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Abstract 

Currently there is no extended study that explicitly focuses on the magnitude, frequency and 

timing of glacial calving resulting from external forces. Past studies have identified the size and timing of 

calving events but the links between them and the external factors that cause them are still missing. Here I 

present a method to identify the size, time and frequency of calving events on the Rink Glacier in 

Greenland. Using time lapse images spaced 30 minutes apart of the calving front, coupled with weather 

and tide data, I plan on identifying the main driving force for calving. Results show that atmospheric 

pressure and temperature have no positive correlation with calving magnitude or size. Tidal influences 

and sea surface temperature appear to have the strongest influence on the frequency of calving. As sea 

surface temperatures rapidly decrease though the study period, calving frequency also reduces. Strong 

calving correlations for the entire study period were difficult to identify for tidal influences, as images 

could only be taken during the sunlit periods of the day. As this study was conducted during autumn when 

atmospheric temperatures remained below 0°C, the availability of melt water for crevasse creation and 

basal lubrication was not present. Therefore it is suggested that future studies on glacial stability should 

use external forces to measure ice loss over the entire calving season.    
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Populärvetenskaplig sammanfattning  

Att havets nivå stiger på grund av stigande temperaturer är bland de största hoten med 

temperaturhöjningen med rådande klimatförändring, då cirka 150 miljoner människor i världen bor inom 

en radie av en meter till högvatten. Under nästa århundrade är det förutspått att förlusten av is från 

glaciärer och inlandsisar kommer att vara den största bidragsgivaren till en stigande av havs nivå. 

Den största massförlusten sker genom kalvning av isberg i haven från snabbt strömmande 

tidvattenglaciärer och isströmmar. Många av Grönlands snabbt flödande glaciärer är känsliga för små 

förändringar i klimatet som kan resultera i glaciärers reträtt. För närvarande finns det inga specifika 

studier som fokuserar på glaciärkalvningen till följd av klimat och tidvattenkrafter. Denna studie 

presenterar en metod för att identifiera storlek, tid och frekvens av kalvningshändelser på Rink gletcherpå 

Grönland. I studien användas time-lapse  bilder  tagna var 30 minut över kalvningsfront, och tillsammans 

med väder och tidvatten data syftar denna studie till att identifiera de viktigaste krafterna som orsakar 

kalvning. Resultaten visar att atmosfäriskt tryck och temperatur inte har någon effekt på storleken och 

omfattning av kalvning. Påverkan av tidvatten och ytvattentemperaturen verkar ha det starkaste 

inflytandet på hur ofta kalvning förekommer. Eftersom ytvattentemperaturen snabbt minskar även 

studieperioden, minskar också kalvningsfrekvensen. En tillförlitlig korrelationn mellan kalvning och 

tidvattenrörelser för hela studieperioden var dock svår att uppskatta, eftersom bilder bara kan tas under de 

solbelysta tiderna på dagen. Eftersom denna studie genomfördes under hösten då atmosfäriska 

temperaturer var under o c, var tillgången på ytsmältvatten för att underlätta kalvningen inte närvarande. 

Därför föreslås att framtida studier på is stabiliteten bör mäta klimat och tidvattendata för hela säsongen 

då kalvning sker. 
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1 Introduction  

1.1 Calving and sea level rise 

Sea level rise is among the greatest threats of rising temperatures, with around 150 million people 

globally living within 1 meter of high tide. Over the next century, it is predicted that mass loss from 

glaciers and ice sheets will be the main contributor to a rising sea level. The largest mass loss will occur 

through calving of ice bergs into the oceans from fast flowing outlet glaciers and ice streams. Many fast 

flowing glaciers are sensitive to small climatic fluctuations which result in sudden changes in terminus 

position. During Greenland’s summer melt season it has been recorded that surface water flowing to the 

base of glaciers correlates with increase velocity (Zwally et al., 2002). When the melt season comes to an 

end, basal lubrication ceases resulting in decreased glacial velocity.  Events of rapid calving and retreat 

are especially noticed on outlet glaciers and ice streams due to various complex processes (Benn et al., 

2007a; Howat et al., 2010) (Figure 1). Outlet glaciers and ice streams are fast flowing as they channelize 

and drain large volumes of stored ice towards the coast. These channels can be deep extending well below 

sea level which can allow oceanic processes to influence the floating ice. As glacial ice enters the ocean, 

basal friction is reduced due to flotation. This results in differing velocity gradients between floating and 

grounded ice which creates stress induced fractures (Figure 1). These fractures eventually propagate 

through the vertical profile of the glacier or isolate individual blocks at the calving front for the 

production of ice bergs.  

1.2 Processes involved in calving 

As atmospheric and oceanic temperatures continue to increase, many tidewater glaciers are 

starting to retreat from their stable pinning point. Figure 1 below show external forces that act on calving. 

Small changes in the timing or magnitude of these external factors can greatly affect the stability of 

glaciers.  Within the past few decades, tidewater glaciers in Greenland have shown a strong increase in 

glacial retreat and thinning (Vieli and Nick, 2011). It has been estimated that calving alone from 

Greenland’s lead to an increase of 0.23 mm of sea level rise per year between 2003-2008 (van den Broeke 

et al., 2009; Vieli and Nick, 2011). As these glaciers continue to retreat, velocity differences between the 

glacial body and the calving front increase which amplifies stress induced fractures. Tidewater glaciers 

with highly crevassed termini are weaker and more susceptible to calving enhanced by different processes, 

such as hydraulic fracturing, oceanic influences and undercutting of the terminus (Benn et al., 2007a). 

Small increases and atmospheric and oceanic temperatures have allowed 90% of all Greenland’s marine 

terminating glaciers to retreat through such processes within the last decade (Howat and Eddy, 2011). 
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Though the current rates of loss from the Greenland Ice Sheet are only assumed to be transient, most 

outlet glaciers are assumed to continue retreating until a new equilibrium has formed (Nick et al., 2009).  

 

Figure 1: Flow diagram highlighting the main internal and external processes that lead to calving.  

1.3 Calving mechanism 

Much research has been conducted on glacial caving rates with emphasis on sea level 

contribution, but the processes that lead to calving are still poorly understood due to numerous casual 

factors. Measuring glacial retreat from aerial photography or satellites is relatively easy and inexpensive, 

whereas monitoring the processes that lead to calving requires constant observation and accurate 

modelling (Åström et al., 2013). No one glacier is exactly the same as different processes govern each 

glacier. Glaciers may be fully grounded or form floating ice tongues or shelves at their termini, terminate 

in freshwater or in the ocean and move slow or fast. The influence of external processes, such as wind 

stress, atmospheric temperature, sea surface temperature, tidal oscillations and atmospheric pressure all 

have varying influences on the size and rate of calving which adds difficultly in understanding the main 

casual processes. Three orders of calving have been noted by Benn et al, (2007a) to identify localized 

processes responsible for individual calving events. First order calving processes arise from strain 

generated by spatial variations in velocity. Large deep crevasses form where velocity gradients are large 

between the glacial margins and center which increases the rate of calving. However when velocity 

gradients are small, surface fractures and crevasses are less likely to lead to calving (Van der Veen, 2002). 

Second order processes are closely influenced by first order processes as they continue to erode the ice 

margin by fracture propagation which results from local stress imbalances (Benn et al., 2007a). Examples 

of second order processes include undercutting of the glacier terminus at or below the waterline and 
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buoyancy induced bending at the junction between grounded and floating ice. Paced by first and second 

order processes, third order processes result in calving of submerged ice feet. This occurs when the 

section of the glacial terminus that is exposed to the atmosphere retreats faster than the submerged section 

of ice. When pressures reach a certain threshold or oceanic temperatures increase to weaken fastened 

section, the ice foot will suddenly detach erupting to the surface. A combination of all these factors makes 

it difficult to create one model to predict calving for all types of glaciers. As the timing and size of 

calving events is still difficult to predict, major uncertainties still exist in estimating the contribution of 

glacial ice to sea-level. 

2 Aim of the study 

Currently there is no one specific model that can predict the size and time of calving events at the 

termini of glaciers (Benn et al., 2007a). Past research using ground based radars, direct observations and 

aerial imagery give a good idea of when calving occurs and the rates of retreat, but fail to identify the 

main external forces that lead to calving and could be used as parameters in models for calving. New 

exciting models that simulate the actual physical break up during calving events have started to emerge. 

For instance, a model produced by Åström, et al (2013), is able to predict the size and timing of a calving 

event, but fails to identify the main external processes that lead to failure. 

Using time lapse photography at intervals of 30 minutes of the calving front of the Rink Glacier 

in Greenland, I plan to identify the main external factors that lead to calving. I will ascertain the size 

distribution of calving events over a 10 days period during the late summer. Using preexisting external 

environmental data coupled with these results I plan to identify the main external factors resulting in 

calving events. 

3 Background  

3.1 Previous studies 

There have been many studies focused on sea level rise due to glacial retreat caused by a 

warming climate. Few of these studies have made connections with glacial calving resulting from various 

external factors. Recording annual glacial retreat can simply be observed by analysis of satellite images. 

Whereas observing individual calving events requires constant onsite data collection which can be 

difficult (Chapuis and Tetzlaff, 2012). Previous studies recording calving at the glacial terminus have 

used direct observations, times lapse photography and ground based radars. Each of these methods has 
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their own benefits and downfalls. Ground based radars are extremely accurate in detecting large calving 

events at the glacial front but fail to record smaller events (Ahn and Box, 2010). Visual observation is one 

of the most accurate ways to record calving events, but it is also the most time consuming and costly, 

epically with large projects. Time lapse cameras are perfect at recording changes occurring at the glacial 

front but fail at acquiring clear images non sunlit periods of the day and during periods of low visibly 

caused by varying weather patterns.  

3.2 Water terminating glaciers 

There is a wide range of behaviors associated with calving glaciers. Depending on whether the 

glacier terminates at sea or on a lake distinguishes the type and rate of observed calving (Figure 2). Even 

the type of water which glaciers flow into can significantly alter basal and lateral drag. When glaciers 

approach water at the calving edge, flotation can occur if the channel is deep enough. Glacial ice that 

becomes afloat will remove basal drag and increase ablation from hydrologic influences (Benn et al., 

2007b).  Critical floatation thickness explains the point at which ice will float.  

𝐻𝐹 = 𝑃𝑖
 𝑃𝑤 𝐷𝑤 

Where HF is Floatation thickness, Dw is water depth, Pi is the density of ice (≈ 900 kg m -3) and Pw 

is water density at Pw ≈ 1000 kg m -3 for fresh water and Pw ≈ 1030 kg m -3 for salt water. If HF is greater 

than 1.11 Dw in fresh water and 1.14 Dw in sea water, then the bulk of the ice will remain grounded (Benn 

et al., 2007b). Depending on the quantity of water, some areas at the base of the glacier will be supported 

by water pressure.  

The rate of calving into fresh water is lower than in tide water. This is because differences in the 

rate of calving are governed by water densities, subaqueous melt rates, upwelling rates, longitudinal strain 

rates and frontal over steepening. When tidewater glaciers are grounded, calving is frequent but 

magnitude is small. If the glacier becomes buoyant from increased melt leading to thinning, the 

magnitude of calving events can significantly increase as oceanic forces work to destabilize the shelf 

(Amundson and Truffer, 2010). Buoyancy forces will create instabilities on the buoyant sections which 

will lead to large slabs of ice being calved.  
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Figure 2: Tide water glaciers show up to four times greater velocities of calving than fresh water glaciers. 

This is due to larger swell, upwelling and tidal forces that are constantly present on tide water glaciers. Source: Benn 

et al., 2007a. 

 

3.3 Ice fracturing 

In response to stress, fractures propagate through the glacier creating crevasses which eventually 

leads to calving. When fractures propagate through the terminus of the glacier, individual isolated blocks 

of ice will detach from the main body. Fracture propagation defines the location, timing and magnitude of 

a calving event. Sustained stress on new or pre-existing fractures will fail when the fracture stress is 

exceeded. There are three main modes that lead to fracturing as shown in Figure 3 (Benn et al., 2007b). 

Mode 1 fracturing is identified by the walls of either side of the ice unit being horizontally torn apart. As 

the walls pull away from each other, the fracture continues to extend vertically inwards from source. 

Mode 2 fracturing is seen where the walls of the fracture stay in contact while sliding along the shear 

plane occurs. As the fracture continues to develop, growth continues in the direction of shearing. The 

walls of the fracture also remain together in mode 3 with the difference of fractures propagating at right 

angles to the shear direction. Mode 3 fracturing usually is most prevalent in tidal settings or as glacial 

mass flows over uneven topography. Usually during fracture formation, all modes of fracturing may be 

simultaneously present. This is called mixed mode fracturing.  
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Figure 3: Three basic modes of fracturing. Mode 1 describes the horizontal pulling apart between two ice 

blocks. Mode 2 occurs when two units of ice slide past each other. Mode 3 is the vertical tearing apart between two 

blocks. Source: Benn et al., 2007a. 

3.4 Calving processes 

There are 4 main processes that lead to calving. Firstly stretch induced fractures associated with 

surface velocity gradients which is considered a first order control. Overlaid by first order controls, 

second order controls describe force imbalances at terminal ice cliffs. Second order controls also 

encompass third order processes which describe undercutting created by subaqueous melting. Finally, 

fourth order controls are the processes which govern the rotation of ice arising from subsurface buoyant 

forces. Below these four main points will be discussed in detail. 

3.4.1 Stretching  

Stretching arising from surface velocity gradients is commonly a first order control that leads to 

the creation of fractures. For instance, velocity differences between the glacial margins and the center 

create a distinctive pattern of crevasses (Figure 4). Typically on tidewater glaciers, areas of transverse 

crevasses form as longitudinal strain rates rise from increased velocity at the front (Benn et al., 2007a). 

Sudden increases in velocity near the glacial terminus accelerate basal motion through diminishing 

effective pressure and drag as the ice approaches flotation. The presence of water can significantly 

increase the rate at which calving can occur. The influence of back-stressing (sea ice, tide) can also 

significantly increase the longitudinal stress gradients. 

When shallow surface crevasses fill with water, the additional force allows them to propagate 

downwards if the creep closure force is lower, leading to full depth rifting. Multiple fractures stretching 

through the entire vertical profile of the glacier near the terminus can lead to unstable blocks excreting 

force to their surroundings (Goodsell et al., 2002). When enough force is excreted from multiple unstable 

blocks, a catastrophic break up can occur. 
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Figure 4: Velocity differences within glacial flow often create a distinctive curved band pattern. Source: 

Benn et al., 2007a. 

3.4.2 Force imbalances at the terminal ice cliff  

Above the waterline at the calving front of a tidewater glacier, atmospheric pressure is the 

dominant force, whereas below the waterline oceanic pressures prevail (Benn et al., 2007a). As glacial ice 

thickness increases with depth, cryostatic pressure also increases (Figure 5). This uneven distribution of 

pressure results in increased bending stresses at the glacial front which promotes surface fracturing. It has 

been suggested that on some glaciers fractures form in shear bands like pages opening in a book before 

calving occurs (Kenneally and Hughes, 2002). The formation of crevasses near the glacial terminus which 

leads to rapid calving explains why it is uncommon to see cliff heights greater than 70 meters, as higher 

faces are subjected to increased pressure (Hanson and Hooke, 2003). Numerous studies have shown as 

water depth increases, the rate of calving increases (Pelto and Warren, 1991). It is suggested that tide 

water glaciers cannot advance into water depths greater than 300 meters unless sedimentation is occurring 

at the glacial front (Nick et al., 2007). This suggests that depth is the main control on glacial extent.  
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Figure 5: Increasing pressure is added to the glacial mass with depth where PI and Pw are the vertically 

averaged water and ice pressures. As pressures increase, the glacial mass becomes unstable which causes bending 

stresses to create fractures throughout the ice. Source: Benn et al., 2007a. 

3.4.3 Undercutting by subaqueous melting  

Undercutting of a glacial terminus producing a terminal ice cliff occurs when melt rates at or 

below the waterline exceeds atmospheric melt rates. Undercutting can either happen at the waterline 

where a notch is formed with an overhanging terminus or below the waterline which results in the 

terminus projecting outwards above the subaqueous cliff (Benn et al., 2007a). Notches formed at the 

waterline are particularly susceptible to calve along lines of weakness formed by stress or debris bands 

(Figure 6). Notch development can only occur when sea surface temperatures are warm enough to melt 

the terminus. During winter, notch development significantly reduces or stops, especially with the 

formation of sea ice (Van der Veen, 2002). Though cold sea surface temperatures can halt notch 

development at the waterline, upwelling and tidal convection of water can result in subaqueous 

undercutting (Figure 7).  
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Figure 6: A: undercutting at the waterline causes the overhanging ice cliff to become unstable. Fractures 

develop along preexisting zones of weakness such as sediment bands. B: As undercutting continues to remove 

support to the overhanging ice cliff, fractures will continue to travel through the entire ice unit until calving occurs. 

Source: Benn et al., 2007a. 
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Figure 7: Atmospheric and oceanic changes in temperature controlling various types of calving at the 

glacial terminus. A: Warm sea surface and oceanic currents melting the zone of contact which creates an 

overhanging wall. B: Upwelling of warm oceanic waters which eat away at the base. This can isolate large units of 

ice which creates large ice bergs. C: Warm sea surface currents creating notches at the waterline. D: Warm 

atmospheric temperatures cause the surface ice to melt away first, leaving behind a submerged unstable section of 

ice that can detach and rise without warning.  Image from Van der Veen, 2002. 

3.4.4 Torque arising from buoyant forces 

There are two main ways in which buoyancy forces can trigger fracture probation leading to 

calving. Firstly, if losses above the waterline exceed subaqueous calving, then an ice foot will form which 

can catastrophically fail (Benn et al., 2007a). Secondly, glaciers with grounded termini can go through a 

period of extreme basal and surface melting which causes the base to become buoyant. Grounded glacial 

ice flowing into a body of water can become buoyant if melting thins the terminus enough for flotation to 

occur. If the conditions are met for flotation to occur, then the terminus will slowly rotate or rapidly calve 

through fracture propagation. Evidence of this can be seen when ice blocks that have recently become 

buoyant show old waterline notches higher in the terminus that have been raised and tilted back. The 



11 

 

difference between the grounded and buoyant section of the terminus becomes increasingly out of 

equilibrium as bending forces near this junction create fractures in the ice. On some glaciers, this process 

is responsible for producing large tabular ice bergs. Glaciers with permanent floating termini are 

constantly affected by ocean swells and tides which constantly produce large bending forces that trigger 

rift formation which results in calving.  

4 Study area 

Greenland’s Rink Glacier is located at 71°38’N 51°37’W on the west coast (Figure 8). This 

tidewater glacier experiences air temperatures below freezing during the winter months with March being 

the coldest with an average of -14.7°C (Howat et al., 2010). From early April to early September, 

temperatures frequently rise above freezing to allow for the production of surface melt water. Summer 

temperatures are hottest during July with an average of 8.8°C. Sea ice surrounding the glacial front 

usually starts to break up in March with it reforming in December.   

 

Figure 8: Satellite image of the Rink Glacier. Source: Google Maps 2014  
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5 Methods  

5.1 Detection of calving events 

One single lens Nikon digital camera was placed at 71°42’N 51°37’W from 9 August 2009 to 29 

September 2009 (Ahn and Box, 2010). During this period, pictures were taken in JEPG format at 30 

minute intervals of the Rink Glacier calving front during sunlit periods (Figure 9A). Specifications of the 

camera are listed below in table 1. Each image of the front was evenly divided up into 20 rectangle boxes 

with same width which were made into separate images (Figure 9B). Rectangles 18 to 20 on the far right 

of Figure 9B were not used as the calving front was obscured by the topography. By enlarging each image 

of each section of the glacial front, analysis of isolated individual calving events became much simpler. 

When calving was identified by manually looking at and comparing the pictures, percentage values of the 

height and width of the event were recorded relative the total area of the front that was visible in the 

image (Figure 9C). Calving that exceeded the width of the image is recorded in the next section of images. 

Results were displayed in an Excel spread sheet. 

 

 

Camera Nikon D200 

Sensor 
Nikon DX format 23.7 mm × 15.6 mm CCD 

Image format 3,872 × 2,592 pixels (10.2 megapixels) 

Lens focal 20 mm 

Power 50 Ah gel cell battery with a 10 W solar panel 

Shutter 
Electronically controlled vertical-travel focal plane shutter 

Table 1: Time-lapse camera hardware specification: Source modified from Ahn and Box, 2010. 

 

http://en.wikipedia.org/wiki/Image_sensor
http://en.wikipedia.org/wiki/Nikon_DX_format
http://en.wikipedia.org/wiki/Charge-coupled_device
http://en.wikipedia.org/wiki/Camera_lens
http://en.wikipedia.org/wiki/Shutter_(photography)
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Figure 9: (A) Original image taken at the glacial front of the Rink Glacier. Images were taken on 

September 27 at 16:03. (B) Using MATLAB, this image was divided into 20 evenly spaced rectangles along the 

calving front. (C) These images were cut into individual sections for closer analysis. (C1-C2) Before and after 

images of calving. (C3) Blue line identifies the calving front and red highlights the area that calved in image C2. (C4) 

As the entire width and length of the glacial front had calved, the section was recorded as having 100% vertical and 

horizontal loss. 

5.2 Scaling to real size 

In order to find an approximation of the total ice calved, percentage estimates needed to be 

converted to comparable real size calving values. To do this the percentage values need to be converted to 

area for each of the sections. These calculations were made by creating actual estimates of the calving 

front using a photogrammetric relationship (Figure 10). By using a photogrammetric relationship, a 
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footprint of the front can be created using the film plane size, number of pixels in the sensor and focal 

length listed in table 1. By using the coordinates of the cameras position to the calving front, distance was 

calculated (Figure 11). 

  

 

Figure 10: Scaling percentage measurements to an actual footprint size of the calving front. Where c = 

focal length (m), r = pixel size on sensor (m), H = distance to object (m) and R = the actual footprint of one pixel on 

the glacial front.  

 

5.2.1 Calculating the front distance to the camera (the H value) 

One Landsat image was sourced for the 27th of September 2009 at 15:00. This image was 

downloaded on request at http://earthexplorer.usgs.gov/. The purpose of this image was to work out the 

distance from the stationary camera to the calving front. Using Arc Map software, the distance for each 

section of the calving front was recorded. This was achieved by analyzing distinctive features on time-

lapse photography at the same date and time as the satellite image was recorded (Figure 11). Once the 

approximate mid points of each section were found, the distance, H, and pixel foot print, R, could be 

calculated. The H value was acquired by measuring the distance between the camera lens and each of 

Proportionality between triangles 

gives: 

𝑅

𝐻
=

𝑟

𝑐
↔ 𝑅 = 𝑟

𝐻

𝑐
    

 

 

 

http://earthexplorer.usgs.gov/
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calving front sections (Figure 10). As each section differed in distance from the cameras location, 17 

pixel footprints were created to acquire the height of the calving front.   

 

Figure 11: Satellite images of the Rink Glacier taken by Landsat 7 on September 27 at 15:00. Using 

coordinates from the stationary camera and inferred points of the glacial front sections, distance measurements could 

be made. Image acquired from http://earthexplorer.usgs.gov/. 

5.2.2 Calculating the vertical and horizontal length 

The actual total area of the calving front was estimated by counting the number of vertical pixels 

in the image the front consisted of. This was then multiplied with the pixel “foot print” area for this 

section. This was done for three locations along the front in each section and the average value was used. 

The width of the front in each section could not be estimated by the same technique since the front is at a 

large angle relative the camera. Instead the width of each section was measured from the satellite image 

which was used to calculate the distance using ArcMap. (Figure 12B).  

http://earthexplorer.usgs.gov/
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Figure 12: To be able to calculate the total volume of ice lost, measurements of the width and length of the 

glacial front were needed. A:  The images were inserted into a grid format which isolated individual pixels. Three 

measurements were taken from each section then averaged to ensure the section was properly represented. Once the 

actual number of pixels was counted, they were multiplied by the height of each pixel. B: Using ArcMap, the line 

indicating the calving front was cut up into their designated sections and directly measured. 

5.3 Calculating ice volume loss 

To convert this to actual volume loss, the following equation was used: 

V = β x (Svr x Shr)3/2 

Where V is volume, β is equal to 1/10, Svr is actual height and Shr is actual width of the calving 

event. This is an empirical equation scaled on Chapuis et al., (2010) volumes of calving events. The 

volume was calculated for each section of the images and then summed to get a total calving volume 

along the front of Rink glacier. 

5.4 Issues encountered 

Image retrieval during the sunlit periods of the day was not 100 percent successful due to the 

weather. The effects of rain droplets and snowflakes falling on the camera lens made some images 

unusable. Image clarity was also distorted by fog and high reflectivity of fresh snow on the glacial front. 

Images ranging from August 9 to September 11 were also unusable due to the calving front closest to the 

camera creating a blind spot. Calving events that occurred within this blind spot could not be seen, so 

these images were rejected. Another issue that was encountered was that the accuracy of the distance 

between the calving front and the camera. As the film plane and glacial front were not parallel with each 

other, exact distances were hard to acquire. To minimize this error, pixel and distance values were 

calculated for each of the small sections.    
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5.5 External factors 

5.5.1 Weather data 

Sea surface temperature, pressure, wind velocity, wind direction and atmospheric temperature at 

2 meters above sea level at71°42’N 51°43’W. This data was collected from CISL Research Data Archive 

at http://rda.ucar.edu/datasets/ds631.0/#!description. Arctic System Reanalysis (ASR) is a project that has 

been dedicated to produce high spatial resolution weather conditions for the Polar Regions by reanalysis 

of observations using a regional atmospheric circulation model (Polar WRF).  To be able to view this data, 

a program called Integrated Data Viewer 4.1 (IDV) needs to be installed which can be downloaded at 

www.unidata.ucar.edu. Once installed, data packages from the site listed above can be downloaded and 

viewed.  

5.5.2 Tide data 

Tide data was collected from the Arctic Ocean Tidal Inverse Model (AOTIM-5) at 

https://www.esr.org/polar_tide_models/Model_AOTIM5.html. The AOTIM-5 is a model the creates 5 km 

high resolution data of tide variations for the Arctic Ocean (Padman and Erofeeva, 2004).  To be able to 

find the correct coordinates, an add-on to Matlab needed to be downloaded along with the corresponding 

script. Once installed, coordinates of the Rink Glacier were used to generate tide data. 

 

6 Results 

6.1 Calving time series 

The calving event volumes have been calculated and summed for each time in order to compare it 

to external factors. Figures 13 to 18 below display data collected from tide, sea surface temperature, 

atmospheric temperature and air pressure, and total calving volumes are displayed below. As recorded 

images could only identify the front during sunlit periods of the day, calving that occurred at night could 

not be recorded. Periods where calving could not be recorded are highlighted with a green bar.  

6.2 Correlation to external factors 

Results show that there is no obvious strong correlation between calving and external forcing. 

Figure 13 below shows that air pressure has no strong connection with calving. In Figure 14, we can see 

that as sea surface temperature (SST) drops during the investigated period, the frequency of calving 

events reduces but magnitude appears to stay constant. Air temperature appears to have no influence on 

http://rda.ucar.edu/datasets/ds631.0/#!description
http://www.unidata.ucar.edu/
https://www.esr.org/polar_tide_models/Model_AOTIM5.html
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the time and size of calving events as shown in Figure 15. Figure 16 shows that calving frequency and 

timing corresponds nicely to low tide for September 27 onwards. Before this date, calving resulting from 

tidal oscillations appears to be random.  Wind speed appears to have no direct correlation to calving 

magnitude (Figure 16). Wind direction shown in Figure 18 also appears to have no direct influence on the 

size of calving events.  

 

 

Figure 13: Calving event volumes in blue and atmospheric pressure in red during the study period. 
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Figure 14: Calving event volumes in blue and sea surface temperature (SST) in red during the study period. 
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Figure 15: Calving event volumes in blue and atmospheric temperature in red during the study period. 

0

1E+10

2E+10

3E+10

4E+10

5E+10

6E+10

7E+10

8E+10

-11

-9

-7

-5

-3

-1

1

C
al

vi
n

g 
si

ze
 (

m
3 )

Te
m

ve
ra

tu
re

 (
d

e
gr

e
e

s 
ce

ls
iu

s)
 

Temperature

Calving

No calving data



21 

 

 

Figure 16: Calving event volumes in blue and tide in red during the study period. 
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Figure 17:  Calving event volumes in blue and wind speed in red during the study period. 
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Figure 18:  Calving event volumes in blue and wind direction in red during the study period. 

 

6.3 Size distribution of calving events 

Figure 19 shows an exponential relationship between calving size and the frequency of the events. Large 
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Figure 19: Small calving events occur more frequently than large events. As calving size increases, 

number of events decrease. 

7 Discussion 

All external weather forces displayed some weak correlation with calving events during the 

studied period with the exception of atmospheric pressure and air temperature. Sea surface temperature 

and tide variations showed the greatest correlation with calving frequency. Wind speed and direction also 

showed a correlation between magnitude and calving but it was much weaker. These results are discussed 

further below.  

7.1 Tide  

As calving data could only be collected throughout the sunlit periods of the day, a clear 

relationship between tide and calving frequency was not definite (Figure 16). From September 22 to 

September 26, low tide was during the night, resulting in uncertainties if calving had occurred. The 

majority of tide water glaciers undergo increased flow during periods of low tide (de Juan et al., 2010). 

This occurs because back pressures at the grounding line during low tide is much greater, which increase 

velocity of the glacial body. From September 27 to 29, low tide occurs during the sunlit portions of the 

day. Results show that at the tidal minimum or as the tide is just starting to increase, calving occurs. Not 

all studies indicate that semi diurnal tides have a strong influence on calving, but lows in diurnal and 

spring tides show a positive calving correlation (O’Neel et al., 2003).  
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7.2 Sea surface temperature  

At first glance of Figure 14, it appears that sea surface temperature does not have any influence 

on calving. On closer observation, it becomes apparent that as sea surface temperature decreases, 

frequency of calving events also reduces. But one should bear in mind that only events happening above 

the surface have been recorded using this method. Its suggested that a 3°C increase in sea surface 

temperature warming to Greenland’s tide water glaciers could increase subsurface melting by 30 to 70 

meters per year (Rignot et al., 2010). The process of subsurface melting can be seen in illustrations (a) 

and (b) in Figure 7 below. As warm sea surface and oceanic currents contact the ice, melting begins. If 

atmospheric temperatures are cooler than oceanic, a ledge will develop (Figure 19d). As 90 percent of all 

Greenland’s outlet glaciers terminate in the ocean, a 3°C increase sea surface temperature would 

significantly increase the rate of glacial ice loss (Rignot et al., 2010).  

The disappearance of sea ice and ice mélange significantly contributes to increased sea surface 

temperatures during the spring and summer months (Howat et al., 2010). Once the ice mélange has 

disappeared, albedo reduces allowing the surrounding ocean to absorb more energy and warm. This 

warming increases the rate at which glaciers retreat through notch development and subsurface melting 

(Figure 7). The timing of when the ice mélange disappears and forms will determine length of calving 

season. Not only does the ice mélange reduce the rate at which calving occurs through sea surface 

warming, but also significantly strengthens unstable ice bergs at the calving front by locking them in 

place (Amundson et al., 2010). It’s estimated that the early disappearance of the ice mélange for the Rink 

Glacier will significantly increase the duration of warm sea surface temperatures during the spring, 

summer and autumn months. 

  

7.3 Atmospheric temperature  

Figure 15 shows no direct correlation between temperature and calving. As temperatures during 

this study remained constantly below 0°C, no hydro-fracturing or melt induced calving could occur. 

Usually calving and surface melt reaches its maximum near the end of June. After this point, surface melt 

significantly reduces and the rate of calving and continues to decrease until April the following year (Van 

der Veen, 2002). If temperatures did rise above 0°C for a prolonged period of time, melting would occur 

which would probably increase the rate of calving (Figure 7). Melt water that travels down to the base of 

the glacier can lubricate the bed which increases ice flow velocity (Nick et al., 2009). A study conducted 

by Nick et al. (2009) shows that basal lubrication can rapidly change the boundary conditions of a tide 

water glacier which leads to increased instability at the calving front. This is a seasonal cycle where 
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summer atmospheric temperatures lubricate the base of the glacier and cause increased calving. When 

temperatures drop, melt water traveling to the bed stops allowing the glacier to advance though the winter 

months. It is estimated that only a two percent increase in flow velocity in the next 50 years will result 

from increasing atmospheric temperature (Nick et al., 2009). Therefore it is suggested that direct surface 

melt may not be the dominating factor in future mass loss from the Greenland Ice Sheet. If only the 

availability of melt water controlled glacial loss, it would be expected that calving would considerably 

diminish as crevasses and pools freeze or drain (Van der Veen, 2002). But instead, observations show that 

calving gradually decreases indicating that other external processes influence calving. 

7.4 Wind speed and direction  

Figure 17 and Figure 18 show that there is no strong correlation between wind speed and 

direction with calving magnitude. However some peaks in wind speed match nicely with calving. On 

other days such as September 27, no obvious calving was identified when speeds were above 12 meters 

per second. However it can be inferred that periods of high wind speed create a greater frequency of 

calving than low wind speeds. Wind direction can also be used as an indicator to predict when calving 

events may occur. Figure 17 shows some correlation between sustained wind direction and calving 

frequency. If wind direction is sustained for a prolonged period of time, calving frequency increases. This 

is because oceanic waves generated by the wind impact the calving front. High wind speeds with variable 

wind direction creates many small waves which are easily reflected by the calving front (Sergienko, 2010). 

Whereas sustained winds in one direction for a long period of time create large waves which are able 

propagate further into the glacial front. Sustained exposure to large waves penetrating the glacial front can 

cause full depth crevasses to form which significantly weakens the front.  

Wind speed and direction also plays an important role in glacial velocity. During late spring and 

early summer when temperatures start to increase, the amount of floating ice in front of the glacier starts 

to thin (Nick et al., 2009). When this ice thins to a critical level, moderate to high wind speeds can help 

the break up and redistribute the ice. Once removed, glacial flow velocity will start to increase as the 

disappearance of the sea ice reduces backpressure.   

7.5 Governing factors 

From 20 to 29 September 2009, the two main external influences that lead to calving on the Rink 

Glacier is tide and sea surface temperature. Sea surface temperate and tidal influences have the greatest 

impact on calving frequency in autumn. Figures 13 and 15 both show the greatest correlation of increased 

calving frequency with higher oceanic temperatures and low tide.  During other seasons of the year, other 

external factors may be more dominant. During spring and early summer wind contributes to the breakup 
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of sea ice which reduces back pressure. In summer, rising atmospheric temperatures contribute to surface 

melt which aids crevasse growth and increases glacial velocity though basal lubrication. As Greenland’s 

outlet glaciers are extremely sensitive to atmospheric and oceanic warming at the glacial front, small 

changes in the climate could result in large scale terminus changes (Nick et al., 2009). As the climate 

warms retreat of the terminus will cause the glacier to speed up. This increase in velocity causes increased 

stretching which creates full depth crevasses. This makes ice berg calving much easier once the unit of ice 

reaches the zone of calving (Van der Veen, 2002). 

On September 24, results showed a large calving event that did not correspond with any external 

forcing. It is assumed that this calving event resulted from preexisting weaknesses in the ice. Van der 

Veen, 2002 suggests that such large calving events are normal for fast flowing tide water glaciers. Once a 

large section of ice has broken off, it takes about one week for enough stress to build to create another 

large calving event (Van der Veen, 2002). 

7.6 Limitations  

As seen above, the short period of this study has led to no solid evidence that isolates one external 

factor to calving. This is due to multiple uncontrolled factors.  From 9 August 2009 to 12 September, a 

protruding section of the glacial front created an area to which the position of the camera was unable to 

detect calving (Figure 20). Unable to detect calving along the whole glacial front made these images 

unusable. Images recorded during non-sunlit periods of the day were also unusable. As these images were 

taken during late summer, the number of images taken during the night outweighed images that were 

taken during the day. Unable to detect calving during this period creates blind spots in the data which 

creates uncertainties to which external processes were the main contributor to calving during the non-

sunlit periods. 

The main limitation for this project was time. As there was no automatic method for detecting 

calving at the glacial front, observations were made manually. This resulted in large portion of the 

projects time to be spent on image analysis. It is recommended that future studies similar in nature should 

observe images taken with multiple cameras during the entire calving season. This would correct for 

equipment failure, increase visibility of the calving front and allow for a larger dataset.  
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Figure 20: Red arrows indicate the area of the calving front which is not visible. 

8 Conclusion  

During 20 to 29 September 2009 time lapse images were taken every 30 minutes of the calving 

front on the rink glacier. These images were taken to record the amount of calving that occurred as a 

result of external forces. The external forces used in this study were sea surface temperature, atmosphere 

temperature, atmospheric pressure, wind speed, wind direction and tidal data. With the acquisition of a 

satellite image for the calving front of the rink glacier, measurements were made to calculate the distance 

from the stationary camera to the glacial terminus.  These measurements allowed for the total ice volume 

lost to be calculated. Coupled with external data, inferences could be drawn about the dominant forces 

that lead to calving. Results show that atmospheric temperature and pressure had no apparent influence on 

calving. As this study occurred during autumn, atmospheric temperatures remained well below 0°C which 

excluded calving resulting from basal lubrication and hydraulic fracturing. Wind direction and velocity 

showed a weak correlation towards calving. When wind direction was blowing from the southeast and 

velocity was greater than 4 meters per second, the frequency of calving was at is greatest. The two main 

influences found on calving during this study were sea surface temperature and tidal fluctuations. As sea 

surface temperatures continued to plummet throughout the survey period, the frequency of calving events 

also reduced. Accurate correlations for tidal results were a little unclear during the first half of the study 

period as low tide occurred during the non-sunlit periods of the day which created uncertainties if calving 

occurred.  
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As the climate continues to warm, it’s almost certain that sea levels will increase as glaciers 

retreat. By understanding the main forces that lead to calving, predications of future glacial stability can 

be made. Subsequent studies in this area should focus on glacial calving resulting from external forces 

during the entire calving season. This will enable a greater understanding of the timing in which various 

external processes have their greatest influence on calving.  
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10 Appendix  

The figures displayed below show no or very little correlation to calving. These figures support 

my argument above that future studies will require continuous calving data throughout the calving season 

to gain a clearer correlation.  

 

Figure A1: Tide gradient.  

 

Figure A2: Sea surface temperature gradient.  
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Figure A3: Temperature gradient.  

 

 

Figure A4: Pressure gradient.  
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Figure A5: Wind speed gradient.  

 

 

Figure A6: Wind direction gradient.  
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