N

N

Assessment of methods for reconstructing Little Ice Age
glacier surfaces on the examples of Novaya Zemlya and
the Swiss Alps

Johannes Reinthaler, Frank Paul

» To cite this version:

Johannes Reinthaler, Frank Paul. Assessment of methods for reconstructing Little Ice Age glacier
surfaces on the examples of Novaya Zemlya and the Swiss Alps. Geomorphology, 2024, 461, pp.109321.
10.1016/j.geomorph.2024.109321 . hal-04676132

HAL Id: hal-04676132
https://hal.science/hal-04676132v1
Submitted on 23 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04676132v1
https://hal.archives-ouvertes.fr

Assessment of methods for reconstructing
Little Ice Age glacier surfaces on the
examples of Novaya Zemlya and the Swiss
Alps

Johannes Reinthaler!”, Frank Paul

'Department of Geography, University of Zurich, Zurich, Switzerland
*Corresponding author. Winterthurerstrasse 190, 8057 Ziirich.

E-mail address: johannes.reinthaler@geo.uzh.ch.

Keywords:

Glacier reconstruction, Little Ice Age, glacier volume change

Abstract

Climate change since the end of the Little Ice Age (LIA) has driven observed glacier volume
loss, significantly contributing to the rise of global sea level. The related calculation of volume
change requires knowledge of glacier surfaces from at least two points in time, usually repre-
sented by two digital elevation models (DEMs). These are typically derived from photogram-
metric techniques using stereo images, but such images do not go back to the LIA. Accordingly,
several techniques have been developed to reconstruct LIA glacier surfaces from historic out-
lines and modern DEMs. Here we first evaluate various surface interpolation methods by rep-
licating modern glacier surfaces from outline elevation points and analyse elevation differences
and uncertainties. Secondly, we investigate different GIS-based methods for LIA surface re-
construction including a new method that is based on up-scaling of recent glacier-specific ele-
vation change data and works also for ice caps without lateral moraines. The methods were
tested on 90 glaciers (covering 643 km?) in southern Novaya Zemlya and 266 glaciers (524
km?) in the Bernese Alps of Switzerland. As in previous studies, we also found that the Natural
Neighbor and Topo to Raster interpolation methods in ESRI's ArcGIS performed best for glac-
ier surface reconstruction and that all methods are challenged by replicating the variable surface
curvature of glaciers. The new reconstruction method shows the smallest mean difference to

the reference dataset (RMSE of 26.7 vs. 39.8 m). The often neglected small surface lowering



in the accumulation area can increase the derived glacier volume changes by 30-50% and should
thus be considered whenever possible. Applying the up-scaling method to both test regions
revealed that elevation change rates over the last two decades (-0.8 m a™! for Novaya Zemlya
and -1.14 m a™! for the Bernese Alps) were much higher than from 1850 until today (-0.13 m a™!

and -0.22 m a’!, respectively).

1. Introduction

Glacier melt is a major contributor to current global sea-level rise, with regions such as Alaska,
Arctic Canada and the Russian Arctic contributing the most (Horwath et al., 2022; Oppenhei-
mer et al., 2019; Zemp et al., 2019). To calculate this contribution from the volume change
(geodetic mass balance) of a glacier, surface elevations at two points in time are necessary.
Fortunately, modern digital elevation models (DEMs) provide surface elevations for the entire
globe, usually based on optical stereo imagery or interferometric techniques using synthetic
aperture radar (SAR). Glacier volume changes on a global scale are available for the last 20
years using elevation information derived from time series of stereo images (Hugonnet et al.,
2021). Historical DEMs, however, are rare, particularly from the 19" century when most glac-
iers in the world reached a Neoglacial maximum extent (e.g. Grove, 2008). If such DEMs are
available, they are usually generated from contour lines that were digitised from associated
topographic maps (e.g. Paul, 2010). These maps have often limited geographic quality, inaccu-
racies and uncertainties (e.g. Freudiger et al., 2018; Weber et al., 2020). Historical photographs
are also a good source of elevation information when properly processed (Geyman et al., 2022;
Girod et al., 2018; Hannesdéttir et al., 2015; Midgley and Tonkin, 2017; Moélg and Bolch,
2017).

The methods applied so far for reconstruction of historic glacier surfaces vary between simple
(e.g. Lee et al., 2021) or more complex (Glasser et al., 2011) applications within a Geographic
Information System (GIS) or the use of ice flow models (e.g. Jouvet et al., 2009; Plummer and
Phillips, 2003), each having specific pros and cons when working with sparse data and a highly
variable sampling, possible break lines, elevation points and/or contours, topographic struc-
tures, etc. Reconstructing historic glacier surfaces using numerical glacier models (e.g. 2D flow
line models) is challenging due to uncertainties in historical climate data used to reconstruct the
mass balance history (Marzeion et al., 2012) and numerous glacier-specific factors such as bed
topography, response times, shear stress and ice dynamics influencing glacier behaviour (Lins-

bauer et al., 2012; Rea and Evans, 2007).



Accordingly, simplified approaches have been developed for reconstructing past surfaces of
individual glaciers. For example, Benn and Hulton (2010) introduced an Excel spreadsheet to
reconstruct glacier surface profiles, whereas Khan et al. (2014) calculated point elevation
changes since the LIA using the elevation change measured on the glacier margin. A similar
approach has been applied by Glasser et al. (2011) and Carrivick et al. (2012) who included
elevation points along the centreline to better represent surface curvature. Pellitero et al. (2016)
used a combined approach of modelling and GIS to obtain the ice thickness along the centreline
of paleo glaciers and hence the surface of past glacier extent. The reconstructed glacier surfaces
allow to determine past glacier volume by subtracting a DEM with today’s ice-free glacier bed
from the DEM that refers to the reconstructed past surface. If a glacier is still present in today’s

DEM, volume changes can be calculated, but obtaining total volume would require a glacier
bed.

Although total glacier volumes can also be estimated with simplified approaches for large sam-
ples of glaciers (e.g. Haeberli and Hoelzle 1995), reconstruction of the glacier bed requires to
model the ice thickness distribution for the regions covered by glaciers. This is usually done by
combining a DEM representing today’s glacier surface with various auxiliary datasets such as
centrelines (e.g. Linsbauer et al., 2012), approximations of mass flux (Farinotti et al., 2009) or
surface flow velocities (Werder et al., 2020). Some of these approaches have been applied glob-
ally so that a modelled glacier bed (or DEM without glaciers) is available for all glaciers in the
world (Farinotti et al., 2019; Millan et al., 2022). More recently, Jouvet (2022) used deep learn-
ing to model the ice thickness distribution and ice surface of past glacier extents at the same
time. Although this approach can be applied at a regional scale, our focus here is on using the
available input datasets (todays DEM and glacier extents plus LIA glacier extents) directly for

glacier surface reconstruction with a GIS rather than fitting a model to them.

Glacier surface reconstructions using a GIS require:
(1) constraints of the outer glacier boundary,
(2) amodern DEM (e.g. to assign elevation values) and

(3) a method to create a surface between the outlines.

(1) Former glacier extents are usually marked by trimlines and / or lateral moraines. A glacier
trimline separates areas affected by glacier erosion and deposition from unaffected areas and

can thus be used to estimate glacier surface elevation along their boundaries (using a DEM)



during maximum extent. Lateral and terminal moraines are ridges or hills formed by the depo-
sition of rocks and finer material carried forward on the glacier surface or its front as the ice
moves. Trimlines and moraines can be recognized on aerial or satellite images, thus serving as
a base for the digitising of former glacier extents (Baumann et al., 2009; Carrivick et al., 2019,
2020, 2022, 2023; Lee et al., 2021; Reinthaler and Paul, 2023; Wolken et al., 2005). However,
the date of moraine deposition and maximum extent is only available from ground surveys of a
few glaciers (e.g. using methods such as dendrochronology, lichenometry, surface exposure
and radiocarbon dating as well as iconography) and typically averaged and assumed to be valid
for a larger region. This introduces uncertainties when calculating area change rates. Additional
uncertainties include (a) the digitising uncertainty, (b) the possible variable interpretation of
geomorphological features by the analyst and (c) geolocation issues of the input datasets (glac-
ier outlines and satellite images). The total uncertainty is estimated to be around 10% of the

glacier area with the interpretation being the largest contributor (Reinthaler and Paul, 2023).

(2) In combination with a DEM, additional datasets supporting the spatial interpolation can be
created, for example, elevation points along outlines and centrelines, elevation contours and
boundaries of the ablation/accumulation area. As the ablation area is the region where most of
the glacier mass loss occurs, some studies have restricted volume change calculations to this
area using a proxy for the Equilibrium Line Altitude (ELA) to separate both regions (Carrivick
etal., 2020, 2023; Lee et al., 2021). However, over a century timescale, there is likely also some
surface lowering in the accumulation area and a method that is not considering this region will
underestimate real volume loss. How large this bias is, is poorly known but estimated by Car-

rivick et al. (2020) to be about 20%.

(3) The methods to be used for spatial interpolation between points and/or lines of known ele-
vation are challenged by the special geomorphometric properties of glacier surfaces, in partic-
ular their curvature. Curvature is measured in the direction of flow (profile curvature) and per-
pendicular to it (plan curvature). Valley glaciers tend to have a convex plan and profile curva-
ture in the ablation area which are both getting increasingly concave towards the headwall
(Benn and Evans, 2010). Thereby, the profile curvature is strongly influenced by the shape of
the bedrock (i.e. concave at the headwall and below a rock ridge and convex when flowing over
such a rock ridge). Whereas ice caps retain a convex plan and profile curvature also in the
accumulation area (although very flat), both surface curvatures are prescribed by the shape of
the bedrock for thin mountain glaciers. A simple connection of points with the same elevation

from one side of the glacier to the other will thus underestimate surface elevation in regions



with a convex curvature (plan and profile) and overestimate it when curvatures are concave. A
main goal of any method used for the spatial interpolation of glacier surfaces is thus to consider

this variability in surface curvature, at least at a larger glacier-wide scale.

With this study we want to address the challenges described above and presented in previous
work (a) by providing a yet missing in-depth analysis and intercomparison of surface interpo-
lation methods (to determine which of them can best replicate a glacier surface), by quantifying
the impact on calculated volume changes when (b) using additional data such as elevation val-
ues assigned to centreline points or (¢) by considering the so-far neglected elevation changes in
the accumulation region and (d) by introducing a new method of surface interpolation (up-
scaling approach) that retains the curvature of the glacier surface and can also be applied to ice
caps and to glaciers without trimlines. To identify widely applicable methods and robust ap-
proaches, the tests and comparisons are performed in two different study regions, one with ice
caps (southern Novaya Zemlya) and one with a dominance of valley and mountain glaciers

(Switzerland).

2. Study regions

The two study regions are located on Novaya Zemlya in the Russian Arctic and in the Bernese
Alps of Switzerland (Fig. 1). They have been selected due to the different glacier types (ice
caps with and without outlet glaciers vs. classical valley and mountain glaciers), the availability
of validation data and glacier outlines from different points in time being available from earlier

studies.

2.1 Novaya Zemlya

The first study region includes a sample of 90 land terminating glaciers (643 km?) in the south-
ern part of Novaya Zemlya in the Russian Arctic, south of the Severny Ice Cap (72-74°N). The
cold, high-latitude climate with numerous peaks rising above 1000 m favours significant glacier
development and the presence of cold and poly-thermal ice. The glacier types are mainly ice
caps with outlet valley and piedmont glaciers, some of which may be of surge-type (Grant et
al., 2009). Since the end of the LIA (second half of 19" century), the 90 glaciers have split into
172 ice bodies, with a relative area loss of -26% and an increase in minimum e¢levation of

704£89 m (Reinthaler and Paul, 2023).



According to Zeeberg and Forman (2001), Anutsina Glacier to the north of the study area was
close to its LIA maximum position in 1913. Between 1913 and 1952, tidewater glaciers in No-
vaya Zemlya showed the largest retreat of the 20" century (>300 m a™'). From the 1960s to the
1990s, tidewater glaciers in the north of Novaya Zemlya stabilised due to years of positive mass
balance related to positive North Atlantic Oscillation (NAO) phases. Between 1992 and 2010,
land-terminating glaciers in northern Novaya Zemlya retreated on average 4.8 m a’!, an order
magnitude slower than marine-terminating glaciers (Carr et al., 2014). In the last two decades,
the surface of the same sample of glaciers has lowered by about -0.8 m a™!, which is much
higher than the regional average (Russian Arctic) of -0.24 + 0.03 m a™' and twice the global
average of -0.46 + 0.02 m a' (Hugonnet et al., 2021).

2.2 Bernese Alps

The second study region covers 266 glaciers (today 304 entities) in the Bernese Alps in central
Switzerland, an intensively studied region regarding glacier changes. The region is one of the
most densely glacierized regions in the Alps with many large valley glaciers (including Great
Aletsch Glacier, which is the largest one in the Alps), steep terrain and multiple peaks above
4000 m elevation. Other glacier types include small cirque and steep hanging glaciers as well

as a plateau glacier (Plaine Morte).

According to Zumbiihl and Nussbaumer (2018), glaciers reached their last maximum extent in
the mid-19'" century (1855/66 for the Lower Grindelwald Glacier), whereas some glaciers have
already reached their (not much larger) LIA maximum in the 17" century. Several glaciers in
the region are depicted in historic paintings (e.g. Zumbiihl et al., 2016; Zumbiihl and
Holzhauser, 1988) and topographic maps like the Dufour Altas (mid 19" century) and Siegfried
map (1882 for Aletsch glacier) have both been created close to the LIA maximum glacier ex-
tent. In Switzerland, the glacier extent was reduced by 27% between around 1850 and 1973
(Maisch et al., 2000) and by 47% until 2010 (Freudiger et al., 2018). Two of the glaciers with
the longest observation periods (Lower Grindelwald and Great Aletsch) experienced surface
lowerings of -0.45 m a™! (1861-2012) and -0.56 m a™' (1880-2017), respectively (GLAMOS,
2022). In the last two decades, glaciers in the Bernese Alps experienced a much higher surface
lowering of -1.14 m a’!, slightly higher than the regional average of -1.0£0.06 m a’' derived by
Hugonnet et al. (2021).
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Fig. 1. The two study regions with mapped LIA glacier outlines (yellow) on a) Novaya Zemlya in Arctic
Russia and b) the Bernese Alps in Switzerland. The insets show white boxes indicating where the two
regions are located. Locations of some other figures are marked by white boxes in the upper panel. All

background images: ESRI (2023).



3. Data

3.1 Input data

Glacier outlines from both LIA and modern times were used as an input for both regions. For
Novaya Zemlya, the LIA outlines were digitised by Reinthaler and Paul (2023) with some
newly adjusted drainage divides for this study, and for the Bernese Alps outlines from Maisch
et al. (2000) were used. Modern outlines for 2016 are from Rastner et al. (2017) for Novaya
Zemlya and from Linsbauer et al. (2021) for the Bernese Alps.

Elevation information along outline and centreline points (90 m spacing) were derived from
modern high-resolution DEMs (ArcticDEM v3 for Novaya Zemlya and swissALTI3D for the
Bernese Alps). After conducting tests with 45 m and 180 m point spacing, where we observed
minimal differences, we selected a 90 m spacing (Fig. S6). The 45 m spacing required more
computational resources, whereas a 180 m spacing reduced the accuracy especially for smaller

glaciers.

Additionally, geometrically smoothed LIA glacier centrelines were created using the tools
available for the Open Global Glacier Model (OGGM) by Maussion et al. (2019), which are
based on the algorithm by Kienholz et al. (2014). Modern centrelines (with multiple tributaries)
used for an interpolation method test were downloaded from the OGGM website
(https://docs.oggm.org/en/stable/cloud.html). An overlay example of all vector input datasets

is shown in Fig. 2. Further details on the input datasets are summarized in Table 1.

Table 1. Overview of the input and reference datasets used in this study.

Region Novaya Zemlya Bernese Alps
Datasets Modem LIA Modern LIA
Name (Year, Reference Name Reference Name (Year, Reference | Name (Year) | Reference
resolution) (Year) resolution)
Outlines | Modern (2016) | (Rastner et | LIA (Reinthaler | Modern (Linsbauer |LIA (=1850) |(Maisch et
al., 2017) | (=1850)|and Paul, (2016) et al., 2021) al., 2000)
2023)
DEM ArcticDEM v2 | (Porter et swissALTI3D |Swisstopo! |Dufour Atlas |(Maisch et
(2018, 2 m) al., 2018) (2016, 2 m) (1839-1862) |al., 2000;
Wipf, 1999)

Thttps://www.swisstopo.admin.ch/de/geodata/height/alti3d.html
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Fig. 2. Example of the LIA glacier reconstruction input data at an example glacier (RGI160-09.00254)
on Novaya Zemlya. Background image: ESRI (2022).

3.2 Intercomparison data

3.2.1. Historic elevation contour lines for Switzerland

For the Bernese Alps, a reference DEM reconstructed by Paul (2010) was available for com-
parison. It is based on digitised elevation contour lines with 100 m equidistance from the orig-
inal “Messtischblétter” digitised by Wipf (1999). They were surveyed between 1839 and 1862
at a scale of 1:50,000 and built the foundation for the Dufour Atlas (Swisstopo, 2023). Elevation
contour lines for more remotely located glaciers were partly summarized and could display
large errors (Maisch et al., 2000; Wipf, 1999). Additionally, digitising contributes a 5% increase
in uncertainty, alongside errors resulting from geo-referencing (various distortions) as addi-
tional contributors (Freudiger et al., 2018). The historic contour lines are thus not perfect, but

provide an independent validation dataset.

3.2.2. Recent elevation changes and glacier bed topography
To compare elevation changes from the LIA until today to more recent changes, the dataset

provided by Hugonnet et al. (2021) was used. In their study, they generated global glacier
9



elevation change maps (100 m resolution) from satellite derived DEMs for 5-year periods be-
tween 2000 and 2019. The latter dataset was also used as the foundation for the up-scaling
approach applied to glaciers in both regions (see Section 4.3). To relate glacier specific volume
changes to the total glacier volume, ice thickness data from Millan et al. (2022) were used. This
study used satellite derived flow velocities from 2017-2018 and surface DEMs to compute

global ice thickness maps (50 m resolution) based on the shallow ice approximation.

4. Methods

In the following we shortly describe the here investigated methods for spatial interpolation (cf.

Table 2), before we present the results of the classical methods (including our modifications)

and our new up-scaling approach for reconstruction of LIA glacier surfaces (cf. Table 3).

Table 2. Overview of the interpolation methods tested for glacier surface reconstruction.

Interpolation o o Advantage/disad-
Functionality Description Reference
methods vantage
Natural Neigh- Distance Smooth surface, no peaks | Works well for https://desk-
bor (NN) weighting + pits and ridges point data top.arcgis.com/en/arcmap/10.3/tools/sp

area percentage

atial-analyst-toolbox/how-natural-

neighbor-works.htm

Topo to Raster
(TtR)

Iterative finite
Difference in-

terpolation

Designed for hydrology

Works with points

and contours

https://desk-
top.arcgis.com/en/arcmap/10.3/tools/sp
atial-analyst-toolbox/how-topo-to-ras-

ter-works.htm

Inverse Distance

Linear distance

Value according to dis-

Simple, smooth

https://desk-

Weighting (IDW) | weighting tance to other values surface top.arcgis.com/en/arcmap/10.3/tools/sp
atial-analyst-toolbox/how-idw-
works.htm

Kriging Statistical anal- | Two methods, ordinary | Limitations if https://desk-

ysis of data + | and universal. Several points are not spa- | top.arcgis.com/en/arcmap/10.3/tools/sp
spatial model- |semi variogram options | tially distributed | atial-analyst-toolbox/how-Kriging-
ling works.htm

Spline Fits mathemati- | Creates minimum curva- | Creates curved https://desk-

cal function to

points

ture function Two op-
tions, regular and tension

(tension is better).

surfaces

top.arcgis.com/en/arcmap/10.3/tools/sp
atial-analyst-toolbox/how-Spline-

works.htm

4.1 Test of spatial interpolation methods using modern outlines and DEMs

10



Previous studies have already investigated the performance of interpolation methods for LIA
glacier surface reconstruction, by testing the sensitivity of the interpolation method to volume
changes (Carrivick et al., 2019; Glasser et al., 2011) and conducted tests to reproduce the mo-
raine crest elevation (Lee et al., 2021). We here apply these methods to our study regions and
add a comparison of the interpolated surfaces to a reference dataset in order to evaluate if the
specific properties of a glacier surface can be reproduced. The interpolation methods (cf. Table
2) were applied to point elevations of modern outlines and the resulting glacier surfaces com-
pared to existing modern DEMs (ArcticDEM for Novaya Zemlya and swissAlti3D for Switzer-
land). The tested methods include: Natural Neighbor (NN), Topo to Raster (TtR), Spline,
Kriging and Inverse Distance Weighting (IDW). Default parameters were used unless indicated

otherwise.

A smooth surface without peaks, sinks, or ridges is produced by NN interpolation using a dis-
tance weighting and area percentage-based method. This method is known to also work well
with point data. Topo to Raster interpolation is a finite difference method used in hydrology
that considers elevation values from points and contours to assign elevation values based on
elevation changes (e.g. Hutchinson, 1989). Here we have used parameters optimised for point
data without enforcing drainage. Since the TtR interpolation is designed to produce hydrologi-
cally correct DEMs with concave surfaces, we additionally inverted the DEM before the inter-
polation (i.e. the lowest point becomes the highest) to better replicate the convex surfaces of
glaciers in the ablation area. The IDW interpolation creates smooth surfaces by using a linear
distance weighting scheme to determine the value of a new point. Kriging, a statistical analysis
and spatial modelling technique, can provide more accurate results for data with directional bias
because it considers the spatial correlation between data points. Different methods (ordinary
and universal) and semi-variogram models were tested. Finally, Spline interpolation creates a
minimum curvature surface by fitting a mathematical function to the elevation points; here ten-

sion and regularised options were tested.

In a second round of tests, elevation values of centreline points were additionally included for
the above methods and compared against the original results. The inclusion of centre point
elevations promises to provide a better representation of the surface in the case of strongly
concave or convex shapes, as well as unilateral glaciers (with more ice on one side). After
evaluating the performance of each method by comparison with the modern DEM, the best
method was selected for the LIA surface reconstruction. The relative difference to the respec-

tive modern DEMs was calculated as both glacier-specific and elevation-dependent (in 50 m

11



bins). All glacier surfaces produced were saved as raster GeoTIF files with a resolution of 30

m for both regions.

Table 3. Overview of methods used for glacier surface reconstruction.

Additional pro- | Interpolation Output (resolu-
Name Input data Pre-processing
cessing steps method tion)
la | Modern glacier | glacier out- convert outline to Test of: TtR, Surface elevation
replication line, DEM points (90 m dis- Kriging, IDW, | (90 and 30 m)
tance), extract ele- NN, Spline
vation value
1b | Modern glacier | Additionally, | convert outline to Convert centre- | Same as la Surface elevation
replication centrelines points (90 m), ex- line to points (30m)
with centre tract elevation value | (90m)
points
2a | LIA recon- Glacier out- Convert outline to TtR Surface elevation
struction (clas- | line, DEM points (90 m dis- (30 m)
sical approach) tance), extract ele-
vation value
2b | LIA recon- Same as 2a, Convert outline to Create centre TtR Surface elevation
struction with centrelines, points (90 m), ex- points with LIA (30 m)
centre points modern out- tract elevation value | elevation; more
lines details in Sup-
plement
3 | Upscaling of Elevation Create scaling fac- Combine new TtR Surface elevation
Hugonnet et al. | change data tor from observed LIA surface in- (30 m)
(2021) 2000-2019 thickness changes; side the recent
create elevation extent with LIA
change gradients outline points

4.2 GIS-based LIA surface reconstruction

Assuming that the elevation change along a glacier cross section is about uniform, one can use
the elevation change (dhm) between the modern glacier margin and lateral moraines or trimlines
and transfer it to the points of the centre line (Fig. 3). This approach is based on Khan et al.
(2014), who have tried this for three sample points on one glacier. We have automated the
processing to have it applicable for large glacier samples. First, we have created glacier cross-
sections perpendicular to the centreline with a 90 m spacing (Fig. 2). Pairs of elevation points
(where LIA and modern outlines intersect the cross sections) are created along a glacier cross-
section (one pair on each side) and the elevation difference (dhm) to the modern surface is cal-
culated (see Eq. 1 in Supplement). At the centre point, the average of the dhi, values from both
sides is added to the modern DEM (Eq. 2 in Supplement). The additional information is only

12



valid within the margin of the modern glacier. About two-thirds (1073 out of 1511 in Novaya
Zemlya) of the points are located in the ablation area. Incorrectly calculated cross sections,
either parallel to the flow line or extending into a tributary glacier, were manually removed.
The method promises better performance for Piedmont-type outlet glaciers with large moraine
walls as well as for the accumulation area. As a note, the modern minimum elevation of glacier
termini can be below those from the LIA when the terminus is now resting on the ground of the
valley floor whereas it has been on the top of the moraine crest at the LIA. A detailed description

of the processing steps and equations can be found in the Supplement.

a

trim line

LIA outline point
trim line

LIA surface centre line point

dh left dh right

modern
outline point

dh centre =
(dh right + dh left) /2

modern glacier surface

bedrock

b

LIA surface

dh centre =

lateral moraine (dh right + dh left) / 2

trim line

‘ dh right

modern glacier
surface

Fig. 3. Sketch of the LIA surface reconstruction method using centre points (red points) for a) the accu-

mulation and b) the ablation area.

4.3 Up-scaling of recent elevation change data

4.3.1. Background
With glacier elevation change (dh) information being globally available from Hugonnet et al.

(2021) for recent years, shifting the modern glacier surface to the LIA surface would allow to

obtain a LIA surface and retain its modern spatial variability and surface morphology as well

13



as its curvature. The approach is similar to the delta-h method presented by Huss et al. (2010)
for the determination of future glacier surface, area and volume evolution, but instead of sub-
tracting averaged annual elevation changes until the glacier bed is reached, they are added until
the LIA elevation is reached (Fig. 4). The assumption is that the elevation change gradient (its
change with elevation) should not change significantly over time, similar to mass balance gra-
dients. In other words, the pattern of elevation loss with elevation (or alternatively normalized

glacier length) is assumed to be constant through time (Schwitter and Raymond, 1993).

Interpolate missing LIA surface Interpolate missing
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Fig. 4. Sketch explaining the up-scaling method where a) shows the cross-section of the method and b)
the longitudinal profile. The modern glacier surface and the recent elevation change are marked in red,
the LIA surface in blue and the LIA outline points/moraine in violet. The orange vertical line in b) marks
the mean elevation where the elevation change gradient (grey dashed line) has its break point. Slope and
intercept values were extracted for both gradients to predict the elevation change rate for a specific
elevation. Grey vertical bars mark the confinement of the method to the modern extent, outside this area,

the surface has to be interpolated. Elevation change rate values are only symbolic.
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Indeed, the area between modern and LIA outlines still requires spatial interpolation when using
this method, but a glacier bed is not required. Where information on elevation changes since
the LIA is available (e.g. for valley glaciers with good potential GIS reconstruction using out-
line elevation points or historic topographic maps), it is used to determine a scaling factor from
more recent change rates. This factor can then be applied to glaciers without reliable past ele-
vation change and area change information (e.g. outlines) from geomorphological reconstruc-
tion. This is the case for most accumulation areas and ice caps. On Novaya Zemlya, we have
tested various methods for glaciers with and without LIA change constraints, with a regionally

averaged as well as a glacier-specific elevation change gradient.

4.3.2. Calculation of the scaling factor

Up-scaling of recent elevation changes (Fig. 5a) to reconstruct a LIA DEM requires a scaling
factor. This factor was calculated by dividing the elevation changes (dhria in m) since the LIA
(from the GIS-based approach or historical maps) by the mean annual elevation change rates
from Hugonnet et al. (2021) in m a! between 2000 and 2019 (dhy). For example, if the annual
change rates over the 150 years from 1850 to 2000 were the same as for the 2000-2019 period,
the scaling factor would be 150 (i.e. a linear extrapolation of current rates). A scaling factor
lower than this means that recent elevation change rates are higher than in the period before
(e.g. by a factor of five for a scaling factor of 30). This approach was tested on a cell-by-cell
basis (Fig. 5b), as a mean value over elevation bands, with its median value per glacier and as

a single regional median value (further details below).

To test the robustness of a single scaling factor for the entire sample of glaciers, a sensitivity
test was performed. For this, 80% of the glaciers (72 out of 90 glaciers on Novaya Zemlya)
were used to calculate the scaling factor. This was then repeated five times, each time leaving
a different 20% of the glaciers out. This resulted in five different scaling factors and allowed us
to assess its spread and variation for different glacier samples. Cells, where the recent elevation
change is larger than the change since the LIA were set to 0 as otherwise a negative scaling
factor would result and thus an unrealistic lower LIA elevation compared to the modern DEM
when applying it. In the first test, the recent elevation changes were regionally averaged for 50
m elevation bands for the five samples and the LIA elevation change was applied in a distributed
or cell-based manner (Eq. 3 in Supplement). Secondly, the LIA changes were averaged per

elevation band and the recent changes were kept cell based (Eq. 4 In Supplement).
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Additionally, we have tested a glacier specific scaling factor (see Fig. S3). Finally, the cell-
based calculation with both variables (dhn & dhria) was also tested and the median of this

method was subsequently used for the reconstruction (Eq. 5 in Supplement).
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Fig. 5. Illustration of LIA surface reconstructions from scaling on Novaya Zemlya. (a) Elevation change
per year between 2000 and 2020 (positive values set to zero). (b) LIA scaling factor (cell-based); (c)
predicted LIA elevation changes from a dual gradient and single scaling factor; (d) generated LIA sur-
face represented here by contour lines (blue) and interpolated contour lines outside the modern glacier

extent (red). The black rectangle shows the extent of (d). All background images: (ESRI, 2023).

4.3.3. Deriving the LIA surface from glacier-specific elevation change gradients

Due to noise in the elevation change rate dataset from Hugonnet et al. (2021) and its amplifica-
tion when applying the scaling factor (visualized in Fig. S7), we explored the use of a glacier-
specific elevation change rate gradient. It is the relationship between the elevation change rate
from Hugonnet et al. (2021) and the elevation change for each glacier individually. We have
used a bi-linear regression, the mean elevation of the glacier being the breakpoint (Fig. 4b).
This helped to better represent the non-linearity of elevation changes without using more com-
plex functions. Examples of scatter plots for both regions with bi-linear gradients are shown in

Fig. S2. The slope (a) and intercept (b) terms were extracted for both linear regression lines for
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each glacier and together with the modern DEM an elevation change for the specific elevation

and glacier predicted (Eq. 6 in Supplement).

The total elevation change since the LIA is calculated by multiplying the regressed elevation
change by the scaling factor (Fig. 5c). By adding the change to the modern DEM, the LIA
surface elevation was computed within the modern glacier extent (Eq. 7). To get the surface for
the full coverage of the LIA extent, it was combined with the outline point elevations and in-
terpolated (using Topo to Raster) over the missing area (Fig. 5d). A detailed description of the

processing steps and list of equations can be found in Section 2 of the Supplement.

4.4 Calculation of a proxy for the Equilibrium Line Altitude (ELA)

To test the influence of the inclusion of the accumulation area in the volume change assessment,
a proxy representing the balanced-budget ELAo (mean mass balance of zero) is required. As
the ELAy is only available from time series of direct measurements, we have used the area-
weighted mean elevation for each modern glacier (Kurowski, 1891). Studies have shown that
this is a good approximation when working with glacier inventory data (Braithwaite, 2015;
Braithwaite and Raper, 2009; Raper and Braithwaite, 2009). For the volume change assessment,
we have for each glacier only considered the area below this elevation. It has to be noted that
these are only generalised ELAs to divide all glaciers into two parts rather than the ELA( related
to a zero mass balance of a specific glacier. Hanging glaciers, for example, are still divided into
two parts, even though the ablation area might only be the calving front. Furthermore, the ELA,
can vary greatly from glacier to glacier due to local conditions such as glacier hypsometry,

possible debris cover, precipitation, topographic shading and exposition.

5. Results

5.1 Methods used for spatial interpolation of modern glacier surfaces

Before the statistical analysis, the different settings available for the different interpolation
methods were tested. For Spline interpolation, tension seemed to perform better than the regu-
larized type and therefore the latter was not analysed further. Similarly, for Kriging the ordinary
method with a spherical semi-variogram model performed best and the other settings were not
further evaluated. The visual inspection of the results (Fig. 6) also shows a directional bias,

especially for Kriging and IDW where the surface is more positive and the opposite side
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negative. The Spline interpolation also results in oscillating patches of positive and negative
values which are not visible when looking only at the mean values. The related difference im-
ages in Figs. 6a and 6d reveal the deviations among the compared methods. Boxplots of mean
values and standard deviations (STD) for each interpolation method are displayed in Fig. S1.

After the visual interpretation and evaluation of the mean differences, the best methods were

i -
Difference to DEM (m
™ e High : 50

W Low 1 -50 !

Fig. 6. Differences between interpolated surfaces (including centre points) and the reference DEM for
a glacier sample in Novaya Zemlya. Interpolation methods: (a) TtR, (b) Kriging, (c) IDW, (d) NN, (e)
Spline and (f) Spline with tension. All background images: ESRI (2022).

On Novaya Zemlya, the interpolation methods TtR and NN perform best with a mean difference
of -6.76 £16.5 m and -8.26 +15.9 m, respectively, or-3.0 £10.1 m and -3.4 £10.1 m when in-
cluding centre points (results for all tested interpolation methods including the coefficient of
determination (R?) and Root Mean Square Error (RMSE) values are summarized in Table 4).
For the Bernese Alps, the same two methods revealed the smallest differences of -13.5 +42.7
m and -13.9 £71.9 m, respectively, or 7.5 £35.5 m and -7.3 £68.7 m when including centre

points.

The two interpolation methods also show an elevation-dependent bias. In Novaya Zemlya (Fig.
7a), TtR underestimates the elevation until around 450 m a.s.l. and overestimates it in the ac-
cumulation area when using the outline points only. This is probably due to the tendency to
create surfaces with a concave curvature, as its main usage is the creation of hydrologically
correct DEMs. When inverting the DEM before the TrR interpolation, the difference in the
ablation area decreased substantially (mean difference <5 m), whereas it increased at elevations

above 500 m. On the other hand, the NN interpolation performs well in the lower area but
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overestimates values between 400 m and 1000 m with a peak around 600 m (-14.4 m). This
directly correlates to the elevation histogram, as most of the area is located around 600 m and
thus spaces between outlines are larger. Therefore, NN fails to reproduce the concave shape of
wide plateaus in the accumulation area. For the Bernese Alps (Fig. 7b) both TtR and NN per-
formed very well (mean difference <10 m) at elevations lower than 2500 m, TtR until 2700 m.
In contrast, TtR and NN have their worst performance (>25 m) at elevations around 3300 m.
Generally, both methods (TtR and NN) tend to overestimate the elevation, especially at higher

elevations, whereas Spline interpolation underestimated surface elevation here.

Table 4. Mean difference, standard deviation (STD), R? and RMSE of interpolated surfaces to the mod-
ern DEM for the different interpolation methods with and without center points (NZ = Novaya Zemlya,
BA = Bernese Alps). Negative values indicate that the interpolated surface is higher than the DEM.

) with centre points outline only
Interpolation
Mean differ- RMSE Mean RMSE
method STD R2? STD R?
ence (m) (m) difference (m) (m)

Region NZ/BA NZ/BA NZ/BA NZ/BA NZ/BA NZ/BA NZ/BA NZ/BA
NN -3.39/-7.31| 10.13/68.66 | 0.996/0.97| 10.9/69.6| -8.26/-13.86| 15.89/71.90| 0.991/0.967| 18.1/73.
8

TtR -2.99/-7.46| 10.11/35.53| 0.996/0.993 | 10.8/34.7| -6.76/-13.48| 16.48/42.68 | 0.991/0.99| 18.1/43.
5

Spline 1.42/2.50| 21.12/75.52 | 0.984/0.963 | 21.2/76.1 12.20/20.50 | 40.20/91.95 | 0.945/0.948 42/95
Kriging -6.95/-13.43 | 18.20/49.36 | 0.988/0.986 | 19.7/49.7| -14.05/-27.54| 27.11/64.95 | 0.976/0.975| 30.8/69.
8

IDW -5.58/-11.26 | 15.33/65.80| 0.992/0.973 | 16.6/67.2| -12.62/-24.06 | 24.90/76.99| 0.98/0.964 | 28.2/81.
3

TtR invert -4.06/ 10.37/ 0.996/ 10.8/ -8.50/ 17.36/ 0.991/ 19.0/

Including centre points in the surface interpolation results, as expected, in smaller differences
to the reference DEM. Nevertheless, the most promising methods (TtR and NN) slightly over-
estimate glacier elevation and thus the volume where the glaciers are widest (=<400-800 m on
Novaya Zemlya and between 2500 and 3500 m in Switzerland). Inverting the DEM for the TtR
interpolation did not change the result substantially, because centre points already predefine the

plan curvature of the surface.

Spline interpolation is a particular case as it shows the lowest overall difference in both regions
(1.4 m and 2.5 m) but a much larger variability (STD = 21.1 and 75.5 m) and thus resulting in
unrealistic surfaces with alternating patches of low and high values. It is also the only method

in both test regions that generated lower elevation values than the reference DEM, even when
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including centre points (blue regions in Fig. 6e and 6f). On the other hand, all other methods
overestimated surface elevation (more red than blue regions in Figs. 6a, 6b, 6¢, 6d). Overall,
Spline interpolation gave the most unrealistic results (especially without centre points) due to

its polynomial curves which are problematic for replicating flat glacier surfaces.
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Fig. 7. Mean difference to the reference DEM vs. surface elevation for Natural Neighbor (NN) and Topo
to Raster (TtR) interpolation methods with centre points (cp) and outlines only (ol). a) for Novaya Zem-

lya and b) for the Bernese Alps.

5.2 LIA surface reconstruction

5.2.1. GIS-based LIA surface reconstruction

For Novaya Zemlya, a total of 28,915 elevation points were used to interpolate the LIA surfaces
for the 90 glaciers. Of these, 1511 points were centre points, storing information about the av-
eraged elevation change from both glacier margins. As shown in Section 5.1, each of the inter-
polation methods tested yields different surface elevation values. For the reconstruction of the
LIA surface, we decided to use the TtR interpolation because of its good performance in the
replication test and in producing both convex (with centre points in the ablation area) and con-
cave (accumulation area) surfaces. Natural Neighbor interpolation can be recommended due to
its simplicity, consistency, the low mean difference in the replication test (although slightly

higher than TtR) and lower spread of values compared to TtR.

The inclusion of centre points in the processing chain did not significantly change the overall

result as the mean elevation change is only 1.03 m higher when using centre points. If only the
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ablation area is considered, the difference increases to 1.52 m. This makes sense, as especially
in shallow outlet glaciers without prominent moraines, elevation information from the centre
contributes to the error reduction (see the example from Novaya Zemlya in Fig. 8). The smaller
difference in the accumulation area can be explained by the lack of centre points in many areas

because no trim lines were mapped.
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Fig. 8. Elevation change results (m) for reconstructions a) without and b) with centre points for a glacier
tongue in Novaya Zemlya. The former shows an unrealistic increase in elevation in the centre of the

glacier. All background images: ESRI (2022).

For the test region in Switzerland, both methods with and without centre points were tested
against elevation values from the Dufour Atlas. For the interpolation, more than 24,000 outline
points and an additional 531 centre line points were used. Over the entire area of 524.4 km?,
both methods have very similar mean differences with -3.7+38 m and -3.5+40 m, respectively.
The median values are 2.5 m with centre points and 3.5 m when only using the outlines. The
R-squared (R?) values are 0.992 and 0.992 while the RMSE values are 38.5 and 39.8 m, respec-
tively (Figs. S5a and S5b).
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A general bias could not be detected, but an elevation-dependent bias is present (Fig. 9).
Whereas the GIS-based methods underestimate the elevation below 2500 m, they overestimate
them for the areas above. The lower mean value compared to the median is also reflected in the
histogram which is slightly skewed due to regions with very negative values (<-200 m) in higher

elevation zones (e.g. over Ewigschneefeld).

Overall, both GIS-based methods with and without centre points are suited for LIA surface
reconstruction. Centre points do not lower the overall error, because for relatively small valley
glaciers the space between the outline points is not large enough to get a real advantage from
the centre points. Moreover, the curvature over small glaciers is of limited relevance for LIA
surface reconstruction. However, for individual glaciers, the appearance of the surface DEM is

more realistic when including centre points.
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Fig. 9. Glacier elevation vs. mean difference to elevation values of the Dufour Map. Positive values

indicate the Dufour map values being higher.

5.2.2. Up-scaling of recent elevation change data

In the first test, the mean elevation change per elevation band (dh, mean elevation) extracted
from the Hugonnet et al. (2021) dataset was used to explore and investigate the LIA up-scaling
calibration, i.e. shifting modern glacier surfaces to their LIA elevation. The method was tested
for its robustness by changing the glacier sample from which the shift was derived (Fig. 10a).
The modern elevation change values for Novaya Zemlya show only limited variation (espe-

cially at higher elevations), which means that regional average elevation changes are similar
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for the same elevations across glaciers and a larger spread is expected at lower elevations (max-
imum at 200-250 m with a STD of 0.075 m a™'). In the second test, the robustness of the LIA
elevation changes as input to determine the scaling factor was also tested using the same five
calibration samples (Fig. 10b). The results show a larger spread at lower elevations (STD of
10.5 m) that is only reached by a few glaciers and the spread is decreasing towards higher ele-

vations.
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Fig. 10. a) Elevation change per year between 2000 and 2019 from Hugonnet et al. (2021). b) Elevation
changes since the LIA on Novaya Zemlya. Error bars indicate the standard deviation between the dif-

ferent sample selections.

The calculated median scaling factors (LIA dhg,ctor) resulting from the five different outputs
(for both methods, elevation band means from Hugonnet et al. (2021) and elevation band means
from the LIA elevation change) are on Novaya Zemlya between 20 and 40 at lower elevations
(until around 800 m), but are strongly increasing and more variable towards higher elevations
(Fig. 11). This is because only a few glaciers are reaching these elevations and because the
values for dhn and dhiia are close to 0 at high elevations, resulting in a multiplication factor that
can get very high while absolute changes remain low. For the Bernese Alps, the median scaling
factors are also rather stable with elevation. Nevertheless, cells with a very low change in the
last 20 years (possibly outside the current glacier boundary) but a large change since the LIA,
result in very large values of the scaling factor, resulting in mean values being much larger than

the median.

Since the scaling factor is about constant with elevation for the majority of the glacier coverage,
using a single value was also tested. For this, the regional median value of the distributed dhy
and dhria (not regional averages per elevation band) was selected and resulted in a scaling factor

of 25.5 +24.2 for Novaya Zemlya (the number excludes negative scaling values where the
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recent change was higher than the change since the LIA, + indicating the mean absolute devia-
tion (MAD)). For the Bernese Alps, the regional median scaling factor used for the up-scaling
approach is 36.1+21.3. Histograms of the scaling factor for both regions are displayed in Fig.
S4.
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Fig. 11. Median LIA scaling factor (LIA dhscor) for Novaya Zemlya (NZ) and Bernese Alps (BA) cali-
brated with elevation band means from Hugonnet et al. (2021) in red/blue and elevation band means
from the LIA elevation change (black/orange) against the elevation. Dashed lines (black for NZ; blue
for BA) indicate the cell-based median value for the entire region. Error bars indicate the standard de-

viation of the five different calibration runs.

A glacier specific scaling factor was also investigated, a related histogram can be found in Fig.
S3 for both regions. Whereas values are in the same order of magnitude as the regional scaling
factor (median of 22.3+30.3 for Novaya Zemlya and 44.0£1115 for the Bernese Alps), some
glaciers especially in the Bernese Alps show very large values (> 1 million) resulting from very
low dhy values and very large dhpia values. These glaciers are all smaller than 0.05 km? and
thus only composed of five or less pixels in the dhn dataset. Using a regional scaling factor

avoids such outliers thus this approach has been used in this study.
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As explained in the methods section, a bi-linear regression of elevation change (with the mean
elevation as a breaking point) was calculated for each glacier (see examples in Fig. S2). This
allowed for preserving glacier-specific properties, but also led to the topographic pattern of the
modern snout still being visible on the reconstructed surface. This could partly be removed by
smoothing the data but has not been applied for the dataset presented here. It was also tried to
predict elevation changes for the area between the modern and the LIA outline. Although it
worked, it shifted the valley walls and created unrealistic results, i.e. it was also not imple-

mented.

Comparing the reconstructed surface from the up-scaling approach (using glacier-specific ele-
vation change gradients) with the surface using the GIS method with centre points on Novaya
Zemlya, results in a mean difference of only 2.8+17 m (the latter being lower). For the Bernese
Alps, the mean difference was 8.5+35.6 m. The relatively small overall differences to the GIS
method can be explained by the fact that the same outline elevation points were used (but with-
out elevation information along the drainage divide). While the surfaces in the ablation area are
very similar, the up-scaling approach results in lower elevations in the accumulation area in
both regions (Figs. 9, 13c and 13d). This is due to the fact that concave areas are not being filled
up as in the GIS-based reconstruction. The mean difference against the reference DEM (Dufour
Atlas) is 4.6£26.7 m (R?>= 0.996; RMSE = 26.7 m; Fig. S5c). When using a glacier specific
scaling factor, the mean difference could not be reduced, but the spread was a bit smaller (mean
difference of 6.5+23.8, R?>= 0.997; RMSE = 24.6 m; Fig. S5d). Furthermore, a glacier specific
scaling factor is not applicable for glaciers where it is not possible to obtain dhria and effects
on the volume change are minimal (see details in Section 5.3.2), therefore a regional scaling
factor was applied for the created dataset.

For individual glaciers, however, strong improvements were observed when using the up-scal-
ing approach, even with a regional scaling factor as Fig. 12¢ for the Kanderfirn in Switzerland
reveals. Only the up-scaling approach creates a realistic surface in a region where a strong

change in slope (here concave profile curvature) occurs.
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Fig. 12. Elevation changes on Kanderfirn (BA) from reconstructions using a) only outline points, b)
including centre points, c) the up-scaling approach and d) the reference dataset (Dufour Atlas). All back-
ground images: ESRI (2023).

5.3 Elevation and volume change

5.3.1. Elevation changes since the LIA

The elevation change results in Table 5 reveal significant glacier thinning since the LIA maxi-
mum. Considering the entire glacier area, the reconstruction with centre points for Novaya
Zemlya resulted in a mean total elevation change of -22.5 m for the reconstruction with centre
points and -21.1 m for the up-scaling approach (-0.13 m a!, largely independent of the recon-
struction method). The glacier-specific elevation change was on average -20.0£7.9 m
and -16.6+8.4 m for the two methods, respectively. Small glaciers have generally a lower mean
change than larger glaciers. As most of the glacier melt is occurring in the ablation area, also
the mean elevation change values are larger when only looking at the ablation area. When using
the reconstruction with centre points and outlines only, the change is around -25 m and thus
roughly 15% larger than for the entire glacier area (for the up-scaling approach it is -26.8 m or
26.7% larger). The largest value (-41 m) is measured at an elevation of around 200 m for all

methods (Fig. 13a) and constantly decreasing until around 500-600 m (which is approximately
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the ELA). The up-scaling approach shows generally a lower elevation change in the accumula-

tion area (10 m less at an elevation of 1000 m).

Table 5. Elevation and volume change results since the LIA using only the outlines points, including

centre points and the up-scaling approach.

Region

Interpolation method

Novaya Zemlya

Topo to Raster

Up-scaling ap-

Topo to Raster

Bernese Alps
Up-scaling ap-

Reference dataset

proach proach
) Ablation | Entire | Ablation | Entire | Ablation | Entire | Ablation | Entire | Ablation | Entire
Area of interest
area only | glacier | area only | glacier | area only | glacier | area only | glacier | area only | glacier
Volume change (km?)
] -8.40| -13.56 -16.62| -27.13
(outlines only)
-9.10| -14.59 -16.44 -22.7 -18.11| -25.11
Volume change (km?)
) -9.23 | -14.21 -17.01| -27.24
(with centre points)
Elevation change (m)
) -24.15| -21.49 -60.86 | -36.42 -65.24
(outlines only)
) -26.77| -21.12 -59.72 -30.0 -33.27
Elevation change (m)
-26.45| -22.51 -62.11| -36.56

(with centre points)

In the Bernese Alps, glaciers
mean elevation change from the reconstructed surface (TtR with centre points) was -36.6 m
(-0.22 m a!). The mean elevation change using the reference DEM (from contour lines of the
Dufour Atlas) was -33.3 m (-0.20 m a’!). The lower values mostly resulted from lower changes
in the accumulation area, pointing to a possible overestimation of the GIS-based reconstruction
(Fig. 13b). The up-scaling approach resulted in values close to those of the reference DEM
(-30.0 m, -0.18 m a™!). When only considering the ablation area, the mean change from the GIS

reconstruction (with centre points) was -62.1 m (-0.37 m a’!) and -59.7 m (-0.36 m a™!) for the

experience a higher thinning compared to Novaya Zemlya. The

up-scaling approach, thus two times higher compared to the entire glacier.
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Fig. 13. Mean clevation change (panels a & b) and volume change (panels ¢ & d) per 50 m elevation

band for Novaya Zemlya (panels a & c¢) and the Bernese Alps (panels b & d) for all applied methods.

5.3.2. Volume change since the LIA

The modern glacier volume of the glacier sample in Novaya Zemlya is approximately 69 km?

according to the dataset by Millan et al. (2022). The calculated volume change using the surface

reconstruction shows a volume change of -14.21 km? for the interpolation with centre points

and -14.59 km® for the up-scaling approach. This would result in a relative volume loss of

around 17% since the LIA, regardless of the reconstruction method. The volume change per

elevation band (Fig. 13c and 13d) shows the largest volume loss at elevations between 250 and
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700 m. The volume loss for the ablation area is much smaller, 9.1 km? for the reconstruction
with centre points and 9.2 km? with the upscaling approach. Neglecting the volume changes in

the accumulation area would thus result in an underestimation of 54%.

In the Bernese Alps, the modern glacier volume is around 33.6 km® when using the dataset from
Millan et al. (2022). The LIA volume is estimated as 60.8 km? so that 27.24 km? (or 44.8%) of
ice was lost. Using the up-scaling approach with a regional scaling factor, the numbers are 56.1
km? for the total LIA volume and -22.7 km? (-40.3%) for the volume change. When using a
glacier specific scaling factor, the volume change is with -22.5 km® nearly identical. The ele-
vations with the largest volume losses are between 2500 and 3000 m (Figs. 13c and 13d), around
the location of the mean elevation. When only considering volume changes in the ablation area,
the change is -16.4 km® when using the up-scaling approach (27% less compared to the entire

glacier).

5.4 Change of topographic parameters

Due to glacier retreat and surface lowering since the LIA, also the topographic parameters of
the glaciers change. In Fig. 14 the change in the elevation profile (hypsometry) is shown. Apart
from a decrease in area in all elevation bands (decreasing towards higher elevations), the overall
shape of the elevation profile did not change for Novaya Zemlya but for the Bernese Alps, the
peak shifted from 2850 m during the LIA to 3100 m in 2016.
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Fig. 14. LIA and modern elevation profiles (hypsometry) for both regions. The elevation for Novaya
Zemlya (NZ) is displayed on the left axis and the Bernese Alps (BA) on the right axis.
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Changes in mean and median elevation have more than doubled in the Bernese Alps compared
to Novaya Zemlya. Only a few glaciers showed a decrease in mean elevation. This is not due
to elevation gain, but results from a loss of larger parts of the accumulation area. Similarly, only
a few glaciers did not experience an increase in minimum elevation or even showed a decrease.
This is generally due to the LIA minimum elevation being measured on a moraine crest whereas
today the terminus is located in a depression behind the moraine. An overview of the change in

topographic parameters is given in Table 6.

Table 6. Topographic parameters for both regions (first value for Novaya Zemlya, second value for the

Bernese Alps) and their changes (A) between the two periods.

Minelev. Maxelev. Meanelev. AMean Medianelev. A Median
(m) (m) (m) elev. (m) (m) elev. (m)

Modern 54/1257  1262/4190 564/2963 573/2978
LIA with centre points 41/977 1278/4171  524/2873 40/90 535/2874 38/104
LIA up-scaling 38/977 1258/4150  521/2865 43/98 535/2866 38/112

6. Discussion

Table 7 summarizes the main conclusions for the different glacier surface reconstruction and

interpolation methods. Further details are provided in the following sections.

Table 7. Usage and recommendations for the different reconstruction methods

Methods Interpolation of outline points  Including centre points Up-scaling of elev. change data

Recommended inter- | Natural Neighbor Topo to Raster Topo to Raster
polation method
Advantages Simple, fast, widely applica- Improving wide and pied-  Applicable on ice caps and good performance
ble mont glaciers in accumulation area; glacier specific calibra-

tion; retains surface morphology

Disadvantages Poor performance for pied- Misclassified points can Dependent on scaling factor; no improve-
mont glaciers, ice caps and increase uncertainty; more  ments on vanished glaciers.
over wide glacier plateaus. processing steps needed

6.1 Interpolation method

As described in Section 4.1 and shown in Fig. 6, the NN and TtR interpolation methods per-
formed best in the glacier surface replication tests. Especially NN interpolation can be recom-

mended due to its simplicity and good performance. TtR interpolation can combine multiple
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data types (e.g. elevation points and contour lines) and can be favoured if related datasets are
used. The Spline interpolation can work well when centre points are present, but should other-
wise be avoided due to unrealistic artefacts emerging from the interpolation. Kriging and IDW
did not perform well for glacier surfaces. Carrivick et al. (2019, 2020, 2023) and Lee et al.
(2021) have also used NN interpolation for their studies. Colucci and Zebre (2016) have used
TtR whereas Glasser et al. (2011) have worked with triangular irregular networks (TINs).
Pellitero et al. (2016) have included several interpolation methods (TtR, IDW, Kriging and

Trend) for glacier surface reconstruction without giving a recommendation.

6.2 Interpolating the ablation area only vs. the entire glacier area

Including the accumulation area into the surface reconstruction process has a great impact on
volume change estimations (Fig. 13c and 13d). For Novaya Zemlya, only reconstructing the
ablation area gives about 35% lower volume changes (-5.0 km?®) for both the reconstruction
with centre points and the up-scaling approach. In the Bernese Alps, the underestimation is with
values between -37.5% or -10.23 km? (GIS reconstruction with centre point) and -27% or -6.16
km? (up-scaling approach) very similar. However, how much of the change in the accumulation
area is due to interpolation errors and how much is real change is difficult to determine. As
shown in the replication test, glacier surface elevations are overestimated by c. 5-10 m in the

accumulation area, depending on the method.

For the Bernese Alps, the comparison of the reference DEM (from contour lines of the Dufour
Atlas) with the swissALTI3d showed also a surface lowering and thus volume loss in the accu-
mulation area. The difference was quantified to -7 km?, indicating that a simple interpolation
would fill up the basins too much (-10.5 km?), that centre points are only improving the result
slightly and the up-scaling approach is closest to the reference dataset (-6.2 km?). Similarly, on
Novaya Zemlya, the up-scaling approach also resulted in lower volume losses in the accumu-
lation area. Generally, the peak in mean volume change occurs around the ELA, thus including
also the areas above the ELA is important for a realistic estimation of the glacier contribution
to sea level rise. Hence, delineating trim lines above the ELA when they are visible is important,
but only the up-scaling approach might provide a realistic glacier surface and thus elevation

change estimate in this region.

6.3 Centre points

The inclusion of centre points into the interpolation did not change the resulting surface and

volume changes substantially for a larger sample of glaciers. When applying them to a small
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sample of glaciers and manually filtering misclassified centre points, the method can reduce the
uncertainty over wide areas in the accumulation as well as ablation area. Their inclusion is also
beneficial when reconstructing piedmont glaciers which have an ablation area with a strongly
convex shape and lateral moraines which are often lower than the glacier surface. More points
along the cross-section could improve the ability to preserve the surface morphology, but are
probably not worth the additional processing steps. In summary, we recommend using the out-
line points for valley glaciers and include centre points where necessary (wide glacier plateaus
and piedmont glacier tongues) to better retain the glacier curvature. For glacier tongues in gen-
eral, centre points only improve the reconstruction if the length changes since the LIA are

smaller than the width of the glacier.

6.4 Up-scaling of recent elevation change data

Using smoothed elevation change data from Hugonnet et al. (2021) to create LIA glacier surface
elevations within the modern outline and a recent DEM works well for individual glaciers and
on a regional scale if calibrated with several glaciers. For climatically homogenous regions, the
scaling factor (LIA dhactor) 18 robust to the glacier sample as well as across all elevations, except
the highest ones. Here, elevation change values used for the calibration of the scaling factor are
close to 0 and thus the factor can reach unrealistically high values. We can recommend using a
single scaling factor across all elevations. The method can also provide valuable information
about the LIA surface elevation over ice caps where the traditional interpolation of moraine and
trimline elevations is not possible. A glacier specific scaling factor is possible, but has limita-
tions for very small glaciers and cannot be transferred to glaciers where the dhria calculation
from the simple surface reconstruction is not possible (e.g. ice caps). Furthermore, the method
has a large potential for reducing the overestimation bias in the accumulation area since real,
glacier-specific elevation values are used as an input and area changes (visible trimlines) might
not always be visible. A limitation of the method is the need for LIA glacier elevation changes
for the calibration of the scaling factor. These might not always be present or difficult to pro-
duce, depending on the region and glacier type. Further research is needed to determine the

larger scale variability of the scaling factor.
6.5 Elevation change (rates) since the LIA compared to literature values
and the recent trend

In Novaya Zemlya, the elevation change rate during the last 20 years was more than five times
larger (-0.74 m a’') compared to the change rate between the LIA maximum extent (when as-

sumed to be in 1850) and 2018 (-0.13 m a’!, largely independent of the reconstruction method).
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The variability of the results between the reconstruction methods is only visible in the third
decimal. Most of the acceleration in thinning happened at lower elevations (>6-fold increase
for elevations <450 m) with a decreasing trend towards higher elevations. Above 900 m, the
dataset of Hugonnet et al. (2021) experienced lower elevation change rates than the long-term
trend and even show slight elevation gains above 950 m (Fig. 15a), which might be related to
errors in the dataset. Matecki (2022) analysed elevation changes between 2013 and 2016 for a
small sample of glaciers covering 53 km? in the same region. They calculated an elevation
change rate of -1.23+0.09 m a!. Ciraci et al. (2018) suggested an elevation change of -2.5 m a°
'below 500 m and averaged over the 2002 to 2016 period. This recent acceleration of elevation
change rates for the Arctic glaciers of Novaya Zemlya indicates a strong response to recently
increased temperatures and suggests that they will continue shrinking significantly over the

next decade.
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Fig. 15. Comparison of mean elevation change rates between the periods LIA to present (assumed as

1850-2018) and 2000 to 2019 (Hugonnet et al., 2021) for (a) Novaya Zemlya and (b) the Bernese Alps.

In the Bernese Alps, the obtained mean elevation change rate since the LIA maximum (=1850)
is -0.14-0.22 m a’!. For some glaciers, long-term elevation change observations are available,
even though not necessarily since the LIA maximum extent. For example, we have calculated
a mean elevation change (using the up-scaling approach) of -54.4 m (-0.33 m a™! between 1850-

2016) for the Great Aletsch Glacier, whereas GLAMOS (2022) show a mean elevation change
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of -77.2 m (-0.56 m a’! between 1880 and 2017), i.e. considerably larger. In part, this could be
due to the minimal volume change between 1850 and 1880. For the time period 1880 to 1996
and glaciers longer than 10 km, the study by Hoelzle et al. (2003) determined a mean specific

mass balance of -0.27 m a’! from cumulative length changes over the same time period.

Considering the strong volume loss from 1996 to 2016, our slightly higher value of -0.33 m a™!
is in very good agreement with this estimate. Similarly, for the lower Grindelwald Glacier, the
mean elevation change from this study is -50.1 m (-0.30 m a™! between 1850-2016) whereas
GLAMOS (2022) published a change of -67.4 m (-0.44 m a’! between 1861-2016). The volume
change was calculated by GLAMOS (2022) to -6.84 km? (-5.68 km?® in this study) for the Great
Aletsch Glacier and -1.7 km? (-1.14 km? in this study) for the lower Grindelwald Glacier. The
reasons for the lower changes in this study are inconclusive and need further investigation. The
elevation change rates between 2000 and 2019 increased five to eightfold compared to the long-
term trend since the LIA from this study, reaching -1.14 m a™'. The regions where the elevation
change rates accelerated the most are found below 1900 m (Fig. 15b), where they increased
almost 11-fold (from -0.34 ma! to -3.79 m a’!). Above an elevation of 3000 m, the acceleration

was still more than 5-fold (from -0.10 m a™ to -0.58 m a™!).

The acceleration of volume change rates is less pronounced in the Bernese Alps compared to
Novaya Zemlya. This is probably caused by climatic and glaciological differences. Glaciers in
the Bernese Alps have generally a steeper mass balance gradient and are thus reacting faster to
climatic changes (Johannesson et al., 1989). Also, glaciers in Novaya Zemlya are assumed to
be cold-based or polythermal which slows the reaction to climatic changes (Matecki, 2022).
Climate sensitivity also plays a major role with recent glacier melt in the Bernese Alps, being

largely driven by enhanced summer melt (e.g. Zemp et al., 2015).

7. Conclusion

In this study we presented (a) an analysis of different spatial interpolation techniques when used
for the reconstruction of glacier surfaces, (b) diverse sensitivity tests for the input and output
datasets, (c¢) a new method (up-scaling) to reconstruct LIA glacier surfaces and (d) an applica-
tion of the selected best methods to a sample of glaciers in two study regions (Novaya Zemlya
and Bernese Alps) to determine their volume changes since the LIA along with a comparison

to recent volume change rates.
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The evaluation of the spatial interpolation methods revealed that the Topo to Raster and Natural
Neighbor methods outperform the others (Splines, Kriging, IDW) in terms of their lower mean
difference and spatial variability compared to a modern reference DEM. The sensitivity test
revealed that simple interpolation of outline points works well for typical valley glaciers, but
including elevations at centre points can improve curvature-related surface morphology, in par-
ticular at the scale of individual glaciers. Including elevation changes in the accumulation area
has indeed a strong impact on the determined total volume changes (adding 30-50%) and should
thus be included whenever possible. Of course, the higher uncertainties in this region have to

be considered when calculating volume changes.

Our new reconstruction method using up-scaling of recent elevation change rates performed
better compared to the simple outline point interpolation (RMSE of 26.7 vs 39.8 m) and also
shows better results in the accumulation areas of valley glaciers (smaller difference to the ref-
erence dataset) and promising results for ice caps which have no trimlines indicating elevation
change. However, a scaling factor is needed and its calibration requires at least the availability

of some outline reconstructions for past LIA extents from geomorphology or other evidence.

The application of the new up-scaling method to the two regions (Novaya Zemlya and Bernese
Alps) revealed that surface elevation (-21.1 m and -30.0 m) and glacier volume (-17%
and -40.3%) have decreased significantly since the Little Ice Age and that elevation change
rates have accelerated substantially over the past two decades (by a factor of 6 and 8 for the two
regions, respectively) compared to the longer-term mean, even when including a larger part of
the recent period. We recommend continuing the reconstruction of past glacier extents and their
surfaces around the world, for example to determine past sea-level contributions of glaciers

more precisely.

Data

The LIA surface elevation grids (using the up-scaling approach) can be downloaded under

https://zenodo.org/records/12611033.
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1. GIS-based LIA surface reconstruction processing steps

“Generate points along lines” for LIA and modern glacier outline (90 m distance)

“Extract Multi Values to Points” with the elevation information along the LIA outline

3. Use the centerlines and “Generate Transects along the line”” with a distance of 90 m and
a length of 10 m.

4. Add aunique ID to each cross-section; add glacier ID to centerlines.

5. Extend cross sections to 1. Modern outline and 2. LIA outline (Python code, available
upon request).

6. Delete identical modern and LIA cross-sections (no observed elevation change) and re-
view cross sections and delete unrealistic, and extremely long lines.

7. Create “Intersect” points of LIA outline/modern outline and centreline with the cross-
sections.

8. “Create routes” of outline intersection points to split points into left and right. Use glac-
ier ID as a route identifier field.

. “Locate Features Along Routes” to outline intersection points.

10. “Join” route distance values to outline intersection points using unique ID (positive val-
ues are on one side, negative on the other).

11. “Extract Multi Values to Points” from DEM to outline intersection points.

12. Calculate the elevation difference (dhm) of each pair of outline intersection points (LIA

& modern) for both sides along the cross-section (Eq. 1):

N —

ARy each siae = Outline elevation,;, — Outline elevation,pgern (1)

13. Add dhn centre (average of both sides) to centre point elevation from DEM (Eq.2):

(dhpright+dhpleft)

- @

LIAcievation = Centregiepation +

14. Delete centre points where no dh was calculated (where LIA and modern outlines are
identical).
15. Interpolate surface using LIA outline and centre points.

2. Up-scaling of recent elevation change data processing
steps

2.1 Test sensitivity and calculation of scaling factor

1. Set areas with positive elevation change rate in the Hugonnet et al. (2021) dataset (dhn)
[ma'] to 0.

2. Create a raster with regional mean values of dhy (dhy mean elevation) and dhria (dhria
mean elevation) [m] per 50 m elevation bin

3. Calculate the scaling factor (LIA dhfctor) With different combinations of cell-based and
regional means. Do this for five samples go glaciers (split 80:20) with the 20% not re-
peating itself, evaluated mean differences and spread:

a. Calibrated with mean dhy and cell-based dhria (Eq. 3; red & blue dots in Fig.
11)

dhpia
dhp mean elevation

LIA dhgyeiorl =

)



b. Calibrated with cell-based dhn and mean dhria (Eq. 4; black & orange dots in
Fig. 11)

dhy,ao mean elevation

LIA dhgycpor2 = dhy, 4)

4. Calculate the scaling factor (LIA dhfactor) as median values of cell-based dhy and dhiia
(Eq. 5; dashed vertical lines in Fig. 11):

median (LIA dhgyeeor) = median(d;;m)
h

©)

2.2 Calculate the LIA surface using glacier-specific elevation change gradi-
ents

1. Form Hugonnet et al. (2021) dataset calculate two linear regression function of elevation
change with elevation for each glacier (mean elevation as breaking point). Extract slope
(a) and intercept (b) parameters for each regression line.

2. Create rasters for a and b values (al and b1 for ablation area, a2 and b2 for accumulation
area).

3. Apply function to get predicted elevation change values (Eq. 6):

dh, predict = if DEM < mean elevation,al * DEM + b1, else a2 x DEM + b2 (6)

4. Use the median scaling factor which serves as a regional applicable scaling factor (me-
dian dhfactor).
5. Calculate LIA surface elevation for the area within the modern extent (Eq. 7):

LIA¢ievation = DEM — (dhy, predict * median(LIA dhgycror))
(7)

6. Convert LIA elevation raster to point elevations, combine with outlines elevation points
and interpolate the complete LIA surface.



3. Supplementary figures
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Figure S 1: Boxplot of the analysed interpolation methods for Novaya Zemlya without a) and
with c¢) centre points and the Bernese Alps (c and d, respectively).
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Figure S 2: Examples of bilinear elevation change gradients for both regions (a-d = Bernese
Alps, e-h = Novaya Zemlya). The blue line indicated the elevation change rate gradient for
the ablation area and the red line for the accumulation area. The dashed vertical line shows
the mean elevation. (a = Unteraar glacier;, b = Fiescher glacier, ¢ = Great Aletsch glacier; d
= Oberaar glacier; e = RGI60-09.00254; f = RGI160-09.00253; g = RGI160-09.00264 &
RGI60-09.00266,; h = RGI60-09.00153 & RGI60-09.00443;
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Figure S 3: Histogram of median scaling factor per glacier for both regions.
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Figure S 7: Up-scaling approach LIA reconstruction on Novaya Zemlya (73.007° N, 54.575°
E) using A) dhy values from bilinear regression and B) raw input data. Note the amplification
of noise when using the raw elevation change data.



