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Abstract

Calculation of the calving loss of tidewater glaciers depends on accurate bedrock information. In
regional to global-scale projections of future tidewater glacier evolution this dependence is prob-
lematic. Bedrock topographies are often unknown and can only be modelled from surface prop-
erties. Existing approaches, however, mostly underestimate the ice thickness towards the calving
fronts of marine-terminating glaciers. This implies a compromised performance of global-scale
projection models which often employ functions of water depth at the calving fronts of tidewater
glaciers. Here, we present a sensitivity study that analyses the impact of five different bedrock
datasets on projected mass losses from the tidewater glacier Hansbreen in southern Svalbard.
Our modelling study calculates the glacier’s response to artificial mass-balance forcing. We
show that bedrock inaccuracies may lead to a substantially deviating retreat behaviour. The com-
mon underestimation of frontal ice thickness/water depth in the modelled bedrock datasets
induces an underestimation of sea level-relevant mass losses over the first several decades of
modelling. The duration of this period is reduced when assuming warmer climates. Our results
thus underline the importance of accurate bedrock topography data for the reliability of glacier
evolution projections and for the accuracy of the temporal trajectories of related sea level-relevant
mass losses.

Introduction

Tidewater glaciers contributed disproportionally little to sea-level rise over the past two decades
(Hugonnet and others, 2021), but are suggested to be among the most important contributors to
sea-level rise in the 21st century (Moore and others, 2013). They are also assumed to be a major
source of uncertainty in future projections (Luckman and others, 2015). Mass loss by ice dis-
charge from these glaciers is constrained by ice flow velocity and ice thickness at their marine-
terminating fronts (e.g. Sanchez-Gamez and others, 2019; Mankoff and others, 2020). Hence,
reliable model-based estimates of ice discharge from tidewater glaciers depend to a large extent
on accurate bedrock topography data. In spite of recent advances in ice thickness radar and fjord
bathymetry measurements worldwide (GlaThiDa Consortium, 2019; Welty and others, 2020;
Jakobsson and Mayer, 2022), a widespread lack of measured bedrock and sea floor information
continues to exist (Farinotti and others, 2019; Jakobsson and Mayer, 2022), and makes studies of
regional to global-scale sea-level contribution from tidewater glaciers predominantly dependent
on modelled ice thickness (e.g. Huss and Hock, 2015; Maussion and others, 2019). This depend-
ence introduces substantial uncertainty into modelled regional to global-scale ice discharge
numbers and thus into sea-level contributions from tidewater glaciers in general.

Regional to global-scale ice thickness models mostly assume a closed surface mass budget
that is locally balanced by the divergence of the ice flux (e.g. Farinotti and others, 2009, 2017,
2019; Huss and Farinotti, 2012; Linsbauer and others, 2012; Rabatel and others, 2018). This
assumption is valid for land-terminating glaciers, but problematic for tidewater glaciers,
because mass loss by ice discharge would be needed to compensate for surface mass balance
across the model domain. Not adequately capturing or even ignoring mass loss by frontal abla-
tion at the glacier terminus thus leads to an underestimation of the ice flux in the lower part of
the tongue and thus to an increasing underestimation of ice thickness towards the terminus
and generally higher uncertainties in this part of the glacier (Recinos and others, 2019). To
overcome this limitation, efforts have been undertaken to account for extensive observational
bedrock data or remote-sensing-based flux estimates in regional to global-scale ice thickness
models which resulted in more accurate bedrock topography data for tidewater glaciers
(McNabb and others, 2015; Fiirst and others, 2018; Recinos and others, 2021; Millan and
others, 2022).
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Existing global-scale projections of future glacier evolution
(Hock and others, 2019; Marzeion and others, 2020) have so far
not accounted for these improved methods, and consequently
the included shares of mass loss from tidewater glaciers have to
be deemed erroneous as they most likely underestimate the occur-
ring ice discharge. This implies considerable overall uncertainty, as
tidewater glaciers account for 40% of the area of global glaciers and
ice caps outside the two ice sheets (Hugonnet and others, 2021).

Limitations regarding the type of ice discharge models which
are applicable in such regional to global-scale studies further
add to this uncertainty. In general, ice discharge is the sum of
calving flux and the mass flux implied by changes in the position
of the calving front (Cogley and others, 2011). Calving processes
at the fronts of individual tidewater glaciers can be modelled by a
variety of approaches that are mostly physics-based and rely on
detailed data and adequate assumptions of physical parameters
to achieve reliable results (Benn and others, 2007; Benn and
Astrom, 2018). This limits their applicability to well-studied
glaciers with sufficient observational data. On regional or global
scales, however, a different approach is needed. In such alternative
models, mass loss by ice discharge can be parameterized by
empirically calibrated equations based on water depth and ice
thickness data (e.g. Brown and others, 1982; Hanson and
Hooke, 2000; Oerlemans and Nick, 2005; Recinos and others,
2021). In order to more adequately capture the retreat of the
marine-terminating glacier tongues over time, these models may
be refined by an approach based on a flotation criterion. This
type of approach limits the length of the glacier to a certain
threshold thickness, which is related to buoyancy conditions
at the tongue via an empirical parameter (van der Veen, 1996;
Vieli and others, 2001).

In any case, regional to global-scale tidewater glacier modelling
can be suspected to most crucially depend on the accuracy of bed-
rock topography data. In order to apply a flotation criterion
approach refinement, it is also necessary to additionally constrain
the parameters involved in a reasonable way. Bedrock topography
influences the ice thickness at the calving front and thus controls
the dimension of the flux gate and the strength of the buoyancy
forces across the lower tongue (Benn and others, 2007).
Modelling experiments with idealized bedrock shapes have
shown that, under equal external forcing, a marine-terminating
glacier tongue might experience a huge spread of retreat rates in
response to different combinations of flux gate width, ice thick-
ness and water depth (Enderlin and others, 2013; Akesson and
others, 2018; Frank and others, 2022). Lessons learned from stud-
ies on ice-sheet outlet glaciers underline these findings (e.g. Nick
and others, 2013; Catania and others, 2018; Choi and others,
2018).

We hypothesize that in most future projections, the underesti-
mation of ice thickness towards tidewater glacier fronts creates a
time lag in the response of these glaciers to external forcing and
thus a considerable uncertainty regarding the trajectories of sea
level-relevant mass losses. This issue may have severe consequences
for the accuracy and reliability of calculations of mass losses from
tidewater glaciers around the world. We expect the time lag to pri-
marily develop during the early years of the projection period
when mass loss by calving flux is presumably underestimated
because of limited flux gate cross-sectional sizes. In addition, we
expect retreat rates during this period to be underestimated because
of limited water depths, which prohibit faster retreats of a tidewater
glacier tongue in a flotation model environment.

The aim of this paper is to present a sensitivity study that
analyses and quantifies the variability in timing and amount of
modelled future sea level-relevant mass losses from a tidewater
glacier with respect to different bedrock topographies and flota-
tion characteristics. While in general the sensitivity of tidewater
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glacier retreat and mass loss to bedrock topography is well-known
(e.g. Hanson and Hooke, 2000; Oerlemans and others, 2011), a
comparison of a variety of readily available, modelled bedrock
datasets as they are frequently employed in global-scale glacier
projections (Hock and others, 2019) has not been performed
yet. Our sensitivity study is carried out exemplarily for the well-
studied tidewater glacier Hansbreen in southern Svalbard
(Fig. 1). We calculate sea level-relevant mass losses from the gla-
cier due to climatic mass balance (CMB), calving flux and calving
front retreat, as well as the resulting changes to the 3-D glacier ice
body by using a simple, evolution-oriented, non-dynamic glacier
model. Our sensitivity study accounts for variability in external
forcing by considering different prescribed mass-balance regimes.

We do not intend to project actual glacier changes. We rather
present a conceptual modelling study that is able to capture a the-
oretical range of potential glacier responses to a comprehensive
variety of framework conditions and forcing scenarios. Hereby,
the latter plays a dual role: the different forcing scenarios are
not only intended to represent different settings of the glacier,
but are also used to assess potential impacts of different future cli-
mate change scenarios. In the end, we concentrate on constrain-
ing potential mass-loss trajectories of the glacier while especially
focusing on the identification of differences between the different
bedrocks.

Study area

Hansbreen is a tidewater glacier draining into Hansbukta, a small
bay at the northern coast of the Hornsund fjord, southern
Spitsbergen, Svalbard (Fig. 1). The glacier is polythermal (Jania
and others, 1996) and has an overall extent of ~54 km?
(Btaszczyk and others, 2013). It is situated in a region that is char-
acterized by almost continuously negative CMBs since the begin-
ning of the 20th century (Moller and Kohler, 2018), and by a
regional equilibrium line altitude (ELA) of ~390m asl in
2000-11 (Moller and others, 2016b). The majority of glacierized
areas in this region lies still above the ELA, but albedo data
revealed that, over recent decades, glacier surfaces in southern
Spitsbergen have experienced one of the strongest changes across
the entire Svalbard archipelago (Moller and Moller, 2017).
Differing from the regional mean, Hansbreen, which spans an
altitude range from above 700 m a.s.l. down to sea level, has a
mean elevation of ~290m a.sl (Blaszczyk and others, 2013)
and is thus largely (77%) situated below the regional ELA.

In the beginning of the 20th century Hansbreen extended fur-
ther across Hansbukta filling it out entirely (Blaszczyk and others,
2013). Since then, the glacier retreated at highly varying annual
rates with the most present retreat rates being ~40 ma~" (Vieli
and others, 2002; Blaszczyk and others, 2009; Cwigkala and
others, 2018). The calving front has a length of ~1.5km and a
thickness of ~100 m at the central flowline of the glacier, where
water depth is ~55 m, as determined by a combination of ground-
penetrating radar and bathymetric measurements (Otero and
others, 2017). As shown by ground-penetrating radar data, the
maximum ice thickness of Hansbreen is ~400 m, the underlying
bedrock is reverse-sloping over the first ~4 km from the terminus
with below sea level elevations extending over more than
two-thirds of the glacier along the central flowline (Grabiec and
others, 2012). Water depths in Hansbukta in the forefront of
the glacier reach down to more than 80 m (Cwigkata and others,
2018; De Andrés and others, 2018, 2021).

Data

For our study we rely on different sources of topographic data for
the 3-D ice body of Hansbreen. We use four modelled ice thickness
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Fig. 1. Overview of the greater study area (a) and of the five different 3-D ice bodies of Hansbreen that are compared in this study (b). The location of Hansbreen is
indicated in (a) by the black glacier outline. Profiles of the ground-penetrating radar (GPR) profiles used to create the reference 3-D ice body (ref in (b) and (c)) are
shown as red lines. The background shading in (a) is derived from the DEM Terrengmodell Svalbard (SO Terrengmodell) (Norwegian Polar Institute, 2014). For each of
the five different 3-D ice bodies of Hansbreen, bedrock topography and ice thickness are shown as maps (b), and flowline profiles (c). Each map also shows the
respective surface topography as contours with a spacing of 50 m. The five 3-D ice bodies are the reference ice body which is based on ground-penetrating radar
measurements (ref) and four modelled bedrock datasets which are taken from Huss and Farinotti (2012) (H12), Frey and others (2014) (F14), Maussion and others

(2018) (M18) and Millan and others (2022) (M22).

datasets and an ice thickness distribution based on direct measure-
ments which represents the reference. In combination with speci-
fied surface topography datasets, the ice thicknesses allow for the
calculation of associated bedrock topography datasets.

The reference consists of a bedrock topography dataset (hy, yef,
Figs 1b, c) that is derived from extensive measurements along
ground-penetrating radar profiles (Fig. 1a) and subsequent geos-
tatistical inter/extrapolation (Grabiec and others, 2012; Navarro
and others, 2014) and a surface topography (k) taken from
the DEM Terrengmodell Svalbard (SO Terrengmodell) provided
by the Norwegian Polar Institute (2014).

Three modelled bedrock topography datasets are derived from
data of the Ice Thickness Models Intercomparison eXperiment
(ITMIX; Farinotti and others, 2019). Within ITMIX, four differ-
ent ice thickness models cover the Svalbard archipelago. However,
we omit the model by Fiirst and others (2018) as it ingests the rich
set of ice-thickness data available for Hansbreen and thus created
a bedrock topography that is very similar to our reference dataset.
All three models use the same surface topography dataset (h;) as
input, i.e. Arctic DEM version 2 (Porter and others, 2018). Named
after the respective ice thickness models, we calculate the bedrock
topography datasets hpyr, (Huss and Farinotti, 2012), hypi4
(Frey and others, 2014) and hy\9 (Maussion and others,
2019). These three datasets all show the initially described under-
estimation of ice thickness towards the calving front (Fig. 1c), des-
pite their different treatments of near-terminus mass fluxes. Huss
and Farinotti (2012) account for a potential flux at the terminus
in a very general way, which is not imposed and verified for
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individual glaciers. Frey and others (2014) derive ice thickness
based on local surface slope only. In their method, the flux is
irrelevant and therefore also the condition of zero flux at the ter-
minus as imposed by other ice thickness models. Maussion and
others (2019) do not account at all for any mass flux at the ter-
minus in their bed inversion. Further comparative information
about the different models can be found in Farinotti and others
(2019).

The fourth modelled bedrock topography dataset (Figs 1b, ¢) is
derived from the study of Millan and others (2022). Based on a
surface topography that combines Arctic DEM and TanDEM-X
elevations (h,,) and extensive, remotely sensed surface ice flow
velocity data, this study delivers modelled ice thicknesses that
do not suffer from a tendency to an underestimation of
close-to-terminus ice thickness (Fig. 1c). Based on these data
sources we calculate the bedrock topography dataset hy, 2o
(Millan and others, 2022).

All datasets are reprojected to Universal Transverse Mercator
zone 33N and resampled to a uniform 50 m resolution. The out-
lines of Hansbreen are taken from the Randolph Glacier Inventory
(RGI) 6.0 (Pfeffer and others, 2014). From these data we create
five different 3-D ice bodies of Hansbreen which correspond to
considerably different sea level-relevant ice volumes (Table 1;
Fig. 1).

We further use measured surface mass-balance data from a set
of 11 stakes on Hansbreen, which are distributed between 60 and
500 m a.s.l. and cover the period 2000-11 for defining present-day
mass-balance distribution (Moller and others, 2016b).
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Table 1. Overview of the five different 3-D ice bodies of Hansbreen, that are created by combining the given surface and bedrock elevation datasets

ID Surface elevation Bedrock elevation Ice volumeGt

HBres hs,ref hb,ref 8.8
Terrengmodell Svalbard (SO Terrengmodell) (Norwegian Polar Institute, 2014)  (Grabiec and others, 2012; Navarro and others, 2014)

HBur12  hsy ho rF12 10.7
Arctic DEM (Porter and others, 2018) (Huss and Farinotti, 2012)

HBg14 hs,l hb,F14 11.2
Arctic DEM (Porter and others, 2018) (Frey and others, 2014)

HBw1o hs1 homio 11.0
Arctic DEM (Porter and others, 2018) (Maussion and others, 2019)

HBw22 hs,z hb,M22 9.3

Arctic DEM and TanDEM-X (Millan and others, 2022)

(Millan and others, 2022)

The IDs (HB,) and bedrock elevation datasets (h,) of all 3-D ice bodies (except for the reference ice body) are named after the study that presented the modelled ice thickness dataset used
to calculate bedrock elevations. References for the different datasets are given in parentheses. The sea level-relevant ice volumes of each 3-D ice body are given in addition. HBy¢;,, HBf14 and

HBw19 are taken from ITMIX (Farinotti and others, 2019).

Methods

In our sensitivity study we compare the projected sea level-
relevant mass losses from the five different 3-D ice bodies of
Hansbreen. We use a simple, evolution-oriented tidewater glacier
model, which is by purpose limited to a straightforward
from-forcing-to-outcome design. It does not resolve ice flow,
but is based on mass conservation principles instead. The
model is forced by prescribed, idealized annual CMB profiles
(i.e. specifications of CMB as functions of altitude (Cogley and
others, 2011)) and annual calving rates that are calculated from
water depth-dependent ice flow velocities. In the model, we
apply a range of empirical parameters that makes the marine-
terminating tongue of the glacier evolve either grounded or float-
ing. We carry out five experiments with different, prescribed CMB
profiles referring to different climate settings (cf. subsection
‘Climate experiments’). The model delivers sea level-relevant
mass loss from CMB, calving flux and calving front retreat.
This means it separately calculates mass changes above and
below sea level and accounts for changes in displaced sea water.
For simplicity, we only use the terms mass loss or mass change
in the following. Modelling is done in annual time steps over a
500 year period on a 50 m resolution grid.

Model description

The model is based on an extended version of the glacier topog-
raphy feedback approach of Huss and others (2008), which has
been successfully applied in glacier evolution modelling on
Svalbard before (Moller and others, 2016a), in combination
with the flotation criterion-based calving model of Vieli and
others (2002). It calculates mass changes due to annual CMB
and calving flux in a non-dynamic way (i.e. not resolving ice
flow). The adjustment of the glacier ice body assumes an instant-
aneous response to these annual mass changes and involves two
consecutive procedures: (1) changes of the surface elevations of
the ice body and (2) changes of the extent of the ice body.
Surface elevation changes occur as direct response to
CMB-related mass gains in the accumulation area, CMB-related
mass losses in the ablation area and calving flux-related mass
losses at the glacier front. Changes to the glacier’s extent occur
as indirect response to decreasing ice thickness, which results
from surface elevation changes, by applying the flotation criterion.
Figure 2 shows an overview of the workflow within the model.
Each annual modelling time step starts with an extrapolation
of the prescribed CMB profile over the transient glacier surface
topography. This facilitates a continuous feedback between
CMB and surface elevation which is crucial to avoid considerable
misestimations of future mass losses (Schifer and others, 2015).
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The CMB-related mass loss is then calculated by integrating the
annual CMB field over the grounded part of the glacier. Mass
loss from floating parts of the glacier is not considered, as it is
not sea level-relevant. Parallel to this and as long as the glacier
is marine-terminating, the calving flux-related mass loss is calcu-
lated by multiplying the transient cross section of the flux gate by
the ice flow velocity. The size of the flux gate is calculated as the
integral over transient ice thickness along the ice-water boundary
at the glacier front, while ice flow velocity (v) is calculated from
mean water depth (d,,) along this boundary according to:

v = 30 + 1.54d,, (D

This empirically based relationship scales the ice flow velocity
between 110 ma~" for a water depth of 52m and 30 ma~" for a
water depth of 0 m, when the glacier becomes land-terminating
and calving-flux stops. The velocity of 110 m a™" represents a sim-
plified mean over various measurements at Hansbreen in recent
decades (Vieli and others, 2000, 2002; Otero and others, 2017),
while the water depth of 52 m represents initial conditions accord-
ing to hy.s averaged along the glacier front. Water depth-
dependent calving flux is a well-established, albeit simplifying,
parameterization method (e.g. Pelto and Warren, 1991), that fits
to the intended simplicity of our model.

The following adjustment of glacier surface elevations (proced-
ure A, Fig. 2) varies in parts according to the sign of glacier-wide
CMB. In case of a negative glacier-wide CMB, the adjustment of
surface elevations to CMB-related mass losses (sub-procedure A;)
is limited to the ablation area only: surface elevations in the abla-
tion area are first uniformly increased by the specific (positive)
CMB of the accumulation area and then decreased according to
the spatially distributed (negative) CMB field of the ablation
area. This results in an unintentional increase of surface elevations
in the vicinity to the equilibrium line. The latter is corrected for
by distributing the integrated volume of this increase down-
glacier to gradually revoke surface elevation decreases gridcell
by gridcell until none of the excess volume is left. Thus, the
area of unchanged surface elevations finally extends beyond the
lower border of the accumulation area and into the ablation
area. In case of a positive glacier-wide CMB, surface elevations
across the entire glacier are uniformly increased by the glacier-
wide specific (positive) CMB. This mimics a redistribution of
upper-glacier mass gains by glacier dynamics. Finally, the glacier
ice body is adjusted to calving flux-related mass losses (sub-
procedure A,) by assuming homogeneous dynamical thinning:
surface elevations across the entire glacier are uniformly decreased
until the resulting integrated volume of the glacier-wide mass loss
equals the volume of the calving flux. This implies an unchanged
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Fig. 2. Workflow of the glacier model. The initial input consists of a 3-D ice body of Hansbreen (surface and bedrock grids) and of prescribed CMB profiles (cf.
Table 2). Annual modelling time steps start with calculations of glacier-wide CMB and calving flux (CF). Dashed grey, thin black and black/white arrows indicate
input to the model’s calculations and adjustment procedures. Thick black arrows indicate evolution of the 3-D ice body. Adjustment procedure A changes the
surface topography of the glacier (indicated by orange hashing), while adjustment procedure B changes its extent (indicated as orange line). Blue arrows indicate
model output in form of mass loss resulting from either calving flux (MLcg), climatic mass balance (MLcwg) or frontal retreat (MLgg).

ice body in case of a positive glacier-wide CMB and the occurring
calving flux compensating for each other. During model runs with
a floating glacier front, the adjustments of the ice body by decreas-
ing surface elevations and ice thicknesses imply an imbalance of
buoyancy forces across the floating part of the tongue. To correct
for this physical inconsistency, surface elevations of the affected
gridcells are increased until balance is restored, while ice thickness
remains unchanged. The model hereby assumes densities of 1030
kgm™ for sea water and 900 kg m~> for glacier ice.

The adjustment of glacier extent (procedure B, Fig. 2) varies
between the land-terminating margins (sub-procedure B;) and
the calving front (sub-procedure B,) of the glacier and responds
to the previous changes in surface elevation. Along the land-
terminating glacier margins, the model identifies and removes
gridcells where the lowering of the glacier surface in procedure
A creates negative ice thicknesses. A similar reduction of glacier
extent may also occur across pronounced rises in the bedrock top-
ography, where ice thicknesses are small. Hence, nunataks in the
glacier ice body may also develop. The annual mass loss by
glacier-wide CMB, which is calculated at the beginning of each
annual modelling time step, is corrected accordingly.

Along the calving front, the model identifies and removes grid-
cells where the lowering of the glacier surface in procedure A
makes ice thickness drop below a certain threshold, that is related
to flotation thickness. This parameterization mimics increasing
buoyancy forces that lead to unstable conditions in the glacier
tongue and subsequent calving. The threshold ice thickness (%)
is calculated according to Vieli and others (2002) as a function
of water depth (d,,) and the density ratio between sea water
(pw=1030 kgm™) and glacier ice (p; = 900 kg m™>):

bh=pPva, )
p,

1

The flotation parameter 3 is varied between 0.6 and 1.4 (in
steps of 0.05, yielding 17 different flotation parameter values) in
order to simulate different buoyancy conditions across the marine-
terminating glacier tongue. Special attention is paid to f=1.15,
which has been found to most closely resemble real conditions
at Hansbreen (Vieli and others, 2002). > 1 implies a grounded
and <1 a floating tongue. Hence, the smaller 3 the thinner the
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tongue may become before ice break-up occurs and the glacier
extent is reduced. The model limits this reduction to directly
water-neighbouring gridcells in order to ensure that calving
front break-up only happens as a contiguous frontal retreat. At
the end of each model iteration, mass loss from calving front
retreat is calculated in case of grounded ice. Mass loss from a float-
ing tongue is not considered, as it is not sea level-relevant.

Climate experiments

We carry out five individual experiments to simulate different cli-
mate settings for Hansbreen. Each experiment is defined by a spe-
cific CMB profile and, in two cases, its variability with time
(Table 2). Our control experiment (Ex,) is defined by an in situ-
measured profile. This profile is created as a linear fit (function of
elevation) to a total of 110 annual measurements at 11 mass-
balance stakes on Hansbreen in the period 2000-11 (Moller and
others, 2016b). It remains constant over the 500 year modelling
period.

The other four experiments (Table 2) are designed to represent
alternative, time-invariant climate settings (Ex;,;) and linearly
changing climates (Ex,,;). All four are defined on the basis of
the in situ-measured profile of Ex,. Ex,,; are meant to represent
warmer climates at two different intensities. For these experi-
ments the profile is shifted towards more negative balances,
with shifts being stronger for the ablation area than for the accu-
mulation area. The shifted profiles are meant to represent
Representative Concentration Pathway (CP) 4.5 and RCP 8.5 con-
ditions in the middle of the 21st century. They are defined accord-
ing to the mean projected CMB profile at the adjacent
Werenski6ldbreen for the period 2048-52 that has been simulated
based on a distributed model (Moller and others, 2016a). The
RCP 4.5 profiles roughly match those presented by van Pelt and
others (2021) for southern Svalbard in general. Ex,,; are meant
to represent continuously warming climates at two different
rates. The profiles in these experiments are linearly changing
over the modelling period. Starting from Ex, they reach the step
shifts of Exy,; after 50 years.

The implementation of the five experiments in our sensitivity
study is complicated by the fact that the five 3-D ice bodies of
Hansbreen that we compare are co-defined by three different
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Table 2. Definitions of annual CMB profiles of the five experiments

CMB, Gradient
Experiment mw.e. mw.e. m-t
Exo —-1.94 +0.0053
Exiq —4.57 +0.0077
Exyp —-8.31 +0.0093
Exag —1.94  j=toL ++0.0053 - j 0007700053
Exap —1.94 4 j=8315194 +40.0053 + j 0.0093-0.0053

Each profile is defined by the climatic mass balance at sea level (CMBy) and the elevational
gradient. The profile of the control experiment Ex, is derived from stake measurements on
Hansbreen over 2000-11 (Méller and others, 2016b). The profiles of Exo and Exyq, are time
invariant. The latter represent RCP 4.5 and RCP 8.5 conditions at the middle of the 21st
century. The profiles of Ex,q, vary linearly over the modelling period (with i=0, ..., 500
years), while reaching the profiles of Exy,, after 50 years.

surface topographies (Fig. 1b). As we intend to study the sensitiv-
ity of projected mass losses to bedrock topography only, we have
to make sure that the CMB profiles of our experiments provide
equal forcing to all of those ice bodies independent of their indi-
vidual surface topography. In order to facilitate this equal forcing,
it is necessary to adjust the CMB profiles of the experiments to the
two surface topographies (h; and hg,) that co-define the four
non-reference ice bodies. An adjustment to the surface topog-
raphy of the reference ice body (k. Fig. 1b) is not necessary,
as the locations and elevations of the mass-balance stakes that
form the basis of the CMB profiles in our experiments (Moller
and others, 2016b) comply with this surface topography. We there-
fore calculate adjustment functions that transfer the h; . elevations
to the levels of the h; and h;, elevations by comparing the surface
elevations of the three datasets (Fig. 3). These functions are applied
to the CMB profiles in the respective model runs.

Results and discussion
Control runs

As a baseline for our analysis, we use a set of control runs. For
these runs, the model is applied to the reference 3-D ice body
of Hansbreen (HB,.; Fig. 1b) and forced by the control experi-
ment (Exg; Table 2). All 17 values of the flotation parameter S
(Eqn (2)) are considered. The control runs show the future evolu-
tion of Hansbreen under constant climate conditions and with the
best possible bedrock representation in the model. The run featur-
ing f=1.15 shows the most probable evolution, as flotation

a 500
<3 d r
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v
£ 400 1 a
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o
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0 400 800
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characteristics in the model equal measured conditions in this
case (Vieli and others, 2002).

In the control runs, a continuous retreat of HB,.¢ occurs over
the modelling period (Fig. 4a). HB,s vanishes before the end of
the study period (500 years) if the glacier tongue is assumed to
be grounded (f>1.0). The retreat starts at the lowermost parts
of the glacier and concentrates mostly on the marine-based
parts of the ice. It soon unveils a strongly diverse reaction of
the marine-terminating tongue, depending on the flotation par-
ameter. As expected, the retreat is much slower in model runs
that allow for a floating tongue (8 < 1.0). Accordingly, maximum
deviations of the f=1.15 run from runs with higher flotation
parameters reach their peak after already 155-162 years, while
for deviations from runs with lower flotation parameters this hap-
pens only after 168-202 years (Fig. 4a). Afterwards, deviations
between the different model runs decrease and considerable
deviations continue to exist only for floating-tongue conditions
after ~300 years, as the glacier becomes land-terminating under
grounded-tongue conditions at this time. For the former (8<
1.0), a complete disappearance of HB,s does not occur until the
end of the modelling period. The exact timing of its disappearance
under grounded-tongue conditions is related to the assumed flo-
tation parameter (Fig. 4a), disappearing later as the flotation par-
ameter decreases.

The retreat pattern over the first 300 years mirrors water depth
variations. For a given depth, the ice thickness necessary to pre-
serve a stable tongue increases with the assumed flotation param-
eter. This means that for increasing water depths and a given ice
thickness, the flotation parameter needs to decrease to still assure
stability of the tongue. This explains the variation in the observed
increases of the retreat rates at the moment when the glacier ton-
gue approaches deeper waters. In model runs with higher flota-
tion parameters, i.e. with grounded tongues, the increase is
stronger and occurs earlier than in runs with lower flotation para-
meters, i.e. with floating tongues.

The retreat pattern is also mirrored in the total mass loss
(Fig. 5a). The similarity between the spread of the retreat trajec-
tories of the individual model runs (Fig. 4a) and the spread of
the total mass-loss trajectories (Fig. 5a) comes despite the fact
that the shares of the three individual processes that contribute
to total mass loss (CMB, calving flux and frontal retreat) develop
non-uniformly over the modelling period (Fig. 5a). Cumulative
mass loss by CMB develops rather independently from the
assumed flotation parameter over the first half of the modelling
period, with deviations not exceeding +0.3 Gt (Fig. 5a).
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Fig. 3. Comparisons of the reference surface topography (hs ef) to the levels of surface topographies hs; (a) and hs, (b). Transfer functions from the former to the
latter and resulting adjustments (cf. subsection ‘Climate experiments’) are displayed in green.
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Fig. 4. Modelled area of Hansbreen represented by its reference 3-D ice body (HB,.f) over the study period. The control runs (climate experiment Ex, with different
flotation parameters) are shown in (a) and runs comparing different climate experiments (all with flotation parameter = 1.15) are shown in (b). The absolute areal
retreats in (a) are shown along with differences to the model run with the observed flotation parameter =1.15 (light grey) and those in (b) are shown along with
differences to the model run Ex, (light green). Years with areal representations of the glacier extent (right) are indicated by dashed vertical lines in the graphs (left).
The year of each set of extents is given at the top right of the glacier. The initial glacier area is marked in grey, with the submerged part of the bedrock indicated in

dark grey.

Afterwards, they increase with a decreasing flotation parameter.  parameter (Fig. 5a), as long as the marine-terminating front of
This is because of a far longer preservation of large parts of the  the glacier remains in deeper waters (cf. Fig. 1b). The rates
ablation area which lie on the floating part of the glacier tongue.  become almost independent of the assumed flotation parameter
Contrary to this, the rates of mass loss by calving flux differ by  afterwards (Fig. 5a). In general, cumulative mass losses from calv-
factors of up to ~2.5 depending on the assumed flotation ing flux increase with an increasing flotation parameter, as the
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Fig. 5. Cumulative mass losses from Hansbreen represented by its reference 3-D ice body (HB,f) over the study period. Mass losses are shown divided into mass
loss due to CMB, calving flux (CF) and calving front retreat (FR). The total mass losses are shown in addition. The control runs (climate experiment Ex, with different
flotation parameters) are shown in (a) and runs comparing different climate experiments (all with flotation parameter $=1.15) are shown in (b). The cumulative
mass losses in (a) are shown along with differences to the model run with the observed flotation parameter f=1.15 and those in (b) are shown along with differ-

ences to the model run Ex,.
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glacier tongue remains grounded even in deeper waters. This in
turn increases ice thickness and thus the cross section of the
flux gate. Frontal retreat is of minor importance for total mass
loss compared to CMB and calving flux. The cumulative values
are one order of magnitude smaller over the entire modelling per-
iod, independent of the assumed flotation parameter (Fig. 5a).

Influence of climate

To isolate the influence of different climate forcing, we use a set of
model runs that are based on the reference 3-D ice body of
Hansbreen (HB, Fig. 1b), but (other than the control runs)
are forced by the four alternative experiments Ex;,;;, and Ex,,
(Table 2). In this case, the runs are performed with the observed
flotation parameter (8=1.15; Eqn (2)) only.

As expected, the retreat of HB,s occurs faster the more
negative the applied CMB profiles are (Fig. 4b). When assuming
linearly warming climates (Ex,,;) the retreat trajectories
increasingly diverge over the modelling period and the life
span of the glacier is drastically reduced. For the stronger warm-
ing scenario Exy, the glacier already disappears after 72 years,
which means a reduction of its life-time of at least 85% com-
pared with constant present climate conditions. As Ex,;, resem-
bles RCP 8.5 conditions in southern Svalbard over the current
century (Moller and others, 2016a), this result impressively illus-
trates the increasing imbalance with climate of Svalbard glaciers.
In the partitioning of mass losses, constantly warming climates
lead to a considerable shift from frontal to surface mass loss
(Fig. 5b). As the more negative CMB increases surface mass
loss, it leads to a stronger thinning of the glacier tongue and
thus to an earlier ice break-up at the front. The latter is
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illustrated by strongly increased frontal retreat rates in Ex,,;,
when compared with Ex, (Fig. 5b). The stronger thinning also
implies reduced flux gate cross sections and thus considerably
reduced calving fluxes.

Influence of bedrock topography

For describing the sensitivity of glacier evolution to the usage of
different bedrock topographies in our model to project future gla-
cier evolution we show two sets of analysis: (1) model runs with
Ex, forcing that consider all 17 flotation parameters 3 (Fig. 6),
and (2) model runs with forcing by all five climate experiments
(Table 2) that only consider the observed flotation parameter
(B=1.15; Fig. 7). This allows us to clearly distinguish between
the different influencing factors.

Bedrock elevations play a key role for the characteristics of
retreat and mass-loss trajectories. The considerably varying
depths and extents of the submarine parts of the different bed-
rocks (Fig. 1) induce highly variable retreat trajectories (Fig. 8)
that develop independent from the trajectories of total mass
loss (Figs 6, 7). Surface and frontal mass loss, which together
form total mass loss, develop non-uniformly with respect to dif-
ferent bedrock topographies. In all five climate experiments,
frontal mass loss differs much more markedly than surface
mass loss, and the course of the frontal mass-loss trajectories is
even dominant enough to decisively imprint on total mass-loss
trajectories (Figs 6, 7). However, under Ex,,;, and Ex,,;, forcing
the total mass-loss trajectories increasingly mirror the trajectories
of surface mass loss over the years of modelling (Fig. 7). This sug-
gests that in warmer climates mass loss at the glacier front loses
both its qualitative importance (for the course of the total
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Fig. 6. Comparison of cumulative mass losses from Hansbreen over the study period from the five 3-D ice bodies for different flotation parameters. All model runs
are forced by climate experiment Ex,. Mass losses are shown divided into surface mass loss and mass loss at the glacier front (calving flux plus calving front
retreat). The total mass losses are shown in addition. For the reference ice body (HB,f), the mass losses are shown as shares of the total ice volume (a). For
all other 3-D ice bodies (b), the mass losses are shown as shares of the respective total ice volume (light grey). The differences to the respective shares at

HB,s (colour-coded) are shown in addition.
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mass-loss trajectory) and also its quantitative importance (with its
decreasing share in total mass loss).

When comparing the frontal mass losses from the different 3-D
ice bodies in detail, it becomes obvious that over the first couple of
decades the contributions from HB, are generally higher and
occur earlier than those from the other four 3-D ice bodies
(Fig. 6). This is because of the initially described characteristic
underestimation of ice thickness at the glacier front in modelled
bedrock datasets (Fig. 1c). The underestimation leads to a time
lag in frontal mass loss (Fig. 6b) as the related 3-D ice bodies ini-
tially show a land-terminating glacier front. This front needs to
retreat due to CMB-related thinning before the submarine part of
the bedrock is reached and frontal mass loss via calving flux and
calving front retreat can occur. The durations of the time lag
reach from 16 years (HByp,) over 45 (HBpyy) and 65 years
(HBp19) to 75 years (HByr;,) under constant present climate con-
ditions (Fig. 6b) and decrease in warmer climates (Fig. 7), reaching
only 14-35 years under Ex,;, forcing (Fig. 7b). From these times
onwards, the trajectories of cumulative frontal mass loss start to
develop according to water depths. Hence, 3-D ice bodies with dee-
per bedrock troughs (especially HBg;4, but also HByy,,) strongly
overestimate the reference frontal mass loss of HBs during the
later modelling period, while those with shallower bedrocks
(HBur12, but also HBy9) continuously underestimate it
(Fig. 6b). The absolute deviations in frontal mass loss between
HB, and the other four 3-D ice bodies are larger for higher flota-
tion parameters during the earlier part of the modelling period
(Fig. 6b), as grounded tongues imply larger flux gates and the
bedrock-dependent differences in ice thickness are thus more
decisive. This pattern reverses as soon as the glacier front leaves
the submarine parts of the bed and becomes land-terminating
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(Figs 6b, 8). Surface mass losses from the different 3-D ice bodies,
in contrast, are almost the same over the first decades of modelling
(Figs 6b, 9b), and a dependence on the assumed flotation param-
eter does not develop until the glacier fronts have retreated towards
the central parts of the submarine bed sections (Figs 6b, 8b). The
observed patterns of mass loss (Fig. 6b) indicate that the differences
of mass loss induced by the use of an inverted bedrock topography
are generally larger in the case of a grounded glacier tongue as long
as the glacier remains marine-terminating. Under these conditions,
the largest difference is, moreover, reached after a shorter amount
of time than in the case of a floating glacier tongue. Finally, the
share of frontal mass loss in total mass loss increases considerably
under grounded-tongue conditions (Fig. 6), and independent from
this, it also shows a clear increase with higher depth and volume of
the submarine bedrock trough (Fig. 6b). This suggests that, depend-
ing on the type of bedrock that is used in a glacier model, an
adequate representation of mass-loss processes at the glacier front
is of varying relevance for glacier evolution modelling: the thicker
the glacier front, the higher is this relevance.

Under alternative, warmer climate forcing, ie. Ex;,; and
Ex,,p, the described influences of bedrock topography on glacier
retreat and mass loss change significantly. These changes not only
find expression in a generally shorter life time of Hansbreen for
any of the bedrocks considered, but also in generally higher
rates of total mass loss (Figs 7, 8). Differences between the five
3-D ice bodies notably occur in the partitioning of total mass
loss (Fig. 7b). 3-D ice bodies with deeper bedrocks and higher
submarine ice volumes (HBg;4 and HBy,,) overestimate mass
loss at the glacier front, but underestimate surface mass loss
when compared to HB,. 3-D ice bodies with shallower bedrocks
(HByri2 and HBy9), in contrast, underestimate mass loss at the
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Fig. 8. Comparison of areal retreats of Hansbreen (represented by the five different 3-D ice bodies) over the study period for the different climate experiments. All
model runs are performed with flotation parameter $=1.15. Areal retreats over time (a) are shown along with maps of time-varying (colour coded) glacier areas (b).
In (a), absolute areal retreats (line-style coded) are shown along with differences to the model run Ex, (light green).

glacier front, but overestimated surface mass loss. This again sup-
ports our previous finding that mass loss at the glacier front
becomes more important with increasing frontal thickness. The
full influence of climate forcing is, however, more diverse and
complex and even alters the sensitivity of the single mass-loss pro-
cesses to the choice of the flotation parameter (Fig. 9).
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For any climate experiment, the spread of cumulative total
mass losses after 50 years of modelling in response to different
flotation parameters 3 is by far largest for HBgy4. This high sen-
sitivity of HBg;4 total mass loss to the choice of B is a direct result
of the even higher sensitivity of frontal mass loss to 3, which is
explained by the fact that HBgy4 has by far the deepest submarine


https://doi.org/10.1017/jog.2022.117

976

Marco Moller and others

Ex, Ex,, Ex,, Ex,, Ex,,
a , , ‘ - L
60.0 ‘ i ‘
£ A : E
§ 30.0 ! A
< [ ‘
) ) :
‘ A
0.0- l H—aq 4 ‘ ‘
b Surface L
10.01
ol N
:‘(5\ fo (o] 8
e A ] $
= 5.09
(o]
= 15 A PS
0.0- ? j) j)
Front
10.01
<)
5
g J
s 50 : ‘
; ; ¢ , l :
g 1 ? 1 E t
0.0/ ? * ; ¥ Ly | Yy ol Y y ¥y | Y iy |
Total ‘ (L o} ‘
10.01 |
: Q
o]
— vV @ 1 . b
<} v ] i
E
3‘0 5.0 ] (V]
vl
0.0- ! T t ! t t t t
oy AR & Iy RSN g Jye & g AR & Iy N
Sogesy S SoLes S SoLes N Sogesy S SoLes S
HB, HB, HB, HB, HBy
Flotation parameter (B)
o o o 0o 0o o 0o o o @
0.60 1.00 1.15 1.40

Fig. 9. Comparison of results after 50 years of modelling for the 17 different flotation parameters (colour code), five different 3-D ice bodies (pearl chains in each
panel) and five different experiments (columns). Displayed results show the remaining glacier area (a), and the related cumulative mass losses (b): surface mass
loss, mass loss at the glacier front (calving flux plus calving front retreat) and total mass loss.

bedrock trough of all five 3-D ice bodies considered in our study.
It is, however, noteworthy that the sensitivity of frontal mass loss
to B is reduced when applying a warmer climate forcing in the
projection model (Fig. 9). This reduction occurs as parts of
the sensitivity are moved to surface mass loss, which is directly
affected by the more negative CMB of the warmer climates
(Fig. 9b). Under Ex, forcing, surface mass loss after 50 years
hardly shows any sensitivity to 3 for none of the five 3-D ice bod-
ies. In all other experiments, however, considerable sensitivity is
evident. As the increases in sensitivity in surface mass loss
more than outweigh the limited changes in sensitivity in frontal
mass loss, the resulting total mass loss approaches a zero-
sensitivity to § for the warmest climate forcing Ex;, for all 3-D
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ice bodies but HBgj4 (Fig. 9b). These findings imply that the
warmer the climate, the more important becomes a reliable
knowledge about flotation characteristics of the glacier for pro-
jecting surface mass loss. It is striking that such a pattern does
not exist for frontal mass loss, even if the latter is directly influ-
enced by the choice of 8. Overall, the described effect of warmer
climates is amplified for 3-D ice bodies with deeper bedrocks, i.e.
HBF14 and HBMZZ-

Under present-climate forcing (Ex,), HB,f and HByp 9 show
the most similar mass-loss trajectories, as the HBy;o bedrock is
closest to the reference bedrock of HB,r Mean differences
between the two are smallest over the modelling period and the
two show the smallest sensitivities to the choice of g (Fig. 6).
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Under Ex;, forcing, the picture becomes different, and the opti-
mal modelled 3-D ice body is HBy» (Figs 7, 10). As this Exy,
experiment represents relatively likely future climate conditions
in southern Svalbard (gradual warming over the modelling period
according to RCP 8.5), it deserves special attention when discuss-
ing the transferability of our results into real-world conditions.
Under Ex;;, forcing, the retreat of all four modelled 3-D ice
bodies is almost uniformly slower as that of HB,s over the first
14 years of modelling (Fig. 10b). Afterwards, areal retreats of
the modelled 3-D ice bodies diverge in relation to water depth
at the glacier front (Fig. 10c). Similar to previous observations,
the two deeper modelled bedrocks (HBg,4 and HBy,,) show a dif-
ferent evolution pattern than the two shallower ones (HByr;, and
HBy116). The bedrock of HBy», is first to allow for a submarine-
based glacier front after 11 years and it decreases below the level
of the bedrock of HB, after 15 years. At this time, rates of the
differences in areal retreat slowdown markedly (Fig. 10b) and
the initial underestimation of cumulative total mass loss starts
to decrease towards zero (Fig. 10a). When the retreating front
of HBypy, reaches the deepest point of the bedrock after 23
years (Fig. 10c), cumulative total mass loss starts to exceed that
of HB,.¢ (Fig. 10a) and the areal retreat rate increases considerably
(Fig. 10b). In the following years, cumulative mass loss from
HBy\pp, is continuously overestimated until the glacier front leaves
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Fig. 10. Cumulative total mass loss (a), glacier area (b) and mean water depth along
the glacier front (c) in experiment Ex,, for the five different 3-D ice bodies. (a) and (b)
are shown as differences between the shares of the respective total ice volume and
glacier area of HB,f and the respective 3-D ice body. Mass loss and glacier area are
drawn as long as the respective 3-D ice body continues to exist. Positive mass-loss
differences indicate higher cumulative mass loss as HB,f and positive slopes indicate
higher mass-loss rates. Negative area differences indicate faster retreat as HB,.s and
negative slopes indicate higher retreat rates. Water depths are shown as absolute
numbers and are drawn only while the respective 3-D ice body is marine-terminating.
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the submarine part of the bedrock. A comparable pattern is also
observable for HBgyy, albeit with higher amplitudes in mass
loss and areal extent differences and a later onset of the initial
deviation (Figs 10a, b). HByg;, and HByp9, in contrast, do not
change between over- and underestimations during their retreat
(Figs 10a, b). Cumulative mass loss is continuously underesti-
mated, while the remaining glacier area is always larger than
that of HB,s, with the respective peak differences occurring dur-
ing the short period when bedrock elevations decrease below
those of HB,s (Fig. 10c).

The existence of these two clearly distinguishable patterns
suggests a general principle for glacier evolution modelling in
warming climates: glaciers represented by modelled bedrocks all
share an initial underestimation of cumulative mass loss. This
trend soon changes to an overestimation of cumulative mass
loss in case the modelled bedrocks show deeper troughs with
high volumes of submarine ice.

Model uncertainty and generalizations

Our results represent the outcome of a conceptual modelling
study that is done for the example of a single-test glacier. The
employed model considers artificial forcing by prescribed CMB
scenarios. A validation of model results and an assessment of
model performance can thus not be carried out. However, one
of the control runs (8=1.15) is designed to closely resemble
recent conditions at the glacier. This run results in a retreat of
the glacier front of ~2.3-2.7 km over the first 50 years of model-
ling. The glacier length record of Hansbreen suggests a retreat of
~0.4-0.5 km over the first decade of the 21st century (Oerlemans
and others, 2011), equalling ~2.0-2.5 km when extrapolated to a
future 50 year period. While our model results account for the
positive feedback which exists between glacier thinning and
retreat, this effect is not accounted for in the extrapolation of
the observation-based retreat. This suggests an underestimation
of glacier retreat by the extrapolation and thus a reasonable per-
formance of our model. This is also supported by a future projec-
tion of Hansbreen done by Oerlemans and others (2011) which
yielded a retreat of ~4km over the period 2000-2100. The
model setup used in this study can be seen as a simulated con-
tinuation of historic glacier behaviour. Our control runs likewise
mimic an unchanged continuation of recent glacier behaviour
and suggest a comparable retreat of ~3.7-4.2km over the first
100 years of modelling.

When thinking beyond our case study we have to acknowledge
that our limited focus on one single-test glacier per se hampers
the transferability of the obtained results. Any potential influences
of alternative glacier sizes and shapes on the results remain
beyond the explanatory power of this study, as do influences of
changing glacier dynamics. The design of our model prevents
taking into account influences of CMB-induced meltwater avail-
ability on ice flow velocity (e.g. Zwally and others, 2002). It also
prevents that potential variations of ice flow velocity in response to
varying ice discharge or dynamically induced changes in ice mass
distribution along the glacier (e.g. Moller and others, 2022) feed
back into the modelling chain. Measurements by Vieli and others
(2002) suggest that a grounded glacier tongue that approaches flo-
tation thickness during its retreat might experience a short-term
increase of flow velocity. Our model does also not account for
the known variability of frontal ablation rates with sea-water tem-
perature at Hansbreen (Petlicki and others, 2015). The introduced
uncertainty in the trajectories of projected mass losses has to be
borne in mind when transferring our results into generalized
statements.

However, and despite these limitations, it is reasonable to
expect a more general transferability of our findings. With respect
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to the topographic setting, two main types of tidewater glaciers
are commonly found. The glacier bed either transitions rather
continuously from above to below zero elevations or it shows
an overdeepening close to the glacier’s terminus like in the case
of Hansbreen. In the latter case, the tidewater glacier terminates
on a retrograde-sloping part of the glacier bed, which implies a
positive feedback during glacier retreat: the increasing water
depth leads to increasing buoyancy forces which in turn lead to
faster retreat (e.g. Oerlemans and Nick, 2005; Schoof, 2007).
This suggests that tidewater glaciers with qualitatively similar set-
tings to Hansbreen might experience comparable retreat dynam-
ics. The similarity of the topographic setting of these glaciers also
implies that modelled bedrock datasets for such glaciers will likely
experience similar shortcomings as those that we described for
Hansbreen. Hence, we expect the general findings that we
obtained in our case study to be qualitatively representative for
an entire set of tidewater glaciers. Further studies are nevertheless
needed to answer the question of to what extent these findings are
also representative for larger and faster tidewater glaciers, where
deeper waters might lead to an even more accentuated sensitivity
of the retreat dynamics to calving while the glacier front passes the
overdeepening. It is left to studies with more sophisticated ice flow
models to respond to these and other related questions which
cannot be answered here using our simplified glacier model.

Overall, our results suggest that the partitioning of mass loss
into the three different processes that are resolved by our
approach (CMB, calving flux and frontal retreat) may be highly
variable. In the control run, which features a slightly negative
CMB, mass losses due to CMB and calving flux are far more
important than mass loss due to frontal retreat (Fig. 5).
Nevertheless, frontal retreat controls the trajectory of glacier
thickness which is mainly governed by bedrock topography. It
thus exhibits a major, albeit indirect, control on mass loss by calv-
ing flux. This underlines the general importance of accurate bed-
rock estimates.

From our experiments it becomes obvious that the differences
between the trajectories of cumulative total mass loss of HB, s
and the four modelled 3-D ice bodies predominantly decrease
under warmer climate forcing, ie. increasingly negative CMB
(Fig. 7). When generalizing this effect, it is counteracted by
influences of the flotation characteristics. If a glacier is located
in colder climates it is more likely to exhibit a floating tongue
(van der Veen, 2002). Vaughan and Doake (1996) identified the
—5°C mean annual isotherm as a stability threshold for ice shelves
and floating tongues on the Antarctic Peninsula. And if such a
floating tongue is preserved, the differences between the trajector-
ies of cumulative mass loss of HB,.r and the four modelled 3-D ice
bodies decrease compared to grounded tongues (Fig. 6). Hence,
the influences of the flotation characteristics can be expected to
lead to an increase of the differences between the trajectories in
warmer climates. This suggests that, depending on which of the
two effects described above is larger, the usage of an accurate
bedrock and the choice of the right flotation parameter will
even become more important in warmer climates, which is of
particular relevance in the light of global climate change.

Opverall, our results do not allow for a universally valid sugges-
tion regarding the optimal bedrock dataset for projections of
future mass loss. For this purpose, results from Ex,, are especially
relevant as these experiments feature a gradually warming climate
over the modelling period which resembles the RCP 8.5 scenario.
For the related projections HByy,, seems to be first choice, as both
its retreat and its cumulative total mass loss show the smallest
mean differences to those of HBs over the modelling period
(Figs 9b, 10a). The maximum underestimation of cumulative
total mass loss from HBy,, at the beginning of the modelling per-
iod is limited to 2.9% (0.2 Gt), while it ranges up to 10% for the
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other three modelled 3-D ice bodies (Fig. 10). The related, abso-
lute under- and overestimations of the glacier area over the mod-
elling period are limited to <10% for HBy;,,, while reaching up to
17% (HBr14), 22% (HByg12) or even 25% (HByyo). For projec-
tions representing the RCP 4.5 scenario, i.e. a slower warming
than in RCP 8.5, HByo performs best, closely followed by
HBygi, (Fig. 9b). However, this only applies to cumulative total
mass loss. The spatial pattern of glacier retreat is markedly differ-
ent. The retreat occurs more slowly for HBy;9 and HByg;, than
for HB, (Figs 8, 9a). In these cases, the larger frontal mass loss
at HB,.¢ due to correct water depths at the glacier front is out-
weighed by slightly larger surface mass losses at HBjng and
HByg;, due to a longer preservation of their lower tongues,
which is induced by the initially land-terminating glacier fronts.

Finally, it has to be borne in mind that long-term, i.e.
centennial-scale projections which allow for the glacier to dis-
appear completely inevitably lead to bedrock-related differences
in absolute cumulative total mass loss, as the different 3-D ice
bodies representing the same glacier hold different sea level-
relevant ice volumes.

Conclusions

We carried out a conceptual modelling study regarding future
mass loss from the tidewater glacier Hansbreen in Svalbard. In
the study, Hansbreen was treated as a test-case glacier whose
retreat was projected for a 500 year period using a glacier-
evolution model that employs a flotation-criterion approach.
Model forcing was provided by prescribed CMB profiles. Our
study focused on analysing the sensitivity of mass loss from the
glacier to five different choices of bedrock topography. One of
those bedrocks had been derived from extensive ground-
penetrating radar measurements, while the other four had been
modelled. The study also considered different flotation character-
istics for the glacier tongue and took into account five different
experiments regarding the CMB forcing.

Compared with reference cumulative total mass loss from
model runs that used the measured bedrock and ice thickness
(HB,t), we found that the characteristic overestimation of bed-
rock elevations towards the glacier front in the modelled bedrock
datasets (and the related underestimation of ice thickness) leads to
a time lag in mass losses from the glacier front that lies in the
range of 16 (HByp,) to 75 years (HBygppn) depending on the
respective bedrock dataset. Related to this time lag we found a
similar underestimation of cumulative total mass loss over the
first couple of decades of the modelling period when using any
of the modelled bedrock datasets. Size and temporal extent of
this underestimation vary between datasets. On the longer term,
i.e. after the initial common underestimation, deviations in cumu-
lative total mass loss develop according to varying bedrock depth,
which implies considerable overestimations for deeper bedrocks.

Under warmer climate scenarios, the initial underestimation of
total mass loss is reduced substantially. In case of a floating glacier
tongue (which concerns only a minority of tidewater glaciers), this
reduction is, however, counterbalanced by the sensitivity of total
mass loss to flotation characteristics. Preservation of a floating
tongue is less likely in warmer climates. As for grounded tongues
the initial underestimation is larger and develops faster than for
floating tongues, this might reduce the effect that climate warm-
ing has on the initial underestimation of total mass loss.

Accordingly, the time lag in mass losses from the glacier front
shrinks to 14-35 years (depending on the chosen bedrock dataset)
under Ex,, forcing (which resembles RCP 8.5 conditions), when
observed flotation characteristics (8=1.15) are assumed.
Comparing the different cumulative total mass-loss trajectories
and their under-/overestimation patterns suggests the modelled
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bedrock/ice thickness dataset of Millan and others (2022)
(HB22) as the most suitable alternative for future glacier evolu-
tion modelling. For this 3-D ice body representation of
Hansbreen the maximum underestimation of cumulative total
mass loss at the beginning of the modelling period is limited to
2.9% (0.2 Gt) under an RCP 8.5 conditions. All other modelled
3-D ice bodies considered in our study show an underestimation
of cumulative total mass loss by ~10%.

The bedrock topography influences the trajectories of all types
of mass loss. Water depth at the calving front determines the size
of the flux gate and controls the timing of frontal retreat together
with the chosen flotation parameter. Hereby, the influence of
different bedrock topographies on cumulative total mass loss
and its partitioning is distinctly larger than that of the chosen flo-
tation parameter. In the control run (reference 3-D ice body
(HB,ef), constant present CMB (Ex,), observed flotation param-
eter (8= 1.15)), cumulative total mass loss of Hansbreen is domi-
nated by contributions of CMB (57%) and calving flux (42%).
Contributions of frontal retreat are of minor importance (1%)
for total mass loss. This partitioning between surface mass loss
and mass loss at the glacier front is substantially different under
RCP 8.5 conditions (87% vs 13%), with bedrock/ice thickness
characteristics exerting further, considerable influence. In case
of deeper bedrocks with higher submarine ice volumes than
those of the reference 3-D ice body (HB,), the shares of mass
loss at the glacier front are distinctly higher (65/76% vs 35/24%
for HBpy4 and HBy,,, respectively). In case of shallower bedrocks,
the shares of mass loss at the glacier front are almost negligible
(98/96% vs 2/4% for HByg1, and HBy9, respectively).

Taken together, our findings suggest that under the influences
of warmer climates accurate bedrock/ice thickness data are espe-
cially important for future glacier evolution modelling on decadal
timescales, over which most of the differences in sea level-relevant
mass loss unfold. Flotation characteristics of the glacier tongue
during its marine-terminating phase are of additional but minor
importance. Hence, with ongoing atmospheric warming the
need for reliable input data and accurate parameterizations in
tidewater glacier projections in fact increases further.
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