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Abstract 

The Open Global Glacier Model (OGGM) may be the first computer model able to simulate 

glacier dynamics on a global scale, making it a potentially invaluable tool for environmental 

managers and scientists. In its current stage of development, all glaciers fed through the 

model are automatically treated as land-terminating, meaning that OGGM ignores all mass 

loss due to the calving of water-terminating glaciers. Initial attempts to implement a calving 

mechanism have yielded unrealistically high calving flux and glacier volume output. This 

study examines the potential of refined calving front measurements to lower this output. 80 

calving fronts were manually delineated using ArcticDEM, a database of high-resolution 

Arctic and Subarctic elevation data, and their widths were used to test the sensitivity of 

OGGM’s calving flux and glacier volume output to variations in width input. Findings 

indicated that OGGM’s calving mechanism returns calving flux and volume output which 

vary negatively with width input in a predictable and uniform way. Because manually-

delineated calving fronts were found to be longer, on average, than the default values used 

by OGGM, output resulting from manual data tended to be smaller, as hoped. However, 

because of the high rate at which output increases with decreasing calving front width, the 

relatively few glaciers for which manual width values are smaller than the default values (for 

example, in glaciers whose termini only partially calve) may still result in an overall increase 

in calving flux and glacier volume.      
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1   Introduction 

1.1 Preamble  

On a global scale, the transfer of mass from the cryosphere to the ocean is a primary driver 

of sea-level rise. Glaciers and ice sheets are melting and breaking off into the sea at alarming 

rates in response to a warming climate, which is itself largely attributable to human activity 

(IPCC, 2013). Despite containing relatively little mass compared to the Greenland and 

Antarctic ice sheets, glaciers in particular may currently be the single greatest contributor to 

rising sea levels, accounting for over 60% of observed changes (Meier et al., 2007). Given 

that coastal areas are home to about 21% of the global population, these changes have the 

potential to severely impact human activity (Nicholls, Hoozemans, & Marchland, 1999). 

Worst-case scenarios, for example, project that by 2100, 510 million people each year may 

be affected by coastal flooding resulting from rising sea levels (Nicholls, 2002).  

The projected cumulative impacts of glacier dynamics on sea-level rise can be quantified in 

a number of ways: for example, by scaling glacier area to approximate total ice volume (see 

Bahr, Pfeffer, & Kaser, 2015); by extrapolating localized mass-loss measurements to a 

global scale (Kaser, Cogley, Dyurgerov, Meier, & Ohmura, 2006); or by computer modeling. 

This study examines one such computer model—the Open Global Glacier Model, or OGGM 

(Maussion et al., 2018)—and attempts to refine its ability to compute the ice volume 

contained and lost by a select subset of water-terminating glaciers. An expected consequence 

of this refinement is an improved ability for OGGM to project that volume’s potential 

contribution to sea-level rise.  

In keeping with convention (IPCC, 2013), a glacier is defined here to be any land-based ice 

body aside from the Greenland and Antarctic ice sheets (in other words, this working 

definition includes ice caps, as well as Greenlandic and Antarctic ice bodies which are 

sufficiently isolated from the ice sheets). A tidewater (or lacustrine) glacier is any such ice 

body which terminates at an ocean or lake, respectively. These are precisely the glaciers 

prone to calving—that is, depositing still-frozen ice directly into the hydrosphere as icebergs 

(this is due to a variety of mechanisms, an overview of which is given by Benn, Warren, & 

Mottram, 2007). Ablation refers to the mass lost by a glacier (due to processes such as 

seasonal melt, calving, and to some extent, sublimation). Frontal ablation is the ablation 



 

 

 

experienced by a glacier near its terminus—this term encompasses the calving of water-

terminating glaciers. 

1.2 The Open Global Glacier Model (OGGM) 

OGGM is programmed to simulate past and future glacier evolution and geometry, and is 

thought to be the first model able to do so on a global scale (Maussion et al., 2018). It is 

freely accessible online, and relies exclusively on publically available data for its 

development. This is made possible by the existence of open databases such as the Randolph 

Glacier Inventory (RGI) (Arendt et al., 2015)—a complete collection of digital outlines of 

the world’s glaciers developed specifically for the purpose of estimating past and future 

changes in glacier mass (Pfeffer et al., 2014) as a way to help IPCC scientists improve 

estimates of sea-level rise (Davies, 2017a). Also utilized by OGGM is the free programming 

language Python, in which all analysis for this thesis is conducted.  

The mission of OGGM is to develop a “global scale, modular, and open source numerical 

model framework for consistently simulating past and future global scale glacier change” 

(OGGM Developers, 2017). In short, OGGM strives to provide a transparent and 

community-oriented scientific tool which can be used to contribute to important global 

questions, such as “How much ice is currently stored in glaciers?” and “How much of this 

ice will be lost by the end of the 21st century?” (OGGM Developers, 2017). Hence, OGGM 

can be considered to be a management tool as well as a scientific tool, insofar as its 

projections may be used to inform policy and decision-making.  

In OGGM’s current developmental phase, every glacier is treated as land-terminating. This 

has the consequence that all mass lost from every glacier is presumed to be due to melt—

which necessarily excludes any mass lost as frontal ablation from calving glaciers. That is, 

a glacier which terminates in water generally has an additional source of mass loss, for which 

OGGM does not currently account. Global glacier mass loss due to iceberg calving is non-

trivial: in areas where it has been measured, calving can constitute up to 40% of regional 

glacial mass loss (AMAP, 2011). Moreover, calving glaciers are expected to account for 

around 39% of global glacier area as measured in the RGI (Pfeffer et al., 2014) (even this 

may be an underestimate, as the RGI fails to acknowledge lake-terminating glaciers in many 

regions; see the documentation provided by Arendt et al., 2015).  
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Iceberg calving is an important management issue in its own right. For example, consider 

the impact of iceberg scouring on marine benthic communities (Gutt, 2001); the hazard to 

commercial shipping presented by the presence of icebergs, particularly in a changing 

climate of decreased sea ice cover, allowing higher iceberg mobility (AMAP, 2011); the 

related hazard to cruise ship tourism (ironically, the decrease in sea ice which heightens 

iceberg mobility simultaneously allows easier access of recreational vessels into high-risk 

regions) (Stewart & Draper, 2008); or the disproportionate impact of frontal ablation on sea-

level rise (Meier et al., 2007). In addition to these issues, however, introducing calving into 

OGGM has its own unique internal ramifications.  

Due to the workflow particular to OGGM (discussed in-depth in Chapter 2), introducing 

iceberg calving as an additional mechanism of mass loss, for a given glacier, impacts the 

model’s projection of where the ground lies beneath the glacier’s surface, directly 

influencing estimates of ice thickness. Specifically, introducing calving to any given glacier 

should “push” the ground downward, increasing the thickness and volume estimates 

generated by OGGM for that glacier. This means that, once a calving mechanism is 

successfully implemented in OGGM, the resulting global ice volume estimate given by 

OGGM should increase—in turn, increasing estimations of the potential for glacial mass loss 

(whether by melt or by calving) to contribute to sea-level rise.  

1.3  OGGM’s calving model  

Currently, a parameterization of calving is being developed for implementation into OGGM 

(see Recinos, Maussion, & Marzeion, 2017a; Recinos, Maussion, & Marzeion, 2017b; 

Recinos, 2018). However, in its current phase of development, this calving model 

systemically overestimates the true volume of mass lost due to calving (and as a 

consequence, the increase in total modeled glacier volume is likely to be unrealistically high 

as well). Although OGGM is global in scope, and therefore, does not aim to provide highly 

precise calving values for individual glaciers, the current overestimate is deemed to deviate 

too extremely from any plausible results. It has been posited by the developers of OGGM 

that this overestimation may be due to a lack of accuracy in measurements of width of glacier 

termini (or, more specifically, the width of the portions of these termini which interact with 

water). This calving front width is one of three key terms in the chosen calving 



 

 

 

parameterization (the others being water depth and glacier thickness at the terminus; see the 

parameterization presented by Huss & Hock, 2015).   

Indeed, currently used as the default input into the calving model are the terminus widths 

generated by OGGM itself as an initial part of the model’s workflow. However, by design, 

these widths are not widths in the geometric sense—instead, they are more abstract 

constructs meant simply to preserve glacier area between different elevations (as described 

in more detail in Chapter 2). The upshot is that the default “OGGM width” of a glacier may 

generally have very little to do with the “true” width of the terminus, and even less so with 

the width of the calving front specifically. Hence, an open question with regards to the 

current phase of development of OGGM (and specifically, with regards to the calving 

portion of the model) is whether more accurate calving front width inputs might produce 

lower calving rates—and if so, by how much. The extent to which calving rates are lowered 

is expected to inform the extent to which glacier volume increases are lowered (relative to 

the current overestimate). 

1.4  Goals and research questions 

The goal of this thesis is to investigate to what extent the outputs of this calving 

parameterization, when applied to the current release of OGGM, are influenced by the choice 

of calving front width input. This involves, initially, developing and implementing a 

methodology by which to measure such widths in the first place. Then, once a suitable 

database of calving front widths has been compiled, these widths and other approximations 

are run through the calving model. Outputs (in terms of both calving rate and resulting glacier 

volume) are examined, and any relationships between calving front width, calving rate, and 

glacier volume are explored and developed.  

The desired end result is a consistent methodology by which to estimate the calving front 

widths of glaciers, along with an understanding of the extent to which variations in these 

measurements influence the model’s outputs in calving and volume. More explicitly, the 

research questions of this thesis are as follows: 

1) How can we systematically and reliably measure the calving front widths of water-

terminating glaciers, using only openly distributed data? (If possible, can this process 

be automated?)  
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and, once a database of such calving front widths has been compiled,  

2) Given the “true” calving front width for a given glacier, in what way, and to what 

extent, does a longer/shorter calving front width input alter the calving rate and 

glacier volume outputs for that glacier? (How do these three properties relate to each 

other?)  

 

1.5  Constraints on the scope of research questions 

Due to time constraints, it has been decided that construction of a calving front width 

database should initially focus on areas where the calving model is currently facing 

particularly anomalous results. Within Alaska, the current model has produced calving rates 

for individual glaciers which outweigh entire regional calving estimates provided by 

external sources. The hope is that a general methodology for measuring calving fronts can 

be developed while, at the same time, immediately providing better data for this particularly 

problematic subset of Alaskan glaciers.  

Specifically, the subset of glaciers given for prioritization in this thesis is a collection of 

about a hundred lake-terminating glaciers throughout Alaska. It is these glaciers for which 

calving fronts are manually delineated, and upon which a methodology for general calving 

front delineation is developed. As, ideally, such a methodology should be applicable to all 

water-terminating glaciers (and not just lacustrine glaciers), special care is taken to ensure 

that, in addressing Research Question 1, those glaciers terminating in tidewater (seawater) 

are not excluded.  

Although, in general, tidewater calving and lake calving follow different principles (Warren, 

Greene, & Glasser, 1995), OGGM forfeits more nuanced calving parameterizations in favor 

of global applicability, and currently, does not differentiate between tidewater calving and 

lake calving. Therefore, addressing Research Question 2 for lake-terminating glaciers in this 

context is equivalent to addressing it for all calving glaciers. However, there is one clear 

drawback of prioritizing this particular subset of lake-terminating glaciers: subsequent 

testing of these first calving front widths is necessarily limited to an anomalous subset of 

glaciers. Hence, although addressing Research Question 1 should by its nature be 

generalizable across regions, results relating to Research Question 2 must be tested in other 

regions to ensure universal applicability within the context of OGGM.  



 

 

 

1.6   Calving front delineation of lacustrine glaciers  

While glacier outlines in general have been algorithmically generated from satellite imagery 

with great success, difficulties arise in areas of low contrast (for example, when seasonal 

snow cover obscures the glacier’s edges) (Paul et al., 2013). Of particular difficulty is 

delineating a glacier’s terminus in the case where a glacier terminates into a lake: the lake 

may be frozen and snow-covered during the glacier’s accumulation period, or may exhibit 

high turbidity and resemble the blue ice of a glacier’s ablation zone during the melt season.  

Thus, automatically determining the termini of lake-terminating glaciers is a challenge 

which yet requires a general solution, and is often performed as a manual correction to 

automatically-generated glacier outlines (Racoviteanu, Paul, Raup, Khalsa, & Armstrong, 

2009). Indeed, it is often specifically the regions without lakes which uniquely require no 

manual corrections (Paul et al., 2013). Moreover, manual correction tends to be done without 

any real discussion of methodology. As noted by Sakakibara & Sugiyama (2014), the 

subjectivity inherent in such delineation constitutes a major source of uncertainty when it 

comes to discussions on calving.  

Given the scope of OGGM, it is preferable that any procedure by which calving front widths 

are obtained be reproducible and consistent across a global dataset. Therefore, one 

contribution of this thesis is an attempt to methodically describe a process by which glacier 

calving fronts can be manually delineated. Although automation of such a process turns out 

to be beyond the reach of this thesis, attempts are made to minimize choices which are overly 

subjective. This should go some way toward developing a procedure which could, in theory, 

be algorithmically reproduced within OGGM. 

The methodology developed here makes use of high-resolution digital elevation models, or 

DEMs, which provide data on the altitude of a given point on the earth’s surface. These 

DEMs are converted into contour maps, and are then visually inspected for slope and altitude 

signals indicating the boundaries between mountainside, glacier ice, and water. A simple 

library of such signals is developed, and subsequently used as reference in the manual 

delineation of each calving front. This delineation is ultimately done by isolating a 

continuous, low-altitude contour line above a glacier’s terminus, and tracing it between 

“appropriate” margins (as discussed more in-depth in Chapter 3). The result is a manually-
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determined collection of calving fronts for a collection of about a hundred glaciers, which is 

then applied to the calving model and used to address Research Question 2. 

1.7   Sensitivity of model output to variations in input  

Although the calving parameterization used by OGGM is quite simple, expressing annual 

calving rate as twice the product of calving front width, water depth at the terminus, and 

glacier thickness at the terminus (Huss & Hock, 2015), its implementation will be seen to 

involve the repeated application of mass calculations (Marzeion, Jarosch, & Hofer, 2012), 

subsequent ice flow calculations, and “thickness inversion” procedures by which glacier bed 

locations are approximated (Farinotti, Huss, Bauder, Funk, & Truffer, 2009). Hence, a 

multitude of moving parts is introduced into the question of calving rate calculations, and it 

is unclear a priori how sensitive a glacier’s calving value should be to its calving front width 

input.  

Rather than just comparing two outputs per glacier (i.e., the default “OGGM width” run, and 

the run taking the manually delineated calving front as input), an additional width value is 

provided as input for each glacier. Namely, for each glacier, an additional “straight width” 

is defined as the Euclidean distance between endpoints of the manually-delineated calving 

front. This allows the opportunity to compare calving rates corresponding to three inputs per 

glacier. Given these three runs per glacier, a more robust exploration of the corresponding 

change in glacier volume and calving rate outputs is permitted. This part of the study is 

essentially conducted as a single-variable differential sensitivity analysis (Hamby, 1994). 

The result of this is a (surprisingly glacier-independent) description of how volume and 

calving output can be expected to vary with calving front width input.  

1.8   Study area   

Alaska is typically partitioned into 14 distinct glacierized regions, as described by Molnia 

(2008). Rather than belonging to any one region in particular, the lacustrine glaciers studied 

in this thesis are scattered throughout Alaska generally, and hence, do not represent any 

homogenous group. In fact, due to the tendency for Alaskan glaciers to occupy “transitional” 

zones of abrupt, small-scale climatological change, high levels of variability are often 

observed in the behavior of even neighboring glaciers (Larsen, Burgess, Arendt, O’Neel, 



 

 

 

Johnson, & Kienholz, 2015). Nonetheless, Molnia (2008) finds that each of Alaska’s regions 

universally displays overall characteristics of thinning and retreat which, in many of these 

cases, has been ongoing since the 18th century.  

While it may seem strange to focus explicitly on lake-terminating glaciers in a discussion 

ultimately aimed at refining sea-level rise predictions, all methodology utilized here is 

deliberately kept general enough to be applicable to all calving glaciers—including those 

terminating in tidewater. However, this is not the sole importance of considering lacustrine 

glaciers in this study: proglacial lakes in Alaska are not necessarily isolated from the ocean. 

For example, the Bering Glacier (Glacier 1 in this thesis; see Appendix A) terminates in the 

brackish Vitus lake (connected to the Gulf of Alaska via the Seal River), which experiences 

influx and outflux coincident with ocean tidal cycles. Due to this constant exchange, the 

Bering Glacier, though lacustrine, is a primary source of freshwater flux into the Gulf of 

Alaska (Josberger, Schuchman, Meadows, Savage, & Payne, 2006). While this level of 

significance is certainly not universal—for example, Josberger et al. find that Berg Lake, 

into which Steller Glacier (Glacier 2 here) terminates, has only a small outlet—visual 

examination of many of the lakes considered over the course of this project suggests that 

outlet streams connecting lake to ocean are not uncommon.  

1.9   Layout  

Besides this Introduction, this thesis is laid out in an additional four parts. In Chapter 2 

(Theoretical Background), a more in-depth overview of OGGM’s workflow is presented, 

explaining the progression from glacier outlines to flowlines, mass and ice flow calculations, 

and eventually ice thickness, volume, and bed topography. This is then used to more clearly 

explain why successfully introducing calving into OGGM is expected to increase global 

glacier volume estimates given by the model, and consequently, inform the potential for 

land-based ice to contribute to sea-level rise. The significance of calving front width input 

in obtaining this end goal is explored. Theoretical issues relating to the delineation of calving 

fronts are also briefly explored.   

Chapter 3 (Research Methods) describes the methodology developed for manually 

delineating the glacier calving fronts ultimately used to test the calving model’s width 

sensitivity. This involves presenting a simple library of DEM-derived signals which are used 
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to inform the boundaries of glacier calving fronts. Some examples are provided, and the 

methodology is validated by visual comparison with Google satellite imagery, as well as an 

external source of Alaskan calving front shapes (McNabb & Hock, 2014). As well, the 

methodology relating to the sensitivity part of the study is more explicitly outlined.  

Chapter 4 (Results) is primarily dedicated to presenting results obtained from applying 

various calving front widths to the calving model. Relationships between calving front 

width, glacier volume, and calving rate are laid out, demonstrating the apparent universality 

of results across even this anomalous subset of Alaskan glaciers. 

Chapter 5 (Discussion) explores the impacts of the results presented in Chapter 4, informing 

the precision to which calving fronts need to be measured to ensure outputs within a specified 

range. A simple upper bound argument is used to investigate the extent to which manually-

derived calving fronts produce more realistic results than the previous default input. 

Particularly in the case of glaciers whose calving fronts constitute only a fraction of their 

termini, the appropriateness of the current calving model at providing realistic calving rate 

estimates is questioned. Limitations and advantages inherent in the calving front delineation 

methodology presented in Chapter 3 are discussed, and broader applicability of this method 

within OGGM is considered.  
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2   Theoretical Background  

2.1   Input  

OGGM takes the following databases as its input: 

i) The Randolph Glacier Inventory, Version 5 (RGI) (Arendt et al., 2015). The RGI 

is a globally complete catalogue of glacier outlines, in the form of shapefiles. 

Each glacier’s corresponding shapefile is accompanied by a collection of other 

data, including flags indicating terminus type (a useful flag for the purposes of 

this thesis). Although the RGI is global in scope, it provides only a snapshot in 

terms of temporal coverage—each glacier is given a single outline, indicating the 

glacier’s extent at a particular time (generally between 2004 and 2011, depending 

on the glacier). 

 

ii) Digital Elevation Models (DEMs). DEMs give the elevation at a given point on 

the earth’s surface. For the purposes of OGGM, a DEM identifies the elevations 

around the periphery of a given glacier (which is used to compute likely 

directions of glacier flow), as well as the slope and general hypsometry of the 

glacier’s surface. There currently exists no globally complete DEM (Maussion et 

al., 2018) and so OGGM resorts to picking and choosing from four DEM 

databases (see Jarvis, Reuter, Nelson, & Guevera, 2008; Howat, Negrete, & 

Smith, 2014; Liu, Jezek, & Zhao, 2001; de Ferranti & Hormann, 2014). 

 

iii) Historical temperature and precipitation anomaly measurements provided by the 

Climate Research Unit (CRU) (University of East Anglia, 2017). The openly 

available CRU datasets, which are available globally over a period of time from 

1901 to 2015, are of key importance in OGGM’s mass balance calculations. 

In keeping with OGGM’s vision of being completely open-sourced, all data used as input is 

freely accessible from online databases. Given these three types of data, OGGM now has 

access to (i) the extents, in terms of latitude and longitude, of a given glacier at a particular 

time, (ii) the elevation of any point within the boundaries of a glacier, and (iii) historical 

climate data at each of point within the resulting three-dimensional image.  



 

 

 

2.2   OGGM’s workflow  

Presented below are the key steps by which OGGM takes the above inputs and ultimately 

derives the approximate topography of each glacier bed. Although unnecessary detail is 

avoided, some of the mathematics behind these processes are highly relevant in addressing 

the significance of introducing calving to OGGM’s workflow. The bulk of the workflow 

(2.2.3 onward) relies on OGGM having access to some basic information about a glacier. 

Specifically, OGGM needs access to the direction of ice flow, as well as a series of points, 

along this direction of flow, at which to perform all subsequent calculations. These points 

are obtained by first constructing flowlines and width lines. 

2.2.1   From outlines to flowlines  

Initially, where appropriate, glacier complexes (several glaciers incorrectly grouped together 

into a single outline in the RGI) need to be partitioned into distinct entities. This is done 

following the method of Kienholz, Hock, & Arendt (2013), adapted for use in OGGM by 

Eis, Maussion, & Marzeion, (2017). Additionally, individual glaciers may be themselves 

partitioned when there are significant tributaries, and thus, essentially treated as independent 

entities. 

Using a given glacier’s RGI outline alongside an appropriate DEM, OGGM executes an 

algorithm inspired by Kienholz, Rich, Arendt, & Hock (2014) to produce likely routes of ice 

flow. This is essentially done by isolating local maxima and minima, and using the fact that 

ice tends to flow a) downward, and b) away from glacier margins. While in general a single 

entity may have several local maxima from which ice flow originates, and therefore, several 

flowlines, the longest one is selected as the main flowline (Figure 2.1b).  
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Figure 2.1. a) The RGI outline for the Hintereisferner Glacier, overlaid atop its DEM. b) 

The resulting main flowlines for each partition of the glacier, after application of the 

algorithm of Kienholz et al. (2014). Image from Maussion et al. (2018).  

2.2.2   Width line construction 

Once flowlines have been constructed, the first attempts at glacier width lines are drawn 

geometrically at a series of elevations from head to terminus. These lines are initially 

constructed simply by drawing lines normal to the main flowline from the previous step, 

spanning from the left glacier margin to the right (see Figure 2.2 a). However, between the 

RGI outline and the DEM, OGGM has access to a glacier’s hypsometry—that is, its area 

distribution by altitude. As will be seen in subsequent sections, the precise area between two 

elevations is often useful in calculations of, for example, mass change or ice flow. For the 

majority of OGGM’s workflow, it is more useful to describe hypsometry than it is to describe 

glacier width.  

OGGM, therefore, adjusts geometrical width lines so that the trapezoidal area between two 

adjacent width lines is equal to the true glacier area between those corresponding elevations. 

In general, this means rescaling the more aesthetically appealing “true” width lines into 

something less geometrically meaningful, but more useful in terms of ice dynamics (see 

Figure 2.2). Once widths have been rescaled, the finished product for a given glacier should 

resemble the image depicted in Figure 2.3.  

 



 

 

 

 

Figure 2.2. Simple glacier sketch, with a main flowline from the head to the terminus. a) The 

grey trapezoidal area between adjacent width lines underestimates the true area between 

elevations, as it does not account for the area enclosed within the red region. b) By 

sacrificing the representation of true glacier width, the rescaled “width” lines encompass a 

broader trapezoidal area, better accounting for the total area between the two elevations. 

 

Figure 2.3. Width lines along each partition of the Hintereisferner Glacier, after correction 

for hypsometry preservation. The trapezoidal area between adjacent width lines captures 

the known glacier area between corresponding elevations. Image from OGGM Developers 

(2017).  

Upon examination of Figure 2.3, a series of points can be defined, along the main flowline 

of each glacier partition, by its intersection with each width line. It is precisely these points 

along the main flowlines at which mass balance (2.2.3), ice flux (2.2.6) and glacier thickness 

(2.2.7) will be calculated. Of particular note here is that the width lines constructed by 
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OGGM are not generally reliable approximations of true glacier width, nor, in particular, is 

the lowest width line intended to be a reliable approximation of terminus width. This 

supports the suggestion that using the default “OGGM widths” as input for the calving model 

may be at least partially responsible for the unrealistic calving output.  

2.2.3   Mass balance along flowlines  

Mass balance of glaciers refers to the seasonal or annual budget of mass accumulated and 

lost by a glacier (Cuffey & Paterson, 2011). If, after a given period of time, net accumulation 

(from snowfall, avalanching, windswept snow, and other mechanisms) is greater than the net 

ablation experienced by a glacier (due to melt, sublimation, calving, etc.), then a glacier is 

said to have positive mass balance equal to the difference between the two. If loss outweighs 

gain, the glacier is said to have negative mass balance. When the mass lost equals the mass 

gained, the glacier has a mass balance of zero, and is said to be in equilibrium with its climate, 

or to be in a steady state (note that these are not a priori the same claim, as “steady state” 

indicates constant geometry and “equilibrium” indicates constant mass; however, a glacier 

in equilibrium quickly enters a steady state) (Paterson, 1994). In particular, the annual 

specific mass balance of a glacier is defined to be the mass balance experienced by a glacier, 

over one year, per unit area (Cuffey & Paterson, 2011).  

Regardless of the overall mass balance of a glacier, an increase in mass can be expected in 

its colder, upper regions, where relatively little melt occurs even in the summer. Moving 

further down-glacier, there is less and less accumulation, until the equilibrium line altitude 

(ELA) is crossed. This is the precise altitude on a glacier at which net annual accumulation 

equals net annual ablation. Below this altitude, the glacier will have lost mass. Thus, a more 

refined representation of glacier mass balance is obtained when the annual specific mass 

balance is measured in steps down a glacier, rather than simply averaging the cumulative 

change in mass over the glacier’s surface.  OGGM, therefore, considers annual specific mass 

balance not over the glacier as a whole, but at each of the altitude steps defined by the 

previous stage in the workflow.  

The following equation, adapted from Marzeion et al. (2012), gives the annual specific mass 

balance B(z) at altitude z (i.e., at the point of intersection between a glacier’s main flowline, 

and the width line at altitude z) as the sum of the twelve monthly specific mass balances at 

altitude z: 



 

 

 

B(z) = ∑ [𝐏12
j=1 (j, z) - µ*max{T(j, z) - Tmelt, 0}]   (Equation 2.4)  

Here, P(j, z) is the mean monthly solid precipitation, per unit area, at altitude z during month 

j; T(j, z) is the mean atmospheric temperature during month j at elevation z; Tmelt is the 

monthly mean temperature above which ice melt is assumed to occur (taken to be 1°C); and 

µ* is the glacier-specific temperature sensitivity (a parameter defining how quickly a glacier 

melts on exposure to temperatures above Tmelt). This equation says that the specific mass 

balance (at altitude z), after one year, is equal to the sum of its 12 monthly specific 

balances—each of which is the difference between snowfall gained and melt lost during that 

month (per unit area, at altitude z).  

Although Equation 2.4 neglects calving, one advantage of this formulation of mass balance 

is its immediate applicability to OGGM. It requires only temperature and precipitation data 

already obtained from the CRU database, so as long as an appropriate value for the 

temperature sensitivity µ* is known, this equation can be directly applied within the context 

of the model.  

2.2.4   Calibration of the mass balance equation  

Calibrating Equation 2.4 to an individual glacier requires finding an appropriate µ* for which 

the equation holds true. The method developed by Marzeion et al. (2012) to calibrate this 

equation for a given glacier has direct implications on subsequent steps in OGGM’s 

workflow, as well as on the theoretical implications of introducing calving to the model. 

Hence, this section is presented in some detail.  

In general, if a glacier has a sufficiently strong record of empirical or modeled mass balance 

values, it should be a straightforward process of solving Equation 2.4 for µ*. However, there 

are only 255 glaciers globally whose mass balance records are robust enough to permit this 

simple algebraic solution (Marzeion et al., 2012), and deriving the temperature sensitivities 

for these glaciers does not immediately help in deriving the temperature sensitivities of the 

others: the parameter µ* is highly variable even between neighboring glaciers.  

The proposed solution to this problem is to take advantage of the fact that the spatial scale 

for climate variability is generally much larger than it is for temperature sensitivity 

variability (exceptionally small-scale microclimates notwithstanding). Extrapolations based 
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on climate, therefore, are preferable to extrapolations based on temperature sensitivity 

(Marzeion et al., 2012). If a climate can be found (i.e., a 30-year span of temperature and 

precipitation conditions) under which one of the 255 well-documented glaciers was in 

equilibrium, it may be the case that its neighboring glaciers were in equilibrium with that 

same climate. This would provide an assumption regarding the net mass balance of any such 

adjacent glacier under the given climatological conditions (namely, that it is zero). From 

here, Equation 2.4 might be solved algebraically for that glacier’s µ*.  

However, in order to apply Equation 2.4 to a given glacier, its vertical extents need to be 

known in order to apply the relevant altitude-indexed climatological data P(j, z) and T(j, z). 

Certainly without already knowing the mass balance trends of a glacier, it is impossible to 

predict what outline it would have had during the years defining the aforementioned 

climatology.  

More accurately, given one well-documented glacier and one adjacent, relatively unknown 

glacier, a hypothetical situation is considered: suppose both glaciers had existed in past 

climates, but with their modern geometry intact—i.e., with their current RGI outlines. If a 

past climatology can be found in which the well-documented glacier, in its current geometry, 

would have been in equilibrium, then it may be the case that the unknown glacier, in its 

current geometry, also would have been in equilibrium in that climate.   

The method is to project this well-documented glacier, in its current geometry, back into a 

series of 31-year time spans, each centered at some year t between 1915 and 1999. For each 

t, the assumption is made that this glacier’s total mass balance over the corresponding 31-

year period would have been zero. Equation 2.4 is then solved to find the resulting 

temperature sensitivity, denoted µ(t), corresponding to each individual time span. The t 

generating the most accurate µ(t) (i.e., that which is the closest to the known value of µ*) is 

denoted t*. The conclusion drawn is that, given the temperature sensitivity known to be 

accurate for this well-documented glacier, the glacier likely would have been in equilibrium 

with the climatological conditions around t*, had it existed then in its current geometry. 

Correspondingly, had it existed in its current geometry from year t* - 15 to t* + 15, the 

relatively unknown glacier of interest would likely also have been in equilibrium with the 

climate defined by that time span.  



 

 

 

Equation 2.4 is then used to solve for this glacier’s µ*, as the restriction to its current RGI 

outline ensures that that the relevant altitude-indexed climatological data may be applied. At 

last, once this calibration has been done for a given glacier, OGGM is able to calculate the 

specific annual mass balance at each elevation step along the glacier’s profile.  

2.2.5   Ice flux basics 

Ice flux Qz at a given elevation is z is defined by Cuffey and Paterson (2011) as the total 

mass of ice flowing, per unit time, past elevation z. This is calculated as 

Qz =∫  ∫ 𝝆(𝒉)𝒖(𝒉)𝑑𝒉
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑏𝑎𝑠𝑒

𝑟𝑖𝑔ℎ𝑡

𝑙𝑒𝑓𝑡
.  

The parameter h represents depth below the glacier’s surface at a given point; u(h) is the 

speed of ice flow as a function of ice depth below this point; and ρ(h) is ice density as a 

function of ice depth. OGGM makes the simplifying assumption that a glacier’s flow speed 

and density are constant with respect to depth, so that the above equation can be expressed 

more simply as  

Qz ≈ ρuS   (Equation 2.5) 

where u is the “depth-averaged” (and therefore, constant with respect to h) flow velocity 

(see Cuffey & Paterson, 2011), ρ is the likewise constant ice density, and S is the area of the 

flux gate, given by S = ∫ ∫ d𝐡
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑏𝑎𝑠𝑒

𝑟𝑖𝑔ℎ𝑡

𝑙𝑒𝑓𝑡
. Equation 2.5 says that the total mass of ice 

transferred due to flow, per unit time, through the glacial cross-section determined by 

altitude z, is equal to the product of the ice flow speed at that location, ice density, and the 

area of the cross-section, or “flux gate.”  
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Figure 2.6. The flux gate (blue cross-section) of the Hintereisferner Glacier defined by the 

altitude at which the flowline (red) and the depicted width line intersect. Image from OGGM 

Developers (2016).  

2.2.6   Deriving ice flux from mass balance  

Choosing a flux gate at an elevation z implicitly defines a glacier surface area Ω upstream 

of the gate. Specifically, given that OGGM partitions a glacier into segments between width 

lines (i.e., by elevation), a flux gate at z defines the union of areas Ω = U(Ωi) where the 

union is taken over all elevations i ≥ z.  

Elaborating on the logic presented by the OGGM documentation (OGGM Developers, 

2016), if the piece of Ω directly upstream from z (call this Ωz) is considered, mass 

conservation suggests the following. The flux into Ωz (call it QZ+1), less the flux out of Ωz 

(say, Qz), plus the net mass balance accumulated into (lost from) Ωz, together must account 

exactly for “visible” gain (loss) observed by considering the glacier’s absolute change in 

height per unit area, Δhz, over Ωz. In other words, if the region Ωz is observed to gain (or 

lose) a height of Δhz over a given period of time, it must be the case that this increase (or 

deficit) in mass is accounted for by the combination of mass transferred due to flow into Ωz, 

flow out of Ωz, snowfall accumulated in Ωz, and melt experienced in Ωz.  

By Equation 2.4, the term B(z) is already formulated to describe the difference between 

accumulation and ablation at altitude z, per unit area at this elevation. Therefore, the net 

mass balance at z is simply B(z) summed up over the total area of the region Ωz, and the 

above discussion can be expressed as 



 

 

 

Qz+1 – Qz + ∫ 𝐁(𝐳)
𝛀𝐳

 = ρ∫ Δ
𝛀𝐳

hz (Equation 2.7). 

If the highest elevation is chosen (i.e., so that Ωz exists, but Ω z+1 does not), it may be 

concluded that Qz+1 is zero—as there is no region from which ice may flow into Ωz. 

Moreover, in calibrating Equation 2.4 to each glacier, a set of climatological conditions were 

posited which placed the glacier in a steady state in its current geometry. Thus, under this 

same assumption, the conclusion can be drawn that a glacier is already, by hypothesis, in a 

steady state—that is, Δhz is zero. This allows the further simplification of Equation 2.7 as   

Qz = ∫ 𝐁(𝐳)
𝛀𝐳

   (Equation 2.8a) for maximal z, and  

Qz = Qz+1 + ∫ 𝐁(𝐳)
𝛀𝐳

  (Equation 2.8b) in general.  

Equation 2.8b states that the ice flux out of a region (for a glacier in a steady state) is equal 

to the ice flux into that region, plus the net mass balance experienced by that region. Between 

Equations 2.8a and 2.8b, given that OGGM is already able to provide mass balance estimates 

via Equation 2.4, Equation 2.8a can immediately be solved (i.e., for maximal z) and then 

Equation 2.8b can be iteratively solved for ice flux at each elevation step down-glacier.  

As a direct result of Equation 2.8b, it follows that, in regions of a glacier where mass balance 

is positive, ice flux must necessarily increase from one elevation step to the next on 

descension toward the ELA. However, once the ELA is passed and mass balance becomes 

negative, the ice flux must diminish with each step in the descent from the ELA to the 

terminus. As a final note, given the assumptions that a) a glacier is non-calving, and b) a 

glacier is in a steady state, the final ice flux value must be zero. This follows simply from 

the fact, if a glacier is non-calving, any positive ice flux at the terminus must represent glacial 

advance.  

2.2.7   Glacier thickness, bed inversion, and glacier volume 

From Equation 2.5, there is a simple mechanism relating ice flux, at a given altitude, to the 

cross-sectional area of the corresponding flux gate. Given some assumptions about bed 

shape, cross-sectional area can be related to glacier thickness, at the flowline, at altitude z. 

For example, if the bed shape at a chosen flux gate is rectangular, it can be derived that that 

the cross-sectional area S of the flux gate is the product of glacier width w and glacier depth 
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h. That is, S = hw (while a more common assumption made by OGGM is that bed shape is 

parabolic, the following chain of reasoning holds for all bed shapes).  

From Equation 2.5, under a rectangular bed shape assumption, it follows that, at a given 

elevation, 

Q = ρuhw  (Equation 2.9). 

Meanwhile, the Shallow Ice Approximation (e.g., Jarosch, Schoof, & Anslow, 2013) allows 

the approximation of u as 2Ahτn/(n+2), where A and n are constants from Glen’s Flow Law 

(as characterized, for example, by Cuffey & Paterson, 2011), and τ represents basal shear 

stress (a measure of the pressure on glacial ice as a result of its own weight and orientation—

see Davies, 2017b). The basal shear stress τ can be further expanded (as in Maussion et al., 

2018) as the product of surface slope α, ice density ρ, the gravitational constant g, and ice 

thickness h. Hence, u = 2Ah(αρgh)n/(n+2). Putting this characterization of u back into 

Equation 2.9, the thickness h can be expressed as a function of the above parameters, and 

directly calculated.  

h = √
(n+2)𝐐

𝟐A𝐰(𝛒n+1)(𝛂𝐠)n

n+2
  (equation 2.10)  

In particular, for the purposes of the upcoming discussion on glacier calving, two items are 

of particular importance here: first, glacier thickness at a given elevation is proportional to 

the ice flux Q out of the cross-section defined by that elevation; and second, glacier thickness 

at a given elevation is inversely proportional to the glacier’s width w at that elevation.  

Total glacier volume is computed by integrating the cross-sectional areas of each flux gate 

down the altitudinal profile of the glacier. From here, the method of Farinotti et al. (2009) is 

applied, taking the derived thickness values and “inverting” the glacier surface to construct 

an approximation of the bed beneath the glacier. This may be considered the primary result 

of the workflow thus far: only once the topography of the bed is known can OGGM’s ice 

dynamics module is applied, modeling the evolution of a glacier over this surface.   

2.2.8   Ice dynamics  

Modeling of glacier evolution, given the information derived in the above subsections, is 

essentially done by re-implementing Equation 2.7, but now without the steady-state 



 

 

 

assumption, so that the Δhz term is no longer eliminated. Noting that ∫ Δ
𝛀𝐳

hz and ∫ 𝐁(𝐳)
𝛀𝐳

 

can be equivalently expressed as ∬ ΔhzdwzdLz and ∬ 𝐁(𝐳)dwzdLz (where wz and Lz 

represent the width and length of the trapezoidal surface Ωz), and observing that integration 

with respect to width is equivalent to multiplication by width in this context, it can be found 

that ∫ Δ
𝛀𝐳

hz = ∫ ΔhzwzdLz and ∫ 𝐁(𝐳)
𝛀𝐳

 = ∫ 𝐁(𝐳)wzdLz. Furthermore, the change in height 

of Δhz along a profile of width wz is equivalent to an overall change in the cross-sectional 

area Sz defined by the altitude z. That is, ∫ ΔhzwzdLz = ∫ ΔSzdLz.  

It follows from Equation 2.7 that Qz+1 – Qz + ∫ 𝐁(𝐳)wzdLz = ρ∫ ΔSzdLz. Applying the same 

logic as in 2.2.6, wherein the term Qz+1 is eliminated by assuming maximal altitude, and 

differentiating both sides with respect to Lz, the equality B(z)wz – dQz/dLz = ρΔSz is 

obtained. This equation is numerically solved for this maximal Qz (Maussion et al., 2018), 

and a series of solutions is subsequently provided at each point down-glacier. The result is 

the modeled redistribution of mass under the climate data fed into Equation 2.4.  

2.3   Introducing calving  

Analogously to the definition of ice flux presented in 2.2.5, the calving flux of a glacier is 

defined as the ice transferred off-glacier, per unit time (by convention, one year), due to 

calving (Cuffey & Paterson, 2011). While the calving of glaciers can be related to a host of 

potential factors—from velocity profiles along a glacier, to the “submarine melt” 

experienced by the underwater portion of a glacier’s terminus—such processes are typically 

separated into so-called first, second, and third-order processes (Benn et al., 2007). A first-

order calving process is one which describes overall calving rate, while second and third-

order processes aim to describe (and predict) individual calving events. The simple first-

order parameterization used within OGGM is that presented by Huss & Hock (2015), toward 

application in their own global glacier model, the Global Glacier Evolution Model, or 

GloGEM—apparently the first attempt at implementing a calving mechanism into a global 

model. This chosen parameterization expresses total calving flux F experienced by a glacier 

over one year is calculated as the product of the width of the calving front w, glacier 

thickness at the calving front Hf, water depth at the calving front d, and a constant k (set to 

2a-1 by Oerlemans & Nick, 2005). That is,  
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F = kwdHf   (Equation 2.11)  

whenever this product is positive, and zero otherwise (in general, this will only be negative 

when water depth is negative—i.e., when the glacier terminates above water level—and in 

this case, the glacier is simply treated as non-calving). F is calculated as a volume per year, 

and not as a mass per year, so that the mass lost due to calving is ρF. As noted in the 

Introduction, this parameterization is likely too simplistic to provide high-quality calving 

flux values at the individual glacier level; however, OGGM’s true aim is to calibrate 

Equation 2.11 so that resulting regional and global estimates are plausible.  

As a result of introducing this new method of mass loss to glaciers, the previous 

characterization of a glacier in a “steady state” no longer applies. Before, setting the sum of 

all mass change ∫ 𝐁
𝛀

 (via integration of Equation 2.4 over the total glacier area Ω = UΩz) 

to zero corresponded to the steady state condition; now, however, all temperature-related 

gain and loss minus the calving flux must be zero in order for the glacier to be in a steady 

state (Recinos, 2018). In other words, under the assumption of calving, a glacier is in a steady 

state whenever  

∫ 𝐁
𝛀

 = ρF  (Equation 2.12).    

It is as a consequence of this modification that the introduction of a calving parameterization 

into OGGM ultimately results in significant changes to total glacier volume in the 

initialization phase (i.e., prior to running the ice dynamics module). By imposing calving 

into the above formulation of equilibrium, a recalibration of the mass balance equation is 

necessitated, which, following the logic of 2.2.3 through 2.2.7 above, influences ice flux 

estimates, and subsequently, initial glacier thickness and volume estimates.  

2.3.1   Recalibration of the mass balance equation 

From Subsection 2.2.4, calibration of Equation 2.4 required that a year t* was found, around 

which a glacier could be assumed to be in equilibrium with the 31-year climate conditions. 

Total mass balance over this time was set to zero, and solved for the µ* allowing this 

equation to hold. However, this was under the assumption that all loss was due to melt. 

Hence, the resulting temperature sensitivity µ* is precisely the sensitivity allowing total 

melt, under the climate conditions surrounding t*, to exactly balance out the total 



 

 

 

accumulation due to snowfall. Under the same temperature sensitivity for this glacier, it 

follows that, for the 31-year period surrounding t*, total melt still equals total 

accumulation—but additional loss is now occurring at the terminus via calving. Thus, loss 

outweighs gain, and the glacier violates the steady-state assumption needed for the initial 

calibration of Equation 2.4.  

Instead, a lower µ* needs to be calculated to account for this. That is, a glacier needs to 

experience less melt in order to make room for its new calving loss. Because OGGM must 

work within a fixed set of climatological conditions (namely, those defined by t*), this can 

only be achieved by lowering the temperature sensitivity of the glacier.    

The assumption behind this recalibration—namely, that a calving glacier is likely to be in 

equilibrium with the same climate as a neighboring non-calving glacier—is not without its 

flaws. Post (1975) has demonstrated that, in fact, calving glaciers are often out of sync with 

the behavior of non-calving glaciers, experiencing characteristic cycles of stability, steady 

advance, and rapid retreat. However, such an assumption is needed here to keep the model 

consistent. For ease of reference, in the following, the “old” (pre-calving) temperature 

sensitivity will be referred to as µ*, and the recalibrated (and consequently, lower) 

temperature sensitivity will simply be denoted µ.  

2.3.2   Influence of lower µ* on mass balance values  

The annual specific mass balance at a given altitude is expressed by Equation 2.4. Thus, 

working from the highest point of the glacier toward the terminus, the following observations 

can be made: 

a) At higher elevations (say, well above the ELA) temperature is low, and as a result, 

the number of days where Equation 2.4 permits melt (i.e., the months j where T(j, z) 

is above Tmelt) is constrained. Meanwhile, precipitation, the dominating term, does 

not depend in any way on temperature sensitivity. Thus, lowering the temperature 

sensitivity from µ* to µ generally will not have much of an effect at higher altitudes.    

b) Upon reaching the ELA* (the elevation having mass balance of zero under the 

temperature sensitivity µ*), the total melt experienced under scaling by µ* has 

diminished to some extent under scaling by µ, although precipitation is unchanged. 

As a result, this point now has a positive balance; the ELA has been pushed down.   



 

25 

c) As the (updated) ELA is passed, warmer days become more common, and T(j, z) is 

likely to rise above Tmelt for more months j—and by a larger magnitude. Melt 

outweighs precipitation at these altitudes, and as such, weighting that loss by µ rather 

than the larger µ* will result in mass balances which are higher (although still 

negative, by definition, below the ELA).  

In summary, recalibration of the mass balance equation, under the assumption of calving, 

can be expected to result in higher temperature-related mass balances everywhere on the 

glacier, and this difference should be more pronounced at lower elevations than at higher 

elevations.  

2.3.3   Influence of lower µ* on ice flux  

From Equations 2.8a and 2.8b, the uppermost region of a glacier has an assumed ice flux 

equal to its total mass balance. Each subsequent region, by descending altitude, experiences 

an ice flux equal to the sum of the flux out of the region immediately above it, and its own 

mass balance. But as mass balance in every region of the glacier has now increased—

particularly at lower elevations—ice flux has correspondingly increased. As in the previous 

subsection, this effect is in various regions of the glacier can be examined:  

a) At very high elevations, ice flux under µ is not expected to be significantly higher 

than ice flux under µ*, although due to the fact that ice flux increases toward the 

ELA, these differences will accumulate.  

b) Given that the ELA has been pushed downward, ice flux has more opportunity to 

increase. As the mass balance feeding the ice flux is already a little higher, the 

combined result is a larger peak ice flux, at a lower altitude.  

c) Below the ELA, ice flux necessarily decreases, but because the rate of decrease is 

informed by mass balance (which is closer to zero below the ELA under µ than it 

was under µ*), the rate of decrease of ice flux has been lowered. In other words, 

beyond the point of maximal ice flux, more ice flux is conserved from one elevation 

to the next. This implies that ice flux no longer diminishes to zero.  

Thus, as was the case with mass balance, under the assumption of calving, ice flux is 

expected to have increased everywhere along the glacier’s profile, but with this difference 

much more pronounced below the ELA.  



 

 

 

2.3.4   Influence on glacier thickness and volume  

Finally, Equation 2.10 indicates that a glacier’s thickness, at a given point, is directly 

proportional to the ice flux through that point. By the above discourse, it follows that, on 

introduction of calving to OGGM’s workflow, glacier thickness at each point must increase. 

In particular, this increase in thickness is expected to be the most pronounced below the 

ELA. As a result, the initial total glacier volume estimates must necessarily increase under 

calving, with this increase in mass being largely accounted for in the lower regions of the 

glacier. Indeed, in initial trials of calving being implemented in OGGM, this is exactly what 

is seen.  

Figure 2.13. Profile of the Columbia Glacier. Glacier thickness (depicted here as the 

distance between the surface and the bed) is visibly higher, with calving, below a surface 

altitude of about 1000m, with the difference becoming more pronounced on further descent. 

Total volume has increased from about 303km3 (no calving) to about 386km3 (with calving). 

Image from Recinos, 2018.  

2.4   OGGM’s Iterative Calving Model   

Implementation of the process described above is far from straightforward. By Equation 

2.11, calculating the calving flux for a glacier requires, as input, some value for glacier 

thickness Hf at the terminus. But thickness values are obtained near the end of the workflow 
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described in Section 2.2—the mass balance equation for a calving glacier needs to be 

calibrated under some calving flux value in order for OGGM to produce meaningful 

thicknesses in the first place. In other words, the very calving flux estimate needed to 

ultimately produce glacier thickness depends on that thickness already being known.  

2.4.1   Rough sketch of the algorithm  

It turns out that this impasse can be navigated in a reiterative fashion. Essentially, a “guess” 

calving flux is fed into OGGM’s workflow, resulting in certain mass balance, ice flux, 

thickness, and volume outputs. From here, the appropriate updated thickness is selected and 

used to produce a new calving flux value, for which the process is repeated. The workflow 

can be sketched as follows: 

a) The pre-calving workflow is run, as in Section 2.2, up to and including the bed 

inversion.  

b) Calving front width is set equal to the length of the final width line; terminus 

thickness is represented by the final pixel of the bed inversion (not the lowest 

thickness value itself, as this is necessarily zero when there is no ice flux through the 

terminus—see Equation 2.10); depth is set equal to one. These parameters are used 

to calculate an initial calving flux.  

c) Equation 2.4 is recalibrated to account for the additional mass loss represented by 

the calving flux. Mass balance is recalculated along the glacier’s profile.  

d) Ice flux is recalculated along the glacier’s profile via Equations 2.8a and 2.8b.  

e) In particular, ice flux from the terminus is calculated via Equation 2.8b. As melt has 

decreased at the lowest elevation (see 2.3.2) and ice flux above the terminus has 

increased (2.3.3), ice flux out of the terminus, as calculated via Equation 2.8b, must 

also have increased, and is therefore no longer zero (this value can be interpreted as 

a temporary calving flux proxy).  

f) Thickness at the terminus is recalculated via Equation 2.10, using the lowest-altitude 

ice flux calculation from the previous step. As ice flux through this point is now non-

zero, the resulting thickness is non-zero.  

g) Depth is calculated as the difference between glacier thickness and the altitude at the 

glacier’s terminus (taken from the DEM).  



 

 

 

h) An updated calving flux is calculated as the product of the calving front width, the 

constant k, and the updated thickness and depth values.  

i) Steps c) through h) are repeated until a calving flux is produced which is within 5% 

of the previous iteration’s calving flux.  

Rather surprisingly, after only a few iterations, the resulting calving flux values tend to 

converge, and the final value is taken to be that glacier’s (steady state) calving flux. From 

here, the next phase of the process will be to leave out the steady-state requirement and apply 

some variation of the ice dynamics module (2.2.8) to calving glaciers, modeling their 

evolution over time. However, this step is still a ways off—as mentioned in Chapter 1, the 

results given by the calving model are unrealistically high in some cases, and it has been 

posited (Recinos et al., 2017b) that obtaining more geometrically relevant estimates on 

calving front width may improve the initial steady state calving flux outputs. 

2.4.2   Sensitivity of model output to variations in width input 

By the discussion in 2.3, it is clear that, all else being equal, a glacier with calving should 

have greater thickness and volume than a glacier without calving. Furthermore, following 

similar chains of reasoning, it should follow that larger calving fluxes should produce 

correspondingly larger thickness and volume estimates (a result which has been 

experimentally confirmed by repeated runs, as presented by Recinos, 2018). What is less 

clear is precisely how incremental increases and decreases in input calving front width will 

influence the final calving flux values themselves.  

On this, there are three conflicting intuitions. On one hand, Equation 2.11 demonstrates a 

simple relationship between calving front width and calving flux: doubling the former will 

double the latter. Fluid dynamics, on the other hand, suggests that increasing or decreasing 

the size of the passage through which an incompressible fluid flows should have no impact 

on its mass flow rate (see the “Equation of Continuity” described by, for example, Boston 

University, 1999); and indeed, ice is often treated as incompressible in this sense (Stolle, 

Maitland, & Hamad, 2014). On the vestigial third hand, Equation 2.10 shows that glacier 

thickness is inversely proportional to width, and in theory, an increase in width could be 

counteracted by a decrease in thickness, yielding a smaller calving flux. The truth is, in 

reiteratively running a large part of OGGM’s workflow, a multitude of moving parts is 

introduced into the question. 
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Some insight can be gained by exploring the mathematical consequences of playing with 

calving front widths; as has already been noted, for example, Equation 2.10 suggests that, 

all else being equal, a wider calving front may produce a smaller ice thickness value at the 

terminus within a given iteration of the calving model’s execution. From 2.4.1 g), this 

suggests a shallower resulting water depth. However, whether these decreases are sufficient 

to decrease that iteration’s calving flux output is unclear—after all, a large calving front 

width will weigh the product in Equation 2.11 (i.e., step h) upward. 

2.5   Calving front width measurements 

As noted in Section 1.6, there is no established methodology for delineation of calving front 

widths of water-terminating glaciers. Methods by which glacier outlines are identified tend 

to mischaracterize water as glacier ice (particularly lake water—see Figure 2.14 below).  

Figure 2.14. Left: three turbid proglacial lakes (c) incorrectly identified by one classification 

algorithm as extensions of glaciers. Right: similarities in ice-covered lakes (outlined in blue) 

and neighboring ice caps (outlined in black). Images from Racoviteanu et al. (2009).   

While some authors have had success, at limited regional scales, automatically identifying 

and delineating the boundaries of glacial lakes using reflectance values obtained from 

multispectral satellite imagery (Wessels, Kargel, & Kiefer, 2002; Gardelle, Arnaud, & 

Berthier, 2011), such algorithms rely on the unique reflectance properties of liquid 

freshwater. At best, these can only be applied to images free from seasonal ice and snow 

cover. Tidewater glaciers, as well, are unrepresented in such studies. Hence, when a study 



 

 

 

does require the precise measurement of a glacier’s calving front (whether lake-terminating 

or tidewater), the default procedure seems to be manual delineation (see, for example, 

Blaszczyk, Jania, & Hagen, 2009; Moon & Joughin, 2008; Sakakibara & Sugiyama, 2014; 

and McNabb & Hock, 2014, all of whom simply state a “manual delineation” from satellite 

imagery, without specifying any particular procedure for decision-making).  

This results in a high degree of subjectivity when it comes to problematic calving fronts. For 

example, Moon & Joughin (2008) note that intense fracturing of a tidewater glacier’s 

terminus can make it difficult to tell where the glacier ends and the body of water begins 

(see Figure 2.15). Cases like these may be potentially problematic for the purposes of 

OGGM, as the global scope of the model necessitates some amount of consistency in 

delineation across a large dataset. Hence, any methodology developed should at least attempt 

to minimize the subjectivity inherent in difficult delineations.     

 

Figure 2.15. Intense fracturing near the tongue of the Ostenfeld Glacier (flowing from the 

bottom right toward the top left) in Greenland in 2000. The true calving front likely lies 

somewhere within the yellow outline. Image from Moon & Jouhgin (2008).  
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3 Research Methods  

It should be explicitly pointed out that there are two quite closely interrelated objectives to 

addressing Research Question 2. On one hand, this question asks about sensitivity: to what 

extent do model outputs differ under varying calving front width inputs? This directly 

informs the precision to which those width inputs must be measured in order to produce a 

given range of possible outputs. On the other hand, an answer to this question is unhelpful 

for the purposes of modeling if it is unknown whether a “good” width input produces a 

“good” calving flux output. Hence, another objective in answering Research Question 2 is 

to determine whether more reliably-generated calving front width measurements produce 

improvements in output—as opposed to just quantifying the differences.   

In theory, it might be preferable to treat these as separate questions (i.e., by first investigating 

model output corresponding to realistic calving front widths, and then conducting a 

sensitivity study using a profusion of random inputs in a Monte Carlo-type simulation). 

However, a run of the calving model for several glaciers typically takes an entire afternoon, 

and a high number of repeated runs simply is not feasible. Hence, these two questions were 

considered together by conducting a sensitivity study on inputs already deemed to be 

realistic.  

Toward this end, approximately 80 calving fronts were delineated for a subset of the 

particularly problematic glaciers described in Chapter 1, thereby addressing Research 

Question 1. A “contour width” was generated for each glacier, describing the precise length 

of a full traversal of its calving front; a “straight width” was generated describing the direct 

(Euclidean) distance between endpoints of the calving front; and an “OGGM width” was 

obtained simply by taking the glacier’s lowest width line as provided by OGGM.  

Results regarding sensitivity were primarily analyzed by comparing ratios of inputs to ratios 

of outputs, and findings were validated using external glaciers, where possible. Results 

regarding the possible improvement of outputs under improved width measurements were 

investigated by considering the behavior of output relative to a plausible upper bound for 

calving flux. 

  



 

 

 

3.1   Manual delineation of calving fronts  

Three considerations are taken into account in addressing Research Question 1. First, calving 

front measurements should be of high quality, to reduce uncertainties in measurement as 

much as possible. Second, the process of delineation and measurement should be 

reproducible—this means laying out a consistent set of rules to minimize subjectivity, both 

for the sake of ensuring consistent results in the case of several individual delineators, and 

toward the possibility of future automation. Third, the chosen procedure should be as 

globally applicable as possible.   

3.1.1   ArcticDEM 

The methodology here makes use of ArcticDEM (Polar Geospatial Center, 2018), an online 

compilation of DEMs whose domain spans all land north of 60 degrees latitude (see Figure 

3.1). While not truly global, ArcticDEM offers the potential for substantial coverage of 12 

of the 19 regions defined by the RGI.  

 

Figure 3.1. Domain of ArcticDEM (in black). Image from Polar Geospatial Center, 2018.  

The DEMs provided by ArcticDEM are extremely high-resolution (two meters, compared 

to the 30-90 meter resolution DEMs used by OGGM), allowing high-precision measurement 

of calving front widths. Moreover, the dates corresponding to ArcticDEM data offer 

reasonable overlap with dates corresponding to glaciers’ RGI outlines—the satellite imagery 

used to provide RGI outlines for Alaska is generally taken from 2004 to 2011, while the data 

provided by ArcticDEM spans from 2011 to 2015. This suggests that, at least, glacier 
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characteristics taken from ArcticDEM should not be wildly dissociated from the outlines 

used in OGGM.  

The files provided by ArcticDEM are GeoTiff “strip” files containing raw elevation data, 

where each strip is generally between 16 and 18 kilometers in width, and 110 to 120 

kilometers in length. Together, these strips cover a great deal of the project’s domain; 

however, the project is still in progress, and coverage is not yet total within ArcticDEM’s 

stated range. In practice, DEMs obtained from ArcticDEM may often be quite patchy, which 

places limitations on the following procedures. However, given the possibility of merging 

incomplete DEMs together, and the promise of total regional coverage in the future, it was 

deemed worthwhile to proceed with this database for the purposes of this project.  

3.1.2   Selection and processing of ArcticDEM data 

Each glacier of interest was found in ArcticDEM’s interactive “Explorer” module, which 

allows the user to visually examine individual processed DEM strips and download them in 

raw GeoTiff format. Glaciers can be identified in ArcticDEM Explorer by visually 

examining the satellite imagery over which the DEMs are layered. Once a glacier has been 

visually identified, it is a straightforward task to locate any DEM strips containing its 

terminus: because the glaciers being considered are all lake-terminating, it suffices to find 

the region where a DEM strip suddenly becomes flat, indicating that a body of water has 

been reached. As ArcticDEM Explorer allows the user to toggle the formatting of these strips 

(i.e., viewing DEMs as slope maps, contour maps, hillshade renderings, and others), it is 

possible to quickly cross-reference signals indicating that topography has become horizontal.    

Whenever a given glacier’s terminus was found to be entirely or almost entirely contained 

within one strip, that strip was downloaded. In cases where no single strip contained the 

terminus, but two or more overlapping strips did, all relevant strips were downloaded and 

subsequently merged into a single GeoTiff file using basic commands in the Geospatial Data 

Abstraction Library (GDAL), a software library used for processing geographical data. The 

single GeoTiff file corresponding to each individual glacier was then used to generate a 5-

meter contour map of the area containing that glacier’s terminus. Where a given DEM strip 

is of high quality (i.e., has no significant holes at the glacier’s terminus), examination of the 

resulting contour map yields a clear distinction between the gradual descent of the glacier, 



 

 

 

on one hand, and the sudden horizontal expanse signified by the body of water into which 

the glacier terminates, on the other hand.  

3.1.3   Analysis of ArcticDEM contour maps  

Several signals can be isolated by examination of these contour maps and used to help 

identify glacial features. The following is a simple library of such signals.  

a) Small, jagged loops scattered throughout a lake, beyond the terminus of the glacier, 

may indicate floating icebergs, providing evidence of calving.  

b) Tightly-clustered contour lines (indicating steep terrain) parallel to the glacier’s flow 

are likely to be the mountainsides between which the glacier is contained. The 

boundaries of these steeper regions, therefore, may be taken to represent glacier 

margins.  

c) A gradual slope below the apparent extent of the glacier, but above the lake, may 

suggest an outwash plain. Any part of the glacier terminus immediately above such 

a region might not contribute to its calving front.  

d) Noticeably variable steepness in a glacier’s terminus may indicate that parts of it are 

not calving. Intuitively, it should be the case that a glacier’s terminus be steepest 

where it calves.   

The validity of these signals were validated visually against Google Maps satellite imagery. 

Each ArcticDEM contour map was rendered in the Geographical Information System (GIS) 

program Quantum GIS, or QGIS. Where possible, the glacier’s lowest continuous contour 

line was selected as representing the terminus of a given glacier, and a shapefile polyline 

was drawn by hand, tracing that contour line from one glacier margin to the other, or to any 

other natural stopping point suggested by the above discussion. Small irregularities were 

ignored so as not to create unrealistically long widths, resulting in smoother lines than those 

given by the raw contour maps. 



 

35 

 

Figure 3.2. ArcticDEM 5m contour map at the terminus of glacier RGI50-0.01433 (flowing 

from bottom to top left). The likely calving front is indicated as the thick black line between 

the apparent rightmost margin and outwash plain to the left. Letters correspond to the 

signals identified above.   

Of course, there is always some degree of subjectivity to this method. For example, “variable 

steepness” is not always as clearly defined as in Figure 3.2. In cases such as that depicted 

below (Figure 3.3), the precise boundaries of the calving front are, to some extent, a matter 

of subjective assessment. However, at the very least, following the above guidelines should 

always produce a calving front containing this steepest region.  

 

Figure 3.3. ArcticDEM 5m contour map of glacier RGI50-01.01760 (flowing from top to 

bottom). The indicated region is clearly significantly steeper than the rest of the terminus, 

but steepness only very gradually diminishes toward the left.  



 

 

 

One advantage of this method, meanwhile, is a more rule-based treatment of glaciers 

experiencing intense fracturing. As mentioned in Subsection 2.5, when a glacier experiences 

intense fracturing near its terminus, it is not always clear where the distinction is between 

glacier ice and calved ice (Moon & Joughin, 2008). By hunting for the lowest possible 

contour line, most of the choice is removed from making this distinction. While following 

the lowest continuous contour line does not necessarily yield the most correct calving front, 

it does seem to result in a plausible calving front—and one which allows only a relatively 

small margin for disagreement in the final delineation.  

  

Figure 3.4. ArcticDEM slope map of glacier RGI50-01.12645 (flowing from the right; note 

the icebergs to the left of each image). Left: Region 1 demonstrates sharp crevasse 

formation, indicating a part of the glacier which may have already functionally calved; 

Region 2 shows large blocks of ice which appear to already have calved. Right: The lowest 

continuous contour line from the corresponding 5m contour map is shown in white, over the 

original slope map.  

As a final step, each calving front was measured with a Python script in two ways. First, the 

full length of the contour width was measured; then the straight width was measured as the 

distance between the shapefile’s endpoints. While 117 glacier termini were examined using 

ArcticDEM, calving front widths were successfully generated for 80. Of the roughly one-

third of glaciers for which this methodology was unsuccessful, this failure was due in every 

case to patchiness of the DEM. The result is a manually-derived width database of 160 

widths for 80 lake-terminating glaciers.  
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3.2   An external database of calving front widths  

3.2.1   Supplementary width values  

Trial runs of a few glaciers demonstrate that the calving model often fails to provide non-

zero calving flux values for glaciers, even when non-zero calving front widths are provided 

(an issue which will be discussed later). To ensure that enough data points were generated 

for subsequent sensitivity analysis, the 80-glacier ArcticDEM-derived width database was 

supplemented with the terminus shapefiles provided by McNabb & Hock (2014). 

Specifically, in their study on Alaskan glacier calving, McNabb & Hock use a multi-

temporal collection of satellite images to trace calving glacier termini over a span of decades, 

generally resulting in dozens of terminus shapefiles per glacier. Because of the sheer number 

of terminus shapefiles presented here for each glacier, it is possible to choose a subset of 

those shapefiles corresponding to only the RGI year for a given glacier—that is, the year 

corresponding to the date stamp on that glacier’s RGI outline.  

For each of the glaciers in the collection considered by McNabb & Hock, a handful of 

shapefiles were selected, each representing that glacier’s terminus at some point during its 

RGI year. Each of those termini was measured using the same Python script as for the 

manually-drawn collection. When more than one terminus was selected and measured for a 

given glacier (i.e., when a glacier’s RGI year corresponded to more than one of these 

supplementary shapefiles) the measurements were averaged, so that each terminus was 

associated with only a single number. This number was then added to the database of contour 

widths. As well, each relevant supplementary terminus shapefile was measured from 

endpoint to endpoint (and averaged over the number of shapefiles, as necessary), resulting 

in an additional straight-line width for each glacier, which was added to the previous 

database of straight-line widths.  

In some cases, these supplementary glaciers had already been associated with ArcticDEM-

derived width values via the methodology described in 3.1. In cases of overlap, the 

ArcticDEM values were chosen. The result is an additional 47 pairs of calving front widths, 

so that the total number of glaciers represented in the final database is 127. Because the 

projection used in the creation of shapefiles by McNabb & Hock is unknown, this 

supplementary database was used for sensitivity analysis only, and not for the final 

investigation into whether realistic calving front widths may improve the model output (the 



 

 

 

projection used in the ArcticDEM delineation was chosen to match that of the RGI, for 

internal consistency).  

3.2.2   Validation of ArcticDEM delineation  

One advantage of appealing to the supplementary database is that the overlap provides a 

natural validation method for the calving fronts delineated using ArcticDEM. Specifically, 

there are nine supplementary glaciers which also appear in the ArcticDEM-derived database. 

For each of those glaciers, by taking the year closest to the ArcticDEM year, the relevant 

supplementary terminus positions were compared to the ArcticDEM-derived calving front 

shapefiles.  

As mentioned above, the difference between the respective projections precludes 

quantitative width comparison (the width corresponding to the supplementary shapefiles are 

conspicuously lower than the widths corresponding to ArcticDEM shapefiles for the same 

glaciers). However, visual comparisons indicated the similarity between the two in each of 

the nine cases. In Figure 3.5 below, both the ArcticDEM 2015 outline and the 2011 

supplementary outlines terminate at the edge of what appears to be a gently sloping outwash 

plain on the left. This is consistent with a slight glacier retreat between 2011 and 2015, 

exposing more of the outwash plain, and narrowing the calving front slightly.  

 

Figure 3.5. RGI-01.10836. ArcticDEM year: 2015; year provided by McNabb & Hock: 

2011. The ArcticDEM calving front (thick black line) is rendered alongside the eleven 

supplementary shapefiles (blue), and both are overlaid on top of the ArcticDEM 5m contour 

map.  
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3.3   Widths generated by OGGM  

As one final method of width measurement, each of the 127 glaciers was also associated 

with an “OGGM width.” This is simply the length of the final width line at a glacier’s 

terminus, where width lines are generated by OGGM as outlined in Subsection 2.2.2. 

Because these widths are not intended to describe the geometry of a glacier—but rather, are 

constructed so as to preserve the areas between different elevations—these numbers are not 

expected to closely resemble “true” calving front widths. 

This provides a third width value for each glacier, so that every glacier is associated with a 

contour width, a straight-line width, and an OGGM width. Each of these widths was used as 

input for the calving model, allowing a comparison of calving flux and inversion volume 

outputs for three different widths per glacier. Two of these are likely representative of the 

true calving front width, and the last is not.  

3.4   Model sensitivity to calving front width input  

Of the 127 glaciers to which the calving model was applied, those 28 for which non-zero 

calving flux values were produced for all three width inputs were considered (these are 

identified and listed in Appendix A). These glaciers constitute the primary database from 

which relationships between calving front width, calving flux, and volume were derived.  

For each of these glaciers, the three widths were used in what is essentially a single-variable 

differential sensitivity analysis, wherein changes in the one parameter are associated with 

changes in model output, while all other parameters are held constant (as described by 

Hamby, 1994). Due to the reiterative nature of OGGM’s calving model, however, and the 

interconnectedness of several variables (temperature sensitivity to mass balance, mass 

balance to ice flux, ice flux to thickness, thickness to calving, calving back to temperature 

sensitivity), it is not quite correct to say that all other variables may be held “constant.” 

However, these other variables vary only as a result of changes between the three calving 

front widths.  

Specifically, three relationships were considered: the relationship between width and calving 

flux; the relationship between width and volume; and the relationship between calving flux 



 

 

 

and volume. Although the final relationship has already been examined (Recinos, 2018), 

including it in this project provides a potential means of validation.  

3.4.1   Validation of findings 

Although of primary consideration are the glaciers for which non-zero calving fluxes were 

generated for each width input attempted, a further subset of nine glaciers yielded non-zero 

calving fluxes for two of the three width inputs (identified in Appendix A alongside the 

primary database of successful glaciers). As a result, the relationships found from the initial 

dataset were able to be validated against these remaining glaciers.  

However, there is a possibility that, as the glaciers considered in this thesis are particularly 

problematic, findings may be specific to this collection. Although a more rigorous attempt 

at inter-regional validation is unfeasible due to the speed at which OGGM is being 

developed, a first pass was given by appealing to the aforementioned results on the 

relationship between calving flux and volume. It was verified that the “calving flux vs. 

volume” portion of the current study seemed consistent with a basic cross-referencing of 

previous findings.  

Because external calving flux estimates may not be attainable in general, the question of the 

model’s true accuracy is largely beyond the scope of this project to discern (although this 

was attempted in the few cases where values can be found). However, it was possible to 

formulate an upper bound for each glacier’s width-specific calving flux by considering the 

product of ice flow speed, average glacier thickness, and calving front width (the reasoning 

here is similar to that given by Burgess, Forster, & Larsen, 2013). As long as a “reasonable” 

upper bound for ice flow speed can be derived, a corresponding upper bound for calving flux 

can be obtained by using modeled glacier thickness values and measured calving front width 

values. 

Each width input from each glacier was paired with its upper bound estimate, and it was 

investigated whether the ArcticDEM-derived calving fronts more reliably respected their 

corresponding upper bound estimates than the default OGGM calving fronts. Because of the 

problem with the projection of the database of McNabb & Hock, these supplementary 

glaciers were excluded from this final analysis.   
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4   Results 

4.1   Calving front width vs. calving flux 

The relationship relating calving front width to calving flux is the first of the three 

relationships explored here. Presentation of the other two (calving front width vs. glacier 

volume, and calving flux vs. glacier volume) in Sections 4.2 and 4.3 closely follow the 

progression of Section 4.1. As such, the latter two are presented more briefly, but follow 

similar lines of reasoning.  

4.1.1   Initial observations 

Initial observations suggest a negative correlation between calving front width and calving 

flux, the strength of which appears to vary by glacier. Table 4.1 and Figure 4.2 demonstrate 

this behavior numerically and graphically for the first three glaciers in the successfully-run 

dataset. Figure 4.2 in particular demonstrates that larger calving front widths correspond to 

smaller calving fluxes, with the rate of decrease in calving flux leveling off as calving front 

width increases. However, there is no obvious universal relationship between the magnitudes 

of the values shown.    

Table 4.1. Calving front width inputs and corresponding calving flux outputs for the first 

three of 28 glaciers. 

Index Straight 

width (m) 

Contour 

width (m) 

OGGM 

width (m) 

Straight 

calving 

flux 

(km3/yr) 

Contour 

calving 

flux 

(km3/yr) 

OGGM 

calving 

flux 

(km3/yr) 

0 8558.69 10655.21 8040.51 70.78 49.13 78.54 

1 3875.57 4069.48 1716.49 3.10 2.78 15.17 

2 1011.37 1110.01 4075.36 193.68 165.17 15.73 



 

 

 

 

 

Figure 4.2. Top left, top right, and bottom left: calving front width vs. calving flux for the 

first three “successful” glaciers. All three are then plotted together (bottom right).  

Nonetheless, the scales on the first three graphs in Figure 4.2 display an interesting pattern. 

Ignoring the actual magnitudes of the calving front widths and calving fluxes, and instead 

looking only at the proportions represented by those magnitudes—Glacier 0’s maximum 

width is about a third again its minimum width; Glacier 1’s maximum is about double its 

minimum; Glacier 2’s minimum is quadrupled—it is seen that larger proportional increases 

in width correspond to larger proportional decreases in calving flux. Glacier 0 demonstrates 

a calving flux decrease of less than half; Glacier 1’s maximum calving flux decreases by a 

factor of five; and Glacier 2’s diminishes by tenfold. This prompts an investigation of the 

relationship between calving front width ratio and calving flux ratio, as opposed to the figure 

above representing magnitudes. 

The three input widths (straight, contour and OGGM) were used to define six width ratios. 

Namely, we defined, for each glacier, the ratios of straight to contour width (s/c width ratio), 

straight to OGGM width (s/o width ratio), contour to OGGM width (c/o width ratio), as well 

as their reciprocals, c/s, o/s and o/c width ratios. The calving flux ratios corresponding to 

these width ratios were considered, likewise termed s/c flux ratio, s/o flux ratio, and so on. 

For instance, Glacier 0 would have s/c width ratio equal to 0.80 (i.e., 8558.69/10655.21), 
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and a corresponding s/c flux ratio equal to 1.44 (70.78/49.13). Plotting these relationships 

together, for the first three successful glaciers in the dataset, demonstrated a relationship 

which appeared to be followed by each glacier. 

   

   

Figure 4.3. Top left, right, and bottom left: calving front width ratio plotted against calving 

flux ratio for glaciers 0, 1, and 2. Putting these all together (bottom right) shows an apparent 

glacier-independence of the resulting distribution.  

Taking this a step further, each of the 168 ratios (6 per glacier from the successful 28-glacier 

dataset) were examined together, and a curve of best fit was found. The curve of best fit was 

obtained using a least-squares polynomial fit from Python’s NumPy package (documented 

in SciPy, 2017).  

 



 

 

 

 

Figure 4.4. Calving front width ratio plotted against calving flux ratio, for the 28 glaciers 

yielding uniformly non-zero calving fluxes. The depicted curve is the reciprocal of a fourth-

degree polynomial.  

The plotted curve (call it Fw) is defined by  

Fw(w2/w1) = [0.055(w2/w1)4 – 0.362(w2/w1)3 + 1.388(w2/w1)2 – 0.083(w2/w1) + 0.014]-1  

(Equation 4.5) 

where the term w2/w1 denotes the ratio between any two calving front width inputs w1 and 

w2. The output Fw(w2/w1), likewise, should be an approximation of the ratio f2/f1 of calving 

flux outputs defined by those inputs. Equation 4.5 implies that, if the calving model is 

successfully run once for any glacier—say calving front width w1 yields a calving flux output 

of f1—then given any other calving front width w2, the likely output f2 can be approximated 

by asserting that  

f2 ≈ f1Fw(w2/w1)   (Equation 4.6).  

Equation 4.6 can be equivalently expressed by saying that, if w1 is scaled by some factor k 

> 0 and used as a new input for the calving model,  a calving flux output f2 of approximately 

f1Fw(kw1/w1) = f1Fw(k) can be expected. That is, scaling a width input by k scales the 

corresponding calving flux output by about Fw(k).   
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Some potential issues relating to this finding are now investigated. First, is Fw as defined in 

Equation 4.5 as good a fit as it appears? Given the relatively broad scale of the y-axis in 

Figure 4.4, it is difficult to tell just how far away a given point falls from the curve Fw. To 

what extent do the data deviate from the curve? Second, is the approximation lent by 

Equation 4.6 internally consistent? For example, for Glacier 0, the OGGM width wo is 

8040m, the contour width wc is 10,655m, and straight width ws is 8550m. Hence, given a 

new input width wx of, say, 10,000m, wx can be set equal to 1.24wo, 0.94wc, or 1.20ws. 

Equation 4.6 would then allow the estimation the calving flux output fx corresponding to wx 

as Fw(1.24)fo, Fw(0.94)fc, or Fw(1.20)fs. If Equation 4.6 is to be useful, these three different 

characterizations must be close to one another. Finally, if it does turn out that Fw fits these 

data well, and that Equation 4.6 does give an approximation of the calving flux output which 

is independent of width characterization, can these equations be used to approximate results 

for glaciers not already included in the above plot?    

4.1.2   Accuracy of Fw in describing model output 

In the following, the term “error” is used to describe the percent vertical distance between 

the points seen in Figure 4.4 and the curve Fw. It should not be taken to refer to uncertainty 

in the data itself, nor the accuracy of the actual output, which is not discussed here. In other 

words, the error associated with a point (w2/w1, f2/f1), relative to Fw, is defined here as  

Flux error (from width) = 
|
𝐟𝟐

𝐟𝟏
 – F(

𝐰𝟐

𝐰𝟏
)|

𝐟𝟐

𝐟𝟏

   (Definition 4.7).  

Error, in this sense, is depicted graphically in Figure 4.8, for each of the 168 ratio points 

shown in Figure 4.4. The average error amongst this dataset is 4.2%, with a standard 

deviation of 5.0%; there are three extreme outlier points (falling more than three interquartile 

ranges beyond the third quartile of error values) and several mild outliers (falling between 

1.5 and 3 interquartile ranges beyond the third quartile of error values). The median error is 

1.9%, so that most of the data falls within 2% of the curve.   



 

 

 

Figure 4.8. Error, in the sense of Definition 4.7, demonstrating the percent vertical distance 

between each ratio point and the curve Fw. The green line represents the “mild outlier” 

threshold, while the red line represents the “extreme outlier” threshold. 

The observation can be made that none of the mild or extreme outlier points happen to 

correspond to c/s or s/c ratios—all include an OGGM width. In general, s/c and c/s ratios are 

relatively near 1. This is by construction, as the straight width should approximate the 

contour width (exceptionally undulant termini notwithstanding). Hence, one natural 

supposition is that this relationship may hold better for ratios near one.  

Specifically, the range of width ratios spanning from the minimum s/c value of 0.65 to its 

reciprocal (i.e., the maximum c/s value), 1.54 were considered. This excluded 54 of the 

original 168 ratio points. Error margins corresponding to the remaining 114 ratio points were 

found to be small, with these points being better approximated by the curve Fw (see Figures 

4.9 and 4.10).  
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Figure 4.9. The same plot as Figure 4.4, but restricted to ratios between the minimum s/c 

width ratio and its reciprocal, the maximum c/s width ratio. The curve plotted is the same 

curve Fw defined in Equation 4.5.   

Figure 4.10. Error margins as in Figure 4.8, but with “extreme” width ratio points excluded.  

Of the 114 (black) data points presented in Figure 4.10, only one falls beyond 10% from the 

curve. All mild and extreme outliers are part of the omitted dataset. The average error 

associated with the selected subset is 2.3% (with a standard deviation of 2.4%) while the 

average error associated with the remaining 54 points is over three times higher, at 8.1% 

(with a standard deviation of 6.5%). 



 

 

 

However, the widths used as input have originated from two separate databases—the 

manually-determined widths derived from ArcticDEM, and those taken from McNabb & 

Hock (2014). It must be considered that the origin of the data may have some bearing on 

how well a given point is approximated by the curve Fw. Error values corresponding to the 

ArcticDEM database, therefore, were compared with error values corresponding to the 

supplementary database (Figure 4.11). Error values between the respective databases were 

found not to significantly differ, indicating that the origin of the width data does not seem to 

have influenced the appropriateness of Fw for modeling the corresponding points.  

Figure 4.11. Error margins as in Figures 4.8 and 4.10, but split by the database from which 

the corresponding width measurements originated. Both datasets have an average error of 

4.2%. The ArcticDEM dataset has a slightly higher standard deviation of 5.3%, compared 

to 4.5% from the supplementary dataset. 

4.1.3   Representation independence of Equation 4.6  

From the discussion at the end of 4.1.1, given any new calving front width value for one of 

the 28 glaciers, that new width can be equivalently represented in three different ways. It 

must be verified that the calving flux approximation yielded by Equation 4.6 does not heavily 

depend on choice of representation. To this end, a Python script was written, generating, for 

each glacier, a random width somewhere between that glacier’s minimum and maximum 

original width inputs (for example, for Glacier 0, a random width between 8040m and 

10,655m was generated). Equation 4.6 was applied to each of the three different 
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characterizations of this random width, and the results were compared. The glacier was 

flagged if any two of the three results differed by over ten percent. Because this code 

generates a random number for each of the 28 glaciers, results varied from run to run. A 

typical run is presented graphically, below.  

 

Figure 4.12. Calving flux approximation given by Equation 4.6. Each glacier is given its 

own randomly generated width, and discrepancies between the three different applications 

of Equation 4.6 are observed. Asterisks indicate the flagged glaciers for which at least two 

(of the three) results differ by at least ten percent. 

Over repeated runs, six of the 28 glaciers were sometimes observed to be flagged. Observed 

discrepancies ranged from just over 10% to just over 25% in some cases. Intuitively enough, 

these particular glaciers and discrepancies correspond neatly to the error distribution 

presented in Figure 4.8. Each of the glaciers flagged here contain points classified earlier as 

mild or extreme outliers—moreover, the error values corresponding to those outliers 

spanned up to about 25%. Results became notably worse once the range of permissible 

random widths was extended by any considerable amount. This seems to go hand-in-hand 

with the observation from 4.1.2 that Fw is a better approximation of model output when input 

widths are “close” to one another.   

4.1.4   External validation of Equation 4.6  

In order to validate the applicability of Equation 4.6, we utilized the collection of nine 

glaciers which had been “partially successfully” run (specifically, for these nine glaciers, 



 

 

 

both the straight and OGGM width input yielded non-zero calving flux outputs, while the 

contour width input resulted in a failed run). This provided nine glaciers for which Equation 

4.6 was tested in two ways. First, the extent to which fOGGMFw(wstraight/wOGGM) 

approximated the flux fstraight output from the straight width run was examined. Second, the 

extent to which fstraightFw(wOGGM/wstraight) approximated the calving flux output fOGGM from 

the OGGM width run was examined. The question of whether fstraight ≈ 

fOGGMFw(wstraight/wOGGM) is equivalent to the question of whether fstraight/fOGGM ≈ 

Fw(wstraight/wOGGM), and so it suffices to plot the s/o and o/s ratio points for this nine-glacier 

validation dataset against Fw (Figure 4.13), and to demonstrate the correpsonding “error” 

margins (Figure 4.14). 

 

Figure 4.13. Ratios between straight and OGGM width plotted against ratios between 

corresponding calving flux ratios for the 9-glacier validation dataset. The background 

scatter consists of points from the original 28-glacier dataset, and the depicted curve is Fw.   
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Figure 4.14. Error values, in the sense of Definition 4.7, for each of the points shown in 

Figure 4.13. The green line is the mild outlier threshold from Figure 4.8. The average error 

here is 8.1%, with a standard deviation of 5.0%. 

While not performing exceptionally poorly relative to the original dataset, the average error 

from the validation dataset was still nearly double the original average of 4.2%. Omitting 

“extreme” width ratios as in Figure 4.10 lowered the average error, but only by about half a 

percent. Three of the four mild outlier points in Figure 4.14 correspond to s/o ratios, and 

except for Validation Glaciers 6 and 7, all errors associated with s/o ratios are higher than 

their corresponding o/s point. That is, for this dataset, Equation 4.6 more accurately produced 

an fOGGM approximation from a successful straight width run, as opposed to an fstraight 

approximation from a successful OGGM width run.  

4.2   Calving front width vs. glacier volume  

4.2.1   Initial observations 

As with calving front width vs. calving flux, no universal relationship immediately presented 

itself on examination of these parameters’ magnitudes—although there was quite a clear 

trend for total volume to decrease with increasing width, to varying extents between glaciers. 

However, as before, when the ratios between these values were plotted against each other, 

another relatively glacier-independent result was found.  



 

 

 

                

Figure 4.15. Ratios between calving front widths plotted against corresponding ratios 

between calving flux outputs. The curve (Vw) is a sixth-degree polynomial in the logarithm 

of the width ratio, fit to the data using NumPy’s “polyfit” function after omission of the eight 

visibly non-conformant points.  

The curve v2/v1 = Vw(w2/w1) is defined by  

Vw(w2/w1) = 0.002log6(w1/w2) + 0.013log5(w1/w2) + 0.007log4(w1/w2) – 0.001log3(w1/w2) 

+ 0.040log2(w1/w2) + 0.304log(w1/w2) + 1.000   

(Equation 4.16)  

where the “log” function indicates the natural logarithm of base e. The choice of the 

reciprocal ratio w1/w2 on the right-hand side of the equation is made simply to keep more of 

the coefficients positive. As in the previous section, the upshot is that, given a successful run 

taking width w1 as input and producing some inversion volume v1 as output, scaling w1 by a 

factor of k should return a volume of approximately Vw(kw1/w1)v1 = Vw(k)v1. In other words, 

scaling the width input by k and applying the calving model should produce, approximately, 

a volume scaled by Vw(k).  

4.2.2   Accuracy of Vw in describing model output  

As before, the volume error (from width) is defined as the percent vertical distance between 

a given point (w2/w1, v2/v1) and the curve at Vw(w2/w1), so that  

Volume error (from width) = 
|
𝐯𝟐

𝐯𝟏
 – V(

𝐰𝟐

𝐰𝟏
)|

𝐯𝟐

𝐯𝟏

 (Definition 4.17). 
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Figure 4.18. Error associated with each of the points from Figure 4.15. Scaling of the y-axis 

is set as the logarithm of the reciprocal of the error calculated via Definition 4.17. The red 

line represents the 5% error margin.  

As can be seen from a side-by-side comparison of Figures 4.15 and 4.18, there are eight 

anomalous points which fall conspicuously and uniquely far from the curve Vw. These 

correspond to the the s/o, o/s, c/o, and o/c ratios from glaciers 1 and 25. These points in 

particular are responsible for the chosen vertical scaling of Figure 4.18: plotted more 

intuitively, the remaining 160 data points become dwarfed by these few outliers. Indeed, the 

average error from among these eight anomalous points is 18.7% (with a standard deviation 

of 4.5% and a minimum of 13.5%), while the average error from the remaining 160 points 

is 1.3% (with a standard deviation of 1.3% and a maximum error of 5.1%). Hence, one 

observation is that, these eight points notwithstanding, the function Vw approximates volume 

output significantly better than the function Fw approximates calving flux output.  

Moreover, the “error” values found here are quite reasonable compared to uncertainties 

inherent in OGGM’s ice thickness and volume estimates in the first place. Farinotti et al. 

(2017) find that current ice thickness models produce values which differ from direct 

measurements by 10±24%. This means that any deviation in OGGM’s volume output from 

the behavior presented here (i.e., any nonconformance of model output to the curve Vw) is 

not expected to be a primary source of uncertainty in modeled glacier volume.  

Nonetheless, the fit was found to be further improved by restricting width ratios, as before, 

to the interval from 0.65 to 1.54. The points representing width ratios between 0.65 and 1.54 



 

 

 

have an average error of 0.8% (and a standard deviation of 0.7%), while the omitted dataset 

(ignoring, for the moment, Glaciers 1 and 25) have an average error of 2.5% (and a standard 

deviation of 1.5%). This is, of course, far higher when the exceptionally large values from 

Glaciers 1 and 25 are included. 

Figure 4.19. A reproduction of Figure 4.15, but restricted to width ratios between the 

minimum s/c ratio and the maximum c/s ratio from the 28-glacier “successful” dataset.  

Figure 4.20. Error margins corresponding to Figure 4.19. By leaving out the eight 

anomalous points from Glaciers 1 and 25 (all of which belong to the grey omitted dataset), 

standard scaling may be used for the y-axis.  
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When this error distribution was broken up by dataset, it was found that the average error 

and standard deviations corresponding to ArcticDEM glaciers and supplementary glaciers 

were identical to within 0.1%. The two outlier glaciers are even shared between the two 

databases. Glacier 1 is an ArcticDEM glacier, while Glacier 25 is a supplementary glacier.  

4.2.3   Representation independence 

As in 4.1.3, each glacier was associated with a random width value (between that glacier’s 

minimum and maximum input widths), and agreement between the volume approximations 

(via the curve Vw) originating from the three possible characterizations of this random width 

was tested. As the curve Vw is a better fit to the data than was the curve Fw, in this case any 

glacier was flagged for which two of the three volume approximations differed by more than 

5% (as opposed to the 10% threshold used in 4.1.3). Besides the two “obvious” outliers, 

Glaciers 1 and 25, only Glaciers 11 and 15 were ever flagged for volume computations 

differing by more than 5%. Even in these cases, the discrepancy never reached 10%. 

4.2.4   External validation 

                                                          

Figure 4.21. Width ratio plotted against volume ratio for the 9-glacier validation dataset. 

The background consists of points from the original dataset, plotted alongside the curve Vw.  



 

 

 

                                                        

Figure 4.22. Error margins corresponding to the points presented in the previous figure. 

The green line represents the mild outlier threshold defined by the original dataset’s error 

values.  

The average error and standard deviation, relative to Vw, from the validation dataset, are 

2.5% and 1.9% (compared with 2.1% and 4.0% from the original dataset). The validation 

dataset, therefore, seems to conform to the curve Vw just as well as the original dataset—

although the maximum error values here (associated with Validation Glacier 0 above) 

represent the two highest error values from all data points (Glaciers 1 and 25 

notwithstanding).  

4.3   Calving flux vs. glacier volume  

Although the relationship between OGGM’s calving flux outputs and volume outputs is 

known (Recinos, 2018), a similar analysis of this relationship here for is included for 

completeness, and for the sake of validating the above findings. It is reasoned that if findings 

here reflect those found previously, this will provide additional support for the methodology 

utilized throughout this thesis. As well, similarity between findings may go some way toward 

demonstrating that results here are not particular to the particular collection of glaciers 

considered.  
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4.3.1   Initial observations 

                                                

Figure 4.23. Ratios between calving flux output plotted against corresponding ratios 

between glacier volume output. The curve VF is a fourth-degree polynomial in the logarithm 

of the calving flux ratio.  

As in 4.1 and 4.2, a relatively glacier-independent relationship was found between ratios of 

these two parameters. Here, the depicted curve v2/v1 = VF(f2/f1) is defined as 

VF(f2/f1) = 0.003log3(f2/f1) + 0.016log2(f2/f1) + 0.169log(f2/f1) + 1.000   

(Equation 4.24). 

Four clearly non-conformant points are seen to the right of the curve. To the left of the 

steeper portion of the curve, a further four (more tightly-clustered) points can be identified—

while visually they do not seem far off from the bulk of the data, by hovering rather 

precariously over this steeper section of VF, their error values are inflated. It will be seen in 

Subsection 4.3.2 that these eight points uniquely deviate from VF by over 5%, and in fact, 

are exactly the points shown to be the extreme outliers from Section 4.2. Analogously to the 

interpretations made in earlier sections, the interpretation here is that, given any successful 

run producing calving flux f1 and volume v1, the volume v2 corresponding to a calving flux 

of kf1 will be approximated by VF(k)v1 (for k > 0).  

 

 



 

 

 

4.3.2   Accuracy of VF in describing model output  

Volume error (from flux) is defined to be 
|
𝐯𝟐

𝐯𝟏
 – V(

𝐟𝟐

𝐟𝟏
)|

𝐯𝟐

𝐯𝟏

 for any point (f2/f1, v2/v1) previously 

plotted in Figure 4.23. Due to the relatively large error values corresponding to the eight 

anomalous points from Glaciers 1 and 25, the y-axis of the resulting error distribution graph 

is again scaled to display the logarithm of the reciprocal of the error. The eight anomalous 

points from Glaciers 1 and 25 have an average error of 22.4% (with a standard deviation of 

5.5% and a minimum of 15.7%), compared with the remaining 160 points, whose average is 

1.3% (standard deviation 1.2%, maximum 5.0%).  

Figure 4.25. Percent vertical distance of each point to the curve VF. The red line depicts the 

5% margin.  

In addition to omitting Glaciers 1 and 25, it was again found that further restricting the points 

to those having width ratios from 0.65 to 1.54 somewhat improved the fit of VF. The data 

points having width ratio between 0.65 and 1.54 have an average error of 0.8% (with a 

standard deviation of 0.8%), while the remaining data points (Glaciers 1 and 25 

notwithstanding) have an average error of 2.3% (with a standard deviation of 1.5%). Finally, 

it was found again that the source of the data has no significant effect on the error margins— 

ArcticDEM data points have an average error of 1.2% and a standard deviation of 1.0%, 

while the supplementary data points have an average error of 1.3% and a standard deviation 

of 1.4%. 
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4.3.3   Representation independence  

On repeated inspections, it was found that the only glaciers for which choice of 

representation of calving flux consistently impacted the volume approximation beyond 5% 

were Glaciers 1 and 25. Glacier 15 was occasionally flagged for disagreement between 5% 

and 10%. As before, however, once the range of permissible random flux values was 

expanded significantly, results became markedly worse.  

4.3.4   External validation 

The validation glacier dataset performed well against VF, with the one notable exception 

being Validation Glacier 0. Both ratios from Validation Glacier 0 fell beyond the three 

interquartile ranges from the third quartile of error values defined by the original dataset. 

Besides these, however, only a single point crept beyond the mild outlier threshold. The 

average error and standard deviation (relative to VF) of the validation dataset are 2.5% and 

2.2% (compared to 2.3% and 4.8% from the original dataset). 

 

Figure 4.26. Error associated with the validation dataset. The green and red lines 

respectively indicate the mild and extreme outlier thresholds defined by the original dataset.  

As an additional (albeit rough) method of validation, a comparison was made with sensitivity 

studies already run on the relationship between calving flux and glacier volume as modeled 

by OGGM (Recinos, 2018). While far from rigorous, visual examination of Figure 4.27 

(below) can be used to check the appropriateness of the function VF. Using a calving flux of 

1.0 as a baseline, and examining the topmost curve in the plot, it can be determined that 



 

 

 

scaling this calving flux by a factor of 0.25, 0.5, 2, and 3 yields respective proportional 

changes in (standardized) volume by approximately 0.73, 0.88, 1.15 and 1.22. Applying 

Equation 4.24 to these same proportional changes in calving flux, it is found that VF(0.25), 

VF(0.5), VF(2) and VF(3) are respectively evaluated at 0.79, 0.89, 1.13 and 1.21.  

 

Figure 4.27. Standardized glacier volume plotted against calving flux for several Alaskan 

glaciers (not a part of the dataset examined in this thesis). Image from Recinos (2018). 

Horizortal and vertical lines are manually drawn for ease of approximating values.  

Further experiments of this kind can be conducted by examination of Figure 4.27: if a 

baseline calving flux of 0.25 is taken and doubled to 0.5, the corresponding proportional 

change in standardized volume is about 1.16; doubling a baseline calving flux of 0.5 results 

in a proportional volume change of roughly 1.14; doubling a calving flux of 1.5 increases 

volume by a factor of 1.15. In this way, it is suggested that the approximations lent by VF 

seem to hold (for this curve) regardless of which calving flux value is chosen as the baseline.  

Similar results seem to hold for the other curves in the figure—although due to the rough 

eyeballing method here, this is difficult to verify with the particularly shallow curves. 

Nonetheless, this provides some measure of validation for the results presented in 4.1 and 
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4.2, as well as the suggestion that these findings may not be (as questioned in Chapter 1) 

specific to this project’s particular selection of Alaskan glaciers.  

4.3.5   Final notes on the choice of curves 

Given how well the curves Vw and VF describe the model input (compared with Fw, whose 

associated error margins are considerably higher), it is tempting to try to find a better curve 

of best fit to define Fw. One idea is that, since Vw expresses volume ratio as a function of 

width ratio, and VF expresses volume ratio as a function of flux ratio, an implicit relationship 

between width ratio and calving flux ratio might be found by setting Vw(w2/w1) = VF(f2/f1). 

However, it turns out that the resulting error values from this implicit relationship do not 

significantly differ from the error values associated with Fw in 4.1.2. In fact, there seems to 

be a rather neat correlation between the error values originating from the implicit relationship 

defined here, and the error values resulting from the initial formulation of Fw. This suggests 

that, although Fw is a less clean approximation than Vw and VF, the right sort of curve is 

likely being fit to the data.  
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5 Discussion  

This final chapter begins with a summary of results, followed by a presentation of some 

observations on the three exceptionally non-conformant glaciers identified previously 

(namely, Glaciers 1 and 25, along with Validation Glacier 0). Main results are explained 

under the lens of the Theoretical Background, and the possibility is raised that the calving 

model may fail to provide realistic results in cases where calving fronts constitute only a 

portion of their corresponding termini. This hypothesis is tested using an upper bound for 

calving flux inspired by Burgess et al. (2013)—it is shown that glaciers having partial 

calving fronts are disproportionately likely to violate this upper bound. However, even once 

this issue has been addressed, it is shown that OGGM likely still overestimates calving flux. 

The low number of successful runs is addressed and explained, and some final notes on the 

appropriateness of ArcticDEM in delineating calving fronts are offered. From here, 

recommendations for further development are made.  

5.1   Summary 

5.1.1   Main results  

Over 100 glaciers were run through the calving model, each three times using a contour 

width, a straight width, and an OGGM width. Of these glaciers, only 28 yielded non-zero 

calving fluxes for all three input widths. A further nine glaciers yielded non-zero calving 

fluxes for two of the input widths, but not the third.  

18 ratios for each of the 28 “successful” glaciers were defined: six possible ratios between 

input widths; six between output calving fluxes; and six between output volumes. Three 

curves (Fw, Vw, and VF) were derived, respectively expressing a) the sensitivity of calving 

flux output to proportional changes in width input, b) the sensitivity of volume output to 

proportional changes in width input, and c) the sensitivity of volume output to proportional 

changes in calving flux output. Broadly speaking, increasing calving front width decreased 

calving flux and glacier volume; increasing calving flux increased glacier volume. More 

specifically,  

a) Scaling input width w by k > 0 approximately scales the output calving flux by Fw(k);  

b) Scaling w by k approximately scales the output volume by Vw(k); and  



 

 

 

c) Scaling an output calving flux f by k scales the corresponding output volume by 

VF(k).  

Of these relationships, a) is the least reliable, with the approximation above differing from 

the model output by, on average, 4.2% (although this can be brought down to 2.3% under 

the restriction 0.65 < k < 1.54). The relationships b) and c) exhibit more descriptive power, 

with both their approximations matching model output to, on average, within 1.3% (although 

this is ignoring eight problematic data points). The relationship c), in particular, is supported 

by a previous sensitivity study. Glaciers 1 and 25, as well as (to a lesser extent) Validation 

Glacier 0, are particularly poorly approximated by relationships b) and c). The following 

table presents some of the above relationships numerically. 

Table 5.1. Relationships in variability between each of the three parameters. Uncertainty 

associated with the columns 2 and 3 are ±0.023 and ±0.008, respectively (see 4.1.2 and 

4.2.2, noting the restriction of k to “ratios near 1” in this table). 

Variability in 

width   

Variability in calving 

flux  

Variability in 

volume  

1.05 > k > 0.95 0.90 < Fw(k) < 1.08 1.02 < Vw(k) < 0.99 

1.10 > k > 0.90  0.83 < Fw(k) < 1.20 0.97 < Vw(k) < 1.03 

1.20 > k > 0.80 0.71 < Fw(k) < 1.49  0.95 < Vw(k) < 1.07 

1.25 > k > 0.75 0.66 < Fw(k) < 1.67 0.93 < Vw(k) < 1.09 

1.30 > k > 0.70 0.62 < Fw(k) < 1.90 0.92 < Vw(k) < 1.11 

1.40 > k > 0.60 0.54 < Fw(k) < 2.55  0.90 < Vw(k) < 1.17 

1.50 > k > 0.50 0.48 < Fw(k) < 3.60 0.88 < Vw(k) < 1.23 

As can be seen from this table (and indeed, by examining the slopes from Figures 4.4 and 

4.15), there is a higher calving flux and volume variability cost with decreasing values of k 

than increasing values. From the last row of Table 5.1, for example, it is seen that increasing 

a calving front width by 50% results in a decrease in calving flux to 48%, but decreasing the 

calving front width by the same proportion results in a calving flux increase of 360%.  

5.1.2   Application of main results to outlier glaciers 

Glaciers 1 and 25 are anomalous with respect to the distributions defined by Flux Ratio vs. 

Volume Ratio and Width Ratio vs. Volume Ratio. Indeed, when the respective “errors” for 

those relationships are plotted against each other, it is seen that Glaciers 1 and 25 are extreme 
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outliers in both cases. Moreover, Validation Glacier 0 uniquely joins Glaciers 1 and 25 

outside the main cluster of points—through not by nearly as much.  

 

Figure 5.2. Volume error (from flux) plotted against the volume error (from width) as 

defined in 4.3.2 and 4.2.2, respectively. All 186 (168 + 18) points from both the initial and 

validation datasets are shown.  The black rectangle represents the extreme outlier threshold 

for each axis, as defined by the initial 168-point dataset.  

It is not simply that these points fail to be approximated well by the curves Vw and VF. 

Instead, it turns out that they are approximated well by similar, but somewhat shallower, 

curves. Each of the 14 points corresponding to these outlier glaciers falls within 1.4% of the 

curves shown below in Figure 5.3. Hence, although Table 5.1 does not quite apply to these 

glaciers, a similar pattern will hold even for these outliers. 

Figure 5.3. Curves fit to Glaciers 1 and 25, with Validation Glacier 0 shown in white (and 

nearby points from the original dataset blurred in the background for reference). Each curve 

is produced in the same way as in 4.1 and 4.2, and hence, differ from Vw and VF only by 

degree and coefficients.  



 

 

 

5.2   Application to the theoretical background  

It has already been posited in Chapter 2 that smaller calving front widths might result in 

larger calving flux values. After all, smaller width at a glacier’s terminus means less surface 

area in its warmest region—this allows for less melt via Equation 2.4, and hence, more 

conservation of ice flux to the terminus via Equation 2.8b. Higher ice flux and lower width 

both result in higher thickness via Equation 2.10. A large terminus thickness value, in turn, 

produces a large water depth value via step g) in the calving model (2.4.1). An open question 

was whether the suggested negative proportionality between calving front width and 

terminus thickness (and between calving front width and water depth) would be sufficient to 

dominate the final calving flux calculation via Equation 2.11—after all, the calving front 

width itself factors back into that equation. Results indicate that, indeed, smaller calving 

front widths consistently produce larger calving fluxes.  

However, the extent to which a small calving front can increase calving flux values is 

unexpected. Figure 4.4 demonstrated that reducing a calving front to one-fifth of its previous 

width approximately increases its modeled calving flux by a factor of 25. Given the 

description of the curve Fw (Equation 4.5), there seems to be no bound to how high calving 

flux can become under sufficiently small calving front width. This might be problematic, as 

there is generally no non-zero lower bound to what a realistic calving front width can be. It 

is entirely plausible for a large glacier to have an extremely small calving front—particularly 

when only a portion of that glacier’s terminus reaches water. That the smallness of a calving 

front should increase the resulting calving flux so extremely seems to have little physical 

basis in certain cases (for example, when a glacier of fixed terminus width gradually recedes 

from contact with water, we expect its calving rate to decrease, not inflate without bound!). 

The crucial oversight discovered here is that OGGM is not currently equipped to handle 

glaciers whose calving fronts constitute only a portion of their termini. If a calving front 

constitutes the entirety of the terminus, then the above discussion should fairly apply: any 

and all ice movement must be transferred toward the calving front, and more ice flux 

conservation alongside a narrower outlet must result in exaggerated ice thickness and water 

depth.  

On the other hand, if a calving front is extremely short but only constitutes a portion of the 

terminus, then it is not realistic to limit the glacier’s lowest surface area value by the size of 
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its calving front alone (thereby artificially decreasing the amount of melt experienced near 

the terminus via Equation 2.4), nor is it reasonable to direct all ice flow toward the calving 

front itself (as implicitly enforced by Equation 2.8b). In other words, in the case of calving 

fronts which do not span their entire termini, the current model must be forcing an artificially 

large flow of ice through an artificially short terminus.  

A more physically sensible sequence of events might begin with the entire terminus being 

used to define the lowest glacier surface area value, with only an appropriate portion of the 

resulting (already smaller) ice flux being interpreted as flowing through the calving front. 

This may go some way toward decreasing the resulting calving flux values in these cases to 

something more intuitive. 

5.3   Improvement of model output   

Because there is generally not much calving flux data on the few successfully-run glaciers 

seen in this project, it is difficult to measure the true accuracy of the output. While this was 

done wherever possible, the question of model improvement was largely investigated by 

using a generous upper bound on possible calving rates. The following discussion is limited 

to ArcticDEM glaciers, as the projection used in the delineation of the supplementary 

glaciers is unknown (and hence, the reliability of the measurements is uncertain).  

5.3.1   Comparison of results to an upper bound on calving  

The upper bound for calving flux was informed by a combination of ice flow velocity, 

calving front width, and average glacier thickness. It was reasoned that the amount of calving 

experienced by a glacier in a steady state should not far exceed the product of the three (the 

logic here is similar to that presented by Burgess et al., 2013).  

To minimize the number of moving parts, a glacier’s volume was defined to be 1.4 times the 

pre-calving volume produced by OGGM (in practice, this varies by run); average thickness 

was then evaluated as total volume divided by the glacier’s surface area (provided by the 

RGI). All three calving front widths were used for each glacier. Glacier velocity was taken 

to be a constant 3.65km per year (ten meters per day) across the board—in developing a 

comprehensive velocity map for glaciers in Central Alaska, Burgess et al. (2013) take half 

this velocity (i.e., five meters per day) to be the maximum throughout the region. The product 



 

 

 

of these values should be a sufficiently generous upper bound for the volume lost, in one 

year, from a given glacier due to calving. 

As suggested above, three upper bounds were determined for each glacier—one 

corresponding to each width input. The calving flux resulting from each run from each 

glacier was then divided by its unique upper bound. Ratios greater than one indicate calving 

fluxes which have exceeded their upper bound, and ratios below one indicate calving fluxes 

which fall below their upper bound.  

 

Figure 5.4. Modeled calving flux of ArcticDEM glaciers factored by the upper bound 

developed above, per glacier, per width input. As the y-axis is scaled logarithmically, “bad” 

runs yielding calving fluxes above the upper bound reach upward; “good” runs yielding 

calving fluxes below the upper bound reach downward.  

The OGGM runs of 14 of the 16 glaciers produced calving fluxes which surpassed their 

upper bounds. Although straight and contour runs more frequently abided by these upper 

bounds, the seven most egregious violations were due to straight and contour runs—and as 

a result, the total volume of “contour flux” is actually higher than the total volume of 

“OGGM flux” by a factor of 1.5. Given that OGGM’s calving model already experiences 

systemic regional overestimation, this is not initially a promising result.  

However, when these results are examined with attention to the type of calving front 

corresponding to each glacier, a pattern emerges. Of the eight glaciers having straight or 

contour runs below the upper bound, six have calving fronts which span the entire terminus 

(the exceptions being Glaciers 1 and 4). Meanwhile, of the eight glaciers having straight or 
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contour runs above the upper bound, six have calving fronts which constitute only a portion 

of their termini (the exceptions being Glaciers 5 and 23). 

By virtue of the fact that this project has offered the ability to predict model output by 

variations in width input, the curve Fw was used to get an idea of what calving flux may have 

been produced by the model, had entire terminus widths been used instead of each of the 

partial calving fronts. Using the full terminus width updated the upper bound, which in turn 

provided an updated (and completely hypothetical) result.  

 

Figure 5.5. Repeat of Figure 5.4, but with each partial calving front replaced with the entire 

(estimated) terminus width. These hypothetically-modeled calving fluxes are generated by 

noting that, if an entire terminus is about k times larger than the calving front given, then 

the modeled calving flux corresponding to the full terminus would likely have been around 

Fw(k) times the “partial” calving flux output.  

Once partial calving fronts had been replaced with full terminus widths, the calving model 

would likely have produced values which were more reliably below their upper bounds. This 

should be expected, as longer calving front widths simultaneously increase a glacier’s upper 

bound estimate and lower the calving model’s output. In terms of magnitude, the above 

figure represents a total ArcticDEM calving flux of 66.00 cubic kilometers per year (using 

the contour run where possible, and the full terminus run otherwise). The OGGM calving 

flux from this same dataset, meanwhile, is 184.08 cubic kilometers per year. This 

corresponds well with the observation that, on average, a manually-delineated contour 

calving front width is about 1.67 times longer than its corresponding OGGM width (although 



 

 

 

this number is quite variable between glaciers)—and since Fw(1.67) = 0.40, it should be 

expected that the total ArcticDEM calving flux should be roughly 40% of the associated 

OGGM calving flux. The actual percentage defined here is about 35.9%.   

5.3.2   Accuracy of modeled calving flux  

However, while an improvement, this figure of 66.00 cubic kilometers per year still appears 

to be a substantial overestimate for this subset of 16 glaciers. Burgess et al. (2013) estimate 

the total volumetric calving flux for their collection of 36 glaciers to be, at most, 10.9 cubic 

kilometers per year. While there are only four glaciers of overlap between our respective 

datasets (namely, Glaciers 2, 5, 17 and 20; see below), the modeled calving flux values for 

just these four glaciers already doubles the 10.9km3/yr regional estimate.  

Table 5.6. Comparison of the “best” modeled calving flux values with those provided by 

Burgess et al. (2013), for all possible glaciers. Modeled values for Glaciers 2 and 17 are the 

hypothetical values used in Figure 5.5; modeled values for Glaciers 5 and 20 are correspond 

to the contour-width run outputs.   

Index RGIID Name Smallest 

modeled 

calving flux 

(km3/year) 

 Calving flux 

from Burgess et 

al. (km3/year) 

2 RGI50-

01.14883 

Steller Glacier 7.10 0.30 

5 RGI50-

01.10575   

Harvard Glacier 8.42 0.54 

17 RGI50-

01.01760 

Childs Glacier 7.38 0.08 

20 RGI50-

01.09783 

Harriman 

Glacier 

0.41 0.04 

In the cases above, modeled calving flux exceeds the independent estimate by roughly an 

order of magnitude. Although the sample compared here is quite small (and presumably not 

all glaciers considered by Burgess et al. are in equilibrium), a likely conclusion is that, even 

with refined calving front width values, OGGM’s calving model still overestimates 

individual (and hence, regional) calving flux values. If the speculation is made that, with 

these refined width inputs, OGGM consistently models calving flux at ten times its “true” 

value, the corresponding volume overestimate (via the curve VF) would be about 140%.  
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5.3.3   Accuracy of modeled calving flux for outlier glaciers  

There are some hints that the three outlier glaciers are actually those for which calving flux 

is uniquely well-modeled by OGGM. For example, O’Neel (2000) estimates LeConte 

Glacier (Validation Glacier 0 here) to calve at a rate of 1.1km3/year; meanwhile, OGGM 

produces a “straight flux” of 0.55km3/year and an “OGGM flux” of 1.81km3/year. While 

this glacier is part of the supplementary database rather than the ArcticDEM database, either 

of these is significantly closer to hitting the mark than any of the “best” results presented in 

Table 5.6. 

Although similar independent estimates for Glaciers 1 and 25 (Bering Glacier and Gilman 

Glacier, respectively), are difficult to come by, a conspicuous similarity between the post-

calving temperature sensitivities (the parameter µ* introduced in 2.2.3) of all three outlier 

glaciers has been identified—these three glaciers are associated with three of the most 

realistic post-calving temperature sensitivity values of all 37 glaciers (this is presented more 

in depth in Appendix B). Although analysis on a variety of different parameters was 

conducted, no other exceptional commonalities between outlier glaciers was identified.  

5.4   Failed runs  

Over the course of this thesis, it has come to light that a current flaw in the calving model is 

that it takes water depth as the difference between terminus thickness and terminus altitude, 

calculated as distance above sea level. Thus, for lake-terminating glaciers whose termini are 

higher than they are thick, the current formulation of the model gives negative water depth, 

which automatically results in a calving flux of zero, via Equation 2.11.  

In hindsight, this flaw is likely the reason behind so many failed runs—that is, runs of the 

calving model which generate a calving flux of zero. This is supported by the observation 

that, of the 100 or so glaciers run over the course of this project, runs have tended to fail 

more often for glaciers terminating at high altitudes than for glaciers terminating at low 

altitudes. For instance, of the successful glaciers (that is, those in the initial dataset having 

successfully run with all three attempted inputs), the highest-terminating glacier (as 

determined by the RGI) terminates at 121m above sea level. The highest-terminating glacier 

from the failed set, on the other hand, terminates at 858m above sea level. Meanwhile, the 

mean and median terminus elevation values of the successful dataset are 31.2m and 1m, 



 

 

 

respectively—that is, half of all these glaciers terminate at or below 1m from sea level. The 

corresponding values for the total attempted dataset (of which the successful dataset is a 

subset) are 96.4m and 48.5m, respectively.  

However, this flaw likely does not help explain the issue of consistent overestimation of 

calving fluxes. Amending this so that depth is calculated as the difference between thickness 

and terminus elevation above lake level, as opposed to the difference between thickness and 

terminus elevation above sea level, depth (and consequently, calving flux) can only increase. 

This follows logically from formulation of the calving model, and is supported by 

observations of a strong positive correlation between calving rate and water depth for 

tidewater glaciers (Pelto & Warren, 1991). It should be noted that the problem with depth 

calculations also does not likely help explain the outlier status of Glaciers 1 and 25. Glacier 

1 is indicated by the RGI to have a terminus elevation of 3m above sea level, and Glacier 25 

has a terminus elevation of exactly sea level. In this respect, these glaciers are unremarkable 

within this relatively low-elevation dataset.   

5.5   Comments on calving front delineation  

The use of ArcticDEM in providing calving front width input has generally been reliable, 

except in cases where the DEM is patchy due to limited coverage. When DEM quality is 

good, interpreting the resulting contour maps is generally quite simple. Moreover, it is found 

that higher resolution is indeed important in isolating the signals introduced in Chapter 3. 

 

Figure 5.7. Left: ArcticDEM contour map. Right: Contour map generated from OGGM’s 

default DEM. The blue line represents the manually delineated terminus positon obtained 

using the ArcticDEM image. 
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The extents of the calving front defined for this glacier is informed by the glacier margin on 

one side, and by an apparent outwash plain on the other side. This feature is only visible on 

the higher-resolution ArcticDEM map.  

However, the often-patchy nature of ArcticDEM data may turn out to be more problematic 

than expected. In Chapter 3, it was noted that the total ArcticDEM coverage will increase 

over time, and that eventually, complete coverage north of sixty degrees is expected to be 

obtained. Since it is possible to merge overlapping DEM footprints, each partially covering 

a glacier’s terminus, the hope was that eventually, every glacier terminus in ArcticDEM’s 

domain would qualify for the methodology developed in this project. In the few cases where 

partial DEMs were merged over the course of this project, it was found that this may not 

necessarily the case. 

Figure 5.8. Reynolds Glacier. Left: An unprocessed ArticDEM GeoTiff file (grey) covering 

most of the glacier’s terminus (RGI outline is shown in pink). Right: The resulting slope map 

after merging this DEM with two others, filling in the previous gaps.   

Although better coverage has been obtained by merging several DEMs here, note the white 

line in the right image, indicating a high slope precisely where the parent DEM from the left 

image leaves off. This is due to the fact the DEM shown to the left is dated 2015-09-25, 

while the other two DEMs used to fill in the gaps are from 2013. The elevation of the 

terminus has changed considerably between 2013 and 2015, so that when the images are 

superimposed, there is an abrupt change in altitude at the boundaries between DEMs.  



 

 

 

The resulting contour map also reflects this abrupt change, and it is found that better results 

are actually obtained by considering one incomplete parent DEM, than by merging the three 

together. This indicates that complete coverage by ArcticDEM over its domain will not 

necessarily mean complete applicability to the calving front delineation methodology 

developed here. Besides complete coverage, a further requirement of temporal proximity of 

overlapping DEMs is needed.   

5.6   Conclusions and outlook  

5.6.1   Summary  

In its current formulation, OGGM’s calving model has been shown to uniformly yield 

smaller calving flux and volume output from larger calving front width input under the 

equilibrium condition. Results are glacier-independent enough that the sensitivity of output 

to variations in input can be estimated using only a single variable (quite a surprising result, 

given the sheer number of glacier-specific parameters which could conceivably have 

influenced output). Theoretically, this gives a straightforward way to associate any 

uncertainty in calving front width measurement with a corresponding proportional variation 

in calving flux and volume output. Moreover, initial attempts at extra-regional validation 

have suggested that the proportional relationships developed here are not specific to the 

particular glaciers studied—although this should be verified more carefully. 

Because these proportional relationships are so interestingly robust, questions may be asked 

regarding their wider applicability and usefulness. However, in practice, it will likely be 

difficult to establish any “true” physical basis for these relationships. This is because the 

relationships explored describe not just the way glacial features (width, thickness, calving 

flux) relate to each other within a single glacier, but rather, how they relate to each other 

between separate runs of OGGM. Each run, meanwhile, essentially produces a new glacier 

whose geometry has little to do with the geometry produced by previous runs (recall the 

workflow outlined in Chapter 2). Thus, while these proportional relationships are 

mathematically interesting, and useful within the context of OGGM itself, it seems unlikely 

that any physical relationship relating glacier geometry to calving flux has been discovered. 

It may be the case that, once the mathematical basis for these relationships is understood, 

these relationships will seem trivial. One initial observation down this path is the fact that 
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maybe it isn’t quite so surprising that glacier volume (roughly, width times thickness times 

length) relates neatly with the product of width, thickness and water depth encapsulated by 

the chosen calving parameterization. After all, water depth itself linearly relates back to 

thickness, and thickness is often roughly obtained by scaling length (Oerlemans & Nick, 

2005). In this sense, “volume” and “calving flux” in this context may be more conceptually 

distinct than they are mathematically distinct.  

Meanwhile, on average, the calving fronts manually delineated over the course of this project 

have been longer than the default width values. Hence, when run through the calving model 

under this manual input, most glaciers can be expected to produce smaller equilibrium 

calving flux and volume values than experienced under the default input. Given OGGM’s 

problem with systemic regional overestimation of calving flux (and consequently, volume), 

this suggests an improvement. Indeed, crude upper bound arguments show that, in cases 

what a glacier’s entire terminus calves, calving flux is at least lowered into the realm of the 

physically possible.  

However, these “nice” results break down when partially calving glaciers are considered. 

The model’s current equivocation between “calving front” and “terminus” renders the 

appropriateness of the proportional relationships developed in this thesis highly suspect in 

the cases where calving fronts constitute only a fraction of their termini. Moreover, even in 

non-problematic cases, the improved calving flux estimates provided by OGGM still appear 

to be too high, due to reasons apparently independent from any results found here. For 

instance, an adjustment of the parameter k from Equation 2.11 (to which OGGM currently 

assigns the value used in the model of Oerlemans & Nick, 2005) may have the potential to 

further constrain calving flux.  

5.6.2   Recommendations for further development of OGGM 

Moving forward, it will likely be necessary to rework the calving model so that both calving 

front width and terminus width are considered, granting partially calving glaciers special 

treatment. From here, the importance of variations in width measurement in the initialization 

phase can be re-investigated for these glaciers. Alternatively, this level of precision can be 

forfeited, and work can proceed under the blanket assumption that glaciers always calve 

along their entire termini. 



 

 

 

As well, the issue with terminus altitude will need to be fixed. This should be relatively 

straightforward to accomplish, particularly if calving front widths continue to be delineated 

manually via contour map analysis. While isolating a glacier’s lowest continuous contour 

line, it should be a simple matter of recording the elevation, and ensuring that OGGM uses 

that elevation in its water depth calculations (rather than the default assumption of sea-level 

elevation).  

As mentioned above, there seem to be other issues with OGGM’s calving model which do 

not relate to width measurement—even in unproblematic cases, the improvements seen here 

still likely represent overestimates in OGGM’s calving flux output, and hence, in its glacier 

volume output. Development of this model is currently ongoing, and this study only 

represents a very specific focus within that development. It is likely, therefore, that elements 

of this study will need to be repeated as the model is updated in response to other factors. 

The Python scripts used in the analysis of this project’s results have deliberately been kept 

general enough to (hopefully) be used even as the precise behavior of the calving model 

alters.  

5.6.3   Recommendations for OGGM’s further use of ArcticDEM  

While ArcticDEM has proven to be highly useful in the delineation of the calving fronts of 

water terminating glaciers, coverage is too patchy for guarantee universal coverage across 

its domain. Moreover, even if coverage were total for land mass within ArcticDEM’s stated 

range, appropriateness of the resulting contour maps for delineation could not be guaranteed 

in all cases. Due to the dynamic nature of glacier termini, overlapping images would need to 

be temporally close to one another in order to provide usable results.  

However, in roughly 60% of the glaciers explored using ArcticDEM, termini are found to 

be entirely covered by a single good-quality DEM footprint. As this is only expected to 

increase as the project is developed, and since ArcticDEM covers so many of the regions 

described by the RGI, it may still be worth the effort to look into automation of the 

methodology developed in this thesis. Before this can happen, though, it will be necessary 

to rework this methodology to better address the recommendations made in 5.6.2. Whether 

it is decided that OGGM should differentiate between calving fronts and termini, or that 

OGGM should embrace the equivocation and only deal with termini, adjustments will need 

to be made to the delineation process.  
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5.6.4   Global relevance and management implications  

The global scale of OGGM is unique amongst ice dynamics models (Maussion et al., 2018). 

Because glacier behavior may well be the single greatest contributor to sea-level rise (Meier 

et al., 2007), the existence of a global glacier model will be invaluable in providing 

projections of sea-level rise under various climate scenarios. While estimates exist regarding 

the current and anticipated global contribution of glaciers to sea level, such estimates are 

often derived from volumes obtained by statistical volume-area scaling (Huss & Farinotti, 

2012), and thus, prone to considerable uncertainty, or simply extrapolations of localized 

measurements (Gardner et al., 2013). The IPCC Fifth Assessment Report (IPCC, 2013) 

explicitly calls for the development of a model which can, like OGGM, assess glacier mass 

balance and ice dynamics together at a global scale.  

OGGM’s ability to address this will especially be improved once its calving module has 

been adequately refined. For one thing, successful implementation of a calving mechanism 

will improve OGGM’s glacier volume estimates, increasing these values relative to the no-

calving scenario. As the resulting increase in volume is largely distributed below the ELA 

of a given glacier—where, by definition, most melt occurs—properly quantifying this mass 

will inform the near-term potential for mass discharge from calving glaciers under warmer 

climate conditions. OGGM’s ice dynamics module will, in turn, model the redistribution and 

evolution of that mass explicitly.  

Moreover, this redistribution of mass aims to include globally-plausible estimates of the 

notoriously difficult-to-model process of glacier calving—which itself is believed to 

contribute more to sea-level rise than all other glacier ablation processes combined (Åström 

et al., 2014). Virtually every contemporary paper on glacier calving begins with a comment 

on how poorly modeled and understood calving is (Åström et al., 2014; Bassis & Walker, 

2011; Benn et al., 2007; Bindschadler et al., 2013). Existing parameterizations of calving 

vary from the product of simple geometrical features (for example, Equation 2.11), to 

treatment of calving glaciers as “self-organized critical systems” similar to the treatment of 

seismic events in earthquake modeling (Åström et al., 2014), to focusing primarily on 

crevasse depth near the calving front (Benn et al., 2007). While some of these provide 

promising results locally, a universal calving law appears to be a long way off. A global 

glacier model which can even roughly include iceberg calving into its ice dynamics module 

is a significant contribution to environmental scientists and managers.  



 

 

 

Quantifying sea-level rise is of immediate importance to managers of coastal zones 

worldwide. Increased shoreline erosion, flooding, and seawater contamination of freshwater 

threaten atoll communities (Woodroffe, 2008), to the extent that nation-wide relocations 

have already been seriously discussed (Wyett, 2013). In the United States alone, the 

economic cost of rising sea levels may reach $70 million each year by 2065 (Yohe, 

Neumann, Marshall, & Ameden, 1996). Meanwhile, sea-level rise is observed to reinforce 

other effects of climate change—for example, damage and loss of life due to increased storm 

activity in Bangladesh are exacerbated by higher sea level (Ali, 1996). Given that 21% of 

the global population lives in coastal areas (Nicholls et al., 1999), the ability to properly 

predict and quantify sea-level rise is of high practical value.  
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Appendix A: List of Glaciers  

Below is the list of glaciers successfully run during the course of this project. The “initial 

dataset” is the collection of 28 glaciers for which each of the three input widths yields non-

zero calving flux; the “validation dataset” is the collection of nine glaciers for which 

precisely two of the input widths are successful. Italicized entries are glaciers from the 

supplementary database of McNabb & Hock (2014), and bold entries are from the 

ArcticDEM dataset. Numbers indicate the calving flux (measured in cubic kilometers per 

year) provided by Burgess et al. (2013), where possible.  

Initial dataset 

• 0 RGI50-01.14443 (Hubbard Glacier)  (2.48)  

• 1 RGI50-01.13635 (Bering Glacier)   

• 2 RGI50-01.14883 (Steller Glacier)  (0.30)    

• 3 RGI50-01.03377  (Dawes Glacier)   

• 4 RGI50-01.01390 (Taku Glacier)    

• 5 RGI50-01.10575  (Harvard Glacier)       (0.54)   

• RGI50-01.20985  (Grand Plateau Glacier)   

• 7 RGI50-01.20734  (Johns Hopkins Glacier)   

• 8 RGI50-01.23655  (no name)   

• 9 RGI50-01.20984  (Fairweather Glacier)    

• 10 RGI50-01.20891 (Margerie Glacier) 

• 11 RGI50-01.23646 (West Yakutat Glacier)   

• 12 RGI50-01.03741 (Great Glacier)   

• 13 RGI50-01.10607 (Meares Glacier)   

• 14 RGI50-01.20791 (La Perouse Glacier)  

• 15 RGI50-01.20968 (McBride Glacier)  

• 16 RGI50-01.20470 (Lamplugh Glacier) 

• 17 RGI50-01.01760 (Childs Glacier)        (0.08)   

• 18 RGI50-01.09810 (Surprise Glacier)      (0.10) 

• 19 RGI50-01.20783 (Reid Glacier)          

• 20 RGI50-01.09783 (Harriman Glacier)      (0.04) 

• 21 RGI50-01.17988 (Yalik Glacier)         

• 22 RGI50-01.20740 (no name) 

• 23 RGI50-01.03490 (no name)   

• 24 RGI50-01.20751 (Netland Glacier)   

• 25 RGI50-01.20830 (Gilman Glacier) 

• 26 RGI50-01.17848 (Ogive Glacier) 

• 27 RGI50-01.22776 (Anchor Glacier)   



 

 

 

Validation dataset 

• 0 RGI50-01.03622 (LeConte Glacier)                                                                

• 1 RGI50-01.10196 (Knik Glacier)                                                                    

• 2 RGI50-01.12645 (East Yakutat Glacier)                                                                          

• 3 RGI50-01.01796 (Allen Glacier)           (0.03)                                                                                     

• RGI50-01.23654 (Alsek Glacier)                                                                                   

• 5 RGI50-01.10325 (Barry Glacier)          (0.18)                                                                

• RGI50-01.20750 (no name)                                                                                     

• 7 RGI50-01.09757 (Tiger Glacier)           (0.09)                                                                       

• 8 RGI50-01.14876 (Grotto Glacier)     (0.04) 
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Appendix B: Comments on Post-Calving 
Temperature Sensitivity 

In accordance with the observations (5.3.2) that modeled calving flux is still likely an 

overestimate of true calving flux for the glaciers tested during this project, it is also seen that 

the post-calving temperature sensitivity output for many of these glaciers is unrealistic. More 

specifically, post-calving temperature sensitivity is often observed to be negative.  

Recall Equation 2.12, which recalibrates the mass balance equation under calving by 

requiring that ∫ 𝐁
𝛀

 = ρF when a calving glacier is in a steady state. That is, the total mass 

balance over all elevations, due to climate factors, must exactly counterbalance the mass lost 

due to calving.  

But in cases of unrealistically high modeled calving flux, it may be the case that total solid 

precipitation is less than F. When this happens, even a temperature sensitivity of zero (which 

sets Equation 2.4 simply to the sum of all snowfall, as no melt occurs) results in ∫ 𝐁
𝛀

 < ρF. 

In cases like this, even less melt than zero must occur to satisfy the equality condition—

temperature sensitivity must become negative, so that warm days result in an increase in 

mass.  

Indeed, it is seen that the majority of successful runs result in negative temperature 

sensitivities, with relatively few exceptions. Of note here is the fact that Glaciers 1 and 25 

(straight and contour runs) as well as Validation Glacier 0 (straight and OGGM runs) appear 

with the highest post-calving temperature sensitivities of the entire datasets (see Figure 7.1). 

This indicates that the modeled calving flux for these glaciers is low enough that a “normal” 

amount of melt is still allowed to occur. As posited in 5.3.3, it might be the case that these 

outliers are actually better handled by OGGM’s calving model than the majority of the 

glaciers considered.  



 

 

 

  

 

Figure 7.1. Post-calving µ* values for each of the three runs, where these values are “close” 

to being positive. Glaciers not represented have their post-calving µ* far below in the fourth 

quadrants of the plots shown. The line depicted in each plot is the identity y = x; as 

temperature sensitivity is expected to decrease with calving, it is expected that all points 

should fall to the right of this line.   

 

 

 

 

 

 

 

 

 

 





 

 

 

 


