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Calving is a crucial process for the mass loss of outlet glaciers draining the Greenland ice sheet. Moreover, due to a lack of observations, calving contributes to large uncertainties in current glacier flow models and projections. Here we investigate the frequency, volume and style of calving events by using high-resolution terrestrial radar interferometer (TRI) data from six field campaigns, continuous daily and hourly time-lapse images over 6 years and 10-s time-lapse images recorded during two field campaigns. The results demonstrate that the calving front of Eqip Sermia, a fast flowing, highly crevassed outlet glacier in West Greenland, follows a clear seasonal cycle showing a distinct pattern in areas with subglacial discharge plumes, shallow bed topography and during the presence and retreat of proglacial ice mélange. Calving event volume, frequency and style vary strongly over time depending on the state in the seasonal cycle. Strong spatial differences between three distinctive front sectors with differing bed topography, water depth and calving front slope were observed. A distinct increase in calving activity occurs in the early melt season simultaneously when ice mélange disappears and meltwater plumes become visible at the fjord surface adjacent to the ice front. While reduced retreat of the front is observed in shallow areas, accelerated retreat occurred at locations with subglacial meltwater plumes. With the emergence of these plumes at the beginning of the melt season, larger full thickness calving events occur likely due to undercutting of the calving front. Later in the melt season the calving activity at subglacial meltwater plumes is similar to the neighboring areas, suggesting the presence of plumes to become less important for calving. The results highlight the significance of subglacial discharge and bed topography on the front geometry, the temporal variability of the calving process and the variability of calving styles.
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INTRODUCTION

The contribution of the mass loss from the Greenland ice sheet to sea level rise has increased during the past decade (Enderlin et al., 2014; Bamber et al., 2018; King et al., 2020; The Imbie Team, Shepherd and Ivins, 2020). The mass loss is composed of increased surface melting and ice discharge into the ocean (Van den Broeke et al., 2016). For the increased ice discharge, calving is a crucial process (Joughin et al., 2004; Thomas, 2004; Nick et al., 2009). Due to the complex connection of the calving with other processes like supra- and subglacial hydrology or submarine melt (Benn et al., 2007) and observational constraints, the calving process and its linkages to environmental forcings remain poorly understood. To accurately represent the calving process in models and to link calving activity to potential forcings, detailed observations with high temporal and spatial resolution over long time periods are necessary.

So far, most studies on calving have focused on time scales of months to years by using time-averaged calving rates instead of observing individual calving events and investigating the temporal and spatial variability of the calving. Only recently have observations of short time scale processes like calving been conducted thanks to the establishment of several new techniques. However, most of these studies rely on indirect methods (measuring a quantity that is then used to infer the volume) (O’Neel et al., 2010; Walter et al., 2010; Bartholomaus et al., 2012; Glowacki et al., 2015) or discontinuous (Warren et al., 1995; O’Neel et al., 2003) measurements and thus lack continuous direct observations of calving event sizes. Promising direct methods (measuring directly the volume) for determining calving event sizes are repeated surveys by photogrammetry using Unmanned aerial vehicle (UAV) data (Ryan et al., 2015; Jouvet et al., 2017, 2019) and by terrestrial laser scanning (Petlicki and Kinnard, 2016; Podgórski et al., 2018). For high calving activity these methods tend to miss individual events due to limited temporal resolution and their dependency on suitable weather conditions. Promising indirect methods are terrestrial photogrammetry using time-lapse imagery (Minowa et al., 2018; How et al., 2019; Vallot et al., 2019), seismic monitoring (Amundson et al., 2012; Walter et al., 2013; Bartholomaus et al., 2015; Köhler et al., 2016, 2019) and wave amplitudes (Minowa et al., 2018, MinowaPodolskiy et al., 2019). Nevertheless, these methods are not suitable for measuring the calving volume directly and rely on simplified assumptions. A promising method for measuring calving event sizes directly and continuously is terrestrial radar interferometry (Rolstad and Norland, 2009; Chapuis et al., 2010; Voytenko et al., 2015; Lüthi and Vieli, 2016; Cassotto et al., 2018; Xie et al., 2018, 2019; Cook et al., 2021). As observations at high temporal resolutions are often only possible for short periods (days to weeks) due to logistical constraints, a combination of different measurement techniques on different time scales might overcome the limitations of the individual techniques.

In this study we present observations of a tidewater outlet glacier recorded with a terrestrial radar interferometer (TRI), time-lapse imagery and several meteorological stations over 6 years. The combination of these data sets demonstrates the seasonal cycle of the glacier with the front evolution and environmental conditions and additionally provides high resolution calving event volumes and frequencies at different states in the seasonal cycle. This unique data set combines observations at different time-scales and enables us to investigate and analyze the different calving types and the temporal and spatial variability of the calving process and link to external factors such as the presence of ice mélange, plumes or occurrence of surface melt.



STUDY AREA AND DATA ACQUISITION METHODS


Study Area

The grounded outlet glacier Eqip Sermia (69.81°N, 50.20°W) terminates in a fjord at the western margin of the Greenland ice sheet with a water depth between 0 and 100 m (Rignot et al., 2015; Lüthi et al., 2016). Figure 1 shows the calving front geometry which can be divided into a shallow sector (S, 0–20 m water depth) with a high, inclined front, a deep sector (D, 70–100 m water depth) with a vertical front of lower cliff height, and a middle sector (M) located where a rock ridge appears above water (Walter et al., 2020). Presently, the calving front with a width of 3.2 km and a height above waterline between 50 and 170 m, reaches ice flow velocities up to 16 m per day (Supplementary Figure 8).
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FIGURE 1. Overview of the field site at Eqip Sermia at the western margin of the Greenland ice sheet. The calving front can be separated in a shallow (S), a middle (M), and a deep sector (D). Background: Sentinel-2A scene from 3 August 2016 (from ESA Copernicus Science Hub: https://scihub.copernicus.eu). The positions of the terrestrial radar interferometer (TRI), the time-lapse cameras (hTLC, dTLC, sTLC) and the two weather stations (AWS1, AWS2) are indicated by triangles.




Terrestrial Radar Interferometer

At Eqip Sermia a terrestrial radar interferometer (TRI, Gamma GPRI) was installed on bedrock 150 m above sea level at 4.5 km distance from the calving front (Figures 1, 2). The measurements were repeated at 1-min intervals during six field campaigns at different times in the ablation season (Supplementary Table 2). With these radar measurements an almost continuous record of velocity and elevation data was acquired during six field campaigns of 4–16 days duration (Supplementary Table 2).
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FIGURE 2. The terrestrial radar interferometer (TRI) with one transmitting (TX) and two receiving antennas (RX1, RX2) is located opposite of the front of Eqip Sermia at a distance of 4.5 km.


The Gamma GPRI is a real-aperture radar interferometer with one transmitting and two receiving antennas. The radar operates at a wavelength of λ = 17.4 mm (Ku-Band, 17.2 GHz). By calculating the interferograms between the two receiving antennas digital elevation models can be derived. Additionally, the velocity can be obtained by calculating interferograms with two consecutive images of one receiving antenna. The range resolution is approximately 0.75 m, while the azimuth resolution is 0.1 degrees corresponding to 7 m at a slant range of 4.5 km (Werner et al., 2008a).



Environmental Data

Two automatic weather stations (AWS1, AWS2) collected hourly data at the sites indicated in Figure 1. AWS1 was installed near the TRI at 60 m a.s.l. and measured air temperature, relative humidity, wind, incoming shortwave radiation and precipitation. This station measured temperature from 2014 onward with several breaks in winter and spring due to insufficient power supply (Supplementary Figure 1). AWS2 located next to the ice edge at 362 m a.s.l. started to measure air temperature, radiation and wind in 2015 (Supplementary Figure 1). At AWS2 the meteorological conditions are influenced by the proximity of the ice sheet while AWS1 better represents the climate conditions at the shore of the fjord. Additionally, data of the station JAR 1 of the GCnet (Steffen et al., 1996) on the ice sheet at 962 m a.s.l. were used to estimate the environmental conditions during data gaps of AWS1 an AWS2.



Time-Lapse Cameras

Several time-lapse cameras (TLCs) were installed on the moraine next to the glacier front. From 2011 to 2020 a camera was taking pictures of the front once a day (dTLC; Kadded and Moreau, 2013). In 2017 an additional camera acquiring images at a 1-h interval (hTLC) was installed. During the field campaigns 2018 and 2019 a camera taking pictures every 10 seconds (sTLC) facilitated observing the glacier front and the calving process in more detail and with high temporal resolution. In 2018 this camera was installed from 8 July to 12 July, while in 2019 it was running from 16 August to 22 August (Supplementary Figure 1).



DATA PROCESSING METHODS


TRI Data Processing

The TRI (GPRI) receives the radar signal with two antennas RX1 and RX2 (Figure 2), which facilitates topography reconstruction at a high temporal resolution. First, interferograms between RX1 and RX2 are calculated and unwrapped following the standard workflow described in Caduff et al. (2015). The unwrapped phases are then converted to topography (Strozzi et al., 2012), corrected for systematic errors (Walter et al., 2020) and the received topography afterward stacked over 10 min to reduce noise mainly caused by interferometric phase shifts due to changes in temperature, humidity, and air pressure (Goldstein, 1995). The obtained digital elevation models (DEMs) at intervals of 10 min have a resolution of 3.75 m in range (approximately the flow direction of the glacier), about 8 m in azimuth direction at the glacier front and show the height of the surface of the ice and the surroundings.

The successive processing steps of the TRI data follow the method described in detail in Walter et al. (2020), in which a DEM example is shown and an accuracy assessment of the final DEMs and calving volume detection is provided.

Calving events were detected by subtracting consecutive stacked DEMs and locating the negative elevation changes at the glacier front following the method presented in Walter et al. (2020). Due to the DEM stacking calving events within 10 min are merged together. Several thresholds to extract the calving events were used to reduce noise and to increase the signal-to-noise ratio on stable terrain. The calving events need a height change of more than 5 m, an area larger than 10 pixels (1 pixel ∼ 30 m2) and a width larger than 3 pixels (1 pixel ∼ 3.75 m). As noise patterns have mostly an irregular shape, events smaller than 40 pixels additionally have to fulfill the shape condition, which is (number of pixels × 1.6) ≥ [number of pixels in bounding box (max. extent in both directions)]. To exclude icebergs in the fjord and collapsing seracs upstream of the glacier front, a mask as a line with a buffer of about 75 m on each side of the front was used.

All calculations were done in the radar geometry and only the final results were resampled and reprojected into the cartesian UTM22N grid with nearest neighbor interpolation. Thus, errors due to resampling are independent of the earlier processing steps and do not influence the final findings.

Additionally to the DEMs, interferograms between consecutive radar images from the same receiver antenna were calculated to derive ice flow velocities. A stacking of 120 interferograms (2 h) before unwrapping the interferograms was used to reduce noise. The line-of-sight displacement was then calculated with the unwrapped interferograms (Werner et al., 2008b).



Daily/Hourly Time-Lapse Images

The daily time-lapse images from 2014 to 2017 and the hourly images from 2017 to 2019 were inspected visually. Thereby the geometric shape and position of the front were recorded manually to analyze the evolution of the front throughout the years. Additionally, the presence or absence of the mélange in the fjord and the submarine meltwater plumes emerging at the fjord surface were noted. For validation, several Sentinel 2 images were visually analyzed (from ESA Copernicus Science Hub: https://scihub.copernicus.eu).



10-s Time-Lapse Images

The time-lapse images of sTLC, which acquired images in a 10-s interval during the field campaigns 2018 and 2019, were processed manually. The images were visually inspected to count and classify the calving events regarding the size, the source area and the calving type (example movie in Supplementary Material). For the source area the front was divided into seven sections shown in Figure 3. Sectors S1–S3 correspond roughly to the shallow sectors S and M and sectors D4–D7 to the deep sector D. Four magnitude classes were defined for the size, where magnitude 1 are very small events not causing any calving waves and magnitude 4 are large events causing calving waves that reach the shores opposite the calving front (see Figure 4 and Supplementary Figure 2 for examples). For the calving type we used the same classification as How et al. (2019) and assigned the calving events as ice-fall event (part of the ice breaking off from the subaerial front), sheet collapse (ice collapse with little or no rotation), stack topple (calving event rotates outward), subaqueous event (ice breaks off below the waterline and appears at the water surface) and waterline event (ice breaks off at the waterline) (see Figure 5 and Supplementary Figure 3 for examples). As the sTLC was looking on the glacier from the southern lateral moraine, large parts of the shallow sector S3 were only partly visible as the ice front was hidden behind a protruding spire. Sector M (Figure 1) is completely hidden and thus not analyzed separately but included in the shallow sector S3. Larger events behind the spire can produce a distinct water splash visible on the sTLC. These events are classified in magnitude and calving type as unknown. Behind sector S1 the glacier front would continue but is not in the field of view of the camera.
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FIGURE 3. Calving front sectors used in time-lapse image analysis are marked with lines. The sectors S1–S3 of the front correspond to the shallow sectors S and M (blue; S1, S2, S3) and the sectors D4–D7 to the deep sector D (green; D4, D5, D6, D7). The middle sector is hidden and thus included in the shallow sector S3. The approximate subglacial meltwater plume locations are indicated and named P1–P4.
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FIGURE 4. An example illustrating the definition of a magnitude 4 calving event for the sTLC images on 8 July 2018. The image sequence shows the example over time from 0 s (A) to 10 s (B) and 20 s (C). Examples of magnitude 1–3 are shown in Supplementary Figure 2.
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FIGURE 5. An example of the calving event type “stack topple” detected in the sTLC images on 8 July 2018. The image sequence shows the example over time from 0 s (A) to 10 s (B) 20 s (C) and 30 s (D). Examples of the other calving event types are shown in Supplementary Figure 3.




Air Temperature

All three meteo stations AWS1, AWS2, and JAR1 used in this study show data gaps at different times (Supplementary Figure 1). To obtain an almost continuous temperature record the data of these stations were combined. If data from AWS2 was available, it was used directly. If no data from AWS2 but from AWS1 was available these values were corrected onto AWS2 with an offset of −1.55°C to account for a difference in elevation. If both AWS1 and AWS2 had a data gap values from JAR1 were modified with + 5.42°C (Rohner et al., unpublished). These offsets have been determined from substantial periods with data overlap. This resulted in an almost continuous record with only two data gaps in spring 2015 and 2016 (Supplementary Figure 16).



RESULTS


High Rate Time-Lapse Images

The 10 s time-lapse camera (sTLC) images from 2018 and 2019 campaigns allow a detailed analysis of the calving magnitudes and frequency at Eqip Sermia and a classification of calving styles. Examples of the magnitude classes are shown in Figure 4 and Supplementary Figure 2, while Figure 5 and Supplementary Figure 3 show examples of the different calving event types.

Figures 6, 7 and Supplementary Figures 5, 6, 7 show the results of the calving event type analysis over time and along the front. A total of 2038 calving events were detected during 3.8 days in July 2018, while in August 2019 during 6 days 2914 calving events were observed (Supplementary Table 1). This resulted in 536 events per day for 2018 and 480 events per day in 2019. In 2018 and 2019 most of the events were relatively small and of magnitude 1 and 2 and only 10% of all events were big (magnitude 3 or 4). In 2018 25% of all calving events were of the smallest magnitude 1 and did not cause calving waves, while in 2019 there were slightly less (20%). Events of magnitude 4 were with 1.9% in 2018 and 1.3% in 2019 rather rare.
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FIGURE 6. Calving event rates detected in the sTLC images over a 4 day period in July 2018. (A) Number of events per hour for the different calving types. (B) Number of events per hour for the different calving magnitudes. Air temperature from AWS1 and AWS2 is shown on the right axis. The gray background shading indicates rising tides.
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FIGURE 7. Number of events detected in the sTLC images (10s interval) for each calving front sector as defined in Figure 3 over a 4 day period in July 2018 (solid lines) and over a 6 day period in August 2019 (dashed lines), (A) for the calving types and (B) for the calving magnitudes.


Ice fall events were clearly the most frequent calving event type in both field campaigns 2018 and 2019 (64 and 67%, respectively). Subaqueous events were far less frequent and in 2019 contributed 11% compared with 4% in 2018 (Supplementary Table 1).

In Figure 7 type and magnitude of calving events along the calving front classified per sector are shown. While ice fall and sheet collapse events occurred in all sectors, stack topple, subaqueous and waterline events were almost exclusively observed in the deep sectors D4–D7. The highest diversity of event types was found in sector D6. During the field campaign 2018 sector D4 showed the most events, while in 2019 this was in sector S3, while most of these events occurred behind a protruding spire and were not visible with the time-lapse camera. These events were still counted and classified as unknown when a splash produced by the falling ice was observed. Sectors D4 and S3 also showed most events of magnitude 4.

In both years, strong temporal fluctuations in event frequency are observed from hour to hour for all calving magnitudes and styles, but no clear relationship with respect to diurnal temperature variations is apparent (Figure 6 and Supplementary Figures 5, 6, 7). However, during the field campaign 2018 an increasing trend in the number of events per hour occurred toward the end of the observation period (Figure 6B), whereby the increase was less strong for ice-fall events (Figure 6A). In parallel, air temperatures also showed an increasing trend. In contrast, in 2019 the rate of events was (besides short-term fluctuations) relatively constant during the entire observation period, but a shift from magnitude 1 to magnitude 2 was observable (Supplementary Figure 5). In both years no clear relationship with respect to the tides was observed. This was also the case if only the deep sector, which is more in contact with the ocean, is considered (Supplementary Figures 6, 7).



Calving Front Evolution 2014–2019

The evolution of the calving front was investigated using the daily time-lapse images for the years 2014–2017 and the hourly time-lapse images from 2017 to 2019. The front evolved every year in a similar manner starting with an advanced position in late winter, and a successive retreat throughout the melt period. Thus distinct states of the front were identified and the date when these states were present noted for every year (Figure 9). As an example the front evolution in 2018 is illustrated with time-lapse imagery in Figure 8.
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FIGURE 8. Calving front evolution during the year 2018 illustrated with selected hTLC images (A–O). The different colored arrows correspond to the states shown in Figure 9.
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FIGURE 9. Calving front evolution throughout the year for 2014–2019 analyzed with hTLC and dTLC images. Important events and states in the calving front evolution are indicated, as well as periods of melting or freezing conditions, mélange cover and TRI field campaigns. Two spires form in the deep sector D, one in the northern sector D (DN) and one in the southern sector D (DS).


During winter the front advanced, whereby at a certain time in spring the different sectors all reached the same extent (Figure 8A). The location of the calving front became stable with the exception of the northern deep sector D (sector D4 in sTLC data), where the front continued to advance and a spire formed (spire DN; Figures 8B,C). In each year, this spire protruded strongly after a large calving event north of it, which was detectable from the time-lapse imagery. Additionally, in the southern sector D a second spire was observed (spire DS; Figures 8D,F). While the mélange was thinning a subglacial meltwater plume appeared a few days before the fjord became ice free at the same location where the first large calving event north of spire DN occurred. As soon as the plume was visible at the surface, the front retreated rapidly at this location due to large calving events. Elsewhere along the front, the calving activity increased when the ice mélange broke up, but caused only slight retreat (Figure 8E). More subglacial meltwater plumes appeared slightly after the first plume and always roughly at the same locations (Figure 3). The retreat of the front was substantially stronger at the locations of the subglacial meltwater plumes (Figures 8L, 10 and Supplementary Figure 9). Both spires started retreating in summer after the front at the plume locations on their sides retreated sufficiently. While spire DS disappeared at some point completely, spire DN sustained, although it became less high (Figure 8M). At the location of former spire DS, an ice outcrop appeared, which often was visible throughout the summer (Figure 8I). At the end of the summer season spire DN also retreated strongly and at the end of the year the mélange formed again (Figure 8O).
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FIGURE 10. Position of the calving front at the beginning and the end of the TRI observation periods. The bed topography from depth soundings from a research vessel in 2014, 2015, and 2018 (Lüthi et al., 2016) are shown with circles and swath bathymetry data from Rignot et al. (2015) are shown as colored pixels. Note that no depth measurements exist directly below the glacier front. At the shallow sector bedrock was observed during low tide indicating a water depth of 0–20 m. The red arrow indicates the main flow direction of the glacier. Data from field campaigns later in the melt season (which typically have higher calving activity) are indicated by thick lines. At location A the slope over time was investigated (Supplementary Figure 12). Background: Sentinel-2A scene from 3 August 2016 (from ESA Copernicus Science Hub: https://scihub.copernicus.eu).


Comparing the evolution of the calving front during the years 2014–2019, Figure 9 shows that the mélange always disappeared more than a month after positive temperatures started, except in 2016, an exceptional year with early positive temperatures and an almost simultaneous ice mélange break-up. Further, in 2016 the front reached the same extent at all sectors earlier than in other years, which is in line with an early formation of the mélange in 2015. In 2015 and 2016 spire DN persisted throughout the summer until the mélange formed again. Spire DS retreated faster in the years 2018 and 2019 than before.

TRI observations were performed at different periods of the year (red shading in Figure 9) and consequently captured calving dynamics at different states in the seasonal cycle. In Supplementary Figure 4 the images of the front at the beginning and the end of all TRI observation periods are shown. While during the campaigns in 2014, 2015, and 2017 both spires DN and DS were present, in the other years the spire DS already disappeared. In 2015 and 2018 spire DN retreated during the TRI observations, while in 2016 and 2019 spire DN was already in its less high state. Overall, the TRI-campaigns from August 2016 and 2019 are much more representative of a late summer state of the calving front, whereas 2015, 2017, and 2018 refer rather to early melt-season and retreat onset.



Calving Front Geometry and Velocity

The position of the calving front at the beginning and the end of the TRI observation periods are shown in Figure 10. It is clearly visible that the fluctuations of the front position were not homogenous along the front. Generally, the calving front was stable throughout the 6-years in the northern part of sector S, while in sectors D and M the front position varied substantially between the field campaigns. During the individual field campaigns the front was not changing considerably. The strongest retreats were observed during the field campaigns 2015 and 2018 in sector D (Supplementary Figure 9). The most advanced position was observed during the field campaign 2017, while the most retreated position was observed during the field campaign in August 2016.

The ice flow velocity along the front is presented in Figure 11A with speeds around 10 m per day for most parts of the front. The velocity was generally lower at the margins and showed two peaks with higher speed in sectors S and D. Highest velocities were observed during the field campaigns in July 2014, June 2015, and July 2018 (Figure 11A), while further upstream the velocity was clearly higher during the field campaign in July 2014 (Supplementary Figure 11A). During the observation period an increase in velocity especially in sector S occurred in 2015, 2017, and 2018 (Supplementary Figure 10A), which are field campaigns in early summer. In 2016 and 2019, with both observation periods late in the melt season, the velocity had a more decreasing trend or stayed constant (Supplementary Figures 10A, 21C). Both decreasing and increasing velocities were more significant at the southern part of sector S, at sector M and in the middle of sector D (Supplementary Figure 10A), where subglacial meltwater plumes appeared.
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FIGURE 11. (A) Velocity and (B) elevation along the calving front during each field period as extracted from the TRI measurements. Data from field campaigns later in the melt season (which typically have higher calving activity) are indicated by thick lines.


In Figure 11B the elevation of the calving front for each individual field campaign is presented. The elevation of the calving front fluctuated strongly along the front due to the highly crevassed surface of the glacier. The elevation of the front was generally higher in sectors S and M than in sector D. During the field campaign 2016 with the most retreated front position, the front was higher than during the other field campaigns. Further upstream, the elevation in sector D was less high during the two late summer field campaigns in 2016 and 2019, while in sector S no clear pattern was observed (Supplementary Figure 11B). While during most observation periods no clear increasing or decreasing trend, comparing the beginning and the end of the observation period, was observable, in 2014 and 2015 the elevation increased significantly over time, mainly in sectors S and M (Supplementary Figure 10B). Additionally, the cliff shape was investigated over time at location A in sector S (Figure 10). The results in Supplementary Figure 12 show that during the field campaigns 2016 and 2019 the slope and shape of the front was constant, while during the other field campaigns the front evolved from a convex to a linear shape.



Calving Activity and Volumes From TRI

For the six field campaigns the positions and volumes of calving events were determined with the TRI data. To facilitate the comparison between the observation periods the numbers and volumes of calving events per day were calculated (Supplementary Table 2). The number of events per day ranged between 79 in 2015 and 149 in 2016, while the average calving volume per day was in between 1.8 × 106 m3 and 2.6 × 106 m3.

The detailed record of calving activity for all six field seasons is shown in Figures 12, 13. The main panels (Figures 12A,D,G, 13A,D,G) show the timing, position and color-coded volume of each calving event. The time resolution (horizontal bars) is 1 h and the spatial resolution 8 m. Clear patterns in space and time are immediately apparent, with active calving front sectors adjacent to sectors with rare, episodic, but large events. The changes in overall calving activity are shown as variations in number and volume per time interval in panels on the right of Figures 12, 13. Spatial variation of cumulative calving event volumes and numbers per day are shown in Figure 14.
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FIGURE 12. Calving event volumes along the front over time for the field campaigns in (A) 2014, (D) 2015, and (G) 2016. Calving volumes sampled during 1 h intervals are color coded. White areas indicate data gaps. The orange horizontal bars correspond to bedrock visible above the waterline. The gray boxes indicate the location and presence of meltwater plumes. Plumes P2, P3, and P4 can merge together. The black dotted vertical lines separate the sectors shallow (S), middle (M), and deep (D). The northern spire in sector D (DN) is indicated with a green box with a solid frame if the spire is still high, a dash-dotted frame if the spire is retreating and a dotted frame if the spire is in its low state (Figure 9). The southern spire in sector D (DS) is marked with a purple box. Number of events and temperature over time are shown in the middle panels for the field campaigns in (B) 2014, (E) 2015, and (H) 2016. The right panels show the volume of events over time for the field campaigns in (C) 2014, (F) 2015, and (I) 2016. Number and volume of calving events per hour are separated into the shallow (blue line, together with the middle) and deep sector (green line).
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FIGURE 13. Same as Figure 12 but for the field campaigns in (A) 2017, (D) 2018 and (G) 2019.
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FIGURE 14. Cumulative (A) volume and (B) number of calving events per day along the front. The cumulative number of events per day are separated in smaller events with less than 60,000 m3 (solid lines) and large ones above 60,000 m3 (dotted lines). Data from field campaigns later in the melt season (which typically have higher calving activity) are indicated by thick lines.


Additional environmental information is also shown in the main panels of Figures 12, 13: The episodic occurrence of subglacial melt water plumes at different positions of the calving front, the presence of protruding ice spires, and bedrock visible at the calving front.

The calving patterns in Figures 12, 13 can be assigned to two different calving activity characteristics, from now on called high and reduced. The same observation can be made in Figure 14 showing the cumulative number and volume of events per day along the calving front. In general the observation periods with high calving activity were recorded later in the summer (2016, 2019) and showed many events throughout these observation periods (Figures 12G, 13G). This resulted in substantially higher numbers of events and volumes per day but mean and maximum calving event volumes actually decreased (Supplementary Table 2). Calving rates and volumes also differed between the three sectors, whereby in sector D substantially fewer (Figure 14) and also smaller calving events were detected (Supplementary Figure 14). Compared to sector S the middle sector showed also less but larger events (Figure 12G).

Reduced calving activity was recorded during observation periods at the beginning of the melt season (2015, 2017, 2018). These field campaigns showed a clear increase toward the end of the observation period (Figures 12, 13), particularly in sector S, where the increase is also rather abrupt with time. In sector D the number of calving events per day did, however, not vary much between the years (Figure 14B). During the field campaigns in 2015 and 2018 large events (above 60,000 m3) occurred in sector D (Figures 12D, 13D, 14B), which also caused larger mean event volumes per day (Supplementary Figure 14). 2017 was characterized by a concentrated occurrence of events in sector D at the same location as in 2015 and 2018 large events were observed (Figures 12, 13).

Comparing the field campaigns with high (2016, 2019) and reduced calving activity (other years) resulted in the largest differences regarding the volume per day in the southern part of sector S (rS), in the middle of Sector D (mD) as well as in the very shallow part (lS in Figure 14). Big events seemed to be constrained to the southern part of sector S (rS in Figure 14), where most events were detected, sector M and the middle of sector D (mD in Figure 14) and only rarely happening in other locations.

The field campaign 2015 showed a clear step increase on 27 June (Figure 12D) several weeks after the air temperatures became positive (Supplementary Figure 17). The time-lapse images show that on 27 June the mélange started to break-up and on 28 June the fjord was ice free. Simultaneously, rapidly enlarging subglacial meltwater plumes appeared in front of the calving face. Therefore, the days with and without mélange were analysed separately (Supplementary Table 3). For the first 8 days for the whole front 21.8 calving events per day were detected, whereby the rate was similar for sector S and D with 11.9 and 10.5 events per day, respectively. After the mélange was removed the calving frequency for the whole front increased immediately by a factor five to 99.7 events per day, with a higher increase for sector S (70.1 events per day) than for sector D (30.7 events per day) (Supplementary Table 3). While the number of events increased, the mean volume of the events almost halved.



Verification of Detected TRI Calving Events

During the campaigns of 2018 and 2019, both the TRI and the sTLC were recording simultaneously for 3.8 and 6 days, respectively, which provides the means of verifying the calving events detected with the TRI.

Calving events of magnitude 1 and many of magnitude 2 cannot be detected with the TRI as the volume is smaller than the detection thresholds. Further, subaqueous and waterline calving events as well as events in sector 7 (which is in the line-of-sight shadow) were not detected by the TRI. As the time-lapse camera sTLC was situated on the moraine next to the glacier, large parts of the shallow sector were not visible on the sTLC images.

Of the possible 265 and 491 common events in 2018, 2019, 72.5 and 72.9%, respectively, could be found in both data sets. This difference is mainly due to mostly small events at a protruding ice face or the lowest part of the ice face that were only detected by sTLC. Some 2.4% were found in the TRI data only and are likely false detections.

Overall, this comparison demonstrates that our TRI-analysis is able to detect most magnitude 3 and 4 events very well and provides a representative picture with regard to calving size and frequency.



Air Temperature

The three air temperature data sets were rescaled to AWS2 using an offset correction factor, and provide an almost continuous air temperature series that is representative for the terminus area of Eqip Sermia (Rohner et al., unpublished). These data showed higher temperature variability during winter and spring season than during summer (Supplementary Figure 16). During winter and spring the temperature did only for a few days raise above 0°C. During summer the temperatures were more stable with values around 10–15°C. The temperatures became positive between beginning of April (2019) and mid of May (2018) (Supplementary Figure 17). Unfortunately, in 2016 and 2015 there are data gaps of about 1.5 months at the onset of the melting season, however, when comparing the different datasets it seems that 2016 was rather similar to 2019, while 2015 followed more the trend of 2017.

In Figure 15 the cumulative positive degree days are shown, which were calculated by adding up hourly positive temperatures. The early spring onset of 2019 is clearly visible, while the other years show a later but more abrupt initial increase in air temperature in the melting season. The timing of the first large calving event, the thinning of the ice mélange and the first subglacial meltwater plume differs up to 1 month for the individual years (Figure 15B).
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FIGURE 15. (A) Cumulative positive degree days calculated with the meteo data from AWS1, AWS2 and Jar1 for the elevation of AWS2 (360 m a.s.l.). (B) Enlargement of the gray square in A. The first large calving event occurred shortly after the temperatures became positive, while the first subglacial meltwater plume appeared at the sea surface only after some weeks of positive temperatures.




DISCUSSION

In general, our combined data indicates that the calving pattern and style depend on the calving front geometry and the formation of subglacial meltwater plumes and show a strong temporal variation throughout the summer. Notably, during the formation of subglacial meltwater plumes and related melt undercutting, striking changes in the pattern and frequency of calving with large events and a fast retreat of the front were observed. At locations with shallow bedrock the front advances further in winter and builds up two spires in the deep sector. Our calving observations suggest that later in the melt season subaquatic mass loss becomes more important and meltwater plumes turn out to be less important. In sector M the presence of a rock ridge stabilized the front (Walter et al., 2020) and large but less frequent events were observed when the front was in a strongly retreated position.

The field campaigns were undertaken during different states within the evolution of the front in the melt season, facilitating the observation of the various calving patterns and the investigation of the relevant processes and related forcings.

In the following we chronologically discuss the different states of the calving front and pattern through the season by integrating all datasets.


Repeating Pattern of Seasonal Evolution

The calving front evolution follows a similar pattern in all 6-years of continuous time-lapse observations. This seasonal cycle is dominated by the fjord and bed topography and the subglacial discharge. Daily time-lapse imagery dTLC in Figure 8 illustrates frontal advance in winter, formation of meltwater plumes in spring, followed by rapid retreat and stabilization of the front position in summer. The exception is the northern half of the shallow sector S, which showed no clear advance or retreat as it is pinned on shallow bedrock (Figure 10 and Supplementary Figure 18) with substantially deeper water in front, preventing it to advance further. This stable front position in sector S is also clearly visible in Figure 10. The seasonal advance and retreat is a behavior commonly observed at tidewater glaciers in Greenland (Moon and Joughin, 2008; Howat et al., 2010; Schild and Hamilton, 2013; Fried et al., 2018).

In general, our data indicate that the timing of the different calving front states in the seasonal cycle depends on external drivers like air temperature and ocean currents. Figure 9 shows that the front reaches the same extent in all sectors between January and April, a few months before summer retreat starts. One month after air temperatures are above freezing and surface melt sets in, the ice mélange disintegrates. Some days earlier, a meltwater plume becomes visible at the same location where a large calving event reshaped the front significantly a few weeks earlier. At the positions of the plumes the front strongly retreats.

The strong influence of external drivers on the timing of the calving front states can be observed in exceptional years such as 2016, when record warm air and rain in April (NSIDC, 2016) lead to an almost simultaneous retreat of the ice mélange with first positive temperatures and hence a very early onset in retreat of the calving front.



Reduced Calving Activity and Front Advance When Ice Mélange Is Present

After the fjord freezes over at the beginning of winter and the mélange forms, sectors M and D advance during 3 months. While ice mélange is present only very few calving events occur. Only when parts of the front reach deeper water (Figure 10 and Supplementary Figure 18) larger calving events happen (Supplementary Figure 20). The buttressing of the mélange seems to strongly suppress calving and consequently leads to the advance of the calving front. This behavior of front advance during the presence of mélange is also observed by satellite data for Eqip Sermia (Fried et al., 2018, Rohner et al., unpublished) and other tidewater outlet glaciers in western Greenland (Cassotto et al., 2015; Medrzycka et al., 2016), although at a lower temporal resolution.

The timing of the formation of ice mélange likely depends on both the air temperature and the heat content of the ocean. In 2014 and 2017 the freezing of the fjord was delayed due to above-average sea surface temperatures (Timmermans and Proshutinsky, 2015; Timmermans, 2016; Timmermans et al., 2017; Timmermans and Ladd, 2018, 2019). In contrast, in 2015 relatively low air temperatures (Overland et al., 2016) caused an earlier cover of mélange in the fjord.



Stronger Advance and Delayed Retreat in Areas With Shallow Water

After the fjord refreezes and the calving reduces, the front advances, except in the northern half of sector S, where the front position is constant since the bedrock drops significantly in flow direction (Figure 10; Rignot et al., 2015; Lüthi et al., 2016). This suggests that the water depth has an important influence on the advance of the glacier by influencing the mass loss at the front.

This observation is supported by the evolution of two spires in sector D as a re-occurring feature. These spires form on shallow bedrock during winter roughly 1 month after the front reaches the same extent in all sectors. While at the rest of the front ending in deeper water the ice flux and calving loss seem to balance, the two spires keep advancing (Supplementary Figure 18). Every year spire DN became a marked feature after the first large calving event north of it, which reshaped the front geometry significantly.

The yearly disintegration of the spires follows with a delay the retreat of the calving front as soon as the front at its sides retreated considerably. The delayed retreat is likely due to reduced undercutting by subglacial meltwater plumes, a process which caused considerable retreat in the areas next to the shallow bedrock (see section “Distinct Pattern of Early Seasonal Front Evolution and Calving During Growth of Meltwater Plumes”). In 2015 and 2018, the collapse of spire DN was captured in detail by the TRI-measurements and was related to several medium size calving events. In contrast, in 2017 the state was observed by TRI before the collapse and recorded a concentration of many mostly smaller calving events in sector D (Figure 13A, at 2,400 m). The spires thus influence the calving style as the higher front located on a rock bump led to more aerial events instead of subaquatic events.



Distinct Pattern of Early Seasonal Front Evolution and Calving During Growth of Meltwater Plumes

Several weeks after the switch to positive temperatures and after a large calving event north of spire DN the ice mélange is thinning. During that time and shortly before the mélange disappears, the first subglacial meltwater plume appears at the same location where the large calving event was observed (Figure 12, meltwater plume P3). Simultaneously, the front starts to retreat strongly at this location (Supplementary Figure 22). Also the rest of sectors M and D start retreating slightly as soon as the mélange breaks up, similar to observations from other studies (Amundson et al., 2008; Joughin et al., 2008; Howat et al., 2010; Moon et al., 2015). In general our TRI-observations show a distinct step-increase in calving activity with the disappearance of the mélange (Figure 12D), which was also observed at Store glacier and KNS (Bunce et al., 2021; Cook et al., 2021). With this strong increase in calving events per day, the mean event size decreased. In sector D, the onset of retreat is characterized by larger events with full-thickness ice collapses. With the clearing away of the mélange additional subaquatic meltwater plumes become visible at the fjord surface. In general three plumes next to the two spires were observed, likely due to the focussing of subglacial meltwater discharge to deeper parts of the fjord (Truffer and Motyka, 2016). At the location of these meltwater plumes the front retreated significantly faster and to a more retreated position (Figure 10 and Supplementary Figure 9). Similar observations from 2013 to 2016 (Fried et al., 2018) were explained by subglacial meltwater plumes increasing retreat due to melt and undercutting (O’Leary and Christoffersen, 2013; Fried et al., 2015; Rignot et al., 2015; Slater et al., 2017).

Interestingly, during the growth of the meltwater plumes several large calving events exceeding 60,000 m3 occur and lead to a rapid retreat of the front. Such close links between plumes and big calving events can be observed in the early field seasons 2015 (plume P2 and P4), 2017 (plume P2) and 2018 (plume P4). As an example, during the field season 2017 with a generally reduced calving activity, large events occurred at plume P2, which formed a few days before the observations started and kept increasing in size. During 1 week several large calving events happened in the area of the plume and were likely triggered by melt undercutting.

Later in the summer the front position becomes stationary suggesting that the influence of meltwater plumes decreases. The calving activity becomes then independent of the presence of the meltwater plumes, as size and frequency of calving events are comparable to neighboring areas and the number of large calving events is significantly reduced. As the crevasses on the glacier surface are observed to be wider and deeper later in the season (Supplementary Figure 13), the ice is likely more damaged. Thus, smaller calving events become more frequent and the influence of melt undercutting, which leads to large events, decreases. During our TRI-observation periods large calving events solely occurred at locations expected to be influenced by meltwater plumes, with events exceeding 60,000 m3 only rarely outside of plume areas. This includes extreme events of up to 1,000,000 m3 that lead to large tsunami events (Lüthi et al., 2016).



Acceleration of Ice Velocity and Change in Front Geometry and Calving Activity

At the beginning of the melt season (e.g., field campaigns 2015 and 2018), when meltwater production becomes substantial, the glacier is observed to accelerate, likely due to enhanced basal motion (Figure 11A and Supplementary Figure 21), a process also observed in other studies for Eqip Sermia (Lüthi et al., 2016; Rohner et al., unpublished). A rise in subglacial meltwater discharge is confirmed by the increasing size of meltwater plumes. The subglacial plume emergence often depends on the stratification in the fjord, but the shallow Eqip Sermia fjord might preclude a strong stratification, which allows to still use the subglacial meltwater plume as a proxy for subglacial discharge. The acceleration of sector S occurs simultaneously with a change in front geometry from a convex shape to a more linear but inclined cliff (Supplementary Figure 12). As soon as the inclined front formed, the calving activity in sector S increases, which was observed in both the TRI and the sTLC data. This suggests that in spring an acceleration of the ice flow first modifies the front geometry before calving shows a step increase, underlining the tight interactions between calving, front geometry and ice flow.

Later in the season the observations show lower and constant or slightly decreasing velocities (field campaigns 2016 and 2019; Figure 11A and Supplementary Figures 11A, 21C). Note that at this stage the air temperature, and hence the amount of meltwater, is similar to the early season. The decelerating velocities later in the season were likely due to a more efficient subglacial meltwater system. This has also been observed in other studies in western Greenland for tidewater glaciers (Moon et al., 2015) and for a land-terminating glacier with proxy measurements of subglacial water flow indicating a similar increase in hydraulic efficiency later in the melt season (Bartholomew et al., 2010). In the late melt season calving frequency in sector S is very high, but calving events are generally smaller. This is likely due to a strongly crevassed front as compared to spring (Supplementary Figure 13), which reduces the size of ice blocks and therefore leads to more but smaller calving events.



Distinct Spatial Calving Pattern on Shallow Bedrock

Late in the melt season the front position ceases to retreat and stabilizes at a constant position (example of front positions Supplementary Figure 22), despite continuing relatively warm atmospheric (and likely oceanic) conditions. We explain this by shallower water at this position. At this stage, and observed during the field campaigns 2016 and 2019, the ice flux and the mass loss seem to balance. When the calving front is in its retreated position the spatial calving pattern becomes clearly distinguishable for the different sectors of the front, with high calving activity in sector S and reduced activity in sector D. The reduced calving activity in sector D is likely due to higher volume loss by subaqueous calving and oceanic melt, possibly also causing smaller events, which cannot be detected with the TRI (Walter et al., 2020).

This suggestion is supported by the observation of varying calving types between the sectors. More specifically, subaqueous events solely occur in sector D and accounted for 19% of all events observed during the field campaign 2019, where the front was observed at a retreated position, compared to 2018 with only 6% subaqueous events as in sector D a plume was forming causing more full-thickness events. The percentage number of subaqueous events is still relatively small, but mass flux considerations by Walter et al. (2020) indicated that volume loss by subaqueous calving and oceanic melt account for up to 65%.



CONCLUSION

A unique data set of the outlet glacier Eqip Sermia, consisting of high-resolution terrestrial radar interferometry (TRI) data from six field campaigns, continuous daily and hourly time-lapse images over 6 years, and 10-s time-lapse images of two field campaigns enabled a detailed analysis of the evolution of the calving front and the calving process. High temporal resolution calving event volume catalogs were obtained with the TRI by differencing the calculated elevation models and extracting negative elevation changes. The continuous time-lapse images from 2014 to 2019 facilitated the interpretation of the different patterns of the TRI-derived calving events within the seasonal cycle, while the 10-s time-lapse images served as validation data and provided information on variations in calving type.

We found that the calving pattern and style of Eqip Sermia was diverse for the sections of the calving front with different geometry and varied strongly throughout the year depending on the state in the seasonal cycle of the calving front and the related environmental conditions. The temporal and spatial evolution of the calving front was observed to be controlled by the bed and fjord topography and the emergence of subglacial meltwater plumes. Short term variations in air temperature or tides seem to have no direct influence on calving activity. During the formation of surface melt induced plumes, starting a few days before the ice mélange disappears, an immediate and strong increase in calving activity was observed (frequency and flux). This further triggered large calving events likely due to undercutting and as a consequence, the front retreated stronger and faster at locations of these plumes. Large calving events exceeding 60,000 m3 were rarely observed outside of areas influenced by a plume. Later in the melt season the calving activity at subglacial meltwater plumes is similar to the neighboring areas, suggesting the presence of plumes to become less important for calving. At locations of shallow water the front advanced further during winter, forming two spires as striking elements of the front. These spires retreated with a delay and disintegrated when the front either side of it retreated considerably. Later in the season the front position became stationary again and the flow velocity decelerated. At this state the calving patterns between the different sectors became clearly distinguishable with frequent smaller events in the shallow sector S and reduced calving activity in sector D, where subaqueous mass loss consisting of submarine calving and oceanic melt is expected to become dominant.

This study shows that the combination of different measurement techniques is important to overcome their individual limitations and to investigate calving and the forcings leading to iceberg detachment. The results demonstrate a high temporal variability of calving frequency, size and flux and a strong dependence of calving and front evolution on bed and fjord topography and on the formation of meltwater plumes. These plumes are fed by subglacial discharge and hence are indirectly coupled to atmospheric forcing.

Our observations highlight the complexity and temporal variability of calving and its interactions with environmental forcing. Therefore, long-term and high temporal resolution observations of calving are needed to test and further develop calving models, which are key to understand the dynamics of outlet glaciers at present and in the future.
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