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A B S T R A C T   

In order to determine whether the calving flux of an ice shelf is changing, the long-term calving flux needs to be 
established. Methods used to estimate the calving flux either take into account non-steady-state behaviour by 
capturing movement of the calving-front location (e.g., using satellite observations), or they assume the calving 
front is stationary and that the ice is in steady state (e.g., flux-gate methods). Non-steady-state methods are 
hampered by the issue of temporal aliasing, i.e., when the satellite observation frequency is insufficient to 
capture the cyclic nature of the calving-front position. Methods that assume a steady state to estimate the calving 
flux accrue uncertainties if the ice shelf changes its physical state. In order to overcome these limitations we 
propose and implement a new observation-based approach that combines a time series of calving-front locations 
with a flux-gate method. The approach involves the creation of a unique semi-temporal domain as a mechanism 
to overcome the issue of temporal aliasing, and only requires easily accessible ice thickness and surface velocity 
estimates of the ice shelf. This approach allows for complex calving-front geometries and captures calving events 
of all sizes that are visible within the satellite imagery. Application of the approach allows the long-term average 
calving flux to be estimated (provided sufficient temporal coverage by satellite imagery), as well as identification 
of the minimum temporal baseline needed to produce a representative estimate of the long-term average calving 
flux, for any ice shelf. Implementation of the approach to multiple ice shelves would enable comparisons to be 
made regarding the spatial variability in the long-term calving flux of Antarctica’s ice shelves, thereby high-
lighting calving regime change around the continent.   

1. Introduction 

Recent estimates of the Antarctic Ice Sheet show that it has been 
losing mass since the mid 1990s, with considerable spatial and temporal 
variability in the rate of mass change (Bamber et al., 2018; Shepherd 
et al., 2018; The IMBIE team, 2018; Rignot et al., 2019). Between 1992 
and 2017 the mass loss from the Antarctic Ice Sheet increased mean sea 
level by 7.6 ± 3.9 mm (The IMBIE team, 2018). The contribution to sea 
level from the ice sheet has been accelerating due to the increased 
discharge of grounded ice (Gardner et al., 2018). The increase in flux 
across the grounding line results from a velocity increase due to the 
reduced backstress or buttressing potential of peripheral ice shelves 
(Dupont and Alley, 2005; Royston and Gudmundsson, 2016; Gud-
mundsson et al., 2019). Reduced buttressing can be caused by basal 
melt-driven ice-shelf thinning or by a reduction in ice-shelf area due to 
calving processes (Gagliardini et al., 2010; Pritchard et al., 2012; Fürst 

et al., 2016). As calving from ice shelves is one of the key mechanisms by 
which Antarctic mass loss occurs, the mass loss due to calving is a 
fundamental mass-balance component that needs to be accurately 
quantified. 

A key way to express the ice loss due to iceberg calving is through 
estimates of the calving flux. The calving flux is the mass of ice that 
calves per unit of time and so requires information on ice thickness and 
ice density values (e.g., Dowdeswell et al., 2008; Depoorter et al., 2013), 
as well as iceberg characteristics, such as size and shape. In order to 
determine whether the calving flux of an ice shelf is changing, it is first 
essential to determine the long-term average/baseline calving flux 
(Fricker et al., 2002). The long-term average calving flux of an ice shelf 
is the calving flux that occurs when the ice shelf is in steady state, 
meaning that there has been no long-term change in the areal extent, ice 
thickness or density of that ice shelf (Liu et al., 2015). As a consequence, 
the steady-state iceberg-calving flux is the calving flux needed to 
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maintain a constant calving-front location (Depoorter et al., 2013; 
Rignot et al., 2013). Accurate quantification of ice-shelf calving flux is 
vital, as changes in the calving flux may result in increased throughput 
of grounded ice to the ocean, influencing Antarctica’s contribution to 
sea level rise. 

Methods for calculating ice-shelf calving flux can be divided into 
those that take into account the ice-shelf frontal change and those that 
do not. Methods that assume a steady-state geometry require only the ice 
thickness and ice velocity across the ice-shelf width (e.g., Depoorter 
et al., 2013; Rignot et al., 2013; Rott et al., 2018). Flux-gate methods of 
deriving calving flux are an example of methods that assume steady state 
(Rott et al., 2018). However, these types of methods can accrue un-
certainties in calving-flux estimates if the ice shelf is not in steady state, 
such as when an ice shelf is retreating, which in turn can lead to inac-
curate estimations of mass loss due to calving. The calving-flux estimates 
derived using methods based on a steady-state calving-front position and 
the estimates derived from methods that use non-steady-state calving- 
front positions can differ, sometimes by up to 90% (Wuite et al., 2019). 
Changes in calving-front location that occur on sub-decadal time scales 
are likely to enhance the difference in the ice-shelf calving-flux estimates 
derived from the two methods (Liu et al., 2015; Wuite et al., 2019). The 
difference in calving-flux estimates can have important implications 
when investigating the sources of Antarctica’s mass loss. 

Approaches that allow for a non-static calving-front position in turn 
allow for non-steady-state ice-shelf behaviour characterisation. These 
approaches require knowledge of the calving-front location (CFL) 
through time. The CFL can be derived using a variety of methods, 
including manual digitisation methods (Cook and Vaughan, 2010; 
Lovell et al., 2017; Liang et al., 2019), or more automated processes (Liu 
et al., 2015; Miles et al., 2017; Baumhoer et al., 2019). Frontal change 
can be incorporated when deriving the individual volume flux of the 
icebergs produced by calving (Hagen and Reeh, 2004; Dowdeswell et al., 
2008). However, methods that require explicit delineation of the calving 
front retreat due to icebergs breaking off, can be constrained by the 
limited availability of satellite images (particularly prior to 2013 and the 
launch of Landsat 8), as the gaps in between available images make it 
hard to observe individual calving events, particularly for frequently 
calving ice shelves such as the Totten Ice Shelf. 

The CFL can also be used to derive the change in area of the ice shelf 
within a specified bounded region or box (Moon and Joughin, 2008; 
Moon et al., 2015; Jensen et al., 2016). Liu et al. (2015) used a feature 
tracking algorithm to derive areal-change estimates and the mass loss 
due to calving for Antarctic ice shelves from 2005 to 2011. The feature 
tracking method of Liu et al. (2015) required repeated comparisons 
between calving-front locations in pairs of satellite images to check 
whether or not calving had occurred, which was time-consuming and 
laborious, and made difficult by image resolution (Qi et al., 2020). Qi 
et al. (2020) updated the work of Liu et al. (2015) by calculating the 
calved area using a simulated coastline in conjunction with an initial 
coastline extent and satellite images acquired post-calving. Ice velocity 
was used to simulate the extent of the coastline if no calving had 
occurred, only taking into account ice advection and the initial coastline 
position. The CFLs observed in satellite images were then subtracted 
from the simulated CFLs to give ice-shelf calving area. Using this 
method, Qi et al. (2020) were able to estimate the areas of calving events 
that occurred between 2015 and 2019 for the majority of Antarctic ice 
shelves. 

Methods that take into account the CFL require a time series of sat-
ellite imagery that is of appropriate temporal and spatial resolution. 
Very dense time series of satellite imagery have successfully captured 
the variation in calving-front locations for frequently-calving tidewater 
glaciers (e.g., Luckman et al., 2015; Mottram et al., 2019). However, 
Antarctic ice shelves tend to produce large tabular icebergs after 
extended periods of calving quiescence, which can last from months to 
decades (Fricker et al., 2002; Giles, 2017). The low calving frequency of 
some ice shelves (e.g. the Amery Ice Shelf (Francis et al., 2021) and the 

Brunt Ice Shelf (De Rydt et al., 2019)) suggests that, for these ice shelves, 
a suitable time series of satellite imagery would need to span many 
decades in order to accurately estimate the calving flux and to determine 
their non-steady-state behaviour (Liu et al., 2015; Mottram et al., 2019). 

The estimated calving fluxes produced by CFL-based methods are 
sensitive to the start and end dates chosen from the satellite time series, 
as these determine the rate of length change from the locations of the 
calving fronts (Rott et al., 2018; Mottram et al., 2019). This sensitivity 
suggests that the temporal resolution of the calving-front time series has 
to be high enough to avoid temporal aliasing, which occurs when the 
satellite observation frequency is insufficient to capture the cyclic nature 
of the calving-front position (Liu et al., 2015). Further to having 
frequent CFL observations within the time series, the imagery itself 
needs to be of a sufficient spatial resolution to capture any calving-front 
geometry changes (Luckman et al., 2015; Qi et al., 2020) or to clearly 
show any surface features (if they are present) for feature-tracking ap-
proaches (Liu et al., 2015). 

Methods that involve ice velocity to simulate calving-front locations 
or coastline extents, as in the work of Qi et al. (2020), are subject to 
limitations related to the derived velocity dataset used. The key 
assumption made is that the velocity values in the dataset are repre-
sentative of ice flow throughout the time period, an assumption that may 
not be valid, particularly for the rapidly changing ice shelves of West 
Antarctica. In addition, simulating the coastline of Antarctica within a 
spatial context by using a flowline-based method, where the flowlines 
are pushed outwards from the initial calving-front location based on the 
velocity of ice advection, involves the issue of diverging and converging 
flowlines resulting from strain thinning (e.g., Qi et al., 2020). Over short 
time periods, such as on an annual scale, the influence of strain thinning 
on flowline orientation, and hence the resulting simulated calved front 
location, may be limited, but the influence will be compounded if the 
flowline method was to be applied over much longer time periods. 

The limitations of previously published approaches indicate that a 
method of calculating the calving flux is required, that mitigates tem-
poral aliasing (due to limited satellite imagery availability) at the same 
time as allowing for a non-steady-state calving-front position. To date, 
calving-flux estimates have tended to be based on relatively short tem-
poral periods. In an attempt to overcome these limitations we introduce 
and outline a unique approach for calculating the calving mass flux, that 
combines a time series of calving-front locations with a flux-gate 
method, and allows the long-term calving flux of an ice shelf to be 
estimated. 

2. Methods: a new approach for calculating ice-shelf calving 
mass flux 

The approach outlined here involves the creation of a unique semi- 
temporal domain as a mechanism to deal with long separation periods 
between images within a time series of satellite images, and the resulting 
unseen advection of ice during these times. This approach simulates 
calving-front locations, allowing capture of the variation in calving- 
front geometry and estimation of calving events of all sizes that are 
visible in the satellite images. The new approach is applied to a small ice 
shelf in East Antarctica called the Sørsdal ice shelf, that frequently 
produces small icebergs. The key input datasets required include ice 
velocity and ice-shelf thickness at the flux gate, as well as a time series of 
observed CFLs. 

2.1. Semi-temporal domain construction 

The semi-temporal domain is a non-uniform grid that is created using 
a defined flux-gate location and an ice-flow velocity dataset. The flux 
gate is placed near the calving front, spanning the ice shelf in an 
orientation approximately normal to ice flow, and in a location that 
captures the minimum sea-ward position of the calving front in the 
satellite time series. The flux gate should also be segmented along its 
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length into small enough segments that allow accurate representation of 
the complex geometry of the calving front. The flux-gate segments are 
used as the x axis of the domain. The y axis is defined as the time past the 
flux gate, t (e.g., in days), and is dependent on the ice velocity. Regions 
along the observed calving front that are in flowlines that have a lower 
velocity will have higher values of ‘time past the flux gate’ compared to 
regions of faster flowing ice, as it has taken longer for the ice in these 
lower velocity regions to flow from the flux gate to the observed CFL. 

2.2. Converting to the semi-temporal domain 

The CFL derived from each satellite image within the time series is 
converted from a spatial domain into the semi-temporal domain. An 

example of the conversion is illustrated in Fig. 1. The CFLs within the 
semi-temporal domain are now expressed in units of time past the flux 
gate, as shown in Fig. 1B. Fig. 1C shows the flux gate divided into seg-
ments of equal width (only six are used here for ease of viewing). The 
time past the flux gate value for the CFL shown in Fig. 1A for each of the 
six flux-gate segments is represented by the schematic in Fig. 1D, with 
slow moving ice along the margin of the ice shelf (higher values of time 
past the flux gate) and faster moving ice in the centre of the ice shelf. 

2.3. Calculating mass flux 

The mass flux through the flux gate for segment j (fj) is calculated 
using the equation. 

Fig. 1. An example showing the conversion from a domain based on northings and eastings (m) shown in Panels A and C, to the semi-temporal domain where the x 
axis is in metres but the y axis is in time past the flux gate (years in this example), shown in Panels B and D. The red line is the flux gate that stretches across the ice 
shelf from A to B, the yellow line is the digitised calving front, and the black arrows represent the direction of flow as indicated by the velocity field. The varying 
lengths of the black arrows represent spatial variation within the velocity field across the ice shelf. Panel C shows the flux gate divided into six sections (for ease of 
viewing). Panel D is a schematic of the semi-temporal domain showing the time taken for the calving front to reach its location in the spatial domain (Panel A) 
relative to the flux gate. The green dots in Panels C and D indicate the position of the calving front at two yearly intervals past the flux gate. The satellite image in 
Panels A and C is a Landsat ETM+ image acquired on 2003-01-24 and shows the Sørsdal ice shelf. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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fj = ρiHjvjcosθ ⋅Δx. (1) 

The cross sectional area of each segment along the flux gate is 
derived from the width of the segment (Δx) multiplied by the ice 
thickness at that segment (H) and corrected using θ, the angle from the 
flux gate normal to ice flow direction (derived from the velocity data-
set). The cross sectional area is multiplied by the estimated ice velocity 
magnitude at that segment (v), and the column-averaged ice density (ρi) 
to give the mass flux through each segment. 

2.4. Comparing calving-front locations and calculating calving mass flux 

The time series of calving-front locations that have been converted to 
the semi-temporal domain, is now available for pairwise comparisons. In 
each pair of observed CFLs, the earliest calving-front location becomes 
CFLt0, and the most recent calving-front location becomes CFLt1 (Fig. 2). 
The time between the two CFLs (i.e., the time interval between the 
acquisition dates of the two satellite images from which the two CFLs 
were extracted) is used to “push” CFLt0 forward in time past the flux gate 
using the estimated ice velocities, creating the simulated calving-front 
location at time t1 (CFLsimt1), and in doing so, represents ice advec-
tion over the time interval (Fig. 2). Deriving CFLsimt1 by this method 
assumes that no calving has occurred during the time interval. 

The incorporation of ice velocity in the creation of the semi-temporal 
domain enables the capture of the spatial variation in ice flow speed 
along the flux gate (i.e., across the ice shelf), as is shown in Fig. 1. The 
ability to take into account any variation in ice velocity with time is 
important as it allows more accurate representation of CFLsimt1. Accu-
rately simulating the calving-front location at t1 and its geometry is vital 
when calculating the net calving time for each segment (tc), where. 

tc,j = CFLsimt1,j − CFLt1,j. (2) 

The net calving time represents the difference between the simulated 
calving-front location and the observed (final) calving-front location 
within the semi-temporal domain, and for each flux-gate segment. Fig. 2 
shows the net calving time as the shaded region that spans the difference 
(in time past the flux gate) between CFLsimt1 and CFLt1. The calved mass 
per segment cj (in kg), is then derived from the net calving time (tc,j) (in 
days) and the mass flux through each flux-gate segment (fj) (kg/day) 

cj = tc,j ⋅ fj. (3) 

Following on from Eq. (3), the total calving mass flux C results from 
summing all the calved mass per segment values and converting the 
result to a rate 

C =

∑N

j=1
cj

Δt
, (4)  

where N is the number of segments along the flux gate (A to B) and Δt is 
the time between the satellite images in the pair used to derive the CFLs. 

2.5. Key assumptions 

Central to this approach is the use of a high-quality velocity dataset. 
Any uncertainties in the velocity estimates will be transmitted through 
to the overall calving mass-flux estimate. Hence, it is beneficial to use an 
accurate, high-resolution velocity field that captures the spatial varia-
tion in ice flow velocity. The key assumption made is that the ice flow 
velocity values are constant and do not change over the duration of the 
time series of satellite imagery. This assumption will not apply to any ice 
shelves that demonstrate variability in ice flow speed (including those 
ice shelves that may be rapidly responding to changing environmental 
conditions). Therefore, in these situations a long-term velocity time se-
ries is essential in order to establish whether the assumption of constant 
velocity is valid or not. The same can be said for ice-thickness estimates 
along the flux gate, with multiple ice-thickness estimates being advan-
tageous if there are changes in ice thickness over time. Though changes 
in ice thickness past the flux gate do not influence the mass-flux esti-
mates using this method, changes in the ice thickness at the flux gate are 
important. Processes that influence ice-shelf thickness, such as surface 
accumulation and ablation, basal melting and refreezing, or strain 
thinning/thickening, may not be constant, particularly over long periods 
of time. 

This approach allows for complicated calving-front geometry, long 
periods with no available satellite imagery, limited visible surface fea-
tures and the dynamics of a non-steady-state calving-front position. 

3. Methods: applying the approach to the Sørsdal ice shelf, East 
Antarctica 

The new approach was applied to the Sørsdal ice shelf, a small ice 
shelf that is fed by the Sørsdal Glacier, which drains from the Ingrid 
Christensen Coast of the East Antarctic Ice Sheet into Prydz Bay. The 
Sørsdal ice shelf is a suitable test case as satellite imagery indicates that 
it frequently calves small icebergs. 

3.1. Flux gate 

The flux gate was positioned across the calving front of the Sørsdal 
ice shelf to be approximately normal to ice flow and to be situated far 
enough up-glacier to capture the CFL at minimum extent (Fig. 3). The ~ 
6.5-km flux gate was then segmented into 15-m increments to allow 
accurate representation of the complex calving-front geometry. The size 
of the flux-gate segments was chosen to be comparable to the spatial 
resolution of the available satellite images. 

Fig. 2. A schematic of the proposed approach that combines a flux gate (A-B) with the initial, final and simulated calving-front locations. The volume shaded red 
represents the mass loss due to calving. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Time series of calving-front locations 

A time series of satellite imagery that spans from 1972 until 2017 
was created using a range of satellite sensors, including Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), all 
the Landsat missions, Satellite Pour l’Observation de la Terre (SPOT), 
Sentinel-1 and Sentinel-2 images. The images were co-registered to a 
Landsat 8 image that was acquired on 2014-03-03. Since 98% of the 
imagery in the time series is from visible sensors, there is inherent 
seasonal bias that results from the lack of visible images available during 
the polar night. From this time series, 79 calving-front locations were 
manually digitised. The maximum number of calving fronts in any one 
year was 16 (in 2016). The manual digitisation of the calving fronts was 
performed in ArcMap, where sufficient points were used to capture all 
the spatial variability in the calving front that was clearly visible in the 
imagery, down to the resolution of the imagery (from 60 m for Landsat 
MSS to 10 m for Sentinel-2 and SPOT). The digitising errors were esti-
mated using the standard technique of repeatedly digitising sections of 
the calving front and calculating the mean variation between the digi-
tised lines (Paul et al., 2013; Lovell et al., 2017). The accuracy of the 
digitising method depended on the resolution of the imagery, with a 
typical 30–60 m uncertainty in the manual placement of the calving- 
front lines. 

3.3. Semi-temporal domain 

A surface velocity dataset was produced using TerraSAR-X images 

that were acquired eleven days apart (2017-07-02 and 2017-07-13), 
using a speckle-tracking algorithm that accurately captured the varia-
tion in ice velocity (Joughin, 2002; Joughin et al., 2018). Cross- 
correlation procedures and further averaging to reduce the noise, 
resulted in a dataset with a spatial resolution of ~ 300 m, which was 
then resampled to a 125 m spatial grid (Joughin et al., 2019). The mean 
surface velocity uncertainty was estimated at ~ 11 m/yr, calculated 
from uncertainty in the DEM, as well as the cross-correlation in both x 
and y components of velocity. Potential additional uncertainties arise 
from the uncompensated vertical motion of the ice shelf due to tides, 
which may have been erroneously interpreted as horizontal motion. 

To approximate the tidal variation in front of the Sørsdal ice shelf, 
the Circum-Antarctic Tidal Simulation (CATS2008) model, which is an 
update to the model described by Padman et al. (2002), was run for one 
year (starting 2017-01-01). The model predicts a tidal variation of ~ 1.2 
m in front of the Sørsdal ice shelf, giving strong agreement with GPS in- 
situ observations of a tidal range of 1.5 m observed on the ice shelf 
(Schoof et al., 2020). The difference in modelled tide heights at the time 
of acquisition of the TerraSAR-X images is 0.01 m, which is likely to have 
minimum impact upon the TerraSAR-X-derived velocity fields. 

A second velocity dataset was produced using the same speckle 
tracking techniques on a pair of TerraSAR-X images acquired on 2018- 
10-18 and 2018-10-29, and this image pair was used to evaluate the 
assumption of constant velocity over time. An increase of 2% in velocity 
was estimated for the fastest locations, which is below the uncertainty 
threshold of the velocity dataset. In addition to the second TerraSAR-X- 
derived velocity dataset, annual velocity maps generated using the 

Fig. 3. A Sentinel-2 satellite image acquired 
2019-01-13 showing the Sørsdal ice shelf 
with a selection of the digitised calving-front 
locations overlaid. These lines show the 
minimum and maximum calving-front loca-
tions within the satellite time series that 
spans from 1972 until 2017, as well as a 
range of calving-front geometries. The red 
line is the chosen location for the flux gate 
that stretches across the ice shelf from point 
A to B. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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autonomous Repeat Image Feature Tracking (auto-RIFT) technique 
(Gardner et al., 2018) and provided by the NASA MEaSUREs Inter- 
mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE) 
project (Gardner et al., 2019), were also analysed with reference to the 
assumption of constant velocity at the flux gate. Suitable ITS_LIVE 
annual velocities were available from 2003 to 2017. The velocity values 
at a single point on the ice shelf, located close to the flux gate, were 
extracted and analysed. The velocity estimates at this location range 
from 318 m/yr to 341 m/yr, giving a range of 22 m/yr. The trend in 
annual velocity estimates was calculated, producing a slope of − 0.59 ±
0.78 m/yr2, with uncertainty values produced using a 95% confidence 
interval, indicating an insignificant change in velocity over the time 
period (2003–2017). Prior to 2003, it is unlikely that there have been 
significant variations in velocity given the constrained nature of the ice 
shelf and the close proximity of the flux gate to observed pinning points. 
Therefore, given these results, we assume that the velocity profile used is 
representative of the long-term velocity at the flux gate. 

3.4. Ice-shelf thickness 

The ice thickness at the flux gate positioned across the Sørsdal ice 
shelf was calculated using surface elevation values from the Reference 
Elevation Model of Antarctica, REMA (Howat et al., 2019), in conjunc-
tion with the principle of hydrostatic equilibrium. No firn correction was 
applied because the Sørsdal ice shelf is mostly blue ice (Hui et al., 2014). 
A column-averaged ice density of 917 kg/m3 was based on the further 
assumption that there is no marine ice present at the base of the Sørsdal 
ice shelf and there is no firn present at the surface. The column-averaged 
density of seawater was assumed to be 1027 kg/m3 (Herraiz-Borreguero 
et al., 2015). 

It is assumed here that the ice density value is spatially and tempo-
rally constant. This assumption may not be completely valid as ice 
densities may vary spatially and temporally across ice shelves as a result 
of basal refreezing/melting processes (Fricker et al., 2001; Horwath 
et al., 2006; Craven et al., 2009; Holland et al., 2009; Rignot et al., 
2013). However, the assumption of a temporally constant ice density 
value is likely to be valid for the Sørsdal ice shelf given that the ice-shelf 
cavity is very small (~ 20 km long by 5–8 km wide), providing limited 
opportunity for refreezing at the ice-shelf base and the resulting for-
mation of marine ice. This assumption is also supported by the findings 
of Gwyther et al. (2020), who find weak evidence for refreezing at the 
base of the Sørsdal ice shelf. In addition, the basal melt rates have been 
found to be small (a spatially averaged mean of 0.5 m/yr) with low 
temporal variability (Gwyther et al., 2020). 

The temporal variation in ice thickness at the flux gate is considered 
to be small, due to low rates of snow accumulation (Hui et al., 2014), 
limited strain thinning resulting from the flux gate’s proximity to 
pinning points, as well as modelled low rates of basal melting and 
refreezing (Gwyther et al., 2020). These rates of basal melting and 
refreezing are unlikely to have changed significantly since 1972 (the 
start of the satellite time series) given the presence of cold, dense water 
that currently blocks access to the Sørsdal ice shelf cavity by warmer 
waters from Prydz Bay (Gwyther et al., 2020). Therefore, it is acceptable 
to assume that the ice-thickness estimates derived from the REMA sur-
face elevation values are representative of the ice thickness at the flux 
gate throughout the period covered by the satellite image time series. 

The largest uncertainty in the mass flux calculation comes from un-
certainties in ice-shelf thickness. The observed tidal range value of 1.5 m 
(Schoof et al., 2020) was combined in quadrature with the published 
REMA elevation uncertainty value of 1 m (Howat et al., 2019), to give an 
uncertainty of 2.04 m in the surface elevation values. Using the 
assumption of hydrostatic equilibrium this equates to an uncertainty of 
~ 17 m in ice thickness which is ~ 4% of the average ice thickness at the 
flux gate (414 m). 

4. Results: Sørsdal ice shelf calving-flux estimates 

In order to determine whether or not the time period between the 
satellite images in a pair (temporal baseline) had an influence on the 
estimated calving mass flux, an analysis was performed using five 
different temporal baseline groups (0.5–1 year, 1–3.5 years, 3.5–6 years, 
6–8 years and 8–20 years). The calving mass flux was calculated for all 
possible CFL pair combinations that existed within each particular 
temporal baseline group (Fig. 4). Where single images were used in 
multiple pairs, individual calving events were captured more than once, 
e.g., Fig. 4A. Fig. 4 clearly shows the impact of increasing the temporal 
baseline on the range of calving mass-flux estimates, as there is a 
reduction in the spread of calving mass-flux estimates with increasing 
temporal baseline. 

This reduction in the spread is shown by the standard deviations 
calculated for each baseline group (Table 1). The shortest baseline group 
(0.5–1 year) had the highest standard deviation (± 0.87 Gt/yr). 
Whereas, the group with the longest baseline (8–20 years) had the 
lowest standard deviation (± 0.10 Gt/yr). The mean calving mass-flux 
estimates for each of the baseline groups are similar. The statistics 
shown in Table 1, such as the means or standard deviations, are not 
based on fully independent samples, because individual images are used 
in multiple pair combinations, causing the standard deviations to be too 
optimistic. In this case, the standard deviations do not represent a true 
measure of uncertainty, instead we use them to represent the spread of 
calving mass-flux estimates within each baseline group, which in-
corporates measurement uncertainty, sampling issues relating to 
whether a particular pair observe a calving event or not and sampling 
issues relating to seasonal observation bias. 

The minimum temporal baseline that should be used to derive a 
calving-flux estimate (i.e., one that is representative of the Sørsdal ice 
shelf long-term average calving flux), was estimated using the calving 
flux standard deviation for each of the baseline groups (Table 1). An 
exponential model in the form of y = aebx + c was fitted to the standard 
deviation values, and a non-linear least squares regression (Markwardt, 
2009) was used to estimate parameters a, b and c. Fig. 5 shows 
decreasing calving flux standard deviation with increasing temporal 
baseline. The suggested minimum temporal baseline is defined here as 
the minimum baseline where the standard deviation is less than a 
threshold value. In the absence of any physical indication of how to 
define this threshold, it is ascribed to be 1.1 times (i.e., 10% higher than) 
the asymptote in the standard deviation (i.e., the c parameter in the 
exponential model). The point at which the standard deviation is below 
the threshold is indicated in Fig. 5 by the dashed red line. Fig. 5 indicates 
that the suggested minimum temporal baseline for the Sørsdal ice shelf is 
7.6 years. This indicates that in order to derive a calving-flux estimate 
that is representative of the long-term mean, any single pair of images 
need to be separated by greater than 7.6 years, although multiple image 
pairs with shorter separation can also yield a similar mean (Table 1). 

The long-term calving mass flux was calculated from a pair of images 
that included the first and last images in the time series (acquired on 
1972-12-12 and 2017-03-29, respectively) and is estimated to be 0.74 ±
0.11 Gt/yr. The uncertainty in the long-term calving mass-flux estimate 
was derived by extrapolating the calving flux standard deviation value 
to 46 years (which is the length of time separating the longest pair of 
satellite images) using the minimum temporal baseline analysis. 

To investigate the sensitivity of the calving mass-flux estimate to the 
ice-shelf surface elevation values at the flux gate, an additional analysis 
was performed using the ASTER Global Digital Elevation Model (GDEM) 
v.2 (Tachikawa et al., 2011). A small difference (of 4 m) in the mean 
surface elevation value across the flux gate resulted in a reduction of 
0.07 Gt/yr in the long-term calving mass flux for the Sørsdal ice shelf. 
Though this difference is less than the long-term calving mass flux 
standard deviation it demonstrates the important influence the surface 
elevation has on the overall calving mass-flux estimate through its in-
fluence on ice thickness. The minimum temporal baseline also decreased 
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Fig. 4. Calving mass flux (Gt/yr) for all pair combinations within each baseline group.  
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from 7.6 years to 7.4 years. 

5. Discussion 

The new approach that has been outlined here combines observa-
tional datasets and a flux-gate method within a unique semi-temporal 
domain, in order to create a robust method for accurately estimating 
the calving mass flux of an ice shelf. The application of this approach to 
the Sørsdal ice shelf derived an estimate of 0.74 ± 0.11 Gt/yr for the 
long-term calving mass flux (from 1972 to 2017), which compares well 
with the mean calving mass-flux estimates of the baseline groups that 
are longer than 1 year (Table 1). 

The periodicity of ice-shelf advection and calving must be taken into 
consideration when determining a suitable temporal baseline to use 
when calculating the calving flux of any ice shelf. The estimated mini-
mum temporal baseline needed to produce a representative estimate of 
the long-term calving mass flux for the Sørsdal ice shelf was 7.6 years. 
This finding indicates that an observation revisit time (the minimum 
time separating the satellite images that will still provide a reasonable 
estimate of the calving flux) of <7.6 years may produce a calving mass- 
flux estimate that is not representative of the long-term mean. The 
minimum temporal baseline of 7.6 years is an empirically derived value 
and thus, is only applicable to the Sørsdal ice shelf, however the method 
used to derive the estimate is transferable to other ice shelves. Using a 
minimum temporal baseline that is too short to accurately capture the 
calving cycle of the ice shelf can lead to a higher estimate of the mean 
ice-shelf calving flux. In addition, using a baseline that is too short also 

produces a greater range around the mean of the calving-flux estimates. 
Studies that wish to comment on changes to ice-shelf calving flux need a 
robust estimate of the long-term calving flux. 

For ice shelves that calve infrequently, the temporal baseline will be 
much longer than 7.6 years. For example, the calving cycle of the Amery 
Ice Shelf is estimated to be 55–70 years (Fricker et al., 2002, Fricker, H. 
A. pers. comms., 30 September 2019), so the temporal baseline needed 
to accurately derive a long-term calving-flux estimate for this ice shelf is 
likely to be greater. Conversely, for ice shelves that have a higher calving 
frequency than the Sørsdal ice shelf, the appropriate minimum temporal 
baseline will be shorter than 7.6 years. To estimate the long-term calving 
flux or baseline calving flux of an ice shelf, from sequential satellite 
imagery, an appropriate temporal baseline needs to be established. Pe-
riods of less than an annual cycle as a temporal baseline are unlikely to 
produce calving-flux estimates that are representative of the long-term 
mean of Antarctic ice shelves. 

The application of the new approach to the Sørsdal ice shelf has 
demonstrated the suitability of applying this method to a frequently 
calving ice shelf that exhibits complex calving-front geometries. Tech-
niques that use flow lines can fail to incorporate complex calving-front 
geometries when there are multiple intersections between a flow line 
and the calving front, for example when there are lobes or notches 
present in the calving front. The method outlined here uses a flux-gate 
approach and so can appropriately incorporate complex geometries. 
Flow line-based approaches that extend the calving-front location for-
ward within a spatial domain must account for diverging/converging 
flow as the ice advects over long time periods. The use of a semi- 
temporal domain avoids the issues related to strain thinning of the ice 
forward of the flux gate and the influence this has on long-term calving- 
flux estimates. In addition, the approach outlined here outputs estima-
tions of the calving mass flux in commonly used units (e.g., Gt/yr). 

In the application to the Sørsdal ice shelf, several key assumptions 
were made. The first key assumption was that the velocity profile used in 
calculating the calving flux was representative of the long-term velocity 
at the flux gate, as discussed in Section 3.3. However, not only will the 
assumption of constant velocity not apply to any ice shelves that 
demonstrate variability in ice flow speed, but it may also break down 
when ice shelves experience atypical calving events, such as resulting 
from an iceberg collision, which would likely affect the ice-shelf velocity 
profile and the resulting long-term calving-flux estimate. 

It was also assumed that the ice thickness at the flux gate did not 
change over time, and that there was no significant mass loss or gain 
forward of the flux gate (as a result of either surface or basal processes). 
These assumptions will not be appropriate for all ice shelves since many 
of them experience high rates of basal melt and/or marine ice accretion 
(Bindschadler et al., 2011; Depoorter et al., 2013; Rignot et al., 2013; 
Herraiz-Borreguero et al., 2015). The occurrence of basal melting and/ 
or refreezing will also violate the assumptions of spatially and tempo-
rally constant ice and seawater densities (Fricker et al., 2001; Horwath 
et al., 2006; Craven et al., 2009; Holland et al., 2009; Rignot et al., 2013; 
Herraiz-Borreguero et al., 2015), as will the presence of liquid brine in 
the ice column (Cook et al., 2018). 

The final assumption that may not have been fully valid in the 
application of the new approach to the Sørsdal ice shelf was related to 
the assumption of hydrostatic equilibrium. In the estimation of the ice 
thickness, the entire ice shelf was assumed to be in hydrostatic equi-
librium. However, on ice shelves there is a transition from ice that is 
grounded to ice that is fully in hydrostatic balance with the underlying 
ocean (Horwath et al., 2006; Fricker et al., 2009). The exact locations 
and extents of the pinning points near the calving front of the Sørsdal ice 
shelf are unknown, therefore the ice-thickness values within these re-
gions are likely to be subject to uncertainty. Application of the new 
approach outlined here to other ice shelves would require the use of ice- 
thickness estimates that have taken into consideration the influence of 
pinning points and grounded regions on the assumption of hydrostatic 
equilibrium. 

Table 1 
Calving-flux statistics for each baseline group.  

Baseline 
Group (yrs) 

Mean 
Baseline (yrs) 

Mean Calving 
Flux (Gt/yr) 

Standard 
Deviation (Gt/yr) 

No. of 
Pairs 

0.5–1 0.84 1.19 0.87 269 
1–3.5 2.06 0.78 0.45 777 
3.5–6 4.68 0.73 0.17 430 
6–8 6.88 0.76 0.13 279 
8–20 11.34 0.78 0.10 721  

Fig. 5. Statistical analysis results used to derive the minimum temporal base-
line estimate. Red squares are the standard deviation (Gt/yr) in the calculated 
calving flux (Gt/yr) for the mean (yrs) of each baseline group. The red line is 
the fit to the standard deviation values and the dashed line indicates the min-
imum temporal baseline that could be used in order to derive a long-term 
average calving-flux estimate for the Sørsdal ice shelf. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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6. Conclusions 

A new calving-flux method is presented that overcomes the limita-
tions often present when calculating the long-term calving flux of Ant-
arctic ice shelves. Capturing the variability in the location of the calving 
front is a strength of the new approach as it permits non-steady-state ice- 
shelf behaviour. Methods used to calculate calving flux that take into 
account non-steady-state behaviour will benefit from using appropriate 
temporal baselines and also allow long-term trends to be separated from 
short-term variations, such as those observed in the calving-front posi-
tion (Frezzotti, 1997; Benn et al., 2007; Seale et al., 2011; Miles et al., 
2016). This separation may aid in the identification of the drivers of ice- 
shelf change (e.g., atmospheric and oceanic warming). 

Our approach only uses easily-derived datasets (ice thickness and 
surface velocity estimates) so it can be applied to any ice shelf (with a 
calving cycle periodicity that is much lower than the time period of 
available satellite imagery (e.g. the past 50 years)), including very small 
ice shelves (i.e., areas less than 100 km2), that are often missed from 
Antarctic-wide studies. Although this method is widely applicable, 
changes of ice thickness and velocity across the flux gate may need to be 
applied, as well as variations in ice densities (if the desired ice shelf does 
not have an ice density value that is spatially and temporally constant). 
The technique covers all scales of calving that occur at an individual ice- 
shelf calving front, from very small icebergs through to very large 
tabular icebergs (Fricker et al., 2002; Wesche et al., 2013; Liu et al., 
2015; Benn and Åström, 2018), depending on the resolution of the 
satellite imagery used. Methods that produce improved ice-shelf calving 
mass-flux estimates will allow more accurate predictions of Antarctic 
mass loss due to calving, and reduced uncertainties of sea level rise 
estimates. 
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