store (Todd et al., 2018) suggests this corresponds to the 443 

loss of backstress from the mélange, which provides a resisting force when the mélange is rigid. 444 

When the backstress is lost, this force disappears, facilitating crevasse propagation of sufficient 445 

depth to trigger detachment of full-thickness sections of the front (Amundson & Truffer, 2010). 446 

As such, we find the highest proportions of the largest events at this time, with the largest two 447 

categories of events (>10
5
 m

3
 in terms of subaerial volume and potentially >10

6
 m

3
 in total 448 

volume) making up an average of 33% of all events between the 9
th

 and the 12
th

, inclusive, 449 

compared to an average of 24% beforehand and 11% afterwards. We then see a period of 450 

renewed calving intensity from at least the 21
st
 to the 24

th
, this time predicated on smaller events, 451 

which seems to tail off on the 25
th

 and 26
th

 before possibly starting to pick up again on the 27
th

, 452 

the very last day of the record. An interesting perspective on this behaviour is provided by the 453 

theory of calving fronts as self-organised critical systems (Åström et al., 2014; Chapuis & 454 

Tetzlaff, 2014), whereby the front continually oscillates around a critical point that is determined 455 

by the environmental boundary conditions – air and water temperature, bed topography, glacier 456 

geometry, etc. Fronts that are subcritical will tend to move towards the critical point, building up 457 

instabilities and manifesting small-scale, subdued calving behaviour. At some point, the calving 458 

front will find itself in a state of supercriticality due to a change in the environment or as it 459 

overshoots the critical point, which produces large-scale, sustained calving as the system adjusts 460 

back towards the critical point. Therefore, removal of the mélange can be interpreted as shifting 461 

the critical point of the system, suddenly placing the calving front of Store in a position of 462 
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overshoot, and therefore supercriticality, manifested through a series of large calving events (the 463 

initial period of strong calving from the 8
th

-13
th

). The now-subcritical system then steadily re-464 

advances towards the critical point, building up instabilities as it does so, and exhibiting small 465 

calving events (the quieter period of calving from the 14
th

 to the 18
th

). Although greater calving 466 

activity is observed subsequent to this until the end of the record (the 19
th

 to the 27
th

), the shape 467 

of the cumulative distribution functions (Figure 11), with a marked dominance of smaller events, 468 

suggests this is a prolongation of the subcritical phase, rather than a return to supercriticality. 469 

 470 

This theory also helps to explain the very poor correlation found between calving event size and 471 

amount of surface melt (Figure 8). Whilst there is statistically significant correlation between 472 

surface melt and the number of calving events (Figure 8a), there is none between surface melt 473 

and the volume of events (Figure 8b). Increased surface melt should enhance fracture 474 

propagation by increasing the amount of water available for hydrofracturing at the surface, or by 475 

generating more vigorous freshwater-plume circulation at the front, leading to increased 476 

submarine melting and undercutting (O’Leary & Christoffersen, 2013) – this link is discussed 477 

further, below.  Hence we would expect to find a link between surface melt and counts of calving 478 

events. Whether these fractures grow in such a way as to produce large or small calving events, 479 

however, would seem to be primarily determined by other factors, such as whether the system is 480 

in a subcritical or supercritical state. 481 

 482 

A link between surface melt and calving activity is also observed (Figure 8), but this does not 483 

translate into the consistent appearance of a midday peak in calving that could be driven by 484 

increased  insolation and therefore surface melt, thus driving fracture propagation, at this time of 485 

day. This reinforces the conclusion that surface melt may influence calving on some days but not 486 

all days, and only insofar as sufficient water becomes available over multiple days to drive 487 

hydrofracture. However, this mechanism is not a primary driver of calving activity.. 488 

 489 

We also examine two important factors contributing to the criticality of the system (Figure 10). 490 

In accordance with the pattern of activity observed in Figure 7, we find much stronger calving 491 

activity in the absence of mélange compared to when it is present (Figure 10a; compare Figure 492 

7). One point worth noticing is that the largest of two observed modal peaks in calving accounts 493 

for a greater proportion (28%, representing 888 events) of the total calving count when mélange 494 

is present compared to when it is not (15%, representing 1041 events), suggesting that mélange 495 

presence preferentially suppresses smaller events, but is relatively ineffective at holding back 496 

larger events, which will calve regardless once they become sufficiently unstable. The latter may 497 

reflect a limitation in the ability of the mélange buttressing force to suppress large calving 498 

events, i.e. once fracture propagation from the forward-rotating weight of the collapsing 499 

subaerial ice exceeds the closure imposed by mélange backstress. We note, however, that this 500 

limitation is specific only to our observations and that the mélange buttressing force could have 501 

been higher prior to the melt season when the weather was colder. 502 

However, a calving front exhibiting self-organised critical behaviour near its critical point should 503 

show calving activity that follows a power-law distribution with exponents in the range 1.06-504 

1.46 (Åström et al., 2014), which we do not observe in this study. On the other hand, we do 505 

observe qualitative changes in calving behaviour between a likely subcritical calving phase (5
th

-506 

7
th

; dominated by smaller events), a likely supercritical phase (8
th

-14
th

; dominated by larger 507 

events) and a second subcritical phase (15
th

-27
th

; dominated by smaller events), with the period 508 
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of subcriticality representing over 2/3 of the record duration. These features are consistent with a 509 

calving front operating in a self-organised critical regime (Åström et al., 2014). It is also worth 510 

noting that, for grounded tidewater margins, which is the relevant category for the northern part 511 

of Store’s calving front, the power law is expected to display an exponential cut-off for calving 512 

events with volumes over 10
4
 m

3
 (Åström et al., 2014). If we only consider the events below this 513 

volume threshold and repeat the power-law analysis described in Sect. 4.1, we find R
2
 values of 514 

0.83, 0.77, and 0.78, respectively. These represent a significant improvement in R
2
 values for the 515 

two putatively subcritical phases and little change for the putatively supercritical phase, which is 516 

consistent with grounded calving fronts operating in a self-organised critical regime (Åström et 517 

al., 2014). The power-law exponents, however, jump to 3.66, 3.73 and 3.64 when considering 518 

events below this 10
4
 m

3
 threshold, which is much higher than expected from Åström et al. 519 

(2014). We attribute this to our processing method excluding events below 4000 m
3
 in size, 520 

distorting the tail of the distribution. However, we note that Walter et al. (2020) found a power-521 

law exponent of 3.7 for the shallow section of the calving front of Eqip Glacier, and 2.3 for the 522 

deep section, with calving biased towards the smaller end of the size scale considered in our 523 

study, so our power-law exponents may not be overly distorted by the truncated tail. Therefore, 524 

we suggest that the calving front at Store exhibits behaviour that is at least qualitatively 525 

consistent with self-organised criticality and potentially provide quantitative support for this. 526 

This point also reinforces our assertion that calving behaviour changes over time and thus cannot 527 

be necessarily well-represented or modelled by a short time series of observations. 528 

 529 

We additionally show that visible active meltwater plumes, driven by surface melt, encourage 530 

more frequent calving events (Figure 10b), possibly as a response to undercutting of the calving 531 

front, as described above. What is less intuitive is that the increase in the number of events is 532 

associated with barely any increase in the volume loss from calving. The presence of plumes in 533 

this study greatly increases the number of smaller (<10
5
 m

3
) calving events at the expense of the 534 

larger events (>10
5
 m

3
), which fall from 24% (representing 909 events) to 11% (representing 730 535 

events) of the total event count. We attribute this to plume-induced melting making it ‘easier’ for 536 

blocks and small vulnerable sections of the front to break off, removing them consecutively in a 537 

relatively high number of events, which may reduce stresses in the ice, thereby reducing the 538 

frequency of large calving events. This does not, however, mean plumes reduce the total mass 539 

loss as we are unable to observe the quantity of ice lost by plume-induced melting, or calving, 540 

taking place below the waterline. The finding does, nonetheless, highlight that the relationship 541 

between plumes and calving is not as straightforward as previously proposed (O’Leary & 542 

Christoffersen, 2013; Mercenier et al., 2020). 543 

 544 

Also, the bimodal distribution of iceberg sizes found in this study of Store shows that 545 

classification of glaciers into types that produce either small magnitude icebergs by serac failure 546 

or large icebergs by full-thickness capsizing slabs or tabular icebergs, with Store falling in the 547 

latter category according to Fried et al. (2018), may be too simplistic since both types of events 548 

are observed to occur frequently at Store. While it is possible that some glaciers will calve 549 

mostly by one mechanism and that others will calve mostly by the other, our TRI record from 550 

Store indicates that the calving mechanism inherently comprises both and that the predominant 551 

calving style can change from one type to the other over relatively short periods. This finding is a 552 

result of the extremely high resolution of the TRI, which recorded calving every 3 minutes. 553 

While our UAV investigation showed a subaerial volume loss of 1,250,000 m
3
 from a frontal 554 
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retreat between two surveys separated by 12 hours (Figure 4), the TRI showed this retreat was 555 

comprised of 48 individual events and that iceberg sizes varied by two orders of magnitude or 556 

more (Figure 5). This finding indicates that there are inherent limitations in the use of remotely 557 

sensed images to discern calving styles and that classification of calving glaciers may require 558 

size-frequency distributions and assessment of probability (Figure 6, Figure 11).  559 

5.3. Limitations and validation 560 

This study has produced one of the longest records of calving from the use of a TRI. The 561 

instrument captured calving events occurring over half of the calving front of Store during three 562 

weeks in July 2017. Overall, we found a very good agreement between the volumetric loss of ice 563 

in a multitude of calving events with those estimated from the UAV-derived DEMs produced at 564 

a 0.2 m resolution (Figure 3, Figure 4). This gives us confidence that the TRI was successful in 565 

identifying calving events on the northern side of Store and that the TRI analysis has produced 566 

accurate volumetric estimates. However, due to the 5-km-wide calving front, it was not possible 567 

to also survey calving taking place in the southern half of the terminus, where numerical 568 

modelling indicates the largest, tabular-style calving events are most likely to occur (Todd et al., 569 

2018). However, our study shows that the northern terminus is very close to floatation and thus 570 

that the differences between our observations and the floating southern half may not be so 571 

pronounced. 572 

 573 

A fundamental limitation of the TRI is that it only observes subaerial calving volumes. As 574 

computed in Section 4.1, we find a nine times greater submarine calving volume than the 575 

subaerial volume from UAV and TRI DEMs for the sequence of calving events displayed in 576 

Figures 2 and 3. This shows that the northern calving front we observe is at or very close to 577 

floatation, and hence that the observed modal peak in the subaerial calving volume of larger 578 

events represents only 1/10
th

 of the actual iceberg size. The modal peak of the smaller iceberg 579 

sizes may, however, be close to the actual volume given that these events represent relatively 580 

smaller blocks or slabs of ice falling off the front. 581 

 582 

While the use of the TRI has provided a record of calving with unprecedented detail and 583 

resolution, the presence of radar shadows is a limitation that introduces inherent data gaps, i.e. 584 

when the coherence of the TRI returns are insufficient to extract elevation data. The effect of 585 

these on the dataset is to a) not detect small calving events that happen in the radar voids, and b) 586 

not detect the full size of large calving events that spread across a void. With an independent 587 

record of calving from contemporaneous UAV surveys, we estimate the error induced by these 588 

radar shadows to be around 12%. The main limitation to this study as a result of this error is a 589 

bias towards underestimating both small and large calving events. This error is small in 590 

comparison to the limitation associated with detection range, which restricts our study to the 591 

northern half of the terminus. To detect all calving events at Store in an absolute sense, multiple 592 

TRI instruments would be needed. These additional resources were not available in this study. 593 

 594 

6 Conclusions 595 

We present a novel 3-week-long record of calving events at Store Glacier from a TRI survey that 596 

includes the transition from a mélange-filled proglacial fjord setting to a mélange-free 597 

environment. The record includes a total of 8,026 calving events with a mean volume of 4.8 x 598 
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10
4
 m

3
. Maximum calving rates peak at 30 events per hour, or 720 per day, with an average rate 599 

of 17 events per hour, or 408 per day. This dataset suggests mélange presence preferentially 600 

suppresses smaller calving events and that mélange break-up leads to a prolonged period of 601 

higher calving activity at Store, with calving rates nearly doubling in open-water and mélange-602 

free conditions. We assess the accuracy of this dataset by making a comparison with calving 603 

events independently and contemporaneously recorded across a 12-hour period between two 604 

UAV surveys. The UAV surveys show that radar shadowing may introduce a 12% error in the 605 

TRI-detected calving volume; however the TRI record shows that the UAV surveys incorrectly 606 

represented 48 small calving events as a single large event. With the TRI capturing calving 607 

events in high resolution, both spatially and temporally, we find a bimodal size-frequency 608 

distribution of events that reflects two specific types of calving: blocks and relatively small 609 

sections of ice breaking off the subaerial part of the terminus with a characteristic modal size of 610 

10
4
 m

3
, and much larger icebergs released from full-thickness failure. While the observed modal 611 

size of the latter is 10
5
 m

3
, we estimate the actual volume to be closer to 10

6
 m

3
 since our 612 

observations capture only the subaerial portion of the terminus, which is at or near floatation. 613 

However, we find the predominant type of calving can change from small to large events over 614 

relatively short periods.  615 

 616 

With both temporal and spatial variability in calving at Store, our observations do not support 617 

any simple power-law relationship between iceberg size and frequency. Instead, we observe a 618 

complex relationship between calving and the presence of visible meltwater plumes at the 619 

calving front. Plume presence leads to 70% more calving events, but the subaerial volume of ice 620 

detaching from the terminus in these events only increases by 3%. We relate this to reduced 621 

support due to plume-induced melting allowing unstable ice blocks to calve earlier than they 622 

might otherwise have done. We further find little relationship between surface melt and calving 623 

volumes, though a statistically significant one between surface melt and calving counts, again 624 

indicating the complexities underlying calving behaviour. 625 
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